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ABSTRACT  

 Silo Field, located approximately 17 miles northeast of Cheyenne, Wyoming, is an 

important Niobrara oil field. The field produces from open, vertical, natural fractures that trend 

northwest-southeast across the field. Several proposed ideas for fracture genesis include: 

differential compaction or folding over basement highs, proximity to regional fault and fracture 

systems, pore fluid pressure increases due to hydrocarbon generation, and reactivation of pre-

existing faults. This study integrated previous work, 3-D seismic, and FMI log analysis in order 

to determine the nature of faulting and fracturing in Silo Field, the nature of the Permian salt 

edge, and how basement structure tied in with the observed features.  

 The main features observed in the seismic data were: a fault-bound syncline (possible 

wrench faults penetrating from the basement through the Niobrara) in the northwestern corner, 

a possible listric detached fault system in the Niobrara which may be a polygonal fault system in 

the south-central area, and a northwest-southeast trending Permian salt edge. The overall 

structure of Silo Field is a structural monocline. The fault-bound syncline feature is present at all 

of the mapped horizons (basement, Wolfcamp, Permian salt, Sundance, Dakota, Niobrara, 

Pierre event, and the shallow horizon). 

In this study, the basement structure appeared to have some control on all of the main 

features. The open fracture directions within the main field area were oriented parallel to the 

syncline faults. A lineament analysis showed that some of the listric faults corresponded to 

surface lineaments, indicating that the fault orientations might be influenced by basement faults. 

The location of the Permian salt edge appears to follow the syncline faults relatively closely, 

meaning that basement structure might be controlling the salt edge in Silo Field. Finally, the 

structural monocline present in the field is partially controlled by differential compaction over the 
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salt edge. However, based on the interpretations of possible basement faults that follow surface 

lineaments, the structural monocline could also have a component of basement control.   

 All of this information demonstrates that Silo Field is a field heavily controlled by the 

nature of the basement. By understanding the basement structure of the entire field, it is 

possible to determine the best way to develop the field in the future.   
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CHAPTER 1  

INTRODUCTION 

1.1  Purpose and Objectives 

The purpose of this study was to perform a structural and stratigraphic analysis of the 

Niobrara Formation in Silo Field, Laramie County, Wyoming. This study aims to determine the 

effect of basement tectonics on faulting and fracturing in the Niobrara as well as determining the 

nature of the Permian salt edge present within the field.  

1.2 Study Area 

Silo Field is located in the northern Denver Basin, in southeast Wyoming, approximately 

17 miles northeast of Cheyenne (Figure 1.1). The discovery well, the Amoco Champlin 300, was 

drilled in 1981 and completed in the Fort Hays Limestone. Horizontal development commenced 

in the 1990s (Sonnenberg, 2011a). The field itself is relatively small but it has produced 11.3 

million barrels of oil to date (WOGCC, 2014).  The Denver Basin is a Laramide age basin, 

located within parts of Wyoming, Colorado, Nebraska and Kansas. Several structural features 

provide the boundaries for the basin including: the Hartville Uplift to the northwest, the Front 

Range and Laramie Range to the west, the Chadron Arch to the northeast, and the Las Animas 

Arch to the southeast (Oldham, 1996). The location of the basin axis runs parallel to the Rocky 

Mountains and extends through Denver, CO and Cheyenne, WY, where the thickest 

sedimentary section can be up to 13,000 feet thick (Martin, 1965 and Malesardi, 2012). The 

western flank of the basin dips steeply to the east, while the eastern portion dips gently toward 

the west. Silo Field resides on the eastern flank of the basin and therefore consistently dips 

toward the west. Silo has no apparent structural closure and the dominant trap types are 

stratigraphic and related to fractures (Malesardi, 2012).  
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Figure 1.1 Map of the Denver Basin showing the structure on top of the Niobrara in the area. 
The contour interval is 1000 feet and labels are subsea depths. Major oil fields are located in 
green and gas fields in red. The structures that define the limits of the field are labeled around 
the edges. Silo Field is located in the southeastern corner of Wyoming, in the northern part of 
the basin (Sonnenberg, 2011b). 

 
1.3 Scope of Research  

The research for this thesis incorporates available data and previous work in order to 

determine structural and stratigraphic controls for various stratigraphic intervals within Silo Field. 

The data utilized for this field include: 3-D seismic, well logs, and cores. 
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1.4 Data Sources and Research Methods 

The data for this thesis come from public sources or are provided by the Niobrara 

Research Consortium of the Colorado School of Mines. The main research for this study 

focuses on a 3-D seismic survey, donated by Global Geophysical Services. FMI logs for the 

Patriot 1-19H and Sego Lily 14-5 wells and the Patriot 1-19H (sec. 19, T14N, R64W) core are 

donations from SM Energy. The FMI data for the Silo State 41-22H well is from Rex Energy, 

courtesy of Kaiser Francis, the new owner. The Champlin 45-1 Lee (NENE sec. 5, T15N, 

R64W) and the Combs 1 (NENE sec. 35, T16N, R65W) cores are available at the USGS. 

1.4.1 Seismic Data Evaluation Methods 

The provided 3-D seismic survey encompasses an area of 30 square miles. It is located 

in the heart of Silo Field, within townships T15N and T16N and ranges R64W and R65W (Figure 

1.2). Eight horizons were interpreted for the analysis including: top Precambrian basement, top 

Wolfcamp Formation (base salt), top Permian salt, top Sundance Formation, top Dakota 

Sandstone, top Niobrara Formation, a major reflector in the Pierre Shale called the “Pierre 

event,” and an arbitrary horizon called the “shallow horizon.” A comparison of isochron maps, 

seismic attribute extractions (similarity, most positive curvature, and most negative curvature), 

and fault surface mapping comprised the analysis for the various horizons in the survey. The 

seismic analyses were completed in IHS Kingdom. 

1.4.2 Well Log Evaluation Methods 

Using IHS Petra, the FMI logs provided by SM Energy and Rex Energy were analyzed. 

The main well log analysis was performed by Malesardi (2012) in her thesis on the petroleum 

geology of Silo Field; therefore, the FMI logs will be the focus for the well log interpretation in 

this study. These logs come from wells just south of the survey area in T14N-R64W and T15N-

R64W. The FMI logs are used to help ascertain the nature of the naturally occurring and drilling 

induced fractures in the area.  
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Figure 1.2 Top Niobrara structure map for Silo Field. The contour interval is 100 feet and the 
labels are subsea depth. Major faults are also displayed. The red box illustrates the location of 
the 3-D seismic survey in the heart of the field (modified from Malesardi, 2012).  

 
1.4.3 Core Evaluation Methods 

There are three Silo cores (Combs 1, Champlin 45-1 Lee, and Golden Buckeye Chaplin 

9-1) that have been previously described by Malesardi (2012). For this study, the core 

descriptions have been reevaluated and updated. The Patriot 1-19H is a new core, located 

south of Silo Field that has been described to compare the characteristics of the Niobrara within 

the field to the characteristics outside of the main field area.  

1.5 Geologic Overview 

The Denver Basin formed during the Laramide Orogeny from the Late Cretaceous to the 

Eocene. The axis of the basin is parallel to the Rocky Mountains and the thickest sediments are 

approximately 13,000 feet (Martin, 2965, Oldham, 1996, and Malesardi 2012).  

1.5.1 Stratigraphy 

The sediments of the Denver Basin consist of sandstones, shales, and carbonates 

resulting from a series of transgressions and regressions. During the Late Cretaceous, a major 
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transgression joined the northern and southern seaways (Figure 1.3), creating the Western 

Interior Cretaceous Seaway (WICS) (Martin, 1965). At this time, carbonate deposition became 

favorable and the deposition of the Niobrara occurred (Pollastro, 1992). Figure 1.4 shows the 

thickness of the Niobrara in the WICS, which ranges from as little as 100 feet in South Dakota to 

as much as 1800 feet in Wyoming (Longman et al., 1998). In Silo Field, the thickness is 

approximately 300 feet (Figure 1.5) and lies between 7100 and 8800 feet depth (Longman et al., 

1998, Luneau et al., 2011, Sonnenberg, 2011a, and Treadgold et al., 2012). 

 
Figure 1.3 Paleogeographic reconstruction of North America during the Late Cretaceous (85 
million years ago) during Niobrara deposition. The red box shows the approximate location of 
the Denver Basin (modified from Blakey, 2013). 
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Figure 1.4 Isopach map of the Niobrara Formation in the Denver Basin. The contour interval is 
300 feet. The thickness reaches up to 1800 feet in the central part of Wyoming and is as little as 
100 feet in the central part of South Dakota. The thickness generally increases toward the west 
(from Longman et al., 1998).  
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Figure 1.5 Isopach map of the Niobrara Formation in Silo Field. The contour interval is 5 feet. 
The thickness increases toward the north and decreases toward the south. Faults in the area 
create some anomalous thicknesses (from Malesardi, 2012).  

 
The deposition of the Niobrara Formation occurred from the Late Turonian to Early 

Campanian (Drake and Hawkins, 2012 and USGS, 2013). Figure 1.6 demonstrates the 

stratigraphic relationships between the Niobrara and the adjacent formations across the Denver 

Basin. The overlying Pierre Shale shares a conformable contact with the Niobrara and the 

underlying Codell Sandstone Member of the Carlile Shale appears to have a mostly 

conformable contact as well (Pollastro and Martinez, 1985 and Longman et al., 1998).  Within 

the Denver Basin, the Niobrara is divided into the upper Smoky Hill Member and the lower Fort 

Hays Limestone (Sonnenberg and Weimer, 1992).  

The Fort Hays Limestone is the basal carbonate of the Niobrara Formation and it has the 

highest chalk content of any Niobrara member. Thickness ranges from 10 to 120 feet. There is a 

minor amount of siliciclastic material due to biologic reworking and mixing with the underlying 
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Codell Sandstone of the Carlile Shale. There is also a distinct lack of chalk fecal pellets that are 

abundant in the Smoky Hill Member (Longman et al., 1998).   

 

 

Figure 1.6 Generalized cross-section across the Denver Basin. The relationships of the 
stratigraphic units are illustrated. The Niobrara is represented by the blue limestone bed in the 
middle of the diagram. Current sea level is marked by the red line. Also shown on this diagram 
is the approximate depth of the onset of thermogenic oil generation (dashed black line) as well 
as the location of biogenic gas accumulations (modified from Sonnenberg, 2011a). 

 
 
The Smoky Hill Member comprises the upper part of the Niobrara Formation and it is 

generally separated into three chalk units alternating with three marl units. The units are labeled 

the “A, B, and C” chalks and marls with the “A” units representing the highest stratigraphic 

intervals. In Silo Field, the B chalk bench is further subdivided into the B1 and B2 chalk benches 

due to the presence of an additional marl interval called the B1 marl (Longman et al., 1998 and 

Malesardi, 2012). Figure 1.7 shows the type log for the Niobrara in Silo Field. Within the Denver 

Basin, the Niobrara Formation has high carbonate content. The amount of siliciclastic material 

increases outside of the basin (Longman et al., 1998). 
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Figure 1.7 Lee 41-5 type log for the Niobrara Formation in Silo Field. The gamma ray log is 
displayed in track one and the resistivity log is in track two. The presence of the B1 marl splits 
the B chalk into two separate units (from Malesardi, 2012).  
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1.5.2 Niobrara Petroleum Geology 

The Niobrara is a self-sourced resource play. It is tight and has porosities ranging from 

8-10% and low permeabilities between <0.01 and 20 milidarcies (Vincelette and Foster, 1992, 

Luneau, 2011, Sonnenberg, 2011a, Sonnenberg, 2011b, Malesardi, 2012, and Treadgold et al., 

2012). The chalk beds are the main reservoirs, sourced by adjacent marls (Sonnenberg and 

Weimer, 1992 and Landon et al., 2001). The chalks also have some source rock potential. The 

Fort Hays Limestone is the most carbonate-rich member of the Niobrara and has TOC values 

around 0.5 weight %. The marls average around 4 weight %. The kerogen type is dominantly 

type II and Figure 1.8 shows a van Krevelen diagram for the Niobrara in Silo Field (Sonnenberg, 

2011a).  

 
Figure 1.8 A van Krevelen diagram for the kerogen type in Silo Field. The samples from the Lee 
41-5 well show that type II is the dominant kerogen type (from Sonnenberg, 2011a). 
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The thermal maturity varies across the Denver Basin and a Tmax value of 432°C is 

typically a good indicator for the onset of oil generation (Landon et al., 2001). A contour map of 

the thermal maturity in the Denver Basin is shown in Figure 1.9. The geothermal gradient 

changes throughout the basin and overall, the Niobrara is believed to have entered the oil 

generation window around 60 million years ago. Generation slowed down during the 

depositional hiatus that occurred during the Eocene and Oligocene (Landon et al., 2001). 

Shallow gas production occurs in the Denver Basin where there is biogenic gas at 1000-3200 

feet depth (Pollastro and Scholle, 1986). 

 
Figure 1.9 Tmax map for the Denver Basin. The contour interval is 10°C. The higher values occur 
in the deeper parts of the basin. The trend in the northeast is related to high heat flow in the 
Hartville uplift area (from Landon et al., 2001). 

 
Faults and fractures are important features in Silo Field as they control the production 

(Sonnenberg, 2011a). The low porosities and permeabilities of the Niobrara are enhanced by 

the presence of faults and fractures (Treadgold et al., 2012). The origin of these features is not 
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well-understood and several ideas for fracture genesis have been proposed. The main ideas 

include: folding, basement faulting, Permian evaporite dissolution, hydrocarbon maturation, 

regional stress fields, or any combination of these processes (Sonnenberg and Weimer, 1993, 

Svoboda, 1995, Lorenz and Cooper, 2011, and Malesardi, 2012). Movement along major 

basement wrench faults (Figure 1.10) in Silo Field could be another explanation for fault genesis 

(Sonnenberg, 2011a). Horizontal compression during extension is believed to be the cause of 

vertical stylolites and vertical fractures observed at Silo Field. The main fracture orientation is 

parallel to the wrench faults (northwest-southeast) therefore, the main horizontal drilling 

direction is northeast-southwest in order to intersect as many vertical fractures as possible 

(Sonnenberg and Weimer, 1993).  

1.5.3 Permian Salt  

The Permian strata in the Denver Basin have several salt-bearing units. The timing of 

salt movement has some control over the anomalous structural trends observed in the 

Cretaceous age sediments (Oldham, 1996). The three main Cretaceous reservoirs that are 

affected by salt dissolution are the D sand, the J sand, and the Niobrara. A cross-section across 

the southern part of the Nebraska panhandle illustrates how the timing of Permian salt 

dissolution controls the trapping mechanism in the Cretaceous reservoirs (Figure 1.11). 

In the west, the salt dissolution occurred during the Late Jurassic through Early 

Cretaceous, prior to the deposition of the reservoir sediments. This means that the dominant 

trap type is stratigraphic. Where the salt was dissolved, the sedimentary section was deposited 

in thicker sections and pinched out where the salt was still present. Conversely, the trap type is 

structural to the east since salt dissolution took place after reservoir deposition.  The dissolution 

of the salt caused collapse within the overlying strata, creating the observed trapping style 

(Oldham, 1996). Based on the location of Silo Field compared to this model, stratigraphic traps 

are expected. 
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Figure 1.10 Map of the major wrench fault zones in the Denver Basin including Silo Field in the 
north. Many of the wrench fault zones in the Denver Basin are oriented northeast-southwest but 
the faults in Silo Field are oriented northwest-southeast (from Siguaw and Estes-Jackson 2011). 
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Figure 1.11 Cross-section across the southern Nebraska panhandle. The diagram shows the 
relationship between Permian salt dissolution and the nature of the hydrocarbon traps in the 
Cretaceous reservoir rocks. In the west, the salt dissolution is believed to have occurred in the 
Jurassic and stratigraphic traps dominate. Structural traps are abundant in the east where 
dissolution likely occurred during the Cretaceous (from Oldham, 1996). 
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1.6 Previous Work 

Several authors have published their work on various aspects of Silo Field including: 

Svoboda (1995), Malesardi (2012), and Treadgold et al. (2012). 

1.6.1 Joseph Svoboda (1995) 

This publication focuses on the interpretations from a 2-D seismic survey in order to 

determine the role of salt dissolution on fracturing in the Niobrara. The interpreted horizons are 

similar to the horizons used in this study. The work shows that a thickened Dakota-Sundance 

interval compensates for the absence of the Permian salt in the southwestern part of the survey. 

An isochron of the same interval also highlights the irregular nature of the salt edge at Silo Field. 

Using the data and analogies, Svoboda (1995) concluded that the salt edge was not the cause 

for fracturing in the Niobrara. He also observed a significant left-lateral wrench fault system in 

the northwestern part of the field that could be mapped for three and a half miles. As a result of 

the lack of salt control on fracture genesis, Svoboda (1995) proposed analyzing basement 

structure in order to determine its effect on Niobrara fractures.  

1.6.2 Teresa Malesardi (2012) 

Core descriptions and raster logs were used to analyze the petroleum geology and 

fractures of Silo Field. The main units in the field consisted of alternating organic-rich marls and 

clean chalk beds. Fractures in the area are dominantly vertical and store generated 

hydrocarbons in the field. Intersecting these fractures with vertical wells generally increases 

production but the production is still irregular. Significant amounts of water are produced, 

possibly due to a thickened Dakota section and deep-rooted faults. Some of her proposed ideas 

for fracture generation are: differential compaction or folding over basement highs, proximity to 

regional fault and fracture systems, pore fluid pressure increases due to hydrocarbon 

generation, and reactivation of pre-existing faults. 
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1.6.3 Galen Treadgold et al. (2012) 

Seismically derived rock attributes, well and production data, and regional structure data 

were used in order to understand fractures in an area of approximately 800 square miles around 

Silo Field. Results showed several causes for fracturing in the area. Reactivation of an 

underlying Archean-Proterozoic fold and thrust belt has some control over faulting in the 

Niobrara Formation. Movement on these basement faults after the Permian caused salt 

deformation. Some faults in Silo Field show a direct relation to basement structure, such as the 

wrench fault system, while others have no apparent correlation. 
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CHAPTER 2  

3-D SEISMIC 

2.1 Introduction 

The main body of work for this study involved interpreting a 3-D seismic survey covering 

the Silo Field area, provided by Global Geophysical Services. The line and trace spacing are 

110 feet with a bin size of 110 feet by 110 feet. 2 millisecond spacing was used.  There are 

several features of interest within the 30 square mile area including: a possible northwest-

southeast trending basement wrench fault system, a possible polygonal fault system in the 

south-central area of the survey, and the Permian salt edge that appears to parallel the trend of 

the wrench fault(s). 

2.2 Horizons 

Eight horizons have been interpreted across the study area to analyze the various 

formations of interest in Silo Field. The lowest stratigraphic horizon is the top basement, 

followed by the top Wolfcamp (base salt), top Permian salt, top Sundance Formation, top 

Dakota Sandstone, top Niobrara Formation, a major reflector in the Pierre Shale, and a horizon 

called the “shallow horizon” (Figure 2.1). 

2.2.1 Seismic Well Tie 

A synthetic well tie was generated in order to determine the locations of the formations 

of interest in the seismic survey. The Amoco Champlin 300 (sec. 5, T15N-R64W) was the well 

with the deepest acoustic log. The acoustic log was digitized in IHS Petra and then imported 

into the Kingdom project. A time-depth chart was also created in order to tie the log depths to 

the time-depths in the seismic. Formation tops previously correlated by Malesardi (2012) were 

then entered into the well and completed the well tie. Figures 2.2 and 2.3 show the synthetic 
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well tie and how it compares with the seismic and log data. The peaks occur where the acoustic 

impedance of the underlying horizon is higher than the acoustic impedance for the upper 

horizon. For troughs, the opposite is true and the underlying horizon has lower acoustic 

impedance. 

 
Figure 2.1 Cross-line 1766 displaying the eight horizons used for interpretation in Silo Field. 
Blue reflectors represent peaks while red reflectors represent troughs. 
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Figure 2.2 Amoco Champlin 300 seismic well tie, comparing the generated synthetic (bottom) 
and the actual seismic (top). 
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Figure 2.3 Comparison of the Amoco Champlin 300 log (left) to the generated synthetic seismic 
(right). On the log, the gamma ray curve is in the first track, the deep laterolog curve is in the 
second track, and the acoustic log is in the third track. The tops from the Niobrara A Chalk 
through the Dakota Sandstone are correlated between the log and the seismic in order to relate 
the log character to the synthetic seismic. 

 
2.2.2 Basement 

The first seismic time-structure horizon interpreted was the top of the Precambrian 

basement. The interpretation of this horizon helped determine the effect of basement structure 

on structural features in the Niobrara and the location of the Permian salt edge. This horizon is 

interpreted on a trough and it is characterized by relatively flat-lying sedimentary reflectors 

above and discontinuous, noisy basement reflectors below. The top of the basement lies 

between 2.306 and 2.397ms time-depth. There is a structural feature at the basement level that 

appears similar to an anticline and is generally dipping to the west-northwest (Figure 2.4). 
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Figure 2.5 shows an arbitrary seismic line across this anticline feature. The basement is faulted 

and down warped in the northwest part of the mapped area. In this study, this feature is referred 

to as a “fault-bound syncline” and could possibly be a pair of wrench faults with an associated 

negative flower structure. The syncline faults extend from the basement through the Niobrara. 

The nature of this feature will be addressed later in this chapter.  

 
Figure 2.4 Basement time-structure. The contour interval is 0.01ms. Warm colors indicate 
shallower depths. The fault-bound syncline is the prominent blue structure in the northwest 
corner of the survey. The structural trend of the basement seems to parallel the fault-bound 
syncline at this level. The structure of the basement is different from the horizons above the 
Wolfcamp. An anticline-like structure is present and the general dip of the horizon is west-
northwest.  
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Figure 2.5 Arbitrary seismic line across the basement anticline feature. The seismic line is 
oriented southwest-northeast. The anticline is visible at the basement level in the center of the 
seismic line.  
 
2.2.3 Wolfcamp 

The fault-bound syncline is present in the time-structure in the northwest but there is no 

major structural edge like the one found in the Permian salt through shallow horizon horizons 
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(Figure 2.6). The Wolfcamp is interpreted on a peak and it represents the base of the salt in the 

field. Time-depths for the Wolfcamp horizon range from 2.160 to 2.257ms. An anticlinal feature, 

similar to the one seen in the basement, is present in the Wolfcamp structure. The dip is in the 

same direction as well. There seems to be some slight influence from the synclinal feature on 

Wolfcamp structural trends but the effect on the basement (possible basement faults) is much 

more pronounced than in the Wolfcamp.  

 
Figure 2.6 Wolfcamp time-structure map. The contour interval is 0.01ms. The syncline and 
syncline faults are displayed. The structural trend changes between the Wolfcamp and the 
upper horizons. An anticlinal feature similar to the one at the basement level is present and the 
dip is similar as well. The effect of the fault-bound syncline is not as strong in the Wolfcamp 
although there might be some slight influence as indicated on the map.   
 
2.2.4 Permian Salt 

The Permian salt time-structure is the next horizon above the Wolfcamp and it was used 

for analyzing Permian salt dissolution in Silo Field. The edge of the salt is illustrated by the 
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same northwest-southeast structural trend seen in the upper horizons (Figure 2.7). Since this 

trend follows the trend of the fault-bound syncline, this could suggest basement control on the 

location of the salt edge. The contours show irregularities in the salt edge such as a residual salt 

ridge and a distinct sinkhole feature. A peak represents the top of the salt which lies from 2.111 

to 2.202ms time-depth. It is generally dipping in a southwesterly direction, unlike the basement 

and Wolfcamp horizons below. 

Figure 2.7 Permian salt time-structure map. The contour interval is 0.01ms. The structural edge 
is highly irregular at this level, caused by the irregular nature of the salt edge. Notable features 
are the salt remnant in the central area and the sinkhole slightly to the southeast of the remnant. 
The Permian salt has a dip that is dominantly southwest where the basement and Wolfcamp 
horizons dip to the west-northwest. 
 
2.2.5 Sundance 

The Sundance horizon serves as the base of the Late Jurassic-Early Cretaceous section 

that is thickened due to salt dissolution in Silo Field. The horizon is picked on a peak and the 
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depth is between 2.007 and 2.105ms. Structural trends are the same as those in the Permian 

salt and the dip is still oriented to the southwest (Figure 2.8).  There is a small structural ridge in 

the central part of the map that is related to structure of the underlying Permian salt as well as a 

slight sinkhole feature. 

 
Figure 2.8 Sundance time-structure map. The contour interval is 0.01ms. The fault-bound 
syncline and the related structural edge are still prominent. The dominant dip direction is still to 
the southwest. The structural ridge in the central part of the survey is caused by a salt remnant 
in the underlying Permian salt.  
 
2.2.6 Dakota 

The Dakota interval was the next horizon interpreted after the Sundance. The Dakota-

Sundance section was used in order to help interpret the Permian salt edge present in Silo 

Field. The isochrons for the Dakota-Sundance interval and the Permian salt-Wolfcamp interval 
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are discussed in the Permian salt section in this chapter.  Represented by a trough, the Dakota 

horizon is located between 1.989 and 2.096ms time-depth (Figure 2.9). The structural trend 

follows along strike of the fault-bound syncline which is clearly present on the time-structure 

map. The dip is to the southwest and the contours in the south-central area show a similarity to 

those discussed in the Niobrara section. 

Figure 2.9 Dakota time-structure map. The contour interval is 0.01ms. The Dakota structure is 
similar to the structure seen in the Sundance and Permian salt. There is still a slight expression 
of the structural ridge caused by the salt remnant in the Permian salt. The dip is still to the 
southwest but the dip of the structural edge is beginning to shallow out. The edge in the 
Permian salt is dipping steeper than the edge in the Sundance. And the Sundance edge is 
steeper than the Dakota. 
 
2.2.7  Niobrara 

The Niobrara is the main formation of interest in this study. The horizon is interpreted on 

a peak and the basal Fort Hays Limestone occurs on a zero-crossing from peak-to-trough. The 
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synthetic well tie (Figure 2.2) shows the locations of the tops for the other chalks and marls 

within the Niobrara. Time-depth for the Niobrara ranges between 1.789 and 1.918ms (Figure 

2.10). Similar to the maps for the previous horizons, the dominant structural trend dips to the 

southwest. The syncline, formed from possible deeper wrench faults, is prominent and its 

complexity makes it difficult to map the Niobrara top and the underlying horizons, leaving blank 

spaces in the time-structure maps. Another point of interest is the orientation of the contours in 

the south-central part of the survey. These features may be related to the possible polygonal 

fault system present at the Niobrara level. 

Figure 2.10 Niobrara time-structure map. The contour interval is 0.01ms. The fault-bound 
syncline is clear in the northwest corner. The structural edge is clear as well although the dip of 
the edge is even shallower than the dip of the Dakota edge. The overall dip of the horizon is to 
the southwest. In the south-central part of the survey area, the contours show an irregular 
orientation caused by a possible polygonal fault system at the Niobrara level.  
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2.2.8 Pierre Event 

A major reflector in the Pierre Shale occurs slightly above the Niobrara in the seismic 

data in Silo Field. This horizon is interpreted on a trough and similar to the “shallow horizon,” it 

was used mostly to aid in the structural interpretation. The time-structure map shows a 

structural trend that is oriented northwest-southeast, similar to the syncline trend (Figure 2.11). 

At this point, the structural edge has a significantly shallower dip than any of the underlying 

horizons. The dip is toward the southwest and the syncline is prominent in the northwest. The 

time-depths for the Pierre event range from 1.566-1.675ms. 

Figure 2.11 Pierre event time-structure map. The contour interval is 0.01ms. The syncline is 
clear in the northwest. The structural edge is still paralleling the syncline but the dip is much 
shallower. The overall dip is to the southwest.  
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2.2.9 Shallow Horizon 

The “shallow horizon” is an arbitrary horizon, picked on a peak, and used to aid in the 

structural interpretation of Silo Field. The time-depth for this horizon ranges from 0.837 to 

0.900ms (Figure 2.12). The structure shows a large synclinal trend that is parallel to the strike of 

the syncline faults present in the deeper parts of the survey. This feature is a wide zone of 

deformation that is caused by a possible negative flower structure located deeper in the 

stratigraphic section. The general dip of this horizon appears to be toward the southwest. 

Figure 2.12 Shallow horizon time-structure map. The contour interval is 0.01ms. The synclinal 
feature extending from the northwest to central parts of the survey is a wide zone of deformation 
related to the possible negative flower structure located deeper in the section. The structural 
edge is still slightly visible. 
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2.3 Seismic Attributes 

The structural interpretation using seismic attributes began with reviewing the amplitude 

maps. The basic amplitude maps highlighted some of the major features including: the fault-

bound syncline in the northwestern part of the survey and some of the faults at the Niobrara 

level (Figure 2.13). The Niobrara amplitude map displays the fault-bound syncline as well as 

some faults in the south-central area and the northeastern corner of the map. These faults are 

not high enough resolution to make accurate interpretations. The Dakota horizon does not 

display any faults but there is a weak trend that follows the trend of the syncline faults. At the 

Sundance level, there is a slight trend that follows the syncline faults but it is not prominent. The 

Permian salt amplitude map demonstrates a strong trend that is parallel to the fault-bound 

syncline. This trend is not as strong at the Wolfcamp level but it is still present. There are no 

major trends visible at the basement level. Detailed amplitude maps are in Appendix A. Due to 

the low resolution of the basic amplitude maps, three additional attribute extractions were 

performed including: similarity, most negative curvature, and most positive curvature. These 

attributes were used to aid in the structural interpretation of the horizons of interest in Silo Field.  

2.3.1 Similarity 

The similarity attribute feature works by taking a certain amount of traces, set by the 

user, and then examining how similar the amplitudes are around a trace. This is used to 

determine the lateral continuity of a feature (IHS Kingdom, 2013). In the case of Silo Field, 

discontinuous amplitudes within a reflector are displayed as linear features on the similarity map 

and these features facilitate fault interpretation. The similarity maps for the Niobrara through the 

basement horizons are displayed in Figure 2.14. The similarity maps are displayed in greater 

detail in Appendix B. Out of the three attributes used, the similarity has the lowest resolution for 

faults, particularly at the Niobrara level. The syncline faults in the northwestern corner of the 

survey are highlighted at all levels within the survey. 
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Figure 2.13 Amplitude maps of the Niobrara through basement horizons. All of the maps except 
for the basement show some sort of feature that parallels the fault-bound syncline. The syncline 
bounding faults are visible at all levels. On the Niobrara map, some faults are visible in the 
south-central area but the resolution is not high enough to clearly interpret the faults. Detailed 
amplitude maps are in Appendix A. 
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Figure 2.14 Similarity maps of the Niobrara through basement horizons. The syncline faults are 
displayed at all levels. The Dakota through Wolfcamp horizons show a trend following the 
syncline faults and the Sundance and Permian salt horizons appear to be relatively noisy. There 
are faults displayed at the Niobrara level but the resolution is not high enough for accurate 
interpretation. The basement horizon does not show any clear features. Detailed similarity maps 
are in Appendix B. 
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There are some Niobrara faults in the south-central part of the survey that are well-

displayed as well as a few faults in the northeastern corner. The similarity attribute indicates that 

there are more features in this south-central area of the survey but the resolution is not high 

enough to interpret specific faults. The Dakota horizon does not show any major feature other 

than the syncline faults and a trend following them. It appears that there is a high amount of 

discontinuity in the Dakota reflector in the southwestern part of the survey. At the Sundance 

level, there are no major faults other than the faults bounding the syncline, but the similarity 

displays some sort of trend that parallels the syncline. A similar trend is seen in the Permian salt 

but there appears to be more discontinuity at this level. The Wolfcamp horizon shows a trend 

parallel to the syncline faults as well but at the basement level, this trend is almost gone. The 

data becomes very noisy at the basement horizon and makes it difficult to determine any distinct 

features besides the syncline faults. 

2.3.2 Most Negative Curvature 

Curvature is a seismic attribute that measures how bent a curve is at a particular point 

on the curve (Roberts, 2001). There are various curvature functions that can be used to 

highlight features in a seismic volume that are not easily seen otherwise. The most negative 

curvature uses an edge-type display to highlight faults and lineaments in a reflector. Figure 2.15 

shows the most negative curvature maps for the Niobrara through basement horizons. The 

detailed most negative curvature maps can be found in Appendix C. 

When looking at the most negative curvature maps, if the faults are paired and form a 

graben, the graben is what is displayed as a dark, linear feature on the map. Therefore, the 

interpreted faults are on either side of the graben. When the faults are not paired, such as some 

of the faults in the northeast corner, the dark features represent the downthrown block. At the 

Niobrara level, there are distinct features illustrated on the most negative curvature map. The 

syncline faults in the northwestern part of the survey are well-represented. There is also a 
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system of listric faults in the south-central part of the survey. In the northeastern corner of the 

map, there are some parallel, west northwest-east southeast oriented listric faults.  The Dakota 

level illustrates the syncline faults and possibly some faults in the south-central area. At the 

Sundance interval, there do not appear to be any features in the south-central part of the survey 

but the syncline faults are visible and seem to be extending further to the southeast. The data 

becomes noisy at the Permian salt level. While the trend of the syncline faults is highly visible 

across the whole survey area, not much else stands out in the most negative curvature map. 

The Wolfcamp horizon is similar to the Permian salt. The data is not quite as noisy but there are 

no strong trends other than the syncline faults. The basement is the final horizon and the data 

becomes so noisy that the only the faults in the northwestern part of the survey are illustrated. 

2.3.3 Most Positive Curvature 

The most positive curvature works in the same way as the most negative curvature in 

how it highlights the features in a seismic volume. In the most negative curvature maps, the 

grabens between paired faults were displayed. For the most positive curvature, the features 

illustrated are the faults on either side of a graben. Both the most negative and most positive 

curvature were used together in order to compare the attributes and make sure that all of the 

faults were interpreted. Same as the similarity and the most negative curvature, the most 

positive curvature maps for the Niobrara through basement horizons were the focus (Figure 

2.16). Appendix D shows the most positive curvature maps in greater detail.  

Both the Niobrara and Dakota maps for the most positive curvature are similar to the 

most negative curvature maps. They both display the syncline faults well and the listric faults 

are clear at the Niobrara level and a little less obvious at the Dakota level. The Sundance 

interval is much noisier than the most negative curvature map but it still shows the syncline fault 

trend across the survey area. The Permian salt is still noisy in the most positive curvature and 

the only major feature that is visible is the trend that follows the syncline faults. At the Wolfcamp  
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Figure 2.15 Most negative curvature maps for the Niobrara through basement horizons. As in 
previous maps, the fault-bound syncline (FBS) is present at all levels. The Dakota through 
Wolfcamp horizons all show strong trends paralleling the syncline faults. The Permian salt and 
Wolfcamp horizons are noisy. Faults at the Niobrara level are clear with the most negative 
curvature feature displaying the grabens found in between the paired faults. The basement does 
not show any major features. Detailed most negative curvature maps are in Appendix C. 
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Figure 2.16 Most positive curvature maps for the Niobrara through basement horizons. The 
syncline faults are clear in all the maps. The trend following the faults is present in the Dakota 
through Wolfcamp maps but the trend is almost gone at the Wolfcamp level. The Permian salt is 
still noisy. Niobrara faults are well-represented in the most positive curvature. There are still no 
clear trends at the basement level. Detailed most positive curvature maps are in Appendix D. 
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level, the syncline fault trend is still visible but it is not as prominent as in the most negative 

curvature. The basement horizon is similar to the most negative curvature. The data is noisy 

and the only visible features are the syncline faults. 

2.4 Listric and Polygonal Faults 

Listric faults in the Denver Basin were described by Davis (1985). The faults are normal 

faults and occur in the Pierre and Niobrara Formations. The fault planes are curved and 

concave upwards.  

Polygonal faults are features that occur in extensional regimes in deep water 

environments. They are characterized by their mostly random orientation and range in length 

from 500 to 1000 meters with throws from 10 to 100 meters (Cartwright, 1996). Polygonal faults 

are layer-bound and occur in fine-grained rock but the genesis for polygonal fault systems is not 

well-understood. Underwood (2013) performed a study on polygonal fault systems in the 

Niobrara and Pierre Shale in the Denver Basin and adopted a compaction-driven water 

expulsion model to explain polygonal fault genesis. The water expulsion takes place after 

deposition but still during early burial (Underwood, 2013). In the Denver Basin, the faults dip 

between 30 and 80 degrees and they have throws from 30 to 70 feet (Sonnenberg and 

Underwood, 2012). 

Based on the seismic attributes extracted for this study, there appears to be a potential 

polygonal fault system in the south-central part of the survey area (Figure 2.17). The south-

central area has numerous listric faults that cut the lower Pierre and Niobrara formations. Many 

of these faults are paired, forming small grabens and horsts. The orientations of these faults are 

not completely random, demonstrating a mostly north-south trend, which could possibly imply 

some basement control. In cross-line view, the faults appear to be layer-bound and restricted to 

the Niobrara interval (Figure 2.18). The dips and the throws of the faults in Silo Field are similar 
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Figure 2.17 Niobrara most negative curvature map. Faults interpreted in IHS Kingdom are also 
displayed on the map. The syncline faults are in the northwest corner, a set of normal faults is 
located in the northeast corner, and a possible polygonal fault system is in the south-central 
area of the survey. Most of the polygonal faults appear to be trending north-south while some 
are oriented northeast-southwest and others northwest-southeast. 
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Figure 2.18 Cross-line 1722 displaying possible polygonal faults in the Niobrara. The faults are 
layer-bound to the Niobrara interval. The faults tend to be paired, creating small grabens and 
horsts, as seen in the four faults in the middle of the line.  
 
to those found in Underwood (2013). 

As seen in the most negative and most positive curvature maps for the Dakota level, 

there appears to be some possible faulting in the same area as the Niobrara polygonal fault 

system. After examination, it is likely that these features are caused by fault shadows from the 
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Niobrara level. The distorted zone caused by fault shadow seems to fan out as it gets deeper, 

suggesting that these Dakota features are not real (Figure 2.19).  

A lineament analysis previously performed by Merin and Moore (1986) was used in 

order to determine if there was any effect of basement structure on polygonal fault orientation in 

Silo Field. The study (Merin and Moore, 1986) used Landsat imagery to map surface structures 

in the northern Denver Basin. Surface lineaments tend to parallel known faults and tectonic 

zones; therefore, they make good markers for identifying fracture zones. The data gathered 

showed that there are two dominant lineament directions that trend northeast and northwest. 

Merin and Moore (1986) then suggested five different reactivated features that may have 

caused these lineaments including: the Colorado lineament (northeast-trending Precambrian 

wrench fault system), a Permian isopach anomaly trending northeast along the southern part of 

the Hartville uplift, the northeast trending, high-angle normal faults of the Whalen fault system, 

basement faults that influenced Cretaceous sedimentation in a northeast direction, and finally, a 

west-northwest wrench fault zone following the North Platte River that shows left-lateral slip 

during the Laramide orogeny. 

Figure 2.20 shows the lineaments within Silo Field and compares them to the interpreted 

faults on the Niobrara most negative curvature map. Some of the faults appear to show a similar 

trend to the lineaments seen, suggesting that basement structure may have some control on the 

fault orientation. For example, faults “A” and “B” have been marked in Figure 2.20 on the 

curvature map and possible corresponding lineaments are also marked “A” and “B” on the 

lineament map. The non-polygonal normal faults in the northeast corner of the curvature map 

also seem to parallel some of the lineaments. Two major northwest-southeast trending features 

on the lineament map appear to correlate to the syncline faults on the curvature map and will be 

addressed in the following section.  
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Figure 2.19 Cross-line 1699 displaying Niobrara polygonal faults. Faults at the Dakota level, 
underlying Niobrara faults, are likely not real and caused by fault shadow. The light grey 
shading shows the shadow zone fanning out with depth.  
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Figure 2.20 Merin and Moore lineament analysis of Silo Field (top) compared to the interpreted 
faults on the most negative curvature map (bottom) (modified from Merin and Moore 1986). 
Faults A and B labeled on both maps show that there could be some basement control on the 
orientation of the polygonal faults, making the faults seem less random than expected. The 
syncline faults are also labeled on the lineament map. 
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The polygonal fault system in Silo Field appears to be similar to the system studied by 

Underwood (2013) in Colorado. While the faults do not show a completely random orientation in 

Silo field, this could possibly be explained by a lineament analysis in the area. Some of the 

faults appear to follow surface lineaments, which could suggest an additional basement control 

on the orientations of the polygonal faults.  This could have implications for other Niobrara fields 

where layer-bound faults are observed but do not appear to be randomly oriented. 

2.5 Fault-Bound Syncline (Possible Wrench Faults) 

The most prominent features in all of the maps for Silo Field are the northwest-southeast 

trending faults in the northwest corner of the survey area. They are close to vertical and 

penetrate from the basement up into the lower part of the Pierre Shale (Figure 2.21). Due to the 

highly deformed and complex reflectors between the faults, it is possible that there are some 

splays that come off of the main faults. Several authors have interpreted these features as 

wrench faults (Sonnenberg and Weimer, 1992 and Svoboda, 1995). As seen in previous maps, 

these faults seem to have some sort of effect on the trends seen in the Dakota to the Wolfcamp 

horizons. It is also possible that these faults are responsible for the high water production from 

the Niobrara in Silo Field. Malesardi (2012) suggests that these large basement faults carry 

water from a thickened Dakota Sandstone into the Niobrara.  

In the Rocky Mountain region, there are many recognizable wrench features. The 

orientations are dominantly west northwest with left-lateral movement and northeast with right-

lateral movement. Wrench faults form in compressive environments where the maximum and 

minimum stresses lie in the horizontal plane. Due to the nature of the stress regime required to 

create wrench faults, they can only form in the subsurface, below the point where the minimum 

stress is oriented vertically (Stone, 1969). The existence of vertical stylolites in the Niobrara 

Formation demonstrates that this stress regime was present. Stone (1969) created a list of 12 

different criteria for identifying wrench faults. The faults in Silo Field fit several of the criteria 
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such as: a near vertical fault dip, displacement involving the basement, and fault orientation 

following predictable wrench fault directions. However, one of the most important ways to 

identify a wrench fault is by determining lateral movement along the faults. Piercing points are 

used to determine whether there is any lateral movement but only a small portion of these faults 

is displayed in the survey. Based on the observed features in the data, it seems that these are 

wrench faults but the lack of piercing points makes it difficult to determine any wrench 

movement along the faults. With piercing points, it will be possible to determine whether these 

faults in Silo Field are wrench faults or simply steeply dipping normal faults. 

 
Figure 2.21 Arbitrary line oriented southwest-northeast through the syncline faults. The faults 
penetrate from the basement up into the Pierre. The reflectors between the faults are highly 
complex, possibly suggesting splays coming off the main faults. This feature takes on the 
characteristics of a negative flower structure. These features have been previously described as 
wrench faults but without piercing points, they cannot be definitively called wrench faults. 
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2.6 Permian Salt 

Within the Permian strata of Silo Field, a salt edge exists.  Part of the purpose of this 

study was to determine whether the salt edge is a depositional edge or if it was caused by 

dissolution. Most believe that edge was created by salt dissolution that occurred in the Late 

Jurassic and Early Cretaceous (Rasmussen and Bean, 1984, Svoboda, 1995 Oldham, 1996, 

and Oldham and Smosna1996). Initially, the salt edge was believed to be the cause for 

fracturing in the Niobrara in Silo Field but Svoboda (1995) found that this was not the case. In 

Silo Field, the salt edge has different effects on the overlying strata including: a thickened 

Dakota-Sundance section where the salt is absent and structural features caused by differential 

compaction over the salt edge.  

Figure 2.22 is an isochron of the Permian salt to the Wolfcamp (base salt) horizons. This 

shows that the Permian salt is present in the northeastern part of the survey and absent in the 

southwest. The trend of the salt edge is similar to the trend of the syncline faults which could 

suggest basement control on the location of the salt edge. As seen on the isochron map, the 

shape of the salt edge is highly irregular and made up of salients and reentrants, similar to what 

Svoboda (1995) found. The irregular nature of the salt edge is further support that it was likely 

caused by dissolution rather than deposition. 

Rasmussen and Bean (1984), Oldham (1996), and Oldham and Smosna (1996) all put 

the timing of salt dissolution from Late Jurassic to Early Cretaceous. Figure 2.23 shows a 

chronostratigraphic chart for the Denver Basin (Weimer, 1983). The timing of unconformities 

corresponds to salt dissolution and the chart shows major depositional hiatuses occurring in the 

Late Jurassic and Early Cretaceous. Oldham and Smosna (1996) examined the salt dissolution 

patterns in the southern Nebraska panhandle while Rasmussen and Bean (1984) were working 

in the Powder River Basin. Oldham found that in the western part of his study area, where early  
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Figure 2.22 Isochron of the Permian salt-Wolfcamp horizons. The warm colors represent thicker 
sections. The salt edge is well-represented in this map, displaying the highly irregular shape. 
Salt remnants are present as well as sinkholes, indicating that the Permian salt edge in Silo 
Field formed by dissolution. 

 
Figure 2.23 Chronostratigraphic chart for the Denver Basin from Late Jurassic to the Tertiary. 
Salt dissolution is related to unconformities. Long hiatuses are shown during the Late Jurassic 
and Early Cretaceous, similar to when most of the salt dissolution took place (from Weimer, 
1983).  
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dissolution took place, a thickened Dakota-Sundance interval was present, creating stratigraphic 

traps. Oldham refers to this interval as the Cheyenne Formation and this nomenclature will be 

used for the rest of this study. To the east, dissolution occurred after the deposition of the 

Cretaceous reservoirs so there is an abundance of collapse features and structural traps. 

Rasmussen found similar patterns in the Powder River Basin. He noted that the majority of the 

compensation for the absence of salt took place during the deposition of the Jurassic Morrison 

Formation. A cross-line across the survey area for Silo Field shows that the same depositional 

patterns observed by Rasmussen and Oldham are present (Figure 2.24). Comparing the 

Cheyenne and the Permian salt-Wolfcamp isochrons also shows these patterns (Figure 2.25). 

The well logs for the Amoco Champlin 300 well, located where the Permian salt is absent, show 

a thick Cheyenne sequence as well (Figure 2.26).   

 
Figure 2.24 Cross-line 1770 displaying the relationship between the Permian salt and the 
Dakota-Sundance interval. On the right side, where the Permian salt-Wolfcamp interval is thick, 
the Dakota-Sundance interval is thin. At the point where the salt thins, the Dakota-Sundance 
section thickens. This agrees with the work done by Rasmussen and Bean (1984) and Oldham 
and Smosna (1996). 
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Figure 2.25 Comparison of the Dakota-Sundance isochron (top) and the Permian salt-Wolfcamp 
isochron (bottom). In both maps, the warm colors indicate thicker intervals. It is clear that where 
the salt is absent in the southwest, the Dakota-Sundance is thickened with a correlation that is 
nearly 1:1. Since the thickened Dakota-Sundance interval matches the Permian salt-Wolfcamp 
isochron so closely, this suggests that most, if not all, of the salt dissolution in Silo Field 
occurred at the same time, rather than in stages. 
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Figure 2.26 Log suite for the Amoco Champlin 300 well. This well is located where the Permian 
salt is absent, resulting in a thickened Cheyenne (Dakota-Sundance) section. The well does not 
penetrate all the way through the Cheyenne. 
 

  When looking at the time-structure maps for all of the horizons, there is a structural 

monocline present in all of the strata overlying the Permian salt horizon (Figure 2.27). In the 

northeastern part of the maps, the structure dips toward the southwest but there is a distinct 
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edge that seems to be similar in trend to the Permian salt edge. In the shallower maps such as 

the “shallow horizon” and the Pierre, the edge is present but not as pronounced as in the deeper 

horizons. This structural monocline is present partially due to the incompressible nature of salt. 

Differential compaction occurs over the salt edge since the incompressible salt is replaced by 

compressible sandstones and shales. However, it is likely that this is not the only control on the 

monocline. When comparing the location of the salt edge to the location of the monocline edge, 

the trends are similar but the location does not match exactly (Figure 2.28). In the southeast 

corner, the salt is absent but the monocline does not precisely follow the edge. Looking at the 

basement and the Wolfcamp time-structure, the distinct structural monocline is not present but 

there does appear to be some slight feature that is similar to the monocline, particularly at the 

basement level. In cross-line view (Figure 2.29), there appears to be a possible basement fault. 

Figure 2.30 shows an interpretation the basement with more potential basement faults. As 

stated previously, the basement reflector is not the highest quality but this potential basement 

fault could be another factor controlling the edge of the monocline. Additionally, due to the 

similar trends seen in the basement faults and the Permian salt edge, it is possible that the 

location of salt dissolution was controlled by basement structure.  

Oldham and Smosna’s (1996) model for salt dissolution invoked the idea that the 

Permian Lyons Formation was the water-bearing unit responsible for salt dissolution in the 

Denver Basin. For pre-Laramide salt dissolution, he then proposed that compaction of the Lyons 

drove the water toward the east, dissolving the salt. Rasmussen and Bean (1984) supported the 

idea that basement tectonics controlled salt dissolution. Based on the seismic patterns seen in 

Silo Field, it appears that the salt dissolution was possibly controlled by basement structure. In 

order to determine if the Lyons Formation had any control on the salt edge, further analysis on 

the Lyons Formation is needed. 
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Figure 2.27 Time-structure maps of the shallow horizon through basement horizons. All of the 
horizons above the Permian salt show a structural monocline that parallels the salt edge. The 
structural monocline is not present below the Permian salt but there appears to be another 
feature in the Wolfcamp and basement that is similar to the monocline.  
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Figure 2.28 Comparing the Permian salt-Wolfcamp isochron (top) and the Niobrara time-
structure (bottom). The structural monocline in the Niobrara mostly follows the salt edge except 
in the southeast corner. If differential compaction was the only factor affecting the monocline, 
the monocline would continue to follow the salt edge in the southeast.  
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Figure 2.29 Cross-line 1697 displaying a possible basement fault. Due to the poor quality of the 
basement reflector, it is difficult to interpret this feature with complete certainty. 



 

54 
 

 
 
 
 
 

 
Figure 2.30 Comparison of basement time-structure (top left), basement time-structure with 
interpreted potential basement faults (top right), and lineament analysis with possible 
corresponding lineaments (bottom) (modified from Merin and Moore, 1986). There are some 
strong structural trends at the basement level but they are not well-expressed in the seismic due 
to the low quality of the reflector. Interpreting the structural trends shows a potential fault pattern 
that corresponds to some of the lineaments interpreted by Merin and Moore (1986). Further 
analysis of the basement horizon could prove the existence of these features.
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CHAPTER 3  

FMI LOG ANALYSIS 

3.1 FMI Log Background 

The formation microimager (FMI) is a Schlumberger tool that gives real-time dip data 

and microresistivity formation images in a water-based mud. This tool is often used for 

determining net pay in fluvial and turbidite environments. It can take images down to 50um and 

this allows detailed interpretations of sedimentary structures. This high resolution can help 

determine whether the structures are naturally occurring or drilling induced (Schlumberger, 

2013). Once the data is gathered, a service company provides an interpretation. This 

information is particularly useful in Silo Field, where fracturing is abundant. Two FMI logs to the 

south of the survey area, in T14N-R64W, were provided by SM Energy in order to examine the 

nature of the fractures in the Silo Field area. Rex Energy, courtesy of Kaiser Francis, provided a 

third FMI log also to the south of the study area in T15N-R64W. Understanding the current 

stress field and the orientation of open fractures in the field will help improve oil production from 

the Niobrara.  

3.2 Patriot 1-19H 

The Patriot 1-19H is located in sec. 19, T14N, R64W. The FMI interpretation shows that 

the resistive natural fractures are dominantly striking north-south with a range from N10W to 

N20E (Figure 3.1). Resistive fractures are usually filled with resistive cements such as quartz or 

calcite and on an image log, they appear as light colored sinusoids (Abul Khair, 2012). These 

fractures are vertical to sub-vertical and dips range from 70 to 90 degrees (Figure 3.1). These 

fractures are bed-bound and mostly found in the Niobrara chalk benches. According the 

interpretation, these features were likely caused by hydrocarbon generation. The north-south 



 

56 
 

orientation of the fractures indicates that this was also the direction of principle stress during the 

time of generation. Drilling induced fractures in the wellbore are oriented in the direction of 

current maximum principle stress. In the Patriot 1-19H, the drilling induced fractures are striking 

northwest-southeast, suggesting that the laterals should be drilled in the northeast-southwest 

direction (Figure 3.2). Figure 3.3 shows a log suite for the Patriot 1-19H well. 

 
Figure 3.1 Rose diagram for strike (left) and dip histogram (right) for the resistive natural 
fractures in the Patriot 1-19H well. The rose diagram shows that the dominant strike for the 
fractures is in the north-south direction. These fractures were caused by hydrocarbon 
generation. The dip histogram shows that the dips of the fractures are variable but the dominant 
angle is between 70 and 90 degrees. 

 
Figure 3.2 Rose diagram for strike (left) and dip histogram (right) for the drilling induced 
fractures (green) and borehole breakout (pink) for the Patriot 1-19H well. The induced fractures 
are propagating north northwest-south southeast and they have a vertical to near-vertical dip. 
To ensure the best drilling success, laterals should be drilled to the north northeast-south 
southwest. 
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Figure 3.3 FMI log suite for the Patriot 1-19H well. Track one shows the log image as well as the 
gamma ray curve. Track two shows the rose diagrams for bed dip (green) and expulsion 
fracture dip and density (blue). The third track has total gas (pink), green tadpoles showing the 
bed dip measurements, and blue tadpoles showing the expulsion fracture measurements. 
Higher fracture density typically occurs in the chalk intervals.  
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3.3 Sego Lily 14-5 

The Sego Lily 14-5 well is found in sec. 5, T14N, R64W. The FMI data for the Sego Lily 

14-5 well is for the lateral part of the well that targeted the B2 chalk bench. Similar to the Patriot 

1-19H, the resistive natural fractures are bound to the Niobrara chalk benches. The orientations 

of the fractures are slightly different, striking north northwest-south southeast and west 

northwest-east southeast (Figure 3.4). They are dipping a little more steeply than the Patriot 1-

19H fractures, with a range from 80-90 degrees. The induced fractures are striking north 

northwest-south southeast (Figure 3.5). In the Sego Lily 14-5 well, there are conductive natural 

fractures that are partially open. As opposed to resistive fractures, conductive fractures tend to 

be open for fluids and gas circulation. Conductive natural fractures are dark sinusoids on an 

image log (Abul Khair, 2012). They are oriented north northwest-south southeast and west 

northwest-east southeast (Figure 3.6). There is a wide range of dips for these fractures, from 60 

to 90 degrees with the dominant angle from 80 to 90 degrees. The FMI log for the lateral part of 

the well is displayed in Figure 3.7. 

 
Figure 3.4 Rose diagram for strike (left) and dip histogram (right) for the resistive natural 
fractures in the Sego Lily 14-5 well. The orientations of the fractures are slightly different from 
the Patriot 1-19H and are striking north northwest-south southeast and west northwest-east 
southeast. The dips are slightly steeper as well.  
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Figure 3.5 Rose diagram for strike (left) and dip histogram (right) for the drilling induced 
fractures in the Sego Lily 14-5 well. The fractures are striking north northwest-south southeast 
and dominantly dipping from 80-90 degrees.  
 

 
Figure 3.6 Rose diagram for strike (left) and dip histogram (right) for the conductive natural 
fractures in the Sego Lily 14-5 well. These fractures are partially open and oriented north 
northwest-south southeast and west northwest-east southeast. The dips are close to vertical but 
range from 60-90 degrees.  
 

Both wells indicate that the current direction of maximum stress is in the northwest-

southeast direction. This means that the direction of open natural fractures will be in the same 

direction. 
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Figure 3.7 FMI log suite for the Sego Lily 14-5 well. This only displays a portion of the lateral 
that targeted the B2 chalk bench but it clearly demonstrates the relationship between lithology 
and fracture density. Track one shows the FMI image along with the locations of the various 
fracture types in the well. Track two shows the measured depths and the lithology based on the 
gamma ray curve. Track three shows the rose diagrams for fracture and bed dips. Track four 
shows the tadpoles for the various dip measurements. Based on the lithology, the upper part of 
the log is more marly (indicated by dark blue lithologies) than the lower chalk (light blue 
lithologies) interval. It is clear that where the chalk content is greater, the fracture density is 
higher. 
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3.4 Silo State 41-22H 

The Silo State 41-22H well is a well located outside of the survey area but within Silo 

Field. The data for this well came from Rex Energy, courtesy of Kaiser Francis. It is located in 

sec. 22, T15N, R64W. This well shows fracture orientations that are typical for Silo Field. The 

resistive natural fractures strike northwest-southeast and have near-vertical dip (Figure 3.7). 

The open natural fractures strike and dip in the same direction as the resistive natural fractures 

(Figure 3.8). Data for induced fractures was not provided but based on the orientation of the 

open natural fractures, the current maximum stress must be oriented in a similar direction. 

Higher fracture density is typically found in the chalk intervals. Figure 3.9 shows a log suite for 

the Silo State 41-22H well.  

Based on the FMI information provided for the Patriot 1-19H, Sego Lily 14-5, and Silo 

State 41-22H wells, there is a change in fracture orientation and possibly maximum stress 

orientation south of the main field area. Natural fractures in the Silo State 41-22H strike 

northwest-southeast and the current maximum stress is in the same direction. The Silo State 

41-22H is located in the southern part of Silo Field. The Patriot 1-19H and Sego Lily 14-5 wells 

are located less than five miles south of the southern end of the field but the fracture orientation 

changes to north-south and the maximum stress direction is north northwest-south southeast. 

The current stresses are similar but not the same. Comparing the data for these three wells 

shows that the stress orientation and the direction of natural fractures changes significantly over 

a short distance. Production in Silo Field is heavily influenced by the presence of these open 

natural fractures. This FMI data shows that careful consideration is necessary when attempting 

to develop outside of the main Silo Field area.  
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Figure 3.8 Rose diagram for fracture strike (left) and a Wulff projection for dip and azimuth 
(right) for the resistive natural fractures in the Silo State 41-22H well. Within the field area, the 
resistive natural fractures are oriented northwest-southeast. The dips are near vertical with a 
range of 70 to 90 degrees.  
 
 

Figure 3.9 Rose diagram (left) and a Wulff projection for dip and azimuth (right) for the open 

natural fractures in the Silo State 41-22H well. The orientations of the fractures are in the same 

northwest-southeast direction as the resistive natural fractures. The open natural fractures dip 

slightly closer to vertical and dominantly range from 80 to 90 degrees. The orientation of the 

open fractures suggests that the current maximum stress direction is oriented in the same 

direction. 
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Figure 3.10 FMI log suite for the Silo State 41-22H well. The first track shows the formation 
name. The second track shows the borehole image along with a gamma ray curve. The third 
track shows the tadpoles for bedding (green) and natural fracture (blue) dip. Higher fracture 
density is associated with the chalks.  
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CHAPTER 4  

CONCLUSIONS AND RECCOMMENDATIONS 

4.1 Conclusions 

Based on the integration of previous studies, seismic interpretation, and FMI log 

analysis, the faulting and fracturing in Silo Field is, in part, caused by the structure of the 

basement. The northwest-southeast striking syncline faults (possible wrench faults) are 

basement faults that penetrate through the Niobrara. The FMI analysis shows that the direction 

of open fractures in the southern part of Silo Field is parallel to the syncline faults, suggesting a 

possible basement control. Similarly, the Niobrara listric/polygonal fault system in the south-

central part of the study area is not as random as expected. Comparing the listric/polygonal 

faults to a lineament analysis in Silo Field shows that some of the faults show a possible 

correspondence to surface lineaments. This could indicate that the orientations of the polygonal 

faults are also controlled by basement structure, to a certain extent.   

The faults and fractures are not the only features in Silo Field that are influenced by 

basement structure. The irregular Permian salt edge in the field was determined to have been 

caused by dissolution. When looking at the location and trend of the salt edge, it is clear that it 

follows the orientation of the syncline faults. Models for Permian salt dissolution suggest that 

basement structure has some control on the location of the salt edge and it appears that this is 

the case for Silo Field. However, other models for dissolution suggest that the water-bearing 

Lyons Formation played a role as well but this could be neither confirmed nor denied in this 

study.  

The overall structure of the Niobrara in Silo Field is expressed as a structural monocline, 

dipping toward the southwest. A closer look at the interpreted horizons shows that all of the 

horizons above the Permian salt express this same trend but the horizons below the salt do not. 



 

65 
 

The monocline is caused partially by differential compaction due to the absence of salt in the 

southwest but the trend is not exactly the same as the salt edge. Looking at basement time-

structure and lineaments, there are possible basement faults that could provide an additional 

control for the location and presence of the monocline. 

In Silo Field, the basement structure affects numerous features. It has some control on 

the natural fractures and polygonal faults, the location of the Permian salt edge, and the overall 

structural trends of the field. This information gives insight into the best way to continue to 

develop the field. Additionally, FMI logs from outside of the field shows that fracture and stress 

field orientations change over short distances, meaning that careful consideration is needed 

when trying to expand development outside of the main field area.    

4.2 Recommendations 

A larger 3-D seismic data set will help strengthen the structural interpretation of Silo 

Field. The syncline faults in the field demonstrate a significant amount of control on the 

structures in the area but only a small portion of the faults is displayed. With more data, it could 

be possible to use piercing points to determine the true nature of the faults and prove whether 

or not they are wrench faults. It could also show the full extent of basement control on features 

throughout the entire field area. A higher resolution data set could also prove beneficial as it 

might allow a better interpretation of the basement itself. There appear to be several possible 

basement faults but the low quality of the reflector prevents high resolution attribute extractions 

and confident interpretations. With the high resolution data, an interpretation of the Lyons 

Formation could also be performed and determine whether the Lyons Formation played a role in 

Permian salt dissolution.  Finally, more FMI logs would help with the fracture analysis inside and 

outside of Silo Field. It is clear that the fracture patterns change quickly in the area and for 

successful development outside the field area, further analysis is needed.   



 

66 
 

 REFERENCES CITED 

Abul Khair, H., et al., 2012, Subsurface Mapping of Natural Fracture Networks; A Major 

Challenge to Be Solved. Case Study from the Shale Intervals in the Cooper Basin, South 

Australia: 37th Workshop on Geothermal Reservoir Engineering, Stanford University, 

Stanford, California, January 30-February 1, 2012. 

Cartwright, J. A., 1996, Polygonal Fault Systems: A New Type of Fault Structure Revealed by 3-

D Seismic Data from the North Sea Basin, in  P. Weimer and T. L. Davis, eds.,  AAPG 

Studies in Geology No. 42 and  SEG Geophysical Developments Series No. 5, AAPG/SEG, 

Tulsa, P. 225-230. 

Davis, T. L., 1985, Seismic Evidence of Tectonic Influence on Development of Cretaceous 

Listric Normal Faults, Boulder-Wattenberg-Greeley Area, Denver Basin, Colorado: The 

Mountain Geologist, v. 22, p. 47-54. 

Drake, W. R, and S. J. Hawkins, 2012, A Sequence Stratigraphic Framework for the Niobrara 

Formation in the Denver-Julesburg Basin: AAPG Search and Discovery Article #50757, 

Grand Junction, Colorado, September 9-12, 2012. 

IHS Kingdom, 2012, Similarity: IHS Kingdom Help Center. 

Landon, S. M., Longman, M. W., and Luneau, B. A., 2001, Hydrocarbon Source Rock Potential 

of the Upper Cretaceous Niobrara Formation, Western Interior Seaway of the Rocky 

Mountain Region: The Mountain Geologist, v. 38, p. 1-17. 

Longman, M. W., Luneau, B. A., and Landon, S. M., 1998, Nature and Distribution of Niobrara 

Lithologies in the Cretaceous Western Interior Seaway of the Rocky Mountain Region: The 

Mountain Geologist, v. 35, p. 137-170. 

Lorenz, J. C., Cooper, S. P., 2011, Fractured Reservoirs, Fractured Niobrara: AAPG Search 

and Discovery Article #40817, Cheyenne, Wyoming, USA, June 25-29, 2011. 

Malesardi, T., 2012, Petroleum Geology of Silo Field: Master’s thesis, Colorado School of 

Mines, Golden, Colorado, 123 p. 

Martin, C. A., 1965, Denver Basin: AAPG Bulletin, v. 49, n. 11, p. 1908-1925. 



 

67 
 

Merin, I. S., W. R. Moore, 1986, Application of Landsat Imagery to Oil Exploration in Niobrara 

Formation, Denver Basin, Wyoming: AAPG Bulletin, v. 70, n. 4, p. 351-359. 

Oldham, D. W., 1996, Permian Salt in the Northern Denver Basin: Controls on Occurrence and 

Relationship to Oil and Gas Production from Cretaceous Reservoirs, in M. W. Longman and 

M. D. Sonnenfeld eds., Paleozoic Systems of the Rocky Mountain Region: SEPM, p. 335-

354. 

Oldham, D. W., and R. A. Smosna, 1996, Influence of Permian Salt Dissolution on Cretaceous 

Oil and Gas Entrapment and Reserve Potential, Denver Basin, Western Nebraska: 

Expanded Abstracts Volume: AAPG Rocky Mountain Section Meeting, July 28-31, 1996, p. 

49-54. 

Rasmussen, D. L., and D. W. Bean, 1984, Dissolution of Permian Salt and Mesozoic 

Syndepositional Trends, Central Powder River Basin, Wyoming: Wyoming Geological 

Association, 35th Annual Field Conference Guidebook, p. 281-294. 

Roberts, A., 2001, Curvature Attributes and their Application to 3D Interpreted Horizons: First 

Break, v. 19.2, p. 85-100. 

Schlumberger, 2013, FMI Fullbore Formation Microimager, 

http://www.slb.com/services/characterization/geology/wireline/fullbore_formation_microimag

er.aspx (accessed January 2, 2014). 

Siguaw, S. G., Estes-Jackson, J. E., 2011, Fault Patterns in the Niobrara Formation- Examples 

from the Eastern and Central DJ Basin: AAPG Search and Discovery Article #10354, 

Cheyenne, Wyoming, USA, June 25-29, 2011.  

Silo Field: Wyoming Oil and Gas Conservation Commission. 

http://wogcc.state.wy.us/FieldMenu2.cfm (Accessed January 26, 2014). 

Sonnenberg, S. A., and Weimer, R. J., 1992, Oil Production from Niobrara Formation, Silo Field, 

Wyoming: Fracturing Associated with a Possible Wrench Fault System (?): The Mountain 

Geologist, v. 30, p. 39-54. 

Sonnenberg, S. A., 2011a, Petroleum Geology of Silo Field, Wyoming: AAPG Search and 

Discovery Article #20115, Cheyenne, Wyoming, USA, June 25-29, 2011. 



 

68 
 

Sonnenberg, S. A., 2011b, The Niobrara Petroleum System, A Major Tight Resource Play in the 

Rocky Mountain Region: AAPG Search and Discovery Article #10355, Cheyenne, Wyoming, 

USA, June 25-29, 2011. 

Sonnenberg, S. A., and D. Underwood, 2012, Polygonal Fault Systems: A New Structural Style 

for the Niobrara Formation, Denver Basin, CO: AAPG Search and Discovery Article #50624, 

Long Beach, California, USA, April 22-25, 2012.   

Stone, D. S., 1969, Wrench Faulting and Rocky Mountain Tectonics: The Mountain Geologist, v. 

6, n. 2, p. 67-79. 

Svoboda, J. O., 1995, Is Salt Dissolution the Primary Mechanism for Fracture Genesis at Silo 

Field, Wyoming?: Rocky Mountain Association of Geologists High-Definition Seismic 

Guidebook, p. 79-85. 

Treadgold, G., Eisenstadt, G., Maher, J., Fuller, J., and Campbell, B., 2012, Niobrara Fracture 

Prospecting Through Integrated Structural and Azimuthal Seismic Interpretation, Silo Field 

Area, Wyoming: AAPG Search and Discovery Article #20148, Denver, Colorado, USA, 

March 2, 2012. 

Underwood, D., 2012, Polygonal Fault Systems, A New Structural Style for the Niobrara and 

Lower Pierre Shale, Denver Basin, Colorado: Master’s thesis, Colorado School of Mines, 

Golden, Colorado, 79 p.  

USGS, 2013, Geologic Unit: Niobrara: USGS GeoLex Database, 

http://ngmdb.usgs.gov/Geolex/NewUnits/unit_9529.html (Accessed March 3, 2013). 

Vincelette, R. R., and Foster, N. H., 1992, Fractured Niobrara of Northwestern Colorado: Rocky 

Mountain Association of Petroleum Geologists- Geological Studies Relevant to Horizontal 

Drilling: Examples from Western North America, p. 227-242. 

Weimer, R. J., 1983, Relation of Unconformities, Tectonics, and Sea Level Changes, 

Cretaceous of the Denver Basin and Adjacent Area Areas: Rocky Mountain Section SEPM, 

Mesozoic Paleogeography of the West-Central United States: Rocky Mountain 

Paleogeography Symposium 2, p. 359-376.



 

69 
 

APPENDIX A 

AMPLITUDE MAPS 

 
Figure A-1 Amplitude map for the Niobrara. The syncline faults are prominent in the northwest. 
There are some faults in the northeastern corner of the survey and in the south-central area but 
the resolution is not high enough to make accurate interpretations. 
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Figure A-2 Amplitude map for the Dakota. The syncline faults are visible but not as prominent as 
in the Niobrara. There is a slight trend following the syncline faults but there are no other clear 
features.  
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Figure A-3 Amplitude map for the Sundance. The syncline faults are still apparent in the 
northwest and the trend following the faults appears stronger in the Sundance than in the 
Dakota.  
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Figure A-4 Amplitude map of the Permian salt. Similar to the previous maps, the syncline faults 
are present along with a trend that parallels the faults. There is a change in amplitude across 
the salt edge. 
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Figure A-5 Amplitude map of the Wolfcamp. The syncline faults and the related trend are the 
only major features that stand out on this map. 
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Figure A-6 Amplitude map of the basement. The syncline faults are visible but not as prominent 
as in other maps. There do not appear to be any strong trends at the basement level.  
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APPENDIX B 

SIMILARITY MAPS 

 
Figure B-1 Similarity map of the Niobrara. The syncline faults are clear in the northwest. The 
faults in the northeast and south-central area are highlighted as well. In the south-central area, 
there appears to be some slight indication that there are more faults than what is clearly 
displayed but the features are not high enough resolution for interpretation. 
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Figure B-2 Similarity map of the Dakota. The syncline faults and the associated trend are 
apparent. The Dakota appears to be fairly discontinuous in the southwestern part of the survey. 
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Figure B-3 Similarity map of the Sundance. The trend following the syncline faults is stronger in 
the Sundance than in the Dakota. The southwestern portion is also not as discontinuous as the 
Dakota.  
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Figure B-4 Similarity map of the Permian salt. The syncline faults and the parallel trend are 
prominent but the horizon appears to be fairly noisy/discontinuous in the southwest. This 
discontinuity could be related to the absence of salt in the southwest.  
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Figure B-5 Similarity map of the Wolfcamp. As seen in previous maps, the syncline faults and 
the trend paralleling them are the main features.  
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Figure B-6 Similarity map of the basement. Due to the poor quality of the basement reflector, 
there are no major features except for the basement syncline faults. 
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APPENDIX C 

MOST NEGATIVE CURVATURE MAPS 

 
Figure C-1 Most negative curvature map for the Niobrara. This map shows the Niobrara faults in 
detail. Where the faults are paired, the most negative curvature displays the graben between 
faults. The polygonal fault system in the south-central area is clear along with the syncline faults 
and normal faults in the northeast. 
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Figure C-2 Most negative curvature map for the Dakota. There is a clear trend extending from 
the syncline faults. There appears to be some faults that are similar to the polygonal faults in the 
Niobrara but these features are likely caused by fault shadow from the overlying faults.  
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Figure C-3 Most negative curvature map for the Sundance. The trend extending from the 
syncline faults is faint but visible. There are no other major features at the Sundance level.  
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Figure C-4 Most negative curvature map for the Permian salt. There is a significant amount of 
noise at this level but the syncline faults and the trend are still clear.  
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Figure C-5 Most negative curvature map for the Wolfcamp. This map looks similar to the 
Permian salt most negative curvature but there is slightly less noise.  
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Figure C-6 Most negative curvature map for the basement. There are no major features at this 
level except for the syncline faults in the northwest. 
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APPENDIX D 

MOST POSITIVE CURVATURE MAPS 

 
Figure D-1 Most positive curvature map for the Niobrara. The features displayed are similar to 
those seen in the most negative curvature. In the most positive curvature, the features are 
highlighting the paired faults on either side of the grabens that the most negative curvature 
shows.  
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Figure D-2 Most positive curvature map for the Dakota. The syncline faults and parallel trend 
are well-displayed. The most positive curvature, unlike the most negative curvature, is not 
picking up on the features cause by fault shadow. 
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Figure D-3 Most positive curvature map for the Sundance. The most positive curvature map is 
nosier than the most negative curvature map for the Sundance but the syncline faults and trend 
are still prominent.  
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Figure D-4 Most positive curvature map for the Permian salt. Despite the high noise levels, the 
northwest-southeast trend is still visible. 
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Figure D-5 Most positive curvature map for the Wolfcamp. The syncline fault trend is almost 
gone at this point but it is still slightly visible.  
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Figure D-6 Most positive curvature map for the basement. There are no prominent trends, 
similar to the other maps for the basement horizon, due to the poor quality of the reflector. The 
only noticeable features are the syncline faults. 
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APPENDIX E 

CORE DESCRIPTIONS 

 
Figure E-1 Core description legend.  
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