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ABSTRACT 

 

Historically, Mississippian rocks (Meramec / Sycamore Fms.) have been a productive oil and gas 

formations in Oklahoma. This study followed upon two major plays that were recently identified, 

The Sooner Trend Anadarko Canadian Kingfisher (STACK) play and the South-Central 

Oklahoma Oil Province (SCOOP) play. Few studies have been published about these plays, and 

even less is known about the Merge play, that as the name suggests is connection between the 

STACK and SCOOP plays. This study identified the factors that control the stratigraphy and 

reservoir quality of Meramec/Sycamore and Woodford strata to build a predictive sequence 

stratigraphic model.  

Description of two cores, thin sections, scanning electron microscopy (SEM), and X-Ray 

fluorescence spectroscopy (XRF) were used for the identification, analysis, and interpretation of 

litho- and chemofacies. Differences in geologic factors like conditions of deposition, sediment 

source, and burial diagenesis resulted in two major facies associations: gravity flows, and 

hemipelagic sediments. Gravity flows are mainly massive (unstructured) calcite-cemented 

siltstones and hemipelagic facies are mainly laminated and bioturbated facies. 

Porosity/permeability, hardness, TOC and rock-eval data were used to evaluate the range of 

reservoir quality and production potential of the two rock types. There are two main types of 

calcite in the facies, allochems and blocky calcite cement. In the gravity flow facies, blocky 

calcite cement precipitated during diagenesis and consequently occludes the original porosity but 

in the hemipelagic facies, calcite has not been precipitated thus it does not occlude the porosity. 

The amount of carbonate allochems controls the hardness of the rock in the hemipelagic facies, 

with more allochems resulting in harder rock. 
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Bulk-rock carbon and oxygen isotopic composition (δ13C and δ18O) were used to interpret the 

origin of the blocky calcite cement and to build a relative time framework. The data suggest a 

marine bioclastic source of the carbonate from surrounding beds as the origin of the blocky 

calcite cement. Changes in the composition of the rock, in this case isotopic (δ13C)  and 

elemental composition, were used to build a relative time framework and strengthen the 

sequence stratigraphic model. Based on this, it seems that the Mississippian/Pennsylvanian 

unconformity eroded the uppermost section of Mississippian strata in the Merge play. 

While unconventional resources contain specific sweet spots and target zones, this integrated 

study demonstrates that geologic factors are still the path to quantifying and characterizing the 

rock potential.  

An integrated study like this one depends on conditions of deposition, sediment source, and 

diagenesis -including distribution of the facies in the Merge play- and provided a 

chronostratigraphic framework, and a robust sequence stratigraphic model which provides a tool 

to interpret and predict genetically related depositional units in the available space. From this, 

sweet spots and anomalous zones could be detected.



 

1 
 

1. INTRODUCTION 

Historically, Mississippian rocks have been a productive oil and gas reservoir in the Anadarko 

basin. The operations are concentrated in two major plays: The Sooner Trend Anadarko 

Canadian Kingfisher (STACK) play and The South-Central Oklahoma Oil Province (SCOOP) 

play. Few studies have been completed for the Meramec Formation in the STACK, and the 

Sycamore Formation in the  SCOOP (Huffman and Barker, 1950; Bennison, 1956; Curtis and 

Champlin, 1959; Braun, 1961; Culp, 1961; Peace, 1994; Franklin, 1997; Coffey, 2001; Miller, 

2018; Milad and Slatt, 2018; Price et al. 2017), and even less is known for the connection of 

these two systems in the area recently named as the Merge play. Thus, understanding the 

geological factors (deposition and diagenesis) that affect the system helps to identify facies with 

high and low porosity and hardness values. The next pages refer to reservoir quality and 

production potential when talking about porosity and hardness of the rock since both factors are 

important when planning horizontal drilling and hydraulic fracture jobs. 

Although previous authors defined these formations as limestones (Curtis and Champlin, 1959; 

Culp, 1961), recent studies ( Price et al., 2017; Miller, 2018) have defined the systems as a mixed 

carbonate-siliciclastic system to differentiate it from the pure carbonate Osage limestone in the 

STACK play. Neither Osage limestone nor Chesterian aged rocks were found in the area under 

this study, thus, the mixed carbonate-siliciclastic system is referred to as Mississippian strata 

rather than using Meramec or Sycamore names. 

This study focuses on understanding the geological factors that affect the production potential of 

Mississippian strata in the Merge play. By combining this reservoir characterization, and a 

chronostratigraphic framework in the STACK, Merge and SCOOP plays, one may build a 

sequence stratigraphic model to predict reservoirs with high and low quality. However, this study 
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focusses in the Merge area and not in the STACK and SCOOP plays, therefore it does not aim to 

understand the connection between the Meramec and Sycamore formations, but it gives an 

understanding of the undifferentiated Mississippian strata.  

Even though the importance of this system is increasing among the Oil and Gas industry, few 

studies are completed regarding the reservoir quality in Mississippian strata (Price et al., 2017). 

The hydrocarbon generation, the storage capacity, and the brittleness of the rock are essential 

elements when targeting horizontal wells for the exploitation of unconventional resources. 

Assuming the Mississippian strata as a tight unconventional reservoir rather than a self-source 

reservoir, this study investigates what elements and processes affect the reservoir quality and 

hardness in the system. It is believed the amount of calcite controls the reservoir quality in this 

mixed carbonate-siliciclastic system and the type of calcite strongly affects the porosity and 

permeability of the rock. The system has diverse types of calcium carbonates. Siliciclastic 

depositional processes control the occurrence of the allochems, but diagenesis controls the 

occurrence of the calcite that cements the rock. Therefore, both the origin and distribution of the 

different carbonate elements are essential for reservoir characterization. 

This study aims to evaluate what factors affect the porosity/permeability and hardness of the 

reservoir and the relation of these factors with deposition and diagenesis.  

Chronostratigraphy is important when building a sequence stratigraphic model, hence a relative 

time framework has been built based on the idea that changes in the compositions of the rock can 

be related to changes during time. For example, changes in oxic-anoxic conditions and changes 

in sediment source can be identified in the elemental composition, or significant changes in the 

environment during depositions can be identified with carbon and oxygen isotopic composition 

(δ13C and δ18O). 
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Therefore, combining stratigraphy, chemostratigraphy and a relative time framework, one may 

build a robust sequence stratigraphic framework that helps to predict the facies with high and 

low reservoir quality along the Anadarko basin.  
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2. GEOLOGICAL SETTINGS IN THE ANADARKO BASIN 

2.1 Structural framework 

The Anadarko basin, located in west-central Oklahoma, is bounded by the Wichita uplift to the 

south, the Amarillo-Wichita uplift to the west, the Arbuckle and Nemaha uplifts to the east, and 

the Anadarko shelf to the north. Three major tectonic events are related with the genesis of the 

Anadarko basin: rifting, passive margin development, and plate collision. 

The first event is related to a three-arm rift or triple junction during the late Proterozoic to early 

Paleozoic. Two of these arms are associated with the opening of the Protoatlantic Ocean; the 

other arm failed and formed the Southern Oklahoma Aulacogen (SOA) ( Ham et al., 1965; Burke 

and Dewey, 1973; Ham, 1978; Allen, 2000). Only the northern portion of the SOA formed the 

present Anadarko basin (Ham et al., 1965).  

The second event is associated with subsidence and passive margin of the aulacogen. This 

controlled the deposition of a thick sedimentary sequence along an asymmetric foreland and the 

Anadarko shelf during early Cambrian to early Mississippian time ( Lowe, 1975; Evans, 1979; 

Lane and De Keyser, 1980; Gutschick and Sandberg, 1983; Keller et al., 1983). In Mississippian 

time three major structures existed: Anadarko-Ouachita basin, the northern Oklahoma shelf, and 

the Ozark uplift. Then, North America and Gondwana collision triggered the Ouachita Orogeny 

forming major uplifts such as the Nemaha Ridge, Wichita and Arbuckle mountains, and major 

basins such as Marietta, Ardmore, and Anadarko ( Ham et al., 1965; Feinstein, 1981; Perry, 

1989). 
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2.2 Stratigraphy  

Throughout Early Mississippian time (359-340 My.), a great part of North America was covered 

by an extensive, shallow, and tropical sea (Figure 1) (Ham, 1978; Gutschick and Sandberg, 1983; 

Blakey, 2013). To understand Early Mississippian strata in the Anadarko basin, it is essential to 

study the entire Mississippian units divided accordingly to the North American system. The 

Mississippian series is subdivided into four stages from older to younger: Kinderhookian, 

Osagean, Meramecian, and Chesterian (Figure 2). 

 

Figure 1: early Mississippian pelotopographic map and location map. It shows the location of the 

area of study in central Oklahoma. Geological provinces in Oklahoma (bottom right). Skaggs 

and Payne (red stars) cores located in Grady and Canadian counties (Anadarko basin), 
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respectively (bottom left). More than 800 wells, the green dots are oil wells and red dots are gas 

wells in the area of study from HIS databased (bottom left). Modified from Blakey, 2013; 

Gutschick and Sandberg, 1983 

 

 

Figure 2 Mississippian stratigraphy from the Anadarko basin , based on different studies 

(Bennison, 1956; Braun, 1961; Culp, 1961; Curtis and Champlin, 1959; Peace, 1994). 

 

During Kinderhookian time, the oldest stage, shallow and protected seas were close to the 

Caballos-Arkansas Islands chain (Gutschick and Sandberg, 1983). The formations for this stage 

are: Welden limestone (or “Pre-Sycamore”) in the Arbuckles, and Ardmore basin and 

Kinderhook in Anadarko basin (Curtis and Champlin, 1959). Some authors have placed the top 

of the Woodford in Kinderhookian time immediately underlying the Sycamore limestone ( 

Bennison, 1956; Braun, 1961). Furthermore, a lower green shale is reported in south Oklahoma 

which marks the base of the Welden formation (Huffman and Barker, 1950; Braun, 1961; Culp, 

1961).  

Osagean rocks are truncated to the south by Meramecian units, suggesting an uplift related to the 

Ouachita orogeny. Welden limestone in the Lawrence uplift and Osage in the northern part of the 

Anadarko basin are placed in Osagean time ( Bennison, 1956; Curtis and Champlin, 1959). In the 
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southern portion of the Anadarko basin, the thick Sycamore limestone is divided into an upper 

limestone and a lower cherty limestone with shale. The lower part is placed in the Osagean series 

and correlated in time with the upper portion of the reported Pre-Sycamore (Harlton, 1956). 

In late Mississippian time, the Nemaha ridge experienced an uplift related to the Ouachita 

orogeny. Consequently, Meramecian units thin toward the north. General marine transgression 

and subsidence in late Mississippian time resulted in the deposition of the Sycamore and 

Meramec formations in the southern and northern portions of the Anadarko basin, respectively ( 

Curtis and Champlin, 1959; Peace, 1994). Braun (1961) restricted the name Sycamore in the 

Ardmore and south Anadarko basin to the upper massive silty limestone of the Sycamore and 

proposed Meramecian age deposition ( Bennison, 1956; Harlton, 1956; Braun, 1961; Culp, 

1961). Finally, the thickness of Chesterian rocks (Caney, Goddard, and Chester) decreases 

towards the Nemaha ridge (Curtis and Champlin, 1959) due to Mississippian-Pennsylvanian 

tectonism.  

Physicochemical conditions varied from the shelf in the north to the basin in the south, resulting 

in a variety of lithofacies that are difficult to correlate without a time-stratigraphic framework. 

Also, during Meramecian time the tectonic activity increased, raising a question about the source 

of the sediments. While provenance studies are needed to answer that question, based on 

geographical location the following possible sources are reasonable: Appalachian highlands and 

Ozark uplift in the northeast, transcontinental arch in the northwest, and the Caballos-Arkansas 

Island chain in the south. The two factors, physicochemical conditions and tectonism, resulted in 

lateral variations of facies, which makes the nomenclature of Mississippian units along 

Oklahoma more complex than expected (Figure 2). 
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3. METHODS AND MATERIALS 

Two cores, Skaggs and Payne, separated six miles from each other were used to build one 

section of Mississippian strata in the Merge play. The Skaggs core has around 15 ft of the 

Devonian Woodford shale, the lower contact of Mississippian strata, and around 25 ft of 

Mississippian Rocks. The Payne core has around 65 ft of Mississippian units, around 3 ft of a 

major unconformity, and 1 ft of Pennsylvanian rocks. Therefore, combining both, Skaggs and 

Payne cores, this study analyzed 90 ft of Mississippian strata and around 15 ft of the Woodford 

shale (Figure 3). From the top of the Woodford to the upper unconformity in the Merge play, the 

thickness of Mississippian strata ranges between 150 and 120 ft.  
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Figure 3: Skaggs and Payne cores profile with 2-inch vertical spacing; core gamma-ray, 

lithofacies, elemental composition and chemofacies. Lithofacies; Massive calcite-cemented 

siltstone (MCcSt), Calcareous siltstone (CSt), Bioturbated siltstone (BSt), Laminated siltstone 

(LSt), Bioturbated mudstone (BMdst), Laminated mudstone (LMdst), Interbedded siltstone (ISt), 

calcite cement (Ccmt), strata around the unconformity (Post), glauconitic sandstone (GS), and 

Woodford shale (Wdfd).Chemofacies are related with the elemental composition in the following 

manner: blue chemofacies with high Calcium and Strontium; light blue with high Mg; red with 

high Si/Al and Zr; Green and Yellow chemofacies are distributed in low calcite-cemented 

lithofacies with similar elemental composition but differ in that yellow chemofacies has slightly 

more Ti, K, and Al, and the green chemofacies has more Molybdenum. 

 

3.1. Petrographic analysis 

The two cores located in the Merge play were described with two-inch vertical spacing (Figure 

3). Core-plug samples were taken for further analysis. A total of thirty-three uncovered thin 

sections were taken and colored with K stain for calcite identification. Grain size, sorting, 

structures, cement, and fossils were described using a Zeiss AxioImager Z1TM petrographic 

microscope. 

From the 33 samples, 13 samples were chosen to conduct scanning electron microscopy (SEM) 

to support petrographic observations of the microfabric. The 13 thin sections were covered with 

gold and examined under the SEM (FEI Quanta 250) with a coupled Bruker Electron 

Spectrometer (EDS). Microphotographs were taken using both Everhart Thornley Detector 

(ETD) and Circular backscatter detector (CBS) at the following operation conditions: working 

distance (WD) 15 mm and accelerating voltage (HV) 25 keV.   

 

 

 



 

11 
 

3.2. Isotopic analysis (𝛅13C‰ and 𝛅18O‰) 

Carbon and oxygen isotopes of whole-rocks were analyzed to interpret the origin of the waters 

that helped to precipitate the calcite cement. One milligram of each of the 33 samples (Table 1), 

was sent to Keck-NSF Paleoenvironmental and Environmental Laboratory at the University of 

Kansas for the isotopic analysis. A ThermoFinnigan GasBench II in-line with a Finnigan MAT 

253 isotope-ratio mass spectrometer was used for the analysis with ±0.12‰ and±0.06‰ 

precision for oxygen and carbon, respectively. The results are presented in δ13C ‰ based on 

Vienna PeeDee Belemnite (VPDB) standards. 

 

3.3. X-Ray diffraction 

In this study, 20 samples (Table 1) were prepared and analyzed for X-Ray diffraction 

spectroscopy. Each sample was pulverized, dried, and mounted on glass holders following 

procedures described in the Laboratory Manual by Madden (2011). The Rigaku Ultima IVTM 

diffractometer was used to collect the diffraction patterns and then the MDI Jade 2010 software 

was used to interpret these patterns. 
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Table 1: samples taken from Skaggs and Payne cores. . These samples were sent for a thin 

section, isotopic, and mineralogical composition (XRD) analysis. FP stands for feldspar and 

plagioclase.  

 

 

3.3 Elemental composition from X-ray fluorescence spectroscopy 

Each core was cleaned with water to avoid misreading caused by external contaminants like 

drilling mud. The Bruker Traces IV-SD hand-held X-ray fluorescence (HHXRF) spectrometer 

was used to measure the elemental composition of the rock. Major and trace elements were 

measured at a two-inch vertical spacing at the same point as the core description. Major elements 

were scanned under vacuum at 15 kV accelerating voltage for 90 seconds, then, trace elements 

Depth d 
13

C VPDB d 
18

O VPDB Quartz FP Calcite
Dolomite/

Ankerite
Muscovite Clays Pyrite

ft ‰ ‰ % % % % % % %

Payne 8895.0 Post -5.10 -7.17 77 3 16 1 2 1 0

Payne 8898.0 Post -4.20 -5.29 6 0 78 1 1 13 0

Payne 8901.0 Post -4.12 -7.60 75 1 20 1 1 1 0

Payne 8913.0 BSt -2.18 -4.42 61 10 5 5 17 1 1

Payne 8918.0 LSt -1.25 -2.63 - - - - - - -

Payne 8919.0 BSt -0.54 -2.78 - - - - - - -

Payne 8921.0 BSt -1.08 -3.11 - - - - - - -

Payne 8922.0 LSt 0.32 -2.20 - - - - - - -

Payne 8924.0 BSt -1.62 -2.87 - - - - - - -

Payne 8926.0 BSt -0.06 -3.15 - - - - - - -

Payne 8930.0 BSt 0.67 -2.62 - - - - - - -

Payne 8938.0 BSt 0.34 -2.72 - - - - - - -

Payne 8940.0 Ccmt -2.65 -4.73 26 5 59 6 4 0 0

Payne 8941.0 LSt 1.10 -2.83 36 8 19 17 14 6 1

Payne 8942.0 BSt 0.55 -2.72 39 7 21 14 16 2 1

Payne 8943.0 MCcSt -0.19 -4.42 30 5 58 1 1 4 1

Payne 8947.0 CSt -1.26 -2.65 44 8 19 18 8 3 0

Payne 8952.0 BSt -0.56 -3.30 36 9 12 19 12 12 1

Payne 8954.0 MCcSt -0.71 -4.47 33 5 54 3 5 0 1

Payne 8957.5 BSt -0.34 -3.18 - - - - - - -

Payne 8958.5 BMds -0.20 -2.65 40 9 14 9 20 7 1

Skaggs 9731.0 MCcSt 0.65 -3.13 48 4 36 10 2 0 0

Skaggs 9737.5 MCcSt 0.44 -3.44 24 4 60 7 4 0 0

Skaggs 9738.8 LSt -0.60 -2.34 - - - - - - -

Skaggs 9741.0 MCcSt 0.28 -4.11 34 4 38 13 3 7 0

Skaggs 9742.8 LMds -0.26 -2.70 47 5 14 13 19 0 1

Skaggs 9743.7 BMds 0.15 -3.08 - - - - - - -

Skaggs 9744.9 BMds -1.15 -3.74 42 12 8 12 20 4 1

Skaggs 9747.5 BMds -0.39 -2.33 41 3 22 13 16 2 4

Skaggs 9748.0 LMds - - - - - - - - -

Skaggs 9749.0 BMds -0.33 -3.84 - - - - - - -

Skaggs 9750.3 LMds -0.45 -3.88 32 4 39 15 8 0 1

Skaggs 9755.5 Wdfd -4.75 -5.00 31 10 2 2 41 13 1

Core Lithofacies
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were analyzed under atmospheric pressure with a Ti-Al filter at 40 kV accelerating voltage for 

60 seconds. 

 

The resulting data was transformed to parts per million (ppm) using fundamental parameters 

(FP) for mudrocks in Rowe et al., 2012a. Out of 29 elements measured from the HHXRF, only 9 

variables were used: eight elements (Table 2) and one ratio (Si/Al), which provide a set of 

carbonate proxies, clay proxies, continental input proxies, and bottom water marine anoxia 

proxies. The proxies were chosen based on the literature as proxies for carbonate source, clay 

minerals, quartz, continentally derived and bottom water anoxia ( Turner et al., 2016; Algeo and 

Rowe, 2012; Rowe et al., 2012b; Tribovillard et al., 2006; Sageman and Lyons, 2004;), and 

because their uses helped to refine a sequence stratigraphic framework and  to improve their 

level of understanding of this specific mixed carbonate-siliciclastic system. 

 

Table 2: nine selected variables with the paleoenvironmental interpretation. This set of elemental 

proxies (carbonate source, clay minerals, quartz, continentally-derived, and bottom water anoxia) 

were used to identify the chemofacies and interpret the conditions of deposition. 

Elemental Proxy   Paleoenvironmental Interpretation 

Calcium (Ca)   Carbonate source 

Strontium (Sr)   Carbonate source 

Magnesium (Mg)   Dolomite source 

Aluminum (Al)   Clay minerals and feldspars 

Potassium (K)   Clay minerals and feldspars 

Si/Al   Quartz 

Titanium (Ti)   Continentally derived 

Zirconium (Zr)   Continentally derived 

Molybdenum (Mo)   Bottom water anoxia 
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3.4 Determination of chemofacies based on cluster analysis 

Analogous to the lithofacies, the chemofacies are rock units characterized by a signature in the 

chemical composition. I identified these chemofacies by clustering rock samples with similar 

elemental composition. The purpose of clustering the data was to detect similarities and 

anomalies in the elemental composition that could not be attributed to the lithofacies. K-means 

algorithm (Hartigan and Wong, 1979) with Euclidean distance was used to group the data. For 

this algorithm, the optimal number of clusters and the elements (Table 2) are the inputs.  

Two methods were used to define and validate the optimal number of clusters (chemofacies): 

average Silhouette method and Elbow method. Silhouette method (Rousseeuw, 1986) determines 

how well an object lies within its cluster, whereas the Elbow method describes how the variance 

changes with the number of clusters. The optimal number of clusters in the Elbow method is 

chosen where the inflection point separates the number of clusters that significantly increases the 

variance in the data from the number of clusters which does not significantly change variance. 

Therefore, Elbow method was the primary tool to select the optimal number of clusters, while 

the Silhouette method was used to validate the clusters in the data. 

Prior Principal Component Analysis (PCA) (de Lima and Marfurt, 2018, 2018; Milad et al., 

2018; Milad and Slatt, 2018) was used to describe the statistical importance of the variables 

(proxies) in each cluster, and based on the correlation matrix (Table 3) one may concluded there 

is correlation between the variables. 
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Table 3: correlation matrix between the nine original variables. Some variables show a direct 

correlation with a positive linear slope (e.g. Al vs K), inverse correlation with a negative linear 

slope (e.g. Ca vs Ti), or no correlation (e.g. Mo vs Si/Al). This correlation matrix is used to identify 

any correlation between the variables, a positive slope implies both variables are dependent 

between them, suggesting those variables share the same conditions of deposition. Negative slope 

implies both variables are dependent, but suggests the variables occur in different conditions of 

deposition. No correlation implies the variables are independent between them. 

 

 

After assuming there is a correlation between the variables (Table 3), principal component analysis 

(PCA) was performed for the reduction of dimensions. PCA uses an orthogonal transformation to 

convert the nine variables into principal components (PCs), and each original variable loads in the 

new variables (Table 4). Therefore, I used fewer variables to identify the elemental composition 

signature of each chemofacies. 

 

 

 

 

 

Mg Al K Ca Ti Sr Zr Mo Si.Al

Mg 1.00 -0.09 -0.25 0.38 -0.32 0.32 -0.26 -0.16 0.03

Al -0.09 1.00 0.78 -0.74 0.64 -0.52 0.24 0.13 -0.75

K -0.25 0.78 1.00 -0.81 0.86 -0.54 0.19 0.35 -0.70

Ca 0.38 -0.74 -0.81 1.00 -0.82 0.69 -0.40 -0.37 0.56

Ti -0.32 0.64 0.86 -0.82 1.00 -0.64 0.46 0.27 -0.57

Sr 0.32 -0.52 -0.54 0.69 -0.64 1.00 -0.43 -0.30 0.36

Zr -0.26 0.24 0.19 -0.40 0.46 -0.43 1.00 -0.16 -0.09

Mo -0.16 0.13 0.35 -0.37 0.27 -0.30 -0.16 1.00 -0.05

Si.Al 0.03 -0.75 -0.70 0.56 -0.57 0.36 -0.09 -0.05 1.00
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Table 4: principal component analysis (PCA). The original 9 variables were transformed into 

principal components, each original variable charges in different proportions the principal 

components. The cumulative proportion of each principal component is used to define the 

number of PCs used (PC3 in this case) to explain around 80% of the data variance. 

 

3.5 Sequence stratigraphy  

Sequence stratigraphy subdivides the sedimentary sequence into genetically-related sediments 

bounded by key surfaces, such as sequence boundaries, maximum flooding surfaces, and 

correlative conformities. Changes in the sedimentation rates and the accommodation space of the 

basin generate these surfaces, resulting in changes of the relative sea level position. 

I identified key surfaces -flooding surfaces and regressive surfaces- based on core description and 

gamma ray log by looking peaks and troughs in the radioactive response of the rock. Then, I 

identified parasequence stacking patterns or Gamma Ray Parasequences (GRP) by recognizing the 

trends of increasing-upward or decreasing-upward gamma ray counts. After the interpretation of 

key surfaces and stacking patterns, the depositional sequences were interpreted using the core 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9

Mg 0.170 -0.558 -0.233 0.752 -0.104 0.116 -0.046 -0.105 -0.047

Al -0.383 -0.289 -0.191 -0.051 0.170 -0.449 -0.504 0.379 0.321

K -0.419 -0.199 0.066 -0.121 -0.282 0.296 -0.124 0.336 -0.686

Ca 0.428 -0.062 -0.079 -0.031 0.059 0.077 0.364 0.809 0.094

Ti -0.419 0.070 -0.033 0.060 -0.363 0.534 0.130 0.072 0.613

Sr 0.347 -0.241 -0.070 -0.362 -0.769 -0.250 -0.115 -0.102 0.095

Zr -0.198 0.555 -0.447 0.350 -0.323 -0.391 0.188 0.112 -0.161

Mo -0.157 -0.054 0.800 0.307 -0.189 -0.374 0.213 0.114 0.068

Si.Al 0.327 0.434 0.230 0.253 -0.121 0.226 -0.697 0.191 0.019

Standard deviation 2.172 1.142 1.083 0.823 0.638 0.529 0.495 0.363 0.253

Proportion of Variance 0.524 0.145 0.130 0.075 0.045 0.031 0.027 0.015 0.007

Cumulative Proportion 0.524 0.669 0.799 0.875 0.920 0.951 0.978 0.993 1.000
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description and elemental composition from the HHXRF to build a robust sequence stratigraphic 

framework. 

 

3.6 Organic geochemistry 

51 samples were used to measure total organic content (Leco-TOC) and Rock-Eval pyrolysis 

(S1, S2, Tmax) (Table 5) to evaluate the  organic richness and to interpret reservoirs and 

productive intervals within Mississippian strata.  The parameters I used to evaluate the organic 

richness are: 

TOC = total organic carbon found in the sample 

S1 = the amount of free residual hydrocarbon content (gas and oil) in the sample  

S2 = the amount of hydrocarbon generated through thermal cracking of non-volatile organic 

matter  
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Table 5: samples taken for porosity/permeability and organic richness analysis.

 

Depth Porosity Permeability LECO TOC S1 S2 Tmax

ft % Md wt% mg HC/g mg HC/g ˚ C

Payne 8895.0 Post Red 3.73 0.00100 0.65 0.59 1.41 438

Payne 8898.0 Post Green 2.46 0.00400 0.63 0.00 0.03 403

Payne 8901.0 Post Red - - 0.40 0.03 0.10 373

Payne 8913.0 BSt Yellow 5.6 0.00100 1.03 0.35 1.97 440

Payne 8918.0 LSt Green 1.8 0.03700 1.96 0.60 5.00 441

Payne 8919.0 LSt Green 3.97 0.01200 0.95 0.29 1.59 439

Payne 8921.0 BSt Green 3.95 0.00100 0.73 0.30 1.58 441

Payne 8922.0 LSt Yellow 3.02 0.12100 0.70 0.70 1.48 439

Payne 8924.0 BSt LightBlue 2.23 0.00008 0.83 0.38 1.62 442

Payne 8926.0 BSt Green 1.97 0.00008 0.76 0.28 1.65 439

Payne 8930.0 BSt Yellow 4.27 0.00300 1.60 0.76 5.35 439

Payne 8938.0 BSt Green 4.05 0.00100 1.07 0.99 3.94 441

Payne 8940.0 BSt Green 1.95 0.00020 0.87 0.31 1.93 436

Payne 8941.0 BSt Green 2.36 0.00009 0.71 0.90 2.30 442

Payne 8942.0 BSt Green 3.97 0.00040 0.42 0.36 0.63 438

Payne 8943.0 BSt Green 6.12 0.00600 1.36 0.63 2.56 443

Payne 8947.0 CSt Green 9.31 0.02900 1.76 0.70 5.60 442

Payne 8952.0 BSt Green 6.86 0.00500 0.85 0.81 1.77 439

Payne 8954.0 MCcSt Green - - 0.16 0.48 0.81 427

Payne 8957.5 BSt Green 4.08 0.06100 0.16 0.32 1.19 439

Payne 8958.5 BMds Green 0.65 0.00005 1.64 1.70 4.06 442

Skaggs 9731.2 CSt Blue 9.74 0.05000 0.45 - - -

Skaggs 9732.2 BSt Blue 2.01 0.00020 0.33 - - -

Skaggs 9734 MCcSt Blue 3.71 0.00800 0.30 - - -

Skaggs 9735.2 MCcSt Blue 3 0.00030 0.41 - - -

Skaggs 9736.1 BSt Blue 5.62 0.00300 0.61 - - -

Skaggs 9737.8 MCcSt Blue 2.85 0.00020 0.83 - - -

Skaggs 9740.4 CSt Blue 6.36 0.00200 0.79 - - -

Skaggs 9741.3 BSt LightBlue 3.01 - 0.80 - - -

Skaggs 9743.2 LMds Yellow 0.23 0.00004 0.88 - - -

Skaggs 9744.2 BMds Green 2.34 - 0.99 - - -

Skaggs 9745.7 BMds Green 0.46 - 1.13 0.63 2.99 444

Skaggs 9746.8 LMds Green 0.27 - 0.88 - - -

Skaggs 9747.8 LMds Green 0.21 - 1.50 0.93 6.08 440

Skaggs 9748.8 LMds Blue 0.6 - 1.09 1.38 4.85 437

Skaggs 9749.7 BMds Blue 0.21 - 1.22 0.77 3.51 443

Skaggs 9750.8 LMds Blue 0.27 - 1.26 0.69 3.41 443

Skaggs 9751.2 LMds Blue 0.19 - 1.28 0.78 3.66 445

Skaggs 9753 BMds Green 0.46 - 1.49 0.76 4.44 444

Skaggs 9754 BMds Yellow 0.26 - 1.24 0.87 3.88 444

Skaggs 9756.4 Wdfd Wdfd 1.4 - 0.46 - - -

Skaggs 9757.5 Wdfd Wdfd 0.38 - 2.91 1.71 11.22 450

Skaggs 9758.6 Wdfd Wdfd 0.31 - 3.84 2.49 14.42 446

Skaggs 9759.6 Wdfd Wdfd 0.41 - 3.39 2.25 14.19 450

Skaggs 9760.4 Wdfd Wdfd 0.4 - 5.33 3.03 23.85 445

Skaggs 9761.8 Wdfd Wdfd 0.64 - 0.34 - - -

Skaggs 9762.9 Wdfd Wdfd 2.91 - 6.27 3.84 23.43 447

Skaggs 9764.4 Wdfd Wdfd 1.17 - 5.79 3.53 22.77 448

Skaggs 9765.4 Wdfd Wdfd 0.31 - 2.25 1.77 7.28 446

Skaggs 9766.4 Wdfd Wdfd 1.17 - 4.17 2.82 17.44 448

Skaggs 9768.4 Wdfd Wdfd 0.84 - 2.97 2.12 10.63 446

ChemofaciesLithofaciesCore
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3.7 Porosity/Permeability 

Conventional plug analysis was run on 49 samples (Table 5) by Core Lab using CMS™-300 

Core Measurement System and following conventional plug analysis procedure. Before 

measuring poro/perm, samples were dried at 240° F (115.5oC) to weight equilibrium. Porosity 

was determined using Boyle’s Law technique of measuring grain volume (ambient conditions) 

and pore volume at 4500 (psi) net confining stress (Jones, 1988). Only 27 samples were 

measured because the porosity in the lowermost section is below the detection limit of the 

equipment Klinkenberg Permeability (equivalent non-reactive liquid permeability). Values 

greater than 0.1 mD were measured using helium gas, whereas nitrogen gas was used for 

permeability values lower than 0.1 mD. 

 

3.8 Rock hardness (micro-Rebound hammer) 

The hardness of the rock was measured with a non-destructive Equotip Picolo2. Based on the 

ratio between the rebound velocity and the impact velocity, this tool uses Leeb Hardness values 

(LH)  (Leeb, 1979) as shown in equation 1.  Average values were calculated from five 

measurements taken in the same point as core description and elemental composition.  

 

  1) Hardness (LH) =  
Rebound velocity (Vr)

Impact velocity (Vi)
∗ 1000 

 

3.9 Mapping 

I generated isopach maps based on more than 800 well to identify the relationship between the 

Woodford shale and Mississippian strata. Starting from the core, I correlated key surfaces 
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through the area of study, such as the unconformable contact between the Hunton and the 

Woodford, the top of the Woodford, the top of the GRP1 (Kinderhookian age rocks), and the 

unconformity at the top of the Mississippian rocks.  
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4. RESULTS 

4.1 Petrology 

The diagenetic analysis uses petrography to understand the origin of the calcite cement and its 

effect on the porosity. The petrographic analysis concluded that the mixed carbonate-siliciclastic 

system of the Mississippian rocks are mainly siltstones composed of angular quartz grains with 

calcareous cement. Two big groups of lithofacies were determined based on the mineralogical 

composition. The first group contains a high content of calcite cement (>30%) and low clay 

content: Calcite cement (Ccmt) and Massive calcite-cemented peloidal siltstone (MCcSt). The 

second group is composed of lithofacies with low calcite cement (<30%) content, including 

bioturbated siltstone (BSt), laminated siltstone (LSt), interbedded siltstone (ISt), calcareous 

siltstone (CSt), bioturbated mudstone (BMdst) and laminated mudstone (LMdst). The more 

abundant facies in the Skaggs core are MCcSt, BMdst and LMdst whereas in the Payne core the 

most abundant facies are: MCcSt, BSt and LSt (Figure 3 & 4). It is worth stating that laminated 

lithofacies (LSt and LMdst) groups laminated and massive siltstones to differentiate from their 

bioturbated counterpart (BSt and BMdst).    
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From the core description, one foot of glauconitic sandstone (GS) was identified at the contact 

between the Woodford shale and overlying Mississippian rocks (Figure 3 & 5). The sample is 

mainly glauconite grains of very fine sand and smaller silty quartz grains. Also, a major 

unconformity (Figure 3, 6) was identified at the top of the section, where three samples were 

taken: two below the unconformity and one above it. For practical purposes, all three samples are 

named “Post” (Table 1 & 5) (Figure 3, 6).  

 

Figure 5: contact between the Woodford shale and Mississippian strata. A) core (Skaggs) photo 

of the contact. B) thin section photo of the Woodford shale below the unconformity. C) thin 

section photo of the glauconitic sandstone (GS) in the Mississippian rocks overlying the 

Woodford shale. 
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Figure 6: Mississippian/Pennsylvanian contact. A) core (Payne) photo of the contact with the 

location of the thin sections to the right. B) thin section photo of the Silty micrite at 8901 ft. C) 

Sparitic siltstone at 8898 ft.  D) quartz-rich fine sandstone at 8895 ft. For future reference in the 

isotopes analysis, samples B, C and D are named “Post”. 

 

4.1.1. Detrital composition 

The MCcSt facies has well-sorted grains presenting mainly floating texture (Figure 4A & 7) and 

point contacts but rarely concave/convex contacts. The main constituent in this facies are 

subangular to angular quartz, from very fine sand to medium silt size between 20 µm and 100 

µm (silt size) (Figure 4A & 7). Quartz grains are monocrystalline with very few exceptions of 

polycrystalline grains presenting corroded texture and embayment boundaries where the grain is 
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in contact with calcite cement. Quartz overgrowths are not common in any of the samples 

analyzed. Feldspars grains are mainly plagioclase and they are less common than quartz grains in 

the MCcSt facies (Figure 7). Plagioclase is replaced and altered by calcite cement almost 

completely in some cases. Calcareous peloids are abundant in the MCcSt facies and are 

recognized because those are rod-shaped and stained deep pink (Figure 5 & 7). These peloids are 

composed of micrite (fine-grained calcite) with no internal structure and ellipsoidal shape. In 

some parts, the peloids show concave/convex contacts with the quartz. Other detrital constituents 

of the MCcSt facies are micas (mainly muscovite), calcareous rock fragments, and the heavy 

minerals: zircon (ZrSiO4), pyrite (FeS2), and rutile (TiO2).  

 

Figure 7: Petrographic photos of the Massive calcite-cemented siltstones (MCcSt). A) sample 

Payne 015 at depth 8942.0, parallel Nicols B) crossed Nicols C) sample Payne 003 at depth 

8954.0, parallel Nicolls D) crossed Nicolls. 
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In the lithofacies with low calcite (< 30%) and high clay content, the major constituent is quartz 

grains from very fine silt to coarse silt grain size, averaging medium silt-size. Well-preserved 

fossils from 100 µm to 2 cm long are predominantly brachiopods (Figure 4C-4H). Other detrital 

constituents are feldspars, clays, rock fragments, and glauconite grains. 

 

4.1.2. Diagenetic minerals and cements 

Calcite cement is the main diagenetic mineral, but quartz cement, clays, pyrite, and Fe-oxides are 

also present in the rocks. Diagenetic calcite occurs primarily as blocky cement, engulfing and 

altering silicates in the MCcSt facies (Figure 7), but it also occurs as late unidirectional flows of 

calcite cement also referred to as secondary calcite cement (Ccmt) (Figure 4B). The blocky 

calcite cement is producing the floating texture, and its up to 400 µm crystals occludes the 

porosity, as well as dissolves and alters the silicate grains. The secondary calcite cement (Ccmt) 

lithofacies, in core description, are horizontal white beds from 1 to 2 inches. This type of calcite 

cement is present in the upper part of the Payne core and is characterized by surrounding the 

grains without significantly affecting the silicate grain compositions.  

Less abundant than calcite cement, dolomite cement is present in isolated intergranular pores in 

the MCcSt facies.  Reddish-brown Fe-Oxides are surrounding dolomite cement where dolomite 

is filling secondary porosity (Figure 8).  
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Figure 8: element maps for a sample in Payne core at 8954 ft. A) elemental map of Mg, Fe, Ca, 

K, Al, Na, and Ti B) calcium map.  C) magnesium map D) iron map. Rhombic dolomite crystal 

enriched in iron at the borders.  

 

Other types of cement were found in the systems aside from the calcite cement. Quartz cement is 

less abundant and fills the spaces between the crystals of blocky calcite cement in the MCcSt. 

Clay cement surrounds silicate grains in both calcite cement-rich and calcite cement-poor facies. 

Finally, diagenetic pyrite is present as framboids (Figure 9) predominantly in the bioturbated and 
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laminated (BSt, LSt, BMdst, LMdst) facies, but also occurs in the calcite cement-rich facies 

along the abundant peloids. 

 

 

Figure 9: SEM photomicrographs. A) structural organic matter, Skaggs 9737.5 ft. B) detail of 

Figure 9.A. oil drop. C) pyrite framboids, Payne 8958.5 ft. D) detrital zircon, Skaggs 9741.0 ft. 

E) blocky calcite cement, Skaggs 9731.0 ft. F) dolomite cement surrounding calcareous grains, 

Skaggs 9731.0 ft. 

 

4.2 Carbon and oxygen isotopes (𝛅13C‰ and 𝛅18O‰)   

Isotopic values range from -5.10‰ to +1.10‰ VPDB (mean -0.92‰) for δ13C and -7.60‰ to 

-2.20‰ VPDB (mean of -3.60‰) for δ18O. Three main clusters are observed in the data: facies 

with high calcite cement (I), facies with low calcite cement (II), and samples at the top of the 

section named as “Post” lithofacies (Figure 10). In the Cluster I (MCcSt lithofacies), the values 

of both δ13C  and δ18O  VPDB decrease with depth. For this cluster, the values of δ13C range 

from -1.26‰ to 0.65‰ VPDB (mean -0.40‰) and the values for δ18O range from -4.47‰ to -
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2.37‰ VPDB (mean -3.22‰).  The second cluster (II) is found in low calcite cement 

lithofacies. Figure 10 shows a broad range of values from -0.4‰ to +1.10‰ and from -3.22‰ 

to -2.20‰ of δ13C and δ18O, respectively. The last cluster (III) is formed by samples around 

(above and below)  to the unconformity (Post lithofacies), these samples have the most negative 

values of δ13C vs δ18O.  

 

 

Figure 10: δ13 C vs δ18 O for Mississippian rocks in the Skaggs and Payne cores. It shows three 

main clusters: cluster I in blue (MCcSt), cluster II (lithofacies with low calcite content) in yellow 

and cluster III in green (samples were taken around the unconformity, named “Post”). 

 

To build a relative time framework, carbon isotopic composition was compared to previously 

built type curves ( Saltzman, 2003; Batt et al., 2007; Koch et al., 2014). Skaggs core shows a 

jump for δ13C from -4.75 ‰ to -0.45 ‰ in the contact between the Woodford and 

Mississippian rocks, the rest of the core range between -1.15‰ and 0.65‰ in the Payne core, 
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the highest δ13C values is +1.10 ‰, then, the isotopic composition decreases to -5.10‰ around 

the Unconformity. The incursion of δ13C in Chesterian time from the types curves is not present 

in the Merge curve. 

 

4.3 Elemental composition variability 

X-Ray fluorescence spectroscopy from a HHXRF is a semiquantitative elemental analysis 

technique based on the principle that each element has a characteristic combination of 

fluorescent (or secondary) X-Rays related to the energy lost. When an atom is excited by a 

primary X-Ray source the electrons are ejected, this leaves the atom unstable. Then, electrons 

from higher shells drop to a shell closer to the nucleus; this release of energy produces the 

secondary X-ray. The energy of this X-ray is used to identify each element and consequently 

determine the bulk elemental concentration of the sample. 

The correlation matrix (Table3) shows the relationship between the elements.  A positive strong 

relationship (K vs Al, Ca vs Sr, K vs Ti, ), negative strong relation (Al vs Ca, K vs Ca, Ti vs Ca), 

and no significant (weak) correlation (Mg vs Al, Mg vs Si/Al, Zr vs Si/Al, Mo vs Si/Al) is given 

by correlation coefficients higher than 0.5, lower than -0.5, and between 0.5 and -0.5 

respectively. 

A positive relationship is generated because some variables are proxies interpreted from similar 

paleoenvironments. For example, both K and Al are proxies for clay minerals, therefore they 

have a positive relationship. Note that there may not always be linear trends between proxies 

with the same paleoenvironmental interpretation. For example, Ca and Mg are both carbonate 

proxies, but while calcium is associated with calcium carbonate (mainly calcite in environment 

conditions), Magnesium is associated with calcium magnesium carbonate (dolomite). A negative 
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relationship, like aluminum (clay proxy) and calcium (carbonate proxy), implies that in the 

system, clays and carbonates do not occur under the same conditions, in fact, one may be 

abundant when the other is scarce.  

Direct or inverse relationship between two elements may be dependent or independent to the 

lithofacies. The relation between Ca and Sr (Figure 11) is an example of a relationship dependent 

by lithofacies. Low calcite cement facies show a linear relationship, being clear that the more 

calcium the more strontium. In contrast to the previous trends caused by other lithofacies, MCcSt 

shows an increase in Ca with the constant amount of Sr.  
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Figure 11: carbonate and clay proxies cross plots A) Relation between carbonate source proxies 

(Ca vs Sr). Two differentiated trends are controlled by lithofacies. While the linear direct relation 

is given mainly by low calcite facies, in the MCcSt lithofacies the Ca content increase with 

constant Sr composition. B) Relation between clay proxies (Al vs K). The cross plot 

differentiates two trends not controlled by lithofacies. The trend with higher slope is restricted to 

the lowermost section in the Payne core. 
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On the other hand, the cross plot between Al vs K (Figure 11) is an example of a linear 

relationship independent to lithofacies. In the Al vs K cross plot, two trends with the same linear 

positive relationship but with different slopes were identified. Most of the data lie in the lower-

slope trend and only a small portion of the data lies in the trend with high slope. Contrasting to 

the Ca vs Sr plot, differences between the two trends in the Al vs K cross plot are confined to a 

specific stratigraphic section rather than dependent to different lithofacies. The high-slope trend 

is restricted to the lowest ten-feet section (8954 ft. to 8964 ft.) of the Payne core.  

 

4.4 Optimal number of clusters  

To define the chemofacies from the elemental composition, K-means clustering algorithm were 

used. For this algorithm, the number of clusters and the elements are the inputs, consequently to 

define the optimal number of clusters, Elbow and Silhouette methods (Rousseeuw, 1986; 

Thorndike, 1953) were used (Figure 12). Based on the Silhouette method two main clusters were 

identified, which correspond to objects with high Ca or low Ca. The Elbow method shows that 

after five clusters the variance does not change significantly. Thus, based on this method and 

after using a different number of clusters in the k-means algorithm, five clusters seem to be the 

optimal number of clusters (chemofacies) to find differences within low calcite cement facies. 

Currents studies add a PCA preprocessing step (de Lima and Marfurt, 2018; Sinha et al., 2018) 

to filter the data before clustering. This filtering technique will be used in the future to cluster the 

elemental composition data into chemofacies for Mississippian strata.   
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Figure 12: Silhouette and Elbow methods to select the optimal number of clusters. Silhouette 

(upper) and Elbow (lower) methods were used to define the number of clusters used as an input 

in the K-means clustering algorithm. In the Silhouette method, a high value indicates good match 

and a low value indicates a poor match. The Elbow method measured the distance of an object 

within a cluster. After 4 or 6 number of clusters, the data does not change significantly. 
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4.5 Chemofacies: zones with similar elemental composition 

The goal to define the chemofacies was to identify differences within the two main groups of 

lithofacies, high calcite-cemented and poor calcite-cemented facies. Five chemofacies were 

defined based on the K-means (Figure 13) algorithm: dark blue, light blue, red, yellow, and green. 

Then, Principal component analysis (PCA) helped to define what are the most essential elements 

in each chemofacies.  

The result of PCA are the principal components with a load of each original variable (elements) 

and the cumulative variance of each of the principal components (table 4). The third principal 

component (PC3) is chosen as the cut-off point since it accumulates a variance close to 80%, this 

means that the dimensions of the original data (9 variables) can be reduced to three orthogonal 

variables to explain about 80% of the variance within the data. The following is the importance of 

the original variables in the principal components: PC1 is mainly charged positively by Ca and Sr, 

and negatively by K, Ti and Al; PC2 is charged positively by Zr and Si/Al, and negatively by Mg; 

And PC3 is charged mainly by Mo. To show the importance of each proxy (original variables) in 

the clusters, PC1 vs PC2 were plotted using the five chemofacies from K-means as a grouping 

variable (Figure 13). 



 

36 
 

 
Figure 13: PC1 vs PC2 cross plot using the clusters from K-means as a grouping variable. The 

original variables (orange arrows) were plotted to illustrate the key elements on each 

chemofacies.  

 

Because lithofacies use the mineralogical composition -thus the elemental composition- for their 

identification, lithofacies are linked with the chemofacies resulting from the clustering of the 

elemental composition (Figure 14). Accordingly, dark blue represents high Calcium and 

Strontium content, this chemofacies usually corresponds with MCcSt lithofacies which has high 

calcite content. Light blue chemofacies represents high Mg content and is common in the Skaggs 

core at the base of Mississippian strata. The red cluster is high in Si/Al ratio and Zr, this 

chemofacies is almost entirely restricted to the upper part of the Payne core (close to the 

unconformity) but in exceptional cases appears in the MCcSt lithofacies. Green and Yellow 
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chemofacies are distributed in low calcite-cemented lithofacies with similar elemental 

composition but differ in that yellow chemofacies has slightly more Ti, K, and Al, and the green 

chemofacies has more Molybdenum. 
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4.6 Variation in elemental composition during Mississippian time 

The contact between the Woodford and Mississippian strata in the Skaggs core is marked by a 

decrease of water bottom anoxia (Mo), and clay (Al and K) proxies, and an increase in carbonate 

proxies (Ca and Sr). The section between 9745 and 9750 ft. is characterized by high carbonate 

proxies and relative low continental proxies in comparison to the section between 9740 and 9745 

ft. Despite both intervals are low calcite-cemented lithofacies, the first and deeper interval has 

higher amount of fossil and calcareous rock fragments. The upper section (9730-9740 ft) of the 

Skaggs core is marked by high carbonate proxies, low clay proxies, and high Si/Al ratio. Skaggs 

core has a higher amount of yellow (high in continental proxies) chemofacies at the base, and at 

the top it has more blue chemofacies (high in Ca and Sr). 

Below 8953 ft., Payne core shows low Al but high K and Ti content. The Massive calcite-

cemented siltstones in the Payne core has high carbonate proxies, but low clay and continental 

proxies and high Si/Al ratio. From 8943 to 8903 ft., clays proxies and Ti are increasing upward. 

Strata at the unconformity and immediately below are characterized by highs and lows of 

carbonate, clays and continental proxies. Yellow chemofacies are more abundant at the top of the 

Payne core, while green chemofacies are common between 8915 and 8943 ft. Red chemofacies 

are mainly present in rocks surrounding the unconformity.  

 

4.7 Sequence stratigraphy 

Mississippian strata in the Merge play is bounded at the base by the Devonian Woodford shale 

and at the top by Pennsylvanian strata. Based on well-logs and the interpretation from the Carbon 

isotopes curve, it is likely that Mississippian units in the area under study correspond with a 
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third-order depositional sequence superimposed by smaller fourth-order sequences. Within 

Mississippian strata, a erosional contact at the base of MCcSt lithofacies bounds the 

parasequences. And within each parasequence, MCcSt are separated from bioturbated and 

laminated facies with transitional contacts (Figure 15). A set of these parasequences form a third-

order sequence that corresponds to the gamma-ray parasequences (GRP) used to build the 

sequence stratigraphic framework. 

 

 

Figure 15: photo and scheme of the Mississippian strata in the Payne core. Photo of the core 

(left) and the scheme of the relationship between lithofacies (right). Massive calcite-cemented 

siltstone (MCcSt) is bounded at the base by a sharp erosional contact (A) and at the top by a 

transitional contact (B). 
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Based on the gamma-ray (GR) log response, four gamma ray parasequences (GRPs) were found 

(Figure 16). The first parasequence (GRP1) is bounded at the base by a sequence boundary (SB) 

marked by the presence of a glauconitic sandstone at the contact between the organic-rich 

Woodford shale and Mississippian strata. Increasing upward gamma ray represents the GRP1 

and it is capped by the highest GR peak in the section. The GRP2 shows an upward decreasing 

GR capped by the lowest GR peak in the sections. Despite not having a core available to show 

the GRP2 and the lower portion of GRP3, the second sequence boundary is placed at the top of 

GRP2 due to a major turnaround point from decreasing upward to increasing upward GR trend. 

GRP3 is represented by the low GR packages thinning upward and bounded at the top by a high 

GR peak. Finally, a major unconformity caps the GRP4. This parasequence shows a transition 

from disaggregated laminated siltstones to silty micrite and sparitic siltstone rocks, immediately 

below the unconformity (Figure 6 & 16). The thickness of the GRP4 is variable across the area 

of study due to the unconformity. 
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Figure 16: Gamma-ray parasequence or third-order sequences superimposed by fourth-order 

sequences. Black rectangles to the left represent the cored section in Payne (left) and 

Skaggs(right) wells. The gamma-ray parasequences are interpreted from the well-log rather than 

the core gamma scan. 

 

4.8 Reservoir quality 

The small number of samples may lead us to misinterpret the data. Therefore, this study avoids 

conclusions from lithofacies with only one sample.  

Figure 14 shows the distribution of the lithofacies within the chemofacies. Blue chemofacies has 

a high content of MCcSt lithofacies and lower proportion of facies with low calcite cement. The 

green chemofacies is mainly bioturbated siltstones (BSt), but also has a high content of BMdst, 

LMdst. Yellow, like Green chemofacies, is absent of MCcSt lithofacies but in contrast to Green 

chemofacies, is also absent of Ccmt, CSt and ISt. Light blue and Red chemofacies are rear, but 

BSt and Post are the main lithofacies respectively within them. 
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Calcium is used as a proxy for carbonates, including carbonate of calcite which is controlling the 

reservoir quality in Mississippian strata (Price et al., 2017). Therefore, the distribution of calcium 

within the lithofacies (figure 17) is important to identify the lithofacies with low and high 

reservoir quality. The calcium in BMdst, BSt, and LSt has a broad distribution with values lower 

than 200.000 ppm. The MCcSt lithofacies has also a broad distribution with values higher than 

100.000 ppm. The LMdst lithofacies has a distribution from values as low as 20.000 and as high 

as 240.000. Ccmt, CSt, GS, and ISt distribution is limited to a small range of calcium content. 

The Post lithofacies, located around the upper unconformity has values below 300.000 ppm for 

calcium content until values close to 0 ppm. 

Calcium content is a key differentiator within both, lithofacies and chemofacies. Figure 18 shows 

the distribution of the chemofacies with respect to the calcium content. Dark and Light Blue 

chemofacies have high values of Ca. Contrarily, Green and Yellow chemofacies are placed in the 

low Ca content zone. Again, the Red chemofacies as the Post lithofacies, are distributed in most 

of the Ca content range due to the variability of Calcium around the unconformity. 
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Figure 17: distribution of calcium in each lithofacies.  MCcSt and Ccmt facies have the highest 

calcium content while the GS has the lower calcium content. 

 

Figure 18: calcium distribution in each chemofacies. While the blue chemofacies have the 

highest calcium content, the yellow chemofacies has the lowest calcium content. 

 

4.8.1 Porosity and permeability data 

The distribution of porosity and permeability show most of the samples has low porosity with 

respect to the whole data (figure 19). Data have been divided into three intervals; most of the 

samples with porosity less than 4%, samples with relatively good porosity with values between 4 
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and 7.5%, and anomalous porosity values higher than 8%. The linear positive relation between 

porosity and permeability (figure 20) suggests that the higher the porosity, the higher the 

permeability. 

 

Figure 19: histogram for porosity and permeability in the Mississippian rocks. 

 

Figure 20: linear relationship between porosity and permeability in Mississippian rocks. The 

highest porosity and permeability values correspond to CSt facies while the lowest values 

correspond to LMds. 
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Lithofacies has different porosity and permeability values, in general. CSt is the most porous and 

permeable lithofaciess and BMds and LMds are the least (figure 21). But the most common 

lithofacies in the section are BSt, LSt, and MCcSt. Thus, within these lithofacies, BSt has higher 

average porosity than LSt and MCcSt. Also, LSt has higher average permeability values than 

BSt, and MCcSt shows the lowest permeability values within these three lithofacies (figure 22). 

 

 

 

Figure 21: box plot diagram showing the porosity distribution in each lithofacies. The CSt has 

the highest porosity values, while the bioturbated (BMdst) and laminated (LMdst) mudstones 

have the lower porosity values. 
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Figure 22: box plot showing the permeability distribution in each lithofacies.  Only one sample 

was measured in each BMds and LMds. 

 

4.8.2 Hardness 

Two groups (figure 23) of rocks with hardness values dependent on the lithofacies were 

identified. The first group, bioturbated and laminated facies, increases the hardness of the rock 

with an increase of calcium content. The second group is formed mainly, but not limited to the 

lithofacies with high calcite cement content and is represented by a cluster of high calcium and 

hardness values. 

The highest average hardness values in the cores (Figure 24) is the interval between 9737 and 

9755 ft. in the Skaggs core. Other high average hardness values are placed in the zones with high 

calcium content, around 8950 ft., and around 8925 ft. The difference between these two intervals 

is not only the amount of calcium but also the different lithofacies with distinct types of calcite.   
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Figure 23: cross plot between hardness (LH) and calcium (ppm). Hardness values were measured 

with the Equotip Picolo2 hardness tester and calcium (ppm) were measured with the HHXRF. 

 

4.8.3 Organic geochemistry 

Total organic carbon (TOC) values of Mississippian rocks are considerably less than Woodford 

values. While TOC values for the Woodford shale in the Skaggs core go up to 5.8 wt%, within 

Mississippian rocks, TOC values are less than 2 wt% (table 5).  

In the figure 24, the Skaggs core, which has only a portion of the GRP1, shows a decreasing 

upward in TOC. And the Payne core, containing the upper portion of the GRP3 and the GRP4, 

shows an increase of TOC until the highest value (1.96 wt%) within Mississippian rocks (top of 

GRP3). Then, it shows a decrease of TOC during the GRP4. In despite the upper part of the 

Skaggs core does not have values of S1 and S2, the S2 curve follows the same trend than the 

TOC in both cores. The highest TOC and S2 values are located at 9753 ft. and 9747 ft. in the 

Skaggs core and at 8958 ft., 8947 ft., 8930 ft. and 8918 ft. in the Payne core. S1 curve follows a 

similar trend than TOC and S2 curves with differences at 8947 ft., 8941ft., 8938. and 8922 ft. 
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The highest values of S1 are located at 9748.8 ft. and 9747 ft., in the Skaggs core and at 8958 ft., 

8941 ft. and 8938 ft., in the Payne core. 



 

50 
 

 

F
ig

u
re

 2
4

: 
p
ar

am
et

er
s 

u
se

d
 t

o
 e

v
al

u
at

e 
th

e 
re

se
rv

o
ir

 q
u
al

it
y
: 

li
th

o
fa

ci
es

, 
to

ta
l 

co
re

 g
am

m
a 

ra
y
, 
to

ta
l 

o
rg

an
ic

 c
ar

b
o
n
 (

T
O

C
),

 S
2
 

p
ea

k
, 
S

1
 p

ea
k
, 
h

ar
d
n
es

s 
d
at

a 
fr

o
m

 t
h
e 

E
q
u
o
ti

p
 P

ic
o
lo

2
 h

ar
d
n
es

s 
te

st
er

, 
p
o
ro

si
ty

 a
n
d
 c

h
em

o
fa

ci
es

. 



 

51 
 

4.8.4 Map 

Based on more than 800 wells, three isopach maps from: Woodford, GRP1 and from the top of 

GRP1 to the Unconformity (figure 30) suggests a relationship between them. The thickest values 

of the Woodford are in the south-west zone of the area under study, while the thinnest intervals 

are in the northeast. Like the Woodford, the thinnest values of the GRP1 are located towards the 

northeast, in some cases, GRP1 was not present and the Woodford thins up to less than 10 ft. 

Excluding the northeast zone, the GRP1 thins where the Woodford thickens and vice versa. For 

instance, the western and southwestern part of the area shows a thick Woodford but overlying 

thin GRP1.  

The relationship between GRP1 and the upper part of Mississippian strata (GRP2, GRP3, and 

GRP4) is similar to the relation between the Woodford and GRP1. The upper portion of 

Mississippian strata thins where GRP1 thickens. For example, while GRP1 thickens along a belt-

shape from north to south, the upper portion of Mississippian strata shows the thinnest intervals.  
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Figure 25: isopach maps from 1) Woodford, 2) GRP1 and 3) from the top of GRP1 to the 

Unconformity which corresponds to the Meramec (MRMC). 
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5. DISCUSSION 

5.1. Stratigraphic description 

Rather than a carbonate system (Dunham, 1962), Mississippian strata in the Merge play were 

deposited as a mixed carbonate-siliciclastic system and then, calcareous cement precipitated 

during diagenesis. The Mississippian siliciclastic strata has been interpreted as slope deposits in 

between shelf facies in north Oklahoma and deeper facies southeast of the area (Gutschick and 

Sandberg, 1983; Montgomery et al., 1998; Rogers, 2001; Loucks and Ruppel, 2007; Mazzullo et 

al., 2013, 2009; Koch et al., 2014;). 

Unlike the STACK and SCOOP plays where the Mississippian units thicken up to 500 ft., in the 

Merge play Mississippian strata thins up to 120 ft. Devonian Woodford shale at and 

Pennsylvanian rocks bound the Mississippian strata at the top and base respectively. A 

glauconitic sandstone marks the lower contact, and a major unconformity, interpreted as the 

Mississippian / Pennsylvanian unconformity, marks the upper contact. The glauconitic sandstone 

at the base (Figure 3 & 5) has been reported through an extensive area of Oklahoma, suggesting 

a shallow marine environment. This section represents a combined sequence boundary and a 

transgressive surface of erosion (SB/TSE), condensing a period of time in a thin section where 

the lowstand system tract was not deposited. Mississippian strata thin abruptly in the Merge area 

due to this Miss/Penn unconformity. 

Two different facies associations characterize the system: gravity flows and hemipelagic facies. 

Gravity flows are the massive siltstones and the hemipelagic facies are the laminated and 

bioturbated lithofacies. The massive calcite-cemented siltstone facies are 6 ft. to 12 ft. thick 

massive bodies interpreted as gravity flows. An erosional contact at the base a transitional 

contact at the top to finer grain facies suggest a decrease in flow regime during the 
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sedimentation. These contacts, the lack of the structures and the sorting in these lithofacies 

corroborate the hypothesis of deposition by gravity flows. Also, the well-sorted and subangular 

quartz grains suggest transport by suspension. The source of the sediment is still controversial; 

but for its geographical location (figure 1) these are the most feasible options as the source of the 

sediments: Transcontinental arch, Appalachian highlands, Ozark upflit and Caballos Arkansas 

island chain.  

The abundant counterpart, bioturbated and laminated facies, are hemipelagic facies deposited on 

the slope between the shelf in the north and deeper facies in the south. The well-preserved 

peloids suggest formation in a low-energy setting related to the shelf facies in the north. Changes 

in sedimentation rates possibly cause differences between bioturbated and laminated facies, 

being higher sedimentation rates during laminated facies than during highly bioturbated facies. 

In the bioturbated facies, Phycosiphon, eats clay-size material and leaves behind clay-rich fecal 

zones (Ekdale and Lewis, 1991; Gingras et al., 2015, 2002), being important when planning a 

hydraulic fracture job discussed later.  

 

5.2. Diagenesis and origin of the calcite cement 

This study reveals two paragenetic sequences: 1) gravity flows facies (massive calcite-cemented 

peloidal siltstone and calcareous siltstones) and 2) hemipelagic facies (bioturbated and laminated 

facies). Calcite is present in all the lithofacies, but its amount, type and origin, differs from one 

facies to another. While in the bioturbated and laminated facies the allochems are the only type 

of calcite, in the MCcSt facies, the blocky calcite cement is the main type of calcite but there is 

also calcareous pellets in this lithofacies. These types of calcite have different origin and 

implication on the reservoir quality. Therefore, this diagenesis section gives special attention to 
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the blocky calcite cement lithofacies, MCcSt, due to the importance in the reservoir 

characterization. 

 

Figure 26: paragenetic sequence of Mississippian strata in the Merge area  

 

Contrary to the general idea that blocky calcite cement precipitates on late diagenesis stages 

giving the floating texture (figure 26) (Moore and Wade, 2013) and based on little compaction 

observed and high alteration of siliciclastic grains, it seems that the blocky calcite cement within 

Mississippian rocks was precipitated in late early to middle diagenesis. The little evidence for 

mechanical compaction indicates the primary cementation occurred prior to a major burial. 

Additionally, in some cases, calcite cement replaces almost completely plagioclase grains and 

corrodes some of the more resistant quartz grains (Figure 7). This may be caused because the 

grains have been exposed to the calcite cement during extended periods of time. Based on the 
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origin of the calcite one may predict its distribution, therefore in the following paragraphs the 

uses of δ13C and δ18O are studied to interpret the origin of the calcite cement. 

Carbon isotopes composition has been used to interpret the source of the carbonate that results in 

the precipitation of calcite. Previous studies relate positive δ13C values (High amount of 13C over 

12C) to inorganic source (Ketzer et al., 2002; Mansurbeg et al., 2012, 2009; Yuan et al., 2015; 

Yang et al., 2017). On the other hand, negative values of δ13C results from high amount of 13C 

related to waters enriched in CO2 from the breakdown of organic matter (Allan and Matthews, 

1977; Irwin et al., 1977; Hanor, 1978; Goldstein, 1990; Mansurbeg et al., 2012; Rahman and 

Worden, 2016; Li et al., 2017).  

In contrast to other studies in Mississippian strata  (Batt et al., 2007; Saltzman, 2003; Koch et al., 

2014), most of our samples from Skaggs and Payne cores have slightly positive but mainly 

negative δ13C values.  In the Figure 10 the clusters I and II show similar trends, from more heavy 

isotopes (bigger values of δ13C and δ18O) to lighter isotopes (smaller values of δ13C and δ18O), 

this may indicate the same source for the carbonates in both clusters. While the cluster II 

corresponds to hemipelagic sediments, mainly calcite allochems, in cluster III the blocky calcite 

cement is the main type of calcite. Therefore, in the cluster I the δ13C values, close to 0‰, 

suggest marine bioclastic source of the carbonate. Since no considerable number of fossils were 

observed in the massive calcite-cemented siltstones, bioclasts in the underlying and overlying 

hemipelagic beds are the more feasible source for the blocky calcite cement in the gravity flows 

(Rahman and Worden, 2016). The lowest δ13C and δ18O values correspond to the Cluster III, 

composed of samples close to the unconformity at the top of Mississippian rocks. This indicates, 

that unlike Cluster I and II, CO2     resulted from the breakdown of organic matter which helped to 

precipitate the carbonates next to the Miss/Penn unconformity. Thus, groundwater explains 
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negative δ13C values in rocks next to the Miss/Penn unconformity, because lighter isotopes (13C) 

abound in biological processes that occur at the surface. 

Other diagenetic minerals less relevant than the blocky calcite cement for the reservoir quality 

but equally important to understand the paragenetic sequence of the system are: clays, dolomite, 

pyrite, silica cement and late calcite cement (Ccmt). Muscovite as a detrital component has been 

altered, in some cases almost completely replaced by clay minerals. Thus, in the MCcSt, it is 

likely that alteration of smectite produced illite (Therkelsen, 2016) by interaction between acidic 

waters and CO2  in contact with the micas and feldspars (Lee et al., 2010; Rahman and Worden, 

2016; Wang et al., 2016).  
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Besides the calcite cement, two other cements were found: quartz cement and late calcareous 

cement (Ccmt). The absence of other types of quartz suggests that dissolution of detrital quartz 

resulted in quartz cement filling the spaces between blocky calcite cement. Calcite cement 

lithofacies at the top of the section, suggests that during late diagenesis, unidirectional fluids 

occluded the pores along two-inch zones. This calcite cement differs from the blocky cement 

because it is present in the bioturbated zones rather than in the MCcSt facies and does not alter 

the silicate grains in the same proportion as the the calcite cement. Only one sample was taken 

for this lithofacies, but lighter δ13C and δ18O values than the Clusters I and II (figure 10) suggest 

on organic origin for this calcite cement (Ccmt). Although this facies might not be important to 

reservoir quality because of its scarcity, further studies are important to understand late 

diagenesis in the Mississippian units. 

The rhombic dolomite (figure 27) precipitated in secondary pores where dissolution from 

plagioclase grains occured (Figure 8). Dolomite rhombs are enriched in the center by magnesium 

and Fe-oxides at the borders (Figure 7).  

Pyrite framboids, common in hemipelagic facies and also present in peloids of MCcSt lithofacies 

(figure 27), nucleated from iron monosulphides formed in oxygen-depleted environments 

(Wilkin and Barnes, 1997) but this system may not be deposited in a pure anoxic or euxinic 

environment. 

This study reveals that diagenesis is not the only mechanism, but a major one driving the 

reservoir quality on the Mississippian mixed carbonate-siliciclastic system. Because of the low 

content of clays, these minerals do not affect the reservoir quality significantly. On the other 

hand, the blocky calcite cement, precipitated in late early to middle diagenesis occludes the 
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porosity in the gravity flows, therefore that study of diagenetic calcite is relevant for the reservoir 

quality.  

 

5.3. Time framework 

This study uses geochemistry data (isotopic and elemental composition) to build a relative time 

framework by correlating major changes in the composition of the rock. It is possible to build a 

relative time framework from δ13C because the proportion of 13C over 12C varies over time and it 

is linked to the global carbon cycle (Saltzman, 2003). Additionally, major changes in elemental 

composition are related to changes in the source material, conditions of deposition and burial 

diagenesis. Therefore, by recognizing the changes of elemental composition dependent on the 

conditions of deposition, one may create lines equivalent in time (isochronous). For example, 

change in Molybdenum from the Devonian Woodford shale to Mississippian strata can be used 

as an isochron due to anoxic/euxinic conditions during Devonian time are more related to the 

Woodford than Mississippian strata. 



 

61 
 

 

 

 

F
ig

u
re

 2
8
: 

co
rr

el
at

io
n
 o

f 
ca

rb
o
n
 i

so
to

p
es

 c
u

rv
es

 i
n

 t
h
e 

M
er

g
e 

ar
ea

 w
it

h
 t

w
o
 t

y
p
e 

cu
rv

es
, 
o
n

e 
in

 t
h
e 

A
rr

o
w

 C
an

y
o
n
 R

an
g
e 

(B
at

t 
et

 

al
.,
 2

0
0
7
; 

S
al

tz
m

an
, 
2
0
0
3
) 

an
d
 o

n
e 

in
 t

h
e 

A
n

ad
ar

k
o
 b

as
in

 (
K

o
ch

 e
t 

al
.,
 2

0
1
4
).

 T
h
re

e 
ju

m
p
s 

w
er

e 
co

rr
el

at
ed

: 
th

e 
ju

m
p
 b

et
w

ee
n
 

D
ev

o
n
ia

n
 a

n
d
 K

in
d

er
h
o
o

k
ia

n
 r

o
ck

s,
 t

h
e 

ju
m

p
 b

et
w

ee
n
 O

sa
g
ea

n
 a

n
d
 M

er
am

ec
ia

n
 r

o
ck

s 
an

d
 t

h
e 

ju
m

p
 w

it
h

in
 C

h
es

te
ri

an
 r

o
ck

s 
(n

o
t 

p
re

se
n
t 

in
 t

h
e 

M
er

g
e 

ar
ea

).
 



 

62 
 

This study uses two type curves of δ13C for time correlations: one in Arrow Canyon Range, 

Nevada (Batt et al., 2007; Saltzman, 2003) and one in the north part of the Anadarko basin 

(figure 28) (Koch et al., 2014). Based on the curve trends of the carbon isotopic composition, I 

identify three jumps. At the base of the section, the δ13C data show an incursion from low to 

high δ13C values also correlated with the increase in Molybdenum content. This has been 

interpreted as the contact between Devonian Woodford shale and Kinderhookian in age rocks.  

The second jump, a slight change in the trend of  δ13C values, has been interpreted as the 

Osagean and Meramecian boundary. Elemental composition also depicts this boundary, where 

the interpreted Osagean in time section shows a higher slope than the remaining section in the Al 

vs K cross plot (figure 11B). The relationship between Al and K may be related to conditions of 

deposition or source material rather than diagenesis. This is important because it helps us to find 

changes through time. Therefore, the lower section of the Payne core corresponds to the Osagean 

time and the remaining section to Meramecian in time. The top of the Payne core shows a 

decrease of δ13C  without any abrupt jump. Comparing with the other curves, the Payne core 

does not show the jump at the base of the Chesterian age rocks. This implies that unlike the 

northern part of the Anadarko basin where Mississippian / Pennsylvanian unconformity is placed 

at the top of Chesterian rocks, in the Merge play, this unconformity eroded most of the 

Chesterian strata (Sutherland, 1988).  

Therefore, this study provides a relative chronostratigraphic framework for Mississippian strata 

in the Merge play. The Skaggs core has the Devonian Woodford shale and Kinderhookian in age 

strata, on the other hand the Payne core has Osagean in time at the base of the core and 

Meramecian strata at the upper part of the core. Therefore this corroborates the hypothesis that 

the unconformity at the top of the section is the Mississippian/Pennsylvanian unconformity (Berg 
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et al., 2015; Koch et al., 2014; Grammer et al., 2013; Dolton and Finn, 1989; Bennison, 1956; 

Huffman and Barker, 1950). 

 

5.4. Sequence stratigraphy 

Two important sequence boundaries, the contact with the Woodford shale and the Miss/Penn 

unconformity bounds Mississippian strata in the merge play. This study identifies another major 

sequence boundary (top of the GRP2) based on the gamma ray log (figure 16). Disregarding the 

sequence boundaries, the Mississippian strata in the Merge area were deposited as a product of 

hemipelagic sediments and gravity flow events. A series of these events compose a parasequence 

set used to identify the gamma ray parasequences (GRPs).  

Sequence stratigraphy lies on the correlation of surfaces that mark a shift in stacking patterns. 

Chemostratigraphy helps to correlate and interpret those stacking patterns as follows. In a 

siliciclastic system, a relative fall in the sea level characterizes the lowstand system tract (LST). 

In the LST an increase in Al-K (clay proxies) and Ti-Zr (continental proxies) depicts an increase 

in clastic input. Also, because LST is present in poorly oxygenated waters, one may expect high 

concentration levels of bottom water anoxia proxies (Mo). The transgressive system tract (TST) 

shows declining concentration of continental proxies (Ti and Zr) due to the relative rise of sea 

level. Parallel to this, the relative sea-level rise activates the bottom water circulation, this results 

in a declining concentration of bottom water anoxia proxies (Mo) in the column. The highstand 

system tract (HST) shows high concentration of clay (Al and K) and continental (Ti and K) 

proxies due to an increase of clastic input, but low levels of bottom water anoxia proxies (Mo) 

(Turner et al., 2016). Due to the absence of cored section, the use of elemental composition to 
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build a robust sequence stratigraphic framework was used only for the lower part of GRP1, the 

upper section of GRP3, and the GRP4. 

The contact between the Woodford and Mississippian strata manifested by an abrupt change in 

elemental composition marks a sequence boundary. This sequence boundary is characterized by 

a decrease in bottom water anoxia concentration and an increase of carbonate proxies and 

bioturbation index. This is caused by the change from deeper oxic-depleted waters from the 

Woodford, to shallower and more oxygenated waters during early Mississippian time (Figure 3). 

The presence of the shallow marine glauconitic sandstone (GS) related to the transgressive 

surface of erosion (TSE) overlying the erosional SB (figure 5), not only implies the absence of 

the LST, but also the absence of significant subaerial exposure. Hence, the SB and the following 

transgressive period formed a single surface, sequence boundary/transgressive surface of erosion 

(SB/TSE), which represents a significant time lag and divides the Devonian Woodford shale 

from the Mississippian strata.  

The GRP1 is a calcareous mudstone of Kinderhookian age, with the least porous facies within 

Mississippian strata and considerably less organics than the Woodford shale (table 5). Based on 

the lithofacies and the gamma ray response, this GRP1 is interpreted as a transition from a highly 

productive shale (deep environment) to less organic slope deposits. Then, not present in the 

cores, the highest GR peak in Mississippian strata cap the GRP1. This peak has been interpreted 

as a flooding surface overlying a transgressive event. This GRP1 may be correlative in time and 

lithology to the Kinderhook shale in the north part of the Anadarko basin ( Mazzullo et al., 2009; 

Mazzullo, 2011) and the transition zone at the south (Milad and Slatt, 2018). Because GRP1 

shows a transition from the Devonian Woodford shale to the Osagean and Meramecian age 

rocks, I suggest this interval should be treated as a different unconventional reservoir from the 
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Woodford and the younger Mississippian strata, the reason is because GRP1 has distinctive 

characteristics which will be discussed in the reservoir quality section. 

As the upper part of the GRP1, GRP2 is not present in the cores. The decreasing upward trend 

from GRP2 is overlying the flooding surface from the GRP1. Despite the absence of cored strata, 

GRP2 is capped by a major turnaround point in the GR log.  I interpreted this surface as a 

sequence boundary (SB2) that mark the beginning of the thinning upward sequence in the Merge 

play. Based on the elemental composition, it is expected that the GRP2 has a higher content of 

continental proxies than GRP1 but low concentration of bottom water proxies due to the 

circulation of bottom waters. 

The GR log, lithofacies, and XRF profile shows that GRP3 is generally a transgressive event. 

Carbonate and continental proxies decline due to the relative increase in sea-level. Also, bottom 

water anoxia proxy (Mo) decreases due to the circulation of bottom waters driven by the relative 

increase in sea-level. At around 8,954 ft., a shift in Al, K, Ti, and Si/Al concentrations generates 

two slopes (Figure 11) between aluminum and potassium. The change in the slope is not 

dependent on the lithofacies but is restricted to a section (below 8,954 ft.) in the cores. This 

major change in elemental composition was interpreted as the Osagean and Meramecian 

boundary implying changes in conditions at the time of deposition.  

The Mississippian/Pennsylvanian unconformity eroded the uppermost portion of Mississippian 

strata, changing the thickness of the regressive GRP4 through the area of study. This 

parasequence is characterized by a transition from laminated mudstone to a silty micrite and 

sparitic siltstone from a shallower environment. Subaerial exposure resulted in the 

Mississippian/Pennsylvanian unconformity and the rocks below and above the unconformity are 
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related to a red (high Zr and Si/Al) chemofacies (red in Figure 13) due to an increase of 

continental input. 

 

5.5. Reservoir quality 

Some important parameters to consider when characterizing an unconventional reservoir are 

organic richness, maturation, porosity and geomechanical properties (Slatt et al., 2012). Organic 

richness and maturation are related to the organic content in the rock; porosity is the storage 

capacity; and the mechanical properties, correspond to the response of the rock when applying 

stress. Therefore, the following paragraphs discuss the vertical variability of organic matter, 

porosity and hardness of Mississippian strata to identify the best landing zones. 

One of the big questions is the origin of the hydrocarbons in the Mississippian strata, but this 

study does not pretend to define if the Mississippian units are self-source rock or a reservoir 

charged with hydrocarbons migrated from the Woodford. However, assuming Mississippian 

rocks are charged with hydrocarbons independently of the source, TOC values equal or higher 

than 1.5 wt% with Tmax values between 440 and 444 °C are considered mature enough to 

produce hydrocarbons (Law, 1999). 

The S1 peak represent all the hydrocarbons in the rock, migrated and generated, hence, the three 

S1 peaks (9745 ft.-Skaggs, and 8655 ft.-Payne, and 8938 ft.-Payne) correspond to rock with 

potential to be a good reservoir. While the two lower intervals are accompanied by high TOC 

and S2 values, the uppermost interval corresponds to low TOC and S2 values, thus migrated 

hydrocarbons may charge this interval. 
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The second parameter, porosity, varies from one lithofacies to another controlled by the amount 

and type of calcite. The proportion of the lithofacies is important to evaluate the landing zone 

thus, the most abundant lithofacies and consequently the ones to consider when evaluating the 

reservoir quality are BMdst, BSt, LMdst, LSt, and MCcSt. So, the CSt which is the most porous 

lithofacies but the least abundant is not considered for this reservoir quality study. However, one 

may predict this lithofacies based on elemental composition. Intervals with high continental 

proxies and low clay proxies are characteristic of the gravity flows, and then carbonate proxies 

help to differentiate between CSt and MCcSt. Understand why the blocky calcite cement did not 

affect some portions of the gravity flows is the key to predict porous intervals through the 

Anadarko basin. 

From the five most abundant lithofacies, the bioturbated siltstones and the laminated mudstones 

are the most and least porous respectively. The mudstones (BMdst and LMdst) in the GRP1 have 

similar porosity (from conventional plug analysis) values than the Woodford shale (figure 21) 

but less hardness values. Therefore, when planning a horizontal well, different well completion 

plans should be considered for the Upper Woodford shale, GRP1 (Kinderhookian in age) and the 

remaining Mississippian strata. 

Finally, not only the amount but the type of calcite is also important in the mechanical behavior 

of the rock, and these differ from the gravity flows to the hemipelagic facies. While the calcite in 

the gravity flows is the digenetic blocky cement, in the hemipelagic flows the calcite is mainly 

allochems. Calcite cement in MCcSt facies produce intervals with constant high hardness values 

irrespective of the amount of calcite. On the other hand, in the hemipelagic facies the calcium 

content controls the hardness, so the more calcite the harder the rock. Therefore, the hardness in 

Misssissippian strata in the Merge play depends on the calcite type and amount. 
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Other factors when planning a horizontal well is the anisotropy of the rock. Bioturbation creates 

planes of weakness necessary to generate the fractures (Becerra et al., 2018). So, within the 

hemipelagic facies, the bioturbated intervals with high bioturbation index (Taylor and Goldring, 

1993) are expected to produce fractures easier than the massive lithofacies. 

Therefore, with the previous information three zones were proposed to land a horizontal well, 

one in the GRP1 (9745 - 9759) and two in GRP3 (8955 - 8960 and 8938 - 8941).  The two GRPs 

analyzed have different properties when evaluating the reservoir quality. Bioturbated facies are 

common in these three intervals. These lithofacies have higher reservoir quality because it is not 

affected by the calcite cement and it is highly anisotropic due to the bioturbation. Then, 

hemipelagic facies with relatively high calcium content, has many plane of weaknesses to 

produce the fractures; are fairly hard to maintain the fractures open; and the calcite cement has 

not occluded the porosity.  

The three proposed intervals should be analyzed based on the relationship with GRPs. These 

parasequences are not uniformly distributed through the area of study, instead of that, in some 

parts of the Merge play there is a higher proportion of GRP1 than GRP3, while in other areas 

GRP3 is thicker than GRP1. In other words, if targeting GRP1, the southern part of the area of 

study should be better because GRP1 and the underlying Woodford are thicker than other parts 

of the Merge play. On the other hand, GRP3 is thicker in the northwestern and thus, well 

targeting in GRP3 should be located in this area.  
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CONCLUSIONS 

• Differences in geologic factors like conditions of deposition, sediment source, and burial 

diagenesis resulted in two major facies associations, gravity flows, and hemipelagic 

sediments. While gravity flows are mainly massive (unstructured) well-sorted siltstones, the 

hemipelagic sediments are mainly laminated and bioturbated.  

• Different lithofacies were identified in the two gravity flows and hemipelagic sediments. In 

the gravity flows, the calcareous siltstone and the massive calcite-cemented siltstones differ 

in that the blocky calcite cement content is higher in latter than in the former. In hemipelagic 

sediments, the laminated and bioturbated facies differ in that lower sedimentation rates are 

expected in the bioturbated than in the laminated facies. 

• Five chemofacies were identified from clustering analysis of elemental composition. ‘Blue’ 

chemofacies is related with high Calcium and Strontium; ‘light blue’ with high Mg; ‘red’ 

with high Si/Al and Zr; ‘Green’ and ‘Yellow’ chemofacies are distributed in low calcite-

cemented lithofacies with similar elemental compositions but differ in that yellow 

chemofacies has slightly more Ti, K, and Al, and the green chemofacies has more 

Molybdenum. 

• There are two main types of calcite in the facies, allochems and blocky calcite cement. 

Allochems (peloids, fossils, and calcareous rock fragments) were transported, most likely 

from the shelf in the north, and deposited in both, gravity flow facies and hemipelagic 

sediments. Blocky calcite cement precipitated during burial only in massive calcite-cemented 

siltstones of the gravity flows facies, but not in the hemipelagic facies nor the calcareous 

siltstones of the gravity flows.  
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• The amount and type of calcite control the porosity/permeability and hardness. Allochems 

content controls the hardness of the rock, the more allochems the harder the rock. However, 

this direct relationship is not conserved in the lithofacies that blocky calcite cement has 

precipitated (MCcSt). In the massive calcite-cemented siltstones the blocky calcite cement 

occludes the original porosity. Therefore, the lithofacies without blocky calcite cement have 

better reservoir quality.  

• Petrographic analysis suggests the blocky calcite cement precipitated during late early to 

middle diagenesis. Stable isotopes data suggests a marine bioclastic source from surrounding 

beds as the origin for the carbonates in the blocky calcite cement. 

• Changes in the composition of the rock, in this case isotopic (δ13C)  and elemental 

composition, were used to build a relative time framework and strengthen the sequence 

stratigraphic model. Based on this data, it seems that the Mississippian/Pennsylvanian 

unconformity eroded the uppermost section of Mississippian strata in the Merge play. 
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