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Abstract 

Chemical and mineralogical compositions of < 2 µm-size fraction clays of the shale source rocks 

of Devonian-Mississippian age in northern Oklahoma were determined to find any link between 

the minerals and the generation of petroleum. Ten samples of clay separates were analyzed for 

their mineral composition, major element contents, K/Rb ratios, and REE contents. XRD analyses 

and SEM showed the presence of discrete illite, the most dominant clay mineral, with smaller 

amounts of mixed-layer illite/smectite, chlorite, and kaolinite. The non-clay minerals found in the 

Woodford Shale from this study include quartz, dolomite, calcite, pyrite, feldspar (albite and 

microcline), and apatite. The clays in these rocks have a range of K/Rb ratios between 160 and 

207. These ratios are considerably lower than the ratios of average silicate minerals (clays), with 

expected ratios between 250 and 350. It could be that clays received K and Rb from a solution, 

which was partly involved in oil generation by which oil received more K relative to Rb making 

the aqueous phase depleted in K/Rb ratios (Alvarez, 2015). Thus, the low K/Rb ratios for these 

clays may be reflecting signatures of reactions involving oil generation. The total REE contents 

ranged between 13 and 30 ppm. The low total REE contents of < 2 µm-size fraction clays in the 

Woodford Shale as compared to average sedimentary rocks which may be represented by values 

given either PAAS 184 ppm or NASC with 178 ppm, may suggest that the formation of the clays 

was linked to oil generation, having known of the face from the study of Alvarez (2015) that crude 

oils could have higher specific REE concentrations than the associated formation waters. PAAS-

normalized REE patterns for these samples display positive Gd anomalies. Two out of the ten 

samples had prominent Ce anomalies. Only three out of ten samples had Eu positive anomalies, 

one of which was quite prominent. All samples had MREE enrichment, superimposed on either a 

flat REE distribution patterns with enrichment in LREE. Only one pattern showed the distribution 



 

 

with a distinct HREE enrichment. The MREE anomalies could be from the effect of phosphate 

mineralization. In fact, the X-ray diffraction patterns of random powder samples showed the 

presence of fluorapatite and chlorapatite in most of the studied samples. The total organic carbon 

(TOC) contents of the whole rocks ranged from 0.5 to 6.54 wt.%. Thus, it can be concluded that 

hydrocarbon generation potential of the Woodford shale (0.8-4.44 wt.%) is significantly higher 

than Mississippian Lime unit (0.5 wt.%). Only one sample, which belonged to pre-Woodford Shale 

Hunton group, had the highest value of TOC. The available K-Ar dates of < 2 µm-size fraction 

clays suggest that the clays are authigenic (illites) for at least some samples. The dates ranged from 

318.6 ± 7.9 Ma (Serpukhovian) to 353.9 ± 7.9 Ma (Tournaisian).  All dates are younger than the 

times of deposition of the Woodford Shale. Assuming there is a genetic link between formation of 

authigenic illite and hydrocarbon generation, this study suggests that oil generation may have taken 

place on an average about 30 Ma after the deposition of the Woodford Shale. 
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Chapter 1- Introduction 

Oil and gas generation is a geological phenomenon that may occur over a period of time 

ranging from 5 to 10 million years to more than 100 million years (Tissot and Welte, 1984). 

Hydrocarbon generation has generally been thought to be a simple process in shale source rocks. 

Holding this view, Bordenave (1993) and several others (Tissot and Wellte, 1984) have mentioned 

that oil and gas are generated by gentle cooking of organic matter contained in organic-rich 

sediments in shale source rocks as they become progressively buried under increased geothermal 

heat that leads to thermal cracking of the sedimentary organic matter. However, this is only part 

of the history of oil and gas generation. A model has been suggested by Chaudhdri (personal 

communication), which is currently labeled as CTC model, after Chaudhuri, Totten, and Clauer, 

that gives a holistic view about the origin of petroleum. The model emphasizes nearly simultaneous 

interactions that take place among organic matter, minerals, water, gas, and energy, both 

geothermal heat and radiation energy, during the process of hydrocarbon liquid and gas 

generations in the shale source rocks. The configurations of interactions among these various 

parameters have yet to be resolved, although a holistic view seems to shed more light on the 

understanding of processes about oil and gas generations in the shale source beds than simplistic 

view of cracking organic matter under buried heat. The roles of minerals in hydrocarbon generation 

from kerogen in shale source beds remains uncertain. Currently, two views are held. Some hold 

the view that minerals may play no role, or at best a very small catalytic role in the hydrocarbon 

generation process (Huc et al., 1986; Monin and Audibert, 1988; Tissot and Welte, 1984). Surface 

area of particles has an important influence on reaction processes. Lewan, (1993), observing the 

results from hydrous pyrolysis experiments, noted that the size of the rock chips had no appreciable 

effect on hydrocarbon product yield, which seems to suggest that mineral matrices have an 
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insignificant role in hydrocarbon generation. Contrarily, a number of investigators have held a 

different view, maintaining that the minerals in shale source rocks play a significant role in the 

origin of petroleum hydrocarbons (Weiss, 1963; Hunt, 1979; Eisma and Jurg, 1967; Shimoyama 

and Johns, 1971; Almon and Johns, 1977; Espitalié et al., 1980). As the issue remains unresolved, 

further study of source rock materials is warranted in order to evaluate whether the composition 

of source rocks affect the process of hydrocarbon generation.   

This study made an investigation on mineralogical and chemical compositions of 

Devonian-Mississippian the Woodford Shale in Oklahoma, which is well known for commercial 

productions of oil and gas. The purpose of this study was to determine whether mineral reactions, 

especially those involving clay minerals genetically linked to organic matter transformation into 

hydrocarbons. Besides mineralogical and chemical analyses, K-Ar isotope compositions of < 2 

µm-size fraction clays in the Woodford Shale were determined to establish possibly the timing of 

hydrocarbon generation. Samples of well cuttings of the Woodford Shale from oil-producing fields 

in Payne and Pottawatomie Counties, Oklahoma were used for this study.  
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Stratigraphic, Structural, and Lithological Settings 

The Woodford Shale of the middle Devonian to early Mississippian age is underlain 

unconformably by Silurian Hunton group (Figure 1), and is overlain by lower Mississippian Lime 

unit (Bebout et al., 1993; Henry and Hester, 1995; Johnson et al., 1989; Johnson and Cardott, 1992). 

The Woodford Shale, which is known as the major source rocks for hydrocarbon deposition in the 

Anadarko and Arkoma basins and also in the Cherokee Platform (Rascoe and Hyne, 1988; 

Wickstrom and Johnson, 2012), consists largely of fine-grained sediments with a high content of 

carbon and hydrogen (Ramirez-Caro, 2013). The thickness of the Woodford Shale in the study 

area ranged between 50 and 100 ft on the shallow shelf region in the northern of Oklahoma, and 

between 200 and 900 ft thick in the southern Oklahoma Aulacogen (Johnson and Cardott, 1992). 

The Woodford Shale is an organic-rich siliceous shale with varied amounts of interbedded 

carbonate and chert beds in association with phosphatic nodules (Andrews, 2009).  

During the period between Late Devonian and the Early Mississippian, euxinic sea 

transgression occurred from south to southeast (Kirkland et al., 1992), resulting in the deposition 

of black organic rich sediments that included the Woodford Shale (Johnson et al., 1989).  

During the late Mississippian to early Pennsylvanian, the Oklahoma region saw 

epeirogenic uplift and erosion, and followed by periods of orogenesis (Johnson and Cardott, 1992). 

These events produced the present-day display of depositional and tectonic provinces (Figure 2). 

Based on geochemical parameters, geotechnical responses and well logs, the Woodford 

Shale has been subdivided into three members, Lower, Middle, and Upper (Cardott, 2009; Portas, 

2009; Miceli, 2010; Slatt et al., 2013). The lower member contains interbedded black and gray 

siliceous fine grained rocks whereas the middle member is made up of black to gray fissile shale. 
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In many ways, the upper member is similar to the lower member. Both include cherty beds, with 

interbedded black to gray-siliceous shale, but the upper member is noted for presence of abundant 

included phosphate nodules (Ramirez-Caro, 2013). Most hydrocarbon production comes from the 

Meddle member.  According to Comer and Hinch (1987), there are differences of the organic 

carbon content. Chert contains less than 0.1 wt.%, while black shale contains 35 wt.% organic 

carbon. Mostly, the organic matter is oil-prone type II kerogen (Comer and Hinch, 1987). Kerogen 

Type II commonly contains the remains of plankton (McCarthy et al., 2011).  

The Woodford Shale is characterized as a good thermal maturity in shallow depth, and has 

high silica concentrations that create fractures when the well drills. Vitrinite reflectance 

information indicates that the Woodford Shale in Oklahoma ranged between <0.5% Ro, which is 

a low value of oil generation and >0.2% Ro implying high oil generation to dry gas generation 

(Comer and Hinch, 1987; Comer, 2008a).  
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Figure 1: The stratigraphy of the Anadarko Basin, modified by Higley et al., (2014). 

 



 

6 

 Figure 2:The present-day of geological basins of Oklahoma, modified by Northcuut and 

Campbell, (1995). 
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Chapter 2- Materials and Methods 

The study area is located in the Cherokee Platform (Figure 2). Ten separate batches of shale 

rock cuttings, chosen randomly, were collected from Devonian-Mississippian oil-producing buried 

shale (Figure 3). These samples were selected to provide some range of horizontal and vertical 

covers for the study. Eight samples from the Woodford Shale and one sample from Hunton group 

which is below the Woodford Shale, and one sample from Mississippian Lime bed above the 

Woodford Shale. One of the Woodford shale samples came from Pottawatomi County, Oklahoma 

whereas the rest came from Payne County, Oklahoma (Table 3). Each collected sample was 

processed for separation of < 2 µm diameter fraction by a gravitative sedimentation method, 

following the settling parameter given in Folk (1968) for particle settlings in an aqueous medium. 

An aliquot of the slurry for each sample was used to make a glass slide coated with the clay derived 

from drying of slurry. This slide was then used for X-ray diffraction analyses of clay mineral 

composition of < 2 µm-size fraction sediments of the sample. The remaining slurry, after taking 

an aliquot to prepare the glass slide, was evaporated to dryness at room temperature to obtain a 

powdered sample of the < 2 µm-size clay fractions. The powder sample was then used to make 

chemical analysis for elemental contents, both major and trace element contents, to describe the 

chemical make-up of each sample and also to make analysis of K-Ar isotopes to obtain an isotopic 

age of the sample. 
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Table 1: Location of Samples and their depths. 

 

Sample 

Name 

 

Well Name 

 

Section 

 

Township 

 

Range 

 

County 

 

Sample 

depth (ft) 

 

Formation 

SA-1 Spicer 1-36H 36 08N 03E Pottawatomie 

Co, OK 

6180-6200 The Woodford 

Shale 

SA-2 Murlin 1-27H 27 18N 03E Payne Co, 

OK 

5960-5990 The Woodford 

Shale 

SA-3 Murlin 1-27H 27 18N 03E Payne Co, 

OK 

6140-6170 The Woodford 

Shale 

SA-4 Boyd 1-18WH 18 20N 02E Payne Co, 

OK 

5230-5240 The Woodford 

Shale 

SA-5 Boyd 1-18WH 18 20N 02E Payne Co, 

OK 

6980-7000 The Woodford 

Shale 

SA-6 State 1-15H 22 19N 03E Payne Co, 

OK 

7410-7440 Hunton group 

SA-7 State 1-15H 22 19N 03E Payne Co, 

OK 

4010-4020 Mississippian 

Lime 

SA-8 State 1-15H 22 19N 03E Payne Co, 

OK 

4860-4880 The Woodford 

Shale 

SA-9 Stockton 1-

34H 

34 18N 03E Payne Co, 

OK 

7510-7540 The Woodford 

Shale 

SA-10 Stockton 1-

34H 

34 18N 03E Payne Co, 

OK 

4980-5000 The Woodford 

Shale 
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Figure 3: The samples’ location and study area. 
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Mineralogical analyses 

X-ray diffractions and scanning electron microscopy analyses 

X-ray diffraction patterns for each < 2 µm-size clays were obtained from air-dried, ethylene 

glycol saturation, heating to 490 º C for one hour and a hydrazine treatment. A semi-quantitative 

(± 15%) estimation for each different clay sample was made, applying appropriate structural 

factors to the respective clay mineral reflections following collection of each sample. 

Five whole rock samples were selected for their random powder X-ray diffraction to 

identify different minerals present in each sample. Random powder samples derived from < 2 µm-

size fractions of the five samples were also investigated by X-ray diffraction for their mineralogical 

contents. X-ray diffraction analyses were carried out on each sample by on a Brüker D5000 

diffractometer, using Cu-Kα radiation generated at 40kV / 30mA. Oriented samples were run with 

a scanning step of 0.02º / second and a 2 Ѳ seeking range between 3 and 30º  for the air-dried and 

ethylene glycol saturated samples, and from 3 to 15º for heating and hydrazine treatments. For 

powder sample X-ray diffraction runs, a scanning sample rate of 0.02º / second was maintained 

with a scanning range between 3 and 65º. Random powders of < 2 µm-size were scanned slowly 

at a rate of 0.03º / 25 second for the 2 Ѳ range between 57 and 65º  for finding the 060 reflections 

of the clay minerals (Moore and Reynolds, 1997). All X-ray diffraction analyses were made in the 

X-ray analytical lab at the University of Strasbourg in Strasbourg, France.  

A semi-quantitative estimate of the samples was made for mineralogical compositions of 

each sample from comparisons with standard samples made up of clay minerals, quartz, calcite, 

apatite, feldspar and pyrite that were mixed in different proportions. Scanning electron microscopy 

SEM investigations of < 2 µm-size fractions were made, using the facilities available at Kansas 

State University, to help characterize morphologies of the clay particles. 
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Geochemical analyses 

ICP-AES and ICP-MS 

A known amount about 100 mg of each < 2 µm-size fraction clays was placed in  a cap-

fitting Teflon crucible, to which was added 15 ml of high purity of hydrofluoric acid, and about 3 

ml of perchloric acid. The crucible was then put on a hot plate at 70-80 °C in a fume hood to digest 

the sample in the acid mixture for nearly 18 hours. The lid was then removed to let the remaining 

solution be evaporated to dryness. Following this dryness, about 5 ml of deionized water was added. 

This solution was evaporated again. The residue was dissolved in a small volume about 5 to 6 ml 

of mixture of highly purified nitric acid and highly purified hydrochloric acid (1:2). The solution 

then again was evaporated to dryness. The crucible was removed from the hot plate to let the 

evaporated mass cool to room temperature. Now the dried mass was dissolved in a known volume 

of highly purified 0.5 normal nitric acid. This is the final solution that was analyzed for major and 

trace element contents by ICP-AES and ICP-MS. These analyses were done at the University of 

Strasbourg in Strasbourg, France. All major chemical data have analytical accuracy within 2 to 5% 

at 95% confidence level and that within 5 to 10% accuracy at 95% confidence for trace or miner 

elements data, as reported by the chemical laboratory at the University of Strasbourg. 

Determination of total organic carbon (TOC) and Rock-Eval Pyrolysis 

Three Woodford Shale whole-rock samples, one Mississippian Lime whole-rock sample, 

and one Hunton group whole-rock sample were analyzed for total organic carbon and also for 

Rock-Eval pyrolysis. The total organic carbon and Rock-Eval analyses were performed by 

GeoMark Laboratory in Humble, Texas.   
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The K-Ar isotopic data 

Five sample of < 2 µm-size fraction clays were analyzed for their K-Ar dates. K-Ar 

analyses were done by the Commonwealth Scientific and Industrial Research Organisation 

(CSIRO), in Australia, using techniques that were similar to that Dalrymple and Lanphere (1969), 

Bonhomme et al (1975) and Steiger and Jäger (1977).  

 

Chapter 3 – Results 

Mineralogical analyses  

Oriented samples of < 2 µm-size fraction clays 

The X-ray diffraction analyses of the < 2 µm-size fraction clays revealed that they consisted 

of discrete illite, the most dominant clay mineral, with smaller amounts of mixed-layer 

illite/smectite (about 90-95% of which was illite), chlorite and kaolinite (Figure 4). 

X-ray diffraction patterns of < 2 µm-size fraction clays (oriented slides) illustrated discrete 

illite as a very sharp (well crystalline) and asymmetry on (001) peak at 9.99 Å. Moreover, a mixed-

layer illite/smectite was found in a few samples, glycolated peak a slight tail near 10.4 Å. On the 

reflection of heating condition showed two peaks at 9.98 Å and the other at 10.41 Å. The 9.98 Å 

reflection may reflect of distinct illite, and 10.48 Å reflection could be other type of mixed-layer 

clays of illite-smectite composition, but highly dominated by illite, possibly smectite with 

hydroxyl interlayer. 
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Table 2: The clays < 2µm-size fraction. 

Sample % Clay Minerals 

SA-1 84.8 

SA-2 88.05 

SA-3 89.21 

SA-4 83.44 

SA-5 82.45 

SA-6 90.3 

SA-7 85.43 

SA-8 63.48 

SA-9 90.36 

SA-10 61.5 

 

Figure (5) illustrates the X-ray diffraction pattern of sample SA-8, which is a typical representative 

of all other samples. X-ray diffraction (XRD) patterns for other samples can be found in Appendix 

A. 
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 Figure 4: XRD patterns of the oriented sample underwent four treatments. Ch: chlorite, I: 

illite, I/S: mixed-layer illite/smectite, K: kaolinite, Q: quartz and Cal: calcite. 
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X-ray diffraction random powder of < 2 µm-size fraction clays (slow record) 

Powder diffraction diagrams of the clay samples provided information about the 

dioctahedral-trioctahedral characteristics of the clays. The presence of 1.50 Å peaks, which 

characterized the d060-spacing of the clays, suggested that the illite clay minerals were primarily 

dioctahedral in composition (Figure 5).  

Figure 5: The reflection pattern of disoriented sample illustrates the reflection of d(060) 

plane. 

SEM investigations 

SEM diagrams provide a good view of morphology of clay minerals and their distinctive 

textures. All samples illustrated the presence of discrete illites. Based on scanning electron 

microscopy images, it was observed that illite showed different distinctive morphologic features 

and texture. In general, it illustrated common types of illite that are curled at the edges and platy 
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shape that trend to be laminated, which is similar to the description of illite provided by Keller et 

al., (1986). The morphology of mixed-layer illite/smectite (I/S) was difficult to observe because 

there was a small amount of mixed-layer illite/smectite in the samples, compared to the proportion 

of illite. Only figure of SA-8 sample illustrated the presence of mixed-layer illite/smectite as flat-

lying plate and the edges (Figure 6). Kaolinite was also noted in the image of SA-8 sample. SEM 

micrograph of sample illustrated the presence of kaolinite as a shape pseudo-hexagonal plate with 

smooth plane (Figure 7). The SEM photomicrographs of other samples are located in Appendix E. 
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Figure 6: Platy-shaped illite and mixed-layer I/S as flat-lying plate with edge (SA-8).  

Figure 7: Kaolinite, pseudo-hexagonal shaped at low magnification.  
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X-ray diffraction of random powder whole-rock 

Powder sample with random orientations provide a good illustration of the presence of 

non-clay minerals (Figure 8). Quartz has been found to be the dominant mineral in all the 

Woodford shale samples. Quartz ranged from 43 to 76 %. Less abundant mineral is calcite. The 

average content of calcite is 19 %, ranging from 2 to 42 %. SA-8 and SA-10 samples have the 

highest percentages of calcite. Dolomite was another common mineral, which could be found in 

nearly all samples, ranging from 5 to 14 %. Pyrite, feldspar (albite and microcline), fluorapatite 

and chlorapatite were also found in these samples, but they were in smaller amount. Pyrite 

constituted about 4 to 7 %, Feldspar about 3.5 to 7.5 %, and apatite about 2 to 7 %. 

Table 3: The percentages of minerals in random powder whole-rock (as shown in XRD 

measurement). 

Minerals SA-5 SA-6 SA-7 SA-8 SA-10 

Illite 4.18 3.74 2.22 3.06 3.63 

Chlorite 2.90 4.62 1.94 3.74 2.47 

kaolinite - - 2.23 2.87 1.43 

Quartz 66.67 76.20 68.77 69.26 43.65 

Dolomite 14.37 7.56 - 7.08 5.54 

Calcite 4.3 9.17 2.31 39.02 42.56 

Pyrite 7.31 6.35 - 3.92 3.88 

Albite 5.87 7.40 5.66 4.36 4.93 

Microcline 3.48 - - - - 

Fluorapatite - 6.79 2.22 4.45 - 

Chlorapatite - - - - 3.66 
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Figure 8: X-ray diffraction of random powder whole-rock. 

X-ray diffraction of random powder < 2µm-size fraction clays 

Quartz ranged from 52 to 93 %. Calcite ranged from 14 to 23 %. Only two samples (SA-5 

and SA-10) indicated the presence of dolomite, the contents of which ranged between 5 and 9 %. 

Other minerals were found in some samples e.g. pyrite, albite, microcline, fluorapatite and 

chlorapatite (Figure 9 and Table 4). 
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Table 4: The percentages of minerals in random powder of fraction clays < 2 µm. 

 

 

 

 

 

 

 

 

 

 

 

Minerals 

 

SA-5 

 

SA-6 

 

SA-7 

 

SA-8 

 

SA-10 

Illite 20.48 13.45 11.39 11.80 4.27 

Chlorite 10.71 12.46 12.00 10.29 4.28 

Kaolinite - - 28.60 12.01 6.51 

Quartz 52.19 85.59 93.07 84.05 55.42 

Calcite 14.62 15.46 22.97 - - 

Dolomite 9.65 - - - 5.89 

Pyrite 10.64 18.55 - 15.20 5.20 

Albite  11.82 19.95 26.48 17.86 7.99 

Microcline  14.78 - - - - 

Fluorapatite - 18.30 19.50 - - 

Chlorapatite - - - - 5.54 
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Figure 9: XRD of random powder < 2µm fraction clays. 
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Chemical Data of < 2 µm-size fraction clays 

Major element and trace element data are presented in table 5 and 6.  

Table 5: Major element contents (ppm), in < 2 µm-size fraction clays. 

 

 

 

 

 

 

 

 

 

 

Samples 

 

 

Al 

 

Mg 

 

Ca 

 

Fe 

 

Mn 

 

Ti 

 

Na 

 

K 

 

P 

SA-1 8960 1168 2096 3056 15.68 340.8 320 2400 64 

SA-2 9680 1632 1824 3408 18.88 356.8 400 3520 38.4 

SA-3 10480 1816 1104 3448 17.6 395.2 320 3840 36.8 

SA-4 9840 2056 2080 4072 27.04 395.2 400 3520 102.4 

SA-5 13440 2320 1088 4488 29.6 412.8 400 4960 59.2 

SA-6 11680 1840 960 4208 20.16 347.2 320 4160 134.4 

SA-7 15680 1920 1888 8240 92 652.8 560 3680 131.2 

SA-8 5880 1680 14960 2336 27.36 241.6 320 1840 432 

SA-9 9600 1784 1120 3360 18.24 347.2 400 3760 38.4 

SA-10 6208 1536 22080 2312 28.32 305.6 400 1920 206.4 
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Table 6: Trace elements content (ppm) for < 2 µm fraction clays. 

Element SA-1 SA-2 SA-3 SA-4 SA-5 SA-6 SA-7 SA-8 SA-9 SA-10 *PAAS 

Cr 11.84 13.44 14.4 14.72 17.6 16.8 18.56 16.16 12.48 13.12  

Co 4.272 3.712 3.328 7.472 3.104 1.68 3.904 0.8 3.008 1.728  

Ni 16.96 14.24 12.56 16.8 12.32 14.48 8.32 7.408 11.92 5.856  

Cu 1.6 1.52 1.896 2.248 2.104 3.264 2.144 1.96 1.8 0.64  

Zn 87.2 96 43.6 56.4 54.4 39.04 26.64 20.72 39.36 69.12  

Rb 15.04 20.48 23.2 20.32 28.64 25.44 21.92 11.36 20.48 9.28  

Sr 11.2 8.96 9.6 9.84 9.68 9.76 27.36 25.6 9.04 33.92  

Y 1.712 2.032 2.16 3.072 2.96 4.048 2.768 4.384 1.936 2.688  

Zr 6.304 7.648 8.16 8.16 8.8 7.744 9.12 3.52 7.856 3.744  

Cd 0.033 0.0591 0.043 0.106 0.043 0.108 0.134 0.019 0.046 0.0308  

Cs 0.888 1.352 1.576 1.232 1.544 1.76 1.128 0.6712 1.384 0.5272  

Ba 32.8 31.36 34.88 39.36 54.56 40.16 65.44 28 46.88 30.88  

La 2.848 3.168 3.44 4.032 3.472 3.2 5.952 3.968 3.04 2.896 38.2 

Ce 6.496 5.776 6.304 11.36 7.12 5.888 12.72 4.784 5.616 5.12 79.6 

Pr 0.632 0.683 0.737 0.912 0.808 0.753 1.448 0.904 0.662 0.631 8.83 

Nd 2.448 2.688 2.848 3.68 3.184 3.072 5.856 3.824 2.608 2.592 33.9 

Sm 0.433 0.493 0.521 0.6992 0.585 0.588 1.168 0.731 0.475 0.485 5.55 

Eu 0.088 0.104 0.109 0.156 0.183 0.12 0.248 0.155 0.1 0.105 1.08 

Gd 0.404 0.469 0.496 0.68 0.544 0.536 1.04 0.776 0.452 0.514 4.66 

Tb 0.055 0.063 0.068 0.092 0.067 0.074 0.129 0.103 0.062 0.0698 0.774 

Dy 0.32 0.375 0.396 0.52 0.397 0.436 0.661 0.607 0.364 0.402 4.68 

Ho 0.064 0.0746 0.0799 0.101 0.08 0.0896 0.1192 0.122 0.0724 0.0796 0.991 

Er 0.204 0.232 0.254 0.314 0.252 0.292 0.351 0.36 0.228 0.239 2.85 

Tm 0.0292 0.034 0.036 0.043 0.035 0.042 0.047 0.045 0.0324 0.0306 0.405 

Yb 0.202 0.232 0.244 0.279 0.2408 0.292 0.318 0.284 0.224 0.194 2.82 

Lu 0.059 0.036 0.038 0.042 0.036 0.044 0.046 0.042 0.034 0.028 0.433 

Pb 3.528 2.544 1.912 2.872 2.312 3.456 4.64 1.096 1.92 2.632  

Th 0.824 0.784 0.872 1.072 1.208 1.08 1.808 0.712 0.888 0.624  

U 4.16 6.992 6.672 5.36 3.312 3.648 0.528 1.12 6.592 1.568  

K/Rb 159.58 171.88 165.52 173.22 173.19 163.53 167.89 161.98 183.59 206.89  

U/Th 5.05 8.92 7.66 5 2.75 3.55 0.29 1.58 7.43 2.52  

Ce/Ce* 0.082 0.073 0.079 0.143 0.089 0.074 0.16 0.061 0.071 0.065  

Eu/Eu* 0.082 0.096 .01 0.144 0.168 0.112 0.229 0.143 0.093 0.098  

∑REE 14.28 14.43 15.57 22.906 17.005 15.43 30.102 16.7005 13.97 13.39 184.773 

(*PAAS as reference for REE). 
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K/Rb ratios 

 The K/Rb ratios of the clay fractions ranged from about 160 to 207. The K/Rb rations of 

the clay fractions are shown in a histogram (Figure 10). A comparison with the K/Rb ratios of 

common crustal silicate rocks and modern plant values is also shown in this figure (Chaudhuri et 

al., 2007).  

 

Figure 10: K/Rb ratios of less than 2 µm fraction clays with average of *silicate minerals 

(clays) ratios and **average modern plant ratios. 
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U/Th ratios 

Uranium contents ranged from 0.5 to 7 ppm, whereas thorium contents ranged from 0.6 to 

1.2 ppm. U/Th ratios ranged between 0.2 and 9. Only one had a low ratio of about 0.3 (SA-7), but 

all others had values higher than 1.5. Among the samples with high ratio values, five of them had 

values between 5 and 9. Although the U concentrations are not as high as in black shales, whose 

concentrations usually range between 20 ppm- 250 ppm (Swanson, 1961; Lewan and Buchardt, 

1989), the U/Th ratios are higher than average shale and crustal rocks (Figure 11).  

 

Figure 11: U/Th ratios. 
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Rare Earth Elements 

The total REE concentrations ranged between 13 and 30 ppm. The total REE 

concentrations of < 2 µm fraction clays are illustrated in Figure 12. Less than 2 µm fraction clays 

are significantly lower than the concentration of an average shale such as Post-Archean Australian 

Shale PAAS with 184 ppm (Taylor and McLennan, 1985) and North American Shale Composite 

NASC with 178 ppm (Goldstein and Jacobsen, 1988). 

  

Figure 12: REE concentrations (ppm). 

REE distribution patterns of < 2 µm clay fractions  

It well known that an understanding of the distribution pattern of the REEs in samples of a 

rock has the potential to reveal significant amount of information about the geochemical history 

of the rock. The REE distribution pattern of a sample is generally shown by displaying the trend 

seen from a diagram wherein the concentration of given REE element is divided by the 

concentration of the same element of a reference sample to get a ratio, which then plotted against 
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the atomic number of the REE in a sequence of increasing atomic number. The study has chosen 

to use to PAAS as the reference sample.  

 By customary practice, La, Ce, Pr, Nd, Sm, and Eu collectively make up the light rare earth 

element (LREE) group. Because Sm and Eu are also part of Middle rare earth element (MREE) 

group, it may convenient to consider only La, Ce, Pr, Nd to define LREE distribution trend, which 

will be particularly necessary in the event of either a prominent MREE enrichment or prominent 

MREE depletion. Based on the situation with the present study, wherein prominent MREE 

enrichment exists the LREE distribution trend, defined by La to Nd, is just about flat for nearly all 

but two samples (SA-7 and SA-8) that are apparently with a slight LREE depletion trend. Two 

samples had prominent Ce anomalies, one (SA4) with a positive Ce anomaly and the other (SA-8) 

with the prominent negative Ce anomaly (Figure 13 and 14).  

The MREEs include Sm, Eu, Gd, Tb, Dy, and Ho. All samples were found to be with 

MREE enrichments by varied amounts. A repeated feature that associated with the MREE 

enrichment was Gd positive anomalies (Figure 15). One sample (SA-5) was found to be with a 

prominent Eu positive anomaly. Samples (SA-4 and SA-7) also appeared to be with slight Eu 

positive anomalies (Figure 16).  

The HREEs include Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu. Four (SA-4, SA-7, SA-8, and 

SA-10) out of ten samples displayed slightly depleted HREE distribution patterns (Figure 17), 

whereas one (SA-6) could be with a slight HREE enrichment (Figure 18). HREE distribution 
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patterns of the remaining samples were flat. A several of them appeared to be with slight Ho 

negative anomalies. 

Figure 13: Positive Ce anomaly. 
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Figure 14: Negative Ce anomaly. 

Figure 15: MREE enrichment and positive Gd anomalies.  
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Figure 16: Positive Eu anomalies. 

 

Figure 17: Four samples displayed slightly depleted HREE distribution patterns. 
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Figure 18: HREE enrichment. 
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Organic Geochemical Data  

The organic richness of the samples was assessed by analyzing the total organic carbon 

(TOC) contents of the shale samples. The whole rock samples from the Woodford Shale showed 

a range of TOC values between 0.81 and 4.44 wt.%, with one sample, which belonged to the 

Mississippian Lime unit had low value of 0.5 wt.% (Table 7). One sample of Hunton group had 

6.54 wt.%, which is the highest sample of TOC. To find out the thermal maturity of the samples 

and the kerogen type, Hydrogen Index (HI), Oxygen Index (OI) and Tmax were determined as well 

(Figure 18). As cited by Ugochukwu (2010), parameters of pyrolysis are S1, S2, S3 and Tmax, where 

S1 is the amount of free gas and oil in the sample (mg of HC/ g of rock), S2 is the amount of 

hydrocarbons generated through thermal cracking of non-volatile organic matter, S3 is the amount 

of CO2 (mg CO2/ g of rock), and Tmax is the maximum temperature to release hydrocarbons (top of 

S2 peak) from cracking of kerogen that occurs during pyrolysis (Wapples, 1985). The hydrogen 

Index is given as, 

HI =
S2 × 100 

TOC
 

The oxygen index is given as,  

OI =
S3 × 100 

TOC
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Table 7: The TOC and Rock-Eval results. 

 

 

Thermal maturity  

To classify organic matter (Kerogen) in shale, the Pseudo Van Krevelen diagram was used. 

It is a modification of the Van Krevelen Plot, published in 1961. In this study, two index were 

determined, the Hydrogen Index (HI) and the Oxygen Index (OI). OI is pyrolyzable organic carbon 

(mg) divided by TOC. According to this diagram, the kerogens in the shale samples are of two 

types (Figure, 19). Three samples (SA-5, SA-6 and SA-8) were of type II kerogen, which 

corresponds to marine plankton-bearing sedimented in an anoxic environment. Two samples (SA-

7 and SA-10) were found to be of type III kerogen, which corresponds to land-plant debris that 

sedimented in terrestrial environments in marine and lacustrine delta settings. These results are 

similar to the data that was described by Lambert (1992) and other studies in the same formation.  

Sample 

ID 

Depth (ft) Percent 

Carbonate 

(wt. %) 

Leco 

TOC 

(wt. %) 

Rock-

eval-2 

S1 mg 

HC/g 

Rock-

eval-2 

S2 

mg 

HC/g 

Rock-

eval-2 

S3 

mg 

HC/g 

Rock

-

eval-

2 

(oC) 

Calculated 

%Ro (RE 

*

HI 

 

 

**

OI 

 

S2/S3 

ConcMg 

HC/mg 

CO2 

S1/T

OC 

Norm

. Oil 

Conte

nt 

Experimental 

Notations 

SA-5 6980-7000 12.09 4.44 2.09 18.6

4 

0.32 0.72 420 7 58 47 0.10 Low Temp 

S2 

Shoulder 

SA-6 7410-7440 7.15 6.54 2.30 34.3

3 

0.48 0.80 525 7 72 35 0.06  

SA-7 4010-4020 10.13 0.50 0.15 0.41 0.33 0.81 82 66 1 30 0.27  

SA-8 4860-4880 33.14 1.78 0.80 7.36 0.35 0.69 431 20 21 45 0.10 Low Temp 

S2 

Shoulder 
SA-10 4980-5000 52.05 0.81 0.54 1.93 0.47 0.72 238 58 4 67 0.22  



 

34 

 Figure 19: Van Krevelen diagram based on HI (mg HC/g TOC) versus OI (mg CO2/g 

TOC). 
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K-Ar Dates  

K-Ar isotopic data of the < 2 µm clay fractions are presented in (Table 8). Radiogenic 40Ar 

amounts ranged from 1.1667E-09 mol/g to 3.2621E-09 mol/g, and K amounts ranged from 1.93 

wt% to 4.86 wt%. The following equation was used, to calculate the ages of clay minerals.    

𝑡 =
1

𝜆
 In [

 40Ar

 40K
 (

λ

λe
) + 1] 

Where (t) value is the age of the mineral, λ is total decay constant of 40K and λe is the decay 

constant of 40K to 40Ar. 

The K-Ar calculated dates ranged between 318.6 ± 7.9 Ma, corresponding to the time of 

Serpukhovian stage dating of the Upper Mississippian and 353.9 ± 7.9 Ma, corresponding to the 

time of Tournaisian stage dating of the Lower Mississippian (Gradstein and Ogg, 2004). All the 

clays indicated that dates were found to be younger than stratigraphic ages of the samples. The 

data illustrated a good linear correlation between both, K and radiogenic 40Ar (Figure 20).  
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Table 8: K-Ar isotopic data of the < 2 µm clay fractions. 

 

Sample ID 

 

K 

[%] 

 

Rad. 40Ar 

[mol/g] 

 

Rad. 
40Ar 

[%] 

 

Age 

[Ma] 

 

Gradstein and Ogg (2004) 

Timescale: Period –Epoch-stage 

SA-5 4.86 3.2621E-09 96.63 350.6 ± 8.5 Carboniferous-Lower Mississippian- 

Tournaisian 

SA-6 4.83 3.0942E-09 94.43 336.0 ± 8.0 Carboniferous-Middle Mississippian- 

Visean 

SA-7 3.36 2.2789E-09 94.76 353.9 ± 7.9 Carboniferous-Lower Mississippian- 

Tournaisian 

SA-8 2.46 1.5628E-09 93.89 333.9 ± 7.8 Carboniferous-Middle Mississippian- 

Visean 

SA-10 1.93 1.1667E-09 91.27 318.6 ± 7.9 Carboniferous-Upper Mississippian- 

Serpukhovian 

 

 Figure 20: Correlation between K (%) and 40Ar. 
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Chapter 4 – Discussion 

The dominant clay minerals present are discrete illite, with very small amounts of mixed-

layer illite/smectite, chlorite and kaolinite. The illites have high crystallinity and they are of 

dioctahedral composition. The percentages of illite appeared to increase with an increase in depth 

as indicated by the semi-quantitative abundance data of three samples (SA-6, SA-7, and SA-8) that 

came from the same well (Figure 21). This may signify that a process associated with the burial 

had promoted diagenetic growths of illite in the Woodford Shale.  

The concept of diagenetic growth is further supported by the K-Ar dates of the clays (318 

and 353 Ma), which were lower than the stratigraphic depositional dates of the sediments that 

contained the clay minerals.  

 

Figure 21: Black line illustrated vertical samples. 
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Diagenetic growths of illite in the Woodford Shale could have happened along two pathways: (a) 

solute reaction precipitation during burial diagenesis, the reaction of which may be expressed as: 

K + Al+ (Mg, Fe) + Si +H2O→ illite ; 

(b) transformation of smectite to illite during deep burial of the sediments, having the 

transformation as:  

Smectite + (Al) + K → illite + (Mg, Fe) + Si + H2O 

Regardless of the process by which illites formed in the Woodford Shale, a source of K must be 

available to drive the illite formation process. A large potential source of K for illitization in the 

Woodford Shale, is organic matter that is associated with sediments.  

The contributions of organic source for K supply may be supported by evidence on K/Rb 

ratios. The K/Rb ratios of the clay fractions of the Woodford Shale were values between 160 and 

207. If K and Rb had come from organic matter or kerogen with which the clays were associated, 

then one would have expected to see K/Rb ratios of the clays to be closer to the organic matter 

source. Chaudhuri et al., (2007) reported that the K/Rb ratios of modern organic materials are 

generally high with values between 350 and 10,000 or higher. The K/Rb ratios of the clays are 

much lower than the ratios of organic matter or plants; in fact lower than that of average crustal 

sedimentary rocks with values 250 and 350. A process must have operated to explain how the clays 

could have lower K/Rb ratios than organic matter source. It could be that clays received K and Rb 

from a solution, which was partly involved in oil generation, wherein oil received more K relative 

to Rb making the aqueous phase depleted in K/Rb ratios. It has been reported by Alvarez (2015) 

that K/Rb ratios of oil could be significantly higher than formation waters associated with oils.  
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The influence of organic matter on the history of diagenetic formation can be further 

supported by REE data. The REE contents were low for the clay fractions, which were enriched 

in MREE due to a possible link to the phosphate mineralization process. The low total REE 

contents of < 2 µm-size fraction clays in the Woodford Shale (as compared to average sedimentary 

rocks which may be represented by values given either Post Archean Australian Shale PAAS with 

184 ppm or North America Shale Composite NASC with 178 ppm), may suggest that the clays 

formed during oil generation. To support this suggestion, it has been found by Alvarez (2015) that 

crude oils have higher specific REE concentrations than the associated formation waters.  

Another diagenetic phenomenon of clay mineral formation within the Woodford Shale is 

revealed by chlorite-kaolinite relationship that has been found within the Woodford Shale. 

Analyses of samples from a single well seem to indicate an increase in chlorite content with an 

increase in depth (Figure 22), a feature of sediment diagenesis that has also been previously 

reported in the literature discussing about deeply buried sediments. Hower et al. (1976) presented 

a clear evidence of increase in chlorite content with an increase in depth, while kaolinite abundance 

is found to decrease with an increase in depth. The present study showed similar results. The 

formation of diagenetic chlorite may occur from dolomite-quartz-kaolinite reaction with water, 

forming calcite, chlorite and carbon dioxide. Hutcheon et al., (1980) expressed this reaction as:  

10 CaMg (CO3)2 + 2 SiO2 + Al4 Si4 O10 (OH)8 + 2 H2O → 

10 CaCO3 + Mg10 Al4 Si6 O20 (OH)16 + 10 CO2 

Another possible chlorite formation path is: 

Kaolinite + Mg +Si+ H2O → Chlorite 
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In fact, XRD data illustrated the presence of dolomite, quartz, kaolinite, calcite and chlorite 

in studied samples, as stated earlier. Magnesium is necessary to produce chlorite from kaolinite. 

This could obviously come from dolomite dissolution. Organic matter or kerogen may be a second 

source of Mg during hydrocarbon generation. Silicon is also needed to advance the kaolinite to 

chlorite reaction. It could come from dissolution of quartz and organic matter as well. Carbon 

dioxide is part of the reaction produced from kaolinite to chlorite conversion. Hydrous pyrolysis 

experiments, involving the reaction between water and rock chips, have noted CO2 development. 

Studies of such experiments have explained that oxygen needed to form CO2 essentially comes 

from H2O (Lewan, 1997). The kaolinite decreased as the attendant chlorite increased, which could 

at least partly explain the CO2 generation in natural environment.   

Figure 22: Chlorite (%) verses the depth (ft).  
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The non-clay minerals found in the Woodford Shale from this study include quartz, 

dolomite, calcite, Pyrite, feldspar (albite and microcline), fluorapatite and chlorapatite. No 

discernible trend could be established for these non-clay minerals with depth. In conclusion, the 

source of inorganic constituents that are needed to form clay minerals and others in the Woodford 

Shale could have come from preexisting minerals and the organic materials during their 

decomposition under thermal stress. 

 Uranium contents of < 2 µm-size fraction clays ranged approximately from 0.5 to 7 ppm. 

Thorium contents ranged from 0.6 to 1.2 ppm. U/Th ratios ranged between 0.2 and 9. Although 

the U are not as high as in marine black shales (20 ppm- 250 ppm) (Swanson, 1961; Lewan and 

Buchardt, 1989), the U/Th ratios of the clay fractions of the Woodford Shale are higher than that 

of average black shale and crustal rocks (Figure 11). Dilution by the presence of high amount of 

quartz could be one reason for the low U and Th contents of the Woodford Shale clay fractions. 

Another reason could be that the clays are inherently low in U and Th concentrations. Plants have 

been known with higher U/Th ratios than associated clay substrates. The clay fractions having a 

high U/Th ratio would then imply that the clays had some input of their U and Th from organic 

matter. 

The total REE concentrations of the clay fractions in this study are low and ranged between 

13 and 30 ppm, as compared to average sedimentary or crystalline rocks. The low values for the 

clay fractions could be attributed to dilution by quartz which is largely devoid of REE. A second 

explanation that could be suggested for low total REE contents of the clays, is that the clays formed 

diagenetically from solutes in formation water that was in close association with petroleum.  

 It has been found that petroleum can have higher specific REE concentrations than 

brines, the petroleum having higher concentrations than brines could have happened because 
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complexes with organic compounds generally have strong multi-dented sites for binding cations 

with high charge, such as REEs (Alvarez, 2015). This suggestion that the clays have had an 

association with organic environment is an agreement with previous explanation for their low 

K/Rb ratios.   

The clay fractions are varied in their REE distribution patterns (Figures, 13-18). 

Alternatively, the clay fractions nearly the same patterns, but variations in the patterns resulted 

from the clays fractions containing different amounts of accessory non-clay minerals with different 

REE distribution patterns.  

A common feature within the varied distribution patterns is presence of MREE enrichment. 

The MREE enrichment may be a reflection of the REE inherence from biologic sources or 

phosphate minerals. In fact, X-ray diffraction of random powder samples have shown the presence 

of fluorapatite and chlorapatite are included in studied samples. Phosphate minerals are an 

important group of REE-bearing materials. Many phosphate phases, such as apatite, monazite, and 

biogenic phosphate are known to be enriched in the MREE (Nagasawa, 1970; Gromet and Silver, 

1983; Demartin et al., 1991; Grandjean and Albarede, 1989). In addition, chemical data (Table 6) 

indicated that phosphorus contents are varied in samples, which ranged from 37 to 432 ppm. For 

samples with high phosphorus contents, their MREE enrichment appeared high.  

An important aspect of REE characteristics of clay fraction is the presence of the cerium 

(Ce) anomaly and some other anomalies in the clay fractions. Ce is the second element of series 

light rare earth element (LREE). The differences in Ce anomalies positive or negative, for samples 

that came from different localities could be linked to the differences in organic material sources. 

Studies have shown that Mn-oxyhydroxides (MnO2) preferentially take-up Ce (IV), leaving the 

solution from which oxidized participation occurs to be depleted in Ce, a case that it seen with 
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ocean waters from which MnO2 apparently participated to form MnO2 nodules on ocean floors 

(Davranche, et al., 2005). Pourret et al., (2008) concluded from their studies that positive Ce 

anomalies have only been reported in alkaline water. They explained that positive Ce anomalies 

could be a common characteristics of alkaline, aerobic waters. 

Anomaly of Eu is significant feature of the REE distribution patterns of the clay samples. 

The presences of Eu positive anomalies have been observed in some clay fractions (SA-4, SA-5 

and SA-7). It has been commonly suggested that positive Eu anomalies are a response to a 

crystallographic factor, such as feldspar minerals which favor accommodations of Eu2+ over a 

trivalent species (Ramirez-Caro, 2013). Another explanation was suggested by Chaudhuri et al., 

(2007) that Eu positive anomalies in plants relative to their growth substrates. They believe that a 

plant enzyme effect plays an important role in Eu anomalies in the organic materials. Hence, the 

clay fractions showing Eu anomalies of varied magnitudes could be suggested of the REE in them 

in part of organic sources. 

The PAAS-normalized distribution patterns of the REE in most samples commonly 

contained Gd positive anomalies. All samples also showed Ho anomaly. Gd and Ho, link all other 

HREEs have trivalent oxidation state. Therefore, Gd and Ho are not influenced by any change in 

the oxidation-reaction environment. Enzyme factors in biological roots could discriminate one or 

more REEs from the rest. Consequently, Gd and anomalies could be suggestive of the REEs in the 

clays in the clays coming from organic sources.  

The PAAS-normalized REE distribution patterns for some clay minerals were formed with 

noticeable heavy rare earth element enrichment. The REE-carbonate complexes or REE-

carboxylate complexes or both could explain such enrichment. If the anomalies and complexation 



 

44 

events happened during the same time, then organic matter transformation event is highlighted by 

these REE features. 

The signatures of diagenetic influences are recorded by the K-Ar dates, which have been 

found to be post-Woodford Shale deposition time, at least for some samples. The K-Ar dates of 

illites from the Woodford shale indicated the clays being authigenic in origin. Discrete illite and 

mixed-layer illite/smectite occurring together may suggestive of two phases of illite formation. 

The K-Ar dates of illite ranged between 318.6 ± 7.9 Ma, corresponding to the time of Serpukhovian 

(age) stage within the Upper Mississippian and 353.9 ± 7.9 Ma, corresponding to the time of 

Tournaisian (age) stage within the Lower Mississippian. The date of illite from Mississippian Lime 

unit (SA-7) may be suggestive of diagenetic formation of the minerals shortly after the deposition 

of the sediments. Sample SA-7, SA-8 and SA-6 are form the same well, SA-7 being at the top and 

SA-6 being at the bottom within this vertical column (Figure 23).   

SA-10 sample, from different a location had the lowest K content, lowest radiogenic 40Ar 

and consequently had the youngest age of all samples. It suggests that some amounts of time, 

nearly 20-30 Ma Ma, have passed after the deposition period, for authugenic illites to form. This 

illitization event could be regarded as a period of hydrocarbon production in the Woodford Shale.  

 A study of petroleum system of the Woodford Shale by Higley et al., 2014, concluded that 

oil generation in the Woodford Shale started about 330 Ma. They established this timing for oil 

generation by analysis of vitrinite reflectance and transformation ratios through time from one-

dimensional (1D) and four-dimensional (4D) models.  

 In the present study, a time difference of about 30-40 Ma has been seen from the time of 

the Middle the Woodford Shale began (about 360 Ma) to the time illite formation arising from 
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burial diagenesis happened about 318-326 Ma. Within this interval of 30-40 Ma time, the 

Woodford Shale had to be buried by about 853 m (2800 ft). By this time the earliest Middle 

Woodford Shale would have experienced a burial temperature of about 40-50 °C, based on 

geothermal gradient of 25 °C / 1000 m. This calculated burial temperature is about 20-30 °C short 

of the temperature needed. An estimate of additional sediment deposition would be about 1200 m, 

which will then make 318 date to be potential time of oil generation corresponding to 

Mississippian-Pennsylvanian time (Figure, 24).  
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Figure 23: Age (Ma) versus depth (ft).  
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Figure 24: A load arising from additional deposition of sediments on top of it could provide 

the necessary temperature increase to reach the oil window of about 70°C. 
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Chapter 5 - Conclusion 

The organic matter or kerogen undergoing maturation under thermal stress during burial 

could have provided K, at least in part, that was necessary to form diagenetic illite in the Woodford 

shale. Illitization might have been linked to oil generation process. The K-Ar dates of < 2 µm-size 

fraction clays suggest that oil in the Woodford Shale formed about 30 Ma after the deposition of 

the Woodford Shale. Inorganic constituents that are needed to form illite minerals and others in 

the Woodford Shale could have come from preexisting minerals and organic materials during their 

decomposition under thermal stress. The study provides some evidence that lends support to the 

suggestion that minerals, water, organic matter and gas interactions happening simultaneously 

should always be considered in the formation of oil generation.  
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Appendix A – XRD of oriented samples < 2 micro fraction clays 
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Appendix B – XRD of random powder samples whole-rock 
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Appendix C – XRD of random powder samples < 2 µm fraction 

clays 
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Appendix D – XRD of d060 plane 
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Appendix E – SEM images 
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