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ABSTRACT 

All rocks are fractured. The fracture networks of the ñtightò low-porosity low-permeability 

Niobrara B2 (NIO B2) chalk resource play throughout the Denver Basin is known as an ultra-tight reservoir 

unit. The NIO B2 has been studied extensively since the playôs initiation in 2009. Scales of study range 

from the regional structure and stratigraphic history to pore throat sizes in single wells, all with goals toward 

defining optimal spacing for drilling and achieving the best ultimate hydrocarbon recovery from the NIO 

B2. Current recovery factors across the Denver Basin for wells drilled in the NIO B2 interval average 

between 3-15% (Personal comm. Dillewyn, 2023; Baillie, 2022; Sterling, 2021). Since 2009, recovery 

factors in the NIO B2 have improved slightly but for the most part, remain relatively unchanged.  

It is known that the fracture network in the NIO B2 is the driving mechanism behind why the 

low-porosity and low-permeability reservoir is at all economical. This research focuses on quantifying the 

fracture apertures in the NIO B2 chalk at the Hereford Field in the greater Denver Basin. The larger goal 

of this research is to better understand the importance of the collective and total permeability systems in 

the NIO B2 interval.  

Analyses show that fracture frequency is related to applied stresses, bed thickness, and 

composition, all of which play into the collective permeability and the overall total permeability systems 

present in the NIO B2 at Hereford Field. Also, image log data reveal that gas shows occur at economical 

levels even after the near-wellbore permeabilities are partially or completely plugged by drilling muds. 

These findings suggest that consideration of fractures in the NIO B2 chalk can have greater collective 

permeability than anticipated. Observations lead us to the conclusion that there is a strong need to 

examine our drilling and completion practices in NIO B2 wells across Hereford Field and the greater 

Denver Basin. 
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CHAPTER 1  INTRODUCTION 

1.1 Overview 

All rocks contain naturally occurring fractures. A fracture is defined as any separation in a geologic 

formation due to applied stresses resulting in geomechanical failure. Fractures can take up various 

orientations and can range in sizes greater than feet in width to microscopic, discrete to the naked eye 

(Davis, Reynolds, and Kluth, 2011).  In this project, a fracture is a gross term that encompasses both joints 

and faults. A contained joint stops at bedding (i.e., abut) and is not a through-going feature, meaning a 

contained joint does not penetrate through the entire wellbore and is generally oriented perpendicular to 

bedding.  

Fractures physically manifest in a variety of forms, including but not limited to vuggy, open, partially 

open, closed, or cemented with a variety of materials including calcite, silica, bitumen, oil, etc. They 

assemble in a variety of distributions such as en echelon, asymmetric step, pull-apart pockets, shear veins, 

deformation bands, conchoidal fractures, exfoliations, orthogonal fractures, horizontal ñbeefò fractures, 

torque fractures, and petal fractures, etc. (Downard, 2021; Applied Stratigraphix LLC, 2021; Bracken, 

2020; Grechishnikova, 2017; Grechishnikova, 2016; Fallet al., 2015; Pollastro, 2010; Olson, 2007; 

Lacazette and Engelder, 1992; Pollastro, 1992; Engelder and Lacazette, 1990; Hurley and Budros, 1990).  

Although some fractures can form during rock deposition due to syn-depositional deformation (Cardona 

et al., 2020). Most fractures are secondary in nature, forming from naturally occurring stresses that interact 

and mechanically manipulate the rock after lithification. There are two main classes of stress that act on 

rocks causing fractures to develop; these are 1) regional stresses caused by tectonic and orogenic events, 

and 2) localized stresses that can be influenced by basin subsidence/uplift (Sonnenberg, 2012; Allen, 2010; 

Erslev, 1993; Weimer, Sonnenberg, and Young, 1986), relaxation and flexure (Longuevergneet al., 2009), 

compaction (Fall et al., 2015; Pollastro, 2010), compression (Collins, 2012), earth-tides (Longuevergneet 

al., 2009; Levine, 1982; and Arditty, 1978), faulting (Downard, 2021; Grechishnikova, 2016; Underwood, 

2013, and Sonnenberg, 2012, Erslev and Larson, 2006), dewatering (Cartwright and Lonergan, 1996; 

Antonellini, 1995b), geomechanics (Bracken, 2020; Kim, Hwang, and Jang, 2016), and diagenetic/naturally 

occurring processes such as high pore pressure (Fall et al, 2015; Sonnenberg, 2012; Lorenzet al., 1991; 

Engelder and Lacazette, 1990). Fractures can form in response to a variety of processes; including but not 

limited to mineralization (Gale, et al., 2014; Antonellini and Aydin, 1995a), plumes (Applied Stratigraphix 

LLC, 2021), dissolution (Sonnenberg, 2016; Lacazette et al., 2007; Oldham, 1996; Lacazette and Engelder, 

1992), gravitational movements (Bracken, 2020; Grechishnikova, 2017b; Sonnenberg, 2012; Engelder and 

Lacazette, 1990), increased pore pressure through diagenesis (Fall et al., 2015; Pollastro, 2010; Pollastro, 
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1992; Meissner, 1980), subsidence (Olsen, 2007), regional tectonic stresses (Downard, 2021; 

Grechishnikova, 2017a; Sonnenberg, 2012), and stresses induced while drilling (Hughes, 2022; Apaydin, 

Ozkan, and Raghavan, 2012).   

It is well documented that the best-producing oil and gas wells in the NIO B2 chalk throughout the 

Hereford Field and the greater Denver Basin of Colorado occur where the ñtightò low-porosity, low-

permeability NIO B2 chalk has a moderate to high fracture density (Downard, 2021; Grechishnikova, 

2017a; Grechishnikova, 2017b; Grechishnikova, 2016; Sonnenberg, 2014; Cottrellet al., 2013; Sonnenberg, 

2012; Pollastro, 2010; Birmingham, Lytle, and Sencenbaugh, 2001; Longman, Luneau, and Landon, 1998; 

Pollastro, 1992; Weimer, Sonnenberg, and Young, 1986). Since the 1980s, there have been extensive 

structural and stratigraphic studies on the NIO B2 chalk hydrocarbon-rich reservoir throughout Colorado, 

Wyoming, Nebraska, and Kansas. However, controversy remains in academia and industry over the role 

micro and macro fracturing plays in hydrocarbon production (Hart, 2017; Jacobs, 2015; Bratton, et al., 

2006; Hurley and Budros, 1990). This research intends to address this controversy by highlighting how 

these fractures have been neglected. Also, address how to better utilize these fractures using old ideas paired 

with modern technology to boost overall recovery for wells drilled in the NIO B2 chalk in the Hereford 

Field and throughout the greater Denver Basin.  

This study focuses on the Hereford Field part of the greater Denver Basin in northern Colorado. The 

Denver Basin is an asymmetric Laramide foreland basin covering approximately 70,000 square miles 

spanning four different states: Colorado, Wyoming, Nebraska, and Kansas (Figures 1.1, 1.2, & 1.3) 

(Sonnenberg, 2013). Since oil and gas production took off in the unconventional NIO B2 low-porosity, 

low-permeability reservoir in 2009 (Gary, 2016; Sonnenberg, 2013; Pollastro, 2010; Hemborg, 1993), there 

has been one common goal amongst all operators; to improve recovery factor, (i.e. increase return on 

investment). Currently, in the Denver Basin (including Hereford Field), a NIO B2 well has an average 

recovery factor of approximately 3-12% (Dillewyn, 2023; Sterling, 2021; Alfataierge, 2017; Sonnenberg, 

2017; Fishman, 2005). For decades, it has been known by the oil and gas industry and academic researchers 

that natural fractures, not hydraulic stimulated fractures, are the driving mechanism behind why the NIO 

B2 wells are economical (Downard, 2023; Grechishnikova, 2017a; Grechishnikova, 2016; Sonnenberg, 

2013; Cottrellet al., 2013; Sonnenberg, 2012; Pollastro, 2010; Birmingham, Lytle, and Sencenbaugh, 2001; 

Longman, Luneau, and Landon, 1998; Pollastro, 1992; Weimer, Sonnenberg, and Young, 1986; 

Sonnenberg and Weimer, 1981). Without these fractures, the ñtightò unconventional NIO B2 chalk resource 

play would not be economically viable, even with current drilling and completion technologies (Downard, 

2021; Sonnenberg, 2017; Grechishnikova, 2017a; Sonnenberg, 2013). 
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Figure 1.1  A contoured structure map from Sonnenberg (2013) datumed on the top of the Niobrara 

Formation shows the modern-day structural form of the greater Denver Basin. The Front Range of the 

Rocky Mountains runs north-south and is shown in gray, the green polygons on this map are oil-

producing fields and the red polygons are gas-producing fields. The orange west-east (A-A`) cross-section 

line is shown in Figure 1.3 and the Hereford Field is contained within the magenta box. After Sonnenberg 

2013. 
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Figure 1.2 The stratigraphic column from Sonnenberg, Curtis, and Zumberge (2021) shows all the 

producing Cretaceous age pay zones (as indicated by the oil and gas symbol to their left), source rocks 

(SR), the typical depths of each reservoir in the Wattenberg area of the Denver Basin (immediately right), 

the formation or group each is a part of, and the stage when the deposition took place. In ascending order: 

Dakota-Lakota Sandstone, J Sandstone, D Sandstone, Greenhorn, Codell Sandstone, Niobrara (A, B1 & 

B2 (outlined in red), C, and Fort Hays (Smoky Hill Member)), Hygiene (Shannon), Terry (Sussex), and 

Larimer-Rocky Ridge (Parkman) (Sonnenberg, 2013). The NIO B2 chalk reservoir unit; outlined in red 

and shaded in green, is located central and at the top of the Niobrara B bench. 
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Figure 1.3 A generalized west-to-east schematic cross-section from Sonnenberg (2013) depicts the 

structural nature of the subsurface of the basin through its central portions. The western limb of the basin 

dips steeply east whereas the east limb of the basin has a gradual western dip. Geologic formations in the 

Denver Basin range in age from Mississippian (~325-350 Ma) to Tertiary (~.3-67 Ma) (Sonnenberg, 

2013). The Niobrara Formation (lime-green box) is thermally mature (in the oil generation window; black 

dashed line) in the deeper parts of the basin, whereas in the shallower eastern part of the basin, biogenic 

gas accumulates in the Niobrara. In the Hereford Field (projected approximate location with red arrow), 

producing reservoirs are thought to lie both within and above the oil generation window. Images from 

Sonnenberg, 2013. 

All the previous fracture studies performed on the NIO B2 chalk indicate that fractures are directly 

proportional to the producibility of the NIO B2 chalk. However, how these fractures are 

understood/interpreted is the determining factor behind the overall recovery factor per well.  

This research has three principal goals. They include 1) interpret and document the role that fractures in 

the Critter Creek 17-5906B well play in hydrocarbon production for the NIO B2 reservoir at the Hereford 

Field, 2) use the interpreted fractures to quantify the fracture apertures for calculating the collective 

permeability (CP) of the NIO B2 interval in the Hereford Field, and 3) use the findings of the CP to better 

understand and illustrate the impact the CP system has on the total permeability (TP) system in the NIO 

B2. Based on these goals we plan to test the following hypotheses:  

H1: If the collective permeability (CP) of a fracture can be quantified in one-direction and drilled in a 

less destructive way, then the overall recovery factor should increase for the NIO B2 chalk throughout the 

Hereford Field. 
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H2: Decreasing well-costs and improving recovery factor is every operatorôs goal, however, this can be 

achieved by accessing the CP present in the NIO B2 chalk using old drilling techniques paired with new 

modern technology. 

 

1.2 Study Area  

Hereford Field lies in the northern part of the greater Denver Basin located near Hereford, Colorado 

approximately 4 miles from the Colorado-Wyoming border (Figure 1.4). The original Hereford Field is 

comprised of sections 28, 33, and 34, of T12N, R62W, and sections 3 and 4, of T11N, R62W, and is 4 miles 

east of EOGôs Jake 2-01H 2009 discovery well according to the records of the Colorado Oil and Gas 

Conservation Commission (COGCC) (Anderson et al., 2015). When discovered in 1955, the Hereford Field 

began producing from the Muddy J Sandstone reservoir. Then in 1991 Snyder Oil Corp. drilled and cored 

the Burbach 20-3H well in Section 3, Township 11N, Range 62W. This well was initially a vertical hole 

that was drilled horizontally through the lower portion of the NIO B2 chalk interval (Anderson et al., 2015). 

According to the COGCC the Burbach 20-3H well was put on pump but never produced reportable 

hydrocarbons, so it was Plugged & Abandoned (P&Aôd). It was noticed by Anderson, Melby, and Folcik 

(2015), that the Burbach 20-3H well was a ñby-passedò oil well that could be revitalized using the EOG 

completion technologies; the same technologies that were used to kick off the Bakken play in North Dakota. 

The Burbach 20-3H is one of two wells located at Hereford Field that is focused on throughout this study, 

with the second being the Critter Creek 17-5906B (Figure 1.4).  
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Figure 1.4 The satellite imagery with section, township, and range labeled (red lines) and outlined in 

magenta is the original Hereford Field pre-2009. The green outline shows the COGCC revised extents of 

the Hereford Field present day. Locations of the Critter Creek 17-5906B (SWSW Section 17, Township 

11N, Range 63W), and Burbach 20-3H (NWNW Section 3, Township 11N, Range 62W) wells are 

shown, as well as the original Jack 2-01H discovery well. 

 

1.3 Nomenclature  

 The traditional nomenclature for the Upper Cretaceous Smoky Hill Member of the Niobrara 

Formation consists of in ascending order the D interval, C marl, C chalk, B marl, B chalk, A marl, and A 

chalk (Gary, 2016; Sonnenberg, 2011; Landon et al., 2001; Longman et al., 1998; Weimer and Sonnenberg, 

1982; Sonnenberg and Weimer 1981; and Weimer, 1978) (Figure 1.2). As the NIO B2 chalk reservoir unit 

has been studied by operators and researchers, another chalk and marl sequence has been identified in the 

uppermost portion of the NIO B2 sequence immediately underlying the A marl in the Denver Basin (Figure 

1.2). However, there is no uniform term used for this dissection of the NIO B2 

chalk/interval/reservoir/bench. For this study, the commonly referred NIO B2 sequence of the Smokey Hill 

Member will be referred to as the NIO B2 marl/chalk interval. The NIO B2 chalk is the target for this 

research project.  
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1.4 Technical Background   

This project will quantify the Collective Permeability (CP) of the NIO B2 chalk and focus on how to 

better understand the Total Permeability (TP) system of the NIO B2 at the Hereford Field. The CP is, also 

known as ñEffective Permeability.ò However, CP in this project is defined as the summation of matrix 

permeability with the multiplication of fracture porosity and ñmicroò and ñmacroò fracture permeability 

(Hughes, 2023). The CP makes up a portion of the NIO B2 total permeability (TP) system. The TP is 

defined as the collective, matrix, bulk, and relative permeabilities present in the NIO B2 chalk at the 

Hereford Field. Naturally occurring fractures play a paramount role in better understanding the CP, and the 

TP systems as well.  

To better understand the CP and TP systems of the NIO B2 chalk, two key factors must be understood, 

1) determine the CP in one direction, and 2) natural near wellbore permeabilities are present pre-drilling. 

Failure to consider these variables ultimately leads to formation damage and can cause the near wellbore 

permeabilities to be partially and/or completely plugged during the drilling and completion phases of a well 

(Hughes, 2023; Johansson, 2018; Chakraborty, Karpyn, Liu, and Yoon, 2017; Oilfield Review, 2016; Galal, 

Elgibaly, and Elsayed, 2015; Qutob and Byrne, 2015; Ding, Langouet, and Jeannin, 2013; Cheung and 

Strom, 2013; Puthalath, Murthy, Surendranathan, 2012; Moinfaret al., 2011; Bahramiet al., 2011; Guo, 

Gao, and Wang, 2011; Salimi and Ghalambor, 2011; Bazinet al., 2010; Botteroet al., 2010; Lakatos, Bodi, 

and Lakatos-Szabo, 2009; Yong and Jienian, 2008; Iscan, Kok, and Bagci, 2007; Fishman, 2005; Reed, 

1989; Holditch, 1979).  

 

1.5 Data and Methods  

The motivation for this research is to enlist a better understanding of the role fractures play in the CP 

and give a new look into optimizing the production of hydrocarbons from the NIO B2 chalk at Hereford 

Field. It is my goal to lay out a roadmap on how to help improve recovery factor, optimize production, and 

improve well economics based on the role fractures play in the unconventional NIO B2 resource play.  

The approach that this project is proposing is not totally new but if the hypotheses stated above hold 

true, future NIO B2 well-costs could decrease in the Denver Basin by > 30%, and the recovery factor could 

improve by > 5% (Hughes, 2023; Dillewyn, 2023). These results can be achieved by utilizing a different 

approach to drilling a well in a particular way that is unorthodox to the cookie-cutter model used for 
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unconventional wells. This project will: 1) use a Weatherford CMI Borehole Image log from the Critter 

Creek 17-5906B well to determine fracture occurrence, frequencies, and orientations and assess well-bore 

orientation relative to regional structural stresses, 2) utilize petrophysical well-logs to show the structure of 

the NIO B2 chalk reservoir at Hereford Field, and 3) utilize the Burbach 20-3H well data that includes 

acoustic anisotropy analysis, mineralogy, photomicrographs, thin-sections, Rock Evaluation Pyrolysis, X-

Ray Diffraction (XRD), and Scanning Electron Microscopy (SEM) analysis to interpret key reservoir 

properties for the Hereford Field. On a large scale, this work will provide a fuller understanding of how to 

better assess and assist in the development of improved drilling and completion practices in the resource-

rich NIO B2 reservoir spanning the greater Denver Basin. All data permission used to conduct this research 

can be found in Appendix B.  

 

1.6 Borehole Image Log Data  

The proposed study of the NIO B2 chalk at Hereford Field in northern Colorado will utilize a borehole 

image log that comes from the Critter Creek 17-5906B well, drilled in the Hereford Field, located 

approximately 6.5 miles southwest of Hereford, Colorado in Sec 17, TWP 11N, RGE 63W (Figure 1.4). 

This image log was collected using a Weatherford CMI water-based mud borehole imaging tool provided 

by CIVITAS RESOURCES, Inc (Figure 1.5). The interpretations of the image log were done using 

Interactive Petrophysical (IP) software provided by Lloydôs Register. 

The Weatherford CMI image tool was run down-hole on a wireline post-drilling and pre-completion 

(Figure 1.6). The image tool can be configured in many ways, all dependent on the goals of the operator. 

The CMI image tool is designed to be used strictly with water-based drilling muds due to the mechanical 

functions for the tool to operate properly (Figure 1.7). The image tool functions with the eight-pad tool 

sliding along the borehole after the well has been drilled (Figure 1.8). Each arm is equipped with multiple 

button electrodes (176 buttons in total), that collect resistivity measurements of the formation being 

investigated by sending an electrical current into the formation that measures a shallow depth of 

investigation and can output 5 watts (Figure 1.9). The depth of investigation into the formation surrounding 

the borehole is solely dependent upon the resistivity of the formation. The micro-resistive measurements 

collected by the image tool can detect fracture apertures as small as 3 microns. Once the data acquired from 

running the image tool has been downloaded and processed in-house (Weatherford Labs), corrections to 

the image log need to be performed in the IP software before making interpretations. The interpreter must 

correct the depth, accelerometer, and magnetometer of the image so that interpretations are most accurate. 

Even the slightest mistake when correcting these parameters can result in major inaccuracies (Figure 1.10). 
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Figure 1.5 This is a computer-generated image of the Weatherford CMI water-based mud micro-

resistive image tool as it would look downhole while drilling operations were underway. Downhole 

logging direction in this image is looking into the page. When the pads are fully retracted the tool 

diameter is 4.1 inches and can be used in wells ranging between 4.6-13 inches in diameter.  Image from 

Weatherford, 2012. 
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Figure 1.6 The complete 18.63 foot Weatherford CMI image tool is logged in a wireline fashion. 

Near the top of the tool is the memory section (MIM) that stores high-resolution data of 0.7 inch sampling 

that is downloaded once the tool returns to the surface. The toolôs middle section contains the additional 

integrated navigation package that can enhance and gather multiple different petrophysical curves, and the 

bottom section is the Sonde section (MIE). The MIE portion of the tool is where the electrode, button, 

caliper arms, micro-resistive pads, and navigation parts are located. This section of the CMI tool collects 

real-time low-resolution data that has a depth of investigation up to 0.5 inches. Image from Weatherford, 

2017. 

 

Figure 1.7 A schematic cartoon image of how the CMI tool communicates with the formation being 

logged downhole. The left side of the image shows the open area of the borehole which would be filled 

with conductive water-based mud. As the pad slides against the wellbore sending a focused current into 

the formation (right side of figure) the button electrodes on each pad measure the resistivity produced by 

the formation. The Image from Weatherford, 2017. 
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Figure 1.8 The electrical resistivity is measured at multiple button electrodes (red square) on 

multiple arms. All measurements are oriented producing a 360  image. Image from Weatherford, 2017. 
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Figure 1.9 The Weatherford CMI image tool schematic of the function parts of the tool. The 

transformer-isolated circuit drives the red (pads) relative to the blue memory section (MIM). Image from 

Weatherford, 2020. The resistivity of the formation is calculated by the emitted current into the formation 

by the following calculation. 
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(1.1) 

  

 

Where:  

ɟ ï resistivity  

V ï voltage 

I ï current  

k ï tool constant or calibration factor 
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Figure 1.10 Images from the Critter Creek 17-5906B well are shown zoomed-in (scale 1:40) and a 

depth from 9,421 ̀- 9,439 ̀(total depth = 19 feet). Image A) is an unprocessed dynamic image. B) shows 

the fully  processed uninterpreted dynamic image following data correction. A gamma-ray log of the entire 

Critter Creek 17-5906B wellbore is shown on the far right (green line) and the red bar reflects the precise 

location in the wellbore of the images shown. 

 

1.7 Well Logs 

Additional data used in this project includes eight well logs from wells drilled in the Hereford Field that 

were provided by Nutech Energy, CIVITAS, and the Colorado Oil & Gas Conservation Commission 

(COGCC). These eight well logs were analyzed using NuTechôs proprietary IRAD geophysical software to 

pick NIO B2 Tops. These tops guided the calculation for generating maps displaying the top structure, unit 

thickness, calculated interval clay volume, and calculated fracture permeability of the NIO B2 chalk at 

Hereford Field as well as producing stratigraphic cross-sections.  
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1.7.1 Burbach Well Data 

 The Burbach 20-3H well plays an important role in this project providing a better understanding of 

the CP of the NIO B2 chalk at the Hereford Field. An abundance of data has been collected on the Burbach 

20-3H well that includes acoustic anisotropic analysis, mineralogy, photomicrographs, thin-sections, Rock 

Evaluation Pyrolysis, X-Ray Diffraction (XRD), and Scanning Electron Microscopy (SEM). All of this data 

is stored at the United States Geological Survey Core Research Center and was used in this study. 

 

1.8 Previous Work  

Fracture development depends on rock mechanics and the stresses present during pre, syn, and post-

deposition time (Murray, 2015; Collins, 2012; Pollastro, 2010; Allen, 2010; Longman, Luneau, and 

Landon, 1995; Weimer, 1960). Natural fractures can form shortly after the deposition of a unit (Cardona et 

al., 2022), or they may form much later after a unitôs deposition, as the structural basin evolves. Both types 

of fractures may exist in an open fracture state, and/or may contain diagenetic cement (Fall, et al., 2015; 

Pollastro, 2010).  

Fractures in the NIO B2 are formed by processes that range in nature from large-scale orogenic to small-

scale localized. These processes include basin subsidence/uplift (Sonnenberg, 2012; Allen, 2010; Erslev, 

1993; Weimer, Sonnenberg, and Young, 1986), relaxation and flexure (Longuevergneet al., 2009), 

compaction (Fall et al., 2015; Pollastro, 2010), compression (Collins, 2012), earth-tides (Levine, 1982; and 

Arditty, 1978), faulting (Downard, 2021; Underwood, 2013, and Sonnenberg, 2012, Erslev and Larson, 

2006), dewatering (Cartwright and Lonergan, 1996), geomechanics (Bracken, 2020; Kim, Hwang, and 

Jang, 2016), and diagenetic/naturally occurring processes such as high pore pressure (Fall et al, 2015; 

Sonnenberg, 2012; Lorenzet al., 1991; Engelder and Lacazette, 1990). These naturally occurring fractures, 

such as those present in the NIO B2 at the Hereford Field creates a natural permeability network that is the 

foundation of the rockôs collective permeability. The NIO B2 natural framework has the potential to 

communicate miles (Downard, 2021). An examination of these fractures will help us to better understand 

how the CP plays into the overall TP system of the NIO B2, not just at the Hereford Field but throughout 

the entire Denver Basin (Downard, 2021; Alrataierge, 2017; Grenchishnikova, 2016 & 2017; Pollastro, 

2010). 

An example of large-scale fracture development in the NIO B2 comes from Erslev and Larson (2006). 

According to these authors, during the Late-Cretaceous-to-Tertiary Laramide Orogeny, uplift of the deep 

basement core beneath the North American tectonic plate altered the axis of the Denver Basin reactivating 
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pre-Laramide age structural features and fractures that were formed in older stress regimes (Allen, 2010; 

Erslev, 1993). 

 Pre-Laramide structural elements found in the Lower Pierre Shale, Niobrara, and Codell Formations 

throughout the Denver Basin (Adekunle, 2020; Underwood, 2013; Allen, 2010; and Erslev and Larson, 

2006) were impacted by Laramide-age stress regimes and new fractures were formed oriented obliquely to 

older structural trends. Grechishnikova (2017), Collins (2012), and Allen (2010) observed and analyzed 

two different fracture sets present in the Niobrara outcrops at the CEMEX quarry. These fracture sets are 

known as 1) J1 fracture set that strike between 78  - 84  show calcite mineralization, which are interpreted 

as syn-Laramide Orogeny in origin and 2) J2 fracture sets that strike between 170  - 173  and are extensional 

fractures with no calcite fill, are interpreted as post-Laramide in age (Grechishnikova, 2017; Allen 2010). 

Allen (2010) also performed a subsurface fault and fracture analysis on a vertical image log from just north 

of the Wattenberg Field, concluding that the primary fracture strike orientation in the subsurface for the 

Niobrara Formation averaged 37  northeast. It is confirmed that the syn-Laramide J2 fracture set at the 

CEMEX quarry is known to have no cementation and are primarily open fractures (Grechishnikova, 2017; 

Collins, 2012; Allen 2010).  

In contrast to large continental-scale stresses, small-scale localized stresses are constrained to a 

particular part of the Denver Basin and in some instances, may be related to very early syn-depositional 

deformation processes. These stresses can vary depending on the rock and/or sediment types (Bracken, 

2020; Gross and Engelder, 1995; Evans, Engelder, and Plumb, 1989). Downard (2021), Underwood (2013), 

and Sonnenberg and Underwood (2012), all utilized 3D seismic to document fractures and formation-bound 

low-angle polygonal fault systems (PFS) in the Niobrara Formation (Figures 1.11A-F). PFS are syn-

depositional features, formed by compaction and dewatering of the Niobrara-age marine substrate 

(Cartwright and Lonergan, 1996). Underwood (2013) noted that PFS are fractal and play an important role, 

in influencing the orientation and occurrence of post-depositional fracturing (Downard, 2021; Kyle 

Bracken, 2020; Underwood, 2013; Sonnenberg and Underwood, 2012).  
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Figure 1.11 A series of images from Sonnenberg and Underwood (2012) documenting polygonal 

fault systems found in the Pierre Shale (PS) and its member units. A) Seismic line from Enerplus showing 

the low-angle PFS in black with the Niobrara, Lower PS, and Hygiene SS tops, B) Time structure map of 

the Lower PS highlighting the polygonal shapes present, C) Amplitude map of the Lower PS with defined 

polygonal shapes in black, D) Most negative curvature attribute map E) Lower PS most positive curvature 

attributes, and F) Lower PS similarity attributes. From Sonnenberg and Underwood, 2012. 

In the Berthoud Field, it was noted by Pollastro (2010), that fractures in the Niobrara A, B, and C chalk 

benches showed orientations perpendicular to bedding and had offsets/jogs when crossing different bedding 

planes. The author also noted a relationship between fracture density and chalk bench thickness, with higher 

fracture densities in the thicker chalk benches. These relationships between unit thickness and fracture 

density are important dependent relationships to note.  

The traditional nomenclature for the Upper Cretaceous Smoky Hill Member of the Niobrara Formation 

consists of the D interval, C marl, C chalk, B marl, B chalk, A marl, and A chalk in ascending order (Gary, 

2016). However, the NIO B2 chalk has been divided into two intervals: the upper portion is now the ñB1ò 

chalk/marl and the lower portion is the ñB2ò chalk/marl sequences (Gary, 2016; Kernan, 2015).  
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CHAPTER 2  GEOLOGIC OVERVIEW 

The ancestral Denver Basin began to take shape roughly 1.7 billion years ago (Cunningham et al., 1994). 

However, the present-day Denver Basin developed during the Late Cretaceous (~100 Ma) to the Early 

Tertiary Laramide Orogeny (~40-70 Ma) (Figure 2.1). A structural map of the Denver Basin from 

Sonnenberg (2013), datumed on the Top of the Niobrara shows the basin to be an asymmetric sedimentary 

basin that is present in Colorado, Wyoming, Nebraska, and Kansas (Figure 2.2). The Colorado portion of 

Denver Basin is bound on the west by the north-south trending Front Range of the Rocky Mountains, in the 

south by the Apishapa Arch, and in the east by the Las Animas Arch in Colorado and western Kansas. The 

Wyoming portion of the Denver Basin is bounded to the west by the Laramie Range and to the east by the 

Hartville Uplift. The Nebraskan portion of the Denver Basin is bound on the west by the southern extent of 

the Black Hills and in the east by the Chadron arch (Allen, 2010; Erslev and Larson, 2006; Erslev, 1993). 

The Denver Basin reaches depths greater than 10,000 feet in some areas. The maximum width of the basin 

is approximately 100 miles, tapering to the south to approximately 20 miles near Colorado Springs, 

Colorado, and is approximately 180 miles long, covering roughly 70,000 square miles (Kernan, 2015, 

Sonnenberg, 2012). 

The Denver Basin formed coeval as the Cretaceous-age Western Interior Seaway (WIS) inundated the 

North American continent from the north and south spanning as far west as Nevada and east across Kansas 

(Figure 2.3A). The Denver Basin is a large asymmetric foreland sedimentary basin, the eastern limb of the 

Denver Basin is shallow dipping west whereas the western limb of the basin is steeply dipping east (Figure 

2.3B) (Sonnenberg, 2013). 

 

 

Figure 2.1 A complete timeline of all major regional and local structural events that influenced the 

development of the Denver Basin. The green line marks the timing of oil generation in the Niobrara 

Formation, the red lines signify episodes of compression and extension, the blue lines are deposition 

events, the brown lines are organic events and major basin subsidence, and the gray line shows the timing 

of the Colorado Mineral Belt. Image from Downard, 2021. 
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Figure 2.2 The Greater Denver Basin is outlined (black dashed line) and all the major oil (green 

polygons) and gas (red polygons) fields within the Denver Basin. The Denver Basin resided in four states 

(Colorado (CO), Wyoming (WY), Nebraska (NB), and Kansas (KS)), each stateôs abbreviation is labeled 

in yellow. The Hereford Field is shown just south of the Colorado/Wyoming border. The pink dashed line 

running north/south signifies a 3,000 ft contour, signifying the Biogenic/Thermogenic gas accumulation 

boundary that has been documented in the Niobrara throughout the Denver Basin. Biogenic (methane) gas 

occurs in shallow chalk reservoirs in the Denver Basin east of this line. Thermogenic (methane) gas 

occurs in the Denver Basin's deeper parts west of this line. Image modified from Sonnenberg, 2012. 
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Figure 2.3  A) Paleogeography of the Cretaceous Western Interior Seaway during the deposition of 

the Late Cretaceous age Niobrara Formation (~ 66-100.5 Ma) and the west-to-east cross-section line 

shown in Figure 2.3B. B) shows a generic west-to-east schematic cross-section from Sonnenberg (2013) 

depicting the structural nature of the subsurface of the basin through its central portions. The western limb 

of the basin dips steeply east whereas the east limb of the basin has a gradual western dip. Geologic 

formations in the Denver Basin range in age from Mississippian (~325-350 Ma) to Tertiary (~.3-67 Ma) 

(Sonnenberg, 2013). The Niobrara Formation (thin blue line, Figure 2.3B), the target of this study, is 

thermally mature (in the oil generation window, black dashed line) in the deeper parts of the basin, 

whereas in the shallower eastern part of the basin biogenic gas accumulates in the Niobrara. The Codell 

Sandstone is dignified by the black arrow pointing to the thin black line underlying the Niobrara 

Formation. In the Hereford field producing reservoirs are thought to lie both within and above the oil 

generation window. Image A) Roberts and Kirschbaum, 1995 and B) Sonnenberg, 2013. 
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2.1 Smoky Hill Member of the Niobrara Formation 

The Niobrara Formation at Hereford Field was deposited during a time of major marine transgression 

in the WIS, made up of both the Coniacian (~86.3-89.8 Ma) Fort Hays Limestone overlain by the Santonian 

(~83.6-86.3 Ma) Smoky Hill  Member (Sonnenberg, 2017) (Figure 1.2). The Smoky Hill  Member has been 

described by many workers (Gary, 2016; Sonnenberg, 2011; Landon et al., 2001; Longman et al., 1998; 

Weimer and Sonnenberg, 1982; Sonnenberg and Weimer 1981; and Weimer, 1978) and has been 

subdivided into seven different alternating marl/chalk intervals that are comprised of cycles of organic-rich 

shales (marl), chalky shales (marl), and massive chalk beds (chalk); listed in ascending order as the D 

interval, C marl, C chalk, B marl, B chalk (referred herein as the NIO B2 chalk), A marl, and A chalk. Each 

of these D, C, B, and A chalks are commonly referred to as ñbenchesò (Willliam, Hawkins, and Lapierre, 

2013; Drake and Hawkins, 2012; Weimer, 1996; Sonnenberg and Weimer, 1981; Weimer 1960).  

The Fort Hays Limestone at the Hereford Field is described as a distal limestone interbedded with 

marine shale (William, Hawkins, and Lapierre, 2013; Sonnenberg and Weimer, 1981; Weimer 1960) and/or 

a highly bioturbated micritic limestone and mudstone (Kauffman, et al., 1985). The Smoky Hill  Member 

A, B1, B2, C, and D marls are gray to black in color and are laminated comprised predominately of 

siliciclastics, but also include carbonate foraminifera, coccolithophores and coccolith platelets, and 

inoceramid shells (Longman et al., 1998). The NIO A, B1, B2, C, and D chalks are described as calcite-

rich and made up of a combination of peloids, pelagic foraminifera, coccoliths, and oyster shells that can 

be highly bioturbated (Lockridge and Scholle, 1978). The Niobrara chalk benches are interpreted to have 

been deposited during a rapid transgression of warmer waters in the WIS. The reservoir conditions for the 

NIO B2 chalk at Hereford Field and throughout the Denver Basin are variable, however, the stacked 

petroleum systems that make up the Denver Basin are known to produce oil, gas, and condensate from the 

Dakota-Lakota Sandstone, J Sandstone, D Sandstone, Greenhorn, Codell, Niobrara (A, B1, B2, C, D and 

Fort Hays), Hygiene (Shannon), Terry (Sussex), and Larimer-Rocky Ridge (Parkman) reservoirs 

(Sonnenberg, 2013).  

 

2.2 Hereford Field Background and Production 

The Hereford Field was first discovered in 1955. The Early Cretaceous Late Albian Stage (~110-100.5 

Ma) Muddy J Sandstone was the original target reservoir (Anderson, Melby, and Folcik, 2015). After the 

Hereford discovery production quickly diminished due to a decline in oil prices. Then in the 1970s to early 

1980s rising oil prices led to the discovery of the Wattenberg Field ~45 miles to the southwest of the 
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Hereford Field and sparked an increase in drilling activity in the Hereford Field (Figure 2.2) (Anderson, 

Melby, and Folcik, 2015). Shortly thereafter Niobrara production in the Denver Basin declined in the 1980s 

due to low oil and gas prices making wells uneconomical (Pollastro, 2010; Weimer, Sonnenberg, and 

Young, 1986).  

The first horizontal well drilled in the Hereford Field was in 1991, when Snyder Oil Corp. drilled and 

cored the Burbach 20-3H in Sec. 3, T11N, R62W (Anderson, Melby, and Folcik, 2015). Rock Evaluation 

pyrolysis was performed on two NIO B2 chalk samples and it was interpreted that the hydrocarbons had 

migrated into the NIO B2 reservoir (Anderson, Melby, and Folcik, 2015). Anderson, Melby, and Folcik 

(2015) also noted that the cored interval in the lower NIO B2 chalk contained abundant horizontal stylolites 

but uncommon natural fractures. It is unsure what was uncommon about the natural fractures recognized in 

the Burbach 20-3H core and data. However, in October 2009, EOG successfully drilled and completed the 

horizontal Jake 2-01H reviving and expanding the overall size of the Hereford Field. In total, the Hereford 

Field has produced 13,051,261 barrels of oil; 24,282,492 cubic feet of gas, and 14,156,461 barrels of water 

(COGCC, 2023). 

After the Jack 2-01H well was drilled based on a hydrocarbon-rich NIO B2 with uncommon natural 

fractures. EOG went on to accumulate some 400,000 acres throughout the Colorado/Wyoming portions of 

the Denver Basin.  
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CHAPTER 3  FRACTURE OVERVIEW 

3.1 Overview 

Fractures are found in every rock, and different types of fractures have different fluid-flow 

characteristics. It has been known since the early 1900s that natural fractures transmit fluids and that 

hydrocarbons can be more readily produced from fractured rock (Oldham, 1996). Over the last 15 years, 

technological advancements have significantly improved the global success rate when drilling oil and gas 

wells in ñtightò unconventional reservoirs (Sonnenberg, 2021; Downard, 2021; Collins, 2012; Sonnenberg, 

2012). The low-porosity low-permeability NIO B2 chalk in the Denver Basin and Hereford Field is a 

prolific hydrocarbon-rich reservoir and the driving mechanism behind why this play is at all economical is 

due to the fractures (Downard, 2021; Sonnenberg, 2013; Collins, 2012; Sonnenberg, 2012). 

 

3.2 Classification of Fractures 

Fractures are classified in a variety of ways (see Chapter 1.1) but for purposes of this research, we will 

utilize a classification into four different mode types, designated modes I ï IV. Mode I (opening) is an open 

fracture that opens perpendicular to the fracture propagation direction. Mode II (sliding) is a shear fracture 

with motion parallel to the fracture propagation direction. Mode III (tearing) is also a shear fracture but has 

motion perpendicular to the fracture propagation direction. Finally, Mode IV (closing) forms in 

contractional settings and is often associated with the formation of stylolites, also known as anti-cracks 

(Fossen, 2016; Fletcher and Pollard, 1981). These mode types produce different fracture types: shear (i.e. 

faults), joints (Allen, 2010; Underwood, 2013; Grosset al., 1995), fissures (when filled with air/gas or fluid) 

veins, deformation bands (Grechishnikova, 2017; Collins, 2012), compaction bands (Mollema and 

Antonellini, 1996), and stylolites (Sonnenberg, 2013) (Downard, 2021; Fossen, 2016). Geo-mechanical 

properties of the NIO B2 (eg., brittleness and ductility), combined with stress and strain, strongly influence 

the development of fractures and fracture intensities (Murray, 2015; Pollastro, 2010; Longman, Luneau, 

and Landon, 1995; Weimer, 1960). The geomechanical properties of the NIO B2 at the Hereford Field will 

be examined in more detail in chapter 5.  

Rock fracture behavior is due in large part due to their brittle and/or ductile nature. This tendency is 

particularly true when rocks are experiencing temperature and pressure changes. There are two different 

categories of deformation structures that will form during pressure and temperature changes; extension 

and/or contraction. These deformation structures develop based on the rockôs composition, the amount of 

stress-deformation (ůd), and the strain (ɗ) the rock experiences from SHmax (ů1) and SHmin (ů3). Thus, as stress 
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increases (ůd) the rock begins to act in an elastic (stretching) fashion. The rock will eventually reach its 

yield point (YP), and the rock will fracture if the rock's brittleness > ductility. However, as the rock 

increases in ductility the rock will begin to accommodate the strain more efficiently, thus fracturing is less 

likely to occur, and sometimes will not occur at all.  

At the Hereford Field, the NIO B2 chalk is carbonate-rich comprised of ñchalk pelletsò and planktonic 

foraminifera in a micrite/clay matrix (Underwood, 2013; Longman et al., 1998). Analysis of the Burbach 

20-3H core from the Hereford Field described by this author confirms this rock-type presence (see Chapter 

6.3 for discussion). This petrographic structure makes the NIO B2 chalk brittle enough for fractures to form 

under naturally occurring conditions.  

 

Borehole Image Log Fracture Classification 

Fractures form by natural or induced stresses. It is imperative to first know how to categorize and 

classify these fractures when analyzing a borehole image log (Figure 3.1). These formation processes were 

defined by Lacazette (2017) which help to better define breakout and fracture inducement and are discussed 

below. 

            Breakouts occur simultaneously on opposite sides of the wellbore due to formation instability 

caused by drilling processes. When measuring breakout orientations because the wellbore is in 3D space 

the breakout axis has a plunge-azimuth (horizontal angle equal to the compass azimuth) and plunge-angle 

(vertical angle) (Lacazette, 2017). A breakout only indicates the orientation of the minimum borehole-

perpendicular component of present-day stress fields, not the present-day minimum principal stress (SHmin) 

(Lacazette, 2017). Breakouts and induced tensile fractures form in the compressive and tensile quadrants 

on both sides of the wellbore. Induced tensile fractures form parallel to the wellbore when SHmin is 

perpendicular or nearly perpendicular to the wellbore (Lacazette, 2017). When SHmin is inclined to the 

wellbore tensile fractures form in the tensile quadrants and are inclined to the wellbore. If  tensile fractures 

form ahead of the drill -bit the fractures will  be present on both sides of the wellbore, however, tensile 

fractures commonly form behind the bit when drilling which causes independent fractures to form on each 

side of the wellbore due to the mechanical decoupling of the wellbore (Lacazette, 2017).  
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Figure 3.1 An image log is an unrolled cylinder. The north sides of the square on the right side of 

the image above are the same (North) location of the wellbore. The Weatherford CMI image tool used for 

the Critter Creek 17-5906B well is an eight-arm and eight-pad tool and the numbers 1-8 are in relation to 

the padsô position in the wellbore. The inclined green circle in the cylinder on the left side of the image is 

how it would look in the wellbore and when the wellbore (cylinder) is unwrapped the inclined circle in 

the wellbore becomes a sinusoid (green line, right side). Image from Weatherford, 2020. 

 

3.3 Hereford Field Stress Analysis   

The Hereford Field has undergone several phases of structural deformation associated with the rise of 

the modern Rocky Mountains. These different phases of deformation make it complex to determine the 

maximum horizontal principal stress direction (SHmax). Downard (2021), interpreted two basement 

lineaments trending northwest and northeast, respectively in her 3D seismic analysis. These structural 

trends have been confirmed in both the Silo and Fairway Fields (Downard, 2021). Similarly, Lund Snee 

and Zoback (2022) noted similar SHmax variability over short distances in the northern portion of the Denver 

Basin. The northern portion of the Denver Basin is dominantly in a compressive state of stress, with SHmax 

trending northwest-to-southeast in a direction of N55 E. Also, within this area of the Denver Basin subtle 

portions of the basin in and around Hereford Field are in an extensional state of stress (Lund Snee and 

Zoback, 2022). It is worth noting that the rotation in SHmax in the Denver Basin occurs across the north-
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south trending basin axis (RMAG, 2014). The northeast-southwest trending SHmax interpreted by Allen 

(2010) correlates with calculated Laramide-age compression axes indicating that SHmax stress trends 

associated with the Laramide orogeny vary between 80-93 (Larson, 2009; Erslev and Larson, 2006; 

Holdaway, 1998, Gregson and Erslev, 1997). The fractures in the J1 joints are syn-Laramide in age trend 

northeast-southwest at approximately 78 -84  and J2 joints are syn-Laramide and trend at 170-173  

(Grechishnikova, 2017; Allen 2010). Over a short distance in the Denver Basin, the stress state (i.e., 

anisotropy) of SHmax can vary abruptly, making it difficult  to intersect fractures if  the proper pre-drill  

analysis is not performed.  

 

3.4 Potential Complexities 

No research is undertaken without anticipation of complications that may arise in the process or the 

application of the outcomes. Rock properties and structural history that influence fracture development vary 

temporally and spatially making the CP model difficult. The IP software being used in this study has the 

potential to quantify the aperture of fractures interpreted in the borehole image log (Help Desk, 2022), 

however, it was recognized at the outset that the software may or may not work as ñadvertised.ò Data for 

this project is focused on the Hereford Field and results may vary in application to other oil and gas wells 

in the Hereford Field and fields throughout the greater Denver Basin, so caution must be used in applying 

results widely. This process is highly interpretive and fracture orientations relative to SHmax and SHmin and 

overall fracture numbers may vary between interpreters. Moreover, each well drilled in the NIO B2 chalk 

has its own unique TP system, and calculating the CP for each well planned to be drilled is highly 

recommended for achieving optimal recovery results.  
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CHAPTER 4  IMAGE LOG OBSERVATIONS AND STATISTICS 

4.1 Data Analysis 

This research has three principal goals. They include 1) interpreting and documenting the role that 

fractures in the Critter Creek 17-5906B well play in hydrocarbon production for the NIO B2 reservoir at 

the Hereford Field, 2) using the interpreted fractures to quantify the fracture apertures and calculate the 

collective permeability (CP) of the NIO B2 reservoir in the Hereford Field, and 3) use the findings of the 

CP to better understand and illustrate the impact the CP system has on the total permeability (TP) system 

in the NIO B2 interval. I believe that doing so will  lay a roadmap for improving ultimate recovery for wells 

drilled in the NIO B2 chalk throughout the Greater Denver Basin. This analysis will  be done using a key 

piece of data; the Weatherford CompactÊ microimager (CMI) water-based image log from the Critter 

Creek 17-5906B well, thus illustrating the importance of understanding the permeability systems in the 

NIO B2 at the Hereford Field. These original goals proved difficult to achieve; for the reasons explained 

below, however, even in failure and difficulty many insights have been made that will enable us to improve 

our processes. 

The borehole image log for the horizontal Critter Creek 17-5906B well shows a high fracture frequency 

for the NIO B2 interval. These fractures occur at a variety of scales, however, all the fractures are similarly 

oriented. Before the image log could be used for observations, the initial data collection from the CMI 

image tool produced a multiple giga-bite-sized file, which was compiled at the wellsite into a ñraw-Digital 

Log Interchange Standardò (DLIS) well log data file. When the DLIS file was loaded into Lloydôs Register 

Interactive Petrophysical modeling software, the uncorrected image appeared pixelated with gray-scale 

image quality, like unprocessed seismic data (Figure 4.1A). This pixelation can be caused by the image tool 

not receiving the emitted resistive measurements in sequential order due to the disturbance caused by the 

wellbore casing and drilling fluids. First, before this image can be used for interpretable observations, it 

needs to be properly depth-corrected (Figure 4.1B). This depth correction was performed by using the 

downhole gamma-ray log, which had been depth corrected to adjust the image log to match the NIO B2 

interval. An accelerometer correction was then performed by using the depth-corrected Weatherford pad 

azimuth (IAP1) mnemonic. The IAP1 records and plots the azimuth of the wellbore relative to an imaginary 

horizontal line at the drill rig surface. The azimuthal data provided by the IAP1 log are used in the 

interpretational phase of the image log (Figure 4.2). The IAP1 curve helps interpreters understand the path 

of the wellbore and helps interpreters identify variability in the logs due to ñporpoisingò and or ñrugosityò 

that may have transpired during the drilling phase of the well (Lacazette, 2022). This processing somewhat 

cleaned up the image log from the Critter Creek 17-5906B well, although the resultant image was still far 

less than optimal (Figure 4.3) (Lacazette, pers. comm.2023).  
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Figure 4.1 Images from the Critter Creek 17-5906B well are shown zoomed-in (scale 1:40) and a 

depth from 9,421 ̀- 9,439 ̀(total depth = 19 feet). Image A) is an unprocessed dynamic image. B) shows 

the fully  processed uninterpreted dynamic image following data correction. A gamma-ray log of the entire 

Critter Creek 17-5906B wellbore is shown on the far right (green line) and the red bar reflects the precise 

location in the wellbore of the images shown. 
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Figure 4.2 The complete dynamic borehole image log from the horizontal Critter Creek 17-5906B 

well shows the IAP1 curve (yellow line track 2). The undulation in the yellow line along the image log 

above shows the path the Critter Creek 17-5906B well took when drilled. When looking at this image, 

note moving from top to bottom is actually moving horizontally in a north-trending direction. The well 

landed in the NIO B2 chalk at a measured depth between 7,870 - 17,876 feet. 
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Figure 4.3 Two corrected borehole image logs from the same Critter Creek 17-5906B well at the 

same measured depths (~16,005 ï 16,020 feet). These two image logs were depth and accelerometer 

corrected using two different softwareôs. Notice the difference in image log clarity between the two 

images. The resistivity image log with an orange-scale comes from the Borehole Imaging Specialists 

(2019) fracture study, and the gray-scale image log is the image log analyzed for this study. There is a 

drastic difference in image quality between the two resistive images. Left image from Borehole Imaging 

Specialists final report, 2019, p. 22. 

 

4.2 Image Log Observation Rules 

Both natural and induced fractures can penetrate through the entire wellbore (Figure 4.4). Differentiating 

between the two can be quite complex when interpreting fracture types. Lacazette (2017), discussed six 
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important rules to use when interpreting a borehole image log to help differentiate natural vs induced 

fractures. The rules are discussed below in detail (Table 4.1). 

 

 

Figure 4.4 The interpreted image log from the Critter Creek 17-5906B has a measured depth of 

8,667 ï 8,704 feet (scale 1:20). Interpretations show bedding (green), fractures (orange), and contained 

joints (blue). Contained joints abut against bedding boundaries. This image is a 360-degree image of the 

boreholeôs interior, rolled out flat. 
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Any analysis of image logs should begin with an assessment of the orientation of the fracture azimuth 

(i.e., the angle at which the fracture intersects the wellbore), borehole breakout orientation (i.e., the 

compressive quadrant in the wellbore), and the fracture symmetry (Lacazette, 2017). An image log is a 360-

degree documentation of the inside of a borehole that is a rolled-out cylinder, similar to a ñpopò-can cut up 

the middle from-top-to-bottom (Figure 3.3). Viewing a fracture in an image log gives the fracture a 

sinusoidal appearance in map-view format, in which the image log is displayed. This sinusoidal orientation 

is true for both natural and induced fractures. Moreover, both natural and induced fractures can transect 

across the entire wellbore.  

Distinguishing between natural and induced fractures is quite difficult. When distinguishing between 

the two fracture types (natural and induced), one should consider that natural fractures are not geometrically 

related to the wellbore, whereas induced fractures are (Lacazette, 2017). For induced fractures, they tend to 

stack in depth (i.e., similar azimuthal positions) if the fracture does not penetrate the entire wellbore. 

Whereas, natural fractures that do not penetrate the wellbore will have differing azimuthal positions 

(Lacazette, 2017). Natural fractures that penetrate the entire wellbore are symmetrical and can have similar 

azimuthal orientations and can even have similar orientations of in-situ stresses (Lacazette, 2017). Induced 

fractures that penetrate across the wellbore tend to develop asymmetrically but can have similar azimuthal 

orientations (Lacazette, 2017). Knowing the breakout direction (i.e., SHmin) of the wellbore can help to 

determine the tensile SHmax quadrant and/or orientation of the wellbore. Induced post-drilling fractures 

develop in the tensile quadrant, which is 90  to the breakouts (refer to Figure 3.5). It is also worth noting 

that if an induced fracture is thought to be natural, look at the fracture propagation direction; an induced 

fracture will always orient itself in the direction of in-situ SHmax as it moves away from the wellbore 

(Lacazette, 2017). 

 

4.3 Image Log Observations 

The image log in this study is shown in a range of light to dark colors. The dark signature in the borehole 

images represents resistive rocks, such as mudstone, marl, and shales, oil smearing, or oil and gas-filled 

fractures (Figure 4.5). These dark signature features are of principal interest in this image log analysis. 

Their importance will be discussed in the interpretation section below. The white pixels in the CMI image 

log represent less resistive rock, such as siliciclastic and/or lime/carbonate lithologies, or calcite-filled 

fractures. 
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Figure 4.5 This processed borehole image is moderately zoomed to a scale of 1:100. Some fractures 

can be observed. However, most of the fractures present in this screengrab cannot be definitively 

determined due to their lack of clarity. The Critter Creek gamma log is shown to the far right (green) and 

the location of this specific image is shown by the red line. Image measured depth ranges between 9,182`- 

9,222` displaying a total of 46 feet.  

 

4.3.1 Interpreted Features 

Three features are mapped out in the Critter Creek borehole image log that includes bedding, fractures, 

and contained joints (Figure 4.4). A total of 233 bedding picks, 915 fractures, and 44 contained joints were 

observed in the CMI log from the Critter Creek 17-5906B well (see discussion below).  

 

Bedding  

The 233 bedding orientations identified remain consistent throughout the Critter Creek well (Figure 

4.6). They are marked in figures by a green line. Beds can range in thickness from centimeters to meters in 

the NIO B2 chalk. Transitions in rock resistivity are shown in the image log (i.e., white to dark, or dark to 

white) and can reflect bed lithology transitions; hard to soft or soft to hard, respectively. Bedding planes 

appear relatively horizontal to low angle and do not appear dramatically erosive although the image quality 
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makes it difficult  to identify borehole breakouts and subtle near-fracture erosion as might be seen in outcrop 

or core in rocks from this depositional setting.  

 

 

Figure 4.6 The complete Critter Creek 17-5906B borehole image log shows all 233 bedding picks 

(green lines). The three different tracks displayed are 1) a depth track with labels every 200 feet 2) a 

dynamic resistivity log, the white refers to a less resistive rock and the black refers to a more resistive 

rock, and 3) a tadpole plot showing the dip angle of the bedding and the tail of the tadpole is referring to 

the dip direction. 
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Fractures 

Fractures in the Critter Creek image log appear as dark lines running relatively perpendicular to bedding 

orientations and are marked as orange lines. 915 individual fractures were picked in the Critter Creek 17-

5906B image log (Figure 4.7).  These fractures are seen to predominately penetrate through the entire 

wellbore, or only partially penetrate the wellbore. They can also just as easily abruptly end (i.e., abut). 

Fractures do appear to cluster across several feet of the log in various parts of the Critter Creek 17-5906B 

well. Fractures and fracture clusters can be separated by 10ôs of feet of non-fractured formation. The 915 

fractures observed in the Critter Creek 17-5906B well trend northeast-southwest (008-022 NE) and are 

oriented perpendicular-to-semi-perpendicular to bedding. They appear as small ñslitsò in the image in the 

image log (Figure 4.5). However, due to poor image quality, only the most distinct and defined fractures 

were interpreted resulting in the 915 used in this analysis.  
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Figure 4.7 Shown are all 915 fractures (orange lines) that were interpreted in the Critter Creek 17-

5906B borehole image log showing the total measured depth of the well 8,000 - 17,000 feet (~ 9,000 total 

feet). The three different tracks in this image are, 1) depth with labels every 100 feet, 2) dynamic 

resistivity log, white refers to a less resistive rock, and black refers to a more resistive rock, and 3) tadpole 

plot, showing the dip angle of the fracture relative to horizontal and the fracture orientation based on the 

pointing direction of the tadpole tail. 

 



 

37 

Contained Joints 

Joints in the image log (shown in figures as blue lines) are mapped and referred to as ñcontained jointsò 

in this project, meaning joints that are restricted to individual bedding, abut against other features, do not 

transect through the entire core, and are commonly oriented perpendicular to bedding. A total of 44 

contained joints were mapped in the Critter Creek well occurring in dark, high resistivity intervals of the 

image log (Figure 4.8). All  44 contained joints reside in the upper 1/3 of the image log due to image clarity 

decreasing moving further into the Critter Creek well. 
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Figure 4.8 The Critter Creek 17-5906B borehole image log shows all 44 contained joints (blue 

lines). The image log is displayed between measured depths of 8,000 ï 10,200 feet. The three different 

tracks displayed are 1) depth with labels every 200 feet 2) dynamic resistivity log, the white refers to a 

less resistive rock and the black refers to a more resistive rock, and 3) tadpole plot showing the dip angle 

of the joints and the tail of the tadpole is referring to the dip direction. 
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4.4 Image Log Interpretations  

As previously stated, the primary orientation of the 915 fractures observed in the Critter Creek 17-5906B 

image log strike between 8  - 22  NNE and have high dip angles with a mean dip of 86.78  (Figure 4.9). 

The mean-wellbore orientation of the Critter Creek 17-5906B well is calculated to be 351 . Since the 

Niobrara was deposited in the basin, SHmax has rotated due to the overall basin changing from a compressive 

to an extensional structural regime, hence the east-west J1 and northwest-southeast J2 fracture sets and the 

current northwest-southeast SHmax orientation at the Hereford field (Grechishnikova, 2017; Kernan, 2015; 

Allen, 2010). Observations of fractures in the Critter Creek 17-5906B well are oriented between the J1 and 

J2 fracture sets that can be recognized in the NIO B2 chalk throughout the greater Denver Basin. The older 

of the two fracture sets is the J1 with an average orientation of 78  - 84  whereas the younger J2 set has an 

average orientation of  170  - 173  (Grechishnikova, 2017; Allen, 2010).  
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Figure 4.9 The 915 fractures (orange triangles) are plotted as poles to planes in stereographic 

projection showing the true dip of the fractures to be predominately high angle > 60 . The fractures 

primarily are striking 8- 22  NNE to SSW (black rose-diagraom). The red arrow signifies the 351 N 

mean wellbore orientation of the Critter Creek 17-5906B well and the blue arrow represents SHmax at the 

Critter Creek 17-5906B wellsite (~ N55 E). The Critter Creek 17-5906B well was drilled approximately 

64  from SHmax. 

Subsurface fractures are important mechanisms for transporting fluids in the subsurface, therefore it is 

important to characterize their occurrence and nature (Oldham, 1996). It has been recognized that the 

driving mechanism behind all Niobrara production throughout the Denver Basin is the fracture network 

(Downard, 2021; Grechishnikova, 2017; Sonnenberg, 2017; Anderson, et al., 2015; Oldham, 1996). 
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However, the fracture permeability for the fractures present in the NIO B2 chalk stands to be quantified to 

help give a better understanding of the CP and TP systems.  

The gas data detected post-drilling and pre-completion in the Critter Creek 17-5906B well reveals 

insights into the importance of the CP in the NIO B2 chalk. At the same time, these observations raise the 

question; if gas can be detected from near-wellbore permeabilities that are known to be partially or 

completely plugged by drilling muds/fluids, then could it be possible to increase overall production without 

inhibiting these near-wellbore permeabilities? Arguments have been made that drilling muds can fill  near-

wellbore permeabilities including fractures, diminishing their roles in both the CP and TP systems and in 

some cases muting them completely (Hughes, 2023; Dillewyn, 2023; Johansson, 2018; Chakraborty, 

Karpyn, Liu, and Yoon, 2017; Oilfield Review, 2016; Galal, Elgibaly, and Elsayed, 2015; Qutob and Byrne, 

2015; Ding, Langouet, and Jeannin, 2013; Cheung and Strom, 2013; Puthalath, Murthy, Surendranathan, 

2012; Moinfaret al., 2011; Bahramiet al., 2011; Guo, Gao, and Wang, 2011; Salimi and Ghalambor, 2011; 

Bazinet al., 2010; Botteroet al., 2010; Lakatos, Bodi, and Lakatos-Szabo, 2009; Yong and Jienian, 2008; 

Iscan, Kok, and Bagci, 2007; Reed, 1989; Holditch, 1979). Track 3 of the Critter Creek 17-5906B well log 

displays quadrupole mass spectrometer drilling gas data that was collected at the well site (Figure 4.10). 

Examination leads to some interesting observations regarding the relationship between fractures and gas in 

the well. One can note in this data that the gas reading; as shown by C1, C2, C3, C4, and C5 curve 

deviations, show higher gas readings when intersecting the fractures. Although this author had the desire 

to link gas data to near wellbore permeabilities (i.e., fracture apertures). Unfortunately, poor image log 

clarity, made it difficult  to distinguish fracture aperture sizes in the Critter Creek 17-5906B well (see 

discussion below). This inability to distinguish those portions of the well characterized by micro and macro 

fractures prevents the CP from being quantified for the NIO B2 reservoir at the Hereford Field.  
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Figure 4.10 This dynamic resistive image log shows open fractures (red lines track 2) between 9,765 ̀

- 9,835 ̀measured depth (track 1). In track 3, quadrupole mass spectrometer gas data was collected while 

drilling: Methane (C1 red line, values range between 96.5-137,733.3 parts per million (ppm)), Ethane (C2 

gold line, values range between 261.6-139,139291.5 ppm), Propane (C3 purple line, values range between 

18.5-42,547.6 ppm), Butane (C4 green dashed line, values range between 6.4-7,675.9 ppm), Pentane (C5 

cayenne line, values range between 1.6-1,207.6 ppm), and Rate of Penetration (ROP) gray dashed line, 

track 3 units are minutes per feet (min/ft). 

Even with a lack of aperture data, it is apparent that the fractures are present and are allowing gas into 

the wellbore pre-hydraulic stimulation. Gas shows were detected in the well even after the drilling phase 

was completed. As stated previously, during the drilling phase of oil and gas wells, drilling muds are known 

to plug the near-wellbore permeabilities, especially when a well is drilled over-balanced resulting in cutting 

off parts of the CP and TP systems at play. The Critter Creek 17-5906B well was drilled over-balanced 

using water-based muds > 10 mud-weight (Lacazette, pers. comm., 2023). However, even under these 

conditions the Critter Creek 17-5906B well still shows gas input into the borehole as the logging tool passed 
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multiple fractured zones. Suggesting that not all near wellbore permeabilities in the Critter Creek 17-5906B 

well remained inhibited post-drilling.  

All  fractures that are discrete to the naked eye are microscopic in size. However, fractures do not have 

to have a gaping aperture to be effective. For any fracture to be included in the CP system for the NIO B2 

chalk, the fracture must have an aperture big enough for a hydrocarbon molecule to flow through it. 

The recognition herein is that all the interpreted fractures in the Critter Creek 17-5906B image log are 

micro and macro fractures with some of the fractures shown to be contributing enough gas to be detected 

even after using heavy viscous drilling muds. Moreover, this cannot be ubiquitous for all ñtightò 

unconventional reservoirs. However, the argument posed herein would be that the oil and gas industry needs 

to reassess its approach to wells, adopting an approach to drilling under balanced and managing fines 

migration during drilling operations. Such approaches have the potential to utilize micro-fractures for 

achieving optimal hydrocarbon production. 

 

4.5 Comparison of Research Observations 

In a previous Critter Creek 17-5906B fracture study conducted by Borehole Image Specialists (2019), 

Borehole Imaging Specialists (BIS) interpreted 4,447 fractures (Figure 4.11). They were classified as open, 

cemented, partially open, and closed (Figure 4.12). There was much agreement between the interpretations 

of BIS and those herein of this author agreed with regarding the BIS analysis. Both the Borehole Image 

Specialists (2019) study and this research found that most of the fractures were dipping at high angles and 

striking northeast-southwest. In both studies, open fractures were interpreted as those showing a shadow-

like pronounced dark resistivity signature in the image log. The more pronounced (i.e., thicker) the black 

lines were, the more likely they were interpreted to be open fractures (Reinmiller, pers. comm. 2022) 

(Figure 4.13). It is worth noting that zero of the 4,447 fractures observed in the Borehole Image Specialists 

study (2019), were interpreted as induced fractures (Figure 4.14). Along with the interpreted fractures 

Borehole Image Specialists interpreted 5 micro-faults. A micro-fault is defined as any offset in a rock 

discrete to the naked eye.  
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Figure 4.11 Fracture interpreted by Borehole Image Specialists in the Critter Creek 17-5906B well 

with fracture number (N) grouped by type. Image from Borehole Image Specialists final report, 2019, p. 

3. 

 

Figure 4.12 Table showing the fracture numbers interpreted by Borehole Imaging Specialists in the 

Critter Creek 17-5906B well categorized by the number (N) that exhibit a dip of less than or greater than 

70 degrees (Type column and shown in yellow), and the number of fractures that are partial with the 

borehole or continuous across the entire wellbore (red). The number of interpreted micro-faults is shown 

in (gray). Image from Borehole Image Specialists final report, 2019, p. 3. 
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Figure 4.13 The two partial Critter Creek 17-5906B borehole image logs are showing the difference 

in data clarity as well as two open fractures that have been interpreted in both image logs at 

approximately measured depths of 10,802 and 10,810 feet at a scale of 1:100. The left resistivity image 

log with an orange scale comes from the Borehole Imaging Specialist (2019) fracture study shows open 

fractures (brown line). The right dynamic image log comes from this study and shows open fractures 

(purple line). There is a drastic difference in image quality between the two resistive images. Left image 

from Borehole Image Specialists final report, 2019, p. 20. 
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Figure 4.14 The number of induced fractures interpreted (N) between measured depths of 7,870 ï 

17,876 feet in the Borehole Imaging Specialist fracture study (2019) of the Critter Creek 17-5906B well. 

Image from Borehole Image Specialists final report, 2019, p. 13. 

The most glaring difference between this study and that of Borehole Imaging Specialist (2019), was in 

the total number of fractures interpreted. This study interpreted the presence of 915 fractures and the BIS 

study interpreted the presence of 4,447 in the image log. The reason for the drastic difference in total 

fracture numbers between the two studies is, this study focuses solely on interpreting fracture apertures that 

can be used to quantify the CP of the NIO B2 reservoir at the Hereford Field. Whereas, the BIS study was 

performed as a generic fracture analysis focused on interpreting any and all fractures (i.e., open, cemented, 

partially open, closed, and faults)  (Lacazette, pers. comm. 2023; Reinmiller and Parker, pers. comm. 2022). 

A feature is any mechanical failure or manipulation of the rock due to applied stresses acting on the rock.  

 

4.6 Fracture Aperture Calculations and Complications 

The CP of a formation can be calculated using the fracture aperture calculation approach that was 

derived by Luthi and Souhaité (1990). This calculation is done using the following equation.  
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ὡ ὧὃὙ Ὑ  

 

(4.1) 

 

Where:  

W ï fracture aperture; in millimeter 

c ï coefficient from forward modeling, obtained numerically 

A ï additional current divided by voltage 

Rm b ï mud resistivity; exponent b = from forward modeling, obtained numerically 

R1-b
x0 ï formation resistivity; exponent 1-b = 1-the numerical value determined for b 

 

Luthi and Souhait®ôs (1990) fracture aperture calculation is an important step in understanding the CP 

nature of the NIO B2 chalk. Such data can help improve recovery factors in ñtightò unconventional 

reservoirs, thus helping interpreters to better understand the fracture morphologies. However, this 

calculation is often ignored when workers model the NIO B2 reservoir interval, not just in the Hereford 

Field but throughout the Greater Denver Basin. This oversight is due in part to the industry paradigm that 

these mm-scale or smaller fractures are of little significance and are most likely going to be plugged by 

drilling fluids during the drilling and completion stages of a well. Therefore, are unimportant, contributing 

nothing to production and the NIO B2 needs to be hydraulically stimulated. However, as our borehole 

image log and gas data show, these fractures do appear to actively contribute to migrating gas into the 

wellbore (see section 4.4 of this study) and we would recommend utilizing the Luthi and Souhaité (1990) 

calculation approach to quantify the CP of the NIO B2 chalk.  

In this study, we hypothesized that by interpreting the fractures present in the Critter Creek 17-5906B 

well and quantifying the CP of the NIO B2 chalk in the Hereford Field, we could unlock improved 

approaches to modeling the NIO B2 reservoirs. Such improvements would lead to longer and greater overall 

production in the Niobrara, a decrease in well costs, and an increase in capital. 

The calculation processes proposed by Luthi and Souhait®ôs (1990) have been programmed into the 

Lloydôs Register Interactive Petrophysical modeling software and the plan in this study was to use the 

fracture aperture calculation module in the software to calculate the fracture apertures in the Critter Creek 

17-5906B borehole image log (Figure 4.15). This fracture aperture calculation was attempted on multiple 

occasions and at various depths across the 10,000 ft Critter Creek 17-5906B wellbore. However, due to the 

poor image quality (as discussed above), the software was unable to calculate fracture apertures, producing 

results that were not accurate, invalid, or implausible. Every workaround option the software vendor 

provided was attempted, with poor results or unsolvable errors. Help desk personnel for the Lloydôs 
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Register Interactive Petrophysical modeling software were queried and the following response was received 

from the help desk personnel addressing this matter: 

Fracture aperture calculation ñélogic is based on the paper by Luthi and Souhait® (1990) and, 

personally, their logic is flawed.  I find it hard to believe that they can accurately compute the aperture of 

a fracture using this method.  However, it's an industry "standard". To get the fracture aperture to work in 

IP, we really need to have "thick" fractures.  Hairline fractures won't have enough pixels to determine a 

suitable "foreground" conductivity.  We also compute a "background" conductivity from the lithology 

behind the fracture.  To identify the foreground and background conductivities, we use the histogram to 

delineate between the two.ò  

 

Figure 4.15 A) Images of the IP software fracture aperture module panels showing a sample of the 

parameters used to calculate the ñFracture Apertureò of the interpreted fractures. Con 1 ï N/A, Con 2 ï 

mud filtrate dependency parameter, Rm  - mud filtrate resistivity, comes from the ñresò data set I made 

for the RESS mnemonic, 2.14 ohmms, Rxo ï shallow zone resistivity comes from the ñConventionalò 

data set I made for the RTAT mnemonic shallow resistivity, the Output Set was linked to the 

ñApertureOutò data set made to store the calculation results. B) Image shows the results for the fracture 

aperture calculation between 9,002.303`-9,010.833` and the right column shows the aperture spacing in 

millimeters however the negative aperture values are not valid results illustrating just one of the problems 

in the software approach. 
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The lack of confidence by the software developer in the basic premise of Luthi and Souhaité (1990) 

renders the software approach very suspect and virtually useless for these types of microfracture 

calculations. It was a very disappointing outcome. Some workers feel that the fracture aperture calculation 

methodology of  Luthi and Souhaité (1990) should be revisited. These limitations and skepticism by 

programmers leave us unable to utilize the software to calculate the cumulative permeability (CP) of the 

NIO B2 chalk from the Critter Creek 17-5906B well. 

 

4.7 Fracture Intensity Logs of Varying Intervals 

Fracture intensity for this study is defined as the number of fractures per window (i.e., specified 

intervals) over the entire length of the well. Fracture intensity logs were derived using the 915 fractures that 

were interpreted from the horizontal Critter Creek 17-5906B borehole image log in the NIO B2 reservoir 

between measured depths of 8000 ï 17000 feet. The three different intervals analyzed include 100, 50, & 

25ft intervals for 915 fractures over 9,000 horizontal feet. Each of the three different intervals is statistically 

displayed by fracture count and density (also known as frequency) per specified interval and is displayed 

graphically as the fracture % over the specified interval across the entire length of the wellbore. These 

fracture log analyses are performed in Lloydôs Register Interactive Petrophysical software. Results from all 

three interval types will be discussed below. 

 

100 ft Interval 

 The fracture intensity log for the 100 ft intervals displays a maximum fracture count of 106 

between a measured depth of 8,000 ï 8,100 ft (Figure 4.16). The average fracture count per 100 feet over 

the 9,000 ft well is approximately 9.72 fractures/100 feet with a maximum fracture frequency of 

approximately 0.6 fractures per ft. However, the average fracture frequency is 0.2. Over 50% of the 915 

interpreted fractures are in the first 2,000 feet of the image log (i.e., 8,000 ï 8,100 foot depths) (Figure 

4.17). Most of these fractures are high-angle with a dip angle > 60  and striking north-northeast/south-

southwest with a few outliers.  
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Figure 4.16 Fracture intensity log for the horizontal Critter Creek 17-5906B well measured over 100 

ft intervals. Moving left to right across the figure: Track 1, depth marked out in 200 ft intervals, Track 2, 

CMI Image log with all 915 fractures displayed (orange lines), Track 3, Fracture count over 100 ft 

intervals, Track 4, Fracture density (frequency) per 100 ft, Track 5, Dip angle of fracture (orange 

tadpoles). The tadpole plot shows the dipping angle of the fracture relative to the horizontal and the 

fracture orientation based on the pointing direction of the tail. 
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Figure 4.17 Graph showing the percent (%) of fractures per 100 ft interval over the 9,000 ft Critter 

Creek 17-5906B wellbore. The vertical y-axis is the % of fractures, and the horizontal x-axis is the 

horizontal measured depth of the Critter Creek 17-5906B well. The highest percentage of fractures is in 

the first 2,000 feet of the length of the image log (~ 8,000 ï 10,000 foot depth). 

50 ft Interval  

 Fractures intensities measured over 50 ft intervals show similarities to the 100 ft intervals with a 

few differences (Figure 4.18). The maximum fracture count for the 50 ft intervals is 62 fractures at a 

measured depth of 8,150 feet. The average number of fractures across the entire 9,000 ft wellbore is 4.8 

fractures per 50 feet with a maximum fracture frequency of approximately 1.1 and an average fracture 

frequency per 50 feet across the entire wellbore of approximately 0.1. Like Figure 4.17, over 50% of 

fractures over 50 ft intervals are in the first 2,000 feet of the Critter Creek 17-5906B log (Figure 4.19). Most 

of the fractures are high-angle with dip angles > 60  striking north-northeast/south-southwest with a few 

outliers.  
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Figure 4.18 Fracture intensity log for the horizontal Critter Creek 17-5906B well measured over 50 ft 

intervals. Moving left to right across the figure: Track 1, depth marked out in 200 ft intervals, Track 2, 

CMI Image log with all 915 fractures displayed (orange lines), Track 3, Fracture count over 50 ft 

intervals, Track 4, Fracture density (frequency) per 50 ft, Track 5, Dip angle of fracture (orange tadpoles). 

The tadpole plot shows the dipping angle of the fracture relative to the horizontal and the fracture 

orientation based on the pointing direction of the tail. 
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Figure 4.19 Graph showing the percent (%) of fractures per 50 ft interval over the 9,000 ft Critter 

Creek 17-5906B wellbore. The vertical y-axis is the % of fractures, and the horizontal x-axis is the 

horizontal measured depth of the well. The highest percentages of fractures are found in the first 2,000 

feet of the length of the image log (~ 8,000 ï 10,000 foot depth). 

25 ft Intervals 

 Fracture intensities measured over 25 ft intervals are similar to those seen in both the 100 & 50 ft 

intervals (Figure 4.20). The maximum fracture intensity is 34 fractures at a MD of 8,125 ft. The average 

fracture intensity calculated over a 25 ft interval is 2.45 fractures with an average fracture frequency of 

approximately 1.8. Similar to both 100 & 50 ft intervals, the majority of the fractures interpreted are located 

within the first 2,000 feet of the well, however, the 25ft interval calculation shows a bit more uniform 

distribution of fractures throughout the well than the 100 and 50 ft intervals (Figure 4.21). Most of these 

fractures are high-angle, dipping > 60  and striking north-northeast/south-southwest with a few outliers.  
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Figure 4.20 Fracture intensity log for the horizontal Critter Creek 17-5906B well measured over 25 ft 

intervals. Moving left to right across the figure are four different tracks (1 depth marked out in 200 ft 

intervals, 2) dynamic resistive image log showing all 915 fractures displayed (orange lines), 3) Fracture 

count over 25 ft intervals, 4) Fracture density (frequency) per 25 ft, and 5) Dip angle of fractures (orange 

tadpoles). The tadpole plot shows the dipping angle of the fracture relative to the horizontal and the 

fracture orientation based on the pointing direction of the tail. 










































































































































