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ABSTRACT 

 

 Structural modeling is a potentially valuable reservoir characterization tool.  A 

good structural model is grounded in geologic data but incorporates many aspects from 

other disciplines.  This thesis presents a structural model that incorporates geologic well 

data, three dimensional seismic data, geomechanical analysis, and well production data to 

characterize the Cretaceous stratigraphic interval of the Rulison Field area in the Piceance 

Basin of northwestern Colorado.  The structural evolution of the Rulison Field was 

derived from the interpretation of three dimensional seismic.  Shale Gouge Ratios along 

the seismically mapped fault surfaces have been calculated based on available well data.  

Incorporation of geomechanical stresses allows the dilation tendency of faults and 

fractures within the field to be calculated and analyzed.   The mapped faults and horizons 

were used to create an elastic dislocation model of the reservoir. This elastic dislocation 

model yields a 3-D fracture model, which predicts qualitative fracture densities and shear 

failure types from the known geomechanical properties of the reservoir interval.    

 Ultimately, this model highlights compartmentalization within key reservoir 

intervals in the Rulison Field.  It also confirms that the fault zones are pathways for fluid 

migration through their dilation, and that predicted 3-D fractures can be correlated to 

areas of known fracture production.  On a larger scale, the interpreted tectonic history of 

early Cretaceous extension followed by Laramide aged inversion is a new interpretation 

of the structural evolution of the Piceance Basin within this important time interval.  

Thus, the structural model could be used to better optimize drilling locations and 
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therefore production from within Rulison Field; and therefore, this model clearly shows 

the benefits of structural modeling and its application to reservoir characterization. 
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CHAPTER 1  

INTRODUCTION 

 

1.1 General Introduction 

 Unconventional gas plays are fast becoming a dominant source of energy for the 

United States.  In response to this, exploration and production companies have begun to 

research ways to maximize gas production from these plays and to locate the best 

locations to drill for them.  The tight gas sands of the Piceance Basin have long been 

known to be a significant source of energy for the United States.  Fractures by natural and 

hydrologic means within the sands are the main source of permeability for the production 

of gas.  Studies by Jansen (2005), Gomez et al. (2003), Cumella and Ostby (2003), 

Kuuskraa et al. (1997), Lorenz (1997), Hoak and Klawitter (1997), Grout and Verbeek 

(1992), and Lorenz and Finley (1991) have all tried to gain a better understanding of the 

way that fractures have controlled the production of gas in these tight gas sands. 

 This study is meant to complement their work by using conventional 3D seismic 

data coupled with fault zone properties to interpret the structural evolution of fractures in 

Rulison and Parachute fields of Western Colorado.  This includes a 3-D sub-seismic 

model of fractures, fault zone properties, and their ability to trap or flow hydrocarbons.   

 Previous structural work within the field suggests that wrench faulting dominates 

the subsurface within Rulison field (Kuuskraa et al. 1997), the fault tips being the sweet 

gas spots within the field.  A clearer understanding of how the fractures are distributed 

around the faults will lead to a more efficient method of production from Rulison Field.  
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1.2 Research Objectives 

This study is intended to improve the understanding of faults and associated natural 

fracture properties within the Piceance Basin.  This work was used to: 

1. Create a sub-seismic 3-D fracture model. 

2. Attempt to establish a relationship between fractures and the quality of well 

production.   

3. Analyze the potential for fluid movement along faults and into fractures by 

studying fault zone attributes. 

4. Analyze the fault network within the reservoir and understand how it affects the 

distribution of fractures. 

5. Improve fracture prediction within the basin. 

 

1.3 Previous Work 

Multiple groups of workers, both those in the government and those in the oil and 

gas industry, have worked on the Piceance Basin and Rulison field.  Below are brief 

summaries of their work: 

Lorenz and Finley (1991) surmised that regional dilational fracturing in the basin 

is an example of load-parallel extension fracturing from conditions of high pore pressures 

and anisotropic horizontal stress.  Cumella and Ostby (2003) showed the potential for 

lateral slip as well as normal and reverse movement along faults within the Rulison field. 

Grout and Verbeek (1992) determined that in the Wolf Creek and Divide Creek 

anticlines, fluids moved through the Mesaverde primarily by matrix-dominated flow for 

the first 20-30 M.Y. after deposition.  Later fluid flow occurred through a vertically 
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continuous network of fractures.  Hoak and Klawitter (1997) were able to link back 

fracture anomalies to basement related structures using relatively inexpensive sources of 

data.  Lorenz (1997) studied how different fracture patterns could be present in the 

Piceance Basin even though a regionally uniform stress has been applied. 

Jansen (2005) used 3-D seismic attributes to locate fault patterns within Rulison 

field and then assigned potential prospect areas along the faults where fracture anomalies 

might occur.  Higgins (2006) used well log data to geomechanically model the stress 

magnitudes and directions that she saw during various micro-seismic jobs.  She was also 

able to link her models back to various reservoir characteristics.  Matesic (2007) used 

Formation Micro Image (FMI) logs to characterize the structural and stratigraphic 

features of the fluvial sandstones and shales of the lower Williams Fork Formation.  He 

also looked at different fracture types and their orientations with in the reservoir.  Riley 

(2007) showed that frac jobs had an asymmetric propagation.  He proposed that either the 

sands being hydraulically fractured were not symmetric in shape compared to the location 

of the well; or there was a fault barrier inhibiting the growth of the hydraulic fracture job.  
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CHAPTER 2  

BASIN GEOLOGY 

 

2.1 Study Area and Data Set 

 The Piceance Basin is located in northwestern Colorado (Figure 2.1), and the  

Rulison field lies in the east central portion of the Piceance Basin along Interstate 70, 

about 8 mi (12.9 km) west of Rifle, Colorado.  The field lies within an east to west trend 

of tight gas sand fields that produce a substantial amount of the total gas produced within 

the basin (Hemborg, 2000).   

 

Figure 2.1 - Location of Piceance Basin in northwest Colorado and the location of 
Rulison Field within the basin, modified after Jansen, 2005. 
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There are multiple stratigraphic reservoirs that make up Rulison field, both marine 

and fluvial in origin.  The marine reservoirs are relatively flat-lying shoreline and fluvial 

channel sandstones inter-bedded with various types of shales with a present day dip to the 

northeast of about 1 to 5 degrees.  The sandstones within the reservoir have low 

permeability (microdarcy scale), and low porosity about 5 to 12 percent.  These sands 

also have relatively high capillary pressures (Hemborg, 2000).  The fluvial reservoir is 

composed of various stacked channel sands, splay sands, and point bar systems.  The 

sands are highly discontinuous and lack connectivity over long distances.  These fluvial 

sands also have low permeability and low porosity.  However, it is to a lesser degree of 

quality then that of the marine sands.   

 The 3-D data set that will be used for this study was provided to the Reservoir 

Characterization Project (RCP) at Colorado School of Mines (CSM) by Seitel Data.  

WesternGeco shot the survey in 2001 with a 110 ft (33.5m) by 110 ft (33.5m) bin size 

and a 35 fold at full offset range (Jansen, 2005).  The survey covers 36 mi2 (93.2km2) 

with a duel source spacing of 220 feet (67.1m) in an east to west orientation and a 

receiver orientation of north to south.  Its location is shown in Figure 2.2.  Seitel Data 

originally processed and interpreted the seismic data.  The other 3-D seismic volume used 

for the study was the multi component time lapse survey shot by the RCP.  There have 

been several additional surveys shot over the RCP study area.  They were shot in 2003, 

2004, and 2006.  The RCP survey was shot with a 55 ft (16.7 m) by 55 ft (16.7 m) bin 

size (Kusuma, 2005).  The survey covers about 2 mi2 (5.18 km2) with a source and 

receiver spacing of 110 feet (33.5 m) and its location is also shown in Figure 2.2.  The 

Seitel survey covers portions of Rulison and Parachute fields. 
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 Several well logs of varying vintages were incorporated into this work.  The wells 

and their locations in the basin in relation to the Seitel data volume and the RCP volume 

are shown in Figure 2.2.  These wells were used for various stratigraphic calculations 

related to the modeling study. 

 

2.2 Regional Stratigraphic Setting 

The Piceance Basin sediments range from Cretaceous to Eocene in age, and are 

overlain by Tertiary sediments.  These basin sediments were deposited in two phases.  

The first phase of deposition occurred before the Laramide Uplift and is related to the 

early Cordilleran Foreland Basin system (Currie, 2002).  The second phase of 

sedimentation within the basin occurred during, and subsequently after, the Laramide 

Uplift.  The sediments deposited before the uplift constitute the targeted reservoir 

intervals for Rulison Field. 

The target reservoir sediments were shed from the Sevier Orogenic front into an 

aging Cordilleran Foreland Basin.  The Sevier Orogeny at the time of deposition was 

located to the west of the Piceance Basin in central Utah.  Deposition of the reservoir 

interval was during the Middle Cretaceous.  At this time the Cretaceous Interior Seaway 

covered most of the area and sediments were deposited in a combination of marine, 

shoreline, and fluvial environments (Hettinger and Kirschbaum, 2002).  The formations 

of interest in ascending order are the Dakota Sandstone, Mancos Shale, and the 

Mesaverde Group all of which are Cretaceous in age.  These formations can be seen in 

the generalized stratigraphic column in Figure 2.3.   
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Figure 2.3 – Generalized stratigraphic column of the Piceance Basin near Rulison field, 
modified after Lorenz and Finley (1991). 
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Figure 2.4 – Interpreted paleogeographic settings of the Mancos Shale, Iles Formation 
and the Williams Fork during the Late Cretaceous.  Deposition occurred into an aging 
Cordilleran Foreland Basin and was controlled by the Sevier Orogenic Belt to the west 
and the Cretaceous Interior Seaway in the east, from Cumella and Ostby (2003) who 
modified from Blakey (2003).   
 

The Mesaverde Group in the Piceance Basin consists of the Iles and the Williams 

Fork formations.  Figure 2.4 shows Cumella and Ostby (2003) interpretation of the 

paleogeographic setting of each of the following formations, excluding the Dakota 

Sandstone. 

The Dakota Sandstone Formation (Dakota) is composed of sandstones, 

conglomerates, and mudstones that were deposited in a combination of fluvial, tidal, and 

shallow marine systems (Ryer et al., 1987; Currie, 2002).  These deposits were deposited 

in the Cordilleran Foreland Basin system (Currie, 2002).  The Dakota crops out in various 

places in Utah and western Colorado, and can be characterized into two distinctive units.  

The lower portion of the Dakota was deposited in valleys that were incised into the 
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underlying Cedar Mountain Formation (Ryer et al.; 1987, Currie, 2002).  These deposits 

are dominantly fluvial in origin.  The upper unit of the Dakota incises into the lower 

portion of the Dakota.  Currie (2002), discusses how the Dakota is composed of alluvial, 

fluvial, and tidal deposits that consist of sandstones, mudstones, and conglomerates.   The 

Dakota for this study is the lowest unit of interest and is the deepest mapped horizon in 

the seismic survey.  There are other sandstones and mudstones below but they are not 

important for the Rulison area. 

The Mancos Shale Formation (Mancos) is a very widespread formation that was 

deposited during the Late Cretaceous into the aging Cordilleran Foreland Basin.  It is 

dominated by offshore and open marine mudrocks deposited in the Cretaceous Interior 

Seaway, Figure 2.4.  Exposures in the southern Piceance Basin are 3,450 to 4,150 ft 

(1,051 to 1,264 m) thick (Hettinger and Kirschbaum 2002).  While the Mancos is 

dominated by mudstones, there is a predominate hydrocarbon producing unit within the 

middle of the formation that has been documented by several authors, Kellogg, (1977), 

Cole et al (1997), and Hettinger and Kirschbaum, (2002), as the Mancos B Formation.  

These authors have described the Mancos B as being composed of thinly bedded and 

laminated fine grained siltstones and claystones.  This unit is thought to be a prograding 

fore slope sets within the open marine environment of the Cretaceous Interior Seaway 

(Kellogg, 1977). 

The Mesaverde Group lies conformably on top of the Mancos and is composed of 

two formations, the Iles Formation and the Williams Fork Formation.  With the lower 

part of the Iles being a time transgressive contact with the interfingering of the members 

with the Mancos.  Each of these formations is briefly described below. 
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The Iles Formation (Iles) is composed of three members known as the Corcoran, 

Cozzette and Rollins Sandstone Members.  These sandstones are fine grained to coarse 

grained progradational shoreface deposits.  Each of these members is separated by 

tongues of the Mancos Shale (Hettinger and Kirschbaum, 2002).  These sandstones are 

believed to be marine regressive cycles of the Mancos Shale (Johnson, 1989) and range 

in thicknesses of 100 to 230 ft (30 to 70 m) each.  These sandstones were deposited on 

the shoreline of the Cretaceous Interior Seaway (Hettinger and Kirschbaum 2002, 

Cumella and Ostby, 2003), (Figure 2.4).  For this study the Rollins Sandstone Member 

(Rollins) is the main focus.  This sandstone was singled out because it is the uppermost 

sand deposit that represents a change between a marine dominated environments and 

terrestrially dominated environments.  Johnson (1989) and Hettinger and Kirschbaum, 

(2002), discuss the trend of the different members regressive shoreline limits and their 

lateral extents.   

The Williams Fork Formation (Williams Fork) is composed of two distinct units.  

They are the lower costal plain deltaic deposits and upper more fluvial dominated 

deposits.  The lower coastal plain deposits are locally known as the Cameo-Wheeler Coal 

Zone (Cameo).  They consist of 50 to 450 ft (15 to 137 m) of fine grained sands and silts 

inter mixed with several thick mappable coals that overlie and intertounge with the 

Rollins Sandstone (Hettinger and Kirschbaum, 2002).  These sandstones are considered 

by Cumella and Ostby (2003) to be point bar deposits from meandering streams.   Several 

authors, Cumella and Ostby (2003), Cumella (2006), and Johnson (1989), also believe 

that the coals are the dominant source for the gas found in the Piceance Basin.  Above the 

Cameo lies the fluvial portion of the Williams Fork.  The lower and middle portions of 
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this appear to be meandering point bar stream deposits that represent an overall increase 

in the gradient of the costal plain (Cumella and Ostby, 2003, Tayler et al, 1996).  This 

would have changed the environment from dominantly coal bearing to more fluvial. 

These point bar sands are highly discontinuous.  Within the upper part of the fluvial 

deposits in the Williams Fork are laterally extensive thick sandstones that are thought to 

be braided stream deposits.  However, they are not well understood (Cumella and Ostby, 

2003) 

 

2.3 Regional Structural Setting 

The current structural orientation of the Piceance Basin is a northwest to southeast 

trending basin of Late Cretaceous age that covers 6,000 mi2 (15,540 km2).  The basin is 

asymmetrical with a sharply upturned eastern flank and a gently dipping western flank 

(Johnson, 1989), see Figure 2.5.  To the east is the thrust fault of the Grand Hogback the 

western extent of the White River Uplift.  The north is bounded by the Uinta Mountain 

Uplift and the Axial Basin Anticline.  The basin is bounded along its western edge by the 

Douglas Creek Arch; this arch also separates the Piceance Creek basin from the Uinta 

basin.  Lastly, the southern boundaries are the Gunnison, Uncompahgre, and Sawatch 

Uplifts.  The current basin geometry is that of a Laramide structural basin bounded on all 

sides by basement-involved tectonic structures.  Most of these features have undergone 

multiple periods of deformation from Precambrian through Neogene time (Hemborg, 

2000).  Within the basin lie many anticlines and synclines that all have a northwest to 

southeast trend. 
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Figure 2.5 – Location of major structural uplifts that bound the Piceance Basin, modified 
after Jensen (2005). 
 

The structural history of the Piceance Basin is very diverse.  Kuuskraa et al 

(1997) discuss the entire structural history of the Piceance Basin area in detail.  However, 

in relation to the reservoir interval, as well as for this study, the basin’s structural history 

can be broken into two distinct phases.  This structural history includes a foreland basin 

phase followed by an east-west compressional phase.  These structural phases have been 

discussed separately buy several authors (Hoak and Klawitter (1997), Picha (1986), 

Cumella and Ostby (2003), Currie (2002)). These authors as well as this author believe 

that the current structural features within the basin have been influenced by deeper 

preexisting features.   
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The foreland basin structural phase is important because this controlled most of 

the reservoir deposition within the intervals.  In the early Cretaceous a major thrust belt 

was located in what are now California, Nevada, and east-central Utah.  This structural 

zone was known as the Cordillera Jurassic-Cretaceous aged compressional tectonic 

feature. It was bounded on its western margin by a subduction zone and on its eastern 

margin by the Sevier Thrust Belt.  This major zone of crustal thickening created an 

additional load on the crust.  This loading created a flexural foreland basin that covered 

most of Montana, Wyoming, Colorado, Eastern Utah, and parts of Arizona and New 

Mexico.  Development of this foreland basin has been attributed to thrust load-generated 

flexural subsidence associated with deformation in the Sevier Thrust Belt region as 

discussed by Currie (2002).  While this foreland basin’s foredeep was close to the Sevier 

Thrust Belt, Currie (2002) suggests that reactivation of preexisting structures was too 

subtle and did not control the foreland basins structural architecture or the deposition of 

sediments into the basin at the time.  Figure 2.6 shows estimates by Currie (2002) of 

where the foredeep, forebuldge and back bulge were located.  As tectonic activity 

increased during the Campanian stage, the Sevier Thrust Belt migrated eastward 

(Johnson, 1989). 

The second structural phase occurred in the Late Cretaceous.  This phase is the 

Laramide Uplift or the Laramide Orogeny.  The Laramide Uplift dissected the aging 

foreland basin into many smaller basins.  This deformation was dominantly controlled by 

deeper basement features.  The current structural features we see across most of the 

western United States owe their existence to the Laramide Uplift.  This uplift is 

commonly thought to have occurred during the Late Cretaceous (90-65ma) and was 
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caused by low angle or flat subduction of the Farallon Plate to the west (Johnson et al, 

2004).  This created east-west compressional forces across most of the western United 

States.   

 

Figure 2.6 – Locations of major foreland basin features of the Cordillera.  The Red box 
roughly indicates the location of the Piceance Basin, modified from Currie (2002). 
 

Today many of the prolific gas basins of the western United States were formed 

by the east-west compression of the Laramide dissecting the former foreland basin.  

Locally two of them are the Uinta Basin in eastern Utah and the Piceance Basin of 

western Colorado.  Before Laramide tectonics these basins comprised one larger 

depocenter.   

The Piceance Basin is bounded by Laramide features, as shown in Figure 2.5.  

Many Laramide features also lie within the basin itself, (Figure 2.7). Many of these 

features can be directly linked to preexisting deeper level structures in the basin. 
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Figure 2.7 – Anticlines, synclines, and other structural features that are present in the 
Piceance Basin, from Hoak and Klawitter (1997).  The red oval is the location of the 
study area. 
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Hoak and Klawitter (1997) illustrate a direct relationship between the deep 

basement structures and fracture and fault distribution within the Mesaverde Group.  

They accomplished this by looking at parallelism between production contours, shallower 

subsurface structures, and the basement-fault orientation (Matesic, 2007).  Cumella and 

Ostby (2003) also discuss how production from the low-permeability sands within the 

Mesaverde Group is enhanced by natural fractures.  Matesic (2007) as well as Hoak and 

Klawitter (1997), have remarked on how their interpreted faults tend to propagate up 

from the basement and terminate seismically in the lower Williams Fork Formation.  

Figure 2.8 is the Hoak and Klawitter (1997) interpretation of this phenomenon from 2D 

seismic lines.   These faults have an increasing complexity as they travel up through the 

section (Matesic, 2007); these complexities include backthrusts, thrusts, and reverse 

faults.  Many of the shallower faults have a northwest trending strike which matches 

many of the deeper pre-Laramide structural features of the basin.  

 
Figure 2.8 – Illustration of interpreted faults from 2D seismic lines that propagate up 
from the basement in the eastern and central Piceance Basin, from Hoak and Klawitter 
(1997). 
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Cumella and Ostby (2003) interpreted these shallow complex zones of faults to 

have a distinguishable component of left lateral movement on them.  They proposed from 

their interpretation of the Seitel (2003) seismic volume that the east-west compression 

produced left lateral movement along preexisting northwest trending faults.  They also 

interpreted reverse movement on many of their interpreted faults.  These two components 

would suggest a wrenching faulting style.  A study by Matesic (2007) with Formation 

Micro Image (FMI) logs also suggests that there was left lateral slip along faults. 
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CHAPTER 3  

SEISMIC DATA ANALYSIS 

 

3.1 Methodology 

 The Seitel (2003) 3D seismic volume has been interpreted for a variety of studies.  

Most of these analyses have been undertaken in order to better understand the faulting 

style present in the Rulison area.  Cumella and Ostby (2003) used the seismic volume to 

interpret the geology around the reservoir interval.  Jansen (2005) used the volume as a 

dataset to test the feasibility of using software to interpret the seismic volumes in the 

Rulison Field and the Piceance Basin.  However, it has been noted by these authors, as 

well as in this study that the Seitel (2003) seismic volume is difficult to interpret, and this 

is especially true over the reservoir interval.  This is one reason why the RCP group 

proposed using multi-component seismic instead of regular p-wave seismic to better 

clarify the reservoir interval.  

The focus of this study was to interpret the Seitel (2003) 3D volume focusing on 

the structural geometry and in particular the regional scale geologic features.  These 

features are the underlying control on the reservoir scale variations.   The goal for the 

seismic analysis was to create surfaces that represented the geology of Rulison Field for 

input into the TrapTester software for analysis of the fault fracture networks.   

 The first step in the seismic analysis was to map out the horizons across the 

volume.  Four horizons were mapped; the Dakota, Rollins, Cameo, and the UMV Shale.  

These horizons were chosen based on their lateral continuity as well as their relation to 

the reservoir interval.   The Dakota is considered this structural studies basement as well 
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as the deepest potential sand in this area.  The Rollins was picked because it marks the 

separation between marine and fluvial systems.  The Cameo lies within the basal part of 

the reservoir interval and is considered the source of gas in the reservoir (Cumella and 

Ostby, 2003).  The Cameo is also easily distinguished because of its seismic reflection 

characteristics.  The UMV Shale was picked because it is an easily distinguishable 

marker bed within the upper Williams Fork and represents the upper extent of the 

reservoir.  

 The second step was to interpret regional scale faults.  The fault interpretation 

was difficult within the reservoir interval because of the lack of continuous reflectors.  To 

aid in interpreting the faults a coherency volume was created.  During the fault 

interpretation the various horizon picks were updated based on their fault interactions.  

My interpretation is completely on the Seitel (2003) volume at a 1:1 scale.  I used the 

RCP data volumes for reference when it came to looking at faults interpreted by other 

RCP students.  Fault picks from other students were also incorporated into my 

interpretation.  (L. LaBarre, 2006, personal communication) showed me where her small 

scale faults were located at from the RCP surveys.  I then tied these faults back to my 

regional fault interpretation.    

After the seismic interpretation step the four horizons and faults were exported.  

The exported files were in time and needed to be converted to depth for use in 

TrapTester.  The conversion from time to depth is discussed in Chapter 4.2.1.  The raw 

output horizons and surfaces interpreted in Landmark can be found in Appendix B.  
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3.2 Seismic Data Analysis Results 

The Seitel (2003) data volume was scaled close to 1:1 (vertical : horizontal) for 

the interpretation.  The 1:1 ratio was calculated from the vertical thickness of the interval 

between the UMV Shale and the Cameo in Clough 19 well.  When this thickness closely 

matched the horizontal distance on the seismic the 1:1 ratio was obtained.  While the 

survey is still in time this method allowed me to interpret the seismic at a close to true 

geologic representation.  Figure 3.1 (see also Figure 3.1a in Appendix A) show the 

difference between interpreting at 1:1 scale and interpreting the seismic at five times 

vertically exaggerated or a 5:1 scale.  While it is easier to see the continuity of the faults 

from the basement, the faults needed to be double checked on a 1:1 scale.   

Figures 3.2 and 3.3 and (see also Figures 3.2a and 3.3a in Appendix A) show a 

line and a trace through the survey.  On each of the seismic lines the four horizons picked 

are visible as well as the interpreted faults that cross those lines.  The data show that there 

are portions within the seismic that are very difficult to interpret.  Figure 3.4, is a time 

structure map on the Cameo, which shows that the horizon dips gently to the northeast.  

This gently dipping northeast trend can also be seen in the other horizons.   

The interpreted faults have a northwest-southeast strike, (Figure 3.5).  The 

movement on the faults is dominantly in a reverse sense.  Lateral movement cannot be 

determined to a sufficient degree with this data set.  The amount of throw on the faults is 

also difficult to determine.  However, it ranges from tens of feet to a few hundred feet for 

the largest faults.  While most of the faults appear to be located within specific intervals 

two of the larger faults have been interpreted to propagate up from deeper levels. 
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Figure 3.5 – Rose diagram showing the strikes of the regional faults at each horizon. 
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3.3 Coherency Analysis 

To aid in the interpretation of the faults I created a coherency volume using the 

3D ESP module in the Landmark interpretation software.  A coherency volume looks at 

the scatter affect that is created by the returning seismic wavelets.  The seismic wavelets 

that are sent into the subsurface are often sent in at an angle.  These wavelets will reflect 

off of various features within the subsurface.  These reflected wavelets should return to 

the surface at a predictable location and at a predictable angle from their reflection point.  

When they do the wavelet is considered coherent.  When they don’t return to the surface 

at their predicted location they are considered to be incoherent.  These incoherent 

wavelets often are caused by the initial wavelet refracting off of something with acoustic 

properties that is altering the returning wavelet.   Fault zones, fracture zones, or 

unexpected bed contacts are some of the things that can create this effect.  Figure 3.6 is 

an example of how coherent and incoherent wavelets are created. 

 

 
 
Figure 3.6 – Illustration of the difference between coherent and incoherent seismic 
wavelets.  When the returning expected wavelet is not where it is predicted then the 
returning wavelets are considered to be incoherent. 
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The coherency calculation was run across a window of 20 milliseconds from 

1,000 milliseconds to 2,500 milliseconds vertically.  This method was tested over an area 

of easily detectable faulting before being used on the entire volume.  Figure 3.7, shows 

the results of the coherency volume at times that are near the Rollins and the Cameo.  The 

faults (lines of incoherent traces) appear as dark lineations within the volume. 

 

 

Figure 3.7 – Coherency time slices showing where regional faults are located.  The black 
areas are places where the returning traces are incoherent, while the white areas are 
where the data is coherent.  Continuous linear areas of incoherency are interpreted as 
faults. 
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CHAPTER 4  

STRATIGRAPHIC AND WELL LOG ANALYSIS 

 

4.1 Methodology 

 To understand the fault network as well as the reservoir interval it resides in we 

need to know the lithology of rocks that make up the reservoir.  For this, several wells 

that lay within the Seitel (2003) survey, as well as several that are outside of the survey 

needed analysis.  In each of these wells, the stratigraphic tops of each of the 

corresponding mapped horizons were picked where they were present.  Unfortunately, 

none of the wells drilled to this date within the Seitel (2003) survey have been drilled 

deep enough to penetrate the Dakota Sandstone.  Most wells only penetrate the Cameo 

Coal interval or the Rollins Sandstone at their deepest.  To understand the stratigraphy 

below the Rollins a well outside of the survey needed to be used as a substitute. There are 

only two wells within the basin that meet this criterion, the O’Connell F11X-34P and the 

CB Federal 32-7.  The O’Connell F11X-34P, in Township 7S Range 92W Section 34, 

was selected for this purpose.  This well also had the least amount of structural 

complexity in it (D.S. Anderson, 2006, personal communication) as well as being the 

closer of the two to the study area.   

 Modeling in TrapTester requires a number of inputs including the horizons as 

well as various geologic factors.  To input the seismic picks into the TrapTester modeling 

software, the various horizons and fault picks needed to be converted to depth.  However, 

the Seitel (2003) survey does not have a velocity model.  To convert the various seismic 

picks to depth from time a conversion function was needed that modeled the time versus 



   30

depth progression of the seismic waves.  The last input into TrapTester for modeling was 

the shale volume logs (Vsh) to predict the Shale Gouge Ratio within fault zones.   

 The following calculations were compiled and modified in Microsoft EXCEL 

spreadsheets.   The raw spreadsheets and raw .LAS files as well as the modified 

spreadsheets and .LAS files used for the depth conversion and Vsh calculations can be 

found in Appendix B.  The final spreadsheets were then input into TrapTester as ASCII 

files. 

 

4.2 Depth Conversion 

 The outcome for this analysis was a function that could be applied to the 

seismically picked surfaces (Chapter 3) and convert them from time to depth.  The first 

step in the depth conversion analysis was to pick the four main horizons in the wells.  

These picks were correlated across eight wells from within the study area and two wells 

that are outside of the study area.  The well locations are visible in Figure 4.1.  The wells 

were initially chosen for specific reasons.  They had either the appropriate electronic 

logs, they reached the required depths for the study, or because of their location.  In the 

end not all of the wells were used.  I will discuss the reasons why specific wells were 

removed from the analysis later.  Ultimately, six of the ten wells were used for a later 

stratigraphic study as well as six for the depth conversion process.   

 The well picks used in the wells are the picks that can be found in the State of 

Colorado’s public records.  These records can be found at the Colorado Oil and Gas 

Commission’s website (COGCC, 2006).  This removes any doubt of miss picking the 

tops in the logs.  After the tops had been determined the electronic logs were used to 
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establish the seismic conversion equation.  This process involved calculating the average 

velocity (Vav) at each depth within each well.  Then, by plotting the Vav versus the depth 

of each horizon pick the erroneous data could be removed.  After the erroneous data were 

removed a time versus depth (TvD) plot could then be created.  With this plot the seismic 

conversion equation could be determined then applied to the seismic picks. 

The average velocity is calculated on each of the wells with the following 

Equations 4.1 and 4.2: 

( ){ }∑=
n

DTVelocityCumulative 000,000,1*/1                                         (4.1) 

n
VelocityCumulativeerageVelocityAv =                                         (4.2) 

Six of the wells lie within the RCP study area and are in a completely digital 

.LAS format, while four of the wells are outside of the RCP study area but still lie within 

the Seitel (2003) survey.  These four wells are raster images.  The .LAS format logs were 

sampled at every half foot.  The raster images were sampled every one hundred feet.  

After the Vav was calculated the corresponding value was pulled in relation to the depth 

of each horizon and plotted on a Vav versus depth plot, (Figure 4.2).  Looking at Figure 

4.2 there is a lot of scatter of Vav’s for each of the different horizons.  We can also see 

that the limited number of points for some of the horizons makes them invalid for further 

analysis this mostly applies to the Dakota Sandstone values.  The Cozzette, Corcoran, and 

Mancos values from the CB Federal 32-7 well are plotting at depths shallower then the 

Cameo Coal.  Since this does not match with what is known about the stratigraphy of the 

area this well was also removed from further analysis.  The last of the raster image values 

seem to plot velocities of different horizons very close to that of the UMV Shale from 
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other wells.  This is attributed to the limited sampling rate and therefore makes the raster 

values invalid.   

After removing all of the erroneous data I was left with Vav values only from 

wells within the RCP study area.  This means that the model will be conditioned more 

specifically to that region of the study area then any where else.  This will impart varying 

degrees of error on the seismic picks outside of the study area when the function is used 

to convert the seismic picks to depth. 

The scattering of the different Vav’s from wells that are relatively close and with 

depths that don’t vary that much is and interesting problem.  To deal with it the different 

Vav’s from the wells as well as the different depths for each horizon were averaged to get 

a single Vav and depth for each horizon.  The Vav values were then converted from 

velocities to times using the corresponding depths.  Then the times versus the depths 

were plotted together in a TvD plot, and a best fit line was fit through the data, (Figure 

4.3).  A surface time and depth of zero was assumed.  Equation 4.3 is the best fit line 

through the data points: 

7252.07431.6 −×= TimeDepth                                         (4.3) 

The above equation along with the four seismically picked horizons and the numerous 

faults were put in to Midland Valley’s 3D Move software package (see Appendix B for 

input and export files).  The horizons and faults were then converted from time to depth 

and output for use in the TrapTester modeling.  The converted time horizons near the 

RCP study area are in error from eight to ten percent.  This makes the newly converted 

seismic horizons within the RCP area off anywhere from 820 to 1,100 feet (249.93 to 

335.28 m) deeper then their actual depths.  This offset varied across the surface.  The 
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main source of error here is most likely trying to use a limited number of data points to 

depth convert the entire survey. 

 

4.3 Shale Volume Determination and Pseudo-Intervals 

 Fault zone properties can be used to determine not only the composition of the 

fault zone but the potential for fluid flow along or across that zone.  For TrapTester to 

calculate properties along the fault plane the stratigraphy of the reservoir interval or the 

interval of interest must be input along the well bore.  For this study I was interested in 

the potential of the fault to allow fluids to flow along the fault zone.  Knowing what 

percentage of the fault zone is shale gouge will help determine the potential for fluid 

flow.  To move forward with this analysis of the fault zones I needed to know what the 

volume of shale (Vsh) within the reservoir was at any point.  I then needed to input that 

into TrapTester along the well bores and use it then to determine the potential for fluid 

flow. 

 

Shale Volume Calculation 

 The process of calculating Vsh is relatively straight forward.  The Vsh is 

calculated by analyzing the gamma ray log and calculating the percentage of shale at any 

depth.  This percentage of shale is the volume of shale for that point.  The volume of 

shale is determined by taking the maximum and minimum gamma ray counts over the 

interval of interest and then calculating any point’s gamma ray count in relation to that 

maximum and minimum.   
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The maximum gamma ray count over the interval is considered to be one hundred percent 

shale, while the minimum gamma ray count over the interval is considered to be one 

hundred percent sand and no shale. 

 Six wells were used for determining the Vsh over the interval of interest, the 

interval of interest being between the UMV Shale and the Dakota Sandstone.  These six 

wells were spaced out over the study area to give a representative sampling of each area, 

cross section wells in Figure 4.1.  The Vsh was calculated with Equation (4.4) in 

PETRA’s log calculation module for each of the six wells: 

 SandValueShaleValue
SandValueuntGammaRayCoVsh

−
−

=                                      (4.4) 

The maximum and minimum counts used were those of the entire gamma ray log.  

This normalizes the log over its entire depth.  While normalizing the log does remove 

some detail it was deemed necessary because of the regional nature of the study.  Each 

well had different max and min values used in an attempt not to normalize them to much 

and keep some of the wells stratigraphic character.     This process unfortunately removes 

some lithological aspects that could be important.  For example the coals that we know 

are present are removed with this process.  They must be added in later modeling steps 

because of their significance. 

 

Pseudo Interval Determination 

 However, none of these wells were drilled past the Rollins Sandstone.  This 

proved to be an issue since the interval of interest included the stratigraphy below the 

Rollins.  To make up for this problem the interval below the Rollins pick of each well 
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was removed and the interval between the Rollins and Dakota Vsh log of the well 

O’Connell F11X-34P was inserted.  This new log portion was added to the .LAS files in 

Microsoft EXCEL spreadsheets.  This pseudo interval allowed the depths of the wells to 

be extended down to the Dakota Sandstone for calculation purposes in TrapTester.  A 

diagram explaining this process is shown on Figure 4.4.  Where the Rollins pick did not 

exist in a well the end of the log was assumed to be the top of the Rollins Sandstone. 

 

Figure 4.4 – Pseudo interval creation process was applied to each of the six wells and was 
used to infer a stratigraphy below the Rollins Sandstone in Rulison. 
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4.4 Shale Gouge Ratio 

 This part of the analysis is focused on the process used to calculate Shale Gouge 

Ratios (SGR).  The SGR is a fault zone property that can be used to determine the 

potential for a fault zone to allow fluid movement.   While SGR is relatively easy to 

determine the process used to condition the data for import in to TrapTester is somewhat 

complicated.  The next few paragraphs will discuss the process used on the data. 

 After the Vsh logs were created they needed to be analyzed and correlated.  One 

of the essential inputs into TrapTester for an SGR analysis is a representative 

stratigraphic column for the reservoir interval.  This is difficult because the reservoir 

interval we are interested in is composed of fluvial sediments and a detailed stratigraphic 

correlation of those sediments is beyond the scope of this project.  The large well spacing 

of the six wells as well as the nature of fluvial deposits however presents a problem in 

creating a representative stratigraphic column needed for modeling.  This problem can be 

overcome by simplifying the electronic log characteristics and loosely correlating the 

sand packages in the wells.   

 To simplify the log characteristics of the Vsh logs a smoothing process was 

applied to them.  This enabled the logs to be broken into generalized intervals of sand, 

shale, and shaley sand.  These intervals could then be correlated between the wells.  This 

process undoubtedly removes a lot of detail from the logs.  However, this process does 

preserve the nature of intervals that are of a dominate lithology.  Unfortunately, rapidly 

changing lithologies over short intervals are underestimated or removed.  The Vsh log 

was smoothed by using a window of 301 points, 150 points on either side of the point of 

analysis.  A new log is created by averaging the point of analysis over this window and 
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assigning a new Vsh value at that depth.  Figure 4.5 shows the generalized steps of how 

this method is applied to the six study wells.   

 

Figure 4.5 – Smoothing process applied to the shale volume logs (Vsh) of the six wells.  
This process preserves intervals of the logs that are dominantly one lithology while it 
underestimates intervals of rapidly changing lithology.  The cutoffs used in assigning 
lithology type can be seen in Table 4.1.  Yellow = sand, orange = shaley sand, and gray = 
shale. 
 

The cutoffs used in determining what is shale and what is sand in all of the wells 

can be seen in Table 4.1.  These cutoffs were chosen based on the assumption that there 

are a lot of authogenic clays present in the reservoir interval (Cumella and Ostby, 2003, 

Pitman et al., 1989) suggesting that the sands present would have higher gamma ray 

signatures.  This makes border line pure shales or sands appear to be shaley sands.   This 

process was applied to each of the six wells before the pseudo interval was added.  I 
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applied the smoothing separately too the pseudo interval well before the pseudo interval 

was added below the Rollins pick.  This removed any smoothing affects that would have 

been created by the Corcoran and Cozzette members to the original logs if they had been 

added before smoothing.  The final logs that I created in this process and then loaded into 

TrapTester can be found in Appendix B. 

 
Lithology Type Vsh Cutoff Interval 
Sand ≤35% - 0% 
Shaley Sand ≤45% - >35% 
Shale 100% - >45% 
Table 4.1 – Shale volume (Vsh) cutoffs used for each lithology type. 
 
 
 After the Vsh logs were smoothed a correlation was needed between the wells to 

create a representative stratigraphic column for the study area.  To do this marker tops 

needed to be defined and picked in each well.  The definition of each marker top 

depended on its contact between different lithologies.  The pick was defined by what 

lithology appeared below that contact either sand, shaley sand, or shale.  The picks were 

then assigned across the six wells in attempt to follow as many contacts across the study 

area.  Picks that could not be followed across all the wells were ended in pinch outs.  This 

method substitutes some of the lateral discontinuity of the fluvial system for a more 

continuous system.  This method is also in no way following sequence stratigraphic 

principles.  It does however simplify the reservoir interval for modeling purposes.  A 

completed cross section, hung on the UMV Shale, between the six wells can be seen in 

Figure 4.6 (see also Figure 4.6a, in Appendix A).  This cross section shows the gamma 

ray, Vsh, and Smoothed Vsh logs for each well.  This cross section only represents the 

interval between the UMV Shale and the Rollins Sandstone Member.   
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 The pseudo interval was treated in a similar way.  The gamma ray log of well 

O’Connell F11X-34P was converted to a Vsh log.  The Vsh log was then smoothed and 

the lithology contacts were then determined.  Since this pseudo interval will be the same 

for all six wells there was no correlation needed.  Figure 4.7 (see also Figure 4.7a, in 

Appendix A), is the pseudo interval with its various contacts marked.  Figure 4.8 is the 

complete stratigraphic column that was input into TrapTester. 

 After the horizons were converted and the electronic logs were prepared they 

were input into the TrapTester software package.  The module for this calculation in 

TrapTester is called the CurveMapper.  The CurveMapper module takes any number of 

user defined well parameters and either projects them onto the fault surfaces or it takes 

them and puts them in to various equations and then projects the outputs onto the fault 

surfaces.  Equation 4.5 is used to determine SGR is based on the work of Yielding 

(2000).  Equation 4.5 is shown below and can also be seen in Figure 4.9: 

( )∑ ×
∆

=
%100

,
t

zVshSGR
                                                                (4.5) 

This equation looks at the amount of juxtaposition between the hangingwall and footwall 

of a specific bed, the beds thickness, and it’s composition in relation to the beds above 

and below it.   Figure 4.9 is a diagram from Yielding, (2000) that shows how this 

equation is derived from the stratigraphy.  The inputs that the module uses and how it 

uses them are described briefly below. 
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Figure 4.7 – Interval from O'Connell F11X-34P well.  This interval was attached to each 
of the six wells in the cross section of Figure 4.6 and 4.6a in Microsoft Excel. (see also 
Figure 4.7a in Appendix A.) 
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 First the program defines the resolution of the output attribute to be mapped on 

the fault surface based on user defined inputs.  These inputs define a box based on the 

vertical and lateral distance input.  When attribute calculations are completed these 

blocks represent the output onto the surface, the smaller the blocks the finer the 

resolution.  This process is used to map any well attribute properties onto the fault 

surfaces.  For this a study a high resolution was desired so a vertical distance of 13.12 ft 

(3.99 m) and a horizontal distance of 26.25 ft (8.00 m) were used for the blocks. 

For the SGR calculations to be computed the horizons and various bed contacts, 

or marker tops, must be defined on the fault surfaces.  Therefore, the horizons and bed 

contacts defined in the wells are projected onto the fault surfaces.  In the case of more 

then one well being projected on to the fault surface the program uses the natural 

neighbor method of combining each of the attributes from each well to provide the final 

estimate of the property.  The natural neighbor method weighs the contributions of each 

well based off of the wells distance from the projection surface.   This method creates a 

hangingwall and footwall projections of the attribute of interest on to each desired fault 

surface.  With this information the SGR calculation can now be performed using the 

equation defined by Yielding (2000). 
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Figure 4.8 – Stratigraphic column that was used for input into TrapTester.  See Figure 4.6 
and 4.7 for reference to locations of picks in well logs. 
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Figure 4.9 – Shale Gouge Ratio (SGR) is a representation of the percent of clay that is in 
a slipped interval of a fault plane.  It is a measure of the thickness of a series of beds and 
their composition divided by the amount of throw that they have undergone. 
  

 The amount of SGR along a fault surface can be used to qualitatively determine 

the sealing ability of a fault and SGR values higher then 23 percent are considered to be 

sealing (Yielding, 2000).  Figure 4.10 represents an example of this relationship on a 

fault surface.  A portion of fault C in the image has a low SGR value, while the rest of the 

fault has moderate to high SGR values along with faults A and B.   Figure 4.11 is a south 

looking view of the regional faults interpreted from the seismic.  Mapped out on the 

faults is the SGR calculated along each fault.  The wells can also be seen in this image.  It 

should be noted that some of the faults have high SGR values covering them while some 

of the faults have patches of low SGR values.  Figure 4.12 is a close up of the RCP study 

area looking to the southeast.  The RCP study area is bounded by two large faults (fault A 

and fault C) with a small splay (fault B) branching off one of them. 
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CHAPTER 5  

FIELD STRESS ANALYSIS 

 

5.1 Methodology 

Presented in this chapter is an analysis of the stresses present in the basin. This 

analysis also looks at how these stresses have affected the regional fault system.  The in- 

situ stresses that are present in the basin control many of the present day properties of the 

faults.  The various properties of the faults are of great interest to us because of their 

control on fluid flow within the fault zone.  These properties also tell us about how 

fractures have formed and their characteristics.  The property that I focused on during this 

part of the analysis is the dilation tendency and its relation to the in-situ stress regime.   

The dilation tendency provides information about physical properties of the 

fractures present in the reservoir; e.g., the orientations at which a set of fractures and 

faults will be dilated and allow fluids to flow is useful information.  If fractures are open 

they can then transmit fluids.   

 This analysis was performed using TrapTester.  The inputs came primarily from 

Shannon Higgins 2006 masters thesis work.  Higgins (2006) worked on ways of using 

geomechanical modeling as a tool for reservoir modeling.  Her modeling results for wells 

within the RCP study area were used as the realistic magnitudes and orientations of the 

in-situ stresses.   
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5.2 Stress Field Analysis 

TrapTester requires specific data inputs before it can determine the various fault 

and fracture properties.  Most of this information came from Higgins (2006) and her 

work with geomechanical modeling.  This section is going to be a brief summary of some 

of her work and how it was applied to this study.  A copy of her work should be 

consulted for a complete understanding of how she derived her data as well as her 

conclusions. 

The inputs for the TrapTester Stress Editor module are relatively simple; A 

vertical or overburden stress (σ 3, or σV), the maximum horizontal stress (σ 1, or σH), the 

minimum horizontal stress (σ 2, or σh), the pore pressure of the reservoir, and some basic 

rock properties.  These inputs define a stress regime for the modeled surfaces.  These 

values are used to model below the UMV Shale all the way down to the Dakota 

Sandstone.   Unfortunately, many of these inputs must be derived from other sources of 

available data.   

 

Stress Orientation and Magnitude Inputs 

Higgins (2006) determined the magnitude and orientation of σh in several wells 

within the RCP study area using mini fracture tests in combination with leak off tests and 

well bore images.  In each of the mini fracture tests data sets she assigned gradients to the 

general trends within the data.  Higgins (2006) found that the gradients changed with 

depth.  There is a greater increase in pressure at depths below 7,000 ft (2,133.60 m).  This 

is attributed to an increase in pore pressure with depth.  The pore pressure is controlled 

by the expulsion of source gasses from within the coals interacting with permeability 
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barriers such as clays (Higgins, 2006).  Figure 5.1 represents the results of the mini 

fracture tests performed in the Rulison field area.  For the modeling in TrapTester the 

gradient derived from the UMV Shale to a depth of 7,000 ft (m) was used.  This gradient 

is about 0.85 psi/ft.  This gradient value is assumed to be a good representation of the 

reservoir interval.   

 

Figure 5.1 – Minimum horizontal stress magnitudes (σh) from mini fracture tests done at 
Rulison.  The gradient of the best fit line between 5,200 ft to 7,000 ft was used for 
modeling, image from Higgins (2006).  
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The orientation of σh in the Rulison field was determined from well bore images.  

Higgins (2006) discusses how the breakouts from the well bore can be interpreted as 

being in the direction of the minimum horizontal stress.  The interpreted direction of the 

minimum horizontal stress from the wells in Rulison is roughly 12 degrees east of north 

(N12E).   However, this value does vary from well to well and with depth (Higgins, 

2006).  For modeling in TrapTester though this value was assumed to be representative 

for the reservoir interval.   

The magnitude and orientation of σH cannot be directly determined from test 

data.  Higgins (2006) used geomechanical modeling to derive it.  However, a few 

assumptions were made for this.  The gradient for σH was assumed to be the same as the 

gradient used for σh.  Estimation for the magnitude of σH was achieved by assuming that 

by taking a constant and adding it to the magnitude of σh a reasonable magnitude that 

matched observations could be determined for σH (Higgins, 2006).  The constant value 

used for modeling in TrapTester was determined by Higgins (2006) from well RWF 542-

20.  This well lies close to the Clough 19 well.  The σH used is assumed to be 2,000 psi 

greater then the σh used.  The orientation of σH is also considered to be perpendicular to 

the orientation of σh. 

Higgins (2006) derived the σV by integrating the density logs.  Four modeled 

wells were created after modifying their true density logs.  The missing upper portions 

were extrapolated to the surface then any washouts or breakouts were reconstructed using 

the neutron density cross plot method.  The method can also be used for determining 

lithology properties of the logs.  However, the lithology determinations were not used in 

my modeling.  The magnitude gradient used for σV was taken from analysis of Higgins 
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(2006) modeled results of RWF 542-20.  Figure 5.2 shows the results of Higgins (2006) 

geomechanical modeling of that well.  The assumed gradient is 0.85 psi/ft.   

 

Figure 5.2 – Higgins (2006) modeling results of well RWF 542-20.  The gradient used for 
σV (Overburden) was calculated from the slope of the Overburden line above. 
  

Pore Pressure Input 

 The pore pressures were derived from mini fracture tests analyzed by Higgins 

(2006).  A gradient line was fit through the data again.  Here as well as in the σh 

magnitude calculations there is a change in the gradients above and below the UMV 

Shale.  Here the pore pressure gradients come from the RWF 523-20 which is assumed to 

be analogous for the rest of the wells in the area.  For my modeling I used the gradient 

below the UMV because that is the reservoir interval of interest.  Higgins (2006) 

comments on how these pressures are not virgin pressures but are used at estimates of the 

pore pressures for other wells in geomechanical modeling.  Figure 5.3 is a plot of the 
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various pore pressures with depth from Higgins (2006).  The gradient used for modeling 

in TrapTester is 1.11 psi/ft.   

 

Figure 5.3 – Pore pressure estimates from mini fracture tests in Rulison.  The pore 
pressure gradient comes from RWF 523-20 which is assumed to be representative for the 
rest of the wells in the area, from Higgins (2006). 
 

Rock Property Inputs 

 The last inputs needed for the modeling process are related to the actual rock 

properties of the reservoir.  The first is the intrinsic material strength or the cohesive 

strength of the rock.  The second is the coefficient of internal friction.  These properties 

come from stress tests on rocks from the reservoir.  Higgins (2006) measured 17 samples 

from the MWX -1 well using the Mohr-Coulomb failure criterion.  The cohesive strength 
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of sandstone at 6,462 ft (1,969.62 m) resulted in shear failure occurring at 3,767 psi.  This 

cohesive strength value was assumed to represent the strength of the rock for all depths 

below the UMV Shale for modeling purposes.  Unfortunately, the coefficient of internal 

friction was either never determined by Higgins (2006), or it was not reported.  This 

value was determined using a default value for cataclastic sediments from within the 

TrapTester software.  That default value is 0.75.  

 Table 5.1 represents the stress field inputs used for modeling the stress field 

within the reservoir interval at Rulison.  These inputs were used for the entire rock body 

from 5,000 ft (1,524.0 m) to the Dakota Sandstone.  Table 5.2 shows the rock properties 

used for modeling the same interval.   

 

Parameter Gradient 
(psi/ft) 

Stress 
(psi) 

Depth 
(ft) 

Orientation 
(degrees) 

σh 0.85 3,800 6,000 192.00 
σH 0.85 5,800 6,000 102.00 
σV 0.85 4,500 6,000 N/A 

     

Parameter Gradient 
(psi/ft) 

Pressure 
(psi) 

Depth 
(ft) 

Orientation 
(degrees) 

Pore 
Pressure 1.11 4,000 6,675 N/A 

Table 5.1 – Stress Field Editor inputs used in modeling the stresses between the UMV 
Shale and the Dakota Sandstone, values were derived from Higgins (2006). 
 
 
Cohesive Strength Coefficient of Internal Friction 
3767 psi 0.75  
Table 5.2 – Rock properties used for modeling between the UMV Shale and the Dakota 
Sandstone.  
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5.3 Dilation Tendency 

 This section focuses on the process of calculating the Dilation Tendency (DT) of 

the regional faults.  The DT provides a criterion to highlight which fracture orientations 

are more likely to be open (Badley, 2007).  The higher the value of DT the more likely 

that the fault will be dilated and transmit fluids.  To calculate the DT of a fault surface a 

stress field must be known.  For the Rulison area an in-situ stress field was determined by 

Higgins (2006).  Determining the DT of the regional faults will present insight into the 

likely hood of the regional faults to be dilated under the current in-situ stress regime.  

Higgins (2006) comments on how this stress field is similar to that of the Laramide stress 

field, however, the magnitudes are probably not the same.   

 Equation (5.1) is used to calculate the DT: 

( )
( )31

1
σσ
σσ

−
−

=
nDT

                                                                   (5.1) 

Figure 5.4 shows how these various values in the above equation are determined 

from the Mohr Stress diagram.  These values are plotted on the fault surface in the same 

way that the Shale Gouge Ratio attributes.  The block sizes used to map the DT are the 

same that were used to map the Shale Gouge Ratio.  This keeps the same resolution along 

the fault planes.   
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Figure 5.4 – This figure shows how the Dilation Tendency (DT) at any point along a fault 
is calculated from the Mohr diagram, from Badley (2007). 
 
 
 The DT along a fault surface can be used to qualitatively determine if in-situ 

stresses acting on the fault has caused dilation of the fault.  Figure 5.5 represents an 

example of the DT values mapped on a fault surface.  There are areas along the fault 

surfaces that have low DT values and areas that have higher DT values.   Figure 5.6 is a 

south looking view of the regional faults interpreted from the seismic.  Mapped out on the 

faults is the DT calculated along each fault.  Figure 5.7 is a close up of the RCP study 

area looking to the southeast.  The RCP study area is bounded by two large faults (fault A 

and fault C) with a small splay (fault B) branching off one of them.   
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CHAPTER 6  

ELASTIC DISCLOCATION MODELING 

 

6.1 Methodology 

In this chapter I will discuss the elastic dislocation modeling that I performed on 

my regional fault interpretation.  Elastic dislocation modeling will allow us to analyze 

how the faults have affected the total rock volume.  The affects on the rock that we are 

interested in are the sub-seismic fractures associated with the larger the faults.  We would 

ideally like to predict their orientation and the density of them within the reservoir.  My 

analysis produced two outcomes.  The first is the Maximum Coulomb Shear Stress 

(MCSS) measurement.  The second is a mapped attribute that represents predicted 

fracture types and orientations.  Unfortunately, the outcomes from this modeling are 

strictly related to the faults and do not take into account any of the regional affects (e.g. 

background strain).   

The maximum coulomb shear stress is a measurement of stress in a body of rock 

caused by the movement of faults.  The greater the stress that has acted on the rock body, 

the more strain the rock will have undergone.  The more strain the rock has undergone 

the higher the density of fractures we should expect.  Having this information will help us 

understand the distribution of the natural fractures within the rock volume. 

This modeling was achieved using the FaultED module in the TrapTester 

software.  With FaultED we can create a surface that we want to deform.  This surface 

could be a horizon or any arbitrary plane of interest.  The module then uses various fault 
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property inputs to deform that surface.  The deformation on the surface can then be 

analyzed with respect to its structural significance. 

 

6.2 Results 

To understand the elastic dislocation modeling process it is important to 

understand how the software models the stresses created by the faults.  This process is 

completed through forward modeling of the fault surfaces affects on the deformation 

plane in combination with any regional, or background, stresses.  The software breaks the 

faults into a series of user defined panels that are used for dip-slip calculations.  The 

amount of movement on each panel is then translated in to a strain tensor at each node or 

point of a defined observation grid.  The resulting strain tensors are then converted to 

stress tensors using elastic rheology.  These stresses are pseudo stresses because they do 

not represent any relaxation as fault slip was accumulated.  The vector attributes 

(displacement, stress/strain orientations, and stress type) of the nodes can then be 

visualized at each node point as vectors (Badley 2006).  This modeling is performed in 

the FaultED module of TrapTester. 

 

6.2.1 Elastic Dislocation Inputs 

 This section will discuss the inputs that the FaultED module uses.  FaultED 

calculates the affects of a series of fault panels on a defined plane within the model.  The 

inputs used focus on the faults and the deformation plane.  Some of the fault property 

inputs are the throw and strike of each fault.  The inputs of the deformation surface 

include various rock properties, such as Poisson Ratio, Young’s Modulus, and cohesive 
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strength.  This information is run through a series of equations by Okada (1992) that 

model the elastic properties of rock.  Okada (1992) should be consulted for more 

information on the exact equations. 

 The fault inputs are rather limited.  They are basically the position of the fault and 

the dip-slip calculations that have been performed on the fault panels.  The position of the 

fault was defined by mapping it in the seismic volume, see Chapter 3.  The amount of 

movement or slip that has occurred on the fault is determined by intersecting the raw 

horizon data with the fault surface.  When the faults and horizons were input into 

TrapTester they needed to be modeled in a way that they intersect each other.  To do this 

Allen lines are created.  Allen lines represent the intersection of a mapped horizon onto a 

fault surface.  The hangingwall and the footwall are both mapped out as lines onto the 

surface of the fault by projecting the horizon to the fault surface.  These lines allow for 

calculating the displacement or throw that a horizon has undergone because of movement 

along the fault.  Figure 6.1 is a depiction of what the Allen lines look like in TrapTester. 

 
Figure 6.1 – Illustration of Allen lines that have been projected from the Rollins 
Sandstone on to this fault surface.  The amount of throw is determined by calculating the 
vertical separation between the hangingwall and footwall Allen lines. 
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 The observation grid / deformation surface is where the fault panel calculations 

are applied and visualized.  Here all the rock properties of a surface are input by the user.  

I decided to use various inputs from the geomechanical modeling work by Higgins 

(2006).  These included Poisson’s Ratio, Young’s Modulus, and cohesive strength.  The 

values are presented in Table 6.1.  The remaining inputs were derived from logs and 

tables within the software; they include the total density and the coefficient of internal 

friction.   

 Five deformation surfaces were created in the software.  These surfaces were 

given definite values for their rock properties and lack any lateral variability.  The 

surfaces represent how a sand body with these properties would deform at any point 

within the reservoir.  Tables 6.1 and 6.2 show each of the inputs used for each 

deformation surface.  The only input that was varied was the total density.   Changes 

were made in the total density to try and reflect the rock densities at that depth or 

location.  However, much of the data is from the RCP study area and is likely to represent 

the rocks there more than anywhere else on the deformation surface.   

 Poisson’s 
Ratio 

Young’s 
Modulus 

Cohesive 
Strength 

Coefficient of 
Internal 
Friction 

Input 
Parameter 0.25 6,000,000 psi 3,767 psi 0.75 

Table 6.1 – The inputs used for each deformation surface.  The values came from 
geomechanical modeling done by Higgins (2006). 
 

 UMV 
Shale Cameo Coal Rollins 

Sandstone 
Dakota 
Sandstone 

Vertical 
Plane 

Total  
Density 

2.56 
gm/cm3 2.56 gm/cm3 2.58 gm/cm3 2.60 gm/cm3 2.56 gm/cm3 

Table 6.2 – The different total densities used for each deformation surface.  The values 
came from well logs within the RCP study area.  
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 The total density for the vertical plane is the same as the Cameo Coal’s total 

density.  This allows us to see how the surface was deformed vertically near the reservoir 

interval.  These surfaces create a three dimensional view of the region surrounding the 

Cameo Coal.    

Four of the five deformation surfaces used were altered so that they would best 

match the horizon that they represented.  The deformation surfaces were designed to 

cover as much of the horizon as possible.  They were also assigned a dip which closely 

matched the dip of the actual horizon.   These dips varied from 1.6 to 2.0 degrees to the 

northeast.  However, each of the deformation surfaces was created on a similar grid.  The 

grid used is a grid that is 500 feet by 500 feet (152.4 m by 152.4 m).  This grid gave the 

greatest amount of resolution with out over stressing the computer.  An example of the 

grid used for the Cameo Coal can be seen in Figure 6.2.  The grid used for the vertical 

plane is the only grid that varied.  It had a spacing of 1,000 ft by 250 ft (304.8m by 76.2 

m).  This plane was also given a dip of 90 degrees relative to horizontal.   

  The UMV Shale deformation surface was created using the same values defined 

for the Cameo Coal.  This surface doesn’t have any mapped seismic faults crossing it.  

The reason for looking at the deformation surface at this level is to try and understand 

how the faults deeper in the strata are affecting this level.   

 

6.2.2 Maximum Coulomb Shear Stress 

 Calculating the Maximum Coulomb Shear Stress (MCSS) is a relative way of 

measuring the potential shear failure that a rock body has undergone.  Shear failure can 

be directly related to fractures.   
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The more shear failure a rock has undergone the higher the fracture density we should 

expect (Badley, 2006).  While being able to predict where, when, and how many fractures 

is a distant goal, we can use the Maximum Coulomb Shear Stress (MCSS) calculations to 

help predict fracture density.  MCSS is the intercept, on the shear stress axis, of a tangent 

to the Mohr circle having the same slope as the Coulomb failure envelope, (Figure 6.3).  

Shear failure of the rock is expected when the MCSS exceeds the cohesive strength of the 

rock.  Larger values of MCSS are expected to correlate with higher fracture densities, 

(Badley, 2006).  Figure 6.3, shows that when the intercept of the tangent to the Mohr 

circle is below the cohesive strength (C) of the rock there is no shear failure of the rock.  

When the intercept of the tangent is higher then the cohesive strength of the rock shear 

failure occurs.  The greater the difference between the cohesive strength of the rock and 

the MCSS value the greater the deformation of the rock body.  The more deformation the 

more sub-seismic fractures we would expect within the rock volume. 

 

Figure 6.3 – Diagram representing how Maximum Coulomb Shear Stress (MCSS) is 
determined.  This diagram also shows the relationship between MCSS, cohesive strength 
(C), and fracture density.  Image modified from Badley, (2006).  
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 Figures 6.4, 6.5, 6.6, and 6.7 show the results of the modeling the MCSS on the 

Cameo Coal, Rollins Sandstone, Dakota Sandstone, and an arbitrary vertical plane 

through the survey.  The MCSS results are strictly related to the affects of the faults 

movement on the deformation planes.  There is no larger regional deformation being 

considered within these models.  From the models it is evident that not all faults are the 

same.  The MCSS changes along strike on several of the fault planes. 

 Figure 6.8 shows the result of modeling the MCSS on the UMV Shale interval.  

This interval has no seismically mapped faults penetrating it.  However, we can see that 

the faults deeper in the reservoir are having an affect on the UMV Shale.  This affect can 

also be seen in Figure 6.7 to a limited extent. 

 

6.2.3 3-D Subseismic Fracture Model and Fault Stress Analysis 

 The fracture model is a prediction that is based on the various stress tensors that 

have been created in the elastic dislocation model.  The elastic dislocation model 

generates fault panels that create a stress field independently for each panel. When two 

panels interact with each other their stresses generate compression or tension depending 

on the kind of interrelationship (Gutierrez, 2007).  The predicted fracture planes are 

orthogonal planes that represent the orientations of the stresses.  Figure 6.9 represents a 

generalized two dimensional example of how the panels determine compression and 

tension in the software.   
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Figure 6.9 – Generalized example of how the FaultED module determines compressional 
and tension orientations from the fault panels. 
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 Figure 6.10 shows what the different stress arrows / vectors look like in the 

software.  The green arrows represent a net compressional pseudo stress in the direction 

indicated by the arrow, while the red arrows represent the net tensional pseudo stress.  

Some of the nodes have either both tensional stress arrow, both compressional, or one of 

each.  The arrow also represents the orientation of either the maximum stress or the 

minimum stress.  The color does not tell which is which.  The planes present indicate 

which set of arrows represents the maximum stress (light green plane) or the minimum 

stress (light pink plane).  The set of arrows that is perpendicular to the plane are 

representing that planes stress designation.  The stress arrow attributes below have all 

been produced from the interaction of the fault panels described above. 

 

Figure 6.10 –Pseudo stress directions and vector attribute explanation.  Green arrows are 
compressional stresses, red arrows are tensional stresses, light green plane is 
perpendicular to maximum stress direction, and light pink plane is perpendicular to 
minimum stress direction. 
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 From the vector attributes determined at each node we can predict the failure 

planes.  The failure planes predict what fracture orientation would be present at that node. 

The software will predict five different failure planes based off of the calculated vector 

attributes: 

  - Normal Shear Planes - conjugate normal faults. 

- Reverse Shear Planes - conjugate reverse faults. 

- Dextral Strike-slip planes - dextral plane in strike-slip conjugate pair. 

- Sinistral Strike-slip planes - sinistral plane in strike-slip conjugate pair. 

- Tensile Failure planes - tensile fracture plane. 

When the failure criterion is met in the software failure planes are generated at the 

various nodes.  Each type of failure plane gives valuable information on how the stresses 

at that node are deforming the rock body.  When we analyze all of the failure planes 

generated on the deformation surface we can understand how the faults are deforming 

that surface.   

 

Fracture Generation 

 The surfaces/grids used for the Maximum Coulomb Shear Stress calculation in 

section 6.2.2 are the same surfaces/grids used for the fracture generation. Using the same 

surfaces gives us a link allowing us to analyze the orientation and type of failure planes in 

relation to the Maximum Coulomb Shear Stress.  The analysis of each of the horizons as 

well as the vertical plane in relation to the MCSS is discussed in Chapter 7. 
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Fracture Types and Orientations 

The grids for the UMV Shale, Cameo Coal, Rollins Sandstone, and the Dakota 

Sandstone can be seen in the following Figures (6.11, 6.12, 6.13, and 6.14).  Each grid 

shows the failure planes color coded by type: 

  Failure Plane Color Code 

  Dark Blue – Normal Shear 

  Red – Reverse Shear 

  Purple – Sinistral Strike-slip 

  Light Blue – Dextral Strike-slip 

  Green – Tensile Shear 

The strike of each fracture set tends to vary based on their proximity to a fault 

zone and the complexity of that fault zone. This is because of the various components 

that have been derived from the faults that have been used to determine the vector 

attributes at each node.   The deformation surface is just that, a deformation surface.  

Stresses active at one point on the surfaces affect those around that point.  What is visible 

here is the net affect of all the stresses created by the faults.   

Fracture sets that are far away from the Seitel (2003) boundary should be treated 

with caution, since the calculations in these areas are unconstrained, as there are no 

mapped faults out side of the Seitel (2003) survey.  However, from these four images we 

are able to see the relationship between the fault locations and the deformation the faults 

have created on the various surfaces.  Areas in the figures that do not have colors are 

areas of the grid that have not been deformed enough to create failure of the rock.   

Figure 6.15 is a view of the vertical deformation plane.  
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CHAPTER 7 

 DISCUSSION 

 

7.1 Structural Evolution of the Rulison Field Study Area 

From the interpretation described in Chapter 3, there is direct subsurface seismic 

evidence for at least two structural styles to have been active during structural evolution 

of the Rulison area; initially an extensional phase, followed by a compressional phase.  

These phases were separated by the partial deposition of the Mesaverde Formation.  

During the compressional phase several of the older extension faults were reactivated 

with a reverse sense creating inversion geometry.  These inverted faults propagate up 

from deeper in the stratigraphic section.    Figure 7.1, represents a simplified version of 

this concept.   

 

Figure 7.1 – A simplified representation of the two structural styles that are present in the 
Seitel (2003) survey.   



   86

 During the compressional phase, not only were several of the older faults 

reactivated by inversion, but small thrust “pop-up” blocks developed within the reservoir 

interval, as well as at the Dakota Sandstone level.  These small pop-up blocks can be seen 

in line 90 (Figure 3.2 and 3.2a, see Appendix A).  Many of these thrust blocks are 

bounded by reverse faults, internal splays, and back thrusts, as represented in Figure 7.2.  

While some of these pop-up blocks are connected to the deeper inverted faults, others are 

confined to the brittle intervals through out the stratigraphic section.   

 

 

Figure 7.2 – Seismic line 90 showing the difference between inversion pop-up blocks as 
well as normal compressional pop-up blocks.   
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 The regional stress field that would have caused the final structural style that is 

present in this area of the Piceance Basin must have been compressional in nature and 

with sigma 1 (σ1), or the maximum horizontal stress, in an east-west direction.  This 

coincides with the σ1 orientation of Laramide stresses during the late Cretaceous.   

When we look at the locations of the brittle deformation zones within the Dakota 

and the Rollins/Cameo we can see there is a lateral offset.   The stresses during the 

Laramide, that reactivated the deeper previous faults systems, seems to have propagated 

further to the west about a mile and half through the more ductile Mancos interval than 

through the more rigid Rollins/Cameo interval.   This effect can be seen in the previously 

shown seismic lines of Chapter 3 (Figures 3.1 and 3.2, (Figures 3.1a and 3.2a, see 

Appendix A)). 

 

Timing of Faulting 

From the interpretation we can also derive some basic ideas about the timing of 

the faulting with in the reservoir as well as some indication as to how the various 

formations were deposited in this area.  Figure 7.3 is an interpretation of line 90 from the 

Seitel (2003) survey.   Figure 7.4 is the stepped evolution of line 90 and is described 

below.  Line 90 can also be seen in Figure 3.2 (Figure 3.2a, see Appendix A) un-

interpreted. 

It is apparent from the figure that right after the deposition of the Dakota 

Sandstone the extension occurred.  Evidence for this is that the interval of reflectors 

including the Dakota is the only interval that has a normal component of movement to it.  

There is also evidence from the seismic line for a hiatus of deposition at this time after 
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the extension occurred.  There is a small wedge of sediment deposited adjacent to the 

major normal fault of line 90.  After this wedge formed the deposition of the marine 

Mancos Shale began.  The Mancos Shale comprises the middle portion of the seismic 

line, and is composed of highly discontinuous reflectors.  Deposition then continued 

through the Rollins, Cozzette, and Corcoran Members of the Iles Formation and into the 

Cameo Coal interval of the Williams Fork Formation.   

During the deposition of the fluvial Williams Fork the compressional faulting of 

the Laramide began.  Many of the Laramide aged faults are confined to the middle 

Williams Fork and formations stratagraphically lower than the Williams Fork.  Cumella 

and Ostby (2003) also noted that the thickness of the Cameo drastically increases near the 

faults suggesting structural growth of the faults during deposition.  These lines of 

evidence suggest that Laramide faulting was still occurring through the deposition of the 

Cameo Coal. 

Within the Williams Fork is the UMV Shale marker.  This shale marker clearly 

drapes across the entire survey and has no seismically visible faults crossing it.  This 

draping suggests the UMV Shale marks the end of Laramide related faulting within the 

survey.     

With this information we interpret that the major faulting within the Rulison area 

began with extension during the late Albian or early Cenomanian, and ended in the 

middle to late Cenomanian.  The next major faulting episode within the Rulison area 

began and ended in the Campanian as compressional faulting.  This faulting included the 

reactivation of deeper pre-existing structures.  
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Figure 7.3 – Seismic line 90 from Seitel (2003) survey showing the colored 
interpretation.   
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Reservoir Fault Blocks 

 The Seitel (2003) survey covers a very large area.  It covers the western edge of 

the Rulison field as well as the eastern edge of the Parachute field.  Using the above 

described interpretation of Chapter 3, and the fault model described in Chapter 7.1 it is 

apparent that the two fields are composed of these large pop-up blocks.  The larger pop-

up blocks are composed of smaller blocks.  The combination of structural strain from the 

numerous faults within the large blocks is the likely cause of the increased permeability 

zones within the reservoir. 

 

RCP Fault Block 

 At the Cameo Coal and Rollins Sandstone level are a series of reverse faults that 

lie within the RCP study area.  These faults create a small pop-up structure within the 

study area.  Figure 7.5 shows these faults in map view as well as side view.  These faults 

are example of the idea that smaller blocks have formed outside the larger fault block 

structures.  This block separates the RCP study area from the rest of the survey.  The 

faults bounding the RCP block may make the RCP area have different reservoir 

characteristics.  These faults might separate the block from the surrounding reservoir 

when we look at reservoir pressures, fracture densities, etc.   

 This reservoir block is also confined to the brittle Williams Fork and Iles 

formations.  It also lies outside of the larger fault block structure in the Rulison Field 

area.  It is an example of tectonic structures created by Laramide tectonics that are not 

related to deeper pre-existing features.   
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7.2 Fault Zone Characteristics 

 From the calculations completed in Chapters 4 and 5 a number of the fault zone 

characteristics are known.  These include estimates of how much clay has been caught up 

in the fault zones, as well as the tendency of specific fault and fracture orientations to be 

dilated.  With this information we can now predict how the characteristics of the faults 

and fractures are affecting the gas migration in the reservoir. 

 

Shale Gouge in the Fault Zone 

 The Shale Gouge Ratio (SGR) is a quantitative way of assessing the composition 

of the fault zone.  Yielding (2000) discusses analyses completed by Foxford et al. (1998) 

and how SGR calculations relate to those at the outcrop level, as well as the validity of 

those calculations.  The SGR algorithm assumes a complete mixing of the wall-rock 

components in any throw interval (Yielding, 2000).  Yielding (2000) also states that if the 

wall rock is incorporated into the fault zone in the same proportions as it is present in the 

wall rock, then the SGR is an estimate of the fault zone composition.  With this in mind, I 

used the SGR calculations to predict the composition of fault zones.  However, this 

method has a caveat that must be kept in mind.  It is only valid if the proportion of shale 

and sand is greater then 15 to 20 percent (Yielding, 2000), as this allows for the 

formation of continuous smears along the fault zone.  In Rulison, I made the assumption 

that the reservoir interval had proportions greater then 15 to 20 percent shale and sand 

because of the meandering fluvial system that comprises the reservoir interval.  Without 

this assumption the SGR values can not be used with great confidence.   
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 From the SGR calculations along the faults we can make a conclusion based on 

the input lithology of the reservoir.  The data show that many of regional faults appear to 

have an overall sealing capacity based on the high SGR values along the faults, (Figure 

7.6).  This supports the interpretation that the faults, bounding and within the fault blocks 

discussed in Chapter 7.1, are sealing faults.  However, a few of the faults show the 

potential to leak in certain places.  This outcome suggests that the faults in Rulison may 

leak at some locations within the reservoir interval, and may not be 100% sealing, (Figure 

7.7).  At these locations the reservoir is interpreted to be leaking hydrocarbons into the 

fault zone.  With the general sealing capacity of the fault zones in mind, we can make a 

case for the compartmentalization of the reservoir based on calculated SGR values. 

 The SGR could also be used as a way of constraining fault zone permeability.  If 

pressure and production data are incorporated into the model we could derive fault 

transmissibility multipliers (Yielding, 2000).  However, in the case of Rulison, 

production data were not readily available and therefore the fault permeability was not 

determined. 

 The SGR present along the faults that bound the RCP block show similar 

characteristics to the other regional faults.  The SGR values of the faults in the RCP block 

can be seen in Figures 4.12 and Figure 7.7.  Figure 7.7 shows the potential leak points of 

faults in and near the RCP fault block. 
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Dilation of Fault Zones 

 The dilation tendency of the faults is a qualitative analysis based on the in-situ 

stress present in the reservoir.  The results of this analysis show which orientation of 

faults, as well as fractures are more likely to be dilated.  If a fault or fracture is dilated it 

will allow fluids to flow more easily, therefore increasing permeability.  This result is 

purely independent of the orientations of the faults and fractures; it is a function of the 

stress field.  The stress field, as defined by Higgins (2006), shows that faults and fractures 

with an orientation of N10˚E (azm. 010 degrees) have a higher tendency to be dilated 

than faults and fractures with other orientations, (Figure 7.8).  From the seismic mapping, 

of the Seitel (2003) survey discussed in Chapter 3, the majority of the faults have strikes 

of N35˚W (azm. 325 degrees).  Figure 7.9 is a rose diagram of the faults mapped at each 

horizon overlain on the dilation tendency hemisphere of Figure 7.8.  This figure suggests 

that segments exist along the faults that have orientations that correspond to high dilation 

tendencies.  This dilation would allow hydrocarbons to flow along the fault zones.  

Unfortunately, in the Rulison study area there has not been any work correlating to the 

exact percentage of dilation that leads to gas flow along the faults. 

 Figures 5.6 and 5.7 from Chapter 5 have the dilation tendency mapped out on the 

faults themselves.  From these figures we are able to see regions of the fault zones that 

might allow more fluid flow.  Figure 5.6 is a view south of all of the regional faults.  

Figure 5.7 is the faults that are in the RCP study area.  From these calculations we can 

assume that if gas is able to flow into the fault zone at a specific point, then that gas 

should be able to flow along the fault zone away from where it entered the fault zone. 
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Figure 7.8 – Dilation tendency mapped out on the lower hemisphere of a stereonet.   
 

 

Figure 7.9 – Rose diagram of fault strikes at each horizon mapped out on the dilation 
tendency stereonet hemisphere.  The fault orientations suggest that they are dilated. 



   99

7.3 Compartmentalization and Fluid Migration 

Compartmentalization within a reservoir often controls the effectiveness of 

draining the reservoir.  The tight gas sands of the Piceance Basin are considered to be 

continuous throughout the Williams Fork Formation (Cumella and Ostby, 2003).  

Knowing where depletion and other pressure barriers are located is essential information 

for understanding field compartmentalization.  From the modeled SGR results it is 

apparent that the regional faults have created some compartmentalization of the reservoir 

interval, because of the high SGR values along the faults, (Figure 7.6).  While some of 

the faults may leak slightly, most appear to be sealing along their strike, given a sufficient 

amount of throw.   

This idea of compartmentalization needs to be interpreted care however.  The 

volume shale logs used to calculate the SGR were smoothed, and this smoothing took 

away a portion of the log detail that might be crucial in calculating the SGR values of low 

throw faults that offset small sand bodies.   

More evidence for compartmentalization of the reservoir interval comes from 

micro seismic tests.  Riley (2007) analyzed several hydraulic fracture jobs completed in 

the RCP study area.  These fracture jobs used a micro seismic test to determine how the 

fracture jobs were propagating in the reservoir.  Riley (2007) found that at several 

intervals in well RWF 541-20 (hydraulically fractured in the Mesaverde Formation)the 

hydraulic fractures did not propagate as far in one direction as they did in the other.  He 

hypothesized that the fracture job was encountering a barrier that was not allowing the 

fracture to propagate.  The high SGR values of the faults zones could be creating one of 

these barriers that the fracture job encountered.  Using the fault pop-up block model 
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discussed in Chapter 7.1 Riley (2007) plotted out potential fracture barriers for well RWF 

541-20, (Figure 7.10). 

 

Gas Migration  

Leaks in some places are allowing gas to migrate up dilated faults 

Uncertainties 

 , pressure to break SGR seal  

 

 

 

 

 

 

Figure 7.10 – Micro seismic results of a hydraulic fracture job completed in well RWF-
541-20.  Riley (2007) hypothesized that a fault was acting as a barrier to the fractures in 
the Mesaverde (MV 1 and MV 2), modified from Riley (2007). 
 

Fluid Migration 

 Several authors (Cumella and Ostby, 2003 and Cumella, 2006) have broken the 

reservoir interval in the Piceance Basin up in to two main zones, a continuous gas zone 

and a transition zone above that, (Figure 7.11).  The continuous gas zone has very little 

producing water, while the transition zone produces significantly more water (Cumella 

2006).  The reason for the two zones is that gas generated deep in the basin during 

maximum burial created enough pressure to fracture the rock allowing the gas to migrate 

up these natural fractures (Cumella, 2006).  Cumella (2006) also suspects that the faults 

RWF 541-20
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are acting as migration pathways for the gasses in the continuous gas zone to migrate in 

to sand bodies in the transition zone.   

 The fault dilation tendency calculations I performed support the fluid migration 

theory, Figures 5.6 and Figure 5.7.  The current in-situ stress regime suggests that the 

faults and fractures within the reservoir are dilated, (Figure 7.9).   The current stress 

regime matches that of the stress regime present during Laramide tectonics, (Higgins, 

2006) therefore the faults and fractures during Laramide tectonism were also dilated. 

 
Figure 7.11 – The gas migration model of Cumella (2006).  This model shows gas 
migrating from deeper in the basin along faults and fractures. 
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7.4 3-D Fracture Model  

 The elastic dislocation modeling predicted locations of where a higher density of 

fractures might exist.  The modeling also produced the orientation and failure type of 

some of the predicted fractures caused by the regional faults.   

 

Fracture Density Maps 

 The MCSS is a way of measuring the potential shear failure that a rock body has 

undergone.  Shear failure can be directly related to the density of fractures as discussed in 

Chapter 6.2.2.  Figures 6.4 to 6.8 show the results of the MCSS calculations I completed 

on the four mapped horizons and an arbitrary plane.  One notable result of the modeling 

is that a few of the faults do not have consistent MCSS values along their strike.  This is 

counter- intuitive when we would usually expect the most fractures nearer to faults.  An 

example of this can be seen in Figure 7.12.  Figure 7.12 is a close up of the Cameo 

deformation surface over the RCP study area.  In this figure the black arrow locates a 

portion near Fault C with low MCSS values, due to the fault having less throw in this 

area.  These low throw areas are regions that are not fractured enough according to the 

model and should be avoided if we are looking for regions of densely packed fractures.   

 The MCSS maps also show areas of the survey that have been deformed by faults 

that do not cut the horizon seismically.  This is especially visible at the UMV horizon, 

(Figure 6.8).  None of the mapped faults can be seen intersecting the UMV Shale.  

However, the model predicts that the horizon should be deformed to a degree.  This 

deformation at the UMV is related to several of the faults at the Cameo level propagating 

upwards towards the UMV level.  With this in mind we can expect each of the faults to 
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act in a similar fashion in all directions creating deformation halos around them.  Figure 

7.13 and Figure 6.7 represent the vertical plane cut through the survey showing 

deformation extending away from the faults.   Figure 7.14 is a close up of the RCP study 

area representing both the Cameo deformation plane as well as the vertical deformation 

plane with the MCSS values mapped out on them.   

 
Figure 7.12 – The Maximum Coulomb Shear Stress (MCSS) at the Cameo deformation 
surface near the RCP study area.  Areas near Fault C have low MCSS values.  These low 
MCSS areas relate to portions of the Fault C that have small throws.   
 
 
 The mapped MCSS values the model predicts need to be used with caution.  The 

values of MCSS are estimates based on the shear failure Higgins (2006) determined in 

her modeling.  While the greater the MCSS, the more fractures we can expect there is no 

quantification as to what value of MCSS directly relates to a specific number of fractures.  

These results only indicate the areas in which we should expect more fractures. 
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Fracture Orientation 

 For the discussion of the fracture orientations predicted by the elastic dislocation 

modeling I will focus on the RCP study area.  The orientations of the fractures and the 

fracture types can be seen at a larger scale in Figures 6.11, 6.12, 6.13, 6.14, and 6.15.  

Please keep in mind that this elastic dislocation model assumes that a uniform sand is 

covering the entire survey at that depth.  This model only predicts how a sand body might 

deform if located at that position. 

 In the RCP study area, the predicted fractures of the reservoir interval vary in 

fracture type as well as fracture strike.  Figure 7.15 is a close up of the Cameo 

deformation surface with the failure plane types mapped out on it.  From this figure, the 

various strikes of the different failure planes can be seen.  The dominate strike of the 

failure planes is roughly to the N50W (azm. 310).  This is offset by about 30 degrees 

from the natural fracture set strike of N80W (azm. 280). The strike also varies based on 

closeness to faults that intersect the plane, as well as when multiple faults intersect the 

plane.  The more faults that intersect the plane the more fault panels affect that node and 

cause the resulting failure type to be the product of a complex faulting system.  This 

problem might be resolved by decreasing the node spacing to a distance less then 500 ft 

(152.4 m).  Figure 7.16 is the vertical plane through the survey.  This plane shows similar 

results to that of the Cameo plane. 

 One reason for the failure plane strikes to be offset by 30 degrees is possibly 

related to the lack of regional strain being included in the modeling.  Incorporating 

regional strain might cause the predicted failure planes to be in a more east-west 

direction.  Some possible regional strain sources would include the weight of the Grand 
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Hogback and the White River Uplift and differential loading and unloading of the basin 

sediments through time.  Currently the failure planes orientations are controlled by the 

fault strikes only.  This is why the failure planes are in a more northwest orientation.  All 

of the failure planes generated in the modeling on each of the deformation surfaces in 

other areas of the Seitel (2003) survey have similar results to those described above.   

 The modeled fractures have strikes that are good representations of the actual 

fractures in the reservoir.  The exact failure type predicted by the model may be 

suspicious due to the complex nature of the intersecting fault tips.  

 

7.5 Hydrocarbon Significance of Study 

 Applying the previously described results to the production data of the RCP study 

area shows some interesting correlations.  I hesitate to make any definitive statements 

about correlations to production because of the numerous variables that go into the 

production of gas in a well.  However, these results may help obtain a better idea of the 

reservoir’s production characteristics.  

 

Decline Curves, MCSS, and EUR 

The signature of a production decline curve can aid in determining the source of 

production in a well.  When a well draws gas out of the surrounding reservoir, it first 

pulls the gas out of fractures, and then it pulls the gas from the matrix of the reservoir 

sands.  A decline curve for a well can be used to determine when fracture depletion stops 

and when matrix depletion begins.  The decline curve with fracture production will have 

two distinct slopes (J. L. Miskimins, 2007, Personal Communication).   
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Production from fractures is relatively fast and drops off quickly in a well.  

Production from the reservoir matrix is slow and lasts a lot longer. If a decline curve has 

two distinct slopes we can assume that natural fractures are aiding in production of the 

well.  Using decline curves of four wells in the RCP study area, I can show that areas that 

have been mapped with high MCSS values correlate to wells that have fracture 

production.   

 I picked four wells drilled between January 2000 and December 2006, normalized 

them, and examined the decline curves.  Figure 7.17 shows the four normalized decline 

curves.  Two decline curves, (RMV 60-17 and RMV 136-21) show fracture production 

while the other two do not.    Figure 7.18 is a location map of the four wells.  The map 

shows the predicted MCSS value at each well.  The two wells that show fracture 

production sit in high MCSS areas (RMV 60-17 and RMV 136-21).  Well RMV 92-29 

sits in a low MCSS area and does not show fracture production.  Well RMV 241-21 has a 

decline curve with a hyperbolic decline.  This well also sits in a high MCSS area, but 

because of the wells hyperbolic decline it is difficult to determine if there are natural 

fractures affecting the production.  This correlation suggests that the MCSS map could be 

used to predict where wells will have fracture production and where they will not. 

 The Estimated Ultimate Recovery (EUR) of each of the four wells also shows a 

similar correlation to the one described above.  Figure 7.19 shows the decline curves with 

the MCSS as well as the EUR indicated for each of the four wells.  The relationship 

between the EUR and the MCSS suggests that the higher fractured areas will have a 

higher EUR.  However, RMV 241-21 is still an anomaly, with high MCSS and a a 

moderate EUR.   
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  Figure 7.20 shows the results of the MCSS calculation mapped with the Estimated 

Ultimate Recovery (EUR) for all wells drilled in the RCP study area between January 

2000 and January 2006.  The relationships described above hold true for these data as 

well.  However, in Figure 7.17 we can also see the affects of faults on EUR.  The figure 

shows that near the faults, where the MCSS has not been modeled statistically there is a 

higher EUR, suggesting the faults might be conduits for gas or have locally highly 

fractured wall rocks. 

There are a number of potential pitfalls that need to be considered before we can fully 

believe this relationship.  The first has to do with the Cameo surface modeled and the 

number of intervals in the well that were completed.  The second deals with the amount 

of reservoir quality sand available.  Lastly, what does the MCSS surface really represent 

in the reservoir? 

 The Cameo surface modeled in this study represents one interval in the well.  

When an operator completes a well they complete the well at multiple intervals.  

Evidence for this can be seen in Figure 7.10 where four different intervals were 

hydraulically fractured in one well.  Each well has different numbers of intervals as well 

as different depth intervals completed.  The mapped EUR is for all of these intervals and 

does not necessarily represent the Cameo interval.  It is very difficult, if not impossible to 

know which interval is producing the gas in the wells.  Therefore, relating all of the 

production from the well to the MCSS mapped during modeling of the Cameo horizon 

cannot be done with a great degree of confidence. 
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Figure 7.18 – The Maximum Coulomb Shear Stress (MCSS) at the Cameo deformation 
surface near the RCP study area mapped out with the four wells used in the decline curve 
analysis.  
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Figure 7.20 – The Maximum Coulomb Shear Stress (MCSS) at the Cameo deformation 
surface near the RCP study area and the Estimated Ultimate Recovery (EUR) of wells 
drilled after 1/1/2000.  The EUR is the numerous colored circles.  The faults are the thin 
green lines.  High EUR seems to be related to high MCSS. 
 

The amount of sand present in the reservoir and the quality of that sand is a pitfall 

that can be mitigated.  While sands can be determined in a well log as in Figure 4.5 and 

Figure 4.6 (or 4.6a, see Appendix A) the lateral continuity of those sands in the reservoir 

should be suspected because of the fluvial nature of the system.  The amount of reservoir 

sand present is also going to affect the EUR of the well and the number of completion 

intervals.   
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The calculated MCSS values on the modeled surfaces are those of reservoir sands 

with certain physical properties.  The surface represents how sands present might be 

deformed.  A better understanding of the stratigraphic relationship of the reservoir is 

needed before a definite correlation can be made between the deformation surface and the 

EUR values. 

 

Other Model Benefits 

 There are two other benefits of the modeling.  The first is possible useful 

information for drilling engineers.  Drilling mud is often lost to the natural fracture 

system.  The three-dimensionality of the fracture prediction results could be used to give 

engineers an idea of depths and areas where they may start to lose their drilling mud.  The 

second benefit of the model relates to the future prospectivity.  Exploration of the Dakota 

Sandstone is a future possibility.  With the aid of the MCSS calculations any future 

drilling of the Dakota or other horizons could be high graded into lower risk areas with 

potential natural fracture systems aiding permeability using images similar to those of 

Figures 6.14 and 6.15.    
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CHAPTER 8  

CONCLUSIONS AND RECOMMENDATIONS 

 

8.1 Conclusions 

 I have shown that regional structural modeling is a tool that can be used to aid in 

reservoir characterization.  From this research I have contributed twelve results related to 

the regional scale structures as well as reservoir scale structures.   

 (1) There were two structural styles active during the structural evolution of the 

Rulison Field area.  The initial extensional phase was followed by reactivation of deeper 

structures during a later compressional phase. 

 (2) Laramide related compressional structural features probably occurred during 

the Late Campanian stage. 

 (3)  The reservoir interval is dominated by reverse fault bounded pop-up blocks. 

 (4) The RCP study area has one of these distinct pop-up blocks in the reservoir 

interval. 

 (5) Shale Gouge Ratios (SGR) calculated on the regional faults suggest a 

tendency for the fault zones to be dominated by sealing.  However, there are locations 

along the faults at the reservoir depth that may by be leaking gas into the fault zones. 

 (6) The current in-situ stress regime has dilated the regional faults and fractures, 

which have strikes of N35˚W (azm. 325 degrees).   

 (7) The high Shale Gouge Ratios within the reservoir interval supports the idea 

that the reservoir interval is compartmentalized.  
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 (8) The faults and fractures, dilated by the current in-situ stress field, in the 

Rulison area are migration pathways to shallower reservoir intervals as long as the gas is 

able to leak into the fault zone. 

(9) Maximum Coulomb Shear Stress (MCSS) maps show that not all of the 

regional faults have high density of fractures near the fault plane.  The density is a 

function of the amount of throw on the fault. 

(10) The regional faults have created deformation halos for long distances away 

from the fault surfaces. 

(11) Modeled fracture orientations vary greatly the more complex the faulting.  

However, they have an average strike that is similar to that of the natural fracture in the 

reservoir.   

(12) There is a qualitative correlation between the MCSS and the EURs, the 

higher the MCSS the higher the EUR. 

 

8.2 Recommendations for Future Research  

 Using structural concepts to define key aspects of a reservoir is an essential step 

to taking theoretical ideas back to the rocks themselves.  Simple structural concepts can 

also aid in characterizing the reservoir.  I feel that the work presented here is an initial 

first step in the structural characterization of the reservoir in the Rulison Field area.  

Future work is needed to further understand the reservoir is described below. 

 Geologically, a stratigraphic correlation of the Williams Fork and Iles formations 

needs to be completed over the survey area.  This correlation should relate back to core 

samples taken within the seismic survey itself.  This correlation would allow better Shale 
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Gouge Ratios to be calculated.  It will also allow the timing of faulting to be detailed to 

an exact degree. 

I would also suggest that the interval below the Rollins Sandstone be drilled in the 

survey.  This would test the feasibility of deeper reservoir sands at the Dakota level, and 

also test the potential of the Mancos to produce shale gas.  These deeper tests would fill 

in the pseudo interval attached to the well logs used and more accurately model the 

stratigraphy of the Rulison Field area. 

 Seismically, several things are needed.  The first is that a higher fold p-wave 

survey or a multi component survey should be shot over the original Seitel (2003) survey.  

This would allow a greater detail of mapping of the reservoir as well as the application of 

concepts put forth by other RCP students.  I also feel that while I have created a first pass 

depth conversion of the Seitel (2003) survey using well logs in the RCP study area, a 

velocity model needs to be created that covers the Seitel (2003) survey.  The Seitel 

(2003) survey also needs to have curvature calculations to be completed over its entirety.  

Curvature could be used to look for possible sub seismic features but could be compared 

to the MCSS calculations to try and find a relationship between them.   

 On a geomechanical standpoint of the future work to be done, I feel that a 

relationship between the amount of stress that a rock has undergone and the number of 

fractures generated by that stress should also be determined. 

 This is by far not the only research that needs to be completed in the Rulison area.  

I have just scratched the surface of possible work.  However, these few items would aid 

in understanding the structural complexity of the reservoir in Rulison. 
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APPENDIX B 
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APPENDIX C 

 

C.1 Nomenclature of the Depth Conversion Equations 

Depth Conversion Equations: 
 

( ){ }∑=
n

DTVelocityCumulative 000,000,1*/1                                         (4.1) 

n
VelocityCumulativeerageVelocityAv =                                         (4.2) 

7252.07431.6 −×= TimeDepth                                         (4.3) 

Where: 
n = the number of sample points to that depth (unitless) 
DT = the sonic log reading at that depth (microseconds / foot) 
CumulativeVelocity (feet / second) 
VelocityAverage = Vav (feet / second) 
Depth (feet) 
Time (milliseconds) 

 
 
 
 
C.2 Nomenclature of the Volume Shale Equation 
 

SandValueShaleValue
SandValueuntGammaRayCoVsh

−
−

=                                                  (4.4) 

Where:  GammaRayCount = the gamma ray count at depth (api) 
  SandValue = the minimum gamma ray count in the well (api) 
  ShaleValue = the maximum gamma ray count in the well (api) 
  Vsh = volume of shale at that depth (%) 
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C.3 Nomenclature of the Shale Gouge Ratio Equation 
  

( )∑ ×
∆

=
%100

,
t

zVshSGR
                                                                (4.5) 

Where:  SGR = Shale Gouge Ratio 
  Vsh = Volume of Shale in ∆z (%) 
  ∆z = thickness of bed (ft) 
  t = amount of throw that the bed has undergone (ft) 
 
 
 
 
C.4 Nomenclature of the Dilation Tendency Equation 
 

( )
( )31

1
σσ
σσ

−
−

=
nDT

                                                                   (5.1) 

Where:  DT = the Dilation Tendency 
  σ1 = the vertical stress or σ V (psi) 
  σn = the stress normal to the fault plane (psi)  
  σ3 = the maximum horizontal stress or σH (psi) 
 


