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ABSTRACT 

While the distribution of fractures in outcrops and the subsurface has been 

intensively studied, the nature, distribution and orientation of microfractures (< 1 mm 

aperture) is poorly constrained. Yet, microfractures likely contribute significantly to 

the secondary porosity and permeability of a reservoir. This research will utilize 

microtomography tomography analysis of oriented samples of brittle deformed 

sedimentary rocks for the following goals: 1) establishing methods to utilize 

microtomography imaging to detect the orientation and distribution of natural 

fractures within mudstones; 2) evaluate the distribution and the density of 

microfractures within a single bed; 3) evaluate how the orientation and distribution of 

natural microfractures varies with the mineralogical composition of the host rock; 4) 

calculate natural fracture porosities of the samples using microtomography; and 5) 

evaluate the roughness of natural fractures internal surface using SEM and computer 

tomography. Computer tomography techniques provide an unparalleled opportunity to 

non-destructively study the internal structure of a material by measuring the 

attenuation of X-rays though the sample. The advantage of using the CT technique in 

evaluating natural fractures lies in the ability to render the 3D orientation of 

anisotropic fabrics in a rock volume. Therefore, it is possible to measure the 

distribution, orientation and interconnectivity of fracture porosity in a rock. Evaluating 

microfractures within different lithologies along the same structure will provide 3D 

information on the nature of fracture development, localization, and connectivity 
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The result shows that McAlister Shale Pit has four sets of fractures, two of 

prominent fracture sets are nearly perpendicular to bedding and the second set is 

discontinuous and generally obtuse against the first planner set. Triple XRD analysis 

using same sample but different location shows the challenges of inconsistencies in 

the XRD data collection and interpretation. Therefore, the reproducibility and 

imprecision in the XRD analysis, and it is scatter is far larger than smaller scale 

heterogeneities. The data shows that the fracture densities increases within thinner bed 

and vice versa. The fractures are mainly mode I fracture due to high surface roughness 

and the propagation direction of the fractures. Finally, the research shows that 

Microtomography is an excellent non-destructive technique that could be used as 

quantitative 3D analysis technique for the internal structure of naturally fractured 

mudstones.  
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CHAPTER I 

INTRODUCTION 

Natural fracture is defined as macroscopic planar discontinuity in rock due to 

deformation or physical diagenesis (Nelson, 2001). Naturally occurring fractures have 

significant impact on fluid flow in porous media in that they may increase porosity 

and permeability. The Woodford Shale is one of the extensively studied hydrocarbon 

source rocks in south central Oklahoma (e.g. Turner, Bryan and Roger, 2016; 

WilliamE,1965; Brian J, Michael W,1985; Slatt, Roger M, Younane, Paul Philp, Jean 

D, and Carlos, 2014). There has been much work done by researchers and petroleum 

companies in the Woodford shale because it is an organic rich black shale with high 

total organic carbon (TOC) that is dominatable by type II kerogen with some traces of 

type I kerogens (Cardott, 2012; Miceli-Romero and Philp,2012). Oil companies have 

reported that natural fractures are very important in unconventional reservoirs because 

Micro fractures improve the reservoir permeability regardless if they are naturally 

induced or if they are induced during the completion, because they control 

hydrocarbon migration through the rock (Ding el…,2009).  

 Knowing the initiation and propagation direction of failure in intact rock is 

essential on studying rock mechanics which will help predict the behaviors of 

materials under different types and stress orientation (fig 1.1). Griffith (1921) 

proposed that tensile failure of brittle materials initiates at the tips of minute defects 

which he represented by flat elliptical cracks (fig1.2). 
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Figure 1.1. Typical failure characteristics of intact rock plotted in terms of major and 
minor principal stresses and Mohr circles and envelope (E. Hoek, Martin, 2014)   
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Griffith work concentrated on fractures in materials were subjected to tensile stress, 

but later he extended his work to different concepts that includes biaxial compression 

loading (Griffith,1942). The equation that governs the tensile failure initiation in a 

biaxial compressive stress field may be defined as:     

σ =
"#	%&	(() *+

*, )

	((" *+
*, ).

              

where σt is the uniaxial tensile strength of the materials; σ1 is the maximum principle 

stress; and σ3 is the minimum principle stress:   

In 1960, Griffith’s two-dimensional theory was extended to three dimensions by 

Murrell, Sack and Kouznetsov (1960). Examining three-dimensional theory involved 

examining the stress induced around open penny-shaped cracks in a semi-infinite body 

subjected to triaxial compressive stress σ1, σ2 and σ3. The experiment shows that the 

intermediate principle stress σ2 has no effect on the initiation of the tensile failure 

(Murrell, 1958). The tensile failure initiation is defined as.    

σ1
 =

"(.%&	(() .*+*, )

	((" *+
*, ).

     

note that the ratio of compressive to tensile strength was predicted by Griffith to be 8, 

but the penny shaped crack predicted the ratio to be 12.  
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Hoek,1965 studied the propagation of fracture from a single crack using, 6inch 

square by ¼ inch thick plates of annealed grass. The “Griffith cracks” were 

ultrasonically machined into the plates and then subjected to uniformly distributed 

edge loading (biaxial). The result of the experiment confirmed that the initiation of 

tensile cracks started near the tips of these simulated cracks, as it was predicted before 

by Griffith’s theory. Also, it was found that the length of the tensile cracks was limited 

by the ratio of the applied biaxial stress σ3/σ1 (Hoek,1965). The relationship between 

the length of the crack and the principle stress ratio is represented on (fig.1.3).  

 

 

 

Figure 1.2 Tensile crack propagation from an inclined elliptical Griffith 
crack in a biaxial compressive stress field (E. Hoek, Martin, 2014)   
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                                                                  (B) 

Figure 1.3 (A) graph showing the dependency of length of tensile cracks on principal 
stress ratio σ3/σ1 (B) graphic representation of Plots of principal stresses defining 
tensile failure initiation from open penny shaped. (E. Hoek, Martin, 2014)   
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Ernest Anderson (1942) formulated the stress field of three-dimensional rock body in 

terms of three principal axes σ1, σ2 and σ3. The three principle stresses are, σ1 the 

maximum, σ2 the intermediate, and σ3 the minimum; all stresses acting upon the rock 

body may have different magnitude and direction, but all are compressional forces. In 

1773, Charles Coulomb recognized that the rock will fracture when the cohesive 

strength (C) of the rock is exceeded which is represented mathematically by the 

following equation:  

τ = C + µ σn 

Where C is the constant represents the critical shear strength of the rock; and the 

critical tensile strength is plotted as τ; σn is the normal stress and μ is a constant called 

the coefficient of internal friction.  

Finally, Coulomb criterion of failure described the relationship between the shear and 

normal stress on the plane of failure which is represented by the following equation:  

τ = C + σn tanφ 

where φ is the angle of the internal friction of the rock.  

The equation indicates that as the normal stress increases more shear stress will be 

required to induce the fracture (Jaeger, 2007). The relationship between shear stress 

(σs or τ) on the vertical axis and normal stress (σn) on the horizontal axis is represented 

graphically by Mohr circle. The orientation of the principle stresses controls the type 

of fracture (fig, 1.4). For example, the shear fractures are formed at acute angles to the 
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maximum compressive stress direction (σ1) and at wide angle to the minimum 

compressive stress direction σ3 within the rock sample (Ataman, 2008).    

 

 

 

Figure 1.4 Deviatoric stress (σd). Modes of failure include: (a) extension fracture 
(hydraulic fracture) where the Mohr circle intersects the inflection point (T) of the 
failure envelope; (b) extensional shear where the Mohr circle intersects the failure 
envelope between T and C (cohesive strength); and (c) shear failure as σd is increased 
beyond four times the tensile strength (T) of the rock (adapted from Sibson 1989). 
(Mair, Brock, Juhani and Groves)  
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The classification of the fractures is based on the relative movement of fracture 

surface. For example, if the fracture shows very small or no displacement normal to 

their surface they are classified as joints. However, if there is no shear displacement, 

they are extensional fracture (Davis & Reynolds, 1996). There are three fundamental 

loading modes (I, II, III) that concentrate stress and produce fractures (fig 1.5). The 

loading fracture mode are operating at the tip line of the fracture, which is the name 

given to the loading edge of a fracture front separating the fracture surface from 

unfeatured host rock (Davis & Reynolds, 1996).  Mode I loading fractures form by 

pure extension (opening) without shear traction component and it is produced by 

tensile stresses perpendicular to the fracture plane (Younges and Engelder,1999). On 

the other hand, mode II and mode III create shear tractions parallel to the plane of the 

fracture surface without displacement. The difference between mode I and mode II is 

the direction of the shear traction relative to the propagation direction of the fracture 

surface. Mode II loading fractures are characterized by sliding shear movement in the 

plane of the fracture surface and perpendicular to the tip line of the fracture. Mode III 

is characterized by shear movement like scissors in the plane of the fracture and 

parallel to the tip line of the fracture (Younges and Engelder,1999). Finally, mixed 

load mode fractures are a combination of mode I and Mode III or mode I and mode II 

and they occur at different times during the propagation history (Younges and 

Engelder,1999).   
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Figure 1.5 (A) Extension (mode I), the relative displacement is perpendicular to the fracture 
(B) shear fracture (mode II) the relative displacement is a sliding parallel to the fracture and 
perpendicular to the edge of the fracture. (C) shear fracture (mode III), relative displacement 
is a sliding parallel to the fracture and to the edge of the fracture (Twiss & Moores, 1992) 
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Microfractures are small, high aspect ratio cracks in rocks that result from application 

of differential stress with lengths off a millimeter or less and width generally less than 

0.1 mm (Anders, Lukach, & Schulz, 2014). From a shale oil and gas production 

prospective, microfractures are important because they add to the pore volume and 

fluid storage capacity (Ahmed and Nathan,2016). In the hydraulic fractures, 

microfractures zones create a preferred orientation nearly normal to the least 

compressive stress (Ahmed and Nathan, 2016). The geometry of microfractures are 

sensitive to the effective stress. (Ahmed and Nathan, 2016). Therefore, identification 

of microfractures zones has a large impact on oil and gas production because of their 

impact on the apparent permeability (Ahmed and Nathan, 2016) (fig, 1.6). 

Microfractures have a wide range of sizes, shapes, and patterns, but most of them 

appear to be opening-mode fractures (Chun, 2013). Microfractures tend to locate at 

grain boundaries, intra-crystalline cavities, intra-crystalline cleavage planes, and 

internal surfaces corroded by chemically active fluids (Chun, 2013). Studying 

microfractures gives insight as to the physical properties of the rock such as 

permeability, strength and elastic wave velocity (Anders, 2014).  
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Figure 1.6. Shows the apparent permeability of a microfractures shale matrix 
dynamically influences the shale reservoir depletion using hydraulically induced 
fracture (Ahmed and Nathan, 2016) 
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Studies of microfractures orientation provide critical information on the growth and 

development of fault zones, the evolution of regional stress field, and the earthquake 

cycle (Anders, 2014). Early studies of fluid-inclusion planes (sealed microfractures) 

demonstrated a relationship between their orientation and that of local folds (parallel 

and perpendicular to some fold hinges; Riley, 1947; Bonham, 1957) and faults, thus 

establishing the value of these fluid-inclusion planes for the assessment of 

paleostresses (e.g., Tuttle, 1949). 

              A variety of variables affect fracture development and distribution in rocks. 

These variables include “brittleness” which is a measure of the ability of rock to 

fracture, and defined as a complex function of lithology, mineral composition, TOC, 

effective stress, reservoir temperature, diagenesis, thermal maturity, porosity and type 

of fluid (Wang and Gale, 2009). Lithologic-dependent variables that influence the 

fracture development in mudstone include mineral composition, lithology, TOC, state 

of stress, high pore-fluid pressure, dehydration and ductile properties of clay minerals, 

compaction, and pressure solution during diagenesis (Zhao, 2008). Lithology and 

mineral composition, rock mechanics, TOC and abnormal high pressure are the major 

factors the influencing the fracture development under the same stress field (Zhao, 

2008). 
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1.1 Computer Tomography in rock fractures  

Computed micro-tomography “CT-scanning” has been widely used in geology 

to evaluate fractures, pore structures and flow characteristics of rocks. 

Microtomography creates two or three- dimensional imagery of the interior of solid 

objects with high resolution (down to 10 microns in some cases) (Ketcham and 

Iturrino, 2005).  Therefore, using microtomography techniques may provide an 

unparalleled opportunity to non-destructively study the internal structure of a material 

by measuring the attenuation of x-rays through a sample.  

Computer tomography uses the theory of linear attenuation which describes the 

fraction of a beam of x-rays that is absorbed or scattered per unit thickness of the 

absorber. This coefficient value is the number of atoms per unit volume of a material. 

The denser the materials, the higher the absorption of the X-rays the brighter the 

image. On the other hand, less dense materials absorb less so the image will appear 

darker. Computed tomography is an excellent technique to image fractures by 

differentiating between the densities of the materials through their brightness. For 

example, open fractures have a different density than the surrounding rock, which 

makes the identification of fractures possible. Evaluating natural fractures is critical 

because sample preparation could induce new fractures thus, nondestructive 

microtomography is an excellent technique. Moreover, microtomography techniques 

provide reconstructed 3D image that visualize the microfractures orientation, 

geometry and the interconnectivity between different sets of fractures in 3D 

orientation of anisotropic fabric in rock volume. The size of the CT scanning 

instrument sample chamber plays a role in preserving the sample because it can fit 
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variety of sizes and sample shape. Therefore, the analysis will provide an accurate 

representation for the sample without any extra preparation that might affect the 

internal structure of the rock fabric.    

The hypothesis presented here is that using nondestructive microtomography 

technique could provide information about the microfractures orientation and 

geometry in 3D and it is relationship to the lithology and mineralogical composition in 

mudstones. Therefore, this research will utilize computer tomography analysis of 

oriented samples of brittle deformed sedimentary lithology to evaluate the following 

question: could micro CT imagery quantify the orientation, distribution and nature of 

micro fractures (< 100 microns) in mudstones? In addition, the research has multiple 

goals 1) establishing methods to utilize microtomography imaging to detect the 

orientation and distribution of fractures within mudstones; 2) evaluate the distribution 

and the density of microfractures within a single bed; 3) evaluate how the orientation 

and distribution of microfractures varies with the mineralogical composition of the 

host rock; 4) calculate the permeability of the sample; and 5) compare  

microtomography and SEM for measuring the fracture aperture and evaluating the 

internal surface of the naturally fractured shale, because the roughness of the internal 

surface is effecting the fluid flow.    

In this thesis, will study samples from Woodford Shale formation because it is 

highly naturally fractured and exposed to the surface. The goals are, 1) evaluate the 

characteristics of microfractures including orientation, spacing, and geometry and if 

these characteristics vary systematically with respect to mineralogical composition; 2) 
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measure the fracture aperture and volume using microtomography and scanning 

electron microscopy (SEM); 3) utilize 3D modeling of the fracture network to evaluate 

the permeability and orientation of fractures and their relationship to outcrop and 

regional stress fields.  

1.2 Scientific Importance 

Interest in studying natural fractures has increased in the last decade due to 

their significance in oil and gas production. This is due to the accumulative knowledge 

collected by the researchers and industry about the effect of the natural fractures on 

the subsurface fluid flow and by the significant increasing on the percentage of the oil 

and gas discoveries where natural fractures located (Walton & McLennan, 2012).  

Natural fracture systems have many effects on the reservoir performance during 

primary, secondary, and tertiary recovery, because they effect the permeability and 

reservoir pressure. Therefore, it is important to evaluate fracture networks before the 

production to estimate the porosity and permeability of the reservoir. (Wilke et al, 

1985) reported the production of two different oil wells (Britanny, Massif) in France, 

which they have the same geographic and petrographic formations. They found that 

the wells drilled in (Britanny) has high yield due to high fracture connectivity, 

whereas, wells drilled in Massif oil field had very low yield (Wilke, Guyon, & 

Marsily, 1985). Microfractures improve storage, permeability and impact distribution 

of natural gas and oil. Therefore, evaluating microfractures in different lithologies will 

provide information in how stress field and/or lithology affects fracture characteristics. 

Studying the orientation and geometry of microfractures in fault zones and along folds 
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can provide useful information regarding the relationships between strain and stresses 

(Meier, Silke, Johanna, & Sonja ,2015). The research will greatly improve our 

knowledge about the geometry of the natural fractures in 3D. It will result in 

establishing new nondestructive techniques in imaging microfractures and their 

interconnectivity to estimate the permeability which will enhance the productivity of 

unconventional reservoirs.    

1.3 Previous Work 

The Woodford Formation occurs in the subsurface throughout Oklahoma, 

West Texas and southeastern New Mexico (John, 1991). The Woodford Shale is well 

exposed in the Arbuckle Mountains, south-central OK. The Woodford has been 

conventionally subdivided into lower, middle, and upper zones established on 

lithology and organic content (John, 1991).  

             Previous work by Ataman (2008) reported that the Woodford Shale within the 

McAllister Shale Pit outcrop, has four sets of fractures, and they are not related to the 

folding. He observed that set I fractures are the main fractures which have closer 

orientation to the regional stress which resulted on smaller spacing between the 

fractures. He noted that Set I fracture spacing are smaller than those that of the 

fracture set II. Fracture III was developed by buckling, and fracture set IV developed 

after set I and II which indicated by the cross cutting relationship. Also, he noted that 

the brittleness of the bed is directly related to the amount of quartz and the density of 

the fractures decreases as the quartz abundance decreases. Finally, he noted that the 
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thickness of the bed influences the fracture density and distribution, where thinner 

beds having higher fracture density than the thicker beds. 

Other work by Hanzel (2012) using lidar data to characterize the fracture 

orientation at McAllister Shale Pit outcrop by dividing the outcrop to upper, middle 

and lower sections.  He observed three dominant fracture stets based on manual hand 

measurements and lidar data, Set A (average orientation: N41E/54NW); B (average 

orientation: N30W/44W); C (average orientation: N73E/81SE) and they are mostly 

perpendicular and oblique to the bedding plane. Also, Hanzel (2012) concluded the 

bulk mineralogy may not affect the orientation of the systematic fractures in the upper 

and the middle sections on the scale his research. However, he stated that the non-

systematic fractures appear to be increasing with the presence of minerals such as 

illite, chlorite and sulfides.  Whereas, the mineral composition strongly effected the 

frequency and fractures spacing. He concluded that the fracture density using both the 

lidar date and in field measurements, suggested that the rock composition can have a 

strong influence on fracture frequencies and spacing.   

1.4 Computer Tomography previous work  

CT scanning has only been used to study micro fractures in rocks. Ketcham 

and Iturrino (2004) used high-resolution X-ray computed tomography (HRXCT) for 

imaging and measuring the effective porosity field of mineralogical complex 

specimens at resolutions in the 5–100 mm range. They were able to obtain a highly 

detailed map of porosity by scanning a sample in dry state and infiltrated by distilled 

water and performing a three-dimensional alignment of two data sets (fig 1.7). They 
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used the data obtained from the computer tomography imaging in a number of 

qualitative analysis, such as the frequency distribution of porosity and the direction 

analysis to infer flow anisotropy. The porosity values were calculated both by 

measuring the increase in density due infiltration and by measuring the net increase in 

attenuation revealed by the scan date in order to compare between them and to 

evaluate the accuracy of computer tomography in calculating the porosity. They found 

that the values were similar, and not expected to be identical because CT overlap 

region does not comprise the entire sample (Ketcham and Iturrino, 2004). Also, they 

found that the result obtained from this study compare well with the result from the 

subsequent measurements during porosity/ permeability analysis (fig.1.8). The 

subsequent results were higher than the result obtained by computer tomography, 

which probably is because an effective vacuum system was employed than was 

available at the X-ray CT Facility at the University of Texas at Austin (UTCT). Their 

reasoning for this differences in the measurements were corroborated by the 

observation of air bubbles in some region on the scan data.  
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Figure 1.7. Example scan image (left) and porosity maps (right) for each sample in this 
study. Field of view for each image is 24 mm, and each CT slice represents a 57.8 mm 
thickness of material (Ketcham and Iturrino, 2004) 
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Figure 1.8. Shows analysis results for Porosity values obtained from different 
measurements techniques.  
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A recent study by Ramandi et al. (2016) applying a unique contrast agent 

technique using X-ray micro-CT was developed for studying micrometer-sized 

features in coal. Generally, a contrast agent is used in CT imaging to improve the 

visualization of the target feature by increasing the absolute CT attenuation difference 

between the target feature (cleats) and the surrounding fabric. A late Permian medium 

volatile bituminous coal from the Moura coal mine, Australia, was imaged and the 

resulting 3D coal cleat system was extracted for fluid flow simulation. Sub-resolution 

cleats are not readily visible with conventional observation technique; therefore, 

identifying and segmenting them allow for more representation for the cleats system.  

The advantage of using contrast agent is visualizing coal fracture that was not 

visible with the conventional imaging methods. The research revealed a direct 

relationship between coal litotes and permeability, i.e. bright coal shows more 

permeability than dull coals. However, there was no relationship between the porosity 

and the permeability for any given litotes.  

The research applied different techniques for high resolution mineral 

identification such as scanning electron microscope, and energy dispersive 

spectrometry (SEM-EDS) together with x-ray diffraction (XRD). Mineral phases were 

removed from the 3D segmented images, it was found that the permeability was 

significantly improved by increasing the cleat void spaces and connectivity (fig,1.9). It 

was found that the removal of minerals, that occupied 1.6% of the sample volume, 

increased the connected porosity nearly three times, which subsequently increased the 

permeability by order of a magnitude. The highlights of the research are that 
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demineralization of cleats has potential important in coal seam gas reservoir for 

enhanced gas recovery.   

In my research, I am establishing a method to utilize microtomography 

imaging to detect the orientation and distribution of fractures within mudstone. 

Moreover, I will use microtomography as a non-destructive technique to visualize the 

orientation and the geometry of natural microfractures in 3D. finally, examining the 

ability of microtomography and scanning electron microscopy in visualizing the 

internal fracture surface and measuring the fracture width and compare between them.   
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Figure 1.9. A 3D visualization of the original connected fractures throughout the 
segmented micro-CT image, b: the 3D visualization of de-mineralized connected 
fractures. Fractures are shown in blue and minerals contributing to the connected 
porosity are shown in orange. (Ramandi et al., 2016) 
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CHAPTER 2 

GEOLOGICAL SETTING 

2.1 Woodford Shale  

The upper Devonian Woodford Formation is an organic-rich marine mudstone 

that is a major oil and gas source that extends throughout the Texas and Oklahoma 

region (fig 2.1). The Woodford shale is well-studied due to it is economic importance 

as a source for oil and gas production in USA. Fractured siltstone or chert beds in 

densely faulted regions such as southernmost Midland Basin and Central Basin 

Platform are the most favorable places for drilling for oil and gas production in the 

Woodford Formation. The name Woodford was first used by Taff (1902) to describe 

the exposure of black shale and chert throughout the southern flank of the Arbuckle 

Mountains anticline in Carter County, Oklahoma (Comer, 1991). The “Woodford 

Formation” name is widely used because of the wide variety of lithologies that 

compose of the southern Midcontinent interval. Woodford Shale and Woodford Chert 

were established as formation names (Keroher and others, 1966). Conodonts from the 

Woodford indicates that ranges in age from early Late Devonian (Frasnian) into Early 

Mississippian (Kinderhookian) age. Some beds of latest Middle Devonian and earliest 

Mississippian were also found at some other localities (Hass and Huddle, 1965; 

Amsden and others, 1967; Amsden and Klapper, 1972; Amsden, 1975, 1980). 

Deposition of the Woodford began during transgression of an epeiric sea from the 

south-southeast (Kirkland and others, 1992). At that time, the shelf edge was 120-150 

(miles) from the McAlester Cemetery quarry (Serna-Bernal, 2013).  
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The exposures in the quarry consist of thin bedded siliceous grey to black shale 

interbedded with dark chert that contains phosphate nodules (Over, 1992).  

The Woodford is separated from the underlying strata by an erosional 

unconformity, due to the uplifting of the older rock which exposed to the subaerial 

erosion (Amsden,1975). Stratigraphically the Woodford, is equivalent to many 

Devonian black shale throughout North America. Generally, The Woodford Formation 

overlays a regional unconformity and is diachronous in most localities. However, in 

central and southern Oklahoma, the Woodford Formation is resting over late early 

Devonian to Ordovician age in disconformable contact.  The Woodford Shale covers a 

large area of Oklahoma as a black dark shale ranging in thickness between zero to 

greater than 700 feet (Amsden, 1975). Total thickness ranges from zero to 

approximately 125feet on the far Northern shelf areas and gradually increase to more 

than 900 feet in some parts deep into Anadarko basin (Amsden,1975). The Woodford 

Formation generally consist of two Lithofacies, black shale and siltstone. Black shale 

is widely distributed and contains high amount of marine organic matter; varvelike 

parallel laminae and Pyrite. Siltstone, consists of a mixture of quartz and dolomite. 

Siltstone was developed in a deep basin and a proximal shelf setting, and exhibits 

graded layers, fine grain Bouma sequence’s and disrupted stratification. Black shale is 

mostly pelagic and represents an anaerobic biofacies, whereas siltstone is the bottom 

flow deposition and represents a dysaerobic biofacies 
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2.2 McAlister Cemetery Woodford Shale 

The McAlister Cemetery Shale Pit is located on the Criner Hills (NI/2, SW/4, 

sec.36, T5S, R1E, Overbrook quadrangle) (fig. 2.2). The Criner Hills are located in 

T.5s., R1E, at Carter County and T.6s., R.1E in Love County located in the Southern 

Oklahoma. The Criner Hills are sandwiched between the Ardmore Basin to the north 

and the Marietta Basin to the south (fig. 2.3). The Criner Hills expose an uplifted 

block of faulted and folded Paleozoic strata similar to the Arbuckle anticline to the 

north (fig. 2.4). Deformation within the Criner Hills occurred in the Late Mississippian 

through Pennsylvanian (Ataman, 2006). The McAlester Cemetery Quarry exposes a 

300-foot-thick section that extends from the basal contact with the Hunton Group to 

the top of the upper member of the Woodford shale (Bernal, 2013). In the Quarry, the 

Woodford shale is well exposed with the underlying Hunton Group is a massive light 

brown to gray carbonate.  

The Hunton Group in Oklahoma is defined to include strata ranging in age 

from late Ordovician (Keel Formation) through Early Devonian (Sallisaw Formation) 

and probably Middle Devonian in the deep part of the Anadarko Basin, where the 

deposition may have been continuous (Amsden,1980). Lower Devonian Hunton has a 

maximum thickness of 325 feet in the Arbuckle Mountains –Criner Hills 

(Amsden,1960), where in other places in eastern Oklahoma the strata does not exceed 

50 feet. The complete Hunton sequence in the Arkoma Basin is thinner than in parts of 

the Arbuckle Mountains- Criner Hills, which is due to the deletion of all Late Silurian 

and earliest Devonian strata by extensive pre-Frisco erosion (Amsden,1980). The 
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Hunton formation in northwestern Oklahoma in the deeper region of the Anadarko 

Basin, are largely Silurian in age and the lower Devonian rocks were stripped away by 

pre-Woodford erosion (Amsden,1980). Oil and gas production concentrated along the 

north-south belt separating Anadarko and Arkoma basin. The strata in this belt 

consists of limestone or dolomitic limestone lithofacies although some crystalline 

dolomite is located at the northern part of the belt (Amsden,1980).    
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Figure 2.2 Aerial view showing the McAlester Cemetery Quarry, southern Oklahoma. 
Outcrop of study shown by the blue star 
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Figure 2.3. Map showing Criner Hills located between the Ardmore Basin and 
Marietta Basin, McAlister Cemetery Shale Pit is noted by blue star (Ataman, 2006). 
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Figure 2.4. Generalized, diagrammatic paleo-cross-section, Criner Hills /Ardmore Basin / 
Arbuckle Mountains/ Mill Creek Syncline / Pauls Valley Uplift, Late Pennsylvanian, following 
the Arbuckle Orogeny (Allen, 2002)  
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The Arbuckle Mountains preserve Precambrian crystalline basement rocks and 

Precambrian through Permian sedimentary rocks that record late Paleozoic 

deformation associated with the Ouachita orogeny.  

The Arbuckle Mountains area is an exposure site for the Paleozoic sequence 

that underlies most of midcontinent region. It contains Cambrian through 

Mississippian strata and it mostly carbonate that is mainly exposed in an homoclinal 

sequence dipping of the south flank of the Arbuckle Anticline. The strata are well 

exposed on the north flank of the anticline as a series of fault blocks (Fay,1988) (fig. 

2.5). The Arbuckle Anticline in the Western Arbuckle Mountains exposes about 

10,000ft of Cambrian through Mississippian rocks, with successively older rock 

toward the middle or the top the anticline. During the latter stages of the orogeny, 

wrenching of the Llano block on the southwestern edge of the North American craton 

occurred along the Amarillo-Wichita Uplift (Algeo,1992) (fig. 2.6).   
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Figure 2.5. Chart showing stratigraphic division of uppermost Ordovician, Silurian, 
and Devonian recognized on outcrop in Arbuckle Mountains and Criner Hills of south-
central Oklahoma and in subsurface of central and western Oklahoma (Ham, 1973)  
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Figure 2.6. Pre-Pennsylvanian Stratigraphic Columns in principle segments of 
Arbuckle Mountains (Ham, 1973)  
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    CHAPTER 3  

PHYSICS PRINCIPLES OF X-RAY AND CT SCANNING  

3.1 Overview of X-Ray History   

Wilhelm K. Roentgen was the first man to observe the x-ray in 1895 while 

studying the light produced as a result of the propagation of electricity through a low 

pressured tube filled with gas. He was investigating the external effects of different 

types of vacuum tubes on the propagation of electricity while using thin aluminum 

covered by cardboard at the window to prevent the cathode ray to exit the tube in one 

of Lenard’s tubes. The cardboard was added to protect the aluminum from the damage 

that might be caused by the electrostatic field which is necessary to produce cathode 

ray. Röntgen noticed that a paper screen coated with barium platinocyanide which was 

placed close to the aluminum window was glowing. He repeated the experiment more 

than one time using different tubes and different discharges, and he noticed that the 

glistening had come each time from the same place that was coated with the barium 

platinocyanide. He realized that the light will not pass through the cardboard which 

led him to conclude that the sparkling was caused by unknown ray. He used the 

mathematical designation (X) to represent his new ray which is used for unknowns. 

After two weeks of his new discovery, he took the first picture of his wife Anna 

Bertha's hand using his new ray. Today, after his discovery Röntgen is considered the 

father of diagnostic radiology. Scientific researches later proved that the X-rays are 

produced when a beam of electrons is accelerated by electric potential difference then 

deaccelerated when it strikes a target made of metal. At that time, the newly 
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discovered ray had greater penetration power than any other electromagnetic radiation. 

X- rays are not deflected by either an electric or magnetic field since they are 

electromagnetic waves. 

3.2 X-ray Production    

X-ray tube consists of anode which is the target and the filament which is the 

source of the electrons, both are fixed into thermionic x-ray tube (fig. 3.1). Electrons 

are produced by the heated filaments when they are accelerated between the anode and 

the cathode through large potential difference that is usually of the order of 104 and 

105 volts. The wavelength of the produced x-ray is controlled by the applied voltage, 

higher potential difference with short wavelength is called hard x-ray and the lower 

potential difference with longer wavelength is called soft x-ray. The electron beam 

current is usually in the range of 10 milliampere, since the x- ray tube is a vacuum and 

highly evacuated. When the electron hits the target (anode) approximately 1% of his 

kinematic energy is converted to x-ray photons to form characteristic radiation and 

bremsstrahlung radiation.  
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3.3 Bremsstrahlung Radiation  

First source of x-ray photons that come out of the x-ray tube are called 

bremsstrahlung or deceleration radiation. They are induced by the sudden stopping or 

slowing down of the electron at the Anode (target). They are produced as a result of 

the striking of source electron to the nucleus of the target or even if they come closer 

to the nucleus of the target. Because of the collision, the source electron interacts with 

the nucleus rather than the electron cloud of the target because the charge density of 

the nucleus is much greater than the charge of the electron cloud (fig.3.2). As the high-

speed electron strikes the target, all of its kinetic energy is transformed to single x-ray 

photon, the energy of the produced photon (KeV) is equal to the energy of the source 

electron. Thus, most of the energy of the source electron goes into heating up the 

anode (target). Therefore, majority of the high-speed electrons will have ability to 

penetrate through the valence electron and interact with the nucleus of the atom target. 

Figure 3.1. Schematic drawing showing the component of the X-ray Tube 
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The source electron will lose its speed due to the interaction between the negatively 

charged high speed electron and the positively charged nucleus of the target. Then the 

photons are formed when the electron losses some of it is kinetic energy caused by it 

is deceleration. If in collision between high speed source electron and target (tungsten) 

all the kinetic energy of the accelerated electron is transformed into radiation, then the 

energy of the X-ray photon would be given by the following equation:   

Emax = hνmax = eV 

where h = Plank's constant, νmax = the largest frequency, e = charge of an electron, V = 

applied voltage.  

 

 

 

 

Figure 3.2. Schematic drawing showing the interaction between the source electron 
and the nucleus of the target 
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The energy of the resultant bremsstrahlung photons increases as the high speed 

source electron comes closer to the nucleus because the electrostatic attractions are 

higher which will increase the deceleration of the electron. Note that the maximum 

energy that bremsstrahlung has is equal to the energy of the incident electron (fig.3.3)   

X- ray photons produced from bremsstrahlung interaction have continuous 

spectrum of energy for many reasons.  

1- Constant variation on the voltage difference between the filament and the target causes 

variation on the level of the kinetic energy.  

2- Majority of the high speed electrons are engaging in many interactions before they 

stop completely at the target. As the source electron hits the target continuously, they 

lose some of it is energy each time. Therefore, every time the electron interacts with 

the nucleus, it will have different amount of energy which results in generation of 

continuous x-ray photons.  

3- High speed electrons pass at different distance from the target nuclei and, thus, they 

deflect in different distances. As a consequence, they give up different amount of 

energy in a form of bremsstrahlung photons. Continuous radiation has an advantage in 

imaging and spectroscopy because bremsstrahlung source is brighter than any other 

radiation source.  
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3.4 Characteristic Radiation           

The second result of the interaction between the source electron and the target 

is the characteristic radiation photons. They are produced when an electron from the 

filament interacts with the most inner electron shell of the target (tungsten) and knocks 

them out into the excited states which will ionize the atom.  As a consequence, an 

electron from the outer-shell of the target atom (tungsten) will move to the inner shell 

to fill the void space. The photons are emitted when the displaced electron is replaced 

by the outer-shell electron (fig. 3.4). The energy of the emitted photon is equivalent to 

the difference in two orbital binding energies. The energy required to eject the inner-

shell electrons is different depending on the Z number of the target. Therefore, the 

higher the Z number of the target, the greater the acceleration voltage required to eject 

the electron from the inner-shell (Table 3.1). For example, characteristic radiation 

Figure 3.3. Schematic drawing showing the relationship between x-ray intensity and 
the photon energy 
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from K-shell occurs with tungsten target only occur approximately above 70 kVp 

(Table 3.2).   

Characteristic radiations are emitted as discrete energies which is represented by the 

following equation: 

hv = 𝑬𝑲-𝑬𝑰 

where; h = Plank's constant, V = applied voltage  

𝐸5	𝑎𝑛𝑑	𝐸9 are the electron binding energies of the K shell and L shell. 

 

 

Figure 3.4. Schematic drawing showing the production of the characteristic X-ray 
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Table 3.2. Showing the required electron energy to eject characteristic x-ray from 
tungsten target 

Table 3.1. Table showing the binding energy of each element and the required electron 
energy to produce characteristic x-ray 
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3.5 Interaction of Radiation with Matter  

The strength of the x-ray beam is decreasing as the beam moves through the 

matter due to the interaction between the x-ray photon with the atom of the matter 

(sample). As a consequence of this interaction, the x- ray photons are either absorbed 

or scattered. Scattering occurs when the photons ejected out of the main beam due to 

the interaction with the outer-shell electron of the atoms of the sample. The interaction 

between the photon beam has three types (1) coherent scattering, (2) Compton 

scattering, (3) photoelectric absorption. In addition, about 9% of the primary beam 

photons could pass through the absorber without interaction with absorber atoms.   

3.6 Coherent Scattering  

Coherent scattering is also known as Thompson scattering and classical 

scattering. It occurs when the photon energy is below the electrons’ binding energy of 

the absorber atoms, which will result only on changing in the direction of the photon 

without change in the energy or the frequency of the photon (fig.3.5). Coherent 

scattering varies with the energy of the incident photon and the atomic number of the 

sample (absorber). When the low energy incident photons pass close to the outer shell 

electrons of the absorber atoms, it will cause the electron to vibrate at the same 

frequency as the incident beam. This vibration will stimulate the electron to emit new 

x-ray photon which has the same frequency and energy of the incident photon and 

leaving the absorber atom without changes. Small part of the image fog is caused by 

the coherent scattering because the interaction between the incident photons and the 
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absorber atoms occurs only with 8% of the incident photons, and also it is energy is 

very low to reach the image detector.          

Figure 3.5. Schematic drawing showing the Coherent scattering 

 

3.7 Compton Scattering 

Compton effect is the second radiation scattering event that occurs when the 

incident x-ray photons with short wavelength get scattered by the outer-shell electrons 

of the absorber. The outer electrons will receive kinetic energy from the incident 

photon which will cause it to recoil. As a result of the collision, the incident photon 

will deflect in different directions from the location of the collision with different 

wavelength and different angles. As the energy of the incident photons increases, the 

angle of the secondary scattered photon decreases and it is direction will be more 

forward. As a consequence of the Compton scattering, the absorber atoms lose an 

electron and get ionized. The fogging and darkening of the image is mainly related to 
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the Compton scattering. The probability of Compton scattering is directly proportional 

to the electron density of the absorber (fig.3.6). Therefore, the probability of the 

Compton scattering is higher as the atomic number of the absorber is higher because 

the density of the electron cloud is higher which will result in more chances for the 

collision between the incident photon and the electron cloud of the absorber.  

The angle of the deflected photon could be calculated by the following equation:  

                                 λ 𝒇 − λ 𝒊  =∆ λ = (h/moc) (1-cos ϴ) 

λ =  wavelength after scattering  

λ >  initial wavelength  

ϴ   the scattering angle  

h   Planck constant  

m? electron rest mass  

The energy of the deflected incident photon is equal to the energy of the 

incident photon minus the recoil kinetic energy plus the binding energy of the outer-

shell electrons of the absorber atoms. The energy of the scattered photons is given by 

the following equation:  

 

 

where, E is the energy of the incoming photon  

m is the rest mass of the electron  

c is the speed of light  

ϴ is the scattering angle 
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3.8 Photoelectric Absorption  

Photoelectric absorption occurs when the incident photon collides with the K-

shell electron (inner shell electrons). The inner shell electron gets knocked out of K-

shell orbit by the energy that it gains from the collision with the incident photon. The 

kinetic energy transported to the inner shell electrons of the absorber is equal to the 

energy of the incident photon minus the energy required to overcome the binding 

energy of the electron (fig.3.7). Most of the photoelectric absorption occurs in the K-

shell because the density of the electron in this orbit is higher; therefore, the 

probability of interaction is higher. The photoelectric effect increases as the atomic 

Figure 3.6. Schematic drawing showing Compton Scattering 
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number of the absorber increases. The probability of the photoelectric interaction is 

the greatest for low energy photons and is proportional to the atomic number. 

Photoelectric absorption causes the ionization of the absorber atom and results in 

generating characteristic radiation. The void space in K-shall is usually filed by 

electron from L or M-shall. The energy of the resulted characteristic photons is very 

low, it is always absorbed by the absorber (sample) and doesn’t have negative effect 

on the image. On the other hand, the photoelectric effect has advantage in producing 

high quality image because no scattered fog will be produced on the image.  

 

 

 

 

 

Figure 3.7. Schematic drawing showing the Photoelectric absorption  
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3.9 Photon Attenuation   

Attenuation is the gradual decrease in energy as the photon beam passes 

through any materials. The intensity is defined as the power per unit cross sectional 

area I=P/A, where P is the power an A is the cross sectional area and it is SI unit of 

intensity is Wm-2. Attenuation coefficients is describing the intensity of the photon 

beam as it passes through a volume of materials. High attenuation coefficient means 

that the beam is attenuated very quickly, and low attenuation coefficient means that 

the beam passes through the absorber without losing significant amount of it is 

intensity through the absorber. Photon absorption depends primarily on the mass and 

the thickness of the absorber and the intensity of the photons beam. Therefore, high 

energy photons have less probability to be attenuated than the low energy photons. 

Low energy photons tend to be removed by the surface layers of the absorber which 

results in decrease of the intensity of the beam and increase of the energy of the beam 

by removing the low photon energy from the beam. The photon attenuation has three 

types: (1) linear attenuation, (2) exponential attenuation, and (3) Mass attenuation 

coefficient.  

3.10 Linear Attenuation  

It occurs when thin uniform slab of materials of thickness dx is targeted by an 

incident beam of photons. Therefore, there is a probability that the incident photon 

might pass through the slab without interacting with the absorber atom or might be 

absorbed or scattered by the absorber. The probability of the interaction between the 

incident photon and the absorber atom is governed by the equation:  
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                                         Na σ dx 

where, Na is the number of interaction centers atoms per unit volume  

 σ is the total interaction cross-section per atom  

 Na σ is known as linear attenuation coefficient µ  

Linear attenuation coefficient is calculated by the following equation  

Na σ (µ) = (1000 𝑵𝑨𝝆/𝑨𝒓) σ 

Where,  𝑁F	Avogadro constant, 𝜌 is density, is the atomic weight   

the SI units of this expression is the dimensions of µ are m–1. 

3.11 Exponential attenuation  

It occurs when the flounce of photon beam passes through the slap of materials 

with thickness x without interacting with it is particles. In exponential attenuation, the 

intensity of the photon beam is decreasing exponentially as it passes through the 

absorber material. The exponential attenuation coefficient is given by Lambert’s law: 

  𝑰 = 𝑰𝟎𝒆 "J𝑿            

 where 𝐼M is the integral current of the X ray photon (initial photon intensity);  𝐼	is the 

integral current transmitted by the sample (final intensity); µ is the linear attenuation 

coefficient of the sample; X is the sample width     

3.12 The Linear Attenuation Coefficient (µ) 

The linear attenuation coefficient (µ) describes the amount of the energy of the 

photon beam that gets attenuated or scattered or absorbed per unit thickness of a slab 

of materials. Therefore, Linear attenuation coefficient values represent the number of 

atoms in cubic cm volume of materials that probably get scattered or absorbed by the 
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nucleus or by the electron cloud of that atom. Knowing the linear attenuation 

coefficient value is useful for selecting the energy of the radiation that will produce 

the most contrast between the component of the scanned materials. For example, the 

ideal value of the linear attenuation coefficient to maximize the contrast between two 

materials such as the inclusion of tungsten and the iron is 100KeV, as the graph shows 

(fig.3.8). 

Since the value of the linear attenuation coefficient depends on the density of 

the material, it means that its value will be affected by the physical state of the 

materials. For example, the linear attenuation coefficient for water vapor is lower than 

its value for ice cube since the interaction between the photon beam and the water 

vapor is much lower than the interaction with the ice cube because the water vapor 

molecules are more distributed than they are in the ice which will result in less 

interaction in vapor situation than the ice situation. Therefore, to find the mass 

attenuation coefficient value is simple by dividing the linear attenuation coefficient 

value by the density of the materials or the compound. the mass attenuation coefficient 

has units of cm2/gm. To convert mass attenuation coefficient to linear attenuation 

coefficient is just by  

multiplying the density of the materials according to the following equation:  
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3.13 X-ray Computer Axial Tomography  

Theory  

Computer Axial Tomography (CAT) is one of the most reliable and competent 

non- destructive techniques that has been used for studying the internal structure of 

different types of objects with different shapes and sizes. The main principle of the 

Computer Axial Tomography is based on the attenuation of X-ray or gamma ray, 

which will be used to map the differences of the linear attenuation coefficient of the 

entire sample and the projection of the linear attenuation coefficient along a beam of 

exploring X- or gamma-ray. The integral along the radiation beam of the linear 

attenuation coefficient defines its projection ʃAB. Numerical values of this projection 

Figure 3.8. Showing the relationship between the linear attenuation coefficient and the 
energy required to differentiate between two elements 
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are experimentally determined following Beer’s law, by measuring simultaneously 

both incident I0 and transmitted I integral and the currents of X- or gamma-ray 

photons (fig.3.9). The value of the linear attenuation coefficient is based on the photon 

energy and the atomic number of the absorber, so as the beam is passing through the 

sample, the beam is attenuated as described by the Lambert’s law: 

𝑰 = 𝑰𝟎𝒆("J𝑿) 

 where 𝐼M is the integral current of the X ray photon (initial photon intensity);  𝐼	is the 

integral current transmitted by the sample (final intensity); µ is the linear attenuation 

coefficient of the sample; X is the sample width.  

 

 

Figure 3.9. Graphical definition of the projection of the linear attenuation coefficient 
along a beam of exploring X- or gamma-ray. (Duliu,1999) 
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           Therefore, as the atomic number increases, the density of the electron will 

increase which will cause higher attenuation coefficient. On the other hand, as the 

atomic number of the substance is decreased, the density of the electrons will decrease 

which will cause reduction on the attenuation coefficient. Since the density of the 

materials is approximately proportional to the electron density, then the attenuation 

coefficient depends on the density of the materials of the sample. Therefore, the 

attenuation coefficient also depends on the density of the object according to the semi-

empirical relation (Curry et al, 1990):   

      

 

 

 

where: N is Avogadro’s number; E is the X-ray energy in (keV); Zef =sum(fiZi
n) is the 

effective atomic number of the sample; fi is the electron concentration of the ith 

component of the sample.   

 

The equation has 3 different components between the brackets, the first part is 

the Compton effect which does not depend on the atomic number of the sample. The 

coherent scattering is representing the second term and the third term is representing 

the photoelectric effect which both depend on the atomic number of the materials and 

the x-ray energy. This equation is used to calculate the range of energies as well as the 

atomic number for which of these component is dominant (Curry et al, 1990). 
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Therefore, if the Compton effect is dominant and has the value above 100KeV, the 

linear attenuation coefficient µ will only depend on the density and not the chemical 

composition of the sample. On the other hand, if the photoelectric effect is 

predominant, the linear attenuation coefficient will depend on the chemical 

composition and the atomic number of the absorbance at x-ray energies below 

100KeV (fig. 3.10).  

 

Figure 3.10. Graphical representation of the dependency of the ratio of Compton and 
photoelectric effects cross-section on the atomic numbers The region above the upper 
curve characterizes the dominance of the Compton effect _the linear attenuation 
coefficient is proportional to the density. The region below the lower curve represents 
the dominance of the photoelectric effect _the linear attenuation coefficient is 
proportional to the effective atomic number. By selecting, in concordance with these 
criteria, the energy of X- or gamma-ray, CAT could be used to determine either the 
local average density or the local value of the effective atomic number. (Duliu,1999).    
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 The attenuation coefficient for inhomogeneous samples will have different 

attenuation values for different points of the sample under investigation. The previous 

equation shows that the linear attenuation coefficient is a function of both density and 

effective atomic number of the object. Therefore, obtaining information about the 

chemical composition and the density of the sample could be easily obtained by 

knowing the linear attenuation coefficient value for the sample.  
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CHAPTER 4 

METHODS 

 

4.1 Samples Descriptions  

The studied sample came from the Woodford Shale outcrops in the McAlester 

Cemetery quarry (Fig. 4.1). The outcrop is extremely brittle and highly fractured 

outcrop exposing a sequence of interbedded and laminated siliceous shale with an 

orientation of 330/47. An oriented section of a rock, approximately 20 cm in thickness 

was extracted from the outcrop and taken to the laboratory for XRD and 

microtomography investigations. The sample was kept intact and the beds were 

divided into individual section and labeled from “I” to “A” form the top to the bottom 

(Fig 4.2).  Small samples were extracted from each layer and powdered for XRD 

analysis at XRD unit at geosciences department at Texas Tech University. Two other 

samples (1) and (2) were removed carefully from the top part of the whole rock to 

preserve the natural fractures intact and prevent it from inducing new fractures for 

microtomography analysis. For SEM analysis another small sample was extracted 

from the most top layer to preserve the fracture and to examine the origin of the 

bituminous.  
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Figure 4.1. Showing where the location of the extracted sample at Woodford Shale 
outcrops in the McAlester Cemetery quarry 

Figure 4.2. Showing the original sample approximately 20 cm that were extracted 
from the outcrop each bed indicated by red line and later next to it from (I) at the most 
top layer and (A) at the bottom.  
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4.2 X- Ray Diffraction Analysis (XRD)  

Total of 9 samples were collected from each individual bed for XRD analysis 

(fig. 4.3) Each sample were crushed with a sledge hammer until the fragments were 

small enough to be placed in a mortar and pestle for farther powdering to meet the 

requirements for XRD analysis. Another XRD data pattern was collected for two times 

for layer (H) only by Mahmoud Mahrous and the data was interpreted by Callum 

Hetherington. The XRD pattern was collected in two stages. Firstly, the sample were 

extracted from the powder of layer (H) and scanned by XRD instrument, then returned 

to the container of the powder after XRD scan finished. Secondly, the examined 

sample was mixed again with the whole amount of layer (H) powder, then the second 

sample was extracted for the second round of XRD from layer (H) powder.          

Analysis established by bombarding the sample by monochromatic x-ray beam 

produced in a regular X-ray tube, then concentrated by collimate to be directed toward 

the sample.  

The theory behind XRD is based on the constructive interference that formed 

when monochromatic X-ray interacts with a crystalline sample. When the condition 

satisfies Bragg’s Low (nλ=2dsinθ) which is relating the wavelength of the 

electromagnetic radiation to the diffraction angle and the lattice spacing in crystalline 

samples. XRD patterns were collected using a Rigaku Miniflex II with graphite 

monochromatic and scintillation. detector equipped with a Cu tube. Each sample was 

analyzed with a scan range of 3° to 80° 2θ angle, with a step size of 0.05°, collecting 

data for 10 seconds per 0.05 degrees. Phase abundances for each sample were 

calculated from XRD patterns using whole-pattern fitting and Reitveld refinement 
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methods. The diffraction peaks were then converted to d-spacing which is important 

for phase identification of each mineral because each mineral has unique d-spacing. 

XRD date collected from the analysis was then matched against datasets to recognize 

each mineral based on it is d-spacing.  
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                                      (B) (A)    

                                                               (C) 

Figure 4.3. Showing the location of each layer in situ before XRD analysis (A) 
location of samples of layers A and B, about 20 cm adjacent to overlying intervals (C-
G, etc.). (B) In situ location of sampled layers G, H, and I. (C) Location sample layer I 
containing penetrative bit-cracks.  
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4.3 Computer Microtomography  

Two samples were extracted from the original rock sections for 

microtomography analysis. Sample (1) was taken from layer I and sample (2) includes 

layers I, H, and G (fig 4.4). The samples were scanned at the High-resolution micro 

CT scanning facility at the University of Texas at Austin (UTCT). The process of 

scanning the samples is described in detail by (Ketcham and Carlson ,2001). The 

samples were scanned together and then cropped apart by ImageJ software and saved 

separately.  

The sample was scanned using an X- ray source of 200 KV and 0.15 mA by 

NSI scanner using a Fein Focus high power source, which is capable of a < 10 

micrometer focal spot size. The Perkin Elmer detector system is an image intensifier 

from which data are received and digitized by a CCD 1024 X 1024 camera. An 

aluminum filter was applied to obtain monochromatic x-ray beam to reduce the dose 

of the X-ray. Data for multiple slices were acquired during the single rotation of the 

sample by utilizing data of the true horizontal plane used for standard tomography (fig 

4.5). The distance between the source of the X-ray to the objects (samples) is 440.0 

mm whereas the distance between the source to the detector was 1316.772 mm. 3 

average frames was used, 0 skip frames 8 gain calibrations, 15 mm calibration 

phantom, data range [-2.0, 19.0] (grayscales adjusted from NSI defaults), and the 

beam hardening correction is 0.175. Finally, a total of 1701 slice from sample (1) and 

1360 slice from sample (2) were obtained with voxel size is 79.0 
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Figure 4.4. (A) is Picture of sample in lab, Red outline indicates sample (1) and (2) 
used for microtomography analysis, (B) is showing sample (1) with it is lengths 
measurements (C) is showing sample (2) with it is lengths measurements. Note there 
is little distortion on the measurements due to the irregular shape of the sample.  

                                        (A) 

                            (B)                             (C) 
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4.4 Microtomography Data Processing     

The 3D segmentation date processing was done by Dave Edey at the high-

resolution microtomography scanning facility at the University of Texas at 

Austin(UTCT) using AVIZO software. First, the 2D images obtained from the 

microtomography was cropped with ImageJ software to separate Sample (1) and 

Sample (2) data from each other since they were scanned together. 2D images then 

were processed with AVIZO software to obtain 3D images and movies to visualize the 

orientation and the geometry of the fractures in 3D. 

The steps for processing the data was done as follow for sample (1):   

Figure 4.5. Schematic illustration of microtomography. A collimated planar X-ray fan 
beam is directed at the sample and readings are taken on a linear detector array at 
constant-angle intervals through a full rotation. The resulting data are used to 
reconstruct a sample slices (Robert and Moores, 2006) 
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• The rock was segmented form air using the threshold tool. 

• The fractures were manually segmented in the CT data using a combination of the pen 

and threshold tools, and manually tracing the fractures and interpolating. 

• The fracture segmentations were used to generate surface files and colored each sets of 

fracture in accordance to their orientations. 

• Volume rendering was generated of the whole rock in both an opaque and transparent 

version.  

• The three visual objects then combined into different combinations and made orbit 

movies of them. 

• Volume information then extracted for the different segmentations 

• Stack of images then extracted just for the segmented fractures without any other data.   

• Finally, the fracture volume was calculated and then divided by the total rock volume 

to obtain the porosity of the rock sample.  

4.5 Porosity Calculation  

Due to the difficulty of calculating the porosity digitally, the porosity was 

calculated using two different methods. First method, calculating the total void spaces 

in the rock including the fractures volume, bituminous volume, and the bedding plane 

spaces digitally using AVEZO software. Second method, calculating the porosity after 

segmenting the fractures including the bituminous which is located within the 

fractures because it is difficult to separate them.   
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4.6 Scanning electron microscope analysis (SEM)   

Small sample number (3) approximately 3 inches by 3inches was extract 

carefully from the most upper bed (I) to preserve the natural fracture intact to be 

imaged with scanning electron microscope. The fractures on the top surface were 

filled by bituminous, which make it difficult to visualize the fractures surface. 

Therefore, the bottom of the sample (toward the subsurface) was scanned instead, 

because it doesn’t have bituminous fill which made easy to visualize roughness and 

the internal surface of the fracture. (fig 4.6). The analysis was carried out using 

Hitachi S3400 at College of Arts & Sciences Microscopy (CASM), Texas Tech 

University. The pressure chamber was between 90-150 Pa and KV between 10-15. 

The SEM allows the specimen to be scanned in it is natural state without subjecting it 

to any amount of distortion which might be caused by the freezing, drying or vacuum 

coating that is normally required for high vacuum regular SEM instrument. The 

advantage of using this technique is to preserve the natural fracture and preventing the 

formation of any other fractures within the specimen.   
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Figure 4.6. (A) showing the top view of the sample (3) and the red arrow is indicating 
the fracture filled with bituminous. (B) showing the bottom view of the sample (3), the 
red arrow is indicating the fracture that was scanned by SEM. Both samples bedding 
plane has a strike of 330/47.  

                                (A)                                 (B) 
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CHAPTER 5 

 RESULTS 

 

Exposures of the Woodford Shale at the McAlester Cemetery quarry occur 

along a hogback with average bedding strike of 328/46 (Fig. 5.1 hogback pic). Here, 

the shale is a grey- to buff-weathering laminated siliceous shale and is extremely 

fissile (Fig. 5.2). The primary investigation to the site shows that there was high 

fracture density on the bedding surfaces. The measurements of the fractures at the 

outcrop shows that there are four main fracture sets were identified from the youngest 

to the oldest (based upon cross cutting relationship) with an average strike and dip of 

330/54 SW, 076/80 SE, 095/ 52 SW and 014/82 NW. Two of the prominent fracture 

sets are nearly perpendicular to bedding and are filled with bitumen. These are 

informally termed “bit-cracks”. The bit-cracks do not pass continuously through the 

entire outcrop perpendicular to bedding (Fig. 5.2). The first set is continuous over 

decimeter scales and planar with a spacing of cms (Fig. 5.3). The second set is 

discontinuous and generally abuts against the first, planar set. The second set is 

sinuous and commonly defines a ptygmatic form (Fig. 5.3).   
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Figure 5.1. Hogback outcrop showing the shallowly east-dipping beds that form along 
the crest of a NW-trending fold.  

Figure 5.2. View looking along strike of stratigraphic interval containing a basal 
bitumen-rich layer, with darker grey color index (~1 cm thick, layer A), overlain by 
thin laminated, fissile more siliceous (?) shale (layers B-H). Highest interval (layer I, ~ 
2-4 mm thick) contains penetrative sets of bit-cracks. Red lines indicate approximate 
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intervals sampled based on correlations with oriented sample in the lab – see following 
pictures.  

Figure 5.3. Close up image of bedding plane with prominent fracture sets. The 
systematic set is closely spaced (~1-2 cm) and runs from upper left to lower right. The 
non-systematic set trends from lower left to upper right, is sometimes discontinuous, 
and in places ptygmmatic. 

 

An oriented sample approximately 15 cm in thickness was extracted from the 

outcrop and taken to the laboratory for microtomography, XRD, and SEM 

investigations (fig. 5.4). Two smaller samples were extracted from the main sample 

for microtomography analysis. Systematic and non-systematic features were identified 

on the surface of the original sample and on the field. Microtomography 2D images of 

the both samples confirmed that there are systematic joints on the surface and the 

subsurface as well. The systematic features are characterized by roughly planer 

geometry and regular parallel orientation (fig. 5.5). Non-systematic fractures were 
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observed on both the surface and on the subsurface by the microtomography images, 

they are curved and irregular in geometry, they also terminated against the older joints 

which they are mainly systematic and cemented with calcite (fig. 5.6). The 

relationship between the systematic and non-systematic features on the subsurface of 

the sample were later confirmed by the 3D segmentation images. Moreover, 

microtomography images shows an extensional fracture contains some quartz particles 

within the bituminous layers, it is difficult to know if quartz particles were formed 

before or after the formation of the fracture or the fracture formation might be 

activated as a reason of the brittleness of the quartz. Quartz partials appears brighter 

than the surrounding rock fabric due to it is high density, which increases the x-ray 

absorption (fig.5.7).  
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Figure 5.4. Picture of sample in lab. Red outline indicates sample used in various 
analyses. 

 

 

Figure 5.5. Sample (1) (A) is 2D image on the left is showing the systematic fractures 
indicated by red arrows and non-systematic fractures indicated by blue arrows (B) is 
showing the sample surface systematic fractures indicated by red lines and non-
systematic fractures indicated by blue lines 
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Figure 5.6. Sample (2) 2D image on the left is showing the systematic fractures indicated by 
red arrows and non-systematic fractures indicated by blue arrows (B) is showing the sample 
surface systematic fractures indicated by red lines and non-systematic fractures indicated by 
blue lines. 
 

Figure 5.7. 2D microtomography image showing the propagation of the fracture 
perpendicular to the bedding plan and filled with quartz particles 
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Multi planer reconstruction (MPR) images plays an important role in the 

interpretation of the three-dimensional shape and orientation of the microfractures. 

MPR images shows that the fracture density at the top layer are higher than the bottom 

layers (fig.6.8). Correlation between the 2D images and the corresponding 3D image 

indicate that the fractures are perpendicular to the bedding plan in the upper most layer 

and they merge into the bedding plan spaces, which was observed in the field (fig.6.2). 

The sudden change on the orientation of the fracture from perpendicular to the 

bedding plane to form an oblique angle with the bedding plane could be due to the 

increase of high organic content on the sublayers which changes the behavior of the 

rock from being more brittle to be more ductile (fig. 6.9). The other reason could be 

due to the reduction of the stress filed that induced the formation of the fracture or due 

to the increase on the bedding plane thickness. The mineralogical constituent and the 

variation of the bedding plane thicknesses of the sample will be discussed intensively 

on the later section in order to verify the previous hypothesis’s. it was also observed 

that the width of the fracture is decreasing as it propagates through the rock toward the 

subsurface    
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Figure 5.8. Multi planer reconstruction (MPR) 2D coronal image view on the left 
showing the density of the fractures on the most top layer on the right is the 
corresponding axial 2D image for the most top layer. 
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Figure 5.9. (A) is showing 2D microtomography image showing the fracture 
propagating perpendicular to the bedding plane and then merged through the bedding 
plane (B) is 3D Volume rendering for the fracture propagating through the rock 
represented on the previous 2D image  
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5.1 Mineralogical Constituents (XRD analysis)   

X- Ray Diffraction analysis was conducted to examine the mineralogical 

composition of the host rock and to identify if there is correlation between the silica 

content and the density of fractures in each layer. It was observed that the most top 

layer is highly fractured, it is   hypothesized that the most top section (I) is highly 

fractured due to an increase in brittle mineral phase (quartz). Two different XRD 

analysis and interpretation were done by Matt Fisher and Callum Hetherington were 

carried out at geosciences lab at Texas Tech University. Firstly, Matt Fisher collected 

XRD pattern for the whole sample from the top layer (I) to layer (A) at the bottom. 

Matt Fisher interpretation for the collected XRD pattern shows that the top layer (I) 

has the highest Quartz 82% and gradually decreases till it reaches the minimum 

percentage at layer E is 51 % then gradually increase again at the bottom layer (A) 

with 79%. Whereas, dolomite is very low at the top layer and gradually increases until 

it reaches the highest concentration at layer C with 38% (Table 5.1).  

The collected XRD pattern from the previous steps was interpreted by Callum 

Hetherington and the data shows that quartz in the first scan was 69% and 59% in the 

second scan as it showed on (table 5.2,5.3).  Finally, Callum Hetherington 

reinterpreted the XRD pattern data that was collected earlier by Matt Fisher for layer 

(H). the reinterpretation done by Callum Hetherington shows that quartz concentration 

is 40% which was reported by Matt Fisher previously to be 77% (table 5.4).  

The triple analysis for the same sample shows the challenges of inconsistencies in the 

XRD data collection and interpretation.  
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Table 5.1. XRD results done by Matt Fisher for all layers showing weight percent of 
each minerals.  

 

 

Table 5.2. XRD results for the first round for layer H done by Callum Hetherington 

 
 
 
 
 
 
 
 

Phase	
Name		

A	
(%)	

B	
(%)	

C	
(%)	

D	
(%)	

E	
(%)	

F	
(%)	

G	
(%)	

H	
(%)	

I	
(%)	

Quartz	 79.20	 74.40	 51.00	 63.95	 52.00	 64.00	 78.00	 77.00	 82.00	

Dolomite	 8.70	 10.00	 38.00	 8.03	 5.10	 21.50	 6.40	 3.50	 	

Pyrite	 2.06	 	 	 	 	 	 	 	 	

Clays	 10.00	 15.60	 10.80	 28.01	 43.00	 21.50	 16.00	 19.00	 18.20	

Bentonite	 10.00		 15.60	 0.00	 	 	 	 	 	 9.20	

Muscovite	 	 	 10.80	 28.01	 43.00	 	 16.00	 19.00	 	

Kaolinite	 	 	 	 	 	 21.50	 	 	 	

Illite	 	 	 	 	 	 	 	 	 9.00	

Rwp	 9.59	 12.82	 13.47	 14.45	 15.85	 15.80	 15.43	 18.69	 13.22	

Phase name Content (%) 
Quartz, syn 69(4) 

Dolomite 8.3(13) 
Muscovite-2M1 19(2) 

Kaolinite-2M 3.7(11) 
Unknown 0.000000e+000 
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Table 5.3. XRD results for the second round for layer H done by Callum Hetherington 

 
 
Table 5.4. XRD interpretation Done by Callum Hetherington for layer H for the XRD 
pattern that was collected by Matt Fisher. 
Phase name Content (%) 

Dolomite 4.00(18) 

Illite-2M2 (NR) 56(3) 

Quartz, syn 40.1(11) 

Unknown 0.000000e+000 

Quartz, syn  
 
 
 
 

Further verification for XRD results was investigated using SEDMIN- 

Microsoft Excel spreadsheet for calculating fine-grained sedimentary rock from bulk 

geochemical analysis. SEDMIN, is a practical attempt for a computational routine 

focusing on smectite, chlorite, Kaolinite, illite and ambiguous sericite within various 

politic sedimentary lithology (Kackstaetter, 2014) (Table 5.5). 

 

 

 

Phase name Content (%) 
Quartz, syn 59(2) 

Dolomite 5.8(7) 

Muscovite-2M1 29.4(7) 

Kaolinite-2M 6.0(12) 

Unknown 0.000000e+000 
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Table 5.5 Mineralogical analysis using SEDMIN- Microsoft Excel spreadsheet for 
calculating fine-grained sedimentary rock from bulk geochemical analysis. 

 
 
 
 

Mineral Name  A B C D E F G H I 

Quartz 47.9 41.9 41.9 42.2 38.9 35.7 33.1 42.9 43.6 

Gypsum 11.3 10.2 9.4 9.5 8.7 8.00 7.4 8.7 10.3 

Pyrite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Apatite 1.58 1.57 1.72 1.73 1.60 1.46 1.36 1.71 1.75 

Albite 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

K-spar 4.22 5.76 7.94 9.18 8.49 7.77 7.21 10.0 8.89 

Rutile 0.63 0.70 0.71 0.72 0.66 0.61 0.56 0.71 0.75 

Hematite 7.57 7.30 6.80 6.48 5.99 5.49 5.09 6.70 7.30 

Calcite 0.00 0.98 1.68 2.14 1.98 1.81 1.68 1.78 0.00 

Dolomite 3.97 5.92 3.37 1.02 0.95 0.87 0.80 1.37 1.66 

Ferrodolomite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Illite 6.00 10.9 12.0 12.4 11.5 10.5 9.8 12.4 12.1 

Sericite 14.7 14.3 12.1 10.7 9.8 9.0 8.4 9.5 10.9 

Chlorite 2.12 0.59 2.59 4.05 3.75 3.43 3.18 4.11 2.72 

Mont. / Smec. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Kaolinite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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5.2 Measurements of Fracture density and fracture numbers verses bed 
thickness  
 

Fracture densities in both samples were measured along the diagonal axis of 

the sample perpendicular to the bedding planes (fig.5.10). Virtual scanlines were 

created diagonally over the surface of CT scanning images at every layer in the 2D 

images using ImageJ software. The fracture densities were calculated by dividing the 

number of fractures by scanline length to calculate the fracture densities at each layer. 

The result then plotted in a graph, fracture numbers were plotted on Y axis and bed 

thickness plotted in X axis similarly fracture densities were plotted in Y axis and bed 

thickness in x axis (fig 5.11, 5.12.). the interpretation for the trend on the graphs for 

the relationship between fracture number and density verse the bed thickness, indicate 

that the density of the fractures is decreasing with increasing bed thickness and the 

number of fractures increases as the bed gets thinner. Also, it was noted that the bed 

thickness was getting larger and denser and less number of fractures with increasing 

the subsurface depth.                      
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Figure 5.10. Pictures showing the bed thickness measurements (A) is sample (1) and (B) 
is sample (2) 

(A) 

(B) 
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Figure 5.11. Graph (A) is showing linear fracture density versus bedset thickness for 
sample (1). Data distribution shows that higher fracture density corresponding to 
thinner beds (B) is showing the number of fracture versus bedset thickness for sample 
(1). Data distribution shows that number of fractures increases as the beds gets thinner.   
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(D)     

 

Figure 5.12. graph (A) is showing linear fracture density versus bedset thickness for 
sample (2). Data distribution shows that higher fracture density corresponding to 
thinner beds (B) is showing the number of fracture versus bedset thickness for sample 
(2). Data distribution shows that number of fractures increases as the beds gets 
thinner.   
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5.3 Porosity Calculation 
Calculating the porosity is considered a challenge due to the smaller pore 

spaces included by the very small clay particle size. Therefore, calculating the porosity 

of shale using microtomography which may reach very high resolution of 5 microns is 

considered revolutionary technique because it is non-destructive technique. The gray 

level in CT scanning slices correspond to the X-ray attenuation, which is the 

representation for the proportion of the x-ray scattered or absorbed as it passes through 

each voxel. The average grayscale voxels values for the fracture networking and the 

rock matrix (shale grain particles) from microtomography images which is obtained 

using resolution of 79 µm is 34 and 86 voxel values respectively. Therefore, the 

grayscale voxels value of 60 is the average of 34 and 86 was applied to estimate the 

porosity. It is difficult digitally using the software to calculate pore spaces porosity or 

fractures porosity separately due to the difficulty of differentiating between the 

bituminous and the host rock because they have very close density and grayscale 

voxels values. The result of the porosity which included the fractures porosity and the 

bedding plane spaces porosity for sample shale (2) is 13.28 % whereas the porosity for 

sample (1) is calculated to be 3.32% (table 5.6, 5.7). sample (2) shows has higher 

porosity because it was extracted from the most top layers close to the surface which 

has higher fracture density; higher quartz concentration and smaller thickness layers. 

On the other hand, sample (1) is larger and consists thicker layers and has less fracture 

density therefore, it reported less porosity. 
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 The second method was developed for more accurate representation for the percent 

fracture porosity only without the bedding plane spaces porosity. The fractures 

including the bituminous volume were segmented manually using Avizo software for 

sample (1) only. The total volume of the sample (including fractures) is 5.1E+7 µm3; 

the volume of the fracture including the bituminous is 4.3E+5 µm3; and the calculated 

fracture porosity is 0.85 % (table 5.8). The calculation of the porosity after manual 

segmentation of the fractures are more accurate and more representative for the rock 

porosity, because the automatic calculation is based on the computer assumption for 

the voxel density which could cause many errors.    

Table 5.6. Showing the porosity of sample (1) including the fracture porosity and the bedding 
plan spaces calculated Automatically by AVIZO software.  

Total Volume (µm3) Fracture volume (µm3) Percent porosity (%) 

9.95E+14 3.13E+13 3.32 

Table 5.7.  Showing the porosity of sample (2) including the fracture porosity and the bedding 
plane spaces calculated by AVIZO software.  

Total Volume (µm3) Fracture volume (µm3) Percent porosity (%) 

8.37E+13  1.11E+13 13.28 

Table 5.8. showing the fracture porosity of sample (1) after accurately segmentation for the 
fractures and subtracting the bedding plane spaces 

Total Volume (µm3) Fracture volume (µm3) Percent porosity (%) 

5.1E+7 4.3E+5 0.85 

.   
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5.4 3D SEGMENTATIONS 

The main advantage of using microtomography is visualizing the relationship 

between different sets of fractures in 3D orientation. 3D segmentation of the fracture 

networks allows accurate visualize and description of the orientation and the geometry 

of each set of fractures and interpret it is age based upon the cross cutting relationship. 

First step for the 3D segmentation is to start by segmenting the fractures network 

manually from the 2D images then using special software (AVIZO) for reconstructing 

3D images. After subtracting the host rock, each sets of fractures were assigned 

different color using AVEZO software for better visualization of the fractures. The 3D 

reconstructed images show that there is crosscutting relationship between different 

sets of fractures, which make it easy to identify four different sets of fractures based 

on the age relationship and it is orientations (fig 5.13). The purple fracture is younger 

than the green and blue fractures because is shorter in length and is forming non-

orthogonal angle with the green fracture. The blue and green fractures are forming 

orthogonal angle and crossing one another without any deflection or stepping is not 

possible if the older set was open at the time the younger set formed (fig. 5.14). 

However, the two orthogonal sets may be formed simultaneously, because both 

orientations could lie in the principle planes. therefore, cross-cutting may occur in two 

cases: when the first set is under a large normal compression, which results in a high 

resistance to slip in the plane of this fractures (Renshaw and Pollard,1994). (2) when 

the older fractures are filled with minerals during the younger propagation event and 

thus do not constitute void spaces. Based up on the information above the green and 

the blue fracture sets formed first because they are approximately the same length and 



Texas Tech University, Mahmoud Mahrous, August 2017 
 

88 
 

they form orthogonal angle between each other’s and they both has high percentage of 

quartz precipitation. The red fracture set formed after that because it is shorter in 

length and almost perpendicular to the green fracture. The 3D images show that the 

fractures width at the top close to the surface is higher and as you go down close the 

tip of the fracture gets smaller. The (V) shape of the fractures is good indicator that the 

fracture propagation started from the top to the bottom, which is representing mode I 

fracture (fig. 5.15)  
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Figure 5.13. Showing the orientation of the fractures with different colors in actual 
rock on the left and in transparent image on the right 
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Figure 5.14. Showing fracture orientation on the right including the rock fabric and on 
the left the fracture segmented alone 
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Figure 5.15. Showing the depth of the fracture through the rock fabric. the left image 
showing the segmented fractures only and the right showing the fracture propagating 
through transparent image 
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5.5 Comparison between SEM and microtomography in fracture 
characteristics   
 

The width and the surface roughness of the fracture has great impact on the 

rate of the fluid flow on the fracture network (Zhao, Zhihong, Bo Li, and Jiang, 2013). 

Sample approximately 3 inches by 3 inches was extracted carefully from the whole 

sample to be examined by SEM instrument at Texas Tech University experimental 

center (fig. 5.16). The examined sample was impregnated with bituminous at one side 

of the sample (toward the surface); whereas, the other side has no bituminous 

although, the sample thickness was roughly around 4mm. This could be an indication 

that the bituminous was locally formed at the host rock and the formation of the 

hydrocarbon increased the pore pressure which induces the formation of the fracture. 

However, if the hydrocarbon was transported from different place through the fracture 

network we should expect to see the bituminous at both sides of the fracture. Further 

investigation could be done to verify the previous hypotheses.        

The resulting image from SEM shows the fracture walls more well defined and 

easily to measure; whereas, microtomography images showed that the fractures walls 

are not well defined due to the pixilation of the images (fig.5.17). using the SEM, 

allowed the visualization of the internal surface of the fracture whereas it is difficult to 

obtain this analysis using the computer tomography. Therefore, SEM analysis has 

advantage over the microtomography in accurately measuring the fracture aperture 

due to the high resolution of the images compared to the resolution of the 

microtomography (fig.5.18). The other advantage of using SEM is the clear 
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visualization of the internal surface of the fractures. SEM images showed some degree 

of roughness which might be a finger print for mode I fracture, because if it was 

shearing mode we would expect to see smoother walls due to the friction between the 

wall of the fracture during the shearing process. Further investigation could be done 

by measuring the surface roughness of the fracture using different techniques.  

 

 

 

Figure 5.16. (A) Showing top view of the sample that was scanned by SEM, the red 
arrow is pointing toward the fracture filled by bituminous (B) showing bottom side 
and the red arrow pointing toward the fracture that was scanned using SEM 



Texas Tech University, Mahmoud Mahrous, August 2017 
 

94 
 

Figure 5.17. SEM 2D image showing the fracture aperture measurements at multiple 
locations 

Figure 5.18. (A) 2D microtomography image for magnified image showing the 
difficulties of visualizing the width of the fracture due to pixilation of the image (B) 
high resolution magnified SEM image showing the internal surface of the fracture (c) 
SEM image showing the well-defined walls of the fracture. 
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CHAPTER 6 

DISCUSSION 

 
The purpose of these thesis is studying the natural microfractures in Woodford 

Shale using nondestructive microtomography technique integrated with XRD analysis 

and SEM imaging. Microtomography, has the advantage of providing 3D visualization 

for microfractures including the orientation, geometry and the interconnectivity 

between different sets of fractures.  

6.1 Mineralogical constituents (XRD analysis)   

The most important lithological factors that plays role in natural fracture 

formation are bed thickness, porosity, composition and mineralogical constituents 

(e.g., silica content) (Twiss & Moores, 1992). It is well known that the mineralogical 

constituents especially quartz have strong impact on the fracture density and 

distribution throughout the sample (Twiss, 2006). XRD analysis shows that the 

fracture density was higher in the silica rich beds and were commonly terminated 

against the organic rich beds, which are more ductile and respond differently to the 

stress. Further verification for XRD results was investigated using SEDMIN- 

Microsoft Excel spreadsheet for calculating fine-grained sedimentary rock from bulk 

geochemical analysis shows large differences on the results from the XRD as well. 

Thus, the triple XRD analysis using the same sample but from different location at the 

same layer, shows the challenges of inconsistencies in the XRD data collection and 

interpretation. The inconsistence of the XRD results is due to the interpretation using 
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different data base files, phases, sample preparation, and the heterogeneities within the 

rock sample. As a result, the refinement suggesting possible abundances of phases 

comes to a very different conclusion from other results. Therefore, the reproducibility 

and imprecision in the XRD interpretation, and its scatter is far larger than smaller 

scale heterogeneities within the sample that you would be see with the 

microtomography. Therefore, I would be wary about drawing conclusions that are 

detail oriented from the XRD. 

6.2 Fracture geometry and orientation from Microtomography  

The observation of the outcrop shows that there are four sets of fracture, they 

were identified from the youngest to the oldest (based upon cross cutting relationship) 

with an average strike and dip of 330/54 SW, 076/80 SE, 095/ 52 SW and 014/82 NW. 

The reconstructed microtomography 3D images obtained from the computer 

tomography scanning confirmed information on the bottom layer of the formation. 2D 

microtomography images showed that older fractures are longer and propagate deeper 

into the subsurface, which might be because they absorbed majority of the stress filed 

that induced the formation of the surface fractures. The orientation of fractures helps 

us to infer the tectonic forces and the stress field that developed them, because any 

changes on the orientation of the forces that is applied on the rock, will result on 

different sets of fractures with different orientations as it was mentioned previously in 

details on the introduction chapter. 

 Microtomography 2D images showed that the fractures are propagating 

perpendicular to the bedding plane at the top three bedding plane and then the shape 
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changes to a concave shape and then connected to the spaces between the bedding 

planes. the fracture propagation perpendicularly mainly due to the high concentration 

of quartz in the top layers which increases the brittles of the rock fabric. However, the 

concave shape that the fracture exhibit in lower layers is due to the lake of quartz 

which in return increases the ductility of the rock that effected the way in how the rock 

responses and accommodate the stress and the strain forces. The width of the fracture 

at the top layers is larger and getting smaller as the fracture propagate down through 

the sample, the “V” shape of the fracture is good indication that the fracture started 

from the top and followed it is way down toward the tip of the fracture till the strength 

of the force dissipated. Finally, the width of the fractures is larger at the top layers due 

to the higher quartz correlation which was verified by the XRD analysis, and gets 

narrower as the fracture propagate down through the rock fabric due to the increase in 

the rock ductility and the reduction of the quartz correlation.  

6.3 Fracture density verses bed thickness  

Microtomography data shows that there is positive correlation between the 

fracture density and the bed thickness. The interpretation of the distribution of the 

fracture density data infer that the density of the fractures is decreasing with 

decreasing the bed thickness. also, at the top of the formation, the sample was more 

thinly laminated and the thickness gets larger as we go down through the formation 

away from the surface. The reduction of the number of the fractures deeper into the 

subsurface might be due to the lithological pressure which increases with depth due to 
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the weight of the overburden rock which might prevents the stress and the strain to be 

released in a form of fractures.  

6.4 Fracture porosity calculation and interpretation  

The automatic calculation of the rock porosity using the voxel values is 

considered a challenge because the rock matrix and the bituminous within the 

fractures are very close in density (voxel values) which will make it difficult for the 

software to be able to differentiate between them based on the voxel values. Therefore, 

manual 3D segmentation for the fracture was essential to crossover this problem. 

Manual segmentation was done for the fracture volume including the bituminous 

which integrated within the fracture, because it is difficult to separate them. Therefore, 

the calculated porosity of the sample included the fracture volume and the bituminous 

volume as will, because it is difficult to differentiate between them. The calculated 

porosity was generally low, because shale formation is well known of having very 

small pores. Therefore, further investigation could be done using different technique 

such as (helium porosimetry) for comparison purpose between microtomography and 

other techniques. Yet, using another technique will be a challenge, because the sample 

is very friable, thin laminated and the fractures are fully impregnated with bituminous 

which might cause destruction of the sample if it is subjected to high pressure. Also, 

the sample is irregular in shape which will increase the difficulty of analyzing it using 

those techniques because they require specific shapes and dimension for the sample to 

fit the instrument. Therefore, using microtomography has an advantage of calculating 

the porosity of such a difficult sample over all other techniques, because computer 
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tomography has no limit or specific requirements for sample shape and the sample will 

not be subjected to any types of forces during the procedure. Microtomography has 

another advantage over the lab porosity techniques because we can calculate non-

connected pores whereas as lab analysis has limitations. On the other hand, lab 

porosity techniques could be more accurate in some cases especially when the porous 

structures or the fractures are smaller than the resolution that the microtomography 

could reach.  

for future work, the sample could be tested again using microtomography after 

it submerged into contrast agent which will help in differentiating between the rock 

fabric and the fracture network. The great visualization of the fracture network and 

smaller pores is due to the higher density of the contrast agent than the rock fabric. As 

mentioned before that the x-ray absorption will increase as the density of the materials 

increases. As a result, the contrast agent will appear brighter than the surrounding 

which will help the software to pick the fractures easier and more accurate because the 

voxel values of the contrast agent will be consistent though the fracture networks.  

6.5 Scanning Electron Microscopy analysis 

Scanning electron microscopy has higher resolution compered to 

microtomography, which make it more suitable for analyzing much smaller fracture 

which might not be picked by microtomography. The other advantage of SEM 

analysis is that it is ability to scan and visualize the roughness of the internal surface 

of the fracture. The surface of the fracture shows some degree of roughness which is 

good indication that the fracture is mode I fracture, because if the fracture was shear 
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fracture we should expect smoother surface. Moreover, the top side of the sample 

(toward the surface) was fully impregnated with bitumen, whereas at the bottom side 

has no bituminous. These finding infer that the fracture might be formed due to the 

formation of the bituminous inside the pore spaces in the host rock fabric, because if 

the bituminous was transported from different location we should expect to find 

bituminous in both sides of the bed. Another advantage of SEM is that the 

measurements of the fracture width is more accurate than microtomography. The 

accuracy of the measurements in SEM goes back to it is higher resolution which 

makes fractures wall more well-defined than microtomography 2D images. On the 

other hand, 2D microtomography images are having high pixilation after the 

magnification of the image due it is lower resolution which causes distortion on the 

fractures wall, as a result the accuracy of the measurements is less than SEM. 

Scanning electron microscopy technique could reach very high resolution up to 10 

micrometers or less, also microtomography could reach this resolution but will require 

smaller sample and more time. Sample preparation and the size of the sample for SEM 

analysis are considered a limitation, because the preparation procedure might induce 

new fractures on the sample, whereas microtomography doesn’t require sample 

preparation or specific shape or sample size. As it was mentioned before that 

microtomography has the ability to produce reconstructed 3D image, which will give 

more information about the geometry and the orientation of the fractures in 3D which 

it is considered limitation on SEM technique.   
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CHAPTER 7 

CONCLUSIONS 
 

Microcomputer tomography has been widely used in geology to evaluate 

fractures, pore structures and flow characterization of geological materials. The main 

advantage of using microtomography over all other techniques is because it is a non-

destructive technique and it can provide details 3D information about the internal 

structure of the materials. Microcomputer tomography date were used for inferring 

information about the orientation and the geometry for micro- fractures from 

Woodford Shale outcrop in the McAlister Shale Pit, south central Oklahoma. The 

comparison between the filed observation and the microcomputer tomography images 

shows that computer tomography is strongly recommended to be used to identify the 

geometry and the orientation of different sets of fractures and the relationship between 

them in 3D. The measurements of the fractures at the outcrop shows that there are four 

main fracture sets were identified from the youngest to the oldest (based upon cross 

cutting relationship) with an average strike and dip of 330/54 SW, 076/80 SE, 095/ 52 

SW and 014/82 NW. Two of prominent fracture sets are nearly perpendicular to 

bedding and are filled with bitumen. The first set is continuous over decimeter scales 

and planar with a spacing of cms. The second set is discontinuous and generally 

obtuse against the first, planar set. The second set is sinuous and commonly defines a 

ptygmatic form. XRD analysis shows that the fractured density was higher on the 

silica rich beds and often terminated against the organic rich beds because it is more 

ductile and responds differently to the stress. The triple XRD analysis using the same 
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sample but from different location at the same layer, shows the challenges of 

inconsistencies in the XRD data collection and interpretation. As a result, the 

refinement suggesting possible abundances of phases comes to a very different 

conclusion from other results. Therefore, the reproducibility and imprecision in the 

XRD analysis, and its scatter is far larger than smaller scale heterogeneities. 

Therefore, I would be wary about drawing conclusions that are detail oriented from 

the XRD. Microtomography data shows that there is strong relationship between the 

fracture density and the bed thickness. The interpretation of the distribution of the 

fracture density data infer that the density of the fractures is decreasing with increasing 

the bed thickness.  

The fracture porosity calculation using microtomography after 3D 

segmentation of the fracture networks was more accurate, because it allows us to 

calculate and differentiate between fracture porosity and overall porosity of the 

sample. For future work, it is recommended to submerge the sample in a contrast 

media and perform microtomography before and after applying the contrast media 

then compare between the results of the two models. Moreover, further investigation 

for the porosity calculation using different techniques could be used to compare the 

result which was revealed from the computer tomography with the result from other 

techniques. Finally, SEM analysis has advantage in the accuracy of measuring the 

fracture width and visualizing the internal surface whereas, microcomputer is 

providing 3D representation for the fractures better than SEM techniques. Also, 
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Microtomography doesn’t require any preparation or specification for the sample 

which will avoid inducing any new fractures and preserve the natural fractures intact.            
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