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ABSTRACT 

Faults are an important element of reservoir characterization because they have the potential 

to compartmentalize a reservoir and create associated fractures that can profoundly influence 

fluid flow in the reservoir. This investigation describes details of the fault regime in a portion of 

the Wattenberg Field, Colorado. For the purposes of this study, seismic-scale faults are 

interpreted as horizons with displacements. Seismic-scale fractures are interpreted as linear 

amplitude discontinuities. Borehole image log scale faults show displacement. Borehole image 

log scale fractures do not show displacement. Both borehole image log scale faults and fractures 

are interpreted as seismic-scale fractures. 

Faults were discovered by interpreting inflection points in cumulative dip plots and azimuth 

walkout plots derived from a borehole image log in a vertical well. On the image log fractures 

are consistently found in both the Niobrara chalk and marl benches. The individual benches are 

not resolvable at the scale of the seismic data, but evidence that faults are present in both the 

chalks and marls lends credence to the potential that seismic data may be able to predict fracture 

zones either directly or indirectly.  

The hypothesis is tested on a 50 square mile 3D seismic survey. Generally, faults present in 

the Niobrara Formation in the survey are planar, normal faults that range up to two miles in 

length. Over 150 faults were picked. Rose diagrams illustrate a predominant strike direction of N 

20 E. A predictive fracture volume was generated utilizing CGG’s proprietary software: 

InsightEarth
TM

. The algorithm generates this volume statistically based on fault geometry. Each 

seismic-scale fault indicates a high potential for fracture swarms in the nearby vicinity. Fracture 

prediction can assist future exploration and development in the Niobrara resource play. 
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CHAPTER 1    

INTRODUCTION 

The Niobrara Formation is an unconventional resource play in the Denver Basin. As 

discussed by Sonnenberg, natural fractures play an important role in the Niobrara because they 

are known to control sweet spots in the reservoir (S. Sonnenberg, 2012). The objective of this 

investigation is to assess how fault geometry affects fractures in Wattenberg Field. Because there 

is a rich dataset provided for this investigation, faults can be assessed at two resolutions: seismic 

scale (90 feet) and image log scale (2 inches). 

1.1 Available Thesis Data 

There are two major types of data used in this investigation. The seismic data are used in the 

reconstruction is used to predict subseismic scale fractures. The borehole image log in vertical 

Well 1 is used to determine if fractures are open or closed and as a method to ground truth 

fractures found in the seismic data. 

This investigation is based on a dataset provided by Anadarko Petroleum Corporation. 

They provided a total of three seismic surveys in the DJ Basin shown in Figure 1.1. The Merge 

Survey shown in Figure 1.2 is the largest dataset. It is a regional WAZ, 3D/1C, PP seismic 

survey. The green survey is called Anatoli, a 3D/9C seismic survey that covers about 10 sq. 

miles in size. Finally, the blue survey is called Turkey Shoot, a 4D/9C survey that is 

approximately 4 sq. miles in size. 

1.1.1 Merge Survey  

The Merge Survey is approximately 50 sq. miles in areal extent. Each side of the survey 

is about 7 miles long. It is composed of three merged surveys. It is the lowest frequency of all the 
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provided data. However, it is also the most laterally extensive. This dataset shows the NNE-SSW 

trending fault system. The fault interpretation of the reflection seismic data are tied to Well 1 and 

the image log provided there is utilized to assess smaller scale faults than what are visible at the 

seismic scale. 

 

Figure 1.1 The Wattenberg Field is shown in green. The approximate survey area is shown in 

red. 

1.1.1.1 Seismic Survey Acquisition Parameters 

The provided seismic survey merges three different surveys taken at different times with 

different acquisition parameters. This data set has separate surveys in the north, south, and east. 

There is a stark N-S and E-W trending acquisition footprint present in the survey.  

Fold is another important aspect of considering data quality. Fold indicates the number of 

traces that occur at a single position in the subsurface. The greater the fold, the greater the signal 

to noise ratio, which results in a better quality of subsurface image. Since three surveys are 

merged together, different areas have different fold and therefore different data quality. Figure 
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1.3 shows how the fold changes laterally. Areas such as freeways and edges of surveys have 

lower fold. 

 

Figure 1.2 Well locations shown in context of seismic surveys. The red survey is the Merge 

survey. Dudley’s (2015) wells are shown in purple. Well 1 is shown as a black circle.  

 

Figure 1.3 Fold map of the Merge Survey is shown on the left with a map of potential survey 

disruptions on the right. The colorbar of the fold map indicates fold. 
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1.1.1.2 Seismic Survey Processing 

There were two phases to processing the merge survey. The first phase was done 

individually to each dataset. The second phase was performed on the datasets together so that 

they could be merged (Wilbourn, 2015). The bin size is 110 ft. 

In the first phase, the data were reformatted. Noise attenuation was applied to ground roll 

and source noise. Then, amplitude recovery was performed using a spherical divergence 

correction. Traces were edited before source and receiver amplitude scaling was performed. 

Source and receiver deconvolution was applied. Vibroseis deconvolution compensation was 

applied. Refractions static corrections were applied. Surface-consistent static corrections were 

applied. Amplitude scaling between the sources and receivers was performed a second time. 

Several iterations of velocity analysis were applied. Finally, surface-consistent statics was 

applied again (Wilbourn, 2015).  

In the second phase of seismic processing, the individually pre-processed datasets were 

then combined. First, the phase of each survey was matched to Survey A (one of the individual 

surveys). The three datasets were then combined. The velocity and residual statics corrections 

were applied again to fine tune the model used for processing. All statics were applied. NMO 

corrections and muting were applied to the data in an effort to preserve amplitude. The amplitude 

scaling between the source and receiver was applied one last time. Then, the reflection seismic 

volume was quality controlled before passing this outlined internal processing workflow 

(Wilbourn, 2015).  

1.1.2 Well 1 

Figure 1.2 illustrates 11 horizontal wells within the Turkey Shoot survey. Because these 

wells are horizontal, they repeatedly intersect different parts of the Niobrara benches. In contrast, 
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Well 1 is a vertical well that lies on the edge of Turkey Shoot, but lies inside of the Anatoli’s 

southern border. This well penetrates formations from the Pierre to the top of the J Sandstone. As 

shown in Figure 1.4, Well 1 is slightly deviated and is logged for approximately 1,000 ft.  

In total, there are 28 wells with image logs located near the Merge Survey. Six image 

logs are vertical and 22 are horizontal. Well 1, was chosen because it is the only image log 

within both the Anatoli and Merge seismic surveys. Well 1 also has a seismic scale fault that 

intersects the top of Niobrara Formation along the well trajectory. This provided an ideal test 

case to observe what sub-seismic scale fractures occur around seismic-scale faults. 

 

Figure 1.4 Well 1 trajectory shows the deviated borehole geometry. The bolded black line shows 

the gamma ray curve to show the logged portion of the well. 
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CHAPTER 2    

GEOLOGIC BACKGROUND 

Blakey generated a series of paleogeographic maps that show the Earth at various 

snapshots spanning hundreds of millions of years of geologic time (Blakey, 2014). The Niobrara 

Formation is the main reservoir interval and was deposited during the Cretaceous, which is the 

focus of this summary.  

2.1 Foreland Basin Evolution 

The Sevier Orogeny shown by the red arrows in the western USA of Figure 2.1, or 

mountain building event, occurred 115 Ma ago during the Early Cretaceous. The event was the 

result of the North American Plate and Pacific Plate colliding and creating a subduction zone 

(Blakey and Ranney, 2008; Kamruzzaman, 2015). The Sevier Orogenic belt consists of an active 

volcanic arc located to the west of the Foreland Basin, between California and Nevada. This 

volcanic arc is the source of the bentonite beds interpreted in image logs in CHAPTER 3  

(Kamruzzaman, 2015). During the early Cretaceous, global temperatures rose dramatically as a 

result of the green house effect. Thus, sea level rose as glaciers melted and the cool waters of the 

Western Interior Seaway (WIS) met with the warmer waters from the Gulf of Mexico completely 

submerging the Foreland Basin as shown in Figure 2.2 (Blakey and Ranney, 2008; 

Kamruzzaman, 2015). The WIS is asymmetric and subsidence on its western side causes the 

present day asymmetric shape of the DJ Basin (Lachance and Robinson, 2012). 

Figure 2.3 shows Sonnenberg’s (2011) description of sedimentation in the area. The DJ 

Basin was surrounded by sedimentation on all sides. Chalks and limestones were deposited in the 

east. Sandstone facies were deposited in the west. Clastic silts were deposited in the north. 

Carbonates were deposited from the south. The TOC increases along with carbonate deposition  
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Figure 2.1 Figure taken from Kamruzzaman (2015). This image was originally modified from 

Blakey (2014). This is a paleogeographic map from 115 Ma, or the Early Cretaceous. The red 

arrows pointing inward show the Sevier Orogeny. The red box shows the location of the state of 

Colorado.  

from west to the east across the WIS (Sonnenberg, 2012; Kamruzzaman, 2015). The interplay 

between sedimentation from each direction results in the stratigraphic column shown in Figure 

2.4. 

Sonnenberg (2011) interpreted the WIS as cycles between marine transgressions and 

regressions, thus beginning the investigation into the sequence stratigraphy in the region. The 

deposition of the Niobrara results from the interplay between the cool waters from the north and  
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Figure 2.2 shows a paleogeographic map of the Late Cretacous, 85 Ma ago. Figure taken from 

Kamruzzaman (2015). This image was originally modified from Lachance and Robinson, 2012. 

The red box outlines the state of Colorado. 
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warm water in the south, caused by multiple transgressions and regressions. Chalks represent the 

influx of warm GOM waters. When the waters subsided, runoff from the local topography 

resulted in the deposition of marls (Sonnenberg, 2012). The transgressive and regressive cycles 

are shown in context of the Niobrara stratigraphy in Figure 2.5. 

2.2 Petroleum System Elements 

In Figure 2.6, the petroleum systems elements show that the Niobrara is a source, 

reservoir, and seal in this area (Higley and Cox, 2007). Shortly after deposition of the Niobrara 

Formation and the Sharon Springs Formation, the Laramide Orogeny took place and was active 

throughout the Late Cretaceous, Early Cenozoic, and Mid Cenozoic. This event consists of four 

episodes, three of which originated during the Late Cretaceous. This complicates the structural 

story discussed concerning the faulting in the Niobrara. The Laramide Orogeny likely indicates 

there are different fault systems with varying active mechanical units during the different ages. 

This interpretation is integral to the discussion of the timing and analysis of the geometric 

reconstruction in CHAPTER 4   (Higley and Cox, 2007).  

2.3 Structural Framework 

There are various theories behind the tectonic drivers of the faults in the Wattenberg Field. 

The principal authors in the discussion are Davis, Weimer, Higley, and Kittleson. The most 

widely accepted theory is the wrench fault system. The faults in this seismic survey area show a 

NNE-SSW planar normal fault system. 

2.3.1 Wrench Fault System 

The most widely accepted theory that there is a basement northeast-trending wrench fault 

system shown in Figure 2.7. This was proposed in Weimer (1996) and Higley and Cox (2007). 
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Figure 2.3 Sedimentation deposition during the Late Cretaceous. Figure is originally produced 

from Sonnenberg (2011) and modified in Kamruzzaman (2015). 
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Figure 2.4 Stratigraphy of the Niobrara Formation. Figure is originally produced from 

Sonnenberg (2011) and modified in Kamruzzaman (2015) (Sonnenberg, 2012; Kamruzzaman, 

2015).  
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Figure 2.5 The transgressive and regressive cycles that result from the influx and drop of the 

warm waters from the Gulf of Mexico. Figure is originally produced from Sonnenberg (2011) 

and modified in Kamruzzaman (2015) (Sonnenberg, 2012; Kamruzzaman, 2015). 
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Figure 2.6 Petroleum system timing chart. Figure taken from Higley (2007) (Higley and Cox, 

2007). 

Weimer provided evidence of strike-slip movement in the area based on field observations 

(Kittleson, 2013),(Nurhasan and Davis, 2016). He interpreted three main faults: the Johnstown 

Wrench Fault Zones (J. WFZ), the Longmont Wrench Fault Zone (Lo. WFZ), and the Lafayette 

(La. WFZ). Over 4000 wells in the Codell Sandstone, which yielded consistent results with 

Weimer’s work and supported this structural framework (Higley and Cox, 2007). Their well top 

correlation showed evidence that the geologic beds have a component of strike slip motion as 

well.  

2.3.1 Growth Fault System 

The seismic interpretation of a 250 mi long, 2D reflection seismic survey distinguished a 

second fault regime in addition to the basement controlled faults. The second fault regime 

consists of a large scale listric fault with an antithetic fault to accommodate the growth (Davis 

and Weimer, 1976). Because of the consistency between these different types of evidence, Davis 
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and Weimer (1985) interpreted that the growth faults generated high sedimentation rate in the 

Fox Hills and Upper Pierre. 

 

Figure 2.7 Regional wrench faults interpreted by Weimer. Image taken from Nurhasan and Davis 

(2016), which was modified from Higley and Cox (2007). 

2.3.2 Reverse Fault System 

Kittleson (1992) performed correlations across the KP, KP1, KP2, and KP3 tops in 

almost 1000 wells. In doing so, he discovered that 39 logs showed evidence of repeated sections 

with maximum offsets ranging between 400-500 ft. He also noted that no logs had missing 

sections, an indication of normal faulting. Given this information, he interpreted a décollement 
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surface at the base of the upper Cretaceous sediment, which is what caused this sediment to 

move and form en-echelon reverse faults (Kittleson, 2013).  

While the arguments behind the compressional tectonic system are are well made, there is 

no indication that this is true at the depth of investigation in the survey area area. The seismic 

data shows no evidence of reverse faulting in the overburden (Lower Pierre), reservoir interval 

(Niobrara to Mowry), or basement (beneath Mowry). The seismic data are more consistent with 

normal faults that may be caused by a regional wrench fault system (Nurhasan and Davis, 2016). 
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CHAPTER 3    

IMAGE LOG INTERPRETATION: SUB-SEISMIC SCALE FAULTING 

The analysis is useful to the oil and gas industry because it shows smaller details, 

allowing a seismic-scale feature to be interpreted as many sub-seismic scale features at the 

resolution of an image log. Images logs effectively ground truth the seismic interpretation. This 

work provides insight as to whether the natural fractures are open or closed and consequently 

leads to a better understanding of reservoir connectivity.  

3.1 Purpose 

This study begins with image log-scale faults because they will serve to ground truth the 

seismic-scale faults discussed in later sections. Image logs can pinpoint geologic features such as 

bedding planes, bedding dip, fractures, faults, and unconformities. Image logs consist of 

microresistivity images spaced along six or eight pads within a borehole. These logs are 

particularly valuable to this study because of their high resolution: 0.2 in (Schlumberger, 2002). 

The change in resolution is important to the study because the well trajectory passes through a 

seismic-scale fault. This gives the interpreter a unique look at what the rock looks like at a scale 

of 0.2 in in comparison to the seismic volume resolution.  

Three techniques are applied to the data collected in Well 1: the cumulative bedding 

plane plot, azimuth walkout plot, and visual inspection. These methods assess the alignment of 

the bedding planes in the dip direction and strike direction respectively. Any deviation from a 

consistent slope is an anomaly that requires the interpreter to assign a geologic cause.  
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3.2 The Tool 

The main tools used generate image logs are Schlumberger’s Formation Micro Imaging 

Tool (FMI) and Halliburton’s X-tended Range Micro Imager. The Halliburton image log used in 

Well 1 of this study is an XRMI log. This section discusses the tool type and tool physics 

relevant to interpretation. These tools were initially used as advanced dipmeters, but have now 

surpassed that technology and provide additional geologic information (Ekstroml et al., 1987).  

Halliburton designed a tool that has 32-bit digital signal detection system to increase the 

signal-to-noise ratio by a factor of five and expand the dynamic range by a factor of three 

(Services, 2008). This is a centralized tool that is designed to work in water-based mud. It works 

well with both salt and fresh water. The tool is designed with six arms and a pad on each with a 

length of 24.18 feet and a weight of 496 pounds. The pads cover 67% of an 8.5-inch borehole. 

The tool is slender enough to fit inside of a 6-inch hole and can expand to fit a borehole size of 

21 inches. Tool specifications can be compared in Table 3.1. 

3.3 Tool Physics 

The lower pad in Figure 3.1 has an applied voltage that causes an alternating current to 

flow from the lower pad to the upper pad. The current flows from each individual electrode 

button to the button in the upper pad. When the initial current flows, it is only focused on a small 

amount of the formation. As the current grows, the tool measures the volume of the formation 

between the two pads. The current is measured to prevent the measurement of noise caused by 

variation of spontaneous potential and friction between the pads and borehole wall 

(Schlumberger, 2002). 
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The measured current contains both the high-resolution component and low-resolution 

component derived from the initial current, which grows until it covers the entirety of the 

formation between the two pads. The high-resolution component is sensitive to resistivity  

 

Table 3.1 Summary of Halliburton’s image log tool specifications. Table modified from Dudley 

(2015) (Schlumberger, 2002; Services, 2008; Colton, 2015). 

 

variations from the zone directly facing the button, whereas the low-resolution component is 

sensitive to the entire zone between the upper and lower pads. It is important to note that the 

low-resolution signal appears as a background with gradual variation as opposed to the high-

resolution signal, which has a unique value per electrode button shown in Figure 3.1. The high-

resolution signal dominates the response and makes the interpretation of structure and 

stratigraphy more straightforward (Schlumberger, 2002).  

Each button in Figure 3.1 creates a profile of the conductivity, specifically formation 

conductivity, rather than an actual measurement generated by the current. This is done to 

measure the high- and low-resolution components separately. The measurement is similar to a 
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high-resolution resistivity log over small distances. It is displayed in two dimensions, like a 

rolled out poster, because it is difficult to interpret this information in a cylindrical view 

(Schlumberger, 2002). 

 

 

Figure 3.1 Borehole imaging tool diagram. Figure reproduced from Williams (1997) (Williams et 

al., 1997). 
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3.4 Data Processing 

This section discusses the full workflow required to properly process a borehole image 

log in Techlog. Well 1 did not require processing because it is a high quality image log processed 

by the vendor. This section is included to inform the reader on the general steps used to create 

this image log based on Dudley (2015). The basic steps for processing an image log are as 

follows:  recover the radius values from the input data, visually quality control data, apply 

inclinometry, apply the speed correction, apply array processing, apply pad concatenation to 

create a static image, and apply histogram equalization to create the dynamic image (Colton, 

2015). 

Starting at the first step and quality controlling the data, the caliper logs are evaluated for 

consistency and areas where the borehole size will affect the image log. Figure 3.2 shows an 

example of how the caliper log can indicate that the image log began recording while the tool 

was still in the casing. This situation caused pad alignment issues once the tool entered the 

uncased zone.  
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Figure 3.2 Visual QC of data in Well 2N. Figure reproduced from Dudley (2015) (Colton, 2015). 

Once the log has undergone a visual quality control, the radius values can be recovered. 

Areas with an inactive pad while logging should be verified. A caliper log is a measurement of 

the diameter, so this is converted to radii by dividing the value by two. To assess the 

inclinometry, the accelerometer and magnetometer data are cross-plotted as the change in the x 

direction and the change in y direction as shown in Figure 3.3. The offsets must be applied to the 

measured data at this stem. The magnitude of these offsets are also measured at this stage 

(Colton, 2015).  

When a tool sticks in the borehole, it has a slowed velocity while it is caught but then it 

speeds up once enough strain is on the tool string to pull the tool further up. The speed correction 

accounts for the changes in acceleration and velocity while logging (Asquith et al., 2004; Colton, 

2015).  

 

Figure 3.3 Inclinometry quality control using accelerometer and magnetometer cross plots. The 

measured tolerance is noted in black and offset applied tolerance is noted in green. Figure 

reproduced from Dudley (2015) (Colton, 2015). 
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Array processing is then applied. It consists of three sub-steps, which are pad image 

creation, image based speed correction (Figure 3.5), and button harmonization (Figure 3.5). The 

pad image is created by combining the data from each measurement in each button into a total 

image for the entire pad. Each pad is displayed separately for interpretation. There were six pads 

for this tool. This step is dependent on the tool itself and how it stores its data. Then, the image 

based speed correction is applied. The speed correction step is designed to minimize the jagged, 

saw tooth effect caused when the pads are shifted along their depth. Lastly, the button 

harmonization accounts for differences between buttons, which minimizes vertical stripes within 

the pad image that was created in the first step of array processing (Techlog, n.d.; Colton, 2015). 

 

 

Figure 3.4 Speed correction accounts changes in the acceleration due to causes like a stuck tool. 

Image reproduced from Asquith (2004) (Asquith et al., 2004) 
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Pad concatenation and histogram equalization, shown in Figure 3.6, respectively create 

the final static log and dynamic log. Pad concatenation combines all the pads into a single array 

referenced by azimuth to determine the orientation of the well. The dynamic image scales the 

color bar by a depth of 1 foot for the entire log length. Hence, it varies along the entire length of 

the well and allows the interpreter to see much more detail on a local scale. The static image is 

scaled by the maximum and minimum value of the entire log and does not change along a 

specified interval. Thus, the static and dynamic image should be taken into consideration when 

interpreting (Colton, 2015).  

 

 

Figure 3.5 Image based speed correction (left) and button harmonization (right) images modified 

from Techlog FMI tutorial. Images modified from Techlog (2014) (Techlog, n.d.). 

3.5 Method 

 Three methods were applied to interpret sub-seismic scale faults in a vertical well: visual 

inspection, cumulative dip plots, and azimuth walkout plots. Interpretation is important to oil and 
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gas production because sub-seismic scale fault can often compartmentalize an area and inhibit 

production flow. Image logs are considered the best tool for sub-seismic scale fracture 

interpretation because they resolve thin beds very well and are generally reliable when picked by 

an interpreter rather than a computer. These techniques are especially valuable in an area that has 

poor well correlations or lack nearby wells for formation correlation (Hurley, 1994). 

3.5.1 Visual Inspection 

 The interpreter-defined dip classifications made by Dudley (2015) were used to preserve 

consistency between his interpretations of three horizontal image logs in the Wattenberg Field. 

 

Figure 3.6 Pad concatenation and pad equalization as provided by the vendor. The dynamic log 

is shown as the third track of pad equalization. Image reproduced from Dudley (2015) (Colton, 

2015). 
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Figure 1.2 shows the location of Well 1 (black) as compared to Dudley’s wells (purple). Dudley 

interpreted 10 dip types, which include bed boundary (Figure 3.7), large faults (Figure 3.8), 

small faults (Figure 3.9), induced transverse fractures, open/partially sealed fractures (Figure 

3.11), open lithologically bounded fractures (Figure 3.10), and sealed fractures (Figure 3.11) 

(Colton, 2015). 

 A vertical image log is used to interpret the same classifications. It records the azimuth 

and dip of each interpreted geologic feature. In the left side of Figure 3.12, the borehole is 

represented as a cylinder. The azimuth and dip of the bedding plane are represented along the 

plane where the geologic feature intersects the well. Now, the cylinder is unrolled and if the 

azimuth information is preserved, the trough of the curve indicates the dip azimuth as the 

orientation of the trough of the curve. The dip is indicated by the vertical difference between the 

peak and the trough. 

 Dudley (2015) assigned dip qualities per pick are 1.0 for high quality, 0.9 for medium 

quality, and 0.8 for low quality. The dip quality assignment was qualitative and based on the 

opinion of the interpreter as shown in Figure 3.13 (Colton, 2015). Dudley’s method was 

implemented so that the maximum amount of bedding plane/fault/fracture picks could be made, 

but those influenced by a potential processing error or those that are less clear can be discounted 

from the final results. Figure 3.13 highlights examples of open/partially sealed fractures as 

shown by the blue strike symbol. The highest dip quality of 1.0, indicates a feature that can be 

seen in both the static and dynamic image. This quality also indicates a sine curve is easily fit. 

This normally occurs in places where the speed correction has been appropriately applied. The 

next highest dip quality of 0.9 indicates a feature that can still be seen in both the static and 

dynamic image. However, it is more difficult to fit a sine curve to this feature. This quality 
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assessment is subject to interpreter bias. Finally, a dip quality of 0.8 can be seen in only the 

dynamic image and is moderately easy to fit a sine curve to.  

 In the classification discussed above, it is important that natural fractures and induced 

fractures are clearly distinguished. An induced fracture is caused while drilling. The hoop stress 

is redistributed around the borehole of the well. This can also be influenced by anisotropy, stress 

magnitudes, stress orientation, borehole ovality and borehole deviation. Natural fractures are 

caused by geologic factors such as tectonics and stress or strain relationships. Natural fractures 

can also influence the placement of drilling induced fractures because natural fractures are 

already positioned along a plane of weakness (Singh et al., 2014).  

 It is also important that open and closed fractures are accurately distinguished during 

interpretation. This is of particular interest in the Niobrara B interval because of the results of the 

cumulative dip plot analysis. As discussed in Dudley 2015 and Bourke 1989, the halo effect is a 

key indicator of a sealed fracture. This phenomenon is a brightening effect around the fracture, 

most notably near the peak and trough. It is caused by low resistivity when too much current is 

injected into the borehole wall as the tool is retrieved from the depth of the natural fracture. 

When there is not enough current injected into the borehole at a shallower depth than the natural 

fracture, the halo effect is a display of high resistivity. Down dip, the reverse is true. The current 

is compressed, as it passes the fracture, and expanded, as it moves away from the fracture. This 

is how a white section, follows a black section, or the halo effect, occurs. Additionally, open 

fractures are typically known to be conductive (Bourke, L., Delfiner, P., Fett, T., Grace, M., 

Luthi, S., Oberto, S., & Standen, 1989; Colton, 2015). 
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Figure 3.7 Example of bedding planes from Well 1. 

 

Figure 3.8 Example of a large fault From Well 1. 
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Figure 3.9 Example of a small fault from Well 1. 

 

Figure 3.10 Example of open/partially sealed fractures and open lithologically bound fractures 

from Well 1. 
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3.5.1 Cumulative Dip Plot 

A cumulative dip plot, as shown in Figure 3.14, is commonly used to indicate “anomalous 

changes in dip that correspond to faults or unconformities” (Hurley, 1994). First, bedding planes 

were interpreted as frequently as possible in a three-foot field of view. This generally amounted 

to several hundred picks per three feet. For each pick, a sinusoid was fit to the highly conductive 

traces to represent a bedding plane, fault or fracture. From each bedding plane the dip and strike, 

which is the azimuthal orientation perpendicular to the dip, are recorded based on the sinusoid 

measured in the image log. Dip values range from 0 to 90 degrees. Strike values range from 0 to 

360 degrees, with 0 degrees indicating North (Hurley, 1994).  

To create a cumulative dip plot, the sample number, depth, dip magnitude, strike, and 

cumulative dip are arranged in a spreadsheet. The cumulative dip is calculated by adding the dip 

magnitude of each sample and adding it to the sum of all previous samples. The first derivative 

of the cumulative dip can be taken by dividing the change in sample number by the change in 

cumulative dip (Hurley, 1994). 

The plot consists of the sample number, or depth, increasing along the y-axis and the 

cumulative dip increasing along the x-axis. Sample number was chosen in this case because not 

all intervals could be picked with the same frequency. This removes biasing in the data due to 

gaps where bedding planes could not be picked. This prevents inflection points from appearing 

purely as a function of different spacing between bedding plane picks. The plot is displayed such 

that shallower samples are shown at the top and deeper samples are shown at the bottom. The 

interpreter analyzes the inflection points along this curve, which usually correspond to faults, 

fractures, and unconformities. Hurley (1994) noted that they have also indicated cross-bedded 
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sandstones surrounded by shales, areas where there are no bedding planes such as reefal 

carbonates, soft- sediment deformation, and turbidites with chaotic bedding (Hurley, 1994).  

There are times that cumulative dip plots do not illustrate geologic features, but this is not 

common in this dataset. Sometimes, cumulative dip plots show curved sections instead of 

straight lines. These can indicate geology, but may simply be a function of poor data quality. In a 

structurally complex area, a well that drills into a fold shows curved segments. Alternatively, 

folding due to compaction typically exhibits a pattern of gently increasing dip magnitude with 

respect to depth (Hurley, 1994). 

 

 

Figure 3.11 Example of a sealed fracture and a sealed lithologically bound fracture. 
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Figure 3.12 Interpreting geologic features in an image log (Yared, 2014). 

3.5.1 Azimuth Walkout Plots 

 Azimuth walkout plots, like the one shown in Figure 3.15, can be used as a secondary 

method to ensure all sub-seismic scale faults have been picked. This is because there are 

instances where the dip magnitude does not change significantly across a fault or unconformity, 

but the strike does. The methodology requires the generation of a map oriented by azimuthal 
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position. Beginning with the shallowest bedding plane pick in the borehole as the center, the plot 

then takes a singular unit step in the direction of the dip azimuth (Hurley, 1994). Each sample 

 

 Figure 3.13 Comparison of the dip qualities for open/partially sealed fractures. 

number is equivalent to a unit step. Similar to the interpretation portion of the cumulative dip 

plots, inflection points tend to indicate the most important geologic features such as faults and 

unconformities. In many cases, the changes in dip azimuth coincide with a change in dip 

magnitude, thus this analysis showcases many of the same features.  

3.1 Discussion and Results 

 The previous work in this area performed by Dudley (2015) focused on three horizontal 

wells. His work determined the frequency, dip, and dip direction of the bedding 
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Figure 3.14 Cumulative dip plot with lithologies overlain. 

 

Figure 3.15 Dip azimuth walkout plot with lithologic overlay. 
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Figure 3.16 Full image log of Well 1. Track 1: GR. Track 2: Extracted predicted fracture volume 

overlaid onto depth track. Track 4: sub-seismic scale faults, or fractures. The presence of many 

open fractures is important when considering reservoir connectivity. Warm colors in extracted 

PFV correlate with higher fracture intensity in Niobrara Interval. Note that the warm colors 

begin again when the fractures reappear in the Greenhorn Formation. 
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planes, open/closed natural fractures, drilling induced fractures, and presence of faults in three 

formations: Niobrara C, Codell, and Fort Hays. His results indicate that the Codell has more 

natural fractures than the Niobrara C. In both the chalks and the marls of the Niobrara C, there 

are sealed fractures. In the Niobrara C interval, the chalk is not always more fractured than the 

marl (Colton, 2015) .  

The methodology focuses on Well 1, which is located outside of the Wishbone area and 

is shown by the black circle in Figure 1.2. In contrast to Dudley’s work, this is a vertical well 

through a fault zone. Well 1 was selected because it had an image log and fell within the bounds 

of the Merge dataset. Because the well penetrates a large-scale fault, it was hoped that the well 

would provide further insight into fault interpretation at a sub-seismic scale. To investigate this 

(Figure 3.16), the predictive fracture volume was extracted along the wellbore to show that 

higher areas of fracture intensity occur in the warmer regions, or higher areas of fracture 

probability and areas of lower fracture intensity roughly occur in the cooler regions.  

The entirety of the interpreted well is shown in Figure 3.16. It was only logged for 1000 

feet. There is an average fracture intensity of 15 fractures per 100 ft. This was calculated by 

dividing the total number of fractures by the entire borehole length. However, the Niobrara A 

Marl and the Codell are the focus of this investigation. The first track shows measured depth. 

The second track shows the static image log. The third track shows the dynamic image log. The 

fourth track shows the dip classification and picks in the well.  

Since there are so few fractures manually interpreted in the interval and cumulative dip 

plots and azimuth walkout plots rely on bedding planes, rose diagrams of the bedding planes in 

this interval are shown in Figure 3.17 - Figure 3.20. In other words, these are dip azimuth rose 

diagrams. They are shown to emphasize the quality with which the bedding planes were chosen. 
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This is an important tie to the seismic data since the dips shown in the Niobrara Formation are 

consistent with the NW dip shown in the structure maps at this location. Figure 3.17 shows the 

rose diagram of the A Marl. The strike direction here is the least tight of the different intervals 

because there are three distinct inflection points shown in the azimuth walkout plot of Figure 

3.21. The azimuth walkout plots of the B Chalk and Marl, C Chalk and Marl, and D Chalk all 

show a tight trend to the NW. This is consistent with how straight the cumulative dip plots 

appear.  

 In Dudley (2015), the Niobrara and Codell intervals both had very low fracture 

intensities. The same is true of Well 1. Because of the low fracture intensity, cumulative dip 

plots and azimuth plots were applied to see if any additional geologic features are interpretable. 

In the Niobrara A, B, and C intervals, the azimuth walkout plots show the most prominent 

inflection points at fault locations. These faults have been quality controlled by the visual 

inspection method described above. The cumulative dip plots generally show a correlation to the 

azimuth walkout plots and seem to respond most strongly to open fractures. Both of these 

methods show an increased number of inflection points within the Niobrara B interval. These 

inflection point are determined to be additional open fractures instead of bedding planes due to 

the frequency of highly resistive beds that appear to be open fractures when quality controlled 

with visual inspection. 

There are four major inflection points in the cumulative walkout plot of the Niobrara A 

Marl. These points are shown in Figure 3.21. At Point A1, there is a prominent inflection point in 

the azimuth walkout plot and a slight inflection point in the cumulative dip plot. Figure 3.22 

shows that this inflection point is interpreted as a calcitic or silicic nodule. Nodules are formed 

from contrasting material to the background and can cause a disruption in the bedding planes up 
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to 10 feet above the nodule. A secondary interpretation of this point could be that the Niobrara A 

Chalk was eroded because of its regional placement on the Wattenberg high. When this area was 

uplifted, the Niobrara A chalk was eroded. This inflection point could be indicative of this event. 

 

Figure 3.17 Dip azimuth rose diagram of bedding planes in the A Marl. 

 

Figure 3.18 Dip azimuth rose diagram of bedding planes in the B Chalk and Marl and the C 

Chalk and Marl. 
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Figure 3.19 Dip azimuth rose diagram of bedding planes in the D Chalk. 

  

Figure 3.20 Dip azimuth rose diagrams of bedding planes in the Fort Hays and Codell Sandstone. 
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Figure 3.21 Cumulative dip plot and azimuth walkout plot with labeled inflection points in the 

Niobrara A Marl. Yellow indicates a nodule or concretion. Blue indicates a fracture zone. Red 

indicates bentonite beds. The significant point is A2. 

 

Figure 3.22 Calcitic of silicic nodule interpreted in Niobrara A Marl (A1). 
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Figure 3.23 Fault zone interpreted in Niobrara A Marl (A2). A2 shows where the seismic scale 

fault intersects Well 1. 

Figure 3.23 shows the image log at the location of Point A2. There is a sharp inflection 

point in both the azimuth walkout plot and the cumulative dip plot. The inflection point 

correlates with the interpretation of a fault zone easily validated by visual inspection. There are 

truncating beds along the base of the fault. This fault is seen in the seismic data and will be 

discussed in CHAPTER 4  It is an excellent example to explain the difference between how open 

and closed natural fractures were distinguished. The discriminating factor that determines 

whether the natural fracture is open or closed is dictated by whether or not there is a halo effect. 

This determination is made by visual inspection as discussed in Chapter 3.5. The presence of a 

halo effect indicates a sealed fracture. Nodules are typically characteristic of an open fracture. 

The distinction between open and closed fractures is important for reservoir characterization 

because open fractures are likely to be conduits to flow whereas sealed fractures may be 
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fractures. This depth is where the fault in the seismic data intersects the well. This is an 

important correlation point between the two. 

 

 

Figure 3.24 Bentonite beds interpreted as the black beds in the Niobrara A Marl (A3). 

Resistive features such as the ones shown in Figure 3.24 and Figure 3.25 can be 

interpreted as bentonite beds or as open fractures. These highly resistive features showing up at 

Point A3 and Point A4 can be interpreted as either an open fracture or a bentonite bed. 

Unfortunately, the well is not cored, so the ultimate answer is ambiguous. As stated before, the 

conductive feature can be interpreted as a calcite filled open fracture. It is likely that Figure 3.25 

is an open fracture because of the cracked appearance along the plane that is visible in the static 

image. The black dots are interpreted as vugs that are dissolved out of them. The beads are 

interpreted as dissolution features. 



 42 

Alternatively, features like Figure 3.24 can be interpreted as bentonite beds, which also 

produce a highly conductive response. An interpreter would expect to see low resistivity in the 

log response, but this has not been seen here. Bentonites are usually less than a foot or two thick, 

which is consistent with the feature seen here.  

The Niobrara B interval consists of a chalk and a marl at this location. Three inflection 

points are labeled in Figure 3.26 as Points B1, B2, and B3. The first two are large inflections 

points in the azimuth walk out plot and the last is simply another example of a bentonite bed. 

The two inflection points in the cumulative dip plot are subtle. Figure 3.27, Figure 3.28, and 

Figure 3.29 all face the same interpretation ambiguity discussed about Figure 3.24 and Figure 

3.26. In this case, Figure 3.27 is interpreted as open fractures because they are thinner and in one 

case partially sealed by the surrounding lithology. Figure 3.28 is interpreted as a bentonite bed 

because of its orientation. This feature shows a change in bedding plane orientation because of 

an imperfect speed correction in this are. Figure 3.29 is interpreted as a bentonite bed because it 

is thicker than the first two and has a much more subtle inflection point in the azimuth walkout 

plot in Figure 3.26. 

In the chalk and marl portions of the Niobrara C, the cumulative dip plots and azimuth 

plots are generally very straight, containing few inflection points. Some features, like the one at 

Point C1, are a result of lower quality bedding plane picks stemming from lower image log 

quality. In this case, the pads were misaligned enough to make the sinusoid difficult to fit.  

In this well, only the Niobrara D Chalk is visible in the logs. Similar to the Niobrara C 

Chalk, Both the cumulative dip plot and azimuth walkout plot in Figure 3.31 are straight with 

almost no inflection points. An example of a bentonite bed is shown in Figure 3.32 was 

discovered. This is a flat thick layer. This is similar to the third example for the Niobrara B. 
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Figure 3.25 Open fracture/formation change interpreted in the Niobrara A Marl (A4). Beads are 

interpreted as vugs, or indicators of dissolution. 

 

Figure 3.26 Cumulative dip plot and azimuth walkout plot of the Niobrara B Chalk and Niobrara 

B Marl. Blue indicates an open fracture. Red indicates example bentonite beds. B1 is the 

significant point. 
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Figure 3.27 Open fracture interpreted in the Niobrara B Chalk (B1). Dip may have been higher if 

the speed correction was more accurately applied. 

 

Figure 3.28 Bentonite beds in the Niobrara B Chalk (B2). Indicated by the dark beds in the static 

image. 
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Figure 3.29 Bentonite beds interpreted in the Niobrara B Marl (B3). Indicated by the dark beds in 

the static image. 

 

Figure 3.30 Cumulative dip plot and azimuth walkout plot of the Niobrara C Chalk and Marl. 

Black indicates a lower quality bedding plane pick. 

In the Fort Hays, there were two inflections in the azimuth walkout plot and one strong 

inflection in the cumulative dip plot as seen in Figure 3.33. The first inflection point (Figure 

3.34) was interpreted as a sealed fracture because a slight halo effect was observed in the static 
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image. The second inflection point occurred because lower quality bedding planes were picked at 

Point FH2 due to pad misalignment. 

 

Figure 3.31 Cumulative dip plot and azimuth walkout plot of the Niobrara D Chalk and Marl. 

Red indicates an interpreted bentonite bed. This is not interpreted as a bend in the plots. 

 

Figure 3.32 Bentonite bed interpreted in the D Chalk (D1). Indicated by dark bed in the static 

image. 
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Figure 3.33 Cumulative dip plot and azimuth walkout plot for the Fort Hays member. Blue 

indicates a sealed fracture. Black indicates an inconsistent bedding point pick. 

 

Figure 3.34 Sealed fracture interpreted in the Fort Hays interval (Point FH1). 
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Figure 3.35 Cumulative dip plot and azimuth walkout plot for the Codell Sandstone. 

 

Figure 3.36 Calcitic or silicic nodule interpreted in the Codell Sandstone interval at COD1. 

The last interval discussed in this chapter is the Codell Sandstone. The inflection point 

shown in Figure 3.35 is interpreted to be instance of a calcitic or silici nodule in Figure 3.36. The 
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sudden change in the bedding plane pattern from planar to curved beds and a highly conductive 

feature likely show this.  

In conclusion, this method of investigation shows the correlations between the predictive 

fracture volume and Well 1. In areas that appear to have higher fracture intensity, the volume 

shows hotter colors, indicating a higher probability of fractures. In areas along the wellbore with 

lower fracture intensity, there are cooler colors. When more faulted intervals like those shown in 

the Greenhorn emerge, the volume shows warmer colors again. Although, the predictive fracture 

volume of Well 1 does not show a perfect correlation and has only been compared in a single 

well, it shows promise at indicating high probability fracture zones that may eventually affect 

production.  

Scaling down even further, the cumulative dip plots and azimuth walkout plots are used to 

highlight geologic features of interest. Faults and nodules are discovered using this technique. 

The interpretation of sealed faults and bentonite beds both affect production because they can act 

as baffles to flow that are not visible within the seismic data volume. This analysis remains 

consistent with Dudley (2015). The fracture intensity over the length of Well 1 is low. 
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CHAPTER 4    

GEOMETRIC RECONSTRUCTION – SEISMIC SCALE FAULTING 

In comparison to the image logs in the previous section, the seismic data moves 

interpretation from the 2D space to the 3D space. The seismic data is laterally extensive. 

However, this data has a vertical resolution of 90 feet in comparison to the 2-inch resolution of 

the image log. 

4.1 Purpose 

A geometric fault reconstruction was performed on the Merge dataset to provide insight 

into the fault and fracture prediction. The dataset is approximately 50 square mi. in areal extent 

and provides a testing ground for using a discontinuity attribute in InsightEarth as the basis for 

fracture prediction. The Advanced Fault Enhancement
TM

 process begins with a discontinuity 

volume and applies geometric constraints on the strike and dip to determine where planar, fault-

like features occur in the data. To bridge the gap between the seismic scale faults and fractures, a 

fracture model was generated and best represented as a Predictive Fracture Volume (PFV). These 

fractures are probabilistically assigned based on how many values (assigned based on strike and 

dip) are assigned within a given operator size, or unit volume. When the density percentage of 

those values is high, the warm colored values highlight the zones of high fracture probability. 

Lastly, the reconstruction shows planar normal fault geometries. Fault reconstruction suggests 

faulting occurred post-depositional to the Niobrara. These planar normal faults generate jagged 

patterns in some sections. These are explained as areas where fracture swarms compensate for 

the movement along the larger faults interpreted in the seismic volume. In summary, faults are 

detectable at the resolution of the seismic data. The results of the PFV indicate fractures swarms 

are likely nearest these large faults.  
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4.2 Method 

The basic inputs required to perform a geometric fault reconstruction are the seismic 

volume, faults, and horizons. Then, a detailed fault model must be built. The model ideally 

encapsulates all of the imaged faults in the survey area so that the structural influence on the 

volume can be completely removed. The final step is a method of restoring the geologic beds 

represented by seismic reflections along the fault until there is no displacement. The process 

discussed above is outlined in Figure 4.1 and is best applied in a normal fault setting. The 

approach is based off of a discontinuity volume. Because of this, the algorithm shows any kind 

of displacement or amplitude variation as a fault. Discontinuities caused by either of these fault 

regimes are still included in the results. The algorithm is not capable of handling a multi-z 

domain (when a horizon geometry exists at two vertical depths at the same lateral point), nor is it 

able to determine if there is lateral fault displacement. Any indication of strike slip movement is 

made based on observations from the interpreter. This is difficult to do in a 3D volume such as 

this because there are no faults, channels, other geological features displaced in map view.  

4.2.1 Geologic Grounding of Seismic Data 

There are many wells in the 50 sq. mile area of interest. The well tie of Well 1 is shown 

in Figure 4.2 as a sample of the others. This tie is one example of the well ties done in the Merge 

dataset. In addition to the density and sonic log from Well 1, a zero phase Ricker wavelet was 

used in a convolution to generate a synthetic wavelet. Then, a trace was extracted near the 

wellbore to be compared to the synthetic wavelet. The placement of the synthetic wavelet was 

adjusted to the seismic data to ensure it was placed correctly. The data yielded a cross correlation 

factor of 0.836, indicating an acceptable tie. The synthetic wavelet has a much higher frequency 
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content then the seismic data, hence, the cross correlation shows an excellent match between the 

synthetic and extracted seismic.  

Once the synthetic seismic is placed correctly within the seismic volume using the 

technique described above, the well tops displayed in depth have been placed within the seismic 

volume displayed in time. Now, the horizon that correlates to the specific geologic top is mapped 

laterally within the seismic volume. Figure 4.3 show the amplitude maps generated by mapping 

horizons. The horizons shown are the Niobrara bench and the Codell Sandstone, which are the 

two most prominent reservoir intervals under investigation. 

The seismic scale faults visible in Figure 4.3 show a NNE-SSW trend, which is consistent 

with the regional tectonics (Weimer, 1992). There is a secondary E-W trend shown in the data 

which is consistent with the interpretation of a E-W paleo-stress in the region (Stone, 1969). 

Structurally, many of the NNE-SSW faults create a graben geometry shown by the low structural 

values in blue. These form fault corridors. Areas with greater fold more clearly show E-W 

trending faults. The mid-Niobrara structural map shows 

 

Figure 4.1 Methodology shown as a flow chart. 
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Figure 4.2 Well tie of Well 1 to Merge dataset. Cross correlation factor of 0.836. 

 

Figure 4.3 Structure map of the mid-Niobrara and Codell horizons. 
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the greatest density of faults. Many of the faults between the top-, mid-, and base Niobrara 

horizons are through going. The faults begin to die out in the base-Niobrara horizon. The Codell 

appears to have a lesser amount of faulting but is dominated by the same fault trend shown in the 

Niobrara. These structure maps show consistent dip direction and fault placement when 

considered with the well log. 

4.2.2 Seismic Data Preconditioning 

 The first and arguably most important step in a geometric fault reconstruction is assessing 

the data quality issues that will obscure the geologic features in the area. Because the dataset 

consists of three merged volumes, there are seams where the data were stitched together that 

have varying amplitudes. Within each sub-volume, additional linear striping is seen in map view. 

This is known as an acquisition footprint, meaning the striping is aligned where the source and 

receiver lines were laid. A process called Footprint Removal was applied to remove this effect in 

the data (Pech, 2015).  

To do this, a horizon orientation (HO) volume was generated of the seismic volume 

shown in time. The HO volume orients the footprint removal algorithm such that it is 

perpendicular to dip. This ensures the footprint removal algorithm does not remove amplitudes. 

This HO volume consists of three vectors for each trace sample. Each sample has a magnitude in 

the x, y, and z direction as shown in Figure 4.4. The combination of these three component 

vectors results in the strike and dip of the original amplitude volume at each sample. The user 

has control over the size of the horizon orientation operator, ensuring that the algorithm only 

affects the target areas of interest. This volume was generated iteratively with the footprint 

removal volume. The operator size applied here ran between an x : y : z ratio of 3 : 3 : 9 and 7 : 7 

: 21. The smaller the operator size, the smaller the detected features, but the noisier the volume. 
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The larger the operator size, the larger the detected features, and the lower the noise in the 

volume (Pech, 2015).  

Next, footprint removal was applied as shown in Figure 4.4. At a user defined trace 

spacing, the algorithm moves outward from its central point and balances the amplitude of the 

traces based on the relative amplitudes of the surrounding traces in a process called satellite 

destriping (VaderBrug, 1975; Gurney, 1979). This is run for every trace value in the volume. The 

user defines various strike orientations along which the algorithm operates, from a choice of 0 to 

180 degrees. The user also defines how many traces are included in the balancing, from a 

minimum of 3 to a maximum of 17 traces. For this volume, 47 iterations of various strike and 

trace tolerances were used. This is considered heavy processing. Because the dataset was 

acquired on land, it generally has more noise and therefore requires more processing than marine 

data. The data was checked at intermediary steps to ensure the maximum amount of signal 

remained in the final product. Lastly, a horizon oriented median filter was used. This smooths the 

amplitudes by using a median filter (Pech, 2015). 

 

Figure 4.4 Diagrammatical representation of horizon orientation and footprint removal. 
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Figure 4.5 and Figure 4.6 show the effect of the footprint removal. At a shallow time 

slice at 908 ms, Figure 4.5 emphasizes the strength of the acquisition footprint. Vertical and 

horizontal striping dominates the amplitude data. There are also obvious amplitude differences 

outlining the three survey areas within the merge dataset. The white boxes are areas where no 

data was collected. The right panel of Figure 4.5 shows the effect of footprint removal. The 

amplitudes are more balanced along the entirety of the dataset and the vertical and horizontal 

striping is removed (Pech, 2015) .  

 

Figure 4.5 Comparison of raw data and footprint removed data at the shallow subsurface  

 

Figure 4.6 Comparison of raw data and footprint removed data at time slice of the Niobrara 

Formation. 
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The footprint removal at the time of the Niobrara Formation in Figure 4.6, the main 

interval of interest, is slightly less pronounced. The vertical and horizontal striping is still 

significant. The use of footprint removal was successful in removing the linear striping, however, 

it also reduces the finer detail visible within the data.  

4.2.3 Create Fault Framework 

A sub-volume, shown in Figure 4.7, focused on the geologic interval of interest. It was 

created to reduce computational time and to allow the algorithm to focus on the fault regime of a 

specific interval. The focus area was limited to 200 ms window (top of the Niobrara to the 

Mowry). This represents roughly 710 feet in the well log. Traces were included above and below 

the sub-volume to prevent edge effects from infiltrating the investigation. This generated the 

most accurate fault framework once the reconstruction was performed.  

 

Figure 4.7 This is a representative cross section of the 200 ms sub-volume of the Merge dataset. 

This sub-volume runs from the middle of the Sharon Springs to approximately 200 ms below the 

Mowry. The horizontal axis runs 7 miles in lateral extent. This section is exaggerated 50x. 

To create the faults, a Horizon Edge Stack (HES) volume was created. The result is 

shown in Figure 4.8. The process to create the HES volume searches for discontinuities in the 

amplitudes and highlights what appear to be breaks in the horizons. The algorithm highlights 

zero values and marks areas with large relative amplitude changes. In other words, 
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discontinuities are shown in black. The user has the ability to control how much signal vs. noise 

is left in the volume. An HES volume was generated for faults. A noise threshold of 75% was 

applied, indicating that 75% of the data present in a histogram view were utilized. The size of the 

minimum fault lengths was 17 units to target the large through-going fault network. At this stage, 

much of the low amplitude noise will still be filtered out during the process of generating faults.  

Figure 4.8 is shown to discuss the difference between parameters for faults and 

parameters for fractures. The HES cross line showing faults is designed to highlight faults with 

vertical displacement. The HES cross line showing fractures is designed to highlight fractures 

that do not have vertical displacement. In effect, the algorithm is highlighting any discontinuity 

in the volume. More noise is allowed to be interpreted in this volume so that the maximum 

amount of fractures are interpreted. Noise is filtered out on a geometric basis: whether or not the 

discontinuities are aligned in a plane. This volume is an input for the Advance Fault Imaging 

process (Pech, 2015). A blow up of each fault is shown in yellow and red. This shows how the 

algorithm highlights faults and fractures differently. The red box shows a purple and cyan 

colored fault that can be interpreted from these discontinuities. The faults appear separate 

because of the change in dip angle and the separation of the discontinuities. The yellow box 

shows the same purple fault as the red box plus and additional fracture noted in orange. The 

purpose of generating the second volume with smaller fault length parameters is to highlight 

fractures such as these near the main faults that show large displacement. 

The Advanced Fault Enhance (AFE) process, or windowed radon transform, creates three 

volumes to evaluate strike, dip, and planar continuity to generate a fault framework. On a 

specific sample, the algorithm assesses the neighboring samples in each direction, taking into 
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account the direction of the dip from the HO volume. Then, the algorithm highlights orientations 

along which strike (Strike Enhanced Volume) and dip (Dip Enhanced Volume) align linearly to 

 

Figure 4.8 Horizon Edge Stacking Volume (HES). The fault length dictates whether the 

algorithm searches for large-scale discontinuities (faults) vs. small-scale discontinuities 

(fractures). The empty boxes in the time slice are areas where no data was collected. 

form a fault along the highlighted zero values of the HES volume. The last step is the generation 

of the Fault Enhanced volume, which aligns a plane and sweeps the plane along the volume to 

define the fault plane. The user has additional ability to filter out noise during these steps. There 

are many grabens in the interest area, so setting parameters in all volumes such as ridge width to 

two units less then the fault width, helps clarify the fault location, thus showing where the 
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antithetic faults terminate. This is integral to building a fault system that fulfills the geologic 

constraints in the area (Pech, 2015).  

In the first step, the Strike Enhanced volume (SE) is created as shown in Figure 4.9. This 

volume shows the strike of potential faults identified in the horizon edge stack volume. This 

volume is generated by sweeping 180 degrees in map view of a Cartesian coordinate system. 

Each positive strike value is added to the count. The algorithm selects the greatest sum in that 

direction. The user has the opportunity to assess the histogram of the volume and exaggerate the 

through-going faults or the more subtle faults (Pech, 2015).  

The next step of the Advanced Fault Enhance is the Dip Enhanced (DE) volume, shown 

in Figure 4.10. This volume is generated to emphasize the dip of the faults and analyze the 

change in them. The user defines a dip tolerance by visually estimating the dip of the faults at a 

1:1 scale as is defined by the software in time data. In this case, the values of 60-88 degrees were 

used based on the parameters for seismic data provided in time. To ensure quality results, the 

numerical value of the degrees must match the methodology outlined by applying a 1:1:0.5 ratio 

to the data. These values are representative of the faults in the interval of interest. Because this is 

a synthetically assigned dip value, these dips are not correlated to the log information. The 

algorithm is limited to this range of dip investigation. It would be best to use another method to 

address the low angle faults observed in Dudley (2015)’s horizontal wells. Similar to the process 

used to created the strike enhance volume, the user determines how much of the noise to let in by 

changing the end members of the histogram (Pech, 2015).  

The last stage is the generation of the Fault Enhanced (FE) volume as shown in Figure 

4.11. This algorithm aligns a plane within the volume and sweeps the plane along the entirety of 

the volume. When a large enough score is generated between the SE and DE volumes, a fault is 
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Figure 4.9 Strike enhanced (SE) volume. 

 

Figure 4.10 Dip enhanced (DE) volume. 
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assigned. This process is dependent on the noise threshold. This causes the algorithm to discount 

scores that are too low when combining SE and DE volumes. The noise threshold is best 

calculated from the dip enhanced volume. The noise threshold is calculated from the point where 

the noise is minimized by manipulating the histogram. This value generally ranges from 0-25%. 

The interpreter noticed that a noise threshold of 12% is acceptable for this dataset due to the 

preprocessing steps previously described (Pech, 2015).  

The FE volume is integral to the interpretation of planar normal faults. The algorithm was 

parameterized to highlight the fault tip. Figure 4.11 is why faults in the Niobrara are 

distinguished from faults in the lower interval. When the data are panned through at a fine 

enough spacing, a separation between the fault tips is observed, thus indicating the beginning of 

a new fault. Furthermore, the separated faults exhibit different displacement, thus validating their 

interpretation as separate faults. Care was taken at this step to quality control the fault geometry 

manually in both cross section and map view.  

 

Figure 4.11 Fault enhanced volume (FE). 
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4.2.4 Generate Predictive Fracture Volume (PFV) 

The PFV is generated using the same methodology as the fault framework in CHAPTER 

4.2.3. An HES volume was generated for faults. A noise threshold of 75% was applied, 

indicating that 75% of the data present in a histogram view were utilized. The interpreter selected 

this noise threshold based analysis of a histogram of this volume. The size of the minimum fault 

lengths was 3 units to target the fracture network. Figure 4.8 shows the difference between the 

fault picking parameters and the fracture picking parameters. Because the fault length parameter 

is shorter and a greater amount of noise is let through, this volume uses amplitude changes to 

create discrete fractures. As such, the fracture volume in Figure 4.8 shows starker discontinuity 

zones in black and filters out less noise by the process for building a fault framework. The 

additional discontinuities are key to building the PFV shown in Figure 4.16.  

The HES volume is used as an input into the Voxel Density Region Highlighting
TM

 

process. The voxel density is determined by counting the number of occurrences of a given value 

within a specified size operator (box). A relative density is calculated from this. The time data 

are converted to voxels so that the calculation would be consistent in both time and depth 

volumes. Secondly, the volume is highlighted by scoring a density percentage, using either 

straight counting or a ratio. The higher values are highlighted as warm colors that light up the 

areas of fracturing. 

At the AFE stage, much of the low amplitude noise will still be filtered out during the 

process of generating fracture lineaments. The algorithm responds to small amplitude 

discontinuities that align on a linear trend. The applied algorithm generates a score based on the 

geometry of the discontinuities in the volume. A cell within the volume receives a score when 
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there is a discontinuity aligning in the strike direction, the dip direction (consistent with dips of 

natural fractures in the image logs), or when the strike and dip indicators align along a plane.  

4.2.5 Perform Geometric Fault Reconstruction 

The geometric fault reconstruction performed here is unique in that it is a volume-based 

reconstruction in the time domain. The goal is to remove the structural overprint that clouds 

stratigraphic interpretation (Hammon, 2009). The preconditioning steps discussed above are 

largely sufficient to perform the reconstruction. To generate the most geologic results, the 

median filter and horizon orientation volumes were run twice. Then, the Geotype Trimming and 

Sealing function was used to ensure the horizons meet the faults in a watertight interpretation.  

There are four steps to building a stratal volume, or a volume where the horizons 

interpreted as geologic bed boundaries are restored to their initial position before faulting. The 

algorithm is capable of determining growth packages. First, intervals are defined using each 

horizon interpreted in the well tie. The interval is defined as the volume difference between two 

horizons. Interval definition allows the reconstruction to account for high angle dipping beds and 

restoring them to their assumed horizontal orientation at the time of deposition (Pech, 2015).  

The next step is to run the Transform Parameter Calculation
TM

 shown in Figure 4.12. It is 

used to generate the Transform Displacement
TM

 volume. This calculation uses structure inputs 

such as the horizons and fault interpretations to map the preconditioned seismic data in time to 

the stratal domain in voxel space, which is not equivalent to depth. This is a form of the Wheeler 

Diagram, or chronostratigraphic technique that flattens every horizon in the volume, but can be 

confused by horizontal beds of variable thickness (Hammon, 2009). However, this method also 

allows the user more control over the calculation by integrating the user’s interpretation of the 

faults and intervals specified for use.  
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Figure 4.12 Methodology of stratal domain transform. 

The last step is to perform a Volume Transform, which builds the Stratal Volume.  This 

uses the Transform Displacement volume to resample the data and it outputs completely 

flattened stratal slices. Cross sections of this volume should show horizons that have been fully 

restored along faults. Map view of this volume should highlight any depositional features in the 

volume. The interpretation of this volume will be discussed further in CHAPTER 4.3 (Hammon, 

2009).  

4.3 Discussion and Results 

The methods described above are now applied to describe the fault framework of the 

Niobrara in the Merge seismic survey. This investigation shows that faulting and fracturing is 

laterally extensive in the Niobrara interval. There are two components to the fault comparison: 

seismic scale faults and sub-seismic scale fractures. The geometric reconstruction concludes that 

the faults are post-depositional and that stratigraphic features are not prominent in the reflection 

seismic dataset. This is consistent with other research within RCP such as Pitcher (2015) 

(Pitcher, 2014). 
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Additional intervals such as the Pierre were visually assessed. Generally speaking, the 

results from Nurhasan (2015) are seen here. The interval appears to have multiple strike 

directions in contrast to the Niobrara interval, which has a dominant NNE-SSW trend. The faults 

discussed here follow Weimer 1996 (Weimer and Sonnenberg, 1996). The basement was 

visually assessed as well. Strong basement faults were not interpreted because the data quality 

has greatly deteriorated at those depths. Both of these intervals were not included in the main 

interpretation of this investigation because they were not logged in Well 1 and as such there was 

no second dataset to use as a ground truth. 

4.3.1 Seismic Scale Faults 

 This fault interpretation shows over 150 faults between the Niobrara and Mowry 

intervals. This indicates fault intensity of about 3 faults per square mile when the number of 

faults is divided by the area of the survey. The merge seismic volume indicates the presence of 

planar, normal faults as shown in Figure 4.13. The fault lengths (distance measured between 

fault terminations in map view) range up to 2.5 miles. The two large fracture sets in the SE 

corner of the red cross line in Figure 4.13, are an example of high displacement values ranging 

up to 100 feet. Faults were distinguished based on observed separation in the fault tips shown in 

Figure 4.9, Figure 4.11 and Figure 4.13. In terms of orientation, Figure 4.14 shows that the large-

scale faults have a predominant NNE-SSW strike. The trend is consistent with the strike-slip 

fault interpretation by Weimer in 1996 (Weimer and Sonnenberg, 1996). This work was 

completed in time. In the future, a similar project in depth would yield results better suited to 

integration with the reservoir model.  

Figure 4.13 shows the map view of interpreted faults. As noted by Nurhassan (2015), 

there are many left lateral and right lateral en echelon faults. A small number of faults show a  
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60-degree difference in strike direction, which may be a by-product of a strike slip fault 

environment. However, the vast majority of the fault framework appears predominantly linear 

with step over faults, thus indicating the faults in this interval are likely a response to a short 

extensional regime during the Laramide Orogeny. 

4.3.1 Sub-seismic Scale Fractures 

The analysis indicates there are at least 350 fractures between the Niobrara and Mowry 

interval, or 6 fractures per square mile. When converted to 0.1 fractures per hundred feet, this 

seems much less frequent than the 15 fractures per 100 feet discussed in the previous chapter. 

However, the resolution of the image log is 0.2 inches and the resolution of the seismic is on the 

order of tens of feet. Hence, the image log will indicate a higher fracture intensity because more 

fractures are resolvable.  

Figure 4.16 shows the relationship between the fractures in map view (Figure 4.15) and 

the location of the well. The geometry between the well and fault creates an interesting case 

study. Well 1 intersects a single N-S trending fault in the Niobrara A Marl, which correlates to a 

high probability fault zone in the seismic volume. The image log shown in Figure 3.16 indicates 

high fracture intensity in the Niobrara interval relative to the rest of the well, which is consistent 

with the PFV. Point A2 in Chapter 3 is the fault zone related to the seismic fault shown here. 

Expanding that correlation to the entire volume, the high probability fracture zones run 

along the 150 large faults discussed in the previous section. This indicates that where there are 

faults in the Niobrara Formation, there is a high likelihood of fractures. Hence, if faults are 

predicted fractures can also be predicted in the nearby region. The PFV volume enhances the 

seismic data to predict fractures based on the geometry of the faults. This model based 

interpretation is driven from outcrop work 30 miles away. Furthermore, the restrictions applied 
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to the HES volume, or discontinuity volume for a fracture set is less rigorous that the fault 

restrictions. Ergo, it follows that the fractures follow similar trends as the faults.  

These smaller scale fractures have a much shorter fault length and do not show 

displacement. The algorithm used to detect the fractures responds to discontinuities in amplitude 

values. The rose diagrams of the fracture indicate a minimum of two fracture sets. The 

predominant strike is NNE-SSW, which is consistent with the faults in the area. The secondary 

strike is E-W.  

Lastly, the lower probability values between the large scale faults shown in Figure 4.15 

indicates there are going to be localized open fractures near the faults and a greater proportion of 

healed fractures away from the faults. The healed fractures are beneath the resolution of the 

seismic and do not show a great enough impedance contrast to be observed at this scale.  

 

Figure 4.13 Representative cross section lines showing the fault interpretation in the Niobrara 

and Codell reservoirs. Vertical exaggeration of 25:1. Interpreted faults are solid and interpreted 

fractures are represented in dashed lines. 
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4.3.1 Geometric Reconstruction 

The marine depositional system was deposited flat in the mid-Cretaceous fairway according 

to the law of horizontality. This is consistent with the flat nature of the geometric reconstruction 

in time slice and cross section view of Figure 4.17. Once the volume is restored, the horizons are 

flat and the slip along the major faults has been removed. There are no thickening or thinning  

 

Figure 4.14 Rose diagrams showing the strike of the large-scale faults as well as the small-scale 

faults. 
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Figure 4.15 Map view of PFV at the top of the Niobrara and Codell. Red indicates higher 

fracture probability. Edge effects caused by low fold areas generate the high probability ring 

around the dataset. 

 

Figure 4.16 Predicted fracture volume (PFV) shows high probability of fractured regions near 

Well 1. 



 71 

packages throughout the volume. This indicates that the faulting occurred post-deposition, likely 

during the Laramide Orogeny discussed in the petroleum systems section of the geologic 

background (Higley et al., 2003).  

The geometric reconstruction in Figure 4.17 indicates the fault placement was accurate 

and consistent. The volume could not restore correctly without properly placed faults. The cyclic 

interpretation between the interpreted faults and the reconstruction served as an excellent quality 

control measure for the fault placement.  

Furthermore, the red cross line in Figure 4.17 shows cases where there are large sawtooth 

like fault patterns. These sawtooth featues are interpreted as two faults, one that is located in the 

Niobrara interval and one that is located in the older strata. The sawtooth pattern indicates that 

there is likely a high fracture intensity surrounding the faults to compensate for large fault 

displacements visible in this interval. The sawtooth pattern may indicate a fault swarm, or a set 

of faults cutting obliquely across a reservoir (Statoil, 2009). These are important fault 

characteristics because fault swarms are often times responsible for increasing reservoir 

production by increasing permeability in the reservoir (Statoil, 2009).  

4.3.2 Seismic Survey and Regional Tectonic Setting 

The area of the regional survey is located between two dextral basement driven wrench 

faults according to Weimer 1996. The location of the survey relative to these faults is shown in 

Figure 2.7. However, the Merge survey shows fault geometries that are not necessarily 

distinctive of a strike-slip system, but are more indicative of a normal fault system. The 

following description shows the aspects of the data that fit into each system. 
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Figure 4.17 Mid- Niobrara and Codell in the stratal domain. Time slice and cross section view. 

Vertical exaggeration of 25:1. 

The geometry of the faults in the Merge survey implies normal fault geometry based on the 

following observations. First, the hanging wall is downthrown from the footwall. This down drop 

implies normal faults. The faults are planar. The vertical drop, or throw, in the largest faults is 

approximately 100 feet on a 2.5 mi long fault. When an approximate 1:1 scale is applied, the dip 

of the through going faults is 10-15 degrees. This is consistent with the open fractures seen in the 

image log. Finally, the geometry of the faults in map view is most similar to fault corridors with 

a downthrown block in the center. The corridors generally run along a uniform strike. A normal 

fault geometry indicates a stress regime where SV > SH max > SH min as shown in Figure 4.18. SH 

max is in the direction of strike. SH min is in the direction of dip. These stress directions indicate 

that the paleo-stress state had a maximum horizontal stress in the NNE-SSW direction. This 
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contrasts with the due East maximum horizontal stress historically interpreted by Stone 1969 

(Stone, 1969). The modern day stress according to the World Stress Map (2008) in Figure 4.19 

indicates a modern maximum horizontal stress N20°W. The	RCP	study	area	has	hydraulic	

fractures	showing	modern	day	localized	maximum	horizontal	stress	of	N 70°	W.	This 

indicates that the stress regime has rotated from N20°E since the time of the faulting in this 

interval. 

 

Figure 4.18 Normal Fault Stress State shown on the left (modified from Anderson 2012 

(Anderson, 2012)). Fault corridor geometry representative of what is seen in the data is on the 

right. 

An alternative interpretation of these faults places the survey with in a strike-slip tectonic 

regime. This indicates that SH max > SV > SH min. The challenge is to distinguish whether there is 

evidence of shear movement. Transtentional fault geometries occur when several parallel strike 

slip faults form near each other. As the shear movement occurs, zones of extensional overstep 

occur between fault tips, creating a down dropped block. This is one mechanism that could 

generate extensional faults within a larger regional strike slip regime. However, this geometry 

does not appear to be present when the faults are evaluated in map view as shown in Figure 4.20. 
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Furthermore, near vertical faults are generally indicative in strike slip regimes. However, the 1:1 

scale discussed previously is inconsistent with this tectonic regime either. Although there is a 

secondary due east strike direction present in the data that is roughly 60° from the NNE-SSW 

trending fault direction, this is only present in a small percentage of the faults and is discounted 

as an indicator of a strike slip regime. However, if there is strike slip faulting associated with 

basement fault reactivation at the end of Niobrara time and during the Sharon Springs, that 

movement may have created low angle listric normal faults that sole in the Greenhorn in 

proximity to the main wrench faults. Recurrent movement on the basement faults occurred 

during Laramide time creating episodes of listric normal faulting during the Fox Hills, Laramie 

time interval. It is common to have listric normal faults associated with wrench tectonics. This 

interpretation is inconsistent with the separation of the faults by displacement in fault tips, but 

due to the resolution of the seismic, this interpretation cannot be discounted. 

 

 

Figure 4.19 World Stress Map (2008) shows a maximum horizontal stress direction of N 20°	W.	

Image	modified	from	Pitcher	2014	(Pitcher,	2014).	The	RCP	study	area	has	hydraulic	

fractures	showing	modern	day	localized	maximum	horizontal	stress	of	N 70°	W.	
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Figure 4.20 Strike-slip stress state shown on the left (modified from Anderson 2012 (Anderson, 

2012)). Expected transtentional fault geometry is not seen in seismic data. 

Finally, the seismic survey provides evidence as to the timing of the faults. The Niobrara 

Formation does not have any stratigraphically thickening or thinning packages with in it. This 

indicates that the faults are post-depositional. However, the Sharon Springs Formation in Figure 

4.13 shows growth packages on some of the largest faults that have throws up to 100 feet. There 

are thickening packages above the hanging wall of the normal faults. This likely indicates growth 

strata, which implies the faults were active during this time. The Niobrara Formation and Sharon 

Springs Formation were deposited pre-Laramide, thus the faults are likely pre-Laramide. This is 

consistent with the fact that the Laramide Orogeny is a large mountain building event. It is 

expected that faults generated by that large of an event would stem from the basement through 

this interval. However, these faults appear to be localized within in the Niobrara interval because 

the Mowry horizon is not highly faulted.  
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Furthermore, there is a documented change in stress in the region. Assuming a normal stress 

regime, the maximum horizontal stress direction rotated from the paleo-stress state of N20°E	to	

N70°W	as	shown	in	Figure 4.21.	Assuming a strike-slip regime, the maximum horizontal stress 

direction rotated from the paleo-stress state of due east	to	N70°W	as	shown	in	Figure 4.22.	The	

Laramide	Orogeny	would	account	for	such	a	large	change	in	stress	direction.	Based on this 

evaluation of the different tectonic settings, this seismic survey shows an extensional fault 

system, but it does not necessarily disprove previous regional studies of larger areas. 

 

Figure 4.21 Paleo-stress regime indicated by a normal fault interpretation is shown on the left. 

Modern day stress regime from hydraulic fractures in this field are shown on the right.  

 

Figure 4.22 Paleo-stress regime indicated by a strike slip fault interpretation is shown on the left 

(Stone, 1969). Modern day stress regime from hydraulic fractures in this field are shown on the 

right. 
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4.3.3 Data and Software Limitations 

Based on a frequency of 38 Hz and a velocity of 13,000 ft/s, the vertical resolution of this 

dataset is 90 ft. This limits the minimum slip interpreted along the faults. This is the main data 

limitation. The faults in the Merge dataset are interpreted as planar normal faults, however, it is 

possible that these may have been generated by an alternative regional interpretation of wrench 

faulting. The wrench fault interpretation implies the planar faults would actually be multiple 

small-scale listric faults. The discussion of multiple strike directions lends itself to the 

interpretation of wrench faults causing the change in the stress direction from NNE-SSW to E-W 

during the Laramide. It is difficult to capture directly strike-slip indicators in a given 3D seismic 

volume. 

InsightEarth provides a high potential fracture prediction method. However, the software is 

subject to limitations. The most prominent limitation is that the software can only handle 

extensional fault regimes, such as planar normal faults. The software cannot create fault 

frameworks for compressional systems because it cannot handle multi-z horizon interpretations. 

The software cannot accommodate strike-slip motion either. When the DE volume is generated, 

the dip range is limited to 60-90 degrees. This did not hamper the interpretation of faults in this 

seismic volume because the image log shows fractures within this dip range and this is consistent 

with the large-scale faults in the volume. Additionally, applying the methodology of modifying 

parameters for the discontinuity volume lends itself to the interpretation of fractures along the 

same corridors as the faults. 
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CHAPTER 5    

CONCLUSIONS AND RECOMMENDATIONS 

This investigation provides geologic insight into faults at a variety of scales. Faults are 

integral to the study of reservoir characterization because they cause fractures. Faults have the 

potential to cause compartmentalization. If a fault has sealed, it creates a barrier or baffle to flow. 

This can prevent fluid flow during production and affect economics of the play. Both open and 

closed fractures are found in the image log of Well 1. This is a point of ground truth because the 

image log represents the rock at depth. The chalk and marl benches are not distinguishable at the 

resolution of the seismic. But, because fractures were imaged in both the chalk and marl benches, 

the fractures indicate that using seismic as a method to predict faults has value. A fault 

interpreted at the scale of the seismic indicates many small unresolvable fractures in the earth. 

Knowledge about the faults is integral to reservoir characterization. In some cases, a localized 

area can include both open and sealed faults. This contributes to the holistic investigation of 

faults and fractures in the Niobrara interval of the Wattenberg Field by providing improved 

fracture prediction, especially in higher resolution datasets. Therefore, this analysis indicates the 

fault pattern is more complex in the Niobrara Formation than previously thought.  

From this study, the following conclusions are drawn: 

• Image log interpretation shows the existence of faults, open fractures, and closed 

fractures.  

• Cumulative dip plots and azimuth walkout plots highlight additional faults, bentonite 

beds and nodules that are not clearly interpreted by visual inspection alone.  

• Rose plots of the bedding planes emphasize the quality of the individual picks. They 

support the information provided in the azimuth walkout plots.  
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• Fractures are seen in both the chalk and the marl benches of the Niobrara.  

• The picked fractures in the image log generally correlate well with the PFV.  

• Faults are generally planar, normal faults. There are over 150 large, seismic scale faults. 

• Fault lengths (distance between fault termination to fault termination in map view) range 

up to 2.5 mi. 

• The faults between the Niobrara and the Mowry are post-depositional. 

• Rose diagrams of large-scale faults indicate a strike direction of 20 degrees azimuth.  

• Rose diagrams of sub-scale faults indicate two potential strike directions. The dominant 

strike direction is around 020 degrees. The secondary strike direction is E-W.  

This investigation provides insight into the geologic context of the area from both a 

structural and stratigraphic perspective. These three methods of analysis have not been used in 

this area previously. Based on these results, the following recommendations for future work are 

made.  

As discussed in CHAPTER 4, the preprocessing steps in the footprint removal have 

lowered the frequency content of the dataset. This effectively lowers the resolution of the data 

and removes additional fracture information. Ideally, interpreting the fault regime on data 

without the footprint removal may result in a clearer interpretation of potential negative flower 

structures that may correlate with outcrop data. 

Additional fault information can be extracted at the seismic scale by investigating the 

differences between faults as presented in the different modes of multicomponent data. Initial 

results indicate that additional features may be seen. Ideally this work would be expanded to 

include information on orientation.  
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In relation to the fault interpretation from image logs in CHAPTER 3  , the distinction 

between features such as open fractures, bentonite beds, or calcitic/silicic nodules could be best 

distinguished first on a well with available core. Then, the signatures for bentonite beds in this 

well could be discussed more concretely. This investigation recommends applying this analysis 

to a cored well that also has an available image log in this area. 
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