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PREFACE

The Anadarko basin is one of the greatest oil and gas provinces in the
United States. Cumulative production from the greater Anadarko basin
through 1985 was >5 billion barrels of oil and 82 trillion cubic feet of gas,
production coming primarily from ~50 significant fields in the basin (Davis
and Northcutt, this volume). The Oklahoma Geological Survey and the U.S.
Geological Survey have been conducting and sponsoring research programs in
the Anadarko basin for a number of years. On April 5-6, 1988, the two agencies
cosponsored a symposium comprising invited papers and posters to present
data on these programs and other Anadarko basin research. The symposium
was held at the Oklahoma Center for Continuing Education, The University of
Oklahoma, in Norman, and this volume contains the proceedings of that
conference.

Cooperative efforts of the OGS and USGS to jointly study the Anadarko
basin were initiated in 1984 when the USGS began its Evolution of Sedimen-
tary Basins (ESB) program. The ESB program—which utilizes sedimentary
basins as natural geologic laboratories to address geologic topics and processes
important in assessing our nation’s natural resources—meshed perfectly with
ongoing OGS studies in the Anadarko basin. Funding of the USGS part of the
Anadarko basin program has been from their ESB program and the Onshore
Oil and Gas program.

Research reported upon at the symposium includes work on basin history,
sedimentation, stratigraphy, tectonics, petroleum exploration, source rocks,
thermal history, oil characterization and migration, and hydrogeology. It is our
hope that the symposium and these proceedings will bring such research to the
attention of the geoscience community, and will help foster exchange of infor-
mation and increased research interest in the Anadarko basin. Twenty-one in-
vited papers were presented orally, and an additional 20 reports were
presented as posters during the two-day session. All 21 of the orally presented
papers are presented here as full papers or abstracts, and 14 of the poster
presentations are presented as abstracts or short reports.

Stratigraphic nomenclature and age determinations used by the various au-
thors in this volume do not necessarily agree with those of the OGS or the
USGS.

Persons included in the organization and planning of this symposium in-
clude Kenneth Johnson and Charles Mankin of the OGS, and Tom Fouch,
Gary Hill, Janet Pitman, Dudley Rice, and Jim Schmoker of the USGS. Appre-
ciation is expressed to them and to the many authors who worked toward a
highly successful symposium.

KENNETH S. JOHNSON
General Chairman
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GEOLOGIC EVOLUTION OF THE ANADARKO BASIN

KENNETH S. JOHNSON
Oklahoma Geological Survey

Abstract.—The Anadarko basin of western Oklahoma and the Texas Panhandle is the deepest
basin in the cratonic interior of the United States. Paleozoic sedimentary rocks as much as 40,000
ft thick were deposited along the axis near the south margin of this asymmetrical basin, and Cam-
brian igneous rocks, perhaps as much as 20,000 ft thick, underlie the sediments. The boundaries of
the Anadarko basin—which include the Wichita~Amarillo uplift on the south, the Nemaha uplift
on the east, and the Cimarron arch on the west—resulted from Early Pennsylvanian orogenic ac-
tivity. Prior to that time the proto-Anadarko basin was the depocenter of the greater Oklahoma
basin, which extended across the entire southern Midcontinent region.

The history of the Anadarko basin is divided into four major episodes:

1) Early and Middle Cambrian basement rocks were emplaced during an episode of igneous
activity in the area that later would become the Wichita uplift and the deep Anadarko basin. They
were emplaced within and/or upon a suite of preexisting Precambrian metasedimentary and igne-
ous rocks.

2) About 15,000 ft of Late Cambrian through Mississippian shallow-marine carbonates and some
fine clastics were deposited across the vast Oklahoma basin during an early epeirogenic episode.

3) During the Pennsylvanian orogenic episode, the Anadarko basin, as now defined, was created
by sharp uplift of the Wichita—Amarillo block and other positive features, and by downwarping of
the crust beneath the basin to receive ~18,000 ft of mostly marine sediments. Early in the Penn-
sylvanian the Wichita—-Amarillo uplift was separated from the basin by a series of reverse faults,
with vertical displacements which ultimately aggregated as much as 40,000 ft. Orogenic activity,
which persisted through the remainder of the Pennsylvanian, resulted in faulting, folding, uplift,
and downwarping; no igneous or metamorphic activity accompanied the tectonism.

4) The basin was finally filled with ~7,000 ft of sediments, mainly red beds and evaporites,
during a late epeirogenic episode, extending from the Permian through the Holocene. Permian
strata make up almost all of these late epeirogenic sediments, with Triassic, Jurassic, Cretaceous,

Tertiary, and Quaternary strata being represented largely by erosional remmants.

INTRODUCTION

The purpose of this paper is to briefly describe
the geologic setting and evolution of the Ana-
darko basin, in order to help set the stage for the
other reports that follow in this symposium vol-
ume. A number of major reports dealing with the
entire basin, or with significant packages of rocks
in the basin, have been published in recent years,
including those by Huffman (1959); Jordan and
Vosburg (1963); Ham and others (1964); Ham
and Wilson (1967); McKee, Oriel, and others
(1967b); Dixon (1967); MacLachlan (1967); Adler
and others (1971); Amsden (1975); McKee,
Crosby, and others (1975); Frezon and Dixon
(1975); Craig, Connor, and others (1979); Frezon
and Jordan (1979); Mapel and others (1979); Ras-
coe and Adler (1983); Donovan (1986); Gilbert
(1986); and Johnson and others (1988).

The current report draws upon each of these
earlier reports, and relies heavily upon a recently
completed discussion of the Anadarko basin by
Bailey Rascoe, Jr., and me in Johnson and others
(1988). Appreciation is expressed to Rascoe,
Ralph H. Espach, and Robert A. Northcutt for
their review of the current manuscript.

GENERAL GEOLOGIC SETTING

The Anadarko basin is the deepest sedimentary
and structural basin in the cratonic interior of
the United States (Fig. 1). Paleozoic sedimentary
rocks as much as 40,000 ft thick are present along
the axis, near the south margin of this asymmet-
rical basin, and Cambrian layered igneous rocks
perhaps as much as 20,000 ft thick underlie the
sediments. The basin is bounded on the south by
the Wichita and Amarillo uplifts, on the east by
the Nemaha uplift, and on the west by the Cim-
arron arch. The northern shelf of the Anadarko
basin extends across much of western Kansas,
and part of it is referred to as the Hugoton em-

- bayment. The Hugoton embayment is bounded

by the central Kansas uplift and the Cambridge
arch on the east and north, and by the Las
Animas arch on the west.

The basin is one of the greatest oil and gas
provinces in the United States, and the extensive
exploration for hydrocarbons since the beginning
of this century has established a tremendous data
base for understanding the geology of the basin
and surrounding areas.

The Anadarko basin did not exist as currently
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Figure 1. Location of Anadarko basin and surrounding geologic provinces (after Johnson and others,

1988).

defined until early in the Pennsylvanian Period.
From late Cambrian through Mississippian time
the area of the Anadarko basin was part of a
broad epicontinental sea, the Oklahoma basin
(Johnson and others, 1988), which extended
across most parts of the southern Midcontinent
(Fig. 2). The Oklahoma basin was a broad embay-
ment or shelf-like area that received a sequence
of thick and extensive carbonates interbedded
with thinner shales and sandstones. These strata
thickened into protobasins in those areas that
would later become the Anadarko, Arkoma, and
Ardmore basins, and they also were deposited
upon and across the present-day major uplifts.
The depocenter for the Oklahoma basin has been
variously called the southern Oklahoma geosyn-
cline (Ham and others, 1964; Ham and Wilson,
1967), or the southern Oklahoma aulacogen (Gil-
bert, 1983¢,1986; Brewer and others, 1983); this
depocenter eventually became the site of the

deep Anadarko basin and the Wichita—Amarillo
uplift.

The history of the Anadarko basin can be di-
vided into four major episodes:

1) An igneous episode, during Precambrian and
Early and Middle Cambrian time, when intrusive
and extrusive basement rocks were emplaced in
the area of the Wichita uplift and the southern
part of what would become the Anadarko basin.

2) An early epeirogenic episode, ranging from
Late Cambrian through Mississippian time, when
marine sediments were deposited in a broad
epicontinental sea referred to as the Oklahoma
basin (Fig. 2).

3) An orogenic episode, during the Penn-
sylvanian, when the Oklahoma basin was broken
into a series of sharp uplifts and major basins, in-
cluding the Anadarko basin. This orogenic activ-
ity consisted of folding, faulting, uplift, and
downwarping, and was not accompanied by igne-
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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 middie Paleozoic time (after Johnson and others,

1988).

ous or metamorphic activity in or near the
Anadarko basin. Pennsylvanian sediments depos-
ited in the Anadarko basin include coarse clastics
near the uplifts, and mostly marine shales, sand-
stones, and limestones throughout most of the re-
mainder of the basin.

4) A late epeirogenic episode that began in Per-
mian time and has persisted till today. This epi-
sode included infilling of the basin with Permian
red beds, evaporites, and carbonates, and deposi-
tion of thin post-Permian strata uniformly across
the Anadarko basin and surrounding areas. Most
of these post-Permian strata have been eroded
from the basin.

PRECAMBRIAN THROUGH
MIDDLE CAMBRIAN TIME

Precambrian and Cambrian basement rocks
around the flanks of the Anadarko basin consist
mainly of igneous rocks, but some low-rank

metasedimentary rocks are also present. Precam-
brian units have not been drilled in the deeper
parts of the basin, but around the east, north,
and west sides of the basin they are massive
mesozonal granitic and related igneous rocks. The
age of these Precambrian rocks is 1,300-1,600
m.y. (Denison and others, 1984).

Basement rocks on the south side of the
Anadarko basin include Early and Middle Cam-
brian granites, rhyolites, gabbros, anorthosites,
and basalts emplaced in the southern Oklahoma
aulacogen (Ham and others, 1964; Gilbert, 1986).
They were emplaced about 525-550 m.y. ago into
and upon a sequence of sedimentary rocks (the
Tillman Metasedimentary Group) in the Wichita
uplift area, but they have an uncertain relation-
ship to the Precambrian basement within the
Anadarko basin. Total thickness of the suite of
Cambrian igneous rocks in the Wichita uplift is
~20,000 ft; the thickness is unknown within the
basin, but it may range from 5,000 to 20,000 ft in
much of the deeper parts of the basin.



6 K. S. Johnson

LATE CAMBRIAN THROUGH
MISSISSIPPIAN TIME

The early epeirogenic phase of Anadarko basin
history included shallow-marine deposition of a
thick sequence of carbonates, with lesser amounts
of shales and sandstones, in the Oklahoma basin.
Strata deposited during this early epeirogenic ep-
isode commonly extend throughout most of the
Oklahoma basin and thus are readily traced and
correlated well beyond the boundaries of the
southern Oklahoma aulacogen or the Anadarko
basin (Johnson and others, 1988).

A basal, transgressive sandstone, the Reagan
Sandstone, was deposited across a moderately
mature erosion surface of low relief throughout
the area. The sand grades up into an overlying
succession of shallow-water marine limestones
and dolomites (the Arbuckle Group) deposited al-
most continuously until the end of the Early Or-
dovician (Fig. 3). The dolomites are secondary
and have been formed at the expense of primary
limestones. Total thickness of the Late Cambrian
and Early Ordovician strata is >6,000 ft along
the depocenter of the Oklahoma basin, and they
thin depositionally northward to ~2,000 ft in
northwestern Oklahoma (Johnson and others,
1988); the upper part of the Arbuckle Group also
is truncated on the north flank of the basin and
in the Hugoton embayment.

Middle Ordovician through earliest Mississip-
pian sediments throughout the Oklahoma basin
consist of fossiliferous shallow-water marine car-
bonates interbedded with fine-grained to moder-
ately coarse-grained clastic sediments derived
from northeastern and eastern sources (Johnson
and others, 1988). Simpson Group sandstones
and limestones at the bottom of this sequence are
overlain successively by limestones of the Viola
Group, gray and green-gray shales of the Sylvan
Shale, carbonates of the Hunton Group, and the
organic-rich, black Woodford Shale which was
deposited in euxinic seas. Simpson through
Woodford strata are still present throughout
most parts of the Anadarko basin, and their cu-
mulative thickness ranges from about 500 to
4,000 ft, from north to south. Deposition was in-
terrupted by two major epeirogenic uplifts (Ams-
den, 1975): pre-middle Early Devonian (pre-
Frisco) and pre-Late Devonian (pre-Woodford)
unconformities result from these two broad
upwarpings, with maximum uplift affecting local
structures on the flanks of the basin. The pre-
Woodford unconformity is one of the most wide-
spread unconformities in the entire Midcontinent
area. Little, if any, folding or faulting accompa-
nied these epeirogenic uplifts, except for the
faulting that occurred along the Nemaha uplift. A
more complete discussion of Simpson through
Woodford strata is given elsewhere in this volume
by Amsden.

Mississippian sediments in the Anadarko basin
area consist mainly of shallow-marine limestones,
cherty limestones, and shales (Craig, Connor, and
others, 1979; Frezon and Jordan, 1979; Mapel and
others, 1979; Johnson and others, 1988). Euxinic
seas of the Late Devonian—Early Mississippian, in
which the Woodford Shale was deposited, were
replaced by shallow, well-oxygenated, marine wa-
ters; in these waters fossiliferous limestones
(commonly crinoidal) were deposited, some o0o-
litic and some interbedded with shale and silt-
stone. Chert, which occurs mainly in Osagean and
Meramecian rocks, is a replacement of carbonate.
Chert generally comprises 10-30% of the cherty
limestones. Shale makes up a large part of Late
Mississippian strata in the southern part of the
Anadarko basin area. Total thickness of Missis-
sippian strata ranges from about 2,500-3,000 ft
along the depocenter to about 1,000-2,000 ft
along the northern shelf (Craig, Connor, and
others, 1979).

PENNSYLVANIAN PERIOD

The Pennsylvanian was a time of major
changes in the history of the Anadarko basin.
Prior to DPennsylvanian time, the proto-
Anadarko basin and the Wichita~Amarillo block
subsided together as a single unit (southern
Oklahoma aulacogen) and received as much as
15,000 ft of sediments. These epeirogenic move-
ments and deposition of shallow-marine shelf car-
bonates over vast areas ended with a series of
Pennsylvanian orogenic movements that subdi-
vided the Oklahoma basin into the tectonic prov-
inces easily recognized today. Regional discus-
sions of the Pennsylvanian system are provided
in McKee, Crosby, and others (1975) and Frezon
and Dixon (1975).

Late Mississippian-Early Pennsylvanian epei-
rogenic uplift occurred in much of the region. It
was accompanied by erosion that initiated devel-
opment of the pre-Pennsylvanian unconformity
that is present in all areas—except in the deep
Anadarko basin, where Mississippian-Pennsyl-
vanian sedimentation (Springer Group) was ap-
parently continuous.

In Early Pennsylvanian time the Wichita—
Amarillo block was uplifted along a series of
WNW-trending reverse faults. Thrusting was
northward toward the rapidly sinking Anadarko
basin. Faulting began at the southeast end of the
basin in early Morrowan time (Ham and Wilson,
1967), whereas farther west it began in late Mor-
rowan time; faulting persisted through the rest of
the Pennsylvanian, and probably died out during
the Early Permian. Total vertical displacement
across these faults is as much as 40,000 ft (Fig. 4),
and left-lateral displacement along the main
Mountain View fault may be as much as 15 mi
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Figure 3. Stratigraphic column for the Anadarko basin and Hugoton embayment (modified from Hills
and Kottlowski, 1983, and Johnson and others, 1988). Height of formation/group boxes is not related
to thickness of unit.



8 K. S. Johnson

A

WICHITA
MTNS.

10,000 "
3,000 m

20,000' |
6,000 m

"
30,000° |
9,000 m

40,000" |
12,000

MAJOR LITHOLOGIES
[L% 3 Conglomerate (“granite wash")

Black shale
Rhyolite, granite, and gabbro
A XY Granite(?) and rhyolite(?)

% 1 Sandstone and shale

Salt, anhydrite, and shale
E= Limestone and dolomite

[:] Shale, limestone, and sandstone

ANADARKOQO BASIN

g Sea
Level

N 10000
3,000 m

100 Miles
]

1
160 Km

Cim. A.

Figure 4. Generalized north-south structural cross section through the Anadarko basin of western
Oklahoma (modified from unpublished cross section by Herbert G. Davis).

(McConnell, this volume).

The western margin of the Anadarko basin is
formed by the Cimarron arch. The absence of
Atokan and uppermost Morrowan strata from
parts of this uplift indicates that the Cimarron
arch probably was formed toward the end of the
tectonic activity that created the Wichita-
Amarillo uplift. Still farther west, the Sierra
Grande arch and the Apishapa uplift (both part
of the Ancestral Rockies) were intermittently
lowland or mountain terranes that shed arkosic
detritus into the western part of the Anadarko
basin. On the east, the Nemaha uplift forms the
axis or backbone of the broad, gently raised cen-
tral Oklahoma arch. The Nemaha structure con-
sists of a discontinuous series of block-faulted up-
lifts, each of which is generally 5-20 mi long
(north-south) and 3-5 mi wide.

Orogenic movements of the Wichita-Amarillo
block and of other positive elements surrounding
the Anadarko basin consisted only of faulting,
folding, uplift, and downwarping. No igneous or
metamorphic activity accompanied the tectonism.

The Anadarko basin subsided throughout the
Pennsylvanian orogenic activity, and it received
as much as 18,000 ft of Pennsylvanian clastics
and carbonates. These Pennsylvanian strata are
sequences of marine (and some nonmarine) shale,
sandstone, conglomerate, and limestone that
thicken markedly into the rapidly subsiding ba-
sin. Thick wedges of clastics were eroded from
the rising Wichita—Amarillo mountain chain.
Early-formed coarse clastics are carbonate con-
glomerates that resulted from erosion of the thick
sequence of early and middle Paleozoic carbon-
ates that mantled the uplift; later conglomerates
are arkosic sediments (referred to as ‘“‘granite
wash”) that resulted from the eventual exposure
and erosion of granites and rhyolites in the core
of the Wichita—Amarillo Mountains.

Morrowan sediments of the Anadarko basin
were deposited on a surface of eroded Mississip-
pian rocks, except in the deep part of the basin
where they overlie lithologically similar Springer
strata of Late Mississippian and/or Early Penn-
sylvanian age. The Morrowan/Springer contact is
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difficult to identify in the deep Anadarko basin,
and Late Mississippian-Early Pennsylvanian sed-
imentation may have been continuous. Morrowan
(and Springer) strata are as much as 4,000 ft
thick in the deep Anadarko basin, thinning
northward onto the shelf.

Strata in the lower Morrow Group consist of
shallow-marine shales, sandstones, and lime-
stones. They were deposited in a transgressive sea
and onlap the surface of eroded Mississippian
rocks toward the north and northeast. Upper
Morrow strata are mainly shales with lenticular,
discontinuous sandstones and minor conglomer-
ates, coals, and thin, dark limestones; these are
mainly the product of a deltaic sequence that
prograded toward the southeast (Swanson, 1979)
(Fig. 5B). Evidence of a late Morrowan initiation
of uplift along most of the Wichita—Amarillo
block is the upper Morrow fan-delta chert con-
glomerates, derived from weathering of Mississip-
pian cherty limestones and dolomites that man-
tled the rising Wichita—Amarillo uplift.

Atokan strata consist of a series of southward-
thickening marine shales, sandstones, and lime-
stones. These sediments, the so-called “thirteen-
finger limestone” of the Atoka Group, are gener-
ally 50-200 ft thick in the north and west. Atokan
strata locally overlap the northeastern limit of
the underlying Morrowan Series in northwestern

Oklahoma and southwestern Kansas, and thus -

they locally rest directly upon Mississippian
strata. Toward the south, Atokan limestones and
shales grade into a thick sequence consisting
mainly of shales, and these in turn grade abruptly
into massive clastic deposits consisting of igne-
ous-rock and carbonate-rock fragments (Fig. 5C).
In this “granite wash’” sequence the boundaries of
the Atokan Series are uncertain, but Atokan stra-
ta along the depocenter of the basin in Oklahoma
apparently are >4,000 ft thick.

Desmoinesian seas finally covered all of the
central Oklahoma arch and the northern shelf
area (Fig. 5D), extending into central Kansas
(Fig. 5E). Desmoinesian strata consist mostly of
cyclic marine limestones and shales: the lower
part, the Cherokee Group, is mainly shale with
numerous thin limestones and some lenticular
point-bar and channel-fill sandstones; the upper
part, the Marmaton Group, is composed of the
Oswego Limestone, overlain by the Big Lime-
stone. This marine sequence, typically 200-1,000
ft thick in the north, grades southward into
4,000-5,000 ft of “granite wash” in the deep
Anadarko basin near the Wichita uplift. In the
far west, some of the clastics eroded from the An-
cestral Rockies are red beds.

The Missourian Series in southwestern Kansas
and the Oklahoma Panhandle consists mostly of
marine limestones, with some shale interbeds. To
the south and southeast these strata grade into a

sequence of shales and sandstones with minor
carbonate units, and these in turn grade into
thick arkosic and carbonate “wash” sediments
eroded from the Wichita—Amarillo block (Fig.
5F). Along the western margin of the Hugoton
embayment, the Missourian Series consists of a
clastic sequence of shales, siltstones, and sand-
stones, which are commonly red. The thickness of
Missourian strata ranges from 500 to 1,000 ft in
most of the northern shelf and Hugoton embay-
ment area to >2,500 ft in the depocenter in the
southeast part of the Anadarko basin.

The major positive tectonic elements present
during Missourian time were the Wichita-
Amarillo uplift (which yielded coarse detritus),
the Apishapa uplift (fine-grained detritus), and
the Arbuckle uplift (conglomeratic detritus). In
the east, the first influence of the rising Ouachita
Mountains is seen in Missourian strata. Deforma-
tion and uplift of the Ouachitas began during the
Desmoinesian, but it was not until late Missou-
rian time that several delta-front clastic wedges
were deposited from streams that drained the
Ouachitas and flowed into the eastern part of the
Anadarko basin (Fig. 5F).

Virgilian strata in the Hugoton embayment
and nearby shelf areas are marine limestones
with shale interbeds. In central Oklahoma the
Virgilian Series consists of continental to shallow-
marine shales, sandstones, and mudstones, which
grade westward into delta-plain sandstones and
pro-delta shales. These strata interfinger with a
thick interval of “granite wash” along the front of
the Wichita uplift. Red-bed sandstones and
shales were deposited in the far west, and red
beds make up a major part of the outcropping
and shallow-subsurface Virgilian strata in central
Oklahoma. The Virgilian Series ranges from
about 500-1,500 ft thick in the north and west to
>4,500 ft thick in the far southeast end of the
basin.

The Ouachitas continued to contribute clastics
to the east side of the Anadarko basin during
Virgilian time (Fig. 5G), and sharp uplift of the
Arbuckle Mountains produced coarse detritus
that was deposited in the southeast part of the
basin. The rate of uplift of the Wichita block was
decreasing; thus, the height of the Wichita Moun-
tains was being reduced by erosion.

PERMIAN THROUGH
HOLOCENE TIME

The late epeirogenic history of the Anadarko
basin began in the Permian and has lasted
through the Holocene. This episode was charac-
terized mainly by filling of the basin with Per-
mian carbonates, red beds, and evaporites, and
subsequent deposition of thin sequences of post-
Permian strata. Most of the post-Permian strata
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Figure 5. Continued.

were eroded from the basin, mainly during Late
Jurassic/Early Cretaceous (pre-Dakota Group)
and Late Cretaceous/middle Tertiary (pre-Ogal-
lala) epeirogenic uplifts, and thus our knowledge
about post-Permian basin history is limited.

Regional studies of Permian strata in the
Anadarko basin include those of Jordan and Vos-
burg (1963); McKee, Oriel, and others (1967b);
Dixon (1967); MacLachlan (1967); Johnson
(1978); and Johnson and others (1988).

By Early Permian time, uplift in the Wich-
ita~Amarillo block apparently had ceased, and
the block began to subside, but at a rate slower
than that of the Anadarko basin. The Amarillo
segment of the block was completely inundated
by Early Permian clastic debris. The Wichitas,
however, remained as low mountains that were
still a source of Early Permian continental sand-
stones and shales that interfingered to the north
with marine and evaporite deposits in the Ana-
darko basin. The low mountains and hills on the
Wichita block eventually were buried in their
own debris during Late Permian time. The Ana-
darko basin continued to subside during the Per-
mian, but far more slowly than in the Penn-
sylvanian. The total thickness of Permian strata
is as much as 7,000 ft along the depocenter, lo-
cated just north of the Wichita—Amarillo uplift.

In Wolfcampian time, a fairly well-defined sea-
way extended southwest to northeast across ihe
western half of the Anadarko basin (Fig. 5H).
Shallow-marine cyclic limestones and shales were
deposited across the main seaway. Fine-grained
clastic red beds border this belt of limestones and
shales on the east and west; the red beds were de-
posited in mixed marine and continental environ-
ments and resulted from a general regression of
normal marine waters from the region. The clas-
tic sediments were the products of erosion of the
Ouachita Mountains on the east, the Ancestral
Rockies on the west, and the remnants of the
Wichita Mountains on the south. Wolfcampian
strata reach a maximum of >2,000 ft thick in the
Texas part of the basin.

Leonardian time was marked by continued
slow subsidence of the Anadarko basin and con-
tinued regression of the sea from the region. A
broad, shallow, hypersaline sea inundated most of
the Anadarko basin (Fig. 5I), and a thick se-
quence of evaporites and red beds was deposited.
Red-bed clastic units that crop out on the east
side of the Anadarko basin were deposited near
the eastern shore of the hypersaline sea. The
Garber Sandstone and Wellington Formation
comprise a complex system of alluvial and deltaic
sandstones and shales derived by erosion of low
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land areas in the Ouachitas and eastern Okla-
homa. These strata, and the overlying Hennessey
Shale, grade westward into two thick evaporite
units called the Wellington and Cimarron evap-
orites (Jordan and Vosburg, 1963). The Welling-
ton contains 300500 ft of interbedded salt, anhy-
drite, and shale in a unit referred to as the
Hutchinson salt, whereas the Cimarron evap-
orites consist of 300-1,100 ft of interbedded salt
and shale.

The Wichita uplift continued to have a modest
influence on sedimentation in the Anadarko basin
during Leonardian time. Clastic debris was shed
northward into the south part of the basin, where
it interfingered with the Wellington evaporites,
and to a lesser extent with the Cimarron evapo-
rites. Leonardian strata range from ~2,000 ft
thick in the north and west to nearly 3,000 ft
along the depocenter, in southwest Oklahoma and
adjacent Texas.

The Anadarko basin continued to subside in
Guadalupian time, and it received as much as
1,500 ft of red beds and evaporites along its de-
pocenter. The Wichita block subsided at a some-
what slower rate than the basin, and all but the
highest peaks were probably buried by fine clas-
tics (Fig. 5J). The sources of clastics deposited in
the eastern part of the basin were the low land
areas of eastern Oklahoma and the deeply eroded
Ouachita belt of southeastern Oklahoma and
northeastern Texas. During a marine transgres-
sion, 100-200 ft of Blaine dolomite, anhydrite,
and shale were deposited over almost all of the
Anadarko basin and Hugoton embayment. The
Blaine Formation is underlain and overlain by
several hundred feet of salt and shale (Jordan
and Vosburg, 1963). This evaporite deposition
was followed by regression and deposition of red-
bed sandstones and some anhydrites in the
Whitehorse Group and Cloud Chief Formation.
In the eastern part of the basin the Cloud Chief
locally contains 100 ft of massive anhydrite (gyp-
sum on the outcrop).

Ochoan rocks are mainly red-bed sandstones
and shales, but they contain some anhydrite and
dolomite (Alibates Bed) in the western part of
the Anadarko basin. Little is known about
Ochoan paleogeography, but probably it was sim-
ilar to that of late Guadalupian time. Total thick-
ness of the Ochoan Series along the axis of the
basin is >400 ft.

Outcropping Ochoan strata typically 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 fea-
tures also occur in some of the Guadalupian and
post-Permian strata.

Post-Permian strata in the Anadarko basin

area include remnants of Triassic, Jurassic, Cre-
taceous, Tertiary, and Quaternary rocks. Deposi-
tion of these sediments was not influenced by the
tectonic elements that were so pronounced during
the Pennsylvanian and were somewhat reduced
during the Permian. Triassic and Jurassic strata
consist mainly of red-bed sandstones and shales
deposited in mixed fluvial; deltaic, and lacustrine
environments. Perhaps 500-1,000 ft of Triassic
and Jurassic strata originally were deposited in
the Anadarko basin, but subsequent (pre-Dakota
Group, Cretaceous) erosion has removed all but
25-200 ft which remains in the far western part
of the basin (Johnson and others, 1988).

The Cretaceous seaway extended across the
western half (and perhaps all) of the Anadarko
basin during the last great inundation of the
western interior of the United States. At least
several hundred feet (and perhaps up to 1,000 ft)
of marine limestones, shales, and sandstones were
deposited across the western part of the basin,
and now only isolated erosional remnants remain
(Johnson and others, 1988). Small outliers of
these strata in western Oklahoma consist of cha-
otic blocks and masses (typically 50-2,000 ft
across) that have collapsed downward about
50-300 ft, due to dissolution of underlying Per-
mian salts, and are now juxtaposed against Per-
mian outcrops. Formation of the Rocky Moun-
tains during the Laramide orogeny of Late
Cretaceous and early Tertiary time raised the en-
tire region and imparted an eastward and south-
eastward tilt to the entire region and eventually
caused withdrawal of the Cretaceous sea. Most of
the Cretaceous strata were eroded from the
Anadarko basin area during epeirogenic uplift of
Late Cretaceous through middle Tertiary time.

Tertiary strata, mainly the Ogallala Formation
of Miocene-Pliocene age, are widespread across
the western half of the Anadarko basin (Johnson
and others, 1988). The Ogallala is a light-colored
sequence of interbedded fluvial and eolian sedi-
ments deposited upon an erosional surface cut
into Permian red beds (and locally into Triassic,
Jurassic, or Cretaceous strata). The Ogallala was
deposited by low-gradient alluvial systems that
flowed east and southeast from the Rocky Moun-
tains (Seni, 1980). Whereas the eastward-thin-
ning wedge of Ogallala strata probably mantled
almost all of the Anadarko basin originally, post-
Tertiary erosion has removed much of it, and now
200-600 ft of Ogallala strata remain in most of
the western part of the basin.

Quaternary sediments are alluvial, eolian, and
lacustrine deposits derived from rivers and
streams flowing eastward and southeastward
across the Anadarko basin (Johnson and others,
1988); they mainly include terrace deposits and
present-day alluvium, which commonly are 10-50
ft thick and locally are >100 ft thick.
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Abstract.—The Anadarko basin is located in northwestern Oklahoma, the Oklahoma Panhandle,
the northern Texas Panhandle, southwestern Kansas, and southeastern Colorado, encompassing an
area of ~60,000 mi®. Tectonically, the basin is bounded on the south by the Amarillo-Wichita
Mountains, on the west by the Sierra Grande uplift, on the northwest by the Las Animas arch, on
the north by the Cambridge arch~central Kansas uplift, on the northeast by the Nemaha Range,
on the east by the central Oklahoma fault zone, and on the southeast by the Harrisburg trough.

The earliest exploration for petroleum in the greater Anadarko basin was conducted by surface-
mapping parties. They discovered the Cement field (anticline) in 1917. Since this first major field
discovery, continued exploration has established production from reservoirs in the Permian, Car-
boniferous (Pennsylvanian and Mississippian), Devonian, Silurian, Ordovician, and Cambrian
Systems.

Cumulative production by the end of 1985 was >5 billion barrels of oil and 82 trillion cubic feet
of gas. This production is obtained primarily from ~50 significant fields in the greater Anadarko
basin. Many hundreds of additional fields contribute to the total production from structural and

stratigraphic traps in this important oil and gas province.

INTRODUCTION

The greater Anadarko basin contains a major
accumulation of petroleum. Its geologic history,
stratigraphy, and structure have been topics for
geologic study and speculation since 1905 (Freie,
1930). These studies continue today, and this
workshop attests to that work. It is hoped that
this overview will increase the participant’s un-
derstanding of the importance of this prolific ba-
sin as a supplier of our country’s energy needs
and as a model for exploration in other geologic
basins of similar architecture.

The Anadarko basin was first defined by
Charles N. Gould (1924) on the basis of surface
mapping of the Permian red beds in western
Oklahoma. Subsequent studies of subsurface in-
formation gained from decades of drilling activity
and’ geophysical surveys have shown the greater
Anadarko basin to underlie northwestern Okla-
homa, the Oklahoma Panhandle, the northern
Texas Panhandle, southwestern Kansas, and
southeastern Colorado (Fig. 1). This area encom-
passes ~60,000 mi2.

The basin is tectonically bounded on the south
by the Amarillo-Wichita Mountains uplift, on the
west by the Sierra Grande uplift, on the north-
west by the Las Animas arch, on the north by the
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Cambridge arch—central Kansas uplift, on the
northeast by the Nemaha Range, on the east by
the central Oklahoma fault zone, and on the
southeast by the Harrisburg trough, a recognized
separation from the Ardmore basin (Fig. 2).

Within the greater Anadarko basin are the
lesser tectonic features of the Hugoton embay-
ment, Keyes dome, Dalhart basin, and Cyril
basin.

Initial exploration for oil and gas in the
Anadarko basin was accomplished by geological
surface mapping to delineate structural domes
and anticlines. Similar features had been found
to be productive in other producing areas in the
Midcontinent. The first wells drilled in the basin
were shallow cable-tool holes and tested only the
Permian red beds. Although shows of oil and gas
were reported, no production was established un-
til 1917.

EARLY EXPLORATION AND
DISCOVERIES, 1917-41

In 1916, Frank Buttram and D. W. Ohern
mapped the Cement anticline in Caddo County,
Oklahoma. The discovery of gas and oil from the
Permian Fortuna sand was made in 1917 (Becker,
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1927), opening what is now a major producing
area of the Cement field (Fig. 3). Subsequent de-
velopment at this field has found production
from numerous Pennsylvanian sands to depths
below 13,000 ft (Herrmann, 1961). Through 1985
this major field has produced 185 million barrels
of oil and 516 billion cubic feet of gas. (Major
fields as defined for this paper are those that
have produced at least 100 million barrels of oil,
600 billion cubic feet of gas or barrels of oil

equivalent at 6,000 cubic feet of gas per barrel of
oil [Northcutt, 1985].)

A surface structure was also mapped in Gar-
field County, Oklahoma, in 19186, which led to the
discovery of the Garber field, another significant
Permian-sand producing area in which produc-
tion was subsequently established from multiple
zones in Pennsylvanian sandstones, Mississippian
limestone, and Arbuckle limestone (Gish and
Carr, 1929).
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Figure 3. Oil and gas field map of fields discovered through 1941 in the greater Anadarko basin.
Stippled areas indicate developed limits of initial field discoveries. Fields are indicated by numerals
and names and listed in chronological order of discovery by state.

Surface mapping in the Texas Panhandle by  where oil production, largely controlled by struc-
Charles N. Gould in 1917 located the John Ray tural relationships, is approaching 1.5 billion bar-
dome in Potter County, Texas. The huge Pan- rels. (“A giant oil field is defined as one which has
handle gas field (Fig. 4) was discovered by a well 500 million bbls of reserves recoverable by pres-
drilled on this dome in 1918 (Mason, 1968). Sub-  ent methods, and a giant gas field as one which
sequent drilling in Carson County, Texas, during  has 3.5 trillion cubic feet of reserves recoverable
1921 discovered the giant Panhandle oil field, by present methods” [Halbouty, 1970].)
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To the north in Seward County, Kansas, a well
completed in 1922 (Pippin, 1970) discovered gas
from a large stratigraphic trap in the Permian
Chase Group. Another Permian gas discovery in
1923 in Texas County, Oklahoma, set up the
eventual linkage of these areas into the Panhan-
dle-Guymon-Hugoton gas field, the largest gas
field in North America, covering 8,500 mi? which
has produced 48 trillion cubic feet of gas.

As early as 1917, surface evidence of a large
structure was noted in Oklahoma County, Okla-
homa. It was finally drilled in 1928, and the pro-
lific Oklahoma City field was discovered (Gate-
wood, 1970). During its rapid development, pro-
ducing horizons were established in rocks ranging
in age from Pennsylvanian to Cambrian. The
Second Wilcox sandstone (Ordovician, Simpson)
is the largest reservoir in this great structural oil
field, which has now produced nearly 750 million
barrels of oil (Gatewood, 1970, figs. 4,5,11).

In the 1920s, core drilling was utilized to map
structures where satisfactory outcrops were not
readily apparent. In northern Oklahoma and
western Kansas this method was used to discover
some small structural fields.

The seismograph began to be used as an explo-
ration tool in the 1930s and made it possible to
delineate subsurface structures not easily found
by surface mapping. This resulted in the discov-
ery of several small structural fields in Oklahoma
and Kansas.

The small but prolific Patterson oil field was
discovered by using seismograph surveys late in
1941 in Kearny County, Kansas, then just north
of the Hugoton gas field limits (R. Davis, 1959).
This three-well field has now produced over 1
million barrels of oil; it was the earliest discovery
of petroleum in the Morrow sand, which later be-
came one of the major objectives in the Anadarko
basin.

EXPLORATION AND
DEVELOPMENT, 1942-60

Significant fields discovered in the greater
Anadarko basin during the period 1942 through
1960 are illustrated on Figure 5. Most of these
fields have become major or giant gas fields and/
or oil and gas fields. All but three are strati-
graphic accumulations.

The Bradshaw and Byerly fields, discovered in
1957 in Hamilton and Greely Counties, Kansas,
produce gas from the Permian Chase Group. Al-
though reservoirs extend over a large area, pro-
duction through 1985 has been only 180 billion
cubic feet of gas. More significantly, this produc-
tion illustrates the fact that as long as reservoir
rocks were present updip, the gas that migrated
into the Hugoton field continued until it reached
a final trap. Explorationists may ask if we have

found the updip limit of the Chase gas produc-
tion in western Kansas and southeastern Colo-
rado. Has it found a way to migrate into younger
traps farther updip?

A major accumulation of gas was later found in
the lower Permian Council Grove Group below
the Chase Group production inside the giant
Hugoton field (D. Davis, 1976). The Panoma field
was discovered in 1956, and through 1985 the
2,237 wells in Kansas have produced 1.3 trillion
cubic feet of gas. Detailed study of the Panoma
field in the 1960s revealed that many of the old
Hugoton wells were actually producing from the
Council Grove and Chase Groups. The Kansas
Corporation Commission designated the Permian
Council Grove Group a separate common source
of supply in 1959.

A structural accumulation of Permian oil and
gas was encountered north of the giant Panhan-
dle oil field in Roberts County, Texas. The
Quinduno field, discovered in 1952, has produced
22.5 million barrels of oil and 115 billion cubic
feet of gas, primarily from the “Brown” dolomite.
Deeper Pennsylvanian and Mississippian pays
also contribute to the gross production.

The only other Permian production discovered
in the greater Anadarko basin during this period
was from small, structurally controlled fields, pri-
marily in the Oklahoma Panhandle and south-
western Kansas.

The hydrocarbon-bearing Upper Pennsylva-
nian section is represented by gas production dis-
covered in 1952 at the stratigraphically controlled
Greenwood field, in extreme southwestern Kansas
and southeastern Colorado (Wingerter, 1958).
Here, Virgilian limestones produce in a strati-
graphic trap similar to the Hugoton trap (see
Pippin, 1970, fig. 16). The Greenwood field has
produced 955 billion cubic feet of gas through
1985.

The Upper Pennsylvanian was found to be pro-
ductive of oil and gas in the deep basin at the Elk
City field in Beckham and Washita Counties,
Oklahoma, in 1947. On this large structure, gran-
ite washes in the Missourian Series have pro-
duced 50 million barrels of oil and 276 billion cu-
bic feet of gas through 1985. No other structural
accumulation has been found in the Upper Penn-
sylvanian rocks along the front of the Amarillo-
Wichita Mountains to date.

A “reef-like” trend of Middle Pennsylvanian
Oswego limestone was discovered to be oil- and
gas-bearing at the Putman field in 1959 in Dewey
County, Oklahoma. Since then, 54 million barrels
of oil and 1 trillion cubic feet of gas have been
produced through 1985. The Putman field is lo-
cated at the hingeline of the basin and on an ob-
scure N-S tectonic feature which seems to extend
southward from the Pratt anticline of Kansas.
The Marmaton (Kansas), Big Lime (Texas), or
Oswego (Oklahoma) is productive throughout the
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Figure 5. Significant fields, 1942-60, in the greater Anadarko basin. Indicated fields are discussed in

the text.

greater Anadarko basin in small, isolated fields.
Lower Pennsylvanian sands in the Morrow
Group account for most of the pre-Permian oil
and gas production in the greater Anadarko ba-
sin. The first Morrow-sand gas was discovered on
Keyes dome in Cimarron County, Oklahoma, in
1943. The lower Morrow Keyes sand on this

structure has produced 500 billion cubic feet of
gas and 1.7 million barrels of oil through 1985.
The upper Morrow sands have produced 103
million barrels of oil and 52 billion cubic feet of
gas through 1985 at the Postle field, discovered in
1958, and 1 trillion cubic feet of gas and 14 mil-
lion barrels of oil through 1985 at the Camrick
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field, discovered in 1954. These two fields are in a
large upper-Morrow deltaic plain, which would
contain a giant oil and gas field if all significant
fields from southeastern Colorado, Morton
County (Kansas), Texas and Beaver Counties
(Oklahoma), and Hansford, Ochiltree, and Lips-
comb Counties (Texas) were combined. The best
documentation of this deltaic sequence is con-
tained in Swanson (1979).

The Mocane-Laverne field in Beaver and
Harper Counties, Oklahoma, is a true giant field.
Production through 1985 has been 4.4 trillion cu-
bic feet of gas and 22 million barrels of oil from
the Pennsylvanian Virgilian Hoover sand, Mis-
sourian Tonkawa sand, upper and lower Morrow
sands, and the Mississippian Chester limestone.
Durwood Pate published a classic paper on this
stratigraphic accumulation in AAPG Memoir 9,
“Natural Gases of North America” (1968).

The Hansford field in Hansford, Ochiltree,
Hutchinson, and Roberts Counties, Texas, is a
major stratigraphic accumulation discovered in
1953 in the Texas Panhandle. The primary reser-
voirs are the upper and lower Morrow sands,
which have produced 1.1 trillion cubic feet of gas
and 10.7 million barrels of oil through 1985.

The Deese sands (Desmoinesian) were found to
be productive at the extreme southeast end of the
basin in the giant Golden trend in 1945. Through
1985, 500 million barrels of oil and 1 trillion cubic
feet of gas have been produced from the onlap-
ping, stratigraphically trapped Deese sands and
other reservoirs in Devonian, Silurian, and Ordo-
vician rocks.

The Watonga—Chickasha trend, the last major
field designated in the basin to date, was discov-
ered in 1960 in Blaine County, Oklahoma. This
trend, which includes reservoirs of Atokan, Mor-
rowan, and Springerian age, now extends from
Dewey County through Blaine and into Cana-
dian, Caddo, and Grady Counties, Oklahoma.
Through 1985, 1.8 trillion cubic feet of gas and 44
million barrels of oil have been produced from
this major field. Multiple sands in many varied
trapping conditions are present throughout the
trend.

The Ringwood field, discovered in 1945 in the
northeastern part of the basin, produces from the
Chester. Chesterian limestones and sandstones
produce oil and gas which are stratigraphically
trapped throughout the basin from western Kan-
sas across the northeastern shelf area to their
updip porosity pinchouts. Ringwood is the largest
single trap and has produced 84 million barrels of
oil and 558 billion cubic feet of gas through 1985.

Older Mississippian rocks, the Meramec and
Osage, produce in the giant Sooner trend, discov-
ered in 1945. Here, fractured carbonates have
produced 300 million barrels of oil and nearly 1
trillion cubic feet of gas through 1985. There are
multiple pay zones ranging in age from Penn-

sylvanian through Ordovician in this large area.

The West Edmond field in Oklahoma County,
Oklahoma, was discovered in 1943 by an “exotic”
technique. The discovery well of this large strati-
graphic trap in the Hunton (Bois d’Arc) lime-
stone was located by a “doodlebugger” or dowser,
as reported in Swesnik (1948). Oil production
from this major field, which was unitized in 1947,
is now >160 million barrels of oil.

THE DEEP ANADARKO BASIN,
1960-87

Several significant wells, fields, and trends of
production in the “deep Anadarko basin” are
identified in Figure 6.

The Lone Star #1 Baden, located in sec. 28, T.
10 N., R. 22 W., Beckham County, Oklahoma,
reached a total depth of 30,050 ft in the Viola,
February 29, 1972 (Rowland, 1974a). This explor-
atory test in the “deep basin” was historic be-
cause it was the deepest test in the world at the
time and proved that the petroleum industry’s
geologists, geophysicists, engineers, and drilling
and service companies were up to the task of ex-
ploring the deep part of the basin.

The depth record was short-lived, as the Lone
Star #1 Bertha Rogers, located in sec. 27, T. 10
N, R. 19 W, Washita County, Oklahoma,
reached a total depth of 31,441 ft in the
Arbuckle, April 13, 1974 (Rowland, 1974b). Bot-
tom-hole pressure was 24,835 1b/in% A small show
of high-sulfur gas was detected at the surface,
and after the well was controlled, sulfur crystals
were circulated to the surface. It is theorized that
when the sulfur crystallized at 15,200 ft the drill
pipe parted at that depth. The well, which is still
the deepest hole in the free world, added the val-
uable geologic knowledge that the Precambrian
basement is ~43,600 ft deep in the Anadarko
basin.

The Mills Ranch field, a multiple-reservoir
field located on a thrust block in the deep basin
in Wheeler County, Texas, is the site of the
world’s deepest producer (Jemison, 1979). The
Chevron-Freeport #1 Ruth Ledbetter, sec. 21,
Block L, Jim Lindsay Survey, produces gas from
the Arbuckle at 26,536 ft. The field was originally
discovered by a Morrow gas producer in June
1971. The Hunton gas discovery occurred in Oc-
tober 1973; Atoka gas was added in July 1975;
and the Arbuckle gas discovery was made in Au-
gust 1976. Gas reserves for the Mills Ranch com-
plex are estimated at 400 billion cubic feet from
over 40 producers.

The West Mayfield field, located immediately
east, across the state line in Beckham County,
Oklahoma, was discovered in May 1954, produc-
ing gas and oil from the Pennsylvanian (Vir-
gilian) arkose. Three miles west of the discovery



Petroleum Exploration and Development 21

NEBRASKA

]

o by
S
= | | . ; \
b T B _'_'T'_'_‘i_‘ | #1 Badef'ﬂ;L -
! | | I ;5!9—-1 #1 Rogers
________ _l,_____L____J'_____L____Eg r"!L !
L .
‘\;J . CYRIL(FLETCHER) BASIN
S N L |
l | H
\_--\. d 7o l
4 Ny =
\~,\___J—_—
@ 0IL PRODUCTION N
" GAS PRODUCTION
ROBERT A. NORTHCUTT SEPTEMBER, 1986 OI . 215' 5|o . I?o MILES
0 25 50 (00 KILOMETERS

Figure 6. Significant wells, fields, and trends, 1960-87, in the deep portion of the greater Anadarko
basin. Indicated wells, fields, and trends are discussed in the text.



22 H. G. Davis and R. A. Northcutt

well, Continental Oil Co. completed a Penn-
sylvanian granite-wash gas discovery in Septem-
ber 1972, after having shows of gas in the Hunton
and Arbuckle. The first Arbuckle gas well was the
Helmerick and Payne #1 Cupp, completed in
July 1975. The field’s production through 1985
totals 194 billion cubic feet of gas. Gas reserves
for the West Mayfield complex are estimated to
be >350 BCF from 26 Hunton, Viola, and
Arbuckle producers. In-fill Hunton and off-struc-
ture Atokan and Morrowan gas reservoirs will
add to the ultimate gas recovery at the Mills
Ranch-West Mayfield complex.

The Reydon field in Roger Mills County,
Oklahoma, was a significant gas discovery in the
deep Anadarko basin. The Guif #1 Hartley dis-
covered upper Morrow gas in January 1962. The
field was extended by the Texas Pacific #1-29
Hollis in December 1970.

Geologic studies in the late 1970s indicated
that upper-Morrow chert reservoirs extended
from eastern Roberts County, Texas, to Washita
County, Oklahoma, a distance >100 miles. Jerry
Shelby, an independent geologist in Amarillo,
Texas, presented the first of many papers on this
trend. His exhibit presented at the Deep Drilling
and Production Symposium in April 1979, in
Amarillo, Texas, located the trend (see Shelby,
1980, fig. 2). Significant fields in the trend to date
are the Shreikey field, Roberts County, Texas;
Buffalo Wallow field, Hemphill County, Texas;
Reydon and Cheyenne fields, Roger Mills County,
Oklahoma; and Elk City field, Washita County,
Oklahoma.

The structural cross section of Shelby (1980,
fig. 9) illustrates the massive chert conglomerate
in the upper Morrow, generated by erosion of the
Amarillo-Wichita Mountains to the south. The
obvious source for this chert is the Lower Missis-
sippian rocks, which were being stripped off the
mountains and deposited as a fan-delta system in
the subsiding basin during Morrowan time. A sec-
ond source during late Morrowan time was to the
northwest, where large quantities of quartz sand
were being carried into the fluvial channels which
locally intertongue in a southeasterly direction
into the fan-delta cherts.

Current estimates are that the upper-Morrow
trend in the deep basin will contribute >3 tril-
lion cubic feet of gas reserves; it may ultimately
be a giant field similar in size to the Watonga-
Chickasha trend.

The Cyril basin, also known as the Fletcher
area, is located in the extreme trough of the
Anadarko basin at its southeastern limit. This
area was the center of a concentrated deep-drill-
ing play in 1982 (Drisdale, 1982). The area was
targeted for gas in the Springer and Goodard
sands at depths of 18,000-22,000 ft. Forest Oil
Co. discovered gas at East Apache field in the
Cyril basin in 1972, and completed the first com-

mercial well in 1974.

The Natural Gas Act of 1978 allowed gas pro-
duced below 15,000 ft to be sold at unregulated
prices equivalent to 100-110% of No. 2 fuel oil or
$7.60-8.30/mcf and caused a boom in deep drill-
ing for gas. The Springer and Goodard sands at
depth failed to provide the reservoirs for the an-
ticipated giant gas field (Drisdale, 1982), and with
the collapse of the industry in late 1982 the Cyril
basin was left a graveyard of iron.

The “East Clinton-Weatherford Upper Red
Fork sand trend” in Blaine, Caddo, and Custer
Counties, Oklahoma, discovered in 1979, has de-
veloped into a potential major gas field. William
A. Clement of Anson Corp., Oklahoma City,
Oklahoma, has presented a recent paper (in
press) on the field and estimates the current gas
reserves at 434 billion cubic feet from 102 wells.
Clement’s “pink limestone structure map” illus-
trates the sand trend from its fluvial environment
in Blaine, Caddo, and Custer Counties into its
delta system located in southwestern Custer,
Washita, Beckham, and Roger Mills Counties
(Petzet, 1988). This Pennsylvanian Red Fork
sand play has been one of the most active drilling
plays in the Anadarko basin in recent years.

The “Eakly Britt sand trend” in Caddo,
Custer, and Washita Counties, Oklahoma, discov-
ered in 1981, has developed into a potential major
gas field, as >50 wells producing from the
Springer-Britt sands are estimated to have gas
reserves of 910 billion cubic feet. James R.
Walker of Dyco Petroleum Corp., Tulsa,
Oklahoma, presented his paper on the Eakly
trend at the AAPG Midcontinent Meeting in
1985 at Amarillo, Texas. His “Britt structure
map” illustrates the productive area trending
northwest-southeast for >30 miles. The “Gross
Britt sand isopach map” indicates the sand thick-
ness in the productive wells to be a maximum of
50 ft thick (Walker, 1985, and personal com-
munication).

The Berlin gas field in Beckham County,
Oklahoma, was discovered in 1977; production is
from an Atokan carbonate composed of recycled
detrital Arbuckle dolomite. The reservoir was de-
posited as a shallow marine fan delta and occu-
pies an area of ~41 mi%

Reed Lyday of Meridian Oil, Houston, Texas,
has written an excellent paper on the geology of
this field (Lyday, 1985); his figure 3 locates the
Berlin field north of the Elk City structure in the
Anadarko basin. His figure 5, a diagrammatic
cross section, illustrates the wash sequences off
the Wichita Mountains south of the Elk City
structure. Here granite wash overlies dolomite
clastic wash, which overlies chert wash. On the
north side of the structure the dolomite fan delta
is present below the granite washes in the
Desmoinesian. The dolomite isopach (Lyday,
1985, fig. 11) indicates a maximum of 80 ft of do-
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lomite, using a 50 API gamma-ray unit. Reserves
for the field are currently estimated by Lyday
(1985) at 242-362 billion cubic feet of gas.

PETROLEUM PRODUCTION
SUMMARY

Through 1985, petroleum reservoirs in the
greater Anadarko basin produced 82.4 trillion cu-
bic feet of gas and 5.37 billion barrels of oil. Fig-
ure 7 illustrates each state’s share of these totals.
Of this total, the giant Panhandle-Hugoton field
(Fig. 8) accounts for 58% of the gas production
and 26% of the oil production. With this produc-
tion excluded, the respective amounts for the
states are as follows: Oklahoma, 22.5 trillion cubic
feet of gas; Texas Panhandle, 7.3 trillion cubic
feet of gas; and Kansas, 4.7 trillion cubic feet of
gas. The Texas Panhandle oil production be-
comes a modest 300 million barrels of oil.

FUTURE POTENTIAL
OF THE ANADARKO BASIN

It is obvious now that economics and political
policies will dictate the future potential of the
Anadarko basin. The deep drilling campaign dur-
ing the late 1970s and early 1980s has identified
that the entire basin contains structural and
stratigraphic oil and gas possibilities to depths

GAS
82.4

below 25,000 ft. Gas will be the most sought-after
prize, and extensions and redrills on increased-
density patterns for the lenticular Pennsylvanian
sands and Mississippian carbonates will still be
the primary reservoirs.

The shelf area of the basin is in a late state of
exploration; however, the deep-basin sedimentary
section and the mountain-front fault systems still
afford opportunities for large stratigraphic and
structural traps. The thick sequence of Penn-
sylvanian sediments and the Mississippian, Devo-
nian, and Cambrian—-Ordovician carbonates will
provide multiple-reservoir possibilities as our
knowledge of the stratigraphy increases by appli-
cation of seismic data and use of the drill bit.

Reinterpretation of the existing subsurface
data and improved seismic coverage will un-
doubtedly facilitate exploration in the deep basin
for years to come. It is hoped that industry, gov-
ernment, and financial institutions will approach
it more cautiously in the 1990s than they did dur-
ing the boom of the late 1970s and early 1980s.
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THERMAL MATURITY OF THE ANADARKO BASIN?

JAMES W. SCHMOKER
U.S. Geological Survey, Denver

Abstract.—Levels of thermal maturity are estimated for Paleozoic strata in five areas of the cen-
tral Anadarko basin for times between the Paleozoic and the present, and depths of the oil window
are plotted as a function of geologic time. Mean surface temperature assumed here for calculating
Lopatin’s time-temperature index of thermal maturity (TTI) in the central Anadarko basin de-
clines from 80°F (27°C) to 60°F (16°C) from early Paleozoic time to the present. Shallow-water
carbonates and lower paleolatitudes suggest warmer climates in the Paleozoic for this area. The
geothermal gradient is assumed to equal 4.0°F/100 ft (7.3°C/100 m) in the Late Cambrian and to
decay over a 100-m.y. period to the present regional gradient of 1.3°F/100 ft (2.4°C/100 m). Initial
basin formation was caused by crustal thinning. Accumulation of thick Pennsylvanian sediments in
a foreland-style basin dominated by vertical lithospheric flexure represents a second major period
of subsidence. An elevated geothermal gradient during this time is not assumed for TTI calcula-
tions, because mathematical models suggest time-invariant heat flows in such basins.

TTI computations based on these assumptions indicate that oil could have been generated in the
ancestral Anadarko basin >350 m.y. ago. By the end of the Pennsylvanian, significant volumes of
kerogen were in the oil window (and perhaps beyond), and significant volumes have remained in
the oil window up to the present day. These circumstances may partially explain the unusual rich-

ness of the Anadarko basin as a Paleozoic hydrocarbon province.

INTRODUCTION

A number of models have been put forward for
estimating thermal maturity at points in the sedi-
mentary section, and in time, where direct geo-
chemical measurements such as vitrinite reflec-
tance are not available. Lopatin’s model, as
described and evaluated by Waples (1980), is
used here.

Lopatin’s time-temperature index of thermal
maturity (T'TI) is based on the idea that hydro-
carbon generation depends on both the tempera-
ture and the duration of kerogen heating. The
maturity that is accumulated by a given rock unit
over a period of time ¢, to t, is summed according
to the equation

2
TTI= I 2T/10~ 10.5), (1)

i=t

where time is measured in million-year incre-
ments, and T; is the formation temperature °C)
during the ith time increment.

In the study reported here, TTI values for
Lower Ordovician to mid-Permian strata in five
areas of the central Anadarko basin (Fig. 1) are
computed for times between the Paleozoic and
the present. From these computed values of ther-

mal maturity, depths of the oil window are esti-
mated as a function of geologic time and plotted,
along with sediment-burial curves, for each of the
five areas shown in Figure 1.

REGIONAL THERMAL AND
BURIAL HISTORIES

Formation temperatures used to compute TTI
(equation 1) are derived from surface-tempera-
ture, geothermal-gradient, and burial-depth his-
tories. Present-day mean surface temperature in
western Oklahoma is ~60°F (16°C). Shallow-
water carbonates and paleolatitudes near the
Equator suggest a warmer climate in Paleozoic
time for the study area. Surface temperatures
used here for TTI modeling of the central
Anadarko basin decline from 80°F (27°C) to
60°F (16°C) between early Paleozoic time and
the present (Schmoker, 1986, fig. 2).

The thermal gradient associated with the early
Paleozoic southern Oklahoma aulacogen, of which
the present-day Anadarko basin occupies a part,
is estimated here from calculations of Feinstein
(1981). His model shows a heat pulse due to Late
Cambrian rifting that decays over a 100-m.y. pe-

'This paper is a summary of a more comprehensive report (Schmoker, 1986) prepared for the U.S. Geological
Survey’s Evolution of Sedimentary Basins Program and published by the Oklahoma Geological Survey.
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riod, from 4.0°F/100 ft (7.3°C/100 m) during ini-
tial crustal thinning, to the present regional geo-
thermal gradient of 1.3°F/100 ft (2.4°C/100 m)
(Harrison and others, 1983; Luza and others,
1984).

The present-day Anadarko basin was shaped
by a second period of major subsidence during
which thick Pennsylvanian sediments accumu-
lated. Although a limited extensional event has
been suggested by Garner and Turcotte (1984), a
foreland basin dominated by vertical lithospheric
flexure is thought here to be more representative
of the study area as a whole (e.g., Webster, 1977,
Brewer and others, 1983; Gilbert, 1983c). Mathe-
matical models suggest time-invariant heat flows
in most foreland basins (Beaumont and others,
1985). Therefore, a constant geothermal gradient
equal to that of the present day is used here for
TTI modeling of the second period of basin
formation.

Decompacted time-depth burial histories were
constructed for each of the five areas shown in
Figure 1. Stratigraphic horizons span a large
range of depths in these areas. The oldest
modeled horizon, the top of the Upper Cambrian
and Lower Ordovician Arbuckle Group, varies in
present depth from ~5,700 ft at the shelf edge
(area 5) to ~33,450 ft in the deep part of the
basin immediately north of the Wichita Moun-
tains front (area 1).

From past to present, burial histories prepared
for TTI modeling reflect moderate subsidence
during late stages of the southern Oklahoma au-
lacogen, rapid subsidence associated with forma-
tion of the Anadarko basin, a period of quies-
cence and slow sediment accumulation between
260 and 60 m.y. ago, and uplift and erosion begin-
ning ~60 m.y. ago and continuing to the present
(Schmoker, 1986, fig. 3). Erosion of 2,600 ft is as-
sumed here as an average value for the study
area. This value is supported by the projection of
plots of vitrinite reflectance versus depth to sur-
face values of R, = 0.2% (Dow, 1977).

PRESENT-DAY OIL WINDOW

TTI values calculated for the Paleozoic section
of the five areas shown in Figure 1 span seven or-
ders of magnitude. Over this large range, a semi-
logarithmic graph of TTI versus present depth
describes a straight line, with very little data
scatter, represented by the regression equation

TTI = 1.38eZ/197, (2)

where Z is depth in feet. Using equation 2, ther-
mal maturity can be estimated from present
depth of burial throughout the study area. Causa-
tive factors for this somewhat unexpected but
useful relationship were discussed by Schmoker
(1986, p. 15).

Comparison to published vitrinite-reflectance
(R,) measurements indicates that the relation-
ship between TTI and R, in the central
Anadarko basin can be expressed as a power
function

TTI = 351.8 Ry*%. (3)

This calibration is not in close agreement with
the generic calibration of Waples (1980, fig. 5), al-
though it does fall within his envelope of data
points.

The transition from oil to wet-gas generation is
commonly equated to a maturity level of R, =
1.3%. This level corresponds to TTI = 1,260 in
the study area and occurs at a present depth of
~13,400 ft. A threshold for hydrocarbon genera-
tion of R, = 0.5-0.6% is considered representa-
tive of many oil-prone source rocks (Waples,
1985, table 9.5). The threshold for oil generation
in the central Anadarko basin corresponds to T'TI
values between 12 and 29, occurring at present
depths of roughly 4,300-6,000 ft.

OIL WINDOW IN THE PAST

The evolution of the oil window through time
in the central Anadarko basin, estimated from
TTI calculations, is shown in Figure 2. Reliability
of this figure undoubtedly decreases as TTI val-
ues are projected hundreds of millions of years
into the past. Taken as a whole, the oil window
migrates upward ~7,500 ft relative to the surface
from Pennsylvanian time to the present, and de-
creases in total thickness from ~10,500 to
9,000 ft.

The envelope defining the oil window (Fig. 2) is
subdivided into three segments by discontinuities
in slope that correspond to major shifts in basin-
subsidence patterns. The oldest segment reflects
rapid sedimentation and burial. The middle seg-
ment corresponds to gradual subsidence and sedi-
ment compaction in a quiescent basin and mi-
grates gradually upward in response to TTI
accumulation with the passage of time. The ap-
parent upward migration of the youngest segment
is in fact due primarily to erosion and the lower-
ing of the ground surface toward the oil window.

With a single exception, the data points of Fig-
ure 2 form a well-defined trend that terminates
330 m.y. before present (latest Mississippian),
prior to which most modeled sediments were im-
mature in terms of oil generation. A single data
point in Figure 2, circled for emphasis, fails well
off the general trend but is not a calculation er-
ror. This value represents the top of the Arbuckle
Group in area 1 (the most mature modeled hori-
zon) and indicates that oil generation may have
occurred in the southern Oklahoma aulacogen—
the precursor of the Anadarko basin. The deep-
est, most mature sediments of the southern
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Figure 2. Generalized oil window for Paleozoic rocks of the central Anadarko basin as a function of

time before present.

Oklahoma aulacogen lay along the axis of the
present-day Wichita Mountains and have been
destroyed by uplift and erosion. The “unusual”
data point of Figure 2 thus suggests that oil could
have been generated >>350 m.y. ago in the deep-
est part of the ancestral Anadarko basin if ade-
quate source rocks were present.

DISCUSSION AND SUMMARY

Figures 3-7 form a largely self-explanatory se-
quence showing the relationship of representative
strata at each of the five locations modeled to the
generalized regional oil window of Figure 2. The
horizons plotted in these figures provide a frame-
work for interpolation and do not necessarily rep-
resent source rocks. Burial reconstructions of the
Devonian and Mississippian Woodford Shale at
the five studied locations are grouped together in
Figure 8 as an example illustrating the relation-
ship throughout the basin of a single formation to
the oil window. The Woodford Shale is an impor-
tant hydrocarbon source rock in the Anadarko
basin.

Because significant uncertainties exist in the
burial and thermal reconstructions, in the calcu-
lation of the oil window, and in the geochemical

specifications of the oil window, the data of
Figures 3-8 should be regarded as semiquantita-
tive. Rigorous interpretation of these figures in
terms of precise ages and depths is not war-
ranted.

During the period of rapid basin subsidence,
burial curves cut sharply across the oil window,
and time spent in the zone of oil generation is as
short as 20 m.y. (Figs. 3,4,8). During the subse-
quent period of gradual subsidence, burial curves
remain in the oil window much longer. Burial
curves and the oil-window envelope are nearly
parallel through the period of Tertiary erosion.
Within a given formation, the zone of oil genera-
tion moves upward and outward toward the shelf
with the passage of time.

Hydrocarbons have been generated in an ex-
ceptionally long and unbroken history for >350
m.y. in the Anadarko basin. Since Permian time,
the basin has been relatively stable. Such condi-
tions favor the generation of large volumes of oil
and gas, extensive and diverse migration paths,
the widespread distribution of oil and gas
throughout the section, and the preservation of
petroleum accumulations. These circumstances
contribute to the unusual richness of the Ana-
darko basin as a Paleozoic hydrocarbon province.
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THERMAL MATURATION OF THE WOODFORD SHALE
IN THE ANADARKO BASIN

BriaN J. CARDOTT
Oklahoma Geological Survey

Abstract.—The Woodford Shale (Upper Devonian-Lower Mississippian) in the Anadarko basin,
Oklahoma and Texas, is marginally mature to postmature with respect to the generation of liquid
hydrocarbons.

Core material and water-washed well cuttings of the Woodford Shale from 81 wells were ex-
amined under reflected white light from whole-rock, dispersed-organic pellets. Thermal maturity
was determined by measuring the reflectance in oil immersion (R, percent) of low-gray (primary)
vitrinite macerals. A minimum of 40 reflectance measurements were recorded for each well. Each
well is represented by one or more sample intervals. The Woodford Shale was sampled at depths
from 5,060 ft in the northern shelf area, and 3,600 ft in the southeastern part of the basin, to
97,732 ft in the deep Anadarko basin, north of the Wichita frontal fault zone.

Mean random and mean average vitrinite-reflectance (Ro) values range from 0.48% in the north-
ern shelf area, 0.42% in the southeastern part of the basin, and 0.47% in the Wichita frontal fault
zone, to 4.89% in the deep Anadarko basin. An isoreflectance map for the Woodford Shale indi-
cates those areas of the basin where the thermal history of the shale is optimum for generating and
preserving liquid hydrocarbons (R, = 0.5-2.0%). .

Regional maturation profiles of vitrinite reflectance (R) versus depth for 80 wells provide a
least-squares regression equation that predicts the vitrinite reflectance of the Woodford Shale at
most depths in the Anadarko basin and estimates the amount of erosion generalized for the entire

basin.

INTRODUCTION

In this paper, thermal maturation refers to the
very low-grade metamorphism of sedimentary or-
ganic matter. The maturity stages (immature,
mature, postmature) refer to the “degree to
which hydrocarbon generation has proceeded in a
kerogen” (Waples, 1985, p. 211).

The Woodford Shale (Upper Devonian-Lower
Mississippian) in the Anadarko basin is a carbo-
naceous, siliceous, pyritic, dark-gray to black
shale. The Woodford Shale was selected for ther-
mal-maturation study because of the following
factors:

1) The Woodford Shale is considered to be one
of the most prolific hydrocarbon source rocks in
the Anadarko basin (Webster, 1980; Hatch and
others, 1986; Comer and Hinch, 1987; Burruss
and Hatch, 1987; Imbus and others, 1987; Jones
and others, 1987; Zemmels and others, 1987; Rice
and others, 1987; Engel and others, 1988). Hydro-
carbon source rocks are characterized by the
type, quantity, and thermal maturity of sedimen-
tary organic matter. Hunt (1979, p. 101) stated,
“The most important factor in the origin of pe-
troleumn is the thermal history of the source
rock.”

2) The Woodford Shale marks a general bound-
ary between early Paleozoic carbonates and late
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Paleozoic clastics (Ham and others, 1973; Hill
and Clark, 1980; Kennedy and others, 1982, p.
10-14; Hill, 1984). Thermal maturity based on
vitrinite reflectance from black shales is preferred
over gray shales, sandstones, and limestones be-
cause black shales are more organic-rich, less
likely to be oxidized, and more closely approxi-
mate the coal benchmark (Jones and others,
1972; Bostick and Foster, 1975; Wenger and
Baker, 1987).

3) The Woodford Shale is the oldest rock unit
in the Anadarko basin that contains woody or-
ganic matter, necessary for vitrinite-reflectance
analysis (Ham and others, 1973). Hunt (1979, p.
332) stated, “Pre-Silurian rocks contain no
vitrinite.”

4) The Woodford Shale contains less high-gray
(recycled) vitrinite than younger rock units be-
cause there were few older sources from which
vitrinite could be recycled.

5) The Woodford Shale was deposited prior to
Pennsylvanian orogenies, thereby recording the
thermal history of that period.

6) The Woodford Shale extends laterally across
the entire Anadarko basin (Amsden, 1975; John-
son and others, 1988, p. 315, pl. 5-H; Hill, 1984).

The region covered in this report includes not
only the Anadarko basin as outlined by Johnson
(1971), but also the northern shelf area to the
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Kansas border on the north, an area east of the
Nemaha ridge on the east, and the area bordering
the Ardmore basin on the southeast.

Thermal maturation was determined by mea-
suring the reflectance in oil immersion (B,) of
vitrinite from whole-rock sample preparatlons
Vitrinite reflectance is reported by many to be
the best thermal-maturation indicator. The
vitrinite-reflectance analysis measures the per-
centage of white light (resolution of 0.01%) re-
flected from the vitrinite maceral (modified for
shale from American Society for Testing and
Materials, 1987, D2798), derived from woody or-
ganic matter (woody tissue from the stems, bark,
roots, and leaves of vascular plants).

The thermal maturity of the Woodford Shale
in the Anadarko basin can be applied: (1) to pre-
diction of oil/gas windows in evaluating the
Woodford Shale as a potential hydrocarbon
source rock; (2) to understanding the geologic and
tectonic history of the Anadarko basin since the
Early Mississippian; and (3) to understanding the
timing of hydrocarbon generation in and expul-
sion from the Woodford Shale.

This report updates an earlier report by
Cardott and Lambert (1985) which reported the
thermal maturity of the Woodford Shale based
on vitrinite reflectance of samples from 28 wells
in the Oklahoma portion of the Anadarko basin
(refer to that report for additional information
and interpretations of the vitrinite-reflectance
data).

SAMPLING, LABORATORY, AND
PETROGRAPHIC METHODS

Core material and water-washed well cuttings
of the Woodford Shale from 81 wells, 72 from
Oklahoma and 9 from the Texas Panhandle (Ap-
pendix), were prepared into whole-rock, dis-
persed-organic pellets (1-3 mm shale chips em-
bedded in epoxy), polished, and examined under
the microscope in reflected white light. Thirteen
wells are represented by core material obtained
from the Oklahoma Geological Survey Core and
Sample Library and from B. J. Cunningham
(Amarillo, Texas). Well cuttings were provided
from the drilling programs of petroleum compa-
nies listed in the Appendix. Well cuttings were
washed with water in a 18-mesh sieve (1-mm
opening) to remove drilling mud. Well cuttings
from deep wells that used an oil-based drilling
mud were washed with mild dishwashing
detergent.

Whole-rock samples were preferred over ker-
ogen concentrate from acid-digested rock because
of the following factors:

1) The Woodford Shale lithology can be identi-
fied under the microscope, reducing the possibil-
ity of measuring vitrinite reflectance from non-

Woodford lithologies. Well-caving contamination
is a common problem when working with well
cuttings (Dow and O’Connor, 1982; Bustin and
others, 1985, p. 207).

2) The association of organic matter and rock
matrix is used in the identification of organic-
matter types, as in distinguishing vitrinite macer-
als from bitumen and pyrobitumen.

3) The Woodford Shale is generally a very or-
ganic-rich rock that does not require the concen-
tration of vitrinite for the vitrinite-reflectance
analysis.

4) Although abundant liptinite macerals (espe-
cially alginite) and bitumen in shale and coal
have been found to suppress the reflectance of
vitrinite (Hutton and Cook, 1980; Stach and
others, 1982, p. 369; Price and Barker, 1985), the
effects of acid digestion on vitrinite reflectance
have not been fully explained (Stach and others,
1982, p. 369; Dembicki, 1984; Wenger and Baker,
1987).

Thermal maturity was determined by measur-
ing the reflectance in oil immersion (R ) of first-
generation vitrinite macerals. A minimum of 40
reflectance measurements were recorded from the
Woodford Shale for each well (Appendix), each
sample representing one or more 10-ft sample in-
tervals. The vitrinite-reflectance analysis was per-
formed on a Vickers M17 Research Microscope
system adapted for reflected white light in oil im-
mersion (Cargille type B immersion oil with ng
1.5180), monochromatic green light (546 nm), and
total magnification of 500X. Either average re-
flectance (without a polarizer) or random reflec-
tance (with a polarizer) (Hevia and Virgos, 1977;
Juckes and Pitt, 1977; Ting, 1978) were measured
on the organic matter (Appendix). “Average” re-
flectance, as used here, is elsewhere referred to as
“random” reflectance (Teichmiiller, 1987). Maxi-
mum vitrinite reflectance, measured on coals, is
not possible on vitrinite phytoclasts dispersed in
shale because their small size prohibits stage
rotation.

Vitrinite reflectance varies depending on (1)
the wavelength of light at which reflectance is
measured (standardized at 546 nm); (2) the re-
fractive index of the immersion oil (standardized
between 1.515 and 1.519, 1.5180 preferred); (3)
the geochemical gelification (vitrinitization) of
huminite macerals at reflectances of about 0.4-
0.5%; (4) which vitrinite maceral of the vitrinite-
maceral group is being measured; (5) the pres-
sure-induced anisotropy of the vitrinite maceral,
which produces a range of reflectance values from
maximum to minimum in plane-polarized light at
reflectance >1.5%; and (6) the orientation of the
vitrinite particle. Average reflectance measures all
the incident-light vibration directions and gives
an average of all values ranging between the max-
imum and apparent minimum. Random reflec-
tance measures one vibration direction, which can
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vary between the maximum and apparent mini-
mum. Ting (1978) gave the same conversion fac-
tor for mean average and mean random reflec-
tance in converting to mean maximum
reflectance. Random reflectance was preferred in
this study (Appendix), as recommended by Hevia
and Virgos (1977).

Coal petrologists classify organic matter on the
basis of petrography into three maceral groups:
liptinite (exinite), vitrinite, and inertinite, each
group consisting of several macerals (Stach and
others, 1982). Macerals are the microscopically
recognizable organic constituents of coal. Organic
geochemists classify organic matter on the basis
of chemistry into two types: kerogen (defined as
organic matter insoluble in organic solvents, such
as methylene chloride, chloroform, benzene,
methanol-benzene, or hexane) and bitumen (de-
fined as organic matter soluble in organic sol-
vents, generated from the thermal maturation of
kerogen) (Barker, 1979, p. 39; Tissot and Welte,
1984). Kerogen is classified into four types: type I
is derived from lacustrine algae (e.g., Botryococ-
cus) and their marine equivalents (e.g., Tas-
manites) (equivalent to the coal maceral alginite
of the liptinite maceral group); type II is derived
from marine phytoplankton, zooplankton, and
other microorganisms (bacteria), and terrestrial
herbaceous organic matter (partially equivalent
petrograpically to the liptinite maceral group);
type III is derived from woody tissues of terres-
trial higher plants (equivalent to the vitrinite
maceral group); and type IV (residual) is oxidized
or reworked organic matter (equivalent to the in-
ertinite maceral group and high-gray vitrinite
macerals) (Tissot and others, 1974; Tissot and
Welte, 1984; Ebukanson and Kinghorn, 1985).
Bostick (1979) distinguished two types of vitri-
nite in the determination of thermal maturity by
vitrinite reflectance: low-gray vitrinite, which rep-
resents the first-generation (primary) vitrinite in-
digenous to the host rock, and high-gray vitrinite,
which is recycled vitrinite redeposited from an
older sedimentary rock.

All reflectance measurements used in this study
for the determination of thermal maturation by
mean vitrinite reflectance are from low-gray vit-
rinite. Not included in the reported mean-reflec-
tance tabulation were low-gray vitrinite macerals
(1) in a light-colored groundmass (interpreted to
be non-Woodford), (2) smaller than the fiber-
optic measuring probe (<<8um, where reflectance
is influenced by edge effects), (3) with a radioac-
tive halo, causing a wide range in reflectance, or
(4) with rough texture (pitted or otherwise de-
graded) (Dow and O’Connor, 1982). Other ques-
tionable reflectance values—interpreted to be
from high-gray vitrinite macerals, bitumen, lip-
tinite macerals, or inertinite macerals—also were
not included.

The low-gray vitrinite reflectance values were

substantiated by other optical thermal-maturity
parameters whenever possible: (1) fluorescence
color (qualitative fluorescence) of liptinite macer-
als (Tasmanites algal spores; Urban, 1960; Wilson
and Urban, 1963; Wilson and Skvarla, 1967; von
Almen, 1970) and acritarchs (hystrichosphaerids;
Urban, 1960; von Almen, 1970; Goodarzi, 1985, p.
73; Crisp and others, 1987) at vitrinite reflectance
less than ~1.3%; (2) bitumen/pyrobitumen re-
flectance correlation with vitrinite reflectance
(Jacob, 1985); (3) reflectance of inertinite macer-
als to obtain an upper reflectance limit used to
bracket the low-gray vitrinite population (espe-
cially when comparing vitrinite with semi-fusinite
with bogen structure) (Tissot and Welte, 1984, p.
243; Bustin and others, 1985, p. 37); and (4) ele-
vated reflectance of Tasmanites and liptinitic
amorphous organic matter (type A amorphous
kerogen of Thompson and Dembicki, 1986) be-
yond the second coalification jump at reflectances
greater than ~1.5%. Von Almen (1970) reported
scolecodonts from the Woodford Shale, which ap-
pear similar to vitrinite in reflected white light
(Bertrand and Héroux, 1987). Other vitrinite-like
organic  matter  (graptolites, chitinozoans;
Goodarzi, 1985; Goodarzi and Norford, 1985; Ber-
trand and Héroux, 1987) have not been observed
in the Woodford Shale.

RESULTS

Organic Petrography Laboratory (OPL) num-
ber(s), mean vitrinite reflectance in oil immersion
(R, percent), number of low-gray vitrinite-reflec-
tance measurements per sample, standard error
of the mean, and standard deviation are arranged
by depth (ft) at top of Woodford Shale in the Ap-
pendix. Figure 1 is an isoreflectance map showing
the location of each well (Appendix) and the cor-
responding mean vitrinite-reflectance value (Ap-
pendix).

DISCUSSION

Hutton and Cook (1980), Price and Barker
(1985), and Wenger and Baker (1987) stated that
the presence of abundant liptinite macerals (es-
pecially alginite, >10% by volume including min-
erals) and bitumen in shale and coal suppress the
reflectance of the vitrinite maceral by >0.03%.
This may be unavoidable in the study of hydro-
carbon source rocks, because liptinite macerals,
especially alginite, are the source of the oil. Price
and Barker (1985, p. 59) indicated that “R, val-
ues have been, and are, for the most part, read
from exinite-rich sediments examined in organic
geochemical studies.” The suppression effect on
vitrinite reflectance is not unique, as indicated by
Price and Barker (1985, p. 73), who wrote that
“all maturation indices which are commonly em-
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Figure 1. Isoreflectance map of the Woodford Shale in the Anadarko basin (geology from Amsden,
1975: faults indicated by dashed lines, shading represents Woodford Shale absent). Well locations
are listed in the Appendix. Mean vitrinite reflectance (% A,), listed in the Appendix, is of low-gray

vitrinite from 81 wells.

ployed in petroleum organic geochemistry, in-
cluding vitrinite reflectance, are retarded in exi-
nite-rich kerogens, compared to vitrinitic
kerogens, at any given burial or laboratory tem-
perature. R, retardation in exinitic kerogen sim-
ply mirrors the retardation of all maturation indi-
ces, including mainstage hydrocarbon
generation.”

The Woodford Shale is known to contain abun-
dant type A amorphous type II kerogen (partially
equivalent to the liptinite [exinite] maceral
group) with the balance consisting of type III ker-

ogen (vitrinite) and type I kerogen (Tasmanites
alginite) (Lewan, 1983; Thompson and Dembicki,
1986; Crossey and others, 1986; Comer and
Hinch, 1987; Burwood and others, 1988). Vitrinite
reflectance <<1.3% in the Woodford Shale is sus-
pected to be suppressed, although whether it is or
not and by how much has not been determined.
Vitrinite reflectance of the Woodford Shale
>1.3% is assumed not to be suppressed, because
the reflectance of liptinite macerals and bitumen
is equal to or exceeds that of vitrinite beyond the
second coalification jump at 1.3% R, (Stach and
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others, 1982; Bustin and others, 1985; Jacob,
1985; Teichmiiller, 1987). However, Price and
Barker (1985, p. 80) indicated that “this suppres-
sion extends at least to the R range of 4.0% as
measured in vitrinite-rich rocks.”

The results of the vitrinite-reflectance analysis
of the Woodford Shale (Appendix; Fig. 1) will be
discussed according to maturation stages modi-
fied from those outlined in Table 1 (marginally
mature, mature, postmature), owing to similar
changes in the physical and chemical properties
of vitrinite at each stage and to the types of hy-
drocarbons generated/preserved at each stage.

Marginally Mature

A hydrocarbon source rock that is marginally
mature with respect to the generation of liquid
hydrocarbons is expected to have a vitrinite re-
flectance between 0.35 and 0.6% (Table 1); the
range is wide because the onset of oil generation
is determined by the type of organic matter
(Stach and others, 1982, p. 412; Teichmiiller,
1986).

The lowest observed mean vitrinite reflectance
of the Woodford Shale in the Anadarko basin was
0.42% (OPL 563, Appendix) -at a depth of 6,998
ft. Twenty-nine samples, all from Oklahoma,
have a mean vitrinite-reflectance range of 0.42 to
0.6%, ranging in depth from 764 to 9,158 ft (Ap-
pendix). The standard error of the mean vitrinite
reflectance ranges from 0.01 to 0.02, and standard
deviation from 0.045 to 0.157. The samples are
from the edges of the basin (Fig. 1).

Two samples are from the Wichita frontal fault
zone (OPL 123, 150-153). OPL 123 (R, 0.48%) is
at a present-day depth of 764 ft. The maturity of
this sample probably was attained prior to the
Wichita orogeny (pre-orogenic), when the Wood-
ford Shale would have been at greater depth
(Cardott and Lambert, 1985,1987). OPL 150-153
(R, 0.47%) has a present-day depth of 6,150 ft.
The maturity probably was set after the Wichita
orogeny (post-orogenic). The remaining margin-
ally mature samples are from a broad zone of the
shelf areas of the basin on the north, northeast,
and east, and from the boundary with the Ard-
more basin on the southeast.

The shallowest Woodford Shale sample outside

TABLE 1.—SUMMARY OF HYDROCARBON GENERATION AND PRESERVATION
RELATED TO THERMAL MATURATION

Temperature Vitrinite reflectance, Organic
(°C) Ro (%) stage Maturity Hydrocarbon generation
Diagenesis Immature Biogenic methane (marsh
gas; early diagenetic meth-
ane)
50-65 0.35-0.6 First oil formation (oil
“birth”’ zone)
0.6-0.7 Peak oil generation
0.95 Main phase of oil expul-
sion
1.0 Catagenesis Mature Peak condensate and wet-
gas generation
1.2 Peak dry-gas generation
(thermogenic methane)
120-170 1.3-1.4 Oil floor (oil “death” zone)
2.0 Condensate and wet-gas
floor
Metagenesis
>200 3.0-5.0 Postmature Dry-gas preservation limit

Metamorphism

(greenschist facies)

Source: Cardott and Lambert, 1985.
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of the Wichita frontal fault zone is OPL 548 (R,
0.49%) at a depth of 3,600 ft (Appendix), from
the southeastern part of the Anadarko basin. The
shallowest samples in the northern shelf areas are
OPL 119 (R, 0.55%, depth 5,060 ft) and OPL 107
(R, 0.51%, depth 5,130 ft).

The deepest marginally mature Woodford
Shale sample from the northern shelf areas is
OPL 160 (R, 0.58%) at a depth of 7,876 ft.

Deeper marginally mature Woodford Shale sam-
ples are from the eastern and southeastern mar-
gins of the basin (Fig. 1). The deepest marginally
mature Woodford Shale sample (OPL 740, R,
0.53%, depth 9,158 ft) is from Garvin County, in
the southeastern part of the Anadarko basin.

Clearly, most of the deeper marginally mature
Woodford Shale samples are from the southeast-
ern margin of the Anadarko basin. The matura-
tion of the Woodford Shale in this region could
have been influenced by geologic factors different
from those in the northern shelf areas (lower
coalification rate, less erosion, different environ-
ment of deposition) or by compositional differ-
ences in organic matter (vitrinite type, type and
quantity of associated organic matter) (Katz and
Liro, 1987; Cardott and Lambert, 1987).

The 0.6% isoreflectance contour in Figure 1 is
not significantly different from that in the
isoreflectance map in Cardott and Lambert (1985,
fig. 4), with the addition of more marginally ma-
ture Woodford Shale samples. The Woodford
Shale is marginally mature over a large area of
the northern shelf and southeastern margin of
the Anadarko basin.

Mature

Mature hydrocarbon source rocks have a range
in vitrinite reflectance from 0.6 to 2.0% (Table 1).
The zone can be subdivided into two parts: the
“oil window,” with vitrinite reflectance from 0.6
to 1.3%, and the zone from the oil floor, to the
condensate and wet-gas floor, with vitrinite re-
flectance from 1.3 to 2.0%.

Twenty-five samples, 24 from Oklahoma and 1
from the Texas Panhandle, have a mean vitrinite
reflectance of 0.63 to 1.27%, with a depth range
from 7,922 to 14,404 ft in Oklahoma, and a depth
of 15,614 ft in Texas. There is an overlap of
~1,200 ft between the marginally mature and
mature zones. The standard error of the mean
vitrinite reflectance ranges from 0.01 to 0.03, and
standard deviation from 0.057 to 0.265
(Appendix).

Figure 1 illustrates a northwest-southeast zone
in Oklahoma, extending from the north side of
the Anadarko basin to the Ardmore basin on the
southeast, where vitrinite reflectance ranges from
0.6 to 1.3%. The trend of this zone follows the
structure contours of the Woodford Shale

(Cardott and Lambert, 1985, fig. 3). This is not
surprising, because Hilt’s Law indicates that rank
(thermal maturity) increases with increasing
depth of burial (Stach and others, 1982). The
Woodford Shale is predicted to have generated
and preserved oil in this zone, referred to as the
“o0il window.” Woodford Shale samples within the
“oil window” from different parts of the
Anadarko basin are widely scattered, with no ap-
parent trend according to depth or region (Ap-
pendix; Fig. 1), as was the case for the marginally
mature samples. The isoreflectance contours do
not extend into Grady and Stephens Counties in
the southeastern part of the Anadarko basin, ow-
ing to less well control and a more complicated
tectonic history. The single sample from Texas
(OPL 701) that falls within the “oil window” may
be anomalous, judging from two nearby shallower
samples of higher maturity (Appendix).

Fourteen samples, 11 from Oklahoma and 3
from the Texas Panhandle, have a mean vitrinite
reflectance from 1.32 to 2.00%, with a depth
range from 12,416 to 21,722 ft in Oklahoma and
12,965 to 20,460 ft in Texas (Appendix). There is
an overlap of ~5,000 ft between the mature and
postmature zones. The standard error of the
mean ranges from 0.02 to 0.05, and standard
deviation from 0.143 to 0.323 (Appendix). Stan-
dard error of the mean and standard deviation
(Hunt, 1979, p. 469) increase with increasing vit-
rinite reflectance, owing to the increasing influ-
ence of pressure-induced anisotropy of vitrinite
(measured as bireflectance; Stach and others,
1982).

The 1.30-2.00% R, zone in Figure 1 forms a
rim around the deep Anadarko basin, extending
from the ancestral Amarillo-Wichita uplift in the
Texas Panhandle on the west, along a northwest—
southeast trend on the north side of the deep ba-
sin, to the Wichita frontal fault zone in
Oklahoma on the east. The addition of several
Woodford Shale samples from the Texas Panhan-
dle and OPL 386 and 387 in Oklahoma has signif-
icantly redefined the location of the 2.0% R, con-
tour on the west and east sides of the deep basin
(cf. Cardott and Lambert, 1985, fig. 4). The
Woodford Shale is predicted to have generated
and preserved condensate and wet gas in this
zone, with the thermal cracking of oil.

Three of the four deepest Woodford Shale sam-
ples in the condensate/wet-gas zone (OPL 803,
269, 704) occur in the fault zones north of the an-
cestral Amarillo-Wichita uplift along the Okla-
homa/Texas state line and in the southeastern
part of the basin.

Postmature

A hydrocarbon source rock that is postmature
with respect to the generation of liquid hydrocar-
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bons is predicted to have a vitrinite reflectance
ranging from 2.0 to 5.0% (Table 1). The 5.0% R,
value represents the tentative dry-gas preserva-
tion limit (Saxby, 1982). Houseknecht and Ha-
thon (1987) indicated methane production from
postmature (overmature) rocks with vitrinite re-
flectance up to 5% R, in the Arkoma basin of
Oklahoma and Arkansas. Dry gas (methane) is
the only hydrocarbon preserved in postmature
rocks.

Thirteen samples, 8 from Oklahoma and 5 from
the Texas Panhandle, have a mean vitrinite re-
flectance ranging from 2.03 to 4.89%, with a
depth range of 16,226 to 27,732 ft in Oklahoma
and 16,966 to 22,280 ft in Texas (Appendix). The
standard error of the mean vitrinite reflectance
ranges from 0.03 to 0.08, and standard deviation
from 0.202 to 0.703 (Appendix).

The postmature zone occupies the area of the
deep Anadarko basin in Oklahoma and Texas
(Fig. 1). The shape of the postmature zone on the
isoreflectance map in Figure 1 is markedly differ-
ent from that of the isoreflectance map of the
Woodford Shale in Cardott and Lambert (1985,
fig. 4), owing to the addition of samples in the
Texas Panhandle and OPL 392 in Oklahoma. The
2.0 to 3.5% R, contours on the west side of the

deep basin on the original map were interpreted,
lacking other vitrinite-reflectance data, in accord-

147 A

ance with the range of mean vitrinite-reflectance
values of “2.37 to 2.54% for the interval between
23,830 and 24,065 ft” for the Woodford Shale re-
ported by Katz and others (1982, p. 1150) from
the Union of California 1-33 Bruner well (sec. 33,
T. 11 N,, R. 25 W., Beckham County, Oklahoma).
OPL 392 (Appendix; R, 4.05%, depth 23,880 ft)
is from the Leede Oil & Gas 1-3 Green well, <2
mi from the Bruner well. The large discrepancy
in mean vitrinite-reflectance values for the two
wells is due primarily to interpretation of the re-
flectance values, although the following factors
also must be considered:

1) Well cuttings were used from both wells.
Contamination from well caving is a great prob-
lem when working with well cuttings. Katz and
others (1982) measured vitrinite reflectance on
“isolated vitrinite” (kerogen concentrate), where-
as vitrinite reflectance from OPL 392 was mea-
sured from whole-rock, dispersed-organic pellets.
Although vitrinite reflectance could have been
measured from non-Woodford lithology in either
well, the possibility of error is greatly reduced by
using whole-rock pellets rather than kerogen-con-
centrate pellets (Stach and others, 1982, p.
363,407; Teichmiiller, 1986).

2) Cardott and Lambert (1985, p. 1987) cau-
tioned that “Organic matter becomes more homo-
geneous as aromatization increases during post-
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Figure 2. Vitrinite-reflectance histograms of Woodford Shale samples with mean random vitrinite re-
flectance >4.0% from the deep Anadarko basin, Oklahoma. Variable frequency and reflectance
scales. A—OPL 245, R, 4.89%. B—OPL 392, R, 4.05%. C—OPL 239, R, 4.29%.
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Figure 2. Continued.

maturity with respect to the generation of liquid
hydrocarbons (greater than 2% R ).” Low-gray
vitrinite and other types of organic matter (lip-
tinite and inertinite macerals, high-gray vitrinite
macerals, and pyrobitumen) become less distinct
at reflectances >2% (Tissot and Welte, 1984, p.
243, fig. I11.8.10). Structure of phytoclasts is used

to reject non-vitrinite reflectance values of Tas-
manites (donut shape), inertinite macerals
(bogen structure), and pyrobitumen (shape of
pore space)—all having high reflectance. Small-
sized and rough-textured (pitted, scratched,
etched) vitrinite phytoclasts are rejected on the
basis of quality. Following these guidelines, the
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vitrinite-reflectance population in OPL 392
ranges from 3.06 to 5.47%, with three values
>4.77% (Fig. 2B). The 95% confidence interval
for the mean is 3.92 to 4.18% R,,. Reflectance val-
ues <<3.0% represent either small size or rough
texture.

3) The anisotropy of vitrinite greatly increases
at reflectances >1.5% (Stach and others, 1982;
Durand and others, 1986). Random or average
vitrinite-reflectance values >2.0% are expected
to have a wide range in reflectance values, with
associated large standard error of the mean and
standard deviation (Hunt, 1979, p. 469). Although
maximum reflectance is often recommended for
measuring vitrinite reflectance >2.0%, Hevia and
Virgos (1977, p. 27) concluded that “For coals
(especially anthracites and meta-anthracites),
and, in general, for dispersed organic matter in
sediments, rank should be measured using the
mean random reflectivity of the vitrinite, instead
of the mean maximum reflectivity” where mean
random reflectivity was determined in plane-po-
larized light. The significance of measuring aver-
age vs. random reflectance has not been deter-
mined. Katz and others (1982) did not indicate
whether the vitrinite-reflectance values were av-
erage or random. Random reflectance was mea-
sured in OPL 392. A reflectance histogram should
fit a bell-shaped curve of a normal distribution
(Gaussian distribution). The relatively narrow
range in vitrinite-reflectance values (0.8%), ab-
rupt upper limits, and non-Gaussian shape of re-
flectance histograms by Katz and others (1982)
suggest that they interpreted reflectance values
>2.9% to be either high-gray vitrinite, inertinite
macerals, Tasmanites algal spores, or pyrobi-
tumen. As noted above under the discussion of
homogeneity of organic matter, reflectance values
<3.0% in OPL 392 were rejected because of
small size or rough texture. The reflectance histo-
gram of OPL 392 (Fig. 2B) has a skewness of
0.0948 and a kurtosis of 2.5490. Reflectance histo-
grams for two other samples with mean vitrinite
reflectance >4.0% (OPL 245,239) are illustrated
in Figures 2A and 2C for comparison. The stan-
dard deviation of OPL 392 (Appendix) is 0.539,
higher than predicted by Hunt (1979, p. 469).
The regression-predicted reflectance for OPL 392
in the Appendix is 3.98%.

The shape of the western part of the postma-
ture zone for the Woodford Shale in the
Anadarko basin is no longer defined by one data
point, but is substantiated by five Woodford
Shale samples in the Texas Panhandle with mean
random vitrinite reflectance from 3.03 to 3.40%,
OPL 705 representing split core.

In summary, vitrinite-reflectance values >2.0%
are less accurate and more interpretive than
lower reflectance values. Interpretations are
greatly influenced by sample quality (cuttings vs.
core, whole rock vs. kerogen concentrate, small

size and rough texture of vitrinite); microscopic
technique (random vs. average reflectance, lack of
glass standards with high reflectance); and the
physical and chemical properties of organic mat-
ter at high maturity (anisotropy of vitrinite,
homogeneity).

A thermal anomaly was previously inferred in
the deep Anadarko basin (Cardott and Lambert,
1985,1987), based on the significance of measured
mean vitrinite reflectance of 2.5% at 24,065 ft for
the Bruner well, and 4.89 and 4.29% at 22,526
and 25,115 ft for OPL 245 and 239. A thérmal
anomaly is still predicted, based on widely differ-
ent mean vitrinite-reflectance values at similar
depths for OPL 269, 386, 245, 392, 239, and 418
in Oklahoma, and OPL 705, 696, 695, 697, 704,
and 703 in the Texas Panhandle (Appendix).

The Woodford Shale is postmature over most
of the deep Anadarko basin, and vitrinite-reflec-
tance values >4.0% are inferred over a large area
(Fig. 1).

Regression Analysis of Reflectance
versus Depth

Vitrinite reflectance of the Woodford Shale can
be predicted at most depths in the Anadarko ba-
sin and the amount of erosion can be estimated
by regression analysis of vitrinite-reflectance-ver-
sus-depth data. Dow (1977) illustrated several
kerogen-maturation profiles showing increase in
vitrinite reflectance with depth in wells. Cardott
and Lambert (1985) determined the exponential
least-squares regression for mean vitrinite-reflec-
tance values of the Woodford Shale from 28 wells
in the Anadarko basin to be

RO — 0_273e(0.0001133X) 1)

where X is depth in feet. Schmoker (1986) per-
formed a regression analysis on 83 mean vitrinite-
reflectance values versus present depth from the
literature from two deep wells (1 Bertha Rogers
and 5 Rumberger), Woodford Shale (including
the 28 values from Cardott and Lambert, 1985),
and uppermost Morrowan shale from the
Anadarko basin, with the resultant equation

RO — 0.328(0'0001044X) (2)

where X is depth in feet. The analytical methods
used by each investigator in measuring vitrinite
reflectance are probably not consistent.

Cardott and Lambert (1987) discussed the ad-
vantages of performing a regression analysis on
vitrinite reflectance versus depth for geographi-
cally separated vitrinite-reflectance values from a
single geologic unit. They stated (p. 898) that
“The regression analysis tests whether or not
there is a relationship between vitrinite reflec-
tance and depth. The goodness-of-fit of the re-
gression equation (R? = 0.918) suggests that a re-
lationship does exist.” They also indicated that
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the only assumption in using vitrinite-reflectance
profiles as a tool in predicting vitrinite reflectance
from present depth is that the present-day
depths of the samples are near-maximum. The
relationship does not hold in uplifted areas such
as the Wichita frontal fault zone.

A linear least-squares regression analysis of vi-
trinite reflectance versus present depth for 80
wells is illustrated in Figure 3. The depths to the
top of the Woodford Shale and the mean vitrin-
ite-reflectance values (E,) used in the regression
analysis are listed in the Appendix. OPL 123
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Figure 3. Maturation profile of the Woodford
Shale, Anadarko basin, with linear least-squares
regression line on semilog plot of mean vitrinite
reflectance (R,) vs. depth from 80 wells.

from the Wichita frontal fault zone was excluded
from the regression analysis because the sample
was not thought to be from near-maximum
depth. OPL 123 was uplifted during the Wichita
orogeny and acquired its thermal maturity prior
to the orogeny. An exponential least-squares re-
gression from a linear/linear plot of reflectance
versus depth for 80 wells gives the equation

Ro — 0.2546(0‘0001152X) : 3)

where X is depth in feet. The goodness-of-fit (R?)
of regression equation (3) is 0.893. Davis (1986, p.
182) indicated that the goodness-of-fit (R?) will
be near unity if the least-squares regression line
is a good estimator of the data. The spread of
data about the regression line in Figure 3 is influ-
enced by several factors: (1) geochemical gelifica-
tion (vitrinitization), which transforms huminite
into vitrinite at reflectances <0.6% (Stach and
others, 1982); (2) random experimental error
(measuring random and average reflectance, Ap-
pendix; assumed linearity of glass standards); (3)
interpretation of low-gray vitrinite population;
(4) anisotropy of vitrinite broadening reflectance
histograms, beginning at R, 1.0%, with noticeable

-effect at B, >2.0%; Dow, 1977; Hunt, 1979, p.

332; (5) suppression of R in alginite-rich rocks
(>10 vol. % including minerals). Katz and Liro
(1987) and Cardott and Lambert (1987) indicated
geologic factors that may influence the regression
line. Regression-predicted reflectance in the Ap-
pendix shows how mean vitrinite reflectance is
predicted to increase with depth from regression
equation (3). Compare the regression-predicted
reflectance values with the measured mean vitrin-
ite-reflectance values.

Hydrocarbon Potential and
Erosion Predictions

Based on regression equation (3), the depths of
hydrocarbon generation, preservation, and ther-
mal destruction (Table 1) are predicted for the
Woodford Shale in Table 2. In contrast, regres-
sion equation (2) from Schmoker (1986, p. 15-17)
for all potential hydrocarbon source rocks in the
central Anadarko basin predicts the following
depths: 4,300 ft at R 0.5%; 6,000 ft at R, 0.6%;
13,400 ft at R, 1.3%; 17,600 ft at R 2.0%; and
26,300 ft at R, 5.0%. Hill and Clark (1980) and
Hill (1984) inc?icated in a paleotemperature pro-
file of the Anadarko basin that the oil window
(R, 0.5-1.3%) occurs approximately from 1,000 to
12,000 ft, and the gas window (R, 1.3-5.0%) ex-
tends approximately from 12,000 to 26,000 ft.

Cardott and Lambert (1985, p. 1994-1995) used
regression equation (1) to predict the thermal
maturity of the Woodford Shale in several deep
petroleum wells. Refer to Cardott and Lambert
(1985) for a discussion of several deep wells, the
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TABLE 2.—VITRINITE-REFLECTANCE PREDICTIONS
FOR WOODFORD SHALE IN THE ANADARKO BASIN

Vitrinite reflectance Depth Hydrocarbon generation
Ro (%) (ft) and preservation
0.5-0.7 5,900-8,800 Oil “birth” zone
0.9-1.0 11,000-11,900 Main phase of oil expulsion
1.3-14 14,200-14,800 - Oil ‘death” zone

2.0 17,900 Condensate and wet-gas
“death” line
5.0 25,900 Tentative dry-gas preservation

limit

Based on regression equation (3) of R, vs. depth (see text).

depths of the Woodford Shale, the predicted
vitrinite-reflectance value from regression equa-
tion (1), and other published vitrinite-reflectance
values for the Woodford Shale. Regression equa-
tion (3) can be used to refine the regression-pre-
dicted reflectance values.

Of significance is the proximity of OPL 704 in
the Texas Panhandle to Chevron’s Ruth Ledbet-
ter well (sec. 21, Blk L, J. M. Lindsay Survey,
Wheeler County, Texas, ~4 mi north of OPL
704), the deepest gas-producing well in the
United States (World Oil, 1988; Oil and Gas
Journal, 1988), producing from the Arbuckle
Group at a depth of 26,536 ft. The predicted
vitrinite reflectance of the Arbuckle Group at
26,536 ft from regression equation (3) is 5.40%,
compared to a measured mean vitrinite reflec-
tance of the Woodford Shale in OPL 704 of
1.87% at 20,460 ft (predicted to be 2.68% in the
Appendix). Tarafa and others (1988) measured a
vitrinite reflectance of 1.47% from air-dried well
cuttings of the Woodford Shale in the Ledbetter
well at 20,830-20,840 ft. Lack of detailed infor-
mation on sample preparation and reflectance-
analysis procedures precludes direct comparison
with the present study. The reported organic car-
bon value of 6.18% is certainly typical for the
Woodford Shale; however, two reported reflec-
tance values from 21,900-21,910 ft (Sylvan) and
23,600-23,610 ft (Arbuckle) are from pre-Silurian
strata and could not have been taken from
vitrinite. The depths to the top and bottom of
the Woodford Shale are 20,795 ft and 20,955 ft
(Stephen C. Ruppel, personal communication,
1988). The predicted vitrinite reflectance of the
Woodford Shale at 20,795 ft from equation 3 is
2.79%. It is apparent that the Woodford Shale in
the Ledbetter and Davidson (OPL 704) wells are

outside the thermal-anomaly zone to the north
and east.

The estimated amount of erosion from regres-
sion equation (3) at a vitrinite reflectance of 0.2%
(the reflectance of protovitrinite when it was de-
posited) is 2,100 ft (generalized for the entire
Anadarko basin). Refer to Cardott and Lambert
(1985,1987) and Schmoker (1986) for additional
information on estimating the amount of erosion
from regional maturation profiles.

CONCLUSIONS

The Woodford Shale (Upper Devonian-Lower
Mississippian) in the Anadarko basin, Oklahoma
and Texas, is marginally mature to postmature
with respect to the generation of liquid hydro-
carbons.

Twenty-nine marginally mature (Ro 0.42-0.6%)
Oklahoma samples are from depths <<9,158 ft
from a large area of the shelf on the north and
east edge of the basin, the southeast margin tran-
sition with the Arbuckle Mountains uplift and
Ardmore basin, and the Wichita frontal fault
zone.

Twenty-five Woodford Shale samples fall
within the “oil window” (R, 0.63-1.27%). They
are from depths of 7,922 to 15,614 ft, closely ap-
proximating structure contours in a northwest—
southeast trend on the north and east sides of the
basin in Oklahoma and western edge of the basin
in Texas.

Fourteen samples within the condensate/wet-
gas zone (K, 1.32-2.00%) represent a rim around
the deep Anadarko basin at depths from 12,416
to 21,722 ft in Oklahoma and Texas.

Thirteen postmature (Ro 2.03—-4.89%) samples
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are from the deep Anadarko basin of Oklahoma
and Texas at depths of 16,226 to 27,732 ft, with
potential for dry-gas preservation.

A regional maturation profile of vitrinite reflec-
tance (R;) versus depth for 80 wells defined the
exponential least-squares regression line by the
equation

Ro - 0.254e(0.0001152X)

where X is depth in feet and the goodness-of-fit
(R® is 0.893. The regression equation and
isoreflectance map are tools to predict the vitrin-
ite reflectance at most depths and corresponding
hydrocarbon generation and preservation thresh-
olds of the Woodford Shale in the Anadarko
basin.

The amount of erosion, generalized for the en-
tire Anadarko basin, based on a protovitrinite re-

flectance of 0.2%, is 2,100 ft, as estimated from
the regression equation.
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Woodford Shale Thermal Maturation
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Oklahoma Geological Survey Circular 90, 1989

CHARACTERIZATION AND ORIGIN OF NATURAL GASES
OF THE ANADARKO BASIN

DuprLey D. Ricge, CHARLES N. THRELKELD, AND APRIL K. VULETICH
U.S. Geological Survey, Denver

Abstract.—Natural-gas production in the Anadarko basin is from three geographically separated
areas that can be differentiated by age of reservoir and by inferred nature of thermal origin of the
gases. In the central basin, nonassociated gases are produced mainly from Upper Mississippian and
Pennsylvanian sandstones. Gases become isotopically heavier (5*C, values range from —49.8 to
-33.2 ppt) and chemically drier (C,/C,_; values range from 0.74 to 0.99) with increasing level of
thermal maturity. Gas samples are from depths as much as 21,600 ft. Gases were generated mainly
from interbedded shales with type-III kerogen during the mature and postmature stages of hydro-
carbon generation. Deviations from the trend are due to mixing and migration of gases generated
at different levels of thermal maturity over the past 250 m.y.

In the giant Panhandle-Hugoton field, nonassociated gases are generally produced from Permian
carbonates at depths <<3,000 ft. Gases display little compositional variation §'*C, values range
from -46.4 to -39.9 ppt, C,/C,_; values range from 0.69 to 0.96). Because organic-rich, mature
source rocks are not present in the area, gases probably were generated in the central basin from
Pennsylvanian or older source rocks during the mature stage of hydrocarbon generation. This im-
plies migration over distances as much as several hundred miles.

In the Sooner trend, associated gases are produced from Silurian, Devonian, and Mississippian
carbonates at depths as great as 9,600 ft and were generated from type-II kerogen during the
mature stage of hydrocarbon generation. Associated oil correlates with extracts of the Upper Devo-
nian and Lower Mississippian Woodford Shale. Gases are isotopically lighter (6!°C, values of —47.3
to -40.6 ppt) and chemically wetter (C,/C,_ values of 0.67 to 0.99) than those derived from type-
IIT kerogen at an equivalent level of thermal maturity.

INTRODUCTION

The Anadarko basin, located in western
Oklahoma, the northern Texas Panhandle, and
southwestern Kansas (Fig. 1), is one of the major
hydrocarbon-producing provinces in the United
States. Ultimate recovery of natural gas in the
basin is estimated to be >110 Tecf (Hill and
Clark, 1980). The basin is filled with rocks mainly
of Paleozoic age that are as much as 40,000 ft
thick. The basin has a large number of deep ex-
ploration wells, and gas production has been es-
tablished to depths of ~26,000 ft. Detailed de-
scriptions of the petroleum geology of the basin
are given in Adler (1971), Hill and Clark (1980),
Kennedy and others (1982), and Rascoe and Ad-
ler (1983).

The objectives of this report are to (1) charac-
terize the chemical and isotopic composition of
the gases, and (2) discuss their origins and occur-
rences in relation to source-rock type and ther-
mal maturity.

GEOLOGIC SETTING AND
NATURAL-GAS OCCURRENCE

The Anadarko basin is a sedimentary and
structural basin bounded on the south by the

Amarillo-Wichita uplift, on the east by the
Nemaha ridge, and on the west and north by
shelf areas (Fig. 1). The basin is strongly asym-
metric, the axis running close to and parallel to
the Amarillo-Wichita uplift on the southern
margin.
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Figure 1. Index map of Anadarko basin showing
structural elements and main hydrocarbon-
producing areas.
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Natural-gas production in the Anadarko basin
is primarily from three geographically separated
areas—the central basin, Panhandle-Hugoton
field, and Sooner trend (Fig. 1). These areas can
be differentiated by age of reservoir rock (Fig. 2),

. Producing Hydrocarbon
System Lithology interval source rock
Permian .
Permian

{undifferentiated)

Virgilian

Upper and
Middle
Pennsylvanian

Pennsylvanian | Desmoinesian

Atokan
Morrowan Morrowan
Springer Springer
Formaticn Formation
Mississippian pre-Chester
Mississippian
(undifferentiated)
Woodford
Shale
Devonian
Hunton
Group
Silurian
L e Simpson Simpson
Ordovician - Group Group
1 | ’
L T L1
Arbuck!
Upper " I . lJ Ergﬁpe
Cambrian T 1T 1
T T
EXPLANATION
SSS0S Sandstone I T | Evaporite
T__—| Shale “ a® 4| Granite wash
I a o
| I
l | l [] Carbonate m Hiatus

Figure 2. Chart showing Paleozoic producing in-
tervals and hydrocarbon source rocks in the
Anadarko basin.

type of trap, and composition and origin of the
gases.

In the central basin, hydrocarbon production is
mainly nonassociated gas and is established to
depths as great as 26,000 ft. In general, gas re-
sources decrease with increasing age of the reser-
voir. Sandstones of Late Mississippian and Penn-
sylvanian age are the major reservoirs, and the
gas accumulations occur in stratigraphic traps.
The Springer and Morrowan producing intervals,
with an estimated ultimate recovery of ~14 Tecf
(Hill and Clark, 1980), are second in reserves only
to the Permian producing interval of the Panhan-
dle-Hugoton field. Smaller reserves of gas are in
lower and middle Paleozoic carbonates—such as
those of the Arbuckle Group, Simpson Group,
Hunton Group, and pre-Chester Mississippian
producing intervals (Fig. 2)—and are associated
with structural features (Hill and Clark, 1980).

The Panhandle-Hugoton field is the largest gas
accumulation in the United States, with esti-
mated recoverable reserves >80 Tecf (Hill and
Clark, 1980). The gas occurs primarily in Permian
carbonates at depths <<3,000 ft. The field is an
immense stratigraphic trap caused by the updip
facies change from porous carbonates to tight red
beds and is enhanced by a downdip hydrody-
namic flow (Pippin, 1970).

In the Sooner trend, on the east flank of the
basin, production has been established in reser-
voirs ranging in age from Cambrian to Penn-
sylvanian. The major part of the production, at
depths intermediate between those of the central
basin and Panhandle-Hugoton field, is associated
gas and oil in fractured Mississippian limestones
in a trend parallel to the Nemaha ridge (Fig. 1;
Harris, 1975).

THERMAL MATURITY
AND SOURCE ROCKS

Using data from different formations and from
different locations, Schmoker (1986; this volume)
showed a systematic increase in vitrinite reflec-
tance (R,) and TTI values with increasing depth
of burial in the Anadarko basin. Cardott and
Lambert (1985) found this same trend with sam-
ples from the Upper Devonian and Lower Missis-
sippian Woodford Shale. Schmoker (1986) calcu-
lated that the oil-generation window in the
central basin extends from depths of ~6,000 to
13,400 ft (R, 0.6-1.3%). He further estimated
that many of the potential source-rock units have
been in the thermogenic oil- and gas-generation
window almost continuously since late Paleozoic
time.

Hatch and others (1986) identified shale inter-
vals of the Middle Ordovician Simpson Group,
Upper Devonian and Lower Mississippian Wood-
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ford Shale, and Middle and Upper Pennsylvanian
as the main oil source rocks in the basin (Fig. 2).
Organic-carbon values for thick shales in the Up-
per Mississippian Springer and Lower Penn-
sylvanian Morrowan producing intervals range
from 0.5 to 3.4%. However, the kerogen is type
III, indicating that it is capable of generating
mostly gas.

GAS GEOCHEMISTRY AND ORIGIN

Gas samples were collected and analyzed from
81 wells in the central basin, 35 wells in the Pan-
handle-Hugoton field, and 19 wells in the Sooner
trend. The results are summarized in Table 1
and displayed in plots shown in Figures 3 and 4.
In the central basin, the samples are arranged in
four groups; mostly nonassociated gases from
the Upper Mississippian and Pennsylvanian
Springer and Morrowan, Atokan and Desmoines-
ian, and Virgilian producing intervals, and associ-
ated gases from the lower Paleozoic (including
Upper Cambrian and Lower Ordovician Arbuckle

=50

e
\\

EXPLANATION
Central basin

) g
L/

s | ) M
—34£ / e

Virgilian
Atokan and
Desmoinesian
Springer and
Morrowan
Lower Paleozoic

“«<—— THERMAL MATURITY <—
8'3¢y (ppt)

Panhandle-Hugoton

field
/ Sooner trend
-32 | ] 1 1 |
1 0.95 09 0.85 0.8 0.75

C)/Cis

Figure 3. Methane carbon-isotope ratio vs. hy-
drocarbon composition of natural gases,
Anadarko basin. Plot shows fields where samples
from the following groups generally cluster:
Springer and Morrowan, Atokan and Desmoines-
ian, and Virgilian producing intervals of the cen-
tral basin, Panhandle-Hugoton field, and Sooner
trend. In addition, three samples from the lower
Paleozoic are plotted separately.

Group and Middle Ordovician Simpson Group).
In the Panhandle-Hugoton field, nonassociated
samples are from both the Pennsylvanian and
Permian; most samples are from the Permian. In
the Sooner trend, gas samples are from reservoirs
ranging in age from Ordovician to Pennsylvanian;
however, most are associated gases from the Silu-
rian and Devonian Hunton Group and pre-
Chester Mississippian carbonates.

DEPTH OF GAS POOL, IN THOUSANDS OF FEET

’ ° ° °
[ ]
18| ° ° -
20 o ® -
*
I | | n I
-32 -36 -40 -44 -48 -52
8'3Cy (ppt)

Figure 4. Methane carbon-isotope ratio vs. depth
of gas pool, Anadarko basin. Dots represent gas
samples from the central basin, Xs the Panhan-
dle-Hugoton field, and circles the Sooner trend.
Hachured zone is the oil-generation window ac-
cording to Schmoker (1986).
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TABLE 1.—SUMMARY OF DEPTH OF OCCURRENCE AND CHEMICAL AND ISOTOPIC COMPOSITION
OF NATURAL GASES BY AREA IN THE ANADARKO BASIN

No. of Depth of gas pool (ft) 813G, (ppt) C,/Ci_s
wells
analyzed Range Mean Range Mean Range Mean
Central basin
Virgilian
11 4,124- 8,235 6,534 —49.8 to —42.4 —46.6 0.74-0.91 0.88
Atokan and Desmoinesian
23 7,212-16,970 12,555 —48.1 to —40.7 —43.9 0.82-0.98 0.93
Springer and Morrowan
44 6,344-21,614 12,527 —49.2 to —33.2 —39.9 0.89-0.99 0.96
Lower Paleozoic
3 15,883-16,995 16,273 —47.0 to —45.4 —46.4 0.82-0.91 0.86
Panhandle-Hugoton field
Permian
28 1,265~ 3,054 2,401 —46.4 to —41.8 —43.3 0.69-0.94 0.85
Pennsylvanian
7 2,589- 6,752 5,276 —45.2 to —39.9 —42.8 0.85-0.96 0.88
Sooner trend
Ordovician to Pennsylvanian
19 4,672- 9,678 6,909 —47.3 to —41.7 —43.9 0.67-0.99 0.87

The chemical and isotopic compositions of all
the natural gases in the basin (§'°C, -49.8 to
-33.2 ppt; C,/C,_; 0.67 to 0.99) suggest that they
are of thermal origin and are the result of ther-
mal cracking processes (Schoell, 1983). They
probably were generated during the mature and
postmature stages of hydrocarbon generation
(Fig. 5), and they become chemically drier and
isotopically heavier with increasing level of ther-
mal maturity (Fig. 3). A §°C, value of about -40
ppt in gases usually corresponds to the bottom of
the oil window (Rice, 1983; Schoell, 1983).

Figure 4 shows considerable scatter in the iso-
topic composition of the gases in the basin with
increasing depth of the gas pool. In addition, the
expected trend of the gases becoming isotopically
heavier with increasing depth or level of thermal
maturity is not present. Both of these factors are
interpreted to be the result of differences in
source-rock type, mixing, and migration. These
factors will be elaborated on in the discussion on
the three producing areas.

Central Basin

In the central basin, gases from the Upper Mis-
sissippian and Pennsylvanian producing intervals

become chemically drier and isotopically heavier
with increasing age of the reservoir, as summa-
rized in Table 1. The gases from the Virgilian
(mean 6*C, -46.6 ppt; mean C,/C,_; 0.88), and
Atokan and Desmoinesian (mean 6'*C, —43.9 ppt;
mean C,/C,_, 0.93) producing intervals were
probably generated during the mature stage of
hydrocarbon generation. The gases from the
Springer and Morrowan producing intervals
(mean 6*C, -39.9 ppt; mean C,/C,_s 0.96) were
probably generated during the mature and
postmature stages (Fig. 5). This relation is ex-
pected, because progressively older producing in-
tervals attained higher levels of thermal maturity.
In addition, shales in the Springer and Morrowan
producing intervals generally have type-IIl ker-
ogen, whereas those in the Atokan, Desmoinesian,
and Virgilian producing intervals have a mixture
of type-II and type-III kerogens.

These Upper Mississippian and Pennsylvanian
gases are mainly nonassociated for the following
reasons:

1) Source rocks for major Upper Mississippian
and Pennsylvanian sandstone reservoirs were
generally interbedded shales which contain
mainly type-III kerogen that is capable of gener-
ating mostly gas.
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IMMATURE

. iBIOGENIG ™
(diagenesis) : GAS

ASSOCIATED GAS
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Figure 5. Diagram showing characteristics of nat-
ural gas with increasing temperature and time.

2) Hydrocarbons in the Springer and Mor-
rowan producing intervals were mostly generated
during the late mature and postmature stages of
hydrocarbon generation. Gas is the primary prod-
uct at these levels, because heavier hydrocarbons,
including oil, were destroyed by thermal cracking.

3) Occasionally, the gas cap may have migrated
from or been separated from an oil accumulation.
This may be true for some of the Atokan,
Desmoinesian, and Virgilian accumulations that
might have been generated from some type-II
kerogen in interbedded shales.

The chemical and isotopic composition of the
gas samples from lower Paleozoic reservoir rocks
(mean 6'3C, —46.4 ppt; mean C,/C,_; 0.86) is simi-
lar to that of the Virgilian producing interval
(Fig. 3; Table 1). However, gas samples from the
lower Paleozoic are associated with oil, occur at
greater depths (Table 1), and were probably gen-
erated from lower Paleozoic shales with type-II
kerogen, such as the Simpson Group (Fig. 2).

As shown in Figure 4, there is a lot of scatter in
the isotopic composition of the gas samples in the
central basin with increasing depth. A plot of
chemical composition vs. depth shows similar
scatter. This scatter is attributed to two factors:
different types of source rocks, and mixing and
migration. First, Rice (1983) showed that gases
generated from type-III kerogen are chemically
drier and isotopically heavier than those gener-
ated from type-II kerogen at equivalent levels of
thermal maturity. Although shales with gas-prone
type-III kerogen were responsible for generating
most of the hydrocarbons, some source rocks with
type-II kerogen made contributions because of

the presence of oil accumulations. Second, poten-
tial source rocks in the central basin have been in
the thermogenic oil- and gas-generation window
since late Paleozoic time, and significant quanti-
ties of hydrocarbons have been generated since
that time. Because natural gas is very mobile and
the shale seals are not totally effective, there
probably has been considerable mixing and mi-
gration, resulting in the scatter illustrated in Fig-
ure 4.

Panhandle-Hugoton Field

In the giant Panhandle-Hugoton field, nonas-
sociated gases from both the Pennsylvanian and
Permian show little chemical and isotopic varia-
tion (mean §*C, —43.2 ppt; mean C,/C,_, value is
0.86; Fig. 3). Their isotopic composition is compa-
rable to that of the Atokan and Desmoinesian
producing intervals in the central basin (Fig. 3);
they are interpreted to be thermogenic, and were
probably generated during the mature stage of
hydrocarbon generation. Except for minor accu-
mulations in the deeper Pennsylvanian reservoirs,
the major part of the gas resources occur in Per-
mian reservoirs at depths <<3,000 ft (Fig. 4; Ta-
ble 1), which is above the oil-generation window.
Because large volumes of organic-rich, thermally
mature source rocks are not present in the area of
the Panhandle-Hugoton field, the gases probably
were generated from Pennsylvanian and/or older
source rocks in the central basin, having migrated
as much as several hundred miles. Similar dis-
tances have been suggested for oil accumulations
in Kansas (Burruss and Hatch, 1987). However,
long-range lateral migration is not common for
gas accumulations; it probably was made possible
in the Panhandle-Hugoton field by good conduits
and the regional development of an anhydrite
seal.

Based only on the chemical and isotopic com-
position, it is difficult to determine if the gases
were generated from type-II or type-III kerogen.
Both types are present in various parts of the Pa-
leozoic section and are thermally mature in the
central basin. However, multiple Pennsylvanian
and possibly older source rock intervals through-
out the basin probably were needed to obtain the
quantities of kerogen required to generate the
large quantities of gas that have migrated to and
were entrapped in the Panhandle-Hugoton field,
or lost to the atmosphere in the process.

In addition to the hydrocarbon gases, signifi-
cant quantities of nitrogen (as much as 40%) and
helium (as much as 2%) also occur in the Pan-
handle-Hugoton field (Moore, 1976). The helium
varies in approximate proportion to the nitrogen;
higher concentrations of both are reported along
faults (Pierce and others, 1964). Pierce and
others (1964) postulated a radiogenic origin for
the helium because of its close association with
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uranium and thorium. Helium-isotope ratios sug-
gest a localized mantle origin for some (P. D.
Jenden, personal communication, 1987). The ni-
trogen probably has either degassed from igneous
and metamorphic basement rocks and/or had a
mantle origin similar to the helium. In contrast,
the hydrocarbon gases had an organic origin and
were generated from converted organic matter
(kerogen) by thermal degradation and cracking

processes. These gases of both organic and inor- -

ganic origin occur together in significant quanti-
ties because of the excellent, widespread anhy-
drite seal.

Sooner Trend

In the Sooner trend, dominantly associated
gases are produced from Silurian, Devonian, and
Mississippian carbonates at depths as great as
9,600 ft. Their isotopic and chemical composi-
tions (mean 6°C, 43.9 ppt; mean C,/C,_; 0.87)
suggest that they were probably generated from
type-II kerogen during the mature stage of hy-
drocarbon generation. The organic-rich Woodford
Shale occurs in the middle of this productive sec-
tion and is the likely source. This assumption is
confirmed by the fact that many of the oils in the
area have been geochemically correlated with the
Woodford Shale (J. R. Hatch, personal communi-
cation, 1987). The oil and associated gas often oc-
cur in the marginally mature part of the section
(Fig. 4), which suggests migration from the
deeper part of the central basin.

SUMMARY AND CONCLUSIONS

1. The greater Anadarko basin contains major
quantities of natural gas that are produced at
depths as great as 26,000 ft. The gas samples ana-
lyzed for this study become chemically drier (C,/
C.; 0.67 to 0.99) and isotopically heavier (6'°C,
-49.8 to —33.2 ppt) with increasing level of ther-
mal maturity; they occur in pools as deep as
21,600 ft. The gases are interpreted to be of ther-
mal origin, and were generated during the mature
and postmature stages of hydrocarbon genera-
tion.

2. The chemical and isotopic compositions of
the gases show considerable scatter with increas-
ing depth of the gas pool. This scatter is attrib-
uted to differences in source-rock type and to
mixing and migration. Many of the thermogenic
gases are in reservoirs above the oil-generation
window.

3. Natural-gas production is from three geo-
graphically separated areas that can be distin-
guished by age of reservoir, type of trap, and ori-
gin of the gas. In the central basin, mainly non-
associated gas is produced from Upper Mississip-
pian and Pennsylvanian sandstones in strati-
graphic traps. The gases were generated from in-
terbedded shales with mainly type-III kerogen
during the mature and postmature stages of hy-
drocarbon generation. Scatter in the chemical
and isotopic composition of the gases with depth
resulted from mixing and migration of the gases
that have been generated since late Paleozoic
time. In the giant Panhandle-Hugoton field, shal-
low nonassociated gas produced from Permian
carbonates was probably generated during the
mature stage of hydrocarbon generation. The
gases probably migrated long distances from the
central basin, where they were generated from or-
ganic-rich, thermally mature source rocks. Associ-
ated helium and hydrogen gases have inorganic
origins unrelated to the hydrocarbon gases, which
were derived from kerogen by thermal cracking
processes. In the Sooner trend, the associated
gases, produced from fractured Mississippian car-
bonates below the pre-Pennsylvanian unconform-
ity, were probably generated from type-II ker-
ogen in the Woodford Shale during the mature
stage of hydrocarbon generation. Some migration
of both oil and gas from deeper in the central ba-
sin has probably taken place.

ACKNOWLEDGMENTS

Some of the gas samples in the central basin
were analyzed by Global Geochemistry Corp.
under Gas Research Institute contract no. 5081-
361-0533.



Oklahoma Geological Survey Circular 90, 1989

GEOCHEMISTRY OF OILS AND HYDROCARBON SOURCE ROCKS,

GREATER ANADARKO BASIN: EVIDENCE FOR MULTIPLE
SOURCES OF OILS AND LONG-DISTANCE OIL MIGRATION

R. C. Burruss anD J. R. HaTcH
U.S. Geological Survey, Denver

Abstract.—Organic geochemical analyses of 104 crude oils and 190 core samples of dark-colored
shales from the greater Anadarko basin show three major oil types which generally correlate with
reservoir age and source-rock age. Analyses include C,~C,, whole-oil gas chromatography, C,q4
saturated-hydrocarbon-fraction gas chromatography, and carbon stable isotopes (ppt relative to
PDB) of saturated (sat) and aromatic (arom) hydrocarbon fractions. Three samples from Middle
Ordovician Simpson Group reservoirs are “typical” Ordovician oils (type 1), having strong odd-
carbon predominance in the C,, to C,, n-alkanes, containing little or no acyclic isoprenoids, and
5'2C values of —33.9 ppt (sat) and —33.7 ppt (arom). Oils from Silurian to Devonian and Mississip-
pian reservoirs (type 2) show little or no odd-carbon predominance in the n-alkanes, a regular
decrease in abundance of n-alkanes with increasing carbon number, pristane/phytane ratios (pr/
ph) of 1.1 to 1.5, and §'3C values of -30.6 ppt (sat) and -30.1 ppt (arom). Oils in Pennsylvanian
reservoirs (type 3) have the greatest amounts of C,s;, hydrocarbons, are isotopically heavy (-27.5
ppt [sat] and —-26.4 ppt [arom]), have methyl-cyclohexane as the most abundant hydrocarbon, and
have pr/ph values from 2.0 to 0.9.

Oils from the Kansas shelf area of the Anadarko basin are similar to the Anadarko oil types
except that they have only traces of toluene and no detectable benzene. The relative abundance of
toluene in the C, hydrocarbons systematically decreases with distance from the depocenter of the
basin. The aromatic compounds are removed by water-washing, and hence could have been lost by
contact with progressively greater amounts of formation water during long-distance migration. The
lack of thermally mature source rocks in southern and central Kansas supports this hypothesis.

INTRODUCTION

Various aspects of the petroleum geochemistry
of the Anadarko basin have been studied over the
last 25 years. The Anadarko basin and adjacent
shelf areas are a major petroleum-producing
province in the Midcontinent of the U.S.A., so
that petroleum geochemical studies are not
needed to test the resource potential of the basin.
However, such studies serve to test the extent
and volume of thermally mature source rocks, to
establish source-rock/oil correlations, and to ex-
amine the timing of generation and the extent of
oil and gas migration. This study describes the
source-rock potential and geochemical character-
istics of a regionally distributed suite of oils from
rocks of Cambrian through Permian age. The oil/
source-rock correlations and oil compositions are
then used to examine the timing and distance of
oil migration. A preliminary discussion of this
work was presented by Burruss and Hatch (1987).

In this discussion the greater Anadarko basin is
considered to comprise the sediments confined by
the Amarillo-Wichita uplift on the south, the Si-
erra Grande uplift-Las Animas arch on the west,
the central Kansas uplift-Cambridge arch on the
north, and the Nemaha ridge on the east, as dis-
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cussed by Davis and Northcutt (this volume). Ge-
ologic evidence for timing of oil generation, num-
ber of generations of oil, and migration distance
is presented by Walters (1958) and Webb (1976).
This paper summarizes our geochemical evidence
for the number of distinct sources of oil and the
extent of migration throughout this broad region
of the Midcontinent.

SAMPLES AND
ANALYTICAL METHODS

At this writing, we have analyzed 104 oil sam-
ples and 190 core samples. The stratigraphic dis-
tribution of the samples is shown in Figure 1. Oil
samples were obtained from reservoirs ranging in
age from Cambrian to Early Permian, and source-
rock samples range in age from Middle Ordovi-
cian to Late Pennsylvanian. The geographic dis-
tribution of oil and rock samples is shown in Fig-
ure 2.

The rock samples were characterized for
source-rock potential and quality, based on total
organic-carbon content, by LECO combustion
and by pyrolysis assay with a ROCK-EVAL II in-
strument, using the methods of Espitalié and
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Figure 1. Generalized stratigraphic column of Paleozoic rocks in the Anadarko basin, showing com-
mon reservoir names and the units from which oil or source-rock samples were obtained. Modified
from Landes (1970).
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others (1977). Based on the pyrolysis results,
samples were selected for Soxhlet extraction with
chloroform for 24 hr. Sulfur was removed by
refluxing with polished copper metal. The filtered
extract was concentrated at room temperature
under nitrogen to remove chloroform, then di-
luted with n-heptane to precipitate asphaltenes.
A concentrate of the solution was separated by
column chromatography on silica gel, eluting suc-
cessively with heptane, benzene, and benzene-
methanol to collect the saturated-hydrocarbon,
aromatic-hydrocarbon, and resin fractions, re-
spectively.

The saturated-hydrocarbon fraction of the rock
extract was analyzed by capillary-column gas
chromatography. One microliter was injected in a
Hewlett-Packard 5880 instrument with an SE54

—_—_— -

NEBRASKA

bonded-phase column, 50 m X 0.35 mm LD,
temperature programmed from 50 to 320°C at
4°C/min, with a flame-ionization detector
(350°C), and injection port at 245°C. Identifica-
tion of peaks on the resultant chromatograms was
based on relative retention times.

All oils were analyzed by whole-oil, capillary-
column gas chromatography, using a Hewlett-
Packard 5890A instrument with a nonpolar
bonded-phase column (HP Ultra 1) 30 m X 0.20
mm ID. Analytical conditions were as follows:
temperature program from -20 to 300°C at 10°C/
min, held at 300°C for 18 min; flame ionization
detector (350°C); injection port temperature
300°C; and 0.1 uL of sample injected and split
150:1. Chromatograms were integrated with a
Hewlett-Packard 3392A integrator, and peak
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Figure 2. Map of the Anadarko basin, showing the locations of oil and rock samples.
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heights and retention times were stored on an
HP9816S desktop computer for further process-
ing. Whole-oil chromatograms are subsequently
displayed as plots of integrated peak height ver-
sus retention time.

Selected oil samples were fractionated in-
to saturated-hydrocarbon, aromatic-hydrocarbon,
resin, and asphaltene fractions with a Baker-10
Extraction System (J. T. Baker Chemical Co.),
using SPE 3-mL 20-u filtration, 6-mil silica gel,
and 6-mil cyano (CN) columns. Cyclohexane, cy-
clohexane/benzene (3/1), and chloroform were the
elution solvents, using a procedure described in
the Baker-10 Extraction System instructions,
with modifications described in Anders and
others (1987). The saturated-hydrocarbon frac-
tion was further analyzed by capillary-column gas
chromatography, using analytical conditions de-
scribed above for rock extracts.

The carbon stable-isotope ratios of saturated-
and aromatic-hydrocarbon fractions of oils and
rock extracts were measured with a Finnigan
MAT 251 isotope-ration mass spectrometer, after
conversion to carbon dioxide in a high-vacuum
combustion, gas-transfer apparatus. Isotopic com-
positions of carbon dioxide from the samples
were directly compared with working reference
standards of carbon dioxide, prepared from NBS
19 limestone (5*C = 1.96 ppt PDB). All ratios
are reported in standard per mil deviation rela-
tive to the Peedee belemnite standard (PDB):

3C ppt = [(Rsamp]e/R 2 —11 X 103,

where R is the ratio of *C to *2C. NBS 21 (graph-
ite) and NBS 22 (whole lube oil) were also ana-
lyzed as reference samples.

standar:

SOURCE ROCKS

The source-rock potential of 190 core samples
of dark-colored shales from Ordovician to Late
Pennsylvanian age is shown in Figure 3. Total-
organic-carbon (TOC) abundances are shown in
Figure 3A as histograms for samples from Penn-
sylvanian and Mississippian rocks, upper Devo-
nian-Lower Mississippian Woodford Shale, and
Ordovician shales. The Woodford Shale and
many Pennsylvanian shales are consistently rich
in TOC (>2%). Ordovician rocks are generally
low in TOC (<1%), although several samples
from the shelf in Kansas have TOC values be-
tween 1 and 9%. The potential of these rocks for
generating hydrocarbons is illustrated in Figure
3B and 3C. Means and ranges of the genetic po-
tential for different stratigraphic intervals
(ROCK-EVAL pyrolysis) are shown in Figure 3B.
This measurement (total volatile and pyrolyzable
hydrocarbons, S, + S,) indicates the ability of a
rock to generate hydrocarbons. The classification
criteria are those of Tissot and Welte (1978, p.

447). The differences among the rock units are
similar to those seen in the TOC values. The van
Krevelen-type diagram in Figure 3C indicates the
type of organic matter present in the rocks. The
small number of samples with high hydrogen in-
dex values that plot near the curve for type I (al-
gal organic matter) are from Middle Ordovician
Simpson Group shales from the Kansas shelf.
Woodford Shale and some Pennsylvanian shales
plot near the curve for type II (marine organic
matter). Most of the low-TOC Ordovician and
Pennsylvanian samples plot near the curve for
type III (oxygen-rich organic matter).

Using these criteria, the Upper Devonian and
Lower Mississippian Woodford Shale and Middle
Pennsylvanian marine shales show the best po-
tential to generate hydrocarbons. The Woodford
does show some decrease in source-rock potential
to the northwest, where it is thinnest stratigraph-
ically and appears to show a facies change consis-
tent with the electric-log observations of Hester
and Schmoker (1988, personal communication).
The source-rock potentials of most of the samples
of Upper Ordovician Sylvan Shale and shaly beds
in the Simpson Group are only poor to moderate.
This is in part due to the higher levels of thermal
maturity of these deeply buried and stratigraphi-
cally older units. The source-rock potential of
Simpson shale from the shelf area in central Kan-
sas, based on a small number of samples, is good.

Analyses of the solvent extracts of source rocks
from localities with similar levels of thermal ma-
turity clearly distinguish three compositions of
hydrocarbon products generated by these rocks.
Saturated-hydrocarbon distributions from ex-
tracts of Simpson Group shales  (Fig. 4A) are
characterized by strong odd predominance of n-
C,; to n-C,, alkanes, with very low abundance of
n-alkanes above n-C,, and very low abundance of
acyclic isoprenoids. Both saturated- and aro-
matic-hydrocarbon fractions have values in the
range —-32 to -29 ppt, although two samples have
values of about —27 ppt (Fig. 5A). The origin of
this wide range of carbon-isotope values is dis-
cussed by Hatch and others (1987).

The extracts of Woodford Shale samples show
characteristics common to rocks rich in marine
organic matter. The saturated-hydrocarbon dis-
tribution (Fig. 4B) shows a regularly decreasing
abundance of n-alkanes with increasing carbon
number, and little or no odd-carbon predomi-
nance. Branched and cyclic isomers have rela-
tively low abundance, with n-C,,/pristane and
pristane/phytane ratios of about 5 and 1.5, re-
spectively. The carbon-isotope composition of the
saturated- and aromatic-hydrocarbon fractions
(Fig. 5A) ranges from -30 to —29 ppt.

Saturated-hydrocarbon distributions of ex-
tracts from Pennsylvanian organic-carbon-rich
rocks are commonly enriched in higher-molecu-
lar-weight n-alkanes compared to the older strati-
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graphic units (Fig. 4C). The higher-molecular-
weight n-alkanes show a slight odd-carbon pre-
dominance, and in some samples this distribution
of n-alkanes is similar to that of extracts of waxy
terrestrial organic matter. Branched and cyclic
isomers and acyclic isoprenoids tend to be abun-
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Figure 3. Source-rock properties of core samples
from the Anadarko basin. A—Histograms of total
organic-carbon content of individual samples by
stratigraphic interval. B—Genetic potential mea-
sured as total pyrolyzable hydrocarbons (S, + S,
mgHC/g sample, ROCK-EVAL pyrolysis; criteria
from Tissot and Welte, 1978, p. 447) for rocks of
Ordovician through Pennsylvanian age. Horizon-
tal bars show the range of values for each group
of samples. The vertical line within the bar is the
mean value for each group. Vertical bars to the
right of the Simpson Group are individual sam-
ples. C—van Krevelen-type diagram of hydrogen
index versus oxygen index (ROCK-EVAL pyroly-
sis), showing variations of organic matter type
within potential source rocks of different geologic
age.

dant, with n-C,,/pristane and pristane/phytane
ratios ranging from 2.0 to 0.7 and from 2.0 to 1.0,
respectively. The carbon-isotope composition of
these extracts is relatively enriched in *C, values
for saturated- and aromatic-hydrocarbon frac-
tions ranging from -29 to —-25 ppt (Fig. 5A).
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OILS

Gas chromatography of whole-oil samples re-
vealed significant differences in composition of
the oils, especially within the gasoline-range (C,—
C,) hydrocarbons and in the general distribution
of n-alkanes from C,—C,,. As pointed out by Bur-
russ and Hatch (1987), these differences in com-
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Figure 4. Representative gas chromatograms of
saturated-hydrocarbon fractions of solvent ex-
tracts of core samples of potential source rocks
in the Anadarko basin. A—Extract of Simpson
Group shale, Reno County, Kansas. B—Extract
of Woodford Shale, Kingfisher County,
Oklahoma. C—Extract of a Middle Pennsylvanian
shale at the base of the “Big lime,”’ Kingfisher
County, Oklahoma.

position occur between oils produced from reser-
voirs of distinctly different geologic age. Oils
produced from reservoirs of a given geologic age
(or stratigraphic interval) are compositionally
similar.

The most obvious differences in oil composi-
tions are shown in Figures 5B and 6. Oils from
Ordovician reservoirs have the characteristics of
Ordovician oils throughout the Midcontinent
area. These characteristics are a strong odd-car-
bon predominance from n-C,; to n-C,,, low abun-
dance of branched and cyclic isomers, and very
low abundance to complete absence of pristane
and phytane, as shown in Figure 6, type 1. The
C,s+ saturated- and aromatic-hydrocarbon frac-
tions are generally depleted in '*C, with isotopic
compositions ranging from -34 to -30 ppt, and
one sample as heavy as —28.5 ppt (Fig. 56B). Silu-
rian and Devonian (Hunton Group) and Missis-
sippian reservoirs produce oils characterized by
the whole-oil chromatogram in Figure 6, type 2.
The n-alkanes show a regularly decreasing abun-
dance with increasing carbon number with no
odd-carbon predominance, relatively low abun-
dance of branched and cyclic isomers, pristane/
phytane ratio in the range 1.6 to 1.2, and carbon-
isotope compositions of saturated- and aromatic-
hydrocarbon fractions ranging from -31 to -29
ppt (Fig. 5B). Pennsylvanian reservoirs produce
oils of somewhat variable composition. The
whole-oil chromatogram in Figure 6, type 3, is a
typical example. These oils have an n-alkane dis-
tribution that has a relatively high abundance
of C,s+ hydrocarbons, a high abundance of
branched and cyclic isomers, pristane/n-C,, ~0.7,
and pristane/phytane ranging from 0.9 to 2.0.
The carbon-isotope compositions of the satu-
rated- and aromatic-hydrocarbon fractions range
from -30 to -25 ppt (Fig. 5B).

Detailed analysis of the C, region of the whole-
oil chromatograms reveals significant differences
among the oils based on the relative abundance
of the isomers of C, alkanes and aromatic hydro-
carbons. Figure 7 is a ternary plot of n-heptane,
methyl-cyclohexane, and the sum of 2-methylhex-
ane and 3-methylhexane. The fields labeled 1,2,3
(Ordovician, Silurian and Devonian plus Missis-
sippian, and Pennsylvanian samples, respec-
tively) contain oils with compositions that fit the
“end-member” characteristics discussed above.
Almost all oils fall within the region bounded by
these end-member compositions, suggesting that
many oils are mixtures of the three oil types.

Comparison of the carbon-isotope composition
with the C, hydrocarbon distribution shows addi-
tional evidence of mixing among the oil types.
Figure 8 is a crossplot of the abundance of n-hep-
tane versus carbon-isotope composition of the ar-
omatic fraction. Points labeled 1,2,3 are the three
end-member oils shown in Figure 6, and the
points labeled A,B,C are the oils shown in whole-
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oil chromatograms in Figure 9. Oils A and B have
the characteristics of mixtures of Ordovician oil
with Silurian and Devonian oil and Penn-
sylvanian oil, respectively. Oil C has the charac-
teristics of an oil that is a mixture of all three oil
types.

If the aromatic C, hydrocarbon, toluene, is in-
cluded in the analysis of oil types, an unusual
feature is observed. The ternary plot in Figure 10
shows that although oil types 1 and 2 are distin-

PEAK HEIGHT——
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guished from type 3, many oils that appear to be
mixtures are also depleted in toluene, even to the
extent that little or no toluene can be detected.
This is a feature common in water-washed crude
oils (Illich and others, 1981; Bockmeulen and
others, 1983; Welte and others, 1982). Where
water-washing is due to meteoric-water recharge
of aquifers, it is typically accompanied by evi-
dence of biodegradation (Bockmeulen and others,
1983; Welte and others, 1982). Of the 104 oils an-
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Figure 6. Whole-oil gas chromatograms of representative oil samples from Anadarko basin reservoirs
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+Mississippian
2 Pennsylvanian

mch 2+3mh

Figure 7. Ternary plot of C, gasoline-range hy-
drocarbon distributions in all Anadarko basin oil
samples. Boxes enclose the three end-member
oil types (1, Ordovician; 2, Silurian, Devonian,
and Mississippian; 3, Pennsylvanian), which are
distinguished by the relative abundance of nor-
mal, branched, and cyclic C, hydrocarbons. Ab-
breviations: nc7, normal heptane; mch, methyl-
cyclohexane; 2 + 3mh, the sum of 2-methylhex-
ane and 3-methylhexane.
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Figure 8. Relationship of gasoline-range compo-
sition to carbon-isotope composition of Ana-
darko basin oils, showing evidence of mixing.
Points labeled 1,2,3 are the end-member oils
shown in Figure 6. Three mixed oils labeled
A,B,C are shown in Figure 9.

alyzed in this study, only one shows some evi-
dence of biodegradation, although biodegraded
oils are known to exist in eastern Oklahoma and
Kansas.

DISCUSSION

The geochemical distinctions among the Ordo-
vician to Pennsylvanian source rocks are consis-
tent with the distinctions among the oil types.
Analysis of the burial history of the source rocks
within the central basin (Schmoker, 1986) indi-
cates that all source rocks become thermally ma-
ture for hydrocarbon generation during Middle to
Late Pennsylvanian time. Generation and expul-
sion of hydrocarbons from multiple source rocks
at approximately the same time led to mixing of
oils in structurally complex traps and traps re-
lated to major unconformities.

As sedimentation continued into the Permian,
progressive burial of source and reservoir litholo-
gies led to increased levels of thermal maturity,
gas generation in the deep basin, and oil genera-
tion from source rocks on the shelf. As modeled
by Hatch and others (1986) using Schmoker’s
(1986) analysis of the thermal history of the ba-
sin, no source rocks reached maturation levels
necessary to generate oil north of a zone stretch-
ing from the central Oklahoma-Kansas border
through the Hugoton gas field to the Kansas—Col-
orado border. In order to explain the presence of
thermally mature crude oils as far north as the
western edge of the Cambridge arch in south-
western Nebraska, we infer long-distance oil mi-
gration (Hatch and others, 1986). This inference
is consistent with the geologic evidence of Wal-
ters (1958) for migration of oils out of the Ana-
darko basin into traps along the central Kansas
uplift.

The geochemical argument for long-distance
migration is supported by the observation of the
depletion of toluene in many of the oils. If we
measure an approximate distance of migration as
the radial distance out from the -35,000 ft subsea
contour on basement in the Anadarko basin, we
can plot toluene content of the oils (as a fraction
of n-C,, methylcyclohexane, and toluene as shown
in Figure 10) versus distance as shown in Figure
11. With the exception of one sample with high
toluene from the southern end of the central
Kansas uplift (within the Salina basin, and so la-
beled in Figure 11), there is an obvious trend of
decreasing toluene with increasing distance from
the depocenter of the Anadarko basin. If the oil
samples are separated by stratigraphic interval,
as shown in Figure 11, the trend is still apparent.
The strongest exceptions are the oils in the Devo-
nian and Mississippian reservoirs. The oils with
the highest toluene content occur in reservoirs
~90 mi from the depocenter, near the subcrop
erosional edge of the Hunton Group identified by
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Amsden (1975). This is also where the Woodford
Shale is presently buried at depths within the oil
window, suggesting that these toluene concentra-
tions may be those for a “least-migrated” oil.

The systematic depletion in toluene may be re-
lated to migration distance. The low-molecular-
weight aromatic hydrocarbons benzene and tolu-
ene are the most ‘water-soluble components in
crude oils (Price, 1976). As oils migrate farther,
they contact progressively larger amounts of for-
mation water into which the water-soluble com-
ponents will partition. Therefore, water-soluble
components should decrease with increasing mi-
gration distance. In fact, most oils from reservoirs
north of the Oklahoma-Kansas border have no
detectable benzene, which has a higher solubility
in water than toluene.

There are other possible explanations for some

A L

I toall i

0 RETENTION TIME

of our observations. Clayton and others (1987)
and Clayton (1988, personal communication)
have argued for local generation of oils in Paleo-
zoic reservoirs in southwestern Nebraska. Our
analyses of two of the same oil samples reported
in Clayton and others (1987) show extreme deple-
tion in toluene, consistent with the evidence for
long-distance migration presented in this paper.
There is also the possibility that the toluene con-
centration is related to thermal maturation, im-
plying that the trends versus distance in Figure
11 also reflect depth of burial of the reservoir and
source rock. However, the trend of toluene con-
centration versus depth is not strong, a fact
shown by the relatively low concentrations of tol-
uene in the central, deep-basin (migration dis-
tances <<80 mi) oils from Silurian and Devonian
reservoirs and from Pennsylvanian reservoirs.

40

Figure 9. Three mixed oils, labeled A,B,C in Figure 8, shown as whole-oil gas chromatograms.
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CONCLUSIONS

Although most of our analyses are routine re-
connaissance analyses, we have established sev-
eral facts in the petroleum geochemistry of source
rocks and crude oils in the Anadarko basin. First,
organic-rich rocks ranging in age from Ordovician
to Pennsylvanian have good source potential and
distinctly different geochemical characteristics.
Second, there are three distinct compositions of
crude oils, distinguished primarily by carbon sta-
ble-isotopic compositions and gasoline-range-hy-
drocarbon compositions. These crude-oil types
appear to correlate with extracts of Ordovician,
Devonian, and Pennsylvanian source rocks.

nc?

¢ Ordovician
= Sjlurian, Devonian
+ Mississippian
*+ Pennsylvanian .

mch tol

Figure 10. Ternary plot of C, gasoline-range hy-
drocarbons, including the aromatic hydrocarbon
toluene, from Anadarko basin oils. Mixing among
the three major oil types is evident. Many oil
samples show depletion in toluene. Abbrevia-
tions: see Figure 7 caption; tol, toluene.

Figure 11. Relationship of the relative abundance
of toluene in crude oils (all samples) to distance
of the reservoir from the depocenter (-35,000 ft
subsea contour on basement) of the Anadarko
basin. Distance measured as a straight line from
the basin center to the sample location. Diagram
at top for all samples; other diagrams by strati-
graphic interval. The depletion in toluene with in-
creasing distance occurs regardless of geologic
age of the reservoir. Abbreviations: see captions
for Figures 7 and 10.
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Third, lack of thermally mature source rocks on
the northwestern shelf and systematic depletion
of toluene with distance from the deep basin im-
ply that oils reservoired as far north as the cen-
tral Kansas uplift and the Cambridge arch in
southwestern Nebraska were generated and mi-
grated from source rocks in the Anadarko basin.
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AN ORGANIC GEOCHEMICAL STUDY OF OILS, SOURCE ROCKS,
AND TAR SANDS IN THE ARDMORE AND ANADARKO BASINS

R. P. Pumrp, P. J. JonEs, L. H. LIN, G. E. MicHAEL, AND C. A. LEwis
University of Oklahoma

Abstract.—Oils and tar-sand bitumens from the Pauls Valley-Woodford areas of the Anadarko
basin have been analyzed to study effects of biodegradation on oils and to determine their possible
sources. The tar-sand deposits, located ~1.5 mi south of Woodford, Carter County, Oklahoma, are
distributed along the crest of the South Woodford anticline. Sixteen bitumens from the Rod Club
Sandstone (Mississippian) were chosen from a single well (Fitzgerald #5) which was cored near the
axis of the anticline. Geochemical correlation between the tar-sand bitumen and oils produced in
the Pauls Valley area was attempted to determine which of these oils was the source for the tar-
sand bitumen. The age of the reservoirs of these oils ranges from Ordovician to Pennsylvanian.
This study has shown that the tar-sand bitumens have been so severely biodegraded that most
of the n-alkanes, low-molecular-weight cycloalkanes, isoprenoid alkanes, C,,—C,, steranes, and light
aromatics and sulfur compounds have been removed, and the hopanes and steranes have been
extensively altered. The porphyrins from the tar sands were also examined to study possible effects
of biodegradation on porphyrins. Previously hypothesized changes in porphyrin structure due to
biodegradation have included n-alkyl side-chain cleavages and possible conversion from DPEP-
type to ETIO-type porphyrins. The present study showed no observable effects in total porphyrin

distributions even at high levels of biodegradation in these tar-sand samples.

INTRODUCTION

Tar sands have been defined by the Interstate
Oil Compact Commission (1980) as being any
rock, consolidated or unconsolidated, containing
crude oil which is too viscous at natural reservoir
temperature to be commercially produced by con-
ventional primary recovery techniques. Heavy-oil
and tar-sand accumulations are thought to be
created by water-washing and bacterial degrada-
tion of ordinary crude oils (Winters and Williams,
1969; Bailey and others, 1973; Rubinstein and
others, 1977). Water-washing removes the more
water-soluble, light hydrocarbons, especially aro-
matics, whereas biodegradation preferentially
removes n-alkanes. Severe degradation can re-
move isoprenoids, and tetracyclic and pentacyclic
terpanoids, making oil-oil correlation and matur-
ity determinations difficult. A knowledge of com-
positional changes caused by biodegradation is
essential for making accurate assessments of ge-
netic relationships among oils, especially severely
degraded heavy oils, seeps, and tar-sand bitu-
mens.

In the past two decades, the effect of bio-
degradation on petroleum composition has been
studied extensively. Connan (1984) published a
comprehensive review of biodegradation effects
on the composition of petroleum in reservoirs.
Recently, Philp and Lewis (1987) reviewed the
biodegradation effects reported in the literature
and summarized them into a table indicating
changes that occur with increasing biodegra-
dation.
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More than 300 occurrences of heavy oils and
bitumen-impregnated rocks have been reported
in Oklahoma (Harrison and others, 1981), includ-
ing 45 tar sands in Carter and Murray Counties.
The purpose of the present study is to analyze
the chemical composition of a series of tar-sand
bitumens from a single well, to study variation of
biomarker distributions, hydrocarbons, and
porphyrins as a function of biodegradation of the
tar-sand bitumens. In the present study 16 tar-
sand samples at depths ranging from 16 to 256 ft
have been obtained from a tar-sand quarry site in
the Ardmore basin, Carter County, Oklahoma
(Fig. 1). These samples were cored by the
Oklahoma Geological Survey in the Upper Mis-
sissippian Rod Club Sandstone within the local
structure known as the South Woodford anticline
(Harrison and Burchfield, 1984, fig. 2). A detailed
description of the study area and regional setting
can be found elsewhere (Jones, 1986; Lin, 1987;
Michael, 1987). An attempt has been made to
correlate the tar-sand bitumen with oils in the
Pauls Valley area, at the southeast corner of the
Anadarko basin, using biomarkers that survive
biodegradation and flash pyrolysis of the
asphaltene fraction. It was of particular interest
to use the porphyrin distributions for this pur-
pose, because there have been few specific studies
on porphyrin distributions in genetically related
oils or source rocks. Jones (1986) has already un-
dertaken a study of several oils along with possi-
ble source rocks from the Pauls Valley-Hunton
uplift area of southern Oklahoma. The same oils
and possible source rocks were examined in an at-
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Figure 1. Location of the Fitzgerald #5 well (source of the tar sand samples), drilled in the Upper
Mississippian Rod Club Sandstone, within the south Woodford anticline.
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tempt to correlate oils and source rocks with the
tar-sand extracts from the core.

EXPERIMENTAL PROCEDURE

Hydrocarbon Isolation and Analysis

Tar-sand bitumens (0.3-0.5 g), provided by the
Oklahoma Geological Survey, were extracted
from the tar sand with dichloromethane. As-
phaltenes were removed from bitumens and oils
by precipitation with n-pentane for a minimum
of 8 hr. The deasphaltened bitumen or oil was
separated into saturate, aromatic, and NSO frac-
tions by column chromatography, using silica gel
(100-200 mesh) and alumina (80-200 mesh).
Wherever necessary, molecular sieving was per-
formed to remove n-alkanes from the saturate
fraction and to increase the concentration of
polycyclic compounds in the sample to improve
the detection of biomarkers. Saturate and aro-
matic fractions were analyzed by gas chromatog-
raphy, using either a Hewlett-Packard 5890 or
Varian 3300 GC with a J & W Scientific DB-5
fused-silica capillary column (30 m X 0.35 mm,
0.25 um film thickness).

Biomarkers present in the saturate and aro-
matic fractions were determined with a Hewlett-
Packard 5890A gas chromatograph equipped with
a J & W Scientific DB-5 fused-silica capillary col-
umn {ca. 25 m X 0.25 mm, 0.25 um film thick-
ness), interfaced to a Finnigan MAT Model 700
Ion Trap Detector (ITD). Component identifica-
tion was made by comparison with mass chro-
matograms of other samples that had been ana-
lyzed on the GC-ITD system, and by comparison
with previously published data.

Porphyrin Isolation and Analysis

Column chromatography was performed on
whole oils, or extracts, to determine the predomi-
nant porphyrin metal chelate species present.
Chromatography was performed using 100- to
200-um-mesh silica and 80- to 200-um-mesh alu-
mina activated at 240°C for 3 hr. Vanadyl
porphyrins eluted in 10% ethyl acetate/toluene
fraction and nickel porphyrins eluted between 10
and 20% toluene/hexane (Barwise and White-
head, 1979). Identification of separated metal
porphyrins was done by visible-spectrum absorp-
tion, with diagnostic peaks at 550 nm and 514 nm
for nickel, and 570 nm and 531 nm for vanadyl.

Porphyrin Demetallation

Demetallation of porphyrins was performed by
a method similar to that of Marriott and others
(1984). Thin-layer chromatography (0.25 mm
thick 20 cm X 20 cm silica gel 60 plates, Merck)

was used as a cleanup separation technique
prior to high-performance-liquid-chromatography
(HPLC) analysis using an Eldex 9600 ternary sol-
vent system and a Rheodyne 7125 injector fitted
with a 10-uL loop. Normal phase chromatography
was performed using three 150 mm X 4.6 mm
i.d., 3-um silica columns connected in series (Bar-
wise, 1986; Chicarelli and others, 1986). The pres-
ence of four diagnostic absorption peaks within
the visible spectrum permits identification of
demetallated porphyrins, as well as porphyrin
type, based upon relative peak heights of the
spectrum.

Flash Pyrolysis-GC of Asphaltene

Asphaltenes were dissolved in a small amount
of dichloromethane and reprecipitated with n-
pentane three times before being subjected to py-
rolysis-GC, at a pyrolysis temperature of 600°C,
using a CDS (Chemical Data Systems) 122 ex-
tended-temperature pyroprobe coupled to a
Varian 3300 gas chromatograph. Chromato-
graphic separation was performed with a J & W
Scientific DB-5 fused-silica column (30 m X 0.25
mm, film thickness 1.0 um). Carrier-gas flow rate
was ~1 mL/min, and temperature program was
from —25°C (2 min), increased to 300°C at 4°C/
min (final temperature held for 30 min). The col-
umn effluent was split and monitored by both
FID and FPD. All data were collected with Nel-
son Analytical Chromatography Software Model
2600, running on an IBM PC-XT under PC-DOS
#3.6.

RESULTS AND DISCUSSION

Bulk Composition

A ternary diagram of relative weight percent-
age of saturate, aromatic, and asphaltene plus
NSO fractions of oils and tar-sand bitumens is
shown in Figure 2. The ordinary oils contain
mainly saturated hydrocarbons (71.65-83.19%),
while the tar-sand bitumens contain major
amounts of aromatic and polar compounds. Fluc-
tuations in the saturate/aromatic ratio for the
tar-sand bitumens reflect different rates of bacte-
rial degradation and water-washing for the satu-
rate and aromatic fractions.

Gas Chromatography

The gas chromatograms of the saturate frac-
tions of oils #3, #18, #29, and #30, reservoired in
the Oil Creek Formation and thought to be
sourced from Woodford shales (Jones, 1986), are
shown in Figure 3. The n-alkane concentrations
relative to the isoprenoids are much lower in the
shallower reservoirs and are indicative of bio-
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Figure 2. Ternary diagram showing bulk compo-
sition of tar-sand bitumens from Fitzgerald #5
well and oils from the Pauls Valley area.

degradation (Winters and Williams, 1969; Bailey
and others, 1973).

The tar-sand bitumens are so severely de-
graded that they contain no n-alkanes or isopre-
noids, and only tricyclic and pentacyclic terpe-
noids could be seen at the end of the large hump
of unresolved components. The aromatic frac-
tions also showed severe degradation, such that
only a large hump of unresolved components was
present along with triaromatic steroid hydro-
carbons.

Gas Chromatography-
Mass Spectrometry

Steranes

There is a consensus that steranes are degraded
far more rapidly than diasteranes (Seifert and
Moldowan, 1979; Volkman and others, 1983;
Goodwin and others, 1983). Within the steranes,
the 20R-5«(H),14a(H),17a(H) species are re-
moved faster than their 20S homologs, and the
C,, steranes are removed prior to the C,; and C,,
species. The m/z 217 mass chromatograms (Fig.
4) show that the C,,~C,, steranes were removed
from the tar sands, and only the C,,—C,, rear-
ranged steranes and apparently the C,, steranes
have survived biodegradation. The similarity in
the distribution of diasteranes and C;, steranes
for all of the tar-sand bitumens studied implies
that they have a common source. The resistance
toward biodegradation of C,, steranes shown in
the tar-sand bitumens appears to be useful for
correlation studies.

The triaromatic steroid hydrocarbon (m/z 231)
for the tar-sand bitumen at 204 ft and two oils
are shown in Figure 5. The absence of C,, and C,,
triaromatic steroid hydrocarbons from the tar
sand is assumed to arise from preferential re-
moval during water-washing or biodegradation
(Wardroper and others, 1984; Volkman and
others, 1984).

The monoaromatic steroid hydrocarbons do not
appear to be degraded in these tar-sand bitumens
when compared to those of an ordinary oil and, as
such, monoaromatic steroid hydrocarbons are
more resistant to biodegradation than the triaro-
matic steroid hydrocarbons, as noticed by War-
droper and others (1984). Biodegradation of aro-
matic steroid hydrocarbons is not apparent until
the C;,_;, steranes, hopanes, and C,,_,, diaster-
anes have been severely degraded; hence, these
compounds are useful for correlation and matura-
tion studies (e.g., Mackenzie, 1984; Seifert and
Moldowan, 1978).

Hopanes

The hopane distributions show some differ-
ences as a result of varying degrees of bio-
degradation (Fig. 6), and the sample at 144 ft ap-
pears to be one of the least biodegraded in terms
of hopane distribution. The preferential removal
of 22R hopanes, and the decreasing susceptibility
to biodegradation of hopanes in the order C, >
Cye > Cyy > Cyp, > Cy, > Gy > Cyy has been
previously documented by Goodwin and others
(1983). The preferential removal of the 22R
epimer of C,,, C,,, C;; hopanes is clearly indi-
cated in the sample at 16 ft (Fig. 6). In this study
the susceptibility to biodegradation appears to be
partially reversed, and the order is C;y > C;,_s4
> C,, and C,; homologs. Moretanes, 17a(H)-
22,29,30-trisnorhopane (T,), 18«(H)-22,29,30-
trisnorhopane (T,), and C,, hopane appear to be
relatively resistant to biodegradation, as previ-
ously reported by Seifert and others (1984). The
C,, tetracyclic terpane also appears to be resist-
ant toward Dbiodegradation relative to the
hopanes.

The total removal of C,,+ hopanes from sam-
ples deeper than 240 ft is probably due to an in-
creased contact with ground water. An inspection
of the core showed the upper 7-16 ft and the
lower 256-270 ft to be composed of grayish-
brown to brown sandstone. Most of the interme-
diate section was composed of dark-brown to
black, highly bitumen-saturated sandstone, with
a few fractures and light-brown sandstone strings.
This implies that the upper and lower parts of
the tar sand are more accessible to water and,
hence, more severely degraded than the middle
section. Since some heavy oil is seeping out along
the crest of the South Woodford anticline, heavy
oil actively migrating from a reservoir in the vi-
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Figure 3. Gas chromatograms showing the distribution of n-alkanes from four of the Qil Creek oils

analyzed in this study.

cinity may also be mixing with the tar-sand bitu-
men and causing changes in the distribution of
hopanes.

Porphyrins

To study the effects of biodegradation upon
porphyrin distributions, the distinct destruction
of certain isomers and the conversion of one
group of isomers to that of a different carbon
number were monitored. Specifically, conversion

from DPEP-type to ETIO-type porphyrins was
monitored by observing the percent DPEP and
DPEP-to-ETIO ratio. However, within the error
limits set by a standard there were no observable
changes in percent DPEP or the DPEP-to-ETIO
ratio within the core samples. Ratios of C,,/C,,
and C,,/C,; DPEP-type porphyrin were measured
to look for possible methyl cleavages. The ratio of
C;,/Cyy DPEP was measured to look for ethyl
cleavages. Based upon ratios measured for ex-
tracts of the tar-sand core, there were no observ-
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extracts.

able effects upon the porphyrin distributions re-
sulting from biodegradation. The results of this
study support previous work by Palmer (1983)
and Barwise and Park (1983) which showed no
effect of biodegradation on porphyrin distri-
butions.

CORRELATION OF TAR-SAND
BITUMEN WITH OIL FROM THE
PAULS VALLEY AREA

The oils from the Pauls Valley area previously
have been classified into two major groups on the
basis of their biomarker distributions (Jones,
1986). In this study only two representative oils,
namely Viola oil #20 and Oil Creek oil #29, were
used for correlation with the tar-sand bitumen.
Oil #29 was chosen not only because it is repre-
sentative of the majority of oils from the Pauls
Valley area, but, more important, because it is of
similar maturity to that of the tar-sand bitumen.

The m/z 191 mass chromatograms of oil #20,
oil #29, and the tar-sand bitumen from a depth
of 204 ft are shown in Figure 7. The chro-
matograms for oil #29 and the tar-sand bitumen
have almost identical tricyclic, tetracyclic, and
pentacyclic terpane distributions. Oil #20 differs
from the tar-sand bitumen by containing a high
concentration of the C,, tetracyclic terpane and

an enhanced concentration of the C,; hopanes.
The distribution of monoaromatic steroid hydro-
carbons of oil #20, oil #29, and the tar sand (204
ft) also showed a strong similarity between oil
#29 and tar-sand bitumen. Qil #20 has a rela-
tively high concentration of C,, and C,, monoaro-
matic steroid hydrocarbons, and a different dis-
tribution pattern in C,,_,, species. The C,, and
C,, monoaromatic steroid hydrocarbons are
thought to be more thermally stable than their
higher-molecular-weight homologs; thus, oil #20,
with the high concentration of C,, and C,, spe-
cies, is probably more mature than oil #29 and
the tar-sand bitumen. The high maturity of oil
#920 is also shown by a lower T /T, value than
that of oil #29 (1.17 and 2.10, respectively; Jones,
1986, table 3). The ratio of T, /T, decreases with
increasing maturity, and has been used as a mat-
uration parameter by Seifert and Moldowan
(1978).

The distribution of triaromatic steroid hydro-
carbons for oil #20, oil #29, and tar-sand bitu-
men (204 ft) showed a good similarity between
the Cye_ss distribution for oil #29 and the tar-
sand bitumen (Fig. 5). The absence of C,, and C,,
components and the slight decrease in C, 20R
with respect to C,; 20S indicate that the triaro-
matic steroid hydrocarbons have been bio-
degraded, as previously reported by Wardroper
and others (1984).
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matter.



72 R. P. Philp and others

'

16
29 M/Z 191

L
32
S s 33
) 534 35
R R R S R

29 116’

i

29

LU

T T T T T T T T
3108 80100 o308 9u180 93108 180188 193189 11e108 11300

T T — T T T T T
o0 2200 240 2600 008 EITT 3208 ERt T

Increasing Retention Time

30 144’
29
a1
s
32
fs 83 .,
R SR 35
)@L v —
vu  ~ L, W SE——
r”

29 168’

HLMLJ» bbb

29

AL

T T T T T —r T T T
7100 [T 83188 SR160 93100 190:89 103140 118188 113184

r T T T T T T T T
2000 2280 2408 2608 2800 Isee 208 348

Figure 6. Variations in the extent of biodegradation of the tar-sand bitumens could-be evaluated from
the hopane distributions determined from the m/z 191 chromatograms, as shown in this diagram for

six of the tar sand extracts.

The distributions of diasteranes are very simi-
lar in all the analyzed tar-sand bitumens. Since
all of the steranes have been removed from the
tar-sand bitumen by biodegradation, the m/z 217
mass chromatogram shows only the distribution
of diasteranes. Diasteranes are thought to be rela-
tively resistant to biodegradation; hence, they are
useful for correlation purposes. The m/z 217 mass
chromatograms of nondegraded oils contain both
normal and rearranged steranes, making correla-
tion with the tar-sand bitumen difficult. However,
we have recently demonstrated the presence of
AB ring degraded steranes, and their value for
correlation of these tar sands and oils (Jiang and
others, 1988).

A plot of percent DPEP versus percent C,g_ s
ETIO series B showed good correlation of these

two maturational parameters for the oils and tar
sands. Oil 29 correlates well with the tar sand, as
seen from the porphyrin distributions (Fig. 8).
Sample 29 (3,925 ft) qualitatively shows the best
correlation with the tar-sand extract, with the ex-
ception of an increased C,, and C,, ETIO series A
concentration, which is interpreted to be due to
slightly increased maturation. The average ETIO
series A carbon number for oil 29 is C,, and C,,
for the tar sand. The average carbon number for
the ETIO series A decreases upon maturation.

Oil-Source Rock Correlation
Five different formations from Lower Ordovi-

cian through Lower Pennsylvanian were sampled
as possible source rocks for the oils and tar-sand



Organic Geochemistry 73

intensity

Hopanes
f —
Viola oil No. 20
Tri- and Tetracyclic Terpanes m/z 191
r 1
Oil Creek oil No. 29
m/z 191
Fitzgerald No. 5, 204 ft
m/z 191
et
T T T T T T
20 30 40 50

Time [min|

Figure 7. Comparison of the m/z 191 chromatograms for the Viola and Oil Creek oils and the tar-sand
bitumen again supported the proposal that the tar sand was related more closely to the Oil Creek oil

than to the Viola oil.

bitumens. The porphyrin distribution for the
Pennsylvanian Springer shale (7,202 ft) consisted
entirely of ETIO-type porphyrins, with a C,,
ETIO series A predominance. Other possible
source rocks which did not correlate with the oils
or tar sand were the Viola limestone (8,330 ft)
and the Arbuckle limestone (8,796 ft). Based
upon other biomarkers, neither sample is consid-
ered to have reached maturity levels much be-
yond that of the Springer shale sample. Both
have unique porphyrin distributions, and only
ETIO porphyrins are present. The distributions
for the Viola, Springer, and Arbuckle units are

definitely different from those for the oils, tar
sands, or Woodford Shale, based on the presence
of an unknown porphyrin, maturity, and a de-
crease in total-porphyrin concentration measured
qualitatively by absorption spectroscopy. The
Woodford Shale extract correlates very well with
the tar sand and many of the oils. One diagnostic
feature which should be noted is the increased
C,s ETIO series A which is predominant in the
Woodford samples. The same peak is also pre-
dominant in many of the oil samples at levels in
which the percent DPEP has substantially de-
creased at what is interpreted as greater matura-
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Figure 8. Porphyrin distributions were determined by HPLC, and the resulting chromatograms
provided further support to illustrate the relationship between Oil Creek oils and the tar sands.
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tion levels. The surface sample of Woodford
Shale (Arbuckle Mountains, I-35, exit 42) and
samples 8SR (6,571 ft) and 7SR (6,630 ft) proba-
bly have generated some hydrocarbons, and the
latter may be generating currently, but the major
source for the oil is thought to be deeper parts of
the basin where the Woodford Shale is more
mature.

Pyrolysis-GC

Py-GC of asphaltenes is a useful tool for corre-
lation of biodegraded oils with non-biodegraded
oils. This is especially true for severely bio-
degraded samples where the commonly used bio-
markers have been altered or completely re-
moved. Figure 9 shows the asphaltene pyrograms

\
J \\\m M"\l

b

of Viola oil #20, Oil Creek oil #29, and tar-sand
bitumen (204 ft). The pyrograms show a series of
doublets consisting of n-alkanes and their corre-
sponding n-alkenes in which the tar-sand bitu-
men and oil #29 show a good correlation in the
distribution of both aliphatic and aromatic hy-
drocarbons. However, the asphaltene pyrogram of
oil #20 shows a distribution dominated by long-
chain alkanes extending up to C,;, less aromatics,
and no detectable pristene. An increase in normal
hydrocarbons over isoprenoids, other branched
hydrocarbons, and phenolic and aromatic com-
pounds with increasing maturity has been ob-
served in the pyrolysates of kerogens isolated
from sediments of increasing maturity (Van de
Meent and others, 1980).

OIL CREEK OIL

VIOLA OIL

17

TAR SAND
ASPHALTENES (FID)

INCREASING RETENTION TIME

Figure 9. Py-GC of asphaltenes isolated from oils, both degraded and non-degraded, provides.an-
other valuable tool for obtaining information on possible correlations between these samples. Note in
these chromatograms the similarity between the Oil Creek oil and the tar-sand sample.
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CONCLUSIONS

The extent of biodegradation of tar-sand bitu-
mens has been closely examined by GC and
GC-MS. The results show that n-alkanes, isopre-
noids, naphthalene, alkyl-naphthalenes, phenan-
threne, C1-, C2-phenanthrenes, and benzo- and
dibenzothiophenes have been removed from the
tar-sand bitumens, and only an unresolved com-
plex mixture is shown in the gas chromatograms.

The biomarker distributions in the tar sands
are also altered to varying degrees. C,,_,, steranes
and C,,_,, triaromatic steroid hydrocarbons are
absent, and C,,—C,,-20R triaromatic steroid hy-
drocarbons decrease slightly. Hopane degradation
with preferential removal of C,,+ hopanes with
the 22R configuration was observed. The C,,-
hopane, T,,, T,, and moretanes are degraded at a
slower rate compared to the C,,+ hopanes. The
samples at 144 ft and 204 ft seem intact in terms
of hopane distribution, and allow a correlation
with oils. The preferential degradation of C,,—C,,
steranes prior to alteration of hopanes can be ob-
served in these two samples. Comparison with the
degradation of tar-sand bitumens from the South
Sulphur asphalt deposit, in which the degrada-
tion of C,,+ hopanes occurred prior to steranes,
shows the unpredictability in the relative bio-
degradation rate of hopanes and steranes. Dias-
teranes, C,, steranes, tricyclic terpanes, C,, tetra-
cyclic terpane, and monoaromatic steroid hydro-

carbons appear to be resistant toward bio-
degradation and are useful for correlation studies.
Porphyrins were not observed to be biodegraded,
despite high levels of biodegradation, as observed
in other biomarkers for the tar sand. Porphyrin
distributions are useful for correlation purposes
in shallow-reservoir oils which have undergone
degradation. Total-demetallated-porphyrin distri-
butions in the present study were not sufficient to
establish indisputable correlations, but they
could be used in conjunction with information
obtained from other biomarkers. The correlation
study based on tricyclic terpanes, C,, tetracyclic
terpane, hopane, mono- and triaromatic steroid
hydrocarbon, porphyrin distributions, and as-
phaltene pyrolysis—GC shows that the tar-sand
bitumen appear to be source-related with oil #29
from the Pauls Valley area, previously proposed
to be sourced from the Woodford Shale (Jones,
1986).
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STRUCTURAL EVOLUTION OF THE SOUTHEASTERN PORTION
OF THE ANADARKO BASIN REGION

WiLLiaM J. PERRY, JR.
U.S. Geological Survey, Denver

Abstract.—Field investigations in the Lake Classen—-Turner Falls, Oklahoma, area of the north-
ern Arbuckle anticline, on the southeastern margin of the Anadarko basin, indicate that transpres-
sional (oblique compressional) deformation of Late Pennsylvanian age dominated the structural
development of this area. The Arbuckle anticline is detached along the NW-trending, SW-dipping,
left-reverse Arbuckle fault and is thrust obliquely onto the margin of the Tishomingo block to the
east. Paleostress analysis of slip lines on mesoscopic faults along the northeastern limb of the
Arbuckle anticline, associated in style and geometry with oblique Arbuckle thrusting, indicates
compression directed N. 35-60° E.

A seismic line oriented northeast across the northwestern part of the Arbuckle anticline, in
Garvin County, Oklahoma, indicates that the anticline may have begun to grow as early as Des-
moinesian time. Its final growth took place in Virgilian time, after transpressional (chiefly dip-slip)
motion had ceased on the Arbuckle fault northeast and east of Turner Falls. The anticline and
underlying Arbuckle thrust probably locked in middle Virgilian time, after which the subsidiary
Washita Valley fault developed. The Washita Valley fault probably merges downward and north-
westward into the Arbuckle fault.

Locally, as much as 3,000 ft (0.9 km) of up-to-southwest stratigraphic separation has occurred
across the steeply SW-dipping to vertical Washita Valley fault. This cannot account for the
>14,000 ft (4.3 km) of apparent left-lateral offset of second-order folds across the fault, as the
axial planes of these folds dip steeply SW: Dip-slip alone would result in apparent right-lateral
separation, Total left-slip is nearly 3 mi (4.8 km), in agreement with the original estimate by W. E.
Ham. Development of this fault was synchronous in part with deposition of the middle(?) Virgilian
Collings Ranch Conglomerate. This gently warped conglomerate resulted from deep erosion of the
structures formed by tight folding and contraction faulting of older rocks during Arbuckle thrust-
ing. Small-scale N- to NW-trending right-slip faults on the north limb of the Arbuckle anticline
appear to merge southeastward into the Washita Valley fault zone at an acute angle. These right-
slip faults dismember some of the older NW-trending en echelon folds, such as the Russell anti-
cline and the associated northeast limb of the Arbuckle anticline. Subhorizontal slickensides,
cross-cutting relationships, and fault-rock character indicate that these faults formed after folding
and associated contraction faulting. Several of these faults cut the conglomerate as well. Their
orientation with respect to the Washita Valley fault is anomalous: Analogous shear fractures
formed in left-slip earthquake-fault zones and in the Riedel experiment are oriented quite differ-
ently with respect to the master fault.

West of the Arbuckle anticline, the Arbuckle fault is inferred to continue westward past the
town of Marlow, Oklahoma, as a major compartmental or transform fault zone which separates
thrust-bounded structures, such as the Velma, Tussey, and Doyle anticlines, from the transpres-
sively shortened structures of the deep Anadarko basin, west of and including the thrust-cored
Carter—-Knox anticline. This fault zone underwent recurrent motion during Pennsylvanian and
Early Permian time as compressive deformation proceeded generally from southwest to northeast
on both sides of this zone. Map and cross-sectional relations suggest progressive clockwise rotation
(NNE to ENE) of principal compression directions during Pennsylvanian and Early Permian time.
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STRUCTURAL IMPRINT ON THE SLICK HILLS,
SOUTHERN OKLAHOMA
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Texas Christian University
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Queen’s University of Belfast

Davip A. McCoNNELL
Kansas State University

WELDON BEAUCHAMP
Sun Exploration and Production Co., Dallas

Davip J. SANDERSON
Queen’s University of Belfast

INTRODUCTION: SETTING
AND SIGNIFICANCE

The Slick Hills are located to the north of the
Wichita Mountains and form the first substantial
relief south of the Anadarko basin. Morphologi-
cally the Hills are bare, rounded, treeless sum-
mits with gentle gradients; maximum relief is less
than a thousand feet. An alternative name, the
Limestone Hills, reflects the underlying geology.

The Hills are exhumed Permian topography,
resurrected during recent times from beneath a
cover of conglomerates and red beds (Donovan,
1986a). The Leonardian landscape can be envi-
sioned as topographic remnants or inselbergs
shedding small fans and talus and slowly disap-
pearing beneath a veneer of their own detritus.
The preserved topography is a result of extreme
aridity and a consequent lack of chemical weath-
ering. Beneath the unconformity, most of the
Slick Hills are built of carbonates assigned to the
Cambrian-Ordovician Arbuckle Group (Fig. 1).
Smaller areas are formed of the Cambrian Tim-
bered Hills Group, itself underpinned by the
Carlton Rhyolite. In the west, four small inliers of
the Viola Springs Group form the Sugar Hills.

The Slick Hills occupy an important position
in the geological architecture of southern Okla-
homa. They are the exposed portion of the fron-
tal fault zone, which juxtaposes the Wichita up-
lift and the Anadarko basin. At the present level
of exhumation they constitute a cameo of the
southern Oklahoma aulacogen (Donovan, 1986a).
Stripped to its essentials, the history of southern
Oklahoma is the record of stress acting upon a
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fundamental crustal weakness, trending 120°,
which first became active ~1.3 b.y. ago (Denison,
1982). During the Cambrian, rifting along this
trend accompanied the initiation of the southern
Oklahoma aulacogen as the area became involved
in the development of the Proto-Atlantic Ocean.
Details of geometrical relationships at this time
are still a subject of debate (Condie, 1982; Larson
and others, 1985). Tangible record of this period
is provided by the bimodal complex of igneous
rocks which is best exposed in the Wichita Moun-
tains. Only the structurally highest level of this
rift-bounded igneous pile, the Carlton Rhyolite, is
exposed in the Slick Hills. On Bally Mountain,
Ham and others (1964) measured 3,600 ft in their
type section.

In late Cambrian time, following crustal cooling
and shrinkage, a marine transgression took place
across the craton, including the aulacogen terrain,
which at this time comprised a range of low (400
ft) hills of Carlton Rhyolite. The initial record of
this transgression consists of conglomerates,
quartz-rich sandstones, and shales (the Reagan
Formation). These are overlapped by the lime-
stones of the Honey Creek Formation, which in
turn pass upward into the platform carbonates of
the Arbuckle Group. Along the axis of the au-
lacogen the latter are as much as 7,000 ft thick,
thinning to the northeast and southwest. Within
the Arbuckle Group there are subtle hints of ba-
sin evolution, as for example at the boundary of
the Fort Sill and Signal Mountain Formations
(Donovan, 1986a). Nevertheless, the general char-
acter of the group is constant: relatively thin-bed-
ded carbonates with no significant shale inter-
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Slick Hills Structure
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calations. The most consistently thin-bedded
section is found in the 1,500-ft thickness of the
Signal Mountain and lower Mackenzie Hill For-
mations. However, individual bed thicknesses >6
ft are very raré throughout the group.

The top part of the West Spring Creek Forma-
tion (uppermost unit in the Arbuckle Group) is
not exposed in the Slick Hills. Apart from scanty
exposures of the Bromide Formation and lower
Viola Springs Group (see above), no other rocks
older than Leonardian are seen at the surface, al-
though a full and typical Paleozoic section is
known in the subsurface.

During the Pennsylvanian and Early Permian,
strata in the Slick Hills, in common with the rest
of the aulacogen, were deformed during reactiva-
tion of the Cambrian rift faults. Timing of this
deformation coincides with closure of the Proto-
Atlantic Ocean, as recorded by the Ouachita
orogene. Much discussion has centered on the ba-
sic character of deformation in the aulacogen, in
particular on the roles played by compressive and
shear stresses. The principal effect of the defor-
mation was to dismember the aulacogen. In part
the lower Paleozoic basin was inverted to form
such uplifts as the Wichita, Arbuckle, and Criner
Hills. Elsewhere the original basin was enhanced
to form such spectacular depocenters as the
Anadarko and Ardmore basins. ‘

As noted, the Slick Hills occupy the “middle
ground” between the Wichita uplift and the
Anadarko basin. Structural relief across the zone
is enormous: ~10,000 ft across the Meers fauit
(southern boundary of the frontal fault zone) and

>20,000 ft across the Mountain View fault (the
northern boundary).

Major deformation ceased by the Leonardian.
The Slick Hills were covered by sediments and
left in a quiescent state until the present erosion
cycle (minor movements on the Meers fault
notwithstanding).

The account presented here synthesizes the re-
sults of recent mapping of structure in the Slick
Hills. Some of this work has already been pub-
lished (e.g., Babaei, 1980; Donovan, 1982;
Beauchamp, 1983; McConnell, 1983; Marchini,
1986; Donovan, 1986a; McCoss and Donovan,
1986; Donovan and others, 1987). Previous work
in the area by Harlton (1951,1963,1972) estab-
lished the basic tectonic framework; our work,
utilizing remote-sensing data and large-scale
mapping (6 in. = 1 mi overall, with enhancement
in complex areas), fills in some of the details.

THE TECTONIC FRAMEWORK

The Meers fault juxtaposes the Slick Hills and
the Wichita Mountains (Fig. 1); the fault has an
impressively linear trace which has been en-
hanced by Recent movements (Donovan and

others, 1982). There is some ambiguity concern-
ing the subsurface behavior of this fault. In their
interpretation of the COCORP data, Brewer and
others (1983) suggested a dip of ~40° SW. On
the other hand, an analysis of the available mag-
netic data suggests to R. F. Madole (personal
communication) that the fault is more or less ver-
tical in the subsurface. The latter interpretation
is supported by the linear character of the fault
surface trace.

Although it is everywhere overstepped by Per-
mian rocks and is only known in the subsurface,
the Mountain View fault is more clearly under-
stood than the Meers. Both COCORP data and
drilling indicate that the structure dips SW at
approximately 30-40°.

The Slick Hills are bisected by the Blue Creek
Canyon fault, a complex, high-angle, reverse,
oblique, left-lateral structure with a SW throw of
~2,000 ft (Donovan, 1982). This sense of throw is
the reverse to that of the frontal fault zone as a
whole; thus, the structure can be interpreted as
an oblique back thrust hosted by the hanging
wall of the Mountain View fault. The surface
trace of the Blue Creek Canyon fault is sinuous;
in general the fault trends ~15° clockwise of the
Meers and Mountain View structures (i.e.,
~135°), stepping between the two from north of
Lawton to Gotebo. However, in the neighborhood
of Blue Creek Canyon (the only place the fault is
exposed), the structure trends N-S.

To the north and east of the Blue Creek Can-
yon fault, the eastern Slick Hills display a series
of homoclinally dipping rocks, gently folded in
places and cut by faults (e.g., the Ketch Creek
fault) which do not destroy stratigraphic integ-
rity. In the Western Slick Hills, deformation is
far more intense; homotaxial problems cloud pre-
cise correlation across some faults. This is partic-
ularly the case in the terrain between the Meers
and Stumbling Bear structures. The latter is a
major reverse fault, trending 120-130°, with a NE
throw. Balanced cross sections (Marchini, 1986)
suggest that this fault has a staircase geometry
characterized more by ramps than flats. Such
cross sections have to be treated with caution, as
the fault shows abundant evidence of left-lateral
shear throughout its trace (McCoss and Donovan,
1986).

THE CAMBRIAN IMPRINT

The Early Cambrian history of the aulacogen
was dominated by extensional stress which was
accommodated by igneous activity and normal
faulting parallel to the aulacogen trend (Gilbert,
1982). Because of Pennsylvanian overprinting,
these early faults are difficult to recognize. A con-
vincing case can be made for the Washita Valley
fault in the Arbuckle area (R. E. Denison, per-
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sonal communication); in the Slick Hills area no
such case can be made (although the size and at-
titude of the Meers fault make it a likely candi-
date). Nevertheless, a minor Cambrian structural
imprint can be determined in the outcrop of the
Carlton Rhyolite of the Blue Creek Canyon area.
Slight (~3°) tilting of the rhyolite preceded dep-
osition of the Reagan Sandstone, while a N-S
fracture pattern is more strongly developed in the
rhyolite than elsewhere (Donovan and others,
1987). The most important of these fractures is
the Turtle Creek fault, a structure which is
clearly truncated by the Reagan. Veins associated
with the fault suggest that it is a left-lateral
structure with a modest throw. Marchini (1986)
has suggested that this trend and sense of dis-
placement are compatible with a component of
right-lateral transtensive stress during this phase
of aulacogen development.

THE PENNSYLVANIAN IMPRINT

The existence of a Cambrian N-S grain within
the basement may have had an important influ-
ence on the location and trend of faults during
Pennsylvanian deformation. Locally the Blue
Creek Canyon and Ketch Creek faults (both cut-
ting rhyolite) trend N-S, while interpretations of
the subsurface frontal fault zone (e.g., Harlton,
1963) are characterized by significant N- and
NW-trending reverse faults. In essence, the fron-
tal fault zone consists of a number of trapezoidal
blocks bounded by faults which trend either
~120° (the aulacogen trend) or about 150-0°.
Assuming that these faults are all basement-
seated (as is certainly the case in the Slick Hills),
then it is possible that both trends are inherited
from a Cambrian framework.

In the Slick Hills, faults with the greatest
throw are the Meers (~10,000 ft), Blue Creek
Canyon (about 1,700-2,400 ft), and Stumbling
Bear (as much as 2,300 ft) (Fig. 1). These faults
form a basic framework, defining blocks which
are characterized by more or less constant inter-
nal strain. Thus, in the eastern Slick Hills short-
ening is about 7-10%, between the Blue Creek
Canyon and Stumbling Bear faults it is ~20%,
and between the Stumbling Bear and Meers
faults it appears to be ~50%. These figures are
based on deformation within blocks and do not
apply to shortening across the frontal fault zone
as a whole, much of which is due to reverse move-
ments on the faults themselves.

In the western Slick Hills, much of the strain is
taken up in a series of parallel folds whose geom-
etry is influenced by the anisotropy of the thinly
bedded Arbuckle carbonates. Most folds exhibit
sharply defined hinges and planar limbs; flexural
slip faulting is common and as a result folds show
variable profiles. One such fold, the Paradox anti-

cline in Blue Creek Canyon (Donovan, 1986a),
shows at least 23 major adjustments of profile in
1,800 ft of structural relief. These adjustments in-
volve slight changes in plunge and trend; as a re-
sult the fold is clearly compartmentalized.

Clearly no single horizon of décollement exists,
although the Signal Mountain and lower Macken-
zie Hill Formations (the most thinly bedded parts
of the Arbuckle Group) appear to have been par-
ticularly susceptible to deformation. In essence,
the architecture of the more highly deformed
parts of the western Slick Hills consists of
stacked, compartmentalized folds generated from
various: surfaces within the carbonate section.
This picture is complicated in the hanging wall of
the Stumbling Bear fault by a number of comple-
mentary thrusts which mimic the fault and have
throws of as much as 1,200 ft. As far as can be
determined, most of these thrusts sole in the Sig-
nal Mountain-lower Mackenzie Hill section. Any
discussion of the level of origin of folds is compli-
cated by the fact that in the Blue Creek Canyon
area the Carlton Rhyolite is clearly folded in the
axis of the Blue Creek anticline, suggesting that
the basal unconformity is not a plane of signifi-
cant slippage.

More than 100 folds with wavelengths of about
500-2,000 ft have been mapped. Most folds are
asymmetric and verge NE; some folds have limbs
which are overturned by as much as 30°. Where
folds are particularly tight, axial-plane pressure-
solution cleavage is developed in fold hinges;
spacing of this cleavage varies from 1 mm to 5
cm. Three regions of differing fold trend have
been recognized:

1) Within approximately half a mile of the
Meers fault, fold axes trend subparallel to the
fault;

2) In most parts of the Hills, fold axes trend
10-30° clockwise of the fault; in this area some en
echelon arrays, most of which are left-handed, are
developed;

3) In the Blue Creek Canyon area, N-S folds,
plunging consistently N, are developed adjacent
to the anomalously trending section of the Blue
Creek Canyon fault.

Shear zones are a consistent feature of the
more intensly deformed part of the Slick Hills.
They are typically 2-3 ft across and display en
echelon sigmoidal arrays of subvertical solution
surfaces (McCoss and Donovan, 1986). The zones
are characteristic of major fault traces and are
also locally developed along the vertical limbs of
tight folds. Preliminary work suggests that the
shears are preferentially developed in fine-
grained limestones with a relatively high silic-
iclastic content. Where subparallel to the Meers
trend, the sigmoids show a left-lateral sense of
shear. Rare zones trending ~20° show right-lat-
eral shear.
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Discussion of
Pennsylvanian Deformation

The character of Pennsylvanian deformation in
the southern Oklahoma aulacogen is the subject
of considerable debate between those who favor
basement-involved thrusting as the primary de-
formation style (e.g., Ham and others, 1964; Den-
ison, 1982; Brown, 1984) and those who favor
left-lateral strike slip (e.g., Wickham and others,
1976; Budnick, 1983). Considerable NE-SW com-
pression, causing shortening across the frontal
fault zone, can be inferred from the geometry of
both major faults and folds. Transport to the
northeast can be inferred both from the relatively
small-scale structures in the Slick Hills and from
subsurface data (Brewer and others, 1983).

Evidence for left-lateral strike-slip motion is
more equivocal, as few convincing piercement
points have as yet been identified. Nevertheless,
several lines of evidence suggest a component of
left-lateral shear: (1) en echelon fold arrays; (2)
folds oriented clockwise to the principal (Meers)
fault; (3) left-lateral shear zones.

The orientations of folds and shear belts have
been analyzed by McCoss and Donovan (1986),
using a geometric technique developed by Mc-
Coss (1986). They show that displacement vectors
for both folds and shears are oriented at ~45° to
the Meers fault (i.e., ~075°), suggesting that left-
lateral oblique slip (convergent wrench) has taken
place on the major faults which bound the au-
lacogen. These authors also suggest that a minor
development of left-lateral faults in the terrain
between the Stumbling Bear and Meers faults
(oriented ~075°) can be interpreted as Riedel
shears accommodating extension parallel to the
aulacogen trend.

The deformation patterns described above sug-
gest that Pennsylvanian deformation in the Slick
Hills (and by inference the frontal fault zone) was
a response to left-lateral transpressive stress (Fig.
2). Transpression has been modeled by Sander-
son and Marchini (1984); predictions from their
model which can be tested successfully in the
Slick Hills include:

1) En echelon folds oriented at low angles of
obliquity to principal bounding faults;

2) Riedel fractures oriented at relatively high
angles to bounding faults;

3) Extension fractures oriented at a high angle
(but not orthogonal) to major bounding faults;
such fractures, oriented 030-050°, have been doc-
umented by Donovan and others (1987);

4) Impressive crustal thickening and vertical
uplift have taken place within the frontal fault
zone; the importance of a compressive component
in the deformation of the Slick Hills is high-
lighted by oblique back-thrust movement on the
Blue Creek Canyon fault; such thickening is not a
consequence of simple wrench-type simple shear

(e.g., Wilcox and others, 1973).

5) Minor gentle folds developed on the shallow-
dipping limbs of major folds are obliquely ori-
ented clockwise to the trend of the major struc-
ture; Sanderson and Marchini (1984) suggested
that in such cases the major fold formed first and
was subsequently rotated counterclockwise and
tightened; assuming constant incremental strain,
the newly formed minor folds then developed on
flat-lying surfaces at angles similar to the original
trend of the major fold.

The tests discussed above can be applied
throughout most of the Slick Hills. However, two
regions (noted above) require special attention.
Close to the anomalously trending (i.e., N-S) sec-
tion of the Blue Creek Canyon fault, folds trend a
few degrees west of north (Fig. 1). We interpret
this anomalous area as a compressive bend, ori-
ented at a high angle to the strike-slip component
of deformation. Sanderson and Marchini (1984)
have suggested that transpression at such bends
produces folds at a high angle to the regional
trend, in a zone marked by local crustal thicken-
ing. In the present case, part of the increased
strain in the area is taken up by oblique reverse
faulting on both the Blue Creek Canyon and
Stumbling Bear faults, some by folding (which in-
volves the Carlton Rhyolite), and part by a con-
siderable amount of pressure-solution cleavage.
As noted previously, it is possible that this com-
pressive bend is an expression of an underlying
basement framework inherited from Cambrian
deformation.

A second area of interest involves the southern-
most part of the Hills, where fold trends are al-
most parallel to the Meers fault. The classic in-
terpretation of this relationship (e.g., Harding,
1976) is that folds in this area have been subject
to left-lateral frictional drag, rotating into near
parallelism with the fault. Although some folds
do appear to have rotated (see above), we have
not uncovered evidence to support rotation of
this magnitude. An alternative explanation is
that the folds in this area formed in a more-com-
pressive regime than that encountered elsewhere.
In an analysis of stress adjacent to the San An-
dreas fault, Mount and Suppe (1987) have sug-
gested that at present this fault is a near-friction-
less surface and that consequently the regional
transpressive plate motion has decoupled into a
low-stress strike-slip component and a high-stress
compressive component. As a result, folds and
thrusts parallel the fault. The difficulty with this
interpretation in the Slick Hills lies in demon-
strating that the Meers fault was a frictionless
surface. A third explanation is that the subparal-
lelism is a complex boundary effect in which the
juxtaposition of the rigid, mechanically homoge-
neous igneous basement and the highly aniso-
tropic sedimentary sequence resulted in a degree
of forced folding in the carbonates.
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THE PERMIAN IMPRINT

One of the difficulties encountered in analyzing
the structural imprint in the Slick Hills is in tim-
ing of the deformation. As far as we have been
able to ascertain, the deformation has a consist-
ent style. Locally, a relative sequencing of events
can be determined (e.g., both the Blue Creek
Canyon and Stumbling Bear faults cut adjacent
folds); absolute timing is not possible. What is
clear is that by Leonardian time the Slick Hills
had attained their present position relative to
surrounding terrains and were exposed to weath-
ering processes.

The evolution of the Permian Meers Valley has
been discussed by Bridges (1985), Collins (1985),
and Donovan (1986a). Most of the valley is filled
with alluvial detritus: conglomerates, sandstones,
and shales; however, adjacent to the Meers fault,
breccias containing house-size boulders of car-
bonate are interbedded with pebble conglomer-
ates of similar composition. It is easiest to ac-
count for these “megabreccias” by assuming that
they are scarp-related detritus produced when
the Meers fault reactivated in Leonardian time
with a reversed sense of throw (i.e., down to the
southwest). The obvious interpretation is that
fault movement at this time was normal and per-
haps due to stress release; however, many of the
clasts found in the megabreccias are derived from
the Kindblade Formation (second from top of the
six formations of the Arbuckle Group). At the
present time, the nearest exposures of this forma-
tion are either north of the present watershed of
the Slick Hills (itself an inherited Permian fea-
ture) or 3 mi northwest along the Meers fault
trace. The latter outcrop is the most obvious
source for the boulders; it follows that a consider-
able component of left-lateral motion may have
accompanied the Permian movements of the
Meers fault.

CONCLUSIONS

The Slick Hills are an exhumed Permian range
which constitutes the exposed portion of the
frontal fault zone between the Wichita uplift and
the Anadarko basin. The Hills, which are built
mostly of lower Paleozoic thinly bedded carbon-
ates, bear the imprint of three periods of tectonic
deformation:

1) A light Cambrian imprint of N-S fractures
and small left-lateral faults; '

2) Comprehensive Pennsylvanian deformation
compartmentalized into areas of approximately
constant strain by basement-involved framework
faults, including the Mountain View, Blue Creek
Canyon, Stumbling Bear, and Meers faults; great-
est strain is seen between the Blue Creek Canyon
and Meers faults, and is manifest as parallel-style
folds (more than 100 have been mapped), reverse
faults (which sole within the carbonates), and
zones of left-lateral shear fabric. Qur analysis of
the geometric relationships among these struc-
tures leads us to suggest that the area was sub-
jected to left-lateral transpression;

3) Since early Permian time, the area has been
relatively quiescent; breccias containing large
(house-size) boulders in the Meers Valley are be-
lieved to record rejuvenation of the Meers fault
during the Leonardian; this down-to-the-south-
west rejuvenation reversed the previous sense of
displacement of the fault; modern movements
have continued in this mode.
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CONSTRAINTS ON MAGNITUDE AND SENSE OF SLIP
ACROSS THE NORTHERN MARGIN OF THE WICHITA UPLIFT,
SOUTHWEST OKLAHOMA

Davip A. McCoNNELL
Kansas State University

ABSTRACT.—The magnitude and sense of slip across the northern margin of the Wichita uplift
is evaluated by (1) analyzing the suite of structures within the frontal fault zone which separates
the uplift from the adjoining Anadarko basin, and (2) palinspastically restoring pre-Mississippian
thickness trends between the basin and the frontal fault zone to estimate the magnitude and sense

of offset across the uplift-bounding faults.

Deformation within the frontal fault zone is dominated by structural styles similar to those asso-
ciated with basement-involved shortened terranes, such as the Laramide foreland deformation of
the Rocky Mountains. Palinspastic restoration of isopach patterns between the hanging wall (fron-
tal fault zone) and footwall (Anadarko basin) of the Mountain View fault, and restoration of slip
on basement faults, provide ratios of left-slip:reverse-slip ranging from 3:1 to 1.4:1.

INTRODUCTION

The Wichita uplift and Anadarko basin are ele-
ments within the Ancestral Rocky Mountains
(Lee, 1918; Ver Wiebe, 1930), which formed dur-
ing Carboniferous intraplate deformation of
southwestern North America. Recently, there
have been differing interpretations of the relative
magnitude of lateral and reverse components of
slip along the uplift-bounding faults during the
Carboniferous deformation (e.g., Kluth and Co-
ney, 1981; Budnik, 1986). It is necessary to un-
derstand the kinematic evolution of individual
uplifts within the Ancestral Rocky Mountains in
order to understand the evolution of the whole
province. This paper focuses upon the magnitude
and sense of offset across the northern margin of
the Wichita uplift.

In order to determine the relative significance
of lateral and vertical offsets, I will (1) describe
the structures mapped along 60 mi of the north-
ern boundary of the Wichita uplift, and compare
structural styles with those of typical strike-slip
and reverse dip-slip terranes, and (2) palinspasti-
cally restore the thickness trends across the up-
lift-bounding faults to place limits on the magni-
tude and sense of slip between uplift and basin.

The subsurface geology presented herein is
based on analysis of data from ~1,500 wells (Fig.
1; McConnell, 1987; McConnell, in prep.). Most
(>80%) of this information came directly from
the interpretation of well logs; the remainder of
the data were taken from well-completion cards
(scout tickets). As the density of drilling varies
throughout the study area, the description of the
structure emphasizes the southeastern part of the
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area where well control yields most information
on deformation of the sedimentary section.

REGIONAL SETTING OF
THE WICHITA UPLIFT

The bimodal suite of igneous rocks which crop
out in the Wichita Mountains (Fig. 2, wm) repre-
sents the only Cambrian igneous rocks within the
southern Midcontinent (Ham and others, 1964;
Gilbert, 1982). Deformed lower Paleozoic sedi-
mentary rocks crop out in a series of outlying
hills (Slick Hills) to the north of the Wichita
Mountains (Fig. 2, sh). These hills have been ex-
humed from beneath a veneer of post-orogenic
Permian sediments which cover >90% of the
study area.

The subsurface distribution of Paleozoic strati-
graphic units within the Anadarko basin has been
discussed by Huffman (1959), Statler (1965),
Panhandle Geological Society (1969), Amsden
(1975), and Hill (1984). However, few workers
(Jordan, 1962) have considered the relative distri-
bution of these units within the frontal fault
zone, which separates the Wichita uplift from the
basin (Fig. 2).

The Wichita uplift is asymmetric in profile,
with a maximum structural relief (change of ele-
vation) of ~7.5 mi between the basement rocks
which crop out in the mountains and equivalent
rocks in the deepest portion of the Anadarko ba-
sin. Relief is an order of magnitude less across
the Burch-Waurika-Muenster fault system,
which separates the uplift from the Palo Duro
(Hardeman) basin to the south (Ham and others,
1964).



‘do1o1no 210Zodjed 19mo| sjuasasdas uiened pajddins “Apnis Jo BaJe 8yl UIYLM {0JJU0D |[8M JO AlISUSp pue uonnquisig ' 94nbi4

6 oJm 0001

o101

— (3

%0 |xL

suopjeoo| gem  °
S{19M € UM UONOOS
SIIOM b UM UOpDes
SIIOM G UM Uojoes
SIIOM G < Y)iM Ul O9s
o

‘R EA.

sup) ejsig

our AJUn0y ——— —
au diysumoy

=
cammun Bl
I e
N o o¢ Mmsso__,m__ o o
I - ot o2 ol 0 ol
i 3HONVWOD | _J o
L
_| ~z v - - o
NE “
-.- o ‘_”—
3 S 6 [
g I S T
n L]
S ve % . mmmmﬂ
Q 9 re- ——
b= 9¢ -t . R
A. N9 . R o
NL . . . .
-l... S b . )
N8 3 LR R
-oo-c . s ﬂ-oo .- M
NG oaavo Dl X PP
zo_. e ..... T, TR ¢
o | e, e aoee] ok [N
rﬂm Mol .|<I¥ON|
’ .; ME2Z  Mb2  MSZ  M9Z
I Mol MG MOl MI MBI mel Moz
z~__l Mz maz
I '

Ml mel mel

86




87

Slip Along Wichita Uplift
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A COCORP seismic line across the northern
boundary of the Wichita uplift showed a 30-40°
SW-dipping fault with reverse separation, which
was traced to a depth of 12-15 mi (Brewer and
others, 1983). Takken (1968) obtained slightly
steeper dips (40-55°) for a shallow (<1 mi deep)
portion of the same fault. Within the Wichita
Mountains, McLean and Stearns (1986) attrib-
uted fracture patterns observed in Cambrian
granites to a Carboniferous left-lateral strike-slip
regime. Gilbert (1982) showed that several of the
boundaries between igneous units, previously
mapped as faults (cf. Miser, 1954), are actually
non-faulted contacts, and that sheet-like granite
sills were deformed into large-wavelength (5-mi),
low-amplitude (<300 ft) folds about NW-trend-
ing (290°) axes.

DESCRIPTION OF
MAP-SCALE STRUCTURES

The Wichita Mountains and the Slick Hills
represent portions of two distinct structural ele-
ments within southwest Oklahoma: (1) a structur-
ally coherent, uplifted block of basement rocks,
and (2) deformed Upper Cambrian-Upper Mis-
sissippian sedimentary rocks overlying basement
fault blocks. The Wichita Mountains are the out-
cropping portion of the uplifted basement block.
The Cambrian igneous rocks of these mountains
are separated by the Meers fault from the de-
formed Cambrian-Ordovician carbonates of the
Arbuckle Group in the Slick Hills. NE-verging
folds and thrusts of the Slick Hills (Marchini,
1986; McConnell and others, 1986) are the most
extensively exposed structures within the
predominantly subsurface frontal fault zone,
which is divisible into three parts along strike
(Fig. 2). The Lawton segment is the southeastern
part of the frontal fault zone, and the only seg-
ment in which lower Paleozoic sedimentary and
basement rocks crop out at the surface. An upper
Paleozoic unconformity lies approximately at sea
level and separates Permian units from the un-
derlying deformed pre-Pennsylvanian section.
Fewer than 30 wells have drilled into lower Pale-
ozoic sedimentary rocks in the Sayre (central)
segment of the frontal fault zone. The uncon-
formity lies 1.2-2 mi below sea level, beneath
Middle Pennsylvanian clastic rocks. The Amarillo
segment is the northwestern part of the frontal
fault zone, and is located almost entirely within
the Texas Panhandle. An erosional surface ~2.5
mi below sea level separates Lower Penn-
sylvanian rocks from deformed Ordovician—Mis-
sissippian units.

Only the structures within the Lawton segment
will be discussed herein. Similar features are
present, though less thoroughly investigated by

drilling, in the Sayre and Amarillo segments (Mc-
Connell, 1987).

Lawton Segment

The northern boundary of the frontal fault
zone is represented by the Mountain View fault
system, and the southern boundary by the Meers
fault (Fig. 2). The combination of field and sub-
surface data within the Lawton segment of the
frontal fault zone provides an opportunity to ana-
lyze structures in more detail than would be pos-
sible solely from subsurface mapping.

Within the Slick Hills, the Blue Creek Canyon
fault (Fig. 2, BCCf) can be traced along strike for
>25 mi, bisecting the Slick Hills and juxtaposing
Cambrian basement rocks (Carlton Rhyolite) of
the eastern Slick Hills against Cambrian-Ordovi-
cian sedimentary rocks (Timbered Hills and
Arbuckle Groups) to the west. The sedimentary
rocks constitute a thick, layered sequence of
micritic limestones. Flow layering within the rhy-
olite parallels bedding in the gently dipping lime-
stones of the eastern Slick Hills (Ham and others,
1964).

The western Slick Hills are structurally com-
plex in comparison with the homoclinal dips re-
corded for most of the eastern Slick Hills
(Marchini, 1986). Trains of NE-verging folds and
thrusts exhibit a subparallel alighment with the
Meers fault and Blue Creek Canyon fault (Mc-
Connell and others, 1986). Individual folds can be
traced as far as 3.8 mi within the western Slick
Hills and have a parallel-fold geometry with pla-
nar limbs and narrow hinge zones.

Northwest of the Slick Hills, in sec. 3, T. 6 N.,
R. 14 W., the Wagner and Brown #1 Traub well
drilled through a NE-dipping panel of Arbuckle
Group rocks and penetrated >2.5 mi of basement
rocks in the hanging wall before passing again
into carbonates (Arbuckle Group?) in the foot-
wall (Fig. 3A). Thirty-four wells have been drilled
through the fault plane and are interpreted to in-
dicate a consistent SSW dip of 40° for the fault
(Figs. 3A,4). Wells which penetrated the footwall
at shallow elevations (<<1.25 mi below sea level)
encountered overturned and folded Upper Missis-
sippian-Lower Pennsylvanian shales and sand-
stones (Fig. 3A; Takken, 1968). There is little
control on the character of deformation in the
footwall of the Mountain View fault (Fig. 3A).
However, regardless of present footwall configu-
rations, the top of basement must be restorable
to the structural level of equivalent rocks in the
adjacent basin; thus, total reverse separation
across the Mountain View fault is ~8 mi in the
line of cross section A-A’ (Figs. 2,3A).

Southeast of the Traub well, in sec. 19, T. 5 N.,
R. 11 W., the Exxon #1 Apache well drilled
through a thick section of Arbuckle Group lime-
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kilometers

No vertical exaggeration

Figure 3. Cross sections through the Lawton seg-
ment of the frontal fault zone (lines of sections
shown on Fig. 2). MVf = Mountain View fault
system; BCCf = Blue Creek Canyon fault; Mf =
Meers fault. Stratigraphic abbreviations as
shown in Figure 2, plus Cwg = Cambrian igne-
ous rocks, Pp = Pennsylvanian-Permian).
A-Arrow in footwall indicates approximate posi-
tion of the footwall cutoff for the top of basement
after footwall units are restored to subhorizontal
configuration; reverse slip component for fault
estimated as length of fault between basement
cutoffs in hanging wall and footwall. Wells used
to construct cross section: 1 = Pope and Rainey
#1 Rushton; 2 = Wagner and Brown #1 Traub;
3 = Thermodyne #2 Pahpotamah; 4 = Amerada
#1 Mitchell; 5 = Conoco #1 Giles; 6 = Sohio #1

kilometers

Morrow; 7 = Forest #1 Tahpoodle. B—Wells
used to construct cross section: 1 = Skelly #1
Moore; 2 = Sun #1 Hiers; 3 = Sun #1 Imach; 4
= Exxon #1 Apache; 5 = Western Division In-
dustries #1 Tarrant; 6 = Lubell #1 Asepermy; 7
= Reed #1 Yellowfish; 8 = Core #1 Takewa; 9
= Texaco #1 Strat; 10 = Rock Island #1 Reiss;
11 = Samson #1 Mindemann. C—Line drawing
illustrating proposed evolution of uplift. Stage 1,
prior to deformation; stage 2, initial slip on base-
ment faults, folding of sedimentary rocks to form
a monocline; stage 3, fold in sedimentary rocks is
cut by mountain-flank thrust, continued shorten-
ing in both basement and sedimentary rocks ac-
commodated by displacement on uplift-bounding
faults.
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ing-wall cutoffs on the fault plane. For location, see Figure 2. Stratigraphic abbreviations as in Figures
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stones and crossed a major frontal fault into
folded and faulted Ordovician-Mississippian
units (Fig. 3B). A fold pair is defined in the hang-
ing wall of the Mountain View fault system (Figs.
2,3B). These asymmetric folds show a NE
vergence and a NW plunge. Wells penetrating the
most basinward limb of the anticline drilled
through panels of sedimentary rocks which show
apparent thickening of as much as 600% due to
the effects of a steep NE dip. The frontal struc-
tures represent a minimum total reverse separa-

tion on basement faults of 4.4 mi in cross section
(Fig. 3B).

INTERPRETATION OF
MAPPED STRUCTURES

Structural assemblages often can be used to
gain insight into the tectonic evolution of a region
(Harding and Lowell, 1979). However, the struc-
tures alone cannot give an indication of the abso-
lute magnitude of displacements within a zone of
deformation such as the frontal fault zone. Given
the contrasting tectonic hypotheses for intraplate
deformation, the thrust-like character of the
northern margin of the Wichita uplift (Brewer

and others, 1983) can be used to argue for (1) re-
verse dip-slip, basement-involved thrusting simi-
lar to that of the Wind River uplift, Wyoming
(Smithson and others, 1978); (2) oblique-slip as
either reverse left-slip (Marchini, 1986) or left-
handed reverse-slip (McConnell and others,
1986); or (3) a combination of separate episodes
of left-slip and reverse dip-slip faulting (Brewer
and others, 1983).

Major strike-slip systems commonly possess an
associated suite of structures which include en
echelon folds, Riedel shear arrays, secondary nor-
mal and thrust faults, and a through-going, lin-
ear—curvilinear fault trace (Wilcox and others,
1973; Christie-Blick and Biddle, 1985). Some of
these structural features are shared by shortened
terranes, the principal difference being the align-
ment of folds and secondary faults relative to the
primary (master) fault. Within strike-slip re-
gimes, folds and faults normally are oriented
oblique (30°) to the primary fault, whereas sec-
ondary folds and faults parallel the primary fault
within a reverse-slip regime (Harding and Lowell,
1979).

Deformation within the Lawton segment of the
frontal fault zone is characterized by (1) asym-
metric, NE-verging folds along the basinward
margin of the frontal fault zone (Figs. 2,3); (2)
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structural thickening of sedimentary rocks in the
hinges of these anticlines due to thrusting (Mc-
Connell and others, 1986; McConnell, 1987); (3)
steepened and/or overturned panels of sedimen-
tary rocks marking the transition from the frontal
fault zone to the basin (Fig. 3); and (4) S- to SW-
dipping, basement-involved faults with reverse
separations (Figs. 3,4).

Both the consistent steepening of dips and the
presence of folds which parallel the leading edge
of the frontal fault zone have been interpreted to
indicate that the sedimentary section initially
formed an unbroken monoclinal fold over faulted
steps in basement (Fig. 3C). The fold was subse-
quently breached by mountain-flank thrusts
which propagated upward from the basement
faults (McConnell and others, 1986). Similar de-
formation sequences have been proposed for the
interaction of basement rocks and sedimentary
rocks in the Rocky Mountain foreland (Berg,
1962; Schmidt and Garihan, 1983).

An interpretation of a COCORP seismic-reflec-
tion line across the Sayre segment (Fig. 2, line C—
C’; Brewer and others, 1983) yields a basement
fault geometry similar to that described here for
the frontal faults of the Lawton segment.

The folds, steeply overturned panels of sedi-
mentary rocks, and reverse separations on base-
ment-involved faults can all be interpreted as evi-
dence that the frontal fault zone represents a
zone of shortening of the upper crust between the
Wichita uplift and the Anadarko basin. In con-
trast, there are few structures recognized within
the frontal fault zone which can be used as a pri-
ori evidence for left-slip on the frontal faults.
However, the obvious component of reverse-slip
on the uplift-bounding faults (Fig. 3) may mask
components of strike-slip within the frontal fault
zone. In the following section, I summarize previ-
ous interpretations of lateral offsets associated
with the Wichita uplift, and undertake a palin-
spastic restoration of thickness trends between
the frontal fault zone and basin to investigate the
significance of strike-slip offsets across the lead-
ing edge of the frontal fault zone.

CARBONIFEROUS TECTONISM
OF THE WICHITA AND
AMARILLO UPLIFTS

Regional Deformation in Southern
Oklahoma and the Texas Panhandle

Several authors have suggested that the forma-
tion of the Wichita uplift was related to lateral
displacements along the preexisting (Early Cam-
brian) trend of the southern Oklahoma au-
lacogen. These interpretations have been based
upon (1) analogy with slip on faults within the

Arbuckle Mountains to the southeast (Wickham,
1978a; Budnik, 1986; see also Tanner, 1967;
Booth, 1981; Brown, 1984); (2) examination of
structural patterns observed within the frontal
fault zone (Evans, 1979) and Wichita Mountains
(McLean and Stearns, 1986); (3) plate-tectonic
models for the development of the Gulf of Mexico
(Pindell, 1985) and the Ouachita orogen (Viele,
1986); and (4) palinspastic reconstructions of
isopachs and erosional patterns across the
Amarillo uplift (Budnik, 1986).

Map patterns of mesoscopic structures adjoin-
ing the Washita Valley fault in the Arbuckle
Mountains (Booth, 1981) have been interpreted
to indicate left-lateral displacement on the fault.
Tanner (1967) and Brown (1984) have offered al-
ternative explanations for the offset of Simpson
Group isopach patterns across the fault, by left-
slip and by reverse-slip, respectively. Although
the sedimentary and basement rocks involved in
the Arbuckle and Wichita uplifts are similar,
their tectonic settings, relative to the Ouachita
foreland, vary significantly. The Arbuckle Moun-
tains are located near the margin of the foreland,
at a change in trend of the Ouachita orogen,
whereas the Wichita Mountains are located far-
ther into the foreland. Caution must therefore be
exercised in drawing analogies between these ar-
eas with respect to character of deformation.

Fracture orientations within the granites of the
Wichita Mountains were interpreted by McLean
and Stearns (1986) to represent the response of
the granitic sills to a Carboniferous left-lateral
shear couple. Fracture maxima at 275° and 360°
define a suborthogonal array which McLean and
Stearns (1986) interpreted as Y- and X-shears
(Bartlett and others, 1981) from a typical Riedel
shear array.

Pindell (1985) highlighted NW-trending fault
arrays on the northern boundary of the Wichita
uplift and interpreted these patterns to suggest
that the uplift experienced Carboniferous right-
lateral offsets, as an element within a tectonic
collage bounding the southern margin of the
North American continent. However, Pindell did
not present any evidence in support of this con-
clusion. Evans (1979) interpreted structural as-
semblages within the frontal fault zone as indica-
tive of left-slip along NW-trending faults within
the frontal fault zone. Viele (1986) proposed a
model which would place a major (95-mi) left-lat-
eral offset along the southern margin of the
Wichita uplift. A geometric requirement of this
model would be a N-S-trending zone of crustal
stretching located at the western end of the
Wichita~Amarillo uplift. Viele (1986) suggested
that the depositional basins of the Ancestral
Rocky Mountains may have represented this zone
of extension.

Budnik (1986) presented evidence for Carbon-
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iferous left-lateral slip along the Wichita mega-
shear, which he recognized as a NW-trending lin-
eament extending from southern Oklahoma to
Utah. Budnik’s analysis was based upon the
palinspastic restoration of Arbuckle Group iso-
pachs and a pre-Mississippian erosion surface
across the Amarillo uplift. He interpreted offsets
in these patterns between the Palo Duro and
Anadarko basins to be the result as much as 95
mi of lefi-lateral displacement along the mega-
shear, but he did not specify how much displace-
ment was accommodated along individual fault
systems. The frontal fault zone would represent
the most northerly element of the Wichita
megashear in Texas and Oklahoma.

Although most of the authors cited above
shared the view that left-slip took place along the
bounding faults of the Wichita uplift, the magni-
tude of the slip component between the uplift
and the Anadarko basin has remained unre-
solved.

Palinspastic Restoration of the
Hunton Group, Southwest Oklahoma

Isopach maps have been constructed for several
Paleozoic units within the Anadarko basin
(Huffman, 1959; Statler, 1965; Panhandle Geolog-
ical Society, 1969; Hill, 1984), but none of these
included data available from the frontal fault
zone. Amsden (1975) analyzed cores and samples
of Hunton Group (Late Ordovician-Devonian)
rocks from nine wells within the frontal fault
zone, but noted that the thicknesses in these
wells are inaccurate due to structural complica-
tions. The distribution and thickness of the Hun-
ton Group is constrained in the Anadarko basin
(Amsden, 1975), whereas stratigraphically lower
units have seldom been penetrated in the deeper
portion of the basin adjoining the frontal fault
zone. The thickness of the Hunton Group varies
from 200-1,600 ft along strike within both the ba-
sin and the frontal fault zone (Fig. 4). The com-
plete thickness of the Hunton Group is pene-
trated by more than 200 wells within the frontal
fault zone; many of these wells were drilled in the
Apache field (T. 5-6 N., R. 12 W.; Fig. 1). More
than 100 additional wells drilled through a partial
(minimum) thickness. Overlying Mississippian
strata were originally distributed on a broad car-
bonate shelf (Craig and others, 1979) and exhibit
less-substantial thickness changes along strike
than the Hunton Group. Also, fewer complete
sections of these Mississippian units are pre-
served within the frontal fault zone.

Thicknesses of the Hunton Group in wells
within the Oklahoma portion of the Anadarko ba-
sin were taken from Amsden (1975) and aug-
mented with some recent (post-1975) wells. Hun-
ton thicknesses within the frontal fault zone and

the Texas Panhandle were determined for this
study (Fig. 5). Drilled thicknesses have been cor-
rected for the influence of dip and structural rep-
etition to yield true thicknesses. Prior to palin-
spastic restoration, a broad correlation of thick-
nesses is observed between the basin and the
frontal fault zone (Fig. 5). The Hunton Group is
>1,000 ft thick between R. 13 W. and R. 26 W.
in the frontal fault zone, and between R. 15 W.
and R. 26 W. in the basin.

Palinspastic restorations require that the offset
along the uplift-bounding faults be removed in
order to juxtapose correlative patterns within the
basin and frontal fault zone at a comparable
structural level. The first step in the palinspastic
restoration of the Hunton Group isopach patterns
is the removal of the slip across the frontal faults
which cut the sedimentary section. The second
step is the removal of the remaining reverse sepa-
ration on the basement faults, this separation be-
ing represented within the sedimentary section
by folding.

Crowell (1959, p. 2653) defined slip on a fault
as “the relative displacement of formerly adja-
cent (piercing) points on opposite sides of a
fault.” Piercing points are recognized where lines
such as isopachs intersect a fault surface. Fault
dip, and the elevation and location of piercing
points in the hanging wall and footwall, must be
known to completely define fault slip.

The dip of the Mountain View fault between R.
14 W. and R. 17 W. is defined by drilling as 40°
SSW (Fig. 4). The Hunton Group dips gently
(<2°) S within the Anadarko basin adjoining the
frontal fault zone (Fig. 6), but reverses dip direc-
tion beneath the frontal faults as Hunton Group
rocks must intersect the Mountain View fault
above the elevation of the Arbuckle Group (Fig.
3A). A line of intersection between the top of the
Hunton Group in the footwall and the plane of
the Mountain View fault can be defined at an ele-
vation of -16,000 to —-17,000 ft (Fig. 6). Footwall
piercing points for the 900- to 1,200-ft Hunton
Group isopachs are projected to intersect the
fault surface along this line. Piercing points in
the hanging wall must lie along the mapped fault
trace in T. 7 N, R. 14-15 W. at elevations of -500
to —6,000 ft (Fig. 4). Fault slip is represented by a
line joining equivalent piercing points in the
hanging wall and footwall (Fig. 7).

Variables involved in the calculation of fault
slip are fault dip, the elevation of the Hunton
Group in the frontal fault zone and basin, and
the trend of the Hunton Group isopachs (Figs. 4—
6). Using well control, the first two parameters
can be constrained to fall within relatively narrow
limits (Figs. 4,6); however, subtle variations in
the trends chosen for the isopachs may alter the
relative magnitudes of the left- and reverse-slip
components of fault slip (Figs. 5,7). The trends of
Hunton Group isopachs within the eastern part
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Figure 6. Structure contour map on top of the Hunton Group within the eastern Anadarko basin.
Elevations in feet; structure contours shown as dotted lines where they lie below the Mountain View
fault plane. Dashed line represents the intersection of the fault with the top of the Hunton Group.

of the deep Anadarko basin are primarily con-
trolled by information taken from four wells
(Forest #1 Tahpoodle, sec. 27, T. 7 N, R. 13 W;
PCX Corporation #1 Koper, sec. 28, T. 8 N., R.
17 W.; Phillips #1-A Wesner, sec. 35, T. 9 N,, R.
17 W.; Lone Star #1 Rogers, sec. 27, T. 10 N, R.
19 W.). The #1 Koper and #1-A Wesner wells
did not penetrate a complete thickness of the
Hunton Group, but sample descriptions (#1-A
Wesner; Amsden, 1975) and log signatures (#1
Koper) are interpreted to indicate that both wells
reached the Chimney Hill Subgroup, the basal
unit of the Hunton Group (Amsden, 1975). Con-
sequently, the thicknesses in these wells are re-
garded as minima (Figs. 4,7A). Increasing these
values would alter the trend of the isopachs and
shift the footwall piercing points to the east (Fig.
7B), thus yielding a lower value for the lateral
component of slip. Regardless of which configura-
tion is chosen, the slip on the fault was oblique

(reverse left-slip). The relative magnitudes of the
left- and reverse-slip components range from 3:1
(14.5:4.5 mi; Fig. 7TA) to 2:1 (9.5:4.5 mi; Fig. 7B),
and in both cases slip was ENE (080-090°).

The sedimentary section is restored to an inter-
mediate structural configuration by the restora-
tion of fault displacements in the Hunton Group
(Fig. 3C, stage 2). Slip on the Mountain View
fault system is therefore considered in two parts:
(1) slip which offset the Hunton Group (stage 3);
and (2) an initial episode of slip on the basement
faults, which resulted in folding of the Hunton
Group strata (stage 2). To completely determine
the magnitude of slip across the frontal fault
zone, the total slip on the basement faults must
be removed to restore the sedimentary section to
its presumed initial configuration (Fig. 3C, stage
1). An initial reverse-slip component of 2.2 mi is
estimated for the Mountain View fault. This is
calculated by subtracting the component of re-
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verse-slip represented by the offset of the Hunton
Group (4.5 mi) from the reverse separation mea-
sured between the hanging wall and (projected)
footwall cutoffs for the top of basement on cross
section A—A’ (Fig. 3A).

The remaining slip on the basement faults was
removed assuming three different slip ratios: (1) a
left-slip:reverse-slip ratio of 3:1 (Fig. 7A), (2) a
left-slip:reverse-slip ratio of 2:1 (Fig. 7B), and (3)
solely reverse-slip. Each ratio is representative of
a different kinematic model for the initial evolu-
tion of the uplift. This yields left-slip components
of 6.6 mi, 4.4 mi, or 0 mi, respectively, for th
three slip ratios. :

DISCUSSION

The magnitude of the component of left-slip
across the Mountain View fault is dependent
upon the choice of isopach pattern and upon the
interpretation of the initial kinematic evolution
of the frontal fault zone. The maximum calcu-
lated left-slip is 21 mi, and the minimum is 9.5
mi. The magnitude of the reverse-slip component
does not change much with variations in isopach
trends, and is independent of the interpretation
of the kinematic development of monoclinal
folds. Total reverse slip is ~6.7 mi; therefore, the
possible range for the ratio of left-slip:
reverse-slip is 3:1 to 1.4:1.

Thus, a significant component of left-slip can
be documented across the leading edge of the
frontal fault zone, and this must be reconciled
with the observation that few of the structures
which are considered typical of strike-slip envi-
ronments (Wilcox and others, 1973) can be recog-
nized in the frontal fault zone. A possible expla-
nation is that there were two separate episodes of
displacement on the uplift-bounding faults. Dur-
ing the first episode, reverse-slip was dominant,
whereas during the second episode left-slip took
place. Folds and secondary thrust and normal
faults typically form in sedimentary rocks prior
to the development of a through-going strike-slip
fault (Wilcox and others, 1973). The sequential
development of these structures may have been
prevented if the sedimentary rocks were breached
by a reverse-slip fault which then was reactivated
as a left-slip fault.

Although there is a recognizable component of
left-slip associated with the evolution of the fron-

tal fault zone, the amount of slip is an order of
magnitude less than that proposed by Budnik
(1986) for the Wichita megashear. It is noted that
Budnik (1986) did not restrict lateral offsets to
fault zones on the northern margin of the Wichita
and Amarillo uplifts, but simply attributed sepa-
rations to displacement within the megashear.
However, the northern margin of the Wichita up-
lift is the most significant Carboniferous struc-
tural discontinuity within the Ancestral Rocky
Mountains; as such, it would be expected to re-
flect the regional deformation style. If there is an
alternative site of left-slip within the Wichita
megashear, the most probable location is along
the southern margin of the uplift, as inferred by
Viele (1986). There are no published attempts to
measure the sense and magnitude of slip across
this margin.

CONCLUSIONS

The following points are summarized from this
study:

1) Structures within the frontal fault zone are
typical of those associated with a basement-in-
volved shortened terrane. The structural assem-
blage consists of (i) asymmetric folds along the
leading edge of the frontal fault zone; (ii) steep-
ened to overturned panels of sedimentary rocks
marking the transition from the frontal fault zone
to the basin; (iii) S- to SW-dipping, basement-in-
volved reverse faults.

2) Palinspastic restorations of the Late Ordovi-
cian-Devonian Hunton Group are used to infer
ENE-directed oblique-slip on the Mountain View
fault system. The oblique-slip can be broken
down into components of left-slip (9-21 mi) and
reverse-slip (6.7 mi).

3) The lefi-slip component is an order of mag-
nitude smaller than that proposed in some previ-
ous models of Carboniferous intraplate deforma-
tion within Texas and Oklahoma (Budnik, 1986).
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HORIZONTAL STRESSES FROM WELL-BORE BREAKOUTS AND

LITHOLOGIES ASSOCIATED WITH THEIR FORMATION,
OKLAHOMA AND TEXAS PANHANDLE

RicHARD L. DART
U.S. Geological Survey, Denver

Abstract.—Orientations of crustal stresses are inferred from stress-induced well-bore breakouts
in three areas in the south-central United States: the eastern part of the Anadarko basin in central
Oklahoma, the Marietta basin in south-central Oklahoma, and the Bravo dome area of the central
Texas Panhandle. Inferred directions of maximum horizontal principal stress (SH,,4) are ENE
for the eastern Anadarko basin, and NE for the Marietta basin and the Bravo dome area.

For the Bravo dome area, the magnitudes of the three principal stresses (S,, S,, S;) are known
from existing hydraulic-fracturing (hydrofrac) measurements, and a normal-faulting stress regime
Sy > SHyax > SHpyjy,) is implied. For the eastern Anadarko basin and the Marietta basin, the
magnitudes of the principal stresses are not known. Because Quaternary left-lateral oblique slip on
the Meers fault in south-central Oklahoma suggests strike-slip (SH,x > Sy > SHp;,) and re-
verse faulting (SHp,y > SHpy, > Sy), the study region is inferred to be a possible transition
zone between areas of extensional and compressional stresses.

Breakout data from the eastern Anadarko basin yield a single consistent SHy,,, orientation.
Data from the Marietta basin and the Bravo dome area have bimodal-orthogonal distributions
consisting of breakouts and orthogonal sets of well-bore enlargement orientations. Orthogonal
trends in the data are probably related to drilling-induced hydraulic fracturing of the well bore, or
to preexisting natural fractures or joint sets intersecting the well bore. On the dipmeter log,
breakouts and fracture enlargements have elliptical cross sections of similar size and shape. Or-
thogonally oriented well-bore enlargements are differentiated by comparing their long-axis orienta-
tions with directions of known or inferred horizontal stress.

Dispersion, or data scatter, among enlargement orientations (bimodal data sets) increases the
standard deviations for many well data sets from the Marietta basin and the Bravo dome area. In
these two areas, some dispersion may reflect variation in stress conditions across fault-bounded

blocks and the orientations of fractures or joints within these blocks.

Although breakouts and fracture enlargements formed in all parts of the thick sequences of
sedimentary rocks logged, they occurred primarily in limestone, shale, and dolomitic rocks, reflect-
ing the abundance of these rock types in the study areas.

INTRODUCTION

Numerous borehole field studies (Cox, 1970;
Bell and Gough, 1979,1982; Gough and Bell,
1981,1982; Hickman and others, 1985; Plumb and
Hickman, 1985; Teufel, 1985; Zoback and others,
1985) and theoretical and laboratory studies
simulating borehole stress conditions (Mastin,
1984; Haimson and Herrick, 1985; Zoback and
others, 1985) have shown well-bore breakouts to
be (1) stress-induced spall zones that typically
elongate vertically within the well bore; (2) the
result of compressional shear failure of the well
bore, associated with unequal horizontal com-
pressive stresses about the well bore; (3) elliptical
in cross section; and (4) aligned in the direction
of minimum horizontal compressive stress
(SHy,in). The idea that breakouts reflect local in
situ stress conditions is supported by the agree-
ment among stress directions inferred from
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breakouts and stress orientations from studies us-
ing other types of stress data, i.e., earthquake fo-
cal mechanisms, hydrofrac measurements, and
geologic indicators of stress (Gough and Bell,
1981,1982; Hickman and others, 1985; Plumb and
Hickman, 1985; Dart and Zoback, in press).

Breakout-data analysis is an important tool in
understanding present-day stress conditions in
areas where more-detailed stress measurements
may not have been made. An understanding of in
situ stress conditions is essential in evaluating
seismic hazard, recent crustal deformation, and
the potential for slip on existing faults. In the pe-
troleum industry, knowledge of borehole stress
conditions can be critical in the engineering and
design of the drilling operation and hydrofrac
treatment (Dart and Zoback, in press).

The three areas of interest (the eastern Ana-
darko basin, the Marietta basin, and the Bravo
dome area) were selected for study on the basis of
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data availability, their proximity to the Anadarko
basin, and their involvement in the structural
and tectonic evolution of Oklahoma and the
Texas Panhandle. This paper offers a more-
detailed analysis of data presented in earlier re-
ports (Dart, 1987; Dart and Zoback, 1987).

GEOLOGIC SETTING

Located on the boundary between the Great
Plains and Central Lowlands physiographic prov-
inces, the study region (Fig. 1) is an area of deep
sedimentary basins filled with thick sequences of
Paleozoic marine rocks, separated by uplifted
basement structures of Cambrian and Precam-
brian igneous and metamorphic rocks (Jordan,
1967; Johnson and others, 1972; Johnson and
Denison, 1973; Johnson and others, 1984). The
primary WNW structural trend of basins and
basement highs, extending across southern
Oklahoma into the Texas Panhandle, developed
throughout the Paleozoic Era during periods of
basement faulting, igneous intrusion, basin sub-
sidence, and orogenic deformation (Ham and
others, 1964; Hoffman and others, 1974; Wick-
ham, 1978a; Perry, in press). The stratigraphic
history of the region appears to be dominated by
episodes of carbonate and shale deposition attrib-
uted to eustatic fluctuations and intervals of clas-
tic deposition associated with subareal erosion of
uplifted areas.

The eastern Anadarko basin underlies most of
central Oklahoma (Figs. 1,2). The study area is
bounded on the south by the Amarillo-Wichita
uplift, the Marietta and Ardmore basins, and the
Arbuckle uplift, and on the east by the Nemaha
ridge. The frontal fault system forms a reverse-
faulted zone of detachment separating the
Anadarko basin on the north from the Amarillo-
Wichita uplift (Gilbert, 1983c; Perry, in press).
The deepest part of the basin occurs along this
boundary, where an accumulation of >40,000 ft
of Paleozoic sediments forms the most complete
Paleozoic section in the Midcontinent structural
province (Adler, 1971). This Cambrian to Per-
mian section is composed of two major rock
types: Cambrian to Mississippian carbonates, and
shales unconformably overlain by Pennsylvanian
to Permian clastic sediments (Petroleum Infor-
mation Corp., 1982). The lower part of this sec-
tion was formed during a period of shallow
marine deposition and rapid basin subsidence
(Feinstein, 1981); the upper part of the section
was deposited in response to the erosion of the
Amarillo-Wichita and Criner uplifts south and
east of the basin (Moore, 1979). Faulting along
the eastern and southern boundaries of the basin
occurred during formation of the Amarillo-Wich-
ita uplift and in response to compressional tec-
tonics associated with uplift of the Ouachita

Mountains and Nemaha ridge (Fig. 1; Gilbert and
Donovan, 1982; Burchett and others, 1985).
Ramelli and others (1987) and Luza and others
(1987) have documented Quaternary reactivation
of movement on the Meers fault, as well as possi-
ble recent movement on other WNW-trending
faults within the frontal fault system in southern
Oklahoma.

The Marietta basin in Oklahoma (Figs. 1,3), at
the eastern end of the Amarillo-Wichita uplift, is
within the southern Oklahoma aulacogen. This
NW-trending synclinal structure is bounded on
the northeast by the Criner uplift and on the
southwest by the Waurika~Muenster uplift. The
early depositional history of this area, predating
the formation of the Marietta syncline, involves
deposition of a thick sequence of Cambrian to
Ordovician carbonates overlain by Upper Ordovi-
cian through Lower Mississippian limestone,
sandstone, and shale formations (Henry, 1968).

The Wichita orogeny in Late Mississippian to
early Atokan time and the Arbuckle orogeny in
early Desmoinesian to early Virgilian time were
significant events in the structural and deposi-
tional histories of the Marietta basin. Formation
of the Criner and Muenster—Waurika uplifts and
the faulting and folding associated with initial
development of the Marietta syncline accompa-
nied the Wichita orogeny (Tomlinson and Mc-
Bee, 1959).

Early syncline development is possibly associ-
ated with the deformation of the southern Okla-
homa aulacogen (Wickham, 1978a). Significant
deposition within the syncline did not begin until
Middle Pennsylvanian, Desmoinesian time. The
Marietta syncline was little affected by the tec-
tonics of the Arbuckle orogeny. During this pe-
riod of orogenic activity, the Criner uplift acted
as a structural barrier to SW compressional
stresses and to associated crustal shortening and
faulting; however, at the close of the Penn-
sylvanian, Virgilian and Permian sediments were
eroded from the Arbuckle Mountains and depos-
ited over the area. Basin subsidence associated
with sediment loading continued into post-Per-
mian time (Frederickson and Redman, 1965).

Located within the larger Permian basin, the
Bravo dome (Figs. 1,4) is a Late Mississippian to
Early Pennsylvanian tectonic feature positioned
between the Dalhart and Palo Duro basins (Bud-
nik and Smith, 1982). Formation of the Bravo
dome coincided with development of the
Amarillo-Wichita uplift. By mid-Permian time,
deposition of carbonate and clastic (granitic
wash) sediments in response to Late Mississip-
pian to Early Pennsylvanian tectonism com-
pletely covered structural features like the Bravo
dome, and filled the smaller basins in the region
(McGookey and Goldstein, 1982). Within this
part of the Texas Panhandle a sequence of Per-
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36°

350 !

R. L. Dart

98°
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OK105,
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Figure 2. Structural map of the eastern Anadarko basin (after Chenoweth, 1972). Directions of well-
bore enlargement indicated by dots with solid lines. Line length is proportional to statistical quality
(A-C); OK27 is B-quality, and OK16 is C-quality. Bimodal-orthogonal data sets and data sets that are
not bimodal but do have orthogonal data are indicated by paired solid lines and paired solid and
dashed lines, respectively. Line lengths for some bimodal-orthogonal and orthogonal data sets often
have shorter line lengths because of D-quality standard deviations. The open triangle with line indi-

cates hydrofrac data (von Schonfeldt and others, 1973).
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mian salt-bearing formations, interbedded with
marine mudstone, siltstone, anhydrite, and dolo-
mite, covers the Bravo dome (Presley, 1980). This
overlying sedimentary accumulation is cut by a

series of NW-striking, high-angle faults that de-

fine basement structures (Fig. 4; Dutton and
others, 1982). The most prominent of these is the
Potter County fault, separating the Bravo dome

R. L. Dart

from the Dalhart basin. Basement faults associ-
ated with the Paleozoic tectonism of the
Amarillo-Wichita uplift are probably reverse
faults (Dutton and others, 1982). Fault-related
deformation of the late Tertiary Ogallala Forma-
tion indicates Cenozoic fault movement in the
Texas Panhandle (Budnik, 1987).

350.—

102°

SO

TX15

—35°

Hoﬂzclaw%

i
102°

Figure 4. Structural map of the Bravo dome area (after McGookey and Goldstein, 1982), showing
directions of well-bore enlargement (see Fig. 2 for explanation). TX12 is C-quality.
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WELL-BORE
ENLARGEMENT DATA

Well-bore enlargement data are the measured
long-axis orientations of stress-related elliptical
features observed on standard petroleum-indus-
try four-arm, high-resolution dipmeter and frac-
ture-identification well logs. Breakout-stress
studies are economical because of the existence
and availability of well-log data from exploration
companies, log libraries, or data suppliers like the
Petroleum Information Corp.

The two types of well-bore enlargements im-
portant to this study are (1) stress-induced
breakouts associated with shear failure of the well
bore; and (2) orthogonally oriented, stress-re-
lated-fracture borehole enlargements likely asso-
ciated with either drilling-induced hydraulic frac-
turing of the well bore, or favorably oriented
preexisting fractures or closely spaced joint sets
intersecting the well hore (Fig. 5; Dart and
Zoback, in press). Fracture enlargements should
orient in the direction of SH,,,, perpendicular to
the trend of breakouts in the same well, hence
creating an orthogonal-bimodal distribution of
enlargement orientations. Borehole enlargements
due to preexisting fractures reflect the trend of
these preexisting fractures. Whether hydrostati-
cally induced or preexisting, fractures appear to
aid in the formation of stress-related, elliptically
shaped well-bore enlargements.

Statistically, well-bore enlargement data sets
are treated as axially symmetric, circular-normal
distributions of two-dimensional vectors (Bat-
schelet, 1965; Dart, 1987). Standard statistical
calculations for mean direction, mean deviation,
and standard deviation are performed, and the
results are displayed as rose diagrams of data sets
(Figs. 6-8); to avoid biased interpretations of in-
ferred stress orientations by the analyst or the
reader, rose-diagram plots are proportional to
pedal area, not pedal length (Werner, 1976).

In the three studied areas, borehole data from
46 selected wells consisting of 40 well data sets
(Tables 2-4) were analyzed. Only well data sets
with statistical qualities of C or better (Table 1;
M. L. Zoback, personal communication, 1987), bi-
modal-orthogonal, and orthogonal data sets were
used in the statistical calculations of study-area
data composites (Figs. 6-8; Tables 2-4). Well lo-
cations and the calculated mean orientations of
the data are plotted in Figures 2-4.

Plotted well data sets (Figs. 2-4) consist of four
or more well-bore enlargement orientations. Bi-
modal-orthogonal data sets have orthogonal
modes of relatively equal numbers of well-bore
enlargement orientations, whereas orthogonal
data sets usually have only one well-bore enlarge-
ment orientation orthogonal to a preferred (pri-
mary) mode of the data. Mean orientations of
both modes of bimodal-orthogonal data sets

TABLE 1.—QUALITY CRITERIA FOR
BREAKOUT DATA

Data-set Number of Standard
quality breakouts deviation
A =10 =<12°
B = 6 >12°, <20°
C > 4 >20°, <25°
D < 4 >25°, =30°
VP —_ >30°

Note: A breakout data set is considered VP (very poor)
if its standard deviation is >30°, regardless of the
number of breakouts measured. From M. L. Zoback,
personal communication, 1987.

(Figs. 2-4) are plotted as solid lines. Preferred
modes and orthogonal trends in orthogonal data
sets are plotted as solid and dashed lines,
respectively.

The 16 well-data sets in the eastern Anadarko
basin study area formed a consistent NNW trend
of the breakout data. Bimodal data sets did not
occur, and only 3 of the 16 data sets had minor
orthogonal ENE trends (Fig. 2; Table 2). Clearly,
stress-related fracture well-bore enlargements
rarely occurred in the eastern Anadarko basin
study area.

Common in the Marietta basin and the Bravo
dome area are bimodal-orthogonal and orthogo-
nal data sets and well-data sets consisting en-
tirely of inferred fracture well-bore enlargements
(Figs. 3,4). In the Marietta basin, 1 of the 12 well-
data sets consisted of NW-oriented breakout
data, 5 well-data sets consisted of ENE to NE-
oriented inferred fracture enlargements, 6 data
sets were bimodal-orthogonal, and 3 of the 12
data sets were orthogonal by definition (Table 3).
A similar situation was observed in the Bravo
dome area data, where the 12 data sets displayed
equal numbers of breakout, inferred-fracture, and
bimodal-orthogonal data sets (Table 4). Two of
the 12 data sets were orthogonal by definition.

LITHOLOGIES OF
ENLARGEMENT FORMATION

Both breakouts and fracture enlargements
most often developed in limestone, dolomite, and
shale formations (Table 5; Fig. 9). This seems in-
dicative of the predominance of carbonates and
shales in the Paleozoic stratigraphy throughout
the study region (Hills and Kottlowski, 19883;
Mankin, 1983).

In the eastern Anadarko basin, 62% of the
breakouts and 80% of the fracture well-bore en-
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Composite Eastern Anadarko Basin (feet)
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Figure 6. Three-dimensional histograms and frequency rose diagrams for the eastern Anadarko basin.
Shown are the distributions of well-bore enlargements with azimuth versus depth (subsea) versus
frequency of occurrence (feet or number). See text for explanation of statistical values shown. Depth
increments are in 1,000-ft intervals. Approximate stratigraphic contacts are Upper and Middle Penn-
syivanian at 5,500 ft, Middle and Lower Pennsylvanian at 7,000 ft, Lower Pennsylvanian and Missis-
sippian etc. at 9,000 ft, Mississippian and Upper Ordovician at 10,200 ft, Upper and Middle Ordovi-
cian at 10,700 ft, Middle and Lower Ordovician at 11,200 ft, Lower Ordovician and Cambrian at
12,500 ft, and Cambrian and Precambrian at 13,000 ft.
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largements developed in limestone. Smaller per-
centages occurred in sandstone and shale forma-
tions (Table 5; Fig. 9). In the Marietta basin,
43% of both breakout and fracture well-bore en-
largements occurred in limestone (Fig. 9). Also,
30% of the breakouts developed in sandstone,
shale, and limestone beds, and 27% of the frac-
ture enlargements occurred in shale formations
(Fig. 9). In the Bravo dome area, 49% of the
breakouts and 34% of the fracture well-bore en-
largements developed in dolomite, whereas 35%
of the breakouts and 43% of the fracture enlarge-
ments occurred in shale (Fig. 9).

Stress-induced breakouts and stress-related
fracture well-bore enlargements are less likely the
result of rock-type preference and more probably
a function of the abundance of carbonate and
shales in the stratigraphic section and the ex-
isting in situ stresses. That is, the stress condi-
tions necessary to initiate well-bore enlargement
appear to be present within the dominant sedi-
mentary lithologies logged.

FRACTURE ENLARGEMENTS
AND DATA SCATTER

Orthogonal trends in bimodal data sets associ-
ated with breakout and fracture well-bore en-
largement orientations contribute significantly to
increased standard deviations for individual well-
data sets and to the appearance of dispersion or
data scatter data composites for the Marietta ba-
sin and Bravo Dome area (Figs. 6-8).

In the present study, breakout and fracture
well-bore enlargements are differentiated by com-
paring their enlargement orientations with known
directions of SH.,, from hydrofrac measure-
ments (Figs. 2,4; Table 6). It is inferred from the
data that breakouts in the study areas are NNW-
to NW-oriented well-bore enlargements.

Comparison of conductivity values associated
with long and short enlargement axes (short/long
axis conductivity ratios) has been suggested as a
possible method of distinguishing between break-
out and fracture well-bore enlargements (Bliim-
ling, 1986). This conductivity method should
work well only when the formation in which the
enlargement has formed is of low porosity; that
is, favorably oriented preexisting vertical frac-
tures or drilling-induced hydraulic fractures asso-
ciated with fracture well-bore enlargements may
create a more direct path for induced current,
and thus higher conductivity values (D. G. Davis,
personal communication, 1988) than the current
path associated with the curvilinear shear failure
of breakout well-bore enlargement formation
(Dart and Zoback, in press). In highly fractured
or porous rock, a directed current should tend to
be dispersed, resulting in lower conductivity val-
ues, thus making differentiation of enlargement
type difficult. With this method, detailed infor-
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mation concerning the lithologies and porosities
of the logged rocks would be necessary. However,
greater accuracy in distinguishing between types
of well-bore enlargements may be achieved with
digitized dipmeter well logs, which would afford
the analyst a greater sampling frequency of con-
ductivity data.

In the areas studied, fracture and joint patterns
observed at the surface and at depth agree with
orientation trends in well-bore enlargement data.
A study of subsurface fractures in the “Missis-
sippi Lime” and the Devonian and Silurian Hun-
ton Limestone (9,055-9,331 ft below ground sur-
face) of Kingfisher County in the eastern
Andarko basin study area (Fig. 2) revealed a bi-
modal pattern of vertical natural fractures
(Brevetti and others, 1984). Observed were a pri-
mary N-S trend and a secondary E-W trend.
These fractures occurred within the depth inter-
val for breakout occurrence. The mean orienta-
tions of both fracture trends were subparallel to
the mean orientations of breakouts and to the
minor set of orthogonally oriented, inferred-frac-
ture well-bore enlargements.

In the Slick Hills area of Oklahoma, adjacent
to and north of the Meers fault in the southwest
corner of the eastern Anadarko basin study area
(Fig. 2) and ~70 km northwest of the Marietta
basin, Wilhelm and Morgan (1986) observed a bi-
modal pattern of geographic lineaments oriented
between N. 30-60° W. and N. 40-50° E. These
well-constrained lineament patterns are thought
to be associated with NW -striking left-lateral and
high-angle thrust faults and with NE-striking
right-lateral faults (Wilhelm and Morgan, 1986).
This bimodal pattern of fault-related lineaments
agrees with the mean orientations of breakouts
and orthogonal, inferred fracture well-bore en-
largements from Marietta basin wells (Fig. 3).

In the Bravo dome area of the Texas Panhan-
dle (Fig. 4), as in the Marietta basin study area,
surface and subsurface fractures form bimodal
trends that were oriented roughly WNW and NE
(Gustavson and Budnik, 1985; Gustavson and
Finley, 1985). Although the bimodal trends of
these fractures were somewhat random, agree-
ment does exist between the bimodal trends of
subsurface near-vertical fractures (Gustavson and
Budnik, 1985) observed in the Stone and Webster
Holtzclaw #1 well (Fig. 4) and NW- and NE-ori-
ented well-bore enlargements in the Bravo dome
area.

In all three study areas, the mean orientations
of breakouts and inferred-fracture well-bore en-
largements approximate the bimodal orientations
of observed natural fractures within or adjacent
to these areas. This finding tends to support the
idea of a genetic relationship between the forma-
tion of some well-bore enlargements and preexist-
ing vertical fractures.
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TABLE 6.—IN SITU STRESS MEASUREMENTS FROM HYDROFRACTURE AND OVERCORING STUDIES

IN THE SOUTH-CENTRAL UNITED STATES

Depth from
ground
Study surface Sv SHmin SHmax SHmax
type Location Rock type (ft) (psi) (psi) (psi) (direction)
HF2 Kingfisher Co., N.D. N.D. N.D. N.D. N.D. N. 65° E.
Okla., eastern
Anadarko basin
OCb Johnston Co., Granite 4.5 0 519 1,075 N. 94° E.
Okla., Arbuckle
uplift
HFC Randall Co., Texas, Siltstone 1,854 1,835 1,110 1,260 N. 30° E.
Palo Duro basin
o Anhydrite 2,334 2,335 N.D. N.D. N. 40° E.
" " Salt 2,434 2,780 2,915 N.D. N. 60° E.
” ” 2,585 2,950 3,500 N.D. N. 60° E.
” Limestone 2,794 2,810 1,940 2,650 N. 45° E.

Abbreviations: HF, hydrofrac; OC, overcoring.
8From von Schonfeldt and others (1973).
PErom Hooker and Johnson (1969).

®From Borjeson and Lamb (1987).

Studies have shown drilling-induced hydraulic
fracturing to be related to an increase in hydro-
static pressure within the well bore, or to a de-
crease in rock tensile strength (Ellis and Swolfs,
1983; Stock and others, 1985). Unfortunately, as-
sociation of hydraulic fracturing with the forma-
tion of inferred fracture well-bore enlargements
could not be verified for the study areas, due to
the unavailability of detailed drilling records of
pumping pressures and fluid weights. However,
changes in relative conductivity on dipmeter logs
did show the coincidence of well-bore enlarge-
ments with formation or bedding boundaries.

A possible mechanism for the development of
fracture enlargements of either type involves the
“chipping out” of the well bore during the drill-
ing process (D. G. Davis, personal communica-
tion, 1988). By this means, the well bore is en-
larged elliptically in an area weakened by
drilling-induced hydraulic fractures or by favor-
ably oriented, open, preexisting vertical natural
fractures or joint sets intersecting the borehole.
The process of fracture-related enlargement may
be aided by the erosional effects of circulating
drilling fluid and drill-string wear.

Due to the difference in horizontal stress con-
centration about the borehole, favorably oriented,

preexisting vertical fractures intersecting the well
bore should remain open, thus increasing the pos-
sibility of mechanical well-bore enlargement. A
possible example of this process is given by Gus-
tavson and Budnik (1985) in their discussion of
the preferred NE orientation of fracture-related
solution features in the Permian salt-bearing
stratigraphy of the Texas Panhandle and NE-ori-
ented hydraulic fractures induced in the Stone
and Webster Holtzclaw #1 well (Fig. 4). Gustav-
son and Budnik postulated that the dissolution of
salt-bearing formations was more rapid in the di-
rection of SH ., along NE-oriented fractures.
Fractures intersecting the well bore do not al-
ways develop well-bore enlargements. Eighty-four
fractures from six Marietta basin wells, based on
conductive anomalies seen on fracture identifica-
tion logs (The Anchutz Corp., unpublished data,
1987), rarely developed well-bore enlargements.
These 84 fractures, having a mean azimuth of N.
42° E. and occurring primarily in the Upper Or-
dovician Viola Limestone, were compared with 35
NE-oriented well-bore enlargements from 13 ad-
ditional wells in the same basin. The 35 enlarge-
ments inferred to be fracture-related were often,
but not always, accompanied by fracture-conduc-
tivity anomalies; they occurred primarily in
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limestone and shale formations, and had an aver-
age orientation of N. 65° E. The 27° difference in
average orientation between these two groups of
data may be due in part to variation in natural
fracture orientation, spacing, and dip, or to the
variation between present-day and paleostress
orientations.

Preexisting fractures intersecting the borehole
at azimuths parallel or subparallel to the SH,;,
direction may also contribute to the development
of stress-induced breakouts. This appears to be
the case for at least one well-bore enlargement in
the eastern Anadarko basin (well OK16; Fig. 2).
The enlargement was associated with a conduc-
tivity anomaly indicative of fracturing but ori-
ented in the direction inferred for breakouts.
This situation is not interpreted to be a 90° rota-
tion of the stress field but rather stress-induced
breakout formation within an interval of the well
bore weakened by preexisting vertical fracturing
or jointing.

Another factor contributing to the formation of
fracture well-bore enlargements in the study ar-
eas could be an increase in the difference in hori-
zontal stress magnitudes associated with gravita-
tional loading, rock properties, and bedding
thickness (Amadei and others, 1988). Amadei and
others (1988) proposed a model of gravity-in-
duced variation in stress magnitudes in aniso-
tropic, stratified rock masses by treating layered
strata as finite mechanical units. Their model
predicts that induced components of horizontal
stress can vary in magnitude between rock units,
becoming less or greater than the vertical stress.

Formation of randomly oriented well-bore
enlargement associated with lower confining pres-
sures at shallow depths (Dart, 1987; Springer,
1987) can generally be ruled out as a contributor
to data scatter because near-surface (<<1,000-ft
subsea) well-bore enlargements were often
washed out and enlarged in both orthogonal di-
rections. Therefore, they were not considered reli-
able data.

Small differences in horizontal-stress magni-
tudes (Springer, 1987), as measured in the Stone
and Webster Holtzclaw #1 well (Fig. 4), may
have contributed to dispersion among enlarge-
ment orientations (Table 6) in the Bravo dome
area. Without in situ measurements of horizontal
stress magnitudes, this evaluation for the eastern
Anadarko and Marietta basins could not be
made.

The observed randomness in enlargement ori-
entations inferred to be associated with fractur-
ing of the well bore in the area studied is not
thought to be related to a large horizontal-stress
ratio and variation in borehole shape (Morin and
others, in press). Large horizontal stress differ-
ences were not observed in the Stone and Web-
ster Holtzclaw #1 well, and the study region (Fig.
1) is relatively aseismic (Stone and Webster Engi-
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neering Corp., 1983), suggesting a small differ-
ence in horizontal stresses regionally.

INFERRED STRESS DIRECTIONS
AND RELATIVE STRESS
MAGNITUDES

Directions of SH,,,, calculated from measure-
ments (Table 6) agree with the directions of
SHp,.y inferred from breakout data (Table 7) in
the study region. The average direction of SHy,,«
inferred from hydrofrac measurements for the re-
gion (Fig. 1) is N. 50° E., and the average direc-
tion of SH,;,, inferred from breakout data for the
three study areas is N. 56° E.

The relative magnitudes of S,, S,, and S,
within the study region may be evaluated from
available hydrofrac data, evidence of recent fault-
ing, and the frequency of breakout occurrence
with depth. Measured values of Sy, SH,;,, and
SH,a; from hydrofrac measurements exist for
one well within the study region (Fig. 2; Table 6).
The relationship of principal stress magnitudes
from the Stone and Webster Holtzclaw well #1
(Fig. 4), located 80 km southeast of the Bravo
dome area in the Palo Duro basin, is

S, > 8, > 8, or Sy > SH,,, > SH
or Sy > Sng > Snw-

min»

The ratio of Sy to SH,,,, is 1.19 and the ratio of
SH,,ax to SH, ;. is 1.28 for siltstone and lime-
stone formations (Table 6). Stresses measured for
intervening salt formations (Table 6) deviate
from this stress relationship. Because salt is an
elasto-plastic rock, stresses measured in salt for-
mations are not considered reliable indicators of
the regional stress field (Borjeson and Lamb,
1987).

In the Arbuckle uplift (Fig. 1), the surface
overcoring stress measurements (Table 6) are an
unreliable indication of stress conditions within
the region because of the domed igneous struc-
ture of the uplift (H. S. Swolfs, personal commu-
nication, 1988). Breakout stress data agree only
generally with stress directions calculated from
overcoring measurements in this area.

Stress-magnitude calculations using mini-frac
(Swolfs, personal communication, 1988) and leak-
off test data (Ervine and Bell, 1987) were not
possible for the study areas, because these types
of borehole-pressure test data were not available
from petroleum-industry sources.

Initiation of shear-failure spalling and rate of
breakout development appear to be controlled by
the horizontal-stress difference about the well
bore and by confining strength of the rock (Mas-
tin, 1984; Haimson and Herrick, 1985; Zoback
and others, 1985). A rough evaluation of relative
horizontal stress differences may be inferred by
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TABLE 7.—INFERRED STRESS DIRECTIONS FROM WELL-BORE ENLARGEMENTS
Primary rock SHmax
type in which Enlargement depth from Azimuth
enlargements interval breakout of fracture
Location oceur (ft subsea) data enlargement
Eastern Anadarko basin Limestone and —2,446 to— 13,205 N. 78° E. N. 51° E.
shale
Marietta basin Limestone and —5,726 to — 10,499 N. 41° E. N. 65° E.
shale
Bravo Dome area Dolomite and —924 to —6,516 N. 49° E. N. 37° E.

shale

examining the frequency of breakout occurrence
with depth. Assuming the fracture gradient (Soci-
ety of Professional Well Log Analysts, 1984) and
the magnitudes of S,, S,, and S, all increase at
their respective rates with depth, the following
conditions are likely true: (1) when breakouts do
not occur or are random in orientation, SHy ,, =
SH,i»; (2) when breakouts do occur, SH,./
SH,;n > 1 (Zoback and others, 1985); (3) when
the frequency of breakout occurrence increases
with depth, the horizontal-stress difference in-
creases with depth (since the fracture gradient is
also assumed to be increasing with depth, but at
a slower rate); (4) when the frequency of break-
out occurrence remains about the same with
depth, the horizontal-stress difference probably
remains constant; and (5) when the frequency of
breakout occurrence decreases with depth, the
horizontal-stress difference decreases with depth
or increases at a slower rate than the increase in
the fracture gradient. Thus, breakout occurrence
and the extent of breakout development in any
given area are likely associated with the rates at
which in situ stresses change with depth.

In a seismically active area where S, is horizon-
tal, such as the New Madrid area of the Missis-
sippi Embayment (Zoback and Zoback, 1981),
stress-induced well-bore enlargements from two
wells (Dart, 1987) appear to be of greater vertical
length and have distinct characteristic traces (as
seen on the dipmeter log). In contrast, a rela-
tively aseismic area like the Palo Duro basin
(Stone and Webster Engineering Corp., 1983),
where S, is vertical and where in the near surface
S, may not be significantly greater than S, (Table
6; Borjeson and Lamb, 1987), well-bore enlarge-
ments in nearby wells (Bravo dome area), on the
average, have the appearance of shorter vertical
lengths, and their trace character as seen on the
dipmeter log appears less well defined (log qual-
ity on Table 4). When comparing well-bore en-
largements from areas having different levels of
seismic activity with similar sedimentary litholo-

gies, as seems to be the case with the New Ma-
drid seismic zone and the Bravo dome area, well-
bore enlargement length and frequency of occur-
rence may be largely a function of the horizontal-
stress difference.

Figures 6, 7, and 8 illustrate the relationship of
well-bore enlargement vertical length and fre-
quency of occurrence to depth. For the eastern
Anadarko basin data (Fig. 6), frequency of break-
out occurrence (number) does not appear to de-
crease with depth for the logged interval (~3,000
to ~13,000 ft). However, there does seem to be a
decrease in breakout length (feet) with depth
(Fig. 6). This decrease is expected, given the
longer time during which breakouts can develop
in the upper part of the borehole and the longer
exposure time to drill-string wear. Although the
marked decrease in breakout occurrence between
~6,000 and ~9,000 ft depth (Fig. 6) cannot be
accounted for, it may be a result of an increase in
rock tensile strength or a decrease in the ratio of
horizontal stresses within this interval of Middle
and Lower Pennsylvanian Desmoinesian, Ato-
kan-Morrowan, and Springerian formations.

In the Marietta basin (Fig. 7), both breakouts
and fracture well-bore enlargements appear to oc-
cur at approximately the same frequency with
depth. The fact that they seem to terminate at
~9,000 ft may be related to the small number of
wells (3) with logged intervals extending below
this depth. In the Marietta basin data, scatter
among breakout orientations contrasts with the
tight grouping of NE-oriented fracture-related
well-bore enlargements. This contrast may be a
function of the ratios of principal stresses in situ.
A decrease in the ratio of horizontal stresses in
the Marietta basin may contribute to scatter
among breakout orientations, whereas an increase
in the ratio of Sy to SH,,, may contribute to
drilling-induced hydraulic fracturing of the well-
bore and formation of fracture enlargements. In
normal-faulting stress regimes where S, is verti-
cal, drilling-induced hydraulic fracturing is more
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likely to occur than in compressive stress regimes
where S, is horizontal (Healy and others, 1984;
Stock and others, 1985).

Breakout and fracture well-bore enlargements
occur with depth at approximately the same
frequency (number) in the Bravo dome area data
(Fig. 8). Fracture enlargements have longer verti-
cal lengths (feet) than breakouts and, as in the
Marietta basin data, appear to form a tighter
grouping of NE orientations than NW-oriented
breakout enlargements (Fig. 8). Neither break-
outs nor fracture well-bore enlargements occur
below 5,750 ft. Only 1 of the 12 well-data sets had
a logged interval extending below this depth. In
the logging interval above 5,750 ft, both breakout
and fracture well-bore enlargement development
does appear to decrease with depth. Very few
well-bore enlargements of either type occur
within the 1,500-ft interval from 4,250 to 7,500 ft
(Fig. 8). This apparent decrease in well-bore en-
largement development below 4,250 ft may indi-
cate changing stress ratios (Sy/SH,., and
SH,,0x/SH i) with depth. The tight grouping of
well-developed fracture enlargements in the
Bravo dome area data may be indicative of a nor-
mal-faulting stress regime. Hydrofrac measure-
ments of S;, S,, and S, from the Stone and Web-
ster Holtzclaw #1 well in the northern Palo Duro
basin (Fig. 4) confirm this part of the Texas Pan-
handle (Fig. 1) to be a normal-faulting stress
regime.

Several important observations can be made
concerning the state of stress within the study
region:

1) Strike-slip and reverse-fault movement on
the Meers fault (Fig. 2) and possible displace-
ment on other WNW-oriented faults in the Wich-
ita frontal fault system of southern Oklahoma are
inconsistent with a normal-faulting stress regime
indicated for the Texas Panhandle.

2) The hydrofrac measurements in the Stone
and Webster Holtzclaw #1 well (Fig. 4; Table 6)
were made at shallow depths (1,854-2,794 ft be-
low ground surface). The ratios Sy/SHp,, and
SH,,.«/SH i are close to 1.0. The difference be-
tween SH_ .. and SH,;, appears to increase
while the difference between Sy and SHy,, ap-
pears to decrease with depth. This would indicate
that the ratios of stresses may be different at
depth than in the near surface.

3) The Bravo dome and northern Palo Duro
basin areas lie on or very near the boundary be-
tween the southern Great Plains and Midcon-
tinent stress provinces. The state of stress for
these two provinces is interpreted as being oppo-
site (Zoback and Zoback, 1980). The southern
Great Plains stress province is a region of exten-
sional tectonics with SH;, = SyNg, Whereas the
Midcontinent stress province is a region of com-
pressional tectonics with SH, ., = Sng (Zoback
and Zoback, 1980). Therefore, near-surface stress

conditions in the Bravo dome area may deviate
from those found farther east within the Midcon-
tinent stress province.

4) In view of the hydrofrac data (Table 6) and
the apparent recent strike-slip and reverse move-
ment on the Meers fault (Ramelli and others,
1987; Luza and others, 1987; Madole, 1988), a
transitional stress regime is inferred for the study
region, changing from normal faulting (Sy >
SHmax > SHmin or SV > SNE > SNW) in the
Texas Panhandle to strike-slip (SHy,, > Sy >
SH i, or Syg = Sy > Syw) and reverse faulting
(SHmax > SHmin > SV or SNE > SNW > Sv) in
Oklahoma.

Given such a limited stress-magnitude data
base (Tables 6,7), speculation on the relative
magnitudes of vertical or horizontal stresses
within the study region is problematic.

TRANSPRESSIONAL (OBLIQUE
COMPRESSIONAL) STRESSES AND
FAULT-BOUNDED BLOCKS

Much of the data from the Marietta basin and
the Bravo dome area is bimodal (Figs. 2-4,7,8,10),
unlike the eastern Anadarko basin, where bi-
modal sets of enlargement orientations are less
common (Figs. 2,6,10). This dramatic increase in
the number of bimodal-orthogonal data sets in
the Marietta basin and the Bravo dome area ap-
pears to be indicative of the fracture history and
a possible local change in stress conditions relat-
ing to mapped subparallel surface faults in the
Marietta basin {Fig. 3) and mapped subparallel
basements faults in the Bravo dome area (Fig. 4).
Well locations in the eastern Anadarko basin
(Fig. 2) are distributed over a broad area and
generally do not appear to be located between
subparallel faults.

Preexisting fractures in an array of orientations
may exist within blocks bounded by subparallel
faults. The area between or above subparallel dis-
continuities may likely have experienced an in-
tense fracturing history resulting in sets of favor-
ably oriented fractures or joints, increasing the
likelihood of fracture well-bore enlargement.

Where fracture enlargements have formed in
response to drilling-induced hydraulic fracturing,
an increase in the occurrence of inferred-fracture
enlargements may reflect local changes in the re-
gional stress field. Drilling-induced hydraulic
fracturing is more likely to develop in a normal-
faulting stress regime (Healy and others, 1984;
Stock and others, 1985). An apparent extensional
(normal) faulting stress regime in the Marietta
basin study area, as suggested by the occurrence
of fracture well-bore enlargements, may be a local
stress anomaly in an otherwise compressional
stress regime. Rogers (1984) and Hempton and
Neher (1986) described structural settings where
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extensional and compressional stresses develop
between and near the ends of left-stepping and
right-stepping en echelon strike-slip faults in re-
sponse to regional horizontal compression oblique
(transpressional) to their strike. Subparallel
faults in the Marietta basin and Bravo dome area
are not en echelon by definition; however, these
two areas appear to structurally resemble the ar-
eas described by Rogers (1984) and Hempton and
Neher (1986). This apparent similarity of struc-
tural settings and horizontal-stress orientations
suggests the possibility that extensional stress
conditions (normal-faulting regime) might exist
within blocks bounded by WNW-trending sub-
parallel faults where SH, ., is oblique to their
strike.

A comparison of the calculated orientations of
SH,,.x from breakout data (Table 7) shows & 37°
difference between the eastern Anadarko and
Marietta basins and a 29° difference between the
eastern Anadarko basin and the Bravo dome
area. SH, , orientations calculated for the Mari-
etta basin and the Bravo dome area differ by only
8°. The similarities of these two differences (37°
and 29°) may correlate with the apparent similar-
ities in structural settings of the Marietta bhasin
and the Bravo dome area, and with the possible
local variation in horizontal stresses asscciated
with the orientation of SH,,, and WNW-trend-
ing subparallel faults.

CONCLUSIONS

From well-bore breakout data, SH,, is in-
ferred to be N. 78° E. for the eastern Anadarko
basin, N. 41° E. for the Marietta basin, and N.
49° E. for the Bravo dome area.

Bimodal sets of well-bore-enlargement data are
interpreted as consisting of a NNW to NW mode
of stress-induced breakouts and a ENE to NE
mode of stress-related fracture enlargements.

Fracture well-bore enlargements are likely as-
sociated with drilling-induced hydraulic fractur-
ing of the well bore, or with preexisting vertical
fractures or closely spaced joint sets intersecting
the well bore.

The occurrence of breakouts and fracture well-

R. L. Dart

bore enlargements does not seem to be dependent
on sedimentary rock type.

The stress regime for the study region appears
to be transitional from normal faulting at shallow
depths in the Bravo dome area of the Texas Pan-
handle to strike-slip and reverse faulting in
Oklahoma.

Bimodal-orthogonal data sets of well-bore-
elongation orientations may be more likely to de-
velop in wells located in areas bounded by sub-
parallel faults striking oblique to the SH,,, di-
rection (transpressional stress).

An extensional (normal-faulting) stress regime
in the Marietta basin may be a local fault-related
stress anomaly.
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NEOTECTONICS AND SEISMICITY OF THE ANADARKO BASIN

KEeENNETH V. Luza
Oklahoma Geological Survey

Abstract.—Recent mapping in southwestern Oklahoma has identified a prominent scarp in Per-
mian rocks and Quaternary alluvium along a 26-km-long segment of the Meers fault. Quaternary
stratigraphic relationships and C age dates constrain the age for the last movement of the Meers
fault between 2,000 and 1,000 yr B.P. The Meers fault is part of a complex system of NW-trending
“faults that form the boundary between the Amarillo-Wichita uplift and the Anadarko basin. This
fault system, generally referred to as the Wichita frontal fault sysiem, extends ~475 km across
southern Oklahoma and part of the Texas Panhandle. No historici or recent earthquake activity
is known to have occurred along the exposed portion of the Meers {ault. Furthermore, only a very
few earthquakes are known to have occurred along the Wichita frontal fault system.

More than 370 locatable earthquakes have occurred in the Anadarko basin. The record of felt
earthquakes dates back only to 1897, and instrumental recordings were begun in December 1961.
Prior to 1962, only 40 earthquakes were known to have occurred in the Anadarko basin—30 in
Oklahoma and 10 in Texas. More than half of these events occurred in Canadian County,
Oklahoma. All the earthquakes in Oklahoma and Texas were located either from historical ac-
counts or from seismograph stations outside the State. In late 1961, two seismograph stations were
installed in Oklahoma. One (WMO) was located in the Wichita Mountains, and the other (TUL)
near Tulsa. From 1962 to 1976, 16 earthquakes were reported felt. In 1976, a program was begun to
install seven semipermanent and three radio-telemetry seismograph stations in Oklahoma. These
additional seismograph stations have greatly improved accuracy of earthquake detection and loca-
tion in the State of Oklahoma, as well as in the adjacent states.

From 1977 to 1987, more than 320 additional earthquakes were located in the Anadarko basin,
mostly of magnitudes <2.5. However, 22 earthquakes were reported felt. A majority of the
Anadarko-basin earthquakes occur on the eastern margin of the basin along a 40-km-wide, 135-
km-long zone that extends from Canadian County to the south edge of Garvin County. A few

earthquakes have occurred in the shelf and deep portions of the basin.

INTRODUCTION

The Anadarko basin and surrounding region
are generally characterized as a stable area hav-
ing relatively low seismic activity (King, 1951).
Recent investigations in southwestern Oklahoma
document Holocene movement on part of the
Meers fault (Gilbert, 1983a,b; Donovan and
others, 1983; Ramelli and Slemmons, 1986;
Madole, 1986,1988; Crone and Luza, 1986; Luza
and others, 1987). The Meers fault is part of a
complex system of NW-trending faults that form
the boundary between the Amarillo-Wichita up-
lift and the Anadarko basin. Geomorphic rela-
tionships and the offset of Pleistocene and Holo-
cene deposits provide the evidence for recent
movement on the Meers fault.

A seismograph station near Tulsa (TUL) has
continuously monitored earthquake activity in
the State since 1961. In 1976, the U.S. Nuclear
Regulatory Commission initiated a number of co-
operative programs with state geological surveys
and/or universities to study areas of anomalously
high seismicity east of the Rocky Mountains

(Luza, 1978). One of the program objectives was
to correlate earthquake activity with tectonic
structures. A statewide network of seismograph
stations was installed in Oklahoma to achieve this
program objective. The network, which became
fully operational in 1977, is principally responsi-
ble for the location of more than 320 additional
earthquakes in the Anadarko basin since the net-
work became operational.

GEOLOGIC SETTING

The Anadarko basin is a NW-trending, asym-
metrical, sedimentary and structural basin of Pa-
leozoic age in western Oklahoma and the north
Texas Panhandle (Fig. 1). It is flanked on the
west by the Cimarron arch, on the south by the
Amarillo-Wichita uplift, on the east by the
Nemaha uplift, and on the north by the northern
shelf. One of the deepest sedimentary basins in
the North American craton, the Anadarko basin
has more than 11 km of sedimentary rocks in the
deepest part (Rowland, 1974a,b). The division be-
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Figure 1. Major geologic and tectonic provinces of Oklahoma (after Johnson and others, 1971). Cross
section shows thick Paleozoic sedimentary rocks in the Anadarko basin, and the Wichita frontal fault
system, which separates the Wichita Mountains from the Anadarko basin.

tween the deep Anadarko basin and the shelf ar-
eas was arbitrarily established at about the
—4,500-m basement contour (Petroleum In-
formation Corporation, 1982). The Anadarko ba-
sin, which encompasses that area within the
—1,500-m basement contour, embraces an area of
~90,650 km? (~35,000 mi%) in western Okla-
homa, the north Texas Panhandle, and south-
western Kansas (Fig. 2).

The Anadarko basin evolved into a site of sedi-
ment accumulation as a consequence of faulting
and subsidence along the ancient continental
margin in Early and Middle Cambrian time. Ham
and others (1964) grouped the Paleozoic sedi-
ments that accumulated in this region from the
Late Cambrian through the Permian into four
major intervals. The dominant lithologies of these
intervals are as follows: (1) Late Cambrian-Early
Devonian marine carbonates; (2) Late Devonian—
Mississippian dark shales; (3) Pennsylvanian

dark shales, sandstones, thin marine limestones,
and conglomerates; and (4) Permian red shales,
sandstones, conglomerates, and evaporites. In
part, the sedimentation patterns were controlled
by the uplift of the Amarillo-Wichita Mountains.
Uplift began in the Late Mississippian or Early
Pennsylvanian and lasted through the Penn-
sylvanian (possibly into the Early Permian).

A complex system of NW-trending faults forms
the boundary between the Amarillo-Wichita
Mountains and the Anadarko basin. This fault
system, generally referred to as the Wichita fron-
tal fault system, extends for ~475 km across
southern Oklahoma and part of the Texas Pan-
handle (Harlton, 1963,1972; Ham and others,
1964). The Mountain View fault, Duncan-Criner
fault, Cordell fault, and Meers fault are the major
segments that comprise the Wichita frontal fault
system (Fig. 3). The frontal fault system is domi-
nated by moderately to steeply dipping reverse
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Figure 2. Major structural features bordering the Anadarko basin. The Anadarko basin is defined as
the area within the —5,000-ft subsurface basement contour, and the division between the deep
Anadarko basin and the shelf areas is the — 15,000-ft subsurface basement contour (modified from

Petroleum Information Corporation, 1982).

faults which have a combined net vertical dis-
placement of >9 km (Ham and others, 1964). Of
these faults, the Meers has the greatest net
throw, ~6.4 km.

HOLOCENE MOVEMENT
ON THE MEERS FAULT

Harlton (1951) originally named the Meers
fault the Thomas fault for exposures in T. 4 N,
R. 13-14 W, on the George Thomas Ranch. The
fault trace forms a continuous, straight line that
offsets Permian sediments (Figs. 3,4). This fault
is, in part, responsible for the large structural off-
set between the Wichita Mountains to the south

and the Cambrian-Ordovician rock exposures on
the north (Harlton, 1951,1963).

On the Geologic Map of Oklahoma, Miser
(1954) renamed the Thomas fault the Meers Val-
ley fault. Ham and others (1964) and Havens
(1977) dropped the word “Valley” from the fault
name. Today, the commonly accepted name for
Harlton’s Thomas fault is the Meers fault.

The Meers fault trends N. 60° W. and dis-
places Permian conglomerate and shale for a dis-
tance of at least 26 km, from near the Comanche-
Kiowa county boundary to East Cache Creek. At
the northwest end of the fault trace, the fault dis-
places limestone-pebble conglomerates (Post
Qak), whereas at the southeast end sandstones
and calcrete-bearing shales of the Hennessey are
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displaced. The topographic expression of the
fault is consistently down-to-the-south; the high-
est scarps are 3-5 m high along the central part,
~5 km southeast of State Highway 58 in sec. 33,
T. 4 N., R. 12 W. Harlton (1963) extended the
fault from the outcrop northwestward into the
subsurface toward the Texas—Oklahoma state line
and southeastward to the intersection with the
Criner uplift.

The topographic scarp was initially interpreted
as a fault-line scarp. The date of the last move-
ment was thought to be Permian and related to
the last adjustment between the Anadarko basin
on the north and the Wichita uplift on the south.

Moody and Hill (1956) briefly noted that the
Meers fault (Thomas fault) offsets Quaternary al-
luvium, and that the fault scarp is recent. This
observation was generally overlooked until Gil-
bert (1983a,b) presented convincing evidence to
support Quaternary movement on the Meers
fault. Gilbert (1983a,b), Donovan and others

(1983), and Tilford and Westen (1984,1985)
presented geomorphic evidence for recent move-
ment. Their arguments are strongly supported by
the continuity of the fault trace across Paleozoic
rocks and Quaternary alluvium. Other evidence
supports recent movement. For example, streams
flowing normal to the fault scarp have incised
channels into bedrock on the upthrown side of
the fault and deposited recent alluvial fans on the
downthrown side. In addition, Quaternary depos-
its exposed in a stream cut in sec. 2, T. 3 N., R.
12 W. are clearly offset by the fault.

Recent mapping by Madole (1986,1988) identi-
fied six fluvial allostratigraphic units in the vicin-
ity of the Meers fault (Figs. 5,6). The units range
in age from late Holocene to middle Pleistocene.
Five units are believed to have regional distribu-
tion and the sixth unit, fault related fan allu-
vium, occurs in only close proximity to the fault.
Quaternary stratigraphic relationships and 10 *C
age dates demonstrate that the last movement on
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Figure 4. Aerial view (looking north) of the Meers fault displacing Post Oak Con-
glomerate on the Kimbell Ranch (secs. 15, 16, T. 4 N., R. 13 W.). Photograph by
D. B. Slemmons, 1983.

the Meers fault was during the late Holocene.
The last movement postdates the Browns Creek
Alluvium, 13,000-14,000 yr B.P., and predates the
East Cache Alluvium, 800-100 yr B.P. The topo-
graphic offset caused by faulting produced local
stream incision on the upthrown side and deposi-
tion of sheetwash and fan alluvium on the down-
thrown side. Three “C age dates from material
buried by fan alluvium indicate that faulting and
deposition of fan alluvium probably occurred be-
tween 1,400 and 1,100 yr B.P.

The regional and local Quaternary stratigraphic
relationships served as a guide for the location of
two trench sites across the fault (Figs. 6-8).
Trench one was excavated in the lower Holocene
alluvium (Browns Creek Alluvium), and trench
two was excavated in unnamed gravels thought to
be upper Pleistocene. The two trenches provided
important information about the age and charac-
teristics of deformation associated with the Meers
fault scarp (Figs. 9,10). In both trenches, the
dominant mode of deformation is warping and
flexing of the alluvium. Brittle deformation ex-
pressed as discrete faults accounts for about one-
tenth 'to one-quarter of the total deformation.
The difference in the amount of brittle deforma-
tion appears to be related to the degree of indu-
ration of the sediments at each site.

The surface faulting that formed the scarp in
the vicinity of the trenches occurred during the
late Holocene. The *C age dates on samples from
the trenches suggest that the scarp formed about
1,700-1,300 yr ago. The age of the faulting from

trenching studies is consistent with the age deter-
mined from regional Quaternary stratigraphic
studies.

The stratigraphy in the trenches and scarp
profiles suggests that the net tectonic throw at
both trench sites is ~3 m. A majority of the de-
formation took place in the vertical direction.
The similar amounts of throw and the stra-
tigraphy at each site suggest that the alluvium
exposed in each trench was deformed by one sur-
face-faulting event. If this interpretation is cor-
rect, major surface faulting has occurred only
once since deposition of the gravel in trench two.
Although their age is poorly constrained, these
gravels are thought to be middle to late Pleis-
tocene in age. This implies a lengthy recurrence
interval (tens of thousands of years) for surface
faulting on this part of the Meers fault. This con-
clusion assumes that the motion on the fault is
consistent during succeeding events; however, the
amount of vertical and lateral slip was difficult to
detect in the gravels in trench two, and an unde-
tected event in the gravels would reduce the in-
ferred recurrence interval.

EARTHQUAKE DETECTION
AND SEISMICITY IN THE
ANADARKO BASIN

Prior to about 1950, the few seismographs that
operated in states adjacent to Oklahoma were not
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Figure 8. Aerial view of the Meers fault and trench locations. State Highway 58 on
the right. Numbered lines are trenches as labeled in Figure 7. Photograph by D. B.
Slemmons, 1983.

sensitive enough to detect most earthquakes oc-
curring in the State. Only written records of
humans having felt earthquakes were available.
These records were usually in local newspapers
only. Some of the larger felt earthquakes were
listed in the “Seismological Notes” column of the
bimonthly Bulletin of the Seismological Society
of America. A more complete earthquake listing
was begun about 1929, in the annual publication
United States Earthquakes.

Seismographs were first operated in Oklahoma
in 1961 at the Jersey Production Research Com-
pany’s (now Exxon) Leonard Earth Sciences Ob-
servatory in southern Tulsa County, and at the
U.S. Air Force Advanced Research Projects
Agency’s Wichita Mountains Seismological Ob-
servatory in Comanche County. The Leonard
Earth Sciences Observatory was designated by
the abbreviation TUL from 1961 up to and in-
cluding its current operation as the Oklahoma
Geological Survey’s Oklahoma Geophysical Ob-
servatory. The Air Force installation in Coman-
che County, designated by the abbreviation
WMO, was designed and operated primarily to
detect and distinguish between distance earth-
quakes and distant underground nuclear tests.
WMO closed in 1971 after several years of
sharply curtailed activity. Both WMO and TUL
seismographs made excellent recordings of P
waves from distant earthquakes, but they par-

tially filtered out high-frequency waves character-
istic of nearby earthquakes.

In the early 1970s, TUL became the estab-
lished source of information to the seismological
community for Oklahoma earthquakes and some
earthquakes of nearby areas. The Observatory
became one of 50 agencies throughout the world
that report epicenters directly to the Interna-
tional Seismological Centre in Newbury, England,
for publication in its monthly bulletin and semi-
annual catalog. In 1975 the Observatory began of-
ficially to furnish the National Oceanic and At-
mospheric Administration (NOAA), and sub-
sequently the U.S. Geological Survey, with data
on earthquakes felt in Oklahoma for the annual
publication United States Earthquakes.

The University of Oklahoma Earth Sciences
Observatory, the Oklahoma Geological Survey,
and the U.S. Nuclear Regulatory Commission
started a cooperative program in 1976 to study
seismicity of the Nemaha uplift and other areas
of Oklahoma. The Observatory staff began a pro-
gram to computerize the accumulated earthquake
catalog, which included a compilation of earth-
quake information from published and unpub-
lished reports, the data being held on magnetic
tape for complete or selected printing as needed.

Prior to 1962, all earthquakes in the Anadarko
basin were located either from historical accounts
or from seismograph stations outside the region.
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Therefore, the epicentral locations are based on
data that may vary greatly in accuracy. During
this time, 40 earthquakes were known to exist
in the Anadarko basin—30 in Oklahoma and
10 in Texas (Fig. 11). More than half of these
events took place in Canadian County, the
largest known Oklahoma earthquake, magnitude
5.5(mb), occurring near El Reno on April 9, 1952.
This earthquake was felt in Des Moines, Iowa,
and Austin, Texas, and the felt area was
~362,000 km? (~140,000 mi?).

From 1961 to 1972, seismographs at stations
WMO and TUL provided excellent records of dis-
tant earthquakes. However, most local earth-
quakes went unrecorded because of the poor
high-frequency-response characteristics of the
seismographs. In 1973, station TUL began to re-

K. V. Luza

cord high-frequency seismograms. This greatly
increased the capability to detect small earth-
quakes and to discriminate earthquakes from
quarry blasts. However, the location of earth-
quakes depended either on finding felt reports
and/or on having clear first-motion directions and
horizontal-amplitude measurements made from
the seismic records. From 1962 to 1976, 16 earth-
quakes, 14 in Oklahoma and 2 in Texas, were lo-
cated in the Anadarko basin (Fig. 11). Ten of the
16 earthquakes were reported felt (Fig. 12).

In 1976, a program was begun in cooperation
with the U.S. Nuclear Regulatory Commission to
install at least seven semipermanent and three
radio-telemetry seismograph stations in Okla-
homa (Fig. 13). These additional seismograph
stations have tremendously improved earthquake
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Figure 11. Distribution of earthquakes by time interval within and adjacent to the Anadarko basin
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detection and location accuracy in Oklahoma and
adjacent areas. This is reflected by the large in-

crease in locatable Oklahoma earthquakes. From

1977 to 1986, more than 320 additional earth-
quakes were located in the Anadarko basin (Fig.
11), mostly of magnitudes <2.5. However, 22
earthquakes were reported felt (Fig. 12).

DISCUSSION

More than 370 locatable earthquake events
have taken place in the Anadarko basin since

1897. The earthquake data show at least two seis-
mic trends worthy of discussion.

One trend is in north-central Oklahoma. There
appears to be a 40-km-wide, 145-km-long earth-
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quake zone that extends northeastward from near
El Reno (Canadian County) toward Perry (Noble
County) (Fig. 11). Most of the earthquakes within
this zone have occurred in the vicinity of the El
Reno-Mustang area, which has been the site of
numerous earthquakes since 1908. The correla-
tion of historical and recent earthquake activity
with known structural features remains unclear.
The El Reno-Perry trend appears to cut diago-
nally across the Nemaha uplift at an angle of
~30°. The southern end of this trend appears to
be more active than the middle and northern
parts. Both the recent and the historical earth-
quake data seem to support this observation.
The second trend is situated between Canadian
County and the south edge of Garvin County. A
majority of the Anadarko-basin earthquakes have
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occurred within this 40-km-wide, 135-km-long
zone. More than 90% of the earthquakes within
this zone have taken place since 1977 (Fig. 11).
The trend closely parallels the McClain County
fault zone, which is ~40 km wide and ~60 km
long. Perhaps this highly complex fault zone,
which contains numerous subparallel faults, is
the southernmost extension of the Nemaha uplift.

A few earthquakes have occurred in the shelf
and deep portions of the basin. The Amarillo-
Wichita uplift and associated fault zone are seis-

mically very quiet. The Amarillo-Wichita uplift
consists of older layered gabbros overlain by
granite sheets. The uplifted area may behave
more rigidly than the surrounding region. Thus,
along the frontal fault system stress may build up
to levels higher than in the more seismically ac-
tive areas (Donovan and others, 1983). When the
stress along the frontal fault system has been re-
lieved by a large earthquake (as along the Meers
fault), this region may experience very low seis-
mic activity for a considerable time.
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ANADARKO BASIN CONODONT STUDIES

JoHN E. REPETSKI
U.S. Geological Survey, Reston

Abstract.—Preliminary analysis of early Paleozoic conodonts from the subsurface within and ad-
jacent to the Anadarko basin demonstrates their utility in stratigraphic and thermal evolution
studies in the basin. More than 100 samples from 30 drill holes produced conodonts that can be
correlated with faunas known from rock sequences exposed along the southern flanks of the basin.
For the Middle Ordovician to Devonian, extant biozonations and/or recent published literature
based on Oklahoma surface sections allow good biostratigraphic correlation into the subsurface
and often allow testing of physical correlations. In contrast, conodonts from the Arbuckle Group
(Lower to Middle Ordovician) are less well known. Faunas from the upper half of the group are
documented only in unpublished theses, and published faunas are in need of restudy and revision.
However, this limited information, along with work in progress in Oklahoma and data from car-
bonate platform facies elsewhere in North America, still permit correlations into the subsurface
with the promise of increasingly improved resolution.

Down-hole and regional conodont color alteration index (CAI) values demonstrate consistent
patterns within and adjacent to the basin. The relationships of CAI values to present burial depths
are as follows: (1) CAI 1 to 1%, 0 to ~10,000 ft; (2) CAI 2, ~10,800 to at least 12,000 ft; (3) CAI
2V, ~11,600 to 17,000 ft; and (4) CAI 3, 15,000 to at least 19,500 ft. A potential pitfall encoun-
tered in thermally indexing the meager populations of conodont elements that often are recovered
from small samples of core or cuttings is that some of the conodonts may be anomalously dark-
ened. Such darkening can result from post-mortem, pre-burial biogenic degradation of their con-
tained organic matter at the seawater/sediment interface. Care must be taken to index consistently
the least-altered elements in these “mixed-color” samples.
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DIAGENESIS OF HYDROCARBON-BEARING ROCKS
IN THE MIDDLE ORDOVICIAN SIMPSON GROUP,
SOUTHEASTERN ANADARKO BASIN, OKLAHOMA

JANET K. PITMAN
U.S. Geological Survey, Reston

RoBerT C. BURRUSS
U.S. Geological Survey, Denver

Abstract.—Quartzarenites and subarkoses in the Middle Ordovician Simpson Group in the Gulf
Costello No. 1 and Sunray-DX Parker No. 1 Mazur wells, southeastern Anadarko basin, have un-
dergone a complex diagenetic and petroleum-migration history. During early burial, petroleum mi-
grated locally through sandstones; patches of bitumen in calcite and bitumen-lined quartz over-
growths containing oil-bearing inclusions reflect the introduction of petroleum-bearing fluids at
shallow depths. Stable-isotope data reveal that early calcite precipitated at near-surface tempera-
tures from fluids dominated by marine carbon. At moderate to deep burial, calcite dissolution,
followed by ferroan-dolomite and clay-mineral precipitation, occurred at about the same time as
the rocks reached levels of thermal maturity sufficient for the generation of hydrocarbons. Maxi-
mum paleotemperatures during deep burial are estimated from maturation models to have reached
250°F in the Costello well and 300°F in the Mazur well. Maturation-derived temperatures in the
Costello well are consistent with preliminary homogenization temperatures (210-250°F) for oil in-
clusions along microscopic healed fractures that formed during deep burial, thus supporting an
Early to Middle Pennsylvanian timing for the generation and migration of late-stage hydrocar-
bons. The early petroleum phase, emplaced while the rocks were at shallow burial depths, migrated

from mature source rocks deeper in the basin.

INTRODUCTION

Hydrocarbons in the Middle Ordovician Simp-
son Group, southeastern Anadarko Basin, occur
in fine- to medium-grained quartzarenites that
have undergone a complex depositional and dia-
genetic history. Our studies show that reservoir
rocks in the Simpson were affected by extensive
diagenetic modification during early burial, and
were subjected to at least two stages of hydrocar-
bon migration. Maturation modeling and prelimi-
nary fluid-inclusion geothermometry establish the
relative timing of individual diagenetic events
and discrete petroleum-migration episodes with
respect to the burial history of the Simpson.

Cores of the Simpson Group from the Sunray-
DX Parker No. 1 Mazur well (sec. 1, T.3 N.,R. 5
W.) and from the Gulf Oil Co., Costello No. 1
well (sec. 14, T. 5 N, R. 5 W.) in the southeast
part of the basin (Fig. 1) were selected for petro-
graphic and geochemical study. Hydrocarbon
shows were encountered in the Mazur well, and
oil was tested in the Bromide Formation of the
Simpson Group in the Costello well. Core mate-
rial from both wells shows oil staining in porous
sandstones and along fracture surfaces.
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METHODS

Core of the Simpson Group were taken from
the Mazur well at 15,000-17,000 ft, and from the
Costello well at 11,000-12,000 ft; individual sand-
stones were selected for mineralogic and geo-
chemical analysis. More than 150 thin sections
were studied petrographically (300 counts per
section) in order to identify the primary and sec-
ondary mineral phases and their paragenetic rela-
tions. Each section was impregnated with blue
epoxy to identify pores, stained with both cobal-
tinitrite to determine the presence of K-feldspar,
and stained with combined potassium ferricya-
nide and alizarin-red S to distinguish ferroan
from nonferroan carbonate.

Stable-isotope analysis was performed on rep-
resentative samples of end-member carbonate to
determine their carbon- and oxygen-isotope com-
positions. Individual analyses were determined by
reacting carbonate with phosphoric acid and ana-
lyzing the evolved CO, gas. The results are re-
ported in per mil relative to the PDB (Pee Dee
Belemnite Chicago) standard.

Fluid inclusions containing oil were identified
by fluoresence microscopy using long-wave ultra-
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violet (UV, 365 nm) illumination with techniques
described by Burruss (1981) and Burruss and
others (1985). Preliminary homogenization tem-
peratures were made on fragments of thin sec-
tions, using the USGS gas-flow stage for heating/
cooling microscopy, and using the methods de-
scribed in Hollister and others (1981).

GEOLOGIC SETTING

The Simpson Group in the southeastern
Anadarko basin comprises a thick sequence of
sediment deposited in a shallow marine environ-
ment in the southern Oklahoma aulacogen during
the Middle Ordovician. Rocks preserved in the
Simpson represent a westward-thinning clastic
wedge that records marine transgressive-regres-
sive cycles associated with sea-level fluctuations.
In the area of study, the Simpson Group attains a
thickness of ~1,500 ft. This thick sequence of
sediment reflects deformation contemporaneous
with rapid sedimentation in an actively subsiding
basin. Deposition and subsidence continued
through Pennsylvanian time as the Simpson un-
derwent progressive burial beneath younger Pale-
ozoic rock. At maximum burial, the Simpson in
the Costello well was at a depth of ~14,000 ft,
and in the Mazur well it was at a depth of
~18,000 ft. Stratigraphic reconstruction and vit-
rinite-reflectance studies (Schmoker, 1986) reveal
that 2,000-5,000 ft of sediment may have been re-
moved by erosion late in the burial history.

"M w Uplift
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The Simpson Group has been subdivided into
five formations, which are, in descending order,
the Bromide, Tulip Creek, McLish, Oil Creek,
and Joins (Decker and Merritt, 1931; Fig. 2); the
Joins was not sampled for this study. In the two
study wells, each formation consists of a lower
sandstone lithofacies and an upper mudstone—
siltstone-limestone  lithofacies  (Flores and
Keighin, personal communication, 1987; Pitman
and Wiggs, unpublished data, 1987). Based on

M.Y.A. FORMATION
— 465
Bromide
— 470
475 Tulip Creek
— — TN
McLish
L 480 —
Oil Creek
— 485 - _ _ __ ___ __ __
Joins

MODIFIED FROM ROSS, 1982

Figure 2. Stratigraphic column showing forma-
tions of Middle Ordovician Simpson Group.
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the distribution of lithologies, sedimentary struc-
tures, and biologic constituents, the cored rocks
represent sedimentation in shallow marine
shoreface and tidal-flat environments.

MINERALOGY

In the study wells, sandstones in the Simpson
Group, except in the McLish Formation, are
dominantly fine- to medium-grained quartz-
arenites that contain >90% detrital quartz. Rare
feldspar grains, accessory minerals, and fossil
fragments occur locally. The upper part of the
McLish consists of fine-grained, subarkosic sand-
stones containing detrital quartz, potassium feld-
spar, and small amounts of chert (Weber, 1987).
The relative proportions of framework-grain
types are illustrated in Figure 3 and are summa-
rized on Table 1.

Detrital Grains

The dominant framework grain in Simpson
sandstones is quartz, averaging ~65% of the
whole rock. Quartz occurs as rounded, monocrys-
talline grains that are often pitted or fractured
and display undulatory extinction. In some sand-
stones, the surfaces of quartz grains are coated
with a thin film of bitumen.

Feldspar is an important constituent (1-2%) in
the McLish Formation, but is virtually absent in

Bromide & Tulip Creek

J. K. Pitman and R. C. Burruss

the other units. Feldspar is dominantly a potas-
sium-rich variety, comprising small, subangular
to subrounded grains of orthoclase, perthite, and
microcline whose size and shape approximate
those of nearby quartz grains. Subequal amounts
of plagioclase are present locally in some sand-
stones. Varying degrees of alteration characterize
individual grains. Some grains are fresh and unal-
tered, whereas others show preferential replace-
ment by carbonate, partial dissolution, or altera-
tion to clay.

Rock fragments are generally absent in Simp-
son sandstones, except in the McLish, where
small, rounded grains of fine-crystalline chert are
present. Many chert grains have undergone par-
tial dissolution or have been deformed between
framework grains to form a pseudomatrix.

Depositional matrix, introduced by burrowing
organisms, constitutes ~5% of the whole rock.
X-ray-diffraction analysis reveals that most of
this material is composed of well-ordered illite
and chlorite, although in the Costello well some
allogenic clay is composed of mixed-layer illite—
smectite. In areas where matrix is widespread it
has been replaced by euhedral rhombs of ferroan
dolomite or shows the effects of partial dis-
solution.

Various amounts of collophane, zircon, and
tourmaline are present in some sandstones. Frag-
ments of bryozoans, conodonts, brachiopods,
echinoderms, trilobites, and ostracodes are locally
abundant, particularly in the Bromide and Oil
Creek Formations.

QOil Creek
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Mazur Well (o]
75%
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Figure 3. Ternary diagram
Group.
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showing framework-grain composition for formations of the Simpson
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TABLE 1.—SUMMARY OF MEAN MODAL VALUES AND STANDARD DEVIATIONS
(IN PARENTHESES) FOR SANDSTONES IN THE SIMPSON GROUP

Rock Secondary Authigenic
Formation Quartz  Feldspar Matrix fragments quartz carbonate Other
Costello Weli

Bromide 72.35 0.22 4.37 0.22 9.24 6.96 6.20
(9.11) (0.66) (8.63) (0.79) (7.71) (10.20) (4.95)

Tulip Creek 75.00 0.29 0.10 - 8.14 7.29 8.57
(9.54) (0.56) (0.30) (6.17) (11.72) (6.34)

McLish 53.72 1.86 5.72 0.10 8.66 18.83 10.17
(13.74) (3.79) (9.83) (0.31) (6.82) (12.88) (5.08)

Oil Creek 65.56 0.81 7.63 0.38 2.94 19.81 2.06
(14.25) (1.11) (9.86) (1.26) (4.04) (15.36) (2.11)

Mazur Weill

Bromide 64.31 0.23 6.54 - 4.92 20.23 2.46
(11.92) (0.83) (8.72) (6.87) (12.77) (2.50)

Tulip Creek 72.08 0.58 1.25 - 6.75 13.25 5.08
(19.66) (0.51) (2.83) (9.84) (18.70) (3.20)

McLish 52.24 3.59 5.65 0.12 7.71 25.59 4.65
(13.21) (3.22) (5.01) (0.49) (8.72) (15.76) (2.74)

Oil Creek 69.00 0.13 3.25 - 5.25 18.18 2.63
(17.17) (0.35) (6.11) (5.20) (18.26) (2.26)

Authigenic Constituents

Simpson sandstones have been modified by a
variety of authigenic mineral cements. The domi-
nant pore-fill cement in both wells is secondary
quartz, distributed as syntaxial quartz over-
growths. Typically, it averages ~7% of the whole
rock (Table 1). Quartz cement is most widespread
in quartzarenites that are texturally mature and
contain little detrital matrix, early carbonate ce-
ment, or evidence of early-migrated hydrocar-
bons. Authigenic quartz often is absent or poorly
developed in immature feldspathic sandstones
and quartzarenites which contain significant
amounts of allogenic clay or carbonate cement. In
the Costello well, quartz overgrowths in the Bro-
mide Formation often are incompletely devel-
oped, and coated with a thin film of bitumen.
Where the overgrowths are not intergrown, they
form open, triangular, primary pores.

Authigenic carbonate in sandstones varies

widely in abundance both within and between
formations (Table 1). It ranges from about 5 to
25% in the Bromide, from 10 to 13% in the Tulip
Creek, from 22 to 24% in the McLish, and from
18 to 256% in the Oil Creek. Petrographic analysis
reveals an iron-rich and iron-poor carbonate as-
semblage that is complex both in its mineralogic
composition and in its distribution. No distinct
carbonate trends related to burial depth were evi-
dent in either well. Nonferroan calcite, the most
abundant carbonate phase, occurs as an anhedral
to subhedral, poikilotopic, pore-fill cement that
may contain patches of bitumen. This variety of
calcite often is associated with fossiliferous de-
bris. Framework grains enclosed by nonferroan
calcite typically show rare grain-to-grain contact
and little quartz-overgrowth cement. Ferroan cal-
cite may partly to completely replace nonferroan
calcite and fossil fragments. In areas where fer-
roan calcite is abundant, it forms an optically
continuous, coarsely crystalline cement; like non-
ferroan calcite, it contains inclusions of bitumen.
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Sandstones displaying secondary porosity often
show evidence of calcite dissolution. The most
common features indicating secondary porosity
are embayed margins of quartz grains and grain
overgrowths, pores containing remnants of calcite
cement, and discrete patches of calcite. Some
feldspar grains in the McLish Formation show
the effects of dissolution along cleavage planes;
however, replacement calcite was not observed in
any of these grains, suggesting that they may
have dissolved in situ.

The most common type of dolomite in Simpson
sandstones occurs as coarse, euhedral crystals
that are zoned with respect to their iron content.
Individual rhombs typically display well-devel-
oped crystal faces with no evidence of prior disso-
lution; in many samples they are associated with
patches of clay or bitumen. Where rhombic dolo-
mite is widespread, it usually replaces matrix ma-
terial and early calcite cement. It also may occur
as small isolated crystals along granulation bands
and stylolite seams. Rhombic dolomite is poorly
developed in sandstones where there has been ex-
tensive quartz cementation.

X-ray-diffraction analysis reveals a clay-min-
eral assemblage in the Costello well consisting of
varying proportions of mixed-layer illite-smec-
tite, small amounts of kaolinite, and moderate to
large amounts of well-crystallized illite and chlo-
rite (V. Colton-Bradley, personal communication,
1987). This clay assemblage is distinct from that
reported from the Mazur well, which is composed
predominantly of well-ordered illite (Pollastro,
personal communication, 1986). Together, these
authigenic phyllosilicates form a dense network
in some pores.

Other Features

Fractures filled with bitumen or rare calcite oc-
cur locally in some sandstone beds in addition to
stylolites with seams consisting of insoluble resi-
due, heavy minerals, or bitumen. Both features
cut all authigenic mineral cements.

FLUID INCLUSIONS

Fluorescence microscopy reveals that Simpson
sandstones may contain fluid inclusions in detri-
tal mineral grains, in authigenic mineral phases,
and along microfractures. In the Mazur and Cos-
tello wells, there are numerous inclusions in indi-
vidual quartz grains that are similar to inclusions
described by Burruss (1981). Typically, these in-
clusions are nonfluorescent. One-phase inclusions
are CO,-rich; two-phase inclusions are aqueous;
and three-phase inclusions are CO,-Hy0
rich—characteristic of metamorphic and igneous
rocks.

In sandstones from the Costello well, sparse

J. K. Pitman and R. C. Burruss

fluid inclusions are associated with discrete
authigenic mineral cements. Individual inclusions
may be trapped along dust rims on detrital
quartz grains, or randomly distributed within
syntaxial quartz overgrowths. Likewise, they may
occur along dust rims separating detrital feldspar
cores from authigenic overgrowths, although
these inclusions are rare, because feldspar is gen-
erally uncommon in Simpson sandstones. Fluid
inclusions in authigenic carbonate minerals were
not identified; however, the thin sections used for
fluorescence microscopy were etched and stained
to differentiate ferroan from nonferroan carbon-
ate, which may have destroyed any inclusions.
Thus, the occurrence of inclusions in authigenic
carbonate is uncertain and requires further study.

Fluorescence analysis shows that some sand-
stones in the Costello well locally contain linear
trains of fluid inclusions along healed microfrac-
tures that crosscut detrital mineral grains and
authigenic mineral cements. Where stylolites are
present, the microfractures commonly are ori-
ented perpendicular to the stylolite seam, al-
though a few samples with fractures transecting
partly dissolved quartz grains are oriented paral-
lel to stylolite seams.

The most common fluid inclusions trapped in
authigenic cements and along microfractures are
two-phase, composed of fluorescent liquid petro-
leum and vapor. Less commonly, microfractures
comprising oil-bearing inclusions also contain
nonfluorescent, two-phase aqueous liquid and va-
por inclusions and, very rarely, three-phase inclu-
sions containing petroleum liquid, aqueous liquid,
and vapor. These three inclusion types also occur
along dust rims of detrital quartz grains in both
the Mazur and Costello wells. In the Costello
well, petroleum inclusions on dust rims and
trapped within secondary quartz overgrowths
may contain a rare dark-brown phase that ap-
pears to be similar to bitumen or “oil stain” that
may have precipitated from the petroleum liquid
after it was trapped in the inclusion. Fluorescent
organic matter within mineral cements other than
that in inclusions was not observed.

DIAGENESIS

Sandstones in the Mazur and Costello wells
have undergone a complex diagenetic history
punctuated by two episodes of hydrocarbon mi-
gration (Fig. 4). The major events include (1)
early hydrocarbon migration; (2) precipitation of
nonferroan calcite, followed by secondary quartz;
(3) development of ferroan calcite; (4) dissolution
of calcite; (5) formation of authigenic clay; (6)
crystallization of zoned Fe-bearing dolomite; (7)
development of fractures and stylolites; and (8)
late-stage hydrocarbon migration. The markedly
similar diagenetic sequence in these moderately
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Figure 4. Diagram showing major paragenetic sequence of minerals in the Simpson Group.

to deeply buried sandstones indicates that most
postdepositional alteration took place early in the
burial history, before the rocks reached maximum
burial.

Authigenic Quartz

Pervasive quartz cementation in Simpson sand-
stones generally occurred at shaliow to moderate
burial depths, before significant hydrocarbon mi-
gration but after the precipitation of calcite. In
sandstones where incompletely developed quartz
overgrowths lined with bitumen create open pri-
mary pores, and overgrowths contain petroleum
inclusions, the accumulation of oil apparently was
sufficient to have inhibited the further growth of
quartz, thus preserving the sandstones from com-
plete alteration. Several sources may have con-
tributed to the large volume of secondary quartz
preserved in most sandstones. A significant
amount of quartz cement could have formed dur-
ing early burial if silica-saturated ground water
mixed with sea water in sands while they were
porous and permeable. Another source of silica
may have been clay-mineral reactions that oc-

curred in response to the dewatering of interbed-
ded mudstones and shales during compaction; it
is well known that large amounts of silica can be
generated through the transformation of smectite
to illite during burial (Boles and Franks, 1979b).
Houseknecht (1988) has demonstrated that there
was a net export of silica from Simpson sand-
stones during deep burial. Based on silica bud-
gets, he has shown for the Bromide Formation
that more quartz has been dissolved by inter-
granular pressure solution than is present as
cement.

Carbonate Development

The complex carbonate assemblage observed in
Simpson sandstones reflects the chemical and iso-
topic composition of pore fluids that evolved dur-
ing burial. The earliest carbonate mineral,
nonferroan calcite, formed early in the burial his-
tory at shallow depths, before grain compaction
or development of quartz overgrowths. This early
carbonate phase was followed by precipitation of
ferroan calcite later in the burial history. Re-
worked fossil fragments in sandstones and nearby
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beds of limestone were sources of ions for calcite
crystallization. Both varieties of calcite were sub-
jected to a period of dissolution late in the burial
history, possibly caused by carbonic acids that
were released in response to the maturation of
hydrocarbons. Waters derived from compaction
of interbedded shales, or fluids that migrated
from deeper in the basin, also may have been re-
sponsible for some carbonate dissolution. Zoned
ferroan dolomite, the last carbonate phase to
form in sandstones, acquired most of its magne-
sium and iron from illitic matrix, which is almost
completely replaced. Some magnesium also may
have been supplied to solution by shale-dewater-
ing or released during the smectite-to-illite con-
version.

The isotopic composition of discrete carbonate
phases in the Simpson Group is shown in Figure
5. Carbon compositions for calcite and dolomite
(about 0 to -5% ) are in the range commonly as-
sociated with marine carbonate, with no evidence
for a significant influx of organic carbon from
plant material or mature kerogen. The oxygen
compositions for carbonate (about -3 to -9% )
show significant scatter but no isotopic trend
with increased burial depth. Compositional varia-
tions in oxygen, on the order of 6% , most likely
reflect the combined effects of temperature dur-
ing diagenesis and pore waters whose chemical
and isotopic composition evolved during burial.

J. K. Pitman and R. C. Burruss

Because much of the carbonate precipitated at
relatively shallow burial depths, the original iso-
topic composition of fluids buried with the sedi-
ments likely approximated that of sea water.

HYDROCARBONS

Petrographic studies and fluid-inclusion analy-
sis combined with maturation modeling reveal
two episodes of hydrocarbon migration in Simp-
son sandstones in the Mazur and Costello
wells—one in the early Paleozoic, when the rocks
were at shallow depths, and the other late in the
Paleozoic, when the rocks had attained their
maximum burial depth and paleotemperature.
The earliest stage is represented by solid bitumen
and fluorescent oil inclusions associated with
authigenic mineral cements. Tiny blebs and
masses of pyrite also may be associated with the
bitumen. Bitumen locally fills primary pores,
forms a thin film on partly developed quartz
overgrowths, and in rare cases is trapped at the
dust rim between a quartz grain and grain over-
growth. Discrete oil-bearing inclusions occur
along the dust rim and are trapped within sec-
ondary-quartz overgrowths. This early petroleum-
migration event is also represented by patches of
bitumen that occur locally in pore-fill and re-
placement carbonate, although discrete fluid in-

313C
+1
- - - _4 -
550 :0 8 6 '2 0 +|1
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Calcite ) —-6
Dolomite /Ankerite O

Figure 5. Crossplot of carbon and oxygen isotope compositions for end-member car-

bonate in the Simpson Group.
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clusions were not observed. Textural relations be-
tween bitumen and mineral cements indicate that
this petroleum phase migrated early in the burial
history, when the rocks were at shallow burial
depths, and before they had been affected by
mechanical compaction or postdepositional al-
teration.

A second petroleum-migration event occurred
late in the burial history. In the Costello well,
fractures and stylolites filled with bitumen and
healed microfractures containing oil-bearing in-
clusions cut all authigenic mineral phases, indi-
cating that they formed during deep burial. By
extrapolation, the bitumen coating fracture sur-
faces and forming a residue along stylolite seams,
and oil inclusions along microfractures, represent
a petroleum phase that was deposited at about
the same time under the same burial conditions.

The burial and thermal history for the Simpson
Group in the Mazur and Costello wells is de-
picted on a time-temperature diagram (Fig. 6)
modified from Schmoker (1986). Superimposed
on the burial curves is the progression of the oil-
window through time. Based on the estimated

141

maximum overburden thickness and temperatue
gradient (1.3°F/100 ft) shown in the model,
Simpson strata in the southeastern part of the
basin attained levels of thermal maturity suffi-
cient for hydrocarbon generation in the Early
Pennsylvanian, when the rocks were close to their
maximum burial depth and temperature. The as-
sociation of bitumen and petroleum inclusions
with fractures and stylolites, and the hydrocar-
bon-generation history, suggest that late-stage oil
migration in the Simpson in the study area likely
was contemporaneous with active petroleum gen-
eration during the Pennsylvanian; however, it is
uncertain whether the petroleum was sourced lo-
cally, or whether it migrated from organic-rich
rocks elsewhere in the basin. It is evident from
the model that Ordovician source rocks in the
southeastern part of the basin were thermally im-
mature before the Pennsylvanian, and thus could
not have generated the oil phase that migrated
early in the burial history when the rocks were at
shallow burial depths. Therefore, these hydrocar-
bons must have migrated from mature Ordovi-
cian source rocks deeper in the basin. The deep-
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Figure 6. Modified time-temperature diagram, showing the reconstructed burial and thermal history
of the Simpson Group in the Mazur and Costello wells. Individual burial curves represent the top of
the Simpson Group. Dashed lines depict zone of hydrocarbon generation.
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est part of the basin was along the axis of the
Wichita Mountains—now uplifted and eroded.
During maximum burial and active hydrocar-
bon generation, the maturation model indicates
that paleotemperatures reached 250°F in the
Costello well and 300°F in the Mazur well, as-
suming that the present geothermal gradient did
not vary significantly through time. The matura-
tion-derived peak burial temperatures for the
Costello well are consistent with homogenization
temperatures of petroleum inclusions along mi-
crofractures, which range from 210 to 250°F.
These temperature data support an Early to Mid-
dle Pennsylvanian timing for late-stage petro-
leum migration in the Simpson Group in the

J. K. Pitman and R. C. Burruss

southeastern part of the basin. Moreover, they in-
dicate that diagenetic alteration in the Simpson
was essentially complete by the time the rocks
were close to maximum burial in the Penn-
sylvanian.
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DEPOSITIONAL AND POST-DEPOSITIONAL HISTORY OF MIDDLE
PALEOZOIC (LATE ORDOVICIAN THROUGH EARLY DEVONIAN)
STRATA IN THE ANCESTRAL ANADARKO BASIN

THoMAs W. AMSDEN

Oklahoma Geological Survey

The Anadarko basin is a S-dipping and thick-
ening sedimentary basin whose present configura-
tion is controlled largely by the late Paleozoic
Wichita fault zone and the Ouachita thrust plate
(Figs. 1,2). The basin-thickening produces a rea-
sonably well-defined depocenter trending NW-
SE and located in the approximate position of
the Wichita fault zone (Amsden, 1975, panels
5,6). This thickening of the sediments is believed
to be the result of an increased rate of subsidence
rather than to an increase in water depth. Middle
Paleozoic deposition occurred mainly in warm,
shallow, carbonate seas supporting a rich inverte-
brate fauna (Amsden, 1960,1975), interrupted at

KANSAS

times by an influx of fine detritus (Fig. 2) derived
mainly from a southeastern source (Amsden,
1969,1975,1980,1981; Amsden and others, 1980).
An excellent example of the latter is the
Henryhouse-Kirkidium biofacies, which extends
from the Arbuckle Mountains outcrop area across
a considerable part of the Anadarko basin (Fig. 3;
Amsden, 1969,1975,1981). Deposition was inter-
rupted by areas of moderate uplift, generally ac-
companied by little or no faulting, and exposing
the sea floor to subareal erosion and dissolution.
A number of such uplifts are present, but the two
largest are the pre-Frisco-Sallisaw (Fig. 4) and
the pre-Woodford (Fig. 5). The general trend of

TEXAS
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Figure 1. Pre-Woodford subcrop map showing the Anadarko and Arkoma basins. Isopach lines

on the top of the Hunton Group.
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Figure 2. Stratigraphic section discussed in this
report. Shaded formations are those containing
moderate to heavy amounts of fine-silt- and clay-
sized terrigenous detritus.

these uplifts is NW-SE, roughly paralleling fault-
ing in the ancestral aulacogen and the Wichita
fault zone (Amsden, 1980, p. 48,57).

Late Ordovician, Silurian, and Early Devonian
strata with similar lithofacies-biofacies character-
istics can be traced over a wide area in the south-
ern Midcontinent region, indicating the presence
of a large, shallow, epicontinental carbonate ba-
sin, or series of interconnected basins (Fig. 6).
Remnants of these strata are preserved in the
subsurface of Kansas, and a generally complete
sequence of Late Ordovician through Early Devo-
nian carbonate strata can be identified in the
Anadarko basin, Arbuckle Mountains—Criner
Hills outcrop area, and Arkoma basin, and in the
outcrops of north-central Arkansas and along the
Mississippi River in Missouri and Illinois (Ams-
den, 1960,1968,1974,1980; Amsden and Rowland,
1965; Amsden and Barrick, 1986,1988). Similar
strata are exposed in the Tennessee Valley (Ams-
den, 1949), as erosional remnants in the central
Texas uplift (Barnes and others, 1947), and in the
Permian basin (Wilson and Majewske, 1960;
Wright, 1979; J. Barrick, personal communica-
tion, 1988).

A reasonably well-defined limestone/dolomite
boundary extends across this region, separating a
dolomite province lying to the north and west

from a limestone province lying to the south and
east (Fig. 6). This dolomitization, which affects
post-Welling to pre-Frisco strata (all of pre-Deer-
parkian age; Fig. 2), has been traced from the
Anadarko basin east to the Mississippi River, and
a lithofacies map prepared by me some years ago
(Amsden, 1955) shows the continuation of the
limestone/dolomite boundary across the north-
eastern United States. Wright (1979, fig. 10)
showed a dolomite/limestone facies boundary
across the Permian basin of West Texas (dolo-
mite on the west, limestone on the east). Berry
and Boucot (1970), in their monograph on the Si-
lurian strata of North America, included a map
dividing the North American continent into an
interior dolomite facies bordered by an outer
limestone facies. The limestone/dolomite bound-
ary shown on Figure 6 of the present report is in
reasonable accord with this boundary as shown
on their map of North America. This is not the
place to discuss the problems concerned with Si-
lurian dolomitization in the Midcontinent region
of the United States, other than to note that it
represents a magnifacies of impressive dimen-
sions.

The present brief report is a summary of a
more detailed bulletin now in preparation on the
middle Paleozoic history of the Anadarko basin.



Middle Paleozoic 145

OOLITE BEDS

- MARLSTONE

SILTY MARLSTONE,
SOME RED BEDS

Figure 3. Distribution of the Henryhouse-marlstone-Kirkidium biofacies.

oUTCROPS—” ¢
L e

Figure 4. Pre-Frisco-Sallisaw subcrop map.



146 T. W. Amsden
N . A NN \
FRNERRAN N
AN AL \\\\\;\:\
KNERRRRRMARAY GHIMNEYHILL =40 HUNTON STRATA ABSENT A\
AN Sch N\
Lower Miss.—
Upper Devonian
n WOODFORD SHALE
[/ .
g m Sallisaw Fm
€ Lower .
3 Frisco Fm
8 Devonian
% Haragan-Bois d'Arc Fm QUACHITA PROVINCE
| U Silurian [5i ] Henryhouse Fm HARAGAN-BOIS |
[ Pridotian — ! D'ARC STRATA
£ 19 _}' Clarita Fm . .
2|5H=5 Jur Cochrane Fm |- Chimneyhill
7 pper —_— Subgrou
T| Ordovician Keel Fm group
gHirnantianz
& Hunton Strata absent
°
B
(=]

Figure 5. Pre-Woodford subcrop map.

OUTCROP

KIRKIDIUM

KIRKIDIUM OFACIES

BIOFACIES
TCROP).

s

/
N

Figure 6. Inferred distribution of middle Paleozoic strata in the ancestral Anadarko basin.
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DEPOSITIONAL FACIES, PETROFACIES, AND DIAGENESIS
OF SILICICLASTICS OF MORROW AND SPRINGER ROCKS,
ANADARKO BASIN, OKLAHOMA

C. WiLLiaM KEIGHIN AND RoMEO M. FLORES
U.S. Geological Survey, Denver

Abstract.—Investigations of 6,500 ft of core and ~100 thin-sectioned core samples from 30 drill
holes from the Oklahoma Panhandle to the southeast part of the Anadarko basin, Oklahoma, have
led to the recognition of three depositional facies of the Springer and Morrow Formations of Mis-
sissippian and Pennsylvanian age, as recognized by geologists working in the subsurface of the
Midcontinent region. Lithofacies include (1) fluvial-influenced coastal (FIC), (2) tidal-influenced
nearshore (TINS), and (3) mixed, which shows mizxed tidal and non-tidal marine influence (MT/
NTM). The FIC facies is restricted to down-hole depths of 4,400-8,000 ft; the TINS facies is recog-
nized only between down-hole depths of 4,000 and 18,000 ft. Thin-section study of sandstone indi-
cates that quartz arenite is the most common rock type in both the FIC and TINS facies. Subar-
kose is present, but not common, in the FIC facies. Sublitharenite is moderately common in the
TINS facies. Calcite skeletal fragments, mainly of brachiopods and crinoids, are more abundant in
the FIC facies than in the TINS facies. The mixed facies includes quartz arenite, subarkose, and
sublitharenite. Iron-bearing carbonate cements are observed in rocks of all three depositional fa-
cies. Porosity is typically <10%, and has been reduced by compaction and redistribution of silica,
as well as by iron-bearing carbonate cements. Clay cements are less common, but are locally im-
portant. Loss of porosity due to mechanical compaction is significant in some samples from depths
>12,000 ft. Thin films of bitumen have inhibited the effects of diagenesis in some samples. Frac-
tures are identified in core samples, but are rare in thin sections. Porosity is due primarily to
dissolution of glauconite, clays or clayey matrix, and some framework grains, but many dissolution

pores are partly or completely filled with various clays, and only microporosity remains.

INTRODUCTION

As part of a cooperative program between the
Oklahoma Geological Survey and the U.S. Geo-
logical Survey on the Evolution of Sedimentary
Basins, this report focuses on one of the most
productive  stratigraphic intervals in the
Anadarko basin. This interval consists of the
Springer and Morrow units of Mississippian and
Pennsylvanian age, respectively, which are, in the
entire Midcontinent, second only to the
Hugoton-Panhandle field in natural gas reserves
(Hill and Clark, 1980). Production ranges from
depths of ~4,500 ft in the Panhandle to ~17,000
ft in the deeper, southeast part of the Anadarko
basin. The core holes on which this investigation
is based are shown in Figure 1; a list of the core
holes is given in the Appendix.

The Anadarko basin, which contains as much
as 40,000 ft of Paleozoic sedimentary rocks, is
generally bounded by the Wichita uplift on the
southwest, and by the Nemaha Ridge on the
northeast (Fig. 2). The boundary between the
Wichita uplift and the Anadarko basin sediments
is strongly faulted (Evans, 1979; Perry, in press).
Within this 40,000-ft interval, the Springer—Mor-
row interval ranges in thickness from zero (in the

up-dip, Panhandle portion of the basin) to
>6,000 ft in the deepest, southeast portion of the
basin (Simon and others, 1977). The Springer-
Morrow is a siliciclastic sequence consisting
mostly of interbedded sandstones, siltstones, and
shales. Minor amounts of carbonates and coals
are interbedded with the siliciclastics in the deep
and shallow parts of the basin, respectively. The
lower part of the interval is bounded by the Mis-
sissippian (Chesterian) limestone, and the upper
part is bounded by the Atokan Thirteen Finger
limestone.

The Morrow-Springer interval is, in general,
considered to be a product of marine and mar-
ginal marine deposition (Busch, 1959; Kasino and
Davies, 1979; Simon and others, 1977; Al-Shaieb
and Walker, 1986). The marine portion of the se-
quence is mostly in the southeast (deeper) part of
the basin, and the marginal marine part is found
in the northwest (Panhandle) part of the basin.
In the southeast part of the basin, Busch (1959)
interpreted NW-trending lower Morrow sand-
stones as beach deposits. Simon and others
(1977) suggested that the same sandstones are
offshore bars reworked from deltaic deposits by
longshore currents. Khaiwka (1972) and Shelby
(1980) suggested deposition of the Morrow sand-
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Figure 1. Location of core holes on which this investigation is based, and the lines of cross sections
shown in Figure 3A,B.
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Figure 2. General outline of the Anadarko basin, and major depositional environments in which Mor-
row sediments were deposited.
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stones in deltaic environments. Al-Shaieb and
Walker (1986) described these deltaic environ-
ments as tide-dominated and fan deltas. The
tide-dominated deltas are associated with tidal
ridge/shoal deposits, offshore bars, and tidal-flat
deposits. In the northwest (Panhandle) part of
the basin, Kasino and Davies (1979) suggested
that the Morrow sandstones were deposited in es-
tuarine deltas and tidal-flat environments.

The stratigraphic distribution of the Morrow
sands in the southern and northeast parts of the
basin—including sandy siltstones, silty sand-
stones, and medium-grained and conglomeratic
sandstones—is shown in Figure 3. In general, the
Morrow sands are found in the upper part of the
studied interval. Although the individual units
are typically thin, as much as 350 ft of Morrow
sands is found in the upper part of the interval.
In the lower part of the interval, as much as 200
ft of sands occurs. Because of their past history of
production and their economic potential, these
sands were studied for depositional facies in rela-
tion to their petrofacies and diagenesis.

DEPOSITIONAL FACIES

The depositional facies of the Morrow sand-
stones and associated sedimentary rocks are de-
termined from vertical facies profiles or se-
quences, described from as much as 6,500 ft of
core from 30 drill holes. Rock types of the facies
sequences were described for their lithology,
color, gross mineralogy, nature of contacts, verti-
cal change in texture, sequence of sedimentary
structures, biogenic sedimentary structures, and
body-fossil content. On the basis of these criteria
of facies recognition, three major lithofacies se-
quences were established: (1) fluvial-influenced
coastal (FIC), (2) tidal-influenced nearshore
(TINS), and (3) mixed tidal and non-tidal
marine-influenced (MT/NTM) facies sequences.

FIC Facies Sequences

The FIC facies sequences identified in drill-
hole cores are restricted to down-hole depths of
approximately 4,400-8,000 ft in the northwest
(Panhandle) part of the Anadarko basin. Figures
4-6 show FIC facies sequences exemplified by
cores from three drill holes. The facies se-
quences—which consist of interbedded sand-
stones, siltstones, mudstones, coals, carbonaceous
shales, and limestones—display a variety of facies
types that include (1) distributary-channel/
overbank, interdistributary-bay, and swamp fa-
cies types; (2) crevasse-splay, interdistributary-
bay, and marsh facies types; and (3) crevasse-
splay, swamp, overbank, bay, and swamp facies

types.
The distributary-channel/overbank facies type

(Fig. 4) is a generally fining-upward (fine- to
medium-grained), feldspathic sandstone that has
an erosional base marked by shale-clast conglom-
erate. The sandstone is cross-bedded, ranging
from 6 to 8 in. thick. The upper part of the sand-
stone consists of breccia/mud-matrix conglomer-
atic sandstone with an erosional base, which in
turn grades upward into silty sandstone interbed-
ded with siltstone and shale. This fine-grained se-
quence is ripple-laminated (discontinuous, wavy
laminations), with ripples defined by coaly or-
ganic laminae. “Coffee grounds” and plant frag-
ments also are common, and a few bioturbations
are present. The sandstone is underlain by shale
that contains plant fragments, vertical-burrow
trace fossils, and a few chitinous-brachiopod
fragments.

The shale is interpreted to be an interdis-
tributary-bay deposit. The shale is in turn un-
derlain by a coal bed deposited in a swamp
environment.

Figures 5 and 6 show the succession of the
crevasse-splay, overbank, interdistributary-bay,
and marsh/swamp facies types. The crevasse-
splay facies consists of a fine-grained, ripple-lam-
inated, feldspathic sandstone with a sharp base.
The ripple-laminated units are ~2.5 ft thick. The
upper part of the sandstone is unconformably
overlain by coarse-grained to granular, feld-
spathic sandstone with low-angle cross-beds
representing a crevasse-channel deposit. The
crevasse-splay/channel-sandstone complex is un-
derlain and overlain by mudstones, shales, and
siltstones that contain abundant plant fragments
and chitinous- (Lingula) and calcareous-brachio-
pod shells. The middle part of the mudstone/
shale interval in the upper part of the facies se-
quence contains coaly laminae, coaly silty shale,
and ferruginous root casts interpreted to be
marsh deposits. The mudstone/shale interval
probably represents interdistributary-bay depos-
its. Facies illustrated in Figure 6 are similar to
the facies sequence in Figure 5, except for the
presence of limestone (wackestone), representing
carbonate precipitation in the bay, and coal, re-
flecting peat accumulation in a swamp.

Environmental Interpretation

The facies types recognized from the FIC facies
sequences show characteristics of modern and
Carboniferous delta-plain deposits (Coleman,
1976; Ferm, 1970; Wanless and others, 1970).
However, the abundant fossiliferous horizons and
carbonate units suggest that saline waters en-
croached upon the delta plain, either by marine
transgression or by local subsidence resulting
from differential compaction of sediments. The
presence of both chitinous and calcareous brach-
iopods indicates the influence of brackish and sa-
line waters, respectively, on the delta plain. The
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Figure 4. Features asssociated with the distributary-channel/overbank and interdistributary-bay/
swamp facies types in the FIC facies; Shell 1 Kerr drill hole, sec. 6, T. 4 N., R. 17 ECM.
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Figure 5. Lower-delta facies types within the FIC facies, as described from the Gulf 1 Kelly drill hole,
sec. 1, T. 4 N., R. 10 ECM. Symbols as in Figure 4.
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Figure 6. Crevasse-splay, overbank, bay, and swamp facies types in the FIC facies, Southland Royalty
1-31' Daisy drill hole, sec. 31, T. 2 N., R. 17 ECM. Symboils as in Figure 4.
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occurrence of brackish and marine waters on the
delta plain suggests deposition in the lower part
of the delta plain. This interpretation is consist-
ent with the occurrence of distributary-channel
and crevasse-splay facies types, as well as devel-
opment of only a few, thin coal beds. Thus, the
Morrow sandstones were deposited in a lower-
delta plain that was probably fed by fluvial sys-
tems that drained the northwest embayment of
the Anadarko basin. '

TINS and MT/NTM
Facies Sequences

The TINS and MT/NTM facies sequences
were identified from drill-hole cores restricted to
down-hole depths of approximately 4,000-18,000
ft in the northwest (shallow) and southeast
(deeper) parts of the Anadarko basin, respec-
tively. The facies types described in the TINS fa-
cies sequence (Fig. 7) include (1) channel/sub-
tidal-bar/lagoon, and (2) clastic-dominated shal-
low-marine and carbonate-dominated shallow-
marine facies.

TINS Facies Sequences

The intertidal facies type (Fig. 7) of the TINS
facies sequences consists of rhythmically alternat-
ing zones of red and green, fine-grained, quartz-
ose sandstones. These sandstones are interbedded
with mudstones and siltstones; the mudstones
show mud-crack structures. The sandstones ex-
hibit a variety of ripple laminations, from flaser,
discontinuous/wavy, to lenticular (both connected
and single) bedding. These ripple laminations are
frequently destroyed by vertical and horizontal
trace-fossil burrows.

The tidal-channel facies type (Fig. 7), which
underlies the intertidal facies type, is composed
of stacked, quartzose, coarsening-upward (fine- to
medium-grained), thin to thick (4-13 ft), sharp-
to erosional-based sandstones. The basal contacts
of these sandstones-are marked by ironstone and
shale clasts (rip-up clasts), as well as by coal
spars. The sandstones are cross-bedded, with a
few ripple laminations in the upper part. Root
marks lined with carbonaceous films were found
on top of two of these coarsening-upward sand-
stones. Fragments of calcareous brachiopods and
crinoid stems occur in the sandstone as lag depos-
its. Vertical bioturbations are common in the up-
per parts of these sandstones, particularly in the
transition into the overlying intertidal facies
type.

The subtidal facies type (Fig. 7) consists of
shale with a few silty lenses that are ripple-lami-
nated (lenticular, single sets). Where the silty
lenses do not exhibit ripple laminations, the sedi-

C. W. Keighin and R. M. Flores

KING-STEVENSON 1 ANDERSON

LITHOLOGY AND

FOSSIL SEDIMENTARY FACIES
TYPES STRUCTURES TYPES
by
7060 - d
3“
2070 - I INTERTIDAL
]
A'a'ats
7080 - “n v
I
7090 - )
b
7100 - i
%U
7110 - !
b
120 - TIDAL
1130 - e CHANNEL
= N
[0]
2
o 7140-
T
E—_ 7150 - missing
w
a 0
7160 - )
SUBTIDAL
7170 -
7180 -
i
i
7190 -
7200 -
TIDAL
7210 -
® CHANNEL
7220 -
7230- - ®
P
7240-

TIDAL-INFLUENCED NEARSHORE
MARINE FACIES

Figure 7. Tidal-channel, intertidal, and subtidal
facies types within the TINS facies, King-Steven-
son 1 Anderson drill hole, sec. 26, T. 25 N., R. 20
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mentary structures are destroyed by vertical
trace-fossil burrows. The shale contains horizons
of horizontal trace-fossil burrows. The shale also
consists of a sharp-based, sandy conglomerate of
ironstone and shale clasts.

Environmental Interpretation

The TINS facies sequence represents deposits
in tidal-influenced environments ranging from
the upper part of the intertidal zone to below
wave base, or subtidal (Kumar and Sanders,
1974; Knight and Dalrymple, 1975; Ovenshine,
1975). The variegated sandstones formed in the
intertidal zone where oxidation and reduction of
iron occurred in response to sea-level fluctua-
tions. Subaerial exposure in the intertidal zone is
indicated by mud cracks. The ripple laminations
in the intertidal facies types occur during pulsa-
tory current flow and slackwater deposition
(Reineck and Singh, 1980). Dissection of the in-
tertidal zone by tidal channels is indicated by the
stacked, coarsening-upward sandstones. Deposi-
tion below tidal and wave-base level in the sub-
tidal environment is indicated by the bioturbated
shale.

MT/NTM Facies Sequence

The channel, subtidal, and lagoonal facies
types of the MT/NTM facies sequences consist of
coarsening-upward intervals. The subtidal-bar fa-
cies type (Fig. 8) is composed of interbedded
shale and very fine-grained, quartzose sandstone
in the lower part, and a very fine- to fine-grained,
quartzose sandstone in the upper part. The inter-
bedded shale and sandstone are rippled (wavy-
and flaser-bedded) and bioturbated horizontally
and vertically by trace fossils. A few ironstone
lenses are present. The upper sandstone has a
sharp base marked by ironstone clasts, and con-
tains ripple laminations and convolutions. This
rock type represents a channel facies type
scoured into the subtidal-bar facies type. The
sandstone grades upward into interbedded bur-
rowed silty sandstone, sandy shale, and black,
papery, carbonaceous shale which probably re-
flect deposition in a lagoon. This lagoonal facies
type is in turn overlain by a coarsening-upward

subtidal-bar facies type. This succession of facies -

types is underlain and overlain by a subtidal fa-
cies type consisting of burrowed shale and rippled
silty lenses and silty sandstone very similar to
TINS facies sequences.

The shallow-marine facies types of the MT/
NTM facies sequences (Fig. 9) consist of inter-
bedded mudstones, siltstones, and sandstones
(clastic-dominated shallow-marine) and interbed-
ded limestones, sandstones, siltstones, and mud-
stones (carbonate-dominated shallow-marine).
The clastic-dominated shallow-marine facies type
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includes a siltstone-rich interval consisting of rip-
pled and burrowed siltstones with siderite nod-
ules and layers; it is interbedded with silty, bur-
rowed mudstones and sharp-based, fine-grained,
quartzose, rippled and cross-bedded sandstones.
The carbonate-dominated facies type is com-
posed of fossiliferous limestones (wackestones)
interbedded with lithofacies similar to those
of the clastic-dominated shallow-marine facies
types. The fossils occur in several horizons, and
consist of fragments or whole shells of calcareous
brachiopods, crinoid stems, and horn corals. Iron-
stone and siderite layers and nodules are present
throughout the limestones.

Environmental Interpretation

The facies types of the MT/NTM facies se-
quences reflect a mixed clastic/carbonate shallow-
marine environment or open-shelf platform typi-
cal of Carboniferous deposits (Brown, 1969;
Heckel, 1980). The sandstones of the clastic-dom-
inated facies type probably represent “sand
ridges” deposited by bottom currents. The lime-
stones of the carbonate-dominated facies type
probably were deposited on carbonate platforms
removed from heavy clastic influx. Thus, we sug-
gest that the carbonate platforms were probably
found in the outer part of the shelf, compared to
the belt of “sand ridges,” found in the shallower
or inner part of the shelf.

PETROFACIES/DIAGENESIS

Although the examined cores represent diverse
facies, and the samples examined in thin section
and with the scanning electron microscope were
from depths ranging of approximately 4,000-
18,000 ft below the surface, evidence of diagenetic
modifications is seen in almost all samples. A
significant, if not major, fraction of the porosity pres-
ent in the clastic rocks is secondary (Al-Shaieb
and Walker, 1986; Haiduk, 1987; McBride and
others, 1987). Diagenesis, through mechanical
compaction as well as chemical cementation, also
played an important role in the reduction of po-
rosity and permeability. Physical compaction is
indicated by deformation of labile rock fragments
and glauconite, and by small-scale stylolites.
Compaction is seen throughout the depth range
of the examined samples. However, chemical
diagenesis is more significant in influencing the
reservoir properties of the clastic units. Porosity
was reduced, sometimes almost completely,
through cementation by carbonate minerals, es-
pecially iron-bearing carbonates; the distribution
of carbonate cements is highly variable. Silica, in
the form of overgrowths on detrital quartz grains,
is also present as a cement in some samples; the
distribution of this cementing agent is also varia-
ble, even within a single thin section.
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Figure 8. Lagoon/subtidal-bar facies types within the MT/NTM facies, Apexco 1 Buell drill hole, sec.
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Figure 9. Shallow-marine facies (carbonate- and clastic-dominated) within the MT/NTM facies,
Tenneco 1 22 Grant Rumley drill hole, sec. 22, T. 9 N., R. 9 W. Symbols as in Figure 4.

FIC Facies

Variations in grain size and visible poros-
ity—which includes both macro- and micro-po-
rosity—within a short vertical distance are illus-
trated in Figures 10A and 11A. There are also
variations in the types and distribution of ce-
menting agents, which include silica (overgrowths
on detrital quartz grains) and iron-bearing and
iron-free carbonate minerals. Authigenic pore-fill-
ing kaolinite is seen, but in very minor quantities.

Green glauconite (Fig. 11B), which is irregularly
distributed, has been affected both by physical
compaction and by chemical alteration (partial
dissolution, replacement by clay minerals).

TINS Facies

Some features of samples collected from the
King-Stevenson 1 Anderson core hole (sec. 26, T.
25 N., R. 20 W.) from depths of approximately
7,100-7,230 ft are shown in Figure 11C-E.
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Figure 10. Photomicrographs of thin sections illustrating
petrographic variations, and some effects of diagenesis.
A—Microlaminated sublitharenite and organic-rich silt-
stone from FIC facies; Petro-Lewis 2-8 Cates drill hole,
sec. 8, T. 1 N, R. 23 ECM, depth 7,776 ft; crossed polars.
B—Fe-bearing carbonate (arrow) forms tight cement in
fossiliferous sandy limestone, MT/NTM facies; Apache 1
Baker drill hole, sec. 24, T. 23 N., R. 21 W., depth 7,834
ft. C—Quartz arenite very tightly cemented by Fe-bearing
carbonate cement (mottled; arrow); floating texture of de-
trital quartz grains (Q) indicates early cementation; MT/
NTM facies; Michigan-Wisconsin 1 Raab, sec. 32, T. 15
N., R. 17 W., depth 12,748 ft. D—Fine-grained quartz
arenite, tightly cemented by overgrowths of authigenic sil-
ica on grains of detrital quartz; very thin fracture (arrow) is
filled with authigenic clay; MT/NTM facies; Michigan-Wis-
consin 1 Raab, depth 12,749 ft; crossed polars.
E—Remnant of leached phosphatic fragment (arrow; col-
lophane?) lines pore now almost completely filled with ka-
olinite (K); quartz arenite composing this sample is typi-
cally tightly cemented by overgrowths of authigenic silica
(8); MT/NTM facies; Michigan-Wisconsin 1 Raab, depth
12,763 ft.
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Glauconite pellets are irregularly distributed; the
pellets are common in some samples, but not ob-
served in other samples. Glauconite grains illus-
trate the effects of both physical and chemical
diagenesis, and in some cases have been largely
removed by dissolution, forming secondary poros-
ity. Kaolinite was not identified in these samples,
but minor quantities of authigenic chlorite are
present. Granular siderite and/or ankerite are
distributed throughout the sample suite, and high
concentrations of these carbonates occur as lami-
nae in some samples. In addition to compacted
ductile grains, evidence of post-depositional com-
paction is illustrated by small-scale stylolites.

MT/NTM Facies

The distribution of cementing agents within a
single core is as variable as in the FIC facies; this
is illustrated in Figures 10C-E and 11F. Similar
variations, both in distribution of cements and in
types of diagenetic reactions, are observed be-
tween cores, regardless of the depth of the stud-
ied samples (Figs. 10B-E, 11F).

CONCLUSIONS

The FIC and TINS lithofacies are present in
the northwest (Panhandle and nearby) part of
the Anadarko basin. These lithofacies consist
mainly of lower-delta-plain deposits. Associated
with these lithofacies are tidal and intertidal
lithofacies. The influence of tides and brackish
water in this part of the basin suggests that the
northwest part of the Anadarko basin was an em-
bayment strongly affected by sea-level fluctua-

tions. The MT/NTM lithofacies are present in
the southeast (deeper) part of the basin, and con-
sist mainly of clastic- and carbonate-dominated
shallow-marine deposits. These lithofacies reflect
an open-shelf platform in which the clastic-domi-
nated facies types were deposited as ‘“sand
ridges” on the inner part of the shelf, and the
carbonate-dominated facies types were deposited
as “carbonate platforms” on the outer part of the
shelf. Although it is possible to differentiate the
Morrow sandstones according to their facies char-
acteristics, it is more difficult to clearly distin-
guish them on the basis of their petrofacies and
diagenetic properties. Cementation—most com-
monly by iron-bearing and iron-free carbonates,
as well as by silica overgrowths-—occurs irregu-
larly throughout the investigated sample suite.
Compaction is seen throughout the entire studied
depth range, and has served to reduce porosity in
many samples. In addition to compaction of la-
bile grains (especially glauconite), stylolites, from
micro- to macro-scale, span the entire investi-
gated depth range. The most consistent, and
probably most significant, diagenetic modification
of the studied sandstones is the introduction of
secondary porosity by dissolution of glauconite,
rock fragments, and, to a lesser degree, detrital
framework grains.
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Figure 11. Scanning electron microscope photo-
graphs illustrating variability of grain size, ce-
mentation, porosity, and leaching in samples
from different examined facies. A—Scattered de-
trital framework grains and compacted rock frag-
ments (now pseudomatrix), tightly cemented by
carbonate cement; only microporosity is present;
FIC facies; Shell 1 Kerr, sec. 6, T. 4 N.,, R. 17
ECM, depth 6,220 ft. B—Coarse sand showing

C. W. Keighin and R. M. Flores

both intergranular (macro-, M) and intragranular
(micro-, m) porosity; microporosity is due to par-
tial leaching of rock fragments and growth of
authigenic clays; sample as in A, depth 6,225 ft.
C—Fossil fragments (arrows) surrounded by me-
dium-sized quartz grains and clay-rich rock frag-
ments; intergranular pores appear to be inter-
connected, and essentially free from cements;

TINS facies; King-Stevenson 1 Anderson, sec.
(continued on opposite page)
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APPENDIX:

List of drill holes from which cores were described,

or from which geophysical logs were digitized for

construction of the cross sections shown in Figure 3A,B

Core holes

Depth range of

Sec. Twp. Range Well name Unit* cored interval
1 4N 10ECM Gulf 1 Kelly Morrow 4,410-4,740
6 4N 17ECM Shell 1-6 Kerr Morrow 6,217-6,574

31 2N 17ECM Southland Royalty 1-31 Daisy Morrow 6,187-6,204
8 IN 23ECM Petro-Lewis 2-8 Cates Morrow 7,7130-7,786
13 1IN 21ECM King-Stevenson 1 Weader Morrow 7,890-7,978
5 1IN 26ECM Huber 1 Towle Morrow 8,431-8,480
25 28N 21W Apache 1 Huenergarot Morrow/Chester 5,652-5,670
26 25N 20W King-Stephenson 1 Anderson Morrow 7,054-7,236
24 23N 21W Apache 1 Geneva Baker Morrow 7,746-7,840
33 20N 21W Odessa Natural Gas 1 Milstead Morrow 10,306-10,476
18 18N 22W Sarkeys 1-18 Miller Morrow 11,712-11,770

32 156N 17TW Michigan-Wisconsin Pipeline 1

Raab Morrow/Spgr. 12,727-12,898
26 14N 10W Edwin Cox 1 Miller Morrow 10,152-10,200
3 12N 21W Petro Consultants 1-3 Weatherly Morrow 17,947-17,994
3 12N 21W Petro Consultants 1 Weatherly Springer 18,894-19,010

12 12N 13W Mustang Production Co.

Meacham 1-12

Cunningham

13,362-13,398

10 1IN 12W Apexco 1 Buell A Springer 13,736-14,103
7 10N 21W Trigg Paul King 1-7 Morrow 15,863-15,888
28 9N 20W Phillips 1 Celson Cunningham 18,227-18,236
20 8N 17TW Horco & Mobile [Humble] 1
Anne Schmidt Morrow 16,302-17,271
22 9N 9w Tenneco 1-22 Grant Rumley Morrow/Spegr. 13,575-13,890
36 5N 11W Texaco 1 Carr Springer 16,067-16,111
35 5N 10W Kerr-McGee 1 Tentanque Springer 18,076-18,111
23 5N 6W Humble 1 Patterson Springer 11,904-12,078
8 3N TW Chevron 1 Berta B Lay Springer 16,625-16,663
7 IN 4W Gulf 1 Graham Springer 6,302-7,551
1 1S 4W Atlantic Refining 1 Markham Springer 4,802-5,324
17 28 3w Atlantic Refining 1 Walker-
Voorhees Springer 4,988-5,007
8 3S 2E Gulf 1 Coffee Springer 4,050-4,100
16 38 3w Humble 1 Wm. Woodruff Springer 10,323-10,440

Wells from which geophysical logs were digitized for construction of Figure 3A,B

Cross-section

well number Sec. Twp. Range Well name
1-7 34 11N 25W Mesa 2-34 Cox
1-8 13 11N 26W Exxon Rhome Nix 1
1-9 29 11N 25W Mesa Tipton 29
1-10 2 9N 24W Conoco Phillips 2-1
1-11 9 13W 25W El Paso Natural Gas Pierce 1
1-12 25 4N 6W Marshall Oil Co. 1 Jenkins
1-14 22 20N 20W Magnolia Oil Co. J. C. Borden 1A
1-16 23 5N 6W Humble 1 D. B. Patterson
2-8 1 2N 4w Roy Furr and AM
2-9 21 14N 24W Inexco Oil Co. Lovell 1
3-8 27 20N 22W Pan Am 1 Goff Oil Chance Shaham 1
3-9 34 3S 2E Getty Otey 1-34
3-10 23 5S 2E Coquina Oil Co. State Park 1

*As listed in the Oklahoma Geological Survey core-collection catalog.
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26, T. 25 N,
D—Aggregate of

R. 20 W., depth 7,095 ft.
rounded, medium-sized to

mented; sample and facies as in C; depth 7,071
ft. F—Fine-grained quartz arenite in which inter-

coarse grains which are aggregates of silt- and
clay-sized authigenic quartz, authigenic clays,
and detrital material; only microporosity is pres-
ent; sample and facies as in C;, depth 7,221 ft.
E—Thin layer containing a high concentration of
rounded glauconite pellets; pellets contain micro-
pores, but most of this sample is tightly ce-

granular porosity exists even though overgrowths
(S) of authigenic silica are common,; intragranular
microporosity is due to partial leaching of rock
fragments and formation of authigenic clays;
there is little evidence of compaction in this sam-
ple; MT/NTM facies; Humble 1 Patterson, sec.
23, T. 5 N, R. 6 W., depth 11,946 ft.
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QUANTITATIVE PETROGRAPHIC ANALYSIS
OF DESMOINESIAN SANDSTONES FROM OKLAHOMA

THADDEUS S. DYMAN
U.S. Geological Survey, Denver

Abstract.—Desmoinesian sandstones from the northern Oklahoma platform and the Anadarko,
Arkoma, and Ardmore basins record a complex interaction between mid-Pennsylvanian source-
area tectonism and cyclic sedimentation patterns associated with numerous transgressions and re-
gressions. Framework-grain summaries for 50 thin sections from sandstones of the Krebs,
Cabaniss, and Marmaton Groups and their surface and subsurface equivalents were subjected to
multivariate statistical analyses to establish regional compositional trends for provenance analysis.

R-mode cluster and correspondence analyses were used to determine the contributing effect (to-
tal variance) of key framework grains. Fragments of monocrystalline and polycrystalline quartz;
potassium and plagioclase feldspar; chert; and metamorphic, limestone, and mudstone-sandstone
rock fragments contribute most to the variation in the grain population. §-mode cluster and corre-
spondence analyses were used to identify four petrofacies and establish the range of compositional
variation in Desmoinesian sandstones. Petrofacies I is rich in monocrystalline quartz (78-98%);
mica and rock fragments are rare. Petrofacies II is also rich in monocrystalline quartz (60-84%)
and averages 12% total rock fragments. Petrofacies III and IV are compositionally heterogeneous
and contain variable percentages of monocrystalline and polycrystalline quartz, potassium feld-
spar, mica, chert, and metamorphic and sedimentary rock fragments.

Quantitative analyses indicate that Desmoinesian sandstones were derived from sedimentary,
igneous, and metamorphic source areas. Sandstones of petrofacies I and II occur mostly in the
lower Desmoinesian and are widely distributed, although they are most abundant in eastern and
central Oklahoma; sandstones of petrofacies III and IV are widely distributed and occur primarily
in the middle and upper Desmoinesian. The range of compositional variation and the distribution
of petrofacies are related to paleotectonics and basin development, sediment recycling, and varying

depositional environments.

INTRODUCTION

The present-day geologic framework of Okla-
homa and the entire southern Midcontinent re-
gion is related directly to Pennsylvanian paleo-
tectonic development (Fig. 1). Source-area varia-
bility and multiple marine transgressions and
regressions have resulted in abrupt facies changes
and complex depositional cycles. Many published
studies have reconstructed Pennsylvanian paleo-
geography using stratigraphic and sedimentologic
data within these depositional cycles, but detailed
petrologic studies are rare. Published composi-
tional data for sandstones are generally limited to
field or core rock descriptions and are not de-
tailed enough for provenance studies. Quantita-
tive analysis of existing data is difficult.

Desmoinesian sandstones in Oklahoma record a
complex interaction between source-area tecton-
ism, regional transgression, and sediment re-
cycling. These sandstones are readily identifiable
in both outcrop and core and exhibit much com-
positional heterogeneity. Studies of compositional
variations in these sandstones may aid in paleo-
geographic reconstruction and stratigraphic cor-
relation, especially where nomenclature is confus-

ing. These studies may be valuable because of the
significant oil and gas potential of Desmoinesian
strata in Oklahoma.

A quantitative petrographic analysis of Des-
moinesian sandstones was conducted in order to
(1) define sandstone petrofacies for regional cor-
relation and determine which framework grains
contribute most to variations in sandstone com-
position; (2) describe lateral and vertical varia-
tions in source area to better understand the
sedimentary—tectonic framework of the Des-
moinesian in the region; and (3) determine the
usefulness of statistical analyses in petrographic
studies. The most important goal of this study
was simply to define the range of compositional
variation in sandstones in order to better under-
stand the distribution of sandstone petrofacies.
The petrographic data base exhibited much vari-
ation, and because variations in the sample popu-
lation were difficult to define subjectively, a sta-
tistical approach was undertaken.

This study is preliminary and is intended to es-
tablish a base for future quantitative petro-
graphic studies. The compositional range of
Desmoinesian sandstones may be expanded in
the future as more sandstones are analyzed. Ad-
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ditional sandstones must be compositionally and
sedimentologically analyzed before a thorough
understanding of Pennsylvanian paleogeography
is attained. Any final provenance determination
should be based on stratigraphic, sedimentologic,
and petrologic data.

Core samples were obtained from the Okla-
homa Geological Survey Core and Sample Li-
brary. This report has been prepared for the U.S.
Geological Survey’s Evolution of Sedimentary
Basins Program.

REGIONAL GEOLOGY

The geography of Oklahoma and the surround-
ing region during the Pennsylvanian was strongly
affected by the Ouachita orogeny, the result of a
collision of North America with South America
and Africa (Kluth and Coney, 1981). Regional
structural elements active during the Penn-
sylvanian are shown in Figure 1. The Amarillo-
Wichita—Criner uplift was a prominent structural
feature during most of the Pennsylvanian and ex-
tended for >300 mi from the Texas Panhandle
southeastward into southern Oklahoma. The
Muenster arch is a southern extension of the
Wichita—Criner trend, but is separated from the
Criner uplift by the Marietta basin (Frezon and
Dixon, 1975). The Cimarron uplift and Keyes
dome form a northward extension of the Amarillo
uplift in the Oklahoma Panhandle.

The Nemaha uplift is a prominent subsurface
structural feature that trends from south of
Oklahoma City northward for >400 mi into Ne-
braska (Luza, 1978). The axis of this feature rep-
resents the highest part of a more extensive Early
Pennsylvanian positive area often referred to as
the Nemaha highlands.

The Anadarko basin is bordered by the
Nemaha uplift on the northeast, the central Kan-
sas shelf on the north, and the Amarillo-Wichita—
Criner trend on the south. It is one of the deepest
cratonic basins in North America and contains
~40,000 ft of Cambrian through Permian sedi-
mentary rocks along its southern margin. More
than 20,000 ft of stratigraphic separation exists
along the Wichita megashear in southwestern
Oklahoma (Evans, 1979).

During Desmoinesian time, the southern part
of the Ouachita geosyncline in southeastern
Oklahoma was uplifted by thrusting and folding,
and a prominent positive feature known as the
Quachita uplift developed. The northern part of
the geosyncline and a shelf region to the north re-
tained a basin configuration, referred to as the
Arkoma basin (Branson, 1962). The Arbuckle and
Pauls Valley uplifts were positive elements in
south-central Oklahoma during Desmoinesian
and Missourian time. The Ardmore basin con-
tains nearly 20,000 ft of Upper Mississippian and
Pennsylvanian strata and is separated from the
Anadarko basin by local uplifts (Jacobson, 1959).

The Ozark uplift in northeastern Oklahoma
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and Missouri is an earlier Paleozoic structural
feature that was rejuvenated during the mid-
Pennsylvanian at approximately the same time as
the Ouachita uplift (Branson, 1962; Frezon and
Dixon, 1975).

REGIONAL STRATIGRAPHY
AND SEDIMENTOLOGY

Stratigraphic names for outcrop and core sam-
ples of sandstones were taken from published re-
ports and summaries prepared by well-site geolo-
gists. Stratigraphic nomenclature in Oklahoma is
confusing in part because of facies differences be-
tween platform and basin and in part because of
historic differences in surface and subsurface no-
menclature (Krumme, 1981). Figure 2 illustrates
Desmoinesian sandstone nomenclature for the
state, compiled from Jordan (1957), Tomlinson
and McBee (1959), Branson (1962), Frezon and

FORMATION AND MEMBER

SERIES

Upper Marmaton Gp. sandstones
Labette Shale
Calvin Sandstone

Senora Formation
Chelsea Sandstone Member
Thurman Sandstone

caBaNISS|MARMATON] GROUP

Boggy Formation
Taft Sandstone Member
Bluejacket Sandstone Member
Savanna Formation
McAlester Formation
Warner Sandstone Member

Hartshorne Sandstone

DESMOINESIAN

KREBS

Figure 2. Generalized stratigraphic section of
Desmoinesian sandstone strata in the Arkoma
basin and central Oklahoma platform. Data from
Jordan (1957), Tomlinson and McBee (1959),
Branson (1962), Frezon and Dixon (1975), Ebanks
(1979), Krumme (1981), and Sutherland (1982).
Because of the discontinuous nature of Penn-
sylvanian sandstones and the difficulty of corre-
lating surface with subsurface units, informal
subsurface names have been excluded from the
chart. The chart is incomplete, because only
stratigraphic units addressed in this report are
included. The Deese Formation of south-central
Oklahoma includes strata equivalent to the three
groups presented here.

T. S. Dyman

Dixon (1975), Ebanks (1979), Krumme (1981),
and Sutherland (1982). Limestone and shale units
not addressed in this report have been omitted
from the figure. Informal subsurface stratigraphic
names also have been omitted from Figure 2 be-
cause of the uncertainty of precisely correlating
them with surface units.

Desmoinesian formations have been divided
into three groups, which are, from oldest to
youngest, the Krebs, Cabaniss, and Marmaton
(Krumme, 1981). These groups and their strati-
graphic equivalents are bounded by unconformi-
ties and are found throughout Oklahoma. In the
Ardmore and eastern Anadarko basins, equiv-
alent strata are included in the Deese Formation.
In western Oklahoma, the Krebs and Cabaniss
Groups are informally referred to as the Cherokee
Group or are left as undivided Desmoinesian
strata (Frezon and Dixon, 1975). The term Cher-
okee Group is generally not accepted in
Oklahoma (Ebanks, 1979).

The oldest Desmoinesian formation in central
and eastern Oklahoma, the Hartshorne Sand-
stone, rests unconformably on older Penn-
sylvanian or pre-Pennsylvanian strata. The over-
lying McAlester Formation is predominantly
shale, but contains one regionally persistent
sandstone referred to as the Warner Sandstone
Member and its informal subsurface equivalent,
the Booch sandstone. The Savanna Formation
unconformably overlies the McAlester Formation
in the Arkoma basin and contains many discon-
tinuous sandstone and coal beds. The base of the
overlying Boggy Formation is drawn at the base
of the Bluejacket Sandstone Member and its in-
formal subsurface equivalent, the Bartlesville
sandstone (Branson, 1962). Informal subsurface
sandstone equivalents of the upper part of the
Boggy (Taft Sandstone Member) include the Red
Fork and Burbank sandstones.

The Thurman Sandstone unconformably over-
lies shales in the upper Boggy in southern
Oklahoma, but is absent on the northern
Oklahoma platform. The overlying Senora For-
mation is laterally persistent but lithologically
variable. The Chelsea Sandstone Member is lo-
cally present in eastern Oklahoma. The Skinner
sandstone is an informal subsurface equivalent of
the Senora Formation (Krumme, 1981).

The upper Desmoinesian Marmaton Group is
composed primarily of shales, sandstones, and
limestones. In the Arkoma basin, the Calvin
Sandstone forms the base of the group, but is re-
placed by the Fort Scott Limestone on the north-
ern Oklahoma platform. The informal Peru sand-
stone may represent a lateral shelf equivalent of
the Calvin. The overlying Peru sandstone is part
of the Labette Shale (Krumme, 1981). Sand-
stones in the upper Marmaton Group, such as the
informal Cleveland sandstone, are interbedded
with shales and are often discontinuous.
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Desmoinesian sandstones were deposited in flu-
vial, deltaic, and marine depositional environ-
ments associated with the Early Pennsylvanian
northward transgression. During the early
Desmoinesian, fluvial, deltaic, and shallow marine
depositional environments dominated the north-
ern Oklahoma shelf, whereas deeper-water
marine environments dominated the southern
"Anadarko and Ardmore basins. With a presumed
southward shift in provenance (Krumme, 1981),
marine carbonate shelf sedimentation dominated
northern Oklahoma during the late Desmoines-
ian. Coarse-grained alluvial sediments were de-
posited along the margins of uplifts. Because of
local source-area influence and sea-level changes,
paleoenvironments may have varied from these
regional trends. Most of the sandstones analyzed
in this report were deposited in deltaic and shal-
low marine environments. Compositional varia-
tions are considered to be due primarily to differ-
ent source areas; however, compositional mod-
ification due to changing depositional environ-
ments cannot be totally discounted until a thor-
ough provenance study has been completed.

METHOD OF STUDY

The study includes both core and outcrop sam-
ples on the northern Oklahoma platform, both
east and west of the Nemaha uplift, and in the
Anadarko, Arkoma, and Ardmore basins in both
western and southeastern Oklahoma (Figs. 1,3).

103

Fifty medium-grained sandstone samples were
cut, thin-sectioned, stained for potassium feld-
spar, and point-counted using >300 point counts
per slide. Quartz grains were examined for extinc-
tion patterns, inclusions, and overgrowths (Folk,
1968). Accessory minerals such as micas, horn-
blende, garnet, and zircon were identified as pres-
ent or absent. Compositional variations due to
differences in weathering between surface and
subsurface samples were not addressed in the sta-
tistical analysis; these variations are considered
minor in this population of sandstones.

Locations and composition data for all samples
in this study can be found in Dyman (1987). Data
were aggregated according to methods presented
in Dickinson and Suczek (1979).

STATISTICAL ANALYSIS
OF COMPOSITIONAL DATA

R-mode correspondence analysis was applied to
determine the contributing effect (percentage of
total variance) of each framework-grain type
(variables). Based on their contributing effect,
variables were aggregated into genetic groups. Q-
mode cluster analysis and correspondence analy-
sis were applied to determine sample relation-
ships and the range of compositional variation.
Samples were then aggregated into petrofacies
groups to analyze stratigraphic and geographic
variations in sandstone composition.

Correspondence analysis is a form of factor
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Figure 3. Sample-location and sample-identification map (see text). Dyman (1987) contains detailed
location and compositional data for all samples used in this study.
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analysis that combines the results of both @- and
R-mode studies and reduces variable-scaling
problems. Correspondence analysis reduces the
problem of N-dimensional space (many variables)
by projecting combinations of original variables
on a new set of axes (eigenvectors) defining new
hypothetical variables called factors (David and
others, 1977). Variable contribution on the new
set of axes is based on variance. Data standard-
ization to reduce problems induced by varying
magnitude is not required. Data are transformed
into conditional probabilities by dividing each
data element by the sum of all elements.

Output from correspondence analysis includes
(1) relative and absolute factor-variable contribu-
tion matrices that define the relative or absolute
contribution of each original variable (as a per-
cent) to each new factor (variables important in
distinguishing all samples together); (2) a factor-
score data matrix that contains factor-score load-
ings (variables important in distinguishing each
sample from other samples); and (3) factor-score
maps (plots), created from the factor-score ma-
trix, which graphically display sample similarity
in factor space. Lines are drawn on each plot to
illustrate how each numbered variable contrib-
utes to differences among samples. The lines pass
through a portion of factor space defined by their
R-mode loadings. The lines represent the
strength and direction according to which the dif-
ferent variables affect the sample population
(David and others, 1974). The lines intersect at a
point representing the average composition of the
sandstones. The proximity of a group of sample
points near a variable line (or lines) illustrates
the similarity of samples and the variable (or
variables) responsible for the similarity. Closely
spaced sample points on one factor-score plot (for
example, a plot of factors 1 and 2) may not occur
together on a plot of different factors (for exam-
ple, factors 3 and 4), because of the difference of
variable contribution to different factors.

Cluster analysis is a multivariate classification
method by which relatively homogeneous groups
are defined by assigning samples to a group based
on their similarity. A dendrogram defining all of
the groups is created by the computer program
(Davis, 1973,1986). In hierarchical clustering, the
most-similar samples are joined in a cluster which
then successively joins with other clusters until
all samples are included in the dendrogram.
Modal analyses for Desmoinesian sandstones
were first standardized using the variable-mean
deviation to ensure that each variable was
weighted equally.

The program of Davis (1973) for weighted pair-
group clustering was used with the r-correlation
coefficient in this study. Cluster dendrograms
produced with distance coefficients may include
well-defined cluster groups even if some samples
are very unlike other samples. In this study, clus-
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ter dendrograms were generated separately with
distance and r-correlation coefficients, and the
two methods provided similar results.

In the method of weighted pair-group cluster-
ing, correlation matrices of samples are calcu-
lated, and samples with high correlations are ex-
tracted. In subsequent steps, similarity matrices
are recomputed, treating clustered elements as a
single element. Each new cluster member is given
equal weight with the existing cluster; thus, late
cluster arrivals carry more weight than do earlier
arrivals.

Several alternative clustering methods are
available (Davis, 1986), and the best clustering
method may be determined by the specific data
set. Davis (1986) suggested that the weighted
pair-group method provides the best results, but
that researchers should compare different meth-
ods. In this study, the results from cluster analy-
sis were corroborated by correspondence analysis.

R-Mode Analysis

Table 1 represents the absolute variable-factor
contribution matrix for the 10 framework-grain
types analyzed in this study. Sandstone, siltstone,
and mudstone grains were combined for the sta-
tistical analysis (mudstone-sandstone in Table
1). Dark-gray to brown, siliceous and calcareous
mudstones and shales were the most abundant of
the three types. In some cases it was difficult to
differentiate between weakly foliated metamor-
phic grains and shale grains. Together, the first
four factors contribute 85% to the variation in
the total sample of framework grains.

Factor 1 is controlled primarily by the high
loading for potassium feldspar due to the two
samples from the Cherokee Group in the
Oklahoma Panhandle (samples 53-1, 81-1). The
high loading for limestone in factor 3 is due to
limestone-rich samples from northern and south-
ern Oklahoma (samples 20-2, 91-1). Samples rich
in variables with high loadings for factor 2 are
widely distributed in Oklahoma, in part because
of the many grain types contributing to factor 2.
Factors 3 and 4 are controlled primarily by chert
and lithic grains from middle and upper
Desmoinesian samples.

When the correspondence analysis was rerun
without the samples rich in potassium feldspar
and limestone, cumulative variation was distrib-
uted proportionally, according to the relative im-
portance of the remaining variables. Monocrystal-
line and polycrystalline quartz, mudstone—
sandstone, and metamorphic grains contributed
more to each factor.

Quartz, chert, potassium and plagioclase feld-
spar, and limestone, mudstone-sandstone, and
metamorphic grains contribute most to variation
in this population of Desmoinesian sandstones.
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TABLE 1.—ABSOLUTE VARIABLE-FACTOR CONTRIBUTION MATRIX
(FIRST 4 FACTORS) AND CUMULATIVE PERGENT CONTRIBUTION
FOR ORIGINAL FRAMEWORK- GRAIN VARIABLES

Factor

Grain type 1 2 3 4
monocrystalline quartz 1.2 22.4 29 0.1
polycrystalline quartz 0.8 16.4 2.3 2.0
chert 0.1 10.4 1.5 17.6
plagioclase 2.9 10.8 1.6 0.1
potassium feldspar 92.0 0.3 0.6 1.2
mudstone-sandstone 0.2 4.2 7.9 28.8
limestone 0.7 19.1 76.1 0.4
volcanic 0.1 0.2 0.1 4.9
metamorphic 1.7 15.0 5.0 42.8
mica 0.2 0.9 1.6 2.1
Cumulative Percent Contribution 41 60 77 85

@-Mode Analysis

Four petrofacies groups were identified for 50
sandstone samples, using cluster analysis. Figure
4 illustrates the weighted pair-group dendrogram
and petrofacies groups, using all 10 original
framework variables. Petrofacies subdivision
based on clustering procedures is somewhat arbi-
trary, especially when cluster groups join at low
levels of similarity. Additional cluster groups
could be defined, depending on the level of com-
positional similarity we wish to establish in the
sample population. Table 2 summarizes the char-
acteristics of each petrofacies defined in this
study. Petrofacies differences are based on com-
positional variations in framework grains. Quartz
extinction patterns and the presence or absence
of accessory minerals do not significantly vary
among samples and were not used to differentiate
sandstones.

The geographic distribution of petrofacies for
lower, middle, and upper Desmoinesian sand-
stones is presented in Figure 3. For the purpose
of this study, lower Desmoinesian includes only
the lower part of the Krebs (Hartshorne Sand-
stone, and Warner Sandstone Member of the
McAlester Formation); middle Desmoinesian in-
cludes the upper part of the Krebs (Savanna and
Boggy sandstones) and Cabaniss Groups; and up-
per Desmoinesian includes sandstones in the
Marmaton Group. This subdivision is arbitrary

and is used only to address gross compositional
variations in Desmoinesian strata. The three-
group breakdown also alleviates some of the
problems of correlating informal subsurface with
surface nomenclature. Future studies with more
samples could define additional or different strat-
igraphic groups.

Petrofacies 1

Petrofacies I is subdivided into two petrofacies
subgroups and is rich in monocrystalline quartz
(mean 84 %; Fig. 5). Subgroup A contains an av-
erage of 88% monocrystalline quartz, whereas
subgroup B contains 80%. Polycrystalline quartz
averages only 5% for petrofacies I. Lithic grains
are rare or absent in subgroup A, but reach a
maximum of 14% for subgroup B (sample 11-2,
Red Fork sandstone, northern Oklahoma; Fig. 3).
Metamorphic grains are more abundant than sed-
imentary grains for both subgroups, but are most
abundant in subgroup B. Feldspar is rare or ab-
sent in both subgroups.

Petrofacies I is widely distributed throughout
the study area, especially along a north-trending
belt in part coinciding with the axis of the
Nemaha uplift. Stratigraphically, all three groups
of Desmoinesian age are represented in petro-
facies I, but most samples are from the lower and
middle Desmoinesian. No relationship appears to
exist between stratigraphic group assignment and
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PETROFACIES

T. S. Dyman
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TABLE 2.—PETROFACIES SUMMARY FOR DESMOINESIAN SANDSTONES IN THIS STUDY

Framework grains,
point counts (%)

Petrofacies Mean Range Distribution and comments
I (N = 19) Qm = 84 78-98 Samples widely distributed throughout Oklahoma. Gen-
Qp =5 1-9 erally found in lower Desmoinesian Krebs Group. Two
Lt = 4 1-14 Cabaniss Group samples (05, 41-2). Two subgroups
F=1 0-3 defined (I-A, I-B). Subgroup A contains a mean of 88%
Qm; subgroup B contains a mean of 80% Qm. Straight
to slightly unduiose quartz extinction. Trace of zircon
and tourmaline.
(N = 8) Qm =75 60-84 Distributed throughout the Desmoinesian and absent
Qp = 10 3-15 only from the western part of the study area. Straight to
Lt = 12 2-24 slightly undulose quariz extinction. Trace of zircon,
F=2 tourmaline, and hornzlende.
1 (N = 15) Qm = 60 49-74 Compositionally heterogeneous group restricted to mid-
Qp = 13 7-22 dle and upper Desmoinesian samples, distributed
Lt = 21 11-37 throughout study area. Highest MRF content in sample
F=4 0-8 population (mean 9%). Contains sample 36-1 with 5%
mica and sample 17-1 with 8% plagioclase. Variable
quartz extinction. Trace of zircon, tourmaline, and
hornblende.
IV (N = 8) Qm = 65 45-85 Compositionally heterogeneous upper Desmoinesian
Qp =7 0-20 group, widely distributed throughout study area. Group
Lt = 16 7-28 includes 2 feldspar-rich samples (53-1, 81-1) from the
F =12 1-36 Oklahoma Panhandie and 2 limestone-rich samples (20-

2, 91-1) from the north and south margins of the study
area. Variable quartz extinction. Trace of zircon, tourma-
line, and hornblende.

Note: Qm = monocrystalline quartz; Qp = polycrystalline quartz; Lt = total lithic grains; F = total feldspar;
N = number of samples in each group; MRF = metamorphic rock fragments.

geographic distribution. Both upper Desmoines-
ian petrofacies I samples (sample 05, Senora For-
mation, and sample 41-2, Peru sandstone; Fig. 3)
are in subgroup A and average >90% total
quartz.

Petrofacies II

Compared to petrofacies I, petrofacies II con-
tains less monocrystalline quartz (mean 75%),
more chert (mean 8%), and more polycrystalline
quartz (mean 10%) (Fig. 6). Petrofacies Il is more
heterogeneous in composition than petrofacies I,
averaging 12% total lithic grains (including chert)
and 2% feldspar. Sample 46-1 (Bartlesville sand-
stone) is not representative of petrofacies II (Fig.
4), containing only 70% total quartz; its presence
in petrofacies Il is probably an artifact of the
clustering method.

Petrofacies-II samples are found throughout
the Desmoinesian in all but the westernmost por-

tion of the study area. Petrofacies II is intermedi-
ate in composition between quartz-rich petro-
facies I and quartz-poor petrofacies III and IV.

Petrofacies 111

Petrofacies III is compositionally heteroge-
neous and generally contains <70% monocrystal-
line quartz (mean 60%), although values range
from 49 to 74% (Fig. 7). Polycrystalline quartz
ranges from 7 to 22% and averages 13%. Petro-
facies III is lithic-rich (mean 21%), and metamor-
phic grains are the most abundant (mean 9%).
Sandstones range from those with abundant
metamorphic and polycrystalline quartz grains
(samples 40, Senora Formation, and 6-3, Red
Fork sandstone) to those with abundant chert
and metamorphic grains (samples 26-1, Red Fork
sandstone, and 42-2, Bartlesville sandstone).
Some samples contain abundant plagioclase
(sample 17-1, Red Fork sandstone, 8%), or mica
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Figure 5. Petrofacies | sandstone: Red Fork
sandstone, Gulf Oil Co. No. 1 Sheik, sec. 25,
T.28 N., R. 1 E.; sample 24-1, 3,605 ft;
quartzarenite; 3 mm across.

(sample 36-1, Prue sandstone, 5%). Many com-
positionally intermediate forms exist.

Petrofacies-I1I samples are found throughout
the study area, but are restricted to the middle
and upper Desmoinesian. Samples from petro-
facies III and IV together form lithic-rich concen-
trations in eastern and western Oklahoma (Fig.
3). Metamorphic-rich petrofacies-III samples are
abundant in the northwest, central, and eastern
portions of Oklahoma.

Petrofacies IV

Petrofacies IV is also compositionally heteroge-
neous, because cluster groups join at low levels of
similarity. Petrofacies IV contains samples with
45-85% monocrystalline quartz (mean 65%).
Polycrystalline quartz varies from 0 to 20% and
averages 7%. Samples range from those with
abundant potassium feldspar from the Oklahoma
Panhandle (samples 53-1 and 81-1, Cherokee
Group; Fig. 8) to those with abundant limestone

Figure 6. Petrofacies Il sandstone: Red Fork
sandstone, Indian Wells No. 4-24 Hajek, sec. 24,
T. 28 N, R. 5 W.; sample 13-2, 4,681 ft;
litharenite; 3 mm across.

grains from the northern and southern portions
of the study area (samples 20-2, Red Fork sand-
stone, and 91-1, Deese Formation; Fig. 9). Pet-
rofacies-IV samples are generally feldspar- and
lithic-rich, and sedimentary-rock grains are more
abundant than metamorphic-rock grains. Several
plagioclase-bearing samples (sample 20-2, Red
Fork sandstone, 5%) occur in petrofacies IV.
Many compositionally intermediate forms exist.

Petrofacies-IV samples are widely distributed
in Oklahoma, but are restricted to middle and
upper Desmoinesian strata.

Factor-Score Maps

The relative importance of each grain type in
differentiating between sandstone samples cannot
be graphically presented using cluster diagrams.
Correspondence analysis factor-score maps were
generated in order to (1) corroborate the petro-
facies subdivision identified by cluster analysis
(recognition of the four petrofacies on the factor-
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Figure 7. Petrofacies Il sandstone: Burbank
sandstone, Oliphant No. 1 Henry, sec. 27, T. 24
N., R. 7 E.; sample 27-2, 2,630 ft; litharenite; 3
mm across.

score maps); (2) observe sample distribution in
factor space (relating the samples composition-
ally, establishing the range in compositional vari-
ation, identifying provenance); and (3) identify
variable influence for factor-score groupings (ef-
fect of each variable on each sample). Figures 10
through 12 are factor-score maps for the first four
factors, incorporating the 10 framework-grain
types used in the cluster analysis.

Figure 10 is the factor-score map for factors 1
and 2. Sixty percent of the sample-population
variance—contributed mostly by potassium feld-
spar, quartz, plagioclase, chert, and limestone and
metamorphic grains—is represented by the first
two factors (Table 1). The cluster of points in the
lower left part of the diagram represents
monocrystalline-quartz-rich (variable 1) samples,
predominantly from petrofacies I and II (samples
5, 10, and 41-2). Monocrystalline-quartz-rich
samples in the lower portion of the lower left also
tend to contain metamorphic grains (sample 28,
Warner Sandstone Member; variable 9), whereas
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Figure 8. Petrofacies IV sandstone: Red Fork
sandstone, Texaco No. 1 Hartley, sec. 33, T. 3 N.,
R. 10 E.; sample 81-1, 4,535 ft; subarkose; 3 mm
across.

samples in the upper portion of the left tend to
contain more potassium-feldspar grains (e.g.,
sample 43-1, Bartlesville sandstone; variable 5).

The scattered array of points at the right and
top of the figure represents quartz-poor samples
of petrofacies III and IV from the middle and up-
per Desmoinesian. Samples 53-1 and 81-1 at the
top of the diagram are the potassium-feldspar
samples from the Cherokee Group in the Okla-
homa Panhandle; sample 46-1 (Bartlesville sand-
stone; variable 8) is the only sample containing
volcanic grains; sample 26-1 (Red Fork sand-
stone) represents monocrystalline-quartz-poor,
polycrystalline-quartz-rich (variable 2) samples of
petrofacies III and IV. The distribution of most
points is gradational, and intermediate forms ex-
ist between clusters of samples.

Figure 11 is the factor-score map for factors 3
and 4, which together contribute ~25% to the
total variation in the sample population. This
plot emphasizes sample differences due to the
distribution of chert, mudstone-sandstone,



Figure 9. Petrofacies |V sandstone: Deese For-
mation, Buck-Leben No. 1 Harmon, sec. 8, T. 4
N., R. 1 W.; sample 91-1, 5,467 ft; litharenite; 3
mm across.

monocrystalline and polycrystalline quartz, and
limestone and metamorphic grains. This plot is
similar to Figure 10 because the quartz-rich and
quartz-poor petrofacies and samples rich in
potassium feldspar and limestone can be recog-
nized. Because monocrystalline and polycrystal-
line quartz have lower loadings for factors 3 and
4, sample points are more centrally located on
Figure 11, and their lines are short.

The factor-score plot for factors 2 and 4 (Fig.
12) reveals a greater spread of sample points be-
cause these two factors are not dominated by a
single variable (for example, limestone or potas-
sium feldspar), but contain higher loadings for
several variables. Samples rich in metamorphic
grains (samples 40, 6-3; variable 9) are well iden-
tified at the top of the figure because of the high
loading for variable 9 in factor 4. The greater
spread in monocrystalline-quartz-rich samples
(petrofacies I and II) is due to minor variations in
the contribution of chert, lithic, and feldspar
grains.

Sample-distribution patterns in factor space

T. S. Dyman

based on other combinations of factors (e.g., fac-
tors 2 and 3) provide the same relationships
presented here. The four petrofacies previously
defined using cluster analysis can be recognized
using the correspondence-analysis method. How-
ever, the variation in composition of sandstone
samples based on the influence of each grain type
is best illustrated using the correspondence-anal-
ysis factor-score maps. The compositional limits
defined for each plot represent the known compo-
sitional limits for Desmoinesian sandstones in
this study.

PALEOGEOGRAPHIC
IMPLICATIONS

Quantitative analyses in this study indicate
that Desmoinesian sandstones were derived from
sedimentary, metamorphic, and granitic source
areas (craton, orogenic belt, and batholith, re-
spectively). Compositional trends from these
quantitative analyses include the following:

1) There is a slight upward increase in compo-
sitional heterogeneity from early to late
Desmoinesian, but some exceptions exist. The
lower Desmoinesian Warner Sandstone Member
and Hartshorne Sandstone are the most quartz-
rich, but contain slightly less quartz westward in
eastern Oklahoma. There is a change upward
stratigraphically in eastern Oklahoma from
Atokan predominantly marine shelf sandstones,
to Desmoinesian predominantly deltaic sand-
stones (O’Donnell, 1983). The central Oklahoma
quartz-rich (petrofacies I) belt coincides in part
with the Nemaha uplift. Adkison (1972) identi-
fied a north-trending sandstone-rich belt within
the Ordovician Simpson Group in south-central
Kansas. The north-trending quartz-rich belt may
have its source in these areas of quartz-rich
Simpson Group sandstone; however, a thorough
basin analysis should be conducted in order to
fully define this trend.

2) Total lithic content is greatest (petrofacies
IIT and IV) in two broadly defined north-trending
belts in western and eastern Oklahoma. The total
average lithic content of Desmoinesian sand-
stones is greatest in northern Oklahoma, sug-
gesting that available lithic detritus from south-
ern sources may have been trapped in the deeper
parts of the Anadarko, Ardmore, and McAlester
basins. However, Hare (1970) recognized schist-
ose metamorphic fragments and shale fragments
in the Thurman Sandstone and identified a
Ouachita source for the Thurman Sandstone in
Hughes and Coal Counties (southeast Oklahoma).
Jacobson (1959) identified sedlitharenites rich in
shale fragments in the Desmoinesian Deese For-
mation in the Ardmore basin, and attributed
these to unroofing of shales of the Mississippian
and Pennsylvanian Springer Formation from the
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Figure 10. Correspondence-analysis factor-score map, factors 1 and 2. Variable number represent
variable contribution in factor space. Refer to Figure 3 for sample location and identification. Variable
numbers represented by lines on plot as follows: (1) monocrystalline quartz, (2) polycrystalline quartz,
(3) chert, (4) plagioclase, (5) potassium feldspar, (6) sandstone, (7) limestone, (8) volcanic, (9) meta-
morphic, (10) mica. Refer to Table 1 for factor loadings.

Arbuckle uplift. No change in the early to late
Desmoinesian distribution of lithic grains was
identified in this study.

3) Sandstones rich in limestone detritus are
concentrated in two zones, one in northern and
one in southern Oklahoma. Unroofing of lower
Paleozoic carbonate terranes may have been
greater in the Wichita—Criner and Arbuckle re-
gions during the middle Desmoinesian (Tomlin-
son and McBee, 1959). Dunham (1955) identified
limestone conglomerates and cherty, quartzose,
and calcareous sandstones in the Deese Forma-
tion in the northern part of Murray County in
southern Oklahoma. The northern-Oklahoma
sample may be related to lower Paleozoic carbon-
ate source areas of the Nemaha and central Kan-
sas uplifts. Additional samples must be analyzed

before the influence of local limestone sources can
be fully established.

4) Areas rich in polycrystalline quartz coincide
in part with areas rich in monocrystalline quartz
and areas rich in total lithic grains, but the rela-
tionship to provenance is not clear. Problems
may exist in assigning polycrystalline grains to ei-
ther sedimentary lithic grains or quartz.

5) The two arkosic sandstones from the
Oklahoma Panhandle are related to western up-
lifts of the Ancestral Rocky Mountains. Precam-
brian granitic basement rocks of the Arbuckle
and eastern Wichita—Criner uplifts were not a
sediment source during the Desmoinesian. Feld-
spar-bearing samples in northeastern Oklahoma
are probably related to cratonic source areas to
the north and east.



174

0.5 1

FACTOR 4

@]

®e PETROFACIES | AND II

10 QUARTZ-RICH
20-

0.5 1.0

FACTOR 3

Figure 11. Correspondence-analysis factor-score map, factors 3 and 4. Variable numbers represent
variable contribution in factor space. Refer to Figure 3 for sample location and identification. Variable
numbers represented by lines on plot as follows: (1) monocrystalline quartz, (2) polycrystalline quartz,
(3) chert, (4) plagioclase, (5) potassium feldspar, (6) mudstone-sandstone, (7) limestone, (8) volcanic,
(9) metamorphic, (10) mica. Refer to Table 1 for factor loadings.

SUMMARY

Correspondence and cluster analyses are very
useful in understanding compositional variation
and establishing petrofacies in highly wvariable
sample populations such as the one used in this
study.

R-mode correspondence analysis indicates that
the relative proportions of monocrystalline and
polycrystalline quartz, chert, potassium and pla-
gioclase feldspar, and limestone, metamorphic,
and mudstone-sandstone grains best characterize
Desmoinesian sandstones in the population of
samples studied here. Mica and volcanic grains,
however, are not important in differentiating
sandstones.

Q-mode cluster and correspondence analysis
indicate that lower Desmoinesian sandstones

(Krebs Group) are relatively homogeneous and
rich in monocrystalline quartz, with rare rock
fragments (petrofacies I and II). Basal Des-
moinesian quartz-rich sandstones are restricted
to eastern Oklahoma. Middle to upper Desmoines-
ian sandstones (Cabaniss and Marmaton Groups)
are compositionally heterogeneous (petrofacies II1
and IV) and are widely distributed throughout
the state. Desmoinesian sandstones exhibit a
slight upward increase in compositional hetero-
geneity. Source areas include the craton, foreland
blocks of the Ancestral Rocky Mountains, and
the orogenic terranes of southern Oklahoma. The
broad, north-trending, quartz-rich belt of the
Desmoinesian coincides in part with the Nemaha
trend and may have been derived from sand-
stone-rich beds within the Simpson Group.
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Figure 12. Correspondence-analysis factor-score map, factors 2 and 4. Variable numbers represent
variable contribution in factor space. Refer to Figure 3 for sample location and identification. Variable
numbers represented by lines on plot as follows: (1) monocrystalline quartz, (2) polycrystalline quartz,
(3) chert, (4) plagiociase, (5) potassium feldspar, (6) mudstone-sandstone, (7) limestone, (8) volcanic,
(9) metamorphic, (10) mica. Refer to Table 1 for factor loadings.
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PALEOHYDROLOGY OF THE ANADARKO BASIN,
CENTRAL UNITED STATES

DonaLp G. JORGENSEN
U.S. Geological Survey, Lawrence, Kansas

Abstract.—Geohydrologic systems in the Anadarko basin in the central United States are con-
trolled by topography, climate, geologic structures, and aquifer hydraulic properties, all of which
are the result of past geologic and hydrologic processes, including tectonics and diagenesis.

From Late Cambrian through Middle Ordovician time, a generally transgressive but cyclic sea
covered the area. The first deposits were permeable sand, followed by calcareous mud. During
periods of sea transgression, burial diagenesis decreased porosity and permeability. During periods
of sea recession, uplift diagenesis increased porosity and permeability, especially in exposed rocks.
During most of Silurian and Devonian time, the sea receded; increased porosity and permeability
resulted from uplift diagenesis. However, at the end of the Devonian and during the Early Missis-
sippian, very slightly permeable clay, which now is a regional confining unit, was deposited in a
mostly euxinic sea. Later during Mississippian time, calcareous muds, which became limestone,
were deposited in and adjacent to the Anadarko basin and underwent burial diagenesis.

During Pennsylvanian time, rapid sedimentation accompanied rapid subsidence in the Anadarko
basin. A geopressure zone probably resulted when sediments with little permeability trapped depo-
sitional water in Lower Pennsylvanian sands. Burial diagenesis included compaction and thermal
alteration of deeply buried organic material, which released carbon dioxide, water, and hydrocar-
bons. By Middle Pennsylvanian time, the sea had submerged most of the central United States,
including the Ozarks, as tectonic activity reached its maximum.

During Late Pennsylvanian and Early Permian time, the Ouachita uplift had been formed and
was higher than the Ozarks. Uplift was accompanied by a regional upward tilt toward the OQuach-
ita—Ozarks area; the sea receded westward, depositing large quantities of calcareous mud and clay,
and precipitating evaporitic material in the restricted-circulation environment. By the end of Per-
mian time, >20,000 ft of Pennsylvanian and Permian sediments had been deposited in the
Anadarko basin. These thick sediments caused rapid and extreme burial diagenesis, including al-
teration of organic material. During Permian time in the Ozarks area, development of the Ozark
Plateaus aquifer system commenced in the permeable Cambrian-Mississippian rocks near the St.
Francois Mountains as the Pennsylvanian confining material was removed. Since Permian time,
uplift diagenesis has been more active than burial diagenesis in the Anadarko basin. Synopsis of
paleohydrologic interpretation indicates that Cambrian—Mississippian rocks in the Anadarko basin
should be relatively impermeable, except for local secondary permeability, because rocks in the
basin have undergone little uplift diagenesis.

INTRODUCTION

The purpose of this paper is to present infor-
mation about the Anadarko basin gained from an
investigation of paleohydrology. The palechydro-
logic investigation provided information concern-
ing hydraulic properties of rocks, water chemis-
try, and flow systems. The information also has
implications about petroleum and epigenetic min-
eralization, but they are not the focus of this
report.

The paleohydrologic approach is similar in
many ways to a basin analysis, the most notable
exception being that the geohydrologic flow sys-
tem is bounded by hydrologic boundaries that are
not necessarily basin boundaries. The paleohy-
drologic approach generally includes considera-
tion of historical geology, with special emphasis

on plate tectonics, meteorology, and ground-
water hydrology. Paleohydrologic investigations
on a regional scale rely greatly on paleoge-
ographic information. The interpretations of
Bambach and others (1980) of “pre-Pangaea” and
the interpretations of Dietz and Holden (1970)
were used in interpreting the global paleoge-
ography. Also, interpretations reported in various
U.S. Geological Survey reports were relied upon
for interpretations on a continental scale. Inter-
pretations of depth of burial largely are based on
thickness maps of lithostratigraphic units. Specif-
ically, the reports on the Mississippian System
(Craig and Varnes, 1979), Pennsylvanian System
(McKee, Crosby, and others, 1975), Permian Sys-
tem (McKee, Oriel, and others, 1967b), Triassic
System (McKee, Oriel, and others, 1959), and Ju-
rassic System (McKee, Oriel, and others, 1956)
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were relied upon heavily.

This paper presents some of the information
obtained for the Central Midwest Regional Aqui-
fer-System Analysis (CMRASA). CMRASA was
one project of the national RASA program of the
U.S. Geological Survey (Sun, 1986). Detailed in-
formation from the CMRASA is reported in the
chapters (reports) of U.S. Geological Survey Pro-
fessional Paper 1414, as well as in technical jour-
nals, proceedings of symposia, and numerous
other reports. Detailed paleohydrologic informa-
tion, including information on the Anadarko ba-
sin, and area-wide correlation of aquifers and for-

mations are reported in Chapter B (Jorgensen
and others, in press).
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PALEOHYDROLOGY

The Anadarko basin lies within the stable inte-
rior of the North American continent. The basin
is not in itself a distinct hydrologic system; how-
ever, its southern boundary is a hydrologic
boundary of a hydrologic study area (CMRASA
study area) that is considerably larger than the
basin. The hydrologic study area and the basin
are shown in Figure 1. The origin of the hydro-
logic flow systems will be discriminated by the
paleohydrology.

Since Cambrian time, most of the study area
has undergone relatively gentle deformation, in-
volving upwarp and downwarp of the Earth’s
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Figure 1. Major structural features of the central United States.
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crust over large areas. Structurally, the study
area has been dominated by broad basins and
arches (Fig. 1). Accordingly, most folding of sedi-
mentary rocks has been subtle, and few major
fault zones of regional significance occur. How-
ever, along the south and west margins of the
study area, strong crustal deformation by moun-
tain-building forces has resulted in intense fault-
ing along the Arbuckle, Wichita, and Amarillo
uplifts, forming nearly impermeable boundaries
(Fig. 2), because the water-bearing units were
completely or almost completely offset. Faults
along the west margin are also hydrologic bound-
aries at most locations, because the permeable
layers have been offset. Most faults in the interior
of the study area are not hydrologic boundaries,
because permeable layers on each side of t