























































































































































































































































































































































































































































































































































































































































































































Neotectonic Relations of the Nemaha Uplift

units compared to the previous formula. Their for-
mulas were given in terms of log(A) but were re-
stricted to wave periods of 0.2-0.5 s. In order to use
log(A/T), we assumed a period of 0.35 s in convert-
ing the formulas for our use. The following equa-
tions result:

(epicenter 10-100 km from a seismograph)
m3Hz = log(A/T) - 1.46 + 0.88 log(4)
(epicenter 100-200 km from a seismograph)
m3Hz = log(A/T) - 1.82 + 1.06 log(A)
(epicenter 200400 km from a seismograph)
m3Hz = log(A/T) - 2.35 + 1.29 log(A).

Otto Nuttli’s (1973) earthquake magnitude,
mbLg, for seismograph stations located between
55.6 and 445 km from the epicenter, is derived from
the following equation:

mbLg =log(A/T) - 1.09 + 0.90 log(A).
Where seismograph stations are located be-
tween 445 and 3,360 km from the epicenter,

mbLg = log(A/T) - 3.10 + 1.66 log(A),

where A is the maximum center-to-peak vertical-
ground-motion amplitude sustained for three or
more cycles of Lg waves, near 1 Hz in frequency,
measured in nanometers; T is the period of Lg
waves measured in seconds; and A is the great-
circle distance from epicenter to station measured
in kilometers.

The MDUR magnitude scale was developed by
Lawson (1978) for earthquakes in Oklahoma and
adjacent areas. It is defined as

MDUR = 1.86 log(DUR) — 1.49,

where DUR is the duration or difference, in sec-
onds, between the Pg-wave arrival time and the
time the final coda amplitude decreases to twice the
background-noise amplitude. Before 1981, if the Pn
wave was the first arrival, the interval between the
earthquake-origin time and the decrease of the coda
to twice the background-noise amplitude was mea-
sured instead. Beginning January 1, 1982, the inter-
val from the beginning of the P wave (whether it
was Pg, P*, or Pn) to the decrease of the coda to
twice the background-noise amplitude was used.

EARTHQUAKE DISTRIBUTION

Of the ~50 earthquakes that are located in Okla-
homa each year, only one or two earthquakes, on
the average, are reported as felt. Prior to 1962, all
earthquakes in Oklahoma, 59, were either known
from historical accounts or from seismograph sta-
tions outside the State. From 1962 through 1976,
after the first seismographs were installed in late
1961, 70 additional earthquakes were added to the
earthquake data base. In 1977, expanding the state-
wide network of seismograph stations greatly im-
proved earthquake detection and location. From
1977 through 1992, more than 790 additional earth-
quakes were located in Oklahoma, mostly of mag-
nitudes <2.5.
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The earthquake epicenter data reveal at least
two seismic trends worthy of discussion. These
trends are located in north-central Oklahoma and
along the eastern margin of the Anadarko basin.

North-Central Oklahoma

Prior to the installation of the statewide earth-
quake-station network, more than half of the
known Oklahoma earthquakes occurred in Cana-
dian County. After the El Reno earthquake of 1952,
magnitude 5.5 (mb), no earthquakes were reported
for this region until 1978.

The pre-1977 earthquake data and the 1977-92
earthquake data are shown in Figure 8, as well as
the location of the Nemaha uplift. A 40-km-wide
and 145-km-long earthquake zone extends north-
eastward from near El Reno toward Perry (Noble
County). Most of the earthquakes have occurred in
the vicinity of the El Reno-Mustang area, which has
been the site of numerous earthquakes since 1908.

The correlation of historical and recent earth-
quake activity to known structural features remains
unclear. Some faults that cut pre-Pennsylvanian
rocks are shown in Figure 8; these data were com-
piled from Wheeler (1960), Jordan (1962), Luza and
Lawson (1983), and unpublished reports. The El
Reno-Perry trend appears to cut diagonally across
the Nemaha uplift structures at about a 30° angle.
The southern end of this trend appears to be more
active than the middle and northern parts. Both the
recent and historic earthquake data seem to sup-
port this observation.

Anadarko Basin

More than 350 located earthquake events have
taken place in the Anadarko basin since 1897. A
majority of the Anadarko basin earthquakes have
occurred within a 135-km-long by 40-km-wide
zone between Canadian County and the south edge
of Garvin County. More than 90% of the earth-
quakes within this zone have taken place since 1977
(Fig. 9). The southern end of this trend closely par-
allels the McClain County fault zone (sometimes
referred to as the central Oklahoma fault zone) that
is about 40 km wide and 60 km long.

Only a few earthquakes are known to have oc-
curred in the shelf and deep portions of the basin.
The Amarillo-Wichita uplift and associated fault
zone are seismically very quiet, as compared to
McClain, Garvin, and Canadian Counties. Perhaps
when the stress along the frontal fault zone is peri-
odically relieved, as by a substantial break such as
the Meers fault, the region may experience very low
seismic activity for a considerable time.

DISCUSSION

It is not clear what the earthquake activity be-
tween El Reno and Perry represents. The zone may
be the result of a coincidental plot of earthquake
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created a number of fault blocks within
the zone. Small adjustments between
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fault blocks may be producing some of
the earthquakes in this region.

The seismic network has a 50%
probability of locating >1.6 magnitude
earthquakes and a 90% probability of
locating a 2.0 magnitude earthquake.
The network has exceeded the NRC’s
original objective for the location of
>2.5 magnitude earthquakes.

Prior to 1977, Oklahoma had about
129 known earthquakes. From 1977
through 1992, more than 810 additional
earthquakes were located in Okla-
homa, mostly of magnitudes <2.5. The
seismic network has enabled the Okla-
homa Geological Survey to identify ar-
eas not previously known to be seis-
mically active. For example, most of the
earthquakes between Norman and

Pauls Valley would have gone un-
detected if the network had not been
operational.

Good progress has been made to-
ward the identification of earthquake-
prone areas in Oklahoma. Earthquake-

source mechanisms, focal-depth deter-
minations, and fault-plane solutions

Figure 8. Distribution of pre-1977 earthquake epicenters (+) and
post-1977 earthquake epicenters (M) in north-central Oklahoma.
Open triangles show city locations: OKC, Oklahoma City. A solid

line indicates a fault; structure is generalized.

epicenters, and /or it may be related to some un-
known northeast-trending structure(s). There do
not appear to be any major Paleozoic structures in
the vicinity of the zone. Perhaps the earthquake
activity is related to a northeast-trending Precam-
brian structure.

The Canadian County earthquakes appear to
coincide with the transition boundary between the
shelf and Anadarko basin. This transition zone ap-
pears to coincide with early Paleozoic faults that
probably were initiated when the Anadarko basin
began to develop in Middle Cambrian time. How-
ever, most of these structures are not present in late
Paleozoic rocks. Joe Hayden’s (1985) gravity study
in western Canadian County and vicinity suggests
that the Anadarko basin is not in isostatic equilib-
rium. If the Anadarko basin is still undergoing
some form of isostatic adjustment, earthquake ac-
tivity near the basin margin may occur.

The earthquake activity between Norman and
Pauls Valley is closely associated with the McClain
County fault zone and related structures. This fault
zone consists of many subparallel faults that have

remain elusive. It will take several
years of locating small-magnitude
earthquakes and deeper and larger-
magnitude earthquakes before specific
earthquake-generating structures can
be identified. Apparently many of the
earthquake-generating structures are
deeply buried.
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Structural relationships in the Potato Hills (Fig.
1) have been controversial for more than 60 years.
The Potato Hills have been interpreted as a window
in the Windingstair thrust sheet (Miser, 1929) and
as a window in the Jackfork Mountain thrust sheet
(Miller, 1955; Roe, 1955; Arbenz, 1968). Detailed
mapping, seismic interpretation, and analysis of
several key well logs provide the basis for reinter-
pretation of structural relationships in the Potato
Hills. Interpretations are based on data from three
key areas and cross section A-A’ (Figs. 1,2). In the
northeastern area, mapping and subsurface control
indicated that the North Potato Hills thrust was in-
tersected and offset by the South Potato Hills thrust
(Allen, 1991). In the western Potato Hills, the South
Potato Hills thrust was found to continue westward
(Allen, 1992), intersecting a minor back thrust (Fault
A in Fig. 1), rather than “curving” to the northeast
as previously mapped. In the northwestern Potato
Hills, the North Potato Hills thrust was mapped
extending to the northwest (Allen, 1994a) and not
“curving” to the southwest.

Subsurface structure (Fig. 2, from Allen, 1994b)
is based on the analysis of electric and sample logs
and seismic interpretation. Analysis of the cross
section reveals several items: (1) the North and
South Potato Hills thrusts are definitely not the
same fault; (2) a basal detachment separates lower
Paleozoic strata from the Mississippian Stanley
Group; (3) the Stanley Group is in fault contact with
the underlying Pennsylvanian Jackfork Group; (4)
tectonic evolution of the area resulted from north-
directed horizontal translation on the basal detach-
ment resulting in the formation of the imbricate
thrust faults that exist in the Potato Hills; and (5) the
lack of folded thrust faults indicates that the imbri-
cate faults formed out-of-sequence from north to
south (Allen, 1994b).

The window hypothesis for the Potato Hills was
based on the assumption that the North Potato Hills
thrust and the South Potato Hills thrust were one
fault (called the Potato Hills thrust) that had been
folded and eroded through exposing lower Paleo-
zoic strata. Based on my mapping (Allen, 1991,

1992, 1994a) showing that the faults are separate
faults and that the major thrust faults are not folded
by sub-thrust stacking (Allen, 1994b), the window
hypothesis is invalid. The Potato Hills are the sur-
face expression of an imbricate-fan thrust system
that developed from north-directed translation on a
basal detachment.
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INTRODUCTION

The Ordovician Womble Formation crops out
in the Black Knob region, and in the Broken Bow
uplift of the Ouachita Mountains, but has received
little study since the early part of the century. It
contains predominantly fine-grained sandstones
and shales (psammites) that have been metamor-
phosed to lowest greenschist grade, and have been
recently interpreted as having accumulated in an
accretionary prism (Houseknecht and Kacena,
1983). In this reconnaissance study we attempt to
interpret the provenance, structural style, and tec-
tonic setting of the Womble Formation.

Previous Work

The first description of rocks in the Womble For-
mation was made near Black Knob Ridge by Taff
(1902), who used the term Stringtown Shale for
the pre-Mississippian black shale underlying the
Bigfork Chert. Purdue (1909) split the unit into two
shales, the lower Ouachita Shale and the upper
Stringtown Shale. Miser (1918) discontinued the
use of the terms and introduced the term Womble
Formation for the rocks between the Blakely Sand-
stone and the Bigfork Chert near the town of Wom-
ble, Arkansas (now Normal, Arkansas). The for-
mation name and description were used by Honess
(1923) in mapping the Broken Bow uplift, and by
Hendricks and others (1937) in mapping the Black
Knob Ridge. Later workers (Pitt, 1955; Dunagan,
1974; Hubert, 1984) combined the Womble with
other formations in the area for mapping, due to
limited outcrops and inaccurate description of the
Womble Formation in Oklahoma. The purpose of
this study is to determine if the Womble Formation
is a mappable unit in the core area of the Ouachitas,
and to attempt to place it into the stratigraphic and
structural history of the region.

FIELD STUDY

Reconnaissance mapping was carried out in the
winters of 1987-88 and 1988-89. In the field area,
the Womble Formation was distinguished from the
Bigfork Chert and Blakely Sandstone based on
bedding thickness and composition. The Womble
has generally thicker beds, from 4 in. to 5 ft thick,
consisting mostly of medium-grained psammites.
Chert beds are rare in the Womble Formation, and
are usually bounded by thicker sandstone beds.

Unoriented samples were collected where the
lithology was determined to be the most important
feature, and where the bedding planes were ob-
scured or undetermined. Oriented samples were
collected where bedding and cleavage could be
determined in the field. Oriented samples were col-
lected for description of cleavage, and to attempt
kinematic interpretation of transport direction dur-
ing deformation.

Strike and dip of both bedding and cleavage
were measured where present. Bedding orientation
in the field area is uniform, plotting as a moderately
well-defined cluster on stereographic projection
(Fig. 1A). The area contains relatively few small
folds, whose hinges are nearly horizontal and may
be related to local thrust faults. Cleavage orien-
tation is relatively uniform across the field area,
and plots as a moderately well-defined cluster on
stereographic projection (Fig. 1B). Cleavage is easily
recognized in the field. It occurs at a low angle rela-
tive to bedding, in the hinges of folds where the
cleavage takes on an axial planar orientation. The
relationships between folds, cleavage, and bedding
suggest that all developed in a single deformation
event. The cross-cutting, multiphase deformation
events seen in Silurian age rocks in the Broken Bow
uplift (Feenstra and Wickham, 1975; Nielsen, 1982)
are not apparent within the field area.

Erickson, Steve; and Tapp, Bryan, 1995, Reconnaissance study of Womble Formation, Broken Bow uplift, in
Johnson, K.'S. (ed.), Structural styles in the southern Midcontinent, 1992 symposium: Oklahoma Geological

Survey Circular 97, p. 236-239.
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Figure 1. Contoured plot of bedding (A) and cleavage (B) orientation data; both figures show a moderately
well-defined cluster, indicating a single deformation event for this region of the uplift.

The most striking features seen in the field are
several low-angle thrust faults, present both within
the body of the Womble Formation and at the con-
tacts of the Womble with the Bigfork Chert and the
Blakely Sandstone (Erickson, 1990). Seven distinct
thrust faults were located in the field; however, the
faults could not be traced laterally. The thrust faults
dip to the north, and may have transport directions
to the south, although the kinematics are unclear
and the interpreted transport direction is based on
only a few slickenside measurements and rotational
markers. Each location where the contacts with
both the overlying Bigfork and underlying Blakely
are well exposed shows evidence of thrust faulting.
This has led us to conclude that the formational
contacts in the study area are thrust contacts rather
than depositional contacts, and that stratigraphic
thickness measurements and detailed stratigraphic
reconstructions of the Womble in the study area
are impossible. The Bigfork chert was found to be
clearly in thrust contact with the Womble at three
different locations. At two of these, the Womble
was thrust over Bigfork cherts (Erickson, 1990).

The diabase sill reported in the Womble by
Honess (1923} was closely examined in the field.
Several lines of evidence suggest that this feature is
not a Mesozoic sill. The contacts do not show any
indication of contact metamorphism. The contacts
of the sill are thrust contacts, and the body shows
evidence of transportation along the thrusts (Erick-

son, 1990). Thin-section examination shows that the
sill has been deformed, and it possesses a weak dis-
junctive cleavage with the same orientation as the
cleavage in the surrounding rock. Although the
textures in the rock support the conclusion that
the feature is a sill, the cleavage and nature of the
contacts suggest that it was incorporated into the
Womble during the tectonic event that formed the
cleavage and thrusts present in the study area.

PETROLOGY AND PETROGRAPHY

Samples collected in the field were brought back
to the lab for hand-specimen and thin-section de-
scription, X-ray diffraction, and microprobe work. -
Polished slabs were stained using Alizarin Red-S,
and described through a binocular microscope
using color, composition, grain shape, grain orien-
tation, grain size, sorting, fabric, grain-to-grain con-
tact, and matrix. Fifty samples were selected for
thin-section study, using point counts of 250 grains
(Erickson, 1990). Samples with 50% or more clay
were analyzed using standard X-ray methods. The
results of these studies are briefly described below.

Cleavage and Metamorphic Grade

Pressure solution was observed in most sam-
ples, and is the dominant mechanism of cleavage
formation. The cleavage is a rough, anastomosing
disjunctive cleavage. No high-grade metamorphic
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minerals, textures, or relic textures were observed
in these samples, except as lithic fragments. The
Womble has not been exposed to temperatures or
pressures above lower greenschist. The schistose
nature of the Womble Formation, described as a
field characteristic, is due entirely to disjunctive
cleavage, and much of the local quartz accumula-
tions may be the result of quartz dissolution along
the disjunctive cleavage.

Grain Types and Provenance

Quartz grains are the most common type of
grain observed in the psammites. Most of the
quartz is monocrystalline, without undulose extinc-
tion; although some grains do show undulose ex-
tinction due to post-depositional deformation along
cleavage traces. Lithic fragments are the second
most common type of grain, with polycrystalline
quartz and recrystallized quartz grains being most
common. Many of the polycrystalline quartz rock
fragments appear to be metamorphic in origin. Sed-
imentary rock fragments of sandstones, claystones,
and carbonates are present in many samples. Clasts
were determined to be sedimentary, if individual
grains could be seen within the clast boundaries.
Chlorite was observed in many thin sections, as
detrital clasts and as an authigenic mineral. Most of
the authigenic chlorite occurs as very small grains
that are aligned parallel with the cleavage trace in
thin section, and is easily distinguished from detri-
tal chlorite. Detrital biotite is also seen in some
slides. Muscovite occurs as an authigenic mineral.
Metamorphic rock fragments and igneous rock
fragments are found in many samples. Metamor-
phic rock fragments are mostly schists containing
biotite, chlorite, and muscovite or quartz. Igneous
rock fragments include fragments of plutonic rocks
and volcanic rocks. Individual feldspar grains are
uncommon relative to the quartz and lithics. Most
of the feldspar is sodic plagioclase, and microprobe
data show them to be albite (Erickson, 1990).

The point-count data are plotted on a quartz-
feldspar-lithic fragment diagram (Fig. 2) to show
the provenance of the Womble Formation. The data
indicate a recycled-orogen provenance, specifically
a foreland-uplift provenance (Dickinson and Suc-
zek, 1979).

TECTONIC SETTING

Houseknecht and Kacena (1983) described an
accretionary model for the development of the
Ouachita Mountains and the Arkoma basin. The
field and petrologic data we collected suggest that
this might be a reasonable interpretation since the
Womble shows a tectonic provenance, with overall
thrust contacts similar to that of the Shimanto belt,
Japan (Taira and others, 1988), and the incorpora-
tion of a sill early in the accumulation/deformation
phase of the Womble Formation.

Steve Erickson and Bryan Tapp
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Figure 2. Quartz-feldspar-fithic fragment plot of point-
count data from thin sections. These points fall within
the “recycled orogen” area of Dickinson and Suczek
(1979).

Magmatic Arc L

CONCLUSIONS

Data collected in this reconnaissance study sup-
port the following conclusions:

1) Metamorphism is only to lower-greenschist
grade. No high-grade metamorphic minerals, tex-
tures, or fabrics were found, except as detrital frag-
ments. Grains in the psammites are mostly mono-
crystalline quartz, lithic fragments such as poly-
crystalline quartz, shale, igneous and metamorphic
rock fragments, including chlorite schist.

2) The Womble Formation is in fault contact
with the Bigfork Chert in the field area. This can be
demonstrated by the sheared and distorted beds
lying between the two formations, the nonconform-
able relationship between the beds in the area, and,
in two locations, Womble overlying Bigfork Chert.
Thrust faults are the most significant structural fea-
tures found in the area.

3) The detrital composition of the sediments in
the Womble matches the recycled-orogen prov-
enance, supporting the accretionary-prism model
for the rocks in the region.
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Structural and Stratigraphic Framework
of the Wapanucka Formation (Pennsylvanian),
Southeastern Oklahoma

Victoria L. French and Robert C. Grayson, Jr.

Baylor University
Waco, Texas

Surface exposures of the Wapanucka Formation
(Pennsylvanian) occur in a northeast-southwest-
trending belt along the frontal Ouachita Mountains
and on the northeastern margin of the Arbuckle
Mountains. The formation is present in the subsur-
face throughout most of the Arkoma basin, where
the unit is a proven gas reservoir (Fig. 1). Exploita-
tion of this resource will be enhanced through de-
tailed knowledge of its structural and stratigraphic
framework.

Accumulation and subsequent deformation of
the Wapanucka occurred in three overlapping
stages: (1) deposition on a passive margin, (2) bur-
ial and normal faulting associated with the devel-
opment of the Arkoma (foreland) basin, and (3)
thrusting along the southern margin of the basin.
In the Ouachita Mountains, the Wapanucka (Mor-
rowan) consists primarily of spiculite, spiculitic
limestone, bioclastic and oolitic calcarenite, algal-
micritic limestone, and shale. These lithologies
occur in several shoaling sequences separated by
flooding events. The shallow-shelf and shelf-mar-
gin regimes, which existed on a ramp-like passive
margin, persisted through deposition of the over-
lying Spiro Formation (Atokan).

The predominantly north-south transitional
nature of Wapanucka shoaling sequences can be
established from study of exposures along the fron-
tal Ouachita Mountains and of core from the Ar-
koma basin (Fig. 2). The southernmost exposures of
Wapanucka consist largely of shale and spiculite,
with a few thin allodapic calcarenites. Measured
sections located on more northerly imbricates, and
cores from the sub-Choctaw thrust, record a shal-
lower marine environment characterized by shoal-
ing sequences that contain significant amounts of
algal-micritic and spiculiferous limestone. Along
the northeastern margin of the Arbuckle Moun-
tains, the Wapanucka consists almost entirely of

shallow-shelf carbonates. Northwestward, within
the Arkoma basin, the Wapanucka exhibits shal-
low-shelf, shoaling characteristics, as observed in
cores from the Chiles dome field. Geographically
restricted oolitic shoaling sequences suggest depo-
sition on local highs; they are indicative of a con-
tinuation of shallowing conditions to the north and
west with respect to exposures along the northern
part of the frontal Ouachita Mountains. The transi-
tional nature of the facies indicate deposition on a
ramp-like shelf rather than on a shelf with a sharp
shelf break (Fig. 3).

Intraformational conglomerates within the Wa-
panucka and Spiro suggest that normal faulting, as-
sociated with the advancing thrust system and in-
cipient subsidence of the Arkoma basin, had be-
gun during Morrowan and early Atokan time. In-
creasing rates of subsidence led to establishment of
the Arkoma (foreland) basin, tilting of the northern
margin of the basin, and increased normal faulting.
In the western Arkoma basin, the relationship be-
tween the Wapanucka and overlying Atoka is com-
plex and was controlled, in part, by penecontem-
poraneous faulting. Regional correlation suggests
that the Wapanucka-Atoka Formation boundary
represents a flooding event across a faulted surface,
which resulted in localized erosion and truncation
of the Wapanucka.

Further emplacement of Ouachita thrust sheets
cratonward carried the Wapanucka to the surface
in the frontal Ouachita Mountains. In addition,
the subsurface Wapanucka is displaced by blind
thrusts in the southern Arkoma basin. Resultant
structural traps produce from Wapanucka strata
at the Pittsburgh, South Blanco, and Wesley fields
(Fig. 1). Gas is produced from beneath the Choctaw
fault in the Pittsburg field and from multiple thrust-
faulted reservoirs in the South Blanco field. Farther
north in the Arkoma basin, the Wapanucka is a vi-

French, V. L.; and Grayson, R. C., Jr., 1995, Structural and stratigraphic framework of the Wapanucka Forma-
tion (Pennsylvanian), southeastern Oklahoma, in Johnson, K. S. {ed.), Structural styles in the southern
Midcontinent, 1992 symposium: Oklahoma Geological Survey Circular 97, p. 240-243.
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able gas reservoir in the Chiles dome and Ashland
fields. Similar undiscovered hydrocarbon traps
likely exist. Following termination of thrusting, the
area has remained relatively stable. Further struc-

tural and stratigraphic studies concerning the Wa-
panucka Formation are likely to produce additional
information leading to the discovery of new hydro-
carbon accumulations.

—— Wapanucka/Spiro Ridge

s Surface Locality

EXPLANATION

- Inner Ramp-"Lagoonal"
@ Mid-Ramp Shoaling Sequences

Outer Ramp Lime-Mud Belt
N Predominantly Shale

Ramp-Slope Spiculite and Shale

Figure 3. Diagrammatic map illustrating generalized Wapanucka facies belts developed on a ramp-like

depositional surface.
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Relationships of Southern Midcontinent Structures
to a Postulated Late Precambrian Transcontinental Fault

Gary L. Kinsland
University of Southwestern Louisiana
Lafayette, Louisiana

ABSTRACT.—Kinsland (1982) pointed out that a remarkable pattern match could be attained by
cutting a national gravity map from Florida to Montana, and shifting the portions by about 800
km. Such an action implies a fault termed the North American transcontinental transform fault
(NATTF). Information uncovered in attempts to deny or confirm the existence of such a fault has
not been conclusive; rather, it has illuminated the coincidence of many southern continental-
basement features (e.g., central Kansas uplift, southern “termination” of the Midcontinent rift,
northeastern boundary of the Arkoma basin, southern termination of the Reelfoot rift, eastern
“termination” of the Ouachitas, and the Mississippi slate belt) with the trace of the fault. Consid-
eration of the NATTF as a possible causal element in the development of these features would
lead to different interpretations of their histories and consequently to different interpretations
of resource potentials. A stepwise developmental scenario for the central North American base-

ment presented here counters the objections most often raised to this hypothesis.

INTRODUCTION

Kinsland (1982) presented an interpretation,
based primarily on the filtered gravity data of Hil-
denbrand and others (1982), which implied a strike-
slip fault extending northwesterly from the south-
eastern United States through Montana. Kinsland
(1986) published the most comprehensive represen-
tation of the evidence relating to this proposal to
date. The current report contains some of the previ-
ously published evidence (especially that which re-
lates to the structure of the southern Midcontinent)
and much evidence not previously presented. In
this short note only a few of the figures can be pub-
lished; consequently, the most important ones are
included, and synopses of the evidence contained
in the others, along with references to their origins,
are enumerated. Certainly this is a radical proposal,
the acceptance of which would necessitate chang-
ing many ideas about North American continental
structure and evolution. At the end of this note, af-
ter presenting the evidence for terminations and
offsets of features along this line, I enumerate evo-
lutionary steps which could lead to a basement that
is faulted as I suggest.

CORRELATIONS, TRUNCATIONS,
AND COLINEARS

Figure 1A is filtered gravity data from Hilden-
brand and others (1982). In Figure 1B these data

have been cut and offset, implying right-lateral off-
set of ~800 km. The cut is a single cut along a small
circle (see Kinsland 1986); however, it is understood
that any such faulting would occur over a zone tens
of kilometers wide and would not perfectly fit a
smooth curve. Particularly note that the offset juxta-
poses the signature from the area of the present-day
Ouachitas with the signature from the present-day
Appalachians and the pattern of the Midcontinent
rift (MCR) in Kansas with that in the area of the
Hartville uplift in Wyoming.

Similar cutting and offset of the composite Mag-
netic Anomaly Map of the United States (U.S. Geo-
logical Survey, 1982) also produces a pattern match
across the cut. In particular, the anomaly of the
Hartville uplift, unusually narrow and linear for
Laramide uplifts, is matched with the narrow, lin-
ear anomaly of the MCR.

The map of the vertical gravity gradients of
North America (Arkani-Hamed and Urquhart,
1990) also correlates after being offset. One striking
new pattern, continuous across the offset map,
arises—a roughly SSW-striking band of anomalies
from Hudson’s Bay down to the Black Hills, thence
across the fault into western Montana and on
through Idaho to western Arizona. The northern
part is the signature of the Trans-Hudsonian Colli-
sional Belt. s the southern part related? Correla-
tions may be seen on the unoffset and offset re-
duced-to-the-pole magnetic anomalies of North

Kinsland, G. L., 1995, Relationships of southern Midcontinent structures to a postulated late Precambrian trans-
continental fault, Arkansas, in Johnson, K. S. (ed.), Structural styles in the southern Midcontinent, 1992 sym-
posium: Oklahoma Geological Survey Circular 97, p. 244-248.
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Figure 1. A—Filtered gravity data: cutoff wavelengths of 250 km (short wavelengths passed), reproduced
from the color map of Hildenbrand and others (1982). B—The map shown in A, cut and recombined so as
to imply a left-lateral strike-slip fault of ~800 km offset.
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America map (Arkani-Hlamed and Urquhart, 1990).
Here, too, an anomaly apparently related to the
Trans-Hudsonian Collisional Zone is continuous
across the fault after offset.

The proposed fault superimposed on the hori-
zontal gravity gradient map of Hildebrand (1985)
truncates the Reelfoot rift and MCR. On the ratio
map (magnetization-contrast/density-contrast) of
Hildenbrand (1985), the proposed fault truncates
four anomalies: the Reelfoot rift, the MCR, and two
distinct low-ratio zones between the rifts.

The proposed fault runs NW-SE, almost exactly
through the northwestern corner of Arkansas (Fig.
1B) and is colinear with a NW-trending “zone of
abrupt basement dislocation” in Mississippi and
Arkansas (Woods and Addington, 1973).

In Yarger’s (1985) figures 11, 13, and 14, the pro-
posed fault (zone) would enter Kansas from the
south at ~95.5° and exit in the north at ~101°. Such
a fault would, in figure 11, parallel the central Kan-
sas uplift, cross (without offsetting) the Humboldt
fault, and divide the state into a northeastern part
with N-S-trending basement contours and a south-
western part with E-W-trending contours. In his
figures 13 and 14, note that the dense bands of mag-
netic lineations possibly related to the rift are not
colinear across the proposed fault.

A POSSIBLE EXPLANATION

1.Isuggest that in the late Precambrian much of
the continental interior was age layered. Under-
neath Kansas and Wyoming (as well as elsewhere),
>2.5 b.y. (billion-year-old) rocks underlay 1.9 b.y.
rocks, which in turn underlay 1.6-1.3 b.y. rocks.
Certainly some of the younger rocks of the Mid-
continent were intrusive into the older rocks, but
the boundaries between major units were roughly
horizontal, with younger units (sedimentary, extru-
sive, and/or overthrust) on top. This situation per-
sists today in some places (see seismic section from
Pratt [1988] and Fig. 2).

2. The Precambrian continent was fundamen-
tally fractured, with predominant directions being
NW-SE and NE-SW. These fractures persist today
(see lineament map by Thomas [1976] and Proceed-
ings of the International Conferences on Basement
Tectonics, vols. 1-7). How these fractures were
formed, I do not know; however, I suggest they are
maintained through time and are propagated up-
wards and outwards by earth tides.

3. About 1.1 billion years ago, the MCR was prop-
agated into Kansas, roughly following NE-SW frac-
tures with segments of the rift offset along NW-SE
fractures—successive southwestern segments being
less well-developed than segments to the NE.

4. Late Precambrian—early Paleozoic opening of
the Iapetian Sea occurred with rifts along NE-SW
fractures and transform faults along NW-SE frac-
tures. This is well documented in many studies of the
Paleozoic continental margin of eastern North America.

G. L. Kinsland

5.1 suggest that at this time (late Precambrian—
early Paleozoic) a major NW-SE-trending trans-
form fault developed northwestward (facilitated by
the preexisting continental fracture pattern) from
the eastern continental margin, cutting completely
through the continent. This I call the North Amer-
ican transcontinental transform fault (NATTE)
(Kinsland, 1984). At this time the eastern margin of
North America would have been a rift passive mar-
gin (RPM) from Canada to Alabama, a major trans-
form passive margin (TPM) from Alabama through
Mississippi into Arkansas, and RPM from Arkansas
into Texas (Kinsland, 1984,1986).

6. I suggest that this fault offset the incipient
southwesternmost segment of the MCR to become
what is now the Hartville uplift (Fig. 2). It offset the
southwestern extension of the Reelfoot rift to a po-
sition nearly opposite the MCR. It also offset the
Tapetian RPM, which is now underneath the Ouach-
ita and Appalachian Mountains. This ~800 km of
offset could have occurred in about 20 million
years, with relative plate motion rates of 4 cm/year.

7. In the area of the MCR, some sediments had
probably been deposited, but not all of the Rice For-
mation. In the area of the Hartville uplift, an imma-
ture rift probably existed in the shallower Precam-
brian rocks (1.6-1.3 b.y.). Underneath this imma-
ture rift, the rift faulting continued downward into
older Precambrian rocks (more than2.5-1.9b.y.). A
“rift pillow” (a deep magma chamber that supplies
magma for rift volcanoes) existed within the older
rocks and extended underneath what is today the
Hartville uplift (Fig. 2).

8. Subsequent erosion combined with differen-
tial vertical movement across the NATTF, major
regional uplift in Wyoming, and local Laramide
uplifts, have created at the surface (or in subcrop
beneath younger sediments) a Precambrian base-
ment with a variety of ages at the top. Today in
Kansas, the subcropping Precambrian surrounding
the MCR is about 1.6-1.3 b.y., with clear evidence of
erosion as Precambrian mesozonal rocks subcrop
adjacent to Paleozoic sedimentary rocks. At the
Hartville uplift, the younger Precambrian rocks
which would contain the proposed immature rift
are gone. What remains is the Hartville uplift, com-
posed of older Precambrian rocks containing a
multiply reactivated NE-SW-trending Precambrian
fault system (Snyder, 1991). Beneath the Hartville
uplift, a dense rift pillow may be present (Fig. 2)
that could account for some of the gravity anomaly
associated with the Hartville uplift. The linear mag-
netic anomaly of the Hartville uplift could also be
largely accounted for by the same rift pillow raised
above the Curie depth by Laramide uplift, and /or
by mafic intrusions sourced from the rift pillow be-
low, few, if any, of which are exposed at the pres-
ent-day surface (Humphris and Kinsland, 1992).
(This proposed southwesternmost MCR segment
may never have developed to the stage charac-
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terized by lava flows fed from the rift pillow.) (See
Fig. 2.)

9, Carboniferous deformation in Kansas resulted
in the Nemaha ridge which parallels the MCR and
crosses the NATTF. Perhaps the MCR discontinuity
in the crust concentrated stresses, causing minor
propagation of fractures into the adjacent unrifted
crust SW of where the MCR had been cut off by the
NATTEF (Kinsland, 1989). This fracturing may have
been aided by the near-coincidence of the offset
southwest end of the Reelfoot rift fracture system.

10. Late Paleozoic collision along the Eastern con-
tinental margin resulted in formation of the Ouachita
and Appalachian Mountains over the RPMs, and the
buried deformed belt underneath Mississippi along
the TPM. Perhaps collision against such a major offset
of the RPM resulted in propagation of a fault south-
eastward into the colliding landmass. This could ex-
plain the major geological and geophysical disconti-
nuity in southern Florida, which is colinear with the
Bahamas fracture zone and the NATTF. Continental
material southeast of the RPMs was not part of North
America until this collision; i.e., the NATTF did not
offset rocks and geophysical anomalies southeast of
the RPMs. The alignment of anomalies southeast of
the RPMs in the reconstructions may be attributable
to similarities in subsequent tectonic processes at
similar distances from the late Precambrian—early Pa-
leozoic RPMs.

GENERAL COMMENTS

I presented some remarkable coincidences and a
fault idea which might explain them. This idea is
not new; I arrived at it when I first saw the filtered
gravity map of Hildenbrand and others (1982), and
subsequently found that Sam Carey (1976) had con-
sidered it years before. Since that time I have found
many features coincident with the fault. Some are
discussed here, and many others are in the refer-
ences listed here.

I cannot “prove” that the fault which I call the
North American transcontinental transform fault
exists. Whether one can “prove” that it does not
exist may depend upon how strongly one believes
in current models of continental crustal structures
and evolution. Models are used to interpolate sepa-
rate geologic data to form maps and cross sections
with the result that current maps and cross sections
are reflections of current models.

I ask only that you consider the evidence pre-
sented here, and the idea of the NATTF when form-
ing models and making maps in your own area.
Perhaps this different idea will help explain some
data with which you have been struggling.
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INTRODUCTION

Gas discoveries in the frontal Ouachita Moun-
tains are attributable to structural and stratigraphic
relationships within the overthrust belt. Although
most gas production has been from the Spiro sand-
stone, the Wapanucka limestone (Morrowan) has
locally proven to be a gas reservoir.

Fractures in Wapanucka limestones are com-
monly related to the lithology and are important
factors for gas production. For example, the Amoco
no. 1 Zipperer had a production test of 48.8
MMcfgd (million cubic feet of gas per day) from
fractured Wapanucka limestone. Commingling gas
from the Wapanucka and the Spiro, this well has
produced 21.7 Befg (billion cubic feet of gas) from
August 1988 to February 1992. Also, portions of the
Pittsburg field produce from fractured micritic
limestone (Montgomery, 1989).

Three Wapanucka facies are potential hydrocar-
bon reservoirs. These are those shallow shelf depos-
its that contain: oolites, phylloid algae, and in situ
sponges with scattered sponge spicules. The oolitic
and phylloid-algal facies might contain primary or
diagenetic porosity, whereas the sponge bound-
stone and spiculitic-limestone facies could develop
significant fracture porosity in certain structural
configurations. Thus, mapping the surface extent of
the fractures and facies is significant because well
control and seismic data do not provide this kind of
information.

STRATIGRAPHY

The Arkoma basin was depositionally part of a
broad, stable shelf, the Arkoma shelf, along a pas-
sive continental margin. Depositional patterns on
this shelf varied greatly during the Chesterian,
Morrowan, and early Atokan time (Sutherland,
1988). The Wapanucka Formation is the only pre-
dominantly shallow-marine unit exposed in the
now-deformed Ouachita mobile belt.

The Wapanucka Formation is underlain by a
thick shale section that presumably spans the Mis-
sissippian/Pemnsylvanian boundary in the frontal
Ouachitas. The upper part of this shale is infor-
mally called “Springer” and is lithologically indis-
tinguishable from thick shale intervals within the
lower Wapanucka Formation (Grayson, 1980). The
Wapanucka Formation is overlain by the Atoka
Formation, which is predominantly shale with
some sandstone lenses in the frontal Ouachitas. Ac-
cording to Grayson (1980), the Wapanucka Forma-
tion in the frontal Ouachitas consists of four mem-
bers (one of which is formally named): an upper
sandstone-limestone member, a middle shale mem-
ber, a lower limestone member, and the Chickachoc
Chert which is laterally equivalent, in part, to the
lower limestone member. The upper sandstone-
limestone member at the surface is considered to be
equivalent to the Spiro sandstone in the Arkoma
basin subsurface, although some workers consider
the Spiro sandstone to be the basal sandstone of the
Atoka Formation (Lumsden and others, 1971; Gray-
son, 1980). This paper uses the informal subsurface
nomenclature: Wapanucka or Wapanucka lime-
stone refers to the lower limestone member and /or
Chickachoc Chert; sub-Spiro shale refers to the
middle shale member; and Spiro, Spiro sandstone,
and Spiro limestone refer to the upper sandstone-
limestone member.

Thick successions of repetitive subtidal-carbon-
ate sequences that include platform, platform-mar-
gin, and shelf-slope facies characterize the Wapa-
nucka Formation in outcrop. Shelf-margin deposits
(Fig. 1) consist of bioclastic shelf bars capped by
oolites and local intertidal-beach deposits. Upper-
shelf facies are demosponge boundstones with local
foram-peloid packstones, and mounds of phylloid
algae. Upper shelf-slope deposits are mostly tubu-
lar-algal (Donezella) boundstones (Mauldin, 1995).
The lower shelf slope is represented by the Chicka-
choc Chert. The Chickachoc is generally highly frac-

Mauldin, D. L.; and Grayson, R. C., Jr., 1995, Wapanucka Formation (Morrowan): facies and fractures, frontal
Ouachita Mountains, in Johnson, K. S. (ed.), Structural styles in the southern Midcontinent, 1992 symposium:
Oklahoma Geological Survey Circular 97, p. 249-258.
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Wapanucka Formation, Frontal Ouachita Mountains

tured where shale is not abundant; the chert may
therefore have some reservoir potential. The Chick-
achoc Chert consists mostly of spiculite (alternating
layers of shale and transported spicules).

The Wapanucka limestone is overlain by an ex-
tensive shale called the middle shale in outcrop
(Grayson, 1980) and usually referred to as the sub-
Spiro shale by subsurface workers. This shale repre-
sents a fine-clastic influx that choked out carbonate
production in the Ouachita region. The Spiro sand-
stone represents renewed shallow-shelf conditions
in which sand and sandy limestones accumulated
as shelf-bar deposits (Hinde, 1992). However, some
Spiro facies are very similar to those that occur in
the Wapanucka. The Wapanucka and Spiro sand-
stone are the only rigid rocks that are laterally ex-
tensive and, therefore, likely to contain economi-
cally significant fractures.

REGIONAL TECTONIC HISTORY

The frontal Ouachita Mountains in southeastern
Oklahoma contain several imbricate-thrust out-
crops of the Wapanucka limestone and overlying
Spiro sandstone. These rocks have numerous frac-
tures and faults created by compressional, thin-
skinned deformation as thrust sheets were pushed
toward the surface. However, this is only one of the
tectonic events that led to fracturing of the Wapa-
nucka in the complexly structured Ouachita thrust
belt. Several episodes of stress are recorded by cal-
cite-healed fractures in the Wapanucka that formed
at different times. Small cross-cutting fractures
have different types of calcite mineralization, and
some of these fractures occurred after others, as
evidenced by a second generatjon of calcite cutting
across a healed fracture.

Major structures in the frontal Ouachitas and
Arkoma basin that could have had an affect on
Wapanucka fracturing include: basement-involved
high-angle faults (normal and reverse), foreland-
style thrusts, and folds (Montgomery, 1989). Nor-
mal faults were created by the breakup of the pre-
existing North American continent, accompanied
by development of a system of rift arms and faults
that reached far into the cratonic interior (Arbenz,
1989). These basement faults experienced several
minor episodes of rejuvenation before major reacti-
vation in the Early Pennsylvanian (Montgomery,
1989). The Wapanucka and Spiro were deposited
on the passive margin at the southern edge of the
North American plate (Houseknecht, 1986).

Early and Middle Atokan flexural downwarp-
ing of the southern margin of the shelf and down-
to-the-south syndepositional normal faults were
caused by subduction of the North American plate
beneath either an island arc or another continental
plate (Houseknecht, 1986; Sutherland, 1988). This
continental collision resulted in the formation of a
collisional orogenic belt, known as the Ouachita
system. An allocthonous belt of older Paleozoic
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deep-water deposits were thrust northward onto
the outer continental shelf. Foreland thrusting
occurred in the Late Atokan and Desmoinesian
(Houseknecht, 1986). The Ouachita Mountains and
Arkoma basin contain a broad zone of compres-
sional surface structures, with narrow upright anti-
clines separated by broad synclines. The frontal
zone of the Ouachita Mountains in southeastern
Oklahoma consists of numerous imbricate thrust
sheets that repeat the Wapanucka and/or Chicka-
choc Chert and Spiro sandstone between the Choc-
taw and Ti Valley thrust faults. These thrust sheets
are stacked in multilevel duplexes, and the strata
within the thrust sheets are complexly folded (Ar-
benz, 1989). The continental collision may have also
reactivated some of the older normal faults as high-
angle reverse faults.

FRACTURE CLASSIFICATION

The AGI Glossary of Geology (1980) defines “frac-
ture” as “a general term for any break in a rock,
whether or not it causes displacement, due to me-
chanical failure by stress. Fractures include cracks,
joints and faults.” Kulander and others (1990) add-
ed, “any physical discontinuity in a rock caused by
stresses exceeding the rock’s strength.” Pollard and
Aydin (1988) suggested the word ““joint’ be re-
stricted to those fractures with field evidence for
dominantly opening displacements. Joints are the
most common result of brittle fracture of rock . . .
and play an important role in the transport of flu-
ids.” In Wapanucka exposures, most fractures can-
not be definitely classified, owing to the fact that
most fracture faces are obscured by weathering,
mineralization (mainly calcite), or soil. Because plu-
mose structures are the most common and gener-
ally the only texture recognized, most fractures in
this study are interpreted as joints. Surface orna-
mentation such as plumose structure is usually
present on regional fractures (Kulander and others,
1979), although it is rarely observed or recognized
in some outcrop studies (Lorenz and Finley, 1991).

Smooth, continuous, and planar fracture faces
are common in the Wapanucka and are also charac-
teristic of joints (Pollard and Aydin, 1988). Slicken-
sides could be found on most fault planes. Horizon-
tal fractures were not recorded as such unless they
had slickensides. Without slickensides they would
be hard to differentiate from bedding planes.

OUTCROP FRACTURES
AND RESERVOIR POTENTIAL

Fracturing in the frontal Ouachitas can be as-
sessed at surface locations, but comparison to Wa-
panucka reservoir fractures is difficult because of
the lack of subsurface data. The abundance of frac-
tures observed in Wapanucka exposures is evi-
dence of how hydrocarbons could exist in the sub-
surface. They could be the reservoir, or they could



D. L. Mauldin and R. C. Grayson, Jr.

252

-uwnjoo olydelBiyelis suj Ui UMOYS S! SIY} JoAs
-moy ‘spaq ey ybnoiyy Buino payessn|l 89 jou p|nod sainjoel) dip ay} ‘doJoino ay} Jo uoneIuaLIo By} Jo asnedad ing ‘Buippag o} senolpuadiad ale sainjoely
1SO[N "syne} se payuapl om} Buipnioul ‘sainjoel) snoJawnu Ym ‘(g2 Aufeoo)) ebpiy suoisswi Huole auocisawl)| eyonuedep, ay jo dosoino [eaidA ] 2 ainbiy4

A

[ 08T~

FTYOS OL LON-HOLTIS ANDITIO

§9 piojag wetog
4 projed we0g Apmads |
$D prou) plofad
4 1231y JEngey,
§9-8d PIojod ®EI04 9100

sf By oduodg

§9-5d Mrrawoiiuoy
feay g : SM-8Y [u3jy oduodg
soanpesy oms | sudIy proflfyg pav/ |
premol, J, SM ¥ 81 B3y
ganpey diq _
e Q—ﬂd——m M{Ur soanjped g mvdtomﬁuo Jo
i Buod;
uogenunuo)) pownssy | §d e3uodg eIy
sapsuaPlis  \
samjeld Ty UOHEIURLIQ) ANIIeL]

[euoiday pozi[elausr)

31008y PI{ERH-9IPIED ]/ (afeYg) %2400
Bld91g jneyg . sy o#uodg redty
EDdg jioeq
(areys) paranc) u
uoysyoEg-ouOISUrEID) . M uu__amw Aysoup
% g4 @duodg
auejsamL INYMIdg
S apads
% gd 93uedg .

SuojseII IMLITK [E3IV !

s9anjoeIj [eduIop
uoyeue|dxyy jeaISNY[] 03 UOIIIDG PAINSEI



253

Wapanucka Formation, Frontal Ouachita Mountains

‘So10.} Jay}o Uey) pap
-pag Ajuiyy asow Ajjeisush are yaiym ‘satoe} auoisaw-oninaids pue suoispunog-abuods ay) ul JuBpuUNGE SJ0W S8 S8INJOBI] "SSBUNDIY) paq Jo/pue ABojoyll
Aq psousnpu; A|qeqoid s souepunge ainjoel “dip 0] anbijqo pajuaLIo saINjoel; SNOJBWINU UIBJUOD suoibal awog ‘Buippaq 03 Jejnaipusdiad o jey) sainjoel)
91is pue dip aJe SBJIYOBNQ [BJUO) BU) Ul S2INOBIY JSO "Suoisaull| exonuedeps syl ul seanjoel; pue ‘Buippaq ‘ABojoyy jo uoneiuasaidel onewayss v ‘g ainbi4

HTIVOS OL LON
oreys
- 3
auo0)syoRJ-ouo)sureIs) . %Mwwm% Mm“ma Mo Mowwa
9U03SaWI'] dYLIOI [V Popped IOy, 03 WNIpS|
suojsowl'] ainoIdg _
2 suojspunog asuodg
PappPed YOI, 03 WNIPo]
SHIDOTOHLI'T
g |
oS ] sjospeg YOI, 03 WNIPSY
onbuqo | poppod WIpIJy 03 Uy,
enbyqo diq |
SOUELd AL A sjespag YOI, 03 WNIPAJ
Suton-ysSnoxyy, | ) '
oppag WINIpaJy 03 Ul
(ewS) Po[edH AW[e) 1| Poppag WnIpsIy 0} Urq,
(e8x1e) pa[esH V) L/
SHINIOVYA J0 AdAL [ (0 b L oy e
: / ; 5
Sk
i “~enbriqo dig

seInjoe OLUS \

seanjoety diq



254

greatly enhance the permeability. Wapanucka lime-
stone reservoirs are probably fracture controlled,
but vugs and primary pores undoubtedly contrib-
ute to production (Suneson and Campbell, 1990). In
the Arkoma basin subsurface, where the Spiro or
Foster sandstone rest unconformably on the Wa-
panucka limestone, hydrocarbons could migrate
from the porous sandstones into the Wapanucka.
Fractures in the Arkoma basin, north of the Choc-
taw fault (Melton, 1929), have orientations similar
to the dip fractures (perpendicular to strike) found
in this study. Other fracture orientations developed
in the frontal Ouachitas may also exist in the sub-
surface Arkoma basin. In outcrop, many of the
large fractures are open, but most of the smaller
ones are mineralized. However, the smaller frac-
tures could remain open in the subsurface, depend-
ing on the fluid phases present during the history of
the rock (Lorenz and others, 1991).

Fracture Morphology

Abundant fractures in the Wapanucka resulted
from a complex postdepositional history of burial,
tectonism, uplift, and erosion. The first fractures
probably occurred in Atokan time, when regional
down-to-the-south normal faults were created by
tectonic and sediment loading associated with the
advancing Ouachita thrust system (Houseknecht,
1986). Experts disagree on what events have the
most effect on fracturing, but fracture orientation
in the frontal Ouachitas indicates that fracturing
was strongly affected by regional thrusting. Most
macrofractures are perpendicular to bedding (Fig.
2, top left) and are either perpendicular (dip frac-
tures) or parallel (strike fractures) to the Choctaw
fault (see sketch in the center of Fig. 2). Dip and
strike fractures are represented in Figure 3 by the
red and yellow lines, respectively. The strike frac-
tures are parallel to the inferred direction of maxi-
mum horizontal compression. Strike-fractures can
be common in the subsurface despite the absence of
flexure, and they are commonly important con-
tributors to reservoir permeability (Lorenz and oth-
ers, 1991).

In the Hartshorne area, numerous fractures are
oblique to dip (green lines in Fig. 3), commonly ori-
ented approximately NNW to NW as a possible
consequence of the change of strike of the Choctaw
fault in this area. To the east, the fault’s orientation
is mostly east-west, but near measured section G6
it turns toward the southwest (see Fig. 1 at the “aw”
in “Choctaw”). Dip-oblique fractures are likely
more abundant than might be inferred from out-
crops, because this type of fracture is difficult to
detect without bedding plane exposures, which are
not common in Wapanucka outcrops.

In the frontal Ouachitas, most major thrust faults
that affected the Wapanucka are located in the
underlying shale; however, many minor thrusts are
visible in the Wapanucka limestone. A few of these
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have obvious displacement, but most were recog-
nized by the presence of slickensides or fault gouge.
In outcrop, faults that are approximately parallel
to strike are barely visible as gouge (approximately
2-6 in. thick). These faults resemble and could be
mistaken for thin shale beds; however, they climb
gradually and cut across limestone beds in an ar-
cuate shape that is characteristic of thrust faults.
Thrusts and other faults are commonly evident as
zones of closely spaced, randomly oriented, small
fractures or brecciated zones. A fault breccia (1-3 ft
thick) consists of calcite-cemented fragments of
adjacent beds, and occurs in the upper part of the
Wapanucka at locality G28 (Fig. 2). (Abundant cal-
cite in subsurface samples could be an indication of
a fault.) Thrust faults in the middle shale (sub-Spiro
shale) repeat or overturn the Spiro sandstone, inde-
pendently of the Wapanucka limestone (Frost, 1981;
Hinde, 1992).

Literature that addresses the orientation of sub-
surface Wapanucka fractures confirms that the sub-
surface fractures strike parallel to the Choctaw
fault, analogous to many of the outcrop fractures.
The Chitty Scott no. 1-30, in Pittsburg County, had
an initial production of 6.7 MMcfd at 540 psi flow-
ing pressure in fractured Wapanucka limestone.
A frac-finder log of one of the wells in the area
showed 74 ft of fractures and an east-west fracture
trend, parallel to the Choctaw fault (Bleakley, 1980).
In the Pittsburg field, imbricate thrusts repeat the
Wapanucka-Spiro interval five or more times, and
each individual imbricate slice (especially of the
Wapanucka) is potentially productive (Montgom-
ery, 1989). In this field, many wells have reserves >3
Bcfg. Most wells drilled in the structurally low ar-

_eas were either dry holes or marginal wells due to

the absence of porosity (Richardson, 1987). Greater
reservoir enhancement may occur along the crestal
portions of the structure due to tectonic fracturing.

Fracture Size, Spacing,
and Relation to Lithology

The algal micritic-limestone unit (tubular algal
boundstone in Fig. 2) in the middle part of the Wa-
panucka at locality G28 contains mostly irregular
calcite-healed fractures. They have a random, cha-
otic orientation and are discontinuous. Adjacent,
but different, lithologies may have been fractured at
different times and with different fracture patterns
(Nickelsen and Hough, 1967). This algal micrite has
a fracture spacing ranging from 0.5 to 3.0 ft. Frac-
tures do not appear to be capable of enhancing res-
ervoir permeability because the fractures have been
sealed with calcite. Also, these fractures terminate
within the algal micrite unit, which has few bedding
planes; therefore, fluid communication between
fractures does not appear possible. However, be-
cause the outcrop surface is two-dimensional, it is
impossible to determine if the fractures are con-
nected in a third dimension. One of the cores exam-
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ined for this study had irregular calcite-cemented
fractures in micritic limestone and was from a well
with excellent production. This core also contained
abundant microfractures which, though observed
in outcrops, were not recorded. The microfractures
in the core are straight, 1-3 in. long, and either per-
pendicular or parallel to bedding. These microfrac-
tures may be the key to the production, because,
unlike the larger irregular fractures, the small frac-
tures are not calcite healed. Alternatively, produc-
tion in this well could be enhanced by open frac-
tures perpendicular to bedding that were poorly
represented in the core because they are parallel to
the axis of the borehole.

Locality G29 (Fig. 1), an abandoned quarry near
Hartshorne, Oklahoma, contains abundant frac-
tures in the thin-bedded sponge-boundstone and
spiculitic-limestone unit near the top of the Wa-
panucka. Some strike-fracture planes (parallel to
strike) are spaced as closely as 1-2 ft and are as
much as approximately 20 ft by 40 ft in extent. The
latter two dimensions might be greater, but some of
the fracture plane is covered or has slumped to the
quarry floor.

Numerous dip fractures (perpendicular to bed-
ding) also occur in this sponge-rich limestone. Frac-
tures commonly occur in groups. Fractured areas
20-40 ft wide are separated by areas 2040 ft wide
that are relatively fracture free. The fractured areas
contain large fractures spaced ~6 ft apart. Many
small dip fractures occur between the larger frac-
tures, with an average spacing of ~3 ft and lengths
of 1-6 ft. The long fractures normally range from 10
ft long, with terminations at bedding planes, to 40 ft
long, where they cut completely through the
sponge-boundstone and spiculitic limestone. Typi-
cally, at most outcrops, roughly half of the fractures
terminate at bedding planes and the other half are
longer. The long fractures in this quarry appear to
die out in the Middle Shale Member above the
sponge facies. Very few extend into the underlying
micritic algal boundstone. As fractures frequently
terminate at these micritic algal units, these units
may be significant permeability barriers in the sub-
surface.

Throughout the frontal Ouachitas, large frac-
tures (215 ft long) cut across several rock types and
do not appear to be affected by lithology (Fig. 3).
However, some fractures in one facies might not
continue through the adjacent rock unit. Three long
fractures near the center portion of locality G28
(Fig. 2) cut continuously through the sponge facies,
but not through the other facies. Most fractures con-
tinue through shales <6 in. thick, but terminate in
thicker shales (Fig. 3), especially if the shales are
thicker than 3 ft. This might be expected because
fracture terminations are common at contacts with
more ductile beds (Stearns and Friedman, 1972).
Subsurface Wapanucka shales that are 0.5-3 ft thick
may not be permeability barriers because of fractur-
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ing. However, shales >3 ft thick may be considered
permeability barriers because fractures were not
observed to cut through them.

The fact that fractures are more abundant in the
sponge-boundstone and spiculitic-limestone facies
may be attributed to their thin bedding and hard-
ness. Generally, thinner bedded units have more
closely spaced fractures (Lorenz and others, 1991),
and more brittle lithologies have more abundant
fractures (Mallory, 1977). The sponge-boundstone
and spiculitic facies appear to be the most brittle,
and often contain abundant secondary chert, which
is very brittle.

Spacing of dip fractures (perpendicular to strike)
was measured at outcrops that haven’t been dyna-
mited, localities M6, M7, and M8 (Fig. 1). Locality
M6 (Fig. 1) consists almost entirely of micritic tubu-
lar algal boundstone deposited on the outer portion
of the Wapanucka platform. Fracture spacing was
measured over a lateral distance of ~1,500 ft on a
mound-shaped limestone outcrop (Fig. 4). It could
be an algal (Donezella) mud mound, or its shape
could have resulted from recent erosion. Because of
the lack of bedding in this massive tubular algal
boundstone, it is impossible to tell if the morphol-
ogy is depositional or erosional, or if it is due to the
fact that this anticline is plunging eastward. The
fractures at this location are mostly grouped in sets
~200 ft across separated by 200-ft intervals that are,
for the most part, devoid of large fractures. Most
fractures cut entirely through the mound, which is
~20 ft thick. These fracture sets usually contain
pairs of dip fractures, whereas the distance between
fracture pairs ranges from 15 to 25 ft. The mound
tapers to only 6 ft thick in the eastern 300 ft of the
outcrop. Here, most dip fracture pairs cut through
the entire 6 ft of limestone. Spacing between pairs is
about 20-30 ft in the eastern portion, and fractures
are approximately 3-6 ft apart in each pair (Fig. 4).
In the far western part of this outcrop, where bed-
ding is obvious, few fractures are observed, but
more of the outcrop is obscured by soil and vege-
tation.

Fractures are well exposed ~18 mi west-south-
west of Wilburton (Fig. 1) on the north limb of a
tightly folded syncline just north of a snakehead
anticline along the Choctaw thrust (Fig. 5). In‘the
palinspastic restoration (Fig. 1), localities M7 and
MBS are plotted about 7 mi south of the present site
of the Choctaw fault. Sixteen dip fractures occur
across 70 ft of outcrop (Fig. 6) in a 20-ft-thick expo-
sure of medium-bedded Wapanucka limestone on
the north side of the syncline (Fig. 6). Most fractures
extend through the entire 20 ft of this fossil-rich
limestone. Most of these macrofractures were
spaced 6-8 ft apart; a few were spaced ~3 ft apart.
Although extensive cover precluded measurement
of stratigraphic intervals and definite identification
of litho-facies, outcrops measured nearby contain
Wapanucka shelf-margin and related deposits
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(grainstones, packstones, and sponge boundstones). Frac-
tures, with the characteristics observed at this outcrop,
could permit hydrocarbon communication between
grainstone units in the subsurface.

No detailed measurements of fractures in the Spiro
were made; however, based on observations at approxi-
mately 30 outcrops, fractures are more abundant in the
limestone facies of the Spiro than in the sandstones, and
silica- and /or calcite-cemented sandstones generally con-
tain more fractures than the porous, weakly cemented
sandstones. As in the Wapanucka, dip fractures and strike
fractures are the most abundant fracture types in Spiro
limestones. At Hartshorne Lake and localities G34 and G33,

or (3) structural. This outcrop is on the south

—— ~50% of the observed fractures are dip fractures and 30%

T  arestrike fractures. The remaining 20% are evenly divided

o  between oblique fractures (in all facies) and irregular cal-

l ‘ Q' cite-healed fractures (primarily in micritic limestones). This
) —_— . distribution of fracture types is essentially the same as dis-

tribution in Wapanucka limestones.

In contrast to the Spiro limestone which has abundant
dip fractures at locality G34, the top of the Wapanucka has
sets of orthogonal fractures oriented obliquely to dip and
strike. These could be younger fractures related to near-
surface phenomena (Lorenz and others, 1991), or may be
evidence that dip fractures did not travel through the 48 ft
of sub-Spiro shale between the Wapanucka and the Spiro.
Due to lack of exposure, it is impossible to determine if the
shale is fractured, or if it ever contained fractures that ex-
tended from the Wapanucka to the Spiro. In the cores stud-
ied, the sub-Spiro shale had some microfractures but no
large fractures; perhaps because shales behave plastically
(Nolte, 1988), which hinders fracture penetration (Lorenz
and others, 1991). The thickness of the sub-Spiro shale
could be an important factor for Wapanucka hydrocarbon
accumulations. Fracture communication between the Wa-
panucka and the more-porous Spiro sandstone could pos-
sibly enhance the reservoir potential of the Wapanucka.
This would be more likely to occur in regions of the subsur-
face where the sub-Spiro shale is thin or missing.

n an algal micritic-limestone (mostly tubular algal boundstone) at locality M6.

(2) the result of recent erosion,

(The thickest portion of the massive limestone is

., an algal bioherm),

SUMMARY

Fracturing is believed to be of major importance to res-
ervoir potential of the Wapanucka limestone. Numerous
fractures in the frontal Ouachitas cut perpendicular to bed-
ding. Most of these are oriented perpendicular to strike
(dip fractures) or parallel to strike (strike fractures) (Fig. 3).

Fractured reservoirs of the Wapanucka Formation
might be found in the sponge-boundstone and spiculitic-
limestone facies because it has a high fracture density, as
does the Chickachoc Chert. The sponge-boundstone and
spiculitic-limestone facies was deposited on the upper
Wapanucka shelf adjacent to the shelf margin. The Chick-
achoc Chert is the most basinward Wapanucka shelf de-
posit and should be recognizable on seismic sections due to
its considerable difference in lithology from other Wapa-
nucka facies.

Fracturing might create communication between porous
segments of oolitic facies or phylloid-algal mounds. Oolites
were formed on the shelf margin, usually capping bio-
clastic shelf bars. Phylloid-algal facies were deposited as

he Wapanucka limestone. Dip fractures i

Scale ~ 200’

Figure 4. Fracture spacing in outcrop of t

+

The mound shape of the outcrop may be (1) depositional (i.e
limb of an anticline that plunges below the surface to the east.
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Figure 5. Cross section across Limestone Ridge ~18 mi west-southwest of Wilburton (near the “a” in Choctaw
in Fig. 1). The syncline was identified by the presence of south-dipping Wapanucka limestone on the north
side of the ridge and north-dipping Wapanucka limestone on the south side of the ridge and by Spiro sand-

stone and limestone in middle of the ridge.

shoals or boundstone mounds adjacent to the shelf
margin, and may contain shelter porosity. The loca-
tion of oolite and phylloid-algae deposits may be
indicated on isopach maps by thick anomalies.
Paleotopographic highs on top of the Springer
shale, if not obscured by compaction, might also be
indications of these favorable Wapanucka facies,
because oolites and phylloid algae were probably
deposited on local highs.
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Structural Interpretations of the Arkoma
Basin—Ouachita Mountains Transition Zone,
Southeastern Oklahoma: A Review

Neil H. Suneson
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INTRODUCTION

The differences between Arkoma basin geology
and Ouachita Mountain geology in Oklahoma are
stratigraphic and structural. Strata exposed north of
the trace of the Choctaw fault, which is the leading
thrust of the Ouachita fold-and-thrust belt and the
“traditional” boundary between the Arkoma basin
and Ouachita Mountains (Fig. 1), are mostly upper
Atokan to Desmoinesian deltaic sandstones and
mudstones. In contrast, strata immediately south of
the fault are Morrowan to lower Atokan shallow-
water carbonates and sandstones overlain by deep-
water turbidite sandstones and mudstones. At the
surface, the area north of the trace of the Choctaw

CR

>

Wilburton

fault is mostly characterized by few faults and
broad, open folds. To the south, isoclinal folds,
overturned strata, and closely spaced imbricate
faults characterize the structural geology.

The transition from lower Atokan turbidites to
upper Atokan deltaic strata occurs in the footwall
of the Choctaw fault. However, the exact nature of
this stratigraphic transition is difficult to establish
because several different interpretations of the
structural geology of the Arkoma basin—-Ouachita
Mountains transition zone (also located in the foot-
wall of the fault) have been published.

On the surface, “simple” Arkoma basin struc-
tural geology locally grades into “complex” Ouach-
ita Mountains geology. North of the trace of the

>
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Heavener

O Map
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Figure 1. Generalized tectonic map of the Ouachita Mountains frontal belt and adjacent Arkoma basin, show-
ing location of geologic and geographic features referred to in the text and location of “modern” cross sec-
tions and study areas. Arrows indicate those cross sections that extend beyond the frontal belt. Cross-sec-
tion labels and sources: A—Arbenz (1989a); H1, H2, H3—Hardie (1988); M—Milliken (1988); CR—Camp
and Ratliff (1989); RSS1, RSS2—Reeves and others (1990); PS (approximate location)—Perry and Suneson
(1990) and Perry and others (1990); R—Roberts (1992); area WW—Wilkerson and Wellman (1993).

Suneson, N. H., 1995, Structural interpretations of the Arkoma basin—Quachita Mountains transition zone,
southeastern Oklahoma: a review, in Johnson, K. S. (ed.), Structural styles in the southern Midcontinent, 1992
symposium: Oklahoma Geological Survey Circular 97, p. 259-263.
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Choctaw fault, tight, isoclinal folds are locally pres-
ent and pass into more-open folds. Similarly, some
areas south of the fault contain relatively open
folds. The same lack of distinction between “sim-
ple” Arkoma basin geology and “complex” Ouach-
ita Mountains geology holds true in the subsurface
of the footwall of the Choctaw fault, where both
styles are complexly interwoven.

The purpose of this paper is to review recent
ideas on the subsurface geology of the Ouachita
Mountains frontal belt near the trace of the Choc-
taw fault in southeastern Oklahoma. Most, if not
all, of the papers that have been published on the
structural geology of the Arkoma basin-Ouachita
Mountains transition zone (simply called the “tran-
sition zone” in the remainder of this paper) resulted
from increased gas-exploration activities beginning
in 1986 (Suneson and Campbell, 1990; Suneson and
others, 1991) and the discovery of significant new
gas reserves. Most of the recent studies are based on
new seismic-reflection data, and some incorporate
surface geology and new well data. Of particular
interest are (1) the interpretation of the northern
frontal belt as a triangle zone, (2) the importance of
blind imbricate thrust faults and duplex structures,
and (3) the nature of a basal décollement that floors
the compressional structures of the Arkoma basin
and Ouachita Mountains.

PREVIOUS INTERPRETATIONS

Modern studies of the structural geology of the
northern edge of the Ouachita Mountains frontal
belt began with a classic paper by Arbenz (1984).
Although he did not focus on the frontal belt, Ar-
benz (1984, p. 83) clearly recognized (1) south-di-
rected thrusts in the Arkoma basin (triangle zone);
(2) blind imbricate thrusts extending basinward
from the leading edge of the main part of the ex-
posed fold-and-thrust belt; and (3) a deep, mostly
bedding-parallel décollement that serves as the root
of the imbricate thrusts and extends far into the
basin (Fig. 2-A1). The décollement gradually rises
northward; the footwall consists mainly of preoro-
genic (Cambrian to Devonian) shallow-water strata
to the south and Middle Pennsylvanian deep- to
shallow-water clastic strata to the north. No previ-
ous papers on the structural geology of the transi-
tion zone (referenced in Arbenz, 1984) recognized
these three key elements. These ideas were devel-
oped more fully and applied to the transition zone
in Oklahoma in later publications (Arbenz, 1989a,b)
(Fig. 1, line A; Fig. 2-A2).

Subsequent studies have built on the concepts
introduced by Arbenz and have incorporated elec-

“tric-log and seismic data. Hardie (1988) first applied
the term “triangle zone” to characterize the struc-
tural geology of the northern edge of the Ouachita
fold-and-thrust belt (Fig. 2-B). Based on surface
mapping, Hardie (1988) identified the Blanco thrust
fault as the basinward roof of a relatively thick tri-
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angle zone; the trace of this fault extends to the
southwest and northeast, but is parallel to bedding,
and its position can only be inferred. Based on
electric-log analysis and surface mapping, Hardie
(1988) drew three cross sections (lines H1, H2, and
H3, Fig. 1) that showed blind imbricate thrusts and
backthrusts and north-directed overturned folds
beneath the Choctaw fault. He also mapped a basal
décollement at the base of the Pennsylvanian (base
of the “Springer” Formation) that extended basin-
ward from the Choctaw fault. Hardie (1988) sug-
gested that the sense of movement on the northern
part of the décollement was to the south; this inter-
pretation is unique among modern frontal-belt
structural analyses. A significant feature of Har-
die’s (1988) study is that he attempted to balance
his cross sections.

Milliken’s (1988) regional study of Ouachita
structure included his interpretation of one seismic
line across the northern part of the Ouachita Moun-
tains frontal belt (Fig. 1, line M). His cross section
(Fig. 2-C) shows a thin triangle zone floored by a
high-level north-directed imbricate thrust fault.
Deeper small-displacement imbricate thrust faults
and backthrusts form what he termed “detached bi-
vergent imbricates”; Milliken interpreted these to
be beneath a major, midlevel décollement located in
the Middle Pennsylvanian Atoka Formation (Fig.
2-C). This décollement gradually deepens south-
ward beneath the imbricate thrust faults in the fron-
tal belt. Milliken (1988) suggested that the décolle-
ment does not extend basinward beneath the folds
of the Arkoma basin; rather, it surfaces as the Car-
bon fault.

On the basis of surface mapping, seismic data,
and closely spaced well control, Camp and Ratliff
(1989) published a computer-balanced cross section
across the transition zone near Wilburton, Okla-

Figure 2 (opposite page). Schematic cross sections
showing styles of faulting and major geologic fea-
tures in the subsurface of the Arkoma basin—Ouach-
ita Mountains transition zone. Choctaw fault and
basal décollement are located in the same place in
each cross section, except where noted. North is to
left. A7—Arbenz (1984): note triangle zone, blind im-
bricates, and basal décollement; Choctaw fault not
present. A2—Arbenz (1989a). B—Hardie (1988):
note imbricate backthrusts and surface expression of
roof of triangle zone (Blanco thrust). C—Milliken
(1988): note “detached bi-vergent” imbricates, tip of
basal décollement, and floor and roof thrusts of tri-
angle zone. D—Camp and Ratliff (1989): note imbri-
cate backthrusts. E—Reeves and others (1990):
note shallow and deep duplex structures and higher
level of basal décollement. F—Perry and others
(1990): note passive roof duplex and shallow and
deep triangle zones. G—Roberts (1992): note ab-
sence of triangle zone and presence of thick duplex
structure.
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homa (Fig. 1, line CR). They identified a thick tri-
angle zone floored by blind imbricate thrust faults
and backthrusts and a deep north-directed décolle-
ment that climbs from Mississippian shales in the
south to Middle Pennsylvanian strata beneath the
folds of the Arkoma basin (Fig. 2-D). Their cross
section also shows imbricate backthrusts splaying
off the roof backthrust of the triangle zone.

A field-trip guidebook to the western frontal belt
of the Ouachita Mountains by Suneson and others
(1990) contains several cross sections of the north-
ern frontal belt. One of these is by Reeves and oth-
ers (1990, fig. 12) (Fig. 1, line RSS1), and it shows a
thin triangle zone floored by two north-directed
duplex structures. A relatively shallow major dé-
collement separates the duplex structures (Fig. 2-E).
Unlike other interpretations of subsurface frontal-
belt structure in which the décollement typically
overlies Mississippian to Morrowan strata, Reeves
and others (1990) suggested that the deep décolle-
ment is in lower Atokan strata. A second cross sec-
tion (Reeves and others, 1990, fig. 13) (Fig. 1, line
RSS2) shows a complex series of blind imbricates
and associated small-displacement backthrusts
similar to the “detached bi-vergent imbricates” of
Milliken (1988).

Perry and Suneson (1990) interpreted a seismic
line south of Hartshorne, Oklahoma (Fig. 1, line
PS), and showed a shallow triangle zone overlying
a deeper triangle zone or “passive roof duplex.”
The deep zone, which consists of one north-di-
rected imbricate thrust fault and two south-directed
backthrusts, was interpreted to have moved basin-
ward while the roof sequence remained relatively
stationary, thus requiring a south-directed roof
thrust. A deep décollement that climbed northward
from Upper Devonian-Lower Mississippian strata
to Middle Pennsylvanian strata was shown not to
extend beyond the line of cross section. This inter-
pretation was revised in a subsequent publication
(Perry and others, 1990), as a result of reprocessing
the original seismic data. The deep triangle zone
was reinterpreted as consisting of (1) two north-di-
rected imbricates, (2) a floor thrust (basal décolle-
ment) that extends north beyond the line of the
cross section, and (3) a north-directed roof thrust
that gradually rises northward within the Atoka
Formation and extends beyond the line of cross sec-
tion (Fig. 2-F).

.Most modern cross sections through the north-

ern part of the Ouachita Mountains frontal belt in
Oklahoma have been drawn between Wilburton
and Pittsburg; this is where most recent gas-explo-
ration activity has occurred and where subsurface
data (electric logs, seismic studies) are available.
Roberts (1992), however, has interpreted the struc-
ture of the frontal belt near Heavener, Oklahoma,
on the basis of seismic data and sparse well control.
His cross séction (Fig. 1, line R) does not show a
shallow south-directed thrust and triangle zone;
rather, he has suggested that the folds exposed on
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the surface in this part of the southern Arkoma ba-
sin are the result of an underlying duplex structure
(Fig. 2-G). He also showed a basal décollement in
the lower part of the Atoka Formation extending far
into the basin.

The Gale-Buckeye thrust system (Wilkerson and
Wellman, 1993) lies south of the Arkoma basin—
Ouachita Mountains transition zone (Fig. 1, area
WW); however, it may have important implications
for the structural geology of the frontal belt. On the
basis of closely spaced seismic lines (1-2 mi apart)
and good well control, Wilkerson and Wellman
(1993) drew nine cross sections across the Gale-
Buckeye imbricate structure. Although outside
their study area, they suggested that (1) a thin tri-
angle zone is present, (2) the floor thrust of the tri-
angle zone is the roof thrust of a duplex structure,
and (3) blind imbricates are present near the base of
the duplex structure. With regards to the Gale-
Buckeye structure, they document the importance
of transverse structures (oblique ramps, tear fault)
to thrust geometry and relate them to basement
structural trends and suggest that the system is
backward stepping.

DISCUSSION

New interpretations of the transition from “com-
plex” Ouachita Mountains-style structural geology
to “simple” Arkoma basin-style geology are based
on recently acquired and processed seismic data,
closely spaced wells with electric-log data, and, to a
lesser extent, surface geology. Many features typi-
cal of the leading edge of thrust belts elsewhere in
the world have been recognized in the Ouachita
Mountains frontal belt in Oklahoma. For example,
imbricate thrusts, triangle zones, duplex structures,
backthrusts, and a basal décollement have been
described in many recent studies.

However, many questions remain, as evidenced
by some of the “unique” interpretations of the
available data. (1) Are parts of the basal dé-
collement south-directed, as suggested by Hardie
(1988)? (2) Is the basal décollement exposed at the
surface, and/or is it underlain by small-displace-
ment imbricates, as suggested by Milliken (1988)?
(3) Is there surface or seismic evidence for imbricate
backthrusts off the south-directed roof backthrust
over the triangle zone, as suggested by Camp and
Ratliff (1989)? (4) Is the shallow (lower Atokan)
décollement proposed by Reeves and others (1990)
as extensive as the more commonly held décolle-
ment within the Upper Mississippian-lower Mor-
rowan? (5) How common are “passive roof du-
plexes” and multiple triangle zones, as pictured by
Perry and others(1990)? (6) What is the evidence
for triangle zones, and can the unusually thick sec-
tion and anticlinal structure observed at the surface
in the transition zone be more simply explained by
duplex structures, as suggested by Roberts (1992)?
(7) What is the effect of transverse and basement
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structures, as documented by Wilkerson and Well-
man (1993), on the structural geology of the transi-
tion zone?

The answers to these questions will come from
reinterpretations of (1) existing and new, improved
seismic data; (2) electric-log data, especially dip-
meter data; and (3) existing and new surface geo-
logic maps. These new data will not only allow
geologists to better understand one of the major
fold-and-thrust belts in North America, but will
help them develop existing gas fields and discover
new gas fields in the Arkoma basin and Ouachita
Mountains.
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Evidence for Recurrent Left-Lateral Deformation
from the Vicinity of the Depew Field,
Creek County, Oklahoma

Dorothy L. Swindler
University of Tulsa
Tulsa, Oklahoma

ABSTRACT.—The Depew field and study area are in T. 15 N, R. 8 E., in southwestern Creek
County in east-central Oklahoma. Structural features and relative timing were interpreted from
subsurface structure and isopach maps, well-log cross sections, and published surface maps.

En echelon, right-stepping normal faults in the Vamoosa Formation (Virgilian) trend about
N. 30° W. (~45° to the fault zone), indicating the presence of a primary fault oriented about N. 15° E.
at depth. The orientations of other faults, uplifts, and depressions mapped in the subsurface
closely match those predicted by left-lateral physical and mathematical models with the maxi-
mum compressive stress oriented about N. 30° W. The similarity between mapped and pre-
dicted orientations of structural features indicates that little rotation has occurred and that hori-
zontal displacement along the primary fault is minimal.

Faults identified on the Viola structure map, and trends in thickness anomalies of the Ar-
buckle Group, Sylvan Shale, and Atoka Formation, correspond to model-predicted shear orien-
tations. Both the Sylvan Shale and Dutcher sandstone (Atokan) are thin over the Depew uplift
and thick in adjacent depressions. This indicates that left-lateral deformation occurred before
and/or during Sylvan Shale deposition, and during Atoka Formation deposition. The en echelon
faults at the surface indicate that left-lateral deformation also occurred at some time after depo-
sition of the Vamoosa Formation (Virgilian).

The evidence for recurrent deformation in a left-lateral stress regime, and the absence of
prominent structural trends that do not fit the left-lateral fault model, is interpreted as an indi-
cation that the orientation of the primary fault was the dominant influence on the structural evo-
lution of the study area, rather than regional tectonic forces. Regional forces are interpreted to
have affected the area by inducing movement along the primary fault and by influencing the
sense and amount of displacement along secondary faults whose orientations were largely de-
termined by the orientation of the primary fault at depth.

Swindler, D. L., 1995, Evidence for recurrent lefi-lateral deformation from the vicinity of the Depew field, Creek
County, Oklahoma, in Johnson, K. S. (ed.), Structural styles in the southern Midcontinent, 1992 symposium:
Oklahoma Geological Survey Circular 97, p. 264.
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Stratigraphy and Structural Styles of the Lower
Stanley Tuffs: Northwest Flank of the Broken
Bow Uplift, McCurtain County, Oklahoma

Charles A. O. Titus and Thomas E. Legg

Tex-Con Oil and Gas Co.
Houston, Texas

ABSTRACT.—The Tenmile Creek Formation (lower Stanley Group) crops out along the flanks of
the Broken Bow uplift and represents a structurally complex area where conventional seismic
methods are unable to delineate subsurface structure. The “unconventional” method of geologic
mapping and interpretation represents the most appropriate approach with which to identify oil
and gas prospects in this structural regime. Within the lower Tenmile Creek Formation, two
separate and distinct volcaniclastic tuff couplets—the upper and lower Mud Creek and the
Hatton and Beavers Bend—represent the only reliable time-stratigraphic markers. By utilizing
standard geologic field-mapping techniques, the position of the tuffs in the stratigraphic section
was determined, and their resultant structural expression mapped.

Differentiation of the tuffs is based on grain size, matrix composition, lapilli type, and color.
The Hatton and Beavers Bend tuff couplet represents the lowest stratigraphic expression of the
tuff sequence. This tuff couplet lies ~900 ft above the Arkansas Novaculite, and its gross thick-
ness is 180 ft. The upper and lower Mud Creek tuff couplet is stratigraphically 350 ft above the
Hatton and Beavers Bend tuff couplet and has a gross thickness of 200 ft.

The 730-ft (gross) tuff interval usually deforms structurally as a single lithic unit, demonstrat-
ing south-verging, tight-to-closed, overturned, concentric folds. The south-verging folds change
to a vertical (nonvergent) fold attitude northwest of the Broken Bow uplift. Where the folds are
tight, the concentric fold detaches from the Arkansas Novaculite, but where the tuff-defined
folds are open, the tuffs and the Arkansas Novaculite deform uniformly without major detach-
ment surfaces. Although the two tuff couplets generally deform in unison, detachment surfaces
are locally observed between them. Tear faults (caused by lateral ramps?) are common, but do
not have a preferred offset direction within the tuff interval.

The surface-mapping project delineated a prospective tuff-defined anticlinorium that was
tested in 1985 by the Sohio no. 1-7 Weyerhaeuser well. The targeted Arkansas Novaculite was
encountered at a drilled depth of 2,467 ft, and total depth was reached at 6,721 ft in the Blaylock
Sandstone. Dipmeter analysis from the borehole confirmed the structural styles observed in the
surface-mapping program.

INTRODUCTION

The northwest flank on the Broken Bow uplift is
dominated by the “middle and lower” Tenmile
Creek Formation of the lower Stanley Group. This
part of the Ouachita flysch sedimentary section is
thin- to medium-bedded sandstone and siltstone
beds in a predominantly shale lithology. Correla-
tion within this part of the stratigraphic section is
only possible with the well-developed time-strati-
graphic volcaniclastic tuff units found near the base
of the formation. The steeply dipping attitude of the
beds, resulting from one of the major detachments

within the Ouachita facies, hinders definition of any
underlying hydrocarbon prospect (or structure) by
seismic exploration methods. Thus, an obvious
method for delineating a structure containing hy-
drocarbon-prospective reservoirs (Arkansas No-
vaculite, Bigfork Chert, and Blaylock Sandstone) is
to conduct a detailed surface-mapping survey. Es-
tablishing the stratigraphic and structural relations
of the lower Stanley tuffs to the Arkansas Novacu-
lite-Bigfork section would generate a drillable pros-
pect. The volcaniclastic tuff mapping program in-
vestigated ~400 mi? centered in the northwest part
of McCurtain County (Fig. 1). This area extends

Titus, C. A. O.; and Legg, T. E., 1995, Stratigraphy and structural styles of the lower Stanley tuffs: northwest flank
of the Broken Bow uplift, McCurtain County, Oklahoma, in Johnson, K. S. (ed.), Structural styles in the south-
ern Midcontinent, 1992 symposium: Oklahoma Geological Survey Circular 97, p. 265-276.

265



266 C. A, O, Titus and T. E. Legg

0Kl

LOCATOR MAP
STANLEY TUFF MAPPING PROJECT

McCURTAIN COUNTY, OKLAHOMA /
/

. |
1
|
\

AN

\

——

——— — e — i ——— —— =}
wnho-H

\
2, \
N\

\

|
|
|
=== ,‘ |
| s> 1y
| / ST
| T
| 51
! d s |
| T!
. McCURTAINCO. | !
1 :
I T
I\R21E | R22E R23E R24E R25E R26E \;.o, l
) N R A — I P —— __.._..__|

Figure 1. Location of the study area in the Ouachita Mountains (McCurtain County) of southeastem Oklahoma.



Lower Stanley Tuffs:

from the Tenmile Creek Formation /Cretaceous on-
lap boundary to the Cross Mountains anticlinorium
to the northeast and from the Arkansas Novaculite
outcrop to the southeast flank of the Bethel syn-
cline.

PREVIOUS WORK

The occurrence of tuffs in the Stanley Group was
first reported by Miser (1920) and Miser and Pur-
due (1929), who suspected that there were three to
five tuff beds in the Caddo Gap and DeQueen
Quadrangles (Arkansas). Miser named the most
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Figure 2. Stratigraphic column of lower part of Stan-
ley Group showing position of four tuff beds: UMC =
upper Mud Creek tuff, LMC = lower Mud Creek tuff,
H = Hatton tuff, BB = Beavers Bend tufi.
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prominent of these beds the Hatton Tuff lentil.
Honess published a geologic map of the southeast
Oklahoma Ouachitas in 1923 showing the locations
of the more prominent tuff outcrops. However, ow-
ing to the complex structures, Honess was not able
to determine whether there was more than one tuff
horizon. Honess stated that when he “observed or
tried to measure a section or part of a section of the
Stanley tuffs, or any other part of the Stanley for
that matter, save for bottom beds or the extreme
top, it was not known whether the measured sec-
tion was the bottom or top of the series.” Conse-
quently, the tuffs are undifferentiated on his map.

Neim (1971) studied the lower Stanley stratigra-
phy and noted there are at least four mappable tuff
sequences interbedded with marine graywackes
and shales in the lower 1,600 ft of the Stanley
Group. These are, in ascending order, the Beavers
Bend, Hatton, and lower and upper Mud Creek
tuffs. The tuff sequences are important because
they are time-stratigraphic horizons, exhibit distinc-
tive lithologies, and are relatively consistent around
the periphery of the Broken Bow uplift.

Neim (1971) and Miser and Purdue (1929) both
suggested a southern volcanic source for the tuff
sequences. Neim postulated the possibility of a
northeastern continuation of the buried metamor-
phic interior belt southeast of the Luling overthrust
front in Texas. Miser and Purdue considered a pos-
sible island-arc setting, referred to as “Llanoria,”
situated to the south of the present-day outcrop-
ping Ouachitas. These statements were based on
the observations of tuff thickness, grain-size trends,
paleocurrent indicators, and Mississippian paleo-
geography. R. L. Nicholas (1982, personal commu-
nication to Thomas Uphoff) suggested that the vol-
canic terrane encountered by two wells in the area
of the Sabine uplift was the source of the Stanley
tuffs. The area is believed to have been a volcanic
arc associated with a north-dipping subduction
zone.

FIELD METHODOLOGY

The field-mapping program was conducted be-
tween January and May, 1983. The program uti-
lized Honess’s (1923) “Geologic map of the south-
ern Ouachita Mountains in southeastern Okla-
homa” as a guide to identified tuff outcrops. The
extensive Weyerhaeuser road network provided
partial access to 70% of the tuff localities. Ortho-
photographs taken in 1980 were used for orienta-
tion in the field and for mapping bases. Color ste-
reoscopic pairs (1977) were also utilized to trace the
stratigraphically defined tuff couplets across the
somewhat inaccessible countryside. The stereo-
scopic interpretation complemented the field-
mapped tuff interpretation, and many outcrop-pat-
tern ambiguities were resolved by the stereopairs
(i.e., complex faulting, fold detachments, etc.). Ste-
reoscopic interpretations in areas of limited field
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mapping were later field checked for accuracy and
lithologic delineation.

STRATIGRAPHY

The Stanley Group is divided into three forma-
tions that are, in ascending order, the Tenmile
Creek, Moyers, and Chickasaw Creek (Fig. 2). Total
estimated thickness of the Stanley Group in the
study area averages 10,000 ft. The dominant lithol-
ogies of the Stanley are fine-grained graywackes,
subgraywackes, feldspathic sandstones, and gray to
black shales. Tuffs are minor in abundance, but are
invaluable for mapping and stratigraphic work.

The four tuffs identified in the mapping pro-
gram all occur in the lower 1,600 ft of the Tenmile
Creek Formation. The tuffs represent the only map-
pable horizon within the lower part of the Stanley
Group. The “tuffs” are actually volcanic sandstone,
since they have been transported and deposited by
marine currents (Neim, 1971). Graywacke sand-
stones in the area of investigation are “tufflike” in
appearance but, upon closer examination, repre-
sented reworked tuff material. Only those units that
clearly are tuffs were mapped in this study.

The tuffs are rhyodacitic in composition and are
predominantly represented by four pyroclastic
components: (1) devitrified shards and volcanic
dust, (2) devitrified pumice lapilli, (3) crystals of
feldspar and quartz, and (4) rare volcanic-rock frag-
ments (Neim, 1971). Neim also described the upper
and lower Mud Creek tuffs as composites of mas-
sive and bedded crystal tuff and the Hatton and
Beavers Bend tuffs as bedded and massive pumi-
ceous vitric tuff. All of the tuffs are fine grained and
vitric near their tops.

Beavers Bend Tuff

The four tuffs usually are observed as two cou-
plets in the field: the Beavers Bend and Hatton cou-
plet and the upper and lower Mud Creek couplet.
The lowest unit of the tuff sequence is the Beavers
Bend tuff. The Beavers Bend tuff is 930 ft above the
Arkansas Novaculite and 60 ft below the overlying
Hatton tuff, as measured in its type section on
Rattlesnake Bluff (SW¥ sec. 10, T.5S.,R. 25 E.)
along the Mountain Fork River in the Beavers Bend
State Park. The average thickness of section be-
tween the Arkansas Novaculite and the Beavers
Bend tuff is 900 ft, as stated by Neim (1971) and as
verified several times during this mapping project.
The thickness of the lowermost tuff averages 30 ft
near the Broken Bow uplift, but gradually decreases
to ~15 ft northwest of the uplift, within the north-
western part of McCurtain County. The Beavers
Bend tuff exhibits a crystal-enriched basal zone sev-
eral inches thick, but is predominantly massive,
pumiceous, and vitric, with large euhedral and bro-
ken feldspar and quartz crystals suspended in a
very fine-grained matrix. The pumice lapilli are
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flattened along bedding planes and altered to a
“yellowish-green” 1M muscovite (Neim, 1971). The
sequence displays an upward fining of the feldspar
crystals, until no visible feldspar crystals are ob-
served.

Hatton Tuff

The Hatton tuff is approximately 45-75 ft above
the Beavers Bend tuff. The clastic interval between
the two tuffs is composed of thin sandstone and
shale beds. The Hatton tuff is the most prominent
of all of the lower Stanley tuffs. Its thickness ranges
from 60 ft in northwestern Arkansas to 120 ft in
southeast Oklahoma. Within the mapped area, the
Hatton thickness averages 90 ft. The Hatton is a
vitric tuff, characteristically containing abundant
flattened, green lapilli of devitrified pumice in a
light- to medium-gray ash matrix. The unique and
characteristic green lapilli are most numerous in the
upper part of the tuff lentil.

Lower Mud Creek Tuff

The uppermost tuff couplet is represented as the
lower and upper Mud Creek. The Mud Creek tuff
couplet contains a much higher percentage of feld-
spar crystals, which enables distinguishing them
from the lower tuff couplet. The lower Mud Creek
tuff is approximately 310-370 ft above the Hatton
tuff and is separated from it by shales and gray-
wackes. The upper Mud Creek tuff is 100 ft above
the lower Mud Creek tuff; they are separated by
typical Stanley shales and graywackes. The lower
Mud Creek is a crystal tuff ranging in thickness
from 20 to 60 ft and averaging 50 ft. The basal sec-
tion of the lower Mud Creek tuff consists of poorly
sorted, euhedral to broken feldspar crystals and
coarse ash in a light-gray matrix. The entire se-
quence grades upward to a more vitric zone. Lo-
cally, weathered boulders of the Mud Creek tuff are
nearly 80% feldspar crystals. Near the base of the
lower Mud Creek tuff, shale rip-up clasts are locally
contained within the tuff unit and are up to 10 in.
long by 5 in. thick.

Upper Mud Creek Tuff

The upper Mud Creek tuff is similar to the lower
Mud Creek tuff and also is ~50 ft thick. Layers in
the upper tuff contain well-developed gray-black
lapilli that are 0.25-0.5 in. in diameter. The color of
the lapilli in the upper Mud Creek (gray-black) and
Hatton (green) is an important field criterion in dis-
tinguishing between the upper and lower tuff cou-

lets.

The published type section for the upper and
lower Mud Creek tuff is ~1.5 mi south of Mt. Her-
man along U.S. 259 in the SW¥NEY sec. 20, T. 3 S,
R. 24 E. (Neim, 1971). Neim described the southeast
tuff exposure at this site as the upper Mud Creek
and the northwest tuff outcrop as the lower Mud
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Creek tuff. After detailed examination of this type
section, doubts were raised about the nature of the
described stratigraphic section because of the ob-
servation of apparent faulting between the upper
and lower Mud Creek tuffs. Significant cleavage
development is observed in the Stanley shales adja-
cent to the northern tuff exposure (Neim’'s lower
Mud Creek tuff), whereas the southern fault block
has no cleavage adjacent to the southern exposed
tuff (Neim’s upper Mud Creek tuff). Verification of
the suspected high-angle fault was documented by
use of vitrinite-reflectance data. The vitrinite data
averaged 2.65% R, for the southern, noncleaved
fault block, whereas the northern fault block had an
average vitrinite-reflectance value of 4.36% R,. (The
high-angle reverse fault probably formed during
the late stage of the Ouachita orogeny and is associ-
ated with the Broken Bow uplift event.) To resolve
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the Mud Creek tuff “type section” question, further
field study identified a complete lower Stanley tuff
sequence (Beavers Bend tuff through upper Mud
Creek tuff) in N% sec. 29, T. 3S., R. 24 E,, and in
secs. 6and 7, T. 4 S., R. 23 E. Although the quality of
outcrops at these new locations is not as good as
those in road cuts or stream cuts, the section is quite
workable.

STRUCTURE

The tuffs of the lower Stanley Group on the
northwest flank of the Broken Bow uplift are a
time-stratigraphic interval that has undergone in-
tense structural deformation. The geologic map of
the outcropping tuff units (Fig. 3) shows the struc-
tural complexity of the lower Tenmile Creek section
of the Stanley Group. In general, the tuff units ex-
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Figure 4 (above and opposite page). Cross sections A-A’ through F-F” showing lower Stanley tuffs (location
of cross sections shown in Fig. 3).
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hibit south-verging, tight to closed, overturned con-
centric-fold geometries as the dominant structural
style near the boundary of the Broken Bow uplift,
as defined by outcrops of the Arkansas Novaculite.
The vergence of the folds decreases to near zero
(vertical fold attitude) as the distance increases
away (northwestward) from the uplift. The general
strike of the tuff beds and resultant structures
mimic the strike along the northwest flank of the
Broken Bow uplift (N65°E). Locally, tear faults (lat-
eral ramps) break the tuff outcrop belt with offsets
of 200 ft. Where tear faults are associated with well-
developed thrust faults, the displacements are
2,000-3,000 ft. No preference is noted between left-
lateral or right-lateral movement along the tear
faults. A series of cross sections (Fig. 4) was con-
structed perpendicular to the structural strike in an
attempt to demonstrate a down-plunge view across
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the prominent anticlinorium centered in sec. 7, T. 4
S.,R.23E.

Concentric Folding

The concepts of concentric folding and struc-
tural lithic units must be integrated in order to bet-
ter understand the complex structures present at
the tuff stratigraphic level. The tuff-defined folds
are concentric. Where the folds are tighter, volume
problems arise within the core of the fold. The vol-
ume problem may be resolved by increased folding
and/or faulting of less-competent strata within the
core of the fold. Both of these responses to tighten-
ing were observed in the mapped area. The concen-
tric fold may also detach from the folding strata
where the volume problem can no longer be ad-
dressed by increased folding or faulting. When the
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Lower Stanley Tuffs: Broken Bow Uplift

fold detaches, the detachment zone is representa-
tive of a type of décollement surface. The tuff cou-
plets appear to detach within the lower Tenmile
Creek Formation, ~300 ft above the Arkansas No-
vaculite. The Arkansas Novaculite does not appear
to be directly involved in the tighter folds ex-
pressed by the tuffs. Where the tuff folds are more
open, the tuffs and the lower, competent Arkansas
Novaculite do appear similarly deformed.

Fold detachments can and do occur between the
two tuff couplets; this response may be due in part
to dip slip along a low-angle thrust. Such detach-
ments, best observed at the northernmost Mud
Creek tuff couplet exposure, are shown in cross sec-
tions D-D’ and F-F’ (Fig. 4), where the tightly
folded upper couplet is detached from the lower
couplet. Although this detachment is recognized
(cross section D-D’), the occurrence of the detach-
ment is limited to localities where the Mud Creek
couplet is tightly folded to produce a detachment
surface. Dip-slip movement along bedding planes
within concentric folds provides the mechanics for
subsequent “independent” folding to generate the
nonparallel outcrop pattern of the tuff couplets ob-
served along the western edge of the mapped area.

Structural Lithic Units

A structural lithic unit is defined as a set of beds
containing one or more dominant members whose
thickness and physical properties determine the
wavelength of the resultant fold (Currie and others,
1962). Included within this “unit” can be other com-
petent members (of lesser thickness) and incompe-
tent beds that conform to the fold style of the domi-
nant controlling member(s). Within the lower Ten-
mile Creek Formation, the tuff interval (400-ft gross
thickness) is treated as the one and only competent
member that responds as a structural lithic unit
upon folding and deformation. The mapped tuff
section has a fold wavelength of 1,500-2,000 ft,
whereas the enclosing, thin- to medium-bedded
(0.1-10.0 ft thick), noncompetent siltstones and
shales have a 10-200-ft fold wavelength.

Examination of the regional geologic map for
the southern Ouachita Mountains in southeastern
Oklahoma by Honess (1923) reveals characteristic
fold wavelengths for the lower “starved-basin”
sedimentary section (Devonian and older strata)
and, in part, for the overlying flysch section (Missis-
sippian and Pennsylvanian). Figure 5 shows the
dominant, competent structural lithic units within
the Ouachita facies and their respective detachment
surfaces. One of the key points is the overall rela-
tion of the lower Stanley tuffs to the Arkansas No-
vaculite and the significant detachment within the
lower Stanley Group; this detachment is a bound-
ary between two distinct and independent defor-
mation styles observed in the core area and in the
synclinal foldbelt of the Quachita Mountains. The
lower Stanley detachment is confirmed by propri-
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etary drilling results and is observed in seismic
data. Detailed mapping from aerial photographs
readily reveals this major detachment surface.

Arkansas Novaculite Structure

- The original purpose of the tuff-mapping project
was to delineate a closed structure (i.e., a drillable
hydrocarbon prospect) at the Arkansas Novaculite—
Bigfork Chert stratigraphic level. Based on field
measurements, observations, and structural rela-
tions between the tuff and Arkansas Novaculite, an
Arkansas Novaculite structure map (Fig. 6) was
constructed from the cross sections (Fig. 3). The Ar-
kansas Novaculite structure shows a series of long,
narrow anticlines and synclines, trending approxi-
mately N65°E along the northwest flank of the Bro-
ken Bow uplift. Toward the northern extent of the
uplift and along the Cross Mountains, the beds
strike east. As expected, the Arkansas Novaculite
maintains a structural style in the subsurface that is
similar to that observed in outcrops.

The geologic map of the stratigraphically differ-
entiated lower Stanley tuff units confirmed a large
anticlinorium centered in sec. 18, T.4S.,R. 23 E., as
suggested by previous mapping (Honess, 1923).
The novaculite structure map also reflects a large
closed structure in the same area. Cross sections A—
A’ through D-D’ also demonstrate this closed struc-
ture (Fig. 4).

RESULTS OF EXPLORATORY DRILLING

On the basis of the results of the tuff mapping
project, the SOHIO no. 1-7 Weyerhaeuser well (sec.
7,T.4S., R. 23 E,, in McCurtain County) was de-
signed as a conceptual test of the Arkansas Novacu-
lite, Blaylock Sandstone, and Bigfork Chert frac-
tured reservoir within the tuff-defined anticlino-
rium. The rank wildcat reached a total depth of
6,721 ft on June 25, 1985, in the Blaylock Sandstone.
Results showed a south-verging, overturned fold
incorporating the Arkansas Novaculite, Missouri
Mountain Shale, and the upper Blaylock Sandstone.
The fold is detached in the overlying lower Tenmile
Creek Formation and in the middle of the Blaylock
Sandstone, as interpreted from dipmeter analysis,
SCAT (Fig. 7). The structural style of the tuff units
within the mapped area, and especially of the out-
cropping Arkansas Novaculite, coincided with the
structure seen from the well results. However, the
well had no gas shows, and the potential reservoirs
were tight (calcite-healed fractures). The SOHIO no.
1-7 Weyerhaeuser well was plugged and aban-
doned on July 1, 1985.
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Oklahoma Geological Survey Circular 97, 1995

Surface to Subsurface Study of the Northwest
Plunge of the Arbuckle Anticline

Christopher P. Saxon*

Baylor University
Waco, Texas

Outcrops of the northwestern part of the Ar-
buckle uplift can be divided into three segments: (1)
the area containing the Colbert Creek, Pickens, and
Lick Creek anticlines, (2) the Garrison Creek anti-
cline, and (3) the major Arbuckle anticline. These
areas are separated by two exposed faults, the Gar-
rison Creek and Washita Valley faults. Each area
displays a different exposed stratigraphy and struc-
tural style (Fig. 1). First-order folds are broadest in
the Arbuckle anticline and become progressively
smaller and tighter across the Garrison Creek anti-

*Present address: University of Oklahoma, Norman.
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cline and into the Colbert Creek, Pickens, and Lick
Creek area. Displacement is greater on the Garrison
Creek fault (Kindblade against Hunton) than on the
Washita Valley fault (Cool Creek on Kindblade).
Based on observed deformational style, the ex-
posed northwestern edge of the Arbuckle anticline
is interpreted to be a fault-bend fold. Major slip
occurred on the Arbuckle thrust, which remains
buried but is well documented by well data
(Browr, 1984). The Garrison Creek fault and Wash-
ita Valley fault are back-limb imbricates to the
Arbuckle thrust. The subcrop trace of the Garrison
Creek fault turns to the north—northwest and links

Scale in Miles

Figure 1. Pre-Pontotoc subcrop trace of faults along the northwest plunge of the Arbuckle anticline. Note the
Washita Valley fault must subcrop south of the Unocal and Taylor wells. The Washburn Ranch fault truncates

older compressional features.

Saxon, C. P., 1995, Surface to subsurface study of the northwest plunge of the Arbuckle anticline, in Johnson,
K. S. (ed.), Structural styles in the southern Midcontinent, 1992 symposium: Oklahoma Geological Survey

Circular 97, p. 277-279.
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Surface to Subsurface, Northwest Arbuckle Anticline
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change in structural style of the Arbuckle
anticline, from that of a fault-bend fold to
that of a fault-propagation fold (Fig. 2).
On the surface, the Washburn Ranch fault
clearly truncates compressional folds and
thrusts. In the map pattern, onlapping
syntectonic conglomerates make an em-
bayment to the south of the Washburn
Ranch fault. Cross sections constructed
down plunge indicate that the conglom-

é

Oof

erates fill a half-graben formed by the
down-to-the-southwest motion of the
Washburn Ranch fault (Fig. 2). The con-

glomerate fill of this half-graben is over-

lain by Permian red beds to the north-
west, providing an upper time constraint
on the extensional movement of the

MDw
OSOh

|

Ov

Obm

Cool Creek anticline
M

Washburn Ranch fault. As displacement
increases to the northwest, the size of the
graben and amount of infilling conglom-
erate increase. Where Washburn Ranch
fault extends into the Eola area, the dis-
placement is on the order of several thou-
sand feet. The resulting “beheaded” base-
ment block could be misinterpreted as a
“flower” structure on seismic data.
Based on the presence of parallel fold-
ing, detachments, small-scale incipient
triangle zones, and bedding-parallel slip

in outcrops along the southern end of

Figure 3. Down-plunge constructions of the Woodford and Cool
Creek anticlines on the southern flank of the Arbuckle anticline.
Note the deformation mechanisms, such as bedding planar de-

the Arbuckle anticline, the Woodford and
Spring Creek anticlines are interpreted
to be back-limb thrusts (Fig. 3). Previous

tachments and fault-bend folding.

with the leading edge of the Arbuckle thrust. This
serves to compartmentalize the SE Hoover block to
the east and the Garrison Creek block to the west.
The subcrop trace of the Washita Valley fault is
approximately E-W, and displacement decreases
from east to west. The northern location is con-
strained by the Unocal Morton (sec. 31, T.1N.,R. 1
W.) and Taylor Morrow (sec. 32, T.1N.,R. 1 W.)
wells (Fig. 1), which do not encounter the Washita
Valley fault but do encounter the Arbuckle thrust.

The Washburn Ranch fault reflects a period
of postcompressional extension. The Washburn
Ranch fault has an E-W surface trace which turns to
the northwest in the subsurface, paralleling the
trend of the buried uplift. Displacement increases to
the northwest and appears to correspond to a

workers (Ham and others, 1954) have

tended to map prominent Arbuckle

Group fractures as faults, and merged
them with unrelated faults in younger rocks, de-
spite the fact that the fault must cut across unbro-
ken contacts or that the ensuing fault had a variable
sense and amount of displacement.
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Significance of Fault Dip to Angle of Bedding
in Determination of Structural Styles:
Examples from Southern Oklahoma

Christopher P. Saxon

University of Oklahoma
Norman, Oklahoma

The literature on structural geology of southern
Oklahoma contains a myriad of interpretations of
structural styles, many in extreme variance with
one another. Although large amounts of northeast-
southwest shortening exist across the major basins
and uplifts, many authors classify the regional style
of deformation as strike-slip because many faults

SW Velma Fault

are reported as having a high angle of dip (near-
vertical to vertical dip). Additionally, many authors
report the presence of normal faults on the crests or
flanks of large folds, leading them to conclude that
the dominant structural style involves differential
vertical uplift or strike-slip faulting, or a combina-
tion of the two. The significance of the shortening

NE

'5,000

-10,000

-15,000

Permian

Figure 1. Structural cross section across the Southwest Velma field. Well control has been removed from the
original illustration for clarity. Note the dominant style of thrusting along thrusts that detach within the sedi-
mentary section. The beds that the faults detach into are located in areas of steep dip on a large Arbuckle-
cored fold. Thrusts that ramp at low angle from the bedding-planar detachment (Southwest Velma fautt)
appear as high-angle and even normal faults in boreholes. IPund = Pennsylvanian, undifferentiated;
Mc-DSOh = Mississippian Caney—Devonian-Silurian-Ordovician Hunton; Ov = Ordovician Viola; Os = Ordo-
vician Simpson; O€a = Ordovician-Cambrian Arbuckle. (Modified from Hicks, 1956.)

Saxon, C. P., 1995, Significance of faultdip to angle of bedding in determination of structural styles: examples
from southern Oklahoma, in Johnson, K. S. (ed.), Structural styles in the southern Midcontinent,1992 sym-
posium: Oklahoma Geological Survey Circular 97, p. 280-282.
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Fault Dip and Angle of Bedding

accommodated by folding and the relationship of
folding to faulting have not been well documented
in southern Oklahoma. Most of the literature ad-
dresses fault slip only and then usually in only one
direction. This paper proposes that in the assess-
ment of structural style, the dip angle of the fault, as

281

compared to the dipping sedimentary section, and
its spatial and temporal relationship to the geom-
etry of the dominant structural features (major
folds as well as faults) should be the primary con-
sideration in assessing interpretations of structural

style.

8-1N-2W
Republic

17-1N-2W  Harmon Helrs  8-1N-2W
Sohio Standard  Stanolind
Pease 2-A Hicks 1-8 Horn #1

18-1N-2W
Pan Am

Jarman Unit  pickett Unit #1

A A

T

"Basement”

Pease #1 A A A A

Scale H=V "Basement”

Figure 2. Structural cross section across the Eola anticline. The overturned thrust in the Arbuckle Group
contributed to the “peeling back” of the thrusts near the crest of the structure. In assessing structural style and
tectonic history, note which faults and folds contain the greatest amount of shortening (i.e., the Arbuckie thrust
and the Eola anticline) and which faults and folds are of subsidiary importance (i.e., the overturned thrust).
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Faults that now have a steep dip, but are at a low
angle to bedding, either have been rotated into
place or represent local crowding conditions as a
result of larger-scale folding processes. Addition-
ally, faults that show an apparent sense of normal
offset may be thrust faults that have been over-
turned. Examination of the regional style of defor-
mation—by means of properly oriented, closely
spaced, one-to-one scale cross sections—is crucial
to the assessment of structural style.

Figure 1is a cross section across the Southwest
Velma field. This cross section depicts an anticlinal
fold in the Arbuckle Group, above which numerous
subsidiary structures occur above detachments.
The subsidiary folds have vergence across either
flank of the fold and follow the type example of a
“ping-pong” structure noted in the Wyoming fore-
land (Brown, 1988). Note the West Velma anticline,
which is a subsidiary thrust-cored anticline on the
southwest limb of the Arbuckle Group-cored fold.
The Southwest Velma fault is a back-limb imbricate
to a cross-crestal detachment that is cut by the Per-
mian unconformity. Near its ramp, the Southwest
Velma fault appears as a steep-dipping normal
fault, especially in the numerous well logs that have
been made through this productive reservoir (logs
not shown in Fig.1 for clarity); however, the South-
west Velma fault becomes a bedding-planar to sub—
bedding-planar fault as it detaches in the Goddard
shales.

Figure 2 is a structural cross section across the
Eola anticline in the footwall of the Arbuckle thrust.
The Sohio Pease no. 1 well intersected a steeply dip-
ping to overturned reverse fault that appears as a
normal fault on the electric log (upper Simpson into

C. P. Saxon

Arbuckle). The Standard Hicks no. 1-8 well also
intersected an apparent normal fault on the hang-
ing wall of the overturned thrust. These two wells
could be misinterpreted as defining an element of
extension superimposed across an area of domi-
nant shortening. Note, however, that the abundant
well control shows that these faults are flanked by
areas of steep dip, overturned folds, major crustal
shortening, and numerous detachments. In assess-
ing the tectonic significance of various structures,
the faults and folds that accommodate the greatest
amounts of shortening or extension (depending on
regional style) should be considered as having the
most significance. In Figure 2, the Arbuckle thrust
places basement rock against Simpson Group strata
and generates severe footwall folding. On the Eola
anticline, folding takes up more shortening than
does the overturned thrust. Furthermore, if the
overturned thrust were interpreted as a normal
fault, the extension (heave) would be insignificant
compared to the shortening present in the Eola an-
ticline.
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Structural Control of the Reagan and Mill Creek Faults

on the Sedimentary Environments of the Deese Conglomerate,

Arbuckle Mountains, Southern Oklahoma

Craig Stafford, Ibrahim Cemen, and Zuhair Al-Shaieb

Oklahoma State University
Stillwater, Oklahoma

ABSTRACT.—The Desmoinesian Deese conglomerate is exposed in the Mill Creek syncline area
between the Reagan and Mill Creek fault zones. The conglomerate contains rounded to well-
rounded clasts of Ordovician to Devonian carbonates eroded from the Arbuckle Mountains.
Interbedded with the conglomerates are beds of fossiliferous limestone, brown shale, and sand-
stone.

The Deese conglomerate is interpreted as a coastal-plain alluvial fan, or possibly a fan-delta
complex, that received sediments from highlands to the south, southeast, east, and northeast.
Transport directions were derived from field measurements of imbricated clast orientation. The
presence of glauconite in many samples is a good indication of marine lithofacies. Channel-
dominated facies were deposited in the coastal alluvial fan or fan delta while, in deeper parts of
the basin, fine-grained clastic rocks and limestones were deposited.

The highly elevated areas necessary for formation of these fans were probably formed by
strike-slip movement along the Reagan and Mill Creek fault zones. Therefore, the basin in which
the Deese conglomerate was deposited can be classified as a strike-slip basin formed between

two strike-slip faults.

INTRODUCTION

Pennsylvanian conglomerates within the Ar-
buckle Mountains are direct evidence of the defor-
mation stage of the southern Oklahoma aulacogen
(Fig. 1). This stage consisted of numerous orogenic
pulses related to the collision of the North Ameri-
can plate with the southern continental land mass
(Sadd, 1986). Ham and Wilson (1967) suggest that
there were at least six individual episodes of Penn-
sylvanian tectonism in the Mid-continent. These
episodes occurred in pre-Morrowan, pre-Atokan,
early Desmoinesian, early Missourian, early Virgil-
ian, and late Virgilian times.

Wickham (1978) proposed that the northwest-
trending high-angle faults of the Arbuckle Moun-
tains (Fig. 1) were formed during the rifting stage of
the southern Oklahoma aulacogen as predomi-
nantly normal faults, and were reactivated as strike-slip
faults during the deformation stage of the aulaco-
gen in Pennsylvanian time. Two of these faults are
the Mill Creek and Reagan faults. The Desmoines-
ian Deese Group (Fig. 2) was deposited between the
Reagan and Mill Creek faults in the Mill Creek syn-
cline, ~3 mi south of the town of Sulphur in Murray
County (Figs. 1 and 3). Therefore, the Deese con-

glomerate records the nature of movement along
the two fault zones during the Desmoinesian.

The main purpose of this paper is to describe the
structural control of the Reagan and Mill Creek
fault zones on sedimentation patterns of the Des-
moinesian Deese conglomerate. Therefore, the rela-
tionship between fault zones, lithofacies, sedimen-
tary environments, and petrography of the Deese
conglomerate will be discussed.

Figure 2 is a generalized stratigraphic section of
the Mill Creek syncline area. The stratigraphic frame-
work of the sedimentary rocks in the Arbuckle Moun-
tainregion is discussed in detail by Maxwell (1931),
Gilbert (1952), McKinley (1954), and Glaser (1965).

DEESE CONGLOMERATE

The Deese conglomerate consists of pebble- to
boulder-size clasts. The clasts are mostly limestone,
but pebble-size chert clasts are also present in some
areas. Outcrops of the conglomerate are rare, and,
where present, they are small lenses between shale
or fine-sand layers. A partial section (Fig. 4) was
measured in NWNWYNEY SW sec. 26, T.1S.,
R. 3 E. (see Fig. 3). The limestone clasts are sub-
rounded to rounded, although some angular ones

Stafford, Craig; Cemen, Ibrahim; and Al-Shaieb, Zuhair, 1995, Structural control of the Reagan and Mill Creek
faults on the sedimentary environments of the Deese conglomerate, Arbuckle Mountains, southern Okla-
homa, in Johnson, K. S. {ed.}, Structural styles in the southern Midcontinent, 1992 symposium: Oklahoma

Geological Survey Circular 97, p. 283-287.
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Figure 2. General stratigraphic section of the Sulphur
area, Murray County, Oklahoma (modified from Wil-
liams, 1985).

are also present. However, the chert clasts are very
angular; this suggests that the Deese conglomerate
was derived from a nearby source area.

Determination of the source formation of each
clast observed in the field would be extremely dif-
ficult. However, the limestone clasts generally ap-
pear to be very similar to the Cambrian and Or-
dovician carbonate-rock units exposed in adjacent
areas. Some chert clasts with dolomite rhombs are
similar to the cherts of the Early Ordovician Cool
Creek Formation. In fact, one chert fragment that
contains ~27% dolomite, along with a trace of zir-
con, is compositionally identical to the chert found
in the Cool Creek Formation (M. D. Allison, per-
sonal commmunication, 1992).

Based on measured orientations of 72 imbricate
clasts (Fig. 5) in sec. 26 and 27, T. 1S, R. 3E,, the
conglomerate was transported from source areas to
the south and the northeast. Furthermore, this also
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suggests that the clasts may have been derived
from uplifted blocks of the Reagan fault, to the
south, and of the Mill Creek fault, to the north.

Also associated with the conglomerate are two
separate limestone facies, which are present in secs.
26 and 34, T.1S., R. 3 E. These limestones are litho-
logically different and are separated stratigraph-
ically by a shale and a conglomerate. The lower lime-
stone contains more than 50% echinoderm plates,
ossicles, and fragments, suggesting a mound or bio-
herm typical of a shallow-water environment. The
upper limestone contains only about 10% fossils,
but almost half of the fossils are planktonic fora-
minifera, suggesting a deeper-water environment.

Evidence of pressure solution is rare in the sam-
ples examined under a petrographic microscope.
However, sutured grain boundaries of a few clasts
were observed. The presence of glauconite in many
samples is an indication of a marine depositional
environment.

Thin-section analysis revealed that the sand and
mud (silt and clay) sized terrigenous constituents in
the matrix consist mostly of quartz, feldspar, and
chert grains. The quartz ranges in amount from 0 to
38% of the matrix. Two separate types of quartz
grains are present. The very angular-angular
grains appear to be from a nearby source area, since
they show very little rounding due to transporta-
tion. These quartz grains probably were derived
from Tishomingo Granite that was exposed close to
the site of deposition. Rounded to well-rounded
quartz grains are possibly reworked fragments of
older sediments. These probably were derived from
sandstones in the West Spring Creek or Oil Creek
Formations. Plagioclasefeldspar, present in trace
amounts, probably was derived from the Tisho-
mingo Granite to the south.

CONCLUSIONS

The field observations and microscopic analysis
carried out during this study suggest that the Deese
conglomerate was probably deposited in a coastal
alluvial-fan or a fan-delta environment (Stafford,
1993). Fine-grained clastics and limestones were de-
posited in deeper parts of the basin. Paleocurrent
measurements indicate that the conglomerate was
transported from elevated areas to the south, south-
east, east, and northeast. The elevated source areas
probably were formed by possible strike-slip move-
ment along the Reagan and Mill Creek fault zones.
A similar mechanism was suggested by Wickham
(1978) for the other Pennsylvanian basins of the
Arbuckle Mountains during the deformation stage
of the southern Oklahoma aulacogen. Therefore,
the Deese Conglomerate basin can be classified as a
strike-slip basin formed between two strike-slip
faults. This geometry suggests that the strike-slip
movement along the Mill Creek fault zone was a
right-lateral, strike-slip movement, whereas along
the Reagan fault zone it was a left-lateral.
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The presence of the limestones between the con-
glomerates suggests that movement along the two
fault zones was not continuous and that periods of
tectonic activity were probably separated by peri-
ods of relative tectonic quiescence.
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Surface Structures in Permian Strata of Southwestern Oklahoma
as Indicators of Deep-Seated Structures

Kenneth S. Johnson
Oklahoma Geological Survey
Norman, Oklahoma

INTRODUCTION

Permian strata in southwestern Oklahoma over-
lie and mantle deep-seated structures that were
developed mainly during Pennsylvanian tectonic
activity. Surface mapping of the Blaine Formation
and associated Permian strata shows that a number
of faults, flexures, and folds, with vertical displace-
ment of Jess than several hundred feet, overlie simi-

lar deep-seated structures with several thousand .

feet of relief. Structures in outcropping Permian
strata result from late-stage tectonic adjustments
along preexisting (Pennsylvanian) structures and/
or from differential compaction of thick-versus-thin
sequences of sedimentary layers on either side of
deep-seated faults or basement-rock highs.

From north to south across southwestern Okla-
homa (Fig. 1), the three major structural provinces
are the Anadarko basin, which contains as much as
40,000 ft of Paleozoic strata; the west-northwest-
trending Wichita uplift, which is covered by about
1,000-3,000 ft of uppermost Pennsylvanian-Lower
Permian strata in the study area; and the Hollis ba-
sin, which typically has 6,000-12,000 ft of Paleozoic
strata. The veneer of outcropping Permian sedi-
mentary rocks responded passively to forces
deeper in the crust and mantle. Stresses on these
strata were mostly vertical, because block faulting
and broad folding are the only results observed and
at no place do the structures contain evidence of
compression.

About 50 faults or flexures have been mapped in
the Upper Permian Blaine Formation and associ-
ated strata in southwestern Oklahoma (Carr and
Bergman, 1976; Havens, 1977). All faults are pre-
sumed to be normal; the several faults where fault
planes can be observed are known to be normal,
with fault-plane dips of about 60-65°. It is likely
that most, or all, of the surface structures overlie
similar deep-seated structures, but subsurface data
are not available to prove this relation at all sites.
On the other hand, additional deep-seated struc-
tures (other than those overlain by known surface
faults, flexures, and folds) must also exist, but their
presence would not be indicated on the outcrop if

the structure has not been active since deposition of
outcropping Permian strata.

Following is a discussion of four surface struc-
tures and their relation to known deep-seated struc-
tures. These structures are (1) the outcropping Sen-
tinel fault zone, overlying the Mountain View fault;
(2) the north Plainview flexure, overlying a base-
ment fault on the Wichita uplift; (3) the Duke flex-
ure zone, overlying the Burch fault zone; and (4) the
Louis fault zone, overlying a horst in the SW Duke
oil field.

SENTINEL FAULT ZONE

The Sentinel fault zone (Fig. 1) comprises seven
faults that cut outcropping Permian strata and
strike mainly west-northwest (Carr and Bergman,
1976). All faults are presumed normal and probably
dip about 60-65°. They are 1-5 mi long and have
throws of 20-115 ft, mainly down to the north.

The Sentinel fault zone overlies and parallels a
major zone of thrust faults (Fig. 2) that separate the
Wichita uplift from the Anadarko basin (Harlton,
1963; Ham and others, 1964). In the lowest part of
the Anadarko basin, several miles to the north, the
basement-rock surface is 20,000-40,000 ft lower
than over the Wichita block. This vertical displace-
ment is the result of crustal subsidence beneath the
basin throughout the Paleozoic, accentuated mainly
by Pennsylvanian and Early Permian thrusting of
the Wichita block upward and somewhat north-
ward. The main deep-seated thrust fault in this sys-
tem is called the Mountain View fault.

Figure 2, the pre-Permian part of which is gener-
alized from several cross sections by Harlton (1963),
shows the basic relations of these deep-seated
thrust faults to surface faults and flexures in the
Sentinel fault zone. Permian strata were deposited
unconformably on a subhorizontal or gently slop-
ing surface that extended across the nearly dormant
thrust zone. Subsequently, late-tectonic adjust-
ments along the ancient thrust faults, or differential
compaction of Paleozoic sedimentary rocks on ei-
ther side of the thrust faults, were transmitted as
differential vertical movements to the basal Per-

Johnson, K. S., 1995, Surface structures in Permian strata of southwestern Oklahoma as indicators of deep-seated
structures, in Johnson, K. S. (ed.), Structural styles in the southern Midcontinent, 1992 symposium: Oklahoma

Geological Survey Circular 97, p. 288-292.
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mian strata and to the overlying rocks, which failed
by means of normal faults or monoclinal flexures
displaced down on the north.

NORTH PLAINVIEW FLEXURE

At Plainview, in the central part of the Wichita
uplift, a double-plunging syncline (Fig. 1) is the
surface expression of a deep-seated graben. The
north and south flanks of the Plainview syncline are
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sharply defined by 4-mi-long monoclinal flexures
(Carr and Bergman, 1976) across which beds are
displaced vertically as much as 150 ft. Qutcropping
strata in the Blaine Formation dip 25-65° toward
the synclinal axis across both flexures in narrow
belts about 100200 ft wide. At several places the
flexed beds are faulted. To the east and west, both
flanks of the fold grade into gentle flexures where
dips are only 60-120 ft/mi.
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'WICHIT —
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Figure 1. Map and cross section (X—X') showing surface and shallow-subsurface structural features in Per-
mian strata of southwestern Oklahoma. Cross sections A, B, C, and D are shown in Figures 2, 3, 4, and 5,

respectively.
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Figure 2. Schematic cross section A showing relation
of the Sentinel fault zone to the deep-seated Moun-
tain View fault zone that separates the Wichita uplift
(south) from the Anadarko basin (north). Subsurface
data from Harlton (1963).

The north Plainview flexure is the surface ex-
pression of a normal fault that extends down into
granitic basement rock (Fig. 3). The O. P. Russel
no. 1 Falkner, located 800 ft south of the surface
flexure, was drilled through the fault plane be-
tween 1,625 and 1,885 ft below ground level, while
drilling in the lower Wellington anhydrite (Blaz-
enko, 1964, p. 70). Trigonometric calculations using
these data show that the fault plane dips ~65° to the
south. As this fault has a constant throw of ~150 ft
from the surface down to a depth of ~1,700 ft, there
is little doubt that it also cuts basement rock, which
is but several hundred feet below the Wellington.
The sharpness of rock failure decreases upward;
what is undoubtedly a deep-seated fault passes
upward into a flexure. Presumably the south Plain-
view flexure is also the surface expression of a nor-
mal fault originating in basement rock, and the two
normal faults therefore bound a graben.

Faulting of sedimentary rocks beneath the flanks
of the Plainview syncline occurred entirely after
deposition of the outcropping Blaine Formation
and overlying Dog Creek Shale, for those forma-
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tions are the youngest units affected; also, the verti-
cal displacement across the fault is the same at the
surface as it is near the base of the sedimentary-rock
column. However, the faults may overlie zones of
weakness where pre-Permian basement-rock faults
were reactivated after being dormant during Per-
mian deposition. Clearly, the surface structure
results from tectonics, and not differential compac-
tion.

DUKE FLEXURE ZONE

The Duke flexure zone is a 16-mi-long zone com-
prising two flexures and one fault, en echelon, all of
which are downthrown to the west-southwest
(Fig. 1) (Havens, 1977). Beds are displaced verti-
cally as much as 250 ft across the 1- to 2-mi-wide
zone, and they dip as steeply as 40° where arched
over the monoclinal folds. The Duke flexure zone
separates a broad platform on the northeast from
the Hollis basin’s principal low area several miles to
the southwest.
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Figure 3. Cross section B showing the north Plain-
view flexure to be the surface expression of a deep-
seated normal fault.
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Figure 4. Schematic cross section C showing relation of the Duke flexure zone to the deep-seated Burch fault
zone on the east side of the Hollis basin. Subsurface data from Sears (1951, fig. V).

Flexures and the fault in the Duke flexure zone
are surface expressions of deep-seated faults along
the Burch fault zone (Fig. 4) in the vicinity of the NE
Duke oil field. In all probability the surface flexures
pass downward into faults where the beds are defi-
nitely ruptured. Major movement along the Burch
fault zone during Early and Middle Pennsylvanian
time produced a minimum throw of 2,000 ft, and a
thick sequence of Ordovician through Lower Penn-
sylvanjan strata was eroded from the upthrown
block (Sears, 1951; Jordan, 1962) before deposition
of Middle Pennsylvanian (Desmoinesian/Strawn)
beds. Slight adjustments along this zone of crustal
weakness persisted for some time after the Blaine
Formation was deposited, and these adjustments
caused beds now at the surface to be flexed and
ruptured. Some vertical displacement of the Blaine
probably resulted from differential compaction of
underlying strata on either side of the deep-seated
faults, but such displacement is believed small com-
pared to the throw that probably was induced tec-
tonically.

LOUIS FAULT ZONE

The Louis fault zone is a major east-trending
fault zone located on the south flank of the Hollis
anticline in the Hollis basin. It is 2-3 mi wide, over-
lies a zone of Pennsylvanian structural weakness,
and extends 20 mi across parts of Harmon and Jack-
son Counties (Fig. 1) (Havens, 1977). The fault zone
consists of eight main faults and two minor faults,
all presumably normal. Individual faults are 2-8 mi
long and have throws of 20-100 ft.

Surface faults in the eastern half of the fault zone
are 2-5 mi long (Havens, 1977) and bound a horst

raised 20-40 ft above adjacent parts of the basin
(Fig. 5). They strike east, are 1-2 mi apart, and are
downthrown away from the higher central block.
The horst is in a direct line with the east-plunging
Hollis anticline, which is located farther west
(Fig. 1). Laing (1964) showed seismic evidence of a
major horst affecting lower and middle Paleozoic
rocks in the SW Duke oil field, directly beneath the
surface-mapped horst. His subsurface data provide
an excellent example of the coincidence of surface
and deep-seated structures (Fig. 5). Major uplift of
the deep-seated horst resulted from post-Morrowan
and pre-Desmoinesian normal faulting. Following
probable intermittent movement during Late Penn-
sylvanian and Early Permian time, the horst was
again slightly raised after deposition of Blaine and
Dog Creek strata; rock failure was along those zones
of weakness that had yielded earlier.

SUMMARY

Surface faults and flexures, with vertical dis-
placements of 20150 ft, overlie similar deep-seated
structures with several thousand feet of relief.
Pennsylvanian orogenies caused most of the relief
of the subsurface structures, but gentler vertical
movements during or after Late Permian (Blaine
Formation) deposition induced still more structural
relief and caused minor deformation of outcrop-
ping strata. This tectonic history is known to be true
for the major structural provinces (Wichita uplift
and the Anadarko and Hollis basins), as well as for
many smaller structures where subsurface data are
available. Deep-seated structures other than those
overlain by surface folds and faults must also exist,
but their presence would not be indicated if the
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Figure 5. Schematic cross section D over the east part of the Louis fault zone showing relation of surface
structure to a deep-seated horst in the SW Duke field. Surface structure contours on the outcropping Blaine
Formation. Subsurface data from Laing (1964, fig. 11).

structure has been inactive since deposition of out-
cropping rocks.

Considering the data available on geology of
southwestern Oklahoma, it is impossible to imag-
ine any large surface structure that dies out at depth
and is not underlain by a somewhat-similar struc-

ture in underlying Paleozoic and basement rocks

(except where underlying Permian salts have been
dissolved to produce dissolution/collapse struc-
tures in overlying strata). The veneer of Permian
sedimentary layers responded passively to forces
deeper in the crust and mantle. Stresses were
mostly vertical, for block faulting and broad folding
are the only results observed, and at no place is
there evidence of horizontal compression affecting
the Blaine Formation. Structures in these strata re-
sulted from a combination of tectonic adjustments
and differential compaction of underlying sedimen-
tary units. Tectonic adjustments consisted of minor
late-orogenic pulses, or slight renewed movement,
along zones of earlier crustal weakness; the dis-
placement across faults decreases upward, and
some of the faults grade upward into monoclinal
flexures. Differential compaction of sedimentary
layers on either side of deep-seated faults probably
caused some of the vertical displacement across
surface structures. The age of surface structures is
uncertain. Faulting and folding certainly occurred
after outcropping Permian rocks were deposited,
but how long after is unknown, inasmuch as younger
strata do not overlie these structures.
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Imaging of Basement-Block Configuration
in the Wichita Mountain Frontal Zone

Roger A. Young
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ABSTRACT.—The Wichita Mountain Frontal Zone lies between the Anadarko basin and the
Wichita uplift in southern Oklahoma. It is characterized by a complex style of basement defor-
mation inherited from multiple episodes of tectonism. Rifting of the southern Oklahoma
aulacogen in the Early Cambrian established the basement-block boundaries which were the
locus of movement during compression in the Pennsylvanian. This accordion action generated
a history of relative block movements.

A measure of these basement movements can be read from the surface geology, but it is pri-
marily the geophysical signatures of the blocks themselves that have established the current
picture of basement configuration. This paper compares the seismic appearance of major base-
ment features as seen on three reflection surveys from the 1980s, and provides a framework for
further analysis. The principal geological target was different for each survey, and acquisition
and processing were designed accordingly. As a result, major features have somewhat different

signatures on different surveys.

COCORP LINE 2A AND 5/5A, 1981

The COCORP surveys of the early 1980s focused
on the regional structure of the southern Oklahoma
aulacogen, particularly the nature of the boundaries
between the Wichita uplift and the Anadarko and
Hardeman basins (Fig. 1) (Brewer and others, 1983).
The former boundary consists of several faults, the
principal ones being the Mountain View fault and
the Meers fault which bracket the Wichita Moun-
tain frontal zone (Fig. 1).

Acquisition of the COCORP data employed a
large seismic-array aperture of 10.05 km that in-
sured wide-angle reflections would image the ma-
jor faults of the frontal zone. A reverberatory train
of reflections on line 2A extends to 5 s (seconds)
traveltime, and is interpreted to dip 30—40° south-
ward. This feature was identified as the trace of the
Mountain View fault by Brewer and others (1983).
The trace of the Mountain View fault was also iden-
tified on line 5/5A (Brewer and others, 1983). Taken
together, these traces (small, straight arrows in Fig.
1) fix the location of the Mountain View fault. A
second band of reflections on line 2A between 0.5-
1.5 s dips northward from a point just north of the
Meers fault (curved arrow, Fig. 1) and was inter-
preted by Brewer and others (1983) to be a listric
thrust fault above the Chester (Mississippian) hori-
zon. Strong reflections from the deep Anadarko

basin appear at 3-4 s and possible indications of
sedimentary layering beneath the hanging wall of
the Mountain View fault are seen at 5-6 5. A de-
tailed picture of the frontal zone is not possible due
to the large group spacing (~0.1 km) and the low
sweep frequency (840 Hz). Moreover, line 2A was
shot at an angle of ~30° to the direction of dip of the
frontal zone; consequently, reflections from the side
obscure the image directly beneath the line.

UNIVERSITY OF TEXAS LINE, 1985

A very large aperture of 90 km (Fig. 1) was em-
ployed in 1985 by the University of Texas at Dallas
and El Paso (UTD/UTEP) to examine the crustal
and upper-mantle structure beneath the Wichita
uplift and the Anadarko basin (Chang and others,
1989). The survey was designed to acquire very
wide-angle to normal-incidence reflections as well
as refractions. Two fixed-receiver spreads, each 45-
km long, were combined into a single-shot super-
gather. Prestack migration reveals a possible upper-
mantle reflector (Chang and others, 1989), but reso-
lution of crustal features, such as the faults identi-
fied on the COCORP data, is difficult due to the
small number of shots acquired. However, model-
ing traveltimes of principal refractions and reflec-
tions (Hsueh, 1991) produced a layered crustal
model of considerable complexity. Reflections from

Young, R. A., 1995, Imaging of basement-block configuration in the Wichita Mountain frontal zone, in Johnson,
K.S. (ed.), Structural styles in the southern Midcontinent, 1992 symposium: Oklahoma Geological Survey

Circular 97, p. 293-296.
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Basement-Block Configuration, Wichita Mountain Frontal Zone

the Mountain View fault itself—seen on the CO-
CORP lines—were not identified by Hsueh on the
University of Texas data.

By reviewing broadside shot records recorded in
the middie of the aperture (shots F, G, I, and J, Fig.
1), and end-on shots recorded on the northern half
of the aperture (shots E and H, Fig. 1), [ have iden-
tified a strong band of reflections in the UTD /UTEP
data which dip southward and correspond to the
trace of the Mountain View fault on COCORP line
2A. This band extrapolated to the surface (large
open circle, Fig. 1) is very close to the subcrop loca-
tion of the Mountain View fault given by Ham and
others (1964). In addition, this Mountain View fault
location lies between the corresponding fault loca-
tions on COCORP lines 2A and 5/5A (small,
straight arrows, Fig. 1). The UTD/UTEP data also
show a band of reflections corresponding to the fea-
ture identified by Brewer and others (1983) as a
listric thrust fault above the Chester. Surface projec-
tions of this feature from the COCORP line (curved
arrow, Fig. 1) and the UTD/UTEP line (small open
circle, Fig. 1) are very close to each other.

SEISMIC EXCHANGE, INC., 1989

The most recent dataset examined focuses on the
structure of the frontal zone itself. The Wichita
Mountain Front Project of Seismic Exchange, Inc.
(SEI) consists, in part, of some three dozen short, 2-
D lines across the frontal zone between Lawton and
the Oklahoma/Texas border. These lines were shot
parallel to local dip by examining gravity and mag-
netic maps which reveal approximate positions of
block boundaries (Schneider, 1991). Line SEI 5213
lies several miles west of, and roughly parallel to,
COCOREP line 2A (Fig. 1).

Line SEI 5213 was shot with a small group spac-
ing (0.0167 km), high sweep frequency and large
bandwidth (8-72 Hz), and high fold (240, nominal),
all of which contribute to much higher resolution in
the first 3 seconds than on COCORP line 2A. Sev-
eral processed versions of SEI 5213 have been re-
leased by SEI final stack, DMO final stack, DMO
migration, and a prestack migration. The trace of
the Mountain View fault is not a prominent feature
of SEI line 5213, in contrast to its prominence on
COCORP line 2A. However, it is apparent down to
~2.3 s and appears to have much the same dip as on
COCORP line 2A. The weakness of this event
downdip can be attributed to the smaller acquisi-
tion aperture of the SEI survey, which was needed
to enhance shallower features.

Considerably more layering detail beneath the
Mountain View fault is seen on SEI 5213 than on
COCORP line 2A. In addition, the north-dipping
band on COCORP line 2A, identified as a listric
fault above the Chester horizon, is very strong on
SEI 5213 and can be traced down to 0.4 s, where it
overlies crystalline basement. However, the high-
amplitude, multicycle nature of this event suggests
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that it is a reverberation within Lower Pennsylva-
nian units rather than a reflection from a listric fault.

There are three principal reasons for the greater
detail in the SEI data compared to the COCORP
data. (1) Higher dominant frequency in the SEI data
than in the COCORP data yields greater resolution
between events. (2) Diffracted energy is imaged by
SEI, but not by COCORP. Diffractions reside princi-
pally in the high frequencies and are, therefore,
quite noticeable on the SEI stacked section. Diffrac-
tion energy interferes with reflection images, but
the strongest diffractions help locate small faults
bounding basement blocks beneath the Paleozoic
sediments. The processing step of migration—
which collapses diffractions to a point on the
fault—produces sharp images of these small faults.
The COCORP line 2A, on the other hand, used a
lower-frequency source, lost high frequencies to re-
ceiver array attenuation, and was processed to em-
phasize crustal features beneath the small faults. (3)
By shooting perpendicular to local strike, the SEI
data record fewer reflections from outside the re-
cording plane.

The SEI line 5213 presents an excellent opportu-
nity to clarify the small-scale basement-block con-
figuration within the Wichita Mountain frontal
zone. Preliminary analysis at the University of
Oklahoma finds basement faults dipping both
north and south, and fault displacement of over-
lying strata as young as Pennsylvanian. One sub-
sidiary fault—which crops out ~1 mi south of the
Mountain View fault subcrop location—displays
relative motion that is up on the Anadarko basin
(north) side. This same sense of motion (up on the
north) has also been observed in Holocene strata
along the outcrop trace of the Meers fault (Crone
and Luza, 1990).

Future investigation at the University of Okla-
homa of these exciting new data will feature inter-
pretation of a number of adjacent dip lines using in-
teractive workstation software to determine a tec-
tonic history consistent with a three-dimensional
picture of the basement configuration.
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Structure, Timing, and Tectonic Interpretation
of Ancestral Rocky Mountain Deformation
within Central New Mexico

William C. Beck and Charles E. Chapin

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

On the basis of stratigraphic relationships,
Kottlowski (1960), Kottlowski and Stewart (1970),
Baars (1982), and Siemers (1983) have interpreted
the modern-day Joyita Hills (Fig. 1, north-central

Socorro County, New Mexico) as the lo-
cation of a late Paleozoic, north-trending
positive element (the Joyita uplift). De-
tailed geologic mapping and structural
analysis of the Joyita Hills (Beck and
Chapin, 1991) indicate two normal-fault
trends were active during ancestral
Rocky Mountain (late Paleozoic) tec-
tonism. Restoration (accomplished by re-
moving regional dip, determined from all
post-ancestral Rocky Mountain strata)
defines the faults as north-striking, west-
dipping normal faults (Fig. 2A), and
northwest-striking, southwest-dipping
normal faults (Fig. 2B). These fault trends
bound the Joyita uplift on the west and
south, respectively, and define the uplift as
a north-trending structural element. Re-
stored fault striae indicate that fault dis-
placements were predominantly dip slip.
However, north-striking normal faults
show a component of left slip (striae rake
~63° southward).

Faults in both sets were reactivated
during younger deformation, with the
exception of one of the north-striking
faults (Fig. 3). Arkosic clastics of the syn-
tectonic Bursum Formation (Permian) are
anomalously thick and coarse grained in
the hanging wall of this fault, and were
apparently deposited along the exposed
fault scarp. In the footwall, Madera
(Pennsylvanian) and Bursum (Permian)
strata are thin. The Madera is thin due to
erosion and the Bursum is thin due to
nondeposition and/or erosion. Both the

fault and offset strata are overlain by anomalously
thin, unfaulted strata of the Abo Formation (Per-
mian), which thickens to both the east and west.
This fault is interpreted to be a buried ancestral
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Figure 1. Modified Pennsylvanian isopach map superimposed
with early Wolfcampian paleocurrent directions from Altares
(1990). Hachured box (in middle) outlines the location of
Altares’ (1990) field area. Paleocurrent directions (vector
means), labeled N and S, are from the north and south parts of
Altares’ field area; length of each vector is proportional to vector
magnitude. Drill-core data (Krewedl, 1974; Chapin, unpublished
core log; control point number 52, Kottlowski, 1960) documents
stratigraphic thickness of Pennsylvanian rocks to be >2,000 ft
at location labeled 52-2009+, and indicates that the Lucero and
San Mateo basins are one continuous, north-trending basin.

Beck, W. C.; and Chapin, C. E., 1995, Strdét_gre_, timing, and tectonic interpretation of ancestral Rocky Moun-
tain deformation within central New Mexico, in johnson, K. S. (ed.), Structural styles in the southern
Midcontinent, 1992 symposium: Oklahom ‘Geological Survey Circular 97, p. 297-300.
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Figure 2. Structural data from the Joyita Hills. Lower-hemisphere, equal-area projections of composite poles
to fault planes and fault striae (A and B) and poles to foliations (C), contoured at specified intervals per 1%
area. AP = average fault plane; R = approximate angle of rake of fault striae. A—North-striking ancestral
Rocky Mountain normal faults and contained striae. B—Northwest-striking ancestral Rocky Mountain nor-
mal faults and contained striae. C—Proterozoic, gneissic to mylonitic foliations, which strike north (N), east—
northeast (ENE), and northwest (NW).

Rocky Mountain fault that has not been reactivated.
Analysis of basement fabrics within the Protero-
zoic core of the Joyita Hills reveals three preferred
orientations (ENE, N, and NW) of gneissic to my-
lonitic foliations (Fig. 2C). Two of these orientations
(N and NW) are comparable to orientations of the
late Paleozoic faults (Fig. 2A,B). Direct field obser-
vation shows that north-striking mylo-
nites and foliations have been reactivated

Kottlowski (1960) (Fig. 1). Altares’ (1990) field area
spans the north-south dimension of the arm.
Paleocurrent data north of the arm indicate paleo-
flow directions to the west, southwest and south;
i.e., basinward with respect to the arm. Paleo-
current data south of the arm, however, also show
paleoflow directions to the west, southwest, and

Py Py €

by the younger, north-striking brittle

faults (Fig. 3). The comparable orientation
of both northwest-striking foliations (Fig.
2C) and brittle faults (Fig. 2B) is also

thought to represent reactivation, al-
though evidence for this has not yet been
observed in the field.

The Pennsylvanian isopach map and
paleocurrent data reflect the influence of
the foregoing fault trends and help delin-
eate uplift margins (Fig. 1). A mineral-
exploration hole midway between the San
Mateo and Lucero basins (Fig. 1) cored

2,009 ft of Pennsylvanian strata (Krewed],
1974; Chapin, unpublished core log). This
indicates that the San Mateo and Lucero
basins were parts of one continuous,
north-trending basin. An arm extending
southeastward from the modified San
Mateo/Lucero basin bounds the Joyita
uplift on the south and southwest. Paleo-

Figure 3. Generalized cross section across a north-striking,

ancestral Rocky Mountain normai fault that has not been reac-
tivated. Cross section has been restored to its post-ancestral
Rocky Mountain orientation by removing 30° of down-to-the-
west rotation about a N35°E horizontal axis (net rotation from
younger deformation). Py = Yeso; Pa = Abo; Pb = Bursum;
IPm = Madera; IPs = Sandia; p€ = Proterozoic basement.
Fault and contacts dashed where obscured.

current data from early Wolfcampian Bur-
sum strata (Altares, 1990), superimposed
on the Pennsylvanian isopach map, indi-
cate that the southeast-trending arm of the
San Mateo/Lucero basin may have been
more extensive than originally defined by
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south, indicating that the axis of the arm lay farther
to the southwest. Isopachs between the San Mateo/
Lucero basin and the Orogrande basin to the south-
east are poorly defined, due to a paucity of control
points. However, the combination of the southeast-
trending arm of the San Mateo/Lucero basin, paleo-
flow directions to the west, southwest, and south,
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and a southeast-trending trough between the
southern end of the San Mateo/Lucero basin and
the northern end of the Orogrande basin, suggests
that the two basins were connected during the late
Paleozoic.

The late Paleozoic structures associated with the
Joyita uplift are comparable, in both orientation and
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Figure 4. Pennsyivanian paleogeographic map (from Kottlowski and Stewart, 1970) with inferred late Paleo-
zoic, north-trending, left-lateral wrench zone (diagonal lines) in central and southern New Mexico super-
imposed. The Sierra Nacimiento area is coincident with the Pefasco uplift of Kottlowski and Stewart (1970).
North-trending basins (San Mateo/Lucero and Orogrande basins) developed within principal zones of left-
lateral shear. The inferred northwest-trending basin connecting the southern end of the San Mateo/Lucero
basin and the northern end of the Orogrande basin is envisaged as a thomb-graben at the stepover between
two left-lateral, left-stepping, shear zones.
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sense of offset, to those associated with late Paleo-
zoic uplifts to the north (Sierra Nacimiento; Baars,
1982) and the south (Sacramento Mountains; Pray,
1961). In addition, deformation within these three
areas was approximately synchronous: new fusu-
linid data (Schwagerina and Triticites fauna; identifi-
cations courtesy of D. A. Myers, personal commu-
nication, 1990,1991) from the syntectonic Bursum
Formation date the dominant phase of deformation
within the Joyita uplift as early Wolfcampian. Baars
(1982) documented several episodes of displace-
ment along the Nacimiento fault during ancestral
Rocky Mountain deformation. The latest occurred
after Madera deposition and before Abo depo-
sition. Pray (1961) also concluded that ancestral
Rocky Mountain deformation within the Sacra-
mento Mountains was Late Pennsylvanian to early
Wolfcampian. The comparable structural styles and
nearly synchronous timing of deformation indi-
cates that, during ancestral Rocky Mountain tec-
tonism, a large area of the crust in New Mexico ex-
perienced a similar deformational history. The San
Mateo/Lucero and Orogrande basins are aligned in
a north-trending, left-stepping en-echelon pattern.
The two basins were probably connected by a
southeast-trending “channel” at the stepover.
Bounding structures are high-angle to vertical nor-
mal faults, with north-striking faults showing a
component of left slip (Fig. 2). Geometric and kine-
matic analyses, when integrated with isopach,
paleocurrent, and biostratigraphic data, indicate
that a north-trending, divergent, left-lateral wrench
zone was active in central New Mexico during the
late Paleozoic (Fig. 4).

W. C. Beck and C. E. Chapin
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