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PREFACE

The transfer of technical information will aid in the search for, and production of, our
oil and gas resources. To facilitate this technology transfer, the Oklahoma Geological
Survey (OGS) and the U.S. Department of Energy, National Petroleum Technology Office
(DOE-NPTO), in Tulsa, cosponsored a symposium dealing with the search for, and pro-
duction of, oil and gas resources from reservoirs of Pennsylvanian and Permian age in the
southern Midcontinent. The symposium was held on April 7-8, 1998, in Norman, Okla-
homa. This volume contains the proceedings of that symposium.

Research reported upon at the symposium focused on the reservoirs, geologic events,
and petroleum of rocks deposited during the Pennsylvanian and Permian Periods. Clas-
tic and carbonate reservoirs of this age are major sources of oil and gas in the southern
Midcontinent, and they have great potential for additional recovery using advanced tech-
nologies. The research reports on geology, depositional settings, diagenetic history, se-
quence stratigraphy, reservoir characterization, exploration, petroleum production, and
enhanced oil recovery. In describing these petroleum reservoirs of Pennsylvanian and
Permian age, the researchers have increased our understanding of how the geologic his-
tory of an area can affect reservoir heterogeneity and our ability to efficiently recover the
hydrocarbons they contain. We hope that the symposium and these proceedings will bring
such research to the attention of the geoscience and energy-research community, and will
help foster exchange of information and increased research interest by industry, univer-
sity, and government workers.

Twenty-two talks and posters presented at the symposium are printed here as full papers
or extended abstracts. An additional eight talks and posters are presented as abstracts at
the end of the volume. About 215 persons attended the symposium. Stratigraphic nomen-
clature and age determinations used by the various authors in this volume do not neces-
sarily agree with those of the OGS.

This is the eleventh symposium in as many years dealing with topics of major inter-
est to geologists and others involved in petroleum-resource development in Oklahoma and
adjacent states. These symposia are intended to foster the exchange of information that
will improve our ability to find and recover our nation’s oil and gas resources. Earlier sym-
posia covered: Anadarko Basin (published as OGS Circular 90); Late Cambrian—Ordovi-
cian Geology of the Southern Midcontinent (OGS Circular 92); Source Rocks in the South-
ern Midcontinent (OGS Circular 93); Petroleum-Reservoir Geology in the Southern
Midcontinent (OGS Circular 95); Structural Styles in the Southern Midcontinent (OGS
Circular 97); Fluvial-Dominated Deltaic Reservoirs in the Southern Midcontinent (OGS
Circular 98); Simpson and Viola Groups in the Southern Midcontinent (OGS Circular 99);
Ames Structure in Northwest Oklahoma and Similar Features—Origin and Petroleum
Production (OGS Circular 100); Platform Carbonates in the Southern Midcontinent (OGS
Circular 101); and Marine Clastics in the Southern Midcontinent (OGS Circular 103).

Persons involved in the organization and planning of this symposium include: Ken-
neth Johnson and Charles Mankin of the OGS; and Tom Wesson and Herb Tiedemann of
DOE~-NPTO. Other personnel who contributed include Michelle Summers and Tammie
Creel, registration co-chairs; LeRoy Hemish, poster-session chair; Connie Smith, public-
ity chair; and Judy Schmidt, exhibits coordinator. Technical editing of this volume was
done by Thomas W. Henry, Westminster, Colorado; layout and production was done by
Sandra Rush, Denver, Colorado. Appreciation is expressed to each of them and to the
many authors who worked toward a highly successful symposium.

KENNETH S. JOHNSON
General Chairman
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ABsTRACT.—Pennsylvanian and Permian rocks in Oklahoma comprise a thick sedi-
mentary sequence that underlies most parts of the State, and they are important
sources of oil and gas throughout most of their distribution. Pennsylvanian strata are
marine and nonmarine shales, sandstones, conglomerates, and limestones that
thicken markedly into the major structural and depositional basins. The total thick-
ness of Pennsylvanian strata in the various basins is as follows: at least 15,000 ft in
the Anadarko, Ardmore, Marietta, and Arkoma/Ouachita basins; and about 4,000 ft in
the Hollis/Hardeman basin. Permian strata are dominated by redbeds and evaporites
but also include Lower Permian marine carbonates and shales that underlie most of
the western half of the State. The maximum thickness of Permian strata is about
7,000 ft in the Anadarko basin and 4,000 ft in the Hollis/Hardeman basin.

Production data for leases producing from Pennsylvanian and Permian reservoirs
since 1979 can be retrieved from the Natural Resources Information System (NRIS)
data files by the geologic names of the producing intervals. Of the more than 700 geo-
logic names for producing intervals in the NRIS files, about 600 are units of Pennsyl-
vanian (including Springeran) or Permian age. Using these data, we prepared a series
of five maps and related production data for the following geologic intervals:
Springeran, Lower Pennsylvanian (Morrowan and Atokan), Middle Pennsylvanian
(Desmoinesian), Upper Pennsylvanian (Missourian and Virgilian), and Permian.
Cumulative production from all five intervals from 1979 through 1997 was about 1.64
billion barrels of oil and condensate, and about 29.8 trillion cubic feet of natural gas
and casing-head gas.

INTRODUCTION

Oklahoma is one of the leading petroleum-producing
states in the nation, and a significant part of its produc-
tion is from reservoirs of Pennsylvanian and Permian
age. In 1998, Oklahoma ranked fifth in crude-oil pro-
duction, third in natural-gas production, and second in
number of wells drilled for petroleum. Unfortunately,
production from Pennsylvanian and Permian reser-

voirs commonly is commingled with production from
other reservoirs in many major oil and gas fields, so
precise data on yields of individual reservoirs are not
available.

This paper discusses the general geology of Pennsyl-
vanian and Permian strata in Oklahoma, and then pre-
sents the plays (types of traps) that have yielded the
greatest amounts of oil and gas from these strata. An
understanding of these major petroleum-producing

Johnson, K. S; Northcutt, R. A.; Hinshaw, G. C.; and Hines, K. E., 2001, Geology and petroleum reservoirs in Pennsyl-
vanian and Permian rocks of Oklahoma, in Johnson, K. 8. (ed.), Pennsylvanian and Permian geology and petroleum
in the southern Midcontinent, 1998 symposium: Oklahoma Geological Survey Circular 104, p. 1-19.
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plays should improve our search for new oil and gas
fields or reservoirs and should also improve our tech-
niques of recovery from established fields.

Production data for leases were retrieved from the
Natural Resources Information System (NRIS) by Geo
Information Systems (GIS), a research department of
The University of Oklahoma, by the geologic names of
the producing intervals. Oklahoma petroleum produc-
tion is recorded by lease, not by well, by the Oklahoma
Tax Commission. Liquid production (crude oil and con-
densate) and gas production (associated and non-
associated) are able to be identified as “pure,” where all
lease production is from a single producing interval,
i.e., Springeran, Lower Pennsylvanian, etc., or “com-
mingled,” where lease production is from two or more
producing intervals. These data are public records and
are marketed in several forms by commercial and gov-
ernmental organizations. GIS provides the data six
months in arrears, updated each six months. The data-
base begins in 1979, with oil, condensate, associated
gas, and non-associated gas recorded monthly. It is
possible, through the mapping capabilities of SAS (an
integrated system of software), to post a location map
at almost any scale for one or several (or all) producing
intervals by product or products. Also, individuals or
companies can acquire the raw data and construct their
own analyses.

GENERAL GEOLOGIC SETTING

Oklahoma is a geologically complex region with a
number of major depositional and structural basins,
separated by orogenic uplifts and mountain ranges cre-
ated during the Pennsylvanian (Fig. 1).

Upper Cambrian through Mississippian rocks in

Oklahoma are represented by marine sediments that
were deposited in a broad epicontinental sea—the
Oklahoma basin—that extended across almost all parts
of the southern Midcontinent (Fig. 2). The Oklahoma
basin was a shelf-like area that received a sequence of
remarkably thick and extensive sediments now repre-
sented by marine carbonates interbedded with thinner
marine shales and sandstones. These strata are readily
correlated throughout the basin. The sedimentary
units thicken into protobasins (Anadarko, Ardmore,
Arkoma, and others), which were accentuated later
during Pennsylvanian orogenies, and they also were
deposited upon and across the present-day major up-
lifts, from which they were subsequently stripped dur-
ing Pennsylvanian uplift and erosion. The southern
Oklahoma aulacogen was the depositional center for
the Oklahoma basin. General discussions on pre-
Pennsylvanian geology are presented by Johnson and
others (1988) and Johnson and Cardott (1992).

Late Paleozoic geologic development in Oklahoma
centered on orogenic activity during the Pennsylvanian
Period. Sharply uplifted crustal blocks subdivided the
broad, shallow-marine Oklahoma basin into a series of
well-defined marine basins. Orogenic activity was lim-
ited to folding, faulting, and uplift and was not accom-
panied by igneous activity or metamorphism. Pennsyl-
vanian orogenic pulses caused (or contributed to): (1)
folding and thrusting of the Ouachita fold belt; (2) rais-
ing of the Wichita, Criner, Arbuckle, and Nemaha up-
lifts; (3) pronounced down-warping of the Anadarko,
Ardmore, Arkoma, and Marietta basins; and (4) moder-
ate subsidence of the Hugoton embayment and the
Hollis basin (Fig. 1).

Pennsylvanian strata of Oklahoma consist of se-
quences of marine and nonmarine shale, sandstone,

/ i
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Figure 1. Major geologic provinces of Oklahoma. From Johnson (1971).
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Figure 2. Map of southwestern United States, showing approximate boundary of the Oklahoma basin and other major features
that existed in early and middle Paleozoic time. After Johnson and others (1988).

conglomerate, and limestone that thicken markedly
into the rapidly subsiding basins. Thick wedges of ter-
rigenous clastic sediments were shed from nearby up-
lifts, and thinner carbonate sequences were deposited
on shallow-water shelf areas distal to the uplifts. Suc-
cessively younger Pennsylvanian units commonly over-
lap older units at the margins of the basins and across
some of the uplifts. Thin coal beds are abundant in
Desmoinesian strata, mainly in the Arkoma basin and
on the Cherokee platform. Total thickness of Pennsyl-
vanian strata in the various basins is 10,000-15,000 ft
in the Anadarko, Ardmore, Arkoma, and Marietta ba-
sins and about 4,000 ft in the Hollis basin. In most of
the shelf or platform areas, Pennsylvanian strata typi-
cally are 1,500-4,000 ft thick.

In the Ouachita trough, deep-water flysch sedimen-
tation continued through Morrowan and Atokan time,
although the depocenter shifted northward in Atokan
time to the southern part of the Arkoma basin. The
trough was then destroyed during the Ouachita orog-
eny (Desmoinesian), with northward thrusting and
complex folding of Ouachita-facies rocks to form the
present-day Ouachita Mountains.

Permian strata are limited to the western half of
Oklahoma. Clastics were eroded from the Ouachitas
(reduced to low mountains by this time) on the east, the
ancestral Rocky Mountains on the west, and the
Wichita uplift in southwestern Oklahoma. Sediments

accumulated mainly in the Anadarko basin, and also in
the Hollis basin and the Panhandle region. Early Per-
mian (Wolfcampian) carbonates and shales, both gray
and redbeds, are overlain by a major evaporite and
redbed sequence of Leonardian, Guadalupian, and
Ochoan age. Evaporites (salt and gypsum/anhydrite)
thicken into the basins that continued to subside more
than the adjacent uplifts and arches. Permian strata
are as much as 7,000 ft thick in the Anadarko basin,
4,000 ft thick in the Hollis basin, and 1,000-3,000 ft
thick in nearby shelf or platform areas.

A schematic representation of the restored thickness
and distribution of Pennsylvanian and Permian strata,
restored to the end of Permian time, is given in Figure
3. Pennsylvanian and Permian strata are the most
widespread of outcropping bedrock units in Oklahoma.
Pennsylvanian rocks crop out in about 25% of the
State, and Permian outcrops comprise about 45% (Fig.
4). A generalized chart showing correlation of Pennsyl-
vanian and Permian strata in Oklahoma is presented
in Figure 5.

General discussions of Pennsylvanian and Permian
geology are presented by McKee and others (1967,
1975), Ham and Wilson (1967), Rascoe and Adler
(1983), Johnson and others (1988), and Johnson (1996).
Much of the geologic discussion that follows is taken
from the work by various authors in the report by
Johnson and others (1988).
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PENNSYLVANIAN GEOLOGY
AND RESERVOIRS

Springeran
Springeran Series

Although the top of the Mississippian System is well
marked by a pre-Pennsylvanian unconformity in most
parts of the southern Midcontinent, the Mississippian—
Pennsylvanian boundary occurs within the thick
sequence of shales and sands of the Springer Forma-
tion and equivalent strata, where sedimentation
was uninterrupted in the deep parts of the Anadarko
and Ardmore basins. These Springer clastic rocks in
Oklahoma commonly are assigned a “Springeran”
age—an age that spans a period between the Late Mis-
sissippian Chester Epoch and the Early Pennsylvanian

Morrowan Epoch. We will follow that concept here be-
cause we cannot separate out the Pennsylvanian part
of the Springeran. Also, we will present data on all
Springeran production as Pennsylvanian in age.
Deposition of the Springeran sandstones in the
Anadarko—Ardmore basins marked a change from the
dominantly carbonate and shale deposition of the Late
Mississippian to the clastic environments of the Early
Pennsylvanian. Rapid subsidence of the Anadarko—
Ardmore basins and the adjacent shelf areas in Late
‘Mississippian and Early Pennsylvanian time caused
transgression of the Springeran seas over the shelf
areas of Chester carbonates and deposition of shallow-
marine and shoreline sands of the Springer. Intervals
of Springer sands in the Anadarko and Ardmore basins
are as much as 250 ft thick in some areas, with discrete
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marine sand bars attaining a thickness of 50 ft or more
for several miles (Brown and Northcutt, 1993).

Springeran Production

Springer sands were first named after leases in the
fields of southern Oklahoma where they produced oil
and/or gas. Correlation of the individual sands was not
attempted between fields, so some of the names of the
Springer producing intervals shown in Table 1 may, in
fact, be equivalent.

The production map for the Springeran (Fig. 6)
shows oil and gas production from Springeran reser-
voirs, mainly marine sands, in the Anadarko and Ard-
more basins and in the frontal-fault belt of the Wichita
uplift. Springeran production is found in both strati-
graphic and structural traps. Stratigraphic traps domi-
nate in the Anadarko and Ardmore basins, and struc-
tural traps are prevalent in the faulted and folded belts
of southern Oklahoma and in the faulted frontal area of
the Wichita uplift.
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Table 1.—Names Used for Springeran
Reservoir Rocks that Produce Petroleum
in Oklahoma

SPRINGERAN
Springeran Series
Springer Group

Springer Parks
Overbrook Britt
Woods Flattop
Rod Club Hutson
Velma Sims
Cunningham Goodwin
Markham Spiers
Aldridge Inscore
Humphreys Boatwright
Horton Anderson

Cumulative production (pure and commingled)
(1/1/79 through 12/31/97)

Oil: 200,007,026 bbl

Gas: 3,560,472,946 mcf

Graphs of annual production for the period 1979
through 1997 from Springeran reservoirs for pure and
commingled leases show liquid production (crude oil
and condensate) in Figure 7 and gas production (asso-
ciated and non-associated) in Figure 8. Cumulative
lease production from Springeran reservoirs (pure and

commingled) for the period 1979-1997 was 200,007,026
barrels (bbl) of oil and 3,560,472,946 thousand cubic
feet (mcf) of gas.

Lower Pennsylvanian
Morrowan Series

In most parts of the Anadarko basin and the Hugo-
ton embayment, Morrowan sediments were deposited
on a surface of eroded Mississippian rocks. Along and
adjacent to the axis of the Anadarko basin, Morrowan
beds overlie lithologically similar strata of Springeran
age. The lower part of the Morrowan Series consists of
shallow-marine shales, sandstones, and limestones.
These sediments, deposited in the transgressing
Morrowan sea, onlap the surface of eroded Mississip-
pian rocks and are markedly diachronous from the
Anadarko basin, where they are older, onto the shelf
areas to the north and northeast, where they are
younger. A basal sandstone unit is a sporadic but
prominent member of this transgressive sequence.
Thickening of this sandstone unit appears to mark the
positions of ancient shorelines, which formed during
still-stands of the Morrowan seas. Carbonate cement is
a common constituent of these basal sandstones; it was
probably introduced into the marginal-marine environ-
ment by streams that flowed across the carbonate ter-
rain of exposed Mississippian rocks and emptied into
the Morrowan seas (Adams, 1964).

These transgressive lower Morrowan beds are over-
lain by a sequence that consists principally of shales
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SPRINGERAN
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(Pure and Commingled)
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Figure 6. Map of oil and gas lease production from Springeran reservoirs in Oklahoma, 1979—1997. Map was generated by
Geo Information Systems from the Natural Resources Information System (NRIS) data files.
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Figure 7. Graph of annual pure and commingled liquid (il
and condensate) production from leases producing from
Springeran reservoirs in Oklahoma, 1979—1997. Total cumu-
lative lease liquid production from Springeran reservoirs is
200,007,026 barrels (bbl).

with lenticular, discontinuous sandstones and minor
conglomerates, coals, and thin, dark limestones. This
upper Morrowan section is the product of a prograding
deltaic phase with the following environmental facies
(Swanson, 1979): (1) point-bar and stream-mouth-bar
sandstones and conglomerates, (2) prodelta shales, (3)
back-swamp—marsh shales, and (4) meander-channel-
fill sandstones and shales. Shelby (1979) and Evans
(1979) have described and mapped upper Morrowan
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Figure 8. Graph of annual pure and commingled gas (asso-
ciated and non-associated) production from leases producing
from Springeran reservoirs in Oklahoma, 1979-1997. Total
cumulative lease gas production from Springeran reservoirs
is 3,560,472,946 thousand cubic feet (mcf). Abbreviations:
Bcef—billion cubic feet; Tef—trillion cubic feet.

fan-delta chert conglomerates in the Texas Panhandle
and western Oklahoma. The Wichita—Amarillo uplift
was the source area for these clastics, which were de-
rived by the weathering of cherty limestones and dolo-
mites of Mississippian age. The presence of these chert
conglomerates in the upper part of the Morrowan Se-
ries dates the initiation of the Wichita—Amarillo uplift.

In the Ardmore and Marietta basins of southern
Oklahoma, local uplifts in the Arbuckle Mountains,
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Criner Hills, and Wichita uplift had an impact on
Morrowan sedimentation. Thick shales are interbedded
with limestones, sandstones, and conglomerates, and
the entire sequence is referred to as the Lower Dornick
Hills Group. Only the Primrose sand, the basal sand, is
normally identified as a named member.

In the Arkoma basin, the early Morrowan sea trans-
gressed north from the Ouachita trough onto the
Arkoma shelf, across the truncated Mississippian sur-
face. The depositional pattern throughout the Morrow-
an is one of marked lateral changes in facies and thick-
ness. The dominant source direction on the Arkoma
shelf was from the northeast, primarily from the I1li-
nois basin.

The Morrowan carbonate facies in the southern
Ozarks of northeastern Oklahoma extends southward
for about 10 mi in the subsurface of the Arkoma basin,
south of the southern limit of the present outcrop area
in Oklahoma. Farther south, the percentage of lime-
stone in the Morrowan interval below the Wapanucka
Limestone distinctly decreases, and the percentage of
shale and sandstone increases. In the central and
southern parts of the Arkoma basin, the typical Mor-
rowan sequence begins with the Pennsylvanian Caney,
which cannot be subdivided in most places from the
underlying Mississippian Caney. Most subsurface
workers therefore use the base of the overlying
Cromwell Sandstone as a marker for the base of the
Pennsylvanian.

In the Ouachita Trough to the south, turbidite depo-
sition continued during Morrowan time with deposition
of the Jackfork Sandstone and the Johns Valley Shale.
Transport directions recorded for the Jackfork Sand-
stone on the outcrop in both Arkansas and Oklahoma
are to the west, parallel to the basin axis. Owen and
Carozzi (1986) presented evidence that part of the
source for the upper Jackfork sandstones was to the
southeast of Arkansas, from the orogenic belt south-
west of the Black Warrior basin. The Johns Valley is
well known for its great variety of erratic limestone
boulders that possibly originated from fault scarps on
the shelf margin to the north (Shideler, 1970).

Discussion of Morrowan petroleum reservoirs and
production is deferred to the end of the next section on
the “Atokan Series.”

Atokan Series

Atokan rocks in the Anadarko basin and the Hugo-
ton embayment consist of a cyclic sequence of thin
marine limestones and shales. These sediments com-
pose the so-called “thirteen-finger limestone” of the
Atoka Group. This rock unit is generally 60-100 ft
thick, and the cyclic arrangement of these Atokan lime-
stones and shales resembles the lower Desmoinesian
section, which conformably overlies the Atokan.

Along the northern margin of the Wichita—Amarillo
uplift, Atokan limestones and shales grade abruptly
into the massive clastic deposits, which consist of gran-
ite, limestone, and dolomite fragments. In this “granite-
wash” sequence, the boundaries of the Atokan Series
are uncertain; however, the Atokan appears to thicken

into this clastic facies, so that a maximum thickness of
several hundred feet is possible.

In the Anadarko basin, the contact of the Atokan
Series with the underlying Morrowan Series ranges
from gradational to disconformable. On the northern
shelf of the Anadarko basin, Atokan sediments locally
overstep the limit of the Morrowan Series and uncon-
formably onlap rocks of Mississippian age. Along the
southern margin of the Anadarko basin, pre-Atokan
rocks underwent intense folding and faulting as a re-
sult of the Wichita orogeny of late Morrowan—early
Atokan time. Consequently, Atokan rocks are com-
monly absent on local positive structures. Erosion of
the carbonate and igneous terrain of the emerging
Wichita—Amarillo uplift continued during Atokan time.

In southern Oklahoma, the Wichita—Criner orogeny
intensified in Atokan time, with further uplift and
deposition along the northeast margin of the Criner
Hills axis. The dominant lithologies are limestone- and
chert-pebble conglomerates interbedded irregularly
with shales. The limestone-pebble conglomerates did
not extend northeastward across the Ardmore basin,
suggesting that the pebbles were not carried that far.
However, in the northern part of the basin there is a
regional unconformity at or near the base of the un-
named shale that overlies the Bostwick in the southern
Ardmore basin. This shale can be correlated across the
entire basin.

In the Arkoma basin, the Atokan series is mainly
represented by the Atoka Formation and by the upper
part of the Wapanucka Formation. A regional uncon-
formity separates the Atoka Formation from underly-
ing strata of Morrowan age in all areas except along the
southern part of the Arkoma shelf and in the basin to
the south. The sea was displaced from the shelf on the
north, primarily by a southward tilting of the Morrow
surface (as an aspect of the subsidence of the Ouachita
trough), and extensive subaerial erosion resulted. Pro-
gressively older strata were eroded northward on this
inclined surface.

Beginning approximately with the deposition of the
middle Atoka, the southern margin of the Arkoma shelf
was subjected to flexural bending, caused by continued
basin closure that resulted in the development of large
east-trending normal faults. Development of these
syndepositional faults was not synchronous, and it ap-
pears that the southernmost syndepositional faults
became active earliest and that active faulting mi-
grated northward with time (Houseknecht, 1986). The
middle Atoka makes up the major part of the thickness
of the formation in the southern part of the basin; it
consists predominantly of shale with a few thick sand-
stone units. It is best developed in the southern part of
the basin and displays marked increases in thickness
on the downthrown sides of east-trending, syndeposi-

tional normal faults.

In the Ouachita trough, deep-water flysch sedimen-
tation continued through Atokan time, although the
depocenter shifted northward to the southern part of
the Arkoma basin. Atokan strata are the youngest Pa-
leozoic units preserved in the Ouachita Mountains. The
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trough was then destroyed during the Ouachita orog-
eny (Desmoinesian), with northward thrusting and
complex folding of Ouachita-facies rocks to form the
present-day Ouachita Mountains.

Morrowan and Atokan Production

Names of Lower Pennsylvanian (Atokan and Mor-
rowan) producing intervals are listed in Table 2. Most
of the Atokan names are used only in the Arkoma basin
and are named only in local areas. Most of the Atokan
producing intervals are just designated as “Atoka.”
Gilcrease and Dutcher are names used in east-central
Oklahoma and the western part of the Arkoma basin.
In southern Oklahoma, the Atoka is called the Upper
Dornick Hills, and Morrowan strata are named the
Lower Dornick Hills Group. Only the Primrose sand,
the basal sand, is normally identified as a named mem-
ber. In the Anadarko basin and shelf area of northwest-
ern Oklahoma, individual Morrow Group sands have

Table 2.—Names Used for Lower
Pennsylvanian Reservoir Rocks
that Produce Petroleum in Oklahoma

LOWER PENNSYLVANIAN
Atokan Series
Atoka Group

Upper Dornick Hills Red Oak
Atoka Panola
Carpenter Atoka Diamond
Alma Brazil
Gilcrease Bullard
Dutcher Cecil

Gose Shay

Dirty Creek Pope Chapel
Dunn Panola
Smallwood Spiro
Fanshawe Bostwick
Morris Thirteen Finger Lime

Morrowan Series
Morrow Group

Lower Dornick Hills Kelly
Morrow Pierce
Mouser Bradstreet
Stuart Morrow Mocane
Fields Laverne
Hamilton Keyes

Purdy Wapanucka
Purvis Chicochoc Chert
Puryear Jack Fork
Sturgis Union Valley
Bowles Cromwell
Lips Jefferson
Hollis Primrose

Cumulative production (pure and commingled)
(1/1/79 through 12/31/97)

Oil: 209,957,428 bbl

Gas: 9,035,256,535 mcf

been named locally. Generally, throughout the basin
and shelf area, the term “Morrow” has been applied to
the various producing intervals without any attempt to
name individual sands, because of the difficulty in cor-
relation of the sands.

The production map for the Lower Pennsylvanian
(Fig. 9) shows oil and gas lease production from Atokan
and Morrowan reservoirs. The Morrowan rocks, mainly
marine sands in the Anadarko and Ardmore basins,
produce from stratigraphic traps and local structural
traps. Stratigraphic traps dominate in the prograding
deltaic deposits of the upper Morrowan on the shelf
area of the Anadarko basin of northwestern and Pan-
handle areas of Oklahoma. The Wapanucka Limestone,
a platform carbonate in the Arkoma basin of eastern
Oklahoma, produces gas from structural traps along
the frontal-fault zone of the Ouachita Mountains uplift.
The Cromwell, a marine sand, produces oil and gas
from combination structural/stratigraphic traps in
east-central Oklahoma.

Atokan reservoirs produce gas from structural traps
in and adjacent to the Arkoma basin of eastern Okla-
homa. West of the Arkoma basin, oil and gas are pro-
duced from Gilcrease and Dutcher (Atokan) sandstones
in combination structural-stratigraphic traps. Atokan
reservoirs also produce gas in the Anadarko basin from
stratigraphic and structural traps along the frontal
zone of the Wichita uplift.

Graphs of annual production (1979 through 1997)
from Lower Pennsylvanian reservoirs for pure and
commingled leases show liquid production (crude oil
and condensate) in Figure 10 and gas production (asso-
ciated and non-associated) in Figure 11. Cumulative
lease production from Lower Pennsylvanian reservoirs
(pure and commingled) for the period 1979-1997 is
209,957,428 bbl of oil and 9,035,256,535 mef of gas.

Middle Pennsylvanian
Desmoinesian Series

In the Anadarko basin and the Hugoton embay-
ment, the Desmoinesian Series consists mostly of cyclic
marine limestones and shales; “granite wash” consti-
tutes the Desmoinesian section in a belt adjacent to the
Wichita~Amarillo uplift. The lower part of the cyclic
marine section is the Cherokee Group, which consists
of numerous thin limestones interbedded with shales;
on the northern shelf area in Oklahoma, lenticular
point-bar and channel-fill sandstones occur in the
Cherokee Group. In northwestern Oklahoma and the
Panhandle, the proportion of limestones to shales is
roughly equal. Eastward, the increase in limestones in
the Cherokee Group is gradual until along the Nemaha
uplift the ratio of limestone to shale is approximately
10:1.

The Marmaton Group conformably overlies the
Cherokee Group. In the Hugoton embayment, the
Marmaton consists of four prominent limestone forma-
tions (Ft. Scott, Pawnee, Altamont, and Lenapah,
in ascending order); in the Anadarko basin, the
Marmaton is composed of the Big Limestone (above)
and the Oswego Limestone (below). Thickness of the
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Figure 9. Map of oil and gas lease production from Lower Pennsylvanian (Morrowan and Atokan) reservoirs in Oklahoma,
1979-1997. Map was generated by Geo Information Systems from the Natural Resources Information System (NRIS) data

files.
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Figure 10. Graph of annual pure and commingled liquid (oil
and condensate) production from leases producing from
Lower Pennsylvanian (Atokan and Morrowan) reservoirs in
Oklahoma, 1979-1997. Total cumulative lease liquid produc-
tion (1979-1997) from Lower Pennsylvanian reservoirs is
209,957,428 barrels (bbl).

Desmoinesian Series ranges from less than 250 ft on
the north, to more than 5,000 ft along the foredeep of
the Anadarko basin.

Desmoinesian rocks conformably overlie the Atokan
Series in the Anadarko basin and the Hugoton embay-
ment; over this region these strata are very similar,
so that the Atokan-Desmoinesian boundary is difficult
to determine. Missourian sediments are mildly dis-

Commingled Total 2.41 Tcf
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400

200
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Figure 11. Graph of annual pure and commingled gas (asso-
ciated and unassociated) production from leases producing
from Lower Pennsylvanian reservoirs in Oklahoma, 1979—
1997. Total cumulative lease gas production (1979-1997)
from Lower Pennsylvanian reservoirs is 9,035,256,535 thou-
sand cubic feet (mcf). Abbreviations: B¢f—billion cubic feet;
Tcf—trillion cubic feet.

conformable on Desmoinesian strata. Desmoinesian
sediments overstep the limits of the Atokan Series on
the northeastern margin of the Anadarko basin and
onlap pre-Pennsylvanian rocks across the Nemaha
uplift.

By the early Desmoinesian, the uplift along the
Criner Hills in southern Oklahoma had ceased and
generally quiescent conditions prevailed across the
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Ardmore basin. Sandstones are mostly fine grained and
well sorted, and probably came from the erosion of pre-
vious Springer sandstones, or alternatively from a
metamorphic-source rock in the Red River—Muenster
arch, southwest of the southern Oklahoma aulacogen.
Desmoinesian facies are complex; most of the thin lime-
stone layers of the Frensley, in particular, are discon-
tinuous laterally and in part represent deposition be-
tween prodelta lobes. The Caddo anticline and Berwyn
syncline continued to rise and sink in the early Des-
moinesian, as indicated by both the high-energy car-
bonate facies and thinner shale sequences on the
Caddo anticline and the lower-energy carbonates and
thicker shale sequences in the Berwyn syncline (Ten-
nant, 1981).

In the Ardmore basin, the first indication of uplift on
the Ouachita foldbelt to the southeast is the occur-
rence—in the southernmost exposure of the Pumpkin
Creek Limestone in the Ardmore basin (on Pumpkin
Creek)—of common chert granules and a few chert
pebbles greater than 0.5 in. in diameter. The chert
granules decrease in abundance northward along the
outcrop, and chert pebbles have not been observed
north of Pumpkin Creek. Overlying strata also show a
source from the southeast, based upon cross-bed direc-
tions, thickness trends, and distribution of chert
pebbles derived from the Ouachitas.

The Desmoinesian Series in the Arkoma basin and
adjacent area to the northwest consists of the Krebs,
Cabaniss, and Marmaton Groups (Fig. 5). Only the
Krebs is preserved across the present-day basin, and
the Cabaniss and Marmaton Groups crop out along the
northwest margin of the basin in Oklahoma. The
source area for most of the Krebs Group strata is from
the shelf area in the north (Visher, 1968). These units
show marked thickening southward into the subsiding
foreland basin. The depositional pattern was nonma-
rine to deltaic, with rapid deposition of sands, muds,
and thin coals. The Boggy Formation, including the
Bartlesville-Bluejacket, reached a thickness of 2,000 ft
in the Arkoma basin, compared to a thickness of less
than 500 ft on the shelf 45 mi to the north.

Uplift, folding, and erosion of the foreland basin oc-
curred following deposition of the Krebs Group. Boggy
and pre-Boggy rocks of the Krebs Group are more com-
plexly folded and faulted than are post-Boggy strata,
and there is a conspicuous difference in strike between
the two. The Krebs is the only part of the Desmoinesian
that was deposited during major subsidence of the
Arkoma foreland basin before initial folding of the area.
The Krebs is 7,000 ft thick in the basin, compared to
about 800 ft thick on the shelf 50 mi to the north. Dur-
ing deposition of the remainder of the Desmoinesian
Cabaniss and Marmaton Groups, the successor basin
(termed the Arkoma seaway by Bennison, 1984) contin-
ued to receive terrigenous sediments, including some
chert-pebble conglomerates, from the erosion of the
rocks of the Ouachita foldbelt.

The Ouachita Mountains continued to be the pri-
mary source of terrigenous sediments in central Okla-
homa throughout the remainder of the Pennsylvanian
and into the Permian.

Desmoinesian Production

Names of Middle Pennsylvanian (Desmoinesian)
producing intervals are listed in Table 3. The number
of names for producing intervals in the Desmoinesian

Table 3.—Names Used for Middle
Pennsylvanian Reservoir Rocks that
Produce Petroleum in Oklahoma

MIDDLE PENNSYLVANIAN
Desmoinesian Series
Marmaton Group

Desmoines Norris
Deese Pharoah
Granite Wash Big Lime
Holdenville Wewoka
Cleveland Culberson
Jones Lone Grove
Dillard Weiser
Homer Pawnee
Wayside Peru
Whiting Cashion
Boyd Dykeman
Glover Oswego
Hewitt Wetumka
Charlson Wheeler
Kistler Rue

Cabaniss Group
Cherokee Tatums
Calvin Pooler
Fusulinid Eason
Johnson Graham
Arnold Hart
Prue Skinner
Lagonda Chelsea
Perrymen Allen
Gibson Olympic
Squirrel Berry
Wanette Chicken Farm
Fulton Ashalintubbi
Senora Carpenter
Verdigris Morris
Tussy Williams
Edwards Thurman
Mona

Krebs Group

Cherokee Boggy
Red Fork Osborne
Earlsboro Hefner
Burbank Booch
Inola Tucker
Bartlesville Burgess
Bluejacket Hartshorne
Glenn

Cumulative production (pure and commingled)
(1/1/79 through 12/31/97)

Oil: 872,228,104 bbl

Gas: 13,019,273,083 mecf
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is large, mainly because of the widespread area of depo-
sition and many facies changes. Most of these intervals
have both marine and non-marine (deltaic) compo-
nents.

The oil and gas lease production map for the Middle
Pennsylvanian (Fig. 12) shows the extensive area of
Desmoinesian production in Oklahoma. The dominance
of the fluvial-deltaic areas in northern Oklahoma ex-
tends southward into the Anadarko basin in western
Oklahoma. The Desmoinesian rocks in the Arkoma
basin and southern Oklahoma generally produce from
marine clastics. In the Anadarko basin and shelf areas,
the platform carbonates, principally the Oswego lime-
stone of the Marmaton Group, are also productive.
Stratigraphic traps dominate in the Middle Pennsylva-
nian production; however, many have structural com-
ponents in areas of local structure.

Graphs of annual production for the period 1979
through 1997 from Middle Pennsylvanian reservoirs
for pure and commingled leases show liquid production
(crude oil and condensate) in Figure 13 and gas produc-
tion (associated and non-associated) in Figure 14. Cu-
mulative lease production from Middle Pennsylvanian
reservoirs (pure and commingled) for the period 1979-
1997 is 872,228,104 bbl of 0il and 13,019,273,083 mcf of
gas.

Upper Pennsylvanian
Missourian Series

The Missourian Series in the Hugoton embayment
and the northern shelf of the Anadarko basin is pre-
dominantly carbonate strata with shale interbeds. In
the Anadarko basin, the Missourian Series consists of
shale and sandstones with minor carbonate units.
Along the western margin of the Hugoton embayment
the Missourian carbonate-shale section is replaced by a
clastic sequence of shales, siltstones, and sandstones,
commonly red in color. On the northern flank of the
Wichita—Amarillo uplift, the Missourian Series is com-
posed of arkosic and carbonate “wash” sediments that
were eroded from the uplift.

The major positive tectonic elements active during
Missourian time were: (1) the Arbuckle uplift to the
south, from which conglomeratic debris was eroded; (2)
the Wichita—Amarillo uplift to the southwest, which
was a source area of coarse detritus; and (3) the Api-
shapa uplift to the west-southwest, from which mostly
fine-grained clastics were eroded.

Southward across Kansas, toward the Anadarko
basin, carbonates of the early Missourian thicken at
the expense of the shales and form locally thick, linear
carbonate banks. Farther south, these massive carbon-
ates are replaced abruptly by shales and fine-grained
sandstones, with several regionally extensive limestone
marker beds. Work in recent years indicates that the
Missourian clastic section of the Anadarko basin is
composed of a number of clastic wedges of limited areal
extent.

The depositional history of the Hoxbar Group in the
Ardmore basin is poorly understood, and source direc-
tions have not been established. It is predominantly a

marine sequence with several named limestone units,
but one local coal layer (about 3 ft thick) occurs just
below the Daube Limestone. Some of the scattered
limestone and chert-pebble conglomerates may have
come from the uplifting Hunton arch on the shelf to the
north.

Discussion of Missourian petroleum reservoirs and
production is deferred to the end of the next section on
the “Virgilian Series.”

Virgilian Series

The Virgilian Series consists of limestones with
shale interbeds in the Hugoton embayment and adja-
cent shelf area. In central Oklahoma, the Virgilian
Series consists of continental to shallow-marine shales,
siltstones, and mudstones; to the west, in the Anadarko
basin, the Virgilian is represented by prodelta shales
and delta-plain sandstones. The shelf carbonates of the
Hugoton embayment grade westward into red shales,
siltstones, and some sandstones in southeastern Colo-
rado and northwestern New Mexico. These clastic sedi-
ments were probably derived from the Apishapa and
Sierra Grande uplifts, and they represent mixed ma-
rine and continental deposits. The Apishapa uplift was
almost completely covered by Virgilian sediment. The
Wichita—Amarillo uplift remained a positive feature
during Virgilian time, and coarse detritus was depos-
ited along its northern margin.

In the early part of the Virgilian, shales and sand-
stones of the Douglas Group and the equivalent
Vamoosa Formation were widely deposited over the
Hugoton embayment and the Anadarko basin. These
sediments represent fluvial-deltaic environments, indi-
cating that basin filling was nearly complete. Later in
Virgilian time, wedges of clastic material derived from
the Quachita source area to the east-southeast accumu-
lated along the eastern margin of the Anadarko basin
and prograded westward. These clastic wedges were
deposited during the regressive phases of cyclic sedi-
mentation in response to the lowering of sea level. The
transgressive phases, in response to rises in sea level,
were marked by deposition of limestones over the
Hugoton embayment and the adjacent shelf area.
These limestones are characterized by shelf-edge car-
bonate banks that are as much as 300 ft thick and con-
sist mainly of fossil hash and oolites. In this manner, a
constructional shelf was established along the eastern
margin of the Anadarko basin in Virgilian time.

In southern Oklahoma, the Virgilian Arbuckle orog-
eny produced uplift and sharp folding of the Arbuckle
anticline, and simultaneously produced sharp folding,
compression, and faulting of the Ardmore basin, Criner
Hills axis, and Marietta basin. The Collings Ranch
Conglomerate, preserved in the central Arbuckle
Mountains, was deposited in middle Virgilian time,
followed in the late Virgilian by the deposition of great
alluvial fans of limestone-cobble conglomerates (Vanoss
Conglomerate) around the north, west, and south mar-
gins of the Arbuckle anticline. In the Ardmore basin,
these limestone-cobble conglomerates were deposited
across most of the area and rest unconformably on the
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Figure 12. Map of oil and gas lease production from Middle Pennsylvanian (Desmoinesian) reservoirs in Oklahoma, 1979-
1897. Map was generated by Geo Information Systems from the Natural Resources Information System (NRIS) data files.
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Figure 13. Graph of annual pure and commingled liquid (oil
and condensate) production from leases producing from
Middle Pennsylvanian reservoirs in Oklahoma, 1979-1997.
Total cumulative lease liquid production (1979—-1997) from
Middle Pennsylvanian reservoirs is 872,228,104 barrels (bbl).

steeply truncated margins of all of the Mississippian
and Pennsylvanian formations (Ham, 1969).

Missourian and Virgilian Production

Names of Upper Pennsylvanian (Missourian and
Virgilian) producing intervals are listed in Table 4, and
the areas of Upper Pennsylvanian production are
shown in Figure 15. Most of these intervals have both
marine and non-marine (deltaic) components. Deltaic
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Figure 14. Graph of annual pure and commingled gas (asso-
ciated and non-associated) production from leases producing
from Middle Pennsylvanian reservoirs in Oklahoma, 1979-
1997. Total cumulative lease gas production (1979-1997)
from Middle Pennsylvanian reservoirs is 13,019,273,083
thousand cubic feet (mcf). Abbreviations: Bef—billion cubic
feet; Tef—trillion cubic feet.

deposition was common in north-central Oklahoma,
whereas shallow-marine clastic deposition extended to
northwestern Oklahoma and into the Anadarko and
Ardmore basins. The limited production from carbon-
ate reservoirs is located in central Oklahoma and the
Panhandle. Stratigraphic traps account for most of the
production from the Upper Pennsylvanian reservoirs;
however, local structures are also productive from
these intervals.
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Table 4.—Names Used for Upper Pennsylvanian
Reservoir Rocks that Produce Petroleum

in Oklahoma

UPPER PENNSYLVANIAN
Virgilian Series
Wabaunsee Group

Granite Wash-Penn Vertz
Cisco Garber
Campbell Cooper
Ragan Ruel Blake
Sams Newkirk
Crews Cache Creek
Shawnee Group
Pawhuska Elgin
Topeka Hoover
Thomas Armstrong
Blaydes Sears
Deer Creek Swastika
Garner Zypsie
Megargle Carmichael
Coline Rowe
Griffin Oread
Gunsight Endicott
Douglas Group
Douglas Stalnaker
Lovell Perry
Wynona Niles
Haskell Henderson
Tonkawa Hervey
Missourian Series
Ochelata Group
Missouri Daube
Granite Wash-Missouri County Line
Hoxbar Hoxbar Oolitic
Lansing Kansas City
Loco
Skiatook Group
Yule Osage-Layton
Anadarche Musselem
Oolitic Bayou
Belle City Burns
Dewey Burns-Brundidge
Wade Edwards
Hedlund Randolph
Tuley Layton
Medrano Checkerboard
Hogshooter Sasakwa
Healdton Confederate
Marchand Chubbee
Cottage Grove Hewit

Cumulative production (pure and commingled)
(1/1/79 through 12/31/97)

Oil: 286,975,776 bbl

Gas: 2,605,154,393 mcf

Graphs of annual production for the period 1979
through 1997 from Upper Pennsylvanian reservoirs for
pure and commingled leases show liquid production
(crude oil and condensate) in Figure 16 and gas produc-
tion (associated and non-associated) in Figure 17. Cu-
mulative lease production from Upper Pennsylvanian
reservoirs (pure and commingled) for the period 1979-
1997 is 286,975,776 bbl of 0il and 2,605,154,393 mcf of
gas.

PERMIAN GEOLOGY AND RESERVOIRS
Permian
Wolfcampian Series

In Permian time, a fairly well-defined seaway ex-
tended north—south from west Texas across the west-
ern half of the southern Midcontinent. Coarse clastics
were eroded from the Ouachita lowlands on the east,
the ancestral Rocky Mountains (Sierra Grande and
Apishapa uplifts) on the west, and Amarillo-Wichita
uplift in the center.

Tectonic elements present in the Anadarko basin—
Hugoton embayment region during the Late Pennsyl-
vanian persisted into the Early Permian; however, the
influence of these features diminished greatly during
the Permian. The Wichita uplift, a significant positive
element during the Pennsylvanian, probably was ex-
pressed topographically as an archipelago in the Early
Permian. There, a terrain of Paleozoic limestone and
Precambrian granite was eroded, and clasts of these
rocks are present in Wolfcampian sediments on the
flanks of the uplift. The Anadarko basin continued to
subside in the Early Permian, but far more slowly than
in the Pennsylvanian. As a result of continued subsid-
ence, Wolfcampian sediments lie comformably upon
Virgilian strata within the basin, and regional litho-
facies patterns of the Wolfcampian and Virgilian Series
are quite similar.

In a northeast-southwest belt across the Midcon-
tinent, Wolfcampian rocks consist mainly of cyclic,
shallow-marine limestones and shales. These sedi-
ments make up the Admire, Council Grove, and Chase
Groups. These units and many of their constituent
limestone formations can be recognized over Kansas,
western Oklahoma, and the Oklahoma Panhandle.
Mostly fine-grained, clastic redbed sediments border
this belt of limestones and shales on the east and west;
these strata represent mixed marine and continental
environments, and they are indicative of marine re-
gression from the region. In south-central Oklahoma,
clastic sediments considered Wolfcampian in age (and
referred to the upper part of the Pontotoc Group) cov-
ered all but the highest peaks of the Wichita uplift.

Discussion of all Permian petroleum reservoirs and
production is deferred to the end of the section on the
“Ochoan Series.”

Leonardian Series

Leonardian time was marked by continued subsid-
ence of the Anadarko basin and the Hugoton embay-
ment, and by continued regression of the sea from the
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Figure 15. Map of oil and gas lease production from Upper Pennsylvanian (Missourian and Virgilian) reservoirs in Oklahoma,
-1979-1997. Map was generated by Geo Information Systems from the Natural Resources Information System (NRIS) data

files.
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Figure 16. Graph of annual pure and commingled liquid (oil
and condensate) production from leases producing from
Upper Pennsylvanian reservoirs in Oklahoma, 1979-1997.
Total cumulative lease liquid production (1979-1997) from
Upper Pennsylvanian reservoirs is 286,975,776 barrels (bbl).

region. As a result, the dominant lithologies of the
Leonardian Series are redbeds and evaporites depos-
ited in continental and shallowing marine environ-
ments; cyclic patterns of sedimentation suggest that
eustatic fluctuations of sea level continued in Leo-
nardian time.

Strata now cropping out on the east side of the
Anadarko basin are the Wellington and Garber Forma-

200
Bcf

Commingled Total 712 Bcf
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Figure 17. Graph of annual pure and commingled gas (asso-
ciated and non-associated) production from leases producing
from Upper Pennsylvanian reservoirs in Oklahoma, 1979
1997. Total cumulative lease gas production (1979-1997)
from Upper Pennsylvanian reservoirs is 2,605,154,393 thou-
sand cubic feet (mcf). Abbreviations: Bcf—billion cubic feet;
Tcf—trillion cubic feet.

tions and the Hennessey Group. These redbed clastic
units, deposited near the eastern shore of the basin,
were derived by erosion of lowland areas that extended
across eastern Oklahoma and adjacent areas. The
Garber and Wellington outcrops comprise a complex
system of interbedded alluvial and deltaic sandstones
and shales that are thickest and coarsest in central and
south-central Oklahoma. These strata, and shales of
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the overlying Hennessey, grade westward into two
thick evaporite units, the Wellington and Cimarron
evaporites, which consist of interbedded halite, shale,
and anhydrite.

- The Wichita uplift continued to have a modest influ-
ence on sedimentation in the Anadarko basin. Clastic
debris was shed northward onto the south flank of the
basin where it interfingered with the evaporites.

Guadalupian Series

In Guadalupian time, the Anadarko basin continued
to subside, and it received as much as 1,500 ft of
redbeds and evaporites along its depocenter. The
Wichita uplift subsided at a somewhat slower rate than
the basin, and all but the highest mountain peaks were
probably buried by fine clastics. Sands entered the ba-
sin from east, north, and northwest, and graded into
shale, salt, and gypsum toward the central and south-
west parts of the basin. The Wichita Mountains were
‘essentially buried, and the sources for clastics depos-
ited in the southern and eastern parts of the basin were
the lowland areas of eastern Oklahoma and the deeply
eroded Ouachita belt of southeastern Oklahoma and
northeastern Texas.

Ochoan Series

Ochoan rocks are mainly redbed sandstones and
shales, but they contain some anhydrite and dolomite
in the western part of the Anadarko basin. Little is
known about Ochoan paleogeography in and around
the Anadarko basin, but it likely was similar to that of
the late Guadalupian. Outcropping Ochoan strata typi-
cally contain chaotic structures, collapse features, and
other evidence of disturbed bedding due to dissolution
of underlying Guadalupian halite beds along the flanks
of the Anadarko basin. Such collapse features also oc-
cur in some of the Guadalupian and post-Permian
strata.

Permian Production

Names of Permian producing intervals are listed in
Table 5. Most of these intervals are producing from
shallow platform carbonates, although marine clastics
are also productive.

The oil and gas lease production map for the Per-
mian (Fig. 18) shows the four main areas of Permian
production. Platform carbonates produce from struc-
tural and stratigraphic traps, sometimes combination
traps, in north-central Oklahoma and on the Wichita
uplift in southwest Oklahoma. The large area of Per-
mian production in the Oklahoma Panhandle is part of
the Guymon-Hugoton gas field, one of the world’s larg-
est gas fields and a very large stratigraphic trap in a
platform carbonate. Permian marine clastics produce
from structural traps in southern Oklahoma.

Graphs of annual production for the period 1979
through 1997 from Permian reservoirs for pure and
commingled leases show liquid production (crude oil
and condensate) in Figure 19 and gas production (asso-
ciated and non-associated) in Figure 20. Cumulative
lease production from Upper Pennsylvanian reservoirs

Table 5.——Names Used for Permian Reservoir
Rocks that Produce Petroleum in Oklahoma

PERMIAN
Leonardian Series

Granite Wash-Permian Ramsey
Sumner Fortuna
Nichols
Wolfcampian Series
Wolfcampian Pontotoc
Chase Group
Herington Winfield
Panhandle Dolomite Frensley
Brown Dolomite Fort Riley
Kisner Florence
Nolan Hoy
Krider Wreford
Crystaline White Dolomite
Council Grove Group
Crouse Neva
Olson Red Eagle
Noble-Olson Foraker
Admire Group
Belveal

Admire

Cumulative production (pure and commingled)
(1/1/79 through 12/31/97)

Oil: 68,396,513 bbl

Gas: 1,577,393,162 mecf

(pure and commingled) for the period 1979-1997 is
68,396,513 bbl of oil and 1,577,393,162 mcf of gas.

SUMMARY

Reservoirs in Pennsylvanian and Permian rocks of
Oklahoma yield large amounts of oil and gas through-
out the State. The first commercial production of oil in
Oklahoma was discovered in 1897, and it came from a
Pennsylvanian reservoir—the Bartlesville sand. The
geologic history of reservoir development and petro-
leum entrapment in these rocks encompasses many
depositional, diagenetic, orogenic, and tectonic environ-
ments. Discovery of new reservoirs and the application
of new methods to develop old reservoirs in the Penn-
sylvanian and Permian rocks continue today.

Graphs combining the oil and gas production for
all five geologic intervals in the Pennsylvanian
and Permian annual production of liquids (Fig. 21)
and gas (Fig. 22) are shown for the period from 1979
through 1997. Total production of liquids (crude oil and
condensate) from Pennsylvanian and Permian reser-
voirs for both pure and commingled leases for 1979-
1997 was 1,637,564,847 barrels (about 1.64 million
bbl). Total production of gas (casing-head and natural
gas) from Pennsylvanian and Permian reservoirs for
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Figure 18. Map of oil and gas lease production from Permian reservoirs in Oklahoma, 1979-1997. Map was generated by Geo
-Information Systems from the Natural Resources Information System (NRIS) data files.
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Figure 19. Graph of annual pure and commingled liquid (oil
and condensate) production from leases producing from Per-
mian reservoirs in Oklahoma, 1979-1997. Total cumulative
lease liquid production (1979—1997) from Permian reservoirs
is 68,396,513 barrels (bbl).

both pure and commingled leases for 1979-1997 was
29,797,550,119 thousand cubic feet (about 29.8 trillion
cubic feet) of gas.
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Figure 21. Graph of annual pure and commingled liquid (crude oil and condensate) production in barrels (bbl) from leases

producing from all Pennsylvanian and Permian reservoirs in Oklahoma, 1979-1997. Total cumulative lease liquid production
(1979-1997) from all Pennsylvanian and Permian reservoirs was 1,637,564,847 bbl.
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Figure 22. Graph of annual pure and commingled gas (associated and non-associated) production from leases producing from
all Pennsylvanian and Permian reservoirs in Oklahoma, 1979-1997. Total cumulative lease gas production (1979-1997) from
all Pennsylvanian and Permian reservoirs was 29,797,550,119 thousand cubic feet (mcf).
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AgnstrACT.—The Oklahoma Geological Survey (OGS) identified and studied the major
Pennsylvanian fluvial-dominated deltaic light-oil reservoir systems in Oklahoma
during 1993-1997. They were mapped on a new map of geologic provinces based pri-
marily on Pennsylvanian structure as a base. Eight play-based publications and work-
shops were developed from those studies of 11 depositional systems. Twenty-one
geologic-reservoir case histories were also developed, nine of which also underwent
reservoir-engineering studies.

Although each reservoir system is unique in terms of geographic distribution, varia-
tions in thickness, and details of facies relations, there are also numerous similarities
because of the generally fine-grained sandstones deposited in fluvial-deltaic and flood-
plain environments on a stable shelf.

In the 21 reservoirs studied, there was commonly a lack of good reservoir manage-
ment practiced. The application of the two elementary approaches to reservoir man-
agement would have improved oil recovery in every case. These are: (1) geologic de-
scription as a guide to exploitation and development, and (2) the disposal of produced

water in the structurally lowest position as a first step to pressure maintenance.

BACKGROUND

Studies by the Texas Bureau of Economic Geology
(Fisher and Galloway, 1983; Tyler and others, 1984)
indicated that fluvial and fluvial-dominated deltaic oil
reservoirs have consistently low- to average-oil recov-
ery efficiencies, largely due to reservoir heterogeneities.
Inasmuch as fluvial-deltaic light-oil reservoirs are far
more common than those of fluvial origin, the U.S.
Department of Energy determined to fund studies that
potentially could improve oil recovery from this class of
oil reservoirs, designated DOE Class I (U.S. Depart-
ment of Energy, 1991).

In December 1997, the Oklahoma Geological Survey
(OGS) completed a 5-year study of fluvial-dominated
deltaic (FDD) light-oil reservoirs in Oklahoma, with

cooperative funding from the U.S. Department of En-
ergy (DOE) under their Class I petroleum reservoirs
program (Cooperative agreement no. DE-FC22-93BC
14956). The investigative team also included personnel
from Geo Information Systems and the School of Petro-
leum and Geological Engineering, both of The Univer-
sity of Oklahoma.

PURPOSE

The purpose of the program was to identify and
transfer technologies (including geologic mapping
techniques) that could sustain and perhaps improve
production from FDD reservoirs in and beyond Okla-
homa. The immediate objectives of the FDD project
were:

Campbell, J. A.; Northcutt, R. A.; Andrews, R. D.; and Knapp, R. M., 2001, Major Pennsylvanian fluvial-deltaic light-oil
reservoir systems in Oklahoma, irn Johnson, K. 8. (ed.), Pennsylvanian and Permian geology and petroleum in the
southern Midcontinent, 1998 symposium: Oklahoma Geological Survey Circular 104, p. 21-32.
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o Identify all light-oil FDD reservoirs in Oklahoma.

¢ Group those reservoirs into geologic plays (a play
can be defined as a genetic rock system that has
similar exploration and development characteris-
tics).

¢ Collect, organize, and analyze available data on
these reservoirs.

¢ Conduct characterization and simulation studies
on selected reservoirs in each play.

e Implement a technology-transfer program di-
rected toward the oil operators of FDD reservoirs
and other interested parties.

The latter consisted of workshops conducted over a
2Vs-year period and continues through the workshop
publications and the OGS NRIS (Natural Resources
Information System of Oklahoma) computer facility in
Norman, Oklahoma. That facility is jointly funded
through the Petroleum Technology Transfer Council
(PTTC). In addition, the workshops are being repeated
for the benefit of those who were unable to attend pre-
viously under the joint auspices of the Oklahoma City
Geological Society, the Tulsa Geological Society, the
PTTC, and the OGS. The 11 plays were presented at 13
workshops between June 1995 and November 1997.

They were prepared as eight publications and work-
shop titles (Table 1). Four workshops were presented
more than one time. Total attendance at the original 13
workshops was nearly 1,100 persons, including about
590 operators of Oklahoma oil and gas leases. Other
attendees were mostly geologists, geophysicists, engi-
neers, and petroleum landsmen.

INTRODUCTION

A geologic provinces map (Fig. 1; Northcutt and
Campbell, 1995, 1996a, 1996b) based on structure de-
veloped primarily during Pennsylvanian time, was de-
veloped in order to improve understanding of the re-
gional setting of depositional systems.

All of the 11 FDD light-oil reservoirs studied are of
Pennsylvanian age (Fig. 2). They are located primarily
in the Cherokee platform province (Fig. 1), which ex-
tends northward into Kansas. The more extensive res-
ervoir systems extend locally into the Arkoma basin,
Nemaha uplift, Anadarko shelf, and/or the Anadarko
basin areas of Oklahoma, Kansas, and the Texas Pan-
handle. One play, the Morrow Formation, extends also
into southeastern Colorado.

The 11 plays are important in Oklahoma because

Table 1.—Fluvial-Dominated Deltaic (FDD) Plays and Accompanying Reservoir Studies

OGS Special No. of Township
Publication Play Field County Reservoir prod. wells and range
SP 97-3 Tonkawa Blackwell* Kay Tonkawa 56 27&28N-1W
SP 96-1 Layton and Lake Blackwell E* Payne Osage-Layton 12 19N-1E
Osage-Layton Coyle S Payne Layton 13 17N-1E
SP 97-5 Cleveland and Pleasant Mound* Lincoln Cleveland 35 16N-6E
Peru Hogshooter Washington Peru 12 26N-13E
SP 96-2 Skinner and Perry SE Noble Skinner 39 2IN-1E&1W
Prue Salt Fork N* Grant Skinner 20 25N-3&4W
Guthrie SW Logan L. Skinner 10 16N-2&3W
Long Branch* Payne Prue 16 18N—-4E
SP97-1 Red Fork Carmen N* Alfalfa Red Fork 14 24 &25N-12W
Otoe City S Noble Red Fork 28 22N-1E
Long Branch Payne Red Fork’ 11 18N-4E
SP 97-6 Bartlesville Paradise* Payne Bartlesville 12 17&18N-1E
Russell NW Logan Bartlesville 34 18N-2&3W
Ohio-Osage Osage Bartlesville 15 21IN-9E
SP 95-3 Booch Holdenville Hughes Booch 64 6N-8E
Seminole Seminole Booch 90 9&10N-7E
Greasy Creek* Hughes Booch 15 8&9N-11E
SP 95-1 Morrow Canton SW Dewey L. Morrow 34 18N-14W
Balko S Beaver U. Morrow 48 2N-23ECM
Rice NE* Texas U. Morrow 30 3N-10ECM
608+

NOTE: All publications are of the Oklahoma Geological Survey. Number of Special Publications is 8; number of play studies is 11; number
of reservoir studies is 21; number of reservoir simulation studies is 9 (indicated by *). *Arithmetic mean of producing wells is 29.
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Figure 1. Geologic provinces of Oklahoma. Adapted from Northcutt and Campbell (1995).

they constitute about 15% of the State’s current (1995)
oil production. Historically, they probably have
produced about 15-20% of the State’s total oil produc-
tion. The first commercial o0il well in Oklahoma, drilled
in 1897, was completed in the Bartlesville sand, an
FDD reservoir. The reservoirs in these plays are those
in which reservoir complexity and compartmentaliza-
tion are prevalent—a fact that has commonly not been
recognized in reservoir management. There are also
some reservoirs in which pressure was lost due to
completion methods inherent to the cable-tool drilling
method.

A number of siliciclastic intervals underwent pre-
liminary review, primarily by Northcutt. Most of them
were not selected for further study because they did not
meet the criteria of unstructured, FDD light-oil reser-
voirs or that FDD was evidently too small a part of the
subject interval. Eighteen stratigraphic intervals were
identified initially as potential FDD light-oil plays, and
11 of those are addressed in the subject studies (Table
1). The remaining seven stratigraphic intervals were
not undertaken as studies because they were deter-
mined not to be FDD, the reservoirs were prone to
natural gas rather than oil, or the oil plays were too
small to warrant a workshop. The smallest play under-
taken was the Peru sand, which produces oil from 15
reservoirs. The intervals reviewed, but not developed
into workshops, are summarized in Table 2.

Among the intervals not addressed in our studies is

the Gypsy sandstone (also known as the Endicott sand
and Wynona Sandstone) in the Vamoosa Formation
(Virgilian). The formation produces very little oil and
gas. It was deposited primarily in a flood-plain environ-
ment; as such, it exhibits common fluvial-channel sand-
stone bodies. The Gypsy sandstone has undergone ex-
tensive geologic, geophysical, and reservoir-engineering
studies (including field experiments) at two field sites
in Pawnee County, Oklahoma, by BP Exploration and
the Center for Reservoir Characterization at The Uni-
versity of Oklahoma (Doyle and Sweet, 1995). Studies
of the Gypsy sandstone are potentially valuable to all of
us who are interested in fluvial deposits as petroleum
reservoirs.

SYNTHESIS

The major contributions of these studies are twofold:
First, regional distribution of sandstone within the
studied intervals have not previously been mapped in
their entirety in the public domain. Second, the reser-
voir case histories provide examples of application of
FDD and related-facies mapping to actual reservoirs
and how oil recovery from them can be (or could have
been) improved. It is the knowledge of reservoir archi-
tecture coupled with informed oil-field practice that
will ultimately result in improved recovery of oil from
this class (and all classes) of reservoirs.

Plays are based on informal subsurface nomencla-
ture, because that is the basis on which operators and
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tional environments. Alpay (1972) and Fisher and
Galloway (1983) pointed out that there are three
levels of reservoir heterogeneity. They are: (1) mi-
croscopic (grain and pore-level heterogeneities),
(2) macroscopic (generally well-to-well variations),
and (3) megascopic variations. These are com-
monly facies changes and may occur also at the
well-to-well scale, depending on well spacing and
geologic variables. Qur reservoir studies focus on
facies mapping and associated well-log interpreta-
tion—i.e., items 2 and 3 (above). The reservoirs
studied range from 10 to 90 (arithmetic mean =
29) producing wells (Table 1).

Our criteria for selecting reservoirs in each of
the plays were, by necessity, nongeologic. Of pri-
mary importance was a “clean” production history,
i.e., that single-formation production histories
were available or interpretable, so that production
from the studied reservoir was factual. Second, we
needed a suite of modern wireline logs in most
wells (item 1, below).

Small companies or one to several individuals
operated virtually all of the reservoirs studied.
Therefore, they are representative of the “evolved”

oil industry in Oklahoma and adjacent states. Our
message to improve oil recovery is:

1. Run a suite of logs that includes at least the
standard induction-electrical survey, a

STRATIGRAPHIC COLUMN
FLUVIAL-DOMINATED DELTAIC RESERVOIRS IN OKLAHOMA
FORMATION OR MEMBER#®
SYSTEM | SERIES GROUP FORMAL INFORMAL
(SURFACE) (SUBSURFACE)
Wabaunsee
Elgin Sandatone Hoover sand
(Carmichael sand)
=1 SHAWNEE
E Wynona Sandstone Endicott sand
DOUGLAS Cheshewalla Sandst. T a sand
Tonganoxie Ss. (Kaneas) Stalnaker sand (Kansas)
OCHELATA | Cottage Grove Osage-Layton sand
Sandstone (Layton & Musselem sands)
E Wade sand®
o Medrano sand®
&9 SKIATOOK | Dodds Creek Layton sand
E Sandstone
Marchand sand®
Z Seminole Fm. (Seminole & Cleveland sands)
= Tulsa Sandstone . Cleveland sand (Jones)
'z MARMATON | Jenks Sandstone 1. Cleveland sand (Dillard)
< Walter Johnson Ss. Wayside sand
- Englevale Sandstone Peru sand
= Lagonda Sandatone Prue sand
> . | (Squirrel & Perryman sands)
g @ Calvin Sandstone 8 | Calvin sandstone
= E CABANISS | Oowala Sandstone H| & _u: Senora, Allen, etc.
= O Chelsea Sandstone & m: Allen, Olympic, etc.
o E g- wi: Hart, Senora, ete.
K £| Red Fori sand (Burbank,
Taft Sandstone 2 Earlaboro, Osborn, Dora &
A4 | Chicken Farm sands)
KREBS Bluejacket & | Bartlesville sand
Sandatone 5 (Glenn & Salt sands)
Warner Sandstone Booch sand
Hartshorne Fm. Hartshorne sandstone
§ Gilcrease sand
8 - Dutcher sand
& Spiro sand
Purdy, Sturgis,
3 g ‘Bu: Bowles, Kelly
g Kearny Fm. E -3 and Lips
5 (Kanses) o E Mocane-Laverne
= = & 1: and
Keyes sands

gamma ray, and a porosity tool (preferably
density-neutron).

2. Study the logs (or have a qualified geologist
do so), recognize the depositional environ-

2 Bold print indicates fluvial sy investigated in FDD light-oil studies. Names in
parentheses are names applied locally in the subsurface.
b Reservoirs gystems occur only in southern and western Oklahoma.

Figure 2. Stratigraphic column of Pennsylvanian petroleum-reser-
voir sandstones in northern and central Oklahoma. Bold print indi- 4

cates systems investigated in FDD light-oil studies.

many technical and nontechnical people know the sub-
ject matter. Furthermore, informal nomenclature is the
basis for the historical records of drilling and produc-
tion. However, every play also describes the formal
stratigraphy and shows how the informal nomencla-
ture relates to it.

In the course of detailed study of the play materials,
we came to realize that many parts of the sedimentary
systems were deposited in flood-plain rather than in
deltaic environments—that fact could not have been
determined prior to detailed studies. A characteristic
common to all of the studied intervals, however, is that
of incised fluvial channels; those are particularly well
developed in the Morrow, Bartlesville, Red Fork, Skin-
ner, Prue, and Cleveland sands.

Reservoir Studies

A high level of reservoir heterogeneity occurs com-
monly in fluvial and in fluvial-dominated deltaic reser-
voirs, contrasted to those originating in marine deposi-

ments, and build subsurface maps accord-
ingly, as shown in the play workshop publi-
cations (Table 1).
3. Map the different facies separately, if pos-
sible.
. Continue development of the reservoir with
facies distribution in mind (plan ahead).

5. Maintain reservoir pressure as soon as pos-
sible.

Regional Studies

The presence of sandstone-bearing facies and the
major transition from fluvial-deltaic to marine facies
are of major interest for exploration and development
geology. Each of these regional subsurface geologic
maps required the review of hundreds, even thousands,
of well logs that are provided for each play. Two or
more regional stratigraphic cross sections provided
examples of the variation in thickness and facies distri-
bution of the studied intervals. Although the areas
studied are typically densely drilled, the maps pre-
sented in the play-workshop publications will be modi-
fied and refined with the knowledge of continued drill-
ing to the necessary depths.

Other maps presented with each play are regional
structure, oil fields that have production from the sub-
ject interval, and productive wells or oil and gas leases
with production from the subject interval.
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Table 2.—Pennsylvanian Sandstone Intervals Reviewed, but Not Developed
into Light-0il Plays in the Fluvial-Dominated Deltaic Series

Depositional Reason for not
Intervala environment(s) developing play Reviewer ReferencesP
Hoover sand Fluvial-dominated deltaic Natural gas play Andrews Khaiwka, 1968
Endicott sand Fluvial-dominated deltaic Natural gas play Andrews; Northcutt Khaiwka, 1968;
Busch, 1974
Wade sand Marine and tide-dominated Little, if any, FDD Campbell; Northcutt Lange, 1984
deltaic
Medrano sand Deep marine fans and Not FDD Campbell Lange, 1984;
submarine canyon-fill Galloway and
others, 1977
Marchand sand Tide-dominated setting: in- Not FDD Campbell; Northcutt White and
cludes tidal-channels, accretion others, 1999;
bars, and possible estuarine Baker, 1979
Atokan sandstones: Northcutt Houseknecht, 1987,
Gilcrease sand Not FDD Zachry and Suther-

Dutcher sand } Marine shore-face and near-shore

land, 1984

aRefer to Figure 1 for stratigraphic position.

bOnly the most definitive references are included here, following investigation by reviewer.

MORROW PLAY

The Morrow Formation occurs in the Anadarko ba-
sin and shelf areas of western Oklahoma and adjacent
Texas, Kansas, and Colorado (Fig. 3). The major reser-
voir studied is the upper Morrow Purdy sand in the
Northeast Rice field. This coarse- to very coarse
grained, arkosic sandstone was deposited in a west-
and south-trending, fluvial-channel system in Texas
County, Oklahoma. Production from the lower Morrow
occurs farther to the east, with reservoir facies consist-
ing of fine- to medium-grained sandstone. Coarse-
grained to conglomeratic sandstones also occur locally.

BOOCH PLAY

The Booch sand (Warner Sandstone) occurs in the
lower part of the McAlester Formation (lower Des-
moinesian). The play is located on the Cherokee plat-
form and in the northwestern part of the Arkoma basin
(Fig. 4). The main reservoir case history is that of the
Greasy Creek field, Hughes County. It is a strati-
graphic/structural trap in a distributary-channel sand-
stone.

BARTLESVILLE PLAY

The Bartlesville sand (Bluejacket Sandstone) occurs
in the lower part of the Boggy Formation (Desmoines-
ian). The play is widespread on the Cherokee platform
and extends into the Arkoma basin to the south (Fig.
5). One of three reservoir studies presented here is in
the Ohio-Osage field, Osage County. The sandstone
was probably deposited in a south-trending, incised flu-
vial channel, and entrapment is stratigraphic.

RED FORK PLAY

The Red Fork sand (Taft Sandstone) occurs in the
upper part of the Boggy Formation. Lower Red Fork
fluvial and deltaic sandstones are located widely on the
Cherokee platform and extend westward into the
Anadarko basin, but the upper Red Fork play occurs
only in the Anadarko basin. The geographic area of the
entire Red Fork play is shown in Figure 6. The main
reservoir case history is that of the North Carmen field
in Alfalfa County. It is a stratigraphic trap in point-bar
and channel-margin sandstones of the lower Red Fork
in a west-trending channel.

SKINNER AND PRUE PLAYS

The Skinner sand (Chelsea and Oowala Sandstones)
occurs in the lower part of the Senora Formation
(Desmoinesian). The play also is located widely on the
Cherokee platform and extends to the Anadarko basin
to the west (Fig. 7). The major reservoir case history is
that of the lower and upper Skinner sand in the North
Salt Fork field in Grant County. Oil and gas are
trapped stratigraphically in meandering, fluvial, chan-
nel-fill sandstones.

The Prue sand (Lagonda Sandstone) occurs in the
upper part of the Senora Formation. The Prue and asso-
ciated strata are confined mostly to the Cherokee plat-
form; a few depositional trends extend west of the
Nemaha fault zone into the Anadarko basin province
(Fig. 8). Fluvial elements of the lower Prue sand occur
in the Long Branch field in Payne County. Trapping is
primarily stratigraphic, and the sandstone typically has
arelatively high calculated water saturation of 40—50%.
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CLEVELAND AND PERU PLAYS

The Peru sand (Englevale Sandstone) occurs in the
Labette Shale (upper Desmoinesian). The formation
has limited geographic distribution, and the play is lo-
cated in Osage, Washington, and Nowata Counties in
Oklahoma, and in adjacent Kansas (Fig. 9). The repre-
sentative reservoir is in the Hogshooter field in Wash-
ington County, a stratigraphic trap with obscure struc-
tural ramifications.

The Cleveland sand is an informal subsurface name
applied to sandstones in the upper part of the Holden-
ville Formation (uppermost Desmoinesian), and locally
to sandstones in the Seminole Formation (lowermost
Missourian). The play is located on much of the Chero-
kee platform, and extends westward into the Anadarko
basin locally (Fig. 9). The play is represented by the
reservoir case history in the Pleasant Mound field, Lin-
coln County. Hydrocarbons in the Cleveland sand are
stratigraphically trapped in distributary-channel and
delta-front sandstones related to a locally prograding
delta.

LAYTON AND OSAGE-LAYTON PLAY

The Layton (“true Layton”) sand (Dodds Creek
Sandstone) occurs in the upper part of the Coffeyville
Formation, and the Osage-Layton sand (Cottage Grove
Sandstone) occurs in the upper part of the Chanute
Formation. They are early Missourian in age. The two
plays are located mainly on the Cherokee platform
(Figs. 10, 11); however, the Osage-Layton play is
geographically larger, and extends westward on to
the shelf of the Anadarko basin (Fig. 11). The Layton
sand reservoir in the South Coyle field is a strati-
graphic trap. A case-history study of Osage-
Layton sand in the East Lake Blackwell field (Payne
County) identifies four fluvial- and crevasse-splay
sandstones that form stratigraphic traps on a west-
plunging structural nose. The two formations are pre-
sented in the same geologic play because of duplicate
application of the informal subsurface name, “Layton”
sand.

TONKAWA PLAY

The Tonkawa sand (Stalnaker sand in Kansas) is
equivalent to the Cheshewalla Sandstone in the
Vamoosa Formation (Oklahoma) and the Tonganoxie
Sandstone in the Stranger Formation (Kansas), both of
which are early Virgilian in age. The play is located in
Oklahoma and Kansas, on the western part of the
Cherokee platform, Nemaha uplift, and adjacent shelf
of the Anadarko basin (Fig. 12). Petroleum production
occurs on and adjacent to structure in the FDD play.
Geologic mapping of the Tonkawa reservoir in the
northern part of the Blackwell field (Kay County) indi-
cates that structurally and stratigraphically trapped oil
has been by-passed.

The Tonkawa FDD light-oil play (Fig. 12) is rela-
tively small, and required only half-a-day for presenta-
tion. Recognizing the developing and geologically re-

lated Tonkawa marine sandstone gas play to the west,
the Oklahoma Geological Survey (OGS), with Geo In-
formation Systems (GIS) and the Petroleum Technol-
ogy Transfer Council (PTTC), funded the preparation of
that play (Hinshaw and Rottmann, 1997). It has been
presented with the Tonkawa FDD play, and the two
plays are available from the OGS. Tonkawa sand reser-
voirs studied are in the Blackwell field in Kay County
(FDD) and in the Waynoka NE field (marine), in Woods
County.

CONCLUSIONS

Regional studies that are parts of the FDD-play se-
ries represent the first availability of the mapped re-
gional distribution of these hydrocarbon-bearing strata
in the public domain. Figures 3—12 represent that map-
ping at a smaller scale than those originally published.

Studies of 21 reservoirs indicate that detailed geo-
logic mapping, particularly of depositional facies, will
result in better understanding of reservoir architec-
ture. Such mapping will improve development drilling
and secondary recovery design through recognition of
probable reservoir compartments and delineation of
depositional trends. Facies analysis from well logs also
will benefit operators by identifying preferred direc-
tions of natural permeability and by improved under-
standing of barriers to flow in reservoir rocks. This
relatively inexpensive procedure can be expected to
improve ultimate recovery.

In the 21 reservoir studies conducted, we found a
common lack of reservoir-management practice during
primary and secondary recovery, with a few outstand-
ing exceptions. The examples we found of excellent res-
ervoir management practice were the Rice NE Morrow
reservoir, the Carmen, North Red Fork reservoir, and
the Long Branch, Prue, and Red Fork reservoirs. What
we propose is not “rocket science”; substantially more
oil would have been recovered had the cardinal rule of
reservoir engineering been followed: maintain reservoir
pressure. In all cases, produced brine was being dis-
posed of somehow and somewhere; had that brine alone
been injected into a structurally low reservoir well,
some reservoir pressure would have been maintained.
Whereas there is a level of sophistication in the reser-
voir simulation studies using BOAST 3 or ECLIPSE
mathematical strategies, these are only tools that help
to determine the optimum strategies for reservoir de-
velopment following geologic description. The geologic
concepts and engineering principles and practice have
been with us for decades. It must be realized, however,
that neither geologic description nor reservoir simula-
tion are able to identify all heterogeneities in a reser-
voir; even so, geologic description alone found definite
or probable developable oil that was evidently not pre-
viously recognized in the following reservoirs:

Blackwell Tonkawa

East Lake Blackwell Osage-Layton
Pleasant Mound Cleveland
Ohio-Osage Bartlesville

Greasy Creek Booch
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Reservoirs, Morrow Stateline Trend, Colorado, Kansas, and Oklahoma
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AssTtrACT.—Recent work on middle and upper Morrow (Pennsylvanian) deposits in the
Colorado-Kansas Stateline Trend and Oklahoma Panhandle indicates that these de-
posits are primarily paleovalley-fill deposits. They differ from deltaic deposits with
which they have been confused. Paleovalley-fill reservoirs differ from deltaic deposits
depositionally, geometrically, and in the characteristics and distribution of flow-unit
properties. Because there are significant differences in the distribution of reservoir
seals and internal heterogeneity characteristics in valley-fill reservoirs, compared to
deltaic and river-channel (fluvial) reservoirs, different patterns of production will occur
within individual fields and pools that produce from these distinctly different geologic
environments. In recent years a number of characteristics have been recognized that
allow paleovalleys to be differentiated from deltaic deposits.

Several widely quoted papers published between 1979 and 1993 attribute most of
the middle and upper Morrow channel deposits in Southwest Colorado and the Okla-
homa Panhandle to deltaic deposition. This widely accepted opinion has significantly

impeded exploration and development of middle and upper Morrow sandstones.

INTRODUCTION

Detailed sedimentologic and petrophysical analyses
of cores from producing Morrow Sandstone fields in the
Stateline Trend (Figs. 1, 2) indicate that reservoir-
production properties vary in both predictable and lo-
cally somewhat random ways among the paleovalley-
fill producing facies. The producing facies are primarily
fluvial and tidal (estuarine) sandstones. Overbank and
fine-grained levee deposits, typical of deltas, are com-
monly absent at the margins of valley-fill reservoirs.

The suite of sedimentary structures observable in
cores allows differentiation between fluvial and tidal
deposits in fields such as the Southwest Stockholm
Field in Kansas, Moore-Johnson and Arapahoe Fields
in southeast Colorado, and Tracy Field in the Okla-
homa Panhandle. Careful calibration of logs in wells
that contain Morrow cores can aid significantly in de-
veloping criteria for differentiating fluvial- and tidal-
sandstone facies in non-cored wells. Prospecting and
locating step-out wells may be aided significantly by
applying core-calibrated, log-facies models.

Because of their relatively small size (0.5—4 mi
wide), poorly understood origins, and difficult to predict
occurrences, valley-fill reservoirs have not always been
attractive targets for drilling. However, in the last few
years with the advent of three-dimensional (3D) seis-
mic and denser well control, valley-fill reservoirs along

the Stateline Trend and in the Oklahoma Panhandle
continue to be prospective.

UPPER MORROW HISTORICAL
INTERPRETATIONS

Prior to the 1980s, very few models for estuarine and
tidal deposits were considered when shoreline deposits
were encountered in exploration or production. Donald
Swanson in his several papers on the Morrow (1979,
1987, 1993) advocated deltaic origins for all of what he
termed upper Morrow reservoirs in the Oklahoma and
Texas Panhandles. He indicated that what he termed
stream-mouth bars and what had been called “bar-
finger sandstones” by Fisk (1951) were important elon-
gate reservoirs in the Morrow (Fig. 3). He stated that
the irregular surfaces at the base of many Morrow res-
ervoirs were due to two causes: (1) “sinking down” of
sands into the underlying muds and “post-depositional
structural movement” (Fisk, 1979, p. 158). He sug-
gested that the sandstones graded downward into the
muds underlying the Morrow reservoirs, and he inter-
preted the muds to be delta-front deposits. These char-
acteristics may have been applicable in some of the
areas of the Texas Panhandle but subsequently have
been questioned by many recent workers in Oklahoma,
Colorado, and Kansas.

Tillman, R. W., 2001, Characteristics of incised paleovalley fluvial- and tidal-sandstone reservoirs, Morrow Stateline
Trend, Colorado, Kansas, and Oklahoma, in Johnson, K. S. (ed.), Pennsylvanian and Permian geology and petroleum
in the southern Midcontinent, 1998 symposium: Oklahoma Geological Survey Circular 104, p. 33—40.
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Figure 1. Location of the more than 25-mi-long “Stateline
Trend” Morrow sandstone fields that produce from paleo-
valley-fill-sandstone reservoirs. Fields located in Kansas are
in Greeley and Wallace Counties. Fields that produce in
Colorado are in Kiowa and Cheyenne Counties. Morrow
Oklahoma Panhandle fields lie immediately south of map.
(Modified from Shumard and Avis, 1990.)

Many of the upper Morrow sandstone reservoirs in
the Oklahoma Panhandle and along the Colorado-
Kansas Stateline Trend are now considered to be
paleovalley-fill sandstones deposited in lowstand (LST)
or early in transgressive sequence tracts (TSTs). Numer-
ous cores, which include the bases of upper Morrow
sandstones, indicate that they are cut into offshore
marine shales or carbonates and that, for the most
part, gradational contacts with “prodelta muds” are
not encountered. Thec bascs of the sandstoncs arc
sharp, not gradational. In deltaic deposits, the lateral
facies are commonly friable fine-grained deposits. Mor-
row sandstones are now commonly known to have lat-
eral boundaries that were eroded into indurated depos-
its. Rather than being contemporaneous, as is common
in deltaic deposition, the deposits lateral to the
paleovalley-fill sandstones are older—sometimes sig-
nificantly older—than the deposits that fill the
paleovalleys. The stream-mouth bars of Swanson (Fig.
3) are probably mostly backfills of incised paleovalleys
cut by rivers.

Attributing the cause of irregular bases of sand-
stones to “sinking down” and post-depositional struc-
tural movement can be contradicted by carefully con-
structing cross sections that include units immediately
below the sandstones. These cross sections will show
that intervals bounded by correlatable markers imme-
diately below the base of the paleovalleys can be ob-
served to maintain a uniform thickness under and lat-
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Figure 2. Typical log from the Stateline Trend area; the log is
that of the Texas Oil & Gas No. 4 Evans, NW/4NEV4SEV4
sec. 11, T. 16 S., R. 43 W,, Greeley Co., Kansas. Note that
three potentially productive sandstones are present in the
Morrow interval in the Southwest Stockholm Field. The basal
Morrow sandstone and the lower Morrow limestone are non-
productive. The middle of the three Morrow sandstones is the
major producer in the Southwest Stockholm Field. The con-
tact between the Morrow and the Mississippian limestones is
a regional unconformity that in most areas forms the bottom
of the valley that is filled with numerous lithologies including
sandstone, limestone, and shale. (Modified from Shumard
and Avis, 1990.)

eral to the valleys. If the sandstones were "sinking” into
the underlying fine-grained deposits, they would be
thinner under the paleovalley. This is generally not the
case.

Pre-, post-, and syndepositional-fault movement
may be associated with paleovalleys. Pre-depositional
movement in some areas has created lows into which
the rivers that cut the paleovalleys flowed. The faulting
may also cause localized areas of fracturing, which can
be more easily be eroded. Syndepositional fault move-
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Figure 3. Isolith map of upper Morrow sandstone in the Hough area, Texas County, Oklahoma. Interpreted by Swanson (1979)
as a stream mouth deposit. The elongate nature of the deposits that exhibit gentle curves and apparent tributaries are inter-
preted by this author as incised paleovalley sandstones. (From Swanson, 1979.)

ment may increase accommodation space significantly
in portions of paleovalleys (Tillman, 1998). Post-depo-
sitional fault movement will preserve the same thick-
ness in the units immediately underlying the sand-
stones, however offset.

Swanson identified a number of features that he
placed in back-swamp/marsh environments (carbon-
aceous material, clay pebbles, roots, burrows, and
slumps); however, he did indicate that these might in
part be “meander channel-fill claystones” (1979, p.
122). Recent work indicates that all these features may
also be observed in tidal point bars and their associated
fine-grained, tidal-channel-fill sediments.

James Coleman (1976, personal communication),
formerly at Louisiana State University, implied that
distributary channels associated with deltas were most
commonly conduits by which sediment moved from flu-
vial channels to distributary-mouth bars and subse-
quently farther down the slope. In other words, they
were not generally areas of localized, thick sand depos-
its as suggested in the delta model proposed for the
Morrow by Swanson (1979, 1987, 1993).

Sequence models presented by Ross and Ross (1988)
indicate that the Morrowan deposition was a time of
sea-level lowstand with short intervals of minor sea-
level rise and fall (Fig. 4). Evidence in the northern

part of the Anadarko basin supports that model. The
likelihood of having extensive shoreline deltas form
during a lowstand seems remote. Instead, during
transgression following lowstand, bay-head deltas may
form in estuaries and flooded valleys.

The evidence strongly favors a paleovalley interpre-
tation of most of the middle and upper Morrow reser-
voirs in the Oklahoma Panhandle and along the State-
line Trend.

-STATELINE TREND RESERVOIRS

Valley-fill heterogeneous reservoirs in the Morrowan
(Pennsylvanian) age Stateline Trend along the Kansas-
Colorado border and the Oklahoma Panhandle (Figs. 1,
2) produce from valley-fill reservoirs and are internally
complex, contain geographically and vertically limited
reservoirs, and can only be effectively drained if the
detailed internal architecture of the reservoirs is un-
derstood. Development of detailed geologic models uti-
lizing core interpretations for fluvially and tidally
deposited valley-fill sandstone reservoirs enhance pros-
pecting results and reservoir simulation and improve
planning for secondary recovery and possible tertiary
production. Only by recognizing the location and degree
of impermeability of barriers to flow at the margins of
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and within the valley-fill reservoirs can prospecting for
and development of valley-fill reservoirs be successful.

The valleys in which the reservoirs occur in the
Stateline Trend were cut by rivers during drops in sea
level and remained as conduits (narrow, open valleys
trending perpendicular to or at a high angles to the
regional shoreline). At a later time, as sea level rose,
the valleys were filled from the landward side by rivers,
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Figure 4. Coastal-onlap curve as an indication of eustatic
sea-level changes during the Carboniferous. The Morrowan
was deposited during the lowest lowstand of the Mississip-
pian—-Pennsylvanian (Carboniferous). (Modified from Ross
and Ross, 1988.) Abbreviation: my—million years.

from the seaward side by tidal or shoreline processes,
or alternately from both the landward and seaward
sides at the same time. Several periods of deposition
and erosion occur in most of the valleys. Mapping the
results of erosion of earlier-deposited paleovalley-fill
sandstones is important in isolating flow units (Fig. 5).
Deposition of the paleovalley-fills occurs primarily dur-
ing transgression in a LST.

One of the most commonly referred to valley-fill
models for the Morrow sandstone reservoirs (Wheeler
and others, 1990) infers that the basal-most valley fill
should be fluvial sandstones. However, in some Morrow
Stateline Trend paleovalleys, the basal-most sand-
stones are tidal in origin. The topography on which the
sandstones are deposited may be in part controlling
which facies occur at the base of the reservoirs.

Valley-fill deposits occur below the regional trans-
gression surface of erosion (TSE) rather than above it
as do many deltaic deposits (Fig. 6). Because of this
relationship, cross sections of valley-fill deposits should
also be hung on markers (flooding surfaces?) immedi-
ately above the top of the valley.

SOUTHEAST TRACY FIELD CORE

A core from the Cities Service Buzzard D-2 well in
Texas County, Oklahoma, is a typical tidal- to tidally
influenced, paleovalley-fill reservoir. Numerous thin
units, such as observed in the Buzzard D-2 core, are
typical of many tidally deposited or tidally influenced
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Figure 5. Paleovalley-fill map of lowest producing reservoirs in Arapahoe Field showing meandering nature of valley. Note that
erosion has removed part or all of the reservoir sandstones in many areas of the valley. (Modified from Blakeney and others,
1990.)
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DELTA

(CROSS SECTION PARALLEL TO SHORELINE)

Figure 6. Datum-reference diagram. Paleovalley-fill reser-
voirs always occur below regional datums (flooding sur-
faces), whereas deltaic reservoirs occur mostly above re-
gional datums. The paleovalley fill and the delta deposit were
both deposited following “Time 4”; however, their relationship
to the datum is significantly different. Abbreviation: T—time.

reservoirs (Fig. 7; Tables 1, 2). Several units in the core
show no evidence of tidal influence and are designated
as fluvial sandstones.

Andrews (1999) also described this core. He inter-
preted it as an “incised fluvial channel”; however, he
recognized clay drapes and clasts, carbonaceous lami-
nae, and carbonaceous shale, all of which are common
in tidal and tidally influenced environments. The clay
and finely disseminated carbonaceous material can
both settle out of suspension during periods of slack
tides.

Environmental interpretations of the facies and
subfacies present in the Buzzard D-2 core are pre-
sented in Table 1, and the details of the core are shown
as Figure 7. Detailed descriptions of units representa-
tive of each of the facies and subfacies present in the
core are given in Table 2.

SOUTHWEST STOCKHOLM FIELD

Detailed geologic analysis of cores such as those
from Southwest Stockholm Field combined with cross
sections and isopach and structure maps yield details
of reservoir heterogeneity. Reservoir-production prop-
erties of fluvial and tidal (estuarine) sandstones may
be quite different (Arapahoe Field, Krystinik and
Blakeney, 1990), but, in some fields (e.g., Southwest
Stockholm), little difference exists in many producing
wells among porosities and permeabilities in the two
major valley-fill producing facies (Fig. 8). Within the
approximately 150-ft-thick valley-fill vertical sequence
at Southwest Stockholm Field (Fig. 9), just one of the
three sandstones yields significant production. Also,
within Southwest Stockholm, topographic highs on the
valley bottom, covering an area as large as one half of
a section, reduce the depositional thickness of the res-
ervoir sandstones. Impermeable limestones and shales
commonly form lateral barriers to flow at valley mar-
gins and locally within the valleys (Tillman and Pitt-
man, 1993). Erosion of portions of potentially produc-
tive sandstones within the valleys also was found to be
important in isolating reservoirs (flow units), especially
in the Arapahoe Field (Fig. 5; Blakeney and others,
1990).
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TEXAS COUNTY, OKLAHOMA
°® §§ Sandstone g
ow Y € Mean Grain ge
E5 g Sies (3]
TGS s3
22538383333 °;
DEPTH SEESE2NEESRE S0
Ft. m DN WY L0
6030 DA SRR
N o o SN 20
: —— — = é 15-19
6035 —— g o] 18
— 2
—
- 2 T !13
gy : o™ . >
6040 — 12
P e e T )
= T
: ‘0-‘ \_"-. ), ﬁ\l
A 10
6045 — 3 : s
2., S .. 8
= S 7
e s
— =~ 5
6050 = —
| e e 4
] S - s
@ ;\— —_—E - 3
P e B SR
—— \ —
6055 2
i ‘-3 1
6060 —

Figure 7. Stratigraphic section of core from the Cities Service
Buzzard D-2 well, located in the C., Nv2SEVa sec. 12, T. 4 N.,
R. 12 ECM., Texas County, Oklahoma, in the SE Tracy Field.
Facies from 6,038.25 to 6,105 ft are given in Table 1 and cor-
respond to unit numbers shown on the right side of the figure.
Paleovalley-fill facies in this core range from fluvial, to tidally
influenced fluvial, to tidal. Gross lithologies and grain-size
depicted on column, with sand-sized material ranging from
100 p to 200 p.

Flow Units

Tidally deposited (estuarine) sandstones are gener-
ally finer grained and more clay prone than the fluvial
sandstones, and, consequently, may have poorer reser-
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from Cities Service Buzzard D-2 Well
Location: C N¥.SEVs sec. 23, T. 4 N., R. 12 ECM., Texas County, Oklahoma

Table 1.—Description of Core and Interpretation of Depositional Environments

Unit Cored interval Thickness
number (ft) (ft) Environmental interpretation Probabilitya
20 6,030.0-6,030.9 0.9 Fluvial-channel sandstone 80%
19 6,030.9-6,031.35 0.45 Tidally influenced, fluvial-channel sandstone 80%
18 6,031.35-6,031.75 0.4 Tidal-channel sandstone 90%
17 6,031.75-6,031.9 0.15 Tidal-creek sandstone 85%
16D 6,031.9-6,032.2 0.3 Tidal-creek deposit 75%
16C 6,032.2-6,032.35 0.15 Tidal-creek—accretion-bar sandstone 75%
16B 6,032.35-6,032.7 0.35 Tidal-creek-accretion-bar sandstone, slightly slumped 80%
16A 6,032.7-6,033.25 0.5 Tidal-creek mudstone to siltstone 90%
15 6,033.25-6,033.4 0.15 Tidal mudstone 95%
14C 6,033.4-6,036.9 2.5 Tidally influenced fluvial-channel sandstone 75%
14B 6,036.9—6,037.1 0.2 Tidal sandstone 90%
14A 6,037.1-6,037.45 0.35 Tidally influenced, fluvial-channel sandstone 75%
13 6,037.45-6,037.55 0.1 Tidal mudstone 5%
12C 6,037.55-6,038.25 0.7 Fluvial-channel sandstone 90%
12B 6,038.25-6,038.85 0.6 Tidally influenced, fluvial-channel sandstone 75%
12A 6,038.85-6,041.7 2.85 Fluvial-channel sandstone 90%
11 6,041.7-6,042.3 0.6 Tidally influenced, fluvial-channel sandstone 90%
10 6,042.3-6,045.2 1.9 Fluvial-channel sandstone 90%
9 6,045.2-6,045.4 0.2 Tidally influenced, fluvial-channel sandsone 75%
8 6,045.4-6,046.9 1.5 Tidally influenced, fluvial-channel sandstone 90%
7B 6,046.9-6,047.1 0.2 Tidal-channel sandstoneb 75%
6 6047.1-6047.95 0.85 Core not preserved or recovered 75%
5 6,047.95-6,050.05 2.1 Tidal-“delta” sandstone/open-bay deposit 70%
4 6,050.05-6,051.0 0.95 Fluvially influenced, tidal-channel sandstone 0%
3C 6,051.0-6,051.7 0.7 Tidal-creek sandstone 75%
3B 6,051.7-6,053.25 1.55 Tidal-channel sandstone 80%
3A 6,053.25-6,053.8 0.55 Tidal-channel sandstone 80%
2B 6,053.8-6,054.0 0.1 Tidal-creek sandstone 5%
2A 6,054.0-6,056.2 2.2 Tidal-channel sandstoneb —
1 6,056.2-6,107.01 48.8 Marine shale 95%

Notes: Core described by R. W. Tillman, 05/11/2000, from cored interval 6,030-6,060 ft.
Core to log corrections: 6,030-6,046.9 ft, log depth 1 ft shallower; 6,046.9—6,053.9 ft, log depth 2 ft shallower.

Units shown in boldface type are described in more detail in Table 2.

a“Probability” of correct interpretation is based on observed rock characteristics.

bSome of core in interval not preserved or recovered.

voir properties. In the Southwest Stockholm Field, flu-
vial deposits have average porosities of 15.4% (range of
2.8% to 21.6%) and average permeabilities of 784
millidarcies (md) with a range of 0.03-5,500 md. Tidal-
channel sandstones have average porosities of 10%
(range from 3.1% to 18.4%) and permeabilities of 129
md (range of 0.12 to 470 md). Note the significant dif-
ferences in the mean values for the two types of depos-
its.

Tidal sandstones in the Southwest Stockholm Field
interfinger with fluvial sandstones. Where inter-
fingering of facies occurs, vertical permeability is di-
minished, and flow units may be fragmented. As previ-
ously stated, tidally deposited (estuarine) sandstones

are generally both finer grained and more clay rich
than fluvial sandstones. Consequently, they may have
poorer reservoir properties. However, as observed in
Figure 8, many of the tidally deposited sandstones have
the same permeabilities and porosities as fluvial sand-
stones. Traditionally, only the fluvial-facies rocks have
been perforated in Morrow sandstones in the Stateline
Trend. This perforation scheme may be leaving produc-
ible oil behind pipe in the reservoirs.

Porosity Origin and Distribution

All sandstones deposited by the same processes are
assigned to the same lithofacies and subfacies (Tables
1, 2). Secondary (post-burial) events, however, also af-
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Table 2.—Description of Core and Interpretation of Depositional Environments
from Selected Units from Cities Service Buzzard D-2 Well

Unit or
subunit

Thickness
(ft)

Core depth (ft)
(Log depth) (ft)=

Description

Environment
of deposition

Probability?

16D

16B

15

14C

12C

3B

0.3

0.35

0.15

2.5

0.7

1.55

6,031.9-6,032.2
(6,030.9-6,031.2)

6,032.35-6,032.7
(6,031.35-6,031.7)

6033.25-6,033.4
(6,032.25--6,032.4)

6,033.4-6,036.9
(6,032.4-6,036.9)

6,037.55-6,038.25
(6,036.55-6,037.25)

6,051.7-6,053.25
(6,049.7-6,051.25)

Silty sandstone (grain size: 100-125 ,
175 4 maximum; sorting, moderately
well). 90% climbing ripples, micro-
faulted. 10% silty-shale drapes between
climbing-ripple sets.

Sandstone (grain size: 100 y, 150 p maxi-
mum; sorting: moderately well). Trace of
glauconite. Upper 0.1 ft mildly deformed
(slumped). Carbonaceous (30%). Finely
rippled, carbonaceous laminae inter-
laminated with sand. 5% brown shale
rip-up clasts.

Shale, dark gray, fissile, silty and sandy
(grain size: 150 1, maximum 300 p) as
streaks and thin beds. Mildly deformed.
Traces of glauconite and carbonaceous
grains. Abundant elongate grains
(1,000 p, shards).

Sandstone (grain size: 75, 150, 175,

200 p, maximum 125, 250, 500, 750 y;
sorting: variable—well, moderate, mod-
erately poor, and poor). Trough cross-
stratified (massive appearing). Trace of
carbonaceous grains. 5% wisps of discon-
tinuous, carbonaceous laminae in fine
intervals. Siltstone clasts near top. Trace
of glauconite near top.

Sandstone (grain size: 200 y, maximum
500 p; sorting: poor). Trough cross-
stratified, massive appearing. Contrast in
grain size between beds within subunit.
Trace of carbonaceous grains.

Sandstone (grain size: 250-400 p, maxi-
mum 1,000 p; sorting: very poor). Massive
(slumped) to low-angle planar cross-
stratified. 15% 0.25-1 in. long elongate,
brown, rounded, carbonaceous, variously
oriented, clasts scattered throughout
sandstone. Trace of shale drapes. 5%
discontinuous coaly lenses, 2% small

(1-3 mm) coaly clasts.

Tidal-creek deposit

Tidal-creek~
accretion-bar
sandstone (slightly
slumped)

Tidal mudstone

Tidally influenced,
fluvial-channel
sandstone

Fluvial-channel
sandstone

Tidal-channel
sandstone

75%

80%

95%

75%

90%

80%

Note: Abbreviated descriptions of units or subunits are shown in boldface type in Table 1.

1,000 u =

1 mm.

aCorrections between core/log depths: 6,030-6,046.9 ft, log depth 1 ft shallower; 6,046.9-6,053.9 ft, log depth 2 ft shallower.
b“Probability” of correct interpetation is based on observed rock characteristics.

fected the production characteristics of the reservoirs.
The post-depositional events that affected the reser-
voirs were significantly different in several of the seven
recognized depositional lithofacies. Where millimeter-
thick shale lenses were deposited within tidally depos-
ited sands, pressure solution of quartz in contact with
the clay reduced porosity. Thin, millimeter-thick clay
drapes, common in tidal-channel-accretion point-bar
sandstones, may significantly reduce vertical
permeabilities but have much less effect on horizontal
permeabilities.

Up to half of the porosity in the Southwest Stock-
holm Field may be leached (secondary) porosity (Till-
man and Pittman, 1993). Leaching by secondary proc-
esses may hamper log-facies recognition, and the
results of the post-burial (secondary) processes should
be considered when calculating net pay. Understanding
the differences in heterogeneity characteristics be-
tween fluvial and tidal (estuarine) valley-fills, such as
those in the Stateline Trend, allows proper economic
evaluation and more efficient reservoir management of
these kinds of reservoirs.
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Figure 8. Plot of permeability versus porosity for tidal and fiu-
vial sandstones from cored wells in the Southwest Stockholm
Field. Samples in circled area are degraded by excessive
amounts of clay and/or calcite cement. Note that many of the
tidal sandstones (outside the circled area) have similar po-
rosities and permeabilities to the fluvial samples. Porosity
distribution is strongly influenced by diagenetic processes.
The curved lines are graphic solutions to Winland’s equation.
(Modified from Tillman and Pittman, 1993.)
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Geochemical Characterization of Selected Oils and Source Rocks
from the Chester Formation, Springer Formation, and Morrow Group

of the Anadarko Basin

H. D. Wang and R. Paul Philp

University of Oklahoma
Norman, Oklahoma

AssTrRACT.—Selected source rock and crude oil samples from the Upper Mississippian
to Pennsylvanian Chester, Springer, and Morrow sequences of the Anadarko basin,
Oklahoma, have been characterized using various organic geochemical techniques. The
Upper Devonian Woodford Shale also has been investigated and used as a reference
for comparison with the other formations examined in this study. The samples were
characterized by techniques including stable carbon isotope (813C), gas chromatogra-
phy (GC), gas chromatography and mass spectrometry (GCMS and GCMSMS), and
pyrolysis gas chromatography and mass spectrometry (PYGCMS). The distributions
and concentrations (both relative and absolute) for the biomarkers were determined
for the source rocks, and crude oils were evaluated in terms of maturity, migration, and
weathering. The biomarker characteristics were combined with other geochemical and
geologic information to interpret sources, depositional environments, maturity, migra-

tion, and weathering of the source rocks and associated crude oils.

INTRODUCTION

General Description of the Anadarko Basin

The Anadarko basin ranges from the west central
portion of Oklahoma into the Oklahoma Panhandle,
and the northern Texas Panhandle (Fig. 1). The basin
is bounded on the south by the Wichita—~Amarillo uplift,
on the east by the Nemaha ridge, on the west by the
Cimarron arch, and on the north by the Hugoton
embayment (Johnson, 1989). The Anadarko basin is
the deepest sedimentary and structural basin in the
cratonic interior of the North American Continent.
Paleozoic sedimentary rocks, as much as 40,000 ft in
thickness, are present along the basin’s axis, which is
near the southern margin of this asymmetrical basin.
Even in the shallower northern portion of the basin,
the sedimentary sequence still ranges from 10,000 to
25,000 ft in thickness (Kennedy and others, 1982).

It is widely believed that the Upper Devonian Wood-
ford Shale is a major source rock in the Anadarko basin
(Kennedy and others, 1982; Johnson and others, 1988;
Rascoe and Hyne, 1988). However, the volume of the
Woodford Shale is limited (the average thickness of the
Woodford Shale in the Anadarko basin is about 200 ft).
The variable geochemical features of crude oils pro-
duced in the Anadarko basin cannot all be correlated
with the geochemical features of the Woodford Shale
extracts. This paper will investigate some of the geo-

chemical characteristics of selected Pennsylvanian oils
and source rocks, particularly those from the Springer
and Morrow sequences, and discuss similarities and
differences between these samples and those related to
the Woodford Shale, as well as present a brief discus-
sion about certain geochemical features of the Chester
Formation.

Papers presented at a previous Oklahoma Geological
Survey (OGS) symposium on the Anadarko basin
(Johnson, 1989) provide valuable background informa-
tion covering many topics about the geology of the ba-
sin (Amsden, 1989; Burruss and Hatch, 1989; Cardott,
1989; Davis and Northcutt, 1989; Jorgensen, 1989;
Keighin and Flores, 1989; Pitman and Burruss, 1989;
Rice and others, 1989; Schmoker, 1989). Gilbert (1992)
described the origin and evolutionary history of the
Anadarko basin and discussed some of the ambiguous
and confusing interpretations about the origin and
evolutionary history of the basin. Previous geochemical
studies on the Anadarko basin include a number of
maturity related investigations of the Woodford Shale
(Cardott and Lambert, 1985; Schmoker, 1986; Cardott,
1989; Pawlewicz, 1989; Hussain and Bloom, 1991).
Lewan (1983) conducted hydrous pyrolysis experiments
on the Woodford Shale to study the effects of maturity,
and similar maturity studies have been conducted on
the Upper Morrow Formation (Tsiris, 1983; Walker
1986). Schmoker (1986) developed a thermal-maturity

Wang, H. D.; and Philp, R. P., 2001, Geochemical characterization of selected oils and source rocks from the Chester
Formation, Springer Formation, and Morrow Group of the Anadarko basin, in Johnson, K. S. (ed.), Pennsylvanian and
Permian geology and petroleum in the southern Midcontinent, 1998 symposium: Oklahoma Geological Survey Circular
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Figure 1. Location map of the Anadarko basin showing locations of source-rock

and crude-oil samples.

model for the Anadarko basin based on a modified
time-temperature—index (TTI) method (Lopatin, 1971),
in which the relationship of TTI to burial depths and
thermal-maturity levels of formations was proposed.
Engel and others (1988) conducted an organic geochem-
ical correlation of Oklahoma crude oils using R- and
Q-mode factor analyses. Burruss and Hatch (1989) re-
ported geochemical analyses of 96 crude oils and con-
densates produced in the Anadarko basin and demon-
strated the presence of three major oil types based on
the age of the reservoirs. Philp and others (1989) con-
ducted a geochemical investigation of some oils, source
rocks, and tar sands in the Anadarko and Ardmore
basins. Jones (1986) and Jones and Philp (1990) con-
ducted geochemical studies on source rocks and oils in
the Pauls Valley area of the Anadarko basin. Hester
and others (1990) introduced log-derived total-organic-
carbon (TOC) contour maps of the Woodford Shale in
the northwestern Anadarko basin. Values of TOC per
unit surface area were estimated and mapped.

Chester and Springer Formations
and Morrow Group

The Middle Mississippian Chester Formation, which
was deposited in a normal marine environment, consist
mainly of shale with some limestone and basin-
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marginal sandstones in the lower part of the section
and mainly limestone with some shale in the upper
part. Many apparent lithologic changes in Chester
rocks did not result from facies variations during depo-
sition but commonly reflect post-Mississippian uplift
and erosion. The upper limestone units of the Chester
Formation were removed in the northwestern Ana-
darko basin, leaving only the lower shaley units at the
basin margins (Johnson and others, 1988). The thick-
ness of the Chester unit varies from 200 to 1,300 ft;
however, neither the shale nor the limestone of the
Chester Formation is very rich in organic matter.
The Upper Mississippian Springer Formation con-
sists of black shale and sandstone, and the lithofacies
and the depositional environment of the Springer are
very similar to that of the Morrow Group sediments so
that it is commonly difficult to distinguish the two. The
Springer Formation exists only in and near the deep
Anadarko basin. At the northern part of the Anadarko
basin, the Springer Formation was probably eroded
together with the upper part of the Chester Formation
(Johnson and others, 1988). The post-Mississippian
erosion brought the Springer rock to the surface or near
enough to the surface so that biodegradation of organic
matter is a common feature of the Springer source rock.
The average thickness of the Springer Formation is
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about 500 ft, and more than 60% of it is shale and mud-
stone. The black shale in the Springer Formation is
fairly rich in organic matter with an average TOC
value of 1.65%.

The Morrow Group was deposited in a shallow-
marine to shoreline and deltaic environment during the
Early to Middle Pennsylvanian (Tsiris, 1983; Keighin
and Flores, 1989). The lithofacies of the Lower Morrow
is mainly black shale with interbedded sandstone and
thin layers of limestone that were presumably in a
transgressive sea. In the Middle Morrow, the dominant
facies are marine shales and carbonates, with fewer
sandstone layers than the Lower Morrow. The Upper
Morrow was deposited during the subsequent regres-
sion, which resulted in the deposition of thin layers of
coal and lagoonal shale, with black shale being the
dominant lithofacies. Recycled organic materials with
a small portion of indigenous woody-herbaceous or-
ganic matter are important components of the Upper
Morrow shale. The Morrow Group is very thick because
of rapid subsidence during the Pennsylvanian. The
average thickness of the Morrow Group is about 1,500
ft, and more than 60% of this section is shale and mud-
stone. The black shale in the Morrow Group is fairly
rich in organic matter (average TOC = 1.04%).

The Morrow Group is represented by a thick layer of
conglomerate named the Granite Wash in the deep
Anadarko basin near the Wichita—Amarillo uplift. The
Granite Wash was formed from the erosion of the
Wichita—Amarillo uplift due to rapid uplifting and sub-
sidence along the southern margin of the Anadarko
basin (Kennedy and others, 1982). Composition of the
Granite Wash is mainly igneous-rock detritus. The
Granite Wash was not investigated in this study.

The Chesterian to Morrowan was a transition time
in the evolutionary history of the Anadarko basin. The
collision of the continental margins along the Ouachita
trough became progressively more intense and changed
the stress field of the paleo-Anadarko basin from exten-
sion to compression. The subsidence rate increased up
to the late Morrowan, when folding and faulting gener-
ated the Wichita—Amarillo uplift, the Arbuckle uplift,
and other uplifts that separated the present Anadarko
basin from the remainder of the Oklahoma basin. The
Anadarko basin then became a foreland basin, whereas
earlier it had been a cratonic basin.

EXPERIMENTAL

Sample Collection and Selection

Core samples were obtained from the Core and
Sample Library of the Oklahoma Geological Survey.
Cutting samples were obtained from the Shawnee
Sample Cutting Library and the Ardmore Sample and
Cut Library. Crude oil samples were obtained from the
collection of the Organic Geochemical Laboratory of the
School of Geology and Geophysics at The University of
Oklahoma, the collection of M. H. Engel (The Univer-
sity of Oklahoma), and the collection of Mobil Dallas
Research Laboratory (Dallas, Texas). The oil samples
were collected to cover reservoir formations ranging in

geologic age from Ordovician to Permian. The physical
properties of the crude oils varied from very light, clear
condensates to very heavy, black oils.

Screening Analysis

The majority of rock samples were treated with hy-
drochloric acid (HCI) to remove inorganic carbon and
analyzed using a LECO CR-12 Carbon Determinator to
obtain TOC values. The rock samples were also charac-
terized using a RUSKA PYRAN Level I-FID System,
which is a Rock-Eval-type instrument. The rock or
kerogen samples were heated in a helium flow of
60 ml/min from 30°C to 600°C at a rate of 30°C/min,
and then held at 600°C for 5 min. The components elut-
ing between 30°C and 330°C were taken as S;, and the
components eluting between 330°C and 600°C were
taken as S,. The maximum eluting temperature (Ty %)
values were calculated from the relationship between
retention time and programmed temperature. Hydro-
gen index (HI) values were calculated using S, and
TOC values.

The major analytical techniques, such as gas chro-
matography (GC) and gas chromatography mass spec-
trometry (GCMS), and isotope ratio mass spectrometry,
have been described in previous publications and will
not be discussed again in this paper.

RESULTS AND DISCUSSION
Screening Analysis

The 36 Springer Formation shale samples analyzed
had an average TOC value of 1.60% (one large TOC
value from one bituminous sample was excluded from
this calculation), which characterizes it as a fair to good
shale source rock. For the 36 Morrow Group shale
samples analyzed, the average TOC value was 1.04%
(one large TOC value from a bituminous sample was
again excluded from the calculation), which may be
considered fair to good for a shale source rock. The av-
erage TOC values of the Chester Formation and the
Lower Mississippian Limestone were generally less
than 1.0%.

A kerogen-typing plot using hydrogen index (HI)
versus Tyax is shown in Figure 2, and plots of present
burial depth versus Ty ,x for the Springer Formation
and the Morrow Group are shown in Figures 3 and 4.
The plots support the geologic interpretation that the
major Anadarko basin was a tectonically quiet basin,
with the linear relationship between the burial depth
and the maturity level of the source rocks basically
valid (Schmoker, 1986; Walker, 1986). Plots of Rock-
Eval pyrolysis S, values versus TOC values for the two
formations (the Springer Formation and the Morrow
Group) are shown in Figures 5 and 6, and a similar plot
for the Woodford Shale is given for comparative pur-
poses (Fig. 7).

The S,-TOC plots provide a better method for the
interpretation of TOC and pyrolysis data (Langford and
Blanc-Valleron, 1990) because the S3 is not required.
The slope of the regression line represents the true
hydrogen index, and errors caused by rock matrix effect
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Figure 2. Plot of kerogen typing by hydrogen index (HI) ver-
sus Tyax PYRAN Level-I pyrolysis (in °C).
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feet) for the Springer Formation.
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Figure 5. Piot of S2 PYRAN LEVEL-I (in mg/g) versus total
organic carbon (TOC) (in %) for the Springer Formation. Nu-
merals |, Il, and lll refer to standard kerogen types; the plot is
divided into the regions for these three kerogen types based
on literature data and information previously published. The
Springer Formation samples are represented by the tri-
angles; the solid line is the line of best fit through those points
(Y = 1.16X — 0.68, with an X-intercept of 0.59).
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Figure 6. Plot of S2 PYRAN LEVEL-I (in mg/g) versus total
organic carbon (TOC) (in %) for the Morrow Group. Numer-
als I, I, and Ill refer to standard kerogen types; the plot is di-
vided into the regions for these three kerogen types based on
literature data and information previously published. The
samples from the Morrow Group are represented by the tri-
angles, and the solid line is the line of best fit through those
points (Y = 1.16X — 0.50, with an X-intercept of 0.43).

and the variation of richness of the source rocks are
eliminated (Peters, 1986). The maturity trend is along
the regression line from the upper-right corner to the
lower-left corner of the plot. The types of organic mat-
ter are the same for all samples (which may have differ-
ent maturity levels or are different in richness) in this
line. A greater slope indicates higher kerogen rank. For
example, the slopes of the Springer Formation and
Morrow Group are low (1.16-1.81), indicating that
these source rocks are mainly Type-III kerogens. On
the other hand, the slope of the Woodford Shale is
much higher (4.15-5.11). Those higher values indicate
that these two source rocks are mainly Type-II kero-
gens. Langford and Blanc-Valleron, (1990), have sug-
gested that the boundary (the slope of a S2-TOC plot)
between Type-I and Type-II kerogens is about 7.0,
whereas the boundary between Type-II and Type-III
kerogens is about 2.0. These boundaries were plotted as
dashed lines in Figures 5-7. Scattered data indicate
type or facies variations that can be seen on the plots of
the Springer Formation and the Morrow Group.

The S,-TOC plots can be used to interpret rock-
matrix—adsorption effect. Theoretically, a regression
line in a S,-TOC plot should pass through the origin
point of the plot, because even very small amounts of
organic matter yield hydrocarbons (as S,) during
pyrolysis. However, typical S,-TOC lines always have
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Figure 7. Plot of S2 PYRAN LEVEL-I (in mg/g) versus total
organic carbon (TOC) (in %) for the Woodford Shale. Numer-
als I, Il, and Il refer to standard kerogen types; the plot is di-
vided into the regions for these three kerogen types based on
literature data and information previously published. The
Woodford Shale samples are represented by the triangles,
and the solid line is the line of best fit through those points
(Y = 4.15X - 7.32) with an X-intercept of 1.76).

positive intercepts on the X-axis. These positive inter-
cepts indicate that the rock matrix adsorbs a threshold
amount of organic matter. The Woodford source rock
has the greatest adsorption effect (the X-intercept is-
1.76; Fig. 7) because it is a shale. The Springer Forma-
tion and Morrow Group have smaller intercepts than
that of the Woodford, indicating that these three shale
formations are more calcareous than the Woodford
Shale, which can be shown from the data of carbonate
contents (Figs. 5-7).

Stable Carbon-Isotope Analysis

Saturate and aromatic fractions of selected source
rocks and crude oils were characterized by stable-
carbon isotopic mass spectrometry, and a plot of the
carbon-isotope values of aromatic versus saturate frac-
tions of the source rocks is shown in Figure 8, a rela-
tionship first used to differentiate marine and non-
marine oils (waxy versus non-waxy in the plot) by Sofer
(1984). The data points that fall in the upper-left part
of the plot are interpreted to be from nonmarine
sources, and the data points that fall in the lower-right
part of the plot are interpreted to be from marine
sources. However, statistical studies have shown that
there are many exceptions to the broad generalization
(Peters and others, 1986).
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Figure 8. Plot of the 813C stable carbon-isotope ('3C) values
for the saturate and aromatic fractions for the source-rock ex-
tracts examined in this study. These values are measured
relative to the Pee Dee Belemnite (PDB) standard.

It has been suggested that this approach can be
used for oil-source-rock correlation (Schoell, 1983;
Moldowan and others, 1985). The data points for
the Springer and Morrow source rocks fall on the waxy
region and are 13C enriched, which may be due to
the generation of gas, which is very 13C depleted, such
that the remaining hydrocarbons left in the source
rock become 13C enriched. The data points of the
Springer and Morrow source rocks are scattered, and
the effects of facies variation in the two formations may
cause this scattering and the effects of recycled organic
matter in the Morrow source rocks (Tsiris, 1983;
Walker, 1986).

A similar 813C plot of aromatic versus saturate frac-
tions of the crude oils is provided in Figure 9. A com-
parison of the data in Figures 8 and 9 illustrates a posi-
tive correlation between the Viola and Lower Mississip-
pian source rocks and the crude oils. The oils are more
depleted in 13C than the source rocks, which may be
due to migration effects (Sofer, 1984). The oil samples
labeled “Pennsyl. and Mixtures” in Figure 9 are those
oils that could be correlated with the Pennsylvanian
source rocks by biomarker data or considered as mix-
tures of multi-sources. The correlation is not obvious,
which may mean that carbon isotope data alone cannot
fully distinguish these oils from others and that
biomarker data must be used to achieve more definitive
correlation.

Gas Chromatography

The saturate fractions of source rocks and crude
oils were analyzed by gas chromatography to obtain
the distribution of normal alkanes and acyclic iso-
prenoids.
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Figure 9. Plot of the 8'3C stable carbon-isotope (13C) values
for the saturate and aromatic fractions for the crude-oil ex-
tracts examined in this study. These values are measured
relative to the Pee Dee Belemnite (PDB) standard.

Springer and Morrow Shales

Selected gas chromatograms of the saturate frac-
tions from Springer shale and Morrow shale extracts
are shown in Figures 10 and 11, respectively. The ra-
tios of pristine/phytane (Pr/Ph) for all the samples are
significantly higher than those for the Viola and Lower
Mississippian Limestones but do not exceed a value of
3.0 or fall below a value of 1, possibly indicating an ori-
gin from a low-wax, marine source rock (McKirdy and
others, 1983) and possibly some terrestrial input. Ma-
turity can also cause an increase in Pr/Ph ratios (Alex-
ander and others, 1981) and, thus, for samples with
large burial depths (e.g., Spr-29 and Mor-33 in Figs. 10
and 11, respectively), the maturity factor should be
considered. Most, of CPI values for both formations are
close to or greater than 1.0. A few Morrow Group
samples have CPI values slightly less than 1.0, which
may due to the influence of carbonate layers inter-
bedded with the shales.

A bimodal distribution of the normal alkanes is very
common in Morrow source rocks but less common in
Springer source rocks. The relatively high concentra-
tion of higher molecular-weight, normal alkanes (C,; to
Cj) is due to the contribution of higher plants to the
organic matter (Tissot and Welte, 1984). This explana-
tion supports the geologic interpretation that the Mor-
row Group was deposited in nearshore and deltaic en-
vironments, which received terrestrial input during
deposition. A few samples in the Springer formation do
not have bimodal distribution of normal alkanes (e.g.,
Spr-15 in Fig. 10), which may indicate that they re-
ceived less input from higher plants.

Several Springer Formation samples exhibit a
unique distribution of normal alkanes, as shown in the



Geochemical Characterization of Anadarko Basin Oils 47

Spr-38 Rack Extract

i

10,780 ft

Spr-15 Rock Extract

12,011 ft

Ph

lew LLL H M

Spr-29 Rock Extract

15,890 ft

r}}d b!kl,'* ¥ ‘l .

Figure 10. Gas chromatograms of three Springer source-rock
saturate fractions. Depth of samples in feet. Abbreviations:
Pr—opristane; Ph—phytane.

chromatogram of sample Spr-38 in the upper part of
Figure 10. Spr-38 has a very low concentration of Cyp,
higher molecular-weight, normal alkanes. Similar dis-
tribution of normal alkanes can be found in samples
Spr-13, Spr-28, and Spr-62. This type of distribution
may be interpreted as a combination of several factors:
(1) maturity, which decreases the relative concentra-
tion of higher molecular-weight, normal alkanes; (2)
source, where the input of precursors of higher molecu-
lar-weight, normal alkanes was low; (8) migration in
that the source rock itself is not organic rich but has
received a contribution of migrated hydrocarbons,
which are dominated with lower molecular-weight,
normal alkanes; and (4) weathering, which will be dis-
cussed in more detail below.

Details of the distributions of hydrocarbons in the
saturate fraction from samples of the Woodford Shale
have been well documented in the literature (Jones,
1986; Philp and others, 1989; Burruss and Hatch, 1989;
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Figure 11. Gas chromatograms of three Morrow source-rocks
saturate fractions. Depth of samples in feet. Abbreviations:
Pr—pristane; Ph—phytane.

Jones and Philp 1990) and will not be discussed in de-
tail in this paper. Major features of these chromato-
grams include Pr/Ph ratios greater than 1.0 and
unimodal distribution of normal alkanes with a rela-
tively low concentration of Cy, n-alkanes.

Crude Oils

Chromatograms of the saturate fractions of crude
oils that can be correlated with the source rocks studied
in this study are shown in Figure 12 (names of the res-
ervoirs are given on the chromatograms). Oil sample E-
1is a typical Pennsylvanian oil (Burruss and Hatch,
1989) and is characterized by a Pr/Ph ratio >1.0, CPI
slightly greater than 1.0, and relatively abundant C,,,
n-alkanes. The bimodal distribution—evident in the
chromatograms of Morrow and Springer source rocks—
is not evident in the chromatogram of the E-1 oil.
GCMS data provide additional support for the correla-
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Figure 12. Gas chromatograms of the saturate fractions
from three crude oils produced from the Morrow Group, Viola
Formation and Pennsylvanian—Mississippian sequence.
Depth of samples in feet. Abbreviations: Pr—pristane; Ph—
phytane.

tion between this oil and Morrow (and/or Springer)
source rocks.

On the other hand, it should be noted that in many
cases oils generally contain contributions from more
than one source rock. Oil E-1 probably received major
contributions from Morrow and/or Springer source
rocks and also received minor contributions from other
formations, making it more difficult to make a precise
correlation between this oil and Morrow and/or
Springer source rocks.

Comparisons between the chromatograms of the oils
and source rocks provide a preliminary correlation be-
tween the oils and source rocks, but these correlations
are not definitive. Carbon-isotope values and biomark-
er distributions described below were obtained in an
effort to confirm these correlations.

Gas Chromatography-Mass Spectrometry
Chester, Springer, and Morrow Sequences

As discussed above, the lithologic features of the
Springer and Morrow shales are very similar, so that it
is commonly difficult to distinguish the two formations.
The geochemical features of the Chester Formation are
also similar to those of the Springer and Morrow source
rocks, also making it difficult to geochemically distin-
guish the samples.

Terpanes and Steranes

A partial m/z 123 chromatogram of the sesquiter-
panes in Morrow source rock is shown in Figure 13,
and tentative identifications for some of the C,5; and Cy4
sesquiterpanes are given in Table 1. The distribution of
the sesquiterpanes in the Morrow, Chester, and
Springer Formation extracts are similar to the Lower
Mississippian source rock, except that the relative con-
centrations of compounds, other than drimanes, are
higher than those in the Lower Mississippian source
rock. By comparing Figures 13 and 14, it can be seen
that the relative concentrations of peaks no. 3 [4o(H)-
eudesmane], 5, 8, and 9 are higher, relative to other
sesquiterpanes, in the Morrow source rock than in the
Lower Mississippian source rocks. These compounds,
particularly 40(H)-eudesmane, have been proposed as
indicators of higher plants (Noble, 1986; Peters and
Moldowan, 1993). The increase in relative concentra-
tion of the sesquiterpanes from the Viola source rock to
the Lower Mississippian source rock and from the
Lower Mississippian source rock to the Chester,
Springer, and Morrow source rocks may indicate the
increasing contribution of higher plants in the Ana-
darko basin from the Ordovician to the Pennsylvanian.

Table 1.—Identification of Bicyclic Sesquiter-
panes in the Partial m/z 123 Chromatogram

Peak
nos. Compounds
1 C,5 Sesquiterpane
2 Cy5 Sesquiterpane
3 Cy5 4p(H)-Eudesmane
4 C;5 Sesquiterpane (155)*
5 C,5 8B(H)-Drimane
6 C,5 Sesquiterpane
7 C,5 8aH)-Drimane
8 C,6 Sesquiterpane
9 C,¢ Sesquiterpane
10 Ci¢ 8p(H)-Homodrimane (168)*
11 C,¢ Sesquiterpane
12 Ci¢ 8a(H)-Homodrimane

*Abbreviations used in the text, figures, and tables.
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Figure 13. Typical distribution of sesquiterpanes in a Morrow
source-rock extract (8,258 ft) as obtained by the gas chroma-
tography and mass spectrometry (GCMS) and single-ion
monitoring analysis of the ion at m/z 123 of the saturate frac-
tion. Peak identities are given in Table 1.
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Figure 14. Typical distribution of sesquiterpanes in a Lower
Mississipian source-rock extract (8,626 ft) as obtained by the
gas chromatography and mass spectrometry (GCMS) and
single-ion monitoring analysis of the ion at m/z 123 of the
saturate fraction. Peak identities are given in Table 1.

A typical m/z 217 chromatogram for the Morrow
source rock is shown in Figure 15, and tentative iden-
tifications of the steranes are given in Table 2. The dis-
tribution of Cy;, regular and diasteranes in Morrow
(and similarly in the Chester and Springer Formations)
source rock feature a high concentration of Coq regular
steranes relative to the C,; and Cyg isomers, and high
ratio of Bp/aax isomers. Another feature of the Morrow,
Chester, and Springer source rock extracts is the very
high concentration of diasteranes contrasted to the
regular steranes. The relative concentration of C,;
diasteranes is especially high contrasted to that of C,;
regular steranes. High ratios of diasteranes to regular
steranes are believed to result from conversion of ste-
rols to diasterenes during diagenesis catalyzed by
acidic sites on clays (Rubinstein and others, 1975;
Sieskind and others, 1979), although acidic clay cataly-
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Figure 15. Typical distribution of steranes in a Morrow
source-rock extract (8,258 ft) as obtained by the gas chroma-
tography and mass spectrometry (GCMS) and single-ion
monitoring analysis of the ion at m/z 217 of the saturate frac-
tion. Peak identities are given in Table 2.

sis may not be the only reason for these high ratios.
Relatively high concentrations of diasteranes appear to
be characteristic of Paleozoic source rocks and may be
source related in this situation. The Morrow, Chester,
and Springer source-rock extracts contain relatively
high concentrations of Cy, regular steranes contrasted
to that of the Viola and Lower Mississippian source
rocks, but the absolute concentration of these Cg, regu-
lar steranes is low. The existence of Cy, regular
steranes confirms the marine origin of these source
rocks (Peters and others, 1986).

A representative m/z 231 chromatogram of the Mor-
row source rock is plotted together with a partial m/z
217 chromatogram in Figure 16. The distribution of 3o-
methyl and 2a-methyl steranes in Morrow (and simi-
larly in the Chester and Springer Formations) source
rock is similar to that of the Viola source rock, but the
absolute concentration of these methyl steranes is rela-
tively low contrasted to that of the Viola source rock.
The peaks marked with question marks in Figure 16
are probably 4-methyl steranes, which do not exist (or
in very low concentration) in the Viola, Sylvan, Wood-
ford, and Lower Mississippian source rocks. Because of
the low concentration of these methyl steranes, the
identification of 4-methyl steranes could not be con-
firmed by GCMSMS analyses monitoring daughter
ions at m/z 98 and 231.

Special Biomarker Feature of the Morrow, Chester,
and Springer Sequences—17o(H)-Diahopanes

A typical partial m/z 191 chromatogram of the Mor-
row source rock is shown in Figure 17, with tentative
identifications of the di- and triterpanes being given in
Table 3. The distribution of terpanes in Morrow,
Chester, and Springer source rocks features relatively
low concentrations of tricyclic terpanes contrasted to
the pentacyclic hopanes, a high Ts/Tm ratio, and rela-
tively low concentrations of the C3;, homohopanes con-
trasted to the C3; hopane.
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Table 2.—Identification of Steranes
in the Partial m/z 217 Chromatogram

The most characteristic feature of
the Morrow, Chester, and Springer
source rocks is the relatively high con-

Peak centrations of 18a(H)-neochopanes and
nos. Compounds 17a(H)-diahopanes. These rearranged
hopanes were originally detected by
1  C, Pregnane (Preg)* Philp and others (1984) and referred to
2  C,, Homopregnane as “compound X" until they were identi-
3 Cyy 13p(H),170(H)-Diacholestane (208) (27Dia)* fied by Moldowan and others (1991)
4 Cyy 13p(HD),170(H)-Diacholestane (20R) using X-ray crystallography and ad-
) vanced NMR methods. 180(H)-neo-
5  Cgy 130(H),17B(H)-Diacholestane (208) hopane (29T's) has the same structure
6  Cyy 130(H),17Bp(H)-Diacholestane (20R) as Ts 180(H)-22,29,30-trisnorhopane
7  Cyg 24-Methyl-13p(H),170(H)-Diacholestane (208) with an extra CyHj group at carbon
8  Cyg 24-Methyl-13p(H),17a(H)-Diacholestane (20R) Iﬁmf;r 1?'1 of1 t71)1e hopane skeleton (peak
9  Cyg 24-Methyl-13a(H),17B(H)-Diacholestane (208)t 0. Lf, tig. 21).
C,, 140(H), 17a(H)-Cholestane (20S) The 17a(H)-diahopanes have the
. same structure as regular hopanes, ex-
10 C,g 24-Methyl-13B(H),17a(H)-Diacholestane (20R)T cept that the CH, (carbon number 27)
Cyy 14B(H),17B(H)-Cholestane (20R) group at carbon number 14 of the ho-
11 Cyy 14p(H),17B(H)-Cholestane (208)t pane skeleton is rearranged to carbon
Cyg 24-Methyl-13a(H),17B(H)-Diacholestane (20R) number 15. The 170(H)-diahopanes are
12 Gy, 14a(H),170(H)-Cholestane (20R) @TR)* present as a pseudohomologue from Cy,
. to Cgy (peak No. 18 in Fig. 17 is the Cg,
13 Cyg 24-Ethyl-138(H),17a(H)-Diacholestane (20R) member). It has been proposed that
14 ng 24-Ethy1-13oc(H),17B(H)-Diacholestane (208) diahopanes, like diasteranes’ were
15 Cgyg 24-Methyl-140(H),17a(H)-Cholestane (20S) formed during diagenesis by clay ca-
16 Cyg 24-Ethyl-13a(H),17p(H)-Diacholestane (20R)t talysis or by partial oxidation in a sub-
Cs 24-Methyl-14B(H), 17B(ED-Cholestane (20R) oxic enVlrgr}llment- The origin %f the
17 Cys 24-Methyl-143(ED, 17B(H)-Cholestane (208) I e o e o ot
18  Cyq 24-Methyl-14a(H),170(H)-Cholestane (20R) (28R)* hopane precursors (Summons and oth-
19 ng 24-Ethyl-140(H),170(H)-Cholestane (20R) (298)* ers, 1988a,b; Peters and Mo]dowan’
20  Cyo 24-Ethyl-14B(H),17B(H)-Cholestane (20R) (29BBR)*  1993). The ratio of the C,, diasterane
21 G,y 24-Ethyl-14B(H),17B(H)-Cholestane (20R) (29BBS)* over the 18o(H)-neohopane (Cy9Ts) has
92 C,q 24-Ethyl-14a(H),17a(H)-Cholestane (20R) (29R)* been proposed to be dependant on the
N depositional environment. A higher ra-
23  Cyq 24-Propyl-14a(H),17a(H)-Cholestane (20R) (308) tio indicates shale deposited from oxic—
24 Cgy 24-Propyl-14B(H),17p(H)-Cholestane (20R) (30BBR)* suboxic conditions, whereas low ratios
25  Cgy 24-Propyl-14p(H),17B(H)-Cholestane (20R) (30BPS)* indicate more anoxic conditions (Peters
26  Cjyy 24-Propyl-140(H),17a(H)-Cholestane (20R) (30R)* and Moldowan, 1993).

*Abbreviations used in the text, figures, and tables.

+The two compounds identified elute together on the chromatogram and ion at m/z 191 from the parent ions 370
actually appear as one peak.

Figure 18 is a partial GCMSMS
chromatogram monitoring the daughter
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panes) and illustrating the occurrence

Figure 16 (left). Typical distribution of steranes (upper chro-
matogram) and methylsteranes in a Morrow source-rock
extract (8,258 ft) as obtained by the gas chromatography and
mass spectrometry (GCMS) and single-ion monitoring analy-
sis of the jons at m/z 217 and 231, respectively, of the satu-
rate fraction. The labels C,; (etc.) refer to the groups of iso-
mer homologies with that number of carbon atoms. Individual
isomers are not identified in this particular chromatogram.
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Table 3.—Identification of Di- and Triterpanes
in the Partial m/z 191 Chromatogram

Peak
nos. Compounds
1 Gy Tricyclic Terpane
2 C,; Tricyclic Terpane
3 C,3 Tricyclic Terpane (23T)H*
4 G, Tricyclic Terpane
5  Cy5 Tricyclic Terpane
6  C,4 Tetracyclic Terpane (24T)*
7  Cyg Tricyclic Terpane
8 Cyg Tricyclic Terpanes
9 Cyy Tricyclic Terpanes
10 C,y 180(H)-22,29,30-Trisnorhopane (Ts)*
11 Cy; 17a(H)-22,29,30-Trisnorhopane (Tm)*
12 C,; 17B(H)-22,29,30-Trisnorhopane a7y)*
13 Cj Tricyclic Terpanes
14  Cyg 28,30-Bisnorhopane
15 Gy, Tricyclic Terpanes
16  Cyy 170(H), 21B(H)-30-Norhopane (29H)*
17  Cyg 18a(H)-30-Norneohopane (29Ts)*
18  Cyy170(H)-Diahopane
19  Cyy 17B(H), 21a(H)-30-Normoretane (29M)*
20  Cgp 170(H), 21p(H)-Hopane (30H)*
21 Gy 17B(H), 21c(H)-Moretane (30M)*
22 Cy;, 17a(H), 21B(H)-Homohopanes (31H or 31S
& 31R)*
23 Cgy 170(H), 21B(H)-Bishomohopanes (325 & 32R)*
24 Cgy 170(H), 21B(H)-Trishomohopanes (335 & 33R)*
25 Cs4 170(H), 21p(H)-Tetrakishomohopanes (34S & 34R)*
26  Cgs 17a(H), 21p(H)-Pentakishomohopanes (358 & 35R)*

*Abbreviations used in the text, figures, and tables.
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and distribution of 18a(H)-neohopanes and
170(H)-diahopane series in the Morrow
source rock. The 18c(H)-neohopanes exist in
most source rock extracts and crude oils in
the Anadarko basin, whereas the 17a(H)-
diahopane series is absent (or in very low
concentrations), in the Viola, Sylvan, Wood-
ford, and Lower Mississippian source rocks
and correlated oils. The relatively high con-
centration of diahopanes in the source rocks
of Morrow, Chester, and Springer sequences
may reflect the sub-oxic depositional envi-
ronments of these formations and can be
used as oil-source-rock correlation indicators.
Another pseudohomologue of Cygto Cyy
triterpanes that elutes much earlier than
17a(H)-diahopane series is also shown in
Figure 18. Because of the limitation of iden-
tification method, the structure of this
pseudohomologue was not revealed. It can be
suggested that this pseudohomologue may be
another series of rearranged hopanes.

Weathering in the Springer Formation

Biodegradation is a term generally used
for crude oils that are attacked by bacteria in
reservoir rocks. However, if a source rock is
once exposed to (or near) the surface and con-
tacted with air or oxygen-rich groundwater,
the organic matter in the source rocks can
also be attacked by bacteria (weathering) or
washed by groundwater (water washing). As
a result, the concentration and distribution
of biomarkers in this source-rock extract will
show features similar to those in a biode-
graded oil (Philp and others, 1992).

Source-rock weathering appears to be a
common phenomenon in the Springer For-
mation (samples Spr-13, 38, and 62). These
weathered source rocks feature a high per-
centage of inert carbon over TOC, low abso-
lute concentration of biomarkers contrasted
to the non-weathered source rocks at ap-
proximately the same maturity levels, and

Figure 17. Typical distribution of terpanes in a
Morrow source-rock extract (8,258 ft) as obtained
by the gas chromatography and mass spectrom-
etry (GCMS) and single ion monitoring analysis of
the ion at m/z 191 of the saturate fraction. Peaks
are identified in Table 3.
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Figure 18. A composite chromatogram obtained by the GCMSMS analysis of the saturate fraction of the Morrow source-rock
extract (8,258 ft) to determine the distribution of the C,; to Cg; pentacyclic hopanes.

preferential removal of biomarkers less resistant to
biodegradation.

A typical partial m/z 191 chromatogram of the
weathered Springer source rock is shown in Figure 19,
and tentative identification of the terpanes is given in
Table 3. It can be seen in this chromatogram that
pentacyclic hopanes have been removed preferentially,
whereas the tricyclic terpanes are still present in rela-
tively high concentrations. Quantitative analyses indi-
cate that, although both pentacyclic hopanes and tricy-
clic terpanes have been partially removed, lesser
amounts of tricyclic terpanes have been removed than
the pentacyclic hopanes. This may suggest that tricy-
clic terpanes are more weathering resistant than
pentacyclic hopanes.

The Springer source-rock sample contains a rela-
tively high concentration of the C,, tetracyclic terpane,
which is commonly associated with carbonate and
evaporite depositional environments (Palacas and oth-
ers, 1984). This compound can also be related to terres-
trial organic matter and associated with levels of micro-
bial activity (Philp and Gilbert, 1986). In the case of the
Springer source rocks, the relatively high concentration
of this compound may indicate that it is resistant to
weathering (or biodegradation). The pentacyclic ho-
panes have been partially removed so that the C,, tetra-
cyclic terpane appears in relatively high concentration.
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Figure 19. Typical distribution of terpanes in a weathered
Springer source-rock extract (10,780 ft) as obtained by the
GCMS and single ion monitoring analysis of the ion at m/z
191 of the saturate fraction. Peaks are identified in Table 3.

The m/z 217 chromatogram of the same Springer
source rock is shown in Figure 20, and tentative iden-
tification of the steranes given in Table 2. It would ap-
pear that regular steranes—and to a lesser degree
diasteranes—have been partially removed by weather-
ing. In contrast, pregnanes appear to be unaltered.
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Figure 20. Typical distribution of steranes in a weathered
Springer source-rock extract (10,780 ft) as obtained by the
GCMS and single-ion monitoring analysis of the ion at m/z
217 of the saturate fraction. Peaks are identified in Table 2.

This may suggest pregnanes are more resistant to
weathering than dia- and regular steranes, and quan-
titative analysis confirms the suggestion that the abso-
lute concentrations of pregnanes do not decrease very
much with weathering.

Figure 21 illustrates a typical partial m/z 123 chro-
matogram showing the sesquiterpane distribution in
the same Springer source rock, and Table 1 presents
tentative identification of some C;5 and Cy4 sesqui-
terpanes. Most of the C;5 and C,g4 sesquiterpanes are
either absent or present in very low concentrations,
with the loss of sesquiterpanes being supported by
quantitative analysis of biomarkers. The fate of
sesquiterpanes with weathering (or biodegradation)
has rarely been discussed in the literature but the re-
sults of this study show that the sesquiterpanes may be
removed by heavy weathering.

The distributions of normal alkanes and isoprenoids
of this weathered source rock are shown in the GC
chromatogram in Figure 10 (sample Spr-38). It has
been suggested that weathering (or biodegradation)
would remove lower molecular-weight, normal alkanes
first, resulting in high ratios of Pr/nC;; and Ph/nCy4
and a large “hump,” unresolved complex mixture of
biodegraded products on the gas chromatogram (Peters
and Moldowan, 1993). However, in the case of these
weathered Springer source rocks, Cy,, higher molecu-
lar-weight, normal alkanes were preferentially re-
moved. The ratios of Pr/nC,; and Ph/nC,g4 are not very
high compared with that of non-weathered samples,
and usually only a small hump occurs in the GC chro-
matogram.

During the burial history of the Anadarko basin, the
Springer Formation was covered with the thick Mor-
row Group and other Pennsylvanian and Permian for-
mations throughout the basin. Most of the Springer
source rocks are still buried very deeply today (as much
as 12,000 ft) and nonetheless have weathered features.
The only chance for the Springer Formation to have
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Figure 21. Typical distribution of terpanes in a weathered
Springer source-rock extract (10,780 ft) as obtained by the
gas chromatography and mass spectrometry (GCMS) and
single-ion monitoring analysis of the ion at m/z 123 of the
saturate fraction. Peaks are identified in Table 1.

been exposed or near the surface would have been dur-
ing the post-Mississippian and pre-Morrowan time. At
that time, post-Mississippian erosion removed the
Springer rock in northern Anadarko basin together
with the Upper Chester Formation while the Springer
Formation was immature.

This “pre-mature” weathering may be different from
the ways of common “post-mature” weathering (or
biodegradation in reservoirs) discussed in the litera-
ture, in which source rocks were buried deep enough to
enter the oil window and then be uplifted by geologic or
tectonic events prior to weathering, during which bac-
teria could attack the mature kerogen or generated oil.
In the case of the immature Springer source rock, bac-
teria could have attacked immature kerogen precursors
and/or the organic matter that was not incorporated
into the structure of kerogen. After the weathering, the
kerogen and organic matter were buried deeper and
began to generate oil. Lower molecular-weight, normal
alkanes are probably the products of bacteria-attacked
kerogen or other organic matter that was not incorpo-
rated into kerogen. Alternatively, these lower molecu-
lar-weight, normal alkanes (Fig. 10) may be migrated
hydrocarbons.

Maturation and facies variation, on the other hand,
may (at least partially) be the reason for the biomarker
distribution in Spr-38 (Figs. 19-21). Because a short
section of core may represent thousands or even mil-
lions years of geologic time, facies variation could be
significant in a short core sample, in which both abso-
lute concentration and distribution of biomarkers could
change considerably (Miranda and Walters, 1992). By
normalizing the absolute concentration of biomarkers
to TOC, the variation of absolute concentration caused
by facies variation (richness) can be decreased to mini-
mum but the variation of biomarker distribution
caused by facies variation (different types of biota) will
still exist. Therefore, care should be taken when inter-
preting the weathering features of source rocks.
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The biomarker features of crude oils are variable,
and the variation reflects the biomarker features of
source rocks. Several oils can be correlated with their
source rocks very well. Other oils cannot be correlated
with particular source rocks because they are either
mixtures of hydrocarbons generated by multi-sources
or generated by source rocks that were not covered by
this study.

Correlations

A ternary diagram for the steranes of the crude oils
is given in Figure 22, and the areas occupied by the
source rocks are marked for comparison. The oil
samples are labeled with the names of the formations
that are believed to be the source rocks of the oils (in-
terpreted by other geochemical data). It can be seen
that the Viola oils show a good correlation with the
Viola source rocks. The other oils show less correlation
with their suspected source rocks.

The distribution of the C3;-homohopanes has been
utilized to interpret source environments and for corre-
lations (Philp and Gilbert, 1986; Fu and others, 1986;
Clark and Philp, 1989; Peters and Moldowan, 1991). In
the present study, both the distribution and the abso-
lute concentration of homohopanes were investigated.
The absolute homohopane concentrations of source
rocks and oils were calculated by normalization to the
saturate fractions and the concentration and distribu-
tion of homohopanes are plotted in Figure 23. It can be
seen from the diagram that oil P-20 correlates rela-
tively closely with the Viola source rock by both dis-
tribution pattern and absolute concentration of
homohopanes. The Woodford Shale has a very low
concentration of homohopanes and a flat pattern of
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Figure 22. A ternary diagram showing the relative distribution
of the C,; to C,4 steranes in a number of oils and source
rocks from the Anadarko basin. The distributions are
determined from the relative proportions of the C,; to
Coe14a(H),170(H) 20R regular sterane isomers present in
the m/z 217 chromatograms. Depth of samples in feet.

homohopane distribution. Oils E-7 and P-1 probably
can be correlated with the Woodford source rock. The
homohopane concentration of the Springer and Morrow
are intermediate between the Viola and the Woodford,
and oil E-3 may be correlated with the Springer and
Morrow source rocks. Alternatively, this oil may be a
mixture of contributions from several source rocks with
the Morrow and Springer source rocks as the major
contributors. The results of homohopane correlation
basically agree with the results of sterane correlation.
In order to utilize more biomarkers as correlation tools,
the distribution and absolute concentration of several
selected biomarkers are plotted in Figure 24. Bio-
marker abbreviations on the X-axis can be found in
Tables 1-3. To compare between the source rock ex-
tracts and oils, the absolute biomarker concentrations
were normalized to the saturate fractions.

" A biomarker distribution plot (with the absolute
biomarker concentration as the Y-axis) of Morrow and
Springer source rocks extracts (these two formations
are treated as one unit) and correlated oils is given in
Figure 24. Three peaks are shown in Figure 24—the
highest one at Cz, hopane; the second one at Ts; and
the third one between the C,4 sesquiterpane and Cog
tricyclic terpane. The height of the C,g norhopane in
Morrow and Springer rocks is very low contrasted to
that of the Viola Limestone. The distribution of corre-
lated oils fits the envelope of the source rock well.

Source-Rock Evaluation

The black shales in the Springer Formation and
Morrow Group are fairly good source rocks, which are
both fairly rich in organic matter and occur in tremen-
dous volumes in the Anadarko basin. These source
rocks are mainly Type-III kerogens, so that they may
not make a large contribution to the oil generated in
the Anadarko basin. They may, however, make a sig-
nificant contribution to the natural gas generated in
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Figure 23. Homohopane pattern and absolute concentration
normalized to the saturate fractions versus carbon number of
the C;,; to Cy5 homohopanes for selected oils and source-
rock extracts from the Anadarko basin.
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Figure 24. Absolute concentrations (in micrograms per
gram—ug/g) of selected biomarkers in selected oils and
source rocks from the Morrow Group and Springer Forma-
tion.

the Anadarko basin. From the limited data obtained, it
can be proposed that the Chester Formation (either
limestone or shale) is not a very good source rock. The
formation is generally organic-lean and a Type-III
kerogen.

Source-rock evaluation conducted by this study sup-
ports the proposal of multi-source oil and gas genera-
tion in the Anadarko basin. This conclusion is also sup-
ported by the data of biomarker characterization and
quantification.

Biomarker Characterization
of Source Rocks and Crude Oils

The common biomarker characteristics of these Pa-
leozoic source rocks (all the formations under study)
are as follows:

1. High relative concentration of diasteranes con-
trasted to that of regular sterane even in carbon-
ate source rocks.

2. High relative concentration of Cyg regular
steranes—especially that of 14a(H), 17a(H)-iso-
mers in most cases—contrasted to that of C,; and
Cqg regular steranes, even though all the forma-
tions under study are mainly of marine origin.

3. High relative concentrations of sesquiterpanes
and tricyclic terpanes (for most formations) con-
trasted to those of other biomarker groups.

The Chester, Springer, and Morrow source rocks
have very high relative concentrations of diasteranes
contrasted to regular steranes and relatively high con-
centrations of neohopanes and diahopanes contrasted
to those of the other formations. A few Springer rocks
have very low relative and absolute concentrations of
pentacyclic hopanes contrasted to that of tricyclic
terpanes and very low relative and absolute concentra-
tions of dia- and regular steranes contrasted to that of
pregnanes. These rocks probably underwent heavy
weathering during post-Mississippian erosion. The
biomarker characteristics of the crude oils, which can

be correlated with the Chester, Springer, or Morrow
source rocks, are not very obvious. This is because
these source rocks are mainly gas prone, and the oils
are the mixed products of multi-sources.

Apparent correlations between source rocks and
crude oils were conducted using biomarker distribution
and the absolute biomarker concentration. The correla-
tions are supported by carbon-isotope data and other
geochemical properties of the source rocks and crude
oils.
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AssTrACT.—Fundamental for accurate assessment of reservoir potential, modeling of
production characteristics, delineation of pay and non-pay zones, and basic reservoir man-
agement is the need for reliable models of the distribution of the reservoir properties of
porosity, fluid saturations, and permeabilities. Because of the lithologic and architectural
complexity of many reservoirs, it is generally not feasible to directly construct accurate nu-
merical models of these reservoir properties. To construct accurate numerical storage and
flow models it is generally necessary to first construct quantitative geologic models based on
depositional, sequence stratigraphic, and lithofacies models of the reservoir and then “trans-
late” or “map” these models into storage and flow models using correlations established
between lithofacies and petrophysical properties.

As part of a program to sample and analyze a wide range of lithofacies present within
Pennsylvanian and Permian reservoirs in the Midcontinent, a “rock catalog,” integrating
lithologic and petrophysical data of Morrow Sandstone marine and estuarine samples is
being compiled. Integration of geology and core analysis for the Morrow Sandstone in south-
west Kansas provides an understanding of lithologic controls on petrophysical properties,
equations relating petrophysical variables, and guidelines for predicting hydrocarbon
producibility in estuarine Morrow Sandstone reservoirs. Samples from three wells in two
fields were studied. From these wells, the core was described, interpretations of lithofacies,
ichnofacies, and depositional environments made, and a suite of petrophysical properties
measured and analyzed.

Fifteen estuarine and marine lithofacies were identified in the study area. In general,
petrophysical properties were closely tied to lithofacies. Routine porosity values range from
0% to 22% with in situ porosities averaging 92% of routine values. Fluvial and upper-estua-
rine channel] facies exhibit maximum porosity and permeability. Capillary-pressure proper-
ties of Morrow Sandstone samples differ significantly between lithofacies. At 100 ft of oil-
column height above free-water level, fluvial and upper-estuary channel deposits exhibit
water saturations below 25% whereas estuary-mouth, restricted tidal-flat, and upper-
shoreface deposits generally exhibit values greater than 50%. Lower-shoreface and deeper-
water deposits generally display water saturations greater than 90%. Water saturations for
all facies increase with decreasing permeability. In situ permeabilities range from 0.0001 to
150 millidarcies (md). Highest porosity and permeability values were measured in the flu-
vial and upper-estuary channel sandstones. Extensive clay drapes, bioturbation, and in-
creasing silt content result in significant decrease in permeability in tidal-flat and marine
facies. Permeability can be log-linearly correlated with porosity with each facies exhibiting
a unique subparallel trend. The Archie cementation exponent averages m = 1.81 for fluvial
and upper estuary channel facies and is approximately m = 2.00 for many of the other facies.

INTRODUCTION

The Lower Pennsylvanian Morrow Sandstone in
southwest Kansas contains oil and gas reservoirs in a
wide variety of shallow- and marginal-marine deposi-
tional environments, with delta-front, shoreface, and

estuarine valley-fill reservoir sandstones encased in
offshore and estuarine mudstones (Wheeler and others,
1990). Fundamental to accurate assessment of reser-
voir potential, modeling of production characteristics,
delineation of pay and non-pay zones, and basic reser-
voir management is the need for reliable models of the

Byrnes, A. P; Buatois, L. A.; Mdngano, M. G.; and Carr, T. R., 2001, Integration of lithofacies and petrophysics in marine
and estuarine Morrow Sandstone, southwest Kansas: a Midcontinent rock catalog example, in Johnson, K. S. (ed.),
Pennsylvanian and Permian geology and petroleum in the southern Midcontinent, 1998 symposium: Oklahoma Geo-

logical Survey Circular 104, p..59-64.
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distribution of the basic reservoir storage and flow
properties of porosity, saturation, and permeability (in-
cluding oil and water relative permeability). Because of
the lithologic and architectural complexity of many
reservoirs, it is generally not feasible to directly con-
struct accurate numerical models of these reservoir
properties. To construct reliable numerical storage and
flow models it is generally necessary to first construct
quantitative geologic models based on depositional,
sequence stratigraphic, and lithofacies models of the
reservoir. These geologic models must then be “trans-
lated” or “mapped” into storage and flow models using
correlations established between lithofacies and
petrophysical properties.

This study presents results of the petrophysical
characteristics of lithofacies in the marine and estua-
rine Morrow Sandstone. It represents a portion of a
program to sample and analyze a wide range of
lithofacies present within Pennsylvanian and Permian
reservoirs in the Midcontinent and to develop a com-
prehensive database containing petrophysical proper-
ties of the lithofacies present. An efficient and highly
useful format for such a database is a “rock catalog.”
The rock catalog is constructed from measurements
performed on individual core plug samples represent-
ing “type” lithologies. Utilizing rock catalog informa-
tion has provided an understanding of lithologic con-
trols on petrophysical properties, equations relating
petrophysical variables, and guidelines for predicting
hydrocarbon producibility in shallow-marine and es-
tuarine Morrow Sandstone reservoirs. This study is
based on the analysis of samples from two cores from
the Gentzler and one from the Arroyo oil and gas fields
(Fig. 1) including (1) the Gentzler field cores Anadarko
Petroleum Gaskill “A” 10-2 (C SEV4a sec. 10, T. 33 S,
R. 38 W,; 5,952-6,085.5 ft) and Anadarko Nell “A” 19-1
(C W¥.NEYs sec. 19, T. 33 S,, R. 37 W.; 6,036-6,078 ft)
and (2) the Arroyo field core J. M. Huber Kendrick 23-
1(C NWVi.NEVANWY; sec. 23, T. 29 S.,R. 41 W.; 5375
5,460 ft).

GEOLOGIC CHARACTERISTICS

The Morrow Sandstone (Kearny Formation) in the
subsurface of southwest Kansas is informally divided
into a lower and upper unit. The lower Morrow has
been interpreted mainly as offshore shales and
shoreface sandstones, whereas the upper Morrow has
been interpreted as marine shales that encase trans-
gressive valley-fill sequences. Marginal- and shallow-
marine deposits of the Morrow Sandstone accumulated
in the Hugoton embayment, which stretched into Kan-
sas and Colorado from the deeper-water Anadarko ba-
sin in Oklahoma (Fig. 1). Wheeler and others (1990)
recognized seven estuarine-valley sequences in the
upper Morrow. Incision at the base of each sequence
resulted from sea-level drop, with valley infill occurring
during the subsequent sea level rise. During lowstands
of sea level, valleys that are presently oriented north-
west—southeast incised into older shelf deposits as the
basin was drained to the shelf-slope break, located in
Oklahoma north of the Anadarko basin. During high-

Study Area
0 30
Miles

Kansas
\-Oklahoma

Figure 1. Isopach map of the Morrow Sandstone and location
of Arroyo and Gentzler oil and gas fields investigated in study
(modified after Swanson, 1979).

stands, valleys were backfilled, and a broad shelf cov-
ered the area.

Using integrated ichnologic, sedimentologic, and
stratigraphic analysis, Buatois and others (1999) have
provided an accurate characterization of the reservoir
facies and geometry and distinction between assem-
blages of marine-shoreface and estuarine valley-fill
facies evident in cores from the study area.

Estuarine deposits in the study area are consistent
with the wave-dominated but partially tidally influ-
enced estuarine model proposed by Dalrymple and oth-
ers (1992) consisting of three zones: (1) an outer zone
dominated by marine processes; (2) a central zone
where marine energy is balanced by fluvial currents;
and (3) an inner, river-dominated zone. The estuarine-
facies assemblage includes both interfluve and valley-
fill deposits, encompassing a variety of depositional
environments, such as fluvial channels, paleosols, up-
per estuarine channels, estuary bay, restricted tidal
flats, tidal channels, and estuary mouth (Fig. 2). The
facies terminology used in this paper is indexed in
Table 1.

The most proximal deposits within the valley consist
of fluvial-channel massive to planar-bedded sandstones
(facies A) with infrequent rooted siltstone paleosols (fa-
cies B). Fluvial facies are overlain by tidally influenced
fine- (facies CI) to medium- and coarse-grained (facies
C2) upper-estuarine—channel, planar cross-stratified,
ripple cross-laminated, and wavy- to flaser-bedded
sandstones. Sandstone packages deposited within es-
tuarine channels are in turn overlain by central estua-
rine-bay, parallel-laminated shales (facies D) that lo-
cally exhibit isolated sand lenses and ripple laminae.
Fine-grained deposits interfinger with coarse-grained,
moderately fossiliferous, planar cross-bedded sand-
stones and pebble conglomerates (facies H) interpreted
as having been deposited in the estuary mouth. Other
peritidal facies include wavy-, flaser- and lenticular-
bedded sandstones and siltstones with herringbone
cross-stratification (facies E, restricted tidal flat) and
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Table 1.—Index of Facies Noted in Text
and the Corresponding
Depositional Environment

Facies Depositional environment

Fluvial

Nonmarine paleosol
Upper estuary channel
Estuary bay

Restricted tidal flat
Tidal channel

Lower estuary
Estuary mouth

Upper shoreface
Middle shoreface
Marine lower shoreface
Marine lower shoreface
Deeper water

Deeper water

Deeper water

OZRNA~IQIHTQ>

MARINE

ESTUARINE
Upper Estuary

Channel
(Brackish)
Channel
(Fresh water

Figure 2. Generalized estuarine valley-fill model (modified
after Dalrymple and others, 1992).

heterolithic stratification (facies F, tidal channel) and
lower estuary laminated calcareous mudstones (facies
G).

The open-marine facies assemblage consists of up-
per-, middle-, and lower-shoreface, offshore-transition,
offshore, and shelf deposits. Morrow upper shoreface
facies (facies I) consists of highly fossiliferous, planar
cross-bedded sandstones succeeded by sparsely to mod-
erately burrowed, planar cross-bedded, medium- to
fine-grained sandstones representing proximal middle-
shoreface (facies J) deposits. Distal middle-shoreface
deposits (facies K) are moderately to thoroughly bur-
rowed, rippled, fine-grained sandstones. The lower-
shoreface (facies L), offshore-transition (facies M), off-
shore (facies N), and shelf deposits (facies O) represent
a series progressing from thoroughly burrowed fine- to
very fine grained silty sandstones with fading ripples
through very fine grained silty sandstone and siltstone
to the laminated black shales of the shelf deposits.

PETROPHYSICAL CHARACTERISTICS

The Morrow Sandstone exhibits petrophysical prop-
erties that can be tied to lithofacies and are generally
correlative with more easily measured properties, such
as porosity, that allow prediction of properties from log
response. Properties exhibited by individual lithofacies
are clearly illustrated in rock-catalog format but cannot
be easily represented in publication format. The follow-
ing discussion reviews general petrophysical proper-
ties.

Porosity and Compressibility

Routine helium porosity for the Morrow Sandstone
studied ranges from 0% to 22%, Upper estuary-channel
deposits (facies A and C1) exhibit maximum values of
porosity, and estuary-funnel, estuary-mouth, lower-
shoreface, transition, offshore, and shelf deposits ex-
hibit minimum values. Upper-shoreface deposits (facies
I) exhibit a wide range of porosities. Quartz over-
growth, pressure-solution suturing, and calcite cement
are the dominant agents occluding intergranular poros-
ity. Within estuary sandstones, porosity is primarily in-
tergranular. In the marine sandstones, a significant
portion of porosity can be secondary microporosity in
glauconite and bioclasts. Porosity-log response, which
measures in situ porosity, can be most accurately cali-
brated to routine core-analysis values if core porosity
values reflect in situ values. At a net hydrostatic con-
fining stress of approximately 3,000 pounds per square
inch (psi), which approximates reservoir stress levels,
in situ core porosity values average 92% of ambient or
routine helium porosity values with the difference be-
tween routine and in situ values decreasing with de-
creasing porosity (Fig. 3).

Reservoir simulation and understanding of compac-
tion drive requires an understanding of pore or bulk
volume compressibility. Using the change in pore
volume from 3,000 to 3,500 psi confining stress as a
measure of the change a reservoir would undergo with
production, and assuming that the matrix grains are
incompressible, pore volume compressibilities (Bpore)
decrease with increasing porosity (Fig. 4).

Capillary Pressure and Water Saturation

Capillary-pressure properties of Morrow Sandstone
samples differ significantly between lithofacies. With
structural closure in many Morrow fields in southwest
Kansas of less than 100 ft, understanding the exact
capillary-pressure—curve relationships becomes impor-
tant. It is also important to note that 100 ft represents
the maximum oil-column height and that much of the
volume of a field may lie below these heights. Adopting
100 ft as the maximum oil-column height above free-
water level, fluvial and upper-estuary channel deposits
(facies A and C) exhibit water saturations at 100 ft
above free-water level (S,, 1o0) below 25%, and near “ir-
reducible” values. In contrast, estuary-mouth (facies
H), restricted tidal-flat (facies E), and upper-shoreface
deposits (facies I), with porosity near 12%, exhibit val-
ues of S, 19 greater than 50%, primarily as the result
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Figure 4. Cross-plot of pore volume compressibility (Bpere,
psi-! = 10-6) versus in situ porosity (¢;, sy, ,%) showing de-
crease in By, With increasing porosity as expressed by the
equation: By =—0.75 * ¢j, 5, + 17.6. See Table 1 for expla-
nation of facies symbols, shown by uppercase letters.

of fine grain size, high clay content, and secondary
porosity. Lower-shoreface and deeper-water deposits
display water saturations greater than 90% (Fig. 5).
Water saturations for all facies increase with decreas-
ing permeability (Fig. 6).

Permeability

Routine air permeability values of the Morrow core
studied range from 0.001 millidarcies (md) to 150 md.
Highest porosity and permeability values were mea-
sured in the fluvial and upper-estuary channel sand-
stones (facies A and C). Coarse-grained sandstones (fa-
cies C2) exhibit higher permeability values at a given
porosity than fine-grained cleaner sandstones (facies
A). Extensive clay drapes, bioturbation, and increasing
silt content result in significant decrease in permeabil-
ity in tidal-flat and marine facies (e.g., facies E and H).

In situ Klinkenberg (high-pressure gas or liquid
equivalent) permeability values are progressively lower
than routine values with decreasing permeability (Fig.
7). In situ Klinkenberg permeability values are gener-
ally near 70% of routine air permeability values at
permeabilities greater than 10 md. Below 1 md, in situ
values decrease from 30% of routine values to <5% of
routine values. Part of this difference is due to the ef-
fect of confining stress on pore throats and part is due
to the Klinkenberg gas-slippage effect.

Generally, when pores are partially filled with wa-
ter, the effective hydrocarbon permeability is also pro-
gressively less than in situ values with decreasing per-
meability resulting in a further reduction in the true in
situ permeability of the lower permeability samples.

Permeability vs. Porosity

In many types of sandstone, permeability can be log-
linearly correlated with porosity. Based on the avail-
able data, the general trend for all Morrow facies al-
lows prediction of permeability (Fig. 8), although each
facies exhibits a unique subparallel trend.

The wide variance evident in Figure 8 is attributable
largely to the differences in permeability-porosity
trends for the different lithofacies and to the wide vari-
ance introduced by bioturbated sandstones that exhibit
no significant correlation between permeability and
porosity. The permeability of facies A and C1 is ap-
proximately an order of magnitude greater than other
facies for a given porosity. Conversely, permeabilities of
facies F, J, and O are approximately five to ten times
less.

Electrical Resistivity

Capillary pressure-saturation relations can provide
information on water saturation if the facies and height
above free-water level are known or assumed; however,
electric wireline logs allow the measurement of satura-
tion using the Archie equation or modified Archie equa-
tions. Traditional saturation calculations use the
Archie equation and cementation (m) and saturation
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exponent (n) values of 2. Formation resistivity factors
(R/R,,) measured at Ry, = 0.045 ohm-m (Fig. 9) indicate
that the Archie cementation exponent (assuming an
Archie intercept of 1.0) averages m = 1.81 for facies A
and CI and m = 2.00 for many of the other facies.

CONCLUSIONS

Morrow Sandstone estuarine and marine lithofacies
generally exhibit unique suites of petrophysical proper-
ties. In general, facies exhibiting good reservoir proper-
ties with high porosity and permeability and low S;, 9o
include fluvial (facies A), upper-estuary channel (facies
C), and upper-shoreface (facies I) sandstones. Facies
exhibiting marginal reservoir properties with lower
porosity and permeability, and S, 19 greater than 50%
include estuary-mouth (facies H), restricted tidal-flat
(facies E), and middle-shoreface deposits (facies J).
Non-reservoir facies, with low porosity and permeabil-
ity and S, 1o greater than 80% include nonmarine
paleosols (facies B), central estuarine-bay shales (facies
D), restricted-tidal-flat (facies E), tidal-channel (facies
F) and lower-estuary mudstones (facies G), marine
lower-shoreface (facies K and L), and deeper-water de-
posits (facies M, N, and O).
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AssTtrRACT.—The optimization of completion procedures is commonly difficult because
of the variability in reservoir quality and lack of understanding about the complex in-
teraction between well completion and stimulation and the reservoir. In this paper, we
discuss the use of an Artificial Neural Network (ANN) as a new tool to enhance our
ability to determine the effects of measurable and quantifiable variables on the pro-
ductivity of completions in the Red Fork Formation. The ANN model has proven ca-
pable of predicting cumulative production from the Red Fork with an acceptable de-
gree of accuracy (15% average absolute error). Sensitivity studies show that reservoir
quality and completion methods both have significant effect on the production outcome
of a Red Fork well. A case history will be presented in which an ANN sensitivity analy-
sis was used to justify a change in stimulation fluid type. The production from this Red
Fork completion exceeded the operator’s expectations with nearly twice the rate com-

pared to the standard completion used in the field.

ARTIFICIAL NEURAL NETWORKS

As early as 1943, it was thought that simplified ar-
tificial neurons could perform computational tasks
(McCulloch, 1943). Today’s artificial neural networks
(ANNs) are based on the best understanding that we
have of the basics of the human nervous system and
how it operates. Many papers have been written that
explain ANNs and their operation, so the details will
not be discussed here. It is sufficient to say that an
ANN can identify patterns in data and use these to
predict future results. It is important to note, however,
that the accuracy of an ANN is very dependant on the
types and meaningfulness of the variables of each data
set entered into it. The ANN does not care about the
pertinence of the data it receives; it simply tries to cre-
ate a predicting model with that data. In other words,
ANNSs can potentially identify patterns in variables
that have no bearing on the desired outcome. However,
ANNSs have the potential to identify previously over-
looked parameters that affect well production.

RED FORK FORMATION
AND GEOLOGY BACKGROUND

The purpose of this ANN study is to evaluate the
effects of a number of variables on the completion and
consequent gas recovery of the Red Fork Formation in
the Anadarko basin. The data sets used for the study
originate from wells drilled in Custer and Roger Mills
Counties in western Oklahoma (Fig. 1). The Red Fork
in this area ranges in depth from 10,600 ft at the top to
>14,600 ft at the bottom. It consists of mostly shales
and siltstones with lenses of thinly interbedded sand-
shale sequences. The Red Fork is typically a dry gas
reservoir with a horizontal permeability generally
ranging from 0.01 to 5 md (millidarcies) (Hentz, 1993).
Bottom-hole pressures range from 0.54 to 0.63 psi/ft
(pounds per square inch per foot). Because of its depth,
detailed analysis of the formation through coring is
sparse and three-dimensional seismic studies have only
given a partial picture.

Alarge variety of completion and stimulation meth-

Shelley, R. F.; Scheuerman, P. O.; Talley, C. A.; and Smith, P. W., 2001, Analysis of completion/stimulation practices on
Red Fork recovery in the Anadarko basin using artificial neural system, in Johnson, K. S. (ed.), Pennsylvanian and Per-
mian geology and petroleum in the southern Midcontinent, 1998 symposium: Oklahoma Geological Survey Circular

104, p. 65-70.
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Figure 1. Red Fork study area.

ods have been performed on wells in the reservoir. In
addition, there is a large number of wells with produc-
tion data. With the availability of such a large number
of data sets to work with, it was hoped that a determi-
nation of guidelines for completion and stimulation of
new wells could be made on an individual well basis.
Halliburton Energy Services merged completion and
well information with a reservoir characteristics data-
base built by IHS Energy Group. The reservoir-charac-
teristics database consisted of more than 225 Red Fork
completions. However, unavailable critical parameters
resulted in the use of 107 records to develop the ANN
model.

CREATING THE RED FORK ANN MODEL

The data set used to create an ANN trained for the
Red Fork Formation consisted of parameters for each
record. The parameters included stimulation fluid vol-
ume and type, proppant volume and type, number of
stimulation stages, perforation location, perforated
thickness and porosity, saturated thickness and poros-
ity; water saturation, initial reservoir pressure, num-
ber of sand lobes, and other parameters. Most of the
wells are located in the Strong City area with the rest
from the fields of Carpenter, Hammon, Moorewood,
Calumet, Cheyenne, Anthon, and Clinton (Fig. 1). The
six-month cumulative production from these wells
ranged from 21 MMscf to 1.7 Bef (million cubic feet and
billion cubic feet). About 20% of the 107 records were
withheld for model-testing purposes.
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Figure 2. ANN predicted vs. actual hydrocarbon production
over 60 Days. Excerpt from Shelley and others (1998).

The ANN type used for this study was a back-propa-
gation neural network that uses one hidden layer with
seven neurons. It was trained to the outputs of two-
month cumulative gas-equivalent production values.
Figure 2 compares the actual and predicted values for
two-month cumulative gas-equivalent production for
all of the data. The two-month cumulative gas-equiva-
lent production values had an average absolute error of
about 14% (Fig. 2) (Shelley, 1998).



Red Fork Recovery Using Artificial Neural System

SENSITIVITY ANALYSIS

Sensitivity analyses were performed after an accept-
able absolute error was obtained in training the ANN,
A sensitivity analysis tests the effect of a single vari-
able on the overall result or outcome. Each of nine vari-
ables of the data sets entered into the Red Fork ANN
model was varied, and the overall effect of gas and
water production was studied. Quantitative data were
varied by 10%, and other variables were changed indi-
vidually (Table 1). The variables were grouped into four
categories: (1) reservoir variables and treatment vol-
umes, (2) number of sand units or separated lobes of
sand seen on a log, (3) number of stages of stimulation
performed, and (4) the type of fluid used for the stimu-
lation treatments. Of the reservoir variables, reservoir
pressure had the highest impact on the sensitivity
analysis (Fig. 3), having a >10% increase in cumulative
production. Changing the number of sand units also
had a significant effect on production results, with one
sand unit being the best (23% production increase) and
three sand units being the worst (23% production de-
crease) (Fig. 4).

A surprising fact was that generally raising the
treatment and proppant volumes 10% had little to no
effect on production results. We interpreted this result
as demonstrating little opportunity to increase pro-
duction with larger stimulation volume. These are rela-
tive values based on the ANN-predicted model. The
effect of multiple stages of stimulation was again sur-
prising with only an 11% production difference between
a one-stage stimulation and a three-stage stimulation
(Fig. 5).
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Table 1.—Summary of Sensitivity Analysis
for All Wells in Red Fork Data Set

2-Month Cumulative Gas-Equivalent Production (Mscf)

Actual production
ANN-predicted production

Prediction if all wells produce
from one sand lobe

Prediction if all wells produce
from two sand lobes

Prediction if BHP is increased
by 10% in all wells

Prediction if porosity is increased
by 10% in all wells

Prediction if shale index is increased

by 10% in all wells

Prediction if all wells are treated
with borate fluids

Prediction if all wells are treated
with foam

Prediction if treatment volume
is increased by 10% in all wells

Prediction if proppant weight
is increased by 10% in all wells

Prediction if net perforated height
is increased by 10% in all wells

13,192,550
12,629,144

15,544,111

12,330,481

14,256,922

12,792,907

13,598,867

12,768,717

18,055,757

12,631,406

12,618,308

12,573,909

12

10177

%

Reservoir
Pressure

Shale Index Zone Thickness

Porosity Treatment  Proppant Weight

Volume

Figure 3. Sensitivity to a 10% increase to reservoir variables.
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The highest impact observed by far was when stimu-
lation fluid type was changed. This is very significant
because it is one of the easiest things to modify when
planning a well completion. Over the history of produc-
tion in the Red Fork Formation, four main fluid types
have been used: CO, foams, high viscosity borates,
CO,-assisted intermediate-viscosity fluids, and inter-
mediate-viscosity fluids without CO,. Results showed
as much as a two-fold impact on cumulative production
over a six-month period by varying fluid type alone. In
general, moving from high-viscosity borates and inter-
mediate-viscosity fluids to high-quality CO, foams in-
creased production (Fig. 6). However, analysis of all of
the wells in the data set indicated that use of high-
quality foams is not always appropriate, and that this
determination must be made on a well-by-well basis
(Figs. 7, 8).
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Figure 6. Sensitivity of 60-day cumulative production to
changes in stimulation fluids.
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Figure 7. ANN-estimated effect of 65% CO,-foam stimulation
on production. Excerpt from Shelley and others (1998).
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CASE HISTORIES 200

Well A 180

Well A is located in Custer County and 160

was to be completed in a single Red Fork in-

140
terval. Analysis of open-hole logs showed

120
100 7

that this well had a gross interval thickness
of 98 ft with about 64 ft capable of producing
gas. The average and maximum porosity
were estimated at 8% and 12%, respectively.
Bottom-hole pressure was estimated at 6,000
psi, indicating no significant depletion in the
reservoir penetrated by the well bore. The
well was treated with 101,000 1b of proppant

Two-Month Cumulative Production (MMCF)

placed with 40,000 gal of a borate—cross-
linked fluid. Onsite diagnostic procedures
confirmed the validity of the three-dimen-
sional design assumptions. The ANN esti-
mated an average production rate of about
1.83 MMscf/D for the first 60 days of produc-
tion or a 60-day cumulative production of 110
MMscf. The ANN also indicated that a
completion on this well with the use of foam stimu-
lation fluids would have resulted in a 60-day cumula-
tive production of 158 MMscf, a 44% increase in 60-day
cumulative production (Fig. 9) (Shelley, 1998). How-
ever, the operator elected not to use the preferred
stimulation technique. The actual 60-day cumulative
production for this well is 111 MMscf. The ANN was
within 1% of predicting the actual production for this
well.

Well B

Well B is also located in Custer County and was to
be completed in multiple Red Fork intervals. Analysis
of open-hole logs showed that this well had a gross in-
terval thickness of 99 ft with about 96 ft capable of pro-
ducing gas. The average porosity was estimated at
8.5%. Bottom-hole pressure was estimated at 7,000 psi,
indicating no significant depletion in the reservoir. The
ANN analysis showed that a completion with the use of
a high-viscosity, borate~cross-linked fluid and an inter-
mediate-strength proppant would provide the highest
production values. The ANN estimated an average pro-
duction rate of about 1.82 MMscf/D for the first 60 days
or a 60-day cumulative production of 109 MMscf. The
well was stimulated with approximately 122,000 Ib of
intermediate strength proppant placed with 47,000 gal
of a borate—cross-linked fluid. Onsite diagnostic proce-
dures confirmed the validity of the three-dimensional
design assumptions. The actual 60-day cumulative pro-
duction for this well was 119 MMscf, within 10% of the
predicted ANN value (Fig. 9) (Shelley, 1998).

Well C

Well C, also located in Custer County, was to be
completed in lower and upper Red Fork intervals.
Analysis of open-hole logs showed that this well had a
gross interval thickness of 60 ft with about 28 ft ca-
pable of producing gas. The average porosity was esti-
mated at 11.4%. The sand development in this well

A B ]

[m Standard Practice WANN Predicted O Actual Production I

Figure 9. Comparison of case study ANN versus actual production.

correlated with offset producers, but there was no indi-
cation of significant depletion of bottom-hole pressure,
which was estimated at 5,800 psi. On the basis of
analysis and comparison with other wells in this field,
the operator anticipated this well would be one of the
better producers with a productive potential of about 2
MMscf/D for the first 60 days of production or a 60-day
cumulative production of 120 MMscf,

The ANN analysis indicated significant additional
potential from this well. The analysis indicated that
the operator could achieve almost twice the productive
potential in this well with the use of foam stimulation
fluids—a completion technology not previously em-
ployed in this field. On the basis of this analysis, we
proposed a completion that conformed to the optimum
determined from the ANN. The fracturing procedure .
was designed with the use of a three-dimensional simu-
lator. We then completed the well using a biased perfo-
rating scheme and stimulated the well with 96,500 1b of
resin-coated sand placed with 40,000 gal of 65-quality
CO, foamed, intermediate-viscosity fluid. On-site diag-
nostics confirmed the validity of the three-dimensional
design assumptions. After the stimulation fluid was
cleaned up, the well initially began producing 6.5
MMscf/D on a 23/64-in. choke. The actual two-month
production was 173 MMscf, which was within 6.5% of
the 185 MMscf predicted by the ANN (Fig. 9).

CONCLUSIONS

Red Fork completion analysis with ANNs produced
the following conclusions:

* ANN analysis can predict well production with
different completion scenarios using definable
reservoir attributes. These production predictions
facilitate quantification of the impact of various
completion methods.

* A database containing detailed and consistent
reservoir parameters allows for successful ANN
predictive modeling.
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Stimulation-fluid selection can have a two-fold
impact on production. Overall, high-quality CO,-
foam stimulation has the best chance of giving
optimum production results in the Red Fork For-
mation.

For best results, stimulation methods should be
tailored for individual wells. Broad generaliza-
tions about the way to best stimulate a formation
need to be replaced by an evaluation of each well.
The low-cost completion/stimulation method may
not be the optimal method. Using cost as a basis
to make completion and stimulation decisions
may hinder a well’s producing potential. One
should strive for an economic balance between the
cost of completion and revenue from future pro-
duction.

It is likely that ANNs devised for other specific
reservoirs could yield similar gains in improved
completion techniques and provide operators with
improved production.

ANN analysis should augment well-completion
optimization methods. The Red Fork-trained

ANN is in no way a replacement for conventional
engineering evaluation but should be used to test
assumptions and help identify production en-
hancement opportunities.
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Regional Correlation of Mountain-Front “Washes” and Relationship to

Marine Sediments of Anadarko Basin and Shelf

Walter J. Hendrickson, Paul W. Smith, and Ronald J. Woods

IHS Energy Group
Oklahoma City, Oklahoma

ABSTRACT.—As part of a regional study, the logs from every producing well most of the
Anadarko basin and shelf of Oklahoma and Texas were reviewed to verify the actual
producing reservoirs and to assign consistent nomenclature. Both detail and regional
cross sections were constructed and used to determine stratigraphic relationships and
develop a stratigraphic-nomenclatural system that could be used across the area with
accuracy, detail, and consistency. Correlation problems have long existed between the
Pennsylvanian marine clastics of the northeastern half of the Anadarko basin and
shelf and the Pennsylvanian terrigenous washes of the extreme southwestern portion
of the Anadarko basin. These correlation problems have created nomenclatural prob-
lems resulting in thousands of feet of washes commonly referred to on completion
reports and production records as “granite wash” or “Atoka Wash,” where much
greater accuracy and specificity is both needed and possible. Analysis indicated that
the reservoir rocks were commonly neither granite wash (but rather chert or carbon-
ate washes) nor Atokan (being either younger or older).

Because few detailed cross sections are available, regional and field-scale cross
sections were constructed that have been correlated well-by-well and field-by-field us-
ing nearly every deep well drilled in the basin. These cross sections have been corre-
lated from the Heebner Shale down to the deepest zones penetrated. This process has
provided for a high degree of consistency. These cross sections have greatly diminished
the correlation and nomenclature problems within the Anadarko basin and shelf.

It was possible to subdivide the washes and assign more accurate and definitive
nomenclature with the regional correlations indicated by the cross sections. Certain
markers proved to be regionally persistent from the marine clastics into the terrig-
enous washes making the subdivision of thousands of feet of washes possible. Those
of greatest importance were the top of the Marmaton, the Cherokee Marker, the Pink
“Limestone” Marker, the top of the Atoka, and the top of the Morrow. Once these and
other subdivisions were made, production was allocated on a much more definitive
basis.

PROJECTS AND METHODOLOGY

The original project that highlighted the need for
regional correlations and cross sections involved reser-
voir-characterization studies of the major gas-produc-
ing reservoirs in the Anadarko basin. These studies
utilized original work designed to provide up-to-date,
high-quality, and highly consistent data. Detailed res-
ervoir characterization was conducted to include geo-
logic and engineering data such as depth, thicknesses,
porosities, permeabilities, pressures, water satura-
tions, field area, well spacings, and heterogeneities.
Log analysis was conducted on the producing interval,
saturated interval, and gross interval.

The first step in performing any reservoir character-
ization study is to properly correlate and identify the
reservoir. Original reservoir nomenclature is generally
only that provided by the operator. Due to a wide vari-
ety of factors, the resultant nomenclature is all too com-
monly vague and/or variable, too broad, or even al-
together in error. As a result of this, the need for a
regional framework of cross sections to standardize res-
ervoir nomenclature was obvious. The construction of
the regional cross sections first involved the construc-
tion of numerous field-scale cross sections in the major
gas fields of the study area to properly identify and cor-
relate the producing reservoirs within a given field.
Then, adjacent fields were integrated into the previous

Hendrickson, W. J.; Smith, P. W.; and Woods, R. J., 2001, Regional correlation of mountain-front “washes” and relation-
ship to marine sediments of Anadarko basin and shelf, in Johnson, K. S. (ed.), Pennsylvanian and Permian geology and
petroleum in the southern Midcontinent, 1998 symposium: Oklahoma Geological Survey Circular 104, p. 71-80.
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framework. As work progressed, the most applicable
and definitive reservoir nomenclature was developed,
and the most persistent stratigraphic markers and in-
tervals identified.

Near the end of the reservoir characterization stud-
ies for the Anadarko basin and shelf, the regionally
persistent stratigraphic markers and intervals were
used in the construction of the regional cross sections.
Figure 1 indicates the approximate positioning and
density of the 2,880 mi of contiguous regional cross sec-
tions drafted to date. Although many more logs were
used in the construction of the cross sections, approxi-
mately one well every 3 mi was represented on the final
presentation. Additionally, innumerable miles of cross
sections from the field studies as well as detail cross
sections from the more complex areas were used in the
construction of the regional cross sections. Correlations
were made from the Heebner Shale through the deep-
est zones penetrated. Due to constraints of reproduc-
tion, only 5,000 ft section could be represented on a
single cross section. In the instances where zones of
interest occurred over depth ranges in excess of 5,000
ft, additional cross sections were constructed covering
the additional zones of interest. As a result, some of the
cross sections have as many as three components—a
shallow, a medium, and a deep component—that could
ultimately cover 15,000 ft of stratigraphic interval.

Upon completion of the reservoir characterization
project and the resultant cross sections, a second
project was initiated which involved allocating all pro-
ducing wells within the Oklahoma portion of the
Anadarko basin and shelf. Going back to the original
completion data, perforations for each productive well
were plotted on its respective log with reservoir nomen-

clature then assigned to conform to the previously con-
structed regional cross sections. The result of this
project has been the development of a database that
has both a high degree of consistency of reservoir no-
menclature on a regional basis as well as high defini-
tion in the reservoir nomenclature used.

LOG RESPONSES AND CROSS SECTIONS

Representative log responses for the stratigraphic
markers and intervals identified through the course of
the study are shown in Figures 2, 3, and 4. Figure 2 is
indicative of the shelf area, Figure 3 the basin area,
and Figure 4 the mountain-front deposits.

Additionally, contained herein is an example of a
distinct stratigraphic horizon, the Pink Limestone
Marker, being correlated from the shelf area, through
the basin and into the washes. Figure 5 is a Pennsylva-
nian paleogeography map with the trace of a regional
cross section indicated. This cross section is indicated
schematically in Figure 6 and implies that correlations
can be made from the shelf area to the north, through
the basin and into the washes to the south. Figure 7 is
the actual log cross section. The northernmost log (sec.
3, T. 24 N., R. 18 W.) is reproduced in its entirety and is
typical of a shelf section. The Pink Limestone pick is
indicated on this log. The southernmost log (sec. 32,
T. 11 N., R. 25 W.) is reproduced in its entirety and is
typical of a mountain-front section dominated by
washes. The Pink “Limestone” interval is indicated on
this log. For clarity, only the conductivity curves have
been indicated for the intervening logs. As indicated, as
one moves south, the Pink Limestone (a resistive
marker easily correlated over a wide area) disappears.
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Figure 2. Type log for Oklahoma shelf area. Well is the Adena Exploration Harrison #1-22, located in N'2S%2 sec. 22, T. 24 N.,
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Generally, the Pink Limestone is present in the north-
eastern half of the Strong City District (centered in T.
14 N., T. 22 W.; see Fig. 7), and it is absent in the
southwestern half. Prior to its disappearance, however,
a distinctive shale unit develops on top of the Pink e
Limestone and persists toward the mountain front once -
the Pink Limestone is gone. It is this shale that can be
carried into the mountain-front washes, as indicated by
the cross section (Fig. 7).

The most important distinctions that were made
were the top of the Marmaton, the Cherokee Marker,
the Pink “Limestone” interval, the top of the Atoka and g
the top of the Morrow. As a result of the subdivisions 14
that were made, production was allocated on a much
more definitive basis, as indicated by Figure 8.
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CONCLUSIONS

Detailed cross sections from the Heebner Shale
down to the deepest zones penetrated were based on
many hundreds of well logs constructed as part of the o LR -
study. These cross sections covered the Anadarko basin D R T
and shelf area, from adjacent to the Wichita—Amarillo 8
uplift, throughout the Anadarko basin, and across the AR
shelf area. They have enabled nomenclatural standard- ‘ .
ization and a high degree of consistency in correlation
that previously did not exist. It became possible to sub- |
divide the “granite washes” or “Atoka washes” sourced l
in the Wichita Mountains and to assign more accurate - dNER :
and definitive nomenclature with the regional correla- EFH-EH- i%7§ RRSEEA R l
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Figure 4 (cbntinued).
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KANSAS

Figure 5. Paleogeographic map showing Amarillo-Wichita
uplift with coarse-clastic apron to northeast (mountain-front
area), Anadarko basin with wavy patterns (basin area), and
Oklahoma shelf with predominantly limestone and shale pat-
terns (shelf area). Line of cross section shown by bold, zig-
zag line represents wells shown schematically on Figure 6.
(Modified from Rascoe and Adler, 1983.)
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Figure 6. South—north schematic cross section showing correlations of major markers, coarse-grained clastic washes, and
major structural blocks from Amarillo-Wichita uplift in south into Anadarko basin in north; fine of cross sections located on Fig-
ure 5. (Modified from Lyday, 1985).
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Figure 7. South—north correlation of sequence from Wichita—Amarillo uplift area (mountain-front sequence) generally north-
ward into Anadarko basin, using Pink Limestone or southern equivalent section as datum. Well locations shown on Figure 5;
names shown across bottom (Mayfield NE, Elk City, etc.) are 7%2-minute quadrangles. None of the logs shown in the cross
section are type logs for the three areas. The “Pink Lime” and shaly pattern above that bed form the key marker horizon in cor-

-relating these strata.

Prior to Allocation After Allocation

Douglas Wash
Tonkawa Wash
Cottage Grove Wash
Layton Wash

Granite Wash Cleveland Wash
or Marmaton Wash
Atoka Wash Prue Wash
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Middle Cherokee Wash
Lower Cherokee Wash
Atoka Wash
Morrow Wash

Figure 8. Diagram showing terminology of washes prior to
current study and after study. This figure presents some idea
of the magnitude of the nomenclatural problems and
miscorrelation of these productive, coarse-clastic washes
flanking the Wichita—Amarillo uplift.
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Oklahoma Coalbed-Methane Completions, 1988 to 1996

Brian J. Cardott

Oklahoma Geological Survey
Norman, OK

AgsTtrACT.—The coalbed-methane (CBM) industry in Oklahoma has developed rapidly
since the first production of methane from the Hartshorne coal in 1988. The CBM play
began in the Hartshorne coal beds (Hartshorne, Lower Hartshorne, and Upper
Hartshorne; Middle Pennsylvanian) in the Arkoma basin. Completions in the Mulky
and Rowe coal beds (Middle Pennsylvanian) on the northeast Oklahoma shelf began
in 1994, Through 1996, 345 CBM completions were reported in Oklahoma, 214 in the
basin, and 131 on the shelf. The CBM completions, separated into the Arkoma basin
and the northeast Oklahoma shelf, are evaluated by coal bed, depth, initial-potential

gas rate, and initial-produced water rate.

INTRODUCTION

Coalbed methane (CBM) was considered a hazard
until the commercial production of CBM began in the
San Juan basin of Colorado and New Mexico in 1977
and the Black Warrior basin of Alabama in 1980. Gas
explosions in underground coal mines and safety stud-
ies of underground coal mines by the U.S. Bureau of
Mines have demonstrated that Oklahoma coals contain
large amounts of methane. Commercial production of
CBM in Oklahoma began in 1988 with methane pro-
duction from the Hartshorne coal (depth range of 611-
716 ft; initial-potential gas rate of 41-45 MCFGPD
(thousand cubic feet of gas per day) from seven wells in
the Kinta anticline (sec. 27, T.8N., R.20E.) in Haskell
County by Bear Productions. Until 1991, Bear Produc-
tions was the only CBM operator in Oklahoma.

The following discussion of Oklahoma CBM comple-
tions from 1988 to 1996 is based on information re-
ported to the Oklahoma Corporation Commission. The
names of coal beds are those reported by the operator
and may not conform to usage accepted by the Okla-
homa Geological Survey. Because not all of the wells
are reported as CBM gas wells, some interpretation
was necessary. Dual completions, including perfora-
tions of more than one coal bed, were made in some
wells. Therefore, not all of the wells are exclusively
CBM completions. This summary is incomplete be-
cause some wells may not have been known to be CBM
wells or were not reported by the time of this compila-
tion. This evaluation is based on reported CBM comple-
tions, which may or may not have been connected to a
gas pipeline. Likewise, some completions may have
produced gas but subsequently have been plugged. The
data for this report were compiled in the coalbed-meth-

ane—completions table of the Oklahoma Coal Database
and is available at the Oklahoma Geological Survey.

The coalfield in eastern Oklahoma is divided into the
northeast Oklahoma shelf (“shelf”) and the Arkoma
basin (“basin”) (Fig. 1). The commercial coal belt con-
tains coal beds of minable thickness; coal beds in the
noncommercial coal-bearing region are too thin or too
deep for mining. CBM exploration has occurred in both
areas.

Through 1996, 345 CBM completions were reported
in Oklahoma, 214 in the basin and 131 on the shelf.
Figure 2 summarizes the history of CBM completions
by year and area. The CBM play began in the basin.
There were five CBM completions on the shelfin 1994.
In 1996, there were 28 CBM completions in the basin
and 83 on the shelf, signaling increased activity on the-
shelf. The peak years for CBM completions in Okla-
homa by area from 1988 to 1996 were 1992 in the basin
(71 completions) and 1996 on the shelf (83 comple-
tions).

Figure 3 shows the main areas of CBM completions
in 1988 to 1996. There are several areas in the basin
and one large area on the shelf.

ARKOMA BASIN

Figure 4 shows the locations of 405 CBM comple-
tions in the basin through September 2000. CBM
completions in the basin have been reported in Coal,
Haskell, Hughes, Latimer, Le Flore, McIntosh, and
Pittsburg Counties. In ascending order, the coal beds
producing methane in the basin in 1988 to 1996 are the
Lower Hartshorne (9 wells), Upper (and Lower)
Hartshorne (10 wells), Hartshorne (undivided; 189
wells), McAlester (a CBM completion in Coal County

Cardott, B. J., 2001, Oklahoma coalbed-methane completions, 1988 to 1996, in Johnson, K. S. (ed.), Pennsylvanian and
Permian geology and petroleum in the southern Midcontinent, 1998 symposium: Oklahoma Geological Survey Circular

104, p. 81-85.
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Figure 2. Histogram showing numbers of Oklahoma coalbed-

‘methane completions, 1988 to 1996.

reported to be in the “Lehigh” coal is
equivalent to the McAlester coal; 5 wells),
and “Savanna” (McAlester coal?; 1 well) of
Desmoinesian (Middle Pennsylvanian)
age.

Figure 5 shows the depth range (in 200
ft increments) of CBM completions in the
basin. Coal was perforated at depths-to-
top of coal of 598-3,692 ft (average of
1,311 ft from 213 wells). Most of the wells
produce methane from the Hartshorne
coal beds at depths of 600-1,800 ft.

Initial-potential CBM rates range from
a trace to 302 MCFGPD (average of 65
MCFGPD from 174 wells). Most of the
wells produce 10-120 MCFGPD, with the
mode at 30-49 MCFGPD (Fig. 6). The
highest initial-potential gas rates are from
the Hartshorne coal. Based on 174 com-
pletions with depth and initial potential
pairs, Figure 7 shows no relationship
between initial-potential gas rate and
depth in the basin. Low gas rates (<50
MCFGPD) span the entire depth range.

[

0 80 Kilometers

completions, 1988 to 1996.

Figure 3. Map showing main areas of coalbed-methane
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Figure 5. Histogram of numbers of coalbed-methane comple-
tions by depth (in feet) and coal bed in the Arkoma basin.
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Figure 6. Histogram of numbers of coalbed-methane comple-
tions by initial-potential-gas rate (in thousand cubic feet of
gas per day—MCFGPD) and coal bed in the Arkoma basin.

The highest gas rates (>150 MCFGPD) are from depths
of 600—2,500 ft, not associated with the deepest comple-
tions. Theoretically, gas content increases with increas-
ing rank, depth, and reservoir pressure (Kim, 1977;
Scott and others, 1995; Rice, 1996). However, gas pro-
duction depends on many variables, including gas con-
tent, water volume, cleat mineralogy, permeability, po-
rosity, and stimulation method.

Initial produced water ranged from 0-90 barrels of
water per day (BWPD; average of 9 BWPD from 131
wells) in the basin. Most of the wells produced less than
20 BWPD (Fig. 8). Most Arkoma basin CBM comple-
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Figure 7. Scatter plot of initial-potential-gas rate (in thousand
cubic ft of gas per day—MCFGPD) and depth (in feet) to top
of coal in the Arkoma basin.

80
70 B "Savanna" N
L2 60 O McAlester —
o
2 50 @ Hartshorne L
‘s Upper/Lower Hartshorne
o 40 [ Lower Hartshorne
2
= 30
3
< 20
10
0 d feeeyd R  ro g
T I3 I I3 X
© 8 8 ¢ 8 8 R 8 8
Produced Water (BWPD)

Figure 8. Histogram of numbers of coalbed-methane comple-
tions by produced water (in barrels of water per day—BWPD)
and coal bed in the Arkoma basin.

tions are associated with anticlines and have relatively
little produced water. An undisclosed amount of initial
water production is frac water (introduced during frac-
ture stimulation).

NORTHEAST OKLAHOMA SHELF

Figure 9 shows the locations of 641 CBM comple-
tions on the shelf through September 2000. CBM
completions on the shelf have been reported in Craig,
Nowata, Osage, Rogers, Tulsa, and Washington Coun-
ties. In ascending order, the coal beds producing meth-
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Figure 10. Histogram of number of coalbed-methane comple-
tions by depth (in feet) and coal bed in the northeast Okla-
homa shelf.

ane on the shelfin 1988 to 1996 are the Riverton (2
wells), Rowe (44 wells), Bluejacket (1 well), Weir-
Pittsburg (1 well), Croweburg (4 wells), and Mulky (79
wells) of Desmoinesian (Middle Pennsylvanian) age.
Figure 10 shows the depth range (in 200 ft incre-
ments) of CBM completions on the shelf. Coal was per-
forated at depths-to-top of coal of 256-1,884 ft (average
of 840 ft from 131 wells). Most of the wells on the shelf
are in the Mulky coal (depth range of 256-924 ft). The
Mulky coal is the uppermost coal bed in the Senora
Formation and occurs at the base of the Excello Shale
Member (Hemish, 1987). The Mulky coal ranges from

Initial Gas Rate (MCFGPD)

Figure 11. Histogram of number of coalbed-methane comple-
tions by initial-potential-gas rate (in thousand cubic feet of
gas per day—MCFGPD) and coal bed in the northeast Okla-
homa shelf.
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Figure 12. Scatter plot of initial-potential-gas rate (in thou-
sand cubic feet of gas per day—MCFGPD) and depth (in ft)
to top of coal in the northeast Oklahoma shelf.

bituminous coal to carbonaceous shale, with increasing
amounts of mineral matter (carbonaceous shale con-
tains >50% mineral matter by weight or <30% carbon-
aceous matter by volume, Schopf, 1956; impure coal
contains 25-50% mineral matter by weight, ASTM,
1994). The next most important CBM reservoir on the
shelf is the Rowe coal (916-1,388 ft). The deepest CBM
completion on the shelf (1,884 ft) is in the Weir-
Pittsburg coal in Osage County.

Initial-potential CBM rates range from 5 to 100
MCFGPD (average of 29 MCFGPD from 129 wells; Fig.
11). Initial gas rates in both the Mulky and Rowe coal
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Figure 13. Histogram of number of coalbed-methane comple-
tions by produced water (in barrels of water per day—BWPD)
and coal bed in the northeast Oklahoma shelf.

beds range from 5 to 100 MCFGPD. Figure 12 shows
the relationship of depth and initial-potential gas rate
for the shelf.

Initial-produced water ranged from 0 to 1,201
BWPD (barrels of water per day) with an average of 82
BWPD from 122 wells. Produced water follows a
Gaussian distribution, with a mode at 80—99 BWPD,
excluding one well with 1,201 BWPD (Fig. 13). Most of
the water is suspected to be formation water and not
frac water.

CONCLUSIONS

The Oklahoma CBM industry began in the basin in
1988. The play spread to the shelf in 1994. Through
1996, 345 CBM completions were reported in Okla-
homa, 214 in the basin and 131 on the shelf. Nearly
60% more completions occurred in the basin than on

the shelf. The primary CBM objectives were the
Hartshorne coals (208 wells) in the basin and the
Mulky (79 wells) and Rowe (44 wells) coals on the shelf.
There were nearly twice as many completions in the
Mulky coal as in the Rowe coal.

The range in depth of the CBM completions was
598-3,692 ft (average of 1,311 ft from 213 wells) in the
basin, and 256-1,884 ft (average of 840 ft from 131
wells) on the shelf. Initial-potential gas rates range
from a trace to 302 MCFGPD (average of 65 MCFGPD
from 174 wells) in the basin, and from 5 to 100
MCFGPD (average of 29 MCFGPD from 129 wells) on
the shelf. The average initial-potential gas rate in the
basin is more than twice the average on the shelf.

Produced water ranged from 0 to 90 BWPD (average
of 9 BWPD from 131 wells) in the basin, and from 0 to
1,201 BWPD (average of 82 BWPD from 122 wells) on
the shelf. Clearly, produced water is a bigger problem
on the shelf than in the basin.
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Geometry of the Triangle Zone and Duplex Structure in the Wilburton
Gas Field Area of the Arkoma Basin, Southeastern Oklahoma

Ibrahim Cemen, Ata Sagnak, and Saleem Akthar
Oklahoma State University
Stillwater, Oklahoma

AssTRACT.—The Arkoma basin, located in southeastern Oklahoma and western Ar-
kansas, has long been recognized as the foreland basin of the Ouachita fold and thrust
belt. The Wilburton gas field is located in the central part of the Arkoma basin and
produces mostly from the lower Atokan Spiro sandstone. The Wilburton gas field area
contains a well-developed triangle zone between the mildly compressed Arkoma basin
and frontal Ouachitas fold-thrust belt. The triangle zone is floored by the lower Atokan
detachment (LAD) and flanked by the Choctaw fault to the south and the Carbon fault
to the north. The south-dipping Choctaw fault is the leading-edge thrust of the belt,
and contains several south-dipping imbricate fan thrust faults in its hanging wall.
Below the triangle zone, a duplex structure is formed by hinterland-dipping, imbricate
thrust faults that splay in a break-forward sequence of thrusting from the Springer
detachment (the floor thrust). The imbricate thrusts join to the LAD in the Atoka
Formation. This geometry qualifies the LAD as the roof thrust of the duplex structure.
The LAD continues in the Atoka Formation northward and displaces the Red Oak
Sandstone before reaching a shallower depth and forming the Carbon fault as a north-
dipping backthrust below the San Bois syncline, which involves the Desmoinesian
rocks.

We present four balanced structural cross sections to illustrate the geometry of the
triangle zone and duplex structure in the Wilburton gas field area. The cross sections
are based on the updated surface geologic maps of the Oklahoma Geological Survey,
wire-line well-log data, and our interpretations of seismic profiles donated by Exxon
Oil Company. They are restored by using the “key-bed” method to find the percentage
of shortening that was experienced in the area due to thrusting. When restored to their
position at the time of the Spiro sandstone deposition, the cross sections suggest about

60% shortening in the Wilburton area.

INTRODUCTION

The Ouachita Mountains were formed during the
compressional Pennsylvanian Ouachita orogeny and
are elongate tectonic features extending in an east—
west direction in eastern Oklahoma and western Ar-
kansas (Fig. 1). Based on the structural style and
stratigraphy, the Ouachita Mountains in Oklahoma
are divided into three distinct assemblages: the frontal
belt, the central belt, and the Broken Bow uplift. The
Arkoma basin is a foreland basin formed during the
Pennsylvanian Ouachita orogeny.

The Choctaw fault (CHF of Fig. 2) is generally con-
sidered the boundary between the frontal Quachitas
and the Arkoma foreland basin. The frontal Quachitas
contain typical imbricated thrust faults with tight to
overturned folds of a fold-thrust belt. Broad to open
folds and minor faults generally found in the foreland

basins characterize the Arkoma basin. It contains up to
15,000-ft-thick Atokan sedimentary rocks that overlie
the Morrowan strata throughout the frontal belt. The
zone of gradation from the structures of the fold-thrust
belt of the frontal Ouachitas to those of the Arkoma -
basin is usually referred as the transition zone.
Modern structural-geology studies of the Ouachita
Mountains frontal belt and the Arkoma basin started
in the mid- to late 1980s. Suneson (1995) summarized
the results of these studies. Several of these studies
proposed the presence of a triangle zone with a
backthrust (Hardie, 1988; Camp and Ratliff, 1989;
Reeves and others, 1990; Milliken, 1988; Perry and
Suneson, 1990; Wilkerson and Wellman, 1993; Valder-
rama and others, 1994). The geometry and areal extent
of the triangle zone, however, remains controversial.
Some workers have suggested that all the thrust faults
in the area are south-dipping (Bertagne and Leising,

Cemen, Ibrahim; Sagnak, Ata; and Akthar, Saleem, 2001, Geometry of the triangle zone and duplex structure in the
Wilburton gas field area of the Arkoma basin, southeastern Oklahoma, in Johnson, K. S. (ed.), Pennsylvanian and Per-
mian geology and petroleum in the southern Midcontinent, 1998 symposium: Oklahoma Geological Survey Circular

104, p. 87-98.
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Figure 1. Map of major geologic provinces of eastern Okla-
homa and western Arkansas (from Johnson, 1988).
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Figure 2. Simplified map of the Wilburton gas field (WGF—
dark-gray area) and surrounding areas showing major struc-
tural features, outcrops of the Spiro sandstone (thick, light-
gray lines), and lines of cross sections (see Figs. 6-9). Ab-
breviations: H—Hartshorne, W—Wilburton, AA—Adamson
anticline, CF—Carbon fault, CHF—Choctaw fault, KS—
Kiowa syncline, PMF—Pine Mountain fault, SBS—San Bois
syncline, TVF—Ti Valley fault.

1989; Tilford, 1990), and, therefore, that a triangle zone
is not needed. The presence of the duplex structure
proposed by some studies (Roberts, 1992; Wilkerson
and Wellman, 1993; Valderrama and others, 1994;
Cemen and others, 1995, 1997; Al-Shaieb and others,
1995) is also controversial.

This paper is based on a subsurface structural study
conducted as part of an Oklahoma Center for Advance-
ment in Science and Technology (OCAST) project to
examine overthrusted natural-gas reservoirs in the
Wilburton gas-field area (WGF of Fig. 2) of the Arkoma

basin. During the project, we constructed eight bal-
anced structural cross sections to determine detailed
configuration and geometry of the thrusting in the
Wilburton gas-field area; four are used in this paper.
The cross sections are based on updated surface geo-
logic maps published by Oklahoma Geological Survey
(Suneson and Ferguson, 1989; Hemish, 1992, 1995;
Suneson, 1996), on wire-line well-log data, and on our
interpretation of many seismic profiles provided by
Exxon Oil Company.

The main purpose of this paper is to discuss the
structural geometry of thrust faulting in the Wilburton
gas-field area through the discussion of four out of eight
balanced structural cross sections that were con-
structed during the OCAST project. We will first briefly
outline the Pennsylvanian stratigraphy and then dis-
cuss the structural features of the area.

STRATIGRAPHY

Exposed in the Wilburton gas field and surrounding
areas are mostly Pennsylvanian rocks of the Atokan
and Desmoinesian Series. The pre-Pennsylvanian rock
units of the Arkoma basin and Ouachita Mountains are
shown, in a generalized form, in the columnar section
(Fig. 3). Detailed descriptions of the pre-Pennsylvanian
formations are contained in papers by Ham (1973),
Johnson (1988), and Sutherland (1988). In this section,
we will briefly describe the Pennsylvanian rocks of the
Wilburton area.

The Atoka Formation is the Pennsylvanian rock unit
that is most widely exposed in the area. It is generally
divided into lower, middle, and upper Atokan. It is
roughly 70% shale in the central and southern parts of
the Arkoma basin and contains lenses and tongues of
about 15 sandstone units mostly recognized only in the
subsurface (Fig. 4). Atokan deposition in the basin was
characterized by a series of meandering fluvial systems
and deltas that had their origin in the north and north-
east (Houseknect and Kacena, 1983; Sutherland, 1988).
The thickness of the Atoka Formation ranges from sev-
eral hundred feet to well over 15,000 ft in the basin
(Johnson, 1988).

A regional unconformity is present between the
Atokan and Morrowan sections in the northern margin
of the basin. However, the pre-Atokan unconformity is
absent in the southern section of the basin. The lower-
most Atokan is represented by the Spiro sandstone and
a persistent overlying shale. Sedimentation in this in-
terval was initiated in Oklahoma with a source from
the northeast by the development of fluvial systems
and small deltas on the eroded surface of the underly-
ing Wapanucka Formation (Sutherland, 1988).

The middle Atokan interval in Oklahoma consists
predominantly of shale with a few thick sandstone
units. The Red Oak Sandstone (Fig. 4) is a major
sandstone in this interval and is readily observed in the
well logs in the area. Vedros and Visher (1978) inter-
preted the Red Oak Sandstone as a submarine-fan de-
posit. The upper Atokan strata are composed predomi-
nantly of shallow-shelf and deltaic rocks (Sutherland,
1988).
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Figure 3. General stratigraphy of Oklahoma portion of the
Arkoma basin (modified from Houseknecht and McGilvery,
1990). The Spiro sandstone of the Atoka Formation is the
main gas reservoir in the Wilburton area. Abbreviations:
MOR—Morrowan, CAM—Cambrian, ORD—Ordovician,
SIL—Silurian, DEV—Devonian, MISS—Mississippian.

The Desmoinesian Series in the Arkoma basin and
adjacent areas to the northwest consists of the Krebs,
Cabaniss, and Marmation Groups (Fig. 3). In the
Wilburton area, only the rocks of the Krebs Group (the
Hartshorne, McAlester, Savanna, and Boggy Forma-
tions) crop out; however, strata assigned to the overly-
ing Cabaniss and Marmation Groups are found along
the northwest margin of the Arkoma basin. The
Hartshorne Formation gradationally overlies the Atoka
Formation. Sutherland (1988) interpreted the Harts-
horne Formation as being deposited in high construc-
tive, tidally influenced deltaic systems. He also con-
cluded that the overlying McAlester through Savanna
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Figure 4. Chart showing general stratigraphy of the informally
named sandstone units of the Atoka Formation. These 15
sandstone units are contained within about 15,000-ft-thick
Atokan strata.

Formations were deposited during a series of trans-
gressions and regressions and that the Boggy Forma-
tion was deposited in a deltaic complex.

STRUCTURAL GEOLOGY

In this section, we describe the structural features of
the Wilburton area based on four updated versions of
the eight balanced structural cross sections constructed
during the OCAST project. We attempted to construct
the cross sections using kink-band style of folding and
the ramp-flat thrust model developed by Suppe (1983)
and successfully used by Woodward (1985), Namson
and Davis (1988), and Mitra (1986, 1988). However, we
could not use this model because of the presence of com-
petent sandstones scattered in about 15,000-ft-thick
incompetent shale units of the Atoka Formation in the
frontal Ouachitas and Arkoma basin (Fig. 4).

Kink folds are known to develop only in sedimentary
successions either where the rocks are (1) very uni-
formly bedded, (2) possess regular bed thicknesses, and
(3) exhibit periodic alternations of competent and in-
competent layers, or where they exhibit a rather uni-
form anisotropy. A competent unit surrounded by in-
competent rocks above and below develops a buckle fold
by horizontal shortening (Ramsay, 1992), where up-
ward and downward deflection of shortening of incom-
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Figure 5. A geometric problem associated with using fault-
bend—fold modet of Suppe (1983) with kink folds and a modi-
fication to the model suggested by Ramsay (1992) with
buckle folds. Modified from Ramsay (1992). (A) Typical ac-
tive buckle folds developed by shortening of a competent
rock unit surrounded by incompetent rock units. Buckle fold
develops by shortening of the competent rock unit and
causes the formation of progressively deamplifying folds in
the zone of contact strain. (B) Classic fault-bend—fold model
with kink fold above a competent rock unit overlain by incom-
petent rock units. (C) A possible modification to the fault-
bend—fold geometry. The competent rock unit shows buckle
fold geometry with deamplifying folds in the zone of contact
strain.

petent rocks progressively decreases away from the
surface of the buckled layer in the zone of contact strain
(Fig. 5A). Ramsay (1992) suggested a possible modifica-
tion to the fold-bend model where the competent layer
shows buckle-fold geometry with deamplifying folds in
the zone of contact strain (Fig. 5B,C).

We observe a similar situation in the Arkoma basin
above the competent Spiro sandstone, which is sur-
rounded by incompetent beds. Moreover, within the
thick shale sequence of the Atoka Formation above the
Spiro sandstone, a few competent beds are present,
such as the Cecil, Red Oak, and Panola sandstones
(Figs. 3, 4). Therefore, we used concentric folding in our
cross sections (Figs. 6-9).

The series of cross sections A—A’ through D-D’ (Figs.
6-9) are constructed perpendicular to the tectonic-
transport direction (from the south—southeast toward
the north-northwest) (see Fig. 2). The control wells for
these cross sections are given in the Appendix. Because
the cross sections are constructed with this orientation,

they show displacements along the thrust faults when
appropriate piercing points are located in the hanging
wall and footwall of the thrust faults. In all cross sec-
tions (Figs. 6-9), the Spiro sandstone is used as the key
bed to determine the structural geometry. The Wapa-
nucka Formation and the Spiro sandstone are not iden-
tified individually. The entire thickness is referred to
as the Spiro and is assumed to have uniform thickness
in the study area. Other units identified in the cross
sections include the Red Oak sandstone, a marker
bed called “marker X,” the Hartshorne, McAlester,
Savanna, and Boggy Formations. Like the Spiro sand-
stone, the Red Oak Sandstone and marker X are iden-
tified in the logs at their tops, and their thicknesses
are considered to be constant throughout the study
area.

The hanging wall block of the Choctaw fault in the
cross sections contains many south-dipping listric
thrust faults, splaying both from the Choctaw fault and
from the main detachment surface within the Wood-
ford Shale. The footwall block of the Choctaw fault dis-
plays two detachment surfaces, a duplex structure, and
a triangle zone.

Choctaw Fault

The west—southwest to east—northeast trending
Choctaw fault serves as a boundary between the
Arkoma basin and the Ouachita Mountains (Fig. 2) and
is the northernmost, south-dipping thrust fault in the
Wilburton area. It extends more than 120 mi within
Oklahoma. The hanging wall of the Choctaw fault con-
tains south-dipping thrust faults exposed on the sur-
face. Many asymmetrical to the north or overturned
folds, formed by the thrust faults, are found in the
hanging walls of the individual thrust faults. The Spiro
sandstone is displaced by these faults (Figs. 6-9). Two
of these thrusts are the Ti Valley and Pine Mountain
faults, and several other unnamed thrust faults are
also mapped (Fig. 2).

Ti Valley Fault

The Ti Valley fault is one of the major thrust faults
in the Ouachita fold and thrust belt (Suneson, 1988),
extending about 240 mi from near Atoka, Oklahoma, to
near Jacksonville, Arkansas. In the Wilburton area,
the Ti Valley fault trends west—southwest to east—
northeast and has a steep dip of about 70-80°. As
mapped on Oklahoma Geological Survey maps by
Suneson and Ferguson (1989), Hemish (1992, 1995),
and Suneson (1996), the Atoka Formation is the only
unit present both on the north and the south of the Ti
Valley fault.

The Ti Valley fault in the cross sections is inter-
preted as flattening at depth. The displacement along
the Ti Valley fault could not be determined because of
the lack of a piercing point to locate a bed on the hang-
ing wall and footwall of the thrust fault.

Pine Mountain Fault

The Pine Mountain fault strikes west—southwest to
east—northeast and is subparallel to the Ti Valley and
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Choctaw faults. It dips roughly 70-80° to the south. Basal Detachment Surfaces

Seismic profiles and wire-line-log data suggest that the

fault loses its dip at depth and is a splay from either the The Woodford and Springer detachments have long
Woodford detachment or the Choctaw fault. The dis-  been recognized as the two basal detachment surfaces

placement measured from the cross sections shows a  of the frontal Ouachitas fold-thrust belt. Locating these
minimum of 4,100 ft to a maximum of more than 7,500 two detachment surfaces in the subsurface was primar-
ft of displacement (Figs. 7, 8). ily dependent on the availability of data. The seismic
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profiles examined during this study cover only the
southern part of the study area where the Woodford
detachment can be seen above the rocks of the Hunton
Group. The Springer detachment was located primarily
by using a limited number of deep-well logs.

The Woodford detachment propagates within the
Woodford Shale and is named after the host formation
(Hardie, 1988). It is a relatively flat detachment sur-
face lying at about 15,000 ft below sea level in the
Wilburton area. In the southern part of the study
area, two imbricate thrust faults splay from the
Woodford detachment (Figs. 6-9). These thrust faults
probably form the Gale-Buckeye thrust system of
Wilkerson and Wellman (1993). Farther north, the
Woodford detachment makes a ramp and reaches a
shallower depth in the Springer Formation (Figs. 6-9)
where it is named the Springer detachment. This de-
tachment is approximately 12,000-13,000 ft below sea
level. It continues northward in the Springer Forma-
tion and forms the floor thrust of the duplex structures
in the study area.

Duplex Structure and the
Lower Atokan Detachment

In all cross sections (Figs. 6-9), a hinterland-dipping
duplex structure is shown in the footwall block of the
Choctaw fault. The duplex structure is floored by the
Springer detachment and bounded on top by a roof
thrust termed here the lower Atokan detachment
(LAD). Horses found within the duplex structure are
probably formed by the upward propagation of the im-
bricate thrust faults splaying from the basal detach-
ment. These imbricate faults join the LAD.

The presence and location of a roof thrust are sug-
gested by the great difference in geometry above and
below the interval between the imbricately thrusted
Spiro sandstone and a sand unit (marker X) in the
Atoka Formation. In the wire-line well logs, marker X
is identified by its higher gamma-ray and resistivity
values. An attempt to correlate marker X with one of
the other sand units within the Atoka Formation was
unsuccessful because of the unavailability of type well-
log signatures. Therefore, we have only informally
named it. In some cross sections, marker X is not
clearly distinguishable in the well logs. In all wells ex-
amined, marker X is found in exactly the same strati-
graphic position. It displays a fold pattern similar to
the geometry of the Red Oak Sandstone above it. On
the other hand, the Spiro sandstone below marker X is
imbricately thrusted. This geometry can be interpreted
in two ways: (1) the part of the Atoka Formation below
the marker X contains imbricate blind-thrust faults
that die out in the shaley part of the section above the
Spiro sandstone, or (2) a roof thrust below marker X
separates the imbricately thrusted section below from
the folded section above.

We prefer the second interpretation based on the
following evidence. Several wells in the eastern part of
the study area close to our line of cross section D-D’
(Fig. 9) penetrated the Red Oak Sandstone twice—one
in the hanging wall of a thrust fault, another one in the

footwall of a thrust fault. We interpret this thrust as a
part of shallow-dipping LAD surface (the roof thrust).
Therefore, in our cross sections, we depict the LAD as a
south to north propagating detachment, located at
8,000-9,000 ft below sea level in the western part and
7,000-8,000 ft below sea level in the eastern part of the
study area. The LAD makes a gradual ramp to the
north of the leading imbricate thrust of the duplex
structure and reaches a shallower depth. During its
northward propagation, it displaces the Red Oak Sand-
stone (Fig. 9) and eventually reaches the Hartshorne
Formation, where it forms the Carbon fault as a
backthrust.

The location of the LAD is arbitrarily chosen to be in
the middle of the interval separating two different
structural geometries. It is not detected on the seismic
profiles nor could it be inferred from the well-log signa-
tures. The seismic profiles do not provide a well-devel-
oped velocity contrast, and the well logs do not suggest
a characteristic log signature for the roof thrust. The
absence of supporting evidence for the roof thrust most
probably arises because the LAD is propagating within
the shales of the Atoka Formation.

Up to five horses are depicted in the duplex struc-
ture shown in our cross sections (Figs. 6-9). The east-
ern cross sections C—C’ and D-D suggest that the lead-
ing imbricate thrust is actually a blind thrust that does
not form a horse (Figs. 8, 9). Cross section B-B’ (Fig. 7)
suggests two blind thrusts. The westernmost cross sec-
tion A-A’ (Fig. 6) does not show blind thrusts but
rather consists of up to five horses. The displacements
along the hinterland-dipping thrust faults in the du-
plex structure are not constant. In addition to the dif-
ferences along the thrust faults, the horses in the du-
plexes show slight changes in their dips. This change is
most pronounced in the leading imbricate thrusts and
associated horse structures.

The presence of a duplex structure in the Wilburton
gas-field area was first proposed by Arbenz (1984).
Other studies that proposed duplex structures in the
frontal Ouachita Mountains include Hardie (1988),
Perry and Suneson (1990), Wilkerson and Wellman
(1993), Cemen and others (1995), Akthar (1995), Ak-
thar and others (1995), Sagnak (1996), and Sagnak and
others (1996).

Carbon Fault

To the north of Wilburton, an approximately east—
west-trending fault has long been recognized as the
Carbon fault (CF on Fig. 2). Its surface trace is promi-
nent and is located at or adjacent to the boundary be-
tween the Atoka Formation and the Hartshorne For-
mation. The fault is shown as a north-dipping thrust
fault on the Wilburton quadrangle geologic map by
Hemish and others (1990). It follows the geometry of
the Hartshorne sandstone and the overlying Des-
moinesian units. The Desmoinesian sequence above
the Carbon fault is gently folded and forms the south-
ern limb of the San Bois syncline. These units show no
evidence of displacement by thrust faulting.

This surface geometry and well-log data indicate
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that the Carbon fault dips about 30-40° to the north
and flattens at about 3,000-4,000 ft below sea level.
Therefore, in all cross sections (Figs. 6-9), the Carbon
fault is shown as a north-dipping thrust fault.

The surface trace of the Carbon fault in the western
part of the study area is mostly inferred in alluvium or
in water bodies. The cross sections coinciding with this

- area (Figs. 6, 7) show the Carbon fault as following the
boundary between the Atoka Formation and Harts-
horne Sandstone. To the east, where the fault is
mapped within the Atoka Formation, the cross sections
(Figs. 8, 9) suggest that the Carbon fault is propagating
upward toward the Atoka—Hartshorne boundary
within the Atoka Formation.

Using evidence from surface geologic maps and sub-
surface data, the Carbon fault is interpreted as formed
by the continued upward and northward propagation of
the roof thrust (LAD) within the shales of the Atoka
Formation (Figs. 6-9). Within incompetent units like
shales of the Atoka Formation, the LAD propagates
with a low angle and forms a gentle ramp. Eventually,
the detachment reaches a zero-displacement point
where it encounters a hindrance to its forward (north-
ward) movement. At this point, detachment is likely to
form a backthrust. In the study area, surface and sub-
surface evidence suggest that the Carbon fault is a
backthrust formed along the southern flank of the San
Bois syncline (Figs. 6-9).

A foreland-verging thrust movement characterizes
the Wilburton area. Duplexes and a roof thrust are at
the frontal part of this thrust belt. As stated by Jones
(1994), this kind of tectonic transport should be “accom-
modated by backthrusting with opposite vergence, in
the section overlying the upper detachment.” The Car-
bon fault formed to accommodate thrust movement in
the study area.

Triangle Zone

The geometry formed by the south-dipping Choctaw
fault, the LAD, and the north-dipping Carbon fault
qualifies as a triangle zone (Figs. 6-9), similar to the
ones that were found in the southern Cordilleran
foreland in Canada (Dahlstorm, 1970; Jones, 1982,
1994; Price, 1986; Sanderson and Spratt, 1992) and in
the Himalayan foreland in Pakistan (Jadoon and
Frisch, 1997). The LAD floors the zone. The two oppos-
ing flanks of the triangle zone are formed by the south-
dipping Choctaw fault and the north-dipping Carbon
fault. All of the cross sections (Figs. 6-9) exhibit similar
geometry throughout the study area and suggest that a
triangle zone is present.

The Carbon fault disappears to the east adjacent to
the eastern boundary of the study area. The seismic
lines east of the Wilburton area suggest that the Car-
bon fault continues in the subsurface as a north-
dipping blind thrust. In this area, Evans (1997)
constructed cross sections and suggests that the tri-
angle zone, which we have detected in the Wilburton
area, continues to the east, although its northern flank
in the subsurface is a blind backthrust. This condition
results in the north—south size reduction of the triangle

zone as the Choctaw and the Carbon faults get closer to
each other in the subsurface east of the Wilburton area
(Fig. 2).

Normal Faults

The Wilburton gas field and surrounding areas con-
tain down-to-the-south normal faults present in the
northern part of the cross sections to the north of the
leading imbricate thrust of the duplex structure (Figs.
6-9). These faults are verified from the seismic and
well-log data and have a general trend of east—west to
east—-northeast, paralleling the trend of the basin. The
limited number of wells in this normal faulted area
prevents any detailed interpretation. However, it has
been suggested by Koinm and Dickey (1967) that an
abrupt increase in the thickness of the middle and
lower Atoka, along the normal faults, reveals that these
faults were formed as growth faults. They also pointed
out the presence of the turbidite-facies rocks present
in the lower and middle Atoka as another line of evi-
dence for active growth faults during Atokan sedimen-
tation.

In all cross sections (Figs. 6-9), the normal faults are
observed in the lower and middle Atoka in the northern
part of the study area, but there is no evidence of dis-
placement due to normal faulting in the upper Atoka.
The Hartshorne sandstone is also observed unfaulted
in the cross sections.

Cross sections A-A’ through D-D’ (Figs. 6-9) show
that the normal faults displace the Spiro sandstone,
but their extent into the pre-Atokan units could not be
determined because of the absence of subsurface data
below the Spiro. The seismic profiles suggest the pres-
ence of normal faulting below the detachment. In the
absence of sufficient well control, the normal faults and
the Spiro sandstone are mostly inferred from the adja-
cent cross sections. The cross sections suggest a maxi-
mum of 2,000 ft of dip separation along the normal
faults. Ferguson and Suneson (1988) proposed that the
normal faults in pre-Pennsylvanian rocks acted as bar-
riers that forced the thrusts to ramp over basement
rocks.

Amount of Shortening

The balanced structural cross sections (Figs. 6-9)
are restored using the key-bed-restoration method to
calculate the amount of shortening for the Spiro sand-
stone. In the Wilburton area, the Atoka shales domi-
nate the rock units both at the surface and in the sub-
surface. Shales have characteristic responses to defor-
mation. Because they are incompetent, they can be
easily deformed, and selecting the bed boundaries
within shales could be very difficult. While constructing
the cross sections, this situation was encountered, and
only the Spiro sandstone is used to define the subsur-
face structural geometry because of its recognizable
well-log signature. Consequently, we could restore the
cross sections only by using the Spiro sandstone as the
key-bed.

The pin lines for the restored cross sections are lo-
cated to the north of the leading thrust of the duplex
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structure, where the Spiro sandstone is not affected by
shortening in the frontal zone. The loose lines are lo-
cated to the south where there is no piercing point for
the thrusted Spiro sandstone. Calculations suggest
about 60% shortening for the Spiro sandstone in the
Wilburton area.

Figure 9 shows both our balanced structural cross
section constructed along the line D-D’ (Fig. 2) and its
restoration with a smaller scale. We found a 62.0%
shortening along this cross section using the plain-
strain formula of e = dl/l, where e is the extension (or
shortening), d! is the difference between the lengths of
the deformed-state cross section and the restored cross
section, and [, is the length of the restored cross section.
The other cross sections have provided a similar
amount of shortening. The shortening is 61% along
A-A’, 63% along B-B’, and 62% along C-C".

CONCLUSIONS

In the Ouachitas, a basal detachment surface within
the Morrowan Springer Formation separates the Cam-
brian to Mississippian platform rocks, consisting
mostly of about 5,000-ft-thick sandstone and limestone,
from the overlying more than 15,000-ft-thick, shale-
dominated sequence of the Pennsylvanian Atoka For-
mation (Arbenz, 1989; Houseknecht, and McGilvery,
1990), which contains many 50-150-ft-thick sandstone
units (Fig. 5). Within the thick shale sequence of the
Atoka Formation above the Spiro sandstone, there are
a few competent beds such as Cecil, Red Oak, and
Panola sandstones. This sedimentary succession pre-
vents using the fold-bend—fault model during balanced
structural cross section constructions because kink
folds develop only in the two types of regions: (1) where
the sedimentary rocks are uniformly bedded, exhibit
regular bed thicknesses, and have periodic alternations
of competent and incompetent layers; or (2) where
there is rather a uniform anisotropy (Ramsay, 1992).
Therefore, we used concentric folding in our cross sec-
tions (Figs. 6-9).

Based on a detailed subsurface structural study, we
suggest that a triangle zone is present in the Wilburton
gas-field area (Figs. 6-9). The triangle zone is flanked
by the Choctaw fault to the south and the Carbon fault
to the north (Fig. 2). It is floored by a possible detach-
ment surface in the Atoka Formation. We informally
named this detachment surface the lower Atokan de-
tachment or LAD (Figs. 6-9). Below the triangle zone,
a duplex structure contains hinterland-dipping imbri-
cate thrust faults splaying from a detachment surface
within the Springer Formation (the floor thrust), which
is usually recognized as the Springer detachment. The
hinterland-dipping faults join to the LAD in the Atoka
Formation (the roof thrust). The LAD continues in the
Atoka Formation northward and displaces the Red Oak
sandstone before reaching a shallower depth and form-
ing the Carbon fault as a north-dipping backthrust
below the San Bois syncline, which involves the Des-
moinesian Series rocks (Figs. 6-9).

The surface trace of the Carbon fault disappears
east of the Wilburton area. However, the triangle zone

continues to the east in the subsurface because the
Carbon fault becomes a blind backthrust to the east of
the Wilburton area.

The hanging wall of the Choctaw fault—the leading
edge thrust of the Ouachita fold and thrust belt—con-
tains several south-dipping imbricate thrust faults.
These faults, including the Ti Valley and Pine Moun-
tain faults, probably join the Choctaw fault at depth.
We interpret the duplex structure in the Wilburton
area as being formed by a break-forward sequence of
thrusting similar to the mechanism first proposed by
Boyer and Elliot (1982). It remains in question, how-
ever, if any movement occurred along the Choctaw and
other faults in its hanging wall (Figs. 2, 6-9) after the
formation of the duplex structure. If such movement is
documented, it will have important implications for
determining the conditions that control movement
along the thrust faults behind the leading-edge thrust,
or along of the leading-edge thrust itself.
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APPENDIX
Wells Used in Cross-Sections

Numbers to the right of the well names correspond to the numbers along the cross-sections.
Numbers to the left of the well locations indicate the distance of the well to line of the cross-section.

Cross-section A-A'

1) AMOCO 5) KING RESOURCE  9) SINCLAIR 13) ARCO 17) GULFSTREAM
Mose Watts # 36-2 Potichny No. 1-33 USA Sec. 28 Unit # 1 P. Bowman no. 5 Adamson Townsite No. 1-7
36-4N-17E (~1000E)  33- 5N- 17E (~300F) 28-5N-17E (~1500E) 20-5N-17E (~700W)  7- 5N-17E (~200E)
2) AMOCO 6) ARKLA 10) ARCO 14) DYCO 18) SNEE & EBERLY
Retherford No. 1-A Hare No. 1-33 Pauline Bowman No. 3 Bowman No. 1 Oneth No. 1
25-4N-17E (~1500E)  33-BN-17E {~1300E) 20-5N-17E (~300E) 17-5N-17E (~1400E)  25-8N-16E (~2300E)
3) ARKOMA 7) TEXAS INT. 11) NICOR 15) SAMSON 19) HUTCHINSON & KING RES.
"Sparks No. 1 B.D. Jordan No.1 Bowman No. 4 Bowman Unit # 1 E.C. Mc. Kinzie No. 1
3-4N-17E (~2300E) 33-5N-17E (~600W) 20-5N-17E (~1400W) 17-6N-17E (~600W)  23-6N-16E (~1400W)
8) ARCO 12) SINCLAIR 16) TXO 20) SNEE & EBERLY
4)L§|yr‘£nRﬁos Q%RCE USA Sec. 28#2 Pauline Bowman #1 Beatrice # 1 )No. 1 Baldwin A
3ANATE 28-5N-17E (~2000E)  20-5N-17E (~500E) 17-6N-17E (~200E)  14-6N-16E (~1700E)

Cross-section B-B’

1) ARCO
TNT No. 1-34 5) SHELL 9) TRIGGY 13) MARATHON 17) ARCO
344N-18E (~ 1000E) Mabry # 1-9 Hunter Tucker No.1-31 )Fabbro #2 Sharp #1
2 EXXON 9-4N-18E (~2400E) 31-5N-18E (~1300W)  24-5N-17E 2-5N17E (~2000E)
Garret No. D-1 6) SHELL 10) ARCO 14)SINCLAIR 18) SNEE & EBERLY
34-4N-18 (~1700E) R Every#1-5 Jessie Bennet #2 Dunagan Unit# A-1  Cliinton No.1-21
3 BTA 54N-18E 30-5N-18E (~900E)_ 13-5N-17E (~1300W) 21-6N-17E (~600W)
9001 JV-P Johnson #1 7) TENECO 11) MARATHON 15) ARCO 19) OXLEY
16-4N- 18E (~2100E) Mabry Trust No.1-5 Fabbro Unit 3 Dunagan A#2 Doly Hartshome No.1
4 BTA 5-4N-18E (~300W) 24-5N- 17E (~1000W)  13-5N-17E (~400E)  166N-17E
9001 JV-P Glaser#1  8) ARKOMA . 12) MARATHON 16) GULFSTREAM
16-4N-18E (~ 2200E) Hunter Tucker No.2 Fabbro Unit #1 Vaughn No.1

31-5N-18E (~1000E) 24-5N-17E (~1300E) 12- 5N 17E (~1900E)
Cross-section C-C’

1) ARCO
5) SHELL

Ulysses # 1 . 9) ARCO

IANAGE (-1400F)  UiemsMaby# 4 BemetSiate#2 1) it Unnet | Wi K
) XN F18E (~700E) 19-5N-18E (~100W) 7-5N-18E 14-6N-17E (~300E)

Garret No. A-1 O RO & 5 10) ARCO 14) SKELLY

26-4N-18E (~4300E) enneay Bud Hampton # 2 White N # 1-A
- 32-5N-18E (~1500W) 18-5N-18E (~700E) 236N-17E (~3300W)
) BIA 7) ARCO \

el TRy D

29-5N-18E (~1000E)  1.5N-18E (~1300W) 14 6N-17E (-600E)

4) SHELL

Mabry # 1-9 8 gg‘b%’gss?;\g?jé ,  12PETROLEUMING.  16) oxEY

9-4N-18E (~2100W) 29-5N-18E (~400E) Ferguson Unit No. 1 Marine No.1

7-5N-18E (~100W) 14-6N-17E (~100E)

Cross-section D-D'

1) ANARARES o 5) COQUINA 9) ARCO 13) AMBASSADOR  17) HARPER OIL
254N-18E (~3000W Watts No. 1 Paschall # 3 Toppins State Unit#1  Key #1
) 345N-18E (~200W)21-5N-18E (~3500W) 9.5N-18E (~200F) 20:6N-18E (~200E)
2) BTA 10) AMBASSADOR
14) AMBSSADOR 18) FERGUSON
2'3}_@301%1;\/ ?0%’86\30”% V. Enis No.2 Kilpatrick Unit # 1 Woods Unit No. 1 Key No. 1

27-5N-18E (~100W) 16-5N-18E (~500W)  4-5N-18E (~2000E) 20-6N-18E
3) S\OFIz”CON 113 7) ARCO 11) AMBASSADOR  15) AMBASSADOR
13_4’,115_18% :-2000E R.F. Mc. Alester # 3 Kilpatrick 2-16 Sawyer Unit # 1
( ) 22-5N-18E (~2000E) 16-5N-18E (~300W)  5.5N-18E (~2000E)
4) BTA

1-9001 JV-P Mab 8) AMBASSADOR 12) JMC EXP. 16) SINCLAIR

» Mc. Alester #2 Toppins State # 2 Mitchelt Unit # 1
11-4N-18E (~1700W) 225N 18E 9-5N-18E (~400E)  326N-18E (~2000W)
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AgstrACT.—Extension of prolific Upper Red Fork incised valley gas production in the
eastern Anadarko basin was one of the targets of three dimensional (3-D) seismic ac-
quisition between 1993 and 1996. Integration of spectral decomposition, coherency,
and geological data was critical in the mapping of the incised valley system and led to
interpretation of a previuosly unrecognized stage of valley fill. This new stage is shale
filled, and has erosionally removed the productive stage in the study area. Valley wall
slump blocks were identified based on fault cuts in well logs and areas of low coherency
on the seismic. We conclude that 3-D seismic is a powerful tool for mapping Upper Red

Fork incised valleys.

INTRODUCTION

New three-dimensional (3-D) seismic interpretation
techniques such as spectral decomposition and coher-
ency have been shown to enhance recognition and in-
terpretation of stratigraphic features in Tertiary and
Quaternary poorly lithified rocks (Lopez and others,
1997). Coherency images seismic discontinuities by cal-
culating localized seismic trace similarity (Bahorich
and Farmer, 1995). Spectral decomposition uses the
discrete Fourier transform to image time thickness
variability. In the latter, the amplitude spectrum, com-
puted from a short time window covering the geologic
zone of interest, is tuned by the rock properties within

Reprinted with minor modifications from Peyton, L.; Bottjer,
R.; and Partyka, G., 1998, Interpretation of incised valleys
using new 3-D seismic techniques: a case history using spec-
tral decomposition and coherency: The Leading Edge, Sep-
tember, p. 1294-1298.

! Author’s employer at time of original publication.

the analysis window. When applied to 3-D seismic and
presented in map form, these spectral responses image
lateral variability within the zone of interest (Partyka
and Gridley, 1997; Partyka and others, 1999).

In this paper, we present a case history where both
spectral decomposition and coherency were used suc-
cessfully to image deep (~10,000 ft) and old (Pennsylva-
nian) stratigraphic features in the U.S. Midcontinent.

The original objective of this study was to generate
drilling prospects in the Middle Pennsylvanian
(Desmoinesian) Red Fork Formation of the Anadarko
basin, Oklahoma. The Red Fork is a prolific producer
throughout the basin, producing from both marine and
valley-fill sands (Bingham, 1993).

The study area is located in the eastern part of the
Anadarko basin (Fig. 1). Pennsylvanian rocks through-
out most of the Anadarko basin are dominated by shal-
low-shelf marine clastics. The Red Fork Formation in
the study area is characterized by three coarsening-
upward marine parasequences (Lower, Middle, and
Upper Red Fork), herein referred to as Regional Red

Bottjer, Rich; Peyton, Lynn; and Partyka, Greg, 2001, Interpretation of incised valleys using new 3-D seismic techniques:
a case history using spectral decomposition and coherency, in Johnson, K. S. (ed.), Pennsylvanian and Permian geol-
ogy and petroleum in the southern Midcontinent, 1998 symposium: Oklahoma Geological Survey Circular 104,

p. 99-103.



100

B AR

[ anaoamo~=C
|\ BASHy N
- B

"7 oKLatoma |

|

H\l‘\_\l‘\d\/‘ AN

Interpretation ;
of Stage It 2

1996

before 3D A Joy Jay #2
i oy Jay
. %
. | 3 8
X /(7
] S
ES
!

3D Study

Ared ..~V Prospect Araa

N
0 1 2 3 4
MILES

1993

2¢ Stage I Producer

Figure 1. Location map showing 3-D survey outlines, lines of

cross section, wells producing from Upper Red Fork Stage lI

valley fill, and interpreted outline of Stage Il valley before
acquisition of 3-D seismic data.

Fork, with regionally extensive limestones above (Pink
Lime) and below (Inola Lime and Novi Lime). Incised
valleys of the Lower, Middle, and Upper Red Fork have
eroded into these regionally correlative parasequences.
This paper will discuss only Upper Red Fork incised
valleys, as they are the largest and most clearly imaged
on the 3-D seismic and contain the best reservoir rocks
in the area (Clement, 1991).

The Upper Red Fork incised-valley system consists
of multiple stages of incision and fill, resulting in a
stratigraphically complex internal architecture. Prior
to acquiring 3-D seismic in the area, we followed the
conventional belief that four main stages of valley fill
exist, of which the third, Stage III, is the most abun-
dant producer. Red Fork incised valleys are generally
0.5-1.0 mi wide and are, therefore, challenging explo-
ration targets. Three-dimensional seismic technology
was utilized in an attempt to decrease the risk associ-
ated with drilling for these narrow but prolific objec-
tives. :

ACQUISITION

Amoco acquired three 3-D seismic surveys-over the
study area. The first (27 mi2) was shot in 1993. In 1994,
37 mi2 were acquired. Both surveys had primary objec-
tives below the Red Fork. In 1996, 67 mi2 were ac-
quired with the main objective of imaging the Upper
Red Fork incised-valley system. The three surveys
were merged to produce one 136-mi? survey (Fig. 1).

Data quality is excellent compared to typical land
3-D surveys, with a dominant frequency of about 50 Hz
and up to 80 Hz present in the data.

Before acquisition of the 1996 survey, several wells
in the area were interpreted as penetrating the edge of
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the Stage I1I valley fill. These wells do not produce, but
they do indicate the presence of the Stage III valley.
The distribution of wells that produce from Stage III
sand (Fig. 1) shows a gap in production in the same
part of the 1996 survey. We recognized that this area
had good potential for unpenetrated, and therefore
undrained, Stage III reservoir sand. This prospective
area (Fig. 1) was a significant objective of the 1996 sur-
vey. It was necessary to image both the edges of the
valley and the different stages of fill within the valley
to map the Stage III valley fill and identify prospects.

INTERPRETATION

Geologically, the Red Fork is bounded above and
below by regionally correlative marker beds (Pink Lime
above and Inola and Novi Limes below), which have
consistent character on electric logs. The same is true
seismically, although the Lower Skinner Shale directly
above the Pink Lime gives a more continuous reflection
than the Pink itself. The Novi Lime provides the most
continuous reflection below the Red Fork interval (Fig.
2a, page 101).

The seismic cross section in Figure 2a illustrates the
difficulty of interpreting the Red Fork incised valley
using traditional interpretation techniques (autopick-
ing horizons, amplitude mapping, isochron mapping,
etc.). The incised valleys are characterized by discon-
tinuous reflections of varying amplitude that are diffi-
cult to interpret laterally. Individual stages of fill are
almost impossible to identify. As we subsequently
learned, the cross section in Figure 2a actually crosses
from Regional Red Fork marine parasequences in the
south through three different stages of valley fill and
back into Regional Red Fork at the north end (Figure
2b, page 101). Due to the inadequacy of conventional
interpretation techniques, we decided to use spectral
decomposition and coherency. In the study area, the en-

Figure 4. Coherency slice 36 ms below Lower Skinner hori-
zon, showing wells with faults in the Red Fork and Inola inter-
vals. Box shows location of Figure 5a.
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Figure 2. Seismic cross-section A flattened on Novi horizon:;
(a) without and (b) with current interpretation. Roman numer- Figure 3. 36-Hz amplitude slice from Red Fork spectral de-
als correspond to valley-fill stages discussed in text. composition; (a) without and (b) with current interpretation.

Figure 5. (a) Zoom from Figure 4 of coherency slice 40 ms below Lower Skinner horizon, showing wells with faults in the Red
Fork and Inola intervals. Dark areas have low coherency. (b) Modern-day incised valley from the Canterbury Plains of New

Zealand showing slump feature on vailley edge. Slump is approximately 1 km long and 0.5 km wide (photo courtesy of Dale
Leckie).
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tire Red Fork interval is approximately 50 ms thick
(~300 ft). Therefore, a 50-ms window below the Lower
Skinner horizon, encompassing the Red Fork interval,
was used as the input zone-of-interest volume into
spectral decomposition.

Spectral decomposition imaged the Red Fork incised
valley between about 20 Hz and 50 Hz. The 36-Hz
amplitude slice was one of the best images of the valley
throughout the survey area and was therefore chosen
for display purposes (Fig. 3a, page 101). It is apparent
from Figure 3a that spectral decomposition not only im-
ages the valley edges but also internal features which
we have interpreted to be different stages of valley fill.

A coherency cube was computed for the entire 3-D
volume. The cube was flattened on the Lower Skinner
horizon, and time slices were taken through the flat-
tened volume in the Red Fork interval. This is the same
as taking horizon slices below the Lower Skinner hori-
zon in the coherency volume. As expected, coherency
slices imaged the edges of the valley and different
stages of the valley-fill well (Fig. 4), although the level
of internal detail present on the spectral decomposition
image is not present on the coherency image.

Initial examination of the spectral decomposition
and coherency images (Figs. 3a, 4) seems to show that
the Stage III valley does indeed cross the 1996 survey
and connect the producing wells in the west half of the
study area with those to the east, as interpreted before
the 3-D (Fig. 1). However, closer inspection of the spec-
tral decomposition shows an apparently younger val-
ley, which trends northwest in the east part of the 1996
survey and cuts out the Stage III, but then bends to the
southwest and diverges from the Stage III valley. This
interesting feature led us to reinterpret the well logs in
the area, which resulted in the recognition of a new,
younger stage of valley fill, Stage V. The current inter-
pretation of the valley (Fig. 3b, page 101) is the result
of integration of well-log interpretation with the shapes
and patterns on the spectral decomposition and coher-
ency results. .

Unfortunately, geologic work shows that Stage V is
a shale-filled valley with no potential for hydrocarbon
production. Because most of the prospective Stage 111
has been erosionally removed by the Stage V valley, no
drilling prospects were found in the Red Fork interval
in the 3-D area.

The Stage III and Stage V valleys must diverge to
the east of the survey area where Stage III production
is encountered. It was disappointing that no valleys
were imaged in the northeast part of the 3-D area,
around the producing Jay-Jay 2 well (Fig. 1). This well
produces from approximately 50 ft of Stage III sand.
Time constraints on the project allowed only normal-
incidence modeling to determine why the Stage III val-
ley was not imaged in this area. Lack of good sonic-log
data in the area made modeling difficult, but results
showed very low impedance contrast between the Stage
I1I valley and the Regional Lower Red Fork into which
it cuts. This lack of impedance contrast may explain
why the Stage III is not imaged around this well.

Interpretations of borehole, spectral decomposition,
and coherency data were combined in the geologic in-
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terpretation of seismic cross sections (e.g., Fig. 2). No-
tice that the Red Fork interval (between the Lower
Skinner and Novi Lime reflections) shows an isochron
thin where Stage V fill is present. A corresponding
isopach thin is apparent on the equivalent well cross
section (Fig. 6). A 3-D visualization of the Red Fork in-
terval isochron (Fig. 7) shows that the isochron thin co-
incides with the occurrence of Stage V. Indeed, the iso-
chron map was used to identify the northeast-trending
valley in the southeast part of the study area as Stage
V. The isopach/isochron thin is probably due to differ-
ential compaction of the Stage V shale.

FAULTING AND SLUMPING

Significant faulting of the area occurred during
Early Pennsylvanian (Atokan) time, and some move-
ment persisted into the Desmoinesian. All faulting in-
terpreted on the 3-D seismic is nearly vertical and gen-
erally basement-involved. Before acquisition of the
seismic, several faults had been identified on well logs
in the Red Fork and Inola intervals (Fig. 8); however,
these faults could not be identified using 3-D seismic.
This was unusual as faults are generally easy to inter-
pret on 3-D seismic data in this area. The Ramsey 1
well (Fig. 8) is particularly interesting because the
Inola Lime is missing, the Regional Red Fork marine
parasequences sit directly on the Novi Lime, and the
Stage II valley fill sits on top of the Regional Red Fork.
We interpret a normal fault just above the Novi Lime
that has downthrown the Regional Red Fork to a posi-
tion immediately on top of the Novi in this well bore.
This occurred before and/or during the deposition of the
valley-fill sediments. When the wells with the Red Fork
and Inola faults are plotted on the coherency map (Fig.
4), they all coincide with the edges of stages of the Up-
per Red Fork valley. More detailed inspection of a
slightly deeper coherency slice (Fig. 5a, page 101)
shows that the faulted wells coincide with dark areas of
low coherency at the edge of the valley. This led to the
conclusion that these faults are bounding faults of val-
ley-edge slump blocks. These slump blocks seem to be
of a similar scale to present-day examples from the
Canterbury Plains of New Zealand (Fig. 5b, page 101).

CONCLUSIONS

Spectral decomposition and coherency displays of 3-
D seismic data enabled interpretation of a complex in-
cised valley-system that would have been difficult and
time-consuming using standard interpretation tech-
niques. We were able to map not only the limits of the
Pennsylvanian Upper Red Fork valley system but also
the distribution of different stages within the valley.

Integration of the 3-D seismic with the well data was
absolutely essential for an accurate interpretation. In-
tegration of the two disciplines led to the recognition of
a new stage of valley fill, Stage V, in this part of the
valley system. This had a significant impact on our
exploitation program because the Stage V erosionally
removed the productive Stage III in the area in which
we were looking for prospects. The new interpretation
prevented the drilling of dry holes.
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Figure 6. Stratigraphic well-log cross-section A showing
stages Il, lll, IV, and V valley fill. Cross section datum is top
of Novi Lime. Upper Red Fork valley stages and regionally
correlative limestones are shaded. The Griffin 1 well (perfo-
rations shown) has produced 1.03 billion ft3 of gas and 16.4
thousand bls oil from Red Fork Stage Ill Sand.
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Figure 7. Three-dimensional visualization of Red Fork inter-
val isochron (Novi Lime to Lower Skinner horizons).
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Figure 8. Stratigraphic well-log cross-section B showing
stages Il, IV, and V valley fill and slump fault in Ramsey 1
well. Cross-section datum is top of Novi Lime. Upper Red
Fork valley stages and regionally correlative limestones are
shaded.
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Both spectral decomposition and coherency images
show many valley-shaped features throughout the 3-D
area in the Red Fork interval. Many of these features
were previously unknown, and more work is needed to
determine how they fit into the interpretation of the
Red Fork. Coherency also led to the interpretation of
valley-edge slump features and the recognition that not
all faults in this area are basement involved.
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ABsTRACT.—The Prairie Gem field is located in Lincoln County, central Oklahoma (T. 16 N,
R. 2 E.). It is geologically situated on the Cherokee platform, approximately 25 mi east of the
Nemaha fault zone. Oils are produced in the field from four fluvial-deltaic reservoirs belong-
ing to the Cherokee Group (Middle Pennsylvanian), namely the Skinner (Upper and Lower),
Red Fork, and Bartlesville, the latter being a main producing formation. The most probable
source-rock candidates for the oil accumulations are considered to be the Upper Devonian—
Mississippian Woodford Shale and/or the Pennsylvanian black shales. Migration directions
and pathways and the timing of oil accumulation in the field have not been well established.

The focus of the present study is on the geochemical characterization and evaluation of
compositional similarities and differences of oils produced from the Bartlesville, Red Fork,
and Lower and Upper Skinner reservoirs in Prairie Gem field. Geochemical parameters
indicative of source, maturation, and migration characteristics of the oils are compared in
an attempt to elucidate possible genetic relationships among the oils and to gain insight
about the elements of petroleum system(s). Data were obtained from a set of experimental
methods (high-performance liquid chromatography, gas chromatography, gas chromatogra-
phy/mass spectrometry, high-temperature gas chromatography, and pyrolysis gas chroma-
tography) directed to characterize C,,, bulk-oil fractions and molecular parameters, includ-
ing the high-molecular—-weight wax and asphaltene factions

The results suggest characteristics of common source-rock(s) for the oil accumulations in
the Bartlesville, Red Fork, and Skinner reservoirs from the Prairie Gem field. Maturity of
the oils, calculated from the aromatic hydrocarbon distributions, corresponds to a vitrinite
reflectance range of 0.8-1%. Lower Skinner oil is distinguished from the other oils by a
number of parameters indicating different maturation and/or migration history. To a lesser
extent, some of these characteristics are also recognized for the Bartlesville oil. The most
consistent explanation for the compositional differences of the Lower Skinner oil is based on
the possibility of mixing an existing black-oil accumulation with a later migrated charge(s)
of gas condensates. The origin of gas condensates could be thermogenic and/or resulting
from migration/fractionation processes. A future regional geochemical-geologic study is
suggested to further clarify these possibilities.

INTRODUCTION

The Paleozoic sequence within the sedimentary ba-
sins of Oklahoma represents one of the most prolific
petroleum-producing regions in the continental United

!Present address: Shell Oil Company, Houston, Texas.

States. A wide distribution of high-quality source rocks
and reservoirs coupled with favorable tectonic and
maturation histories have contributed to intensive oil
and gas generation and the formation of numerous hy-
drocarbon accumulations (e.g., Oakes, 1953; Huffman,
1959; Dogan, 1970; Pulling, 1979a,b; Mankin, 1986;
Campbell and others, 1988; Johnson and others, 1988;

Chouparova, Elli; Rottman, Kurt; and Philp, R. P., 2001, Geochemical study of oils produced from four Pennsylvanian
reservoirs in the Prairie Gem field, central Oklahoma, in Johnson, K. S. (ed.), Pennsylvanian and Permian geology and
petroleum in the southern Midcontinent, 1998 symposium: Oklahoma Geological Survey Circular 104, p. 105-113.
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Figure 1. Tectonic map of Oklahoma showing the primary basins and major structural features in the vicinity of the Prairie Gem
field study area. Abbreviation: COFZ—Central Oklahoma fault zone.

Johnson and Cardott, 1992; Northcutt and Johnson,
1996; Andrews and others, 1996, 1997a,b). A signifi-
cant portion of the oil and gas production in Oklahoma
comes from the Pennsylvanian fluvial-deltaic reser-
voirs (Northcutt and Johnson, 1996), which are also the
primary producing horizons in the Prairie Gem field.

The focus of the present study is on the geochemical
characterization of oils produced from four Pennsylva-
nian reservoirs, namely the Bartlesville, Red Fork, and
the Lower and Upper Skinner sands, in the Prairie
Gem field (T. 16 N, R. 2 E.), Lincoln County, Oklahoma
(Fig. 1). Geochemical parameters indicative of source-
rock, maturation, and migration characteristics for the
oils are compared in order to establish possible genetic
relationships and to gain insight about the elements of
the petroleum system(s). The hydrocarbon accumula-
tions in Prairie Gem field are largely in stratigraphic
type traps. Late Devonian—Mississippian Woodford
black shales are widely distributed in the region and
are expected to be the most probable source rock for the
oil accumulations in the Prairie Gem field, although a
contribution from the Pennsylvanian black shales is
also discussed (Comer and Hinch, 1987; Johnson and
Cardott, 1992, and references therein). Migration direc-
tions and pathways as well as the timing of hydrocar-
bon accumulation in reservoirs of the studied field have
not been well established.

GEOLOGIC SUMMARY

Prairie Gem is a small field located on the Cherokee
platform approximately 25 mi east of the Nemaha fault
zone (Figs. 1, 2). The oil production in the field is from
the Upper and Lower Skinner, Red Fork, and Bartles-

Prairie Gem Field, Lincoln Co., Oklahoma
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Figure 2. Generalized location map of Prairie Gem field in
Lincoln County, Oklahoma. Line of cross section A—-A’ (Fig.
3) is shown.
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Figure 3. Stratigraphic cross section A-A’, illustrating the relationship of the Cherokee Group producing formations to each
other. Line of section is shown on Figure 2. Abbreviations: KB—Kelley bushing (elevation); TD—total depth; BOPD—barrels
of oil per day; MCFGPD—thousand cubic feet of gas per day; BWPD—barrels of water per day.

ville sands, the latter being the main producing forma-
tion. This report presents the result of the study of four
reservoirs belonging to the Cherokee Group of the
Middle Pennsylvanian Desmonesian Series (Fig. 3),
which lies unconformably on the eroded Mississippian
surface. A well-location map for the Prairie Gem field,
situated in sec. 9, 10, 11, 14, 15, 16, 22, 23, 26, and 27,
T. 16 N,, R. 2 E., Lincoln County, Oklahoma, is pre-
sented in Figure 2.

The four studied wells and their respective produc-
ing zones identified on the location map (Fig. 2) consti-
tute the stratigraphic cross section A-A’ (Fig. 3). The
type log for the field is Phillips Oil Operating 3
Mathews (located in sec. 15), which is a Red Fork sand
producer. The Sullivan & Company 1 R. E. Acree well
(sec. 22) was chosen as representative for the Bartles-
ville sand producers. The Sullivan & Company 2 Nina
Bales and 1 P. Silverthorne wells (secs. 22 and 23, re-
spectively) are the only Upper and Lower Skinner sand
producers in the field. The stratigraphic relationships
for the four producing horizons in the field are shown in
Figure 3.

SAMPLES AND METHODS

The Prairie Gem field was discovered in 1979 and
was in primary production until December of 1993,
when a waterflood program was initiated for the field.
The oil samples used in-the present study were col-
lected from the wellheads of producing wells described
above during the last year (November 1993) of primary
production.

Data discussed in the present study were obtained
from a set of experimental methods directed to charac-
terize the Cy, oil fractions and high-molecular—weight
waxes (HMW) and alphaltenes. The analytical proce-
dures for high-performance liquid chromatography
(HPLC), branched/cyclic fraction isolation, wax and
asphaltene precipitation, gas-chromatography (GC)
analysis of Cy, fractions, and high-temperature gas
chromatography (HTGC) have been described previ-
ously (Tchouparova, 1999).

Gas-chromatography-mass-spectrometric (GC-MS)
analysis of whole oils and oil fractions was performed
using a Finnigan Triple Stage Quadropole (TSQ 70)
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system equipped with 30 m x 0.32 mm inside-diameter
DB-5 column with 0.25 um film thickness. Tempera-
ture program was from 40°C to 300°C at 4°C/min. A
deuterated Co, alkane was added as an internal stan-
dard. The majority of the analyses were performed in
the selected-ion—monitoring mode (SIM), with a small
number of samples run in full-scan mode. Peak heights
were calculated from a baseline drawn on a cluster-by-
cluster basis.

Flash Pyrolysis-GC (Py-GC) analysis was performed
on asphaltene fractions. The asphaltenes (n-pentane
insoluble fraction) were dissolved in methylene chloride
and pyrolyzed using a CDS Pyroprobe coupled to a
Varian 3300 gas chromatograph with a split injection
system and flame ionization detector (FID). The setting
for pyrolysis was 610°C for 20 s. The pyrolysates were
rapidly removed from the heated interface (280°C) by a
stream of helium onto a 15 m X 0.32 mm inside-diam-
eter DB-1 HT column. The column temperature was
held at —25°C for 4 min during the pyrolysis and then
increased to 300°C at a rate of 4°C/min.

Stable—carbon-isotope analysis of vil fractions was
performed in the laboratory of Professor M. Engel at
the University of Oklahoma by Rick Maynard. The pro-
cedure is described in detail in Engel and Maynard
(1989). The 813 C (per mil) values for the samples ana-
lyzed are reported relative to the PDB Standard.

RESULTS AND DISCUSSION

A summary of bulk-compositional parameters and
main results from geochemical characterization of the
whole oils and oil fractions are presented in Tables 1, 2,
3, and 4 and Figure 4. The results suggest characteris-
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tics of common source rock(s) for the oil accumulations
in the Bartlesville, Red Fork, and Skinner reservoirs of
the Prairie Gem field, based on similarities in carbon-
isotope composition of bulk oil fractions, carbon-prefer-
ence index, sterane- and triterpane-based parameters
(Tables 2—4). Maturity of the oils, calculated from the
aromatic-hydrocarbon distributions, corresponds to a
vitrinite-reflectance range of 0.8-1% (Table 4). The
Lower Skinner oil is distinguished from the other oils
by a number of parameters suggesting different matu-
ration and/or migration history—high gas-oil ratio and
API gravity (Table 1), “front-end” loading with nC,, -
Cy alkanes (Fig. 4), elevated ratios for pristane/phy-
tane, Cog tricyclic terpane/Cy, hopane, Cg1/(Cyy + Cyg)
triaromatic steranes, and low asphaltene and micro-
crystalline wax contents (Tables 2, 4). To a lesser ex-
tent, some of these characteristics are also recognized
for the Bartlesville oil.

The most consistent explanation for the composi-
tional differences of the Lower Skinner oil is based on
the possibility of mixing an existing black-oil accumu-
lation with a latcr-migrated charge(s) of gas conden-
sates. The origin of gas condensates could be ther-
mogenic and/or result from migration/fractionation
processes. The possibility of mixing of migrated hydro-
carbons with pre-existing accumulations on a regional
scale could be supported by the abundance of prolific
source rocks and the tectonic development of the region
leading to oil and gas generation from several different
source-rock formations during approximately the same
geologic periods in different basins in Oklahoma (e.g.,
Engel and others, 1988; Burrus and Hatch, 1989; Jones
and Philp, 1990; Wavrek, 1992). Geologic conditions for

Table 1.—Summary of Bulk Compositional Parameters from Initial Test Data (A)
as Related to the Fluid-Type Classification (B) of McCain (1990)

(A) Gas-oil ratio Fluid-type Duration of

Producing Producing Oil gravity (scf/STB) classification production before
well zone (°API) initial test data (McCain, 1990) sampling (years)

Acree 1 Bartlesville 36 796 Black oil 13

Mathews 3 Red Fork+ 32 1,066 Black oil 9

Nina Bales 2 Upper Skinner 35 1,535 Black oil 12

Silver Thorne 1 Lower Skinner 45 39,760 Volatile oil or 4

retrograde liquid

(B) Initial GOR Gravity Amount C.

Fluid type (scf/STB) (API) 0il color (mole %)

Black oil

(low shrinkage) <2,000 <45 Dark, black, with or without greenish cast >30

Volatile oil

(high shrinkage) 2,000-3,000 >40 Brown, orange, green 12.5-30

Retrograde gas

(gas condensate) >3,300 40-60 Light-brown, orange, greenish, or water-white <12.5

scf = standard cubic feet; STB = stock-tank barrels; GOR = gas—oil ratio.
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Table 2.—Gross Composition of Qil Fractions (wt.% of oil) Based on HPLC,
Asphaltene and Wax Precipitation, and Molecular Sieving Analyses
SAT+ARO

Well Production zone SAT B/C* ARO NSO ASPH WAX NSO+ASPH
Nina Bales 2 Ubpper Skinner 54.4 29.3 29.1 7.7 8.7 22.0 5.1
Silver Thorne 1 Lower Skinner 68.7 40.5 22.3 8.0 1.0 2.6 10.1
Mathews 3 Red Fork 55.2 31.2 27.3 71 10.5 104 4.7
Acree 1 Bartlesville 63.8 36.5 23.6 10.5 2.1 3.0 6.9

Notes: SAT, B/C, ARO, NSO, and ASPH refer to the saturate, branched/cyclic, aromatic, resin, and aphaltene fractions.

* % of saturate fraction.

Table 3.—Stable Carbon-Isotope Composition (5*C, %.) of Qil Fractions

Well Production zone SAT B/C ARO NSO ASPH
Nina Bales 2 Upper Skinner -30.93 -30.76 -30.21 —29.83 -30.31
Silver Thorne 1 Lower Skinner -30.87 -30.77 —29.83 —28.38 -28.56
Mathews 3 Red Fork -30.94 ~-30.73 -30.43 -29.21 -30.57
Acree 1 Bartlesville -30.90 -30.76 -30.11 -28.37 -29.83

burial of already-formed accumulations of oil and sec-
ondary cracking to gas condensates are readily avail-
able—e.g., in the Anadarko basin—as well as for gas-
condensate generation from predominantly Type III
kerogens in the Arkoma basin. Favorable geologic con-
ditions for redistribution of hydrocarbons as a result of
tertiary migration due to evaporative fractionation or
migration/fractionation are also available, considering
that the process involves: (1) migration of large
amounts of allochtonous dry gas (methane) to an exist-
ing, shallower oil accumulation; (2) fractionation and
migration of gas condensate from the oil accumulation
due to pressure release (i.e., along an activated fault
zone), leaving the residual oil accumulation rich in aro-
matics; and (3) formation of gas-condensate accumula-
tion depleted in light aromatics and enriched in paraf-
fins (Thompson, 1979, 1983, 1987). Gas-condensate
accumulations formed by this process differ from the
thermogenic gas condensates in the composition of
their gasoline-range hydrocarbons as shown by Thomp-
son (1987).

The present study demonstrated several character-
istics of Lower Skinner oil that are indicative of the
migration/fractionation processes, including “front-
end” loading, elevated Pr/Ph, Cy; tricyclic/Cy, hopane,
and Cy,/Cy; + 20R — Cyq triaromatic steranes. These re-
sults are consistent with the observations of Curiale
and Broomley (1996) and Dzou and Hughes (1993) for
the compositional alteration of oils affected by migra-
tion/fractionation processes in the Gulf Coast and off-
shore Taiwan regions. We suggest, however, that a fu-
ture regional geochemical study, including comparison

of gasoline-range hydrocarbon composition, gas-isotope
study, and possible identification of residual, aromatic-
enriched oil accumulations, could provide more compel-
ling evidence to support or reject such a possibility. It
should also be noted that the classic compositional
characteristics of residual oil accumulations could be
masked under extensive and multiple-mixing proc-
esses.

Recent studies have presented strong evidence that
fault activity has a major control on oil migration in
faults (Losh, 1998; Losh and others, 1999). Considering
this possibility, several local structures and features in
the tectonic development of Cherokee platform appear
relevant to a discussion on possible conduits for redis-
tribution of hydrocarbons in different accumulations,
including the Prairie Gem field, and timing of tertiary
migration. Several major structures are in close geo-
graphic proximity to the Prairie Gem field—the
Nemaha fault zone (~20 mi), the Seminole-Cushing
ridge and Wilzetta fault (~20 mi), and the Ozark uplift
(~90 mi), as illustrated in Figure 1. In addition, a num-
ber of other minor faults and fracturing of reservoirs
are reported in the literature as discussed below.

The regional stratigraphic profiles and maps pre-
sented in previous studies (Dogan, 1970; Andrews and
others, 1997a,b) suggest that Nemaha fault zone was a
structurally and topographically positive feature dur-
ing the time of deposition of Cherokee Group, even
though local variations are present. For example, the
zone had been completely buried by the end of Red
Fork deposition in the northwestern part of Logan
County (northwest of the Prairie Gem field), whereas in
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Table 4.—Geochemical Indicators for Source, Maturity,
and Migration Based on GC and GC-MS Analysis
of Whole Oils (C10. Components)

Parameter Bartlesville Red Fork L.Skinner U. Skinner
crr’ 0.94 0.94 0.97 0.81
Pr/Ph? 14 1.32 1.79 1.36
(C17—C19)/(Cr—Ca9)® 2.87 4.43 6.38 4.08
% Cg7:Caq:Cao steranes* 32:10:58 32:9:59 27:7.66 27:9:64
Cys/Cao PP steranes 4.1 4.1 4.7 4.5
Cys BB/co steranes 1.09 0.95 1.06 1.18
208/208+20R° 0.45 048 0.50 0.50
C9/Cyo® 0.56 0.65 0.62 0.71
Tm/Ts’ 1.57 2.55 1.67 2.78
225/225+22R? 0.62 0.61 0.54 0.60
Ca3/Cs0’ 0.40 0.40 0.88 0.32
%TA/TA+MAY 74 84 62 86
TA(Cay/Cay+20R-Cog)"! 0.24 0.23 0.42 0.19
MPI3*? 0.59 0.50 0.67 0.47
MPRB 0.91 0.68 0.83 0.71
MNRM 0.97 0.91 1.26 1.10
%Rppr™ 0.91 0.77 0.86 0.79
%Ryng™ 0.99 0.98 1.03 1.01

1Carbon Preference Index of n-alkanes = Y2((Cgs+Car+CagtCai+Ca3)(Cay+Cot Cogt+
C30+Ca2)+(Cas+Car+CagtCs1+C33)/(Cag+ Cas+Cao+Cazt Ca))-

Pristane/Phytane.
3(C17+C15+C1M(Cz+Cag+Cy) n-alkanes.

150(H),140(H),170(H), 20R-cholestane, 50(H),140(H),170(H), 20R-24-methyl-
cholestane, and 5a(H),140(H),17a(H), 20R-24-ethylcholestane as percentages
of total oo R-Cyy_o9 steranes.

5Cq aloi-steranes.

6(C4e 170(H),218(H)-norhopane/Csy 170(H),21p(H)-hopane.

7Cyr 170(H)-trisnorhopane/Cy; 18a(H)-trisnorhopane.

8C3;, 170(H), 21p(H)-hopanes.

9C,; tricyclic terpane/Cyy 170/(H), 21p(H)-bopane.

(. Triaromatic/(Cys Triaromatic+Cs Monoaromatics) steroid hydrocarbons.
UTriaromatic steroid hydrocarbons.

12Methylphenanthrene index MPI3=(2MP+2MP)/(1IMP+9MP). Garrigues and
others (1988).

3Methylphenanthrene ratio MPR = 2MP/1MP.
1“Methylnaphthalene ratio MNR = 2MN/1IMN.

5Mean vitrinite reflectance calculated as %Rypr= 0.95+1.1log;QMPR. Radke
(1988).

16Mean vitrinite reflectance calculated as %Ryng= 0.17MNR+0.82. Radke and
others (1984).

the southern part of the same coun-
ty, the zone has not been active dur-
ing the Cherokee Group deposition.
The central Oklahoma fault zone
is interpreted as having been
completely buried by the end of Red
Fork and Lower—-middle Skinner in
the southern and northern parts of
Oklahoma County, respectively (An-
drews and others, 1996, 1997a,b).
The McClain County fault zone, ex-
tending southward from the Okla-
homa City uplift, represents a major
zone of shearing between the Chero-
kee platform and the Anadarko ba-
sin. This fault zone is considered ac-
tive during the Cherokee Group
deposition (Pulling, 1979a). A num-
ber of local faults in the adjacent ar-
eas (Oklahoma, Logan, Payne, and
Lincoln Counties) to the north, west,
and south of Prairie Gem are appar-
ent on the Mississippian isopach
map of Rottmann (1997), and some
of them had been active later, even
though with a small displacements.
Possible presence of a normal north-
west—southeast-trending fault, <1
mi west—northwest of the Prairie
Gem field, is suggested based on the
structure map on top of the Pink
lime by Shulman (1966).

The Seminole-Cushing ridge, with
the associated Wilzetta and Keokuk
faults to the west and east, respec-
tively, is another structural element
in close geographical proximity to
the Prairie Gem field. The Keokuk
fault is considered completely buried
by the end of Red Fork interval depo-
sition whereas the Wilzetta fault
appears to be completely buried by
the end of the Prue sand deposition
(Andrews and others, 1997b). The
difference in latest timing of activa-
tion between the eastern and west-
ern flanks of the Seminole-Cushing
ridge could be related to the tectonic
activity associated with the McClain
fault and Pauls Valley uplift. The
Wilzetta fault is evident on structure
maps on top of the Viola, pre-Penn-
sylvanian unconformity map and top
of the Verdigris in Pottawatomie
County (Pulling, 1979a; Joseph,
1987). The initial uplift of the Semi-
nole-Cushing ridge is believed to
have occurred during the Middle
Devonian associated with normal
faulting along the Wilzetta fault rep-
resenting the western flank of the
Seminole-Cushing ridge. During the
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‘Figure 4. Plot of concentration of n-alkanes in milligrams per gram of oil versus carbon number of n-alkanes showing results
of quantitative gas-chromatographic (GC) analysis of whole oils. Note the “front-end” loading with lower molecular weight
nC,, — Cyo alkanes in Lower Skinner oil (for further discussion refer to text).

post-Mississippian to pre-Desmonesian time (late
Morrowan), a major folding of the Seminole-Cushing
ridge and rejuvenation of the Wilzetta and other north-
east—-southwest-trending faults took place that was
related to the Pauls Valley uplift to the south. During
this period of folding and faulting, the area was tilted
toward the east, and eastward dips of Paleozoic strata
below the pre-Pennsylvanian unconformity were estab-
lished. During the Desmoinesian (Cherokee deposi-
tion), possible growth faulting, with recurrent move-
ment, is suggested along the Seminole-Cushing ridge,
resulting in the formation of thicker sequences on the
downthrown side (Lozano, 1969; Pulling, 1979a; Jo-
seph, 1987). During the late Desmoinesian, renewed
movement of the Wilzetta fault is reflected on the Ver-
digris (top of Skinner) structure maps of Pulling
(1979a) and Joseph (1987). Westward tilting of the
area, reflected in westward dips of the Verdigris and
pre-Pennsylvanian unconformity, is thought to have
occurred during the post-Permian/pre-Cretaceous
(Pulling, 1979a) or at the close of the Permian (Joseph,
1987). The change in the regional tilt from eastward to
westward and the recurrent activation of major faults
are two favorable conditions for initiation of hydrocar-
bons redistribution among pre-existing accumulations
in the areas of Seminole-Cushing ridge and Pauls Val-
ley uplift. Additional partial support comes from obser-
vations, such as the presence of tilted oil-water contacts
in Red Fork sand accumulations (Creek County, T. 19
N., R. 8 E.; Hanke, 1967) and gradual changes in the

type of Lower Skinner accumulations from black oil in
the regions south—southwest of Prairie Gem (Kurt
Rottmann, 1996, unpublished data) to greenish oil and
gas in the areas northeast of the Prairie Gem field
(Hanke, 1967).

CONCLUSIONS

The geochemical characteristics of oils in this study
suggest common source rock(s) for the oil accumula-
tions of the Bartlesville, Red Fork, and Lower and Up-
per Skinner reservoirs in the Prairie Gem field. The
maturity level of the oils, calculated from the aromatic
hydrocarbon distributions, corresponds to 0.8-1%
vitrinite reflectance. Lower Skinner oil is distinguished
by a number of parameters, suggesting different matu-
ration and/or migration history—high GOR, “front-end
loading” with nCy, — C,, alkanes, elevated Pr/Ph, Cy4
tri/C3, hopane, C,1/Cyy + 20R—Cog triaromatic steranes,
low asphaltene, and micro-crystalline wax contents. To
a lesser extent, some of these characteristics are recog-
nized for Bartlesville oil as well. Based on analysis of
the results, the possibility of mixing of original black-oil
accumulation with later charge(s) of migrating gas con-
densates is proposed to account for the compositional
differences of the Lower Skinner oil. The origin of gas-
condensates could be thermogenic or result from migra-
tion/fractionation processes. A future regional geo-
chemical and geologic study is suggested to further
clarify these possibilities.
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Principal Reference Section of Red Eagle Limestone

C. E. Keairns
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Lubbock, Texas
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AgsTrACT.—The Red Eagle Limestone currently is being considered for the placement
of the Pennsylvanian—Permian Boundary. Such an important formation should have
a well-documented type locality. Currently, all attempts to find K. C. Heald’s 1916
measured section have failed. As a result, a designated principle reference section has
been located and described. The new principal reference section allows easy access and
offers complete measured sections of the Red Eagle Limestone. The section is mea-
sured and described; depositional events with respect to sea-level changes are inter-
preted; and conodont distribution is noted.

ORIGINAL TYPE LOCALITY

K. C. Heald described the original type locality for
the Red Eagle Limestone in 1916. The locality was
named for excellent exposures near the Red Eagle
School southwest of Foraker. The only measured sec-
tion given by Heald, however, is on a tributary of Hay
Creek, a quarter of a mile east of the common corner of
secs. 1,2, 11, and 12, T. 26 N., R. 5 E. The section, ac-
cording to Heald, is completely limestone, which is var-
ied in color, fossil content, and lithology, and measures
16.5 ft (5.03 m) in thickness. Numerous attempts by
the authors to locate and sample this locality have
failed.

PRINCIPAL REFERENCE SECTION

Because Heald’s original reference section cannot be
located, a new principal reference section for the Red
Eagle Limestone is proposed, located in a quarry adja-
cent to the town of Burbank, Osage County, Oklahoma.
The new locality provides easily located and measured
sections of the Red Eagle (Fig. 1; Table 1). The bound-
ing paleosols of the Red Eagle sequence (Johnson Shale
and Roca Shale) are exposed, allowing for a complete
and accurate measurement of the Red Eagle Limestone
to be made. In addition, two cores have been made
available by the Oklahoma Geological Survey to serve
as references.

DESCRIPTION

The Red Eagle Limestone along with the upper
Johnson Shale constitutes a single, transgressive-

regressive stratigraphic sequence complete with ma-
rine condensed sections. The rise and fall of sea level
responsible for the deposition of these strata is a result
of periodic glaciations.

The basal 17.3 ft (5.19 m) of the Johnson Shale is
predominantly reddish to greenish, blocky mudstone.
This is capped by a 4-in.-thick (0.10-m) chonetid lag
deposit, and 15 in. (0.38 m) of gray shale. The basal 10
in. (0.25 m) of the Red Eagle Limestone consists of
tightly interbedded gray shale and thin limestones
topped by a 38-in.-thick (0.96 m) algal (phylloidal) lime-
stone. Above is 25 in. (0.63 m) of predominantly lime-
stone, with four thin, gray-shale partings. The upper
24.3 1t (7.33 m) is mostly medium-gray wackestone, al-
though two small gray-shale partings exist. The Red
Eagle is capped by the Roca Shale, which is a 16.3-ft-
thick (5 m) red, blocky mudstone, to red fissile shale.

INTERPRETATION OF SEQUENCE

The stratigraphic column has been interpreted in
the following manner (Fig. 1). (1) The Red Eagle se-
quence is bounded at the base by a blocky red mud-
stone, identified as a paleosol, evidenced by root traces
and caliche nodules. (2) Following the formation of the
paleosol, an initial marine transgression in the
Johnson Shale deposited a thick, fossiliferous shale,
thin lenticular limestones interbedded with shales, a
carbonate lag deposit, and a fossiliferous shale capped
by a thin chonetid lag deposit. (3) At this point, a thin,
marine, condensed section with glauconite, phosphate,
and an offshore-marine Streptognathodus conodont
fauna (Fig. 2) was deposited, representing a maximum

Keairns, C. E.; and Boardman, D. R. II, 2001, Principal reference section of Red Eagle Limestone, in Johnson, K. S. (ed.),
Pennsylvanian and Permian geology and petroleum in the southern Midcontinent, 1998 symposium: Oklahoma Geo-
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Table 1.—Description of Stratigraphic Section at Burbank Quarry

Locality Description: Location is the Burbank Quarry in Burbank, Osage County, Oklahoma. The section measured is from
the Johnson Shale through the Roca Shale. Burbank quadrangle, SEV4 sec. 25, T. 26 N., R. 5 E. Interval measured is the
Johnson Shale, Red Eagle Limestone, and Roca Shale.

10

11

12
13

162 in.

37 in.

1.5 in.
2 in.
lin.
lin.

4in.

13 in.

2in.

2in.

1.5 in.
3in.
lin.
1.5 in.

2in.

34 in.

4 in.

3.51n.

2in.

4in.

1.5 in.

5in.

5in.

UNIT DESCRIPTIONS

Johnson Shale: grayish-red to blackish-red shale;
paleosol.

Johnson Shale: grayish-yellow at the bottom to a
yellowish-gray shale near the top.

Johnson Shale: medium-gray lenticular limestone.
Johnson Shale: greenish-gray shale.

Johnson Shale: medium gray lenticular limestone.
Johnson Shale: greenish-tan shale.

Johnson Shale: medium-gray lenticular limestone,
abundant debris, lag deposit.

Johnson Shale: greenish-gray shale.

Johnson Shale: medium-light-gray shale chonetid
brachiopods, lag deposit.

Red Eagle Limestone: medium-dark-gray limestone
weathers very pale orange, crinoids, abundant brach-
iopods, marine condensed section, glauconite, phos-
phate, abundant Streptognathodus conodonts, wacke-
stone.

Red Eagle Limestone: green-gray shale.
Red Eagle Limestone: gray limestone, wackestone.
Red Eagle Limestone: greenish-gray shale.

Red Eagle Limestone: light-olive-gray to medium-
light-gray limestone, wackestone, algae, large
amounts of recrystallized calcite, brachiopods.

Red Eagle Limestone: light- to medium-gray shale.

Red Eagle Limestone: medium-light to light-olive-
gray limestone, algae, weathers irregular, brachio-
pods, crinoids, large amounts of recrystallized calcite,
bryozoa, algal wackestone.

Red Eagle Limestone: medium-light to light-olive
gray limestone, phylloidal algae, calcite
recrystallization, brachiopods, crinoid, bryozoa,
ostracodes, hematite, Adetognathus conodonts, algal
wackestone.

Red Eagle Limestone: medium-gray limestone,
weathers to a pale grayish orange, crinoids, brachio-
pods, bivalves, rare fusulinids, ostracodes, glauconite,
phosphate, abundant Streptognathodus conodonts,
packstone.

Red Eagle Limestone: medium-gray shale, marine
condensed section.

Red Eagle Limestone: medium-light-gray shale, fusu-
linids, brachiopods, bivalve, bryozoa, echinoderm,
ostracodes, trilobite, glauconite, phosphate, abundant
Streptognathodus conodonts, packstone.

Red Eagle Limestone: medium-light-gray shale.

Red Eagle Limestone: medium- to medium-light-gray
limestone, weathers pale grayish orange, brachio-
pods, ostracodes, algae, foraminifera, bivalve, wacke-
stone.

Red Eagle Limestone: medium-light-gray limy shale,
crinoids, brachiopods, fusulinids, coral, ostracodes,
algae, wackestone.
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123 in.
58 in.
26 in.

Red Eagle Limestone: light-gray to medium-light-
gray limy shale, weathers pale grayish orange,
calcification evident, phylloidal algae, brachiopods,
crinoids, bryozoa, Diplognathodus conodonts, wacke-
stone.

Red Eagle Limestone: medium-light-gray limestone,
weathers grayish orange, crinoids, brachiopods
bryozoa, algae, ostracodes, Streptognathodus cono-
donts, wackestone.

Red Eagle Limestone: medium-light-gray shale.

Red Eagle Limestone: medium- to medium-light-gray
limestone, brachiopods, bryozoa, algae, Diplognatho-
dus conodonts, wackestone.

Red Eagle Limestone: medium-light-gray to medium-
gray limestone, weathers very pale orange, brach-
iopods, corals, foraminifera, crinoids, trilobite,
echinoderm, bryozoa, small amount hematite, wacke-
stone.

Red Eagle Limestone: medium-gray limy shale, cri-
noids, brachiopods.

‘Red Eagle Limestone: light- to medium-light-gray

limestone, crinoids, brachiopods, bryozoa, ostracodes,
echinoderm, wackestone.

Red Eagle Limestone: medium-light-gray limy shale
crinoids, brachiopods, coral, ostracodes, hematite,
wackestone.

Red Eagle Limestone: medium-light-gray limestone,
brachiopods, ostracodes, echinoderms, bryozoa,
crinoids, hematite, Diplognathodus conodonts, wacke-
stone.

Red Eagle Limestone: medium-light-gray limy shale,
bryozoa, brachiopod, crinoid, hematite, wackestone.

Red Eagle Limestone: medium-light-gray limestone,
echinoderm, bryozoa, foraminifera, hematite, wacke-
stone.

Red Eagle Limestone: medium-light-gray limy shale.

Red Eagle Limestone: medium- to medium-light-gray
limestone, crinoids, wackestone.

Red Eagle Limestone: light-gray limestone, bryozoa,
ostracodes, brachiopods, crinoid, foraminifera, wacke-
stone.

Red Eagle Limestone: light- to medium-light-gray
limestone, brachiopod, crinoid, bryozoa, ostracodes,
hematite, wackestone.

Red Eagle Limestone: light- to medium-light-gray
limestone, massive, brachiopod, crinoid, echinoderm,
bivalve, ostracodes, wackestone.

Roca Shale: light grayish-green shale, blocky mud-
stone.

Roca Shale: dusky-red to very dusky-red shale.
Roca Shale: light brown to green shale.
Sallyards Limestone: light grayish-green limestone.
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Figure 2. Conodont distribution in Red Eagle Limestone at Burbank Quarry. Units correspond to those of Figure 1 and Table 1.

transgression of sea level in the Red Eagle Limestone.
The Streptognathodus nodulinearis and flagulatus (in
Russian sense) identified in this condensed section cor-
relates with the conodont fauna at the base of the Per-
mian at the type Permian locality in Kazakhstan, So-
viet Union. (4) Overlying this condensed section, a
thick cabonate was deposited by a rapid regression in
shallow-marine conditions, as indicated by the abun-
dance of phylloid algae. (5) Next, a second, maximum
transgression occurred, with the distinct marine con-
densed section characteristics—viz., glauconite, phos-
phate, and deep-marine Streptognathodus conodonts.
(6) The rock above the upper marine condensed section
consists entirely of fossiliferous, shallow-marine car-

bonates. In some sections, they appear as limy shales;
however, they contain greater than two-thirds lime-
stone. (7) Finally, the Roca Shale caps the sequence.
The Roca is a blocky red-shale paleosol containing root
traces and caliche nodules.
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Redevelopment of Old Fields in the Upper Pennsylvanian

and Lower Permian of Southeast New Mexico:

Rejuvenation of Underdeveloped Fields Yields Major Reserves

Ronald F. Broadhead

New Mexico Bureau of Mines and Mineral Resources
Socorro, New Mexico

AsstracT.—Carbonate reservoirs in the Cisco and Canyon (Upper Pennsylvanian) and
lower Wolfcamp (Permian) sections in the Permian basin of southeast New Mexico are
significant reservoirs for oil and gas. The 400 fields that produce from the reservoirs
have yielded a cumulative total of 490 million barrels oil (MMBO) and 3.2 trillion cubic
feet of gas (TCFQ), or 12% of the oil and 16% of the gas produced from southeast New
Mexico. Sixteen of these fields have been identified that were underdeveloped at some
stage in their history. These include Dagger Draw (40 MMBO cumulative production),
Allison (24 MMBO cumulative production), and Baum (12 MMBO cumulative produc-
tion).

Although initially underdeveloped, subsequent redevelopment added significantly
to reserves and production. Statistical analysis of production-decline curves was used
to estimate reserves developed during initial drilling of these fields and during subse-
quent phases of redevelopment. For the 16 fields studied, redevelopment accounted for
a total of 72% of total field reserves. Redevelopment accounted for more than 95% of
total reserves at Dagger Draw, 90% of reserves at Allison, and 99% of reserves at
Baum.

Redevelopment in these fields was generally in undrilled portions of the fields, the
potential of which was unrealized, and not in overlooked pay zones. Redevelopment
resulted in a fivefold to tenfold increase in numbers of producing wells and productive
acreage. Significant potential remains for other fields to remain underdeveloped.

WHAT IS AN UNDERDEVELOPED
FIELD?

An underdeveloped field can be defined as an oil or
gas field that was incompletely developed subsequent
to initial field discovery. Underdeveloped fields typi-
cally produce minimal levels of oil and gas from only
a few wells drilled in the period immediately follow-
ing initial discovery (Fig. 1). One or more subsequent,
discrete phases of development several years after
field discovery reinvigorate production from these
fields. These phases of redevelopment do not involve
infill drilling nor do they involve secondary or tertiary
recovery techniques. Rather, they are based upon drill-
ing the same pay zone that was produced during ini-
tial development of the field but from proration units
that remained undrilled during initial development
(Fig. 2). As such, they represent new oil that was un-
recognized at the time of field discovery and initial
development.

THE UPPER PENNSYLVANIAN
AND LOWER WOLFCAMPIAN CARBONATES
OF SOUTHEAST NEW MEXICO

The Upper Pennsylvanian and Lower Wolfcampian
strata of southeast New Mexico are primarily carbon-
ates. These stratigraphic units have produced a cumu-
lative 490 million barrels of oil (MMBO) and 3.2 trillion
cubic feet (TCF) of gas from 400 fields (Fig. 3)—12% of
the oil and 16% of the gas produced from southeast
New Mexico. Depth to production varies from 5,900 ft
to 11,500 ft. Most reservoirs are biohermal and were
deposited either as patch reefs on the northwest shelf of .
the Permian basin or as shelf-margin barrier reefs on
the margin between the northwest shelf and the deep
Delaware basin to the south (Fig. 3; Broadhead, 1993;
Cys, 1986; Cys and Mazzullo, 1985; Malek-Aslani,
1985; Speer, 1993). Porosity in most of these fields is
secondary, occurring as systems of interconnected vugs
within the biohermal complex.

Broadhead, R. F., 2001, Redevelopment of 0ld fields in the Upper Pennsylvanian and Lower Permian of southeast New
Mexico: rejuvenation of underdeveloped fields yields major reserves, in Johnson, K. S. (ed.), Pennsylvanian and Per-
mian geology and petroleum in the southern Midcontinent, 1998 symposium: Oklahoma Geological Survey Circular

104, p. 119-122.
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Figure 1. Annual production in thousand barrels of oil (MBO)
and number of active producing wells for the Dagger Draw
Upper Pennsylvanian oil pool, Eddy County, showing the
effect of redevelopment on production. General field location
shown on Figure 3.

Analysis of curves that show historical production
and number of active producing wells (e.g., Fig. 1) indi-
cates that 16 of the fields in the Upper Pennsylvanian
and Lower Wolfcampian carbonates have been under-
developed historically. All of these 16 fields had at least
one stage of redevelopment and four of the fields had
two stages of redevelopment (Table 1).

Reserves brought into production for each stage of
development were calculated using a decline-curve
technique for each of the 16 underdeveloped fields
(Broadhead, 1999). The majority of reserves in these 16
fields were brought into production by redevelopment
(Table 1). Discovery and initial development brought
only 28% of reserves into production. After initial de-
velopment, most of these fields were thought to be mi-
nor fields that would never yield significant amounts of
oil.

A common theme underlies the reasons for underde-
velopment of all 16 fields, except for the Four Lakes
field. They are all stratigraphic traps, the areal extent
of which is defined by the biohermal complex that
forms the trap. However, the discovery wells for these
fields were drilled on anticlinal structures (Fig. 2), and
the initial phase of development took place under the
premise of structural entrapment of the oil. The struc-
tures were defined either by reflection-seismic tech-
niques or by subsurface geology. The initial develop-
ment wells were confined to the anticlinal crests. Offset
wells were not drilled in downdip locations. As a result,
only the anticlines were drilled, and the larger parts of
these fields were ignored. The majority of reserves in
these fields remained unproduced until other operators
came along years later and instituted new drilling
programs.

The Four Lakes field is the exception. This field is a
structural trap that is formed by an anticline. Redevel-
opment in this field had to wait until wells on the crest
of the structure were depleted in a deeper pay zone
(Devonian) and could be recompleted uphole in the
Upper Pennsylvanian carbonates.

R. F. Broadhead
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Figure 2. Map of the Baum Upper Pennsylvanian oil pool,
Lea County, showing present-day (1996) outline of the field,
areas of initial development (dark shading), the two phases of
redevelopment (medium shading and white), and locations of
major anticlinal noses in the field. General field location
shown on Figure 3.

FUTURE POTENTIAL

The potential for additional underdeveloped oil re-
serves in the Upper Pennsylvanian and Lower
Wolfcampian carbonates of southeast New Mexico is
considerable. Of the 400 fields that produce from these
reservoirs, 362 (91%) have less than ten producing
wells and 299 (75%) had less than three producing
wells. Of these small fields, 135 have no producing
wells, having either been abandoned or not yet brought
on line.

Whereas many of these small fields are undoubtedly
small accumulations of oil and gas in small reservoirs,
many are not delineated either wholly or partially
by offsetting dry holes that have either tested or other-
wise fully evaluated the Upper Pennsylvanian and
Lower Wolfcampian carbonate reservoirs. Many
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Figure 3. The geologic elements of the Permian basin in southeast New Mexico, fields productive from Upper Pennsylvanian
and Lower Wolfcampian carbonates, and underdeveloped Upper Pennsylvanian and Lower Wolfcampian fields that have been

redeveloped.

of these small fields were discovered by wells that
were originally drilled to deeper zones, particularly
the Morrow sands (Lower Pennsylvanian), in search
of gas. They were recompleted in the Upper Pennsyl-
vanian and Lower Wolfcampian carbonates only
when the deeper zones proved unproductive or when
those zones were abandoned after production declined
to subeconomic levels. There is generally little attempt
to fully develop the small fields found by these
reworked wells. The full extent of many of these
fields remains to be proved. They are reminiscent of

the initial development of the 16 historically under-
developed fields described above. How many more
Dagger Draws, Allisons, and Baums have been dis-

covered but remain unrecognized and underdevel-
oped?
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Subsurface Study of the Permian Ozona Canyon Sandstone,
Val Verde Basin, Block MM, Southwest Crockett County, Texas

Melissa Kelly Harrell

Texas Tech University
Lubbock, Texas

ABsTRACT.— The Lower Permian Ozona Canyon sandstone is a prolific tight-gas zone
in the Val Verde basin of West Texas. The Ozona Canyon sandstone is classified as
sublitharenite to litharenite with porosities averaging <3% and permeabilities <0.1 md
(millidarcies). A study of the Ozona Canyon interval was conducted in the northern
portion of Block MM, Crockett County, Texas. The study utilized net sand isopach
maps and gamma ray log facies distribution maps to evaluate the depositional envi-
ronment and determine potential infill drilling locations within the field.

The Ozona Canyon sandstone was divided into six distinct intervals, evaluated
individually. The upper Ozona intervals, A and C, are defined as upper fan deposits
based on their isopach trends and log facies and display both channel and lobe and
levee characteristics. Middle fan deposits are represented by the Ozona E and F sands
and are dominated by log facies and sand isopach trends characteristic of channel
deposits. Ozona intervals G and H constitute the lower fan deposits and are distin-
guished from the upper and middle fan deposits by a hotter gamma ray response and
the lack of strong, linear sand trends present in the other Ozona intervals. The G sand
is composed almost entirely of channel log facies, whereas the H sand comprises lobe
and levee log facies with virtually no channel log facies.

Mapping of the Ozona Canyon interval increased drilling potential in the Block MM
field by defining the thick, channel quality sand zones. After completion of the initial
maps in August 1996, more than 60 new wells have been drilled. Some of the wells
drilled in 1997 yielded initial production (IP) values >1,000 thousand cubic feet per day
(mcfd), higher than that of wells previously drilled in the Ozona Canyon sandstone.
The increase in production is attributed to the correlation established between the

sand isopach maps and the log facies distribution maps conducted in this study.

INTRODUCTION

The Pennsylvanian—-Permian Canyon Sandstone is a
prolific natural gas zone in the Midland and Val Verde
basins of West Texas. The subsurface sands were corre-
lated with the Pennsylvanian (Desmoinesian—Missou-
rian) Canyon Group of north-central Texas (Hamlin
and others, 1995). The work of Rall and Rall (1958) and
Van Siclen (1958), however, earlier identified the West

This paper is reprinted, with slight modifications, from
Harrell, M. K., 1998, Subsurface study of the Permian
Ozana Canyon sandstone in the Val Verde basin, Block MM,
southwest Crockett County, Texas, in DeMis, W. D., and
Nelis, M. K. (eds.), The search continues into the 21st cen-
tury: West Texas Geological Society Publication 98-105, p.
107-117.

'Present address: Geological Consultant, Salt Lake City,
Utah.

Texas Canyon sandstones as younger than the Des-
moinesian and Missourian Canyon shelf deposits of
central Texas. Further investigations concluded that
deposition of the West Texas Canyon sandstones oc-
curred in basin and slope settings, and are Virgilian,
Wolfcampian, and Leonardian in age (Lehtonen, 1987;
Neuberger, 1987). Despite the miscorrelation, the term
“Canyon” is commonly used in the petroleum industry
to identify the basin deposits of the Midland and Val
Verde basins. This study focuses on the Ozona Canyon
sandstone of Crockett County, Texas, in the Val Verde
basin.

The area of study is a Union Pacific Resources
(UPR), Pioneer (formerly known as Parker & Parsley)
farmout. The field is located in the northeast portion of
Block MM, ~20 mi southwest of Ozona, Texas (Fig. 1).
The depth of the Ozona interval in this field is between
approximately 5,500 ft and 7,400 ft subsurface.

The Ozona Canyon sandstone is Early Permian in

Harrell, M. K., 2001, Subsurface study of the Permian Ozana Canyon sandstone,Val Verde basin, Block MM, southwest
Crockett County, Texas, in Johnson, K. S. (ed.), Pennsylvanian and Permian geology and petroleum in the southern
Midcontinent, 1998 symposium: Oklahoma Geological Survey Circular 104, p. 123-141.
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Figure 1. Block MM Ozona Canyon gas field (modified after Hamlin and others, 1995). The study area is outlined in black.

age and is believed to record the final clastic deposi-
tional episode filling the Val Verde basin (Hamlin and
others, 1995). The sandstone lies directly above the
Sonora Canyon interval and is overlain by Leonardian
carbonates and mudstones. Core samples and sand-
stone distribution patterns of the Ozona Canyon sands
indicate that deposition occurred in a basin margin
turbidite system, or submarine fan (Mitchell, 1975;
Berg, 1986; Lehtonen, 1987; Hamlin and others,
1992a). The Ozona interval occupied a basin floor posi-
tion, but was at a much shallower depth than existed
during deposition of older Canyon intervals (Hamlin
and others, 1995).

The Ozona Canyon sand is dominated by inter-
fingering sandstones and shales. Rall and Rall (1958)
recognized a basinal facies including dark shale and
fine-grained sandstone, constituting as much as 50% of
the section. Regionally, the Ozona Canyon sand thick-
ens gradually westward across Sutton and Crockett
Counties, with abrupt thickening in southwest Crock-
ett County (Hamlin and others, 1995). Although the
Ozona Canyon sand is relatively continuous across the
Val Verde basin, individual sand beds are discontinu-
ous.

The Ozona Canyon Block MM field study was initi-
ated through Union Pacific Resources in Fort Worth,
Texas. The goal of the study was to evaluate infill po-
tential within the sparsely drilled acreage. The field
study began in the summer of 1996, and new well data
were received through November 1997.

Core was not available from the Block MM study
site; therefore, information regarding the depositional
environment was derived from core data outside of the
field and through the use of gamma ray logs. Logs and
core data used in the study were obtained from Union
Pacific Resources.

The Ozona Canyon sandstone was divided into a
series of stratigraphic zones defined by characteristic
gamma. ray log facies. The stratigraphic framework
was pre-established by Stan Lewis at Union Pacific
Resources. It is important to note that the individual
sand intervals do not represent single sands, but
instead represent packages of stacked sands with a
characteristic gamma ray response. The zones defined
in the study are the Ozona A, C, E, F, G, and H, where
A is the uppermost sand and H the lowermost sand
(Fig. 2). The B sand is completely absent, and the D
sand is present only in a few isolated wells within the
study area. Neither the B nor the D sand will be dis-
cussed. .

Once the sand zones were defined and correlated,
net feet of clean sand was estimated from the gamma
ray logs using a 40% sand-shale cut off (approximately
midway between the maximum and minimum gamma-
ray response). All gamma ray logs used in this study
were modern API (American Petroleum Institute) cali-
brated gamma ray logs. Previous work conducted on
the Canyon sands determined normalization to be un-
necessary; therefore, the gamma ray logs were not nor-
malized (Hamlin and others, 1995, and D. Jenkins,
Union Pacific Resources, personal communication,
1996).

Independent of the sand isopach maps, log response
distribution maps were created for the six Ozona inter-
vals (A, C, E, F, G, and H). The log response pattern
was annotated for each interval. The following log re-
sponse classifications were used to describe the indi-
vidual zones: CU—coarsening upward, SCU—serrate
coarsening upward, S—serrate, SB—serrate blocky,
CD—coarsening downward, and SCD-—serrate coars-
ening downward (Fig. 3). A similar classification sys-
tem is described by Galloway in a recent American
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Figure 2. Ozona Canyon type log-UPR Zipp Ranch 34-14, API no. 42-105-37451. The Ozona Canyon intervals are marked

according to the formation code. Depth are in feet.

Association of Petroleum Geologists Bulletin (Gallo-
way, 1998).

The Canyon sands of the Val Verde basin have pro-
vided commercial gas production for more than 30
years. Canyon reservoirs have yielded more than 2 tril-
lion cubic feet (Tcf) of gas and account for a large por-

tion of the domestic low-permeability gas production,
reserves, and new completions (Hamlin and others,
1995). Exploration for gas in the Val Verde basin began
in 1952, with the successful discovery of the Puckett
field (Hills, 1968; National Petroleum Council, 1980).
In the early years, gas in the Val Verde basin was pro-
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Figure 3. Ozona Canyon gamma ray log facies classification
for the Block MM wells.

duced primarily from the Ellenburger and Strawn car-
bonates, with only minor amounts produced from the
Canyon sands. Thick Pennsylvanian—Permian mud-
stones in the southern part of the Val Verde basin are
believed to be the source rocks of gas in the Canyon
sands (National Petroleum Council, 1980).

Unlike the Ellenburger and Strawn carbonates,
Canyon sands are not conventional structural traps,
with moderate permeabilities (1-100 millidarcies [md])
and distinct gas-water contacts. Instead, the Canyon
sandstone reservoirs are subtle stratigraphic traps
with low permeabilities (<0.1 md) (Hamlin and others,
1995). The inferred trapping mechanisms in the Can-
yon interval are updip and lateral facies changes be-
tween sandstones and shales (Huang, 1989). Sand
quality is a key issue in the productivity of the Canyon
sandstones, and acidizing and fracturing are essential
for economic production.

DEPOSITIONAL ENVIRONMENT

Interpretation of the depositional environment of
the Ozona Canyon sandstone was determined with the

M. K. Harrell

aid of core descriptions, well log response patterns, and
net sand isopach maps. The Ozona Canyon sandstones
were deposited in deep-water, turbidite systems
(Hamlin and others, 1995). Reading and Richards’s
(1994) classification of turbidite systems delineated
submarine fan systems based on their grain size and
type of feeder system. The classification system defined
by Reading and Richards (1994) effectively describes
the depositional environment of the Ozona sands.

The problem with many submarine fan classification
systems is that the contributing environmental factors
cannot be directly measured. The classification system
defined by Reading and Richards (1994), however, uses
two fundamental and observable parameters—grain
size and feeder system. The first component, grain size,
is observable in the field, in core, and can be inferred
from wireline logs. Second, the organization of turbid-
ite deposits is dependent on how the sediment is deliv-
ered. The nature of the feeder system is defined by
whether the sediment is concentrated and funneled
through a single point source, transported by a mul-
tiple source, or by a linear source.

Core samples from the Ozona interval include sand-
stone and mudstone dominated facies (Hamlin and oth-
ers, 1995). Distribution of the sandstone and sandstone
geometries suggests that the depositional environment
of the Ozona Canyon interval can be classified as a
multiple-source mud/sand rich ramp using the turbid-
ite system classification of Reading and Richards
(1994) (Fig. 4). The system is generally fed by a mixed
sand-mud delta that may either prograde across a
gently sloping shelf or feed the basin through multiple
source valleys. The presence of several feeders, active
simultaneously, distinguishes the multiple-source
mud/sand rich ramp from earlier fan systems (Reading
and Richards, 1994).

SUBSURFACE MAPPING

Subsurface maps constructed from log data make up
the bulk of the field study. The following section is a
discussion of the results of the subsurface maps. The
maps include sand isopach maps and log response dis-
tribution maps of the six Ozona intervals (A, C, E, F, G,
and H). Structure maps of the field were deemed un-
necessary due to the stratigraphic rather than struc-
tural nature of the reservoir.

The Block MM subsurface maps are divided into
three categories based on their log and fan facies asso-
ciations: the upper fan, middle fan, and lower fan. Fan
divisions are based on sand isopach and log facies char-
acteristics and do not necessarily represent a single fan
progradational sequence. Sand packages within the
Ozona Canyon interval are separated by thick basin
plain shaly siltstones and shales (Fig. 2). Therefore, the
individual Ozona Canyon intervals represent separate
depositional lobes (Fig. 5). The lower fan facies associ-
ated with the middle and upper fan deposits (intervals
A, C,E, and F) are represented by the shaly sandstones
eliminated from the net sand map by the gamma ray
cut-off.

The log facies S, CU, and SCU are classified as lobe
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Figure 4. Depositional model for a multiple-
source mud/sand rich ramp representing the
Ozona Canyon sandstone (after Reading
and Richards, 1994).

Middle-fan channel
Log Facies
SB,CD, & SCD
Middle-fan lobe

Log Facies
CU & SCU

Outer-fan-
lobe fringe
Log Facies
S

Figure 6 (above). Simplified fan model showing gamma ray
log facies characteristic within the fan (modified after Hamlin
and others, 1995). See Figure 3 for explanation of log facies.

Figure 5 (left). Facies and sequences making up the facies
associations characteristic of deep-water fan environments
(after Mutti and Ricci Lucchi, 1972). Each of the Ozona Can-
yon intervals represent different depositional lobes separated
by basin plain shaly siltstones and shales.
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Figure 7. Sand isopach map of the Ozona Canyon A interval. Each section is one square mile, 30 ft contour interval.

and levee fringe deposits, and the log facies CD and SB
represent channel deposits (Figs. 3, 6). The log facies
denoted by SCD displays characteristics of both lobe
and levee and channel deposits but is grouped with the
channel deposits on the log facies distribution maps
(Figs. 3, 6). Unlike the other channel log facies (CD and
SB), the SCD notation represents thinner, probably
finer grained channel deposits. Ozona intervals A and
C represent the upper fan deposits, intervals E and F
represent the middle fan deposits, and intervals G and

H the lower fan deposits. The maps are discussed ac-
cording to the fan facies association and in the order of
well penetration, starting with the upper A sand and
finishing with the lower H sand.

Upper Fan Deposits

Upper fan deposits are typically characterized by a
thick-bedded, coarse-grained, lenticular sandstone-con-
glomerate facies and a laminated or bioturbated mud-
stone-marlstone facies representing channel and
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interchannel deposits (Fig. 5) (Reading, 1986). The
upper fan deposits of the A and C sands are character-
ized predominantly by the S and SCD gamma ray log
response patterns typical of channel (SCD) and lobe
and levee deposits (S).

Ozona Canyon A Interval

The A zone is the youngest sand in the Ozona inter-
val and is a thick package of stacked sands separated
by alternating shale sequences (Fig. 7). Thickness
ranges from <10 ft to >150 ft. Due to the variation in
the thickness and the discontinuity of the individual
sand beds within the A interval, no trends were ex-
pected from the sand isopach map. However, a distinct
trend does appear in the data. The obvious sand iso-
pach trend runs in a northwest—southeast direction,

with strong indication of a northerly source. The linear
thick zones are narrow in the northern portion of the
field and bifurcate into two thick lobes toward the
south, supporting the conclusion that sediment supply
was from the north. The A sand is interpreted as a se-
ries of coalesced fans.

The gamma ray log response patterns in the A sand
are dominated by the upper fan facies S and SCD com-
prising 80% and 17%, respectively (Fig. 8). True chan-
nel deposits (SB and CD) occupy only 3% of the map
area and consist of only the SB log facies. The log re-
sponse distribution map shows a strong correlation
with the sand isopach map. In the northeast (sec. 30%),
there is an indication of a multiple feeder system noted
in both the isopach and log response map. The trend in
this section follows a northeast—southwest line, similar
to that noted in the underlying E sand.
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Figure 9. Sand isopach map of the Ozona Canyon C interval. Each section is one square mile, 30 ft contour interval. Closed

contours are sand thicks.

Ozona Canyon C Interval

The Ozona Canyon C interval is not a dominant pro-
ducer in the study area (Fig. 9). Although the sand fol-
lows the same northwest—southeast trend noted in the
Ozona Canyon A interval, the sand is significantly
thinner. Clean sand thickness in the northern half of
the study area does not exceed 30 ft and is primarily
less than 10 ft. The Ozona Canyon C sand does thicken

toward the southwest edge of the map, with sand thick-
ness greater than 50 ft. Productivity in the C zone be-
gins to increase in these thicker sand trends.

The log response distribution map of the Ozona Can-
yon C interval exhibits a strong correlation with the
sand isopach map (Fig. 10). Lobe and levee log response
patterns constitute 70% of the field, and consist of only
the S log facies. Log facies CD and SCD define the
channel deposits, and make up 30% of the log facies.
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Figure 10. Log facies distribution map of the Ozona Canyon C interval. Shaded region includes the CD and SCD log facies,

unshaded region includes the S log facies.

The gamma ray response of the Ozona Canyon C inter-
val is hotter (higher API) than the other Ozona Canyon
intervals, thus resulting in the thin, shaly, upper fan
deposit.

Middle Fan

Middle fan deep-water deposits are characterized by
thinning-upward sequences (distributary channels)

overlying thickening-upward sequences (prograding
lobes) (Fig. 5) (Reading, 1986). Ozona E and F intervals
make up the middle fan deposits. These sands are
dominated by the channel gamma ray response pat-
terns consisting of the SB, CD, and SCD log facies.
Lobe and levee responses (S, CU, and SCU) are also
present in the E and F intervals, but are less abundant
than in the upper and lower fan deposits.
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Figure 11. Sand isopach map of the Ozona Canyon E interval. Each section is one square mile, 30 ft contour interval.

Ozona Canyon E Interval

The most noticeable feature within the E sand is the
distinctive linear thick, bisecting the study area. Maxi-
mum thickness exceeds 120 ft. The E interval displays
an obvious southwest-northeast trend, perpendicular
to the trend noted in the overlying Ozona intervals
(Fig. 11). The reverse trend is supported by the sand
isopach work completed in the northern portion of the

field by Scott Hamlin with the Bureau of Economic
Geology. Without core data from the field, the reason
for the sand isopach trend change is unclear but is most
likely due to a shift in the feeder system.

Log response patterns within the E zone are domi-
nated by the channel responses, and a strong correla-
tion exists between the log facies distribution map and
the isopach map (Fig. 12). Channel deposits (SB, CD,
and SCD) make up 47% of the field, with the SB log
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Figure 12. Log distribution map of the Ozona Canyon E interval. Shaded region includes the SB, CD, and SCD log facies,

unshaded region includes the S, CU, and SCU log facies.

facies equaling 76% of the total channel facies. The
channel log facies are heavily concentrated within the
linear thick zone. The correlation between the log facies
and the sand isopach trend supports the presence of a
depositional channel within the E interval.

Ozona Canyon F Interval

The F sand reverses back to the characteristic north-
west—southeast trend normally observed in the Ozona

Canyon interval (Fig. 13). The F sand is made up of
parallel, linear, thick pods with a maximum thickness
of 60 ft. Sand isopach trends continue to support the
idea of sediment supply from a northerly source.
Evidence of the northerly source direction is inferred
from the narrow feeder channels in the north part
of the field, which open into broad, thick lobes toward
the south. These linear thick zones parallel the zones
of channel log facies on the log distribution map
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Figure 13. Sand isopach map of the Ozona Canyon F interval. Each section is one square mile, 30 ft contour interval.

(Fig. 14) showing a strong correlation between the two
maps.

The linear thick zones on the sand isopach map are
dominated by channel log facies (SB, CD, and SCD),
and the thin zones are dominated by lobe and levee
log facies (S, CU, and SCU). Channel log facies com-
prise 40% of the F sand, with 47% of the channel depos-
its made up of the SB log facies. The F sand also dis-
plays the same pattern in sec. 30% noted in the A sand.

This section of the map appears to have a northeast—
southwest trend similar to the trend in the overlying E

sand.

Lower Fan

The lower fan deposits consist of medium- to fine-
grained sandstones of good lateral continuity (Fig. 5)
(Reading, 1986). The gamma ray log responses in the
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cies, unshaded region includes the S, CU, and SCU log facies.

lowermost Ozona Canyon sands are more characteris-
tic of lobe and levee deposits. Although the G and H
sands are laterally continuous throughout the field,
correlating the base of the G sand was difficult because
the shale intervals (high gamma ray response) between
the G and H sands can be discontinuous between wells.
As a result of the correlation problems, mapping the
sands proved difficult. These lower sands do not exhibit
the same strong sand isopach trends and strong corre-

lation to the log response maps as seen in the upper A
through F sands.

Ozona Canyon G Interval

The G sand is the upper sand of the two lower fan
deposits. Although subtle, the G interval appears
to have the same northwest—southeast trend noted
in the younger Ozona Canyon sands (Fig. 15). The log
facies are dominated by the S, CD, and SCD patterns
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Figure 15. Sand isopach map of the Ozona Canyon G interval. Each section is one square mile, 30 ft contour interval.

(Fig. 16). Only three SB log facies are noted in the
G interval. Although the CD and SCD log facies makes
up 62% of the G interval, the CD and SCD log pat-
terns differ from the channel responses observed in
the A, E, and F sands. Gamma ray readings are typi-
cally hotter (higher API count) in the G sand than
in the overlying sands; thus, the interval appears
more shaly. In addition, individual sands within
the G interval are significantly thinner than the

overlying sands. Maximum thickness in the G
is no greater than 50 ft net clean sand, significantly
lower than the A sand with similar log response pat-
terns.

Ozona Canyon H Interval

The oldest sand in the Ozona complex is the H sand
(Fig. 17). As in the G sand, the trend in the H is subtle
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Figure 16. Log facies distribution map of the Ozona Canyon G interval. Shaded region includes the SB, CD, and SCD log
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and difficult to distinguish. Log facies in the H interval
are predominantly composed of lobe and levee fringe
deposits (S, CU, and SCU) with only 16% represented
by the channel log facies (SB, CD, and SCD) (Fig. 18).
The SCD log facies, with characteristics of both channel
and lobe and levee deposits, is concentrated in the
southern part of the field, in what is interpreted as the
distal fan fringe and makes up 89% of the total channel
deposits.

The SCD and CD patterns in the H sand are similar
to the log response noted in the G interval. Individual
sands within the zone are thin and the overall package
has a hotter gamma ray reading, indicating an increase
in shale content. Correlation between the sand isopach
map and the log facies distribution map is weak in the
H interval. Net clean sand thickness within the zone is
less than 75 ft in the majority of the wells and exceeds
100 ft in only a single well.
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Figure 17. Sand isopach map of the Ozona Canyon H interval. Each section is one square mile, 30 ft contour interval.

OZONA CANYON PRODUCTION

Mapping of the Block MM study area was initiated
in May 1996. Following completion of the first
set of maps in August 1996, more than 60 new
wells have been drilled in the field. The original
maps were updated with new sand isopach data in
both January 1996 and January 1997. In each case,
only minor adjustments to the sand isopach maps

were required, proving the accuracy of the original data
set.

Production in the Ozona Canyon sandstone is gener-
ally correlated with sand thickness and sand quality.
The average net pay within the Ozona interval is be-
tween 80 and 100 ft, thus making the primary drilling
targets the thick sand zones. The sand isopach maps of
the study area opened up new drilling potential by de-
lineating thick sand trends. Several of the wells drilled
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Figure 18. Log facies distribution map of the Ozona Canyon H interval. Shaded region includes the SB, CD, and SCD log facies,

unshaded region includes the S, CU, and SCU log facies.

in late 1997 have yielded IP (initial potential) values
>800 mcfd, exceeding that of any Ozona Canyon pro-
ducing well in the area (Fig. 19) (J. Heinrich, Union
Pacific Resources, personal commun., 1998). The in-
crease in production is attributed to both an increase in
drilling technology and the delineation of the sand
trends depicted in the sand isopach maps, especially
that noted in the Ozona Canyon E interval. In Figure
19 some of the wells drilled after 1996 do have low IPs,

and it must be remembered that not all the new wells
were drilled in the delineated “best” locations. Low
drilling costs (approximately $230,000) in the Ozona
Canyon sandstone make the lower IP wells economic
producers.

SUMMARY

The Early Permian Ozona Canyon sandstone has
been interpreted by Hamlin and others (1995) as a tur-
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Figure 19. Production rates prior to the mapping project (pre-August 1996) and after the mapping project (post-August 1996).

bidite system deposited as a multiple source mud/
sand rich ramp using the turbidite system classifica-
‘tion of Reading and Richards (1994). The presence of
multiple channel trends defined by log facies supports
the multiple source turbidite system as defined by
Reading and Richards (1994). Log facies within the
Block MM study of the Ozona Canyon sandstone are
divided into two groups; the channel log facies and the
lobe and levee log facies. From the log facies and the
sand isopach maps, the Ozona intervals were classified
in terms of upper fan, middle fan, and lower fan depos-
its. The upper fan, made up of the Ozona A and C inter-
vals, is dominated by the S and SCD log facies. The
presence of both channel (SCD) and lobe and levee (S)
log facies is characteristic of the upper fan. Ozona in-
tervals E and F comprise the middle fan, and are domi-
nated by the channel log facies (SB, CD, and SCD)
characteristic of the middle fan. The lower fan se-
quence, composed of the Ozona G and H intervals, are
dominated by the S log facies, representing lobe and
levee deposits.

In addition to defining the depositional environ-
ment, the sand isopach maps and log facies distribution
maps of the Ozona Canyon intervals are important
tools in the determination of new drilling locations.

The Block MM study proved that sand thickness
as well as sand quality effect production in the
Ozona Canyon reservoir. Identification of the thick
sand zones with channel like log characteristics signifi-
cantly increased the drilling potential in the Block MM
field.

This study of the Ozona Canyon sandstone in Block
MM resulted in the drilling of at least 60 new wells
after August 1996, with additional well locations still
being proposed. The study effectively established a cor-
relation between the net sand isopach maps and the
gamma ray log response maps that resulted in in-
creased drilling potential and better production. This
study may further aid in the development of hydrocar-
bons in the Ozona Canyon sands of Crockett County,
Texas.
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AsBstrACT.—The Hugoton field in Kansas is the largest gas field in North America, with
cumulative production over 23 trillion cubic feet (Tcf). Infill and deep drilling activity over
the last 10 years have made it possible to build an extensive database of modern wireline log
and core data. Such data formed the basis for a wide-ranging reservoir characterization done
to obtain critical information for optimum reservoir management of the field. Reservoir
heterogeneity and formation-evaluation problems made it difficult to characterize fluid
distribution, estimate gas in place, and determine permeability from wireline log data, but
few of the problems in this reservoir characterization study are unique to Hugoton. The tech-
niques described here may be applicable to other reservoirs. Technologies employed to solve
the formation-evaluation and lateral-variability problems included artificial neural net-
works, resistivity modeling, geostatistics, and three-dimensional grid manipulation.

The application of new technologies to problems in characterizing the Hugoton reservoir
yielded both tools for evaluating specific areas of the field and a better understanding of
field-wide pore volume gas in place (PVGIP) and its distribution. Geologic maps that include
sealing faults, plus well plots from new applications of formation evaluation techniques,
provide valuable tools to operations teams for increasing production and decreasing costs.
PVGIP is estimated to be between 34.5 and 37.8 Tcf. The distribution of, and uncertainty in,
the PVGIP values are important because they are also used to better manage the reservoir.

This paper is reprinted with modifications from the American Association of Petroleum Geologists Bulletin,
v. 81, p. 1785-1803.
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INTRODUCTION

Kansas Hugoton is part of a continuous productive
area that includes Guymon Hugoton in the Oklahoma
Panhandle and Panhandle field in Texas. Although
most hydrocarbon production within this extensive
area is from Permian strata, the character of both the
rocks and the fluids changes laterally. In this paper, we
address only the reservoir characterization of Hugoton
field in Kansas (Fig. 1).

Kansas Hugoton is the largest gas field in North
America, has the highest cumulative production (En-
ergy Information Administration, 1995), and is among
the highest in annual production rates (Beene, 1996).
The productive area includes about 10,620 km?; aver-
age gross thickness of the Lower Permian Chase Group
ranges from 75 to 105 m. Productive intervals lie be-
tween 640 and 885 m drilled depth.

Over 23 trillion cubic feet (Tcf) of natural gas have
been produced from Hugoton field in the last 69 years,
with years of productive life remaining. The most re-
cent figures available (April 1997) show that produc-
tion is occurring at a rate of 34.5 Gef (billion cubic feet)
per month (Kansas Corporation Commission, 1997).
Companies with considerable Hugoton acreage include
Amoco, Anadarko, Helmerich and Payne, Mesa, Mobil,
Oxy, Plains, and Vastar.

Application of current concepts and technologies has
greatly improved our ability to characterize and man-
age this multilayered gas reservoir. Discovered in 1927,
Kansas Hugoton field has experienced waves of activity
ever since. The most recent upswing in drilling activity

J. A. Babcock and others

started in 1987 after authorization of infill drilling by
the Kansas Corporation Commission. The cores and
modern logs acquired in recent deep (Pennsylvanian
and Mississippian) wells and infill wells provided the
database for this study (Fig. 1).

APPROACH

The key parameters for characterizing Hugoton field
include the distribution of gas and water in the reser-
voir, the producibility of those fluids, and zonal perme-
abilities and their variation. To build a successful res-
ervoir characterization, we analyzed the geologic
framework of the reservoir (stratigraphy and diagen-
esis), and the gas-trapping components (structure and
stratigraphy), and performed formation evaluation
through core and wireline-log analysis. The resulting
information was combined using three-dimensional (3-
D) visualization software for examination of data rela-
tionships and calculation of volumetric gas in place.
Although volumetric gas in place does not form the
basis for reserve determinations in this reservoir,
knowing the amount and distribution of the gas in situ
provides an important benchmark for evaluating well
performance.

PREVIOUS WORK

Most previous publications on Hugoton have suf-
fered from access to small data sets compared to the
size and complexity of the field (e.g., Parham and
Campbell, 1993). One exception contains formation-
evaluation work in Kansas Hugoton by a team from
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Mobil (Gwiner and others, 1992). Transcripts
of Kansas Corporation Commission hear-
ings, notably those on Hugoton infill proceed-
ings (Kansas Corporation Commission,
1986), provide additional sources of subsur-
face data and interpretations.

Graduate theses (e.g., Stever, 1987), core
workshops (Caldwell, 1991), and some field-
trip guidebooks (e.g., Toomey and Mitchell,
1986; Mazzullo and Teal, 1994) provided use-
tul background for some aspects of the Chase
Group but tend to be limited in scope. Maz-
zullo and others (1996) showed how Chase
Group cycles fit with sequence stratigraphic
terminology and concepts and described the
component facies in outcrop in south-central
Kansas. Miller and others (1996) described
cycle patterns and interpreted climatic varia-
tions from Lower Permian paleosols of east-
ern Kansas. Geologic controls on the reser-
voir quality of Kansas Hugoton field are out-
lined in Olson and others (1996).

GEOLOGIC FRAMEWORK
Stratigraphy

The Hugoton field is productive from five
main reservoir zones within the Permian
Chase Group (Fig. 2). The terminology
shown in the stratigraphic column corre-
sponds to field usage (cf. Caldwell, 1991); the
major productive units are the Herington,
Krider, Winfield, Towanda, and Fort Riley
Formations. Correlations with type sections
in outcrops located approximately 320 km
east are somewhat problematic, so outcrop
terminology is not used.

The Chase Group consists of alternating
marine and nonmarine units, with the reser-
voir-prone facies occurring largely within the
marine layers. The main rock types are fos-
siliferous limestone or dolomite (marine),
fine-grained quartzofeldspathic sandstone
and siltstone (marginal marine), and mixed
siltstones and claystones that are domi-
nantly red in color (nonmarine). These rock
types alternate repeatedly in distinctive ver-
tical sequences (Fig. 2). Both symmetric and
asymmetric sea-level cycles are represented
within the Chase Group; there are three
cycle variants (Fig. 3), which are important
because the associated sequence pattern re-
mains relatively constant for each time-cor-
relative unit (e.g., Winfield Formation). Note
the presence of marine sandstones and silt-
stones, which are not widely recognized as
reservoir facies in Hugoton, and the absence
of black shales.

The siltstones, sandstones, limestones,
and dolomites that form the reservoir are
laterally variable and mixed; one productive
unit, such as the Herington or Winfield, con-
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Figure 2. Schematic display showing stratigraphic nomenclature and
depositional cycles, Hugoton field area. Vertical bars represent facies-
dependent permeability barriers.
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Figure 3. Schematic illustration of three distinct types of stratigraphic
cycles found in the Chase Group formations. Dot-dash pattern repre-
sents siltstone; other lithofacies the same as in Figure 2.
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sists of any or all of those rock types, depending on
where it is in the field (Fig. 4). The cycle templates of
Figure 3 allow us to categorize this variability and rec-
ognize patterns in the lithologic variation. These tem-
plates also give us three time-correlative reference
points in each sequence—the top and