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PREFACE

Neil H. Suneson
Oklahoma Geological Survey

In October 2004, the Oklahoma Geological Survey (OGS)
held a field symposium in Poteau, Oklahoma on the geology and
resources of the Ouachita Mountains and Arkoma Basin in Arkan-
sas and Oklahoma. The three-day meeting consisted of two half-
day field trips and a full-day field trip to key outcrops in both states.
In addition, researchers active in Arkoma Basin and Ouachita
Mountains geology presented papers and posters on a wide variety
of topics pertinent to resource evaluation in this part of the south-
ern Midcontinent. This volume is a compilation of many of those
papers. It also includes some that were not presented at the 2004
field symposium but are important nonetheless. This volume is a
companion to the guidebook that was published for the meeting
(Suneson and others, 2005) and a recently published OGS circular
(Suneson, 2008) that contains two papers — one presented at the
2004 symposium by J. Kaspar Arbenz on the structural evolution of
the tectonic belt, and a “historical” paper written in 1956 for Union
Oil Company of California by Peter Misch and Keith Oles on that
company’s stratigraphic and structural investigations in the Oua-
chita Mountains in Oklahoma and Arkansas.

A number of individuals were instrumental in organizing
the field symposium and deserve credit for the field trips and
presentations. Mike Roberts (Palmer Petroleum) and Charlie
Stone (Arkansas Geological Commission [AGC]) were the lead-
ers of the Arkansas part of the field trip; they relied on Ed Ratch-
ford (AGC) for his insight into coalbed methane and Kim Butler
(Southwestern Energy) for his knowledge of thrust-faulted Ato-
kan reservoirs. The field trip on the second day of the symposium
focused on the geology just west of the Oklahoma — Arkansas
state line and was led by Roger Slatt (University of Oklahoma)
and Tbrahim Cemen (Oklahoma State University). Their work
on the transition zone (Cemen) and Jackfork Group sandstones
(Slatt) was a collaborative effort with students and faculty col-
leagues. The final day of the symposium was a day-long field trip
led by Cemen, Dennis Kerr (University of Tulsa), and Neil Sune-
son (OGS). Cemen and his students have interpreted the struc-
tural geology of the transition zone; Kerr described marker beds
in the basal part of the Atoka Formation in the hanging wall of
the Ti Valley Thrust Fault; and Suneson discussed the Johns Val-
ley Formation and Spiro sandstone. They were assisted by Galen
Miller (OGS) and Kevin Smart (Southwest Research Institute)
who had mapped and reinterpreted the structural geology of the
Potato Hills in light of recent gas discoveries there.

Roger Slatt organized the oral and poster presentations.
In addition to the papers contained in this volume, the follow-
ing presentations were given at the meeting:

« “South Vergence Revisited” by J. Kaspar Arbenz;

« “Structural Geology of the Frontal Ouachitas - Arkoma Ba-
sin Transition Zone in Southeastern Oklahoma: Implications
for Gas Exploration” by Ibrahim Cemen, Steve Hadaway, Ata
Sagnak, Justin Evans, Marline Collins, Osman Kaldirim, Kris
McPhail, Gultekin Kaya, Syed Mehdi, and Saleem Akthar;
“Sequence Stratigraphy of the Atoka Formation (Middle
Pennsylvanian), Arkoma Basin, Central Arkansas: Eustatic
and Tectonic Signals” by Jamie A. Woolsey and Walter L.

Manger;

“Arkoma Basin Northern-Sourced Atoka Facies Analysis: In-
cised Valleys and Deltas” by Roderick W. Tillman;
“Identification of Turbidite Architectural Elements and Po-
rosity Types, Jackfork Group, Potato Hills, Eastern Oklaho-
ma” by Gloria A. Romero and Roger M. Slatt;

“Natural Gas Production from the Wedington Sandstone
(Chesterian, Mississippian) Shallow Gas Province: Brent-
wood Field, Washington County, Northwestern Arkansas”
by Walter L. Manger and Phillip R. Shelby;

“Geometry of Late Paleozoic Thrusting, Hartshorne South-
west Quadrangle, Arkoma Basin, Southeast Oklahoma: Im-
plications for Gas Exploration” by Steve Hadaway and Ibra-
him Cemen;

“Potential Reservoir Types in the Jackfork Group, East-
ern Oldahoma” by Roger M. Slatt, Tosan Omatsola, Alison
Garich-Faust, and Gloria Romero;

“Structural Relationship Between the Potato Hills and the
Wilburton Triangle Zone of the Ouachita Mountains, South-
eastern Oklahoma” by Gultekin Kaya and Ibrahim Cemen;
“Characterization of Slope and Basin Facies Tracts, Jackfork
Group, Arkansas, with Applications to Deepwater (Turbi-
dite) Reservoir Management” by Roger M. Slatt, Charles G.
Stone, and Paul Weimer; and ‘

“Outcrop Characterization, 3D Geological Modeling, “Res-
ervoir” Simulation, and Upscaling of Jackfork Group Turbi-
dites in Hollywood Quarry, Arkansas” by Camilo Goyeneche
and Roger M. Slatt.

The symposium could not have been a success without
the logistical support of OGS staff member Michelle Summers,
meeting coordinator, and OU School of Geology and Geophys-
ics staff member Terry Brady, registration coordinator.
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Petroleum Systems of the Ouachita Thrust Belt and Foreland Basins

(With Emphasis on the Arkoma Basin)

James L. Coleman, Jr.
U. S. Geological Survey
Reston, Virginia

ABSTRACT.—The late Paleozoic Ouachita Thrust Belt and foreland basins extend from its junction
with the Appalachian Thrust Belt and foreland basin in eastern Mississippi through Arkansas, Okla-
homa, and Texas into northeastern Mexico, where the trend is overrun by Mesozoic tectonic elements
of the Sierra Madre Oriental. The Ouachita structural trend is composed of the Black Warrior, Arkoma,
Sherman, Fort Worth, Kerr, Val Verde, Marathon, and Marfa Basins, and the uplifted areas of the Oua-
chita and Marathon Mountains and their subsurface extensions. Strata within the trend are primarily
Cambrian-to-Pennsylvanian deep-water siliciclastics, carbonates, and cherts thrust over/against nor-
mal-faulted, Cambrian-to-Pennsylvanian shallow-water carbonates and siliciclastics.

Most of the petroleum within the Ouachita trend has probably been derived from four kero-
gen-rich intervals: Middle-Upper Ordovician, Upper Devonian-Lower Mississippian, Upper Mis-
sissippian, and Lower-Middle Pennsylvanian, although these intervals are not uniformly distributed
throughout the trend. The Ordovician Womble Shale (and equivalents) is thought to be the source
for the now solid hydrocarbons in the Ouachita Mountains. The Devonian Woodford Shale (includ-
ing the Lower Mississippian Caney Shale and other equivalents) is potentially the most significant
source rock within the Quachita system. It probably sourced the majority of the hydrocarbons in
the Arkoma, Val Verde, and Marathon Basins. The Mississippian Barnett and Lewis (Floyd) Shales
sourced local oil and gas accumulations in the Fort Worth and Black Warrior Basins, and the Fayette-
ville Shale sourced gas in the Arkoma Basin. The generally equivalent Stanley Shale has intervals of
high organic carbon in the Ouachita Fold Belt. Pennsylvanian coals and kerogen-rich shales sourced
known and potentially attributable large volumes of gas in the Black Warrior, Arkoma, Fort Worth,
Val Verde, and Marathon Basins. Other potential, but unsubstantiated, source intervals may exist in
Precambrian, Cambrian, and Silurian shales and basinal carbonates.

The maturation of source intervals and hydrocarbon generation appear to have occurred from
the Silurian to the Triassic eras, with substantial peak generation during the Permo-Pennsylvanian.
Reservoir and sealing intervals are present throughout most of the stratigraphic section, with the
majority of hydrocarbons produced from the younger Paleozoic section. Production has been most
prolific from natural gas reservoirs in the Arkoma and Black Warrior Basins.

INTRODUCTION

This report is a general review of the hydrocarbon-sourc-
ing intervals and associated petroleum systems of the Oua-
chita Thrust Belt and foreland basins of Oklahoma, Arkansas,
Mississippi, and Alabama. The Ouachita trend, which is one
of six thrust belts and foreland basins in North America (Fig.
1), contains Paleozoic strata ranging in age from Cambrian
to Pennsylvanian. Details of the stratigraphy and structure
are well summarized in Flawn and others (1961); Gatewood

and Fay (1991); Hatcher and others (1989); Lillie and others
(1983); Roberts (1994); Viele (1979); and Zimmerman and
others (1982) to mention a few. Oil and gas production char-
acteristics and data are summarized by Suneson and Campbell
(1990); Perry (1996); and Ryder and others (1996).

The Ouachita structural trend is the westward extension
of the Paleozoic Appalachian Thrust and Fold Belt system of
eastern North America (Fig. 1). The trend is composed of the
Black Warrior (Alabama and Mississippi), Arkoma (Arkansas
and Oklahoma), Sherman, Fort Worth, Kerr, Val Verde (Tex-
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Figure 1. Thrust belts and foreland basins of North America
(modified from Coleman and others, 2001).

as), and Marathon (Texas and Mexico) Basins; thrust-faulted,
uplifted areas in the Central Mississippi Uplift (Mississippi);
the Ouachita Mountains (Arkansas and Oklahoma); and the
Waco, Devils River, and Marathon Uplifts (Texas). About half
of the trend is buried by Mesozoic and Cenozoic sedimentary
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rocks. The individual basins are separated from each other
by subtle basement arches, uplifts, and/or wrench faults. The
trend cor:tains both décollement and high-angle reverse faults,
as well as wrench and normal faults.

Strata within the Ouachita trend consist of Cambrian to
Pennsylvanian deep-water siliciclastics, carbonates, and cherts
of Cambrian to Pennsylvanian age that have been thrust over/
against normal-faulted, Cambrian to Pennsylvanian shallow-
water carbonates and siliciclastics (Fig. 2). At the structural
front, high-angle reverse faulting may also affect the shallow-
water section. A postorogenic section of Upper Pennsylvanian
sedimentary strata is present overlying Ouachita metasedi-
mentary rocks in the subsurface of Arkansas and northeast
Texas.

The Ouachita trend contains several source rock intervals
of variable effectiveness throughout its stratigraphic section:
Middle-Upper Ordovician, Upper Devonian-Lower Missis-
sippian, Upper Mississippian, and Lower-Middle Pennsyl-
vanian. The Ordovician Womble Shale (and equivalents) is
thought to be the source of now-solid hydrocarbons in the
Ouachita Mountains. The Devonian Woodford-Chattanooga
Shale (including the Lower Mississippian Caney Shale and
equivalents) is potentially the most prolific source rock within
the Ouachita trend, and potentially sources the majority of hy-
drocarbors in the Arkoma, Val Verde, and Marathon Basins.
The Mississippian Barnett and Lewis Shales source local oil
and gas accumulations in the Fort Worth and Black Warrior
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Figure 2. Generalized stratigraphic chart of Arkoma Basin (adapted from Coleman and others, 2001). Only those hydrocarbon
source intervals (or their equivalents) discussed in the text are indicated by their names on the stratigraphic column.



Petroleum Systems of the Ouachita Thrust Belt and Foreland Basins 3

Basins. Coals and terrestrial organic shales within the Penn-
sylvanian Pottsville, Atoka, and equivalent units source large
volumes of known, and potentially attributable gas in the
Black Warrior, Arkoma, Fort Worth, Val Verde, and Marathon
Basins. Based on occurrences of stratigraphic equivalents in
the Midcontinent and the Appalachian Basin, other potential
source intervals may exist in Precambrian, Cambrian, and Si-
lurian shales and basinal carbonates.

To date, the Arkoma Basin is the most structurally de-
formed, hydrocarbon-bearing area of the Ouachita trend, with
production from combination stratigraphic and structural
traps, normal-fault blocks, and several productive, thrust-
cored anticlines and sets of stacked imbricates. Downdip of
the Arkoma Basin fields is a zone of solid hydrocarbons com-
posed of grahamite and impsonite (Fig. 3) (Cardott and others,
1993). In contrast with the Arkoma Basin, the Black Warrior
Basin, to date, is productive only from normal, antithetic and
down-to-the-basin fault traps and combination stratigraphic—
structural traps. A large belt of tar sands is developed updip
of the Black Warrior Basin fields in both quartz and lime car-
bonate sandstone beds of Mississippian age (Fig. 3). Both ba-

sins are capped by intervals of Pennsylvanian biturrinous and
sub-bituminous coal, with well-established, coal-gas methane
production.

BASIN CONFIGURATION

The Ouachita trend is bounded on the east by the Kem-
per County (Mississippi) Shear Zone (Carboniferous age),
which cuts off the Appalachian structural trend on its south-
eastern end; on the north (and northwest in Texas) by the
North American craton and platform strata (Precambrian to
Permo-Carboniferous); on the south (and southeast in Texas)
by a Mesozoic normal-fault zone, which developed during the
opening of the Gulf of Mexico; and on the west by a high-angle
reverse-fault zone of Laramide (Mesozoic) age. The Ouachita
trend is interrupted by several, regional, high-angle, reverse-
fault zones in eastern Mississippi (Kemper County Fault
Zone); western Tennessee—eastern Arkansas (Reelfoot Rift);
southeastern Oklahoma (Soutkern Oklahoma fault system);
southwestern Texas (Val Verde fault system); and northeastern
Mexico-southwestern Texas (Mojave-Sonora megashear).

Arkoma Basm I

~SRTIPT | AR T e
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Figure 3. Production trends of the Arkoma and Black Warrior Basins (base map adapted from Gautier and others, 1995). Solid

and dashed gray lines are faults (solid = outcrop and well-established, subsurface fault traces; dashed =

inferred, subsurface fault traces).

less well-established and
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Figure 4. |sostatic gravity map with production overlay (adapted from Coleman and others, 2001). Red = gas; green = oil.

The Arkoma Basin extends from the vicinity of the Mis-
sissippi River and the southern extension of the Reelfoot Rift
Fault Zone on the east to the vicinity of the Ardmore-Anadar-
ko Basin complex in southeastern Oklahoma. The Arkoma
Basin is characterized by numerous high-angle, syndeposi-
tional normal faults and low-angle décollement-style thrust
faults. Based on data from deep wells, seismic profiles, and
gravity mapping, the Arkoma Basin ranges from less than 2
km to greater than 10 km deep, with the deepest portion in
southeastern Oklahoma and west-central Arkansas (Figs. 4, 5,
and 6).

The Black Warrior Basin extends eastward from the vicinity
of the Mississippi River to the southwestern end of the Appala-
chian Orogenic Belt near the border of Mississippi and Alabama.
This basin is also characterized by numerous high-angle, normal
faults and low-angle décollement-style thrust faults, although the
throw on the normal faults is significantly less than those in the
Arkoma Basin. Based on data from deep wells, seismic profiles,

and gravity mapping, the Black Warrior Basin ranges from less
than 2 kn: to less than 10 km deep (Fig. 6).

The proximity of both oil and gas production to the deep-
er portions of these basins suggests that the main area for oil
and gas generation and preservation is in and near the deeper
parts of the basins (Fig. 4). The gravity anomaly is potentially
caused by the increased sedimentary thickness, but may also
be a result of reduced lithologic densities from less tectono-
stratigraphic loading and compaction, as comnpared with areas
along trend to the east.

THERMAL MATURITY MAPS

Source intervals are most effective when they are at peak
thermal maturity for generation of hydrocarbons from kerogen-
rich strata. It is common to consider oil-prone source intervals
as most effective when they are at “peak oil” levels of thermal
maturity, between vitrinite reflectance levels of 0.6% and 1.20%
R, It is also common to consider gas-prone source intervals
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Figure 5. Generalized cross section of Arkoma Basin, eastern Oklahoma. Line of section shown on Figure 4 (adapted from

Coleman and others, 2001).

as most effective when they are at “peak gas”
levels of thermal maturity, between vitrinite
reflectance levels of 1.20 and 2.5% Ro. These
considerations may be true for some kerogens,
but certainly not for all. Both oil and gas may
be generated early (i.e., at pre-peak and peak
oil levels of thermal maturity) if catalytic com-
ponents (such as sulfur) are presert or if the
majority of the kerogen present in the source
interval is plant-derived kerogen. Gas can also
be generated from oils and oil-prone kerogen
at advanced thermal levels. Both oil-prone

OKLAHOMA

ARKANSAS i
- //
| R,

“““““ 7

i ,ﬁfss:ssmpl

and gas-prone kerogens tend to go through
maximum generation in the peak oil zone of
thermal maturity (Fig. 7).

[ ] 2kmto5km

> 10 km

5 km to 10 km

100 mi

200 km

In this study, four categories were used
to illustrate the degree of thermal maturity
on the potential source rock intervals: (1)
pre-peak oil (0.25-0.6% R,); (2) peak oil
(0.6-1.20% R ); (3) peak gas (1.20-2.5% R_);
and (4) past-peak gas (>2.5% R ; Fig. 7). The
upper thermal limit for oil occurs at approxi-
mately 1.35% R,. Although methane is a very
stable molecule and can endure high thermal maturity levels,
its effective upper limit is usually considered to be roughly
3.2% R, (Dow, 1977; Perry and others, 1983). Deep Cam-
bro-Ordovician Arbuckle reservoirs within the Arkoma Ba-
sin are a notable exception to this rule, with equivalent values
(extrapolated from conodont color alteration indices, CAI) in

Figure 6. Present-day general depth-to-basement map, Arkoma and Black Warrior
Basins. Solid and dashed gray lines are faults (solid = outcrop and well-established,
subsurface fault traces; dashed = less well-established and inferred, subsurface
fault traces). Adapted from Coleman and others, 2001; approximate Cambrian
carbonate shelf margin from Hale-Erlich and Coleman, 1991.

excess of 3.2% R, (Hendrick, 1992). Reservoir properties tend
to degrade below conventional levels of productivity at peak
gas thermal maturity. Significant fracture networks are usually
required for effective hydrocarbon production in strata that
have undergone past-peak gas levels of thermal maturity.
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Figure 7. Diagram relating thermal maturity mapping levels to vitrinite reflectance, petroleum generation and destruction, and
reservoir porosity destruction (modified from Houseknecht and others, 1992, reprinted by permission).

POTENTIAL HYDROCARBON
SOURCE INTERVALS

Curiale (1981, 1983) and Weber (1990, 1992, 1994) re-
viewed the hydrocarbon sourcing potential for strata in the
Oklahoma portion of the Ouachita trend. Carroll and others
(1993) discussed source rock characteristics of the Black War-
rior Basin of Alabama. As part of a global study of thrust belts
and foreland basins, the author and his colleagues examined ad-
ditional data from the Arkansas portion of the Ouachita trend
and the buried strata of the Black Warrior Basin in Mississippi.

Four potential regional hydrocarbon source intervals are
recognized in the Arkoma and/or Black Warrior Basins: (1)
Middle-Upper Ordovician Sylvan-Polk Creek-Womble Shale;
(2) Upper Devonian-Lower Mississippian Woodford—Chatta-
nooga Shale; (3) Lower Carboniferous (Upper Mississippian)
Fayetteville-Stanley-Caney-Lewis (Floyd) Shale; and (4) coal
beds and coaly shales within the Upper Carboniferous (Lower-
Middle Pennsylvanian) Hartshorne, Atoka, and Pottsville For-
mations. The Silurian Missouri Mountain Shale probably has
limited hydrocarbon source potential; however, the kerogen-
rich intervals within this unit do not appear to extend across
the basin. Even though no direct evidence exists to confirm that
additional source intervals within Lower Ordovician and Upper
Cambrian strata are regionally effective in sourcing petroleum
systems, they have been hypothesized in the study area.

For this study, maps were constructed showing the cur-
rent thermal maturity of these four potential hydrocarbon
source intervals (Figs. 8A-D), based primarily on data from
references cited at the end of this report, as well as unpub-
lished data from the U.S. Geological Survey (USGS; Repets-
Id, personal communication, 2004) and Amoco Production
Company. Three of these source intervals, Middle-Upper
Ordovician (Fig. 8A), Upper Devonian (Fig. 8B), and Upper
Mississippian (Fig. 8C), are relatively thin and are thought to
have undergone fairly uniform thermal alteration during their
burial history. The fourth interval, Lower-Middle Pennsylva-
nian (Fig. 8D), is extremely thick in the deepest portions of
the Arkoma and Black Warrior Basins. The thermal maturity
map for the fourth interval displays the current thermal condi-
tions for the Pennsylvanian Pottsville and Atoka Formations.
In many places, the Upper-Middle Pennsylvanian Hartshorne
Formation has a lower thermal maturity level than that shown
on the map.

Middle-Upper Ordovician

In the Arkoma Basin, the Middle- to Upper-Ordovician
Sylvan-Polk Creek—-Womble Shales have been confirmed as
oil-prone source rocks with total organic carbon (TOC) con-
tents ranging between 0.29 and 6.1% (Figs. 2, 8A; Table 1) (Cu-
riale, 1983; Weber, 1990, Johnson and Cardott, 1992; Titus and
Cole, 1996). Throughout most of their extent in the Arkoma



Petrolenm Systems of the Quachita Thrust Belt and Foreland Basins 7

Lt simpson

s i) +

{1 Cambrian andOrdovician outcrop

W Pre-peak oil
Peak oil 1% e __om
E Peak gas 100 0 100 200 km

Past-peak gas

Erosional
Truncation 1

=
L Mississippian outcrop

Pre-peak oil

| Peakoil
Peak gas
@l Past-peak gas

Cambrian to Sifurian outcrop
] Devonian outcrop

I Pre-peak oil
.5 Peak oil
= Peak gas

Past-peak gas

S
=S
.

7] cambrian to Mississippian outcrop

Pennsylvanian outcrop

Pre-peak oil il ] lus
Peak oil 00 [ _10 200 km
B Peak gas

B Past-peak gas

Figure 8. Present-day thermal maturity maps of key source intervals in the Arkoma and Black Warrior Basins (same area as Fig. 6).
(A) Upper Ordovician; (B) Upper Devonian (also, includes some Lower Mississippian strata); (C) Upper Mississippian; (D) Middle
Pennsylvanian. (Modified from Coleman and others, 2001; gas chromatography—flame ionization detector chromatographs from
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Basin, they are at the past-peak gas level of thermal maturity.
Facies equivalents of these shales are not recognized in the
Black Warrior Basin, but may be present in the phyllite-grade
metamorphic rocks encountered by wells drilled in the thrust-
faulted portion of the basin (Flawn and others, 1961).

In the western Quachita Mountains, Curiale (1983) cor-
related the heavy oils and solid hydrocarbons with kerogen-
rich intervals in the Sylvan-Polk Creek-Womble Shales, with
a possible contribution {rom the Silurian Missouri Mountain
Formation (Curiale, 1992). These heavy hydrocarbons have
been found in various Paleozoic strata ranging from the Upper
Ordovician Bigfork Chert to the Lower Pennsylvanian Jackfork
Group sandstone, and they appear to have experienced limited
biodegradation, water washing, and devolatilization in conjunc-
tion with significant thermal alteration at the basin scale (Ruble
and Philp, 1992; Cardott and others, 1993). In Oklahoma, oils
generated from Middle-Upper Ordovician strata withir: the
Ouachita trend are produced from Ordovician, Silurian, and
Mississippian reservoirs (Campbell and Northcutt, 2001).

Upper Devonian

The Upper Devonian-Lower Mississippian Woodford-
Chattanooga Shale (and equivalents) is probably the most
important, continent-wide hydrocarbon source interval in
onshore central North America, as these kerogen-rich strata
stretch from the Rocky Mountain basins to the Appalachian
Basin. It is found throughout the Arkoma and to a lesser extent
in the Black Warrior Basin (because of sedimentary thinning
and erosional truncation; Comer, 1992; Comer and Hinch,
1987; Johnson and Cardott, 1992). In the study area, these
strata have an organic richness that ranges from 2.0% to 12.5%
TOC (Table 1). Throughout much of the Ouachita trend, this
interval is at a peak gas to past-peak gas level of thermal ma-
turity (Fig. 8B). In the main portion of the Arkoma Basin, the
Woodford Shale contains primarily Type I kerogen and is an
excellent oil source interval. Along the northern flank of the
Arkoma Basin (Ozark Uplift) and Black Warrior Basin, how-
ever, it is diluted with terrigenous material and has a mixture
of Type II and Type I1I kerogen; here it generated gaseous and



liquid hydrocarbons (Johnson and Cardott, 1992; Carroll and
others, 1993).

The Woodford-Chattanooga source interval has been cor-
related with oils in the Arkoma Shelf reservoirs and with con-
densates in the Arkoma Basin (Comer, 1992; Amoco Produc-
tion Company internal report, 1994). The Chattanooga Shale
is also a potential source interval in parts of the Black Warrior
Basin, but it has not been definitively correlated with the oils
produced there. Oil and gas generated from these Upper De-
vonian intervals within the Ouachita trend are produced from
Ordovician, Devonian, Mississippian, and Pennsylvanian res-
ervoirs in Oklahoma (Wavrek, 1992; Campbell and Northcutt,
2001).

Upper Mississippian

The Upper Mississippian Fayetteville-Caney-Lewis
(Floyd) Shales have been recognized as a potential hydrocar-
bon source interval in the Ouachita trend for many years (Cu-
riale, 1983; Weber, 1994; Carroll and others, 1993). The inter-
val is predominantly gas-prone in the Arkoma Basin, but has
a more oil-prone character in the Black Warrior Basin to the
east and the Fort Worth Basin to the west. Within the study
area, it ranges in richness from 0.17 to 9.5% TOC and extends
across the spectrum from peak oil to past-peak gas in the Ar-
koma and Black Warrior Basins (Table 1; Fig. 8C).

The Upper Mississippian shales have been correlated with
the oils produced from Mississippian reservoirs in the Black
Warrior Basin, and they may be the source of the heavy oils in
the tar sands of northern Alabama (Robertson Research, 1985;
Carroll and others, 1993). This interval is generally equivalent
to the Barnett Shale, which hosts a significant fractured shale
gas play in the Fort Worth Basin. Gas production from pre-
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sumed fractured Fayetteville Shale has recently been estab-
lished in the northern Arkoma Basin of Arkansas (Korell and
others, 2004; Southwestern Energy Company, 2004)

Lower-Middle Pennsylvanian

The Lower and Middle Pennsylvanian Pottsville, Atoka,
and Hartshorne Formations contain coal beds and kerogen-
rich shales, which are dominantly gas-prone across the Oua-
chita trend. The shales in this interval vary in organic rich-
ness from 0.22 to 3.0% TOC (Table 1) and in thermal maturity
from pre-peak oil to past-peak gas (Fig. 8D).

The slightly older Pottsville Formation, which includes
the Mary Lee/Blue Creek and Pratt coal beds, hosts a prolific
coalbed methane (CBM) industry in the Black Warrior Ba-
sin of Alabama. To the west, gas-prone shales in the slightly
younger Jackfork, Johns Valley, and Atoka Formations have
been recognized from geochemical sampling of outcrop ex-
posures, but none of these shales has been clearly tied to gas
production from Pennsylvanian strata. In the Arkoma Basin,
coal beds in the Hartshorne Formation have been successfully
developed as gas reservoirs. Additional potential has been rec-
ognized in younger coal beds of the McAlester, Savanna, and
Boggy Formations.

TIMING OF HYDROCARBON GENERATION

Byrnes and Lawyer (1999) have reviewed and modeled
the hydrocarbon generation history of the Arkoma Basin and
Ouachita Fold Belt in Oklahoma and Arkansas. Carroll and
others (1993, 1995) have presented similar work on the Black
Warrior Basin of Alabama. Repetski (personal communica-
tion, 2004) provided access to unpublished USGS data for

TABLE 1.— Table of Known and Hypothetical Hydrocarbon Source Intervals in the Arkoma and Black Warrior Basins with TOC

values
Age Formations Minimum TOC (%) :\{)I/a)xlmum Toc Average TOG" (%)
(o)
. Hartshorne, Atoka,
Pennsylvanian Johns Valley, Jackfork 0.22 3.0 1.95
Co Fayetteville, Caney, Stanley,
Mississippian Lewis (Floyd) 017 9.5 2.2
. Woodford, Chattanooga,
Devonian Upper Arkansas Novaculite 2.0 12.5 8.5
Silurian Missouri Mountain <1.0 14 —
Ordovician Sylvan—Viola, Womble, Polk 0.29 6.1 3.2
Creek
Cambrian Collier — — —

"Excluding coal sample analysis.

Source: data from Curiale, 1983; Weber, 1990; Johnson and Cardott, 1992; Korell and others, 2004.
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Mississippi to update earlier modeling work by Hines (1988).
These and other workers have shown that the maturation of
the Paleozoic sedimentary pile was driven primarily by depo-
sitional burial within the larger Ouachita Basin. At first, burial
was relatively slow, with deposition of low-volume, passive-
margin, carbonate slope and shelf sediments, interspersed
with deposition of basinal turbidite-debrite and chert during
the early Paleozoic. During the late Paleozoic, burial became
rapid, with high-volume siliciclastic, deltaic, and basin-fan
sedimentation, interspersed with carbonate and chert deposi-
tion. Maxinium foreland basin burial, both from sedimentary
deposition and structural thickening caused by advancing
thrust sheets during the Pennsylvanian and Early Permian,
caused the main kydrocarbon source intervals previously dis-
cussed to evolve rapidly from pre-peak oil levels of thermal
maturity to levels as high as past-peak gas in the deepest parts
of the basin (Figs. 8A-D).

Houseknecht and Matthews (1985) interpreted a significant
component of local thermal alteration to Mesozoic intrusion
within the Mississippi Embayment. Their work, as well as that of
others, clearly shows an increase in thermal maturity of all Paleo-
zoic stratigraphic intervals from west to east along the outcrop
and within the subsurface. Substantially less data are available
from the subsurface of eastern Arkansas and western Mississippi,
but the available data also indicate an increase in thermal maturi-
ty toward the area of Mesozoic intrusions (Fig. 9). The suggestion
that a local increase in thermal maturity was caused by Mesozoic
intrusions was rejected by Byrnes and Lawyer (1999) based on
work by Desborough and others (1985) and Arne (1992), who

indicated from zircon and apatite-fission track analysis that maxi-
mum thermal maturity in Ouachita Paleozoic rocks were reached
prior to the onset of Mesozoic plutonic intrusions. The work by
Desborough and others (1985) ar:d Arne (1992) was apparertly
restricted to outcrop samples, which were taken from the western
edge of the intrusion area. Similar zircon and apatite-fission track
analyses apparently have not been performed on samples from
equivalent subsurface strata in Arkansas and Mississippi to see if
these findings are pertinent across the entire Arkoma-Black War-
rior Basin transition.

PETROLEUM SYSTEMS

The Arkoma and Black Warrior Basins are primarily gas-
productive (Table 2). Condensates are produced from some
wells in Oklahoma, and crude oil is produced from some fields
in Oklahoma, Arkansas, and Mississippi. Solid and low-grav-
ity crude oil has been found in both basins. Because of these
conditions, clear correlation of liquid hydrocarbons to source
interval has been difficult and not without some debate. Where
crude oils are present, however, it has been possible to corre-
late source interval to reservoir fluid.

Because of the relatively high degree of faulting and frac-
turing in the Ouachita trend, hydrocarbons from older strata
have migrated upward irto younger formations. This migra-
tion has been demonstrated by oil-source rock correlations of
solid and liquid kydrocarbons; a similar migration path can
also be assumed for natural gas.

In the Arkoma Basin and Ouachita Fold Belt, hydrocar-
bons sourced from Ordovician strata have been identified in

Ordovician, Silurian, and Mississip-

[C] cambrian to Mississippian outcrop
ERE Pennsylvanian outcrop

| Buried Mesozoic Volcanic Area

pian reservoir rocks. The heavy oil
in Mississippian and Pennsylvanian
sandstones is related to oils originally
derived from Ordovician strata. Hy-
drocarbons sourced from Devonian
strata (including Lower Mississippian
intervals) have been identified in Or-
dovician, Devonian, Mississippian,
and Pennsylvanian reservoir rocks.
Hydrocarbons derived from Missis-
sippian units have been inferred to be
that found in fractured Mississippian
Fayetteville Shale reservoirs. Hydro-
carbons from Pennsylvanian source
intervals are inferred in Hartshorne

coal reservoirs in the CBM fields and

less so in at least some of the Pennsyl-

Bl Past-peak gas

Pre-peak oil 100 O
[ Peak oil 100 o 100 200 km
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vanian shallow-water and deep-wa-

ter sandstone reservoirs (Petroleum

Figure 9. Mesozoic igneous areas in the Arkoma and Black Warrior Basins (modified from

Coleman, 1991; superimposed on Figure 8D).

Information Corporation, 1989; Car-
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TABLE 2.—Table of Known and Hypothetical Hydrocarbon Source Intervals in the Arkoma and Black Warrior Basins with

Kerogen Type and Generated Hydrocarbon Product Type Age

Gas Formations Kerogen Type Product

Pennsylvanian Hartshorne, Atoka, i Gas
Johns Valley, Jackfork

Mississippian Fayetteville, Caney, i, Qil, gas
Stanley, Lewis (Floyd)

Devonian Woodford, Chattanooga, i, 1 Oil, gas
Upper Arkansas Novaculite

Silurian Missouri Mountain (7 Oil (?)

Ordovician Sylvan-Viola, Womble, 1 oll
Polk Creek

Cambrian Collier (?) Ol (?7)

Source: Modified from Curiale, 1983; Weber, 1990; Johnson and Cardott, 1992; Comer, 1992; Carroll and others,

1993, 1995; Korell and others, 2004.

dott, 1998; Campbell and Northcutt, 2001; Korell and others,
2004).

In the Arkoma Basin, the preponderance of vertical hy-
drocarbon migration paths in a system of both high-angle
normal faults and low-angle thrust faults has led to a highly
efficient discovery process, wherein the largest fields were
found first (Fig. 10A). The first fields were drilled on surface
anticlines, which, fortuitously, hinted at structural and strati-
graphic closure on older reservoirs at depth.

In the Black Warrior Basin, oil derived from Mississippian
source intervals has been identified in Mississippian reservoir
rocks, and natural gas sourced from Pennsylvanian strata is in-
ferred in Pottsville coal reservoirs. Natural gas produced from
Ordovician, Mississippian, and Pennsylvanian reservoirs has
not been clearly tied to any of the source intervals discussed.
It is assumed that the high organic content strata within the
Mississippian and Pennsylvanian rocks sourced reservoir in-
tervals of these ages. Source intervals in the Ordovician and/
or Devonian strata in the deep Black Warrior Basin may have
produced the gas extracted from Middle Ordovician dolomite
reservoirs deeper in the basin.

The historical development of hydrocarbon production
in the Black Warrior Basin has been somewhat enigmatic
and certainly inefficient, as there has been an almost random
discovery history in the basin (Fig. 10B). Prior to the discov-
ery and development of CBM reservoirs, the main producing
trends of the Black Warrior Basin were buried beneath sedi-
ments of the Gulf Coastal Plain, which only faintly mimic the
underlying structural grain. Hence, large surface anticlines
were not available to guide early explorers. With the develop-
ment of reflection seismic profiling, normal fault-bounded

structures were identified, drilled, and in some cases, natural
gas production established. Oil shows were not uncommon; in
fact, large tar sand deposits were known from the outcrop area
of Mississippian strata in northwest Alabama and northeast
Mississippi. Even so, no crude oil production was established
until 1982, when drilling at Coal Fire Creek Field found oil in
what was thought to be a gas productive trend. Two years be-
fore, large-scale CBM production was initiated at Oak Grove
Field (Fig. 10B).

RESOURCE ASSESSMENT

Teams from the USGS have assessed the remaining re-
sources of the various sub-basins of the Ouachita trend (Gauti-
er and others, 1995; Hatch and others, 2003; Pollastro and
others, 2004). By combining the work of these three teams, it
is possible to develop an understanding of the remaining hy-
drocarbon potential within the Ouachita trend (Fig. 11). It is
clear that the residual potential in both the Arkoma and Black
Warrior Basins will be probably be dominated by natural gas
or natural gas liquids. It is also apparent that the potential of
these two basins is minor when compared to the remaining
potential for the Texas Ouachita basins, which have assessed
volumes of hydrocarbons as much as 100 times that of the Ar-
koma and Black Warrior Basins (Table 3).

BASIN-SCALE, GEOTECHNICAL
EXPLORATION RISKS

Future oil and natural gas exploration in the Arkoma and
Black Warrior Basins will take place with some distinct ad-
vantages and disadvantages. A number of petroleum systems
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Table 3.— Compilation of Resource Assessment (F50 Values)

Basin 0il (MMBo)* Natural Gas (Tcfg)t Natural Gas Liquids
(MMBngl)t

Black Warrior Basin 5.9 8.5 7.6

Arkoma Basin 3.4 4.7 74.5

Texas Ouachita basins

(Fort Worth, Val Verde,

Marathon) 114.7 26.7 1,080.1

Total 124.0 39.9 1,162.2

* Million barrels of oil.
T Trillion cubic feet of natural gas.
¥ Million barrels of natural gas liquids.

Source: USGS National Oil and Gas Assessment teams: Gautier and others, 1995; Hatch and others, 2003;

Pollastro and others, 2004.

have been identified, ranging in age from Ordovician to Penn-
sylvanian. Generation and initial migration of hydrocarbons
from most source intervals took place about the same time in
all source intervals (during the Late Pennsylvanian) as a result
of foreland basin sedimentation, tectonic loading, and deep
burial. Mississippian oil-prone source intervals are still with-
in or near the oil window of thermal maturity in portions of
the trend. Gas-prone coal beds are present at shallow to deep
depths.

Unfortunately, with these advantages come several dis-
advantages. Most areas with favorable reservoir and source
interval characteristics have been heavily drilled, leaving few
(or possibly no) areas for low-risk opportunities. For the most
part, the yet-to-be-found carbonate and siliciclastic reser-
voirs probably will have poor reservoir characteristics (i.e.,
low porosity and permeability). High thermal maturity due to
synorogenic depositional and tectonic loading has probably
adversely affected reservoir properties over much of the re-
maining areas to be drilled. Remaining hydrocarbon trap sizes
will probably be small at shallow depths, but potentially large
at greater depths. Thrust faulting and normal faulting may
have created fragmented structures and disconnected com-
partments of high structaral complexity. Whereas this highly
fragmented condition may contribute to increased gas pro-
duction potential (rate and accessible cumulative volume per
well), it also may increase the risk for seal failure, potentially
preventing any production at all. This fragmented reservoir

condition may also increase the difficulty in obtaining clear
seismic images of potential hydrocarbon traps.

The discovery and development of new fields in the Ar-
koma and Black Warrior Basins will require patience and
strong reservoir characterization skills to maximize produc-
tion and exploitation efficiency. The development in 2003 of
deep Ordovician reservoirs within the Black Warrior Basin,
based on a 1971 discovery (Champlin, 2003), may presage a
new round of drilling and field development. Applications of
horizontal drilling technology, following enhanced seismic
imaging and processing, may also enhance growth potential
in existing fields.

SUMMARY

The distribution and effectiveness of the petroleum sys-
tems in the Arkoma and Black Warrior Basins are a function
of Pennsylvanian sedimentation (burial), subsidence, and tec-
tonics. The effects of Mesozoic igneous activity in the eastern
Arkoma and western Black Warrior Basins and fold belts are
uncertain, but may be detrimental to both hydrocarbon source
and reservoir intervals. Thermal maturity in the Arkoma and
Black Warrior Basins has apparently restricted the optimum
area for future oil and gas development. The discovery of
significant, new, potential source intervals will probably not
have a substantial effect on development history of either the
Arkoma or Black Warrior Basins. Effective reservoir perfor-
mance (over most of the area) will probably require a signifi-
cant tectonic component in the form of pervasive fracturing
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Figure 11. Generalized map showing hypothetical distribution of petroleum systems and general hydrocarbon migration vectors.
Solid and dashed gray lines are faults (solid = outcrop and well-established, subsurface fault traces; dashed = less well-established
and inferred, subsurface fault traces). (Production base map from Gautier and others, 1995)

to overcome adverse reservoir conditions caused by geologic
age, original burial depth, diagenetic gradient, and grain- and
pore-throat sizes. The Arkoma Basin has a highly efficient dis-
covery history and profile, suggesting that new play concepts
will be required there for the “next big discovery” The Black
Warrior Basin, on the other hand, has a highly inefficient dis-
covery history. Although it is likely that significant new fields
will not be found with existing play concepts, the projected
history of the basin does not rule out that possibility.
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Geologic Profiles Derived From Seismic Data West and East
of the Arkansas-Oklahoma State Line,
Arkoma Basin and Frontal Ouachita Mountains

Michael T. Roberts
Palmer Petroleum, Inc., Shreveport, Louisiana

INTRODUCTION

The geology of the southern Arkoma Basin and frontal
zone of the Ouachita Mountains is complex and not completely
understood. Several cross-sectional studies have been published
focusing on this zone of Pennsylvanian-Permian deformation
(e.g., Briggs and Roeder, 1975; Wickham, 1977; Viele, 1979;
Arbenz, 1984, 1989; Zimmerman and others, 1982; Lillie and
others, 1983; Roberts, 1994). These sections differ from each
other in interpreted styles of deformation and in the handling
of basic questions regarding the structural relationship between
major tectonic elements. I do not propose to answer all of these
questions. Instead, I will present two additional profiles derived
from multichannel seismic lines located in western Arkansas
(Fig. 1) and compare the geology revealed by these data to that
of the seismic lines I used for a cross section west of the Ar-
kansas—Oklahoma state line (Roberts, 1994). The seismic data
for the present study were provided by Compagnie Generale de
Geophysique (CGG). The previously published cross section
used seismic data that started near Big Cedar, Oklahoma, and
trended north to near Brushy, Oklahoma. It included the Mul-
berry Fault on the north side of the Arkoma Basin, the Backbone
and Heavener Anticlines and intervening Cavanal Syncline of
the Arkoma Basin, the frontal thrust fan south of the Choctaw
Fault, and the Ti Valley, Briery, and Windingstair Faults of the
Ouachita system. The section was carried north and south us-
ing outcrop data.

Cross section A (Fig. 2) trends due south from near Green-
wood, Arkansas, to a point just north of Shut-In Mountain, all
of which is covered by CGG line 606. The cross section contin-
ues southward based on outcrop data from the COGEOMAP of
Haley and Stone (1995) through west Mena, Arkansas, and the
first ridges of Arkansas Novaculite south of Mena. This section
is approximately 21 mi east of the Oklahoma section in Rob-
erts (1994). Section A begins with the Washburn Anticline, en
echelon with the Backbone Anticline, and a major gas-produc-
ing structure in Arkansas (dominantly from Atokan sandstone

reservoirs). It passes southward in the Arkoma Basin through
an anticline near Mansfield, the site of the first commercial gas
well in Arkansas in 1902, and then across the Potean Syncline.
Farther south, the section crosses a major anticline at Walker
Mountain, then the Ross Creek and Johnson Creek Faults of the
frontal OQuachitas. The seismic data terminate in a complex area
of faulted lower Atokan strata 1 mi east of Horseshoe Mountain.
To the south, outcrops are of thrusted Quachita facies strata of
the Jackfork Group, Johns Valley Formation, and Stanley Group
north of Mena, and complexly deformed Stanley shales, Arkan-
sas Novaculite, and older units south of Mena. The cross section
terminates at the south end of the Potter Quadrangle.

Cross section B (Fig. 3) begins nearly 11 mi east of A, and
follows CGG seismic lines 6 and 1 south across the Washburn
Anticline and Poteau Syncline to near Waldron, Arkansas, where
it bends toward the southeast, crosses the Ross Creek Fault and
the Y City Fault, 3.5 mi south of which the seismic data termi-
nate. The cross section is offset to the west approximately 8 mi
along the Y City Fault to near Y City, where it continues south
through the Board Camp Quadrangle using the surface geol-
ogy of Haley and Stone (1995). South of Y City are thrusted
Quachita facies of Jackfork-Johns Valley and Stanley strata. A
major fault, 2.5 mi north of the Y City Fault, carried Ouachi-
ta facies (Johns Valley at the surface) over the middle Atoka.
Tt must somehow connect with the major Oklahoma Ti Valley
Fault system, which is also interpreted as bringing Ouachita fa-
cies far to the north over the Atokan foredeep units. This fault
is called the Ti Valley Fault in this paper (and by C. Stone, per-
sonal communication, 2004). South of Irons Fork Mountain,
the cross section passes through complexly deformed Stanley
shales, Arkansas Novaculite, and older units of the “core zone”
anticlinorium or Benton Uplift.

The area of these three cross sections is where the geologic
structures and nomenclatures of the Oklahoma Ouachitas some-
how merge into those of the Arkansas side of the thrust belt.
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Stone, 1995). The horizontal scale is in miles
(Fig. 2) but the vertical scale is in seconds. The
unit boundaries are interpre ted by projection
from the surface to depth (time) and the faults
and other features are interpreted from the
seismic data. The display is approximately 1:

1, assuming an average velocity of 12,000 feet
per second (fps) (which is probably too slow;
some areas are possibly closer to 13,500 fps).

The section extension south of the seismic

e Roberts, 1994

Broken I Cretaceous

\[] Hugo S Bow

~ rd
~ ./ 95~

|

/GULF COAST]AL PLAIN (K)

data was done from surface data and approxi-
mate known thickness of units but was drawn
to match the seismic scale. This is not strictly
proper but serves to illustrate a model for the
continuation of the geology revealed by the
seismic line.
LT The seismic data from near Greenwood,
mmm Arkansas, south to the Ross Creek Fault (Fig. 2)
show that the Atoka is detached from underly-
ing lower Atoka and older strata by a low-angle
thrust fault that comes to the surface in a fan of
" thrusts in the core of the Washburn Anticline.
South of the Poteau Syncline this detachment
*K  steepens southward and merges with a re-
gional décollement surface that lies in Missis-
sippian shales above the older carbonate plat-

Figure 1. Location map for cross sections A and B discussed in this report
(geologic base from Arbenz, 1989). Also shown is location of Roberts’ (1994)

Ccross section.

The exact ties of the structures across the state line are still being
worked on—for example, what do the Choctaw, Ti Valley, and
other major Oklahoma thrusts correlate to in west Arkansas? As
previously stated, the fault north of Y City that carries the frontal
Ouachita facies should tie with the Ti Valley Fault, but its connec-
tion is not clear from surface mapping as the intervening Horse-
shoe Mountain Syncline-Atoka complex cuts off the fault west
of Boles, Arkansas. The area of these sections is also the place
where the frontal Ouachita belt widens dramatically from the
Mena region into southeastern Oklahoma and a bend occurs in
the so-called core zone of the Benton-Broken Bow Uplift. Cover
structures revealed by the seismic tool, as well as surface geology,
change along strike through this area and some of these changes
may be related to lateral ramps in the cover strata and basement
fault complexes at depth. Duplex structures are present in both
the Arkoma Basin cover and in the Ouachita facies.

CROSS SECTION A

The cross sections are presented as seismic-line drawings
interpreted with the help of the surface outcrops (Haley and

form strata of the Ozark facies. The underlying
Ozark facies strata are block faulted but form
a south-dipping ramp overall. Listric normal
faults formed in Mississippian-Morrowan and
lowest Atokan clastics lie between the platform
blocks and the intra-Atoka detachment. Above
the detachment ride broad synclines and cuspate anticlines in
Atokan and Desmoinesian clastics and coals. Some thrusts may
be reactivated listric normal faults. Some listric normal faults
can still be seen under the detachment. Much recent develop-
ment drilling has taken place along the Washburn Anticline for
gas reserves (e.g., Gragg, Booneville, and Chismville Fields) in
Atoka sandstones. Under the Washburn Anticline, the Qzark fa-
cies are nearly 9,000 ft deep, but under the Ross Creek Fault they
may rest at 27,000 ft or more below the surface, buried by thrust
sheets and increased thickness of lower Atokan, Morrowan, and
Mississippian clastics.

In this area, large thrusts also lie north of the Ross Creek
Fault, bringing lower Atoka over middle Atoka strata. Some
studies have correlated these faults with the Choctaw Fault sys-
tem of Oklahoma. Immediately south of the Ross Creek Fault,
the Johnson Creek Fault defines the northern edge of an enig-
matic, thrusted synformal complex of lower and middle Atoka.
The seismic data end within this Atoka complex and are not eas-
ily interpreted within and beneath it. The data, however, along
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with the pattern of surface geology mapped by Haley and Stone
(1995), are interpreted to show a flat, shallow detachment fault
separating the Atokan synform from deeper thrusted Ouachita
basinal facies and Atokan foredeep facies.

The relationships near Boles and Y City indicate that ei-
ther the Ti Valley thrust sheet plunges beneath a detached Ato-
la synform or that the Atoka strata overlie it erosionally. I have
chosen the first possibility for this cross section and show the Ti
Valley Fault beneath the detached Atoka units, itself thrust far
over foredeep clastics of lower Atokan age and underlying older
units, including the Ozark platform facies. Under the Ti Valley
area, the platform facies may be more than 28,000 ft below the
surface. Possible basal Atoka units such as the Spiro may be only
12,000-13,000 ft deep in stacked thrust sheets. A basal Atoka
sandstone correlated with the Spiro by C. Stone (personal com-
munication, 2004) occurs in the overlying synform north and
west of Shut-In Mountain.

The geology at, and south of, Shut-In Mountain is highly
simplified and based on surface mapping, with the idea that a
core of reactivated, thrusted basement rocks and Ozark facies
strata underlie thrusted, far-traveled, coeval basinal strata of
the Ouachita facies. Shut-In Mountain itself may be a structural
window of the core of a duplex under the Horseshoe Mountain
Synform. It is composed of Jackfork Group strata flanked by
Johns Valley Formation and lower Atoka strata. Arbenz (per-
sonal communication, 2003) considers this area to be a partially
exhumed triangle zone. Fourche and Rich Mountains are mass-
es of Jackfork Group sandstones carried northward on thrusts
in the Stanley Group. Complexly faulted, steep-dipping Stanley
Group units northeast of Mena are truncated by a low-angle
fault that bounds the Rich Mountain Syncline. The cross section
shows an interpretation of the low-angle fault as roof to a duplex
of Stanley and older units at depth. Around Mena, major thrusts
bring Stanley and older core-zone basinal facies to the north.
At the south end, the section shows the Arkansas Novaculite
thrust to the surface—the southern facies of the Novaculite, out
of place, apparently thrust over the northern facies not exposed
in this location (C. Stone, personal communication, 2004). Geo-
logic map patterns in the Mena area and south are suggestive of
folded thrusts and duplexes in the cover rocks.

COMPARISON WITH
OKLAHOMA CROSS SECTION

The Oklahoma cross section (Roberts, 1994) traverses the
area where the frontal Ouachita belt widens north—south. In the
Arkoma Basin portion, this cross section and section A (Fig. 2)
are similar. Under the south flank of the Backbone Anticline (en
echelon to Washburn), the platform facies are 9,000 ft deep. The
core of the Backbone Anticline is a thrust that flattens into a de-
tachment in the lower Atoka, which underlies all of the Arkoma

Basin to the south along this line. Under the Choctaw Fault, the
platform facies are nearly 20,000 ft deep—somewhat shallower
than in the Arkansas section A. Duplexes in the lower Atokan,
Morrowan, and Mississippian clastics underlie the detachment
in the Heavener Anticline and Choctaw Fault areas. The intra-
basement décollement shown by seismic data in eastern Okla-
homa was not imaged on the western Arkansas data used in
this study, but was seen on other Arkansas data. Presence of the
décollement is indicated by the apparent reactivation of a base-
ment normal fault to a reverse fault under the Mansfield area
(section A) and another under the Poteau-Pilot Knob Syncline
(Fig. 3).

Unlike the Arkansas seismic data, the Oklahoma data car-
ried and could be interpreted far south of the frontal Choctaw
and Ti Valley Faults. The data indicated that the detachment in
the lower Atoka seen under the Arkoma Basin continues under
the Choctaw, Ti Valley, Briery, and Windingstair Faults almost
as far as Big Cedar (where the data end). It appears to form a
roof fault for duplexes of lower Atoka and older units, as is seen
under the Choctaw Thrust fan. This detachment rests nearly
16,000 ft under the Briery Fault trace, where the platform facies
strata lie approximately 26,000 ft below the surface. South of
the Choctaw Fault fan, the Ti Valley sheet carries thrusted and
folded Jackfork-Johns Valley and lower Atoka rocks; the Briery
and Windingstair Faults bring Stanley and Jackfork rocks to the
north. For more than 15 mi south of the seismic line, the surface
geology reveals thrusted Stanley Group and broad synclines of
Jackfork Group. Regional map relationships indicate that these
synclines are underlain by detachments separating them from
duplexes of Stanley and older Quachita basinal facies. These
detachments were omitted from an earlier published cross sec-
tion (Roberts, 1994), but a deeper detachment was shown that
carried the basinal facies northward over the coeval platform.
The south end of section A, however, is in the core duplex re-
gion that appears to plunge westward under the more gently de-
formed Stanley-Jackfork units of eastern Oklahoma.

CROSS SECTION B

Section B (Fig. 3) is drawn, as described for section A (Fig.
2), as a representation in time of the geology along CGG lines 6
and 1, with an offset southward continuation using the surface
information of Haley and Stone (1995). This cross section (Fig.
3) also begins at the Washburn Anticline, but between Green-
wood and Booneville, Arkansas. In this location the anticline is a
little broader but exhibits similar core thrusts, which merge into
a detachment surface in the lower Atoka. A second, shallower
detachment—also in the lower Atoka—is interpreted to the sur-
face on the south limb of the anticline. A large, mainly synclinal
area lies between that fault and the Ross Creek Fault, and is de-
tached from the deeper section by the upper detachment fault in
the lower Atoka, which dips gently south then rises to be cut off
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by the Ross Creek Fault. An anticline of lower Atoka, Morrowan,
and Mississippian strata lies beneath this detachment under the
south limb of the Poteau Syncline. As seen in section B (Fig. 3)
and in Roberts (1994), the underlying Ozark platform strata are
block-faulted and detached from shallower units by a detachment
surface in the Mississippian shales. The platform facies appear to
be at the same depth (time) under the Ross Creek Fault in both
sections A and B (estimated at 27,000 ft).

The structure between the Ross Creek and Ti Valley Faults
is much simpler and less compressed in section B than in sec-
tion A. These sections are nearly 15 mi apart at the Ross Creek
trace. To account for the considerable differences between the
two requires a tear fault or lateral ramp. At the Ti Valley Fault
on section B, the platform is estimated to be 29,000 ft below
the surface. The Ti Valley Fault dives to 11,500-12,000 ft on the
south end of the seismic line, roughly 3 mi south of its surface
trace (approximately a 37° fault-plane dip). The platform facies
strata lie 32,000-33,000 ft below the surface at the south end of
the seismic line. Thrusted lower Atokan, Morrowan, and Mis-
sissippian clastics appear to lie between the Ti Valley sheet and
the platform sequence. The seismic data on the south end of this
line are more easily interpreted than that of section A.

Using surface geology, section B continues south, off-
set along the Y City Fault about 8 mi west to the vicinity of Y

Irons Fork Mt.

g R Irons Fork M.

0 10 miles
—

N7 Robeprs ; Mar o4

City. The section crosses the Mill Creek Anticline and Fourche
Mountain, which are north-thrusted masses of Jackfork Group-
Johns Valley Formation strata. Stanley strata are thrust north-
ward over the Jackfork on the south flank of Fourche Mountain.
Irons Fork Mountain to the south is another block of Jackfork,
overthrusted by Stanley on its south flank. The relationship be-
tween the Irons Fork-Jackfork body and the Stanley strata on
its north flank are not as clear (Fig. 4). The contact there may
be a folded thrust, an old normal (“growth”) fault carried along
by later thrusts, or Irons Fork Mountain may be a window in
a folded thrust that connects around it. Section B shows Irons
Fork Mountain as a block detached from deeper Stanley units
by a folded fault. The structures in the Stanley and older ba-
sinal facies rocks south of Irons Fork Mountain are south-verg-
ing, small-scale features interpreted as carried along by a large
north-directed thrust. Note that this same general region to the
west (south end of section A) exhibits north-verging, small-
scale structures. A major structural discontinuity must separate
these two areas (Fig. 5). Complexly faulted and folded Arkansas
Novaculite and older units crop out in the southern part of the
Board Camp Quadrangle at the south end of section B. These
units are interpreted to overlie duplexes in the early Paleozoic
basinal facies, which themselves overlie basement-platform fa-
cies duplexes. For more discussion of these relationships, refer

Irons Fork Mt.

Figure 4. Near surface geology in vicinity of Irons Fork Mountain, south of Y City, Arkansas, based on the COGEOMAPSs of Haley
and Stone (1995). Alternate interpretations of trons Fork Mountain are shown, and others exist. Abbreviations same as Figure 2.
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to Roberts (1994). The depth to the basement duplexes in this
location would only be a wild guess; however, near Broken Bow
a well penetrated the basal décollement at nearly 11,700 ft depth
and went into shelf facies beneath the overthrusted, coeval ba-
sinal Ouachita facies rocks. Sections A and B were drawn to
mimic that depth relationship.

MANY UNANSWERED QUESTIONS

The cross sections presented here are not meant to be final
products. They illustrate the geologic relationships in the Ar-
koma Basin and frontal Ouachita Mountains of western Arkan-
sas, as revealed by the interpretation of two regional, multichan-
nel seismic data traverses coupled with the surface geology of
Haley and Stone (1995). Many questions remain unanswered.
They fall into, but cannot be completely separated by these two

categories: stratigraphic and structural problems. On the strati-
graphic list are issues such as

1. The origins of the Johns Valley Formation olistostromal
units;

2. The relationship between the Morrowan-Mississippian
units under the lower Atoka in the southern Arkoma
Basin and the Jackfork-Stanley Groups of the Ouachita
Thrust Belt;

3. Palinspastic restorations of the various facies of the Oua-
chita system;

4. The nature of some contacts in the Ouachitas—faults or
unconformities? This question applies to relationships
between units above and below the Devonian section,
to units above and below the upper Stanley, and to units
above and below the lower Atoka. These boundaries
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have been traditionally considered to be conformable
but tectonized;

5. Details of the paleogeography-depositional environ-
ments of the major Ouachita facies.

The structural list identifies issues such as

1. The continuation (or explanation for discontinuities) of
the major Oklahoma faults into Arkansas;

2. The nature of relationships around the broad surface
synclines of eastern Oklahoma and western Arkansas,
which seem to be surrounded by low-angle faults that cut
off higher-angle faults (related to #4 on the stratigraphic
list);

3. The nature of deep structures in the Benton-Broken
Bow Uplift core zone;

4. The stacking pattern of the major thrust sheets to include
any possible duplexes or continuation of surface geology
to depth;

5. The travel distance of major thrust sheets and original
(restored) positions (relates to #3 on the stratigraphic
list);

6. The structure of the basement-platform surface in the
inner parts of the thrust belt and core zone.

Although these lists are incomplete, they include many key
questions. Some of these can be answered by careful construc-
tion of balanced sections using computer programs and accu-
rate surface and subsurface (well-log) data. Wells do not exist,
however, in many areas important to our understanding, and
the interpreter’s selection of models still biases one’s construc-
tion of deep relations.

I am still impressed by the evidence for far travel of
the Ti Valley Fault system (e.g., Roberts, 1994) and the need for
a regional décollement that separates the Ouachita deep-water
facies strata in the thrust belt from the coeval Ozark platform
facies strata structurally beneath them. Some workers, however,
consider the Oklahoma Ti Valley Fault, per se, to not be as far
traveled (N. Suneson, personal communication, 2004). The seis-
mic data also can be interpreted to show a considerable amount
of lower Atoka, Morrowan, and Mississippian foredeep-fill clas-
tic strata tucked under the frontal thrusts and Ti Valley sheet,
which are not far traveled from their sites of deposition. These
lower Atokan through Chesterian clastics were deposited on top
of an earlier Mississippian-Cambrian platform sequence that
was broken by block faulting, subsided, and was later depressed
by foredeep loading of the thrust sheets from the south. These
Carboniferous clastic strata are not far traveled, but are the same
age as the Stanley-Jackfork-lower Atoka carried far north by
the Ti Valley system above them. The thrust sheets that carry

the basinal Devonian and older strata over the coeval platform
strata are the most far-traveled thrust sheets. Refer to Arbenz
(1989) and Roberts (1994) for a more detailed discussion of the
geologic history of the area.
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ABSTRACT—The Ouachita Mountains in southeastern Oklahoma and western Arkansas have been
the subject of intense geological work for the past two decades primarily because of their hydrocarbon
potential, as well as that of the Arkoma Basin. In addition to petrophysical work, several structural
studies have been conducted to generate balanced cross sections from available surface geological maps
and from subsurface data such as well logs and seismic.

The seismic data used in previously published studies was acquired in the 1970s and 1980s and is
of marginal quality. The technical advances achieved in seismic acquisition and processing in the last
two decades now make it possible to acquire better data in complex areas. An analysis of a recently ac-
quired seismic line in the Wilburton Gas Field of the Arkoma Basin clearly shows the thrusting of the
Spiro sandstone that has been used as a key-bed in past estimates of structural shortening in the area.
Seismic attributes, such as instantaneous amplitude, add another dimension to the interpretation by
providing glimpses of subtle faulting previously unseen in seismic data from the Arkoma Basin.

We used seismic attributes of the Spiro sandstone to determine shortening in the footwall of the
Choctaw Fault as a result of Pennsylvanian thrust faulting. We found that the Spiro has shortened about
21%. This is much lower than the shortening determined along the structural cross sections traversing
the hanging wall of the Choctaw Fault zone. Therefore, we suggest that much of the shortening in the
frontal Ouachitas~Arkoma Basin transition zone must have occurred along the Choctaw Fault zone.

25

INTRODUCTION

The Arkoma Basin in southeastern Oklahoma and western
Arkansas is a foreland basin formed as a result of the Ouachita
orogeny during the Pennsylvanian (Fig. 1). The Arkoma Basin
has been the subject of intense geological work for the past two
decades. The intensity of exploration and production activity
in the basin has recently accelerated as a result high gas and oil
prices. The Wilburton and Hartshorne Gas Fields of the central
Arkoma Basin (Fig. 2) produce gas mostly from sandstones of the
Atokan and Desmoinesian age. Figure 3 shows the general stra-
tigraphy of Atokan and Desmoinesian strata. The lower Atokan
Spiro sandstone is one of the most prolific reservoirs in the two
fields. It has a distinct log signature and is a strong reflector in the
seismic data.

As in all fold-thrust belts, such as the Canadian Rock-
ies, the Alps, and the Himalayas, deformation in the Ouachita
Mountains grades from the strongly deformed frontal belt into
mildly deformed foreland within an area usually referred to as the
“transition zone” The Choctaw Fault is the leading-edge thrust
of the frontal Ouachitas and is the structural boundary between
the Ouachita Mountains and the Arkoma Basin in Oklahoma.
Therefore, the Choctaw Fault and associated structures define the
transition zone in the Quachita Mountains.

The geometry of thrust faulting in the frontal Ouachitas-
Arkoma Basin transition zone has been controversial. Suneson
(1995) summarized several structural interpretations dealing with
this georetry. Several of the studies proposed the presence of a
triangle zone with a backthrust (Hardie, 1988; Camp and Ratliff,
1989; Reeves and others, 1990; Milliken, 1988; Perry and Sune-
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Figure 1. Simplified geologic map of the Quachita Mountains
in southeastern Oklahoma. The insert on the top left shows
the major geologic provinces of eastern Oklahoma and
western Arkansas. Explanation: (1) Early and middle Paleozoic
{Cambrian through Early Mississippian); (2) Middie and late
Mississippian (Stanley Group of Quachita facies); (3) Morrowan
(Jackfork Group and Johns Valley Formation of Quachita
facies); (4) Atokan (Spiro-Wapanucka, and Atoka Formations
of the frontal Ouachitas and Arkoma Basin); (5) Desmoinesian
(Hartshorne, McAlester, Savanna, and Boggy Formations of
the Krebs Group of the Arkoma Basin). Abbreviations: H =
Hartshorne; W = Wilburton; and WL = Wister Lake (modified
from Johnson, 1988; Arbenz, 1989; and Cemen and others,
2001a).

son, 1990; Wilkerson and Wellman, 1993; Valderrama and oth-
ers, 1994). Some workers have suggested that all the thrust faults
in the transition zone are south-dipping (Bertagne and Leising,
1989; Tilford, 1990) and therefore there is no triangle zone.
During the mid to late 1990s, the sedimentology of the Spiro
sandstone and the structural geology of the Wilburton Gas Field
area were studied by a group at Oklahoma State University’s
School of Geology. By using available surface and subsurface data,
the group constructed many balanced structural cross sections
and concluded that a well-developed triangle zone and a duplex
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Figure 2. Simplified map of the Wilburton Gas Field and
surrounding areas, showing major structural features, the
outcrops of the Spiro sandstone (dotted pattern), and the line
of cross section A-A’. Abbreviations: H = Hartshorne; W =
Wilburton; AA = Adamson Anticling; CF = Carbon Fault; KS =
Kiowa Syncline; PMF = Pine Mountain Fault; SBS = San Bois
Syncling; TVF = Ti Valley Fault; WGF = Wilburton Gas Field
{modified from Gemen and others, 2001h).

structure exists in the Wilburton Gas Field area (Cemen and oth-
ers, 2001a, b). One such cross section is shown in Figure 4.

Recently acquired seismic data in the Arkoma Basin is of
much better quality than the data previously available for struc-
tural interpretation. The improvement in acquisition and pro-
cessing technology is primarily responsible for better quality data.
Figure 5 shows a seismic line oriented approximately perpendicu-
lar to the major thrust faults in the frontal Ouachitas. This line
was extracted from a 3-D volume and clearly shows major seis-
mic reflectors, including the Spiro sandstone, which was previ-
ously used by Cemen and others (2001a, b) and Hadaway and
Gemen (2005) as the key bed in their structural restorations.

In this paper, we show that seismic attributes can further en-
hance the utility of available seismic data for structural interpreta-
tion in the Arkoma Basin. We use seismic-attribute data to better
understand the structural geometry of the duplex structure in the
footwall of the Choctaw Fault zone in the Wilburton Gas Field area.
We also restore the seismic line to the “time” of the Spiro deposition
to calculate a shortening in the footwall of the Choctaw Fault zone
following the Spiro deposition in the Early Pennsylvanian.
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Figure 3. Pennsylvanian stratigraphy of
Oklahoma portion of the Arkoma Basin
(modified from Gemen and others, 2001a).

SEISMIC ATTRIBUTES

A seismic attribute is a property of recorded seismic data
that leads to a better understanding of subsurface geology. For
example, one of the basic attributes of seismic data is the seismic
amplitude. From the early history of seismic interpretation, geo-
physicists have mapped the amplitude of seismic data for geologi-
cal interpretation. In the past two decades, the amplitude attribute
and its variations have been used in innovative ways to extract
better information about the lithology, fluid content, and other
physical properties of rocks. The well-known amplitude-versus-
offset (AVO) analysis is one example of an application that relies
on amplitude-derived attributes of intercept and gradient. In gen-
eral, the use of seismic attributes in the petroleum industry has
increased considerably in the last few years. Brown (2001) lists
over 70 attributes related to seismic data. As pointed out by Brown
(2001), however, many of these attributes are not independent but
derived from the basic seismic attributes of amplitude, frequency,
phase, and attenuation. An understanding of the derivation of a
seismic attribute is essential for determining whether it makes
sense for a particular application (Sheline, 2005).

In the 1970s and early 1980s, the atiributes of amplitude,
frequency, and phase were used for stratigraphic and structural
interpretation. These attributes are collectively referred to as “in-
stantaneous attributes” (White, 1991) because, mathematically
speaking, they can be calculated at any time-sample point in the
seismic data from the complex trace representation of a seismic

trace. For example, the complex trace representation F(t) of a real
time-series f{t) is given by,

F(t) = A(t) eV

where A(t) is the instantaneous amplitude and y(t) is the instanta-
neous phase (Sheriff, 2002). The instantaneous frequency can be
calculated from the time-derivative of y(t).

The instantaneous amplitude is also known as the envelope
of the seismic trace and can be thought of as the low-frequen-
cy representation of the trace (Fig. 6). Taner and Sheriff (1977)
provide examples of how the instantaneous amplitude and other
basic attributes can be used to enhance interpretation of seismic
data. Brown (1999) shows an example of the use of instantaneous
amplitude in interpreting seismic data when the phase of the data
is unknown.

SEISMIC DATA FROM ARKOMA BASIN

Figure 5 shows an arbitrary seismic line pulled from a three-
dimensional migrated volume of data acquired in the Arkoma
Basin. The line is oriented approximately perpendicular to the
main faults such as the Choctaw Fault in the frontal Ouachitas
and is located in Latimer County (Oklahoma) west of the Wil-
burton Gas Field. The southeast end of the line barely crosses the
south-dipping Choctaw Fault; hence, the fault is not fully visible
in the seismic data. The northwest end of the seismic line is close
to the Carbon Fault but does not cross it. The continuity of reflec-
tors in the shallow section is quite good except toward the south-
east portion of the line where the reflectors are chaotic. This could
be the result of the lateral velocity variations in the vicinity of the
high-angle Choctaw Fault where the older rocks in the hanging
wall of the fault are in contact with the lower-velocity strata in the
footwall of the fault. Therefore, proper migration of the shallow
section is difficult to achieve without high-effort static correc-
tions and a good velocity model.

The section between 0.8 sec and 1.6 sec shows good reflec-
tors throughout the length of the line but the effect of the thrust
from the southeast is quite evident. This time interval contains the
middle Atokan Red Oak and Brazil sandstones which are good
producers of hydrocarbons in the Arkoma Basin. The section be-
low this interval is the lower Atokan shale and is devoid of good
reflectors. This is because the sands within the lower Atokan shale
are thin (Cemen and others, 2001b) and thus below the detection
limit of the seismic data. The thickening and thinning of the shale
is probably the result of deformation because of thrusting.

The lower Atokan Spiro sandstone is a very strong reflector
and is at a depth of 1.6 sec and 2.2 sec in the seismic data shown
in Figure 5. This is the result of its sharp seismic impedance con-
trasting with the overlying shale. The Spiro has been used as a
key bed for calculating percent shortening in the Ouachitas (Ce-
men and others, 2001a, b; Hadaway and Cemen, 2005). Because
of structural complexity resulting from thrusting, however, the
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Figure 4. Cross section A-A" and its restoration. The cross section shows the presence of the Wilburton triangle zone, duplex
structure, and other structural features in the Wilburton area. Line of cross section is located on Figure 2. The restored cross section
suggests 62.03% shortening along the original length of the Spiro sandstone due to Pennsylvanian thrusting in the area. See text
for explanation. Abbreviations: If = final length; lo = original length; dI = difference between original and final lengths; & = extension;
CF = Carhon Fault; CHF = Choctaw Fault; LAD = Lower Atokan Detachment; PMF = Pine Mountain Fault; Pa = Atoka Formation; Ph

= Hartshorne Sandstone; Pm = McAlester Formation; Ps = Spiro sandstone; Psv = Savanna Sandstone; TVF = Ti Valley Fault (from

Gemen and others, 2001b).

extent of the Spiro sandstone is not easy to see in the seismic data
shown in Figure 7. In order to improve interpretation of the lower
Atokan section, some of the basic seismic attributes were exam-
ined using the Kingdom Suite” software (Seismic Micro-Tech-
nology Inc., Houston, Texas). The instantaneous amplitude, or
envelope, of the seismic trace seemed to work best in providing
enhanced structural detail not only in the lower Atokan section,
but throughout the seismic section (Fig. 7). For example, in the
shallow section consisting of the Brazil and Red Oak sandstones,
the clarity of the faults is much improved, giving a better picture
of the structural development of the upper and middle Atokan
strata than when using the previously available seismic data (Ce-
men and others, 1994).

STRUCTURAL GEOLOGY

Based on the available surface and subsurface data of the mid
to late 1990s, Cemen and others (2001a,b) determined that the
Wilburton Gas Field area contains a well-developed triangle zone
between the mildly compressed Arkoma Basin and frontal Oua-
chitas fold-thrust belt (Fig. 4). The triangle zone is located in the
footwall of the Choctaw Fault and is flanked by that fault to the
south and the Carbon Fault to the north. The hanging wall of the
Choctaw Fault contains several south-dipping, imbricate fan thrust
faults. A duplex structure is present in the footwall of the Choc-
taw Fault zone. It contains hinterland-dipping imbricate thrust
faults splaying, in a break-forward sequence of thrusting, from the
Springer Detachment (Fig. 4). The imbricate thrusts join a detach-
ment surface in the Atoka Formation (Fig. 4) named the Lower
Atokan Detachment (LAD) by Cemen and others (2001b). The
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Figure 5. A seismic line taken from the 3-D volume of seismic
data. The line is oriented approximately 20° west of north. The
vertical scale is two-way time in seconds. The Spiro sandstone
is a strong reflector imaged at about 1.6 sec. in the northwest

corner of the line.

detachment displaces the middle Atokan

tions in the footwall of the Choctaw Fault zone in the area east of
the town of Wilburton. She found that the shortening in the foot-
wall of the Choctaw Fault zone ranges from 26% to 30% along her
cross sections. Our study, together with Collins (2006), suggests
that much of the shortening in the Ouachita Fold-Thrust Belt oc-
curs south of the Choctaw Fault where the Spiro strata have been
thrusted up to the surface and are exposed in outcrops.

SUMMARY AND CONCLUSIONS

The instantaneous amplitude attribute of the seismic dataisa
powerful tool for mapping the key-bed Spiro sandstone. Thus, the
amount of shortening in the Arkoma Basin can be easily calcu-
lated directly from the seismic section. The shortening of 21% ob-
tained from newly acquired seismic data in the basin is much less
than the previously reported shortening in the Ouachita Thrust
Belt region. The cross sections reported in previous studies, how-
ever, extended southward to the Ti Valley Fault zone. Therefore,
much of the shortening as a result of thrusting in the Ouachitas

occurred to the south of the hanging wall of the Choctaw Fault.

Red Oak sandstone before reaching a shal-
lower depth and forming the Carbon Fault

as a north-dipping backthrust below the
San Bois Syncline (Figs. 2, 4).

The cross sections by Cemen and
others (2001a, b) were restored by using
the key-bed restoration method in order
to find the percentage of shortening that
was experienced as a result of Pennsylva- = time
nian thrusting. When restored to their '
position at the time of the Spiro sand-

stone deposition, the cross sections sug-

{

Figure 6. A seismic trace and its envelope. The solid line is the seismic trace; the
dashed line is the envelope (modified from Sheriff, 2002). Abbreviations: A = amplitude;

gested about 60% shortening in the area
extending from the Ti Valley Fault to the
south and the Carbon Fault to the north
(Fig. 4).

In this paper, we have restored a
seismic line by using seismic attributes of
the Spiro sandstone in the footwall of the
Choctaw Fault zone. The section suggests
a21% shortening based on the seismic line
studied. This is a much smaller shortening
than reported in the Quachita Thrust Belt
system by many previous studies, includ-
ing Cemen and others (20014, b) and Ha-
daway and Cemen (2005) along the cross
sections that extended from the San Bois
Syndine southward to the hanging wall of

the Ti Valley Fault zone (Fig. 4). Recently,  gjgy00 7. The instantaneous amplitude (envelope) of the seismic data shown in Figure

Collins (2006) has restored the cross sec-

5. The vertical scale is two-way time in seconds.
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ABSTRACT—The purpose of this paper is to interpret the nature of faulting and to identify sandstone
distribution patterns, depositional environments, and hydrocarbon trapping mechanisms of Atoka sand-
stones in Panola Field. The study offers general information but is more detailed than a typical regional
study. In this respect, the paper should be valuable for delineating reservoir trends, thicknesses, produc-
tion characteristics, hydrocarbon trapping mechanisms, structural styles, and fault displacements.

The study encompasses the entire areal extent of producing Atoka reservoirs in Panola Field. All
subsurface interpretations, thickness determinations, bedding profiles, and reservoir data originate
solely from well logs. First, I identified and correlated sandstone intervals in order to recognize fault
zones and repeated sections and to compile isopach thickness data. Next, I determined gross and net
sandstone thickness values within each sandstone interval using a 50% sand/shale cutoff and 6% po-
rosity cutoff, respectively. I made no attempt to map individual sandstone packages or beds within the
major sandstone intervals. Detailed mapping of this nature is possible, however, and is recommended
to further enhance the understanding of the reservoirs.

Cumulative gas production is currently ~119 billion cubic feet (BCF) from 65 wells. Gas reservoirs
consist of Atokan sandstones that are structurally complex because of folding and high-angle reverse
faulting. Gas production is best when sandstones have >6-8% porosity, measure more than 100 ochm-
meters ((-m) resistivity, and occur in the upper reaches of structural closures. Structurally low areas
often have high calculated water saturation. Depleted zones are also encountered because of the prox-
imity of competing wells. Pockets of gas may be extremely small as a result of intense faulting. In plan
view, the distribution pattern of sandstone contained in most of the mapped intervals appears sheetlike,
elongated, or both. This implies multiple depositional environments. Because of diagnostic bedding
characteristics exemplified by a “ratty” or blocky log profile, an interbedded relationship between hun-
dreds or even thousands of feet of low-resistivity shale (<~5 Q-m), and a lack of terrestrial or shallow-
water strata (or both, as interpreted from well logs and basin-rim outcrops), these sandstones probably
represent turbidite packages comprised of channel and sheet lobe deposits. Although the thickness of
gross sandstone (regardless of porosity) may be many tens or even hundreds of feet, the actual produc-
ing reservoir thickness (having a porosity >6-8%) is considerably thinner.
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INTRODUCTION

Panola Field is located along the downthrown northern
side of the Choctaw Fault in north-central Latimer County
(Fig. 1). The field produces dry gas from several middle and
lower Atoka sandstone reservoirs in a structurally complex
setting. North-directed high-angle reverse faults result in re-
petitive beds, increased stratigraphic thicknesses, locally high
dip angles, and crustal shortening. The 54-section study area

lies in the south-central part of the Arkoma Basin between the
large Red Oak-Norris Field to the east and Wilburton Field to
the west.

Cumulative gas production from Panola Field is currently
~119 BCF from 65 wells for an average of ~1.8 BCF per well.
Most wells produce from a single reservoir but many wells also
have commingled production from two to four different sand-
stones, repeated sections, or both. From well-log interpreta-
tions, many sandstone beds that are not completed appear to
have additional gas potential.
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Figure 1. Generalized location map of Panola Field, north-central Latimer County, Oklahoma. Lines of cross sections A=A’ (P1.1) (in
pocket) and B-B’ (PI. 2) (in pocket) are shown.
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Atoka sandstone intervals in the study area each have
unique log characteristics and are relatively easy to correlate.
Because of their geologic attributes (structure, and sandstone
thickness and quality), well spacing varies from 160 to 320
acres. Some wells were recompleted or twinned to facilitate
a better completion. Figure 2 shows the distribution of wells,
including the original operator, lease, and well number. The
principal operators are Unit, Mustang, and Williford. Produc-
tion limits of the individual gas pools are often poorly defined
because they occur in fault slices that are difficult to interpret
and characterize; seismic data were not available to delineate
fault boundaries. Even so, based on previous experience, the
data would probably not be effective in delineating the nu-
merous small-scale fault movements at target depths within
Panola Field. Dry holes or nonproducing Atoka zones occur
mainly because of poor reservoir quality and low structure.
Less frequently, the sandstone is pressure depleted.

Log patterns depicting textural profiles of Atoka sand-
stone intervals in Panola Field vary considerably. Some have
distinct coarsening-upward textural profiles, whereas others
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are blocky or ratty looking. These general log characteristics
of individual sandstone intervals remain relatively constant
throughout their mapped extent. Similarly, sandstone distri-
bution patterns as depicted on isopach maps imply different
depositional settings such as channeling versus sheet lobes.
Some characteristics common to all Atoka sandstones include
pervasive shale interbedding, lack of apparent shallow-water
depositional indicators, and thick, encompassing marine shale
sequences having relatively low;, uniform resistivity of <5 (-m.
These characteristics, along with others I discuss later in the
paper, support a relatively deep-water depositional environ-
ment consistent with turbidite deposition.

HISTORY OF EXPLORATION
IN PANOLA FIELD

In this study area, the first known well drilled to the Atoka
was made by Mobil Oil Company in sec. 33, T. 6 N., R. 20 E.
Drilled in 1964, this gas well was completed in the lower Ato-
kan Spiro sandstone. Only a handful of other wells were drilled

R.19 E. R.20 E.
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1-shaw  Well number and lease
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" Tenneco;
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N %~ Directionally drilled well 1-Plerce 1Py o] N.
* Bottom hole location —Kx_Muslang
1-Young
Tenneco o Sunset; Recompleted
Parks leases
Mustang
Lesde Mustang
Amoco 2 1-Fisherman -
Kraft leases Amoco ':(ti’ Mustang t-Austin
Wil Mobil; Recompleted Mustang
_rl:i_ T-Wilburton Snee & Eberly '¢' Hustang Samson
1-Shaw —ﬁ}:-
B 1-Melcalf 1-Foster Junked
Lively leases Must: y Guli
_}J;X_Pan American v eng Mustang =
P Pan American Unit . 1-Cathe 1-Booth
Reusch vLo Chesapeake - . _35_3 5 Unit Yy 1-Boolh
2 ! enneco Forll . yco y
E;c;rgp eleq 1-Kier ) Amoco ; orfuna Slavson /Uml\ Mustang Mustang Mustang Slawson
unit A 3 MEC —)ii] 2 3t © tHasthorne 3
1-Th0rlon'3~1|1' 2 Maxe 1-Genlry 1-Cash 1-Adams 1-Foster
Scharif 2 1-McKee laxey 1-Boolh
i Willford i Uit — i i
Slawson /Wll@fd w i \’Iz‘ /\l\hlllrord\ '}#{' Unlt\ —}t{—5 Dyco /Uml\i;i— Austin Austin Slawson
- ’ 4-Janeway 3.Enis 2-Enis § 1-Ashby 1-Wiginton| 1-Dear _KE_ 1—6}:;:% 3 ‘3(111‘ 1-Colvard 1 T
-Ivey i 1-Abbott .
Wi u‘?ﬁnewey it o |8 1 D Coverd Hustang e 5
Wiitord ALY Willtord ‘fv“'""m\g ( 4 TE teases “K?Q X f.Lf N
3-Janeway 2 %— " N ’
N 1 o .
1-Pofland 1-Janeway o -)#(— Bulzer -}11:(; 3 Golightty leases Robinson leases
Williford KCS Medallian Amoco Tenneco ~ Unit — Unit Unit
_¢_1'paiwh>lmar ~N 1-Heitner 2—3::1‘ —},J'f 1-Moss
K 3-Heher 1-Olho N Cox 2-Moss 1-Enis 1-Black
T s —? \ —It{— 1-Commissioner| ¢ Harding —1 -¢- o
5 | tambeck 1{?_ 1-McCabe Hoover-Wilson ~Amoco leases 1-8hay
N Tenneco 2-Heilner 4-Heltnes Unil Drifling _Kinumble Arco
: Pu2ckell Chesapeake 1-Shay (dry)
2-Lawrence  1-Lawrence (Twin to Unit 3-Moss}| e
1-Rock Island

Figure 2. Well information map showing operators, well numbers, and lease names in Panola Field, north-central Latimer County,
Oklahoma.
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to the Atoka in the 1960s. Some wells found additional gas po-
tential in the Spiro but little else in the Atoka. For most of two
decades, Panola Field remained essentially undiscovered until
the completion of several additional Atoka wells during the
1970s. The main development of this area occurred in the late
1990s and thereafter. Although several companies were active
in this field, Unit Petroleum and Williford are currently the
principal operators.

STRATIGRAPHY

Several discrete sandstone intervals are identified in this
area of investigation by Suneson and Hemish (1994). The
principal reservoirs occur in the middle and lower Atoka and
are identified with a %,¥ symbol following their names (Fig. 3).
These reservoirs are widespread throughout much of the area,
yet are not correlative to the surface (the Spiro sandstone be-
ing an exception). Therefore, subsurface names with respect to
stratigraphic nomenclature are strictly informal.

On a regional scale, identifying the lithologic boundary
of the Atoka Formation in the southern part of the Arkoma
Basin is theoretically simple—the upper contact lies beneath
the Hartshorne Sandstone and the lower contact lies above
the Morrowan Wapanucka Limestone. In places this is easy
to determine; in others it is not. In deeper parts of the basin,
the Atoka is more than 10,000-12,000 ft thick but thins rap-
idly northward. Most of the formation consists of dark gray
to black marine shale with about a dozen discrete sandstone
intervals occurring largely in the lower half of the formation
(Fig. 3). In this paper, I specifically discuss only those of the
middle Atoka. Of note is the fact that some interpretations (as
noted on completion reports) alternatively call the Diamond
sandstone (of this study) the Red Oak sandstone.

With respect to regional sandstone distribution patterns,
the middle Atoka in Panola Field contains relatively thick
sandstone sequences as compared to elsewhere in the basin.
This includes more than 150 ft of sandstone in both the Bul-
lard and Cecil zones, nearly 100 ft in the Diamond zone, and
more than 50 ft in the Panola zone. Much of this sandstone oc-
curs in numerous, relatively thin tabular beds, each separated
by shale of approximately the same thickness. Individual sand-
stone intervals are separated by thick shale sequences several
hundreds or thousands of feet thick. The relatively uniform
gamma-ray (GR) log signature; consistent, very low resistivity
(<5 Q-m); and absence of distinctive shallow-marine or ter-
restrial strata (delta-front sandstone and/or coal) is evidence
of deeper marine deposition.

Few wells in the study area penetrate the entire Atoka
Formation (i.e., to the Wapanucka Limestone). Consequently,
isopach map patterns and reservoir characteristics are less well
known for the deepest middle Atoka sandstones.
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Figure 3. Stratigraphic chart of part of the Lower and Middle
Pennsylvanian stratigraphy showing gas producing sandstones
(denoted hy a 3.t symbol) in the south-central part of the Arkoma
Basin, Oklahoma. Names in parentheses denote formal (surface)
nomenclature. Modified from Suneson and Hemish (1994).

CROSS SECTIONS

The stratigraphy and structural configuration of various
Atoka sandstone units is best shown by two detailed north—
south cross sections (Plates 1, 2) (in pocket). These are con-
structed across the west and east ends of Panola Field so that
their traces are about 2.5 mi apart. Both sections are structur-
ally controlled and incorporate GR and resistivity (Res) logs
across roughly 6,000 ft of Atoka strata for five wells. In both
cross sections, the vertical and horizontal scales are the same,
which reduces exaggeration. Nevertheless, the width of the log
on the section greatly distorts this scale, particularly in regard
to fault angles. Figure 4 shows how these cross sections tie-in
with a regional interpretation by Cemen and others (2001).

Each sandstone interval has unique log characteristics,
making identification and correlation within each well and
between wells relatively easy. Recognition of repeated sections
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(2001, p. 86).

within the Atoka interval permits precise identification of fault
planes. Reconstructing the prestructural configuration of the
area, however, was extremely difficult, especially when balanc-
ing cross sections. It became apparent that the structural com-
plexity is much more severe than illustrated and that incor-
porating new or additional well data will most likely change
interpretations. Therefore, these sections are intended to rep-
resent the basic fault geometry. Plausible fault displacement
was interpreted by comparing log traces of repeated sections
with logs of the whole Atoka interval. The final cross sections
were hand-drawn, taking into consideration interval thickness
and structural distortion caused in reconstructing vertical and
lateral displacement.

Cross Section A-A' (Plate 1) (in pocket)

This section preferentially shows wells that are produc-
tive from the middle Atoka Bullard and Cecil sandstones in
the western half of Panola Field. In this area, faulting seems to
be less severe with fewer repeated sections as compared to the
middle Atoka in the eastern half of the field.

At Location 1 (farthest north), the Unit #1 Thornton well
has the most complicated structure represented in this cross
section. Here, the middle Atoka Brazil sandstone is repeated
three times and the Diamond sandstone twice. Three high-
angle reverse faults are mapped to accommodate this unusual
stratigraphic sequence. In the Thornton well, all middle Atoka
sandstones (except for the Cecil) are poorly developed and
consist largely of shale and thin sandstone beds. The Cecil,
however, has more than 100 ft gross sandstone and is the only
zone completed in the well. Here, the Cecil sandstone pro-
duced more than 0.7 BCF gas since August 2000.

Only 2,200 ft to the south, at Location 2, the Williford #2
Janeway well has one major reverse fault, causing the Panola
and Diamond sandstone sequences to be repeated. Thickening
of the Bullard and underlying Cecil sandstones at Location 2
made them attractive completion targets and both zones were
perforated. Commingled gas production from both reservoirs
of slightly more than 0.9 BCF is surprisingly small considering
the thickness and quality of these two sandstone reservoirs.
One explanation for this relatively low production volume
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could be that the reservoirs occur in relatively small fault slic-
es, thus diminishing their areal extent.

At Location 3, about 0.5 mi south of Location 2, the Wil-
liford #1 Janeway is the only well in this section that does not
appear to be faulted above the lower Atoka to any large ex-
tent. Five of the principal middle Atoka sandstones are present
yet none are repeated. The Shay sandstone is not developed
in this part of Panola Field. As shown in Plate 1 (in pocket),
the Bullard is the only sandstone having significant porosity,
yet cumulative production is only slightly more than 0.25 BCF
gas. Again, this reservoir must be limited in areal extent by ad-
ditional faulting not represented in this cross section.

The KCS Medallion #1 Commissioner well at Location 4
is approximately 0.5 mi south of Location 3 and has a repeated
section consisting of the Panola, Diamond, and Brazil sand-
stone units. Because of additional faulting just to the north,
the previously mentioned overthrust Atoka units are structur-
ally high to most others in the western part of the field. Despite
this, and even with the presence of good reservoir properties
in the subthrust Diamond sandstone, this well is productive
only in the much lower subthrust Bullard sandstone. Cumula-
tive gas production from the Medallion well is considerably
higher than the field average and has produced ~5.8 BCE.

The final well presented in this cross section, the Ten-
neco #1-14 Lawrence, is located less than 0.25 mi north of the
Choctaw Fault. Here, the Panola through Brazil sediments are
repeated by a high-angle reverse fault that probably extends
beneath the Choctaw Fault. In the Tenneco well, only the Dia-
mond sandstone is well developed; the Bullard and Cecil have
thinned and are shaly. The Diamond sandstone is perforated
and this zone produced almost 0.4 BCF gas.

Cross Section B-B' (Plate 2) (in pocket)

This is a dip section in the eastern half of Panola Field.
Repetitive high-angle faults are closely spaced, causing Atoka
sandstones to be repeated in a complex manner in all five wells
presented. The severity of faulting seems to diminish north-
ward—the inferred direction of fault displacement. Unsub-
stantiated is the relationship of high-angle reverse faults de-
picted in both A-A"and B-B' (Pls. 1, 2) (in pocket), with the
Springer Detachment (SD) of Cemen and others (2001).

In Well #1 (farthest north), the Panola sandstone is re-
peated, leaving the lower part of the middle Atoka essentially
undisturbed. Most of the studied sandstone units are well de-
veloped in this part of the field except the Bullard, which is
absent. Only the Cecil sandstone is completed and has a cu-
mulative production of more than 0.6 BCF gas. As usual, the
Brazil interval displays its “feathery” log appearance owing to
the interbedded nature of sandstone and shale.

At Location 2, roughly 0.34 mi south, the Unit #1 Dear
well has a repeated Brazil section (Brazil overlying Brazil). The

lowest of the middle Atoka sandstone units in this well be-
comes abnormally thick, yet only the Shay sandstone is perfo-
rated. The single-zone completion of the Shay produced ~6.4
BCF gas, making it one of the best wells in the field. Other
sandstone intervals such as the Panola, Diamond, and Bullard
also seem to have gas potential but are not completed.

Between wells 2 and 3—a distance of more than 0.5 mi—at
least two major reverse faults are interpreted to account for the
complicated repeated Atoka section depicted in the Unit #3
Cox well. Here, the Cecil is repeated three times and the Shay
and Brazil each twice. Completed zones included over- and
subthrust Shay, subthrust Cecil, and the lower Atokan Spiro
sandstones. Despite all of the apparent reservoirs, this well
produced only about 1 BCF gas. Obviously, reservoirs in this
well constitute fault slivers of relatively small proportion. Oth-
erwise, cumulative production might have been immense.

Only about 0.25 mi to the south, at Location 4, the Unit
#1 Moss well has several Atoka sandstone units repeated, as
shown in the cross section. The intensity of faulting has made
the normal Atoka stratigraphic interval practically unrecog-
nizable. This trend extends southward to the Humble well at
Location 5. Here, the stratigraphic interval is greatly expanded
because of repeated sections in the middle Atoka. At the very
bottom of the log, the Spiro and Morrowan Wapanucka are
present in their normal stratigraphic positions, indicating that
faulting has not appreciably affected the lower Atoka in this
immediate area. Immediately south of the Humble well is the
Choctaw Fault; presumably all or most of the high-angle re-
verse faults interpreted in this cross section dip beneath it to
the south.

STRUCTURE

Panola Field is located in the very south-central part of
the Arkoma Basin and just north of the Choctaw Fault (Fig. 5).
The study area appears to be a westerly extension of the Bra-
zil Anticline, which trends to the east-northeast. Structural
adjustments in Panola Field, however, are much more severe
than the simple anticlinal folding depicted on this map. Nu-
merous high-angle reverse faults trend roughly east—west and
have hundreds of feet of throw (to the north).

Gemen and others (2001) depicted the Panola area as an
easterly extension of the Wilburton Triangle Zone—a structur-
al configuration bounded by the Choctaw Fault on the south,
a backthrusting fault to the north (the Carbon Fault), and a
horizontal detachment plane within the Atoka (lower Atokan
Detachment or LAD). This structural interpretation (Fig. 4)
therefore incorporates north-directed thrusting along both
the Springer Detachment (SD) and LAD with southern move-
ment (backthrusting) along the Carbon Fault. These structural
elements are not entirely supported this study’s findings.
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All faults within the field are presumed to have a common
lower detachment beneath the Atoka (i.e., the SD) similar to that
portrayed by Cemen and others (2001). The paucity of deep well
penetrations in the study area is not sufficient to verify this. Ad-
ditionally, faults extending upward from the SD do not always
coalesce along a common detachment in the LAD also as inter-
preted by Cemen and others (2001). Using the same well data,
reverse faults appear to penetrate the entire lower and middle
Atoka, including sandstone units from the Panola through the
Shay. If present, a detachment seems more likely to occur above
the Panola in the upper Atoka. Backthrusting along the Carbon
Fault in the triangle could not be verified using only well data.
This displacement may be hard to envision because of the field’s
close proximity to the Choctaw Fault. Structural interpretations
and fault displacement are shown on field cross sections A-A’
and B-B’ (Pls. 1, 2) (in pocket).

Based entirely on well control, the principal displace-
ments affecting the middle and lower Atoka in Panola Field
are interpreted to consist of high-angle reverse faults with dis-
placement to the north. Because fault planes are interpreted to
be very high-angle, the corresponding horizontal movement
of sandstone intervals is believed to be relatively small, per-
haps less than several hundred feet. This is evident by noting
similarities of well-log characteristics of repeated (overthrust)
sandstone zones to the same section in the subthrust (Fig. 6).
Nevertheless, because of the sheer number of reverse (thrust)
faults, significant crustal shortening took place, perhaps more
than 30-50% locally. Conversely, stratigraphic thickening in
the lower and middle Atoka probably is more conspicuous.
Locally, certain Atoka intervals may be twice their normal
thickness as a result of reverse faulting.

SANDSTONE DISTRIBUTION AND
DEPOSITIONAL ENVIRONMENTS

The principal sandstone reservoirs in Panola Field (in
descending stratigraphic order) include the Panola, Diamond
(or possibly Red Oak), Bullard, Cecil, and Shay (Fig. 3). Not
included is the Brazil sandstone that occurs throughout the
study area but is not productive in the field. The lower Atokan
Spiro sandstone is also widespread and is productive northeast
of Panola Field.

Two types of sandstone thicknesses are used in quantify-
ing and qualifying these Atoka sandstones. Gross sandstone
is determined from the 50% sandstone-shale line on GR logs
and does not include shale breaks or shaly sandstone, whereas
net sandstone has a minimum density-neutron cross-plot po-
rosity (based on limestone matrix) of 6%. Where sandstone
intervals are repeated or truncated by faulting, only the thick-
est and most complete interval is selected to represent the esti-
mated net or gross thickness for a particular well.

Panola Sandstone (Figs. 7, 8, 9, 10)

The Panola sandstone occurs throughout the study area
but is best developed within the northern half of T. 5 N., R,
20 E. The maximum gross sandstone thickness is ~80 ft but is
typically 25-30 ft (Fig. 7). The thickest Panola sandstone oc-
curs in north-south trends that thicken to the south. The Pan-
ola sandstone interval almost always contains numerous shale
interbeds, particularly at the base. Log patterns indicate a con-
sistently upward-coarsening (cleaning) textural pattern with a
well-developed upper sandstone zone that constitutes the res-
ervoir. This log character persists across very large areas and
throughout most of this study region but is not diagnostic of
any specific marine depositional environment. Furthermore,
the Panola sandstone interval is bounded both above and be-
low by hundreds of feet of relatively uniform shale presum-
ably of open-marine origin. There are no continental, deltaic,
or carbonate strata either above or beneath this interval that
would suggest a shallow or terrestrial origin. Therefore, the
Panola sandstone was probably deposited in a relatively deep
(marine) ocean or continental slope environment that often
host turbidite deposits. The latter interpretation seems more
likely when examining sandstone distribution trends (Fig. 7).
The facies components of the Panola sandstone are likely that
of channel deposits grading southward into fan-sheet lobes, as
illustrated by Bouma (2000) in Figure 8.

The Panola sandstone becomes reservoir quality when
density-neutron cross-plot porosity (based on limestone
matrix) exceeds ~6%. The distribution of such sandstone is
portrayed on the net sandstone isopach map (Fig. 9). The net
sandstone usually has porosity in the range of 5-10% but is
locally higher. Using a 6% porosity cut-off, the thickness of net
Panola sandstone is mostly <15 ft, which is considerably thin-
ner than the gross sandstone depicted in Figure 7. Overall, net
sandstone thickens to the south and “zeros out” to the north.
Wells producing from the Panola sandstone are shaded to
show their location relative to the thickness of net sandstone.
Log traces depicting textural, porosity, and bedding charac-
teristics of the Panola sandstone are represented in Figure 10.
The Panola sandstone is commonly repeated; higher porosity
zones tend to occur in the shallower, overthrust part of the
structure.

Diamond Sandstone (Figs. 11, 12, 13)

Figure 11 shows the gross thickness of Diamond sand-
stone. In the subsurface, this sandstone interval occurs
throughout much of the southern Arkoma Basin. Some opera-
tors in Panola Field correlate it with the Red Oak sandstone
that is a significant reservoir farther to the northeast. The Dia-
mond sandstone thickens southward to more than 70-90 ft
whereas the sandstone shales-out northward in the southern
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Figure 7. Gross |sopach map of the Panola sandstoqe m Panola Flelq, north-central Latimer County, diidual sandstone beds
Oklahoma. Contour interval is either 5 ft or 10 ft (as indicated). See Figure 2 for well names. are in a vertical sense.
Laterally, however, indi-
half of T. 6 N. Most areas in Panola Field have more than 40 vidual sandstone beds are
ft gross sandstone but thicknesses vary considerably over very very persistent for hundreds of feet or more. This consistent
short distances. A distinct north-south trend is very evident log pattern (i.e., thin tabular sandstone beds having extensive
for this sandstone but major channeling, as indicated by sig- lateral continuity), and clustering of thin sandstone beds in
nificant downcutting (erosion of key marker beds), is not ap- zones separated by hundreds of feet of low-resistivity marine
parent in surrounding well logs. shale, are the principal lines of evidence supporting a deep-

Using a 6% porosity cut-off, the thick-
ness of net Diamond sandstone (Fig. 12) is
reduced considerably. Individual sandstone
zones seldom have more than 40 ft net
sandstone and there is essentially no porous
sandstone north of T. 5 N. Therefore, pro-
ducing wells, as indicated by a shaded pat-
tern, are located in the central area where
reverse faults position the reservoir in the
structurally highest position within the
field. Porosity logs indicate a cross-plot po-
rosity (limestone matrix) of ~5-10% and i /4
locally higher. i

e

CHANNEL COMPLEX.

Log patterns of the Diamond sand- ; “f;‘g‘éiﬁlgg /
stone are generally unique; on small-scale ~ swwsionesM
resistivity logs (Fig. 6, or in cross sections e
A-A and B-B’ shown in Pls. 1, 2; in pocket), © COMPENSATIONAL STAGKING

the sandstone interval has textural profiles Figure 8. Block diagram showing facies components of a fine-grained turbidite
that appear relatively blocky. Detail logs, System. Modified from Bouma (2000).
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ervoirs in Panola Field. The
maximum gross sandstone

thickness is slightly more than Figure 9. Net isopach map of the Panola sandstone in Panola Field, north-central Latimer County,
150 ft in the NE% T. 5 N., R. Oklahoma. Net sandstone has cross-plot log porosity >6%. Contour interval is 10 ft. See Figtire 2

19 E. (Fig. 14). The distribu- for well names.
tion of sandstone is elongate
west-to-east and its areal extent mimics the depocenter of the
Arkoma Basin during Atokan time. Well logs of this interval
(see cross sections A-A’ and B-B;, Pls. 1, 2; in pocket) are prob-
ably the blockiest of the Atoka sandstones although numerous
thin shale beds are also evident on more detailed well logs.
Isopach map patterns and textural profiles of this sandstone
are not suggestive of any specific depositional environment or
transport direction although the rather sharp upper and lower
contacts of many of the sandstone packages indicate rapid and
sudden deposition and abandonment. Its stratigraphic posi-
tion within the Atoka sequence, areal confinement in the deep
basin, and bounding deep-marine shale strata again point to
a deep-marine origin. The Bullard sandstone was probably
deposited in a valley-slope or basin-center setting. Sediment
likely originated from the marine shelf located farther to the
east-northeast and transported deeper into the basin during
mass-movement (turbidite) depositional processes.

The distribution of net Bullard sandstone (Fig. 15) is much
the same as the gross sandstone (Fig. 14). Although there is a
relatively small reduction in the thickness of net sandstone,
the thicker-bedded nature of this sandstone member seems to
preserve a secondary porosity that is commonly 6-10% and
greater locally. Virtually every well containing >10 ft net Bul-
lard sandstone (shaded wells) was completed in this reservoir.

Cecil Sandstone (Figs. 16, 17, 18)

Within Panola Field, the Cecil sandstone is the thickest
reservoir unit in the Atoka Formation. In the NW%4 T. 5N, R.
20 E. it is >150 ft thick (Fig. 16). As with the Bullard, the areal
distribution of the Cecil sandstone is oval-shaped east-to-west
along the northern half of T. 5 N. This distribution pattern is
also suggestive of basin-center or valley-slope deposition.

The Cecil sandstone interval is unique for the Atoka be-
cause of the extremely thick, “ratty” log signature (Fig. 17).
This is portrayed on all log traces but is most striking on
the GR and resistivity logs. Individual sandstone beds have
relatively sharp upper and lower contacts with shale and are
generally only a few to several feet thick. Their interbedded
relationship with shale obviously impedes vertical permeabil-
ity between individual sandstone beds which by themselves
can be laterally persistent. As with all lower and middle Atoka
sandstones in this area, the Cecil is bounded above and below
by hundreds of feet of monotonous marine shale.

The net Cecil sandstone (Fig. 18) is considerably thinner
than that of the gross thickness (Fig. 16). Individual bed sets
can be relatively clean, but the accompanying PE log trace (Fig.
17) clearly indicates that much of the sandstone is shaly. This,
along with pervasive shale interbeds reduces hydrocarbon
mobility greatly. Where net sandstone thicknesses reach ~20 ft
or more, production is almost always established as indicated






