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CHAPTER I 
 
 

INTRODUCTION 

 

Located in the southeastern corner of Oklahoma and western Arkansas is one of 

the best developed foreland basins. The Arkoma Basin was formed during the 

Pennsylvanian Ouachita Orogeny. The basin developed as a result of the collision 

between the Llanoria plate and the southern edge of the North American plate. The 

Arkoma Basin is bounded by the Ozark uplift to the north and the Ouachita Mountains to 

the south (Fig. 1).  

The Ouachita Mountains are divided into three sections. These sections are the 

anticline and syncline dominated Central Belt, the Broken Bow Uplift and the fold and 

thrust dominated region known as the Frontal Belt (Fig. 2). The Frontal Belt is bordered 

by the Winding Stair thrust fault to the south and the Choctaw thrust fault to the north. 

The Choctaw Fault is the leading edge thrust to a system of imbricate thrust faults within 

the Frontal Belt and it acts as one of the limbs to a well developed triangle zone within 

the Arkoma Basin. The north dipping Carbon backthrust acts as the other limb of the 

triangle zone (Cemen et al., 2001). 

The study area is located between the Arkoma Basin and the Ouachita Mountains 

and includes parts of Townships 4 and 5 North and Ranges 16 to 18 East and lies within 

the Adamson, Gowen, Hartshorne and Higgins quadrangles. Previous studies applied in 
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the vicinity of the study area concentrated on evaluation and understanding the structural 

features located in the subsurface (Akhtar 2005, Sagnak 1996, Kaldirim 2004, Hadaway 

2004, and Collins 2006).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Geologic provinces in parts of Oklahoma and Arkansas with the general location 
of thesis area. (Johnson, 1988, Modified from Cemen, 2003 and Collins, 2006) 
 
 

Thesis Area 
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Fig. 2: Geological provinces in the Ouachita Mountains and the Arkoma Basin. (Cemen 
et al., 2001). 
 

 

Statement of Purpose 

 

Since the mid-1990’s many previous M.S. thesis projects examined the subsurface 

structural geology of an area that extended from Wister Lake to the Hartshorne Gas Field 

(Akthar 1995, Sagnak 1996, Ronck 1996, Evans 1997, Mehdi 1998, McPhail 2001, 

Kaldirim 2004, Hadaway 2004, Collins 2006). These projects relied on the use of well 

log data, scout cards completion information and 2-D seismic lines. As a result, cross 

sections were constructed to describe the structural geometry of the subsurface. These 

cross sections proposed that the triangle zone consisted of the southward dipping 
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Choctaw fault that acted as the southern limb of the triangle zone and the northward 

dipping Carbon backthrust being the northern limb, with the Lower Atokan Detachment 

(L.A.D.) being the triangle zones base. Bellow the L.A.D. was a duplex system that 

thrusted the Spiro Sandstone into stacked thrust sheets. This duplex system had varying 

numbers of sharply dipping horses with no deformation within them. Above the L.A.D. 

was an area of little deformation where the middle Atokan units are relatively 

undisturbed. 

The main purpose of this thesis is to provide a better understanding of the 

subsurface structural geometry of the Wilburton Gas Field area using well log data and 3-

D seismic data provided by Devon Energy Corporation. This study also addressed the 

sequence stratigraphy of the Lower Atokan Spiro reservoir in the area using wireline logs 

of the wells drilled for gas production.  
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Methods of Investigation 

 

To define the subsurface structural geometries seven cross sections were 

constructed. In addition, structural contour maps of the Spiro thrust sheets and isopach 

maps of each of the thrust sheets were constructed using the Geoplus Petra Software. 

Restoration of the cross sections and shortening calculations were done using the key bed 

method. The Spiro Sandstone was chosen as the key bed because of its sheet like 

depositional pattern and its wide distribution across the area.   

Depositional and sequence stratigraphic modeling for this study was primarily 

based upon three datasets that include: 1) an extensive collection of wireline well logs 2) 

isopach maps 3) published studies on the Spiro and other Atokan units.  

The primary curves from well logs used in the interpretations were gamma ray 

curve because of their high resolution and sensitivity to intercalated sandstone and shale 

units. Log motifs of specific intervals were compared with published studies on the 

geological interpretation of well logs (Rider, 1986). Gamma ray motifs were analyzed for 

upward coarsening or fining patterns, serration, blocky versus curvy character and API 

values.  

Isopach maps published in Gross et al., (1995) were used to identify thickness 

patterns of sedimentary packages. These maps were compared with published studies of 

barrier islands, such as Rampino and Sanders (1981) and Galloway and Hobday (1996). 

Published studies on the Spiro Sandstone (Hess, 1995; Lumsden et al., 1971) were used 

to test the interpretations made from the aforementioned datasets. 
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To develop the cross sections and the maps needed for this study, the following 

tools and methods were used:  

1) Topographic maps of the Adamson, Gowen, Hartshorne and Higgins 

quadrangles obtained from the United States Geological Survey 

(Suneson and Hemish, 1989).  

2) Geologic maps of the Adamson, Gowen, Hartshorne and Higgins 

quadrangles were obtained from the Oklahoma Geological Survey. 

These maps were used to describe the surface geology of the area and 

help develop a simplified surface geologic map using the Canvas 

drafting software (Fig. 3) (Plate 1).  

3) 3D seismic lines were provided by Devon Energy Corporation. These 

seismic lines were used to describe the subsurface structure of the study 

area in more detail.  

4) 3D seismic was used to provide a detailed account of the thrust sheet 

geometry and exact location. This was possible by matching the well 

location and depth with the 3D seismic image that was provided by 

Devon Energy Corporation. 

5) Raster images of well logs and well data donated by Devon Energy 

Corporation. These raster images and well data were downloaded into 

the Geoplus Petra software and used to establish the location of each 

well, the type of well (gas, oil, water), the total depth of each well, 

deviation data and top of the Spiro sandstone.  



 8

6) Paper copies of certain wells were obtained from the Oklahoma City 

Geological Society Log Library. These were used to identify certain 

stratigraphic units. 

7) “Scout tickets” were obtained from the Oklahoma City Geological 

Society log library to assist in the location of the positions of the Spiro, 

Brazil and Red Oak sandstones.   

8) To establish the location of certain deviated wells on the cross sections, 

Boak’s Method of minimum curvature was used (Boak’s, 1992).  

9) The Spiro sandstone isopach map and Spiro thrust sheet maps were 

created with the Geoplus Petra software program. 

 

Boak’s Minimum Curvature Method 

 

 During the construction of cross sections wells were encountered that are 

deviated. To accommodate for the deviation, the Boak’s method was used (Fig. 4). The 

Boaks Method states that the deviated portion of the well is assumed to be a single arc. 

To determine the vertical depth from the measured depth for the arc (Φ) the following 

variables are needed (Boak, 1992). (1) The inclination angle in degrees from vertical (α), 

(2) compass bearing in degrees from north (β) and (3) the survey point number (i) 

knowing that the Survey point number at the surface is equal to 0 (Hadaway, 2004).  

When these variables have been obtained we can calculate Φ by applying the 

following equation 

Φ = cos-1 [(cos αi-1)(cos αi) + (sin αi)(sin αi-1)(cos(βi-(βi-1))] 
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The assumed kickoff angle in our study was 20o, while the angle when 

approaching the end of the well was closer to 40o. When these angles are obtained we can 

find Φ by using the equation S= r Φ were the length of the arc is (S) and the radius is (r). 

The radius (r) is found using the scale of our well and our 20o and 40o angles along our 

circular arc.   

 

 

 

 

 

 

 

 

Fig. 4: Boak’s Minimum Curvature method (Boak, 1992) 

 

 

Construction of the Cross section: 

 

 In order to develop the seven cross sections and the maps required for this study, a 

systematic, stepwise approach was used. This approach is separated into two phases.  

 

Phase 1: The preliminary construction of the structural map and cross sections 

 

Tops of the Spiro Sandstone in the footwall of the Choctaw fault were picked 

from paper copies and raster images of wireline logs were provided by Devon Energy 

Corporation. This information was inputted into the Geoplus Petra software along with 
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well locations, the township and ranges, section numbers and the outline of the area of 3-

D seismic that was donated by Devon Energy Corporation. Petra was used to grid the 

picked Spiro sandstone tops and constructed a simple structural contour map of the 

footwall of Choctaw Fault. When the map is closely examined, the areas affected by 

faulting are detailed by locating the areas where structural contours density increase. This 

information allowed us to choose the appropriate locations for the construction of the 

seven cross sections. Information regarding the wells, well depths and the Spiro tops 

were all transferred onto hand drafted cross sections. The vertical scale that was chosen 

allowed a 2:1 vertical exaggeration to better illustrate the features of the subsurface.     

 

Phase 2: Using the 3D Seismic to find the approximate location of each thrust sheet, 

backthrust and hidden Spiro units  

 

3D Seismic data provided by Devon Energy Corporation was used to locate 

individual thrust sheets and the associated Spiro sandstone units located in the footwall of 

the Choctaw fault zone. 3D seismic was not used to describe the features located in the 

hanging wall of the Choctaw fault because the Choctaw fault and all faults on its hanging 

wall generated excessive noise that affected the quality of the seismic data. Most 

structural features located in the hanging wall of Choctaw were interpreted using well log 

data, scout cards and surface structural data provided from Devon Energy, Oklahoma 

City Log Library and surface geology maps. The final stage of the cross section 

construction involved using the 3D seismic as a tool to approximate the location of all 

thrusts, backthrusts and hidden Spiro units that were not recognized using well logs. 
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Tectonics of the Ouachita Orogeny  

 

Branan (1968) is the first recognized publication to use the name Arkoma Basin 

for the basinal rocks in southeastern Oklahoma and Arkansas. Although there are several 

models explaining the tectonics of the Arkoma Basin (Roeder 1973, Keller & Cebull 

1973, Buchannan & Johnson 1986), Housknecht and Kecena (1983) is usually recognized 

as the model that explains most of the observed features. The following is a brief 

summary of the tectonics of the Ouachita Orogeny based on Housknecht and Kecena 

(1983). 

During the rifting stage (Fig. 5-A) (Fig. 6-A), the southern edge of the North 

American plate became dominated by passive margin sedimentation. This type of 

sedimentation would continue until the late Devonian. At that time, the southern part of 

the North American craton developed a classic shelf-slope-rise geometry, this would 

continue until the early to middle Paleozoic (Houseknecht & Kacena, 1983). Sediments 

deposited on the shelf itself consisted of carbonates with little amounts of mud and sand 

indicative of a shallow marine environment known as the Arbuckle facies. Darker shales 

with less sandstones and carbonates are located farther south, away from the shelf. These 

are indicative of a deep marine environment known as the Ouachita facies (Fig. 7-B) 

(Houseknecht & Kacena, 1983).  
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Fig. 5: Illustration of the paleogeography of Oklahoma during A) Cambrian (510 mya). 
B) Mississippian (345 mya). C) Pennsylvanian (315 mya). D) Pennsylvanian (300mya) 
(Blakey, 2005). 
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Fig. 6: Tectonic evolution of the Ouachita Mountains and the Arkoma Basin. A: 

rifting stage. B: Passive Margin. C: Start of the contraction and crustal loading. D: 
Normal Faulting. E: Final stages of thrusting. (Houseknecht & Kacena, 1983). 

 

By the middle Devonian to early Mississippian time, the southern edge of the 

North American oceanic plate started to subduct under the Llanoria plate to the south. It 

is unknown exactly when the subduction occurred, but there is evidence of wide spread 

metamorphism during the Devonian that could be attributed to the subduction. In addition 

there is volcanic debris and volcaniclastic sandstones in the Stanley formation that would 

support the subduction model (Fig. 5-B)(Fig. 6-C) (Houseknecht & Kacena, 1983). 
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In the late Mississippian to early Atokan (Fig. 5-C), the subduction of the oceanic 

plate continued, but the shelf units that were deposited before were undisturbed except 

for some detrital material that was being added from the north. During this period 

deposition of limestones, sandstones and shale continued in a shallow marine to non 

marine environment. This is indicative of the Atokan facies that includes the Spiro 

sandstone unit. With increased vertical load and flexural bending being applied due to the 

northward subduction, the result was an array of normal faults just south of the North 

American Plate (Houseknecht & Kacena, 1983). The subsidence caused by the normal 

faulting as well as the simultaneous deposition of sediments resulted in the abrupt 

increase in sediment thickness during the early to middle Atokan (Fig. 7) (Houseknecht 

& Kacena, 1983).  

By the late Atokan most of the major structural deformation had stopped. Thin 

skinned thrust developed as the subduction complex continued to collide with the North 

American plate. As a result of the collision the Ouachita Mountains were uplifted. 

Deposition during this time consisted of shallow marine, fluvial and deltaic sediments. 

Tectonic activity was relatively little sine the Desmoinesian except for some minor thrust 

faulting and folding (Fig. 6-E) (Houseknecht & Kacena, 1983). 
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Fig. 7: Pie chart explaining the depositional history and the coinciding Stratigraphic 
frame work of the Arkoma Basin in southeastern Oklahoma (Houseknecht & McGilvery, 
1990)

Springer Sh 
Caney Sh 
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CHAPTER II 
 
 

STRATIGRAPHY OF THE ARKOMA BASIN 

  
 

Pre Pennsylvanian Rock Units 
 
  

 The Arkoma Basin contains strata ranging from the Cambrian to the 

Pennsylvanian (Fig. 8). These deposits form a nonconformity with the underlying 

crystalline Proterozoic basement. The oldest sedimentary unit in the basin is the Upper 

Cambrian Timbered Hills Group. This group includes the Reagan Sandstone and the 

Honey Creek Limestone. These grade into the Cambrian-Lower Ordovician Arbuckle 

Group which includes the Fort Sill Limestone, the Royer Dolomite, and the Signal 

Mountain Limestone. These are overlain conformably by the upper Ordovician rock units 

of the Arbuckle Group. These include the Butterfly Dolomite, the McKenzie Hill 

Formation, the Cool Creek Formation, the Kindblade Formation, and the West Spring 

Creek Formation. These formations represent a shallow marine deposition, and contain 

shallow marine faunal assemblages that include trilobites, brachiopods, mollusks, and 

sponges. 

 The Middle and Late Ordovician strata consists of the Simpson Group, Viola  
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Fig. 8: Stratigraphy of the Arkoma Basin (reproduced from Cemen et al., (2001). 
 

Group, and the Sylvan Shale. The Simpson Group illustrates a change in the depositional 

environment. This group contains skeletal calcarenites, skeletal carbonates, mudstones, 

sandstones, and shales.  The overlying Viola Group contains limestones and nodular 

chert-rich mudstones.  There is a facies change from Viola Group into the Sylvan Shale 

which contains graptolites and chitinozoans and indicates deeper water conditions. 

 The Silurian and early Devonian Periods contain the Hunton Group. The Hunton 

Group contains carbonates composed of skeletal mudstones and skeletal calcarenites. A 

regional unconformity separates the Hunton carbonates from the overlying upper 

Devonian Woodford Shale. The Woodford is an organic fissile shale with beds of 

vitreous and siliceous chert (Ham, 1978). This unconformity is interpreted as a sequence 
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boundary and suggests a relative-drop in sea-level in the Arkoma Basin.  

 The Mississippian is represented by the Caney Shale, which is a dark organic 

shale that contains phosphate nodules.  The Springer Shale is an informal unit equivalent 

to the Caney Shale of the upper Mississippi/lower Pennsylvanian.  The Springer differs 

from the Caney by the appearance of siderite or clay-ironstone beds (Ham, 1978). A more 

detailed interpretation of the Pre-Pennsylvanian rocks is available by Johnson (1988), 

Ham (1978).  

  

Pennsylvanian Rock Units  

 

 The Pennsylvanian rock units (Fig. 8) are significant to this study because they 

are penetrated by wells that are used to construct the cross sections. The Pennsylvanian is 

represented by the Morrowan, Atokan, and Desmoinesian series.   

  The Morrowan rocks of the Arkoma Basin are the Cromwell Sandstone, the 

Union Valley Limestone, and the Wapanucka Limestone. They are approximately 300 

feet thick in the north and 1000 feet thick in the south of the basin (Johnson, 1988). The 

Wapanucka Formation of the upper Morrowan series consists of various shoal 

limestones, spiculites, shales and sandstones (Grayson, Jr., 1979). Overlying the 

Wapanucka Formation is the sub-Spiro shale. Wapanucka Limestone is exposed on the 

southern side of the Choctaw Fault. This can be seen at Limestone ridge (Sutherland, 

1988) and the study area.  

 Atokan strata lie conformably on top of Morrowan strata and are were divided 

into three units (Lower, Middle and Upper Atokan). This division was based on 
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depositional histoy of the basin in response to structural events of that period (Sutherland, 

1988). The Atokan strata can range in thickness from hundreds of feet in the northern part 

of the Arkoma Basin to 10,000ft (Sutherland, 1988).  

The Spiro Formation is considered the base of the Early Atokan within the 

Arkoma Basin. The Spiro crops out to the south of the Choctaw Fault within the study 

area. Further description of the Spiro will be provided in Chapter III.  

After the deposition of the lower Atokan units, the Arkoma Basin transitioned 

from a stable shelf to a tectonic foredeep (Houseknecht and McGilvery, 1990). The 

Middle Atokan is composed of the Shay, Cecil, Brazil, Panola, Red Oak and Fanshawe 

sandstones that formed the from sediment deposited within thick units of shale (Fig. 8) 

(Cemen et al., 2001). The units are fine grained, lithic to sublithic arenites, which 

accumulated most of their detritus material from the eastern portion of the Ouachita 

Oroginic belt (Houseknecht and McGilvery, 1990).  

 The Krebs group of the lower Desmoinesian is composed of the Hartshorne 

Sandstone, McAlester Formation, Savanna Sandstone and Boggy Formation. In the study 

area, the Krebs group crops out in the northern part of the basin.    
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CHAPTER III 
 
 

SEDIMENTOLOGY OF THE ATOKAN FORMATION 

                   

  The Atokan Formation is composed mostly of deep marine shale deposits. It 

contains several sands. The Spiro sandstone is the lowermost sand unit of the Atoka 

Formation. Mahaffie (1994) defined sheet sands as most closely “resembling fan lobe 

deposits and are characterized in outcrop by their laterally-continuous, tabular external 

geometries”. The Atoka Formation contains the Spiro sandstone unit. This unit has been 

interpreted as a sheet sand (Lumsden et al., 1971). The Spiro is an important reservoir 

sand unit. It is used in structural reconstructions because of its well recognized e-log and 

seismic signature. The Spiro is also the most productive gas reservoir in the Atokan 

Basin.  

 

Sedimentology of the Spiro Sandstone 

  

The Spiro Sandstone is a very fine-medium grained arenite (Lumsden et al., 1971) 

(Hess & Cleaves, 1995). It is moderately to well-sorted and is primarily composed of 

quartz clasts (>95%) (Houseknecht and McGilvery, 1990). It is also a sheet sand and is 

laterally extensive, making it a useful marker bed for structural reconstruction. The 

thickness of the Spiro Sandstone ranges between 100 feet in the deeper parts of the basin 
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in the south to zero where it pinches out in the north. Although no detailed 

biostratigraphic analysis of the Spiro microfauna has been done, based on underlying 

shales the unit is dated as Morrowan in age (Mc Caleb, 1963). Fossils within the Spiro 

include crinoids, bryozoans, brachiopods and other shelf fauna (Lumsden et al., 1971).  

 Lumsden et al (1971) divided the Spiro into eight lithofacies based on data from 

cores, drill cuttings, and outcrop. His lithofacies scheme is described below; 

1. Shale Facies 

“The shale facies has silt stringers and was distant from sources of sediment supply, it 

was deposited in offshore parts of the shelf” (Lumsden et al., 1971). 

2. Poteau Facies 

“These are very fine grained and tightly cemented sands. Indications of shallow water 

deposition include bioturbation and interbedded sandstones and muds characteristic of 

lagoonal deposition” (Lumsden et al., 1971). 

3. South Red Oak Facies 

“Sandstones in this facies are similar in grain size to the Poteau Facies but differ in 

porosity, lighter color, thickness, and presence of cross bedding” (Lumsden et al., 1971). 

4. Kinta Facies 

“This facies was formed by the reworking of the Foster Sands by a transgression. It 

consists of a light-gray, uniformly thick, even-bedded sand” (Lumsden et al., 1971).  

5. North Red Oak Facies 

“This facies is a southern extension of the Kinta Facies and also has characteristics of the 

South Red Oak and Wilburton Facies. Fossil fragments are abundant, and this is 
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interpreted as a complex of beach, bar, tidal flat, tidal channel, and lagoonal 

environments” (Lumsden et al., 1971). 

6. West Kinta Facies 

“This is a thin interval showing a decrease in grain size and an increase in calcite cement” 

(Lumsden et al., 1971). 

7. Wilburton Facies 

“Sand in this Wilburton Facies is light colored, fine grained and very fossiliferous” 

(Lumsden et al., 1971). 

8. Limestone Facies 

“Clastic quartz decreases and calcareous grains increase as the Spiro forms a gradational 

contact with the underlying Wapanucka Limestone” (Lumsden et al., 1971). 

 

Sequence Stratigraphy of the Spiro Sandstone 

 

Two sequence stratigraphic models were studied to understand the depositional 

history of the Spiro Sandstone. According to Lumsden et al (1971) the Spiro was 

deposited during a transgression, Hess (1995) agrees with this interpretation and further 

describes the depositional history of the Spiro Sandstone as part of the reworking of the 

older Foster sands that had been either deposited directly over the Sub-Spiro shale, or it 

was deposited over the Wapanucka limestone as part of the filling of the incised valleys 

created during the Low Stand and subsequent shelf exposure.   

The model proposed here is based upon 1) Well log signatures 2) Fossil fauna and 

3) Architecture of the Spiro Sandstone. 164 well logs (See Appendix A for Well names 
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and locations) were examined for log motifs that would best characterize the Spiro 

Sandstone. The typical Gamma Ray motif (Fig. 9) is slightly serrated, blocky, with a 

sharp base and upward fining profile. The serration is interpreted as clay rich horizons 

within the sandstone, the blocky profile is characteristic of high net:gross sheet sands, the 

sharp base suggests an erosional contact with the underlying strata, and the upward fining 

suggests retrogradation. These characteristics (fining upwards of a shallow-marine sand) 

suggest a transgression where parasequences would be back-stepping (Van Wagoner et 

al, 1990). The sharp erosional base is interpreted as a flooding surface. 

            

Fig. 9: Gamma Ray profiles of the Spiro Sandstone from the Wilburton Gas Field 
showing upwards fining. 
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Fig. 10: Isopach map of the Spiro Sandstone in the study area (Reproduced from Gross et 
al., 1995). 

 

The Spiro is exceptionally fossiliferous and contains a shelf assemblage that 

includes crinoids, bryozoans, and brachiopods. Transgressive systems tracts are known 

for their faunal abundance. Lowstand deposition is centered in the deeper parts of the 

basin, and the shelf is exposed. Due to these conditions shelf faunas are rare and 

impoverished, producing a scanty fossil record. These observations also support the 

deposition of the Spiro Sandstone during a transgression. 

The strongest evidence for the Spiro Sandstone being part of a Transgressive 

Systems Tract comes from the architecture of the Spiro Deposits. Isopach maps of the 

Spiro Sandstone by Gross et al. (1995) shows a trend of barrier islands (Fig. 10). The 

laterally extensive sheet like geometry of the Spiro Sandstone is attributed to the 

reworking of older Foster Sands during a transgression. The Spiro Sandstone incises the 
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older Sub-Spiro Shale and the Wapanucka Limestone.  This erosional contact is 

interpreted as a ravinement surface created during a transgression. The proposed 

Transgressive system tract model (Fig. 11) is similar to the model by Hess (1995).  
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  Fig. 11: Sequence stratigraphic model of the Spiro Sandstone deposition  
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CHAPTER IV 
 
 

GENERAL GEOMETRY OF THRUST SYSTEMS 

 

The study area is intensely deformed by several large thrusts. Before these thrusts 

are discussed in detail, this section introduces the reader to some important components 

of thrust systems. A thrust system contains many thrust faults closely spaced from each 

other and are connected at depth to a common detachment surface (Boyer and Elliot, 

1982) (Marshak and Woodward, 1986). As a result of the increasing stresses being 

applied in a fold and thrust belt, the subsurface will most commonly develop imbricate 

fans, backthrusts, duplex structures, triangle zones and lateral ramps (Boyer and Elliot, 

1982). The following is a short description of these features. 

Imbricate Fans 

 When increasing stress affects a certain area, the resulting stresses allow for faults 

to be created. These imbricate thrust faults are created deep within the basin at a common 

detachment surface and move upsection to shallower depths (Fig. 12). There are two 

types of imbricate fan thrust faults. 1) Leading Imbricate Fault System: The first type of 

thrust faults have most of the displacement in the leading thrust which would leave the 

footwall with the most displacement (Fig. 12-A); and 2) Trailing Imbricate Fans of thrust 

faults have most displacement at the trailing thrust, leaving the bulk of the displacement 

in the hanging wall of the leading edge thrust fault (Fig. 12-B). 
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Backthrusts 

Backthrusting is a phenomenon where a fault forms in a direction that opposes the 

regional movement of the major thrusts (Butler, 1987). These structural features can 

develop at the leading-edge of the thrust sheet when a barrier becomes an obstacle for the 

thrust sheet to move forward and therefore creating a release for the extra energy in the 

form of a backthrust (Butler, 1987). Backthrusts are a major factor in the creation of 
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triangle zones in many thrust belts around the world (Fig. 13) (Butler, 1987). Backthrusts 

may also be created if the propagation rate exceeds the displacement rate (Bulter, 1987). 

 

Fig. 13: A) A 3D representation of the relationship between forethrusts and 
backthrusts. B) A plan view of the relationship between forethrusts and backthrusts 
(Butler, 1987)  

 

Webel (1987) proposed three types of backthrusting in the Rocky Mountain fold-

thrust belt. Type I of these backthrusts can be seen in all tepee structures and triangle 

zones. These are low angle thrusts faults that are located ahead of the leading thrust fault 

and dipping in the opposite angle (Fig. 14-A)(Webel, 1987).  
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Type II backthrusts are relatively high angle thrusts and are created behind the 

trace of the major thrust faults (Fig. 14-B). They illustrate pop up structures that are 

created when a snakehead fold passes over a subsurface ramp. Type III backthrusts are 

strongly associated with basement arches, angle of ramping and listric normal faulting 

(Webel, 1987). Backthrusts of this nature are low angled gravity induced backthrusts that 

are activated when a listric normal fault is created. The normal fault was induced because 

of the high angle ramp that was created as a result of a basement arch. The resulting high 

angle ramp allowed for an incipient backthrust to glide down the ramp to create a shallow 

backthrust (Fig. 14-C).     
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Fig. 14: A) Illustration of the Type I Backthrusts associated with Tepee structures and 
Triangle Zones. B) Illustration of Type II backthrusts. C) Illustration of a Type III 
Backthrust showing a gravity induced slide resulting from a basement arch increasing the 
steepness of the ramp angle. (Webel, 1987) 
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Duplex Structures 

   Duplex structures are imbricate fans that are created from a common basal 

detachment and cut up section to meet at a higher detachment. The bottom basal 

detachment in a duplex structure is called a floor thrust while the upper basal detachment 

is labeled the roof thrust. As the imbricate fans cut up section from the floor thrust to the 

roof thrust a feature with thrusts bounding it from all direction will develop. This 

structure is called a horse. Duplexes are a combination of horses that have formed due to 

the compression or thrusting in an area (McClay, 1992)(Fig. 15). 

 

 

 

 

Fig. 15: Terminology associated with Duplex’s (McClay, 1992) 

Figure 12 shows three different duplex structures of Boyer and Elliot (1982); 

1) Hinterland Dipping Duplex (Fig. 12-C): The fault slip is less than the 

deformed fault length (McClay, 1992). The horses in the duplex dip in 

the direction of the hinterland.  

2) Foreland Dipping Duplex (Fig. 12-E): The fault slip is larger than the 

deformed fault length (McClay, 1992). The horses dip towards the 

foreland rather than the hinterland. 
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3) Antiformal Stack: The fault slip is equal to that of the deformed fault 

length (McClay, 1992). Each horse is thrusted up onto the other giving 

way to stacked formation (Fig. 12-D).  

Triangle Zones 

 

The term Triangle zones was first used by Peter Gordy in an internal report to 

describe the structural characteristics of the eastern margin of the Canadian Cardillera 

(Jones, 1996). They are usually the result of two opposite dipping thrust faults, associated 

with a basal detachments surface thus creating a triangle shape. The geometry of the 

triangle zone can be attributed to the continuation of the fold and thrust belt convergence 

and deformation. Butler (1987) stated that when convergence gets close to the foreland 

then deformation in the direction of the stress starts to decrease but the stresses continue 

to build. This built up stress then gives way to inherent thrusts and backthrusts (Butler, 

1987).  

Couzens and Wiltschko (1994) classified triangle zones into three types (Fig. 16):  

1. Type I: The triangle zone is characterized by two opposite dipping thrusts 

that are symmetrical to each other and are floored by a single detachment 

surface.  

2. Type II: The triangle zone is characterized by two opposing thrust systems 

that are asymmetrical to each other and are floored by a single detachment 

surface. 
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3. Type III: The triangle zone is characterized by two opposing thrust 

systems that are asymmetrical to each other and are floored by two 

detachment surfaces. 

 
 

Fig. 16: Triangle zone geometry (Couzens and Wiltschko, 1998) 

 

Lateral Ramps 

 

Lateral ramps were first introduced to describe a tectonic ramp that is parallel to 

the direction of thrusting (Boyer and Elliot, 1982) (Fig. 17). But lateral ramps have been 

observed to disrupt stratigraphic levels along strike and decollment changes (Pohn, 

2000).  
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Fig. 17: Illustration of surface geological map and two cross sections. A-A’ is 
showing the duplex structure and direction of thrusting. B-B’ is showing two lateral 
ramps (Boyer & Elliott, 1982). 

 

The association of lateral ramps with thrust faulting is accomplished due to the 

fact that thrust faults can either die out to the flanks of the thrusting (Fig. 18-A), or the 

thrust sheet can distribute the stress from one fault to another via a lateral ramp (Fig. 18-

B) (Pohn, 2000). Four types of lateral ramps are proposed by Pohn (2000). The geometry 

of the first lateral ramp can be considered the simplest. This is where parallel sided ramps 

are connected to a horizontal decollement (Fig. 19-A), the second being parallel sided 

ramps connected to a dipping decollement surface (Fig. 19-B), the third is a horizontal 

decollement surface with converging ramps (Fig. 19-C), finally the convergent sided 

ramps with the dipping decollement surface (Fig. 19-D) (Pohn, 2000).  

Lateral ramps are features that do not often outcrop to the surface but they can be 

observed using seismic reflection. These seismic reflection lines can illustrate that cross 

strike faults in the subsurface can form the foundations or deflecting buttress of lateral 

ramps (Pohn, 2000). Surface expressions of certain geological features can supply clues 

as to the location of lateral ramping in the area. These surface features are: 
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1. The distinct change in folds magnitude or the sudden termination of a fold 

(Pohn, 2000). 

2. A sudden change in the magnitude of a fault (Pohn, 2000).  

3. Basin interruption due to cross strike border faults (Pohn, 2000).  

 

 
Fig. 18: 3D view of the formation of Lateral ramps, A) Showing the fault dying out to the 
flanks of thrusting. B) The lateral progression from one fault to another via a lateral ramp 
(Pohn, 2000).  

 

Fig. 19: Lateral ramp geometries. Arrows show direction of movement. A) Parallel side 
ramps connected to a horizontal decollement. B) Parallel sided ramps to a dipping 
decollement. C) Converging lateral ramps on a horizontal decollement. D) Convergent 
sided lateral ramps on dipping decollement (Pohn, 2000).    
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CHAPTER V 
 
 

STRUCTURAL GEOLOGY OF THE FRONTAL OUACHITAS-ARKOMA BASIN 

TRANZITION ZONE 

 

 Although many workers studied the geology of the Ouachita Mountains and the 

Arkoma Basin, first subsurface structural interpretations of the transition zone were only 

published in the 80’s. Arbenz (1984) proposed the presence of a decollement deep below 

the surface. He mapped a south-dipping imbricate fault system that was accompanied by 

a backthrust that established a triangle zone (Fig. 20). 

 

 

 

 

 

 

Fig. 20: Illistration of the subsurface in the transition zone. (Arbenz, 1984)(Arbenz, 1989) 
  

Many controversial interpretation of the transition zone were proposed in the late 

1980’s and early 1990’s. Hardie (1988) was the first to describe the geometrical 

relationship between the Blanco thrust fault to the north and the Choctaw thrust fault to 

the south in the vicinity of Hartshorne, Oklahoma (Fig. 21-A). 
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 Milliken (1988) suggested the presence of a “bi-vergent” imbricate thrust system 

that was floored by a detachment surface at depth (Fig. 21-B). The presence of this deep 

detachment surface was agreed upon by Camp and Ratcliff (1989), they also identified 

the presence of a thick triangle zone with a deep detachment.  

 

 

 

 

 

 

Fig. 21: A) Illustration of the subsurface as presented by Hardie (1988), B) Illustration of 
the subsurface as presented by Milliken (1988), Camp & Ratcliff (1989). 
 

 Reeves and others (1990) interpreted a thin triangle zone floored by two north-

directed duplex structures (Sunneson, 1995). He suggested that there was a decollement 

surface that separated the duplex structures and that the deep decollement is in Lower 

Atokan Strata (Fig. 22-A).  

 Perry and Suneson (1990) interpreted a seismic section that showed not one but 

two triangle zones. One of these triangle zones was located above the shallow detachment 

surface. The other triangle zone was located between the shallow detachment surface and 

the deep detachment surface was accompanied by imbricate thrusts (Fig. 22 B).  

 

 

 

A B
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Fig. 22: A) Illustration of the subsurface as presented by Reeves and others (1990), B) 
Illustration of the subsurface as presented by Perry and Suneson (1990) 

 

Wilkerson and Wellman (1993) proposed the presence of a thin triangle zone in 

the Hartshorne area. The floor of the triangle zone is the roof thrust of the duplex 

structure that they named the Gale Buckeye thrust system (Fig. 23). They also discovered 

tear faulting and a series of blind imbricate thrusts located near the base of the duplex 

structure. 

 

 

 

 

 

 
Fig. 23: Illustration of the subsurface as presented by Wilkerson and Wellman (1993) 

 

In the early 1990’s, gas exploration in the western part of the Arkoma Basin 

became very important. The Wilburton Gas Field was the center of the exploration 

activity. With a grant from the Oklahoma Center for Advancement in Science and 

A B
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Technology (OCAST), Dr. Ibrahim Cemen of Oklahoma State University, School of 

Geology and his student started a subsurface structural study of the Wilburton Gas Field 

and surrounding areas. The purpose of this study was to examine the structural geometry 

of the transition zone between the frontal Ouachitas and the Arkoma Basin.  

Cemen, Sagnak and Akthar (2001) summarized the structural geology work in the 

Wilburton Gas Field and proposed a well developed triangle zone in the Wilburton Gas 

Field area. This triangle zone has the Choctaw Fault as its southern flank, while the 

backthrust fault known as the Carbon fault is the northern flank of the triangle zone. A 

detachment surface called the Lower Atokan Detachment (L.A.D.) is the base of the 

triangle Zone. The LAD is the roof thrust for a deeper duplex structure and the Springer 

detachment is the floor thrust. This duplex structure has a number of hinterland dipping 

horses (Fig. 24). 
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CHAPTER VI 
 
 

STRUCTURAL GEOLOGY OF THE STUDY AREA 

 

The study area is dominated by structural features that are consistent with the 

contraction that the Transition zone experienced during the Pennsylvanian. To understand 

the structural geology of the study area, seven cross sections were constructed (Fig. 3). 

Four of these cross sections are oriented parallel to the tectonics transport direction. 

These four cross sections were constructed to illustrate the position of the triangle zone 

and duplex structure within the study area. Within the triangle zone, the Carbon Fault is 

the northern most backthrust. This backthrust is only present on cross sections A-A’ (Fig. 

27), B-B’ (Fig. 28) and C-C’ (Fig. 29). Cross section W2-W2’ (Fig. 32) does not extend 

far enough north to cross it. The major structural feature in the area is the Choctaw Fault. 

This fault separates the highly deformed, tightly folded and faulted Frontal Ouachitas 

from the mildly deformed, broadly folded Arkoma Basin. The three remaining cross 

sections were constructed perpendicular to the tectonic transport direction. This was 

directed at detecting the amount of lateral movement that may have been present in the 

footwall of the Choctaw Fault.  
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The four NW-SE cross sections that were oriented perpendicular to the strike of 

Choctaw are divided into four zones (Fig. 25). These zones are chosen based on the 

structural features that are present. They are also transferred to the three NE-SW cross 

sections that are oriented roughly parallel to the Choctaw fault. The NE-SW cross 

sections could display zones 2 and 3 while zone 4 only appears on the southern most 

cross section W3-W3’ (Fig. 26). 

Zone 1:  

This area encompasses the Carbon Fault and all features that lie north of it. As 

previously mentioned Zone 1 is only displayed in cross sections A-A’ (Fig. 27), B-B` 

(Fig. 28) and C-C’ (Fig. 29), since the remaining cross sections did not extend far enough 

to the north. The 3D seismic does not extend far enough to the north to display the 

Carbon fault as well. All information obtained for this area is from previous studies and 

surface structural geology maps (Suneson et al., 1996).  

The Carbon fault dips at about 50o at the surface. The angle decreases at depth 

and the fault becomes almost horizontal at around -1700 ft. The Pennsylvanian 

McAlester, Atoka and Hartshorne are exposed at the surface of the hanging wall of the 

Carbon Fault (Fig. 3). 

 

Zone 2: 

This zone is located south of the Carbon fault which is interpreted as a backthrust 

(Cemen et al., 2001). Geological maps by Suneson et al., (1996) contain small strike-slip 

faults to the south of the surface trace of the Carbon fault. These types of structures do 

not seem to have any affect on Zone 3 that lies deeper within the footwall of Choctaw. 
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The surface formations that are located in this area are mostly Pennsylvanian McAlester, 

Hartshorne, Atoka and Savannah, with a layer of Quaternary covering them in certain 

areas (Fig. 3).  

Within the footwall of Choctaw at around - 4000ft we come across the Red Oak 

Formation and the Brazil Formation at a depth of -5000ft. Abnormal fractures within 

these formations were critical in the discovery of a feature that can be described as a 

shallow thrust. This shallow thrust was not present in former cross sections that were 

studied (Hadaway, 2005) (Collins, 2006) and it was not seen on the well log data. This 

shallow thrust-That was named the Middle Atokan Thrust (M.A.T.) - was only visible 

through the use of 3D seismic where the thrust seem to be originating as a splay from the 

Choctaw fault and is present at - 9500ft. The M.A.T. increases in dip angle as it cuts up 

section into shallower depths. The M.A.T. appears to be younger in age in comparison to 

the Choctaw Fault, as there is no visible Spiro unit within the thrust wedge between the 

Choctaw Fault and the M.A.T. This shallow thrust is well observed in cross sections W2-

W2’ (Fig. 32) but it becomes less apparent in the eastern most cross section C-C` (Fig. 

29). Various numbers of out of sequence thrusts splay from the M.A.T. and displace the 

Brazil and Red Oak layers. These backthrusts dip in the foreland direction at angle of 

about 65o. 

 

Zone 3: 

The footwall of the Choctaw fault contains a well developed duplex structure. The 

roof thrust of the duplex structure is the Lower Atokan Detachment (L.A.D.). The L.A.D. 

serves as the base of the triangle zone that is located in the transition zone (Cemen et al., 
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2001). The floor thrust of the duplex structure is known as the Springer detachment 

(Cemen et al., 2001). The Springer detachment drops in elevation the further south you 

move and becomes the Woodford detachment (Cemen et al., 2001). The cause for the rise 

and fall of the detachment surfaces is the normal faulting in the pre- Pennsylvanian units.  

The Springer detachment rises from a depth of about -13000ft and continues to 

rise to about -9000ft in the northern part of the study area. At the northern end of the 

duplex, the Springer detachment rises and gently folds the Spiro units. The duplex 

structure contains five to seven horses. The 3D seismic data indicates that the thrust faults 

in the duplex structure had a decreased angle of dip when compared to the cross sections 

constructed by Mehdi (1998), Hadaway (2005) and Collins (2006).  

The duplexes contained many small backthrusts within the horses themselves. At 

first, it was thought that these backthrusts were actually tear faults or even a major flower 

structure that had developed from deep within the pre-Pennsylvanian layers and extended 

to affect the Red Oak and Brazil formations. But these findings could not be confirmed 

when combined with the 3D seismic data.  

The backthrusts appear to be younger than the south dipping thrusts that 

developed the horses. The north dipping backthrusts were causes minor displacements 

when compared to the displacement of the actual horses. These backthrusts might have 

caused the Spiro sandstone unit to increase in thickness. This increase in thickness can be 

seen in cross sections W1-W1’ (Fig. 31), where the Spiro thickness in this unit is at 561ft 

when compared to the average amounts of Spiro thickness of about 250ft-300ft.  

The lateral ramps that are present are more likely caused by the movement of the 

thrust sheet atop of each other and the shifting from one thrust sheet to another similar to 
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the geometry proposed by Boyer and Elliot (1982) (Fig. 25). This can be seen on cross 

sections D-D’ (Fig. 30), W1-W1’ (Fig. 31) and Cross section W3-W3’ (Fig. 33)   

At the northern end of the duplex is a horst structure that drops the level of the 

Spiro unit below -10,500ft. This system of normal faults is located relatively north of the 

study area, outside the range of the 3D seismic data. A combination of cross sections 

developed prior to this study (Collins, 2006) (Hadaway, 2005), and well log data, assisted 

in the location of these normal faults.  

The overall trend of the duplex is consistent with the findings of Collins (2006) 

where the Spiro formation and the duplexes are at shallower depths to the east of the 

study area while the farther west the duplex structure becomes deeper. 

 

Zone 4: 

The northern edge of this zone is also the northern border that separates the 

Frontal Belt of the Ouachita Mountains from the Arkoma Basin. This border is known as 

the hinterland dipping Choctaw thrust fault. The Choctaw fault cuts through the study 

area and trends west-southwest to east-northeast. It is the leading edge thrust in a break 

forward style imbricate thrust system that encompasses many faults on its hanging wall 

(Cemen et al., 2001). At the surface, the Choctaw fault has a relatively high dip angle of 

about 70o and as the fault moves deeper within the basin the dip angle becomes 

shallower. The dip angle is almost horizontal at depths of about -8500ft where the 

Choctaw fault acts as a detachment surface to a system of imbricate faults that include the 

Pine Mountain Fault, Ti Valley Fault (Cemen et al., 2001).  
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The surface geology south of the Choctaw fault shows many assemblages of 

thrust faults, anticline and syncline pairs and some strike slip faults. The strike slip faults 

seem to not be deep enough to affect zone 3 and the duplex structure. Surface geological 

maps (Fig. 3) indicate that the Pennsylvanian Atoka formation, Johns Valley, Springer 

and Spiro/Wapanucka package crop out at the south of the trace of the Choctaw Fault.  

Although all the cross sections running roughly east-west did not penetrate Zone 

4, cross section W3-W3’ (Fig. 33) did intersect the Choctaw Fault. Because of the acute 

angle of intersection, the Choctaw fault and Spiro units within the hanging wall of 

Choctaw had a large surface expression. This relative increase was adjusted for in the 

subsurface.    

Unfortunately because of the number of thrusts located within the hanging wall of 

Choctaw and the close proximity of these faults to each other, the ability to use the 3D 

seismic was lost as the Choctaw fault created too much of a noise factor to be able to 

make an accurate seismic interpretation. Therefore, all data gathered on the hanging wall 

of the cross sections was created using well log information and scout cards. 

 

Cross sections restoration and calculation of shortening 

 

To calculate the amount of shortening that had been experienced in the study area, 

three factors needed to be determined. The First Factor was the method of calculation. 

Because of the concentric nature of the folds due to the amount of incompetent shale 

units within the basin (Cemen et al., 2001), the method of restoration that was used is the 

key bed method. The formation that was chosen as the key bed for the calculations was 
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the Spiro sandstone unit because it is a sheet like sandstone that extends well within the 

basin.  

The Second Factor to finding the amount of shortening is the sections being 

calculated. Three areas were chosen to calculate the amount of shortening, they are: 

1) The overall duplex structure  

2) The minor backthrusts that are located within the duplex structure to calculate 

the impact these backthrusts had on the overall compression within the 

duplex.  

3) The overall study area that encompasses the duplex structure and the Choctaw 

imbricate fault structure.    

The Third Factor to calculating the shortening was the positioning of the pin line 

and loose lines. The pin line for was placed north of the duplex structure to symbolize the 

end of the deformation. To calculate the shortening applied to the overall duplex 

structure, the loose line was placed further south just beyond the start of the first duplex. 

This was similarly the case for the calculations for the minor backthrusts within the 

duplex structure. To calculate the overall shortening, the loose line was placed at the 

southern edge of the hanging wall where there is no piercing point for the Spiro 

Sandstone units.      

The Fourth Factor is the calculation of shortening. To complete the calculation of 

shortening applied in an area two variables are needed. 1) Is the final length of the Spiro 

unit after the deformation had occurred (Lf). 2) The original length of Spiro sandstone 

unit before deformation (Lo). This can be achieved by measuring the Spiro units 

individually. By subtracting the final length of the deformed Spiro (Lf) from the original 
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length of the Spiro before deformation (Lo) the result will be the shortening distance. The 

percent of shortening was calculated using the following equation 

100X
Lo

LoLf − (Table 1). 
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Shortening applied to the 
overall duplex structure

Lf (ft) Lo (ft) Lf (ft)-Lo (ft) Lf (ft)-Lo (ft)/Lo (ft) Percentage
Cross section A-A' 45921.6 55843.1 -9921.5 -0.178 17.77
Cross section B-B' 45372.5 55764.7 -10392.2 -0.186 18.64
Cross section C-C' 39764.7 50745.1 -10980.4 -0.216 21.64
Cross section W2-W2' 39137.3 46352.9 -7215.6 -0.156 15.57

Shortening applied due to 
the backthrusts within the 
duplex structure

Cross section A-A' 45921.6 50588.2 -4666.63 -0.092 9.22
Cross section B-B' 45372.6 47764.7 -2392.16 -0.050 5.01
Cross section C-C' 39764.7 41803.9 -2039.21 -0.049 4.88
Cross section W2-W2' 39137.3 41803.9 -2666.67 -0.064 6.38

Shortening applied to the 
overall structure within the 
study area

Cross section A-A' 45921.6 97411.8 -51490.19 -0.529 52.86
Cross section B-B' 45372.6 107215.7 -61843.15 -0.577 57.68
Cross section C-C' 39764.7 87843.1 -48078.43 -0.547 54.73
Cross section W2-W2' 39137.3 90039.2 -50901.97 -0.565 56.53

 

Table 1: Excel spread sheet indicating the shortening calculations done on three areas 
within the study area.  
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CHAPTER VII  
 
 

CONCLUSIONS 
 

  

 South of the Carbon fault is the footwall of the Choctaw fault. The shallow part of 

the footwall is dominated by the Brazil and Red Oak layers. These layers were essential 

in locating a shallow splay from the Choctaw fault. This shallow splay was named the 

Middle Atokan Thrust (M.A.T.) and appeared to have various numbers of out of 

sequence thrusts. Due to the lack of the Spiro sandstone units within the M.A.T. the 

thrust was deemed younger in age. This shallow thrust system was well observed on the 

western 3D seismic lines while it seemed to lose strength on the eastern side of the 

survey.  

 Deeper in the footwall of Choctaw, is Zone 3 and the location of a well developed 

duplex thrust system. These duplexes are hinterland dipping with a dip angle of ≈ 20o-

25o. The roof thrust of the duplex system is the Lower Atokan Detachment (L.A.D.) and 

the sole thrust is the Springer Detachment. The duplex system becomes shallower as to 

the north and exhibits some indications of backthrusting within the duplex itself.   

 Shortening calculations were examined for three specific areas in the study area. 

The shortening calculation found for the backthrusts that were located within the duplex 

structure varied from 4% to 10%. The shortening calculation for the duplex structure was 
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found to be between 15% and 21%. The overall shortening that was calculated for the 

study area was between 52% and 58%. 
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