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1. Project Overview 

1.1. Project Background 

The Mississippian-age Caney Shale is an emerging unconventional oil and gas (UOG) resource 

play in the southern Midcontinent and is prospective in the Anadarko, Ardmore, Marietta and 

western Arkoma basins. This play is enigmatic in that time equivalent Fayetteville Shale in the 

eastern Arkoma basin and Barnett Shale in the Ft. Worth Basin are major unconventional plays, 

whereas Caney Shale production is sparse and unpredictable (Cardott, 2017). In the Anadarko, 

Ardmore and Marietta basins, the Caney Shale is in the oil window, but its resource potential has 

not been adequately assessed. The Caney reservoir is about 60-300 m thick, is rich in total organic 

carbon, contains a large oil resource base, and has a strong natural gas drive; however, 

development has been hampered by high clay content and reactivity of the formation with water. 

The main objective of this initial four-year research project was to address these issues by 

establishing a Caney Shale Field Laboratory in the Ardmore Basin of southern Oklahoma to (a) 

conduct a comprehensive field characterization (b) perform field experiments, and (c) validate 

cost-effective technologies that will lead to a comprehensive and efficient development strategy 

plan for Caney Shale.  

The first step was the development of an open, collaborative, and integrated program to 

comprehensively characterize Caney Shaleôs geophysical, geological, petrophysical, 

geochemical, and geomechanical properties and further perform a baseline analysis of current 

well production performance and overall, well economics. The second step was to improve our 

understanding of hydraulic fracture propagation, fracture and proppant embedment, and fluid-

rock interaction through detailed core and geophysical well-log analysis. The third step was 

validating the findings and recommendations from these analyses by drilling and stimulating a 

horizontal well. Based on the results of this research, a well development plan was developed for 

the Caney Shale, which helped facilitate accelerated development of the play and offer 

characterization, and completion practices applicable to similar clay-rich rocks. The integrated 

research findings presented in this report provide a comprehensive template on how to conduct 

the characterization of emerging UOG plays and accelerate the development of emerging UOG 

plays. The project was successfully completed 30th September 2024, with the Phase I (the first 24 

months) focused primarily on field characterization as a result of a vertically drilled and retrieved 

Caney core (650ft), followed by Phase II (36 months) where the team focused on field relevant 

testing and modeling and preparation of the well development plan in collaboration with the 

industry partner.  

All of the key objectives were achieved, and additional tasks performed during the five-year 

project (which included one year no-cost extension and substantially under budget). Below are 

some of the key objectives: 

Key objectives from Phase I: 

o Effective project management during COVID-19 enabled successful collaboration and 

productivity of all team members. 

o Caney Core Workshop, OKC, February 2020, which brought all team members and 

enabled fast and effective confirmation of planned activities ahead. 
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o Coring and logging of the Caney Shale interval and additional CT imaging of entire 650ft 

Caney Shale rock core at NETL. 

o Geological and petrophysical reservoir characterization 

o Establishing geomechanical properties from geophysical well logs, cores and drilling 

data, applying reservoir conditions and both static and dynamic settings 

o Determine an economic baseline for drilling and completion and identifying potential cost 

reduction 

o Simulation of hydraulic fractures and flow to optimize stimulation design  

o Investigate and optimize applicable fracturing options including fracturing fluids, 

proppant, and stage spacing/clustering in light of equipment requirements and limitations.  

o STIM Lab Proppant Consortium Invitation to Join the group increased projects visibility 

and connectivity with industry nationally and internationally 

Key objectives from Phase II:  

o Drilling, logging and stimulating a horizontal well at the Caney Shale Field Laboratory 

was accomplished ahead of schedule, and new samples collected (cuttings were collected 

every 1000ft over the entire horizontal section, 20,000ft) 

o Geological, geomechanical, petrophysical, and geochemical analysis of well cuttings an 

o Field produced fluids were used in lab experiments to help further understand reservoir 

rock formations response to fracturing fluids, evaluating geochemical reactivity of rock 

matrix and how it may impact proppant embedment and fracture conductivity. 

o Application of hydraulic fracture-flow simulators for optimizing stimulation of 

multistage-fractured horizontal wells. 

o Finally, based on integrated research findings and the field data from the industry partner, 

the team was able to propose a field development plan, including optimized drilling and 

stimulation and various analysis of overall rate of returns (ROR) for the Caney shale.  

o During phase two, with support from The Hamm Institute and the industry partner, all 

project team members, including students and staff who supported the project, the DOE 

PM and representatives as well as university and industry leadership attended the Caney 

Symposium in OKC, where each Task major research outcomes and accomplishments 

were presented and resulted in a comprehensive integration plan for the final year of the 

project.  

1.2. Study Area and Geologic Setting of the Caney Formation  

The Caney shale shown in Figure 1.1, located in the Arkoma basin, is stratigraphically 

comparable to the Barnett shale found in the Fort Worth Basin. In the aftermath of the significant 

success of the Barnett play, the formation has progressed to become a producer of gas and oil 

condensate (Maughan and Deming, 2006; Schad, 2004; Kamann, 2006; Andrews, 2007). The 

Caney shale is a large constituent composed of an organic-rich calcareous shale deposit that 

contains large concretions of carbonate (Radonjic et al., 2020). Over the past few years, it had 

become apparent that the way in which the Caney Shale is interpreted by geologists was based 

on the exposures in the Arbuckle Uplift (Andrews, 2007, 2012), while its name was derived from 

a location with little-known exposures. The Caney Shale was initially annotated and named by 
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Taff. (1901) and Taff. (1901). According to Maughan and Deming (2006), in the 1920ôs, some 

degree of confusion in terms of the stratigraphic nomenclature of rocks found in basins within 

Oklahoma was introduced by petroleum geologists. The Pennsylvanian Caney term was applied 

to an area above the Caney. This was later formally renamed the Goddard Shale. Andrews (2003) 

used an alternative term, the False Caney, to describe a Goddard section. According to Girty 

(1909), the Caney shale is formed from a variety of exposures that are located throughout the 

Arbuckle within the central areas of the Chickasaw & Choctaw nations. The thickness of the shale 

does not exceed 1000 ft, and it is formed of black and blue argillites that feature local sandy strata 

in the upper area. Although most of the Caney shale can be described as organically rich black 

shale, the beds found in the upper area are lighter in color and potentially have a different fauna. 

Girty (1909) also highlighted how some of the Caney goniatites are also found in the Batesville 

sandstone and Fayetteville shale. This indicates that the Caney shale correlates with both these 

formations and the Moorefield. Radonjic et al. (2020) microstructurally characterized the Caney 

Shale by evaluating an area of the Caney core spanning 200 ft that was extracted from a well 

drilled in 2007 located in southern Oklahoma. The outcomes of their analysis revealed that the 

Caney Shale is clay-rich dominated by illite. They also found matrix pores that ranged from 

nanometers to micrometers in scale. Unlike Barnett, Eagle Ford, Marcellus or even Fayetteville, 

no one has developed a standard completion process for the Caney that will generate reliable 

production. Given that every shale play is different and what works for Barnett, Fayetteville, 

Eagle Ford is not guaranteed to work for Caney or any other shale play. This is because important 

differences exist in deposition, mineralogy, microstructure, and petrophysics characteristics.   
 

 
 

Figure 1.1.TVDSS structure map of the Caney Shale in the Ardmore and Marietta Basin, Oklahoma. The 

wells correspond to key locations and interpret cores. County names are highlighted in yellow.
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2. Geological Structure and Rock Analysis 

2.1.Geologic Structure and Burial and Thermal History  

2.1.1. Approach 

Regional analysis of the Ardmore Basin and Caney Shale focused on analysis of regional stratigraphy 

and geologic structure and the thermal and burial history of the basin to characterize exploration 

fairways for development of Caney Shale reservoirs. Techniques used include structural contour 

mapping, analysis of 2D reflection seismic profiles using Petrel software, and 1D burial modeling 

using PetroMod software. The stratigraphic section was analyzed using the available literature and 

geophysical well logs that were acquired through the industry partner and Enverus. Major 

stratigraphic units were identified, and well logs were correlated in well logs using standard geologic 

techniques.  

Structural contour maps were made and gridded and contoured in showing the elevation of the top 

of the Woodford Shale and the Caney Shale, which are distinctive marker beds constituting the two 

most important unconventional hydrocarbon targets in the Ardmore Basin (Figure 2.1).  

 
Figure 2.1. Map displaying present-day location of the Ardmore Basin and prominent surrounding structures 

(after Northcutt and Campbell, 1998). The northern boundary of the Gulf of Mexico Coastal Plain is denoted 

by the green line. Locations of wells used to construct 1D burial history model wells are shown. Burial history 

models included in this paper are highlighted in magenta; the other models are in Cox (2021). 
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A well-based cross-section was constructed that shows the structural style of the western Ardmore 

Basin in the area of the Ardmore A and Ardmore B wells, which were drilled as part of this project. 

Reflection seismic profiles, which were shot during the 1950s and 1960s were reprocessed using 

modern technology and depth converted on the basis of sonic velocity in selected wells in the basin. 

Reprocessing the profiles resulted in exceptional clarity that rivals data being shot with the latest 

technology. These profiles reveal further details of structural geometry that are relevant to Caney 

Shale exploration.  

Thermal maturity data are available in the form of vitrinite reflectance data (e.g., Cardott, 2012) from 

the Woodford Shale, and modern temperature information is available in the form of bottom-hole 

temperatures and crustal heat flow analyses (e.g., Lee and Deming, 1999). These data were 

synthesized to map thermal maturity throughout the basin, to determine regional maturity-depth 

relationships, and to calibrate 1D burial and thermal history models. Analysis of burial history was 

based on nine wells distributed throughout the Ardmore Basin (Cox, 2021; Cox and Pashin, 2024) 

(Figure 2.1). Stratigraphic picks and geochronologic ages were compiled for the wells and loaded 

into PetroMod software. Information used included the location and magnitude of disconformities to 

estimate missing section. Models were run for each well, and the models were calibrated to match 

the stratigraphic and thermal maturity data. Models include burial history models, thermal models, 

and hydrocarbon maturation models based on thermal maturity and kerogen transformation ratio.  

The result is a detailed synthesis of the depositional, structural, and petroleum generation history of 

the Ardmore basin that clarifies the mechanisms and timing of hydrocarbon generation and defines 

areas that are candidates for future hydrocarbon exploration. 

 

2.1.2. Results and Discussion 

Stratigraphic Framework  

Sedimentary rock in the Ardmore Basin nonconformably overlies PrecambrianïCambrian igneous 

basement that consists of plutonic and volcanic rocks (Hanson et al., 2013). The overlying 

sedimentary section primarily ranges in age from CambrianïCretaceous (Figure 2.2) and locally 

reaches thickness greater than 30,000 ft (Huffman et al., 1978; Suneson, 2020). The Tishomingo and 

Troy Granites (~1.4 Ga) form the basement of the Ardmore Basin and comprise the erosional 

substrate upon which all volcanic and sedimentary units were deposited (Bickford and Lewis, 1979). 

After a long hiatus, emplacement of one of the largest bimodal volcanic provinces in North America 

was initiated with Neoproterozoic mafic plutonism (552 ± 7 Ma) (Bowring and Hoppe, 1982) 

followed by extrusion of the Carlton Rhyolite Group and the Colbert Porphyry around the 

NeoproterozoicïCambrian boundary (539 ± 5 Ma) (Hanson et al., 2013).  

Sedimentation began with flooding associated with the Sauk transgression traversed southern 

Oklahoma from southeast to northwest, depositing sandstone, conglomerate, limestone, and dolomite 

of the Late Cambrian Timbered Hills Group (Ham, 1969; Johnson, 1989). Flooding continued into 

the Ordovician, which was a time of major cratonic carbonate deposition (Johnson, 1989). Limestone 

and dolomite of the CambrianïOrdovician Arbuckle Group were deposited on a broad carbonate 

ramp, which has been referred to as the ñGreat American Carbonate Bankò (Fritz et al., 2012). 

Carbonate deposition was episodically interrupted by siliciclastic influx during deposition of the 
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Middle Ordovician Simpson Group, which disconformably overlies the Arbuckle carbonates.  

 

 
 

Figure 2.2. Generalized surface and subsurface stratigraphic column for the present-day Ardmore Basin. Solid 

horizontal lines represent conformable contacts. Wavy horizontal lines indicate an unconformity and bracket 

time periods of nondeposition and/or erosion (after Cox, 2021). 

The Simpson Group comprises alternating layers of quartzarenite, shale, and limestone (Ham, 1969) 

that were deposited in eolian and shallow-marine environments (Johnson, 1989). Carbonate 
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deposition continued during the Tippecanoe onlap with deposition of MiddleïUpper Ordovician 

Viola Limestone (Johnson, 1989), which disconformably overlies the Simpson Group. The Viola was 

deposited on a shallow-water carbonate ramp (Amati and Westrop, 2006). Subsequent deposition of 

the Late Ordovician Sylvan Shale and OrdovicianïDevonian Hunton Group was punctuated by 

multiple unconformities in southern Oklahoma. 

Following a ~15ï20 m.y. period of erosion, Kaskaskia cratonic onlap led to deposition of Devonianï

Early Pennsylvanian carbonaceous and calcareous shale and limestone (Fritz et al., 2012). These 

units are the Woodford Shale, Sycamore Limestone, Caney Shale, Goddard Shale, and the Springer 

Group (Latham, 1968; Wavrek, 1992; Johnson and Cardott, 1992; Johnson, 1989; Brown, 2002).  

Pennsylvanian units consist of interbedded sandstone, carbonate, and shale (Suneson, 2020). Units 

comprise the Dornick Hills, Deese, Hoxbar, and Pontotoc Groups (Ham, 1969). During the 

Pennsylvanian, broad areas were uplifted and eroded, thus creating multiple unconformities (Latham, 

1968; Ham, 1969). Sediment was mostly deposited in a broad, shallow sea that covered south-central 

Oklahoma during the Pennsylvanian, but also was deposited in marginal marine and terrestrial 

settings (Johnson, 1989).  

The northwestern Ardmore Basin is blanketed by a veneer of Permian strata, mainly red sandstone, 

shale, and evaporites (Northcutt and Campbell, 1995; Heran et al., 2003). Permian sediment was 

eroded off low-lying mountains and deposited in alluvial and deltaic environments proximal to a 

shallow sea that rose and fell cyclically (Johnson, 2008).  

Lower Cretaceous strata disconformably overlie Paleozoic strata in the southeastern part of the basin 

(Huffman et al., 1978, 1987). Here, the Pennsylvanian stratigraphic section is incomplete and 

Permian units are absent. Cretaceous Sandstone, shale, and limestone were deposited in shallow 

marine and marginal marine environments as well as in meandering rivers and lakes in coastal plain 

environments (Huffman et al., 1978; Johnson, 1989). Sediment was sourced from surrounding 

highlands including the Arbuckle and Ouachita uplifts (Huffman et al., 1978). Subsidence from 

accumulation of Cretaceous sediment was expressed as a regional south-southeastward tilt (Johnson, 

2008). Quaternary strata are preserved locally in alluvial valleys that disconformably overlie Permian 

strata in the northwestern part of the basin and Cretaceous strata in the southeastern part. 

 

Structural and Tectonic Framework 

The Ardmore Basin is located in south-central Oklahoma and is separated from the Anadarko Basin 

to the northwest by the Washita Valley Fault and is a structurally low area between the Arbuckle 

Uplift in the northeast and the Criner Hills Uplift in the southwest; the eastern part of the basin has 

been overthrust by the Ouachita Uplift (e.g., Northcutt and Campbell, 1998; Turko and Tapp, 2021) 

(Fig. 2.2.1). The Arbuckle and Criner Hills uplifts can be characterized as large, northeast-verging, 

basement-cored frontal ramp anticlines of Pennsylvanian age (Granath, 1989; Allen, 2000; Walker, 

2006) that are cut by numerous oblique faults with rhomboid map patterns in the forelimb, suggestive 

of oblique-slip fault-propagation folds with anticlinal breakthrough (e.g., Suppe and Medwedeff, 

1990). A frontal thrust splay in the Pennsylvanian-Permian Ouachita Uplift was translated northwest 

and forms a prominent structural salient between the Arbuckle Uplift and the Criner Hills Uplift that 

defines the southeastern terminus of the Ardmore Basin (Northcutt and Campbell, 1998; Granath, 
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1989). 

Thus, the structure of the Ardmore Basin is extremely complex, including a broad array of folds and 

faults that range in age from Cambrian to Permian (e.g., Granath, 1989). These structures reflect a 

diverse tectonic history ranging from Iapetan (Neoproterozoic-Early Cambrian) intracratonic 

transform tectonics through Carboniferous-Permian transpressive tectonics. Indeed, the tectonic 

history of southern Oklahoma, including the Ardmore Basin is characterized by five distinct tectonic 

events: (1) Iapetan intracontinental transform tectonics and associated plutonism and volcanism (2) 

thermal subsidence of a passive shelf during the Early Paleozoic; (3) Pennsylvanian orogeny and 

associated deformation, (4) tectonic quiescence from the TriassicïEarly Cretaceous, and (5) 

subsidence of the Gulf of Mexico coastal plain in the eastern part of the basin during the Cretaceous-

Paleogene. These events profoundly influenced sedimentation, structure, deformation, and the 

generation and entrapment of petroleum in the Ardmore Basin (Cox and Pashin, 2024). 

Iapetan deformation was coincident with a major rifting event that formed the foundation for the 

Laurentian continental platform and resulted in major grabens, including the Rome Trough, 

Mississippi Valley Graben, and the Birmingham Graben in the eastern U.S. (e.g., Thomas, 1991). In 

southern Oklahoma, this deformation has been widely attributed to rifting (e.g., Shatski, 1941; Burke 

and Dewey, 1973; Hoffman et al., 1974), although more recent workers have recognized a lack of 

extensional faults and associated Early Cambrian graben fill that is characteristic of Iapetan rifts (e.g., 

Harding et al., 1983; Thomas, 2014). Abundant strike- and oblique-slip faults in southern Oklahoma 

(Harding et al., 1983; Harding, 1985; Allen, 2000) are more consistent with Iapetan continental 

transform tectonics. Indeed, Thomas (2014) proposed that the southern Oklahoma structures can best 

be characterized as part of an oblique-slip mobile zone that is associated with the Alabama-Oklahoma 

Continental Transform, which is a major Iapetan strike-slip zone separating the southeastern 

Laurentian craton from the oceanic Ouachita Embayment. 

From the Late Cambrian into the Mississippian, the Ardmore Basin was part of the Oklahoma Basin 

(Johnson, 1989), which was dominated by cratonic carbonate, sandstone, and shale deposition 

(Arbuckle, Simpson, Viola, and Hunton groups) (Ham, 1969; Feinstein, 1981; Fritz et al., 2012). 

Decelerating thermal subsidence culminated in relative tectonic stability throughout the region until 

the Mississippian (Feinstein, 1981; Brown, 2002; Johnson, 2008). The Devonian through Late 

Mississipian was the main time of petroleum source-rock accumulation that includes the Woodford 

Shale and the Caney Shale (Comer, 1992; Wavrek, 1992; Brown, 2002; Wang et al., 2021; Spears 

and Pashin, 2022).  

The Late MississippianïPennsylvanian was a time of widespread tectonic activity that occurred in 

concert with Appalachian-Ouachita-Ancestral Rocky Mountain orogenesis and tectonic closure of 

the Rheic Ocean, including the Ouachita Embayment (e.g., Thomas, 1977; Granath, 1989; Perry, 

1989; Suneson and Stanley, 2017; Turko and Mitra, 2021). The late Paleozoic Wichita and Arbuckle 

orogenies elevated the northwest-trending Wichita, Arbuckle, and Criner Hills uplifts and caused 

major pulses of subsidence driven by intracratonic flexural loading in the Anadarko and Ardmore 

basins (Ham, 1969; Perry, 1989; Ye et al., 1996). This activity has been subdivided into three separate 

orogenies: the First Wichitan Orogeny (early Serpukhovian-late Bashkirian), the Second Wichitan 

Orogeny (late Bashkirianïearly Moscovian), and the Arbuckle Orogeny (early Moscovianïlate 

Gzhelian) (Van der Gracht, 1931; Granath, 1989; Suneson and Stanley, 2017).  
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Each major Pennsylvanian orogenic pulse resulted in an unconformity and deposition of syntectonic 

conglomerate associated with uplift of anticlines in the Ardmore Basin region (Van der Gracht, 1931; 

Granath, 1989; Suneson, 2020). As early as the Serpukhovian, the Ardmore Basin was established 

as an area of subsidence between large-scale reverse faults and the associated folds (Granath, 1989). 

Deformation and subsidence facilitated deposition of a thick succession of shale, limestone, and 

sandstone in the Springer Group (SerpukhovianïBashkirian), the Dornick Hills Group (Bashkirianï

Moscovian), the Deese Group (Moscovian) and the Hoxbar Group (KasimovianïGzhelian) (Ham, 

1969; Suneson, 2020). The imbricate Ouachita salient overrode the southeastern end of the Ardmore 

Basin during the Pennsylvanian and Permian and offsets strata of the Hoxbar Group (Thomas 1977, 

Huffman et al., 1978, Granath, 1989). Major tectonic activity ceased near the end of the 

Pennsylvanian, and the Ardmore Basin continued to subside with deposition of red sandstone, shale, 

and evaporites in the Late PennsylvanianïEarly Permian Pontotoc Group (Gzhelian-Cisuralian) 

(Heran et al., 2003; Johnson, 2008; Suneson and Stanley, 2017). 

The later Permian was marked by reduced rates and magnitudes of subsidence and deposition of 

shale, sandstone, and carbonate assigned to the Sumner, Hennessey, El Reno, and Whitehorse groups 

(Cisuralian-Guadalupian) (Miser, 1954; Heran et al., 2003; Stanley and Chang, 2012). Southern 

Oklahoma has essentially been tectonically dormant since the Permian. Deposition of a Cretaceous 

sedimentary wedge that overlies older strata with angular unconformity in the southeastern part of 

the basin records subsidence of the Gulf of Mexico Coastal Plain which was associated with gentle, 

south-southeastward regional tilting in this area (Johnson, 2008). 

 

Structure Maps and Balanced Structural Cross Section 

A structural contour map of the top of the Woodford Shale shows the general structural configuration 

of the Ardmore Basin (Figure 2.3). Prominent structures include two doubly plunging synclines with 

limbs dipping about 20ï40°: (1) the Harrisburg Trough and (2) the Berwyn Syncline. Total 

stratigraphic thickness in these synclines is greater than 30,000 ft, and the Ardmore A and Ardmore 

B wells were drilled in the interior of the Harrisburg Trough. The Ardmore Basin fill also thickens 

to approximately 28,000 ft in the northwest, adjacent to the Anadarko Basin. Structural highs are 

associated with the Wichita Uplift, Arbuckle Uplift, Ouachita Uplift, Caddo Anticline, Alma 

Anticline, Criner Hills, and Arbuckle Uplift. 

A balanced structural cross section, which is also constrained by reflection seismic data, illustrates 

the structural style in the Ardmore Basin as well as structural kinematics and its relationship to the 

timing of thermal maturation (Figure 2.4). The cross section extends through Stephens, Carter, and 

Garvin Counties from the southwest margin of the basin to the backlimb of the Arbuckle Anticline. 

The cross section intersects some major intrabasin structures including the Harrisburg Trough, Alma 

Anticline, and the Eola-Arbuckle Anticlinal Complex.  

Deformation in Paleozoic strata is interpreted to be rooted at a mid-crustal detachment. The Alma 

Anticline is displayed as a thick-skinned, north-verging breakthrough fault-propagation fold with a 

positive flower structure in the forelimb that is thought to have formed from left-lateral transpression 

related to synorogenic stress during the Pennsylvanian (Figure 2.1.4). The main faults are 

characterized as high angle (>70°) reverse faults with up to 6,560 ft of vertical displacement. Fault 
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splays defining the positive flower structure branch off the main faults in Mississippianï

Pennsylvanian strata. It appears that major deformation began during deposition of the Springer 

Group (ChesterianïMorrowan). Major syndepositional structural growth during deposition of the 

Deese (Desmoinesian) and Hoxbar (Missourian) groups indicates that deformation culminated during 

the Arbuckle Orogeny (DesmoinesianïVirgilian). Permian units overlap the Alma Anticline and 

pinch out in toward the Eola-Arbuckle anticlinal complex. 

 
Figure 2.3.  Structural contour map of the top of the Woodford Shale. Prominent structures are labeled. Refer 

to Figure 2.2.1 for the names of the wells used for modeling. The well control map displays wells in which 

the Woodford Shale is logged and used to make the map. 

 

The Harrisburg Trough was a major depocenter that accommodated voluminous Pennsylvanianï

Permian sedimentation during rapid, elevator-like subsidence of the Ardmore Basin. Towards the 

northwest, strata dip steeply in the backlimb of the Eola-Arbuckle Anticlinal Complex. The 

disconformity at the base of the Permian is nearly flat across the basin, suggesting that fault 

propagation and fold growth was effectively complete by the Permian, although thickening in the 

Harrisburg Trough demonstrates that the trough continued subsiding during Permian time. Reflection 

seismic data have now all been reprocessed, and depth converted and is currently in the interpretation 

phase. This data are providing new information on the geometry of the Harrisburg Trough, Berwyn 

Syncline and other major structures in the Ardmore Basin. A line through the Harrisburg Trough is 

being used as a basis for 2D thermal maturity modeling in PetroMod, and this work is approaching 

completion. The seismic data set is being incorporated into a new contribution that provides new 
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insight into the structural geometry and tectonic history of the Ardmore Basin. 

 

 
 
Figure 2.4.  Balanced structural cross section in the Ardmore Basin displaying a north-verging breakthrough 

fault-propagation fold associated with high-angle basement faults. The map displays the structure of the top 

of the Woodford Shale and the locations of 18 wells from which stratigraphic contacts were projected 

orthogonally to the line of cross section. Ardmore A well in the cross section is the Ardmore A well. 
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Thermal Maturity  

A vitrinite reflectance-elevation plot shows scattered vitrinite reflectance data at low levels of thermal 

maturity and a strong log-linear relationship above 0.8% Ro, which corresponds with the peak oil 

window as well as the onset of major thermogenic gas generation (Figure 2.5). Scatter at low thermal 

maturity is a result of variable organic composition and is common in many sedimentary basins. 

Overall, a strong, log-linear correlation exists between vitrinite reflectance and depth in the Ardmore 

Basin, reflecting a significant correlation with elevation. Indeed, isoreflectance contours are nearly 

horizontal and cut across structure in the Ardmore Basin (Figure 2.4). Analysis of kerogen by Rock-

Eval pyrolysis in the Ardmore A well indicates that TOC ranges from 1-8% and that the data plot 

along the boundary between Type II sapropelic kerogen and Type III humic kerogen (Figure 2.6). 

The original kerogen was probably of Type II and has been thermally upgraded to the Type II-III 

boundary in the Harrisburg Trough, which presently sits in the condensate-wet gas window, which 

is optimal for oil, natural gas liquids, and natural gas from shale (e.g., Cardott and Comer, 2021). 

The logarithmic least squares regression equation (Figure 2.5) can be used to predict vitrinite 

reflectance between control points (Figure 2.7). Minimum vitrinite reflectance of the Woodford Shale 

is estimated to be only about 0.35% Ro and thus submature with respect to petroleum generation at 

the surface along the Arbuckle Uplift (Lo and Cardott, 1995; Cardott and Comer, 2021). Maximum 

vitrinite reflectance of the Woodford Shale is estimated to be about 4.0% in the Berwyn Syncline. 

Vit rinite reflectance patterns closely follow structural contours in the basin, which is consistent with 

the strong vitrinite reflectance-depth relationship (Figures 2.3 and 2.7). Areas with vitrinite 

reflectance between 1.0 and 2.0 are interpreted to define the principal shale exploration fairways in 

the Ardmore Basin, which are in the Harrisburg Trough and the flanks of the Berwyn syncline and 

the structural low in the northwest corner of the basin (Figure 2.7). 

The vitrinite reflectance data and modern geothermal gradients were important variables required to 

calibrate the burial and thermal history models. Plotting corrected bottom-hole temperature data 

versus depth yields a linear least squares regression line in which temperature increases with depth 

(Figure 2.8). Scatter in the data reflects variation of stratal thermal conductivity and basal heat flow, 

as well as error in the corrected temperature measurements. The bottom-hole temperature data were 

used to assess and map variation of the geothermal gradient in the Ardmore Basin (Figure 2.9). 

Results indicate that synclinal structures with thick sedimentary cover have geothermal gradient 

<30°C/km, whereas basement-cored uplifts have much higher geothermal gradient locally 

>50°C/km. 

The vitrinite reflectance and corrected bottom-hole temperatures were used to estimate basal heat 

flow in the Ardmore Basin, which is essential for thermal history and petroleum systems modeling 

in Petromod software. Basal heat flow was estimated to be as high as 85 mW/m2 during the 

NeoproterozoicïCambrian Iapetan plutonic event. This event was followed by exponential thermal 

decay, which has prevailed from the Cambrian to the present. Modern basal heat flow is relatively 

uniform in the region, averaging 45 mW/m2 and ranging from 39ï55 mW/m2. 
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Figure 2.5.  Vitrinite reflectance-elevation plot for the Woodford Shale showing log-linear thermal maturity-

elevation trends in the Ardmore Basin.  

 

 
 
Figure 2.6.  Kerogen quality diagram showing bulk kerogen type in Caney Shale in the Ardmore A well. 
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Figure 2.7.  Calculated vitrinite reflectance contour map of the Woodford Shale. Control points show the 

locations of the 52 Woodford Shale vitrinite reflectance measurements in the Ardmore Basin (provided by 

Cardott, 2020, written communication).  

 
 

Burial and Thermal History Models 

The burial history plots (Figures 2.10-2.12) reveal the major tectonic events in the Ardmore Basin. 

Selected plots are presented here and were published in Cox and Pashin (2024), and all of the burial 

history plots are available in Cox (2021). Decelerating subsidence from Cambrian to Devonian time 

reflects Iapetan tectonics and post-Iapetan thermal decay during major carbonate bank development. 

Accelerating subsidence during the Carboniferous-Permian was driven by the Wichitan and Arbuckle 

Orogenies, and precipitous subsidence events during this time reflect major episodes of 

transgressional tectonic movement during which the Ardmore acted like an elevator basin, which is 

typical of sedimentary basins in oblique-slip tectonic settings. The Late Permian into the Early 

Cretaceous was a time of relative tectonic quiescence characterized by modest post-orogenic erosion. 

Cretaceous reburial associated with development of the Gulf of Mexico Basin and subsequent uplift 

and erosion is reflected in all the burial history models. 
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Figure 2.8.  Graph of corrected bottom-hole temperatures versus depth from wells in the Ardmore Basin. 

 

 
 

Figure 2.9.  Contour map of geothermal gradient in the Ardmore Basin estimated using mean annual surface 

temperature and corrected bottom hole temperature. 
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Prior to Pennsylvanian time, only the Timbered Hills Group, Arbuckle Group, and part of the 

Simpson Group had entered hydrocarbon maturity windows (Figures 2.10-2.12). Throughout most 

of the Ardmore Basin, Woodford and Caney shale attained present-day thermal maturity after the 

Permian following accelerated Pennsylvanian (DesmoinesianïMissourian) subsidence and deep 

burial (>20,000 ft in synclines). Models representing structural highs, such as the J Little A model 

(Figure 2.11), show the DevonianïMississippian shale section as being less thermally mature than in 

models representing synclines, such as the T model (Figure 2.10). Cretaceous deposition had a 

negligible effect on thermal maturation throughout much of the Ardmore Basin. In the Dansby model, 

which includes thick Cretaceous cover (Figure 2.12), however, the thermal maturity of Woodford 

and Caney shale increased only slightly and remained in the early oil window.  

The temperature of the DevonianïMississippian shale section began to increase substantially during 

the Middle Pennsylvanian, coinciding with major subsidence and burial. By end of the Permian, 

models representing synclinal areas (Figures 2.10, 2.13, and 2.14) show the DevonianïMississippian 

shale was subjected to higher temperatures (~165°C; 329°F in the T model) than in models 

representing structural highs (~95°C; 203°F in the J Little A model) (Figures 2.11, 2.13 and 2.14). 

Temperatures began to plateau during the PermianïTriassic (Figures 2.13 and 2.14). A minor 

increase in temperature occurred during Cretaceous burial. Temperature began to decline in the Late 

Cretaceous and Paleogene, reflecting regional uplift and unroofing.  

 

Kerogen Transformation and Petroleum Generation 

For models that indicate oil generation in Woodford and Caney shale, initiation of primary kerogen 

cracking primarily occurred during the Late Pennsylvanian and Permian (Figures. 2.15, 2.16, and 

2.17). Cracking of kerogen within the Caney Shale began during the later Mesozoic, however, in the 

J Little A model (Figure. 2.16), which is along the northern flank of the basin.  Hydrocarbon source 

rocks typically began to generate oil once buried to a depth greater than 2 km and subjected to 

temperatures greater than 80°C (176°F).  

Transformation percentages of 100% for Woodford and Caney shale were attained during the 

Permian in the Ardmore A well and Stephen models, which is the earliest of any models (Figures. 

2.18 and 2.19). The Ardmore A and Stephen models contain the thickest PennsylvanianïPermian 

sections (>18,000 ft). In these models, the Woodford and Caney shale were exposed to a temperature 

around 160°C (320°F) at the completion of oil generation. Transformation percentages of 100% for 

both Woodford and Caney shale in the T, Martin 1-14 and Hays models were attained during the 

TriassicïPaleogene. In these models, DevonianïMississippian hydrocarbon source rocks underwent 

major PennsylvanianïPermian burial (>16,000 ft) and were subjected to temperatures greater than 

160°C (320°F) buy completion of oil generation. Complete transformation of Woodford Shale 

kerogen occurred during the Cretaceous in the Martin 1-14 and Badger models, which is the latest 

time for completion of oil generation in the Woodford Shale.  
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Figure 2.10. Burial and thermal history models of the Ardmore A well in the Harrisburg Trough of the 

Ardmore Basin. A) Burial history model showing evolution of thermal maturity windows. B) Modeled vitrinite 

reflectance-depth plot. C) Modeled temperature-depth plot. 
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Figure 2.11.  Burial and thermal history models of the J Little A 1-6 well in the northeastern flank of the 

Ardmore Basin. A) Burial history model showing evolution of thermal maturity windows. B) Modeled vitrinite 

reflectance-depth plot. C) Modeled-temperature depth plot. 
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Figure 2.12.  Burial and thermal history models of the Dansby 1-3H well in the southeastern Ardmore Basin. 

A) Burial history model showing evolution of thermal maturity windows. B) Modeled vitrinite reflectance-

depth plot. C) Modeled temperature-depth plot. 
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Figure 2.13.  Time vs. temperature plot showing how temperature of the Woodford Shale changed in all burial 

history models. 

 

 

Figure 2.14.  Time vs. temperature plot showing how the temperature of the Caney Shale changed in all burial 

history models. 
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Figure 2.15. T burial history model showing how transformation ratio (TR) for Type II kerogen evolved 

through geologic time in the Harrisburg Trough.  

 

 
Figure 2.16.  J Little A burial history model showing how transformation ratio (TR) for Type II kerogen 

evolved through geologic time in the northwestern flank of the Ardmore Basin. 
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Figure 2.17.  Dansby burial history model showing how transformation ratio (TR) for Type II kerogen evolved 

through geologic time in the southeastern Ardmore Basin. 

 

 
Figure 2.18. Time vs. transformation ratio plot showing how oil was generated from the Woodford Shale 

through geologic time in 7 wells in the Ardmore Basin. 
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Figure 2.19.  Time vs. transformation ratio plot showing how oil was generated from the Caney Shale through 

geologic time in 7 wells in the Ardmore Basin. 

 

These models have low present-day basal heat flow averaging about 51 mW/m2 (Figure. 2.20), as 

well as thick Pennsylvanian and Permian sections with original thickness averaging 8,600 ft. The 

latest time for Caney Shale kerogen to reach complete transformation was during the Cretaceous at 

a relatively shallow depth of 13,000 ft and a temperature of 130°C (266°F) in the Martin 1-14 model. 

No significant hydrocarbons have been generated in the Dansby, J Little A, Badger, Martin 8-2 RD, 

and Starr models where present-day transformation is less than 10% in Woodford and Caney shale 

(Figure. 2.20). The low transformation ratios are due to these models having thin and incomplete 

Pennsylvanian and Permian sections in structural highs.  

Results demonstrate that the timing and degree of kerogen transformation and petroleum generation 

vary significantly in the Ardmore Basin on the basis of structural position (Figures. 2.3 and 2.20). 

High basal heat flow in structural highs was not sufficient to offset limited burial depth, making these 

areas unprospective for unconventional reservoir development in Woodford and Caney shale. The 

main hydrocarbon kitchens were in synclinal structures, which charged the Caney Shale, Woodford 

Shale, and conventional reservoirs throughout the basin. The major exploration fairways for 

unconventional development are along the flanks of the major synclinal structures, including the 

Harrisburg Trough, the Berwyn Syncline, and the synclinal structure in the northwestern corner of 

the basin. The deepest parts of the Berwyn Syncline and the nortwestern syncline are at the upper 

limit of the gas generation window, and in these areas there may be gas prospects, but prospects for 

oil and condensate preservation appear limited. An important outcome of this research is that the 

Ardmore A and Ardmore B wells were drilled in the Harrisburg Trough where conditions are optimal 

for preservation and recovery of oil and natural gas liquids, and similar conditions exist in the flanks 

of the Berwyn Syncline and the synclinal structure in the northwest corner of the basin, which provide 
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significant potential for expansion of the Caney Shale play. 

 

 
Figure 2.20.  Summary maps displaying present-day basal heat flow, temperature, thermal maturity (vitrinite 

reflectance), and transformation ratio in the Ardmore Basin. A) Basal heat flow. Row B) Woodford Shale 

temperature, vitrinite reflectance, and transformation ratio. Row C) Caney Shale temperature, vitrinite 

reflectance, and transformation ratio. 

 

2.1.3. Summary 

Regional analysis of the Caney Shale and associated strata focused on the stratigraphic framework, 

structural framework, burial history, thermal history, and petroleum generation and preservation. The 

basin is developed on Mesoproterozoic, Neoproterozoic, and Iapetan basement and contains a 

succession of Cambrian-Permian sedimentary rocks that locally exceeds 30,000 ft in thickness. 

Basement is overlain by a Cambrian-Devonian carbonate section that formed during post-Iapetan 

thermal subsidence. This section is overlain by Devonian-Mississippian strata that include the 

petroleum source rocks and unconventional reservoirs of the Woodford Shale and the Caney Shale. 

The Caney shale is overlain by synorogenic strata Mississippian-Permian strata that were deposited 

in response to the transpressive Wichitan and Arbuckle orogenies. The southeastern part of the basin 

has been onlapped disconformable by strata of the Gulf of Mexico Basin, and in this area, much of 

the Pennsylvanian-Permian overburden has been eroded. The structure of the basin is highly 

complex, containing an array of deep synclines separated by basement-cored anticlines that can be 
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classified as oblique-slip fault-propagation folds with anticlinal breakthrough that includes flower 

structures. Structural growth of the anticlines and synclines occurred during the Late Mississippian 

and Pennsylvanian and locally continued into the Permian. Thermal maturity of the petroleum source 

rocks is near the top of the hydrocarbon generation window and undermature in the major uplifts. 

Isoreflectance lines are nearly horizontal, cutting across structure, indicating a net post-kinematic 

maturation pattern. Basin modeling indicates that Woodford and Caney shale attained their 

generative potential during and after synorogenic burial. Thermal maturation of the petroleum source 

rocks was largely complete by the end of the Mesozoic; the generative potential has been exhausted 

in the synclinal structures, whereas nearly all generative potential remains in the largest uplifts. The 

Woodford and Caney can be classified as self-sourced, continuous-type unconventional reservoirs, 

and hydrocarbons generated from these reservoirs also charged the conventional reservoirs that have 

long been productive in the anticlinal structures. Results of this study indicate that the most viable 

exploration fairways for unconventional shale oil and gas resources are in the synclinal structures, 

including the Harrisburg Trough, which contains the Ardmore A well and Ardmore B wells, and in 

the flanks of the Berwyn Syncline and an unnamed synclinal structure in the northwest corner of the 

basin. Accordingly, considerable room remains for the growth of the Caney Shale play. 

 

2.2.Detailed Rock Analysis 

2.2.1. Approach 

Detailed rock analysis of the Caney Shale was undertaken to establish the micro- and macroscopic 

character of depositional facies and determine which facies are potential reservoirs and identify those 

facies that are seals or non-reservoirs. Macro- and microscopic analysis focused on lithofacies, 

composition and rock fabric (Wang et al., 2021) and included stratigraphy, facies patterns, structural 

style, bedding, physical sedimentary and biogenic sedimentary structures, natural fractures, and 

geomechanical properties. Microscopic components included framework rock composition and 

fabric, diagenetic alteration of the fabric, organic content, and pore structure (Loucks et al., 2012; 

Vanden Berg & Grammer, 2016). As the Caney Shale is highly susceptible to chemical modification 

by atmospheric moisture and oxygen, access to freshly cut core, which was sampled before it was 

altered by exposure to the atmosphere, was critical to this study. Once reservoir and non-reservoir 

facies were established, they were tied to open-hole wireline log signatures to calibrate petrophysical 

logging curves to rock data. Petrophysical facies were extended to wireline logs for wells without 

core, thereby facilitating the mapping of the spatial distribution of reservoirs, an essential step in 

developing oil and gas resources in the Caney Shale. 

2.2.2. Results and Discussion 

Lithofacies and Facies Groups 

Detailed core description (650 ft/200 m) and petrographic analysis (N=100) were conducted to 

identify facies and interpret depositional processes.  The lithology of mudstones are distinguished 

between mudstone-siltstone and carbonate mudstone by using a visual cut-off of 50% in carbonate 

or siliciclastic composition in thin section. The carbonate facies are divided into dolomitic and 

limestone facies based on the dominant mineralogy type, with the limestone facies being further 
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defined using the classification method of Dunham (1962) and Embry and Klovan (1971). At a whole 

core scale, a total of ten mixed carbonate-siliciclastic facies types are identified (Figure 2.21). These 

facies types include individual and often overlapping endmembers of mudstone, siltstone, and 

carbonate facies. To further facilitate the analysis of reservoir properties (e.g., porosity, permeability, 

fracture distribution, rebound hardness), all facies were grouped into facies groups based on the 

overall composition and fabric of the rock framework (Figure 2.21). 

 

Figure 2.21.  A total of 10 mixed carbonate-siliciclastic facies types are identified in this study using core and 

thin sections and mostly include mudstone (Mm, Mla, MSb), siltstone (Scb, Sm, CMla), and carbonate facies 

(Ps-Gs, DLM), which are grouped into four facies groups for facilitating petrophysical and rock mechanical 

analysis.  

Based on the observations in individual facies as discussed above, several types of depositional 

processes are interpreted, and at a whole core scale, can be summarized as a seemingly dominant 

lower-energy background sedimentation with intermittent higher-energy event deposition (Figure 

2.22).  Mudstones characterize the lower energy deposits, with massive-bedded mudstone likely 

reflecting low-energy, restricted bottom water with occasional reworking by bottom currents (e.g., 

Loucks et al., 2011). For the laminated mudstones, its mud-dominated laminations and scattered 

grain-rich components suggest a somewhat similar origin (e.g., Liang et al., 2016), with the scattered 

wavy and cross laminations pointing to intermittent higher-energy conditions (e.g., Loucks et al., 

2011). In the burrowed and bioturbated mudstone-siltstone, the common presence of millimeter-sized 

burrows in these two facies point to overall low-energy conditions with relatively poor to slightly 

oxygenated bottom water conditions, which can be episodic as indicated by the interlayered burrowed 

and bioturbated intervals. In contrast, three types of higher-energy depositional events are interpreted, 
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including turbidite, debris flow deposits, and storm deposits (or possibly contourites), all of which 

are present locally within the ñbackgroundò mud-rich facies, likely indicating intermittent deposition 

into the low energy realm. For turbidites, representative examples are interpreted from vertically 

stacked facies that show systematic variations in sedimentary structures and grain size as observed 

in Figure 2.23.  

 

Figure 2.22.  Core photo of laminated mudstone (Mla) and core photo (A) and thin section photomicrographs 

of laminated carbonate-mudstone (CMla; B, C). Both facies are characterized by abundant millimeter-thick 

laminations, which are dominated by mud in laminated mudstone (Mla-1) and by calcite-cemented silt-sized 

quartz and skeletal fragments in laminated carbonate-mudstone (CMla-1). Both facies can contain planar (PL) 

to wavy laminations (WL) and cross-laminations (XL). C is zoomed-in from B. Mla-1 and CMla-1 represents 

the most observed sub-type of laminated mudstone (Mla) and laminated carbonate-mudstone (CMla), 

respectively. 
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Similar vertical stacking of facies is commonly interpreted using the classic Bouma Sequence which 

contains five internal divisions of Ta to Te produced by waning turbidity current (Bouma, 1962; 

Shanmugam, 2000; Mulder and Alexander, 2001; Mulder et al., 2001; Gani, 2004; Mutti et al., 2009; 

Bourget et al., 2010; Loucks et al., 2011; Hurd et al., 2018; Kvale et al., 2020; Siwek et al., 2023), 

indicating that the observed patterns observed in Figure 2.3 likely represent distal portions of turbidite 

deposits.  The massive bedded carbonate packstone-grainstone likely indicates rapid, high-energy 

deposition of grain-dominated sediments in a similar process with the basal unit Ta in a turbidite 

sequence (e.g., Kneller and McCaffrey, 2003) or deposited from sustained turbidity currents (Kneller 

and Branney, 1995; Stow and Johansson, 2000) or sandy debris flows (Stow and Johansson, 2000).   

Sample bias due to core size (width) and lack of lateral rock data from other cores, as well as the 

potential of amalgamated turbidites and debris flows, however, must be taken into consideration 

when making these depositional interpretations (Van Daele et al., 2017; Cunningham and Arnott, 

2021).  

 

 

Figure 2.23.  Core photos showing the interpreted turbidite intervals with individual (A, B) and stacked (C) 

turbidite sequences. 

 

Debris flow deposits are represented by the packstone-rudstone facies (Figure 2.24), where the 

abundant poorly sorted and chaotically arranged, shallower marine grains (e.g., bryozoans, 

microbially coated grains, packstone-grainstone pebbles) point to an origin of debris flows (e.g., 

Lowe and Guy, 2000; Mulder and Alexander, 2001; Gani, 2004; Talling et al., 2004; Mutti et al., 

2009; Campos et al., 2011; Ingram et al., 2011; Siwek et al., 2023) sourced from shallower marine 

carbonate platform at updip locations due to the failure of slope or platform margin, potentially 

triggered by sea-level variations and tectonic activities (Grammer and Ginsburg, 1992; Schlager et 

al., 1994; Bouma, 2000; Payros and Pujalte, 2008; Jablonska et al., 2018). In particular, pebbles of 
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various composition (e.g., mudstone, carbonate) and the presence of mudstone clasts within 

carbonate pebbles likely suggest multiple episodes of erosion-cementation events across various 

locations along the slope trajectory as the flow advances/reactivates and potentially merges with other 

flows, which have been documented in modern slope systems (e.g., Bahamas; Grammer and 

Ginsburg, 1992).  

 

Figure 2.24.  Core photos (A) and thin section photomicrographs (B, C) of packstone-rudstone (Ps-Rs) debris 

flows. These facies contain abundant poorly sorted, silt- to sand-sized grains and clasts. Common types include 

skeletal fragments (e.g., bryozoans or BR, crinoid or CR, and bioclasts with undiscernible types), microbially 

coated grains (MB), intraclasts (IC), and pebbles in various rock types (e.g., Ps-Gs and Mm in A). Ps-Gs: silty 

packstone-grainstone. Mm: massive-bedded mudstone. 

 

Rebound Hardness 

To analyze the distribution of relative rock strength, rebound hardness tests were conducted on core 

surfaces that were complete and free of roughness, unevenness, or cracks. Rebound hardness data 

were collected using an Equotip Piccolo 2 Unit-D hardness tester. When conducting the test, rebound 

hardness is automatically calculated by the testing device using the ratio of impact and rebound 

velocities, which is then converted into rebound hardness by multiplying this ratio by 1,000. 

Therefore, RHN is a proxy for relative rock strength by providing ña measure of the resistance of a 

surface to impact penetration of a plunger tipò (Aydin and Basu, 2005), rather than a physically 

defined hardness parameter. Because of its unitless nature, RHN can be conveniently compared with 

other types of rock data (e.g., mineralogy, porosity, sonic velocity, rock mechanical properties; Wang 

et al., 2021). Each data point is averaged from five to ten measurements, which are confined within 



47  

circular areas being less than 1 cm2 in size without overlapping individual testing locations. Rebound 

hardness testing procedures and workflow has been addressed in detail by Wang et al. (2021) for 

characterizing the rebound hardness of the STACK play and the Vaca Muerta Formation. 

At a facies group scale, the increasing average and range of RHN in the order of mudstone group, 

siltstone group, and carbonate group (Figure 2.25) suggest the vertical stacking of facies can create 

rock mechanical heterogeneity.  

 

Facies Groups 

Defined from Core 

Mudstone 

Group 

Siltstone 

Group 

Carbonate 

Group 

Rudstone 

Group 

RHN of Facies Mm Mla MSb Scb Sm CMla Ps-Gs DLM Ps-Rs 

Average 565 571 558 617 631 636 725 694 597 

Maximum 765 701 745 789 770 775 870 793 725 

Minimum 327 377 318 509 519 436 566 553 427 

Std Deviation 54.5 76.0 66.8 60.8 45.1 78.9 47.6 66.3 96.0 

Data Count 543 25 390 232 135 54 176 22 26 

 

 

Figure 2.25.  Upper: table showing the summary statistics of the rebound hardness values of all individual 

facies and facies groups. Lower: bar chart showing the average rebound hardness of facies groups and 

individual facies. In the legend of the lower bar chart, facies groups are noted with acronyms, including CG 

(carbonate group), RG (rudstone group), SG (siltstone group), and MG (mudstone group). Overall, carbonate 

group and mudstone group shows the highest and lowest average rebound hardness value, respectively. 

 



48  

Such a direct tie between rebound hardness and facies points to the correlation of rock framework 

with RHN in several aspects, such as lithology (muddy siltstone vs. calcareous siltstone), sedimentary 

structures (e.g., massive-bedded vs. laminated, burrowed vs. bioturbated), and cementation patterns 

(e.g., mud-dominated vs. carbonate grain-dominated vs. carbonate cement-dominated). Therefore, 

the vertical stacking of facies, which is heterogeneous across multiple scales in core (within and 

among segments) can potentially help predict the vertical heterogeneity in rock mechanical properties 

on a first-order pass (e.g., average RHN). However, overlaps in the ranges of RHN values among 

facies (Figure 2.25, table) indicate a lack of well-defined separations in RHN among different facies, 

implying the challenges by using RHN data alone to define facies groups. Such overlapped RHN 

ranges among facies can be related to the highly variable mineralogy of individual facies that 

corresponds well to the common presence of ñtransitionalò facies types observed in core (e.g., silty 

mudstone vs. muddy siltstone, calcareous siltstone vs. silty carbonate). Another potential factor 

contributing to the overlapping RHN among facies is that RHN is likely affected by a combination 

of petrophysical parameters in a complex, multivariate manner, such as mineralogy, porosity, and 

sonic velocity, which has been documented in the partially time-equivalent ñMiss Limeò/STACK 

play in North-Central Oklahoma and the Vaca Muerta Formation in Argentina, both of which contain 

similar facies types (Wang et al., 2021). Such a multivariate impact of petrophysical properties on 

rebound hardness may also explain the variable rebound hardness-porosity relationship in different 

zones within the stratigraphic framework. Nevertheless, the well-defined negative trend within the 

carbonate group of the whole core data and in Segment 1 and 4, as well as the positive trend in 

Segment 3 (Figure 2.26) indicates the potential value of utilizing rebound hardness to estimate 

porosity from the perspectives of facies and stratigraphic framework.  

 

Fracture Analysis 

Natural fractures, either open or cemented, can be important from the perspective of affecting fluid 

flow (e.g., reservoir performance and compartmentalization) and production/completion design (e.g., 

propagation of induced fractures) (Gale et al., 2007, 2014). To characterize the natural fracture 

system, the slabbed core surface was examined to describe individual natural fractures. In this study, 

fractures that are partially to fully mineralized are interpreted to be natural in origin, utilizing the 

same criteria used for the ñMississippian Limestoneò/STACK play in north-central Oklahoma (Wang 

et al., 2019). 

For each interpreted natural fracture, several attributes are documented and measured, such as height, 

kinematic aperture, orientation, termination style, spacing, type of host facies, and intensity (absolute 

and normalized count).  Kinematic aperture is defined as the total distance between the two fracture 

walls in one fracture, including opening space and cementation (ñaccumulative opening of fractureò; 

Marrett et al., 1999).  If the fracture extends into another facies, the dominant facies is used for 

characterization purposes. To quantify the distribution of fractures at different scales, fracture 

intensity and average fracture intensity are calculated. Fracture intensity represents the number of 

fractures per meter of core (i.e., absolute count). For the purpose of eliminating the biasing effect of 

core footage on fracture abundance (i.e., thicker interval in core can contain more fractures), average 

fracture intensity is derived by dividing the fracture intensity by the corresponding core footage of a 

selected interval (i.e., normalized fracture count per meter of core), such as facies and stratigraphic 
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framework.  These fracture data are then tied to facies types and stratigraphic framework to evaluate 

statistical patterns.  The methodology utilized for fracture description and the definition of fracture 

attributes, as well as distinguishing natural fractures from induced fractures, are based on Nelson 

(2001), Lorenz et al. (2002), and Gale et al. (2007, 2014). 

 

 

Figure 2.26.  Cross-plots showing the porosity-rebound hardness relationship in this study arranged by whole 

core data (top cross-plot, ñAll Dataò) and by the four segments defined in core (lower four cross-plots, 

ñSegment 1ò to ñSegment 4ò). 

 

As observed in this study, the distribution of naturally mineralized fractures is heterogeneous across 

multiple scales, which are similar to the observations in the partially time-equivalent Miss 

Lime/STACK play in North-Central Oklahoma (Wang et al., 2019). At a whole core scale, the highest 

average fracture intensity occurs the in carbonate group.  At a finer scale, mineralogy is a key factor 

in fracture abundance and intensity.  Fracture termination at the boundaries of varying lithology is 
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not uncommon, resulting in a bed-bound fracture distribution pattern (Figure 2.27). Collectively, 

these observations indicate that layers with contrasting fabric and mineralogy of the rock framework, 

as well as the relevant petrophysical/rock mechanical heterogeneities, may be critical factors in 

determining fracture geometry and distribution, similar to the observations in the ñMiss 

Limeò/STACK play in North-Central Oklahoma as documented by Wang et al. (2019). 

 

 

Figure 2.27.  Core photos showing the bed-bound fractures observed in this study, which can be nearly 

perpendicular (A, marked by arrows; B, D) or oblique (C) relative to the host layers. In rare examples, fractures 

can show enhanced deformation when intersecting mud-rich layers (D). 

 

In contrast, instances can also be common where fractures cut through multiple relatively rigid layers 

(e.g., carbonate) and extend far beyond the layering boundaries (e.g., Figure 2.28), or terminate 

within the hosting layer in places without distinctive mineralogy variations. These examples illustrate 

the complexity in the distribution pattern of fractures at a finer scale and can raise challenges in 

unequivocally assigning a particular facies to individual fracture. In addition, for adjacent rigid layers 

with similar rock framework composition, fractures can be present even in one but absent in the other. 

These observations point to complex mechanisms that affect the propagation and confinement of 

fractures, even in layers with relatively homogenous mineralogical composition. 
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Figure 2.28. Core photos showing the various forms of presence of the naturally mineralized fractures 

observed in this study. When intersecting carbonate layers, these fractures can be perpendicular (A) or oblique 

(B) relative to the layers. The fractures can also form cross-cutting sets by nearly 90 degrees (C) or 60/30 

degrees (D). Rarely, fracture swarms with chaotically distributed (E) and drastically changing kinematic 

aperture (F) are observed. 

 

2.3.Pore System Architecture 

2.3.1. Approach 

Eight samples were selected to cover key facies types within the main facies groups, including 

mudstone (N=4), siltstone (N=2), and carbonate (N=2) facies groups Figure 2.21). To ensure 

successful imaging of the pores at a micron to nanometer scale, it is necessary to polish the sample 

surface using an ion mill (this study: JEOL IB-19500CP Cross Section Polisher). Via the argon-

powered gun, an ion mill creates a finely polished surface which is essentially free of the surface 

roughness created on manually polished surfaces, and therefore, is crucial for imaging the pore 

systems under SEM (e.g., Loucks et al., 2009; Vanden Berg and Grammer, 2016). Each sample is 

milled for 12 hours then sputter-coated with gold to mitigate the charging effect that would be created 

during the SEM imaging. For each sample, 70 to 120 photos were taken using a FEI Quanta 600F 

field emission SEM to capture representative pore types. An approach of incrementally decreasing 

scale is utilized, meaning that a larger area was chosen (at the scale of 10 to 40 microns) and photos 

were then taken at incrementally finer scale in key areas (down to around 5 microns, 2 microns, 1 



52  

micron, and 500 nm in scale). Next, selective samples are imaged via the ThermoFisher MAPS 

software for auto-stitched maps built using hundreds of individual SEM images, which allow for 

high-resolution viewing at multiple scales without issues such as resolution degradation and view 

distortion that are challenging to achieve via manual SEM imaging and stitching. 

Following the collection of SEM images, the subsequent pore architecture characterization workflow 

consists of three main steps, including identifying pore types using the classification method of 

Loucks et al. (2012), characterizing the geometrical parameters of pores by applying digital image 

analysis (DIA) on SEM images, and tying these parameters with petrophysical data. By color-

segmenting different features on a SEM image based on gray-scale, digital image analysis is achieved 

via Leicaôs LAS Application Suite software. In this process, a series of measurements of individual 

pores is automatically captured, such as length, aspect ratio, area, and perimeter, which can be utilized 

for calculating additional parameters (e.g., perimeter-over-area). In particular, the color-

segmentation step, which is automatically achieved by the software, is vulnerable to the potential 

misidentification of darker-colored pixel spots (i.e., noise in the image) as pores and the inaccurate 

delineation of pore boundaries, leading to over-counting of pores and erroneous measuring results 

(e.g., area, perimeter). To enhance the accuracy of the measurements, all pores are individually 

checked and manually refined for count and shapes (e.g., to remove noise and re-draw pore 

boundaries when necessary), which can help achieve an enhanced characterization of the pore 

architecture.  

Following the digital image analysis (DIA), several additional pore geometrical parameters are 

calculated using the measurements collected during the DIA process, including pore size, perimeter-

over-area (PoA), and gamma (ɔ), all of which are adopted from Anselmetti et al. (1998) and Weger 

et al. (2009) who analyzed various rock types to determine the most applicable geometrical 

parameters for porosity-permeability relationships. Specifically, pore size is calculated as the square 

root of the pore area (A) ñas a linear value for an average pore lengthò (Anselmetti et al., 1998). A 

critical advantage calculating pore size in such a way, instead of using either length or width, is 

accommodating the vast range of pore geometries. Based on the resultant pore size values, median 

and 75th percentile pore size values are calculated to evaluate the statistical distribution of pore size 

of a given sample or facies. It should be noted that these pore size parameters are different from the 

ñdominant pore size (DomSize)ò used by Weger et al. (2009) and Verwer et al. (2011). As for 

perimeter-over-area (PoA), it is a ratio derived by dividing the perimeter by the area of a pore and is 

a measure of the complexity of the shape of a pore: the higher the PoA values, the more complex the 

pore geometry (Weger et al., 2009) which correlates to increasing pore connectivity. For a group of 

pores, PoAavg is calculated by dividing the total pore perimeter by the total pore area. Gamma (ɔ) is 

derived by normalizing PoA relative to a circle of a pore, meaning that for a perfectly rounded pore, 

ɔ=1, which is the lowest ɔ value possible for any pore, whereas an elongated pore shows distinctively 

higher ɔ value (e.g., 5; Anselmetti et al., 1998) which again is related to increasing pore connectivity. 

For a group of pores, ɔavg is calculated by weighing the individual ɔ by the area of all pores 

(Anselmetti et al., 1998). To classify the pores in terms of size, the classification method in Loucks 

et al. (2012) is adopted, which uses pore width to classify pores into picopores (less than 1nm), 

nanopores (1nm to less than 1µm), micropores (1 µm to less than 62.5 µm), mesopores (62.5 µm to 

less than 4 mm) and macropores (4 mm to less than 256 mm). For maintaining consistency with the 
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methodology of this study, pore size, instead of width as shown in Loucks et al. (2012), is utilized as 

the criterion for the pore size classification. Following the calculation of these pore geometrical 

parameters, statistical analyses are further performed to evaluate if the pore geometrical parameters 

(as discussed above) show different patterns in different facies (groups). In addition, the pore 

parameters are cross-plotted against petrophysical data tested from core samples (e.g., porosity, 

permeability) for different facies (groups) to evaluate statistical relationships.  

2.3.2. Results and Discussion 

Four general pore types are the most common in the Caney core, which include interparticle and 

intercrystallite (Figure 2.29, BP and IX), intraparticle, and pores related to organic matter and clay 

minerals (Figure 2.30, OM and WP/IX_Clay). Interparticle (BP) and intercrystallite (IX) pores are 

present within the mud-rich matrix in-between grains (e.g., quartz, skeletal fragments) and in-

between the carbonate grains or crystals within carbonate cement (Figure 2.29).  

 

Figure 2.29. SEM photomicrographs showing the examples of interparticle (BP) and intercrystalline pores 

(IX). In C, the pore contains clay lining and a calcite crystal that bridges the pore. Also note the presence of 

intraparticle porosity (WP) in C (lower right). A and C are from the same sample from bioturbated siltstone 

(siltstone group). B is from dolomitic facies (carbonate group). D is from a silty packstone-grainstone 

(carbonate group). 
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Intercrystallite pores occur between carbonate crystals and can be challenging to be differentiate from 

interparticle pores. These pores may (Figure 2.29A, C) or may not (Figure 2.29B, D) contain clay 

lining. For intraparticle pores (WP), they can be within carbonate and quartz grains, and rarely within 

crystals. These pores may or may not contain clay infills. Organic Matter pores (OM) are present 

within the dark-colored mud-dominated matrix in-between the grains or crystals (Figure 2.30 A to 

E). These pores are characterized by a bubbly appearance and may or may not show preferred 

orientation. Pores related to the clay minerals (WP/IX_Clay) show a characteristic elongated 

appearance and often show preferred orientation (Figure 2.30C, E).  

Rare examples of these clay pores are present in-between the kaolinite booklets (Figure 2.30D), 

although it can be challenging to identify the clay types in SEM, even with energy dispersive x-ray 

analysis (e.g., Figure 2.30C). In some cases, organic matter and clay pores can coexist and may be 

difficult to distinguish (Figure 2.30E). Considering the difficulty of defining the pores hosted by clay 

minerals as intraparticle or intercrystallite pores, and conjecture in the literature on this topic, this 

study adopts an inclusive approach by including both defining methods (i.e., ñWP/IX_Clayò). In rare 

cases, some pores show perfect crystalline shape which can indicate the prior presence of calcite 

and/or dolomite. Apart from these aforementioned pore types, it is often difficult to unambiguously 

assign pore types for many pores. 

Pore Size Distribution 

A total of over 26,000 pores were measured in this study. For all pores, pore size (µm) ranges from 

0.002 to 5.3, with mean being 0.06, median being 0.03, 25th percentile being 0.02, and 75th percentile 

being 0.06 (Figure 2.31). Based on the pore size classification method of Loucks et al. (2012), 

virtually all pores observed in this study (99.6%) fall into the category of nanopores with a minor 

portion being micropores (0.4%) (Figure 2.31). In addition, because petrophysical response (e.g., 

porosity) is produced by a combination of all pores in a sample, all pores are included in the analyses 

without treating micropores (i.e., largest pores measured) as outliers, despite the minor proportion of 

micropores as observed in this study. To visualize the pore size distribution in more detail, pore size 

data are binned using the log scale (µm) of 0.001, 0.01, 0.1, 1, and 10, due to the wide range across 

1,000 units. Under such scaling, 81.8% of all pores fall in the range of 0.01 to 0.1, followed by 13.9% 

in the range of 0.1 to 1, 4.0% in the range of 0.001 to 0.01, and 0.4% in the range of 1 to 10 (Figure 

2.31, lower right).  

At a facies group scale, these four pore size ranges show variable percentages among the mudstone 

(MG), siltstone (SG), and carbonate (CG) facies groups (Figure 2.32). Among all facies groups, the 

ñ0.01 to 0.1ò range (Figure 2.32, green bars) is dominant with the highest percentage observed. For 

the ñ0.1 to 1ò range, the carbonate group shows the highest percentage, followed by the siltstone 

group and mudstone group with distinctively lower values. For perimeter-over-area (PoA), values 

range from 1.1 to 1156.0 and averages 16.5 among all pores. In the order of mudstone, siltstone, and 

carbonate groups, the average PoA is 46.5, 19.6, and 11.7, respectively (Figure 2.33, left). Gamma 

(ɔ) ranges from 1.1 to 7.0 and averages 2.0 in all pores.  
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Figure 2.30.  SEM photomicrographs showing examples of pores related to organic matter (OM) and clay 

minerals (WP/IX_Clay). The organic matter pores may (A) or may not (B) show preferred orientation. In D, 

also note the presence of interparticle pores (BP) and pores hosted by the kaolinite sheets between quartz (QZ) 

and calcite (CA) grains or crystals. In E, organic matter (OM) and clay (WP/IX_Clay) pores coexist. A is from 

burrowed mudstone-siltstone (mudstone group). B and E are from massive-bedded mudstone (mudstone 

group). C is from bioturbated siltstone (siltstone group). D is from dolomitic facies (carbonate group). 
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Figure 2.31.  For all pores examined in this study, they range from 0.002 to 5.3 microns and average a few 

microns in size (top table) and are classified as nanopores (left bar chart) based on the classification method 

of Loucks et al. (2012). Among the four pore size ranges, 10 nanometers to 100 nanometers (green bar in the 

right bar chart) account for the majority of all pores.  

 

 

 

Figure 2.32.  Bar chart shows the relative abundance of four pore size ranges for all pores and all facies groups. 

The size ranges of 10 nanometers to 100 nanometers (green bars), which account for the majority of all pores, 

also accounts for the majority of pores for each facies groups and shows a decreasing trend from mudstone to 

siltstone, and to carbonate group. 

 


































































































































































































































































































































