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ABSTRACT

The Niobrara Formation is a finegrained marine rock deposited in the Western
Interior Seaway during the Late Cretaeous. It is composed of fossiich interlayered shale,
marls, and chalks. Recent interest in the Niobrara has growtue to the advent of lateral
drilling and multi-stage hydraulic fracturing This technology allows operators to
economically extract hydrocarbons fromchalkier Niobrara facies. Yet two aspectsof the
Niobrara Formation have remained enigmatic The first is the @currence of abundant,
randomly oriented, layer-bound, normal faults. The second is thdarge degree ofvertical
heterogeneity. Thisresearchaimed to increase understanding in both these aspects of the
Niobrara Formation.

Randomly oriented normal fauts have been observed in Niobraraoutcrops for
nearly a hundred years.Recenthigh resolution 3D seismic in the Denver Basihasallowed
investigators to interpret these faults aspart of a polygonal fault system (PFS)PFS are
layer bound extensionalstructures that typically occur in fine-grained marine sediments.
Though their genesis and development is still poorly understood, their almost exclusive
occurrence infine-grained rocks indicates heir origin is linked to lithology . Interpretation
of a 3D seismic cubein Southeast Wyomingfound a tier of polygonal faulting within the
GreenhornCarlile formations and another tier of polygonal faulting within the Niobrara
and Pierre formations.This research also found thaunderlying structural highsinfluence
fault growth and geometries within both these tiers.

Core data and thin sections best describeettical heterogeneity in fine-grained
rocks. This investigation interpreted core dataand thin sectionsin a well in Southeast

Wyoming and identified 10 different facies. Most of thesdaciesfall within a carbonate/clay



spectrum with clay-rich facies deposited during periods of lower sea level and carbonate
rich faciesdeposited during periods of higher sea level.

Because theaverage operaor will typically have little core but abundant well logs,
this investigation used three different methods of describing facies variability with logs.
Faciesinterpreted with these methodsare referred to as electrofacies. First, a conventional
interpretation of Niobrara sub-units was done using gamma ray ancesistivity logs. Then
a cluster analysis was conducted on an extensive pephysical log suite. Finallya 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

meaningfuland higher resolution interpretations.
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CHAPTER 1
INTRODUCTION, PURPOSE AND OBJECTIVES

The purpose of this investigation t® increaseunderstanding of the Niobrara
Formationby characterizing itstructure andaciesusing 3D seismic, geophysical well

logs, and a cordgcated in Gosheand Laramie€Countes Wyoming.

1.1 Introduction

In the last ten years the orshore petroleum industry of the United Stateshas
experienced a renaissancapurred by the advent of horizontal drilling and multistage
hydraulic fracturing. These techniques permit lhe economic production of tight
reservoirs out of the developmental scope of traditional technology. The resuls
revitalized production in mature hydrocarbon basins

The DenverBasin is no exception to this trend. In2001 no horizontal wells
were permitted in the state ofColorada but in 2013 abne a total 0f2,261 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 beenthe Niobrara Formation.

SET AR OEA pwqnd O O hds beerEknoo b @dntaiglayeri AOET 1
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 Este¥ackson, 2011).

More recently Sonnenberg and Underwood2013) have reinterpreted the normal

faults asa polygonal fault system.



The Niobrara Formation has a high degree oivertical heterogeneity. This
variability has been the recent focus of many researchersDgacon et al., 2013;
Humphrey et al., 2013; McDonough et al. 2012; Luneau et al., 2011; and many others).
Niobrarafaciescan be characterized on a clay/carbonate spectrum. The most carbonate
rich rocks are chalks while the most clagh rocks are marls and calcareous shales. Most
previous research hagocused in areas where there is abundant data and, therefore,
concentragd in existing hydrocarbon fields such as Wattenberg andislidts. Few have
approached the characterization of the Niobf@wamation using multivariate statistical

methodgo identifying vertical heterogeneity.
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Figurel.1l: 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 (COGCQ.))
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Figurel.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 prod@idemrocarbons in
recent yearfncreasingunderstanding of this formation is of great ietdrto thepetroleum
geology communityThis investigation aimed to characterittee polygonal fault system
within the Niobrara This is valuable because these fault and fracture networks may
enhance or reduce permeability and add complications to geogtedren drilling lateral
wells. This investigation also aimed to characterize \kdical facies variability othe
Niobrarain a previously uninvestigated arebhis is valuable becauseprovides a new
data point away from where most previous invedigns have focuseds part of this
facies characterization this research also aimed todifistent multivariate statistical
techniques forfaciescharacterization of the Niobrardhisis valuable because would
allow operators tinterpretfine scalefacies variability without the cost of acquiriagot of

coredata



1.3 Objective

In order to accomplish thpreviously stated aima data set wadonated byFidelity
Exploration and Production that includes a smélséctior) 3-D seismic surveyand two
wells, both with petrophysical logs and omveth core dataThe data set is locatetross
Goshen and Laramie Counti€Bigure 1.3) The objectiveof this investigation is to

interpret structure on theeismiccube anddcieswith core and well da.
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Hallow 3D
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Figurel.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.



CHAPTER 2
GEOLOGIC OVERVIEW

The following geologic overview isdivided into three sections: 1) thegeology
of the Denver Basin, 2) assummary of the Niobrara Formation, and 3) a summary of

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

recommended thatOEAU OEED O1 # EFADPEEARDD ohE EGOEO AAGEG A b

research specifically focusedon Niobrara faults and on theNiobrara 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. ks axis runs parallel to the Rocky Mountainand Laramie ranges It
is hasa 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 Ach, to the southeast by the Las Animasréh, and to the southwest by the
ApishapaUplift. 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
AAAT AAOAA AO AAT OO p8¢e AEI T EI 1sedunkragyO

package hosts several petroleum systen(&igure 2.3).
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2.1.1 Paleozoic-Jurassic

Early researchon the Denver Basin suggestedhat Early Paleozoic deposition
in Colorado was restricted tothe westernmost part of the gate and that little to none
occurred in the Denver basin prior to the Pennsylvanian. Then, Chronic and Ferris
(1963) described a geologicanomaly. Cambrian to Silurian oticrops in the southern
Laramie Range of Wyoming, further east than anyone would have expected rocks of
such an age tde present These outcrops were composed of extremely fossiliferous
carbonates that indisputably carried fossil assemblages of the earlyaleozoic and
were interpreted to have been depositedin a shallow marine environment. This
introduced the possibility that the Early Paleozoic seaqto the west) penetrated
deeperinto the North American continent than previously thought.

The current lack of Early Paleozoic rock is explained by twdPrecambiran
epeirogenic features the Siouxia and Sierra Grande highs2(l). 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 almostll Early Paleozoic rocks of
eastern Colorado and Wyoming (McCoy, 1953).

Towards the end of the Paleozoic tectonic plates vene sutured together into
Pangea The western North American continent formed the northwestern edge of the
supercontinent. Volcanic arches originating from the spreading protéacific collided
with the North American continent. This caused orogenic events that developed the
Ancestral Raky Mountains. The suturing of Pangea resulted in a change from

primarily marine to primarily terrestrial deposition. A continues sedimentary



sequence from the Pennsylvanian until the Triassits composed of these sediments.
Periodic rises in sea level would allow marine encroachment into the basmesulting

in terrestrial deposits being reworked and the deposition of salt. Salt deposition was
especially prevalent during the Permian By the Jurassicthe sea had completely
retreated leaving behind freshwater 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 basis best described as a massive
transgressive sequencelarge sealevel fluctuations held important constraints on
rates and environmentsof deposition, revertheless, a general drowning of the basin
persisted throughout this time. This is attributed to the combined effects of three
events: te first, and most influential, isthe Sevier Orogenyto the west which started
in the Jurassic and Early Cretaceouand 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 thespill-over of ocean waters onto
continents.

The first incursions of a rising sea levelresulted in the infilling of incised
valleys. Estuarine environments developed in which the sandstones of theDakota
Formation were primarily deposited. Continued deepening deposited the Colorado
Group, composed mostly shales and marls with occasional thin sandstone units. The

baseof the Colorado group is composed of the Carlilthale and Greenhorri_imestone.
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The top is composed of theNiobrara chalks and marls. Finally, at the end of the
Cretaceous sea levelvas highest and the shalg 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 Basinis best described asa massive regressive
sequence . Laramide orogenic activity fragmentedthe Cretaceous seaay and formed
the mountain ranges that now span from southeastern Wyoming, through central
Colorado, to northern New Mexico. Environments of depdsn transitioned from
open marine, to restricted marine, to lacustrine, and finally drrestrial. Tertiary
sediments vary from lacustrine to aeolian and from conglomerates to siltstones and

coals.

2.2 Petroleum Systems

Oil was first found in the DenverBasin in 1901 within the fractured Pierre
Shale by the McKenzie Well drilled in Boulder, Colorad&ince thenover a billion
barrels of oil and over 4 trillion cubic feet of gatave beenproduced from the Denver
basinthrough 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 agesource rocks, the Niobrara Formation specifically, and tight,
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Cretaceous age sandstonesuch as the Codelhave beentargeted asunconventional
reservoirs. Figure 2.4 outlines the hydrocarbon producing units within the Denver
basin.

Source rocks for these lays are primarily Cretaceous organigich shales and
marls such as the Mowry, Graneros, and Niobrara formations which tend to be mature
along the basin axis. The Permiaisandstone 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 usuallymaintain
these fracturesdilated in a northwest-southeast direction. Even though a key limiting
factor for these plays is the presence of open fractures, traps may requiegfracture

systemto 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
Campanian) intercratonic seaway approximately 87 to 82 million years ago. It is
composed of wo members. At the base is the Fort Hays Limestone, which ah
argillaceouschalk with rhythmically interbedded shales. The nature of this deposition
has been tied to Milankoviclcycles, which are clearly observed in distal environments
of deposition, such as Kansas, but disappeaowards the west due toincreasing
proximity to the Terrigenous detrital source of the Sevier orogenic belt (Laferriere,
1987).

12



Environment

Conventional or
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Cretaceous .
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Niobrara (shallow) PP Marine biogenic gas
Cretaceous chalk :
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. Upper Marl and . clean marls
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Codell Fm Upper Inner neritic to Unconventional
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D membersof the Cretaceous Sandstone marine stratigraphic and
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areas of the basin
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: and combination
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. Carbonates . stratigraphic and
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Figure2.4: Hydrocarbon reservoirs in the Denver basin and their geologic characteristics.

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

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

sparse, monumental white stacks and cliffs (Figur.6) but in core looks like variable

shades ofdark-gray marl and lightgray chalk The Smoky Hill generally has cyclical

variations between chalker and marlier facies every few inches and largerscale
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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 domiriad biogenic activity which resulted in
chalkier facies and less preservation of organic matter. During laav sea levels the
system was dominated byclastic dilution from terrigenous sources resuling in
marlier facies and increased preservation of organg

Drake and Hawkins @012) observed that during the late Turonian, the
environment of deposition was a broad shelf but in thé.ate Coniacian subtle N\ASW
and EW oriented submarine channels formedncising younger sequences3arting in
the middle Santonan paleobathymetric highs such as the Wattenberg High disrued
the orientation of these channel. In the Upper SantonianLower Campanian the
prevailent sediment source is orientedSWANE. The resultof this transition, from a
bathymetrically simple broad shelf to a bathymetrically variable shelf, is theSmoky
Hill Member tends to be more laterally homogenous at the base antlave more
variable thicknesses and increased lateral heterogeneitiest the top.

The stratigraphy of the Niobrara Formation has beerdescribed by many
geologists (Weimer, 1960;Hattin, 1963; Kauffman 1977, Sonnenberg and Weimer
1981; Hattin 1981; 1982; Locklair and Sageman, 2008and many others). As a result,
many different classification systems for Niobrara lithofacies existMost of these are
based on a carbonateshale spectrum. One such systemvas used by Longman et al.
(1998q xET i AOAAOAA A OEIiI bi EAZEAA OAOOGEIT I
divided the Niobrara into five lithofacies (Figure 2.8).Contacts between these

lithofacies are often hard to discern. This can lead to difficulty in correlation,

14
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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).
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Figure2.5: A stratigraphic column of the Cretaceous in the Denver Basin (Sonnenberg,
2011).
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Figure 2.6: Outcropof the Smok Hills Member of the Niobrara Formation in Monument
Rocks, Gove County, Kansas

Figure2.7: Outcrop of the Smok Hills Member of the Niobrara Formation in Castle
Rock, Gove County, Kansas
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2.4 Polygonal Fault SystemgPFS)

Polygonal faults were first identified on 2D seismic by several authors in the
1980s (Williams, 1987; Henrietet 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 conductedCartwright and Dewhurst,

1998; Dewhurst and Cartwright, 1999; Cartwight and Bolton, 2003; James and
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Goulty, 2006; Gay and Berndt, 2007; Cartwright, 2011; and othetdndex lorganizes

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 finegrained 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 softsediment 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 (Bernd, 2003; Gay and Berndt2007; Cstanin
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 hae 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, becausePFS existin 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 m such away. 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 PFSesides inchalks andis exposed at the surface over a broad are@his

is the most extensve outcrop of polygonal faults observed in the world.
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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 patterplanform
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 the samegeneral
direction (Figure 2.9). The number of tiers is also characteristic be it a single tier, two,
three, etc.

AEA x1T OA OPT1UCITAI & 1 OECET AGAO EOI T MEADT
view. There are four ganform (map view) patterns of polygoral faults: conjugate
pairs, clusters around nuclei, locallypreferentially aligned faults, andthe classical
hexagonal patternfirst observed by Cartwrightand Lonergan(1996) (Figure 2.10).

Maturity refers to the density of faulting. Mature systemsre 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. Thoughme could play an
important role in increasing fault density, it may also beless significant in creating
fault density than other factors such  lithology8 ! O A OAOOI &6 OAAT OEOUG
adequate term rather than maturity. Density can be calculateds 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)

Locally preferentially
aligned faults

Figure2.10: Representative seismic time slices indicating four different endghembers
of polygonal fault planform geometeires (modified from Cartwright, 2011).
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2.4.3 Genesis of PFS

Early attempts to explain polygonal fault genesis were made by Henriet et al.
(1991) who considered over pressure buildup 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 sedimentvater 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 syneresiike behavior.
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More recently support for the volumetric contraction hypothesis ha grown
due to laboratory experiments with unconsolidated sediments (Shin et al., 2008).
These found that dissolution of unconsolidated sediments caed polygonal shaped
fracturing. Volumetric contraction hasbeen interpreted as mechanism for polygonal

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

While the previous chapter focused on the lekground geology of the Denver
Basin, Niobrara Formation, and polygonal faulting, this chapter foces specifically on
previous investigations on the Niobrara Formation in Southeastern Wyoming and

previous researchspecifically on faults within the Niobrara Formation.

3.1 Characterization of the Niobrara Formation in Southeastern Wyoming

The bulk ofresearcton the Niobrara in Southeastern Wyoming has focused around
Silo Field, the second largest accumulation of Niobrarardoaibons outside of
Wattenberd-ield. A report has also been publishedHagelity Exploration and Production
on theNiobrara Formationn Rocky Hollow, Wyoming, northeast of Sild-ollowing are

summaries of both these areas

3.1.1 Silo Field

Silo Field wasdiscovered in 1981 by Amoco Corporation. The field ibasin
centered accumulatiotmat to date has produced over 10 MMBO and over 9 BE&6@
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 areribest as having less than
8% porosity, less than 0.1 md permeability;68feet of pay, a gaasil-ratio of 1030 cubic
feet of gas per barrel of oil and an oil gravity of° 38P1 (Sonnenberg, 20b). High
resistivities have been linked to the presenceilorad 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,3)98aturally occurring fractures within
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the Niobrara have been essential in makinp $eld an economic operatiorMany
investigators have attempted to explain the occurrence of these natural frathess
investigations can generally be grouped into those that believe that fractures form due to
basement influences (Thomas, 1992; Baamd Lewis, 1990), those who believe they are
mostly dueto tectonic influences (Sonnenbeagd Weimer, 1991; Vincelette and Foster,
1992; Svoboda, 1995), those that believe they are due to Permian salt dissolutican(Baint
Campbell 1991) and those thhelieve they are due internal processes such as high pore
pressures (Meissner, 1978). Most recently Finley (20d®)d that basement structure has
an effect on faulting and fracturing and that differential compaction over the dissolved
Permian salt edges partially responsible for structure of overlying strata including the
natural fracture networkn this investigation potentigdolygonal faults witlm the Niobrara

werealso observed.

3.1.2 Rocky Hollow

Fidelity Exploration and Production acquired the RoElollow 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 afidee data acquired over this area
was then donated to the Colorado School ofeédiand is the foundation of this Masters
thesis.

In the Grau et al(2013) investigation the structural complexity of the Niobrara
Formation was interpreted oa 3D seismic dataFigure 3.1) but the cause for this
complexity was not explainedA fracture network was interpreted from an FMI tool run
on the Jethro 449H pilot hole A large number of #se fractures were open with the SH

max direction being NWSE (Figure 3.2) This defined theorientationof the lateral well
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bores drilled and played a key role in changing the orientation of the Jeti@H44teral
well plan to be more northwards than previously intenddte Niobrara B chalk was
chosen as the target for landing their lateral wells and had a gross thickr2ds§.p of
which 10 ft. were considered net pay. The characteristics of the Niobrara-Bopaywere
an average porosity of 8.9%, an average water saturation of 13%, and a TOC of 2.45%.
A traditional core and several rotary siall cores were collectein the Jethro 44
19H well. A graphical representation difie traditional coreXRD datawas published by
Grau et al. (2013) and can be seeRigure3.3. Values of porosity, permeability, and grain
density were acquired for each sample. The majorithedd values are from the Niobrara
B1 and B2 Chalk unitg=idelity E&P also purchased a thin section petrography report from
CoreLab Petroleum Services which was donatethéoColorado School of Mines fainis

investigation. A summary of samples availafotem this report are outlined indtre 3.4.
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Figure3.1: Map from Grau et al. (2013) showing structural interpretation on the Niobrara Formation surface from the Rocky Hollow
survey. Warm colors indicatstructurallyhigher terrains while cool colors indicate structurally lower terrains. Note the pattern of the
faults. All these faults are interpreted as being normalsangeform grabens. The two wells drilled in this acreage are ¢abéh
dashed lines is the final direction of the Jethrel@# while the solidine was the proposed drilling direction prior tdracture
network study

26



P \ _l" tL
AN Nkt d 7 ~\A
30(' \ ;’; k! 3 /‘r\' T g\'{\ I.," t‘: 7 \.\“

f S

~

'l\ ,-:5‘-.-. )‘)\,\/ /‘("/l) f
b X
N\

XS
7 ™
N I/[\f_ 4|

oy
)

1]}
|[Rogette-»Strike T130

/

Figure3.2: 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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Fidelity Exploration, Jethro 44-19H Well
ANALYTICAL PROGRAM AND SAMPLE SUMMARY

Bample | Oepth | 15 EFl | SEM | MRD | Porosity |Permeabill]  Grain Lithology-
i i#)- %) ty(md) | Density
== Sharron Sorinas
1 7412.00 x X ria nia nia Sty Pelietal Mudnocs
B Tazmon | X x BE 0ot 289 VackesionaPacksions Niobrara A Chalk:
5 T424 00 ' % A a0 268 Fomminieeal Pelletal Argllacecus Ome | Avg. Porosity: 9%
—— —_—— L e Avg. Perm:
& Taod28 | x - - x 1.0 nia 281 Silty Pedletal Calcarsous, Mudrock :
& |remms| x | x | - | x| 7o | oz | 28 | Opwichenimetumme | Niobrara A Marl
T 7E81.40 X X T3 L0038 261 Organic-Rich Lime Mudsione ﬁxg Eg;?ns;ltg_:ogoﬁd
& TEELTO x X X 1.0 nia 268 Faraminiteral Lime Mudsione 2 Different Eacies
o TER5.80 X X BB 04 264 Foraminiferal Lime Wackestone
10 TEEA.00 X X X 10.0 (T 263 Foraminiferal Lime Wackestone
11 TEL0E x X x 20 o.002 266 Foraminiferal Lims Wackestone
12 7891.40 X X X T 0004 268 Foraminiferal Lima Wackestone
13 TEELA0 X X ar ez 260 Foramiriferal Argilaceous Lime Wackestone:
i TEEA2E x X x 0 0.002 2858 Foraminiferal Lims Wackestone
15 758750 X X oy 0,005 268 Foraminiferal Lime Wackestone -
1% 750850 X X X 28 0003 268 Foraminiferal Lime Wackestone E\llogbrg(r)a: Oiﬁyc;gil/lok
17 TELA.25 X X 4.0 nia 284 Foramiriferal Argilaceous Lime Wackestone: Avg: Perm: .
18 THOO50 X X X a4 0008 268 Foramiriferal Argilaceous Lime Wackestone: 0.008md
18 TEOZ.50 X X &5 nla 268 Foraminiferal Lime Wackestone
=0 THOALE0 X X X 75 nia 266 Foraminiferal Argilaceaus Lime WackesioneiPacksione
s TEOL.TE x x &1 nia 270 Foraminiteral Argillacecws Lime Packstong
P TEOT 25 X X X &3 nia 266 Foramiriferal Argilaceaus Lime Wackestone:
1 TEO8.25 X X a2 nia 242 Foraminiferal Pelietal Argillacecus Lime Packsione
o TE1L00 x X x 1] nia 262 Foraminiferal Pelletal Argillacecus Lime Packsione
= TETL00 X X X a2 0008 268 Faraminiteral Pellstal Argilacenus Lime Wackestone
= TEEZ00 X X &1 0036 283 Faraminieral Pelistal Argilaceaus Lime Wackestone Niobrara B,Z Chalk
Avg. Porosity: 8%
F. THEL00 X X &0 o124 268 Faraminieral Pelietal Argilaceaus Lime Wackestone Avg. Perm: 0.01md
. | Tros00 | X X 78 003 262 Foraminiteral Pelietal Lime Wackestons 3 Different Facies
. 711,00 X X X 74 0008 270 Pellstal Faraminiferal Lime Wackesions
N TT4E.00 X X 1.5 GO0 270 Foraminiieral Argillacecus Lime Padosbone Fort Hays
o TTE4.00 X X &0 a1y 27 Mrgillaceous Sitstone Codell Sandst
= TIT0.00 X X Ta oo 270 Argilacecus Sandsione A\?g ePorgglt; Ogng%
) Trednn | X X -3 G040 258 Argilacecus Sandsione Avg. Perm: 0.02md
= TTSE.00 X X 0.8 Loy 269 Argilaceous Sandsione 3 Different Facies
- Tee0p0 | ox . . x &0 0022 268 Siity Foraminieral Pelietal Calcareous Mudrock Carlile Shale
- spss00 | ox - - x BB nla 283 Foramiriferal Pelletal Cal Mucrock
ar spmioo | x - - x T8 nia 258 Foraminiferal Pelletl Cal Mucrock Greenhorn_
Avg. Porosity: 7.3%
a BOES.00 x - - x .45 nla 253 Pelletal Foraminiferal Calcansows Mudnock Avg. Perm: NA
] a1z00 | % . . X 73 nla 252 Foramiriferal Pelletal Calcarecus Mucrock 1 Facies

Figure 3.4: Summary table of petrographic analysis of conventional and rotary sidewall core :
conducted by CoreLab on the Jethro18H well. This data set was donated by Fidelity E&P tc
Colorado School of hhes 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, Viishington County, Colorado (Fentress, 1955). They
were first described on2-D seismic by Davis (1985) within the Wattenberg Field. Not
until 2011 were these faults described in3-D seismic (Siguaw and Esteslackson,
2011).1n2013 they were described on a lgh 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 Kansaswere 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), randualy 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 Forttion may have
similar types of faults, but due to poor outcrop exposure, these were never truly
investigated.

The general consensus between investigatorsvas that these faults were
caused by underlying Permian salt dissolution which resulted in differenal

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 fautiutcrop,Logan
County, KansasFault dipsto the rightof picture Shovel to the left for scale. Note the
rotation of stratasone crosses the fault plane.

3.2.2 Faults in Wells

Subsurface normal faults within the finegrained Cretaceous strata of the
Denver Basin were first identified by Fentress (1955) while investigating the Little
Beaver Field. Faults wereinterpreted from missing sectionin well logs. Fentress
(1955) also recognized these faults as being randomly oriented and laydound. 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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3.2.3 Faults in Seismic

Davis (1985) interpreted 2D seismic lines over Wattenberg Field, Colorago
and observed widespread layer-bound normal faults in the Niobrara-Carlile-
Greenhorn along the flanks of faultbounded basementcontrolled 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 Niobrar@arlile-and
Greenhorn section was cosidered 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 Esteslackson (2011) conductedthe first detailed 3D seismic
investigation of faulting within the Niobrara. Observations were made across three 3D
seismic surveys within the Denver basin. Siguaw and Estdackson (2011) recognized
a layer bound, randomly oriented, set of normal fault whin the Niobrara. They
interpreted the occurrence of these faults to be related to postretaceous dissolution
of Permian salt bed and Laramide reactivation of shear zones inPrecambrian
basement (Figures 3.@nd 3.10).

Sonnenberg and Underwood (2013)nvestigated a3D seismic data set in the
central Denver Basin. They saw similar faulting as Siguaw and Estésckson (2011)
but reinterpreted these faults as a plygonal fault system (Figures 3.1 and 3.12). The
structural style seemed to perfectly fit allthe qualifications of polygonal faulting:
layer-bound in fine grained rocks, normal faults with 45° dips, nontectonic, 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. Ealeelesdare

top of Niobrara (Kn), top of Dakota (Kd) and approximate basement level (pE). [B]
Scheméc relationship between basemeuntrolled faults (bf) and listrimormal faults

(Inf). Faults were interpreted as listric but carful observations suggest they very well could
be linear.
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Figure3.11 Time slice on the top of Niobrara interpreted by Sonnenberg and
Underwood (2013). Note the classical hexagonal polygonal pattern of the PFS.

Figure3.12: 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 seismicdata set was interpreted in order to characterize the structural
geology of thestudy area. This data set was of approximétaly squaremiles in area and
located over Goshen and Larimer Counties (Figit®. The data was collected by
GeoKineticson behalf of Fidelity Exploration and Production Querpretation was done

on a zerephasdime domain.

4.1 Seismic Units

Thirteenseismic units were identified namé&q Pz1, Pz2, UC1, UC2, UC3, UC4,
UCS5, UC6, UC7, UC8, and UC9 (Figudel). These units ertically stack on one another
fromtheint er preted 6Basement®é horizon uWgewt o t he
of these unitexhibit onlapping, dowAapping, and erosive surfaces as welbter forns
of discontinuitiesbut most are composeaf parallel inernal reflectors with a gentiéip
towards the NWinterpretatiorof formations corresponding to seismic uni@sguided by
Finley (2014) who conducted al3 seismiccharacterizatiomf Silo Field just south of this
reports study area.

The Bunitis the Precambrian basement composetismfontinuous, low amplitude,
low frequency, reflectorsThe reflector at the surface of this unit broadly displayslW
dipping trend with minor local variabilittowards the SE

The Pzlunit is the lowemost Paleozoic strata bellow the Permsatt but above
basement. It is composed s#micontinuous, medium amplitude, low frequency, reflectors.

Internal reflectors are parallé\ reflector within this unit is interpreted to be the top of the
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Wolfcamp Formation and displays a NW dipping tretiét is less steegman the Basement
horizon.

The Pz2unit is the uppermost Paleozoic strata and is interpreted to be composed
predominantly of Permian age salt. It is composed of continuugh amplitude, low
frequencyreflectors.Internal reflectors are extremely parall@lhorizon at the base of this
unit indicates it isalso NW dipping and is even less stélegn the Wolfcamp horizofhe
top of this unit is a major unconformity.

The UCL1 unit is the lowermostpperCretaceous strata and is composed of semi
continuous, low amplitudehigh frequency, reflectordnternal 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 surwelyich correlates with the edge of the basement high
observed in the B uniThese are interpreted to thee deltas and estuaries deposited during
the initial deposition of the Upper CretaceoRgflectors become meiparallel towards the
top of the unit as the basappears to bm-filled.

The UC2 unit lies above UC1 and is composed of continuous, high amplitude, low
frequency, rélectors. Internal reflectors are parallel. This unit, together with UC1, is
interpreed to be composed of the Dakota and Sundance Formations. A reflector at the top
of UC2 indicated it haa continuous NW dipping trend

The UC3 unit lies above WCand is composed dhintly continuous, medium
amplitude, medium frequency, reflectors.eimal reflectors are paralléut thin slightly
onto the NW dippingat about the middle of the seismic surv@hese reflectors are

interpreted to be composed of Beanerodlowry Shale.
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The UC4 unit lies above the UC3 unit and is composed of mostlgrdisacous,
low amplitude, high frequency, reflectors. Internal reflectors are parallel. This unit is
interpreted to be th&reenhorn Limestone and Carlile Shale

The UCS5 unit lies above theC4 unit and is composedf mostly continuous,
medium amplitudehigh frequency reflectors. Internal reflectors are parallils Tinit is
interpreted to be thieincoln Limestone Codell Sandstone, arkbrt HaysLimestone.

The UCG6 unit is a thin unit that lies above the UC5 unit and is a composed of
discontinuous, lovamplitude medium frequency, reflectors. This unit is interpreted to be
the lower part of the Smoky Hills Member of the Niobrara Formatiinbrara C and B)
composed mostly of chalk and marlhe uppermost reflector of this unit (blue/peak) is
interpreed as the top of the Niobrara@halk

The UC7 unit lies above the UC6 unit and is compose@® obntinuous, high
amplitude, low frequency, reflectorgnternal reflectors are very paralleéThis unit is
interpreted to be composed of the upper part ofStmeky Hills Member of the Niobrara
Formation (Niobrara B and Aat its base and the lowermost Pierre Sliaeluding the
Sharron Springds member ) andresulissnvetybrght The hi g
velocity contrastsThe middle reflecto(bluepeak) is interpreted as the top of the Niobrara
Formation.

The UCS8 unit lies above the UC7 unit and is composed of-sentinuous, low
amplitude variable frequency, reflectors. Internal reflectors are somewhat subparallel. This

unit is interpretd 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 towardtie NW. This wnit is interpreted tdewithin the Pierre Shale.

The UC10 unit lies above the UC9 unit and is composed of three, continuous, high
amplitude, low frequency, reflector$his unit contains thé Pi e r r ehoriFomaso t O

identified byFinley (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 bmsat. The interpreted Basemembrizon
(Figure 4.2 is, therefore approximate. This haon 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 fetpresence dbcal basemenhighs and
lows. These may be paldmsement topograghor generated by basement faults. An
interpretation ofthe basement faulhypothesiscan be seen in Figu.23 All horizons
above the basemedtape over these basement features.

Paleozoicto Dakotastrata fills inthe structural lows and dap onto tre structural
highs (Figurest . 3 t hrough 4. 11). These pseaiaprYetssi velyy
signs of increasing structural complexity appear within the seismic unit UC3 composed of
the Graneros and Mowry Shale (Figure 4.1A)set of faults fhnking 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 padlarly intriguing structural signature. It hast dense set of
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randomly oriented, layer bound, normal fafsgure 4.2). These arénterpretedio bea
polygonal falt system. As one moves 4gection into seismic unit UCTomprised of
Codell Sandstone and Fort Hays Limestpties fault system terminateghis fault system
could bepropagating downward into the Graneros and Mowry Shale.

A secondpolygonal fault tier is observed within the Niobrara and Piemmétiors
(Figures 4.14 through.22). Unlike the faults restricted to the Greenhand Carlilethese
faults are largeandless dens¢Figure 4.2%. 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 thatbserved by Dds (1985) in Wattenberg Field.

Growth strata within the Pierre Formation suggest that these faults occurred early
after burial (Figure 4.20)0n-lapping of seismic reflectors onto the crest of these faults
suggests that they interacted with the sedimeter interface (Figure 472 but it is

possible that these features are simply caused by differential compaction
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Top Basement Time Structure

1 Mile

Edge of basement high

Figure4.2: Top basement time structure map. Note the NW dip Elevation time [ms]

direction with a slight porpoising of the reflector suggesting
occurrenceeitherNE-SW trending faultandfolds, or palee --2065-00
topographyA discreet basement high can be obsé in the -
middle of the survey (dashed black ling)th another possible | o700
basement high just barely visible to the south. These highs form a
shallow spacen the eastern portion of the survey.

Contour interval is 2 milliseconds.
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-2020.00

-208:35.00
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Permian Horizon Time Structure
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Figure4.3: Time structure map of Permian horizon (top of Pz1 Elevation time [ms]

seismic unit). Note that the dip direction continues to be
towards the NW but the reflector is much more continwus,

suggesting that basement faults do not extad into the

sedimentary cover. Thebasementhigh can be observed in the
middle of the survey, but some infilling around this structure

has taken place sEn
Contour interval is 2 milliseconds.
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Pz1 Unit Isochron

LYR)

Figure4.4: Isochron map of seismic unit Pz1. This unit contains  Thickness time (ms)
all the strata from the basement until thePermian. Thinning
over the several basement higts can be obseved. Thickening
occursin the shallow spaceto the east of the basement high 7750
Contour interval is 2 milliseconds. Cool colors are thins, warm

colors are thicks.
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Top Pz2 Time Structure
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Edge of basement high
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Figure4.5: Time structure map of the uppermost Paleozoic Elevation time [ms]
reflector (top of Pz2 seismic unit). Note that this reflector looks

very similar to the Permian horizon. l
Contour interval is 2 milliseconds. 138000
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Pz2 Unit Isochron

1 Mile
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u>

z2.This unit is Thickness time (ms)

essentially isopachusacross 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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UC1 Horizon Time Structure

Figure4.7: 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 surveyand
the N-S trendingshallow to the East.

Contour interval is 2 milliseconds.
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UC1 Isochron

Thickness time (ms)
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 underlyng structural high that
reducesaccommodation. -50.00
Contour interval is 0.5 milliseconds. Cool colors are thins,

warm colors are thicks.

-43.00

— -34.00

— -38.00

— -E2.00
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Dakota Time Structure

Flgure49 Time structure map of Dakota horizon (top of Elevation time [ms]

seismic unit UC2). This map looks very similar tainderlying
time structure maps with a gently dipping NW trend and a -—-130?.50
slight high in the middle of the seismic surveyedge of high 131000

displayed as a black, dashednk).

Contour interval is 2 milliseconds. | ie15.00

-1820.00
-1825.00
-1220.00

-1235.00

-1240.00
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Top UC3 Unit Time Structure

Flgure410 Time strucutre map of the uppermost reflector of Elevation time [ms]
seismic unitUC3. Though the general t@rontinous to be NW 77000
dipping a higher amount of texture can be observed in this horizon -:

suggestive of increasingfructuralcomplexity. The N-S trending et

shallowbasin on the eastern portion of the survey has been
completely filled in. — 77T 50

Contour interval is 2 milliseconds.
782,50

o
— 1737 .30
-1732 .50
-17497 .50
-1802 .50
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UC3 Unit Isochron

1 Mile

’ /Edge of High \

/ \
Figure4.11: Isochron map of seismic unit UC3. Small, randor  Thickness time (ms)
oriented, changesf seismic thickness can be observed simila:
the isochron of seismic unit PzRInlike seismic unit PzZhe
changesn this seismic uniare at a larger scale and some influence
of the wderlying structurecan 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\tWWeedge of the
underlying strucutral high. Thisandomly orientedvariability in
thicknesses could be an early expresa of a polygonal fault
system, he curved band of thinning is likely a product of
enhanced slip alonthe pre-existing strucutral hinge.Some-\l
lineations in the SW portion of the survey appear to be seismic
artifacs.
Contour interval is 0.5 milliseconds. Cool colors are thins,
warm colors are thicks.
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