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Abstract 

 Faulting in the Niobrara has proven a long standing issue with interpreters in the Rocky 

Mountain region, as evidenced by a variety of models for similar structural features. A new 

structural style called a Polygonal Fault System (PFS) is proposed in order to explain many of 

the observed fault characteristics including tier-constrained faults with random orientations 

hosted in a fine-grained lithology. Detailed 3D seismic interpretation from a 16mi2 survey within 

the Denver basin shows random to nearly random oriented faults in at least two discreet tiers, 

one in the Niobrara and a second in the Lower Pierre Formation. The fault surfaces link up in 

planview to form partially closed to incomplete polygons. Observed faults have throws less than 

150ft, lengths under 6000ft, and dip at approximately 45 degrees. Isochrons used to constrain 

growth of the faults determine early genesis for the upper and lower tiers (approximately 70-80 

Ma and 80-90 Ma respectively) which agrees with previous literature postulating early genesis. 

Further data acquisition is advised in order to further understand this system throughout the 

region and its effect on petroleum production. In addition, a future field study of Niobrara PFS 

observable in outcrop is recommended in Northwest Kansas. 
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tectonics, slope, or bounding lithologies. Figure from Cartwright (2011). ............. 4 

Figure 1.4  Seismic section from the Faeroe-Shetland Basin demonstrating the potential 
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Coarse-grained interval shown with arrows. Notice how faults are truncated by 

thick portion (black arrow) but are still through going in thinner interval (white 

arrow), essentially merging two tiers into one in this particular example. The 

faults are unable to develop within a solely coarse-grained interval. From 

Cartwright (2011). Lithology then, plays a critical role in the development of PFS.
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Figure 1.5  Stages of water loss in mudrocks (shales and chalks)(modified from Burst 1969). 

Note two significant episodes of water loss; the first occurring with post 
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broken member of the original Cretaceous Western Interior Basin; a foreland 
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Figure 1.7:  Most Negative Curvature Z=-908. Curvature describes how bent a particular 

surface is at any given location when compared to a flat plane (Roberts, 2001). 

This attribute is particularly useful for fault delineation. Fault traces can be readily 

observed in the red to black portions of the map. The polygonal nature of the 

fault system here is quickly and easily recognized with this attribute. Due to the 

sensitivity of the curvature calculation, this attribute may ‘overinterpret’ the data 

to some degree. Careful comparison with the variance attribute and with time 

cross sections can prevent  incorrect interpretations. Timeslice from lower Pierre 

Fm, roughly equivalent to horizon “SH” shown in Figure 3.1. .............................13 

Figure 1.8.  Variance Attribute Z=-908. Variance (or coherence) calculates the character of 

small cubes of seismic data and compares them to neighboring cubes (Bahorich 

and Farmer 1995). Typically, areas cut by fault will show a sharp contrast, as is 
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are less prominent than with the curvature calculations. This attribute is 

particularly useful for delineating the strongest fault surfaces. Timeslice from 

lower Pierre Fm, roughly equivalent to horizon “SH” shown in Figure 3.1 ..........14 
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Figure 3.1  Arbitrary 2D seismic line from 3D volume.  Two tiers of normal faulting are 

present on the seismic data.  One is at the Niobrara level and extends into the 

lower Pierre Shale.  The other is within the Pierre Shale just below the Hygiene 

Sandstone member of the Pierre. Note seismic line does show vertical 

exageration which aids in visualizing these low offset structures.  Location of 

seismic horizon “SH” (Figure 11) shown. ...........................................................24 

Figure 3.2.  Time structure of SH horizon cutting the upper PFS tier. As seen in Figure 2, 

faults are roughly polygonal in planform, seemingly randomly oriented, and have 

intersections which can be described as trilete. Faults observed in this dataset 

may be highly curved when seen in planview, sometimes curving more than 90 

degrees. Nearby faults commonly have opposing dips, forming grabens. Note: 

warm colors are structurally high. .......................................................................25 

Figure 3.3.  Amplitude extraction from horizon “SH”. Amplitudes show similar faulting pattern 

as seen in previous figures. ...............................................................................26 

Figure 3.4.  Time Structure of an approximately Top Niobrara Horizon which cuts the lower 

PFS tier. Note faulting is less pervasive and forms more “open” polygons in 

planform in comparison to faulting observed in the Upper Tier (Figure 11).........27 

Figure 3.5.  Amplitude Extraction of an approximately Top Niobrara Horizon. .......................28 

Figure 3.6.  Rose Diagram Plot for Horizon “SH”. Fault orientations do not show any strong 

preference for orientation. Total faults used for diagram: 149.............................29 

Figure 3.7.  Rose Diagram Plot for horizon “Top Niobrara.” A near random orientation for 

faults in this tier is observed, however a slight preference for the NE-SW 

orientation is evident. This might be caused by a slight preference towards the 

thinning direction of Niobrara or perhaps a slight structural dip during formation. 

Definitive conclusions cannot be drawn due to the limited sample size in this plot 

(59 fault orientation measurements), nearly one third of the Upper Tier. ............30 
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Figure 3.8.  (a) Inline scaled approximately 1:1 to the top Niobrara. Note faults dip less than 

45°, generally 30°-45°. Faults are not listric, however some may appear so (as 

highlighted in upper image) due to sinuous out-of-plane fault cuts, as seen in 

lower image (b). Sinuous nature of the faults is likely due to multiple faults 

merging together over time. ...............................................................................32 

Figure 3.9.  Isopach from well data shows significant thinning in a few locations, Well Section 

A-A’ is shown on Figure 19.  A portion of the Niobrara appears to have been 

faulted out. This same section is shown on a time cross seismic in Figure 19, 

further indicating the presence of faulting in this location. Note that without 3D 

seismic, understanding the full polygonal nature of this system would be virtually 
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Figure 3.10.  Upper well section A-A’ shown in Figure 18. The C bench of the Niobrara (shown 

in orange) is clearly faulted out in the center well, an offset of aproximately 70ft. 

The seismic section (lower) shows the location of the center well from the well 

section (upper), which clearly cuts right through a fault. .....................................34 

Figure 3.11.  Two fault tiers can be seen between the interval labeled “Larimer_RR” and the 

Codell. Horizons used for calculated isochrons are labeled “PA” through “PI.” The 

Lower Tier, containing the Niobrara, is smaller in vertical extent and more poorly 

imaged than the Upper Tier. ..............................................................................36 

Figure 3.12  Isochron between horizons UT2 and LRR. Thickening shown on this isochron is 

interpreted as growth strata from the faults in the Upper Tier. This interval 

thickens near faults on their downthrown sides. .................................................37 

Figure 3.13.  Isochron between Horizons “LRR” (Larimer Rocky Ridge) and “PA” (See Figure 

18). Overall thinning towards the Northeast is observed in conjunction with faint 

thickening correlatable with the underlying Upper Tier fault system. ..................38 

Figure 3.14.  Isochron between “PB” and “PA” (See Figure 15). Regional thinning towards the 
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CHAPTER 1 INTRODUCTION 

1.1 Motivation 

 The faulting in the Niobrara Formation and the Lower Pierre Shale, Denver Basin, have 

long proved puzzling. As far back as 1955, observers musing over this system have deemed it a 

“problem” (Fentress, 1955). Numerous normal faults, dipping in all directions in a discreet 

interval, with little deformation above or below have puzzled observers, and differences in 

interpreted stress orientations have made determining a preferred stress orientation difficult. In 

the past it has been postulated that the fault systems were related to wrench faults or listric 

normal faults; however, individuals such as Joe Cartwright (1994 a, b) have highlighted a 

structural system model known as polygonal fault systems (PFS). Although PFS have been 

observed in over 100 basins worldwide (Figure 1.1, Cartwright, 2011), they have not been 

recognized in the Rocky Mountain basins. This new model may better encompass the 

observations seen in the Denver Basin. 

 Gaining a better understanding of the stress and structure of the Niobrara, an important 

oil and gas play in the Rockies, is significant to those involved in the oil and gas industry in the 

Rockies. A better understanding of the fault system could lead to improvements in well and 

completion design from understanding related fracture systems, and therefore improved 

production. A better understanding of the Denver Basin structural style could also lead to 

improved understanding of other Western Interior basins.  

1.2 Previous Work  

 As previously mentioned, PFS have not been described in the Rocky Mountain basins; 
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however, they have been recognized and described in over 100 basins worldwide (Cartwright, 

2011). PFS have been defined as “an array of layer-bound extensional faults within a mainly 

fine-grained stratigraphic interval that exhibit a diverse range of fault strikes, which partially or 

fully intersect to form a polygonal pattern in map view” (Cartwright et al., 2003 p. 223). Fault 

planes are typically planar, but may become listric with compactional flattening, particularly in 

thicker tiers (Steuvold et al. 2003). There is a wide variety of hypothetical fault system geometry 

that depends on slope, tier shape (constant thickness vs. wedge shaped), and intervening 

coarse-grained intervals (Figure 1.2, Figure 1.3, Figure 1.4) (Cartwright, 2011).  Tiers with 

relatively constant thickness tend to have an equal number of faults with opposing dips, while 

wedge-shaped tiers will have a majority of faults dipping towards the thinning portion of the 

wedge (Cartwright 2011). Often real systems are far more complex than the idealized models. 

 

Figure 1.1 Global distribution of polygonal fault systems (PFS) recognized from 3D seismic 
data.  The basins in which PFS are located are mainly passive margin or intra-cratonic 
settings.  PFS are recognized in many deep water settings.  The star illustrates the current 
study area.  Modified from Cartwright and Dewhurst, 1998; Cartwright, James, and Bolton, 
2003; Cartwright, 2011. 
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Figure 1.2  Schematic of polygonal fault systems and their organization into tiers bounded by 
undeformed layers (after Cartwright, 1996).  Note in cross sectional view the tiers containing 
normal faults and in planform the polygonal network that develops.  
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Figure 1.3 Tier Structure in a PFS. (A) An Ideal Tier with constant thickness package. (B) 
Wedge Tier with faults inclined towards thinning edge. (C) Complex Tier. Nature commonly 
finds some mixture of mechanisms, such as overprinting from tectonics, slope, or bounding 
lithologies. Figure from Cartwright (2011). 
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Figure 1.4 Seismic section from the Faeroe-Shetland Basin demonstrating the potential 
influence of intervening coarse-grained intervals on a fine-grained hosted PFS. Coarse-
grained interval shown with arrows. Notice how faults are truncated by thick portion (black 
arrow) but are still through going in thinner interval (white arrow), essentially merging two 
tiers into one in this particular example. The faults are unable to develop within a solely 
coarse-grained interval. From Cartwright (2011). Lithology then, plays a critical role in the 
development of PFS. 
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  In the late 1980s, prior to widespread use of 3D seismic imaging, these structures were 

first recognized simply as a new form of soft sediment deformational features. These ‘clay 

tectonic’ structural deformation features were attributed to over pressuring of clay-rich 

sediments, density inversion and collapse (Henriet et al., 1989). The dependence on 2D seismic 

data prevented researchers from understanding the polygonal nature of the fault systems, better 

understood later with 3D data (Cartwright et al. 2003). A few years after the initial models were 

proposed, a model based on gravitational collapse on a slope was postulated (Higgs and 

McClay 1993).  

 Cartwright (1994a, 1994b) observed a system of layer bound faults hosted in 

correlatable fine-grain units in Lower Tertiary mudrock intervals of the North Sea Basin. Through 

interpretation of 3D seismic data, faults were observed to link together in planform into a roughly 

polygonal habit (Figure 1.2). Layer bound fault systems were found to be constrained to discrete 

‘tiers,’ separated by a nearly undeformed interval. Growth intervals at the upper boundaries of 

the tiers indicated that these faults were syn-sedimentary in origin. Cartwright (1994) 

characterized this North Sea fault system as “consisting of small extensional faults with throws 

of 10-50m, with throws and lengths being scaled according to the tier thickness, with faults 

mainly restricted to individual tiers, but larger faults transecting tiers.” Cartwright (1994) again 

invoked the Henriet et al. (1989) model of episodic dewatering of overpressured cells in order to 

explain the tiered nature of the faults system.  

 Cartwright and Lonergan (1996), after measuring extensional strains through the North 

Sea PFS, attributed the extensional strain to volumetric contraction, similar to mudcracks. They 

emphasize that polygonal fault development, unlike mudcracks, involve shear failure conditions, 

not pure vertical tensile failure. A physical explanation was not produced for shrinkage in a 

wholly submerged environment (mudcracks are developed through subaerial water loss: 

desiccation) until Cartwright and Dewhurst (1998) invoked the process of syneresis. Syneresis 
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is defined as the “spontaneous contraction of a gel without the evaporation of the solvent” 

(Brinker and Scherer, 1990). “Clay-rich sediments” (such as those that commonly host PFS) 

“have the potential to form ideal gels on deposition because of their micron-scale particle size 

and the high mass to surface area ratio of the particles and this could be expected to synerese 

as a normal response to their gel-like state” (Cartwright et al., 2003).  Cartwright and Dewhurst 

(1998) through an extensive global review of basins from around the world showed:  (1) that 

PFS are very widely developed, sometimes in excess of 1,000,000km2; (2) PFS were found 

exclusively in passive margin or Cratonic basins and; (3) were only developed in dominantly 

fine-grained sedimentary sequences (e.g. clays and biogenic sediments). However, more recent 

studies (Stuevold et al., 2003; Lonergan and Cartwright, 1999) have shown that PFS can occur 

where coarse-grained  facies are interbedded with fine-grained facies. It is, however, important 

to note that PFS do not form within solely coarse-grained intervals (Cartwright and Dewhurst, 

1998).  

 Challenges to syneresis and other models have since been brought forward (Watterson 

et al., 2000, Goultry, 2001, 2008), necessitating the development of new models. The 

requirement of an ideal gel for a rock to synerese is highly unlikely in view of the reality of the 

range of lithofacies hosting PFS, including both claystones and chalks (Goultry, 2008). 

Laboratory experiments from Burst (1965) demonstrate the development of syneresis cracks in 

sediments containing montmorillonite (bentonite for example) when the salinity of the saturating 

solution is increased. There may, therefore, be a connection between volcanic sediments and 

the development or at least the initiation of PFS, an observation also made by Cartwright 

(2011). Goultry (2008) stated that the low coefficients of residual friction in these fine-grained 

intervals is sufficient to induce slip along fault planes, however, this only enables already 

existing failure surfaces to further develop and does not provide a mechanism for initiation. 

Goultry (2008) postulated that inhomogeneities in a host sediment (e.g. shells, bioturbation) 
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would cause sufficient variability in compaction to allow faults to nucleate. Fault growth would 

occur in a stepwise manner as burial increases the stress state to the point of failure, thereby 

relieving some of the stress until the system rebuilds and fails again. Cartwright (2011) 

proposed a mechanism by which diagenetic contraction/ dissolution would induce shear failure 

(create fault planes) in fine-grained sediments. A likely candidate for compactional diagenesis 

would be volcanic sediments. Despite over a decade of study, the genesis of PFS still remains 

poorly understood (Cartwright et al., 2003; Goulty, 2008). For this study, a generic model of fault 

genesis through compaction-driven water expulsion has been adopted. This broad model allows 

for significant differences in opinion for a generation mechanism. 

1.3 Compaction of Mudrocks 

 Post-depositional compaction and dewatering is a significant process affecting mudrocks 

(Burst 1969). Water is expelled from sediments through compaction and, in the case of 

mudrocks, this process can reduce depositional thickness by a factor of ten. Fine-grain 

sediments such as muds and mud-sized carbonates (chalks) contain 70 to 90 percent water by 

volume when first deposited. Figure 1.5 shows the significant water loss that mudrocks undergo; 

an initial water loss stage driven by post-depositional compaction and a much later stage driven 

by diagenetic alterations. It has been postulated by several authors that PFS form early in the 

burial process (Cartwright 1994 a,b; Lonergan et al., 1998; Stuevold et al., 2003), during 

compactional dewatering. Compactional flattening of fault planes would then likely occur as 

burial depth increases and compaction progresses. Where clay mineralogy shifts due to 

temperature changes, further dehydration would occur: for instance at temperatures at 

approximately 100oC and depths of 2-4km, smectite to illite conversion takes place. This 

reaction consumes a potassium ion and expels an interlayer water molecule, increasing water 

loss and resulting in further compaction. 
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Figure 1.5 Stages of water loss in mudrocks (shales and chalks)(modified from Burst 1969). 
Note two significant episodes of water loss; the first occurring with post depositional 
compaction and the later occurring at great depths due to lithologic changes Polygonal fault 
systems (PFS) form during Stage A but may be reactivated at later times. 
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1.4 Dataset and Methodology 

 Data used for this study includes a 3D seismic survey (Bunting Survey) and 161 wells 

(40 with rasters, 3 with digital logs), one of which was suitable for seismic to well ties. The 

Bunting 3D survey is located in Morgan County, Colorado, T60N R60W and was provided by 

Enerplus Oil and Gas (Figure 1.6). The survey was acquired in 1998 and covers approximately 

16 square miles.  

 This study was performed through line by line 3D seismic interpretation of key seismic 

horizons and fault surfaces. Horizons were carefully picked for fault cutoffs and fault surfaces 

were carefully picked in both inlines and crosslines. Due to the multitude of faults in this survey 

that dip in almost every direction, interpretation was an iterative process requiring careful 

interpretation and editing. To assist in fault interpretation, seismic attributes, notably most 

negative curvature and similarity, were processed and interpreted. These seismic attributes aid 

in determining the location and orientation of faults. Isochrons were also calculated between 

marker horizons in order to elucidate fault growth timing. 

1.5 Seismic Attributes Used 

 Seismic attributes can provide useful visualization of structuraly complex 3D seismic 

datasets(e.g. Hesthammer and  Fossen, 1997), and are of particular aid in PFS datasets where 

faults have a diverse range in lengths, offset, and orientation. The seismic attributes described 

below, Curvature and Coherence, were found to be of the greatest benefit for delineating faults 

for the Bunting 3D dataset. 

1.5.1 Curvature 

 The concept of curvature is a mathematical property of a surface that describes how
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Figure 1.6 Structure contour map base Pennsylvanian (after Martin, 1965).  Location of 3D 
survey used in this study also shown. Note the present-day configureation of the Denver 
Basin is a westward-verging assymetric basin. The Denver Basin is a broken member of the 
original Cretaceous Western Interior Basin; a foreland produced by the Middle Cretaceous 
Sevier Orogeny.  
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much it deviates from a straight line at a particular point, i.e., how bent it is (Roberts, 2001). The 

calculation of curvature dates back as far as the third century BC when Apollonius of Perga 

used mathmatical methods to determine the radius of curvature (Gray et al., 2006). Today, this 

calculation has useful applications as a seismic attribute in delineating faults. In seismic 

processing, the attribute is closely related to the second derivitave, making it highly susceptible 

to rapid changes caused by noise, therefore smoothing functions may aid in processing noisy 

datasets. Where rapid changes occur in the dataset (i.e., faults or noise), curvature anomalies 

are produced. These curvature anomalies are useful for delineating fault locations (Figure 1.7). 

Due to the presence of noise in every dataset, and the sensitivity of this attribute to noise, it is 

the opinion of the writer that the coherence (described below) attribute provides a more realistic, 

albeit more muted, delineation of fault traces in a PFS.  

1.5.2 Coherence 

 Coherence is another seismic attribute useful for finding irregularities and rapid changes 

in a seismic volume. Coherence, when applied in 3D, essentially calculates waveform similarity 

for small ‘cubes’ of seismic data and compares them to surrounding cubes (Bahorich and 

Farmer 1995). Where significant differences occur, a coherence anomaly is produced. These 

may occur where either structural (faults, Figure 1.8) or stratigraphic (channels) induced 

changes occur. Both coherence and curvature are useful tools for rapidly identifying regional 

faulting trends without need for prior interpretation by the geoscientist. Coherence, in the writer’s 

opinion, is a much more conservative method for delineating faults in a PFS and is useful for 

preventing over interpretation of a dataset.  

  



13 
 

 

Figure 1.7: Most Negative Curvature Z=-908. Curvature describes how bent a particular 
surface is at any given location when compared to a flat plane (Roberts, 2001). This attribute 
is particularly useful for fault delineation. Fault traces can be readily observed in the red to 
black portions of the map. The polygonal nature of the fault system here is quickly and easily 
recognized with this attribute. Due to the sensitivity of the curvature calculation, this attribute 
may ‘overinterpret’ the data to some degree. Careful comparison with the variance attribute 
and with time cross sections can prevent  incorrect interpretations. Timeslice from lower 
Pierre Fm, roughly equivalent to horizon “SH” shown in Figure 3.1. 
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Figure 1.8. Variance Attribute Z=-908. Variance (or coherence) calculates the character of 
small cubes of seismic data and compares them to neighboring cubes (Bahorich and Farmer 
1995). Typically, areas cut by fault will show a sharp contrast, as is seen in the figure above.  
The polygonal habit of the faults in this locality are plainly visible with this attribute. Note the 
anomalies produced by this attribute are less prominent than with the curvature calculations. 
This attribute is particularly useful for delineating the strongest fault surfaces. Timeslice from 
lower Pierre Fm, roughly equivalent to horizon “SH” shown in Figure 3.1 
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CHAPTER 2 STUDY AREA AND GEOLOGIC OVERVIEW  

2.1 Deposition of the Niobrara and Lower Pierre Shale 

 For most of Cretaceous time, a broad inland sea covered the Western Interior basin; an 

elongate north-south-trending asymmetrical foreland basin resulting from subduction of the 

Farallon Plate under the North American Plate (Dickinson et al., 1976; Bertog, 2010). The 

Niobrara Formation and the Lower Pierre Shale were deposited within the Western Interior 

basin during upper Turonian to Campanian time (Locklair and Sageman, 2008). Deposition was 

occurring within this single basin, spanning from the Gulf of Mexico to the Arctic Circle, which 

has since been compartmentalized into several basins by various structural events (Weimer, 

1960). The western margin of the Western Interior Basin was bounded by highlands produced 

by the middle Cretaceous Sevier Orogeny, while the eastern margin was a relatively stable 

cratonic lowland. This resulted in an abundance of terrigenous material sourced from the west, 

while little was sourced from the east (Locklair and Sageman 2008), allowing the extensive 

carbonate production of the Niobrara Fm. The basin of interest for this study, the Denver Basin, 

is a broken member of the original Western Interior basin.   

 As a result of load induced-subsidence and eustatic sea level rise, the Western Interior 

basin was repeatedly inundated with marine waters (Kauffman and Caldwell, 1993).  A late 

Turonian transgression led to a flooding of the seaway with carbonate-rich sediments producing 

the carbonate units termed the Niobrara Formation in the Denver Basin. The Niobrara 

Formation unconformably overlies the Codell Sandstone and is overlain by the Pierre Shale 

(Locklair and Sageman, 2008. See Figure 2.1). The contact between the Pierre Shale and the 
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Figure 2.1. Stratigraphic column of Cretaceous interval for the 3D seismic area. A separate 
“D” bench may be found in some areas. Two tiers of polygonal type faults are recognized.  
Approximate drilling depths are indicated. 
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 Niobrara Formation has been described as unconformable by some in a few localities (LeRoy 

and Schieltz, 1958, Weimer, 1978).  

 The base of the Pierre Shale indicates significant change in environment of the 

Cretaceous Western Interior Seaway, with a shift from carbonate environments of the Niobrara 

Formation to a clastic environment (Bertog, 2010). This shift is due to an interaction of tectonic 

events in the Sevier Orogeny and eustatic sea-level change that resulted in a change, not only 

in sediment input but also  in ecology (Russel, 1993).  

2.2 Denver Basin Structural Background 

 The Denver Basin extends over Colorado, Nebraska, Kansas, and Wyoming for about 

60,000 square miles (Figure 2.1). As previously mentioned, the Denver Basin was originally a 

piece of the Western Interior Foreland Basin, but was subsequently broken off from it by the 

Laramide Orogeny (Weimer, 1960). The basin is overall asymmetric with a gently dipping 

eastern flank and a basin axis roughly paralleling the Front Range (Martin, 1965). As the basin 

is asymmetric, its deepest portion is relatively close to the mountains, near the Denver area 

(Figure 1.6).  

2.3 Stratigraphy of the Niobrara Formation 

 There are numerous references available for detailed descriptions of Niobrara Formation 

stratigraphy (Weimer, 1960; Scott and Cobban, 1964; Kauffman, 1977, Hattin Siemers 1978; 

Sonnenberg and Weimer, 1981; Hann, 1981; Hattin, 1982; Barlow, 1985; Rodriguez, 1985; 

Dean and Arthur, 1998a; Longman et al., 1998, Luneau et al., 2011; and many others). For this 

paper, the works of Longman et al. (1998) and Luneau et al. (2011) were primarily used and are 

suggested for further information.  
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 The Niobrara Formation was deposited in the Western Interior Seaway during a period 

of relatively high eustatic sea level and crustal subsidence that resulted in a major marine 

transgression (Longman et al., 1998). Total thickness of the entire Niobrara interval ranges from 

less than 100ft in central South Dakota to more than 1800ft in west-central Wyoming. In the 

Denver Basin, the Niobrara is divided into two members; the basal Fort Hays Limestone, and 

the overlying Smoky Hill Member. Longman et al. (1998) further subdivided the Smoky Hills 

Member into ten alternating chalky and marly sequences. The industry standard, a more generic 

alphabetical subdivision (A, B, C, etc.), modified from Luneau et al. (2011), is more widely used 

and will be referred to in this study (Figure 9). Descriptions of each sequence will be given in 

ascending stratigraphic order. 

2.4 Fort Hays 

 The Fort Hays is the lowermost chalk member of the Niobrara Formation and known to 

be the cleanest chalk interval, consisting of greater than 95% carbonate sediment, excluding the 

slightly sandier basal portion (Longman et al., 1998). Thickness ranges from less than 10ft in 

southeastern Wyoming to over 120ft in New Mexico and is easily recognized in well logs by its 

clean Gamma Ray and relatively high resistivity signatures. Overall appearance of the Fort 

Hays in the Denver basin is a tan to light gray, bioturbated chalk with shaly, microstylolitic 

interbeds and individual chalk beds averaging about 2ft thick, separated by shale partings 0.5 to 

2.0 inches thick (Longman et al. 1998). Fort Hays matrix is composed of disaggregated 

coccolith fragments (Scholle and Pollastro, 1985; Laferriere and Hattin, 1989). Allochems 

include disaggregated calcite prisms and a variety of skeletal fragments such as planktonic 

foraminifer tests, oyster shell fragments, and inoceramid shell. Fecal pellets are largely absent 

from the Fort Hays. Other sediment constituents include quartz, clays, pyrite, and organic 

matter.  The contact between the Fort Hays and the underlying Codell Sandstone appears 
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conformable, however the absence of some faunal zones have led some to interpret the contact 

as a disconformity (Chamberlain, 1991). Abundant trace fossils including Chondrites, Planolites, 

Thalassinoides, Teichichnus, and Zoophycos are important features in the Fort Hays.  

2.5 Smoky Hill Member 

 The Smoky Hill member, according the work done by Luneau et al. (2011), can be split 

into 9 zones of Chalk Benches and intervening marls/shales (A Chalk,  A Shale, B Chalk, B 

Maryl, etc.) (See Figure 2.1 for modified designations used in the 3D area).  

2.6 D Bench  

 The Niobrara D Bench, referred to and described as the N850 Interval by Longman et al. 

(1998), is the basal chalk-dominated interval of the Smoky Hill Member. The thickness varies 

from zero in eastern Wyoming to more than 180ft thick in Northeastern New Mexico, becoming 

cleaner and less distinguishable from the Fort Hays to the east and south. The contact between 

the D bench and the Fort Hays is marked in logs by a high gamma-ray response which 

corresponds to a bentonite bed in some cores (Longman et al. 1998). Compositions of the 

chalky intervals are similar to the Fort Hays, including the lack of chalk pellets in all except the 

marl interbeds.  

2.7 C Shale/Marl  

 The C Shale/Marl is an organic rich, as high as 7wt% TOC in southeastern Wyoming, 

interval above the D Bench and provides the best hydrocarbon source potential of any interval 

in the Niobrara (Longman et al. 1998). Thickness of this interval varies from 0ft in southeastern 

CO to over 80ft in Northern CO. The unit is composed primarily of flattened chalk pellets (35 to 

65%), with some planktonic forams and a slightly silty, clay matrix (Longman et al., 1998). The 
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interval is less sandy than the D Bench, however some rippled, burrowed sand laminae are 

present. 

2.8 C Bench  

 The C Bench is a predominately brownish-gray, wispy laminated, slightly burrowed 

chalky marl composed of 65 to 85% pellets, planktonic foraminifers, oysters, and inoceramid 

fragments (Longman et al., 1998). Overall interval thickness varies from near 0ft to over 70ft, 

with individual beds ranging from 1 to 3ft. Discontinuous pellet bars are present in some 

localities, some of which produced hydrocarbons (Longman et al., 1998).  

2.9 B Shale/Marl  

 Although termed here as a shale/marl interval, this interval contains nearly equal 

portions of marl and chalky marl, and it may be difficult to distinguish from the overlying B bench 

in log response (Longman et al., 1998). Rocks contain notable abundance of shell fragments as 

well as flattened chalk pellets in a clay matrix. TOC values are at or less than 3%. This interval 

averages only 60ft thick in the Denver Area, but can be in excess of 400ft (Longman et al., 

1998). 

2.10 B Bench  

 The B Bench is described as the N400, N430, and N460 intervals, or the “middle chalk 

bench,” by Longman et al. (1998). A middle marly interval separates two cleaner intervals. The 

lower chalk interval is composed of chalk pellets and planktonic forams in a micrite/clay matrix. 

Individual beds are 0.5 to 3.0ft thick, separated with minor marl interbeds, bentonite laminae, 

and organic-rich microstylolitic to stylolitic partings. The intervening marl is relatively organic-rich 

with TOC values near 3.5%. Small amounts of skeletal debris such as planktonic forams, oyster 



21 
 

fragments, inoceramid fragments, and flattened chalk pellets are present. The upper chalky 

interval is quite similar to the lower but for a greater abundance of marl interbeds. 

2.11  A Shale/Marl  

 The A Shale/Marl separates the B Bench from the A bench. It is relatively organic-rich, 

with TOC values up to 6wt% (Longman et al., 1998). The sharp transition in logs between the B 

Bench and this interval is regionally correlatable and likely due to the relatively high organic 

richness. Carbonate allochems, flattened chalk pellets and small amounts of shell fragments, 

comprise from 35 to 50% of the interval overall, with total carbonate volume varying from 20 to 

65%.  

2.12  A Bench  

 The A Bench in the Denver Basin is equivalent to the Beecher Island Zone and is the 

primary reservoir for microbial gas in the eastern portion of the Denver Basin (Lockridge and 

Scholle, 1978; Rice, 1984a,b; Lockridge and Pollastro, 1988).  

2.13  Stratigraphy of the Pierre Formation 

 Various subdivisions have been proposed for the Pierre Shale. The classification by 

Weimer (1973) will be used in this study. The Pierre Shale Formation outcrops in vast areas of 

eastern Colorado and ranges in thickness from less than 1,000ft in southern Colorado to 

approximately 8,000ft near the Front Range (Griffitts, 1949). Almost the entire section is 

composed of dark-gray shales and shaly sandstones nearly devoid of fossils, save a few that 

aid in regional correlation. The basal member of the Pierre, the Sharon Springs member, ranges 

from 400 to 500ft thick and is composed of black, fissile, finely laminated shale and numerous 

bentonite lenses (Griffitts, 1949). The lowermost (30 to 97ft) of the Sharon Springs consists of 
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dark gray to grayish black, calcareous, thin-bedded shale (Leroy and Schieltz, 1958). The Mitten 

Member is a black shale interval immediately above the Sharon Springs, bearing baculites 

(Kiteley, 1977). The remaining intervals in the Upper Pierre Shale are the Hygiene and Terry 

Sandstones which are above this study’s area of interest. 

  



23 
 

 

CHAPTER 3 FINDINGS 

3.1 PFS Description 

 PFS have numerous faults dipping in seemingly random orientations and produce a 

polygonal pattern in planform. This was also observed in the case of this study. Faults within the 

North Bunting 3D seismic survey occur in two discreet intervals, or “Tiers,” with a relatively 

undeformed interval between them (Figure 3.1). Some of the faults appear to connect between 

the two tiers, however many times this may be only a local occurrence with two faults apparently 

merging together in one view and separating in either direction. Both a time structure map 

(Figure 3.2, Figure 3.4) and an amplitude extraction map (Figure 3.3, Figure 3.5) clearly show 

the polygonal, or rather partially polygonal (polygons not fully closed) patterns in planview of this 

fault system. Fault intersections can be trilete (3 faults with a common intersection point), which 

is likely due to the fact of volumetric contraction occurring in all directions. The heave of the 

faults dies out in both directions, producing a spindle shape (thick in the middle and tapered at 

the ends). Individual faults may be fairly linear to highly sinuous, some having orientations 

varying as much as 90 degrees. Because of this highly variable fault strike, it is important to 

iteratively interpret horizons in both inline and crossline. 

 The time structure maps (Figure 3.2, Figure 3.4) show an overall regional dip towards 

the southwest for the Pierre and Niobrara Formations at this locality. However this is disrupted 

by the numerous normal faults. Individual faults have throws ranging from 50 to 150ft and range 

from 60 to 6000ft in length. Measured fault orientations from the upper tier (Figure 3.6) indicate 

randomly oriented faults. The lower tier measurements (Figure 3.7) may indicate a slight 
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Figure 3.1 Arbitrary 2D seismic line from 3D volume.  Two tiers of normal faulting are present on the seismic data.  One is at the 
Niobrara level and extends into the lower Pierre Shale.  The other is within the Pierre Shale just below the Hygiene Sandstone 
member of the Pierre. Note seismic line does show vertical exageration which aids in visualizing these low offset structures.  Location 
of seismic horizon “SH” (Figure 11) shown. 
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Figure 3.2. Time structure of SH horizon cutting the upper PFS tier. As seen in Figure 2, 
faults are roughly polygonal in planform, seemingly randomly oriented, and have 
intersections which can be described as trilete. Faults observed in this dataset may be highly 
curved when seen in planview, sometimes curving more than 90 degrees. Nearby faults 
commonly have opposing dips, forming grabens. Note: warm colors are structurally high. 
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Figure 3.3. Amplitude extraction from horizon “SH”. Amplitudes show similar faulting pattern 
as seen in previous figures. 
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Figure 3.4. Time Structure of an approximately Top Niobrara Horizon which cuts the lower 
PFS tier. Note faulting is less pervasive and forms more “open” polygons in planform in 
comparison to faulting observed in the Upper Tier (Figure 11). 
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Figure 3.5. Amplitude Extraction of an approximately Top Niobrara Horizon.   
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Figure 3.6. Rose Diagram Plot for Horizon “SH”. Fault orientations do not show any strong 
preference for orientation. Total faults used for diagram: 149. 
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Figure 3.7. Rose Diagram Plot for horizon “Top Niobrara.” A near random orientation for 
faults in this tier is observed, however a slight preference for the NE-SW orientation is 
evident. This might be caused by a slight preference towards the thinning direction of 
Niobrara or perhaps a slight structural dip during formation. Definitive conclusions cannot be 
drawn due to the limited sample size in this plot (59 fault orientation measurements), nearly 
one third of the Upper Tier. 
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preference for the NE-SW strike orientation. A larger sample size would be needed to 

sufficiently prove this; however, if this were found true, potential explanations for a preference in 

orientation could be a slight structural dip during deposition (gravitational collapse, see Higgs 

and McClay 1993), or fault alignment along a stratigraphic thinning direction (see Cartwright, 

2011). Highly variable orientations and curviness of individual fault planes can lead to the 

incorrect identification of listric faults in the instance where a fault changes orientation from 

perpendicular to parallel to an observed line of section (Figure 3.8). It is also useful to note that 

seismic interpreters often view data in a highly vertically exaggerated form. When vertical 

exaggeration is removed from a section, one can see the true dip of these faults is between 30 

and 45 degrees (most commonly near 45 degrees). 

 

3.2 Well Data Observations 

 Well data, although sparse in the 3D area, shows dramatic thinning in the Niobrara 

interval across relatively short distances (Figure 3.9 and Figure 3.10). Comparing a well section 

of three wells with a seismic section in the same area; correlations are seen between wells 

showing significant thinning and fault locations (wells with significant thinning show messing 

section from normal faulting). With sparse well control, this easily could have been interpreted to 

have been the effect of some kind of stratigraphic variation removing one of the benches or the 

effect of a single fault; however, only when 3D seismic data are added can the nature of the  

fault system be understood. 

3.3 Isochron Interpretation 

 Where normal faults occur near the surface, slip can both create and reduce 

accommodation space (up-thrown blocks have less accommodation, downthrown blocks have
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Figure 3.8. (a) Inline scaled approximately 1:1 to the top Niobrara. Note faults dip less than 
45°, generally 30°-45°. Faults are not listric, however some may appear so (as highlighted in 
upper image) due to sinuous out-of-plane fault cuts, as seen in lower image (b). Sinuous 
nature of the faults is likely due to multiple faults merging together over time. 
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Figure 3.9. Isopach from well data shows significant thinning in a few locations, Well Section 
A-A’ is shown on Figure 19.  A portion of the Niobrara appears to have been faulted out. This 
same section is shown on a time cross seismic in Figure 19, further indicating the presence 
of faulting in this location. Note that without 3D seismic, understanding the full polygonal 
nature of this system would be virtually impossible. 
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Figure 3.10. Upper well section A-A’ shown in Figure 18. The C bench of the Niobrara (shown in orange) is clearly faulted out in 
the center well, an offset of aproximately 70ft. The seismic section (lower) shows the location of the center well from the well 
section (upper), which clearly cuts right through a fault. 
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more). This allows relatively greater thickness successions to be deposited nearly concurrently 

with the time of fault growth. Locating these ‘growth intervals’ can be useful for constraining the 

time at which a fault grew. A series of horizons were interpreted for constraining fault growth 

using isochrons (Figure 3.11). Figure 3.12 shows the first isochron, calculated for the interval 

between horizons UT2 and LRR (Larimer Rocky Ridge, see Figure 3.11), approximately the 

upper third of the upper tier. Thickened portions shown on this isochron are correlatable with 

downthrown side of faults and therefore represent growth strata.  In addition to the 

aforementioned isochron, a series of isochrons calculated for several horizons above the upper 

tier are shown in Figures 3.15-3.23. Subtle changes in thickness can be observed on all of 

these isochrons; however, it is important to observe those with meaningful change as opposed 

to chaotic changes caused by noise (see Figure 3.15, Figure 3.16) or changes caused by large-

scale stratigraphic changes (see Figure 3.20, Figure 3.21). Those isochrons that show obvious 

correlation between the polygon geometry observable in horizon ‘SH’ and isochron thickening  

position are shown in Figures 3.15, 3.16. More subtle correlations are present in Figures 3.19, 

3.20).  Figures 3.24-3.27 summarize isochron thickening observations from all the 

aforementioned isochrons. Figures 3.28 to 3.31 show what is interpreted as the first episode of 

growth, hiatus, and second episode of growth, respectively, with the Upper Tier Fault Map 

overlain for reference.  Different isochrons show different levels or amounts of fault-correlatable 

thickening. Isochrons for the Interval between LRR and PA, and PD and PF show thickening. 

Subtle patterns are visible on these isochrons which are correlatable with the locations of fault 

cuts in the Upper Tier. Downthrown sides of faults correlate to thicker isochrons. It is interpreted 

here that these isochrons thicks represent compensatory sedimentation accounting for extra 

accommodation created by the underlying fault system. The interval between PB and PC show 

little to no growth, as evidenced by the little to chaotic character of the Isochrons. The last 

interval, between PF and PI shows no correlatable growth and likely represents the time
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Figure 3.11. Two fault tiers can be seen between the interval labeled “Larimer_RR” and the 
Codell. Horizons used for calculated isochrons are labeled “PA” through “PI.” The Lower 
Tier, containing the Niobrara, is smaller in vertical extent and more poorly imaged than the 
Upper Tier.  
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Figure 3.12 Isochron between horizons UT2 and LRR. Thickening shown on this isochron is 
interpreted as growth strata from the faults in the Upper Tier. This interval thickens near 
faults on their downthrown sides. 
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Figure 3.13. Isochron between Horizons “LRR” (Larimer Rocky Ridge) and “PA” (See Figure 
18). Overall thinning towards the Northeast is observed in conjunction with faint thickening 
correlatable with the underlying Upper Tier fault system. 

 



39 
 

 

Figure 3.14. Isochron between “PB” and “PA” (See Figure 15). Regional thinning towards the 
west as well as some character loosely correlating with fault locations in the Upper Tier. 
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Figure 3.15. Isochron between “PC” and “PB” (See Figure 15). Generally homogenous 
thickness in this interval indicating no growth has occurred. 
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Figure 3.16. Isochron between “PD” and “PC” (See Figure 15). Generally homogenous 
thickness in this interval indicating no growth has occurred. 
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Figure 3.17. Isochron between “PE” and “PD” (See Figure 15). Some faint thickening can be 
observed that is correlatable with the shape of the underlying faults. 
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Figure 3.18. Isochron between “PF” and “PE” (See Figure 15). Some faint thickening can be 
observed that is correlatable with the shape of the underlying faults. 
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Figure 3.19. Isochron between “PG” and “PF” (See Figure 15). No visible correlation 
between thickening and underlying fault system. 
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Figure 3.20. Isochron between “PH” and “PG” (See Figure 15). General thickening towards 
the Southeast. No observed correlation to underlying PFS. 
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Figure 3.21. Isochron between “PI” and “PC” (See Figure 15). Trend of thinning towards the 
north related to a clinoform package in the upper portion of the seismic (see upper traces of 
seismic section in Figure 10) 
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Figure 3.22. This Isochron (between Horizons PB and Larimer_RR) combines the first 
Intervals showing growth and more clearly shows the growth related to the faults in the 
Upper Tier. 
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Figure 3.23. The Interval between horizons “PB” through “PD”, which did not show growth, 
are combined in this Isochron. This interval indicates a period where the faults are not active 
and there is little to no fault-correlatable thickening in the overlying strata. 
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Figure 3.24 Isochrons combined for the interval between “PF” and “PD” showing increased 
fault-correlatable thickening. This interval is interpreted to represent a second episode of 
growth for faults in the Upper Tier. 
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Figure 3.25 Isochrons combined for the interval above visible fault correlatable thickening. 
Overall thickening trend towards the south due to a clinoform package within the Upper 
Pierre Shale. 
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Figure 3.26. Merged Isochrons from interpreted Hiatus/Slowdown of fault growth. Fault 
locations are overlain in black. 
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Figure 3.27. Merged Isochrons from interpreted first episode of growth. Fault locations are 
overlain in black. 
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Figure 3.28. Merged Isochrons from interpreted second episode of fault growth. Fault 
locations are overlain in black. 
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period after growth of the fault system occurred. Isochrons appear to indicate growth occurred in 

two episodes, or at least two episodes of higher growth rate separated by a slowdown.   
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CHAPTER 4 DISCUSSION 

4.1 Fault Timing 

 As previously mentioned, isochron data shows thickness variations above the upper tier 

to be constrained to the intervals within the Upper Pierre Formation. Growth for the upper tier 

can then be constrained to Upper Pierre Time, approximately 70 to 80 Mya. This would agree 

with previous hypotheses (Cartwright 1994 a,b, Lonergan et al., 1998, Stuevold et al., 2003) 

stating the PFS’s developments are early. The age of the lower (Niobrara) Tier is more difficult 

to determine from fault growth due to the pervasive faulting in the zone where growth would be 

expected to occur. In the least, it can be assumed that the lower tier is older than the upper, 

enabling a rough estimation of approximately 80-90 Mya.  

 Given a hypothesized burial depth of onset of initiation of approximately 300ft (based on 

Carwright’s (2003) observations of a PFS system within 100m of the seafloor in Vøring Basin, 

Norway) and a much later burial depth of clay diagenesis (roughly somewhere between 2-4km), 

clay diagenesis may be one mechanism to explain the second episode of growth for the upper 

tier interpreted from the isochrons.  

4.2 Fault Geometry 

 The strike of individual fault planes is highly irregular. This feature is likely a result of 

multiple fault planes growing or merging together as the throw on individual surfaces grows. A 

fault throw map of an individual plane (see Figure 4.1) shows the fault throw progressively 

lessening towards to fault tips (the fault “tips out”). However, the far right (North end of the 
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Figure 4.1 Fault map of horizon “SH” (Upper Tier) and location of “Fault A” shown above (4.1a). 4.1b (lower) shows a contour map 
of throw for “Fault A” showing fault throw generally reduces towards fault margins. However; there is more complexity shown with 
multiple throw maximums, likely due from multiple faults merging together. 

 



57 
 

fault) shows two throw maximums, indicating it formed from the linking of two separate 

faults. 

4.3 Effects on Migration 

 Considering the early genesis of these faults and the large amount of fluid flow 

associated with creation, it is very likely that these faults would heal before migration could take 

place. However, evidence from core (USGS core: Coors Energy Mel Bickling. 42-21 Sec. 21-

T6N-R65W) indicates that at least some of these faults may not have healed. It is possible 

these were reactivated by a second episode of growth and were able to remain open to this 

point. It is unlikely that a second episode of dewatering and related PFS development would 

leave faults open, again due to the large volumes of related fluid. 

4.4 Effects on Production 

 Little data are available from current operators in Niobrara plays regarding production 

and changes in proximity to faults or changes in the instance of contact/penetration of fault 

planes. More data to this end could be very beneficial for determining a relationship between 

production and PFS. However, proximity to these faults may be an important consideration in 

finding fractures in the Niobrara.  Generally fractures in a formation increase exponentially with 

distance towards a fault or fault systems.  We do not have sufficient data from operators to 

determine if this is observed in the subsurface. There have however been observations 

indicating that pore pressures within polygonal fault systems may be abnormally high (Yang and 

Aplin 2004), which has obvious implications for drilling plans.  

 



58 
 

 

CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 

 The structural style for the area near the 3D seismic survey, and likely other parts of the 

Denver Basin, is a polygonal fault system (PFS) and can be documented with 3D seismic data. 

Seismic data interpreted in this study clearly indicate a polygonal pattern from planview 

intersection of fault planes that are separated into two discrete tiers. These faults are interpreted 

to be related to compaction and dewatering of fine-grained mud rocks and chalk intervals. The 

timing of the formation of these faults is early, between 70-80 Mya and 80-90Mya for the Upper 

and Lower Tiers, respectively, based on seismic isochrons. In the event that these faults remain 

open or are reactivated prior to migration, they may potential act as migration pathways. 

 Analysis of FMI logs crossing fault boundaries could provide valuable information on the 

fracturing around these fault systems and aid in well planning. Acquiring sonic logs within the 

survey could greatly enhance the ability to depth convert and analyze structural offset of these 

features. The availability of production data within a survey, enabling correlation of production to 

location within polygons and in proximity to faults would help to show how these systems are 

affecting production. Finally, a larger 3D dataset could show how these systems interact on a 

larger scale, i.e. do we see larger scale fault patterns/polygons that would extend this “fractal” 

pattern even larger? 
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CHAPTER 6 FUTURE WORK 

 Mapping conducted by Merriam (1963) documented small scale, seemingly randomly 

oriented faults in Northwestern Kansas within the Niobrara (Figure 6.1). Sawin et al. (1999), 

when observing these same features stated: “Random orientation of the faults in this area 

suggests they are not related to a major structural trend, but are probably a result of local 

changes of the underlying sediments.” The pattern of these faults appears consistent with what 

is known of PFS. It is hoped in the near future a study will be performed detailing these faults, 

their associated fractures, and the host lithology. This may lead to not only a better 

understanding of the Niobrara and PFS structures, but also to further evidence for potential 

mechanisms of generation. Further research is also needed in the form of laboratory 

experiments in order to test and quantify mechanisms for PFS formation and initiation, likely 

through continuing efforts similar to Burst (1965) by analyzing generation of syneresis through 

alteration of water chemistry and sediment composition.  
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Figure 6.1 After Merriam (1999). Small scale randomly oriented faults in the Niobrara of 
Northwest Kansas. A detailed field study of these features could prove valuable to 
understanding PFS. 
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