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ABSTRACT

The Wattenberg Field in the Denver Basin covers@pmately 3,200 square miles
northeast of Denver, CO. One of the most prolifidiecarbon producing formations of the
Wattenberg Field is the Niobrara Formation. Proiuncin the Niobrara began with vertical
wells in 1986, and horizontal drilling began in 20&ince 2009, there has been extensive
horizontal drilling throughout the Wattenberg Fidldith such an increase in horizontal drilling
in the Niobrara Formation, it is important to addréhe complex lateral and horizontal reservoir
heterogeneity. In conjunction with the CSM Niobr@ansortium and Reservoir
Characterization Project (RCP), this study useaildet core observations, fracture
characterizations through borehole image logs,raservoir geomechanics to investigate the
complex reservoir heterogeneity of the Niobraranfatdron in a fifty square mile study area
within the Wattenberg Field. It is the goal of REP to conduct a multidisciplinary study to
better understand the static and dynamic aspec¢tedfiobrara petroleum system. The goal of
this work is to provide a geologic framework thahgrovide insights into the characteristics of
the reservoir heterogeneity and fracture netwarksder to optimize production within the
study area. Four cores are described in this sindytheir facies distributions reveal important
trends about the heterogeneity throughout the samely. Borehole image logs for two wells are
interpreted to investigate the distribution andgiigrof fractures within the complete B and C
benches of the Niobrara Formation. Dipole sonislage also used to study the mechanical
characteristics of the complete Niobrara Formatiod the facies determined from the core
observations. When combined together, these tegbsiglentify the most fracture prone
benches, facies, and their distributions throughiobeistudy area. Core observations and trend
mapping indicated an increase in chalk content feaist to west across the study area. The
borehole image log study indicated a primary, ratimacturing direction in the B and C benches
(chalks and marls) of north-west/south-east withBhmarl bench having the highest fracture
density (0.029 fractures/foot). Investigations itite brittleness of the Niobrara Formation
revealed that the C chalk is the most brittle ainith@ six facies, the chalk facies is the most

brittle and the marl facies is the least brittle.
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CHAPTER 1:
INTRODUCTION

The Niobrara Formation is a series of alternatinglicand marl benches deposited in the
Western Cretaceous Interior Seaway. As an uncormveif self-sourced petroleum system, the
Niobrara Formation has become a major petroleurdymer due to advances in directional
drilling and hydraulic fracturing. This chapter irdiscuss the motivation of the study, the

objectives and purpose, the study area, and tlaesgatsed.

1.1 Motivation

Since the Niobrara Formation has become a prqidgicoleum producer, there is an
importance for operators to maximize their produrctivhile lowering their costs. The Niobrara
Formation is an extremely complex heterogeneousdtion of alternating chalk and marl
sequences. Studying the heterogeneity can haymotkatial to increase the accuracy of well
targeting as well as the minimum spacing betwedtsweaulting and fracturing play a large role
in the reservoir heterogeneity of the Niobrara Fatran and the motivation of this study is to

investigate how faulting and fracturing occur thybaut the reservoir.

1.2 Objectives and Purpose

The objective of this study is to provide a dethileok at the effects of faulting and
fracturing on the overall reservoir heterogeneityhie proposed study area. Currently, the focus
of Phase XV and XVI of the CSM Reservoir Charaeggion Project, sponsored with data from
Anadarko Petroleum, is how to maximize well spa@nd overall production within the
Niobrara and Codell formations present within tifty Square mile study area (Figure 1.1). In
order to accomplish this, the RCP is working tovgarthking a geocellular model by using the
geological and geophysical data available. Thicgiaar model will also be used by reservoir
engineers in the RCP to increase production andmze well spacing. The objective of this
study is to provide a base geologic framework tibdiithe most accurate geocellular model for

the specific area of interest.



1.3Study Area and Data Set

The area of interest for Phases XV and XVI, proddsg Anadarko and the CSM
Reservoir Characterization Project (RCP), is & Sfjuare mile area located in the southeastern
part of the Wattenberg field, outlined by the regibseismic survey (Figure 1.1). Several
seismic surveys have been conducted within thedtjuare mile study site. The main area of
focus for the seismic data collected is the WislebSaction. For this study, four cores will be
analyzed surrounding the fifty square mile, regi@raa. The four cores are named Cored Well
1, Cored Well 2, Cored Well 3, and Cored Well 4rd&8mwle image logs from wells named 2N
and 6N will also be analyzed to determine the aaton and distribution of fractures (Figure
1.2). In addition, dipole sonic logs are availaloleCored Well 1, 2, and 4 and will be used to

study the mechanical properties of the formation.

Legend
Core Well 2 @ Wells w/ core
O === Regional
=== Anatoli
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Figure 1.1: Fifty square mile study area outlineded representing the regional seismic survey.
The locations of the cored wells are representetthéyed dots. Borehole image logs will be
used from within the Wishbone Section, outlinedlack. The eleven wells located in the
Wishbone section are illustrated by the blue lines.
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Figure 1.2: Cross-sectional view from east to veéstorizontal well spacing in Wishbone
section showing the location of the borehole imiagged wells, 6N and 2N.



CHAPTER 2:
GEOLOGIC FRAMEWORK AND PREVIOUS WORK

This chapter discusses the geologic framework®fibnver Basin and Wattenberg field,
and the evolution of the Western Cretaceous Imt&eaway. The regional structure and

stratigraphy of the Niobrara Formation will alsoib&oduced.

2.1 Denver Basin and Wattenberg Field

The Denver Basin is Laramide in age and an asynakforeland, structural basin.
Encompassing more than 70,000 square miles, thisrastric basin is constrained by the Front
Range to the west, the Hartville Uplift to the mewest, the Apishapa Uplift to the south-west,
the Las Animas Arch to the south-east, and the @ima@ambridge Arch to the north-east. The
Denver Basin stretches across eastern Coloradthesmiern Wyoming, and southwestern
Nebraska (Figure 2.1; Higley and Cox, 2005).

Created during by the Laramide Orogeny, the DeBesin is a north-south trending
basin. To the west, the basin is characterizedd®spsy dipping beds that have a dip greater than
ten degrees. To the east, the basin is charaaldrizgradually dipping beds that have a dip less
than 1/2 degrees (Figure 2.2; Sonnenberg, 20159.d€kpest part of the basin is approximately
13,000 feet, coinciding with the synclinal axistioé basin.

Within the Denver Basin, the Wattenberg Field ipragimately 3,200 square miles and
is astride the synclinal axis of the Denver Bas$imis field was discovered in 1970 by Amoco
Production Company and is considered to be a lmsitered field. There are several
stratigraphic intervals, including the Niobrara fation, which economically produce
hydrocarbons (Sonnenberg, 2015). The abundancgdobtarbons can be attributed to the
positive temperature anomaly or “hot-spot” presernhe Wattenberg area (Figure 2.3). The

source of the “hot-spot” is a deep, igneous inbmsnto basement rocks (Higley and Cox, 2003)
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Figure 2.1: Map showing the extent of the DenvesiBavith the top of the Niobrara structure
displayed. The Laramide Front Range uplift bourndsiiasin to the west, the Harville Uplift and
Chardron-Cambridge Arch bounds the basin to théhreord the Apishapa Uplift and Las
Animas Arch bounds the basin to the South. Alspldiged are the major oil (green) and gas

(red) fields present in the Denver Basin. (SonnemnB815)
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Figure 2.2: Denver Basin structural schematic itateng steeply dipping western beds and
gently dipping eastern beds. The top of the oilegation window shows that the Niobrara is
within the oil generation window in the Wattenbé&iigld. (Modified from Sonnenberg 2015)




2.2Regional Structural Setting

The Niobrara Formation is Upper Turonian to Lowantpanian in age, and was
deposited in the Western Cretaceous Interior SeaWay epicontinental seaway extended in a
north-south direction from the northern arctichie southern Gulf of Mexico (Figure 2.4). It
stretched from the Sevier Orogenic Belt in the vieshe stable cratonic platform in the east,
covering Kansas, Nebraska, North Dakota, and garinesota and lowa (Kauffman, 1977;
Liu et al., 2014).

The main driving mechanisms creating the Westeterior Basin were subsidence of the
Farallon plate beneath the Rocky Mountain Regiod,@ustal loading from the Sevier
Orogenic event that occurred during the late Jicdssarly Cretaceous. Combined, these two
processes made one of the largest sedimentarafrdlasins extending from the Sevier
Orogenic thrust front, to the fore-bulge, approxietya160-180 km apart (Liu et al., 2014).
Within this basin, the thickest sediments were dépd in the west, near the synclinal axis and

thinned eastward towards the stable cratonic platig-igure 2.5).
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After the formation of the Western Interior Badime Laramide Orogeny occurred
approximately 67.5 to 50 million years ago, formthg Rocky Mountains in the Late
Cretaceous. The main driver of the Laramide Orogeay the Farallon Plate subduction shifting
to a low angle shallow subduction (Longman et1#198). This orogenic event caused the
Western Interior Basin to segment into numerousrmbntane basins, including the Denver

Basin. The Laramide Orogeny also played the langestin fracture development across the
Rocky Mountain Front Range.

Figure 2.4: Paleogeographic map showing the exietfie Western Cretaceous Interior Seaway
during the Middle Santonian (84.9 Ma). (Blakey 2017
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Figure 2.5: Structural cross section across thet&esnterior Cretaceous Basin. The thickest
sediment packages were deposited in the west amtkethto the east. There is also greater
siliciclastic deposition in the west and greaterdstone and chalk deposition in the east.
(Sonnenberg 2011; modified from Kauffman 1977)

2.3 Deposition of the Niobrara Formation

The Niobrara Formation was deposited in the Westeataceous Interior Seaway during
the upper Turonian to lower Campian. Over a peoiosix million years, the Niobrara
cyclothem was deposited during a time of an ovgetfailld order transgression, ending at the
onset of the Sharon Springs Member of the Pierren&tion during a regression. Consisting of
alternating intervals of calcareous chalk and oigach shale units, the Niobrara Formation is
comprised of the Fort Hays Member and the SmoklyMi#mber. The Smoky hill member has
three marl intervals, and four chalk intervals. Hiternation of these intervals is due to sea level
fluctuations and periods of climatic changes.

The deposition of the carbonate-rich, chalk interweas most likely due to a rise in sea
level, well oxygenated bottom waters, and an infbiwvarmer, Gulfian currents. This allowed
for carbonate rich flora of cocoliths and planktofarams, and other biota such as inoceramid
and oysters to thrive (Longman, 1998). During pdsithat were relatively arid, with little
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precipitation, the amount of siliciclastic inputarthe basin decreased. This prevented the
dilution of carbonate production, resulting in dsgion of the chalkier intervals (Figure 2.6).

The deposition of the organic-rich, marl intervaiss a result of a combination of
regression in sea level, increased terrigenousictstic sediment input, colder water currents,
and anoxic bottom water conditions. During timesnafeased siliciclastic input, carbonate
production became diluted, depositing the more yriatervals. Increase of siliciclastic input
may be attributed to wetter climates that causedtgr terriginous sediment runoff. The mix of
colder water currents and a stratified water colwawnsed anoxic conditions, which allowed for
the preservation of organic matter within the naanninated intervals (Longman, 1998).

The dry to wet climate shifts that helped creagedhernating chalk and marl intervals
are interpreted to be caused by Milankovitch Cyclé® signatures seen in the Niobrara
Formation are thought to be caused by change®i&anth’s procession (21 Ka) and the Earth’s
obliquity (42 Ka). These changes caused the esathation to fluctuate creating the alternating
wet and dry climatic periods on Earth (Barlow areuKman, 1985).
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Figure 2.6: Depositional trends in the Niobrararkation in the Western Cretaceous Interior

Seaway. The source for clastic input is dominatatlthe west and TOC increases to the east.

Carbonate content relatively increases to theaa$tsoutheast of the basin. (Modified from
Longman et al. 1998)



2.4Niobrara Formation Stratigraphy

The Niobrara formation is one of the two most wptesd marine invasions and the last
of the great carbonate producing episodes in thet&W€retaceous Interior Seaway. Consisting
of four chalk units and three intermingled marltanthe Niobrara is segmented into two
members: the Fort Hays Member and the Smoky Hilinider (Sonnenberg, 2015).

The Fort Hays Limestone lies on top of the Codahdstone and represents the
beginning of a rapid transgression and the reguftea level highstand period in the Western
Cretaceous Interior Seaway (Figure 2.7). In theé Hays, there are several couplets of limestone
and mudstone that are thought to be the resultilsiniovitch Cycles. The Fort Hays was
deposited during a time of relatively shallow se@t multiple incursions of terrigenous
sediment and volcanic ash (Locklair and Sagemad8d he carbonate rich intervals were
deposited during relatively high sea level, while mudstones were deposited during relatively
low sea level (Barlow and Kauffman, 1985).

The Smoky Hill Member is broken up into alternatlmgnches of chalk and marl
sequences named A, B, C, and D by operators iDémeer Basin (Figure 2.7). These
alternating benches are associated with shortettf@uder transgressions and regressions of the
Wester Cretaceous Interior Seaway (Kauffman andwzzll, 1993). Chalk intervals were
deposited during transgressions of a relatively lsiga level, which allowed for abundant
carbonate production to occur. The marl deposiiccurred during regressions and relatively
low sea level (Longman et al., 1998).
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the Niobrara Formation and smaller fourth ordenggaessions and regressions. (Kauffman and

Caldwell, 1993; modified from Sonnenberg, 2011)

11



CHAPTER 3:
MAPPING OF NIOBRARA FORMATION TRENDS

Gamma ray and resistivity logs were used for tredyans of the Niobrara Formation
trends in and around the study area. The mappeaduassl in this section is 324 square miles
with the main study area outlined in red in theteenf the mapped area. The locations of the
cored wells used are also depicted and represbgtbthck dots. Figure 3.1 represents a type log
illustrating the gamma ray and resistivity log sigures used to pick the benches of the Smokey
Hill member and the Fort Hays Member of the NioarBormation. The structure of the area is
represented by the top of the Fort Hays Members@aldepth). An isopach map for each chalk
and marl bench, and the Fort Hays was createdtéordime their trends in the mapped area.

C Marl

D Bench

Ft. Hays

Figure 3.1: Type log used to map the Niobrara Ftionan and around the study area. Present
are gamma ray and resistivity logs.
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3.1Study Area Structure

The structure of the study area and the surrourtdivgships is represented by the top of
the Fort Hays Member. In general, the Fort Hays lendeepens to the west, south-west.
Located to the west of the mapped area is the isphelxis of the Denver Basin. This is the
deepest point of the basin and is the main cootrdhe structural deepening trend to the south-
west in of the Niobrara Formation in the mappe@afaother significant trend in the mapped
area is a trough running north-east to south-wiést.total change in depth is 600 feet and each
contour interval is fifty feet (Figure 3.2).

| Ft. Hays Structure ~ / /| [ [ '{l
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Figure 3.2: Structure map of the Fort Hays Membegreasenting the overall structure of the
study area and surrounding townships. Each comenval is fifty feet and the overall change
in depth is 600 feet. The study area is outlineethshowing the location of the regional seismic

survey. The location of the cored wells used is #tudy are represented by the blue dots.

3.2Thickness Trends of the Chalk Benches

The isopach map of the A chalk was calculated ftioentop of the A chalk to the top of
the A marl and is illustrated in Figure 3.3. Mappath a five-foot contour interval, there is an
overall thickness change of forty feet in the mapaeea. The thickest deposits of the A chalk
are to the south-west and north-east with a thiAnemnalk trend oriented south-west to north-
east. Areas that are colored white represent lotsitivhere the A chalk is missing due to uplift

and erosion.
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The B chalk isopach map was calculated from theofdpe B chalk to the top of the B
marl and is illustrated in Figure 3.3. Using a camtinterval of ten feet, the overall thickness
change throughout the mapped area is 140 feetiWttie chalk benches of the Smoky Hill
Member, the B chalk is the thickest chalk bencthenmapped area. The thickest deposit of the
B chalk is located to the south-west and thindéodast, north-east.

An isopach map for the C chalk was calculated fthbentop of the C chalk to the top of
the C marl and is illustrated in Figure 3.3. A aantinterval of five feet was used and the
overall thickness change throughout the mappediatbaty feet. Compared to the other chalk
deposits of the Smoky Hill Member, the C chalkhis thinnest. The thickest deposit of the C
chalk is to the north-west and thinning occurshmouth-east. The thinnest deposit of the C
chalk is located to the south-west

The isopach map of the Fort Hays Member was cédkxaiftiom the top of the Fort Hays
to the top of the Codell Sandstone and is illusttah Figure 3.3. Comparatively, the Fort Hays
has the most consistent thickness throughout thppetharea. A contour interval of two feet was
used and there is an overall thickness changeaéndeet. The thickest areas of the Fort Hays
are located to the east and the thinnest arede #re west, north-west.

3.3Thickness Trends of the Marl Benches

The isopach map of the A marl was calculated froentop of the A marl to the top of the
B chalk and is illustrated in Figure 3.4. This nvegs created with a ten-foot contour interval and
experiences an overall thickness change of 140 @hpared to the other marl benches and the
D bench, the A matrl is the thickest marl in the pegparea. The thickest deposit of the A marl is
to the south and thins to the north. There ism@nihg trend of the A marl that is oriented west to
east running through the northern part of the mdpea that seems to correspond with the thins
seen in the A chalk.

An isopach map was calculated for the B marl fromtbp of the B marl to the top of the
C chalk and is illustrated in Figure 3.4. Usingoatour interval of five feet, there is an overall
thickness change of sixty feet throughout the md@pea. The thickest B marl deposits are to
the north-east with a thin trend oriented from hewest to south-east.

The C marl isopach map was calculated from theotdhe C marl to the top of the D
bench and is illustrated in Figure 3.4. Of all tharl and chalk benches in the Smoky Hill
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Member, the C marl has the least thickness vanatiogeneral, the thickest deposit of the C
marl is located to the south-west and runs onradtveith a north-west, south-east orientation.
The thinnest C marl deposit is to the west. Congpanéh the C chalk, the thickness trends are
oriented in the same direction.

The isopach map of the D bench was calculated thamop of the D bench to the top of
the Fort Hays and is illustrated in Figure 3.4.sTiench was mapped with a contour interval of
five feet and experiences an overall thickness ghafi 60 feet. The thickest deposits of the D
bench are to the south, south-east and graduatly th the north, north-west. In the mapped

area, the thick and thin trends have an orientasf@outh-west to north-east.

3.4 Thickness Trends Discussion

Thickness changes for the Smoky Hill marl and chakk well as the Fort Hays, have
been illustrated above. The main controls on theds are attributed to local changes in
paleobathemetry as well as the effects of bottotemaurrents. During the time of deposition,
thicker accumulations of the chalks and marls wadcur in paleo-lows along the sea floor,
filling in the accommodation provided by the palews. Areas where that exhibit thinner chalks
and marls would have occurred on paleo-highs wHepesition rates would be lower and
erosion rates would be higher. Because of this pamsational stacking trends should exist.
Some trends are present but overall, a compensastacking trend from paleobathemetry is
not seen. This suggests that the paleobathemetgavdinually changing due to tectonic

activity and re-orientation of sediments from bottavater currents.
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Figure 3.3: Isopach maps of the A chalk, B chalkh@lk, and Fort Hays showing their thickness e in the study area and
surrounding townships. Similar to the structure pihp study area is outlined in red and the locatibthe cored wells used in this
study are represented by the blue dots. The A diedlka contour interval of five feet and a thiclengsange of forty feet. The B chalk
has a contour interval of ten feet and a thickmbssige of 140 feet. The C chalk has a contouniaterf five feet and a thickness

change of thirty feet. The Fort Hays Member hasraaur interval of two feet and a thickness chamigivelve feet.
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Figure 3.4: Isopach maps of the A marl, B marl, &Ipand D bench showing their thickness variatiorthe study area and
surrounding townships. Similar to the structure ptap study area is outlined in red and the locatibthe cored wells used in this
study are represented by the blue dots. The A Ingearla contour interval of ten feet and a thickiobssmige of 140 feet. The B marl
has a contour interval of five feet and a thickrigmnge of sixty feet. The C marl has a contourvadeof five feet and a thickness

change of twenty-five feet. The D bench has a aamtderval of five feet and a thickness changsixty feet
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CHAPTER 4:
CORE OBSERVATIONS

This chapter will discuss the breakdown, intergreta and distribution of facies, as well
as, the fractures present within the Niobrara Faiondrom four cores taken around the study
area. The four cores used were Cored Well 1, Cdételli 2, Cored Well 3, and Cored Well 4.
Cored Wells 1 and 2 do not contain the completéoiia Formation. The main core features
described are lithology, sedimentary structuresgdmic structures, and fossil content. Adopting
the observation styles from Gary (2016), six maicids are used to describe the Niobrara
Formation. For the fault and fracture analysis,fdaures documented are length (cm), aperture

(mm), spacing between events (ft), type, and sbease.

4.1 Core Description and Fracture Analysis Methods

Each core was described by replacing the traditigrean size interpretation with the
four main Niobrara lithologies used by EIGhonim@18). These four main lithologies are
chalk, marly chalk, chalky marl, and marl (Tabl&)4Using these four lithologies allows for the
core to be documented based on carbonate contgémeésmting observable color changes. The
core was described and documented on a descridltiegt at a scale of half an inch (description
sheet) to five feet (core). The six facies areritiisted throughout the four cores, with all six
facies represented in the two cores containingtmeplete Niobrara Formation.

4.2 Facies Description

In total, six facies are used to describe the tmues in this study. The six facies are
adopted from Gary’s (2016) study of the B chalk aratl benches. In this study, the six facies
are expanded to be used in describing the comNietarara Formation. Concepts put forth by
Lazar et al. (2012) were also consulted to helmdahe terminology used in the facies
description. Table 4.2 illustrates the terminoleggd when describing and classifying
laminations within the facies. Studying the digttibn of these facies throughout each core can

give insights into the complex reservoir heterogtyraf the Niobrara Formation.
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Table 4.1: Definitions of Niobrara lithologies usedcore observations. The lithologies were

defined by combining available XRD and TOC datéawtiite observable changes in the grey

color scale of the Niobrara rock. Based on thisdettalkier intervals correspond with lighter

colored segments and marlier intervals correspatiddarker colored segments. (Gary 2016;
Modified from EIGhonimy 2015)

Lithologies Definition

Chalk Composed of mainly carbonates and less than 5 wt. % clays. Itis
generally light grey in color and has a speckled appearance due to the
abundance of Foraminifera, pellets, and shell fragments. It has less
organic content than other facies.

Marly Chalk | This lithology is also carbonate-rich but contains more clays with up to 15
wt. % clay content. They are generally planar laminated or bioturbated.

Chalky Marl | Clay content can be up to 20 wt. % with carbonate content less than 60 wi.
%. Chalky marls within the Niobrara core can also be planar laminated or
bioturbated. Chalky marl and marly chalk lithologies are difficult to discern
without a grey scale chart and XRD data.

Marl Enriched in clays with clay content reaching up to 30 wt. %. It has a black
appearance and has the highest organic content.

Bentonite | Ash beds that are generally pyritized and their color ranges from white to
greenish-white. Their thickness is generally less than a few inches.
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Table 4.2: Classification scheme used for desggitaminnia continuity, shape, and geometry.
(Lazar et al. 2012)

Parallel Nonparallel
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4.2.1Facies 1

Facies 1 is a fossiliferous marly chalk-to-chalki @most commonly found at the base
of the B chalk bench. Typically, this facies is sige to slightly bioturbated, has a high shell
fragment concentration, and is abundant in pedeteraminifera, giving it a speckled look. In
some cases, this facies can have discontinuoug, lmimations that are darker in color than the
surrounding rock. One of the most distinctive feasus the high shell concentration. Present are

broken fragments of inoceramid and oyster shelgufe 4.1).

4.2.2Facies 2

Facies 2 is a marly chalk-to-chalk and is primagibminated by bioturbated beds.
Occasionally, this facies is interbedded with befdsontinuous, planar, parallel laminations and
continuous, wavy, parallel laminations. Also prasarfacies 2 are the white speckles consisting
of pellets and foraminifera. The density of whipeskles decreases as you move up in section in
regards to facies 2. This phenomena was only seteithicker section of facies 2 that were
approximately ten feet or greater. Also presentlareintervals of bentonite ash beds (Figure
4.2).

20



4.2.3Facies 3

Facies 3 is an interbedded series of continuoasgp) parallel laminated chalk and marl
beds. The chalk dominant beds range from one &ztimches and the marl dominant beds range
from two to six inches in thickness. Facies 3 alsotains pellets and foraminifera. Stylolites and
partially developed stylolites are present aloregsprved clay laminations in the marl dominated
interbeds. While shell fragments are rare, occasimoceramid fragments are present in shell
hash layers that do not exceed 1 inch in thickfigsgire 4.3).

4.2.4Facies 4

Facies 4 is a marly chalk to chalky marl and ikdgaay in color. This facies is
dominated by marly chalk beds that have marl-rmomtinuous, planar, parallel laminations.
Interbedded chalky marl beds that are lighter ilorcare present at thicknesses of two inches or
less. These chalky marl beds also contain contisyyglanar, parallel laminations. Of the six
facies, facies 4 has the greatest abundance pkllet and foraminiferal derived white specks.

Thin bentonite beds, inoceramid fragments, and@yodules are also present (Figure 4.4).

4.2 .5Facies 5
Facies 5 is a structureless marl most commonlydairthe top of the A marl bench and
is the darkest facies in color. This facies is lagkn white specks and has rare inoceramid

fragments and pyrite nodules (Figure 4.5).

4.2.6Facies 6

Facies 6 is the purest chalk facies and is theadgjhin color. This facies is found in the
Fort Hays Member. It is characterized by massialkckections that are heavily bioturbated.
The bioturbation that occurs in this facies diffesn the bioturbation found in the other facies.
In general, the burrows in facies 6 are largenamzter and tend to be more vertical in their
orientation. Present between the chalk sectionsyaié clay bed remnants that are stylolitized.
The preserved clay beds range in size from oneddriches. Inoceramid and oyster shell

fragments occur in shell hash layers that aretless half an inch thick within this facies.
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Foraminferal and peloidal white specks are higlblyradant throughout the entire facies, adding

to the increased carbonate content (Figure 4.6).

Inoceramid

Oyster Shell

Wavy Laminations

1.5 Feet

Bioturbation

Figure 4.1: Core photo taken from Cored Well 3sifating facies 1.
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Bioturbation

Parallel
Laminations

1 Foot

Figure 4.2: Core photo taken from Cored Well 4silfating facies 2.
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Figure 4.3: Core photo taken from Cored Well 4siliating facies 3.
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Foram Speckles

Figure 4.4: Core photo taken from Cored Well 4silfating facies 4.
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Figure 4.5: Core photo taken from Cored Well 3sifating facies 5.
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Figure 4.6: Core photo taken from Cored Well 3silfating facies 6.
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4.3 Facies Depositional Model Interpretation

This section will address the depositional envirentrof the six facies and the criteria
used to determine these interpretations. The oagens obtained from the core study will be
used as the main technigue to infer the depositemaronments.

4.3.1Facies 1

Facies 1 is named a fossiliferous marly chalk w@llchn the next section (4.4), the core
descriptions show that facies one is characteai$yifound at the base of the B chalk bench. It is
laterally continuous and can be found in each efviills that contain the full B chalk bench.

The defining criteria for facies 1 is the high abance of inoceramid and oyster shell
fragments. Based on the criteria for inoceramidwgingproposed by Kauffman et al. (2007), the
inoceramid shells present in facies 1 are integgréd not be in situ. Kauffman et al. describe
that traditional inoceramid growth is upright. Froime core observations; however, the
inoceramid shells that populate facies 1 are hatedoTwo hypothesis have been proposed to
explain the cause of these recumbent inoceramitsshie first hypothesis is proposed by
Kauffman et al. (2007). Kauffman et al. suggest thaceramid shells grew in a horizontal
position because no upright inoceramid shells teen found, the substratum was not stable
enough for the inoceramid shells to grow upright] ayster shells are documented growing on
recumbent inoceramid shells. The second hypothesssproposed by Scholle in a Colorado
School of Mines presentation (2015) that suggéstsrtoceramid and oyster shells were
transported by debris flows and tempestites.

From the core observations, several key factomamferamid and oyster shell orientation
can give insight into the depositional model ofiéacl. Each segment of facies one in the four
cores shows that all inoceramid shells are horedoSiome of the inoceramid shells exhibit
attached oyster shells, while others do not. Anatheortant feature is that many of the oyster
shells present are randomly oriented and depoditad.suggests that the shell fragments that
characterize facies 1 were transported. Kauffm@@{)Ldiscusses that inoceramids need
relatively calm and highly oxygenated water comudhis for growth to occur. The rare laminations
and more abundant bioturbation present in faciesghests more turbid water conditions.

Because of this and the random shell orientattmajrioceramid and oyster shells were most
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likely transport deposits. The depositional moadelfacies 1 is suggested to be tempestite

deposits due to their correlative nature.

4.3.2Facies 2

Facies 2 is named a bioturbated marly chalk tokctiet intermittently has beds
containing continuous, planar, parallel laminatiGmsontinuous, wavy, parallel laminations.

The interbedded nature of the bioturbated, chald@els and the laminated, marlier beds suggest
the influence of cyclically dominated sedimentatidhe deposition of facies 2 occurred during a
time that exhibited a higher frequency of cyclest there most likely driven by Milankovitch
cycles discussed in section 2.3.

The bioturbated beds are the most abundant ind&ci@hese beds were deposited during
a warm climate cycle, decreasing siliciclastic ingmermitting greater carbonate deposition. A
well oxygenated water column also allowed for egiem bioturbation and carbonate deposition
to occur. The carbonate sediments were deposit@dedatively slow rate also allowing for the
abundant bioturbation present in facies 2.

The laminated interbeds were deposited during acliataite cycle. This increased the
input of terrigenous sedimentation. The absendeatéirbation was caused by the relatively
rapid deposition of siliciclastic material, whictould not permit abundant bioturbation.
Increased siliciclastic sedimentation could hase alecreased the oxygen levels creating an

environment suitable for the preservation of organatter.

4.3.3Facies 3

Facies 3 is named a laminated interbedded marthalt. This facies is characterized by
alternating beds that are dominantly chalk and damtly marl. Each bed has continuous,
planar, parallel laminations. The laminations pn¢$e both beds suggest deposition in a dysoxic
water column. The lack of oxygen allowed for theil@ations to be preserved due to the lack of
burrowing organisms.

The location of this facies in the cores suggest iths a transitional facies between chalk
and marl benches. Where chalk benches transittormiarl beds, facies 3 is lighter in color with
higher carbonate content and marl interbeds. Whath Imenches transition into chalk benches,
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facies 3 is darker in color and dominated by magdasition with some preserved chalk

interbeds.

4.3.4Facies 4

Facies 4 is labeled a chalky marl and is the mimshdant facies in each core.
Characterized as a chalky marl, there are occdsiutesbeds of chalk. Facies 4 is highly
speckled with shell fragments and bentonites pte3ée deposition of facies 4 could have been
driven by a regression in sea level, increasingiglidstic input, or a wet climate that increased

the input of terrigenous siliciclastics.

4.3.5Facies 5

Facies 5 is the purest marl facies. It is charasdrby a dark color, lacking in
sedimentary structures with very little carbonatituence. This facies was deposited during a
time of the relatively lowest sea level or durihg tvettest climate. This would have allowed for

the greatest siliciclastic input leading to thegeaamounts of marl deposition.

4.3.6Facies 6

Facies 6 is solely representative of the Fort Hdgaber. It is classified as the purest
chalk with large amounts of bioturbation and presdrclay beds. This facies was deposited
during the beginning of the transgressive Niobaaothem in a relatively arid climate. These

parameters allowed for the greatest carbonate enpdirestricted overall terrigenous input.

4.4 Core Descriptions and Facies Distributions

The four cores described in this chapter wereidigit using EasyCore provided by
EasyCopy. Only facies lithology is captured in thgitized core with the core descriptions
discussed below. By digitizing the facies litholpgyfacies distribution can be obtained for each
of the cores as well as a facies distribution tartemarl and chalk bench present in the cores.
Facies distribution for the Fort Hays Member is depicted because it is completely comprised
of facies 6. Well logs aided in identifying the lIoegng and end of each bench. Below are the
descriptions in stratigraphic order from oldesydoingest for each core and their digitized facies
lithology.

30



4.4.1Cored Well 1

Located approximately sixteen miles to the weghefstudy area, Cored Well 1 is ninety
feet thick and contains part of the B marl bendipfathe B chalk bench, and all of the A marl
bench. This core is comprised of facies 1, 2, &l 5. Facies 6 is absent because the Ft. Hays
was not cored. Facies 3 and 4 are the dominaotdgires, each making up 39% of the total core
lithology (Figure 4.7).

The B marl bench is only partially represented oredl Well 1 and is fifteen feet thick.

In this bench, facies 3 and 4 are present. Fad&$h® most abundant facies, covering 73% of
the bench and is located at the bottom of theglbritored section. Deposited on top of facies 4
is facies 3, representing 27% of the section. Tduges pattern from a chalky marl (facies 4) to
alternating chalk and marl sequences (facies 3esepts the transition into the B chalk bench
deposited on top of the B marl.

The B chalk bench is fifty-five feet thick and camts facies 2, 3, and 4. At the base of
this section, facies 1 is present, which is charastic of the B chalk. Facies 1 is a highly
fossiliferous facies creating 11% of the sectiod gradually transitions upward into facies 3.
Facies 3 is the most dominant facies, comprisirig 66the B chalk bench. Facies 2 is next in
the section and makes up 10% of the section. §hiseai last of the chalkier facies, as facies 2
transitions into facies 4. Within facies 4 is tmel®f the B chalk bench (determined from logs),
which completes the last 12% of the section asidgally transitions into the A marl bench
(Figure 4.7).

The A marl bench is twenty feet thick and contdatses 4 and 5. Facies 4 is the
dominant facies, comprising 88% of the bench. Fa6ies a smaller component of the A marl,
comprising 12% of the bench (Figure 4.7). Theseefaepresent the beginning of a regional
regression that continued into the deposition efSharon Springs Member of the Pierre Shale
Formation.

Overall, this core is representative of the completerogeneity of the Niobrara
Formation. Although it is only a partial core, coangd to the other cored wells, Cored Well 1
has the greatest facies 3 representation of 399%.1dilye representation of the chalky facies 3

suggests that there was a greater chalk influeinezenthis well was deposited.
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4.4.2Cored Well 2

Located approximately three to four miles to thetmof the study area, the described
sections of Cored Well 2 are 101 feet thick and&@os all of the Fort Hays Member, part of the
B chalk bench, and all of the A marl bench. Thera 204 foot gap in the core between the
partial B chalk bench and the Fort Hays Membecdred well 2, facies 2, 3, 4, 5, and 6 are
represented. Facies 4 dominates the lithology @t. Zacies 2 (19%), facies 5 (21%), and facies
6 (20%) are evenly present and facies 3 (11%)addahst abundant (Figure 4.8).

The Fort Hays Member is the oldest stratigraphiontver of the Niobrara Formation and
is twenty-one feet thick. This member is solely poised of facies 6. The Fort Hays marks the
beginning of the transgressive, total Niobrara ay@m. Within this section, there are beds of
preserved clay layers that do not exceed two inch#sckness. These preserved clay layers
often contain completely formed stylolites and agist developed stylolites. The deposition of
the clay layers was driven by Mylankovich cyclesadissed previously in section 2.3.

After the 204 foot gap in Cored Well 2, part of Bie€halk bench is present. This partial
section is twenty-five feet thick and contains &sc2, 3, and 4. Facies 4 is at the bottom of the
section and comprises 28% of the B chalk benchoWwalg facies 4 is the deposition of facies 3.
Facies 3 dominates the lithology of the B chalk pasing 44% of the section. At the top of the
B chalk, facies 2 completes the section, being 28%e B chalk lithology. Facies 2 gradually
transitions into the A marl bench (Figure 4.8).

The complete A marl bench represented in Cored W/alffifty-five feet thick and
contains facies 2, 4, and 5. Facies 4 dominatekttiodbogy comprising 40% of the section.
Decreasing in abundance, facies 5 is 38% and faae22% of the lithology. The bottom of the
A marl bench exhibits alternating beds of faciemd 2. The top twenty-five feet of this section
exhibits alternating beds of facies 4 and 5 (Figu8). This transition from chalkier facies at the
bottom of the section to marlier facies at thedbphe section represents the start of a regression
in sea level that continued into the depositiothef Sharon Springs Member of the Pierre Shale
Formation.

Overall, the Cored Well 2 to the north seems taehavelatively even facies distribution.
Facies 6 has the highest percent distributionisdbre. This is due to the incomplete nature of

Cored Well 2 and is not indicating a thicker Foetyd Member than the other wells.
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4.4.3Cored Well 3

Cored Well 3 is located less than a mile to the efhe regional seismic survey taken in
the study area. This is the second longest coaéirigtat 290 feet and it contains the complete
Niobrara Formation. All six of the facies are prasa Cored Well 3. Facies 4 is the most
abundant facies compiling 57% of the core lithol¢gigure 4.9).

At the base of the core is the Fort Hays Membe€Cdred Well 3, the Fort Hays is
twenty-six feet thick and is entirely comprisedadies 6 (Figure 4.9). Similar to Cored Well 2,
there are preserved marl beds present in the Fay$.H

Following the Fort Hays Member is the D bench & 8moky Hill Member. The D
bench is fifty-two feet thick and exhibits altenmgtbeds of facies 2 and 4. Facies 2 is the
dominant lithology comprising 57% of the sectioheTrest of the D bench, 43%, is facies 4
(Figure 4.10). Towards the top of the section,rtbmber of alternating beds increases and their
overall thickness decreases (Figure 4.9). The drdlicies 2 is also more abundant at the top of
the section suggesting a time of greater carbateesition. Facies 2 at the top of the section
gradually transitions into the C marl bench.

The C marl bench is seventy-eight feet thick anataios facies 2, 3, 4, and 5. The
lithology is dominated by facies 4, which compris&&86 of the section. The next most abundant
facies is facies 2 (21%), followed by facies 3 (34#d facies 5 (12%) (Figure 4.10). This
section can be broken into five main packages.firsigpackage is an alternating sequence of
facies 4 and facies 5. This is followed by a paekafyalternating beds of facies 2 and 4. These
two packages are repeated to create packagesatiideur. The fifth package is at the top of the
section and is an alternating sequence of facasd34, with facies 3 thicknesses increasing to
the top of the section (Figure 4.9). This increasicies 3 deposition indicates the transition to
chalkier deposition, marking the start of C chadfpdsition.

The C chalk bench is comprised of facies 2, 3,4add is thirty feet thick. The facies
distribution percentages for this section are: 6aétes 4, 24% facies 3, and 14% facies 2
(Figure 4.10). This section is an alternating seokfacies 4 with facies 2 and 3. At the bottom
of the section facies 3 is interbedded with fadieBloving up section, facies 4 is interbedded
with facies 2. The top of the C chalk has a greatanr influence representing the transition into

the B matrl.
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Following the C chalk is the B marl. This sectisrthirty-seven feet thick and contains
facies 1, 2, and 4. The facies distributions fer Bhmarl are: 77% facies 4, 14% facies 1, and 9%
facies 2 (Figure 4.10). This section has faciese2gnt at the base, is dominated by facies 4 in
the middle and part of facies 1 at the top. Thediteon zone from the B marl to the B chalk is in
facies 1 (determined by logs).

The B chalk is twenty-five feet thick and is conged of facies 1 and 4. Facies 1 is at the
base of the core and is 24% of the lithology. Fadienakes up the rest of the section with a
distribution of 76% (Figure 4.9 and Figure 4.10).

The last bench present is the A marl. This bendbrig-two feet thick and only exhibits
facies 4 and 5. Facies 4 dominates the litholog32&t and is the bottom package of the section.
Facies 5 is found at the top of the section andahdistribution of 18% (Figure 4.9 and Figure
4.10). Similar to the other wells, this increasenarl content marks a regression in sea level.

Overall, Cored Well 3 exhibits the same complextageneity of the Niobrara
Formation seen in the other three cored wells.eSinis the closest well to the study area, it can

be inferred to be the best representation of Nrabiacies distributions in the study area.

4.4.4Cored Well 4

Cored Well 4 is located approximately six mileshite south-west of the study area and is
the thickest of the four cores. At 417 feet thitks core contains the entire Niobrara Formation
with all six facies represented. Similar to CoredIV8, facies 4 dominates the lithology with a
distribution of 54% (Figure 4.12).

The Fort Hays Member of Cored Well 4 can be deedrib the same way as the other
three cores. In total, the Fort Hays is thirteeat thick and has a facies 6 distribution of 3%
(Figure 4.12).

Moving up stratigraphically, the D bench is sevesityfeet thick and is comprised of
alternating beds of facies 2 and 4. Facies 2 isitinsinant facies with a distribution of 78%.
Facies 4 beds are thinner and make up 22% of thenbh (Figure 4.11 and Figure 4.12). Unlike
Cored Well 3, the D bench of Cored Well 4 is chalkvith the dominant facies being facies 2.

The C marl bench is thirty-seven feet thick an@ alsntains facies 2 and 4. In this case,
facies 4 is dominant with a distribution of 66%cles 2 comprises 34% of the C marl (Figure
4.12). The alternating beds of facies 2 and 4sstaith the thickest interval of facies 2 and
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transitions into the thickest interval of faciesléwards the top of the section, the beds become
thinner (Figure 4.11).

Next is the C chalk bench that is sixty-two feetkland contains facies 2, 3, and 4. The
facies distributions for the C chalk are: 46% facle 31% facies 3, and 23% facies 2 (Figure
4.12). The bottom of the section is a packagetefr@éting beds comprised of facies 2 and 3.
Moving up the package, facies 2 beds decreaseécknigss and facies 3 beds increase in
thickness. The top of the section has a brief pgekd alternating facies 2 and facies 4 beds, a
large facies 4 interval, and ends with a think bethcies 3 (Figure 4.11).

The B marl bench is twenty feet thick and only eams facies 4 (Figure 4.11). The
description for this bench is the same as the ggur for facies 4.

The B chalk bench is 168 feet thick and is compirisiefacies 1, 3, 4 and 5. Dominated
by facies 4, the facies distributions are: 58%¢d8ael, 36% facies 3, 3% facies 1, and 2% facies 5
(Figure 4.12). The characteristically fossiliferdasies 1 is found at the base of the B chalk.
Moving up stratigraphically, there is a thick bddaxies 3, alternating beds of facies 3 and 4,
with the beds of facies 4 being thicker than thesbaf facies 3, a thick facies 4 bed, and finally a
small facies 5 bed towords the top of the sectiogeneral, this bench becomes more marly
towords the top of the section illustrating thengi¢ion into the B marl bench (Figure 4.11).

A thin A marl bench measuring sixteen feet sitdamof the B chalk with the contact
(determined from logs) being encompased in faci@ bench contains facies 4 and 5 with a
facies distribution of 84% facies 4 and 16% fa&dEigure 4.12). The transition into the A
chalk facies is also contained in a facies 4 bethvbontinues to the top of the A chalk bench.

The A chalk bench is twenty-two feet thick and coisgd entirely of facies 4. This is the
only well described where the A chalk facies présen

Overall, Cored Well 4 has the same complex hetereges nature seen in the other 3
cores. Like Cored Well 1, also to the east of theysarea, Cored Well 4 is abundant in the
chalkier facies 2 and 3. This also suggests tlaettvas a greater chalk influence where Cored

Well 4 was deposited in the west (Figure 4.13).
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Figure 4.7: Cored well 1 digitized well log and it distribution for the whole core, A marl
bench, and B chalk bench. The facies distributiencharts are measured in percent with
theassociated legend in the bottom left. The laggllog is measured in feet with the associated

legend in the bottom right.
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Figure 4.8: Cored Well 2 digitized well log and il distribution for the whole core, A marl

bench, and B chalk bench. The facies distributiencharts are measured in percent with the

associated legend in the bottom left. The litholtogyis measured in feet with the associated
legend in the bottom right.
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Figure 4.9: Cored Well 3 digitized well log andlfabre facies distribution. The lithology log is aseired in feet with the associated
legend in the upper right. The full cores faciestridution pie chart is measured in percent withdalsociated legend in the bottom
right.
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Figure 4.10: Cored Well 3 facies distributions mead in percentages for the A marl bench, B
chalk bench, B marl bench, C chalk bench, C martbeand the D facies bench. The associated
legend applying to each pie chart is located abtiteom.
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Figure 4.11: Cored Well 4 digitized well log. Thinblogy log is measured in feet with the assocdidégend in the bottom right.
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Figure 4.12: Cored Well 4 facies distributions mead in percentages for the full core, A marl
bench, B chalk bench, C chalk bench, C marl beaeti the D facies bench. The associated
legend applying to each pie chart is located abtiteom.
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4.4 5Facies Distribution Discussion

By looking at the full core facies distributionsasiplly throughout the study area, some
trends can be illustrated. The cores to the eamsedWell 1 and Cored Well 4, have greater
percentages of the chalkier facies 1, 2, and 3 3hggests that there is a greater chalk influence
to the west than in the east. In all four cores,rittost dominant facies is facies 4 as it is most
commonly distributed throughout each bench. Sinmee@ Well 3 is closest to the study area,
this well is most likely the best representationhaf facies distributions in the study area (Figure
4.13). Integration between students work is a lgpeat to the overall end goal of producing a
geocellular model in the RCP study area. Currestlyeral other facies models are being created
within the RCP based off seismic data. These matel$ower resolution (coarse scale) than the
facies work done in this study. Being able to inéég all of the models will be important for
achieving the overall end goal. One possible wantegrate the facies work is by using gamma
ray logs. Although the gamma ray logs do not hasmall enough sample rate to pick out the
individual facies changes, alternations of chalikamted areas with marl dominated areas can

be determined at a finer scale than the generdirilia chalk and marl benches.

4.5 Fracture Analysis

Within the four cores, Cored Well 3 and 4 exhibitextturing. All of the fracturing
occurred in the A marl or in the transition betwdlesm A marl and the B chalk benches. Also,
facies 4 was the only facies that exhibited fraotym the two cores. Each fracture or damage
zone was assessed for length (cm), aperture (np@agjrey from the previous fracture (ft), type,
and shear sense. In each well, the fractures laeéeld from the shallowest to the deepest depths.
These parameters are summarized in Table 4.3.rabkife analysis technique is based on
Kulander et al. (1990).
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Table 4.3: Summary of fracture analysis. Paramétetsde the well, fracture number, length,
aperture, spacing, type, and shear sense. Onlyd®gedl 3 and 4 exhibited fracturing.

Fracture Length | Aperture | Spacing Shear

Well g | Benchl i (mm) (ft) TyPe | Sense
Cored A No motion
Well 3 1 Marl 2.5 0.1 N/A Shear detected
A Damage | No motion
1 Marl 3 0.1 2.4 Zone detected
A : No motion
2 Mar 5 0.1 32.9 Joint detected
A Right-
3 Marl 6 0.2 4.5 Shear lateral,
Strike-Slip
B Right-
4 7.3 1.2 (in) 4 Shear lateral,
Chalk . .
Strike-Slip
Cored RNt
Well 4 B Less than| Damage g
> Chalk 3 0.1 1 foot Zone Ia}teral,'
Strike-Slip
No
6 B 3 1.3 Less than Shear | movement
Chalk 1 foot
detected
B Less than| Damage | Normal,
! Chalk 3.2 0.1 1 foot Zone dip-slip
Right-
8 | cra| 33 05 |1 shear | lateral
Strike-Slip
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Figure 4.14: Image showing the nine fracture even@ored Well 4 and 3. Each tick mark represed@16f a foot.
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4.5.1Cored Well 3

Only one fracture is present in this well. It isdbed within the A marl. This fracture type
is shear in nature, has no detectable slip dinectind is 2.5 (in) in length with an aperture df 0.
(mm). Upon observation, the fracture is low anglg] filled with amorphous calcite that coats
the fracture face. This fracture also appears e f@en created in one fracturing event with no

recurrent movement (Figure 4.14).

4.5.2Cored Well 4

In Cored Well 4, fracture one is classified as mdge zone. It contains numerous
hairline fractures that are filled with amorphoadcge and occurs in the A marl bench. The
length of the fractures average at 3 (in) with amdrage aperture of 0.1 (mm). These fractures
range from high angle to nearly horizontal (Figdrg4).

Fracture number two is classified as a joint aisg alccurs in the A marl bench. The
length is 5 (in) with an aperture of 0.1 (mm). Tdex no visible movement along the joint and is
high angle in nature. Along the joint faces, an gshous, calcite coating can be seen (Figure
4.14).

Fracture number three is shear in nature and Isédeislickenlines on the fracture face
indicating right-lateral, strike-slip motion. Occung two feet from the A marl/B chalk transition,
this fracture has a length of 6 (in) and an aperair0.2 (mm). Similar to the previous fractures,
fracture 3 is filled with amorphous, calcite mineration (Figure 4.14)

Fracture number 4 is located in the B chalk, twet feast the A marl/B chalk transition.
This fracture is 7.3 (in) in length, has an apertoir1.2 (in), and occurs at a relatively high
angle. There are many separate fracturing eventsfél@d with amorphous calcite indicating
that there were several reactivation events albagame fracture. On the only exposed fracture
surface, there are slickenlines showing right-ktestrike-slip motion (Figure 4.14)

Fracture number 5 is classified as a damage zahéasan average length of 3 (in) with
an average aperture of 0.1 (mm). This damage zolegated in the B chalk and in general, the
fractures occur at a high angle. There is no mirzai#on along the fracture faces but
slickenlines are present. The slickenlines indiceyet-lateral, strike-slip motion (Figure 4.14).

Fracture number 6 is characterized as a low asgksar fracture located in the B chalk
bench. No fracture surfaces were exposed so movesmasnot able to be detected. The fracture
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is 3 (in) in length and has an aperture of 1.3 (iimere are multiple amorphous calcite mineral
filling events suggesting recurrent movement altiregfracture from several different events.

Fracture number 7 is a damage zone occurring iBttiealk bench. There are both
mineralized, hairline fractures and exposed fractaces without mineralization. On average,
the length is 3.2 (in) with an average apertur@.bf(mm). Along the exposed fracture surfaces,
there are slickenlines that indicate normal, dip-siotion (Figure 4.14).

Fracture 8 occurs in the B chalk bench and is higyle in nature. The fracture length is
3.3 (in) with an aperture of 0.5 (mm). There i®as associated damage zone surrounding the
fracture. Along the exposed surface, there ar&estiines indicating right-lateral, strike-slip
motion. Also occurring in fracture 8 are multipkate fill events indicating recurrent

movement (Figure 4.14).

4.5.3Fracture Discussion

In each well, the fractures occur in the A marbrgl the A marl/B chalk transition, or in
the top of the B chalk. Fractures were only presefdacies 4. The majority of the fractures
occur in Cored Well 4. Density and spacing of ttaetures drastically decreases within the A
marl/B chalk transition and in the B chalk bencmpared to fracture spacing in the A marl
bench (Table 4.3). There are also two dominantanetvisible on the fracture faces. These are
right-lateral, strike-slip motion and normal, dilggsmotion. The right-lateral, strike-slip fractsre
most likely formed during a compressional streggme while the normal, dip-slip fractures
most likely formed during an extensional stressmeg The fractures that indicate multiple

episodes of slip could have been exposed to thessttess regimes.
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CHAPTER 5:
HORIZONTAL BOREHOLE IMAGE LOG INTERPRETATION

This chapter discusses the horizontal borehole éenhagjinterpretation for the 6N and 2N
wells located in the wishbone section of the RQsarea. The tool used to collect the data in
each well was Halliburton’s X-tended Range Micrater (XRMI). A discussion covering how
borehole image logs work and the observations rfrade the image logs for the two wells. The
observations include fracture orientation of ndtaral induced fractures as well as natural

fracture distribution based on which bench of thebkara Formation the fractures occur.

5.1Borehole Image Logs

Borehole image logs (BIL’s) capture electronic press of rocks and fluids within a
wellbore. These logs can provide detailed infororaibout bedding dip, fractures, faults,
unconformities and other geologic features. Thege are based off dipmeter technology and
use an array of electrodes pressed against thevaklto image the borehole. In general, the
sample rate of image logs is relatively high, tgkmeasurements of 120 samples/foot at a rate of
1,600 to 1,800 feet/hour. An imaging tool can beigped with four, six, or eight pads, each
with a button array or an array of electrodes (Fedrl). These pads spin around the well and,
depending on the tool, can image up to 40 to 80%eivell bore. The rest of the well that is not
imaged appears as blank strips between the imagesded by the pads. Drilling mud must be
conductive for an image to be taken, and mud witbsastivity higher than fifty ohms will not
allow an accurate image to be taken. The higheaitgumages are usually taken when the ratio

between the formation and the mud resistivity $s ldan 1,000 (Asquith et al., 2004).

5.2 Halliburton X-tended Range Micro Imager

The Halliburton X-tended Range Micro Imager (XRN&)an electrical, wireline, open
hole imaging tool and was used to acquire the lmbeelmage logs for the 6N and 2N wells
(Figure 5.2). This tool contains six articulatetharthat are each equipped with a pad. Each of
these pads have two rows of electrodes totalingexty-five electrodes on each pad. Having a
sample rate of 120 samples/foot, the XRMI tool imaage millimeter sized geological features.

The tool can be run in boreholes ranging in sisenffive inches to twenty-one inches. In a
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wellbore measuring eight and a half inches, 67%hefwell can be imaged. The XRMI tool can
be used in highly resistive formations (Rt > 20000y as well as salty borehole fluids (Rm < 0.1

ohm) increasing its versatility (Halliburton, 2008)

Figure 5.1: Schematic illustrating the basic eletm@h a borehole image log tool. (Modified
from Williams et al. 1997)
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Figure 5.2: Halliburton’s X-tended Range Micro Ineag(Halliburton 2008)
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Figure 5.3: Schematic illustrating the basic eletm@h an electrical borehole image log tool. The
bottom of the image is showing each pad generatisgparate suite of logs. (Asquith 2004; from
Hocker et al. 1990)

51



5.3 Borehole Image Log Physics

As discussed above, each borehole imaging todibistly different and can have a
variation in the number of pads or flaps with batesrays or electrode arrays. Once the pads are
activated and in contact with the wall of the wiik buttons or electrode arrays send out an
electrical current into the surrounding wellbor&isTelectrical current travels through the rock
and is measured by electrodes located at the ttpedbol. The middle of the tool is insulated to
allow for the current to fully travel through therfnation before being received by the upper
electrodes (Schlumberger, 2002).

The depth of investigation for a borehole imageitogglatively shallow, penetrating
approximately one inch or less into the surroundarghation (Asquith, 2004). Another
parameter of the imaging tool is the spacing betwbe button arrays. In general, the spacing
between the button arrays is 0.2 inches. This sgat®termines the minimum size of a feature
that can be read by the image tool. Any featureithgreater than 0.2 inches will be read and
imaged by the tool. Features less than this caeapp the image if the contrast between the
low and high resolution components is large. The sif these features, however, may seem
larger in the image log than in reality and wik@lappear smoothed in the image (Schlumberger,
2002).

The borehole image logging tool will create an imagck for each of the pads.
Together, each pad’s image track captures the @implellbore image. Up to 40-80% of the
well bore can be imaged with blank space betweeh pad’s image track representing the area
the tool is unable to measure (Figure 5.3; Asqui€i)4). The image log is a representation of
the variations in resistivity from lithological atwd petrophysical characteristics of the
formation. It is challenging to interpret these gea as a modeled, 3D virtual core, so the image
is opened into an azimuthal image (Figure 5.4 agdrE 5.5).
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Figure 5.4: Diagram illustrating the geometry ofi@age log being unrolled into an azimuthal
image. The image log intersects with a beddingeptardemonstrate its characteristics and
geometry in both the 3D view and azimuthal imadeqgQith 2004; from Serra 1989)

Figure 5.5: Horizontal BIL image from well 2N illtrating the location of the top and bottom of
the wellbore in the unrolled, azimuthal image.
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5.4Borehole Image Log Interpretation

For this study, fracture interpretations were caeld on the horizontal BIL’s for the 6N
and 2N wells, located in the Wishbone Section efRCP study area, using the Techlog
software (Figure 5.6). In this interpretation, matdracture orientation and distributions were
studied for the specific Niobrara Formation bendhes the wellbore contacted. Induced fracture
orientation was also studied for the two wells. Wisiach of these wells originally targeted the
Niobrara C chalk, both well paths deviate and plassigh other surrounding benches of the
Niobrara Formation.

Figure 5.6: Cross-sectional view from east to vgbsiwing the eleven horizontal wells drilled
within the wishbone section. Well 6N and 2N targetee Niobrara C chalk bench and a
horizontal BIL was acquired in both wells.

5.4.1Natural Fractures

Natural fractures appear as low amplitude sinusatigss the BIL (Figure 5.7). They
can be both conductive or resistive. Conductivainafractures occur because of a conductive

material such as pyrite, graphite, or hematitenfilithe fracture. The conductive natural fractures
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are manifested by a dark colored sinusoid. Nafuaatures that are resistive are a result of a
resistive material, such as calcite, filling thadiures. These resistive fractures give off a lbrigh
or white colored sinusoid. White sinusoidal fraesican also be created by non-uniform pad
standoff over a steeply dipping natural fracturee Bright color seen in resistive fractures is
known as the halo effect. The halo effect occursmine BIL tool comes across an area where
there is a large overshoot of current or low restgtcurrent opposite the natural fracture and a
large undershoot of current or high resistivityreat when it is above the fracture (Figure 5.8).
As the BIL pads approaches a fracture, there angpcession of the current and as the pads
move away from the fracture, there is and expansidhe current. This manipulation of the
electrical current results in the halo effect.Ha tlown dip direction, the high resistivity and low

resistivity phenomenon is reversed (Bourke et18198).

Figure 5.7: Image log illustrating the presenceatiral fractures. The left track
(AMPEQ_DYNAMIC) shows the picked fracture sinusstibwing the location of the fractures,
while the right track (AMPEQ_DYNAMIC) demonstratetat the natural fractures look like in

the image log.
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Figure 5.8: Schematic from Bourke et al. (198%silfating the low resistivity current below the
fracture and high resistivity current above thetnae, resulting in the halo effect.

5.4.2Drilling Induced Transverse Fractures

Drilling Induced Transvers Fractures (DITF’'s) watso picked throughout the 6N and
2N wells. These induced fractures can occur witwaminimum horizontal stress and/or a large
weight on the bit that results in tensile failUDdTF's are manifested with very high dip
magnitudes with an orientation that parallels maximhorizontal stress (Miller, 2009). In this

study, the DITF’s are shown in cyan (Figure 5.9).
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Figure 5.9: Image log illustrating the presenc®fF’'s. The left track (AMPEQ_DYNAMIC)
shows the picked DITF’s showing the location of fiteetures, while the right track
(AMPEQ_DYNAMIC) demonstrates what the drilling inchd transvers fractures look like in
the image log.

5.5Well 6N Interpretation

As mentioned previously, well 6N is located witlive Wishbone Section of the RCP
study area. This well targets the C chalk bendheiNiobrara formation and the BIL was
captured with Halliburton’s XRMI tool. The totaldgth of the BIL is 4,072 feet. Although the
primary target was the C chalk bench, well 6N walted through the B marl bench, C chalk
bench, and C marl bench. In order of measured deyath 6N goes through the C marl bench for
798 feet, the C chalk bench for 900 feet, the Bl imamch for 600 feet, and goes back into the C
chalk bench for 1,774 feet to the end of the Blable 5.1 is a summary of the natural fractures
in well 6N. This table takes into account the Navlarbenches encountered, their length, number

of fractures present, fracture density, averageatti, and average dip. The length of each
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bench, number of fractures, average azimuth, aathge dip were all obtained from the BIL
interpretation. The fracture density for each bewek calculated using equation 5.1. This
section will go through the BIL interpretation e Niobrara Formation bench encountered in
well 6N in stratigraphic order, and not in the argewhich the benches occur along the length
of the well. Also in this section are azimuth-oteshrose diagrams illustrating the direction of
the natural fractures in each bench present, dsawéhe direction of the drilling induced

transverse fractures.

Table 5.1: Summary of the Niobrara Formation beagiresent in the BIL for well 6N.
Represented are the bench lengths (ft.), numbieactures, fracture density (fractures/foot),
average azimuth, and average dip.

Niobrara Number of Fractgre Average Average
Length (ft.) Density . .
Bench Fractures Azimuth Dip
(fractures/foot)

B Marl 600 20 0.033 N70°E 56.15°
N70°E, o

C Chalk 2,674 31 0.012 S10°E 74.82
N50°E, o

C Marl 798 8 0.010 N70°E 62.30

Number of Natural Fractures
Total Borehole Image Log Length

Fracture Density (5.1)

5.5.1B Marl Bench

The B marl bench in well 6N is located towardsehe of the well and is approximately
600 feet in length. In the B marl, twenty naturalctures were found. These fractures have an
average dip of 56.15°. This bench has a fractunsityeof 0.033 fractures per foot, and is the
largest fracture density compared to the other lhemencountered by well 6N. The azimuth-
oriented rose diagram for the B marl bench is regméed in Figure 5.10. The dominant direction
for the fractures in the B matrl is north-east tatkewest, with an orientation of N70°E, although
there is some variations with other fractures aadrN30°E and S10°E.
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5.5.2C Chalk Bench
The C chalk bench was the primary target of thes@N and therefore makes up the

largest section represented in the BIL. Well 6Naemters the C chalk bench in the middle of the
well and again at the end of the well. The middetion of the C chalk is 900 feet in length and
the length of the C chalk bench at the end of tek v 1,774 feet. In total, the length of the C
chalk bench comprises 2,674 feet of the 4,0724fwwg BIL. Thirty-one natural fractures were
picked within this bench and have an average dipdd2°. The C chalk bench has a fracture
density of 0.012 fractures per foot, making it seeond most densely fractured bench in well
6N. The azimuth-oriented rose diagram for the Gkchanch is represented in Figure 5.11. The
dominant direction for the fractures in the C chalkorth-east to south-west, with an orientation
of N70°E, similar to the dominant fracture direntia the B marl. There is also variations in the
fracture orientation in the C chalk. The majorifytlee fractures range from N70°E to S10°E,

with a less dominant set of fractures oriented [H10°

5.5.3C Marl Bench

The first bench logged by the BIL in well 6N is t@emarl bench. Measuring 798 feet in
length, this is the second longest bench reconaddgei 6N BIL. In total, eight fractures are
present within the C marl and have an average fd§2.@0°. This bench has the lowest fracture
density of 0.010 fractures per foot compared toBhearl and C chalk in well 6N. The azimuth-
oriented rose diagram for the C marl bench is gried in Figure 5.12. The dominant direction
for the fractures present in the C marl is nortbtéa south-west, with orientations ranging from
N50CE to N70°E. There is also a minor directiofrattures oriented S10°E.

5.5.4Drilling Induced Transverse Fractures

Drilling induced transverse fractures were pickexhf the BIL of the entire 6N well and
were not separated out by bench like the natuaatdres. The DITF’s parallel the maximum
horizontal stress surrounding the wellbore. An aghvoriented rose diagram for the DITF’s is
represented by Figure 5.13. The dominant direaiahe DITF’s is south-east to north-west,
with an orientation of S30°E.

59



Figure 5.10: Azimuth-oriented rose diagram illustrg the characteristics of natural fractures
present within the B marl bench of the 6N well. Toeninant fracture direction is N70°E with
minor directions of N30°E and S10°E.

Figure 5.11: Azimuth-oriented rose diagram illustrg the characteristics of natural fractures

present within the C chalk bench of the 6N welle Hominant fracture direction is N70°E. The

majority of fracture orientations range from N7@8ES10°E, with a minor number of fractures
oriented N10°E.
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Figure 5.12: Azimuth-oriented rose diagram illustrg the characteristics of natural fractures
present within the C chalk bench of the 6N welle Dominant fracture direction is N70°E. The
majority of fracture orientations range from N7@8ES10°E with a minor number of fractures

oriented N10°E.

Figure 5.13: Azimuth-oriented rose diagram illustrg the characteristics of the drilling induced
transverse fractures present throughout the 6N Wie# dominant DITF direction is N30°W.
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5.6 Well 2N Interpretation

Well 2N, located within the Wishbone Section of REP study area also targets the C
chalk bench of the Niobrara Formation. Similar ®lM8N, the BIL for well 2N was captured
with Halliburton’s XRMI tool. In total, the BIL fokvell 2N is 4,267 feet. Although the target for
this well was the C chalk bench, the wellbore deganto other benches of the Niobrara
Formation. Well 2N is drilled through the C chakknich, the B marl bench, the B chalk bench,
and the C marl bench. In order of measured depgh,2M passes through the C chalk bench for
850 feet, the B marl bench for 620 feet, the B klainch for 750 feet, passes back into the C
chalk bench for 1,600 feet, and ends in 417 fegt@iC marl bench. A summary of the natural
fractures for well 2N is broken down in Table 5T2ble 5.2 shows the number of fractures
present, the fracture density, the average azinauith the average dip for the Niobrara
Formation benches encountered by well 2N. The keafjeach bench, number of fractures,
average azimuth, and average dip were all obtdnoad the BIL interpretation. The fracture
density for each bench was calculated using equatib. This section will go through the BIL
interpretation of each Niobrara Formation bencloantered in well 2N in stratigraphic order,
and not in the order in which the benches occurgtbe length of the well. Also in this section
are azimuth-oriented rose diagrams illustratingdinection for the natural fractures in each

bench present, as well as the drilling inducedsivarse fractures.

Table 5.2: Summary of the Niobrara Formation beagiresent in the BIL for well 2N.
Represented are the bench lengths (ft.), numbieactures, fracture density (fractures/foot),
average azimuth, and average dip.

Niobrara Number of Fractgre Average Average
Length (ft.) Density . .
Bench Fractures Azimuth Dip
(fractures/foot)
N8O°E,
B Chalk 750 19 0.025 S10°E 60.67
B Marl 650 16 0.025 S10°E 77.16
N70°E,
C Chalk 2,450 42 0.017 S20°E 66.94
C Marl 417 5 0.012 N70°E 81.33
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5.6.1B Chalk Bench

The B chalk bench in well 2N is located near thddte of the well and is approximately

750 feet in length. Nineteen natural fractures weuomd in the B chalk bench. These fractures
have an average dip of 60.67°. This bench hactufeadensity of 0.025 fractures per foot, and
is the largest fracture density compared to therdtenches encountered by well 2N. The
azimuth-oriented rose diagram for the B chalk besakpresented in Figure 5.14. The two
dominant direction for the fractures in the B chiglkorth-east to south-west and south-east to
north-west, with an orientation of N80°E and S1G@flEhough there is some variations with other

fractures oriented S40°E.

5.6.2B Marl Bench

The B marl bench in well 2N is located near thedbthe well and is approximately 650
feet in length. In total, 16 natural fractures present in this bench. On average, the fractures
have a dip of 77.16°. The B marl bench has a fraadansity of 0.025 fractures per foot, also
being the largest fracture density when comparddemther benches encountered by well 2N.
An azimuth-oriented rose diagram for the B marldteis represented in Figure 5.15. For this
bench, the dominant direction of the fracturesigtils-east to north-west, with an orientation of
S10°E. All of the fractures range in orientatioonfr N70°E to S20°E.

5.6.3C Chalk Bench
The C chalk bench was the primary target of then@N and therefore makes up the

largest section represented in the BIL. Well 2Noemters the C chalk bench first and again
towards the end of the well. The first section afi@lk is 850 feet in length and the length of the
C chalk bench towards the end of the well is 1,8@®. In total, the length of the C chalk bench
comprises 2,450 feet of the 4,267-foot long BlLrti#awo natural fractures were picked within
this bench and have an average dip of 66.94°. Ttleak bench has a fracture density of 0.012
fractures per foot, making it the second most dgrfsgctured bench in well 2N. The azimuth-
oriented rose diagram for the C chalk bench isesgmted in Figure 5.16. There are two
dominant fracture directions present. The firstaogth-east to south-west, with an orientation of
N70°E, and the second is south-east to north-wst,an orientation of S20°E. There is another
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variation in fracture orientation in the C chalkthva less dominant set of fractures oriented
N40°E.

5.6.4C Marl Bench

The last bench logged by the BIL in well 2N is thenarl bench and is 417 feet in
length. This is the shortest bench recorded irBilheof well 2N. In total, five fractures are
present within the C marl and have an average fd§i.@3°. This bench has a fracture density of
0.012 fractures per foot, which is the lowest fuaetdensity compared to the other benches
encountered in well 2N. The azimuth-oriented rasgmm for the C marl bench is represented
in Figure 5.17. The dominant direction for the fraes present in the C marl is north-east to

south-west, with an orientation of N70°E.

5.6.5Drilling Induced Transverse Fractures

Drilling induced transverse fractures were pickexhf the BIL of the entire 2N well and
were not separated out by bench like the natusatdres. The DITF’s parallel the maximum
horizontal stress surrounding the wellbore. An aghvoriented rose diagram for the DITF's is
represented by Figure 5.18. The dominant direatiche DITF’s is south-east to north-west,
with an orientation of S40°E. There is a largeat#ohn in the direction of the DITF’s, with an
orientation range of N70°E to S40°E. The two domii TF orientations are S10°E and S40°E.

5.7Borehole Image Log Discussion

When investigating the fracture trends from bothisyémportant information about each
Niobrara Formation bench encountered can be disdetn general, the B chalk bench, B marl
bench, C chalk bench, and C marl bench have fraclivections with orientations that are north-
east/south-west. This is true for every bench exiceghe B marl and C chalk benches in the 2N
well, which have a dominant fracture orientatiomofth-west/south-east. However, in each of
those benches, there is a slightly less dominawture direction matching the north-east/south-
west trend seen in the other benches. It is contimsee a wide variety in the fracture
orientations for each bench. Only the C marl bendboth wells lacks a large variation in
fracture orientation. The location and orientatddmatural fractures along the well bores are

represented in Figure 5.19. The variation in frextrientations is most likely due to the
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paleostress fields present upon fracture generafibanges in paleostress direction in the study
area would result in the wide range of fracturemtations seen in the azimuth-oriented rose
diagrams. The dominant orientation of the drillinduced transverse fractures is similar in both
wells with a direction of north-west/south-eastisTélso suggests a maximum horizontal stress
direction of north-west/south-east. Knowing theagahdirection of maximum horizontal stress
in an area is essential for predict the propagaifdmydraulic fractures.

Studying the fracture distribution and fracture slgnof the Niobrara Formation benches
is also important when determining a potential ieiget. FiguresFigure 5.20 andFigure 5.21 are
histograms illustrating the combined number of radtfractures and natural fracture density of
each bench in well 6N and 2N. Combined, the two'8#re 8,339 feet in length and are
comprised of 750 feet of the B chalk bench, 1,250 bf the B marl bench, 5,124 feet of the C
chalk bench, and 1,125 feet of the C marl benchk. Clthalk bench is the most represented
bench because it was the targeted bench for then@N\EN wells. The B chalk bench is the least
represented bench, as it is only present in wellRAlure 5.20 shows that the C chalk bench has
the greatest number of fractures present (73),evthé C marl bench has the fewest number of
fractures present (13). Figure 5.21 shows thaBthearl has the largest fracture density of 0.029
fractures per foot, closely followed by the B chalith 0.025 fractures per foot. This figure also
illustrates that the C marl has the smallest fractiensity of 0.011 fractures per foot. It is clear
that the entire B bench (chalk and marl) of thelixtma Formation has a greater fracture density
than that of the Niobrara Formation C bench. Thggests that the B bench might be the best

well target in order to aid production with theunad fractures present.
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Figure 5.14: Azimuth-oriented rose diagram illustrg the characteristics of natural fractures
present within the B chalk bench of the 2N welleTdominant fracture direction is N8Q°E to
S10°E, with a minor direction of S40°E.

Figure 5.15: Azimuth-oriented rose diagram illustrg the characteristics of natural fractures
present within the B marl bench of the 2N well. Toeninant fracture direction is S10°E.
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Figure 5.16: Azimuth-oriented rose diagram illustrg the characteristics of natural fractures
present within the C chalk bench of the 2N welle TWwo dominant fracture directions are N70°E
and S20°E, with a minor direction of N4Q°E.

Figure 5.17: Azimuth-oriented rose diagram illustrg the characteristics of natural fractures
present within the C marl bench of the 2N well. Hoeeninant fracture direction is N70°E.
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Figure 5.18: Azimuth-oriented rose diagram illustrg the characteristics of the drilling induced
transverse fractures present throughout the 2N Wiadre is a large variation in the direction of
the DITF's, with an orientation range of N70°E #0%E. The two dominant DITF orientations
are S10°E and S40°E.
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Figure 5.19: Natural fracture location and orieotatlong the 6N and 2N well bores. The
different colors represent the Niobrara Formatiendt that the fracture occurs in.
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Figure 5.20: Histogram illustrating the combinedner of fractures present in each Niobrara
Formation bench of wells 6N and 2N. The box inupger left corner shows the length of each
combined bench in the BIL’s and the total lengthh&f combined BIL'’s.

Figure 5.21: Histogram illustrating the combinegicture density of each Niobrara Formation
bench in wells 6N and 2N. The box in the uppertrigitner shows the combined length in the
BIL's of each combined bench and the total lendtthe combined BIL's.
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CHAPTER 6:
RESERVOIR GEOMECHANICS

Reservoir geomechanics studies how certain roca mehen stress is applied to them.
This is useful when studying the production potrdf a hydrocarbon reservoir, or documenting
the changes to a hydrocarbon reservoir during &ed @roduction. In general, brittle rocks with
large pores have a greater potential to be bettgets for hydrocarbon production than ductile,
clay-rich rocks. Ideal reservoirs can develop imyndifferent types of depositional
environments and systems, making the study of gedimechanics important. This chapter will
discuss the effects that the depositional fabmekfacies characterizations have on the
geomechanical properties of the extremely hetereges Niobrara Formation. Dipole sonic and
density logs for Cored Well 1, Cored Well 2, and&bWell 4 were used to calculate Young’'s
modulus (YM) and Poisson’s ration (PR) in the NararFormation. Using these variable, a
brittleness index was also calculated for the NaodoiFormation in the three wells. Cored Well 3

is not included in this study because a dipolecstog was not run for this well.

6.1 Elastic Moduli

Elastic moduli are the measurements of elasticlaehaf a material and can be used to
classify the stress and the strain applied torttaerial. Elastic behavior classifies how a
material will deform after it has been subjectedttesses. Stress is considered the force applied
to a material per unit area and strain is the deddion response of that material to the stresses
applied to the material.

Young’'s modulus (YM) is the ratio of uniaxial stse® uniaxial strain and measures the
stiffness of an isotropic elastic material. Youngisdulus in measured in Pascals (Pa). YM is
used to measure how a material will react to ssstaemd that material’s ability to return to its
original state after the deformation. Materials #w@ more brittle have a higher YM value and
are more likely to undergo brittle deformation (drgcturing). Materials that are more ductile
have a lower YM value and are more likely to undegtastic deformation when put under
stress, returning to their original state or clstheir original state after that stress is akésil
(Zoback, 2007). Identifying the areas or zonesfioraation that are more likely to undergo

brittle deformation (e.g. fracturing) is importaag these will most likely present better reservoir
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targets than zones that are more likely to eldstideform and are therefore harder to fracture
(Durkee, 2016). The equation used to calculate ¥ Metailed below in equation 6.1.

Poisson’s ratio (PR) measures the ratio of tras&veontraction strain to longitudinal
extension strain and is unitless. Under compressionaterial will expand in two directions
perpendicular to the direction of compression (Bkr2007). PR classifies the resulting
volumetric change in the material. In general,rttgority of materials will have a PR value
between 0.1 and 0.5. Studying PR is important vdssessing the potential of hydrocarbon
production in a zone of rock. Rocks with a high &R able to be subjected to high amounts of
stress without undergoing brittle deformation (&&007). This means that high PR valued
rocks will be less likely to fracture. Rocks witthegh PR value are more likely to see a larger
reduction in porosity than rocks with high PR val({Burkee, 2016). Combining investigations
of the PR and YM of a potential target zone israpartant step in the evaluation of a possible
reservoir target. The equation used to calculatésRietailed below in equation 6.2.

Dividing Young’s modulus by Poisson’s ratio (eqoati6.3) is one technique to obtain a
brittleness index (BI) for a specific material. Adugh there are several other techniques that can
be used, Herwanger et al. 2015 illustrated that éachnique will show similar results. Bl
measures the stored energy of a material befdredasccurs. Rock strength, lithology, texture,
effective stress, temperature, fluid type, diagenesd TOC are all variables that effect and
contribute to the Bl of a certain material (Pered Marfurt, 2013; Durkee, 2016). Since rocks
that are more likely to undergo plastic deformationstitute a better potential reservoir zone,
identifying zones with a high Bl value (high YM u& and low PR value) is important. Because
Bl is affected by the criteria mentioned aboveaih be used as a lithology or facies indicator
(Herwanger et al., 2015).

Young’s modulus, Poisson’s ratio, and brittlenegkek were calculated for Cored Well
1, Cored Well 2, and Cored Well 4 from the equagibalow, provided by Sonnenberg. Dipole
sonic and density logs, provided by Anadarko, wesed to calculate YM (equation 6.1) and PR
(equation 6.2). In the equations below, DTS is $&star sonic, DTC is compressional sonic
velocity, and is bulk density.
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- 6.3
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6.2 Elastic Moduli Breakdown by Niobrara Formation Bench

This section discusses the breakdown of Young'dutus (YM), Poisson’s ration (PR),
and brittleness index (BI) for each of the Niobremanation benches and the Fort Hays in Cored
Wells 1, 2, and 4.

Figures 6.1, 6.2, and 6.3 show the log signatwe&€éred Wells 1, 2, and 4 with gamma
ray, resistivity (missing in Cored Well 4), YM, P&nd BI. In each of the cored wells, the chalk
benches have a higher log response for YM, PRBatidlan the marl benches. The Fort Hays
Member of the Niobrara Formation has the highesaRd@RBI log signature, while the B marl
bench has the lowest PR and Bl log signature. Tdiget YM signature is present within the D
bench and is also the most variable in the D behkloughout the rest of the Niobrara
Formation, the YM signatures are generally sintteeach other illustrating the fine-scaled
heterogeneity of the Niobrara Formation. The Clchainch has a high PR and Bl log signature
at the top of the bench with a gradual decreasieeise signatures towards the bottom of the
bench. The C chalk is unique in this way compacetth¢ other chalk benches. The lowest PR
and Bl log signatures are found at the top and ba#ee D bench because of the presence of
marl rich intervals (seen in the gamma ray). Oheaarl bench in the Niobrara Formation, the

lowest PR and Bl log signatures are found in thredl bench.

73



Figure 6.1: Geomechanical properties and elastiduthof the Niobrara Formation in Cored
Well 1. Logs present are gamma ray, resistivity,,YANR, and brittleness.
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Figure 6.2: Geomechanical properties and elastiduthof the Niobrara Formation in Cored
Well 2. Logs present are gamma ray, resistivity,,YANR, and brittleness.
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Figure 6.3: Geomechanical properties and elastidutnof the Niobrara Formation in Cored
Well 4. Logs present are gamma ray, YM, PR, anttlemess.
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Summary tables 6.1, 6.2, and 6.3 contain the aeeYdd, PR, and Bl values obtained
from the corresponding logs, enumerating the trese@s in the well logs. Standard deviation
was also calculated to illustrate the complex lugfeneity of the Niobrara Formation Table 6.1
is a summary of YM, PR, and Bl values found inlteaches of Cored Well 1. The largest
values of each elastic moduli are found within Foet Hays Member. The large YM and BI
values are a result of the pure chalk content agiul lhioturbation of the Fort Hays Member. The
large PR values could be the response from thepcesof the cyclic clay beds mentioned in
section 4.2.6. Within the Smoky Hill Member, thekalk bench has the highest YM (6.02)
value and the second highest Bl value (20.70). $tggests that it is the best zone to target due
to the indication that it will undergo plastic dafmation. The lowest value for YM (4.68) and the
lowest value for Bl (16.76) are represented inBhaarl bench suggesting that the B marl would
be less likely to undergo plastic deformation coragdo the other benches. The standard
deviation for the elastic moduli is 0.95 for YMQQ.for PR, and 2.68 for Bl. The relatively low
numbers for the standard deviation illustrates Bovall the variations in values of the elastic
moduli are for each bench. This is a direct restthe heterogeneity between each bench.

The YM, PR, and BI values in Cored Well 2 are sumnea in Figure 6.2. Similar to
Cored Well 1, the Fort Hays Member has the largaktes for all three elastic moduli. Within
the Smoky Hill Member of Cored Well 2, the high¥#t value of 5.55 is found within the B
chalk bench, the highest PR value of 0.29 is faartle D bench, and the highest Bl value of
21.05 is found in the A chalk bench. Since allhef €lastic moduli values are so similar for each
chalk bench, it is hard to determine the benchlmatld be a better target based on the elastic
moduli values. However, it is clear that the C nihch has the lowest YM value (5.54) and PR
value (0.27), and the B marl bench has the lowéstRie (16.84). These values propose that
these marl benches would be harder to undergdebdigformation, making them an undesirable
target compared to the chalk benches. The stamgaidtion for the elastic moduli is 0.82 for
YM, 0.01 for PR, and 2.38 for BI. The relativelylaumbers for the standard deviation
illustrates how small the variations in valuestd# elastic moduli are for each bench. This is a
direct result of the heterogeneity between eaclechen

Table 6.3 is a summary of the elastic moduli valoee£ored Well 4. Once again, the
Fort Hays Member has the highest values of alktletastic moduli. In the Smoky Hill Member,
the C chalk bench contains the highest averagesdbar YM (6.3) and Bl (24.6), and the third

77



lowest value of PR (0.26). Similar to Cored WeltHe high values of YM and BI, and the low
values of PR makes this the zone to most likelyeugal plastic deformation, making the most
ideal target. Continuing the trend seen in the iprestwo wells, the B marl bench should not be
a main target, as it has the smallest YM valueSashd Bl value (16.52), and the second largest
PR value (0.27). The standard deviation for thetelanoduli is 1.13 for YM, 0.01 for PR, and
3.75 for BIl. The relatively low numbers for thersdard deviation illustrates how small the
variations in values of the elastic moduli aredach bench. This is a direct result of the
heterogeneity between each bench.

Table 6.1: Average geomechanical properties anmatlatd deviation of these properties values
for each Niobrara Formation bench in Cored Wellle color fills are used to distinguish
between each zone and are also used to highlightleEnch in the average brittleness by bench
histogram.
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Table 6.2: Average geomechanical properties andlatd deviation of these properties values
for each Niobrara Formation bench in Cored Well2e color fills are used to distinguish
between each zone and are also used to highlightkeench in the average brittleness by bench
histogram.

Cored Well 2 YM PR Bl

Standard Deviation 0.82 0.01 2.38

Table 6.3: Average geomechanical properties andlatd deviation of these properties values
for each Niobrara Formation bench in Cored Welli4e color fills are used to distinguish
between each zone and are also used to highlightlench in the average brittleness by bench
histogram.

Cored Well 4 YM PR Bl

Standard Deviation 1.13 0.01 3.75
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Average brittleness values for each bench in eactdowvells are represented by a
histogram in figure 6.4. Overall, the chalk benchasge a larger brittleness index (BI) than the
marl benches (greatest Bl values in Cored Welwt)) the D bench varying in Bl. In each well,
the Fort Hays Member is the most brittle zone. it most brittle zone in each well is either
the A chalk or the C chalk, followed by the B challonversely, the B marl bench is consistently
the least brittle, followed by the C marl benchg éime A marl bench is the most brittle of the
marls. Cored Well 4 has higher Bl's in each benatrall compared to Cored Well 1 and Cored
Well 2.

6.3 Brittleness Index Breakdown by Facies

Brittleness Index values were calculated from latador each of the six facies that were
discussed in Chapter 4. Figure 6.5 is a histoghastriating the average Bl values for each
facies. Depositional fabric and composition havefiect on the mechanical properties of a
rock. Clay and carbonate concentrations, biotuobatithology, fractures, and sedimentary
structures all effect rock geomechanics (GerceR/20These parameters are the main
contributors to the variations seen in Bl withie &ix facies. The most brittle facies is facies 6.
This facies comprises the Fort Hays Member andegptrest chalk, previously discussed in
section 4.2.6. Facies 2, characterized in secti8r2 4has the second highest Bl value. This
facies is dominated by bioturbation, which can @&ase the Bl value of a rock. Facies 3 has a
smaller Bl value than facies 2. This is due toglamar laminations and the alternating marl and
clay content mentioned in section 4.3.3. Continuodecrease in Bl value, facies 4 has the third
smallest Bl index. This is due to the high concaintn of marl and fossiliferous content. Facies
1 has the second smallest Bl value. This is malnolyto the relatively high fossiliferous content
compared to the other six facies. Lastly, Faciba$the smallest Bl because it is the purest marl
(section 4.2.5) with the highest clay content, mgKiacies 5 the most ductile and least likely to

plastically deform.
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Figure 6.4: Average brittleness values of each NicbBench for Cored Well 1, Cored Well 2,
and Cored Well 4.

Figure 6.5: Average Brittleness Index per facidse €olors in the histogram are the same as the
colors used in Chapter 4 for the facies distributirk.
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6.4 Reservoir Geomechanics Discussion

In this section, the Fort Hays Member consistehdly the largest YM and BI values. The
Fort Hays, however, is not being considered asenpial target for this study. From this study,
the C chalk is considered the best potential tadgetthe large amounts hydrocarbon production
currently coming from the C chalk bench and high ¥l Bl values, as well as low PR values.
The B marl is considered to be the least ideaktdirgm this study because of the consistently
low YM and Bl values. In general, the variationvafues for all three elastic moduli is small in
the benches of the Smoky Hill Member. This illusgsathe complex reservoir heterogeneity and
fine-scaled alternation of chalk and marl depositiothe Niobrara Formation.

It was determined from the facies distributionsdweted on the four, cored wells in
Chapter 4 that the chalk content increases fromteasgest across the study area. This same
trend is seen in the average Bl values of eachhokistogram (figure 6.4). In this histogram
Cored Well 4 and Cored Well 1 generally have adaij values for each zone in the Niobrara
Formation than the Bl values in Cored Well 2. Coréells 1 and 4 are both located to the east
of the study area where chalk content is incredsésireasonable to contribute the larger Bl
values in these wells to the increased chalk comesent in the wells.

When comparing the fracture density work conduate@hapter 5 with this chapter, the
results vary about which bench has the highesturadensity (Chapter 5) and which bench has
the highest potential to fracture (Chapter 6). Bdtig the Fort Hays Member, the results from
this chapter suggest that the C chalk bench isnib&t likely to fracture because of the high BI
values associated with the bench. However, therfgsdin Chapter 5 show that the B marl bench
has the highest fracture density (0.029 fractuvesyfand the B chalk bench has the second
highest density (0.025 fractures/foot), with thet@lk bench having a much lower fracture
density (0.014). This discrepancy could be causea fault running near the locations of the B
marl benches and B chalk benches in the 6N and &N and does not intercept either wellbore.
The complex faulting in the Wishbone Section iltaing this as a potential reason for the
variations mentioned above is depicted in Figuée B.is possible that a damage zone associated
with these potential faults interact with the B if@@nch, giving them an uncharacteristically
high fracture density even though it is more uriike undergo brittle deformation than the C
chalk bench according to the findings in Chaptekitother possible reason for this discrepancy

is the uncertainties in the well deviations. Wodnd by Alena Grechishnikova (RCP) has
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identified potential variations in the actual Idoatof a well bore to the deviation surveys
provided. Towards the heel of the well, there camdgation vatiations that are potentially off by
20 feet. Moving down the wellbore towards the these variations can reach up to 90 feet of
uncertainty. This uncertainty phenomena is illustlan Figure 6.7. This uncertainty could cause
the B marl section of the BIL to actually be iniffietent bench, such as the B or C chalk bench,
explaining why it is exhibiting the highest fractutensity.

Studying the Bl values for each facies could podédigtincrease the confidence in well
targeting. The Bl value breakdown for the six fadea good technique to study the reservoir
geomechanics of the Niobrara Formation on a finales Although there are many other factors
that are taken into consideration when investiggtite geomechanics, studying the Bl values for
each facies could potentially increase the confidan well targeting. Even though the number
of dipole sonic logs typically run wells is low,ing a facies breakdown of the three elastic
moduli could allow for better integration betweeagher resolution (fine scale) and lower

resolution (coarser scale) projects being conduici¢ice RCP.
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Figure 6.6: Fault probability attribute map of tee of the Niobrara Formation, created by the
RCP, highlighting the possible fault locations mdaround the Wishbone Section (red box). The
eleven wells drilled in the Wishbone Section aemahown in green. This image shows the
potential for faults affecting the fracturing seerthe BIL's and geomechanical analyses.
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Figure 6.7: Image created by the RCP (Alena Grédisva) illustrating the potential
uncertainty in actually well location compared e tdeviation surveys. The color scheme
represents the possible variation along the wek hofeet.
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CHAPTER 7:
CONCLUSIONS

Several conclusions can be made from the workwated in this study that can be used
to advance the overall goal of the RCP. The folimpgonclusion will address the depositional
trends and facies distributions of the Niobrarankaion around the study site, the classification
of the fractures in the area, and the charactevizaif the Niobrara using the three elastic

moduli.

The chalk and marl benches, D bench, and Fort Neyaber all experience thickness trends
throughout the mapped area. The driving factorshfese thickness trends can be attributed
to the localized paleobathymetry and re-orientatibsediments from the mixing of bottom
water currents.

Six main facies were used to describe Cored Wellated Well 2, Cored Well 3, and Cored
Well 4. Studying the distributions of these fadi@®ughout the cored wells reveals that the
chalk content increases from east to west acrasstthldy are. Out of the six facies, facies 4
was the most common facies found throughout thedotes.

Cored Well 3 is the closest core to the RCP studs and is most likely the best
representation of the facies distribution in thedgtarea.

Gamma ray logs can potential be used to integnatéigher resolution (finer scale) facies
work done in this study with the lower resoluti@odrser scale) facies work from seismic
data. While the gamma ray signatures do not picthapndividual facies changes, they do
pick up packages that are dominated by the cha&n$, and packages dominated by the
marly facies.

The fracture study conducted on the four corexatds that the fractures present were
subjected to multiple stress regime. Both normigkstip motion and right-lateral, strike-slip
motion are present on the fracture faces. Sevéthedractures have multiple mineralization
events suggesting recurrent movement. Since no thareone fracture face was exposed per
fracture, it is difficult to compile the entire dutional history of the fractures present in the

core.
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In general, the B chalk bench, B marl bench, Clchahch, and C marl bench have fracture
Cdirections with orientations that are north-easifk-west. This is true for every bench
except for the B marl and C chalk benches in thev@N, which have a dominant fracture
orientation of north-west/south-east. The variatiofracture orientations is most likely die
to the paleostress fields present upon fracturergéion.

The dominant direction of drilling induce transvéctures, as well as the maximum
horizontal stress, is north-west/south-east.

The greatest number of fractures that are preadahticombined borehole image logs of
Well 6N and Well 2N occur in the C chalk bench (A&h the smallest number of fractures
present in the C marl bench (13).

The greatest fracture density present in the coatbiborehole image logs of Wells 6N and
2N occurs in the B marl bench (0.029 fracturesjfobhe smallest fracture density present
occurs in the C marl bench (0.011 fractures/foot).

The Fort Hays Member consistently has the greatesng’s modulus and brittleness index
values but is generally not considered a good piadeeservoir. The C chalk bench is
considered to be the best reservoir target withimgtudy as it has high YM and Bl values,
as well as low Poisson’s ration values.

Similar to the increase in chalk content from éastest through the study area from the
facies distribution work, this trend is also seethie reservoir geomechanical work. Overall,
the average brittleness of each bench in the westges (Cored Well 1 and Cored Well 4),
is higher than the eastern well (Cored Well 2). Tlgher Bl values in the western cores can
be attributed to the increase in chalk from eastdst.

Each of the six facies had a unique average Bleviduvarious reasons mentioned
previously. Although sonic dipole logs are not thest common logs, the average of each
elastic moduli per facies could be used in theruto integrate facies models of varying

resolutions.
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2)

3)
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CHAPTER 8:
SUGGESTED FUTURE WORK

One goal of the RCP is to create a fully integratiadic model. This work can be used to
help constrain this model. By using gamma ray astérgially Bl to integrate the facies
determined, a more accurate representation oegervoir heterogeneity can be applied
to the model. Using the fracture orientations, sy@d densities, more accurate fracture
inputs can be applied to the static model.

FESEM and FIB-SEM investigation into the classifica and distribution of porosity,

permeability, and diagenetic effects throughoutRIG® study area.

Conduct a geomechanical study that takes into axtquoarosity, diagenesis, and a

mineralogical evaluation in order to create a maada stratigraphic framework.
Investigate and characterize the fracture netwotkimvthe Niobrara Formation and

Codell Sandstone to determine the communicatiotafdr of) between them in the RCP

study area.
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