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ABSTRACT 

 The Niobrara Formation is a fine-grained marine rock deposited in the Western 

Interior Seaway during the Late Cretaceous. It is composed of fossil-rich interlayered shale, 

marls, and chalks. Recent interest in the Niobrara has grown due to the advent of lateral 

drilling and multi -stage hydraulic fracturing. This technology allows operators to 

economically extract hydrocarbons from chalkier Niobrara facies. Yet two aspects of the 

Niobrara Formation have remained enigmatic. The first is the occurrence of abundant, 

randomly oriented, layer-bound, normal faults. The second is the large degree of vertical 

heterogeneity. This research aimed to increase understanding in both these aspects of the 

Niobrara Formation.     

Randomly oriented normal faults have been observed in Niobrara outcrops for 

nearly a hundred years. Recent high resolution 3D seismic in the Denver Basin has allowed 

investigators to interpret  these faults as part of a polygonal fault system (PFS). PFS are 

layer bound extensional structures that typically occur in fine-grained marine sediments. 

Though their genesis and development is still poorly understood, their almost exclusive 

occurrence in fine-grained rocks indicates their origin is linked to lithology. Interpretation 

of a 3D seismic cube in Southeast Wyoming found a tier of polygonal faulting within the 

Greenhorn-Carlile formations and another tier of polygonal faulting within the Niobrara 

and Pierre formations. This research also found that underlying structur al highs influence 

fault growth and geometries within both these tiers.  

 Core data and thin sections best describe vertical heterogeneity in fine-grained 

rocks. This investigation interpreted core data and thin sections in a well in Southeast 

Wyoming and identified 10 different facies. Most of these facies fall within a carbonate/clay 
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spectrum with clay-rich facies deposited during periods of lower sea level and carbonate-

rich facies deposited during periods of higher sea level.   

Because the average operator will typically have little core but abundant well logs, 

this investigation used three different methods of describing facies variability with logs. 

Facies interpreted  with these methods are referred to as electrofacies. First, a conventional 

interpretation of Niobrara sub-units was done using gamma ray and resistivity logs.  Then 

a cluster analysis was conducted on an extensive petrophysical log suite. Finally, a neural 

network was trained with the previous core interpretation so that it learned to identify 

facies from logs. The research found that when little core is available a cluster analysis 

method can capture significant amounts of vertical heterogeneity within the Niobrara 

Formation. But if core is available then a neural network method provides more 

meaningful and higher resolution interpretations.  
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CHAPTER 1 
INTRODUCTION, PURPOSE, AND OBJECTIVES  

The purpose of this investigation is to increase understanding of the Niobrara 

Formation by characterizing its structure and facies using 3D seismic, geophysical well 

logs, and a core, located in Goshen and Laramie Counties, Wyoming.   

1.1 Introduction  

In the last ten years the on-shore petroleum industry  of the United States has 

experienced a renaissance spurred by the advent of horizontal drilling and multistage 

hydraulic fracturing. These techniques permit the economic production of tight 

reservoirs out of the developmental scope of traditional technology. The result is 

revitalized production in mature hydrocarbon basins.  

The Denver Basin is no exception to this trend. In 2001 no horizontal wells 

were permitted in the state of Colorado, but in 2013 alone a total of 2,261 horizontal 

wells were permitted (Figure 1.1) (COGCC, 2013). Oil production more than doubled 

in Colorado from an average 66.4 thousand bbl/day in 2006 to an average 135.3 

thousand bbl/day in 2013 (Figure 1.2). The main target for a lot of this new 

production has been the Niobrara Formation.    

3ÉÎÃÅ ÔÈÅ ρωςπȭÓ ÔÈÅ .ÉÏÂÒÁÒÁ &ÏÒÍÁÔÉÏÎ has been known to contain layer 

bound, randomly oriented, normal faults (Twenhofel, 1920; Lupton et al., 1922; 

Prescott, 1955; Fentress 1955). Traditionally geologists attributed their occurrence to 

underlying Permian salt dissolution (Merriam, 1963; Siguaw and Estes-Jackson, 2011). 

More recently Sonnenberg and Underwood (2013) have reinterpreted the normal 

faults as a polygonal fault system.  
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The Niobrara Formation has a high degree of vertical heterogeneity. This 

variability has been the recent focus of many researchers (Deacon et al., 2013; 

Humphrey et al., 2013; McDonough et al. 2012; Luneau et al., 2011; and many others). 

Niobrara facies can be characterized on a clay/carbonate spectrum. The most carbonate-

rich rocks are chalks while the most clay-rich rocks are marls and calcareous shales. Most 

previous research has focused in areas where there is abundant data and, therefore, 

concentrated in existing hydrocarbon fields such as Wattenberg and Silo fields. Few have 

approached the characterization of the Niobrara Formation using multivariate statistical 

methods to identifying vertical heterogeneity.       

 

 

Figure 1.1: Number of oil and gas well permits for wells drilled directionally and 
horizontally from common well pads in Colorado (from Colorado Oil and Gas 
Conservation Commission (COGCC))). 
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Figure 1.2: Colorado oil production between 1995 and 2012 in thousands of barrels per day 

(from COGCC). 

1.2 Purpose 

Because the Niobrara Formation has become a prolific producer of hydrocarbons in 

recent years increasing understanding of this formation is of great interest to the petroleum 

geology community. This investigation aimed to characterize the polygonal fault system 

within the Niobrara. This is valuable because these fault and fracture networks may 

enhance or reduce permeability and add complications to geosteering when drilling lateral 

wells. This investigation also aimed to characterize the vertical facies variability of the 

Niobrara in a previously uninvestigated area. This is valuable because it provides a new 

data point away from where most previous investigations have focused. As part of this 

facies characterization this research also aimed to test different multivariate statistical 

techniques for facies characterization of the Niobrara. This is valuable because it would 

allow operators to interpret fine scale facies variability without the cost of acquiring a lot of 

core data.  
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1.3 Objective 

In order to accomplish the previously stated aims a data set was donated by Fidelity 

Exploration and Production that includes a small (4 section) 3-D seismic survey and two 

wells, both with petrophysical logs and one with core data. The data set is located across 

Goshen and Laramie Counties (Figure 1.3). The objective of this investigation is to 

interpret structure on the seismic cube and facies with core and well data.  

 

 
 

Figure 1.3: Township and range map of southwest Wyoming. Silo field is locally the 
most productive Niobrara accumulation.  Location of Rocky Hollow seismic survey in 
grey box. 
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CHAPTER 2  
GEOLOGIC OVERVIEW  

 

 The following geologic overview is divided into three sections: 1) the geology 

of the Denver Basin, 2) a summary of the Niobrara Formation, and 3) a summary of 

polygonal fault systems. For readers generally familiar with these topics it is 

recommended that ÔÈÅÙ ÓËÉÐ ÔÏ #ÈÁÐÔÅÒ σȟ Ȱ0ÒÅÖÉÏÕÓ 7ÏÒËȟȱ ×ÈÉÃÈ ÃÏÖÅÒÓ ÐÒÅÖÉÏÕÓ 

research specifically focused on Niobrara faults and on the Niobrara Formation of 

Southeastern Wyoming. 

2.1 The Denver Basin 

The Denver basin covers an area of approximately 70,000 square miles 

spanning from eastern Colorado and western Kansas into southeastern Wyoming and 

southwestern Nebraska (Figure 2.1). It is an asymmetrical structural basin that 

started forming as early as 300 million years ago during the development of the 

Ancestral Rockies. Its axis runs parallel to the Rocky Mountain and Laramie ranges. It 

is has a steeply dipping western flank, is deepest near the Front Range, and has a 

shallow dipping eastern flank (Figure 2.2). It is constrained to the west by the Front 

and Laramie ranges, to the northwest by the Hartville Uplift, to the northeast by the 

Chadron Arch, to the southeast by the Las Animas Arch, and to the southwest by the 

Apishapa Uplift. At its deepest point the Denver basin counts with a sequence of over 

13,000 ft. of sedimentary rock (Martin , 1965). Precambiran basement rocks have 

ÂÅÅÎ ÄÁÔÅÄ ÁÔ ÁÂÏÕÔ ρȢφ ÂÉÌÌÉÏÎ ÙÅÁÒÓ ÏÌÄ ɉ7ÅÉÍÅÒȟ ρωωφɊȢ 4ÈÅ ÂÁÓÉÎȭÓ sedimentary 

package hosts several petroleum systems (Figure 2.3). 
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Figure 2.1: Structural contour map of the Denver basin after Sonnenberg (2011a). Datum is 

the top of the Niobrara Formation. Contour interval is 1000 feet and labels are subsea 

depths. Major oil fields are green and major gas fields are red. Schematic ross section A to 

Aô  in Figure 2.2. 
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Figure 2.2: Schematic east-west cross section of the Cretaceous strata in the Denver Basin modified from Kauffman (1977).   
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Figure 2.3: A stratigraphic column of Denver Basin stratigraphy modified from Sutton et al. 

(2004). White dots indicate conventional hydrocarbon reservoirs. Black dots indicate 

source rocks/unconventional reservoirs.   
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2.1.1 Paleozoic-Jurassic 

Early research on the Denver Basin suggested that Early Paleozoic deposition 

in Colorado was restricted to the westernmost part of the state and that little to none 

occurred in the Denver basin prior to the Pennsylvanian. Then, Chronic and Ferris 

(1963) described a geologic anomaly: Cambrian to Silurian outcrops in the southern 

Laramie Range of Wyoming, further east than anyone would have expected rocks of 

such an age to be present. These outcrops were composed of extremely fossiliferous 

carbonates that indisputably carried fossil assemblages of the early Paleozoic and 

were interpreted to have been deposited in a shallow marine environment. This 

introduced the possibility that the Early Paleozoic seas (to the west) penetrated 

deeper into the North American continent than previously thought.  

The current lack of Early Paleozoic rock is explained by two Precambiran 

epeirogenic features: the Siouxia and Sierra Grande highs (2.1). These structures 

controlled the initial deposition of Early Paleozoic sediments, but more importantly, 

their uplift sometime between the end of the Silurian and the beginning of the 

Pennsylvanian subaerially exposed and eroded almost all Early Paleozoic rocks of 

eastern Colorado and Wyoming (McCoy, 1953). 

Towards the end of the Paleozoic tectonic plates where sutured together into 

Pangea. The western North American continent formed the north-western edge of the 

supercontinent. Volcanic arches originating from the spreading proto-Pacific collided 

with the North American continent. This caused orogenic events that developed the 

Ancestral Rocky Mountains. The suturing of Pangea resulted in a change from 

primarily marine to primarily terrestrial deposition . A continues sedimentary 
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sequence from the Pennsylvanian until the Triassic is composed of these sediments. 

Periodic rises in sea level would allow marine encroachment into the basin resulting 

in terrestrial deposits being reworked and the deposition of salt. Salt deposition was 

especially prevalent during the Permian. By the Jurassic the sea had completely 

retr eated leaving behind fresh-water lakes and swamps. These resulted in the 

deposition of variegated shales, marls, limestones, and sandstones of the Morrison 

formation. 

2.1.2 Cretaceous 

The Cretaceous package of the Denver basin is best described as a massive 

transgressive sequence. Large sea-level fluctuations held important constraints on 

rates and environments of deposition, nevertheless, a general drowning of the basin 

persisted throughout this time. This is attributed to the combined effects of three 

events: the first, and most influential, is the Sevier Orogeny to the west which started 

in the Jurassic and Early Cretaceous and resulted in a deepening foreland basin. 

Second, global temperatures were warm, resulting in the melting of polar ice caps and 

high eustatic sea levels. Third, high tectonic activity at ocean spreading centers 

resulted in more buoyant oceanic crust and the spill-over of ocean waters onto 

continents.  

The first incursions of a rising sea level resulted in the infilling of incised 

valleys. Estuarine environments developed in which the sandstones of the Dakota 

Formation were primarily deposited. Continued deepening deposited the Colorado 

Group, composed mostly shales and marls with occasional thin sandstone units. The 

base of the Colorado group is composed of the Carlile Shale and Greenhorn Limestone. 
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The top is composed of the Niobrara chalks and marls. Finally, at the end of the 

Cretaceous sea level was highest and the shales of the Pierre Formation were 

deposited. Periodic drops in sea level during Pierre deposition resulted in the 

progradation and reworking of thin sands on the marine shelf. These are the 

Hygiene/Shannon and Terry/Sussex sandstones units within the Pierre Formation.  

2.1.3 Tertiary  

Tertiary of the Denver Basin is best described as a massive regressive 

sequence. Laramide orogenic activity fragmented the Cretaceous seaway and formed 

the mountain ranges that now span from southeastern Wyoming, through central 

Colorado, to northern New Mexico. Environments of deposition transitioned from 

open marine, to restricted marine, to lacustrine, and finally terrestrial. Tertiary 

sediments vary from lacustrine to aeolian and from conglomerates to siltstones and 

coals. 

2.2 Petroleum Systems 

Oil was first found in the Denver Basin in 1901 within  the fractured Pierre 

Shale by the McKenzie Well drilled in Boulder, Colorado. Since then over a billion 

barrels of oil and over 4 trillion cubic feet of gas have been produced from the Denver 

basin through 2007 (Higley and Cox, 2007).  

Production has historically been primarily from  stratigraphically trapped, 

conventional, Cretaceous, marine sandstones and to a lesser extent from combined 

stratigraphically/structurally trapped, Permian, eolian sandstones. More recently 

Cretaceous age source rocks, the Niobrara Formation specifically, and tight, 
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Cretaceous age sandstones, such as the Codell, have been targeted as unconventional 

reservoirs. Figure 2.4 outlines the hydrocarbon producing units within the Denver 

basin. 

Source rocks for these plays are primarily Cretaceous organic-rich shales and 

marls such as the Mowry, Graneros, and Niobrara formations which tend to be mature 

along the basin axis. The Permian sandstone reservoirs may be sourced from the 

Phosphoria Formation of western Wyoming. Most conventional reservoirs require 

stratigraphic trapping mechanisms except for the Permian sandstones play which also 

depends on structuring near the Front Range.  

The Niobrara and Pierre plays depend heavily on open, naturally occurring, 

fracture networks to improve permeabilities. Regional tectonics usually maintain 

these fractures dilated in a northwest-southeast direction. Even though a key limiting 

factor for these plays is the presence of open fractures, traps may require a fracture 

system to terminate in order to count with a lateral seal (Higley et al., 2007).  

2.3 The Niobrara Formation 

The Niobrara Formation was deposited in the Late Cretaceous (Turonian ɀ 

Campanian) intercratonic seaway approximately 87 to 82 million years ago. It is 

composed of two members. At the base is the Fort Hays Limestone, which is an 

argillaceous chalk with rhythmically interbedded shales. The nature of this deposition 

has been tied to Milankovich cycles, which are clearly observed in distal environments 

of deposition, such as Kansas, but disappear towards the west due to increasing 

proximity to the Terrigenous detrital source of the Sevier orogenic belt (Laferriere, 

1987). 
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Reservoir Name  Age Litho logy 

 
Environment 
of Deposition  

 

 
Conventional or 
Unconventional  

 
Hygiene/Shannon 
Mbr of the Pierre 

Shale 

Upper 
Cretaceous 

Sandstone 
Shallow 

marine shelf 
Conventional 

stratigraphic traps 

Terry/Sussex of the 
Pierre Shale 

Upper 
Cretaceous 

Sandstone 
Shallow 

Marine Shelf 
Conventional 

stratigraphic traps 

Pierre Shale 
Upper 

Cretaceous 
Shale Marine 

Unconventional, 
Relatively shallow, 
fractured reservoir 

Niobrara (shallow) 
Upper 

Cretaceous 
Marl and 

chalk 
Marine 

Conventional 
biogenic gas 
production 

Niobrara (deep) 
Upper 

Cretaceous 
Marl and 

chalk 
Marine 

Unconventional 
clean marls 

interbedded by 
shaly marls 

Codell Fm 
(Wall Creek/Turner 

equivalents) 

Upper 
Cretaceous 

Sandstone 
Inner neritic to 

supra tidal 
Unconventional 

tight sands 

Dakota Group, J and 
D members of the 
Muddy Sandstone 

Cretaceous Sandstone 
Near shore 

marine 
 

Conventional 
stratigraphic and 
combination traps 

Deep J Sandstone 
Lower 

Cretaceous 
Sandstone 

Near shore 
marine 

 

Unconventional 
tight gas along basin 
axis in the deepest 
areas of the basin 

Lyons Fm. Permian Sandstone 
Eolian, fluvial 
and shallow 

marine 

Conventional basin 
margin structural 
and combination 

traps 
Lansing Fm. 

 
 

Upper 
Pennsylvanian 

Carbonates 
Shallow 
Marine 

Conventional 
stratigraphic and 

structural  
Figure 2.4: Hydrocarbon reservoirs in the Denver basin and their geologic characteristics. 

  
 

Above the Fort Hays is the Smoky Hill Member which is composed of 

interbedded chalks and marls (Figure 2.5). In outcrop the Niobrara weathers into 

sparse, monumental white stacks and cliffs (Figure 2.6) but in core looks like variable 

shades of dark-gray marl and light-gray chalk. The Smoky Hill generally has cyclical 

variations between chalkier and marlier facies every few inches and larger scale 
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variations between chalk and marl facies every fifty feet (Locklair and Sageman, 

2008). This stratigraphy is controlled by climate and orbital cycles and tectonic events. 

During higher sea levels the system was dominated biogenic activity which resulted in 

chalkier facies and less preservation of organic matter. During lower sea levels the 

system was dominated by clastic dilution from terrigenous sources resulting in 

marlier facies and increased preservation of organics.  

Drake and Hawkins (2012) observed that during the Late Turonian, the 

environment of deposition was a broad shelf but in the Late Coniacian subtle NW-SW 

and E-W oriented submarine channels formed incising younger sequences. Starting in 

the middle Santonian paleobathymetric highs such as the Wattenberg High disrupted 

the orientation of these channel. In the Upper Santonian-Lower Campanian the 

prevailent sediment source is oriented SW-NE. The result of this transition, from a 

bathymetrically simple broad shelf to a bathymetrically variable shelf, is the Smoky 

Hill Member tends to be more laterally homogenous at the base and have more 

variable thicknesses and increased lateral heterogeneities at the top.  

 The stratigraphy of the Niobrara Formation has been described by many 

geologists (Weimer, 1960; Hattin, 1963; Kauffman 1977, Sonnenberg and Weimer 

1981; Hattin 1981; 1982; Locklair and Sageman, 2008; and many others). As a result, 

many different classification systems for Niobrara lithofacies exist. Most of these are 

based on a carbonate-shale spectrum. One such system was used by Longman et al. 

(1998Ɋ ×ÈÏÍ ÃÒÅÁÔÅÄ Á ÓÉÍÐÌÉÆÉÅÄ ÖÅÒÓÉÏÎ ÏÆ 0ÅÔÔÉÊÏÈÎȭÓ ɉρωχυɊ ÎÏÍÅÎÃÌÁÔÕÒÅ ÁÎÄ 

divided the Niobrara into five lithofacies (Figure 2.8). Contacts between these 

litho facies are often hard to discern. This can lead to difficulty in correlation, 
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particularly at a fine scale level. Such a problem has been recently addressed by 

investigators using chemostratigraphic methods to better define lithostratigraphic 

boundaries (Humphry et al., 2013).  

 

 
Figure 2.5: A stratigraphic column of the Cretaceous in the Denver Basin (Sonnenberg, 
2011).    
 
 

300 ft. 
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Figure 2.6: Outcrop of the Smoky Hills Member of the Niobrara Formation in Monument 

Rocks, Gove County, Kansas 
 
 
 

 
Figure 2.7: Outcrop of the Smoky Hills Member of the Niobrara Formation in Castle 
Rock, Gove County, Kansas 
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Figure 2.8: Niobrara lithofacies classification using the carbonate-shale spectrum. Figure 

modified from Longman et al. (1998). Column A is Pettijohn (1975) classification and 

Column B is Longman et al. (1998) simplified version.  

 

2.4 Polygonal Fault Systems (PFS) 

 
Polygonal faults were first identified on 2D seismic by several authors in the 

1980s (Williams, 1987; Henriet et al., 1989) but were only truly characterized with 

the development of 3D seismic (Cartwright and Lonergan, 1996). Since then a 

multitude of polygonal-fault studies have been conducted (Cartwright and Dewhurst, 

1998; Dewhurst and Cartwright, 1999; Cartwright and Bolton, 2003; James and 

Pettijohn (1975) Longman et al. (1998) 
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Goulty, 2006; Gay and Berndt, 2007; Cartwright, 2011; and others). Index 1 organizes 

publications on polygonal faults by subject matter.  

2.4.1 Background on PFS 

 Polygonal fault systems are layer bound, randomly oriented, normal faults, 

which occur almost exclusively in fine-grained rocks and are hypothesized to form 

during early burial (Cartwright, 2011). They have been observed only in marine 

sediments with the exception of Wattrus et al. (2003) who interpreted polygonal 

shaped soft-sediment deformation in Lake Superior as an immature PFS. 

Investigations into polygonal faulting have been heavily focused on their impact on 

fluid flow through impermeable layers (Berndt, 2003; Gay and Berndt, 2007; Ostanin 

et al., 2012). Faults in shales could have significant impact on reducing the capability 

of a seal to retain hydrocarbons in a trap, or conversely, improve vertical migration 

pathways through impermeable units. More recently investigations have also focused 

on combining the impact polygonal faults have on fluid migration with the occurrence 

of gas hydrates (Shiguo et al., 2011; Chen et al., 2011).  

Relatively little work has been done investigating polygonal faults in outcrop. 

There are two reasons for this. First, because PFS exist in fine-grained rocks they 

often do not outcrop well or extensively. Second, PFS are best characterized by seeing 

fault patterns over a large region across a time equivalent surface and outcrops rarely 

are exposed in such a way. One exception to these conditions is an outcrop of 

polygonal faults in the Western Desert of Egypt described by Tewksbury et al. (2011; 

2012). This PFS resides in chalks and is exposed at the surface over a broad area. This 

is the most extensive outcrop of polygonal faults observed in the world.  



19 

 

2.4.2 Classification of PFS 

Not all polygonal fault systems are the same and Cartwright (2011) developed 

a nomenclature for describing these systems based on their vertical pattern, planform 

pattern, and maturity. Vertical patterns can either be a simple tier or a wedge type tier. 

In a simple tier faults do not have a preferential dip direction. In a wedge type tier a 

higher order structural trend will orient the dip direction of faults in th e same general 

direction (Figure 2.9). The number of tiers is also characteristic be it a single tier, two, 

three, etc.  

 4ÈÅ ×ÏÒÄ ȰÐÏÌÙÇÏÎÁÌȱ ÏÒÉÇÉÎÁÔÅÓ ÆÒÏÍ ÆÁÕÌÔ ÇÅÏÍÅÔÒÉÅÓ ÁÓ ÓÅÅÎ ÉÎ ÐÌÁÎÆÏÒÍ 

view. There are four planform (map view) patterns of polygonal faults: conjugate 

pairs, clusters around nuclei, locally preferentially aligned faults, and the classical 

hexagonal pattern first observed by Cartwright and Lonergan (1996) (Figure 2.10).      

Maturity refers to the density of faulting. Mature systems are said to have more 

densely spaced faults while immature systems have widely spaced faults. The term, 

though used by Cartwright (2011), is unfortunately misleading as it implies that fault 

density is exclusively controlled by the passage of time. Though time could play an 

important role in increasing fault density, it may also be less significant in creating 

fault density than other factors such as lithologyȢ !Ó Á ÒÅÓÕÌÔ ȰÄÅÎÓÉÔÙȱ ÍÁÙ ÂÅ Á ÍÏÒÅ 

adequate term rather than maturity. Density can be calculated as a ratio of fault tips 

that are connected to another fault versus fault tips that are free, or disconnected to 

another fault. In a denser system, most faults will be interconnected, while in sparse 

systems, most fault tips will be free (Figure 2.11).  
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Figure 2.9: Representative seismic lines indicating a simple tier and a wedge type tier of 

polygonal faults (modified from Cartwright, 2011) 
 

 

Figure 2.10: Representative seismic time slices indicating four different end-members 
of polygonal fault planform geometeires (modified from Cartwright, 2011). 
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Figure 2.11: Representative time slices indicating different levels of polygonal fault 
ÍÁÔÕÒÉÔÙ ɉÄÅÎÓÉÔÙɊ ÁÎÄ ÈÏ× ÏÎÅ ÃÁÎ ÁÒÒÉÖÅ ÔÏ ÁÎ ȬÉÎÔÅÒÃÏÎÎÅÃÔÉÖÉÔÙ ÉÎÄÅØȭ ɉÍÏÄÉÆÉÅÄ 
from Cartwright, 2011) 
 

2.4.3 Genesis of PFS 

Early attempts to explain polygonal fault genesis were made by Henriet et al. 

(1991) who considered over pressure build-up and release, and deformation related 

to density inversion, as the drivers for polygonal fault development. This hypothesis 

was opposed by Cartwright and Lonergan (1996) who claimed that the radially 

isotropic nature of faulting was not compatible with overpressuring and proposed 

that volumetric contraction is more likely the primary cause for faulting. Syneresis 

was posed as a possible cause for contraction (Cartwright and Dewhurst, 1998), but 

how shrinkage cracks at the sediment-water interface would grow into faults at depth 

has never been clearly explained and neither the occurrence of PFS in clean chalks 

that lack the clays necessary for syneresis-like behavior.  



22 

 

More recently support for the volumetric contraction hypothesis has grown 

due to laboratory experiments with unconsolidated sediments (Shin et al., 2008). 

These found that dissolution of unconsolidated sediments caused polygonal shaped 

fracturing. Volumetric contraction has been interpreted as mechanism for polygonal 

fault nucleation (Shin et al., 2010; Cartwright, 2011).  
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CHAPTER 3  
PREVIOUS RESEARCH 

 
While the previous chapter focused on the background geology of the Denver 

Basin, Niobrara Formation, and polygonal faulting, this chapter focuses specifically on 

previous investigations on the Niobrara Formation in Southeastern Wyoming and 

previous research specifically on faults within the Niobrara Formation.  

3.1 Characterization of the Niobrara Formation in Southeastern Wyoming 

The bulk of research on the Niobrara in Southeastern Wyoming has focused around 

Silo Field, the second largest accumulation of Niobrara hydrocarbons outside of 

Wattenberg Field. A report has also been published by Fidelity Exploration and Production 

on the Niobrara Formation in Rocky Hollow, Wyoming, northeast of Silo. Following are 

summaries of both these areas.  

3.1.1 Silo Field  

Silo Field was discovered in 1981 by Amoco Corporation. The field is a basin-

centered accumulation that to date has produced over 10 MMBO and over 9 BCFG from 

the Niobrara Formation alone. The first horizontal well was drilled in 1990 and in recent 

years essentially all wells drilled are horizontal. The main target for the Niobrara at Silo is 

the Niobrara B chalk. Reservoir properties for this unit are described as having less than 

8% porosity, less than 0.1 md permeability, 30-60 feet of pay, a gas-oil-ratio of 1030 cubic 

feet of gas per barrel of oil and an oil gravity of 35° API (Sonnenberg, 2011b). High 

resistivities have been linked to the presence of oil and as a result isoresistivity mapping 

has been one of the most practical tools for the delineation of the hydrocarbon 

accumulation in Silo (Sonnenberg and Weimer, 1993). Naturally occurring fractures within 
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the Niobrara have been essential in making Silo field an economic operation. Many 

investigators have attempted to explain the occurrence of these natural fractures. These 

investigations can generally be grouped into those that believe that fractures form due to 

basement influences (Thomas, 1992; Davis and Lewis, 1990), those who believe they are 

mostly due to tectonic influences (Sonnenberg and Weimer, 1991; Vincelette and Foster, 

1992; Svoboda, 1995), those that believe they are due to Permian salt dissolution (Saint and 

Campbell, 1991) and those that believe they are due internal processes such as high pore 

pressures (Meissner, 1978). Most recently Finley (2013) found that basement structure has 

an effect on faulting and fracturing and that differential compaction over the dissolved 

Permian salt edge is partially responsible for structure of overlying strata including the 

natural fracture network. In this investigation potential polygonal faults within the Niobrara 

were also observed.  

3.1.2 Rocky Hollow  

Fidelity Exploration and Production acquired the Rocky Hollow acreage in 2009 and 

in 2011 drilled two lateral wells that yielded low production results (Grau et al., 2013). 

Poor results were attributed to low maturity of the area. The data acquired over this area 

was then donated to the Colorado School of Mines and is the foundation of this Masters 

thesis.   

In the Grau et al. (2013) investigation the structural complexity of the Niobrara 

Formation was interpreted on a 3D seismic data (Figure 3.1) but the cause for this 

complexity was not explained.  A fracture network was interpreted from an FMI tool run 

on the Jethro 44-19H pilot hole. A large number of these fractures were open with the SH 

max direction being NW-SE (Figure 3.2). This defined the orientation of the lateral well 
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bores drilled and played a key role in changing the orientation of the Jethro 44-19H lateral 

well plan to be more northwards than previously intended. The Niobrara B chalk was 

chosen as the target for landing their lateral wells and had a gross thickness of 21 ft., of 

which 10 ft. were considered net pay. The characteristics of the Niobrara B pay-zone were 

an average porosity of 8.9%, an average water saturation of 13%, and a TOC of 2.45%.  

A traditional core and several rotary side-wall cores were collected in the Jethro 44-

19H well. A graphical representation of the traditional core XRD data was published by 

Grau et al. (2013) and can be seen in Figure 3.3. Values of porosity, permeability, and grain 

density were acquired for each sample. The majority of these values are from the Niobrara 

B1 and B2 Chalk units. Fidelity E&P also purchased a thin section petrography report from 

CoreLab Petroleum Services which was donated to the Colorado School of Mines for this 

investigation. A summary of samples available from this report are outlined in Figure 3.4.  
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Figure 3.1: Map from Grau et al. (2013) showing a structural interpretation on the Niobrara Formation surface from the Rocky Hollow 

survey. Warm colors indicate structurally higher terrains while cool colors indicate structurally lower terrains. Note the pattern of the 

faults. All these faults are interpreted as being normal and some form grabens. The two wells drilled in this acreage are labeled. In 

dashed lines is the final direction of the Jethro 44-19H while the solid line was the proposed drilling direction prior to a fracture 

network study.   
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Figure 3.2: FMI log interpretations in Rocky Hollow (modified from Grau et al., 2013). [A] 

SH Max. [B] Open fractures. [C] Healed fractures.   
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Figure 3.3: Mineralogy by XRD of the conventional core taken in the Jethro 44-19H well. Figure from Grau et al. (2013). This core 

mostly spans the Niobrara B unit. Note the interplay between changes in quartz, calcite, and clay.  
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Niobrara B1 Chalk 
Avg. Porosity: 9% 
Avg. Perm: 
0.008md 
6 Different Facies 
   

Niobrara B2 Chalk 
Avg. Porosity: 8% 
Avg. Perm: 0.01md 
3 Different Facies 

Niobrara A Marl: 
Avg. Porosity: 9% 
Avg. Perm: 0.03md 
2 Different Facies 
   

Niobrara A Chalk: 
Avg. Porosity: 9% 
Avg. Perm: 
0.006md 
1 Facies 
   

Fort Hays 

Codell Sandstone 
Avg. Porosity: 9.3% 
Avg. Perm: 0.02md 
3 Different Facies 

Sharron Springs 

Carlile Shale 

Greenhorn 
Avg. Porosity: 7.3% 
Avg. Perm: NA 
1 Facies 

Figure 3.4: Summary table of petrographic analysis of conventional and rotary sidewall core samples 

conducted by CoreLab on the Jethro 44-19H well. This data set was donated by Fidelity E&P to the 

Colorado School of Mines for this investigation.  
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3.2 Faults in the Niobrara Formation 

Faulting within the Niobrara was first described in Kansas outcrops 

(Twenhofel, 1920). In 1955 faults were first interpreted in the subsurface intersecting 

wells of the Little Beaver Field, Washington County, Colorado (Fentress, 1955). They 

were first described on 2-D seismic by Davis (1985) within the Wattenberg Field. Not 

until 2011 were these faults described in 3-D seismic (Siguaw and Estes-Jackson, 

2011). In2013 they were described on a high resolution 3-D survey in Morgan County, 

Colorado (Sonnenberg and Underwood, 2013). The following subsections cover each 

of these investigations in greater detail.  

3.2.1 Faults in  Kansas Outcrops  

Normal faults in Kansas were first recognized by Tenhofel (1920), and 

subsequently described by a series of other geologists (Lupton, 1922; Prescott, 1955; 

Merriam, 1963; Johnson, 1958; Sawin et al., 1990). All of these researchers describe  

these faults as normal, layer bound (restricted to the Niobrara), randomly oriented, 

unrelated to structural trends, with relatively little displacement (only as much as 40 

ft. recorded), containing rotated blocks and localized folding, and containing striated 

calcite filling. Some observations where made that the Pierre Formation may have 

similar types of faults, but due to poor outcrop exposure, these were never truly 

investigated.  

The general consensus between investigators was that these faults were 

caused by underlying Permian salt dissolution which resulted in differential 

subsidence and compaction of overlying sediments. Permian salt dissolution had been 
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observed to cause collapse structures and sinkholes in eastern Kansas (Merriam, 

1963). Salt dissolution was interpreted to occur at great depths.  

 

 

Figure 3.5: Photograph from Johnson (1958) showing a normal fault in outcrop, Logan 

County, Kansas. Fault dips to the right of picture. Shovel to the left for scale. Note the 

rotation of strata as one crosses the fault plane. 

 

3.2.2 Faults in Wells  

Subsurface normal faults within the fine-grained Cretaceous strata of the 

Denver Basin were first identified by Fentress (1955) while investigating the Little 

Beaver Field. Faults were interpreted from  missing section in well logs. Fentress 

(1955) also recognized these faults as being randomly oriented and layer-bound. He 

recognized two tiers of faulting: one in the Niobrara and Pierre formations and the 

other in the upper part of the Greenhorn Formation.    
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Figure 3.6: Cross-section of the Little Beaver Field by Fentress (1955) showing two tiers of 

faulting, one in the Niobrara and one in the Greenhorn. This was the first instance that 

faults in these formations were described in the subsurface.  
 

 
Figure 3.7: Isopach map of Little Beaver Field by Fentress (1955). óBulls-Eyesô thins 

indicate missing section due to the occurrence of abundant, randomly oriented, normal 

faults.  
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3.2.3 Faults in Seismic  

Davis (1985) interpreted 2D seismic lines over Wattenberg Field, Colorado, 

and observed widespread layer-bound normal faults in the Niobrara-Carlile-

Greenhorn along the flanks of fault-bounded basement-controlled paleo-structures 

(Figure 3.8). Davis (1985) concluded that recurrent movement on basement-

controlled faults triggered development of listric normal faults in tectonically 

sensitive stratigraphic intervals of the Cretaceous. The Niobrara-Carlile-and 

Greenhorn section was considered one such interval. The listric nature of the faults 

was suggested by Davis (1985) as an explanation for the layer bound nature of 

faulting, but carful observations suggest they very well could be linear.  

Siguaw and Estes-Jackson (2011) conducted the first detailed 3D seismic 

investigation of faulting within the Niobrara. Observations were made across three 3D 

seismic surveys within the Denver basin. Siguaw and Estes-Jackson (2011) recognized 

a layer bound, randomly oriented, set of normal fault within the Niobrara. They 

interpreted the occurrence of these faults to be related to post-Cretaceous dissolution 

of Permian salt beds and Laramide reactivation of shear zones in Precambrian 

basement (Figures 3.9 and 3.10).  

Sonnenberg and Underwood (2013) investigated a 3D seismic data set in the 

central Denver Basin. They saw similar faulting as Siguaw and Estes-Jackson (2011) 

but reinterpreted these faults as a polygonal fault system (Figures 3.11 and 3.12). The 

structural style seemed to perfectly fit all the qualifications of polygonal faulting: 

layer-bound in fine grained rocks, normal faults with 45° dips, non-tectonic, and 

randomly oriented.  
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Figure 3.8: Modified figures from Davis (1985). [A] Interpreted seismic line displaying 

normal faults at the Niobrara, Hygiene zone, and Upper Pierre levels. Events labeled are 

top of Niobrara (Kn), top of Dakota (Kd) and approximate basement level (pE).  [B] 

Schematic relationship between basement-controlled faults (bf) and listric normal faults 

(lnf). Faults were interpreted as listric but carful observations suggest they very well could 

be linear.  

A 

B 
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Figure 3.9: Arbitrary line across Mildred West Field, Colorado, from Siguaw and Estes-

Jackson (2011) 

 

 
Figure 3.10: Comparison of Precambrian shear zones and faulting within the Niobrara 

Formation (Siguaw and Estes-Jackson, 2011). 
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Figure 3.11: Time slice on the top of Niobrara interpreted by Sonnenberg and 
Underwood (2013). Note the classical hexagonal polygonal pattern of the PFS.  
 

 
Figure 3.12: Arbitrary 2D seismic line from the 3D volume interpreted by Sonnenberg 
and Underwood (2013). Note the two tiers in the Pierre Shale and the Niobrara 
Formation.  
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CHAPTER 4  
INTERPRETATION OF SEISMIC  

 A 3-D seismic data set was interpreted in order to characterize the structural 

geology of the study area. This data set was of approximately four square miles in area and 

located over Goshen and Larimer Counties (Figure 1.3). The data was collected by 

GeoKinetics on behalf of Fidelity Exploration and Production Co. Interpretation was done 

on a zero-phase time domain.  

4.1 Seismic Units 

 Thirteen seismic units were identified named B, Pz1, Pz2, UC1, UC2, UC3, UC4, 

UC5, UC6, UC7, UC8, and UC9 (Figure 4.1). These units vertically stack on one another 

from the interpreted óBasementô horizon up to the interpreted óPierre Eventô horizon. A few 

of these units exhibit on-lapping, down-lapping, and erosive surfaces as well as other forms 

of discontinuities but most are composed of parallel internal reflectors with a gentle dip 

towards the NW. Interpretation of formations corresponding to seismic units was guided by 

Finley (2014) who conducted a 3-D seismic characterization of Silo Field just south of this 

reports study area.   

 The B unit is the Precambrian basement composed of discontinuous, low amplitude, 

low frequency, reflectors. The reflector at the surface of this unit broadly displays a NW 

dipping trend with minor local variability towards the SE. 

 The Pz1 unit is the lowermost Paleozoic strata bellow the Permian salt but above 

basement. It is composed of semi-continuous, medium amplitude, low frequency, reflectors. 

Internal reflectors are parallel. A reflector within this unit is interpreted to be the top of the 
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Wolfcamp Formation and displays a NW dipping trend that is less steep than the Basement 

horizon.  

 The Pz2 unit is the uppermost Paleozoic strata and is interpreted to be composed 

predominantly of Permian age salt. It is composed of continuous, high amplitude, low 

frequency, reflectors. Internal reflectors are extremely parallel. A horizon at the base of this 

unit indicates it is also NW dipping and is even less steep than the Wolfcamp horizon. The 

top of this unit is a major unconformity.   

 The UC1 unit is the lowermost Upper Cretaceous strata and is composed of semi-

continuous, low amplitude, high frequency, reflectors. Internal reflectors are subparallel to 

divergent and appear to be composed of NW prograding clinoforms with a shallow basin 

hinge at about the middle of the survey which correlates with the edge of the basement high 

observed in the B unit. These are interpreted to be the deltas and estuaries deposited during 

the initial deposition of the Upper Cretaceous. Reflectors become more parallel towards the 

top of the unit as the basin appears to be in-filled.  

 The UC2 unit lies above UC1 and is composed of continuous, high amplitude, low 

frequency, reflectors. Internal reflectors are parallel. This unit, together with UC1, is 

interpreted to be composed of the Dakota and Sundance Formations. A reflector at the top 

of UC2 indicated it has a continuous NW dipping trend.  

 The UC3 unit lies above UC2 and is composed of faintly continuous, medium 

amplitude, medium frequency, reflectors. Internal reflectors are parallel but thin slightly 

onto the NW dipping at about the middle of the seismic survey. These reflectors are 

interpreted to be composed of the Graneros/Mowry Shale. 
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 The UC4 unit lies above the UC3 unit and is composed of mostly discontinuous, 

low amplitude, high frequency, reflectors. Internal reflectors are parallel. This unit is 

interpreted to be the Greenhorn Limestone and Carlile Shale. 

 The UC5 unit lies above the UC4 unit and is composed of mostly continuous, 

medium amplitude, high frequency reflectors. Internal reflectors are parallel. This unit is 

interpreted to be the Lincoln Limestone, Codell Sandstone, and Fort Hays Limestone.  

 The UC6 unit is a thin unit that lies above the UC5 unit and is a composed of 

discontinuous, low amplitude, medium frequency, reflectors. This unit is interpreted to be 

the lower part of the Smoky Hills Member of the Niobrara Formation (Niobrara C and B) 

composed mostly of chalk and marls. The uppermost reflector of this unit (blue/peak) is 

interpreted as the top of the Niobrara B Chalk. 

 The UC7 unit lies above the UC6 unit and is composed of 3 continuous, high 

amplitude, low frequency, reflectors. Internal reflectors are very parallel. This unit is 

interpreted to be composed of the upper part of the Smoky Hills Member of the Niobrara 

Formation (Niobrara B and A) at its base and the lowermost Pierre Shale (including the 

Sharron Springôs member) and its top. The highly variable lithology results in very bright 

velocity contrasts. The middle reflector (blue/peak) is interpreted as the top of the Niobrara 

Formation.  

 The UC8 unit lies above the UC7 unit and is composed of semi-continuous, low 

amplitude, variable frequency, reflectors. Internal reflectors are somewhat subparallel. This 

unit is interpreted to be composed of the lower part of the Pierre Shale.  
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 The UC9 unit lies above the UC8 unit and is composed of mostly continuous, 

medium amplitude, high frequency, reflectors. Internal reflectors are parallel but appear to 

be thickening slightly towards the NW. This unit is interpreted to be within the Pierre Shale.    

 The UC10 unit lies above the UC9 unit and is composed of three, continuous, high 

amplitude, low frequency, reflectors. This unit contains the ñPierre Eventò horizon also 

identified by Finley (2014).  

4.2 Seismic Interpretation 

The top of the basement is poor or nonexistent because the acoustic impedance of the 

overlying section can be identical to the basement. The interpreted Basement horizon 

(Figure 4.2) is, therefore, approximate. This horizon has a gentle NW dipping direction. 

This is to be expected since the study area is east of the Denver Basin axis and in the 

Northern Denver Basin. More interestingly is the presence of local basement highs and 

lows. These may be paleo-basement topography or generated by basement faults. An 

interpretation of the basement fault hypothesis can be seen in Figure 4.23. All horizons 

above the basement drape over these basement features. 

Paleozoic to Dakota strata fills in the structural lows and on-lap onto the structural 

highs (Figures 4.3 through 4.11). These progressively óflattenô as one goes up-section. Yet 

signs of increasing structural complexity appear within the seismic unit UC3 composed of 

the Graneros and Mowry Shale (Figure 4.11). A set of faults flanking the basement 

structure can then be seen in the time structure map of the Greenhorn Event (Figure 4.12) at 

the top of seismic unit UC4.         

 Seismic unit UC4 (Figure 4.13) is comprised of the Greenhorn and Carlile 

formations and provides a particularly intriguing structural signature. It hosts a dense set of 
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randomly oriented, layer bound, normal faults (Figure 4.24). These are interpreted to be a 

polygonal fault system. As one moves up-section into seismic unit UC5, comprised of 

Codell Sandstone and Fort Hays Limestone, this fault system terminates. This fault system 

could be propagating downward into the Graneros and Mowry Shale.  

 A second polygonal fault tier is observed within the Niobrara and Pierre formations 

(Figures 4.14 through 4.22). Unlike the faults restricted to the Greenhorn and Carlile these 

faults are larger and less dense (Figure 4.25). This tier of faulting terminates somewhere 

within the Pierre Formation.  

The largest faults in this study area cut across both the above mentioned polygonal 

fault tiers. They occur almost exclusively along the flanks of underlying structural highs in 

a relationship similar to that observed by Davis (1985) in Wattenberg Field. 

 Growth strata within the Pierre Formation suggest that these faults occurred early 

after burial (Figure 4.20). On-lapping of seismic reflectors onto the crest of these faults 

suggests that they interacted with the sediment-water interface (Figure 4.27) but it is 

possible that these features are simply caused by differential compaction.  
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Figure 4.1: East-West X-Line displaying the different seismic units identified and the horizons that bind them. 

Polarity of data is EG Normal (Blue = Peak). Vertical exaggeration is approximately 20:1.  
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Figure 4.2: Top basement time structure map. Note the NW dip 

direction with a slight porpoising of the reflector suggesting 

occurrence either NE-SW  trending faults and folds, or paleo-

topography. A discreet basement high can be observed in the 

middle of the survey (dashed black line), with another possible 

basement high just barely visible to the south. These highs form a 

shallow space on the eastern portion of the survey.  

Contour interval is 2 milliseconds. 
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Figure 4.3: Time structure map of Permian horizon (top of Pz1 
seismic unit). Note that the dip direction continues to be 
towards the NW but the reflector is much more continuous, 
suggesting that basement faults do not extend into the 
sedimentary cover. The basement high can be observed in the 
middle of the survey, but some infilling around this structure 
has taken place.  
Contour interval is 2 milliseconds.  
 

 
 
 
 
 
 
 
 
 
 
 
 

N 1 Mile 

Permian Horizon Time Structure 

Edge of basement high 



45 

 

 
Figure 4.4: Isochron map of seismic unit Pz1. This unit contains 
all the strata from the basement until the Permian. Thinning 
over the several basement highs can be observed. Thickening 
occurs in the shallow space to the east of the basement high.  
Contour interval is 2 milliseconds. Cool colors are thins, warm 
colors are thicks.  
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Figure 4.5: Time structure map of the upper-most Paleozoic 
reflector (top of Pz2 seismic unit). Note that this reflector looks 
very similar to the Permian horizon.  
Contour interval is 2 milliseconds.  
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Figure 4.6: Isochron map of seismic unit Pz2. This unit is 
essentially isopachus across the area under investigation. In 
other words, there are no real changes in the thickness of the 
Permain salt beds.  
Contour interval is 0.5 milliseconds. Cool colors are thins, 
warm colors are thicks.  
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Figure 4.7: Time structure map of the uppermost reflector of 
the seismic unit UC1. The NW dipping structure is observed 
with a structural  high in the middle of the seismic survey and 
the N-S trending shallow to the East.  
Contour interval is 2 milliseconds.  
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Figure 4.8: Isochron map of seismic unit UC1. This unit appears 
to be mostly filling the area to the NW of the seismic survey. A 
N-S thin is observed on the eastern part of the survey. This is 
interpreted to occur due to the underlying structural high that 
reduces accommodation.  
Contour interval is 0.5 milliseconds. Cool colors are thins, 
warm colors are thicks.  
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Figure 4.9: Time structure map of Dakota horizon (top of 
seismic unit UC2). This map looks very similar to underlying 
time structure maps with a gently dipping NW trend and a 
slight high in the middle of the seismic survey (edge of high 
displayed as a black, dashed, line).  
Contour interval is 2 milliseconds.  
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Figure 4.10: Time strucutre map of the uppermost reflector of 

seismic unit UC3. Though the general trend continous to be NW 

dipping a higher amount of texture can be observed in this horizon 

suggestive of increasing structural complexity. The N-S trending 

shallow-basin on the eastern portion of the survey has been 

completely filled in.   

Contour interval is 2 milliseconds. 
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Figure 4.11: Isochron map of seismic unit UC3. Small, randomly 

oriented, changes of seismic thickness can be observed similar to 

the isochron of seismic unit Pz2. Unlike seismic unit Pz2 the 

changes in this seismic unit are at a larger scale and some influence 

of the underlying structure can be observed. For example, the 

overall thickness of the unit increases towards the SW and a thin, 

curved band, of thining can be observed along the NW edge of the 

underlying strucutral high. This randomly oriented variability in 

thicknesses could be an early expression of a polygonal fault 

system, The curved band of thinning is likely a product of 

enhanced slip along the pre-existing strucutral hinge.Some E-W 

lineations in the SW portion of the survey appear to be seismic 

artifacts.   

Contour interval is 0.5 milliseconds. Cool colors are thins, 
warm colors are thicks.  
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