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Abstract: The Anadarko Basin of the North American Midcontinent has been explored by
the hydrocarbon industry for decades, and recent efforts have created an opportunity to
analyze robust modern geologic datasets for investigating the depositional controls and
stratigraphic architecture of Mississippian (Lower Carboniferous) reservoirs in the
region. Core-based facies analysis coupled with the integration of geophysical well logs
and previous biostratigraphic studies are the fundamental building blocks for
investigating the evolution of a carbonate depositional system to a mixed carbonate-
siliciclastic system. Initial deposition in the region was characterized by marine
transgression and followed by a period of stabilization, with aggradation of the carbonate
system on the Burlington shelf and coeval deposition of biostromal sponge gardens and
outer ramp facies in the study area. This event was followed by progradation of the
carbonate system, establishing the Meramecian (Viséan) Boardman ramp margin in
north-central Oklahoma, where thick successions of carbonate shoal and proximal storm
deposits accumulated. The final depositional episode was characterized by an abrupt
transition from carbonate to siliciclastic deposition, in which thick successions of
Chesterian (Viséan-Serpukhovian) siliciclastics prograded from the Boardman ramp
margin into the Anadarko Basin. As a result of this depositional evolution the reservoir
architecture changes across the Anadarko Basin as progradational proximal carbonate
facies transition to storm dominated ramp margin conditions, and finally to the more
prolific unconventionally targeted siliciclastic siltstone and mudstone facies of the outer
ramp. The vertical and lateral facies distributions were investigated further within the
STACK play. Statistical analysis on facies logs indicates a highly layered rhythmic
succession, where thickness frequency distributions and Markov chain analysis indicate
the lithologic transitions were stochastically regulated with no apparent lithologic
cyclicity. Overall, the Mississippian contains two progradational parasequence sets
separated by a disconformity associated with the inception of the Ouachita Orogeny.
While the onset of transition from a greenhouse to icehouse climatic regime was
underway, far-field tectonic effects provided the predominant controls on deposition.
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CHAPTER |

INTRODUCTION

The Anadarko Basin provides a unique opportunity to analyze a significant portion of continuous
section within the Mississippian (Lower Carboniferous) and integrate it with the extensive
outcrop work conducted regionally. Initial subsurface investigation began with focused core
studies for the hydrocarbon industry to understand the geologic controls on production within
these Mississippian reservoirs. Multiple cores were acquired and integration allowed for a
broader focus on the depositional architecture and how the subsurface strata of the Anadarko
Basin are stratigraphically related to the outcrop belt in SE Kansas, SW Missouri, NE Oklahoma,
and NW Arkansas. This regional scale integration of data and interpretation of depositional
systems provided the building blocks for investigating architecture and facies distributions

influencing hydrocarbon production and where other potential productive fairways may reside.

This dissertation compiles three papers that clarify different aspects of Mississippian
sedimentation in the Anadarko Basin. The first paper (Chapter 2), which has been published in
the journal, Facies (Bynum et al., 2022), describes the depositional and stratigraphic architecture
of the Mississippian System in the Anadarko Basin. The second paper (Chapter 3) focuses on
facies heterogeneity and lithologic ordering in Mississippian strata and includes statistical
analyses that test the hypothesis that stochastic processes were a critical factor regulating
sedimentation. The final paper (Chapter 4) considers the mix of tectonic and eustatic events that

are recorded in the Mississippian section.



CHAPTER II

DEPOSITIONAL AND STRATIGRAPHIC ARCHITECTURE OF A MIXED CARBONATE-
SILICICLASTIC DEPOSITIONAL SYSTEM IN THE MISSISSIPPIAN (LOWER

CARBONIFEROUS) OF THE SOUTHERN MIDCONTINENT, OKLAHOMA, USA.

Introduction

Geologic investigations of the Anadarko Basin have been conducted for decades, and recent
efforts have advanced our understanding of the Mississippian (Lower Carboniferous) strata across
the US Midcontinent (Boardman et al. 2013; Grammer et al. 2020; Hanford 1995; Smith 2000;
Mazzulo et al. 2020), while recent unconventional reservoir development has provided the
opportunity to integrate modern geologic datasets to improve the geologic understanding of
Mississippian strata in the subsurface. Extensive work on the Mississippian outcrop belt in
southwest Missouri, northwest Arkansas, and northeast Oklahoma has provided key insights into
the depositional processes and stratigraphic framework for the region. The development of a
complex stratigraphic nomenclature across the outcrop belt and lack of biostratigraphic analysis
in the subsurface have made regional stratigraphic correlations difficult. Detailed stratigraphic
and sedimentologic analyses based on cores in the Anadarko Basin in this study have been
integrated with geophysical well logs and biostratigraphic analysis for characterizing the
depositional and stratigraphic architecture of Mississippian strata in the Anadarko Basin (Fig. 1).
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This workflow was developed to identify the critical depositional controls that affect reservoir
performance in a region where carbonate depositional systems were succeeded by mixed

carbonate-siliciclastic systems.
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Figure 1. Location map of Oklahoma within the continental United States (red box), and showing
the relationship between the study area and Mississippian palaeogeographic features. The
Boardman ramp margin represents the progradational extent of shallow marine carbonate
deposition during the Late Mississippian (light blue dashed line) from the Early Mississippian
Burlington shelf (dark blue dashed line). Late Mississippian siliciclastic strata predominate in
distal mid ramp to outer ramp environments (gray dash-dot line). Yellow stars indicate locations
of the cores evaluated for this study, and red stars indicate cores displayed in cross section (Fig.

2).



Geologic Background

The Anadarko Basin is the deepest Phanerozoic sedimentary basin in the North American craton
(Perry 1989). The basin is asymmetric and structurally deepest along the southwestern margin
adjacent to the Wichita and Amarillo uplifts, where the basin contains more than 12 km (~40,000
ft) of sediment ranging in age from Cambrian to Permian (Perry 1989). This basin is 160 km (100
mi) wide along a regional northwest strike and 480 km (300 mi) long along the south-southwest
dip direction (Higley 2014). The basin is bounded on the east by the Nemaha Uplift, on the
southeast by the Arbuckle Uplift and Ardmore Basin, on the southwest by the Wichita and
Amarillo Uplifts, and to the west by the Cimarron Arch (Johnson 1988). The northern part of the
basin includes the so-called Anadarko shelf, where basement is less than 1 km deep (~3,000 ft)

(Ball 1991).

During the Late Devonian through Early Carboniferous, the Anadarko Basin was located on the
western intracontinental margin of the Laurussian Plate between 10 and 20°S. This location
produced nutrient-rich upwelling currents that originated from the Ouachita Embayment
(Gutschick 1983). This upwelling resulted in high organic productivity, including siliceous
plankton blooms (i.e., radiolarians) and siliceous bottom fauna (sponges). However, as the
Gondwanan and Laurussian plates continued to collide through the Late Mississippian to
Pennsylvanian (Middle to Late Carboniferous), the closing of the Rheic Ocean cut off the strong
upwelling zones to create the more isolated Midcontinent Sea (Algeo 2008) leading to a drastic
decrease in biogenic silica production. The Late Mississippian (middle Carboniferous) marks the
transition to an icehouse world as Pangaea formed and glaciation drove high-frequency sea-level
change in the Milankovitch band (Crowley 1993; Fielding 2007; Frakes 1992; Saunders 1986;

Smith 2000).



Thick carbonate successions of the Mississippian were deposited across North America in the
Appalachian, Black Warrior, lllinois, Eastern Interior, Michigan, Arkoma, Anadarko, Williston,
and Permian Basins (Ettensohn et al. 2004; Grammer et al. 2018, 2020; Pashin 1994; Pashin et al.
2009; Silberling 1995; Smith 2000; 2019). The composition of the carbonate bank that developed
on the western Laurussian craton during the Mississippian changed abruptly in response to
orogenic events, which increased the input of siliciclastic sediment (Ettensohn et al. 2019;
Sandberg 1982). The Neo-Acadian and Alleghanian synorogenic clastic wedges contain mosaics
of open marine, marginal marine, and terrestrial facies that built out from the eastern highlands
onto parts of the stable craton (Ettensohn 2004; Friedman 1988; Meckel 1970; Pashin et al.
2009). Similar thick clastic successions, such as the Humbug Delta, prograded cratonward from
the west, and were sourced by the Antler and Ancestral Rocky Mountain highlands (Sandberg
1982). In proximity to the study area, the Mississippian Batesville and Wedington deltaic
complexes were apparently sourced from the northern Appalachians and prograded onto the
Arkoma shelf (Hanford 1988; 1995). Sediment was transported along fluvial axes through the
Michigan and Illinois Basins and was ultimately deposited in the Arkoma and Black Warrior
Basins via the Mississippi Valley Graben (Craddock 2013; Hanford 1995; Pashin et al. 2009; Xie

et al. 2016).

Methods and Data Sets

The data used in this study come from subsurface cores and geophysical well logs taken from a
transect across the Anadarko Basin and Anadarko shelf (Fig. 1). Core plug samples were
extracted for X-ray diffraction (XRD), total organic carbon (TOC), porosity, permeability, and
thin-section analysis. Descriptive work was performed on clean polished slabs and butt slabs of
the cores for recording lithology, sedimentary features, and ichnological indicators. Framework

mineralogy and grain size were analyzed in XRD and thin section using the standard Udden-



Wentworth grain-size scale. The intensity of bioturbation was characterized using the ichnofabric

index of MacEachern and Bann (2008).

Thin sections were analyzed under a petrographic microscope to identify sedimentary structures,
rock texture, fabric, mineralogy, fossils, and pore types. Thin sections were impregnated with
UV-epifluorescence dye to aid micro-pore identification under UV light. Thin sections were
stained on half of the slide with Alizarian Red S and potassium ferricyanide to aid in
distinguishing calcite, ferroan calcite, ferroan dolomite, and feldspar. The Folk classification
scheme was used for siliciclastic rock types (Folk 1980), the Dunham classification scheme was
used on carbonate rock types (Dunham 1962), and the Choquette and Pray scheme was used to

classify pore types (Choqguette and Pray 1970).

Facies analysis was performed for each core described in the project area, and are distinguishable
from one another by their spatial relationships and internal characteristics. This analysis provides
the fundamental building blocks for interpreting the Mississippian sedimentary succession (Noel
2010). Facies are defined by their composition, lithology, sedimentary structures, and ichnology
in order to provide insight into the genetic relationships between the sedimentary succession and

depositional environment.

Digital facies logs were generated for each core described in the project area and are defined by
the facies scheme that was developed. Each facies is designated by a specific number and
assigned to the corresponding depth at which it was observed within core at 15cm (~0.5 ft)
intervals. The facies logs were then calibrated to core spectral gamma logs for integrating the
facies logs with geophysical log signatures. These facies logs were then analyzed using
JewelSuite subsurface modeling software to make regional correlations and statistical analysis of

facies distributions. This provides insight into the lateral and vertical distributions of the facies,



and are the building blocks for constructing the regional depositional and stratigraphic

architecture.

The three chronostratigraphic stages within the Mississippian represented in the study area as
denoted by the International Commission on Stratigraphy are the Tournaisian (346.7-358.9 Ma),
Viséan (330.9-346.7 Ma), and Serpukhovian (323.2-330.9 Ma). These stages are defined globally
by a combination of relative and absolute age-dating methods. North American stages, however,
are more commonly used in the Midcontinent USA and referenced in this study for the
Mississippian and these include the Kinderhookian, Osagean, Meramecian, and Chesterian.
Although the North American stages rely on provincial palaeontological data and their boundaries
do not align with those of the international stages, the relationship between the two sets of stages
can be assessed through various palaeontological methods, including conodont biostratigraphic
data (Godwin, 2020). Thus, these stratigraphic intervals were integrated and correlated within the
project area utilizing conodont biostratigraphic studies on outcrop and core for establishing the
stratigraphic architecture of Mississippian strata within the subsurface of the Anadarko Basin

(Boardman 2000; Godwin 2020; Hunt 2016; Miller 2020; Stuckey 2020).

Results

Results from this project were produced through integration of geologic datasets provided from
core and geophysical well log analyses for the purposes of establishing the depositional and
stratigraphic architecture of the Mississippian system in the Oklahoma portion of the Southern

Midcontinent.



Facies Analysis

Carbonate and siliciclastic facies associations were identified within the project area, and they are
defined by their genetic relationship in regards to composition, depositional processes, and
distribution geometries (Table 1). The Mississippian succession in the project area is defined as a
mixed carbonate and siliciclastic ramp system based on the following facies analysis. Integration
of the facies analysis performed on core and geophysical well logs will provide key insights into
the depositional and stratigraphic architecture by investigating the temporal changes of the lateral

and vertical facies distributions.



Storm Sand Sheets

Silty Packstones

Bioturbated, Indices 3-6

Depositional Environment Lithofacies Sed Structu resfll:hnalogy Notes
Inner - Ramp Grainstones Cross-Laminated to Laminated Constituents - crinoids, bryozoan, brachiopods, ooids, peloids,
Carbonate Shoal Banks Packstones Massive Pore Types - Intraparticle, moldic, fracture
Tidal Inlets Bioturbated, Indices 1-3 Sedimentation affected by fair weather wave base and longshore currents
Skolithos Ichnofacies
Mid - Ramp (Proximal) Sandy Packstones Cross-Laminated to Laminated Constituents - microbioclastic debris (crinoids, bryozoan, brachiopods), peloids,
Subtidal Carbonate Sand Sheets Wackestones BiogenicStructure quartz, feldspars, carbonate mud, clays
Carbonate/Silicidastic Current Mixing Bioturbated, Indices 3-5 Paore Types - Intraparticle, moldic, fracture
Skolithos to Proximal Cruiziana Ichnofacies Below fair weather wave base, sedimentation affected by carbonate bank shedding
Mid - Ramp (Distal) Sponge Gardens Laminated to Hummocky Cross-Laminated Constituents - microbioclastic debris (crinoids, bryozoan, brachiopods), peloids,
Carbonate/Silicidastic Current Mixing | Wackestones Massive quartz, feldspars, carbonate mud, clays

Pore Types - Intraparticle, moldic, fracture, partial dissolution (feldspars)

Turbidite Channels Calcareous Siltstones Cruiziana to Proximal Zoophycos Ichnofacies Below fair weather wave base, sedimentation affected by storm wave base
Bottom Current Reworking
Quter - Ramp Wackestones Laminated Constituents - quartz, feldspars, clays, benthic foraminifera, conodonts,
Bottom Current Reworking Spiculitic Chert Massive amorphis organic matter, microbioclastic debris (crinoids, brachiopods)
Turbidite Channels Silty Packstones Bioturbated, Indices 1-3 Pore Types - Interparticle, partial dissolution (feldspars), intraparticle
Debrite/Turbidite Fans Calcareous Siltstones Zoophycos Ichnofacies Below storm wave base, sedimentation affected by debris flows, turbidity & bottom currents

Upper Shoreface, Distal Inner-Ramp
Longshore Current Sand Bars & Sheets
Delta Front Sand & Silt Bodies
Reworked Carbonate Shoal Banks

Arkosic Sandstones
Calcareous Sandstones

Cross-Laminated to Laminated

Massive

Bioturbated, Indices 1-3
Skolithos Ichnofacies

Constituents - medium to fine grained sand sized quartz & feldspars, large mica flakes,
varying amounts of clay, microbioclastic debris (crinoids, brachiopods)

Paore Types - Interparticle, partial dissolution (feldspars), intraparticle

Sedimentation affected by fair weatherwave base and longshore currents

Lower Shoreface, Mid - Ramp
Reworked Carbonate Shoal Banks

Calcareous Sandstones
Sandy Packstones

Laminated to Hummocky Cross-Laminated
Massive

Constituents - very fine sand to silt sized quartz & feldspars, large mica flakes,
varying amounts of clay, microbioclastic debris (crinoids, brachiopods)

Prodelta Sit & Mud Sheets Calcareous Siltstones  |Bioturbated, Indices 3-6 Pore Types - Interparticle, partial dissolution (feldspars), intraparticle

Storm Sand Sheets Siltstones Cruiziana Ichnofacies & Transported Skolithos | Below fair weather wave base, sedimentation affected by storm wave base

Turbidite Channels
Offshore, Outer - Ramp Calcareous Siltstones  |Laminated Constituents - quartz, feldspars, clays, benthic foraminifera, conodonts,

Bottom Current Reworking Siltstones Massive amorphis organic matter, microbioclastic debris (crinoids, brachiopods)

Turbidite Channels Organic Mudstones Bioturbated, Indices 1-3 Pore Types - Interparticle, partial dissolution (feldspars)

Debrite/Turbidite Fans Zoophycos Ichnofacies & Transported Cruiziana |Below storm wave base, sedimentation affected by debris flows, turbidity & bottom currents
Unknown Depositional Environment Glauconitic Sandstones |Laminated Constituents - phosphate nodules, quartz, feldspars, clays, conodonts,

Transgressive Sands Phosphatic Sandstones |Bioturbated, Indices 5-6 microbioclastic debris (crinoids, brachiopods), pyrite, Fe-Dolomite

Condensed Sections Glossifungites Ichnofacies Pore Types - Intraparticle, interparticle, partial dissolution (feldspars)

Table 1. Summary of facies definitions and depositional environments based on relationships between lithofacies, sedimentary structures,

ichnofacies, composition, and pore types observed in core.
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distal storm and outer ramp deposits composed of calcareous sandstone, siltstone, and mudstone facies represented by the distribution of yellow and gray. Biostratigraphic age constraints were analyzed in Core 1 (Stukey, 2020), and conodont
zonations are represented by the orange stars. BO represents the top of the Osagean biozone, BM represents the top of the Meramecian biozone, and BC represents Chesterian biozone deposition. These zonations are marked by significant
stratigraphic surfaces identified in core, and they are correlated regionally to define the Meramecian Boardman ramp crest margin. Chesterian siliciclastic units thicken off the Boardman margin and comprise the majority of the Mississippian

succession in the Anadarko Basin. Though not cored within the project area, low gamma ray signatures within the upper Chesterian strata suggest the return of carbonate content and potential regional relationship as Pitkin Limestone equivalent.
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Carbonate Facies

Five lithofacies were identified within the Mississippian carbonate section: the grainstone,
packstone, wackestone, biostromal sponge, and spicular chert lithofacies. These lithofacies
dominate deposition within the Kinderhookian-Meramecian (Tournaisian-middle Viséan) section
and decrease in occurrence upward into the Chesterian (upper Viséan-Serpukhovian) section (Fig.
2). Facies associations were established to group key lithofacies in order to understand their

occurrence in a broader depositional context (Table 1).

Grainstone-Packstone Facies

The grainstone-packstone facies consists of light gray to brownish gray grainstone and packstone
with the most porous beds containing hydrocarbon stain. Individual beds have sharp bases and
tops, are thick bedded, 10 to 30 cm (~0.25 to 1ft) thick, and are cross-laminated to planar-
laminated. Bioturbation is rare and constitutes isolated vertical burrows. Calcareous fossil
fragments consist of very coarse-sand sized crinoids, brachiopods, and bryozoans (Fig. 3). Peloids
and ooids were observed along with abundant interparticle calcite cement. Moldic and

intraparticle porosity within carbonate fossil debris and peloids were observed in thin section.

Interpretation

Based on the thick-bedded, cross-laminated, coarse skeletal grainstone the environmental
interpretation of shallow marine shoal deposits is similar to other Mississippian deposits
observed in Kansas and Illinois (Cluff 1984; Handford 1988; Smith 2000). Isolated vertical
burrows further suggest development of a Skolithos ichnofacies where high energy and high
sedimentation rates facilitated preservation of vertical dwelling burrows (Gingras 2008;
MacEachern et al. 2008;). These depositional features are consistent with an inner ramp where

carbonate sand belts develop parallel to strike (Tucker and Wright 1990). Packstone accumulates
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on the fringes of sand shoals and in intershoal areas where increased water depth and decreased
wave and tidal energy allow for deposition of finer grained sediment (Scholle et al. 1983). A
ramp crest positioned on the seaward margin of an inner ramp setting is located above fair-
weather wave base where sedimentation is constantly affected through generation of longshore

currents and rip currents (Scholle et al. 1983; Burchette 1992).

Figure 3. Photographs of the grainstone-packstone facies. A) Thick bedded grainstone (blue
brackets) containing abundant natural fractures (orange arrows). Brachiopods, crinoids, and
bryozoans are abundant. B) Core photograph (red rectangle) illustrating laminated to cross-
laminated structure (black dashes) with natural fractures containing hydrocarbon stain and calcite
cement (orange arrow). C, D) Thin section photomicrographs of grainstone. Pink staining
represents calcite with blue epoxy filling pore space. Fossil content consists of echinoderms
(Ech), bryozoans (Bry), and brachiopods (Bch). Other common constituents are peloids, ooids
(00), and sparry calcite cement (SCa). Porosity types are moldic (Md), intraparticle, and

intercrystalline.
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Packstone-Wackestone Facies

The packstone-wackestone facies is composed of light gray packstone with variable amounts of
siliciclastic sand grains and gray to dark gray wackestone. Individual packages contain sharp-
based, thick-bedded, 10 to 45 cm (0.25 to 1.5 ft) thick, and cross-laminated to planar-laminated
packstone that fine upward into thin-bedded, 2 to 10 cm (0.05 to 0.25 ft) thick, intensely
bioturbated wackestone. Bioturbation indices range from 3-6 with both horizontal and vertical
burrows present. Packstones commonly contain escape burrows that pass vertically into
wackestones containing horizontal feeding burrows. Planolites, Teichichnus, Phycosiphon, and
Chondrites are the common traces observed. Disarticulated thin-shelled brachiopods are
dispersed along bedding planes, and carbonate microbioclastic debris consists of crinoid,
brachiopod, and bryozoan fragments (Fig. 4), while peloids, sand-sized quartz and feldspar
grains, carbonate cement, and intraparticle porosity within calcareous fossil debris and peloids

were also observed in thin section.

Interpretation

Depositional packages composed of thick-bedded, sharp-based, and cross-laminated packstones
that fine upward into thin-bedded and intensely bioturbated wackestone are indicative of a mid-
ramp environment below fair-weather wave base similar to conditions observed across other
Mississippian ramps in southwest Great Britain (Wright et al. 1990). The grains identified are
consistent with the carbonate shoal deposits of the grainstone-packstone facies; however, they are
more fragmented and mixed with siliciclastic sand grains suggestive of reworking and offshore
transport (Burchette 1992). Storm events and sediment gravity flows are interpreted as the major
depositional events due to the repetitive stacked occurrence of erosive sharp-based graded beds
that contain more silt- and mud-rich sediment in the upper parts containing a diverse trace fossil

assemblage (Wright et al. 1990; Cotter 1990; Bracket 1986). Calm episodes between storms
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facilitated extensive vertical and horizontal burrowing, and the traces observed are characteristic

of a Cruiziana ichnofacies (MacEachern et al. 2008).

Figure 4. Core photographs of the packstone-wackestone facies. A) Thick bedded sandy
packstone and grainstone (blue brackets) with bioturbated wackestone (green brackets). B) Core
photograph (red rectangle) illustrating sharp contacts (red arrows) with laminated, cross-
laminated (black dashes) and bioturbated (green arrow indicating individual burrow) sedimentary
structures. C) Thin section photomicrograph of sandy packstone. Pink staining represents calcite
with fossil content consisting of echinoderms (Ech), bryozoans (Bry), and brachiopods (Bch).
Other common constituents are peloids (PIld), and sparry calcite cement (SCa), quartz (Si), and
phosphate (Phs). D) Thin section photomicrograph of a silty wackestone with burrows containing
concentrations of fossil debris. Pink stain represents calcite and microbioclastic debris (MBi).
Other common constituents are quartz (Si). The matrix is composed of carbonate mud and clay

minerals (Mm).
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Biostromal Sponge Facies

The biostromal sponge facies consists of bluish-gray chert with a nodular appearance, which upon
closer examination is composed branching siliceous sponges containing abundant monaxon
spicules (Fig. 5). Individual sponge branches range between 2-5 cm in width, and are horizontal
to subvertical. Interbedded wackestone is laminated to bioturbated with bioturbation indices
ranging from 3-5. Common trace fossils are Planolites, Phycosiphon, Chondrites, and Zoophycos.
The biostromal chert can be classified as spiculite within a dolomitic matrix (Fig. 5). Organic
inclusions are preserved within the sponge branches, and minor carbonate fossil fragments occur
within the matrix. Complex cementation produced multiple generations of calcite, dolomite, and
ferroan dolomite that apparently filled voids in the rock framework and replaced primary
carbonate. Wackestone in this facies is comprised of microbioclastic debris, peloids, spicules,
guartz grains, clay, and carbonate mud (Fig. 5). Porosity types include intraparticle porosity

within fossil debris and peloids, along with moldic porosity from dissolution of spicules.

Interpretation

The biostromal cherts consisting of horizontal to subvertical sponge branches and other benthic
organisms are interpreted as biocommunal sponge gardens similar to those that formed along
Jurassic ramps in Portugal and Spain (Leinfelder 1993; Aurell 2010). The predominance of
siliceous sponges indicates low sedimentation rates. The intensity of bioturbation, decrease in the
frequency of vertical burrows, and increase in the frequency of horizontal burrows indicate a low
energy environment (Leinfelder 1993; Buatois et al. 2011). The occurrence of wackestone
composed of microbioclastic debris suggests sediment transported by storms much like that in the
calcareous sandstone-siltstone facies. Overall, oxygen and nutrient levels were favorable for a
diverse benthic community (MacEachern et al. 2008). The abundance of biogenic silica is

suggestive of cool bottom waters that may have been influenced by upwelling from the Rheic
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Ocean, which had a major impact on sedimentation during the Late Devonian and Early
Mississippian in the Ouachita Embayment and the adjacent shelf (Callner 2014; Cecil 2016;

Pashin and Cecil, 2016).

Figure 5. Core photographs of the sponge chert facies. A) Cherty sponge boundstone (pink
brackets) interbedded with bioturbated wackestone to packstone. Abundant natural fractures are
present (orange arrows). B) Core photograph (red rectangles) illustrating individual sponge
branches (pink arrows) that are horizontal to sub-vertical. Natural fractures are typically bound
within cherty branches and are filled with silica, calcite, and dolomite (orange arrows). C) Thin
section photomicrograph of diagenetically altered sponge boundstone composed of chert (Cht).
Sample contains monaxon spicules (Sp) commonly preserved in a dolomitic matrix (MDI). Other
constituents include calcareous bioclasts, dolomite rhombs (Dol), organic inclusions (Org), and
replacive calcite (RCa). D) Thin section photomicrograph of heavily bioturbated packstone with
individual burrows commonly infilled with carbonate mud and clay (Mm). Pink stain marks
calcite with abundant microbioclastic debris (MBI). Outlines of sponge spicules (Sp), and

complex diagenetic cements composed of chert (Cht) and dolomite (MDI).
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Spicular Chert-Wackestone Facies

The spicular facies consists of gray packstone, bluish-gray spicular chert with a granular texture
resembling grainstone, gray to dark gray wackestone, and dark gray calcareous mudstone (Fig. 6).
Individual beds of packstone and spicular chert have sharp bases and are graded, fining upward to
wackestone and calcareous siltstone. These deposits are thin-bedded, 2-10 cm (0.05 to 0.25 ft)
thick, and are laminated or bioturbated. Bioturbation indices range from 3-6 where wackestone
and calcareous siltstone contain horizontal feeding burrows with Chondrites, Phycosiphon, and
Zoophycos traces. The packstone is composed of abundant peloids, microbioclastic debris, along
with varying amounts of silt to sand sized quartz and feldspar grains and calcite cement. The
spicular chert is composed primarily of sponge spicule debris concentrated in laminae (Fig. 6).
Bioturbated beds contain poorly oriented spicules mixed with bioclastic grains, clay, and
dolomite. Moldic porosity from dissolution of spicules is common, with silica cement filling parts
of the voids. Laminated beds contain more chert than bioturbated beds, but both contain varying

proportions of chert, calcite, and dolomite cement.

Interpretation

The thin-bedded, sharp-based, laminated packstone and spicular chert resembling grainstone
fining upward to wackestone and calcareous siltstone contain similar sedimentological
characteristics to storm deposits in a Silurian mid ramp environment in Pennsylvania (Cotter
1990). The coarser grained rocks in the packstone facies are similar to those described in the
packstone-wackestone facies. This compositional link to the more proximal storm deposits and
larger volume of fine-grained sediment suggests more distal storm deposits that incorporate
detritus derived from the sponge gardens. The coarser strata contain escape burrows with
Planolites and Teichichnus signifying a distal Cruziana ichnofacies, whereas the muddy, finer-

grained wackestone and calcareous siltstone contain traces indicative of a Zoophycos ichnofacies
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(MacEachern et al. 2008; Buatois et al. 2011). These depositional characteristics are consistent

with a mid-ramp environment below fair-weather wave base.
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Figure 6. Core photographs of the spicular chert-wackestone facies. A) Packstone-dominated
strata containing of thinly laminated spicular chert (pink brackets), laminated to cross-laminated
calcareous sandstone (yellow brackets), and laminated to bioturbated peloidal siltstone (green
brackets). Beds with the highest silica and calcite content contain intrastratal natural fractures
typically filled with calcite (orange arrows). B) Core photograph (red rectangles) illustrating
spicular chert beds (pink brackets) with natural fractures filled with calcite cement (orange
arrows) and bioturbation (green arrows). Calcareous sandstone beds have sharp bases and are
commonly contain cross-laminae (black dashes). C) Thin section photomicrograph of a spicular
chert with grainstone texture. Alizarin-red stain marks calcite. Sample contains abundant broken
monaxon spicules (Sp), dolomite (Dol), and organic inclusions (Org). This sample has undergone
a complex diagenetic history including a conversion of biogenic silica to chert (Cht), an episode
of dolomite precipitation, and followed by dolomite dissolution and replacement with calcite

(RCa). D) Thin section photomicrograph of calcareous sandstone. Sample contains abundant fine-
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to very fine-grained quartz sand (Si) and feldspar (Fld), large mica flakes (Mic), peloids (PId),

microbioclastic debris (MBI), and abundant sparry calcite cement (SCa).

Siliciclastic Facies

Four lithofacies were identified within the Mississippian siliciclastic depositional system:
subarkosic sandstone, calcareous sandstone-siltstone, mudstone, and glauconitic/phosphatic
sandstone. Transition from the carbonate system to a siliciclastic system started in the
Meramecian (Viséan) section, while the frequency and abundance of siliciclastic strata increases
up-section (Fig. 2). Facies association identifiers are established to group key lithofacies in order

to understand their occurrence within the broader depositional environment context (Table 1).

Subarkosic Sandstone Facies

The subarkosic sandstone facies is composed of brownish-gray subarkosic sandstone and gray to
brownish-gray calcareous sandstone, with the most porous beds containing hydrocarbon stain.
Individual beds have sharp bases and sharp to gradational tops, are thick-bedded, 15 to 45 cm
(0.5-1.5 ft) thick, to well sorted, and are cross-laminated to planar-laminated, and bioturbated
(Fig. 7). Bioturbation indices range from 2-4, and vertical burrows predominate. Burrows are
typically filled with sediment from the overlying bed. Common trace fossils are Planolites,
Cylindrichnus, and Thalassinoides. The sandstone is composed of medium to fine sand composed
of quartz and feldspar, with varying amounts of mica, clay, and microbioclastic debris (Fig. 7).
The calcareous sandstone consists of similar constituents with an increase in carbonate fragments
as peloids, microbioclastic debris, and calcite cement. Interparticle porosity and partially
dissolved feldspar grains are present along with intraparticle porosity within peloids and

microbioclastic particles.
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Interpretation

The nature of thick-bedded, cross-bedded to planar-laminated, well sorted sandstone suggests a
high-water energy environment (Pemberton et al. 2012). Compositional and sedimentological
characteristics of the subarkosic sandstone and microbioclastic calcareous sandstone are similar
to Lower Cretaceous ramp deposits investigated in Egypt (Abdel-Fattah 2018). While the
calcareous skeletal component is suggestive of reworked carbonate facies, the medium-grained
subarkosic sandstone indicates a basement uplift provenance. Sedimentological characteristics are
consistent with a proximal storm dominated ramp environment above fair-weather wave base
where sediment is constantly affected by wave agitation associated to storm generated currents
(Scholle et al. 1982, Pemberton et al. 2012). The isolated vertical burrowing behaviors observed
are suggestive of a Skolithos ichnofacies, and further support an interpretation of high-water

energy and sedimentation rates (Hasiotis et al. 2012, Pemberton et al. 2012).

Figure 7. Core photographs of the subarkosic sandstone facies. A) Thick-bedded arkosic and
calcareous sandstone (yellow brackets) interbedded with thin beds of bioturbated argillaceous

siltstone (green brackets). B) Core photograph (red rectangle) illustrating sharp bases and tops of
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sandstone beds (red arrows) along with horizontal laminae (black dashes). Isolated vertical
burrows (green arrow) are commonly filled with argillaceous sediment. C) Thin section
photomicrograph of arkosic sandstone containing abundant medium- to fine-grained quartz sand
(Si) and feldspar (FId), large mica flakes (Mic), pore-filling organic residue (Org), and minor
calcite cement (Ca). D) Thin section photomicrograph of calcareous sandstone. Sample contains
abundant medium- to fine-grained sand sized quartz (Si) and feldspar (Fld), large mica flakes
(Mic), clays, microbioclastic debris (MBi), pore-filling organic residue (Org), and calcite cement

stained pink (Ca).

Calcareous Sandstone-Siltstone Facies

The calcareous sandstone-siltstone facies consist of gray to brownish gray calcareous sandstone,
light gray sandy packstone, and dark gray calcareous siltstone. The calcareous sandstone and
sandy packstone beds, cross-laminated to planar-laminated, have sharp bases, and fine upward
into bioturbated calcareous siltstone (Fig 8.). Bioturbation indices range from 3-5 with Planolites,
Teichichnus, Phycosiphon, and Chondrites traces being most common. The calcareous sandstone
is composed of fine- to very-fine sand composed of quartz and feldspar, with varying amounts of
mica, clay, peloids, microbioclastic debris, and calcite cement. The sandy packstone consists of
peloids, microbioclastic debris, quartz and feldspar sand grains, carbonate mud, clay, and calcite
cement (Fig. 8). Interparticle porosity and partially dissolved feldspar grains are present along

with intraparticle porosity within peloids and microbioclastic particles.

Interpretation

The repetitive nature of depositional packages consisting of sharp-based calcareous sandstone and
packstone that gradationally fine upward into heavily bioturbated calcareous siltstone indicates
episodic high-water energy conditions wanning to lower-water energy conditions, similar to the

mixed siliciclastic and carbonate Devonian lower shoreface deposits studied in Morocco
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(Lubeseder 2009). The repetitive stacked occurrence of the depositional packages is also
indicative of sediment transport mechanisms through storm generated currents (Cotter 1990). The
increase in heavily bioturbated calcareous siltstone is suggestive of a more distal position relative
to the upper shoreface deposits observed updip (Pemberton et al. 2012). The diverse trace fossil
assemblage, with both vertical and horizontal burrowing behaviors, is indicative of a Cruziana

ichnofacies (MacEachern et al. 2008; Buatois et al. 2011).
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Figure 8. Core photographs of the calcareous sandstone-siltstone facies. A) Interbedded thick
bioturbated calcareous sandstone (green brackets), thin cross-laminated calcareous sandstone
(yellow brackets), thick laminated sandy packstone (blue brackets), and thin laminated to
bioturbated siltstone. B) Core photograph (red rectangle) illustrating thin calcareous sandstone
(yellow bracket) and the cross-laminae (black dashes). C) Thin section photomicrograph of
calcareous sandstone containing abundant fine- to very fine-grained quartz sand (Si) and feldspar
(FId), large mica flakes (Mic), peloids (PId), microbioclastic debris (MBi), pore-filling organic

residue (Org), and calcite cement (Ca). D) Thin section photomicrograph of a sandy packstone.
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Sample contains abundant peloids (PId) and microbioclastic debris (MBi). Other common

components are fine-grained quartz sand (Si), and sparry calcite cement (SCa).

Mudstone Facies

The mudstone facies is composed of gray to dark gray siltstone and dark gray to black mudstone.
Thin beds are common, and the strata are typically laminated or bioturbated. Bioturbated siltstone
beds are typically more calcareous than surrounding strata (Fig. 9). Bioturbation indices range
from 2-4, and Zoophycos, Chondrites, and Phycosiphon traces were observed. Bioturbation
indices within mudstone beds range from 1-2, and some Zoophycos traces were identified.
Disarticulated thin-shelled lingulid brachiopods are present along bedding planes. This facies is
comprised of silt to very-fine sand sized quartz and feldspar, mica, and clay. Other common
constituents are agglutinated benthic foraminifera, amorphous organic matter, pyrite, conodonts,
and varying amounts of carbonate mud and microbioclastic debris (Fig. 9). Interparticle porosity

and partially dissolved feldspar grains are typical.

Interpretation

The fine-grained nature of thin-bedded siltstones and organic bearing mudstones is suggestive of
outer ramp deposits that formed below storm wave. Similar deposits have been described from
Lower Cretaceous strata in Argentina (Moore et al. 2020). The finer grained deposits have low
carbonate content, elevated organic richness, preserve benthic foraminifera, conodonts, and
exhibit rare horizontal branching burrowing behaviors. Depositional mechanisms are interpreted
to be bottom current reworking, suspension settling, and occasional storm induced flow deposits,
while bottom current reworking of silt and clay plays a significant role in the development of the
mudstone fabric (Schieber 2009; Lazar 2015; Yawar 2017). Sparse, diminutive fossils, pyrite
precipitation, accumulation of organic matter, and the low degree of bioturbation indicate that

bottom water conditions were stressed (Buatois et al. 2012; Lazar 2015). However, Zoophycos
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traces, other horizontal burrows, and benthic foraminifera indicate at least episodic conditions

favoring pioneering organisms (MacEachern et al. 2008).

Figure 9. Photographs of the mudstone facies. A) Thin-bedded, bioturbated calcareous siltstone
(green brackets), laminated siltstone (yellow brackets) and organic-bearing silty mudstone. B)
Core photograph (red rectangles) illustrating bioturbated calcareous siltstone (green bracket) and
laminated siltstone (yellow dashes). Scattered thin-shelled brachiopods (blue arrow) and crinoid
fragments are present along bedding planes. C) Thin section photomicrograph of a bioturbated
calcareous siltstone. Sample contains very fine-grained quartz sand and quartz silt. Other
constituents include feldspar, mica, clay, agglutinated benthic foraminifera (ABf), and organic
matter. Burrowing organisms often sort fine-grained mud (Mm) and carbonate material around
individual burrows. D) Thin section photomicrograph of an organic-bearing silt-rich mudstone.
Sample contains quartz (Si) and feldspar (FId), mica (Mic), clay, agglutinated benthic

foraminifera (ABf), organic matter (Org) and minor carbonate microbioclastic debris (MBi).
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Glauconitic-Phosphatic Sandstone Facies

The glauconite-phosphate facies consists of green to brown glauconitic and phosphatic sandstone.
Bed thicknesses vary between 5-60 cm (0.5 to 2 ft), and are bioturbated or laminated (Fig. 10).
The beds have sharp bases that grade upward into finer grained strata. Bioturbation indices
typically range from 5-6 with an assemblage including Teichichnus and Thalassinoides. Vertical
burrows are also observed extending into the underlying substrate. Fragmented brachiopod debris
along with phosphate nodules and clasts are observed in hand sample and are commonly
concentrated at the base of the bed and decrease upward in abundance along with bioturbation.
This facies consists of medium- to fine-sand sized glauconite and quartz grains, feldspar,
phosphate as bone fragments, conodonts, nodules, clasts, and ooids, ferroan dolomite, carbonate
fossil debris, and other clay mineralogies within the matrix. Interparticle porosity is the dominant
porosity type, while intraparticle porosity within glauconite grains and ferroan dolomite rhombs

are common as well (Fig. 10).

Interpretation

The formation of abundant glauconite and phosphate are indicative of low sedimentation rates
(i.e., condensation) on the seafloor under slightly reducing conditions (Leinfelder et al. 1993).
However, the high concentration of glauconite and phosphate observed at the base of sandstone
beds, which introduces a juxtaposition of contrasting facies, is suggestive of formation of a
transgressive ravinement formed by shoreface erosion at the start of condensation (Posamentier
and Allen 1999). Infilling of vertical burrows that penetrate the underlying exhumed substrate
with concentrated glauconite and phosphate is suggestive of a sequence stratigraphically
significant Glossifungites surface, and represents a transgressive lag associated with shoreface

erosion (MacEachern et al. 2008; Buatois et al. 2011).
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Figure 10. Core photographs of glauconitic-phosphatic sandstone facies. A) Bioturbated to
laminated glauconitic and phosphatic sandstone (green bracket) overlain by spicular chert (pink
brackets) and bioturbated wackestone (green brackets). B) Core photograph (red rectangle)
illustrating intense bioturbation (green arrows) with vertical burrows often extending into the
underlying substrate. Other common constituents are phosphate nodules and clasts (yellow
arrows), glauconite grains, and brachiopod fragments. C) Thin section photomicrograph of
glauconitic sandstone. Sample contains glauconite grains (Glc), quartz grains (Si), conodont
fragments (Con), iron-rich dolomite (FeD), dolomite (Dol), organic staining (Org), and clays. D)
Thin section photomicrograph of phosphatic sandstone. Sample contains quartz grains (Si),
phosphatic ooids and clasts (Phs), microbioclastic debris (MBi), dolomite (Dol), and organic

staining (Org).
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Depositional Architecture

Integrated facies and gamma-ray logs were utilized for regional correlations across the project
area with the lowest gamma ray signatures ranging from 0-25 API units representing the
carbonate grainstone, packstone, and biostromal sponge facies due to their low concentration of
radioactive minerals. The subarkosic sandstone, and calcareous sandstone-siltstone facies are
represented by higher gamma-ray values ranging from 25-75 API units in response to an increase
in the radioactive material in the form of clay and feldspar. The wackestone, mudstone, and
glauconitic-phosphatic sandstone facies have gamma counts above 75 API units in response to
the abundance of radioactive material in the form of organic matter, clay, feldspar, phosphate, and

glauconite.

Thick carbonate successions are developed in the northern part of the study area, and siliciclastic
sediment is more common in the southern part. The shoal and proximal storm deposits comprised
of the carbonate grainstone and packstone facies are observed only in the northern project area,
indicating a relatively high position on the carbonate ramp. The distal storm and outer ramp
deposits comprising of calcareous sandstone-siltstone, and mudstone facies dominate in the south,
indicating a progression to more distal environments over a distance of ~100 km (60 mi). Vertical
facies distributions demonstrate an overall shoaling upward through time, with initial deposition
characterized by distal storm and outer ramp deposits across the project area. Biostromal sponge
facies formed at toe-of-slope on the distal fringes of the ramp crest shoals and proximal storm
deposits. The depositional system then transitions from a carbonate dominated system to a
siliciclastic dominated system, with proximal storm deposits comprising of subarkosic sandstone
facies to the north transitioning to distal storm and outer ramp deposits comprising of calcareous

sandstone, siltstone, and mudstone facies to the south.
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The depositional architecture of Mississippian strata in the Midcontinent of Oklahoma is
characterized by a clinoformal mixed carbonate-siliciclastic ramp system (Fig. 2). Initial
deposition was characterized by the establishment of a carbonate system (Fig. 11) that abruptly
transitioned to a siliciclastic system. Facies stacking patterns also demonstrate net progradation of
the depositional system, with proximal carbonate facies building out from the Burlington shelf in
Kansas and Missouri to establish the Boardman ramp margin in north-central Oklahoma. Final
deposition is characterized by longshore transport of sediment parallel to the carbonate banks off
the Burlington and Boardman margins, which deposited thick successions of siliciclastic strata in
the Anadarko Basin influenced by the Wedington and Batesville deltaic systems to the northeast
(Fig. 12). These observations are consistent with other regional studies of time equivalent strata,
and provide insight into the depositional architecture of Mississippian strata within the Anadarko
Basin (Boardman 2013; Franseen 2006; Godwin 2020; Grammer 2020; Hanford 1986, 1988,

1995; Hunt, 2015; Mazzulo 2011, 2013; Stuckey, 2020).

28



Chert-Rich
Limestone

' Karsted - Silt-Bearing
; =

f§ Evaporites - Cross-Bedded ~ 88 Calcareous

Limestone =~ == Siltstone

Sandstone % Limestone - Mudstone

/. Gastropods <./ Sponges Bryozoan
e Crinoids { Spicules Conodonts
Brachiopods (-  Solitary » Burrows

Corals

Figure 11. Block diagram of a carbonate-dominated depositional system. The shallowest deposits in the project area are represented by the
carbonate shoal deposits observed, and is predominately composed of clean and coarse-grained grainstone textures. Thick-bedded grainstones and
packstones are deposited in sheet like geometries down dip from the carbonate shoal deposits on a storm dominated ramp system, and are
interbedded with bioturbated wackestones representing deposition between storm events. The distal mid-ramp is located below fair-weather wave
base where the biostromal sponge facies is deposited toward the toe of slope of the ramp crest. Deposition then transitions from the distal storm
deposit facies to the outer ramp facies where calcareous siltstones and organic-rich mudstones accumulate.
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Figure 12. Block diagram of a siliciclastic-dominated depositional system. The proximal deposits in the project area are represented by the
subarkosic sandstone facies observed. Deposition occurs predominantly below fair-weather wave base, and transitions down dip to the calcareous
sandstone and siltstone facies. The bioturbation intensity is highest within this facies and commonly disrupts all underlying sedimentary structures.
However, where preserved sharp based cross-laminated sandstone and packstone represent storm reworked sedimentation, and the distal storm
deposit facies increases moving down the ramp. The outer ramp facies observed within the siliciclastic dominated system is less calcareous in

nature than the carbonate dominated system, and is composed of sandy siltstone and mudstone.
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Stratigraphic Architecture

Lower Mississippian sedimentation is characterized by the formation of a widespread prograding
carbonate bank across the US Midcontinent. This event established the Kinderhookian-Osagean
(Tournaisian-Viséan) Burlington shelf, which is north of the project area (Boardman 2013;
Franseen 2006; Mazzulo 2011, 2013). The age-equivalent strata in this study are designated by
biostratigraphic zonation established within Core 1 by Stukey and Godwin (2020), and is
represented by outer ramp deposits. Facies analysis indicates the project area is a basinward
extension of the Burlington shelf, which is dominated by inner ramp carbonates (Fig. 2). This
stratigraphic interval is the thinnest package analyzed in the project area, and continues to thin to

the south where it becomes part of a condensed section atop the Devonian Woodford Shale.

Osagean-Meramecian (Viséan) strata are characterized by progradation of the carbonate system
from the Burlington shelf, and carbonate rocks represent the bulk of sedimentation in the northern
project area (Woodward, Major, and Dewey Counties). This depositional episode establishes a
new ramp margin in north-central Oklahoma, which defines the boundary of the Boardman ramp
margin, which can be considered as a late-stage extension of the Burlington shelf.
Biostratigraphic zonation of Core 1 indicates these strata are Meramecian (Viséan) (Fig. 10), and
are represented by formation of carbonate shoals, proximal storm deposits, and biostromal sponge
gardens to the north (Woods, Woodward, and Major Counties), and distal storm and outer ramp
deposits to the south (Blaine, Kingfisher, and Canadian Counties). This stratigraphic interval is
the thickest package analyzed in the northern project area, and represents the establishment of the
Boardman ramp margin during Meramecian time. The interval thins to the south from the ramp

margin and sits on top of the Lower Mississippian condensed section in the Anadarko Basin.

Upper Mississippian strata are characterized by an abrupt transition to a siliciclastic dominated

system, and include the bulk of the section in the southern part of the study area (Blaine,
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Kingfisher, and Canadian Counties). This depositional episode is marked by thick siliciclastic
packages that accumulated basinward off the Boardman ramp margin. Biostratigraphic zonation
of Core 1 indicates these strata are Chesterian (Viséan-Serpukhovian) (Fig. 2), and are
represented by proximal storm deposits on the Boardman ramp margin that transition southward
to distal storm deposits and muddy outer ramp facies. This stratigraphic interval is the thickest
package analyzed in the southern project area and is truncated by the sub-Pennsylvanian

unconformity.

Mississippian stratigraphic architecture in the project area is represented by three distinct
depositional episodes (Fig. 13). Initial Kinderhookian-Osagean (Tournaisian-Viséan) deposition
is distinguished by widespread outer ramp facies in the project area, which are time equivalent to
the shallow-water carbonates that accumulated on the Burlington shelf. The second episode is
marked by the progradation of the carbonate system basinward from the Burlington shelf, thereby
establishing the Boardman ramp margin in north-central Oklahoma during Meramecian (Viséan).
The last episode is marked by an abrupt change from a carbonate-dominated system to a
siliciclastic-dominated system near the start of the Chesterian (Viséan-Serpukhovian). The
Chesterian siliciclastic sediment is preserved mainly basinward of the Boardman ramp margin

and is thickest in the Anadarko Basin.
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Figure 13. Block diagram demonstrating the stratigraphic transition from a carbonate-dominated system in the Lower Mississippian to a
siliciclastic-dominated system in the Upper Mississippian. Stabilization and aggradation of the carbonate ramp system is characteristic of Early
Mississippian deposition across the North American craton, and is recognized as the Burlington shelf. Progradation of the carbonate system
followed extending the shallow carbonate margin to its furthest basinward location in northern Oklahoma. The carbonate system is abruptly
inundated by siliciclastics in the Late Mississippian with siliciclastic sedimentation prograding and depositing thick successions of sandstone and

siltstone off the Boardman ramp crest margin.
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Discussion

The Mississippian outcrop belt in southwest Missouri, northwest Arkansas, and northeast
Oklahoma provides key insights into the depositional processes and stratigraphic framework in
the region (Boardman 2013; Frank 2020; Franseen 2006; Hanford 1986, 1988, 1995; Godwin
2020; Grammer 2020; Lindzey 2020; Mazzulo 2011, 2013; Miller 2020). However, a complex
stratigraphic nomenclature across the outcrop belt has developed over time, making regional
stratigraphic correlations into the subsurface difficult. Biostratigraphic studies of these outcrops
have improved stratigraphic control and have revealed additional complexities, such as

intraformational unconformities that are related to tectonic and glacio-eustatic events.

Biostratigraphic analysis of Core 1 clarifies the relationship between subsurface strata and the
Mississippian outcrop belt of southwest Missouri, northwest Arkansas, and northeast Oklahoma.
The distal storm deposit and outer ramp facies associated with the Osagean Stage in Core 1 is
time equivalent to the Reed Springs and Bentonville (Burlington-Keokuk) Formations on the
Burlington shelf. The thick Meramecian section in Core 1 corresponds to the Ritchey Formation,
Moccasin Bend Formation, and Quapaw Limestone and the Bayou Manard Member of the Pryor
Creek Formation (lower Mayes Group) in the outcrop belt of northeast Oklahoma. The
Meramecian succession at outcrop includes a significant erosional surface called the sub-Mayes
unconformity, which occurs in the upper Meramecian above the Quapaw Formation and below
the Bayou Manard member of the Mayes Group (Boardman 2013; Godwin 2020; Mazzullo 2013,
2020). The unconformity is readily observed in sections where the Ritchey Formation, Moccasin
Bend Formation, and Quapaw Limestone have been eroded and the Bayou Manard member sits
directly on top of the Osagean strata of the Reeds Spring Formation in northeast Oklahoma
(Boardman 2013; Godwin 2020). This provides insight into the thicker Meramecian strata in the
subsurface of the project area with preservation of the lower Meramecian formations along with
additional deposition due to the regional sub-Mayes unconformity subaerially exposing and
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eroding shallower portions of the Boardman ramp margin and outcrop belt in northeast
Oklahoma. This marks the onset of complex depositional controls as tectonic and eustatic events
coincide. High frequency depositional cycles interpreted as glacio-eustatic events overlie tectonic
influences related to bulge migration during the onset of the Ouachita orogenic event (Ettensohn
2004, 2019; Mazzullo 2013; Pashin 1994, 2009). The progression of the different frequency
cycles exhibits significant influence during Chesterian deposition. Thick successions of storm
deposits and outer ramp facies in the project area build basinward from the Boardman ramp
margin, and appear time-equivalent to the Wedington and Batesville deltaic complexes, which

have been identified in northwest Arkansas (Hanford 1986, 1995).

More detailed mapping will provide further insight into the complex tectonic and eustatic controls
on Mississippian deposition. Flexural events have been observed and modeled within time
equivalent strata of the Appalachian and Black Warrior Basins in response to Ouachita and Neo-
Acadian tectonic events, and while high frequency eustatic cycles have been observed, the large-
scale influences on sedimentation have been interpreted as flexural events related to foreland
basin development (Ettensohn 2004, 2019; Pashin 1994, 2009). Investigating the influences of
flexural events in the project area will define the relationship between tectonic and eustatic events

in the Midcontinent during the Mississippian as Ouachita and Wichita tectonism progressed.

The workflow used in this project provides an opportunity to investigate the different types of
depositional controls on mixed siliciclastic and carbonate systems. The basic stratigraphic and
depositional building blocks of these systems should be investigated to gain a better
understanding of the factors controlling other mixed carbonate-siliciclastic systems. Furthermore,
establishing these building blocks creates an opportunity for developing a holistic research
approach for subsequent investigations that includes geochemistry, high-resolution palaeoclimatic

and tectonic analysis (Cecil 1993; Pashin 2004).
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Conclusions

Facies analysis performed on cores across the project area reveal eight distinct lithofacies.
Proximal facies observed in the project area are the grainstone, packstone, and subarkosic
sandstone facies, which are coarse-grained, contain high energy depositional features, and have a
low response in corresponding gamma-ray logs. Their occurrence and distribution are
predominantly confined to the northern project area. Progressing downdip from the more
proximal facies deposition are the wackestone, biostromal sponge, and calcareous sandstone-
siltstone facies. These facies are indicative of a lower-water energy setting below fair-weather
wave base, and provided a more hospitable environment open to a diverse benthic community.
These facies contain a variety of rock types and gamma-ray log signatures that range from the
lowest gamma response in the chert rich biostromal sponge facies and storm deposited carbonate
packstones and spicular chert facies to higher gamma responses in the more clay-enriched
bioturbated sandstone and siltstone facies. Distal facies are observed across the project area and
are dominated by the outer ramp siltstone and sandstone facies exhibiting the highest gamma-ray
responses due to their increase in clay mineralogies, TOC, and phosphate. While the transgressive
lag facies is not significant volumetrically, it provides essential stratigraphic context for regional
correlations with its distinct gamma-ray signature in response to the elevated phosphate and

glauconite content.

The depositional and stratigraphic architecture of the Mississippian strata in the southern
Midcontinent of North America is characterized by a mixed carbonate and siliciclastic ramp
system. The depositional architecture is characterized by a period of stabilization and aggradation
of a widespread carbonate bank across the Midcontinent, established as the Kinderhookian-
Osagean (Tournaisian-Viséan) Burlington shelf, and is represented by distal storm deposit and
outer ramp facies within the project area. This is followed by a progradational period of the
carbonate depositional system out from the Burlington shelf establishing the Meramecian
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(Viséan) Boardman ramp margin in north-central Oklahoma, where thick successions of proximal
carbonate shoal and carbonate sheet facies accumulate. The closing depositional period is
characterized by a thick siliciclastic succession of Chesterian (Viséan-Serpukhovian) sediment

building off the Boardman ramp margin into the more distal portions of the Anadarko Basin.
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CHAPTER IlI

MISSISSIPPIAN (LOWER CARBONIFEROUS) FACIES HETEROGENEITY AND
DISTRIBUTION WITHIN THE MIXED CARBONATE-SILICICLASTIC RESERVOIRS OF

THE MIDCONTINENT STACK PLAY - OKLAHOMA, USA.

Introduction

The study area for this project is in the STACK play in the Anadarko Basin of north-central
Oklahoma, where hydrocarbons are produced from Mississippian carbonate and siliciclastic
strata. The STACK play is adjacent to the Northwest STACK extension, Mississippi Lime, and
Merge plays (Fig 14); it contains a mix of tight carbonate and siliciclastic reservoirs, which
represents an emerging reservoir type. As a result, extensive datasets have been collected in an
attempt to understand these complex reservoirs. This has provided an opportunity to investigate
the stratigraphy and sedimentology of the preserved Lower Carboniferous section, which is
present only in the subsurface of the Anadarko Basin; full sections of time-equivalent strata are
not exposed in the outcrop belt of northeastern Oklahoma, Arkansas, Kansas, and Missouri. The
STACK play refers to a geographic area rather than specific reservoir targets. The STACK
acronym stands for the Sooner Trend (oil field), Anadarko (basin), Canadian and Kingfisher

(counties).
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The Anadarko Basin is the deepest Phanerozoic sedimentary basin in the North American craton
(Perry 1989). The basin is asymmetric and structurally deepest along the southwestern margin
adjacent to the Wichita and Amarillo uplifts, where the basin contains more than 12 km (~40,000
ft) of sediment ranging in age from Cambrian to Permian. This basin is a giant crustal flexure that
is 160 km (100 mi) wide along northwest regional strike and 480 km (300 mi) long along the
south-southwest dip direction (Higley 2014). The basin is bounded on the east by the Nemaha
Uplift, on the southeast by the Arbuckle Uplift and Ardmore Basin, on the southwest by the
Wichita and Amarillo Uplifts, and to the west by the Cimarron Arch (Johnson 1988). The
northern part of the basin includes the so-called Anadarko shelf, where basement is less than 1

km deep (~3,000 ft) (Ball 1991).

During the Late Devonian through mid Carboniferous, the Anadarko Basin was located in the
western intracontinental portion of the Laurussian Plate between 10 and 20°S. This location
produced nutrient-rich upwelling currents that originated in the Ouachita Embayment,
particularly during the Famennian and Tournaisian (Gutschick 1983). This upwelling resulted in
high organic productivity, including siliceous plankton blooms (i.e., radiolarians) and siliceous
bottom fauna (sponges). However, as the Gondwanan and Laurussian plates continued to collide
through the mid to Late Carboniferous, the closing of the Rheic Ocean cut off the strong
upwelling zones to create the more isolated Midcontinent Sea (Algeo 2008) leading to a drastic
decrease in biogenic silica production. The mid Carboniferous marks the transition to an icehouse
world as Pangaea formed and Gondwanan glaciation drove high-frequency sea-level change in

the Milankovitch band (Crowley 1993; Fielding 2007; Frakes 1992; Saunders 1986; Smith 2000).

Thick Lower Carboniferous (Mississippian) carbonate successions were deposited across North
America in the Appalachian, Black Warrior, Illinois, Eastern Interior, Michigan, Arkoma,
Anadarko, Williston, and Permian Basins (Ettensohn et al. 2004; Grammer et al. 2018, 2020;

Pashin 1994; Pashin et al. 2009; Silberling 1995; Smith 2000; 2019). The composition of the
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carbonate bank that developed on the western Laurussian craton during the early Carboniferous
changed abruptly in response to orogenic events, which increased the input of siliciclastic
sediment (Ettensohn et al. 2019; Sandberg 1982). The Neo-Acadian and Alleghanian synorogenic
clastic wedges contain mosaics of open marine, marginal marine, and terrestrial facies that built
outward from the eastern highlands onto the stable craton (Ettensohn 2004; Friedman 1988;
Meckel 1970; Pashin et al. 2009). Similar thick clastic successions, such as the Humbug Delta,
prograded cratonward from the west, and were sourced by the Antler and Ancestral Rocky
Mountain highlands (Sandberg 1982). In proximity to the study area, the Early Carboniferous
Batesville and Wedington deltaic complexes were apparently sourced from the northern
Appalachians and prograded onto the Arkoma shelf (Hanford 1988; 1995). Sediment was
transported along fluvial axes through the Michigan and Illinois Basins and was ultimately
deposited in the Arkoma and Black Warrior Basins via the Mississippi Valley Graben (Craddock

2013; Hanford 1995; Pashin et al. 2009; Xie et al. 2016).
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Fig. 14 — Map of study area showing geographic areas and hydrocarbon industry play
nomenclature for Mississippian (Lower Carboniferous) oil and gas reservoirs. Cores evaluated for
this study are highlighted by red stars, and located in Blaine, Kingfisher, and Canadian Counties

within the STACK play, which is highlighted in orange.
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Methods

The data used in this study come from subsurface cores and geophysical well logs taken from a
transect across the Anadarko Basin and Anadarko shelf (Fig. 1). Core plug samples were
extracted for x-ray diffraction (XRD), total organic carbon (TOC), porosity, permeability, and
thin section analysis. Descriptive work was performed on clean polished viewing slabs and butt
slabs of the cores for recording lithology, sedimentary structures, body fossils, and trace fossils.
Framework mineralogy and grain size were analyzed in XRD and thin section using the standard
Udden-Wentworth grain-size scale. The intensity of bioturbation was characterized using the
ichnofabric index of MacEachern and Bann (2008). Thin sections were analyzed under a
petrographic microscope to identify sedimentary structures, rock texture, fabric, mineralogy,
fossils, and pore types. Thin sections were impregnated with UV-epifluorescence dye to aid
micro-pore identification under UV light. Thin sections were stained on half of the slide with
alizarian red S and potassium ferricyanide to aid in distinguishing calcite, ferroan calcite, ferroan
dolomite, and feldspar. The Folk classification scheme was used for siliciclastic rock types (Folk
1980), the Dunham classification scheme was used on carbonate rock types (Dunham 1962), and

the Choquette and Pray scheme was used to classify pore types (Choquette and Pray 1970).

Facies analysis was performed for each core described in the project area, and the facies are
distinguished by their spatial relationships and internal characteristics. This analysis provides the
fundamental building blocks for interpreting the Mississippian sedimentary succession (Noel
2010). Each facies is defined by lithology, sedimentary structures, and fossil content in order to
provide insight into the genetic relationships between the sedimentary succession and
depositional environment. Digital lithofacies logs were generated for each core described in the
project area and are defined by the facies scheme that was developed. Each facies is designated
by a specific number and assigned to the corresponding depth at which it was observed within

core at 15cm (~0.5 ft) intervals. The facies logs were then calibrated to core spectral gamma logs
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for integrating the facies logs with geophysical log signatures. These facies logs were then
analyzed using JewelSuite subsurface modeling software to make regional correlations and
statistical analysis of facies distributions. Statistical analysis of the facies logs was performed to
investigate the facies thickness distributions and recurrence patterns. The facies logs were utilized
to calculate facies occurrences, gross probability, bed thicknesses. The bed thickness frequency
was investigated to provide insight on the depositional hierarchy, and a Markov chain was
constructed to determine the transitional probability of one facies succeeding another. This
workflow provides insight into the lateral and vertical variability of the facies to discern key
lithologic associations, rhythmic, and cyclic accumulation patterns and follows the basic

methodology of Wilkinson et al. (2003).

Results

Results from this project were produced through integration of geologic datasets provided from
core and geophysical well log analyses for the purposes of investigating the lithofacies
distributions across the Mississippian (lower Carboniferous) reservoirs in the STACK play in
central Oklahoma. Carbonate and siliciclastic lithofacies were identified within the project area,
and they are defined by their genetic relationship in regard to composition, distribution, geometry,
and depositional process. The depositional architecture of lower Carboniferous (Mississippian)
strata in the Midcontinent of Oklahoma is characterized by a clinoform, mixed carbonate-
siliciclastic ramp system. These observations are consistent with other regional studies of time
equivalent strata, and clarify the depositional architecture of Lower Carboniferous
(Mississippian) strata within the Anadarko Basin (Bynum, 2022; Boardman 2013; Franseen 2006;
Godwin 2020; Grammer 2020; Hanford 1986, 1988, 1995; Hunt, 2015; Mazzulo 2011, 2013;
Stuckey, 2020). Integration of the lithofacies analysis performed on core and geophysical well
logs provides key insights into depositional and stratigraphic architecture, and establishes the

basis for investigating the temporal changes of lithofacies distribution. Lithofacies distribution
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was investigated within three distinct depositional systems during the Osagean, Meramecian, and
Chesterian. Carbonate lithofacies dominate deposition within the Osagean-Meramecian
(Tournaisian-Visean) section and decrease in abundance upward into the Chesterian
(Serpukhovian) section. The depositional system transitions from a carbonate system to a
siliciclastic system starting in the Meramecian (Visean) section, and siliciclastic sediment

predominates in the Chesterian (Serpukhovian) section.

Lithofacies Definitions. Seven lithofacies were identified within the cores in the project area.
The three carbonate lithofacies characterized are sandy peloidal packstone, wackestone, and
spicular chert. Four siliciclastic lithofacies were characterized and include calcareous sandstone,

siltstone, mudstone, and glauconitic-phosphatic sandstone.

Carbonate Strata. Sandy Peloidal Packstone. This lithofacies is composed of light gray
packstone and contains variable amounts of siliciclastic sand and silt (Fig. 15). Individual beds
are sharp-based, 10 to 45 cm (0.25 to 1.5 ft) thick, cross-laminated to planar-laminated, and
overlain by finer-grained lithofacies. Bioturbation indices range from 3-5 where trace fossils are
present; Planolites, Teichichnus, Phycosiphon, and Chondrites are common trace fossils.
Carbonate microbioclastic debris consists of crinoid, brachiopod, and bryozoan fragments (Fig.
15). Peloids, sand-sized quartz and feldspar grains, carbonate cement, and intraparticle porosity
within calcareous fossil debris and peloids also were observed in thin section. This lithofacies
contains some of the highest natural fracture density ranging from 1-5 fractures per 30 cm (~1 ft).
Fractures are typically strata bound, terminating near bedding surfaces. Gamma-ray signatures
from the core gamma-log for this lithofacies range from 0-25 API units in response to their lower
concentration of radioactive minerals. These rocks are interpreted to represent deposition below
fair weather wave base evidenced by alternating periods of high-energy, cross-bedded carbonate
deposition and of low-energy, fine-grained sedimentation and bioturbation (Scholle, 1983).

Deposition is consistent with a proximal mid-ramp environment where sediment reworking and
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basinward transport of carbonate debris from the inner ramp occurs by way of storm events and

sediment gravity flows (Burchette, 1992; Wright, 1990; Cotter 1990; Bracket 1986).
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Figure 15. Left image is a core photograph of sandy grainstone containing ripple cross-laminae and horizontal laminae. Right image is a thin
section photomicrograph of a sand-bearing grainstone. Alizarin-red stain marks pink calcite. Grains consists of microbioclastic debris (Mbi),
peloids (PId), quartz (Si), and feldspar. Feldspar grains contain dissolution porosity that is commonly filled with organic residue. Spary calcite

(SCa) cementation is also observed.
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Wackestone. This lithofacies is composed of gray to dark gray wackestone (Fig. 16). Individual
beds typically fine upward from packstone to wackestone, are 2 to 10 cm (0.05 to 0.25 ft) thick,
and intensely bioturbated. Bioturbation indices range from 3-6, and horizontal feeding burrows
predominate. Common trace fossils are Phycosiphon, Chondrites, and Zoophycos. Disarticulated
thin-shelled brachiopods are dispersed along bedding planes. The wackestone is composed of
microbioclastic debris, peloids, spicules, quartz grains, clay, and carbonate mud. Minor ferroan
dolomite occurs within the matrix. Porosity types include intraparticle porosity within fossil
debris and peloids, along with moldic porosity from dissolution of spicules. Natural fractures are
commonly ptygmatic and terminate where clay content increases (Wang et al., 2019). Gamma-ray
signatures from the core gamma-log for this lithofacies are above 75 API units in response to the
abundance of radioactive material in the form of organic matter and clay minerals within the
matrix. These rocks are interpreted to represent deposition below fair-weather wave base due to
the increase in fine-grained sedimentation and horizontal burrows indicative of lower energy
settings (Scholle, 1983). Deposition is consistent with a mid-ramp environment where storm-
transported microbioclastic sediment is reworked and mixed with finer-grained sediment by

burrowing organisms (Burchette, 1992; MacEachern et al. 2008).
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Figure 16. Left image is a core photograph of a shelly, arenaceous packstone. Bioturbation is common within this lithofacies with indices ranging
from 3-6. Chondrites and Phycosiphon are the most abundant ichnofossils, and thin-shelled brachiopods and crinoid ossicles are present. Right
image is a thin section photomicrograph of a sandy packstone. Alizarin-red stain marks calcite. Grains consist of microbioclastic debris (Mbi),

peloids, quartz (Si), feldspar, and the matrix is composed of carbonate mud and clay minerals (Mm).
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Spicular Chert. The spicular chert lithofacies is composed of bluish-gray chert with a granular
texture resembling grainstone (Fig. 17). Individual beds are sharp-based, are 2-10 cm (0.05 to
0.25 ft) thick, are planar-laminated or bioturbated, and are overlain by silt-rich wackestones.
Where bioturbation is present, indices range from 3-6 with horizontal and vertical burrows being
typical. Common traces are Planolites, Teichichnus, Chondrites, Phycosiphon, and Zoophycos.
The spicular chert is composed primarily of sponge spicule debris with imbricate spicules
concentrated in laminae. Bioturbated beds contain poorly oriented spicules mixed with other
bioclastic grains, clay, and dolomite. Moldic porosity from dissolution of spicules is present, with
silica cement being the most common. Laminated beds contain more chert than bioturbated beds,
but both contain varying proportions of chert, calcite cement, and dolomite cement. This
lithofacies contains the highest natural fracture density with greater than 10 fractures per 30 cm (1
ft) being common. Fractures are typically strata-bound and terminate near bedding surfaces.
Gamma-ray signatures from the core gamma-log for this lithofacies range from 0-25 API units in
response to their lower concentration of radioactive material. These rocks are interpreted to
represent deposition below wave base due to the concentration and imbrication of thin spicular
debris beds, increase in fine-grained sediment, and common reworking of spicule and
microbioclastic debris with the finer-grained sediment by burrowing organisms. The
characteristic trace fossils like Phycosiphon, Chondrites, and Zoophycos are indicative of a
Zoophycos ichnofacies occurring in predominately lower water energy settings. Deposition is
consistent with a distal mid-ramp environment where storm transported spicule and
microbioclastic beds exhibit erosive bases with higher energy sedimentological features and sharp
tops where not bioturbated similar to characteristics observed in storm deposits of a Silurian mid

ramp environment in Pennsylvania (Cotter 1990; Nakashima, 2007.
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Figure 17. Left image is a core photograph of spicular chert. Individual beds are laminated with scattered crinoid fragments. Beds with the highest
silica content contain intrastratal natural fractures typically filled with calcite. Right image is a thin section photomicrograph of spicular chert with
grainstone texture. Alizarin-red stain helps identify calcite. Sample contains abundant broken monaxon spicules (Sp), dolomite (Dol), and organic
inclusions (Org). This sample has undergone a complex diagenetic history including a conversion of biogenic silica to chert (Cht), an episode of
dolomite precipitation, and followed by dolomite dissolution and replacement with calcite (RCa).
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Siliciclastic Strata. Calcareous Sandstone. This lithofacies is characterized as a calcareous
sandstone that is gray to brownish-gray with the most porous beds containing hydrocarbon stain
(Fig. 18). Individual beds have sharp bases that grade upward into siltstone, are thick bedded, and
are cross-bedded, laminated, or bioturbated. Bioturbation indices range from 2-4. Burrows
commonly descend and are filled with sediment from the overlying bed. The calcareous
sandstone is composed of fine to very fine-grained sand composed of quartz, feldspar, peloids,
microbioclastic debris, and varying amounts of clay and carbonate cement. Interparticle porosity
and intraparticle porosity within partially dissolved feldspar grains are present along with
intraparticle porosity within peloids and microbioclastic debris. While organics in the form of
migrated hydrocarbons are observed staining the pore system. Gamma-ray signatures from the
core gamma-log for this lithofacies range from 25-75 API units in response to an increase in the
radioactive material in the form of organic matter, clay and feldspar minerals. These rocks are
interpreted to represent deposition below fair-weather wave base base due to the sharp-based
sandstone beds that grade upward into siltstone (Pemberton, 2012). Deposition is consistent with
a storm-dominated mid-ramp environment. Vertical escape burrows provide evidence for periods
of rapid sedimentation alternating with periods of lower sedimentation rate between recorded by
fine-grained background sedimentation and extensive burrowing. Planolites, Teichichnus, and
Phycosiphon traces are present and interpreted as a Cruiziana ichnofacies, which is typical of mid

ramp environments (MacEachern, 2008).
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Figure 18. Left image is a core photograph of calcareous sandstone. Individual beds have sharp bases that transition from massive to laminated.
Beds typically gradationally fine upward and are bioturbated. Vertical burrows are common. They are either filled with coarser sand from above or
contain more clay than the adjacent sandstone. Right image is a thin section photomicrograph of calcareous sandstone. Sample contains abundant
medium- to fine-grained sand sized quartz (Si) and feldspar (FId), large mica flakes (Mic), clays, microbioclastic debris (MBi), pore-filling organic
residue (Org), and calcite cement stained pink (Ca).
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Siltstone. This lithofacies is composed of gray to dark gray siltstone (Fig. 19). Individual beds are
typically laminated or bioturbated and thinly bedded. Bioturbated beds are typically more
calcareous than surrounding strata, and bioturbation indices range from 2-4. Common traces are
Zoophycos, Chondrites, and Phycosiphon. Disarticulated thin-shelled brachiopods occur along
bedding planes. The siltstone is composed of quartz, feldspar, mica, clay, agglutinated benthic
foraminifera, amorphous organic matter, conodonts, and varying amounts of carbonate mud and
microbioclastic particles. Interparticle porosity between grains and intraparticle porosity within
feldspar grains are typical. Gamma-ray signatures from the core gamma-log for this lithofacies
are above 75 API units in response to the abundance of radioactive material in the form of
organic matter, clay, phosphate, and feldspar minerals. These rocks are interpreted to represent
deposition below wave base due to the increase in fine-grained sedimentation, decrease in
carbonate content, and the transition to more horizontal and branching burrowing behaviors
indicative of lower energy settings. Deposition is consistent with a distal mid ramp to outer ramp
environment. The fining upward siltstone layers have scoured bases, are coarser and laminated at
the base, then capped by either bioturbated muddy siltstone or silty laminae reworked by bottom
currents. Sparse diminutive fossils and the low degree of bioturbation demonstrating a Zoophycos
ichnofacies indicate that bottom water conditions may have been oxygen-stressed (MacEachern,
2007). However, bioturbation indicates episodic oxygenation, which is typical of the distal mid

ramp to outer ramp environments.
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Figure 19. Left image is a core photograph of siltstone that is laminated and bioturbated. Bioturbated beds have higher calcite content than
laminated beds. Scattered thin-shelled brachiopods and crinoid fragments are present, and most commonly observed along bedding planes.
Chondrites, Phycosiphon, and Zoophycos are the most common ichnofossils. Right image is a thin section photomicrograph of siltstone. Sample
contains very fine-grained quartz sand and quartz silt (Si). Other constituents include feldspar (FId), mica (Mic), clay, agglutinated benthic

foraminifera (ABf), organic matter (Org), and minor glauconite (GIc).
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Mudstone. This lithofacies is composed of dark gray argillaceous and silty mudstone (Fig. 20).
Individual beds are typically laminated, ripple cross-laminated, and thinly bedded. Bioturbation
indices range from 1-2. Rare Zoophycos traces were observed, and disarticulated thin-shelled
brachiopods are present along bedding planes. The mudstone is composed of quartz, feldspar,
mica, clay, pyrite, agglutinated benthic foraminifera, conodonts, amorphous organic matter, and
compacted clay floccules. Porosity is hard to identify at this scale except for intraparticle porosity
within feldspar grains. Gamma-ray signatures from the core gamma-log for this lithofacies are
above 75 API units in response to the abundance of radioactive material in the form of organic
matter, clay and feldspar minerals. These rocks are interpreted to represent deposition below
wave base due to fine grain size, increased organic matter content, decreased carbonate content,
and a fossil assemblage of benthic foraminifera and conodonts. Deposition is consistent with the
outer ramp. Depositional mechanisms are interpreted to be suspension settling, storm-induced
flows, and bottom current reworking of silt and clay. Bottom current reworking of silt and clay
plays a significant role in the development of the mudstone fabric. Silt and clay migrate as ripples
generated by bottom currents, and were deposited as thin veneers of interlaminated silt and clay
(‘Yawar, 2017; Schieber, 2009). Sparse, diminutive fossils, pyrite precipitation, and the low
degree of bioturbation indicate that bottom water conditions were stressed. However, Zoophycos
traces, other horizontal burrows, and benthic foraminifera indicate at least episodic conditions

hospitable to pioneering organisms (e.g., Seilacher, 2007; Bann, 2008).
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Figure 20. Left image is a core photograph of organic-bearing silt-rich mudstone. Individual beds are laminated to faintly laminated. Rare
observations of bioturbation and thin-shelled brachiopod fragments. Right image is a thin section photomicrograph of an organic-bearing silt-rich
mudstone. Sample contains quartz (Si) and feldspars (FId), mica, clays, compacted agglutinated benthic foraminifera (ABf), organics (Org) and

minor carbonate microbioclastic debris (MBI).

55



Glauconitic-Phosphatic Sandstone. This lithofacies is composed of greenish to brownish
sandstone (Fig. 21) Bed thickness ranges from 5-60 cm (0.5 to 2 ft), and the beds are bioturbated
to laminated. The beds have sharp bases that gradationally transition upward into a finer grained
siltstone or wackestone lithofacies. Bioturbation indices range from 5-6 with an assemblage
including Teichichnus and Thalassinoides. These complex vertical burrows are also observed
extending into the underlying substrate. Fragmented brachiopod debris along with phosphate
nodules and abraded bone fragments are commonly concentrated at the base of the bed and
decrease upward. Burrowing intensity decreases upward, and laminae are visible in the upper part
of the sandstone beds. The sandstone consist of medium- to fine-sand sized glauconite and quartz
grains, ferroan dolomite, quartz, feldspar, phosphatic clasts, bone fragments, carbonate fossil
debris, conodonts, and other clay minerals. Interparticle porosity is the dominant porosity type,
while intraparticle porosity within glauconite grains and ferroan dolomite rhombs are common as
well. Gamma-ray signatures from the core gamma-log for this lithofacies are above 75 API units
in response to the abundance of radioactive material in the form of organic matter, clay, feldspar,
glauconite, and phosphate. These rocks are interpreted to represent transgressive deposition
associated with ravinement development (e.g., Liu and Gastaldo, 1992; Miller and West, 1998)
due to their sharp bases and vertical burrows extending into the underlying substrate, which are
filled with the glauconitic sandstone. This burrowing behavior is interpreted as a Glossifungites
surface. These types of features are consistent with deposition of a transgressive sandstone
associated with shoreface erosion and subsequent stratigraphic condensation (MacEachern,

2007).
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Figure 21. Left image is a core photograph of glauconitic sandstone. Intense bioturbation is
common with vertical burrows extending into the underlying substrate. Phosphate nodules,
glauconite grains, and brachiopod fragments are also observed. Right image is a thin section
photomicrograph of a glauconitic sandstone. Sample contains glauconite grains (Glc), quartz
grains (Si), conodont fragments (Con), iron-rich dolomite (FeD), dolomite (Dol), organic staining

(Org), and clays.
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Lithofacies Distributions. Facies heterogeneity and distribution across the STACK play are
related to variations in the depositional system of the Mississippian (Lower Carboniferous),
where thick carbonate successions were deposited across the North American craton. The
widespread carbonate bank changed abruptly in response to orogenic events, which increased
siliciclastic sediment flux (Ettensohn et al., 2019; Sandberg, 2009), and is represented proximal to
the project area by the Batesville and Wedington deltaic complexes sourced from the
Appalachians (Hanford, 1995; Pashin, 2009, Craddock, 2013; Xie et al., 2016). The depositional
succession observed in the Anadarko Basin and Shelf can be subdivided into 3 distinct
depositional systems and parasequence sets (Fig. 22). The first is represented by stabilization and
aggradation of the carbonate and sponge biocommunities during the Osagean. This was followed
by a period of carbonate progradation during the Meramecian, when the first observable
siliciclastic mixing occurred. After this transitional period, Chesterian influx of siliciclastics
supplanted carbonate production, and only reworked and transported carbonate is observed in the

project area.
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Fig. 22 — Block diagram showing the transition from a carbonate-dominated system to a
siliciclastic-dominated system (Bynum, 2022). The depositional environments observed for the
carbonate system range from grainstone dominated inner-ramp deposits to calcareous siltstone
dominated outer-ramp deposits. While the siliciclastic depositional environments range from
arkosic sandstone dominated upper shoreface deposits to siltstone dominated offshore deposits.
Depositional stacking patterns are identified across the Anadarko Basin & Shelf, and
stratigraphically record progradational packages at different scales within the Lower

Carboniferous (Mississippian) strata.

Parasequences observed in core subdivide the Osagean, Meramecian, and Chesterian strata into
clinoform parasequence sets, which are correlatable across the STACK play using integrated
facies and geophysical logs (Fig. 23). The parasequences are shoaling-upward successions

bounded by marine flooding surfaces. The complete succession in the study area appears to be
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subaqueous, and any evidence for exposure has been obscured by reworking of sediment below
the ravinement surfaces forming the base of the glauconitic sandstone lithofacies. The clinoform
parasquence stacking pattern defines an overall shoaling-upward succession with offshore shaly
strata most common at the bottom of the section and ramp-shelf carbonate and sandstone most
common at the top. Wells in the northwest contain strata enriched in calcareous fossil debris and
bioturbation, as well as coarser grained siliciclastic deposits. Wells to the southeast, by contrast,
contain deeper water depositional facies enriched in organic matter, clay, and silt and carbonate.
Indeed, proximal depositional environments of the Oklahoma Shelf are recorded in the
northwestern part of the cross section (Core 1), and distal shelf environments are recorded in the

southeastern part (Core 4).
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Fig. 23 — Cross-section showing correlatable parasequence packages using gamma ray and facies logs. Facies distributions vary laterally and

vertically due to the changes in depositional environments and eustatic sea-level fluctuations. Osagean strata are predominately composed of

carbonate and spicular chert in the northwest that thin basinward, passing to laminated siltstone and mudstone. The Meramec strata are

characterized by a mixed carbonate-siliciclastic succession, with an increase in siliciclastic facies in the upper section. Chesterian strata are

predominately composed of siliciclastic facies with an overall increase in sandstone content.
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Lithofacies Statistics.

Osagean. The Osagean section in the STACK area contains the highest percentage of carbonate
facies (47%) compared to the other stratigraphic sections with 27% wackestone, and 20%
packstone (Fig. 24). It also contains the highest percentage of spicular chert (23%). The siltstone
facies compose 24% of the rock observed in the cores. The histogram shows a bimodal
distribution of sediment in which wackestone, siltstone, specular chert, and packstone are
dominant and glauconitic-phosphatic sandstone, mudstone, and calcareous sandstone are
subordinate. However, 25% of the Osage section was not cored, and likely would alter the
histogram. Wackestone has the highest gross probability (40%) while packstone has the highest
mean bed thickness of 1.11 ft. (Table 2). The bed thicknesses for the major lithofacies all
demonstrate a power function distribution with the majority of thicknesses occurring in the 0.5 to
1 ft. range (Fig. 25), which is a salient characteristic of stochastic rather than deterministic
systems. Calcareous sandstone, mudstone, and glauconitic-phosphatic sandstone were under
sampled and so were not included in the thickness-frequency analysis. The Markov chain analysis
demonstrates the transitional probability for each facies (Table 3). Results indicate that the
highest and most consistent transitional probability is that any given facies will be overlain by
siltstone (33-100%), which defines a rhythmic aspect of Osagean sedimentation. Interestingly,
siltstone is most likely to be succeeded by wackestone (50%), specular chert (31%), or less
commonly, packstone (16%). This result indicates that Osagean facies development was not
cyclic, and regional facies relationships indicate that transitional probability favors carbonate
sedimentation in the upper part of the ramp and siltstone deposition in the outer ramp. While
lithologic transitions help define and correlate individual parasequences as thin shoaling-upward
packages, the most consistent relationship within the Osagean parasequence set is that any given

facies will most likely be overlain by siltstone.
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Osagean Facies Distributions
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Fig. 24— Histogram of the combined Osagean facies distribution from the studied cores across
the STACK play. The rock volume consists of: 47% carbonate facies, 23% spicular chert facies,
24% siliciclastic facies. The most common facies is wackestone (27%) with the spicular chert
making up nearly a quarter of the rock volume. The Osagean lithofacies demonstrate a linear

distribution relationship with an R? value of 0.88.
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Facies Occurrences  Gross  Total Thickness Mean Thickness

Probability (ft) (ft)
Siltstone 101 0.20 49.5 0.77
Packstone 82 0.17 41 1.11
Wackestone 197 0.40 55.5 0.86
Calcareous Sandstone 2 0.00 1 0.50
Spicular Chert 94 0.19 46.5 0.67
Glauc/Phos Sandstone 8 0.02 5.5 0.81
Mudstone 11 0.02 4.5 0.75

Table 2—Demonstrating for each lithofacies the number of occurrences, gross probability, total
thickness associated with occurrences, and the mean thickness of each occurrence within the
Osagean strata. The carbonate facies have a combined gross probability of 57%, with spicular
chert and siltstone gross probabilities occurring near 20% each. The packstone lithofacies has the
highest mean bed thickness of 1.11 ft., and the calcareous sandstone has the lowest mean bed

thickness of 0.5 ft.
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Fig. 25— Thickness frequency distributions of the Osagean strata with bed thickness on the x-
axis and frequency on the y-axis. The siltstone contains the highest number occurrences of 0.5 ft
thickness with 54 while the wackestone (41) and spicular chert (42) demonstrate similar thickness
frequencies. The packstone contains the thickest occurrence at 4 ft, while the other lithofacies
maximum occurrence thickness is approximately 2 ft. Thickness frequency distributions are
observed as power functions with an R? value greater than 0.95. The calcareous sandstone,
glauconitic sandstone, and mudstone are rare and under sampled statistically so no distribution

could be defined.
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Succeeding Beds

Facies Siltstone  Packstone Wackestone Calcareous SS Spicular Chert  Glauc/Phos SS Mudstone
g Sistone x 016 TINOSITTo02 ] 031 [EN00ITE o
& Packstone 0.36 X 0.3 0 0.34 0 0
2 Wackestone 0.4 0.19 x o e’ o1 o004
'-f"-:" Calcareous Sandstone 0 0 X 0 0 0
S Spicular Chert 0.18 0 X 0 S o004
= Glaue/Phos Sandstone 0.17 0 0 0.11 X 0.11
Mudstone 0.33 0.49 0 0 X

Table 3—Demonstrating a Markov chain of transitional probability for each lithofacies within the
Osagean strata. Overall, siltstone has the highest transition probability while the calcareous
sandstone has the lowest and is only observed within one core. The dark orange color represents
transition probabilities greater than 0.5, orange represents 0.4-0.49, yellow represents 0.3-0.39,
green represents 0.2-0.29, teal represents 0.1-0.19, blue represents 0.01-0.09, and grey represents

no facies succeeding relationship was observed.

Meramecian. The Meramecian section is the most common target for hydrocarbon production in
the STACK area. Overall, the siltstone facies is the most common facies observed (52%) with the
combined carbonate facies constituting 30% of the strata (Fig. 26). The lateral facies distribution
in Meramecian strata among the cores shows that the siltstone facies is the most common facies
ranging from 44-64%. The spicular chert is most abundant in the northwest (Core 1 = 6%) and
decreases southeastward so that no specular chert is present in core 4. The calcareous sandstone
facies exhibit the same distribution pattern with a maximum percentage in the northwest (Core 2
= 17%). In Core 4, which is in the southeastern part of the transect, none of the facies is observed.
The siltstone has the highest gross probability (37%) and the highest mean bed thickness of 1.63
ft. (Table 4). The bed thickness-frequency distribution for the major occurring lithofacies all
demonstrate a power function distribution with the majority of thicknesses occurring in the 0.5 to
1 ft. range (Fig. 27), demonstrating a dominant stochastic component of sedimentation. The
Markov chain analysis demonstrates the transitional probability for each facies (Table 5). As in
the Osagean section, transitional probability in Meramecian strata indicates that any given facies
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is most likely overlain by siltstone, indicating a strong rhythmic component of sedimentation
(transitional typically between 44 and 74%). Transitional probabilities among siltstone,
packstone, wackestone, and calcareous sandstone typically range from 18-33%, indicating a
random component of sedimentation. Measured sections demonstrate a vertical tendency favoring
a transitional from carbonate to siliciclastic sedimentation and a lateral tendency for packstone
and sandstone to pass down-ramp into wackestone, siltstone, and mudstone. These patterns
indicate that vertical facies transition is stochastic, and that trends among mudstone, siltstone,
sandstone, and carbonate beds can be used to define shoaling-upward parasequences within the
Meramecian section. The northwestern cores are dominated by sandstone and siltstone, whereas
carbonate content increases and sandstone content decreases southeastward in the outer ramp. As
in the Meramecian section, vertical changes in the distribution of mudstone, siltstone, sandstone,

and carbonate can be used to define and correlate parasequences.

67



Meramecian Facies Distribution
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Fig. 26— Histogram of the Meramecian strata facies distribution combined from the studied
cores across the STACK play consists of: 64% siliciclastic facies, 30% carbonate facies, and 3%
spicular chert. The most common facies is the siltstone (52%), while the sandstone facies
increased by a factor of 11 compared to the underlying Osagean section. The lithofacies

distribution is represented by an exponential relationship with an R? value of 0.95.
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Facies Occurrences
Siltstone 469
Packstone 257
Wackestone 257
Calcareous Sandstone 182
Spicular Chert 53
Glauc/Phos Sandstone 26
Mudstone 30

Gross
Probability

0.37
0.20
0.20
0.14
0.04
0.02
0.02

Total Thickness =~ Mean Thickness

® (f)
652.5 1.63

238 0.94
158.5 0.61

146 0.80

395 0.66

19.5 0.74

17.5 0.63

Table 4— Demonstrating for each lithofacies the number of occurrences, gross probability, total

thickness associated with occurrences, and the mean thickness of each occurrence within the

Meramecian strata. The carbonate facies have a combined gross probability of 40%, while

siltstone gross probabilities occurring at 37%. The siltstone lithofacies has the highest mean bed

thickness of 1.63 ft., and the wackestone has the lowest mean bed thickness of 0.61 ft.
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Fig. 27 — Thickness frequency distributions of the Meramecian strata with bed thickness on the

x-axis and frequency on the y-axis. The siltstone contains the highest number occurrences of 0.5

ft thickness with 242 while the wackestone (207) and packstone (161) demonstrate similar

thickness frequencies. The siltstone contains the thickest occurrence at 45.5 ft, while the other
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lithofacies maximum occurrence thickness is approximately 2 ft. Thickness frequency
distributions are observed as power functions with an R? value greater than 0.93. The mudstone is

rare and under sampled statistically so no distribution could be defined.

Succeeding Beds

Facies Siltstone  Packstone Wackestone Calcareous SS Spicular Chert Glauc/Phos SS Mudstone
Siltstone

Packstone
‘Wackestone
Calcareous Sandstone
Spicular Chert
Glauc/Phos Sandstone
Mudstone

Underlving Beds

Table 5 — Demonstrating a Markov chain of transitional probability for each lithofacies within
the Meramecian strata. Overall, siltstone has the highest transition probability while the
glauconitic sandstone has the lowest transition probability. The dark orange color represents
transition probabilities greater than 0.5, orange represents 0.4-0.49, yellow represents 0.3-0.39,
green represents 0.2-0.29, teal represents 0.1-0.19, blue represents 0.01-0.09, and grey represents

no facies succeeding relationship was observed.

Chesterian. The Chesterian section in the STACK area is predominantly composed of
siliciclastic facies (83%) containing 60% siltstone and 23% calcareous sandstone (Fig. 28).
Overall, the siliciclastic facies is approximately 20% more abundant than in the underlying
Meramecian section, while the calcareous sandstone facies nearly doubled in occurrence.
Chesterian strata mark the completion of the transition from a carbonate dominated system to a
siliciclastic dominated system. The most significant contribution to reservoir quality is the
increase in sand content in the distal portions of the Oklahoma Shelf. The Chesterian section is
thickest in the southeast (Core 4 = 280 ft) where it is predominantly composed of siltstone. It is
thinnest to the northwest (Core 1 = 125 ft) where it is mainly composed of sandstone. The lateral

facies distributions for Chesterian strata among the cores indicate that the bioturbated and
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laminated strata of the siltstone facies are most common in the STACK area. The siltstone facies
constitutes 36-78% of the strata with the percentage increasing toward the southeast. The
calcareous sandstone facies ranges in abundance from 6-47% with abundance decreasing from
northwest to southeast. The carbonate facies is relatively uncommon in the STACK play, never
composing more than 15% of the Chesterian section; spicular chert is absent. While the sand
content is highest in the north and northwest, the overall thickness of the Chesterian section
decreases, offsetting the gain in reservoir quality. The siltstone has the highest gross probability
(60%) and the highest mean bed thickness of 1.9 ft. (Table 6). The bed thicknesses for the major
occurring lithofacies again demonstrate a stochastic power function distribution with the majority
of thicknesses occurring in the 0.5 to 1 ft. range (Fig. 29). The Markov chain analysis
demonstrates the transitional probability for each facies (Table 7). Again, the Markov chain
indicates that the dominant successional probability is that any given facies tends to be overlain
by siltstone (52-100%), defining a dominance of rhythmic sedimentation. For siltstone, the
dominant successional probability is that it will be overlain by calcareous sandstone (61%) or
packstone (20%). Successional probability among the other rock types is >17%, again indicating
that facies succession is part of a stochastic system. Indeed, sediment composition, thickness, and
distribution was apparently regulated by a broad range of stochastic processes rather than any

deterministic type of cyclicity.
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Chesterian Facies Distributions
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Fig. 28— Histogram of the Chesterian strata facies distribution combined from the studied cores
across the STACK play consists of 83% siliciclastic facies, 14% carbonate facies. The most
common facies is the siltstone (60%), while the carbonate facies decreased by a factor of 2
compared to the underlying Meramecian and Osagean sections. The spicular chert facies was not
observed in any of the Chesterian cored sections. The lithofacies distribution is represented by an

exponential relationship with an R? value of 0.99.
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Facies

Siltstone

Packstone
Wackestone
Calcareous Sandstone
Spicular Chert
Glauconttic/Phosphatic
Mudstone

Occurences

1035
244
35
355

41

-

Gross
Probability

0.60
0.14
0.02
0.21
0.02
0.00

()
462
72
15

174.5

Total Thickness Mean Thickness

()
1.90
0.87
0.46
0.97
0.77
0.13

Table 6— Demonstrating for each lithofacies the number of occurrences, gross probability, total

thickness associated with occurrences, and the mean thickness of each occurrence within the

Chesterian strata. The siliciclastic facies have a combined gross probability of 81%, while

carbonate facies have a combined gross probabilities of 16%. The siltstone lithofacies has the

highest mean bed thickness of 1.90 ft., and the mudstone has the lowest mean bed thickness of

0.13 ft.
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Fig. 29— Thickness frequency distributions of the Chesterian strata with bed thickness on the x-
axis and frequency on the y-axis. The calcareous sandstone contains the highest number
occurrences of 0.5 ft thickness with 94 while the siltstone (87) demonstrate similar thickness
frequencies. The siltstone contains the thickest occurrence at 45.5 ft, while the other lithofacies
maximum occurrence thickness is approximately 2 ft. The mudstone contains only a single core
observation while the phosphatic sandstone and wackestone, demonstrate linear relationship in
part due to the low sample density of the lithofacies. The siltstone, calcareous sandstone, and
packstone lithofacies thickness frequency distributions are observed as power functions with an

R? value greater than 0.96.
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Succeeding Beds

Facies Siltstone  Packstone Wackestone Calcareous SS Spicular Chert Glauc/Phos SS Mudstone
Siltstone

Packstone
Wackestone
Calcareous Sandstone
Spicular Chert
Glauc/Phos Sandstone
Mudstone

Underlving Beds

Table 7— Demonstrating a Markov chain of transitional probability for each lithofacies within
the Chesterian strata. Overall, siltstone has the highest transition probability while the mudstone
has the lowest transition probability. The dark orange color represents transition probabilities
greater than 0.5, orange represents 0.4-0.49, yellow represents 0.3-0.39, green represents 0.2-
0.29, teal represents 0.1-0.19, blue represents 0.01-0.09, and grey represents no facies succeeding

relationship was observed.

Discussion

Statistical analysis indicates that Mississippian strata in the STACK play of the Anadarko Basin
are dominated by diverse rhythms in which siltstone succeeds a range of rock types. Each series
can be considered as a parasequence set, and vertical changes in rock types, bed thickness, and
sedimentary and biogenic structures can be used to define and correlate the constituent shoaling-
upward successions, marine flooding surfaces, and condensed sections that define parasequences.
The parasequences and the larger parsequence sets reflect relative sea level change, and the
overall clinoform stratigraphic architecture reflects southward progradation of a ramp system.
The clearest temporal change is a transition from carbonate- to siliciclastic-dominated
sedimentation, and the primary product of this transition is a highly layered system composed of
relatively thin carbonate, chert, mudstone, siltstone, and sandstone beds. This has a strong impact
on reservoir distribution and heterogeneity and provides critical insight for hydrocarbon

development.
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The Osagean section is not typically targeted for hydrocarbon production, but potentially
contributes to the overlying reservoirs by providing migration pathways from the underlying
Woodford Formation through natural fractures. The highest probability of this type of
contribution is in the northwest area of the STACK play, where thicker accumulations of
carbonate are preserved. As the section thins to the southeast, the Osagean section becomes less
rich in carbonate, and the contribution of production to overlying reservoirs would be less
significant. The best reservoir potential in the Osagean section would be in the northwest portion
of the STACK play and in the NW STACK Extension acreage (Fig 1). The higher variability in
lithofacies distribution and the thin layering within the Meramecian section indicate potential for
higher drilling risks and production differences across the STACK area when compared to the
Chesterian section. Target zones with a higher concentration of carbonate might negatively affect
drilling parameters like rate of penetration, produce circulation issues due to open fracture
networks, and decrease producibility where authigenic cementation has lowered porosity and
permeability. Other potential effects could be in target zones where bioturbated siltstone contains
elevated clay content that could reduce permeability and contribute to formation damage related
to fluid interactions, or where argillaceous zones act as frac barriers potentially mitigating
completion strategies. The Chesterian section would likely have lower drilling risks and
production variability compared to the Meramecian strata due to increased lithologic consistency
and continuity. The increase in deposition of coarser grained sandstone may indicate additional
target zones in the upper portion of the Mississippian section that are not typically targeted for
hydrocarbon production. Conducting economic evaluations of reservoir thickness and the
relationship to production will delineate areas with lower economic risk. Well locations to the
southeast contain less sand and more clay-rich bioturbated siltstone. Target zones that contain a
higher percentage of laminated siltstone and a lower percentage of bioturbated siltstone in this

area will likely facilitate more productive wells. Similar to the potential Meramecian targets, the
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composition of the parasequence provides insight into which target zones will be the most

productive in a particular area.

Conclusions

Statistical analysis indicates that the Mississippian System in the Anadarko Basin is
fundamentally a highly layered rhythmic succession in which a variety of carbonate rock types,
siliciclastic rock types, and chert tend to form couplets with siltstone. Thickness-frequency
distributions and Markov chain analysis indicate that sediment thickness and lithologic transitions
were stochastically regulated and that lithologic cyclicity is not apparent. Overall lithologic trends
indicate a transition from carbonate to sandstone in the mid ramp and from carbonate to mudstone
and siltstone in the outer ramp. Stratal geometry defines a series of south-prograding clinoforms,
and detailed analysis of vertical trends in the distribution of mudstone, siltstone, sandstone, chert,
and carbonate facilitates identification of shoaling-upward parasequences that can be correlated

regionally.

The depositional succession observed in the STACK play in the Anadarko Basin and Shelf can be
broken into 3 distinct depositional systems and corresponding parasequence sets. The first is
represented by a period of stabilization and aggradation of carbonate and siliceous sponge
biocommunities during the Osagean. This is followed by an episode of carbonate progradation
during the Meramecian, when the first major influx of siliciclastic sediment occurred. After this
time, influx of Chesterian siliciclastics terminated carbonate production, and only
reworked/transported carbonate was preserved. Shoaling-upward successions observed in core
subdivide each series into parasequence packages, which are correlatable across the STACK play
using integrated lithofacies logs and geophysical well logs. Wells in the northwestern part of the
study area record relatively shallow water facies enriched in calcareous fossil debris, bioturbation,

and siliciclastic sand grains. Wells in the southeastern part, by contrast, record deeper water
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facies enriched in organic matter, clay, and siliciclastic silt. Parasequence packages are composed
of deeper water facies at the base of the package that pass upward into shallower water facies at
the top. The parasequences have a well defined clinoform geometry and progradational stacking
pattern. Facies within each parasequence are variable and are a key source of reservoir
heterogeneity, and overall the Mississippian section can be characterized as a thinly layered
system. Understanding this heterogeneity requires detailed mapping and facies analysis of
specific target zones. This helps facilitate an understanding the geologic parameters influencing
rate of drill-bit penetration, the distribution of natural and induced fractures, hydraulic

communication among wells, and production performance.

The Osagean section is the thinnest interval within the STACK play. In the northwest it reaches a
maximum thickness of 85 ft and thins southeast to 25 ft. in the. Osagean strata are dominated by
carbonate (47%) and spicular chert (23%), which have the highest concentration of natural
fractures and hence the highest brittleness of all the facies observed. While the Osage would not
be designated as a primary production target, it is probable that it contributes to production from
the overlying reservoirs by providing hydrocarbon migration pathways from the underlying
Woodford Formation through natural fractures. The Meramecian section is the thickest interval
within the STACK play, having an average thickness of 300 ft. It is predominantly composed of
siliciclastic strata (67%), which increase in abundance by a factor of 2 in comparison to the
underlying Osagean strata. The Meramecian exhibits the highest facies variability in the play area
due to the transition from the carbonate-dominated Osagean section to the siliciclastic-dominated
Chesterian section. The calcareous sandstone facies increases to 12% within the Meramecian
section and contributes to reservoir quality in the upper part of the section, where sandstone
content is highest. The Chesterian section is thickest in the southeastern part of the project area,
reaching a maximum thickness of 246 ft. This section is thinnest in the northwestern part of the

project area, where it is as thin as 155 ft. thick. Chesterian strata are predominantly composed of
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siliciclastic strata (86%) in which the overall calcareous sandstone facies contribution reaches
23%. The increase in sand content within the Chesterian has the largest impact on reservoir

quality by increasing porosity and permeability.

The facies distribution in the Meramecian section demonstrates that the siltstone facies is the
most common facies ranging in abundance from 24-34% with a mean bed thicknesses of 1.63 ft,
and a gross probability of 37%. The transition probability from siltstone to wackestone is highest
with 33%, and for all other lithofacies the succeeding bed probability for siltstone averages 67%.
The spicular chert is more abundant in the lower portion of the Meramecian in the northwest at
6%, and decreases to the southeast where none of the facies is observed. The calcareous
sandstone facies exhibits the same distribution pattern with a maximum abundance in the
northwest at 17% and decreases to the southeast where the laminated siltstone facies dominates
with an abundance of 32%. The lateral facies distribution within the Chester section demonstrates
that the siltstone facies ranges from 44-75% in abundance and that the abundance increases from
northwest to southeast. The calcareous sandstone facies ranges in abundance from 6-47% with
distribution opposite that of the siltstone. While the sandstone facies percentage is highest in the
north and northwest, the net thickness of the Chestererian section decreases. Overall, the
Chesterian section is dominated by siliciclastic lithofacies (86%) with the calcareous sandstone
increases by a factor of 2 with a mean bed thickness of 0.97 ft. The most common lithofacies that
occurs is siltstone (60%) with a 61% probability of transitioning to a calcareous sandstone. All
other lithofacies have an average of 75% transition probability that the succeeding bed will be

siltstone.
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CHAPTER IV

TECTONIC AND EUSTATIC CONTROLS ON A MIXED CARBONATE-SILICICLASTIC
DEPOSITIONAL SYSTEM, MISSISSIPPIAN (LOWER CARBONIFEROUS), SOUTHERN

MIDCONTINENT USA.

Introduction

The Anadarko Basin is the deepest Phanerozoic sedimentary basin in the North American craton
(Perry 1989). The basin is asymmetric and structurally deepest along the southwestern margin
adjacent to the Wichita and Amarillo uplifts, where the basin contains more than 12 km (~40,000
ft) of sediment ranging in age from Cambrian to Permian (Perry 1989). This basin is 160 km (100
mi) wide along regional northwest strike and 480 km (300 mi) long along the south-southwest dip
direction (Higley 2014). The basin is bounded on the east by the Nemaha Uplift, on the southeast
by the Arbuckle Uplift and Ardmore Basin, on the southwest by the Wichita and Amarillo
Uplifts, and to the west by the Cimarron Arch (Johnson 1988). The northern part of the basin
includes the so-called Anadarko shelf, where basement is less than 1 km deep (~3,000 ft) (Ball

1991).

During the Late Devonian through mid Carboniferous, the Anadarko Basin was within the
western part of the Laurussian craton between 10 and 20°S. This location was prone to nutrient-
rich upwelling currents that originated in the Ouachita Embayment (Gutschick 1983). This
upwelling resulted in high organic productivity, including siliceous plankton blooms (i.e.,

radiolarians) and siliceous bottom fauna (sponges)
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However, as the Gondwanan and Laurussian plates continued to collide thru the mid to late
Carboniferous, the closing of the Rheic Ocean cut off the strong upwelling zones to create the
more isolated Midcontinent Sea (Algeo 2008) leading to a drastic decrease in biogenic silica
production. The mid Carboniferous marks the transition to an icehouse world as Pangaea formed
and glaciation drove high-frequency sea-level change in the Milankovitch band (Crowley 1993;

Fielding 2007; Frakes 1992; Saunders 1986; Smith 2000).

Thick carbonate successions of the lower Carboniferous (Mississippian) were deposited across
North America in the Appalachian, Black Warrior, Illinois, Eastern Interior, Michigan, Arkoma,
Anadarko, Williston, and Permian Basins (Ettensohn et al. 2004; Grammer et al. 2018, 2020;
Pashin 1994; Pashin et al. 2009; Silberling 1995; Smith 2000; 2019). The composition of the
carbonate bank that developed on the western Laurussian craton during the early Carboniferous
changed abruptly in response to orogenic events, which increased the input of siliciclastic
sediment (Ettensohn et al. 2019; Sandberg 1982). The Neo-Acadian and Alleghanian synorogenic
clastic wedges contain mosaics of open marine, marginal marine, and terrestrial facies that built
out from the eastern highlands onto parts of the stable craton (Ettensohn 2004; Friedman 1988;
Meckel 1970; Pashin et al. 2009). Similar thick clastic successions, such as the Humbug Delta,
prograded cratonward from the west, and were sourced by the Antler and Ancestral Rocky
Mountain highlands (Sandberg 1982). In proximity to the study area, the early Carboniferous
Batesville and Wedington deltaic complexes were apparently sourced from the northern
Appalachians and prograded onto the Arkoma shelf (Fig. 30) (Hanford 1988; 1995). Sediment
was transported along fluvial axes through the Michigan and Illinois Basins and was ultimately
deposited in the Arkoma and Black Warrior Basins via the Mississippi Valley Graben (Craddock

2013; Hanford 1995; Pashin et al. 2009; Xie et al. 2016).
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Figure 30. Regional paleogeographic reconstruction of the late Mississippian within the
midcontinent. During the late Mississippian the carbonate ramp prograded basinward from the
Burlington and Chappel shelves. An influx of siliciclastics encroached upon the carbonate system
from the Mississippi Valley Graben and local structural highs with development of the
Wedington and Batesville deltas in the Late Mississippian. Carbonate and siliciclastic mixing are
prevalent on the Boardman ramp and is reflected in the transition to siliciclastic siltstone and
sandstone downdip. The deeper water environments within the Southern Oklahoma Transform
Zone and Ouachita embayment are characterized by calcareous mudstone with interbedded

muddy limestone.
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Methods and Datasets

The data used in this study come from subsurface cores and geophysical well logs taken across
the Anadarko Basin and Anadarko Shelf (Fig. 1). Core plug samples were extracted for XRD,
TOC, porosity, permeability, and thin section analysis. Clean polished slabs and butt slabs of the
cores were described to record lithology, texture, bedding, physical sedimentary structures and
biogenic structures. Framework mineralogy and grain size were analyzed in XRD and thin section

using the standard Udden-Wentworth grain-size scale.

Thin sections were analyzed under a petrographic microscope to identify sedimentary structures,
rock texture, fabric, mineralogy, fossils, and pore types. Thin sections were impregnated with
UV-epifluorescence dye to aid micro-pore identification under UV light. Thin sections were
stained on half of the slide with Alizarian Red S and potassium ferricyanide to aid in
distinguishing calcite, ferroan calcite, ferroan dolomite, and feldspar. The Folk classification
scheme was used for siliciclastic rock types (Folk, 1980), the Dunham classification scheme was
used for carbonate rock types (Dunham, 1962), and the Choquette and Pray scheme was used to

classify pore types (Choquette and Pray, 1970).

Facies analysis was performed for each core described in the project area. This analysis provides
the fundamental building blocks for interpreting the Mississippian sedimentary succession (Noel
and Dalrymple, 2010). Each facies has been defined in terms of distinctive variations in
composition, texture, sedimentary structure in order to provide insight into depositional processes

and environment.

Digital logs showing facies were generated for each core described in the project area. Each
facies is designated by a number and is assigned to the corresponding depth at 0.5 ft intervals.

These facies logs were then calibrated to core spectral gamma logs for correlating facies
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characteristics with geophysical log signatures. This provides insight into the lateral and vertical

distribution of the facies and characterizing depositional and stratigraphic architecture.

Results

Lithofacies Analysis: A total of eight lithofacies were identified in the cores. Five carbonate
lithofacies characterized are: grainstone, sandy peloidal packstone, wackestone, and spicular chert
lithofacies. While four siliciclastic lithofacies were characterized: subarkosic sandstone,

calcareous sandstone, siltstone, and mudstone.

Carbonates. Grainstone. The grainstone lithofacies is comprised of light gray to brownish gray
grainstone with the most porous beds containing hydrocarbon stain. Individual beds have sharp
bases and tops, are thick bedded (10 to 30 cm; ~0.25 to 1ft) thick, and are cross-laminated to
planar-laminated. Bioturbation constitutes isolated vertical burrows. Calcareous fossil fragments
consist of very coarse sand-size crinoids, brachiopods, and bryozoans (Fig. 31). Peloids and ooids
were observed along with abundant interparticle calcite cement. Moldic and intraparticle porosity
within carbonate fossil debris and peloids were observed in thin section (Fig 32.). Gamma-ray
signatures from the core gamma-log for this lithofacies range from 0-25 API units in response to
their lower concentration of radioactive minerals. These rocks are interpreted to represent shallow
marine shoal deposits and are similar to other Lower Carboniferous deposits in Kansas and
Ilinois (Cluff 1984; Handford 1988; Smith 2000). A ramp crest positioned on the seaward
margin of an inner ramp setting is located above fair-weather wave base where sedimentation is

strongly affected by longshore currents and rip currents (Scholle et al. 1983; Burchette 1992).
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Figure 31. Core photograph of thick bedded, cross to planar-laminated grainstone facies.

Crinoidal and bryozoan fossil fragments observed along with large natural fractures.
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Figure 32. Thin section photomicrograph with Alizarin-red stain marks pink calcite. Grains

consists of bryozoan and echinoderms.

Sandy Peloidal Packstone. This lithofacies is composed of light gray packstone and contains
variable amounts of siliciclastic sand and silt (Fig. 33). Individual beds are sharp-based, 10 to 45
cm (0.25 to 1.5 ft) thick, cross-laminated to planar-laminated, and overlain by finer-grained
lithofacies. Bioturbation indices range from 3-5 where trace fossils are present; Planolites,
Teichichnus, Phycosiphon, and Chondrites are the common traces observed. Carbonate
microbioclastic debris consists of crinoid, brachiopod, and bryozoan fragments (Fig. 34). Peloids,
sand-sized quartz and feldspar grains, interparticle carbonate cement, and intraparticle porosity
within calcareous fossil debris and peloids were also observed in thin section. Gamma-ray
signatures from the core gamma-log for this lithofacies range from 0-25 API units in response to

a low concentration of radioactive minerals. These rocks are interpreted to represent deposition
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below fair-weather wave base evidenced by alternating cross-bedded arenaceous calcarenite
deposits and fine-grained strata with diverse trace fossil assemblages (Scholle, 1983). Deposition
is consistent with a proximal mid-ramp environment where storm reworking and basinward
transport of carbonate debris from the inner ramp occurs by way of storm waves, storm-generated
longshore currents, and offshore-directed gravity flows (Burchette, 1992; Wright, 1990; Cotter

1990; Bracket 1986).
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Figure 33. Core photograph of a sandy packstone to grainstone facies interbedded with silty

wackestone. Sandy packstone to grainstone are thick bedded and are cross to planar laminated.
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Figure 34. Thin section photomicrograph of sandy grainstone to packstone facies with Alizarin-
red stain marks pink calcite. Grains consists bryozoan, echinoderms, microbioclastic debris,

peloids, quartz, and feldspar.

Wackestone. This lithofacies is composed of gray to dark gray wackestone (Fig. 35). Individual
beds typically fine upward from packstone to wackestone, are 2 to 10 cm (0.05 to 0.25 ft) thick,
and are intensely bioturbated. Bioturbation indices ranging from 3-6 and the trace fossil
assemblage is dominated by horizontal feeding burrows with a broad range of morphology.
Indeed, common traces include Phycosiphon, Chondrites, and Zoophycos. Disarticulated, thin-
shelled brachiopods are dispersed along bedding planes. The wackestone is composed of
microbioclastic debris, peloids, spicules, silt to very-fine sand- sized quartz grains, clay, and
carbonate mud (Fig .36). Minor ferroan dolomite is present within the matrix. Porosity types
include intraparticle porosity within fossil debris and peloids, along with moldic porosity from

dissolution of spicules. Gamma-ray signatures from the core gamma-log for this lithofacies are
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above 75 API units, indicating significant radiogenic elements in the clay and organic matter.
These rocks are interpreted to represent deposition below fair-weather wave base due to the
increase in fine-grained sedimentation and bioturbation behaviors indicative of lower energy
settings (Scholle, 1983). Deposition is consistent with a mid-ramp environment where storm-
transported microbioclastic sediment is reworked and mixed with finer-grained sediment by

burrowing (Burchette, 1992; MacEachern et al. 2008).

Figure 35. Core photograph of shelly, arenaceous packstone. Bioturbation is common within this
lithofacies with indices ranging from 3-6. Chondrites and Phycosiphon are the most abundant

ichnofossils, and thin-shelled brachiopods and crinoid ossicles are present.
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Figure 36. Image is a thin section photomicrograph of a sandy packstone. Alizarin-red stain

marks calcite. Grains consist of microbioclastic debris (Mbi), peloids, quartz (Si), feldspar, and

the matrix is composed of carbonate mud and clay minerals (Mm).

Spicular Chert. The spicular chert lithofacies is composed of bluish-gray chert with a granular
texture resembling grainstone (Fig. 37). Individual beds are sharp-based, are 2-10 cm (0.05 to
0.25 ft) thick, are planar-laminated or bioturbated, and are overlain by silt-rich wackestone.
Where bioturbation is present, bioturbation index ranges from 3-6 with a variety of horizontal and
vertical burrows present. Common traces are Planolites, Teichichnus, Chondrites, Phycosiphon,
and Zoophycos. The spicular chert is composed primarily of sponge spicule debris with imbricate
spicules concentrated in laminae. Bioturbated beds contain poorly oriented spicules mixed with
other bioclastic grains, clay, and dolomite. Moldic porosity from dissolution of spicules is

present, with silica cement being the most common. Laminated beds contain more chert than
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bioturbated beds, but both contain varying proportions of chert, calcite cement, and dolomite
cement (Fig. 38). Gamma-ray signatures from the core gamma-log for this lithofacies range from
only 0-25 API units. These rocks are interpreted to represent deposition near storm wave base due
to the concentration of spicular debris, increase in fine-grained sediment, and common reworking
of spicule and microbioclastic debris by burrowing. The trace fossils are define a Zoophycos
ichnofacies, which is common in low energy settings. Deposition is consistent with a distal mid-
ramp environment where storm transported spicule and microbioclastic beds exhibit erosive bases
and sharp tops. These beds are similar to some Silurian storm deposits in Pennsylvania that are

interpreted to have accumulated in a mid ramp environment (Cotter 1990; Nakashima, 2007).
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Figure 37. Core photograph of spicular chert facies interbedded with silty wackestone to

mudstone facies. Chert beds are sharp based and planar laminated. Bed bound natural fractures

commonly observed within chert beds.
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Figure 38. Thin section photomicrograph of a spicular chert with grainstone texture. Sample

contains abundant broken monaxon spicules, dolomite, and organic inclusions.

Siliciclastics. Subarkosic Sandstone. This lithofacies is composed of brownish-gray subarkosic
sandstone, with the most porous beds containing hydrocarbon stain. Individual beds have sharp
bases and sharp to gradational tops, are thick-bedded (15 to 45 cm; 0.5-1.5 ft), well sorted, and
are cross-laminated, planar-laminated, and bioturbated (Fig. 39). Burrows are typically filled with
sediment from the overlying bed. The sandstone is composed of medium to fine sand composed
of quartz and feldspar, with varying amounts of mica, clay, and microbioclastic debris (Fig. 40).
The calcareous sandstone consists of similar constituents with an increase in carbonate fragments
as peloids, microbioclastic debris, and calcite cement. Interparticle porosity and partially
dissolved feldspar grains are present along with intraparticle porosity within peloids and

microbioclastic particles. Interpretation of the sedimentological characteristics are consistent with
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a proximal mid ramp environment where sediment is affected by wave agitation associated storm

generated currents (Scholle et al. 1982, Pemberton et al. 2012).

M
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Figure 39. Core photograph of sandstone facies that are thick bedded and cross to planar-

laminated. Thin interbedded silty mudstones are observed and contain bioturbation with some

vertical burrowing into underlying sandstone bed.
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Figure 40. Thin section photomicrograph containing abundant medium- to fine-grained quartz

sand and feldspar, large mica flakes, pore-filling organic residue, and minor calcite cement.

Calcareous Sandstone. This lithofacies is characterized as a calcareous sandstone that is gray to
brownish-gray with the most porous beds containing hydrocarbon stain (Fig. 41). Individual beds
have sharp bases and grade upward from sandstone to siltstone, are thick bedded, and are cross-
bedded, horizontally laminated, and bioturbated. Bioturbation indices range from 2-4. Burrows
commonly descend and are filled with sediment from the overlying bed. The calcareous
sandstone is composed of fine to very fine-grained sand composed of quartz, feldspar, peloids,
microbioclastic debris, and varying amounts of clay and carbonate cement (Fig 42). Interparticle
porosity and intraparticle porosity within partially dissolved feldspar grains are present along with
intraparticle porosity within peloids and microbioclastic debris. While organics in the form of

migrated hydrocarbons are observed staining the pore system. Gamma count ranges from 25-75
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API units, reflecting increased clay and feldspar content. These rocks are interpreted to represent
deposition below fair-weather wave base due to the sharp-based sandstone beds that grade
upward into siltstone (Pemberton, 2012). Deposition is consistent with a storm-dominated mid-
ramp environment. Vertical escape burrows provide evidence for periods of rapid sedimentation
alternating with periods of lower sedimentation rate between recorded by fine-grained
background sedimentation and extensive burrowing. Planolites, Teichichnus, and Phycosiphon
traces are present and interpreted as a Cruiziana ichnofacies, which is typical of mid ramp

environments (MacEachern, 2008).
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Figure 41. Core photograph of a calcareous sandstone facies interbedded with silty mudstone.

Individual beds contain sharp bases and are highly bioturbated. Both horizontal and vertical

burrows are observed and indicate a diverse trace fossil assemblage.
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Figure 42. Thin section photomicrograph containing abundant fine- to very fine-grained quartz

sand and feldspar, large mica flakes, peloids, microbioclastic debris, pore-filling organic residue,

and calcite cement.

Siltstone. This lithofacies is composed of gray to dark gray siltstone (Fig. 43). Individual beds are
horizontally laminated to bioturbated and thinly bedded. The siltstone beds fine upwards, are
coarser and laminated at the base, then capped by either bioturbated muddy siltstones or silty
laminae reworked by bottom currents. Bioturbated beds are typically more calcareous than
surrounding strata, and bioturbation index ranges from 2-4. Common traces are Zoophycos,
Chondrites, and Phycosiphon. Disarticulated thin-shelled brachiopods occur along bedding
planes. The siltstone is composed of quartz, feldspar, mica, clay, agglutinated benthic
foraminifera, amorphous organic matter, conodonts, and varying amounts of carbonate mud and
microbioclastic particles (Fig. 44). Interparticle porosity between grains and intraparticle porosity

within feldspar grains are typical. Core gamma count in this lithofacies is above 75 API units.
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These rocks are interpreted to represent deposition within a distal mid ramp to outer ramp
environment. This environment is supported by the sedimentologic characteristics of upward
fining beds, and the sparse diminutive fossils and the low degree of bioturbation demonstrating a
Zoophycos ichnofacies indicate that bottom conditions were oxygen-stressed (MacEachern,
2007). However, bioturbation indicates episodic oxygenation, probably after major storm events,

which is typical of distal environments.
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Figure 43. Image is a core photograph of siltstone that is laminated and bioturbated. Bioturbated

beds have higher calcite content than laminated beds. Scattered thin-shelled brachiopods and
crinoid fragments are present, and most commonly observed along bedding planes. Chondrites,

Phycosiphon, and Zoophycos are the most common ichnofossils.
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Figure 44. Image is a thin section photomicrograph of siltstone. Sample contains very fine-
grained quartz sand and quartz silt (Si). Other constituents include feldspar (FId), mica (Mic),

clay, agglutinated benthic foraminifera (ABf), organic matter (Org), and minor glauconite (GIc).

Mudstone. This lithofacies is composed of dark gray mudstone (Fig. 45). Individual beds are
typically laminated, ripple cross-laminated, and thinly bedded. Bioturbation indices range from 1-
2. Rare Zoophycos traces were observed, and disarticulated phosphatic thin-shelled brachiopods
are present along bedding planes. The mudstone is composed of quartz, feldspar, mica, clay,
pyrite, agglutinated benthic foraminifera, conodonts, amorphous organic matter, and compacted
clay floccules (Fig. 46). Porosity is hard to identify at this scale except for intraparticle porosity
within feldspar grains. Gamma-ray count is above 75 API units in the mudstone. These rocks are
interpreted to represent distal sedimentation below wave base due to fine grain size, increased

organic matter content, decreased carbonate content, and a fossil assemblage restricted to benthic
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foraminifera and conodonts. Deposition is consistent with the distal outer ramp. Depositional
mechanisms are interpreted to be suspension settling, and episodic reworking of silt and clay by
bottom currents. Current reworking of silt and clay plays a significant role in the development of
the mudstone fabric. Silt and clay migrate as ripples in bedload generated by bottom currents, and
deposit as thin veneers of interlaminated silt and clay (Yawar, 2017; Schieber, 2009). Sparse,
diminutive fossils, pyrite precipitation, and the low degree of bioturbation indicate that bottom
water conditions were stressed. However, Zoophycos traces, other horizontal burrows, and
benthic foraminifera indicate at least episodic conditions hospitable to pioneering organisms

(Bann, 2008).
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Figure 45. Core photograph of mudstone facies that are laminated, cross-ripple laminated and thin

bedded. Bioturbation indices are low indicating stressed benthic conditions.
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Figure 46. Thin section photomicrograph containing quartz and feldspar, mica, clay, agglutinated

benthic foraminifera, organic matter, and minor carbonate microbioclastic debris.

Depositional Architecture: Integrated facies and gamma-ray logs were utilized for regional
correlations across the project area (Fig. 47). The lowest gamma ray signatures ranging from 0-25
API units represent carbonate grainstone, packstone, and sponge-bearing chert facies due to their
low concentration of radioactive minerals. The subarkosic sandstone, calcareous sandstone and
siltstone facies are represented by higher gamma-ray values ranging from 25-75 API units in
response to an increase in the radioactive material in the form of clay and feldspar. The
wackestone, mudstone, and glauconitic-phosphatic sandstone facies have gamma counts above 75
API units in response to the abundance of radioactive material in the form of organic matter, clay,

feldspar, phosphate, and glauconite.
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Thick carbonate successions are developed in the northern part of the study area, and siliciclastic
sediment is more common in the southern part. The shoal and proximal storm deposits comprised
of the carbonate grainstone and packstone facies are observed only in the northern project area,
indicating a relatively high position on the carbonate ramp. The distal storm and outer ramp
deposits comprising calcareous sandstone, siltstone, and mudstone facies dominate in the south,
indicating a progression to more distal environments over a distance of ~100 km (60 mi). Vertical
facies distributions demonstrate an overall shoaling upward through time, with initial deposition
characterized by distal storm and outer ramp deposits across the project area. Biostromal sponge
deposits formed at the toe of slope along the distal fringes of the ramp crest shoals and proximal
storm deposits. The carbonate depositional system was succeeded by a siliciclastic dominated
system, with proximal storm deposits composed of subarkosic sandstone in the north transitioning
to distal storm and outer ramp deposits containing of calcareous sandstone, siltstone, and

mudstone in the south.

The depositional architecture of lower Carboniferous (Mississippian) strata in the Midcontinent
of Oklahoma is characterized by a clinoformal mixed carbonate-siliciclastic ramp system (Fig.
48). Initial deposition was characterized by a carbonate system that abruptly transitioned to a
siliciclastic system. Facies stacking patterns demonstrate net progradation of the depositional
system, with proximal carbonate facies building out from the Burlington shelf in Kansas and
Missouri to establish the Boardman ramp in north-central Oklahoma. Final deposition is
characterized by longshore transport of sediment parallel to the carbonate banks off the
Burlington and Boardman margins, which deposited thick successions of siliciclastic strata in the
Anadarko Basin derived from the Wedington and Batesville deltaic systems to the northeast.
These observations are consistent with other regional studies of time equivalent strata, and

provide insight into the depositional architecture of lower Carboniferous (Mississippian) strata
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within the Anadarko Basin (Boardman 2013; Franseen 2006; Godwin 2020; Grammer 2020;

Hanford 1986, 1988, 1995; Hunt, 2015; Mazzulo 2011, 2013; Stuckey, 2020).
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Figure 47. Block diagram demonstrating the stratigraphic transition from a carbonate-dominated
system in the lower Mississippian to a siliciclastic-dominated system in the upper Mississippian
(Bynum, 2022). Stabilization and aggradation of the carbonate ramp system is characteristic of
early Mississippian deposition across the North American craton, and is recognized as the
Burlington shelf. Progradation of the carbonate system followed extending the shallow carbonate
margin to its furthest basinward location in northern Oklahoma. The carbonate system is abruptly
inundated by siliciclastics in the late Mississippian with clastic sedimentation prograding and

depositing thick successions of sandstone and siltstone off the Boardman ramp crest margin.
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Figure 48. Cross section showing facies relationships and stratal geometry in the Mississippian section. Depositional packages to the north are dominated by carbonate shoals on the Boardman ramp crest and are composed of grainstone and
packstone facies represented by the distribution of blue (modified from Bynum, 2022). While transitioning down dip to the biostromal sponge facies at the ramp crest toe of slope represented by the distribution of purple. Depositional packages to
the south are dominated by the distal storm and outer ramp deposits composed of calcareous sandstone, siltstone, and mudstone facies represented by the distribution of yellow and gray. Biostratigraphic age constraints were analyzed in Core 1
(Stukey, 2020), and conodont zonations are represented by the orange stars. BO represents the top of the Osagean, BM represents the top of the Meramecian, and BC represents Chesterian deposition. These zonations are marked by significant

stratigraphic surfaces identified in core, and they are correlated regionally to define the Meramecian Boardman ramp crest margin. Chesterian clastic units thicken off the Boardman margin and comprise the majority of the Mississippian

succession in the Anadarko Basin.
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Stratigraphic Architecture: Lower Mississippian sedimentation is characterized by the formation
of a widespread prograding carbonate bank across the US Midcontinent. This event established
the Kinderhookian-Osagean (Tournaisian-Visean) Burlington shelf, which is north of the project
area (Boardman 2013; Franseen 2006; Mazzulo 2011, 2013). The age-equivalent strata in this
study were designated using the biostratigraphic zonation of Stukey and Godwin (2020). Facies
analysis indicates the project area is the outer ramp of the Burlington shelf, which is dominated
by inner ramp carbonates north of the study area. This stratigraphic interval is the thinnest
package analyzed in the project area, and continues to thin to the south where it is condensed atop

the Devonian Woodford Shale.

Osagean-Meramecian (Visean) strata are characterized by progradation of the carbonate system
beyond the Burlington shelf, and carbonate rocks represent the bulk of sedimentation in the
northern project area. This depositional episode establishes a new ramp margin in north-central
Oklahoma, which is called the Boardman ramp margin, which can be considered as an extension
of the Burlington Shelf. Biostratigraphic zonation of Core 1 indicates these strata are Meramecian
(Visean), and are represented by formation of carbonate shoals, proximal storm deposits, and
biostromal sponge gardens to the north, and distal storm deposits of the mid ramp and finer
grained deposits of the outer ramp to the south. The interval thins to the south from the ramp

margin and sits on top of Tournaisian condensed section in the Anadarko Basin.

Upper Mississippian strata are characterized by an abrupt transition to a siliciclastic dominated
system, and includes the bulk of the section in the southern part of the study area. With the red
demarcation representing the Meramecian-Chesterian boundary. This depositional episode is
marked by thick siliciclastic packages that accumulated principally basinward of the Boardman
ramp margin. Biostratigraphy in Core 1 indicates these strata are Chesterian (Visean-
Serphukovian), and are represented by proximal storm deposits on the Boardman ramp margin

that pass southward into distal storm deposits and muddy outer ramp deposits. This stratigraphic
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interval is the thickest package analyzed in the southern project area and is truncated by the sub-

Pennsylvanian unconformity.

Mississippian stratigraphic architecture in the project area is represented by three distinct
depositional episodes (Fig. 49). Initial Kinderhookian-Osagean (Tournaisian-Visean) deposition
is distinguished by widespread clinoform outer ramp facies in the project area, which are time
equivalent to the shallow-water carbonates that accumulated on the Burlington shelf. The second
episode is marked by the progradation of the carbonate system basinward from the Burlington
shelf, thereby establishing high-amplitude clinoforms basinward of the Boardman ramp margin in
north-central Oklahoma during Meramecian (Visean) time. The last episode is marked by an
abrupt change from a carbonate-dominated system to a siliciclastic-dominated system near the
start of the Chesterian (Visean-Serpukhovian). The Chesterian silicicastic sediment is preserved

mainly basinward of the Boardman ramp margin in the Anadarko Basin.
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Figure 49. Wheeler diagram of the study area showing lithofacies, sea-level cycles, and tectonic

onset for Mississippian rocks of the Anadarko basin and shelf.
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Depositional Controls:

The Mississippian (Lower Carboniferous) section is part of the tectonic controlled 2"-order
Kaskaskia supersequence. Tectonic effects related to the Neo-Acadian and particularly the early
Ouachita orogenies, during the Kinderhookian and Osagean, are observed within the study area
and are expressed as regional disconformities. East of the study area, a major disconformity is
present in the Ouachita foreland of the Arkoma Basin, Cherokee Platform, and Ozark Plateau in
which Chesterian strata of the Fayetteville Shale and Caney Shale overlie the Upper Devonian
(Famennian) Woodford Shale. This disconformity has been interpreted as a result of forebulge
migration from the Ouachita Orogen (Al Atwah, 2019). A similar disconformity at the
Meramecian-Chesterian boundary has been identified as far east as the Black Warrior Basin in
Alabama and has been attributed to inception of the Ouachita Orogeny along the southwestern
margin of the Alabama Promontory (Pashin, 1993, 1994; Pashin and Rindsberg, 1993, 1994). The
magnitude of the Meramecian-Chesterian disconformity in the Anadarko basin and shelf is
substantially smaller than in the Ouachita foreland, and points toward limited far-field effects of

Ouachita forebulge development in the Anadarko Basin.

The Kinderhookian-Osagean boundary is marked by a sharp-based glauconitic sandstone
exhibiting vertical burrows extending into the underlying substrate as a Glossifungites surface,
with burrows filled by the overlying glauconitic sandstone (Fig. 50). These types of features are
consistent with deposition of a transgressive sandstone associated with shoreface erosion
(MacEachern, 2007). The Osagean-Meramecian boundary is marked by diagenetically altered
chert exhibiting sharp basal and upper contacts (Fig 51). The unit contains deformed bedding and
angular chert clasts within a dolomitic matrix. The regional correlation of this transition is
potential response to far-field effects related to the early stages of Neo-Acadian flexural
relaxation. The next regional disconformity observed within biostratigraphic studies of the

outcrop belt is within the Meramecian, and related to bulge migration within the Ouachita
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tectophase as a response to an unloading relaxation phase producing cratonward prograding
clastic wedges from the Appalachian basin (Ettensohn, 2004; Godwin, 2020; Mazzullo, 2020)
(Fig. 52). This also marks the transition from a carbonate dominated system to a siliciclastic
dominated system within the Anadarko basin. The youngest major regional unconformity is in
response to the onset of Alleghenian Orogeny near the Chesterian-Morrowan boundary in the
Appalachian region (Ettensohn, Pashin, 2019; Pashin, 2009, in press) (Fig. 53). This

unconformity represents major regional erosion and paleovalley incision.
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Figure 50. Major stratigraphic boundaries in core. Left image is a core photograph of a
glauconitic sandstone and represents a disconformity at the Kinderhookian-Osagean boundary.
Commonly observed as a Glossifungites surface with burrows penetrating the underlying
substrate. Burrows are filled with overlying glauconite sand grains and phosphate nodules
concentrated at the base of the bed. Right image is a thin section photomicrograph containing
sand- sized glauconite grains, sand- to silt- sized quartz, ferroan dolomite, conodont and bone

fragments.
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Figure 51. Major stratigraphic boundary in core. Left image is a core photograph of a
diagenetically altered chert bed sharply overlain by mudstone and represents a disconformity at
the Osagean-Meramecian boundary. Chert clasts are highly fractured, and the matrix between
clasts is composed of dolomite and clay. Right image is a thin section photomicrograph
containing spicules, and other microbioclastic debris and microbioclastic ghosts. Multiple

episodes of cementation include calcite, chert, and dolomite.
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Figure 52. Major stratigraphic boundary in core. Left image is a core photograph of a phosphatic
sandstone and a disconformity at the Meramecian-Chesterian boundary. Phosphatic grains and
carbonate skeletal debris are concentrated at the base of the bed that fines upward with vertical
burrows penetrating from the upper unit. Right image is a thin section photomicrograph
containing abundant sand- sized quartz, feldspar, microbioclastic debris, phosphatic ooids, and

calcite cement.
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Figure 53. Major stratigraphic boundary in core. Left image is a core photograph of brecciated
chert and represents an unconformity at the Chesterian-Pennsylvanian boundary. Clasts are
angular to sub-angular with fine chert and clay rich matrix that contains root traces. Right image
is a thin section photomicrograph of a chert clast containing ghosts of spicules and
microbioclastic debris that has been altered to chert while pink epi-fluorescent dyed epoxy

indicate microporosity.

The parasequences observed in core subdivide the Meramecian and Chesterian strata into two
distinct parasquence sets spanning 359-328 Ma, and are correlatable across the study area using
integrated facies and geophysical logs. The parasequences are shoaling-upward successions
punctuated by glauconitic-phosphatic sandstone layers marking ravinement surfaces and dark

mudstone layers marking marine flooding surfaces. The complete succession in the study area
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appears to be subagueous, and it is arguable that any evidence for exposure has been obscured by
reworking of sediment below the ravinement surfaces. The average parasequence duration is
around 1.5 Ma. The lower parasequence set defined from Kinderhook to Meramecian contains 13
major parasequences, with an average duration of 2 Ma. The Chesterian parasequence set
contains 8 major parasequences, however, the upper Chesterian strata are not represented within
the cored intervals. The parasquence stacking pattern defines a clinoform, net shoaling-upward
succession that prograded southward with offshore shaly strata most common at the bottom of the
section and shelf-ramp carbonate and sandstone most common at the top. Wells in the northwest
contain strata enriched in calcareous fossil debris and bioturbation, as well as coarser grained
siliciclastic deposits. Wells to the southeast, by contrast, contain deeper water depositional facies
enriched in organic matter, clay, and silt. Indeed, proximal depositional environments of the
Anadarko Shelf are recorded in the northwestern part of the cross section, and distal shelf
environments are recorded in the Anadarko Basin. The clinoform strata can be subdivided into
two distinct parasequence sets separated by a disconformity (sequence boundary) that marks the
Meramecian-Chesterian boundary and is coeval with inception of the Ouachita Orogeny. The first
parasequence set constitutes the carbonate-rich Tournaisian-Visean (Kinderhookian-Meramecian)
section, and the second constitutes the sicliciclastic-dominated Visean-Serpukhovian (Chesterian)
section. A pronounced disconformity separates Mississippian and Pennsylvanian strata in the
study area, with only a few Chesterian parasequences preserved in the northern part of the study

area and numerous parasequences preserved in the southern part.

Conclusions: Two distinctly different depositional systems occur in Lower Carboniferous
(Mississippian) strata of the Anadarko Shelf and Anadarko Basin. A carbonate-dominated system
of Tournaisian-Visean (Kinderhookian-Meramecian) age is characterized by 4 main lithofacies:
grainstone, packstone, wackestone, and sponge boundstone-spiculitic chert. A siliciclastic-

dominated system of Visean-Serpukhovian (Chesterian) age is characterized by 4 main
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lithofacies: sandstone, calcareous sandstone, siltstone, and dark mudstone. The depositional
environments observed in the carbonate system range from grainstone-rich inner ramp deposits to
outer-ramp deposits rich in calcareous siltstone. By contrast, the siliciclastic strata are dominated
by storm deposits and range from arkosic sandstone in the inner- and mid-ramp siltstone and dark

shale in the outer ramp.

The Mississippian section in the study area can be characterized as containing two progradational
parasequence sets separated by a disconformity associated with inception of the Ouachita
Orogeny. Parasequences within these sets have an average duration of 1.5 Ma. While individual
cores record facies variations relative to one another, they all exhibit three common patterns: 1)
stacked coarsening-upward packages define parasequences within the parasequence sets, 2)
carbonate system passes basinward into a siliciclastic system that is 3) succeeded by a siliciclastic
system in the Chesterian. These patterns are consistent with other regional studies of the Lower
Carboniferous in Laurussia, where a carbonate ramp system gives way to widespread siliciclastic
sedimentation. While the transition from an icehouse to greenhouse system was underway in the
Lower Carboniferous, subsidence associated with the early stages of the Ouachita Orogeny
enabled transport of siliciclastics to the outer ramp via the Mississippi Valley Graben beginning
in the Tournaisian. Marine circulation changes associated with reduced upwelling as oceanic
currents were impeded by the uplifting Ouachita Orogen began to affect the distribution of
biohermal sponges and the health of the carbonate fauna in the Meramecian. Ultimately,
carbonate sedimentation was succeeded by the regional influx of cratonic clastics in the

Chesterian.
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CHAPTER V

CONCLUSIONS

The depositional and stratigraphic architecture of Mississippian strata in the southern
Midcontinent of North America is characterized by a mixed carbonate-siliciclastic ramp system.
The depositional architecture is characterized by a period of stabilization and aggradation of a
widespread carbonate bank across the Midcontinent, established as the Kinderhookian-Osagean
(Tournaisian-Viséan) Burlington shelf, and is represented by distal storm deposit and outer ramp
facies within the project area. This is followed by an episode of carbonate deposition and
progradation beyond the Burlington shelf, establishing the Meramecian (Viséan) Boardman ramp
margin in north-central Oklahoma, where thick successions of proximal carbonate shoal and
storm-generated carbonate sheet sand facies accumulated. The closing depositional episode is
characterized by a thick siliciclastic succession of Chesterian (Viséan-Serpukhovian) sediment
that prograded beyond the Boardman ramp margin, filling the southwestern part of the Anadarko

Basin.

Statistical analysis indicates that the Mississippian System in the STACK play of the Anadarko

Basin is fundamentally a highly layered rhythmic succession in which a variety of carbonate rock
types, siliciclastic rock types, and chert tend to form couplets with siltstone. Thickness-frequency
distributions and Markov chain analysis indicate that sediment thickness and lithologic transitions
were stochastically regulated and that lithologic cyclicity is not apparent. Overall lithologic trends

indicate a transition from carbonate to sandstone in the mid ramp and from carbonate to mudstone
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and siltstone in the outer ramp. Stratal geometry defines a series of south-prograding clinoforms,
and detailed analysis of vertical trends in the distribution of mudstone, siltstone, sandstone, chert,
and carbonate facilitates identification of shoaling-upward parasequences that can be correlated

regionally.

The Mississippian section in the study area can be characterized as containing two progradational
paraseguence sets separated by a disconformity associated with inception of the Ouachita
Orogeny. Within the parasequence sets, individual parasequences represent a mean duration of
1.5 Ma, indicating that sedimentation was modulated by 3™-order sea-level changes. While
individual cores record a broad range of facies variation, three basic patterns were identified: 1)
stacked coarsening-upward packages define parasequences, 2) Meramecian carbonates pass
basinward into a siliciclastic-rich system, and 3) the carbonate system is succeeded regionally by
a siliciclastic-rich system at the start of the Chesterian, which overlapped the Meramecian ramp.
These patterns are consistent with other regional studies across the Lower Carboniferous
Laurentia continent where the stable carbonate ramp system gives way to widespread siliciclastic
sedimentation. While the transition from an icehouse to greenhouse system was underway in the
Lower Carboniferous, deposition within the midcontinent is represented by a prograding
carbonate ramp that was succeeded by a siliciclastic ramp as the subsidence related to the
Ouachita Orogeny began feeding cratonic siliciclastics to the outer ramp through the Mississippi
Valley Graben in the Tournaisian. Marine circulation changes associated with reduced upwelling
during the early stages of the Ouachita Orogeny began to affect the distribution of biohermal
sponges and the viability of the calcareous fauna in the Meramecian. Ultimately, the carbonate
system was succeeded by regionally extensive deposition of cratonic clastics at the start of the

Chesterian.
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