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ABSTRACT

The Turoniaraged Codell Sandstone member of the Carlile Shale Formation is a
hydrocarbon bearing shaley sandstone that has been interpreted as a regressive, shelf sand
deposit that has been reworked by storm waves in the Cretaceous Western Interior Beaway
Codell Sandstone behaves as a low resistivity pay zone suppressed by the presence of clays and
pyrite. Production out of the Codell Sandstone began in northeastern Colorado out of Wattenberg
Field in the early 1980 dheast@yoninghThes Codell paadstadned n o
is an unconventional tight sand reservoir that has been targeted in Silo Field approximately 20
miles northeast of Cheyenne, Wyoming within Laramie County and is the focus of this study.
Structure maps indicate that tBedell Sandstone is approximately 7508000 feet TVD in the
field, whereas isopach maps indicate a thickness of approximatelg2feet. The Codell
Sandstone is 32 feet thick from a core taken from the Helis Cet3-2611-1CH well and was

the targetd formation.

Geochemical analysis of produced oils from the Codell Sandstone and extracted
hydrocarbons from the Niobrara C Marl and Greenhorn Limestone indicates a marine shale
source from the Graneros Shale, Greenhorn Limestone, or Pierre Shale (Sharon Springs
equivdent) formations. Core analysis from the Cain@i32-11-1CH well indicated average
permeability to air values of 0.0I8illidarciesand average porosities of 123%. XRD
analysis from core indicated clay percent by weight through the Codell interval in the €ain 16
63-2-11-1CH well to be between 11620%. Porosity vs. permeability cross plots indicate a nano
pore structure. A Modifié Lorenz Plot was constructed along with cumulative storage capacity
and cumulative flow capacity vs. depth plots. The Modified Lorenz Plot reveals seven distinct

flow units. Flow units one and seven l®ing ap



under UV | ight. FIl ow units two through seven

staining in the core. A cumulative storage capacity vs. depth plot showed consistent porosity
through the section. Cumulative flow capacity vs. depth plot sheaeable permeability that
was affecting the quality of the flow units. Trace fossils inclldiehichnusPlanolites and
Skolithos indicating a mostlyCuzianaichnofacies. Th€ruzianaichnofacies is consistent with a

sublittoral zone of deposition beten the fahweather wave base and storm wave base.

Core descriptions of two other cores within Silo Field, the Cirque Berry Ussitari®d
Cirque Child #3e9 showed a similar thickness of Codell, similar trace fossil ichnofacies, and
similar sedimentary structures. The Berry Unit core in northwestern i8ilbiE capped by the
Sage Breaks Shale Formation, similarly to the Ca#638-11-1CH core. The Sage Breaks
Shale is absent in the Child #3Qore in southwestern Silo FielBwenty petrographithin
sections wer@reparecevery two feet through the Sa@reaks Shale and Codell Sandstone
section of the Cain 163-2-11-1CH core. While thin sections can be difficult to aid with facies
separations in the Codell Sandstone, as composition is similar throughout, thin section and core
descriptions helped to deéate six distinct facies within this section, three in the Sage Breaks
and three within the Codell Sandstone based on varying sand/clay percentages, trace fossil

assemblages, and sedimentary structures.
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are angular to subangular and suspended in a clay matrix. Long and point grain
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consistently measuring 7100 API units. Track 2 shows deep resistivity shaded
with a greater than 3.5 ohm meter cutoff indicating hydrocarbons. Green bar
shows where oil staining is present in core. The third track shows high neutron
porosity from shale effect and a calculated density porosity-46% matching
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Figure 5.3: Log data from the Child V.O. #2@ well. Track 1 shows gamma ray log
consistently measuring 7100 API units. Track 2 shows deep resistivity
shaded with a greater than 3.5 ohm meter cutoff indicating hydrocarbons.
Green bar shows where 0il staining is present in core. The third track shows
high neutron porosity from shale effect and a calculated density porosity of

rrrrrrrrrrrrrrrrr

Figure 5.4: Mudlog from the Helis Hastings 1#4-12-1-2CH well in northeast Silo Field.
Shows and fluorescent cuts are highlighted in yellow. The lithology track
shows predominately sandstone. Wet ratio (WRAT) and balance ratio (BRAT)
are plotted with green filled crossovers denoting oil. From mudweights, an

/////

Figure 5.5: Water and oil saturations from oven dried core plugs. There is oil in the system,
but the core measurements do not represent formation conditions due to the

rrrrrrrr

Figure 5.6: Pickett Plot showing water saturations from the Codell interval between 50
100%. The suppressed resistivity in the Codell Sandstone could cause the
values to be artificially closer to the 100% water saturatiot liéet € € € ...106

Figure 5.7: Water saturation equations plotted versus depth and compared to the log
characteristics from the Cain well. Archie's and Simandoux match well and

Xiii



show higher values around-88%, while Fertl and Indonesian water
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CHAPTER 1

INTRODUCTION

The Denver Basin is an asymmetric basin locatedg the Front Range in Colorado and
Laramie Range in southsten Wyoming. It covers parts of northeast Colorado, southeast
Wyoming, and western Nebraska. Cretacemyesd strata have been important, prolific oil
producers throughout the basin, with total production peaking in 2019 at 801.5 thousand barrels
of oil perday and 5.8 billion cubic feet of gas per day. Advances in horizontal drilling and
hydraulic fracturing have allowed for improved production out of continuous hydrocarbon
accumul a tairier Ined playdoThe niost prolific carrier bed playpf the Denver Basin
arethe Codell Sandstone member of the Carlile Shale Formation and various benches of the
Niobrara Formation. Production out of the Codell Sandstone began in Wattenberg Field in the

1980s and has since expanded north into southeast Wyoming.

The Turoniaraged Codell Sandstone member of the Carlile Shale Formation is a
hydrocarbon bearing shaley sandstone that has been interpreted as a regressive, shelf sand
deposit that has been reworked by storm waves in the Cretaceous Western Interior Beaway
Carlile Shale Formation, and locally the Codell Sandstone itself, occurs unconformably above
the Greenhorn Formation and is unconformably overlain by the Ft. Hays Member of the

Niobrara Formation.

Silo Field is located in Laramie County, Wyoming and encompdssgashis 15 and 16
north andRanges 63, 64, and 65 west. As of early 2022, according to the Wyoming Oil and Gas
Commission, cumulative production out of Silo Field has reached 21 MMBbls of oil and 20 BCF

of gas. While new developments in NE Silo Field targeting the Codell Sandstenbdwav



successful, new reservoir characterization studies, as well as detailed mapping to help delineate

the edge of production are important for continued success in the region.

1.1 Study Objectives

The purpose of this study was to analyze the petroleum system of the Upper Cretaceous
(Turonian) marine sediments from Silo Field, with a focus on the Codell Sandstone. Detailed
descriptions and analysis of the Codell Sandstomeritheast Silo Field in southeast Wyoming
provided new insights into successful developments and helped delineate the potential edge of
production from Silo Field. New development in northeast Silo field has been successful,
however, detailed characterizatiof the Codell Sandste remains a critical component of

continued success. This study attempted to resolve the following questions:

1.) What is the depositional environment of the Codell Sandstone?

2.) What are the potential source rocks for the Codell Sandstone carrier bed play?

3.) What dominant lithofacies within the Codell Sandstone correlate to better
production in the field?

4.) Are low-angle cross straia sandstoneassociated with storm events that are
correlatable across the field?

5.) Can detailed resistivity mapping be used to delineate the edge of production in
Silo Field?

6.) Do the organigich fine-grained beds within the Codell Sandstone contribute
hydrocarbons to the continuous hydrocarbon accumulation?

7.) What porosity and permeability types contribute to better production?

8.) What is the importance of the clay content within the Codell Sandstone?



1. 22Xudy Area
The focus area of this study is northeast Silo Field in Laramie County, Wyoming (Figure

1.1). Core data and well logsailablefrom a study well, the Helis Cain 83-2-11-1CH, were

used to analyze the Codell Sandstone in the area. Two other cores from central and western Silo

Field, the Cirque Child V.O. #39 and the Cirque Berry Unit #13werealso used as well as

well logs from the Helis Deselms 68-19-30-1CH and Helis Hastings 164-12-1-2CH.

DENVER BASIN - DENVER BASIN - WY, CO , NE

Laramie Range

L~
Calorado

ront Range

Figure 11 Denver Basin outlined in brown showing the location of Silo Field in southeast
Wyoming outlined by the red square
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R63W outlined in the large dark blsguare. The specific location of the Cainr6i®2-11-1CH well

is highlighted by the large green dot and outlined by the smaller blue rectangle. It is a horizotr
drilled from north to south along the western edge of sections 2 and 11. The Codehhé&ast Silo
Field is approximately 35 feet thick.
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The horizontal Helis Cain 163-2-11-1CH sudy well is locatechiT16N R63W and was
drilled across the western portions of sections 2 and 11 (Figure 1.2). The Codell is approximately
25-35 feet thick in the field and the Codell thickens to the n@tmt et. al. 2021)The Cirque
Berry Unit #139 was drilled in TL6N R66W and the Cirque Child V.O. #8@as drilled in
T16N R55W (Figure 1.3). Directional surveys were not available for these two wells. The Helis
Deselms 163-19-30-1CH was drilled in T17N R63Valong the western portions of sections 19
and 30. The Helis Hastings-B8-12-1-2CH was drilled in TL6N R64W along the western

portion of sections 12 and Eigure 1.3).
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Figure 1.3Locations of other key wells within Silo Field, including the Cirque Berry Uni® 1.
Cirque Child V.O. #3@, the Helis Deselms 163-19-30-1CH, and Hastings 164-12-1-2CH.

The Codell Sandstone outcrops along the Front Range north of Ft. Collins at the Holcim
Cement quarry. The section was measured to try and correlate 3D outcrop features with features
observed in the core such as fangle cross stratification that has been interpreted as
hummocks. The location of the outcrop is just north of Laporte, Colorado (Figure 1.4). The
Codell Sandstone in this location is on the western flank of the Denver Basin and due to
Laramide deformatigrbeds dip east. Preliminary investigatieveals the best exposures within
a road cut along the western side of a hill in the quarry. The full Codell Sandstone section is
exposed. The contact with the Carlile Shale appears gradational in this area, however, the fallen

debris and slumping parliya obscure the contact. The upper contact with the Ft. Hays is sharp in

5



nature and well exposed. This outcrop provides an adequate representation of the Codell

Sandstone section seen in the Helis Cai63&-11-1CH core, and provides a better

understanding of thredimensional sedimentary structures.

Figure 1.4 Location of Holcim Cement Quarry Codell outcrop outlined in red squares just nc
Laporte and Ft. Collins,CO. This sectimasmeasured and used to compare 3D outcrop analo
with core to define thiow-anglecross stratification that has been interpreted as hummaocky.

1.3 Dataset and Research Methods

In total, three cores from Silo Field traintainedhe Codell section were described in
detail. The cores include the Cain-882-11-1CH core stored at the Colorado School of Mines
core lab, as well as the Cirgue Berry Unitdand Cirque V.O. Child #30 cores stored at the
USGS Core Research Centetakewood, CO. Slabbed core and extensive associated data from
the Cain 1663-2-11-1CH well were donated to the MUDTOC consortium by Helis Oil and Gas

Corporation for the completion of this project. Traas$et includes wireline logs, mud logs, and



MWD logs. Multiple core analysis datasets were made available for the project including LECO
TOC, pyrolysis, routine porosity/permeability data, crushed rock analyses including fluid
saturations and grain densities, mercury injection capillary pressu@P(Minalyses, triaxial
compressive tests (TCS) with acoustic velocities, thin section descriptionsraydiifraction

(XRD) mineralogy data. Geochemical analysis on produced oils from the Codell Sandstone, as
well as extracted hydrocarbons from the iNera C Marl and Greenhorn Limestone were
performed by Geomark and initial results provided for this Study. MWD logs and XRD analysis
from the Helis Deselms 163-19-30-1CH well were also provided. Mudlogs and MWD logs

were provided for the Helis Hastin@6-64-12-1-2CH well. The Cain 1%63-2-11-1CH well was
scanned with a portable (handheld) Olympus Terra XRF analyzer through the Codell section at
6-inch (15.24 cm) resolution. New thin sections were cut every two feet through the Codell
section of the Cai6-63-2-11-1CH core, as well as and the field emission scanning electron
microscope (FESEM) at Colorado School of Mines Department of Geology and Geological

Engineering vasused to analyze the new thin sections.
Methods
Core Descriptions

Core descriptions were done on an inch (2.54 cm) scale to help distinguish facies within
the cores that may correlate with better production. Trace fossils assemblitigéise help of
Pemberton et. al. (2009)ere noted to aid the interpretation of depositional environment for the
Codell Sandstone as well as sedimentary structures-angle crosstratified sections that have
historically been interpreted as hummocky cross stratificdGamt et.al. 2021, Longman et. al.
2021; Sonnenberg et. al. 2024¢re noted, along with depth, in all three cores to see if

individual storm events can be correlated across the field.
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Thin Sections

Helis Oil and Gas Company cut thin sections from the Cai6315-11-1CH core and
provided descriptiongidditional thin sections were cut every two feet through the Codell
section to achieve a representative sampling from each facies through the core and stained for K
feldgpar and plagioclase. An additional thin section was cut in aratayzone that typically caps
the lowangle crosstratified beds. The thin sectioasledin establishing a more detailed view
of the diagenetic and burial history oet@odell Sandstone, as well as the porosity types that are

visually present.

Field Emission Scanning Electron Microscope {6EM)

The thin sections were also examined using th&ER! lab at Colorado School of
Mines. The Codell Sandstone in Silo Field contains approximateR0%6 clay.From XRD,
approximately five percent of the clays are kaolinites. TheSEHM was used to examine pore
types and pore structures as well as any diagenetic relationships of clays at a more detailed level
than is available using a petrographic microscope. The dethié (fESEM reveatd other
relationships such as diagenetic feldspar replacements and whether the clays are authigenic or

allogenic in nature.

Whole Rock Geochemistry

The Source Rock Analyzer (SRA) is a programmed dry pyrolysis instrument housed at
Colorado School of Mines and was used to analyze a sample from a clay rich zone within a cored
Codell section at Redtail Field. Typically, the clagh zonesoverlielow-anglecrossstratified
beds in the core. The samples analyzed at Redtail Field indicate that thietclzynes within

the Codell can contain greater than two percent total organic carbon (Damon, 2022). This can



reveal whether the clagch zones within the Codell section can contribute to the petroleum
system. The LECO TOC analysis from Helis Oil and Gas Co. was used to determine the quantity
and quality of organic matter present within the possible source b#usgiobrara and

Greenhorn formations.

X-ray Diffraction (XRD)

An XRD dataset was provided by Helis Oil and Gas Co. The mineralogy data was
collected from the Helis Cain core approximately eveBy/f8et through the Codell Section. The
XRD data was used to help delineate and characterize fachasdtso useful for determining
overall rock composition in regard to tectosilicates, carbonates, and phyllosilicates present. This
was useful when looking at thin sections and using th8EM. The XRD was also useful in

constraining the elemexterived mineal model creaw using XRF data.

X-ray Fluorescence (XRF)

Elemental data was generated from the Helis Cain core using a portable (handheld)
Olympus Terra XRF analyzer beginning three feet below the contact between the Codell
Sandstone and Greenhorn Limestone and continuing three feet above the contact bfaye Ft.
Limestone. Due to sampling gaps in the XRD, an elemeletaved mineral model was
generated. The elemental data and corresponding mineral wedelsed to delineate facies

and contacts providing greater insight into the depositional conditicdhse &fodell Sandstone.

Well Logs

An extensive suite of well logs were collected and provided by Helis Oil and Gas
Company for thistudy. The logs were added to a Petra project provided by Dr. Stephen

Sonnenberg for a petrographic analysis of the Codell Sandstone. Resistivity logs were used to
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map pay zones and delineate the edge of production in Silo Field. The bulk density logs were

used to calculate density porosity, which then were used to calculate water saturation using the

Si mandoux equation, | ndonesidés nmedquhatdi,o F.e rQrl adsss
and other maps through Silo Field b#assedd on to
microimager (OBMI) image logs were obtained from the Helis Cain well ardwged to

identify bedding surfaces. Unfortunately, thesag® logs are not detailed enough to pick out

fractures and cross stratification.

1.4 Silo Field Historic Production

Silo Field production began as early as 1983 with production from vertical Niobrara wells
(Welker, 2013). Post 1990, with the introduction of horizontal drilling and sstgige hydraulic
fracturing in the field, production increased to nearly 200,008 Biarrels) per month in late
1993 through 1994. This production steadily declined through the early 2000s until production
started to increase again due to horizontal steering techniques andtagdthydraulic
fracturing (Figure 1.5). Cumulative prodiam in the field has reached 20 MMBbls of oil, 20
BCF of gas, and 20 MMBblIs of water (Figure 1.6). While most of the historic production has
been from various benches of the Niobrara Formation, the Codell Sandstone member of the
Carlile Shale has becoma amportant carrier bed play that has been target for unconventional

wells in Silo Field.
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Figure 1.5 Yearly production of oil, gas, and water from 18833 for Silo Field. Information
from the Wyoming Oil and Gas Conservation Commission
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Figure 1.6 Cumulative production of oil, gas, and water for Silo Field from-2033.
Information from the Wyoming Oil and Gas Conservation Commission.
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The Helis Cain 1463-2-11-1Ch well, the main focus of this study, was completed for
production in July of 2018. According to the Wyoming Oil and Gas Conservation Commission,
Initial production from the well was 299 Bbls of oil, 119 MCF of gas, and 2,24gl@lvater,
and as of December 2022 cumulative producivas 303,251 Bbls of oil, 248,386 MCF of gas,
and 641,986 Bbls of water. Production rates per month from July 2018 through December 2022
can be seen drgure 1.7. The Helis Deselms-68-19-30-1CHwell was completed in May
2021 with an initial production of 587 Bbls of oil, 253 MCF of gas, and 2,767 Bbls of water, and
as of December 2022 cumulative producticas 372,508 Bbls of oil, 212,634 MCF of gas, and
211,486 Bbls of water. Production rates per month can be sdeguva 1.8. The final Helis Oil
and Gas Co. well included in this study was the Helis Hastinggl-12-1-2CH well. This well
was completed in April of 2021. Initial production was 342 Bbls of oil, 194 MCF of gas, and
2,636 Bbls ofwvater, and as of December 2022 cumulative produetes03,621 Bbls of oil,
93,346 MCF of gas, and 247,660 Bbls of water. Production rates per arestden orFigure
1.9. It is important to note that the water cut increases the farther to the east that the wells are

drilled, with the Helis Cain 163-2-11-1CH well having the highest water cut.
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Figure 1.7 Monthly Production of oil, gas, and water for the Helis Ca31511-1CH well.
Information from the Wyoming Oil and Gas Conservation Commission
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Figure 1.8 Monthly Production of oil, gas, and water for the Helis DesElF68-19-30-1CH
well. Information from the Wyoming Oil and Gas Conservation Commission.
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Helis Hastings 16-64-12-1-2CH
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Figure 1.9 Monthly Production of oil, gas, and water for the Helis Hastingg-1&@-1-2CH
well. Information from the Wyoming Oil and Gas Conservation Commission.
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CHAPTER 2
GEOLOGI C OVERVI EW

2.1 Tectonic Setting of the Denver Basin

The Denver Basin is an asymmetric foreland basin that is deepest in the western portion
and shallows to the east (Figure 2.1). Formations dip more steeply to the east on the western
flank of the basin. The steeper dip of these formations is caused kylithefuhe Front Range

of Colorado and Laramie Range of Wyoming
West East

Sea Level

OIL

WINDOW £
= Tertiary
2000 B8 Niobrara
e L Biat B Greenhorn
Cretaceous sandstones
o J Cretaceous Shales
“ 7 @ Jurassic
MILES £l Triassic
E Permian
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@8 Pennsylvanian-Permian Arkoses
Bl \ississippian

Figure 2.1 Typical AE cross section of the Denver Basin showing the synclinal axis of the b.
the western portion. Silo Field sits on the eastern fidnalower than the "oil window". Formatio
on the eastern flank of the basin dip shallowly to the west, Modified from Sonnenber(h2BEE
© 2015) reprinted by permission of the AAPG whose permission is required for further use.

Silo Field sits on the eastern flank of the Denver Basin, so formations dip gradually to the
west. The Denver basin is bounded by the Front Range and Laramie Range to the west, the
Hartville Uplift to the northwest, thel@dronCambridge Arch to the northeast, the Las Animas
Arch to the southeast, and the Wet Mountains to the southwest (Figure 2.2). The formation of the
Denver Basin was controlled by eustatic sea level changes as well as Cordilleran tectonic events
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to the west. The main two orogenic events that affected the oil and gas basins of the Cretaceous
Western Interior Seaway, including the Denver Basin, were the Sevier and Laramide orogenies
(Kauffmanand Caldwell 1993). The Sevier Orogeny began in the late Jurassic approximately

150 Ma andcontinued through the earligte Cretaceous, approximately 80 Ma.
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Figure 2.2 Tectonic framework of the Denver B.
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This orogenic event was caused by the subduction of the Farallon Plate beneath the North
American Plate. This event caused tbkinned thrusting in the presesdtly western US and
helped build thegpreseniday Rockies (Yonkee and Weil, 2015). Tthen skinned thrusting
flexurally loaded the crust and caused subsidence, creatatgpaarchforeland basin
(commonly referred to as the Western Interior Basin) structure across much of western North
America. The foreland basin structure created accommodatioa fathe deposition of eroded
sediments from the Cordilleran magmatic arc and associated thrust sheets. The Laramide
Orogeny, began in the Late Cretaceous approximately 80 Ma and continued through the
Paleocene, approximately 50 Ma (English 2004). Thar&e Orogeny causedcreased
deformationof stratawithin the Western Interior Basin thateviouslywas formed during the
Sevier Orogeny. It is proposed that the shift in deformation from the Sevier Fold and Thrust Belt
to farther east was caused bstéft to flat slab subduction of the Farallon Plate below the North
American Craton (Yankee and Weil, 2015). The shift eastward in stress caused block uplifts that
separated the Western Interior Basin into different terranes such as the Denver Basin and
Piceance Basin (Figure 2.3). The Laramide block uplift that created the Front Range caused the

steeper dipping western axis of the Denver Basin.
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Figure 2.3 Formation of Sevier Fold and Thrust Belt and foreland basin during Sevier Orogeny
with location of Western Interior Seaway (A,B,C). Switch to flat slab subduction and formation
of Laramide block faults creating different terranes through theoBahe (D). (Information

from Yonkee and Weil, 2015).

2.2 Stratigraphy and Depositional Environment

This study will focus on Upper Cretaceous formations within the Denver Basin,
specifically the Codell Sandstone. The oldest formation that we will focus on is the Graneros
Shale because it is the oldest proposed source rock for younger Cretagedsedimenis the
basin. The Graneros Shale is overlain by the Greenhorn Formation, which contains the Lincoln
Limestone Member, Hartland Shale, and Bridge Creek Limestone Member. The Greenhorn
Formation is overlain by the Carlile Formation, which contains the E&tible, Codell

Sandstone, and Sage Breaks Shale. The Carlile Formation is unconformably overlain by the

18



Niobrara Formation, which contains the Ft. Hays Limestamberand various benches of
chalks and marléSmoky Hill Member) The youngest formation that is important to the Codell

carrier bed play is the organich Sharon Springs Member of the Pierre Shale (Figure 2.4).
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Depth
Y 4300
4800’
f NIOBRARA “A” s
NIOBRARA “B”
* { sr 4
NIOBRARA “C”
* 7100’
CARLILE SHALE
GREENHORN LS
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Figure 2.4 Stratigraphic column of the Denver Basin showing typical depths to formation in the
basin as well as different source rock and pay zone intervals from (Sonnenberg, 2015). (AAPG ©
2015) reprinted by permission of the AAPG whose permission isregfior further use.

All of these formations were deposited in the Cretaceous Western Interior Seaway
(CWIS). Eustatic sea levahd climatechanges created change in sediment supply that
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ultimately led todeposition ofdifferent lithologies throughout the stratigraphy. It is important to
note that specifically, in NE Silo Field, near the Cair6B&2-11-1CH well, core description
indicates that the Carlile Shale has been comlyleroded and the Codell Sandstone sits directly
on the Bridge Creek Member of the Greenhorn Limestone. The Greenhorn Limestone, which
was deposited during the Late Cenomanian to Early Turonian represents a transgressive cycle
within the WIS and is composed chalky and foraminiferalimestones and shales. By the mid
Turonian, water depths begin to shallow during the R6 regressive event within the WIS where
water depths shallowed to arour@D3o 350ft (approximately100 meters) or less, although

water depthsrredebated in the CWIS. This is when the Codell Sandstone was deposited. The
Codell Sandstone has been interpreted as a regressive shelf, shaley sand deposit that was
reworked by storm waves within the CWIS. Preliminary core description on the C&B2t6
11-1CH well show heavy bioturbation through the Codell interval as well asfale cross

stratified zones interpreted as hummocky cross stratification. The hummocky cross stratification
is often capped by layerof clay. The trace fossils presentthe Codellare mostly of the

Cruziana IchnofaciefHagadorn 2021)This is consistent with a sublittoral zone of deposition.
The hummocky cross stratification indicates deposition occurred on the shelf in a transitional
zone between the faweather wave base and storm wave base. The Niobrara Formation, which
unconformaly overlays the Codell Sandstone, shows another transgressive event within the

CWIS. The Niobrara is composed of various benches ofdeggr chalks and marls.

2.3 Petroleum System

The Codell Sandstone is a carrier bed play, meaning that oil has migrated from other
source rocks in the CWIS into the Codell and created a continuous accumulation of

hydrocarbons. The Codell Sandstone itself acts as a migration pathway and a reservoir,
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containing porosities of 1213% and permeabilities of 0.010.05 milidarcies (Sterling 20d).

The source of Codell oil has been debated, with the Codell Sandstone being deposited between
many possible source rocks. Below the Codell, the orgaticGraneros shale and Greenhorn
Limestone formations are possible source rocks. Above the Codell, the various benches of the
Niobrara and the Sharon Springs member of the Pierre Shale provide possiblerichanic

sources. Zumberge et. al, 2016 proposed tlaStiaron Springs Formation is a likely source of
Codell oil based on geochemical analysis. Geochemical analysis done by GeoMark for Helis Oil
and Gas Co. analyzed three extracted oil samples from three different wells in NE Silo Field.
Pristane/Phytane, Btane/nC17, Phytane/nC18, and carbon preference index ratios indicated
that all three of the extracted oils were from the same source rock. GeoMark plotted aromatic vs.
saturate ratios as well as Pristane/Phytane vs. saturate ratios for the extraatetl @iwpared

this to their database of Denver Basin oils. The database indicated that the Helis produced oils
matched well with Niobrara, Greenhorn/other Cretaceous, or Mowry source rocks. Sterling et.
al., (2016) proposed that most of the produced oil from the Codell is sourced by the Niobrara C
Marl. The oil in the Codell is trapped by the impermeable limestones and shales that are
deposited above and below. For migration to occur in an unconventional carmeayped

buoyancy pressure must exceed capillary pressure (Figure 2-8)pdpals for the Codell

carrier bed play are unknown. Thp-dip seal may be a bitumen type of seal relébedater

washing or microbial degradation of oils, or it may simply beatewblock type of trap related

to capillary pressures in the subsurface (Sonnenberg,.2021)
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Migration — Unconventional Carrier Bed Plays
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Figure 2.5 For Migration to occur in unconventional carrier bed plays, buoyancy pressure must
exceed capillary pressure (Sonnenberg, 2021).

2.4 Structural Geology of Silo Field

The structure of Silo Field based on the contact between the Codell Sandstone and
Greenhorn Limestone is a monocline that follows the Permian salt edge that occurs throughout
the northeastern part of the fi€ligures 2.6 and2.7). There are structural synclines in the

northwestern portion of Silo Field that are related to basement structures. Faults start at the
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basement level, penetrate through the Pierre Formation and take the shape of wrench fault

(Finley 2014).

Imi

Figure 2.6 Permian salt tirgtructure map. The Permian salt edge is delineated by tr
edge of the redolored highs in northeast Silo Field
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There are also sets of polygonal faults and listric normal faults in-seathal Silo Field.
These faults are oriented 8lto NNESSW Figure 2.8). These faults aleyerbound to the
Niobrara and Pierrtormations (Finley 204). A study was performed by Underwo(#013 that
indicated these faults could be from compaction driven water expulsion that likely took place

after deposition but before deep burial. While the faults are layer bound to the Niobrara and
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Pierreformations, and do not directly affect the Codell Sandstrahfaulting often allows a

migration pathway for hydrocarbons.
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Figure 2.8 West to east seismic |ine across
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CHAPTER 3
CORE AND OUTCROP STUDY

Three cores that contained the Codell Sandstone section in Silo Fieldxaermed for
this study (Figure 3.1}he Cain 1663-2-11-1CH core, the Cirque Berry Unit <8core, and the
Cirque Child V.O. #3@ core. The Cain 163-2-11-1CH core was donated to the MUDTOC
consortium by Helis Oil and Gas Company and was the main focus of this study. Tie core
stored andvasaccessed at the core lab at Colorado School of Mines. The two Cirquar@res

stored andvereaccessed at the USGS Core Research Center.
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Figure 3.1 Locations of the three cores that were involved irstingy, with Silo Field outlined
in red.
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3.1 Cain 1663-2-11-1CH

The Cain 1663-2-11-1CH core includes the Niobrara, Sage Breaks Shale, Codell
Sandstone, and Greenhorn Limestéorenations. The Sage Breaks Shale and Codell Sandstone
section of this core were described in detail. The contact between the Ft. Hays Limestone
Member of the Niobrara Formation and Sage Breaks S/hateber of the Carlile Shale is not
sharp in nature. The top of the Sage Breaks Shale was picked at a measured deptfi.cAt7624
this depth, there was a sharp decrease in inoceramid fossilstteadmundant in the Ft. Hays
Limestone, and the first appearance of pyrite, which is common throughout the Sage Breaks
Shale and Codell Sandstone members of the Carlile Shale (Figure 3.2). XRD analysis also
indicated a decrease in calcite and increaséOn [fercentages at this depifhe contact
between the Sage Breaks Shale and Codell Sandstone is gradational. The comptiakedas

based on sandstone content in the two facies.

L e
Inoceramid

Sage Breaks

Pyrite/'

Figure 3.2 Contact between the Ft. Hays Limestone and Sage Breaks Shale pic
using the abundances of Inoceramid fossils and pyrite with assistance from XRI
analysis.
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There is anncreasdn sandgtonepercentage at the beginning of the Codell Sandstone
(Figure 3.3)as wells asn increase in identifiable trace fossilsthe sandstone content increases

into the Codell Sandstone.

, Sage Breaks -

P N

“Codell

Figure 3.3 Gradational contact between the Sage Breaks Shale and Codell Sandstc
marked by an upardincrease irpercentage of sand sized grains.

The final contact that was picked in this core was the contact between the Codell
Sandstone and the Greenhorn Limestone. Typically, the Codell Sandstone unconformably
overlays other members of the Carlile Shale (Sonnenberg 2011) however, in the Cdirecore,
Codell Sandstonerosionally overlieshe Bridge Creek Member of the Greenhorn Limestone.
The contact is sharp and shose®urand ripup clasts (Figur8.4). The Cain 1%3-2-11-1CH

core was described from the contact between the Ft. Hays LimestbSag® Breaks Shale to
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the contact between the Codell Sandstone and the Greenhorn Limestone. The total thickness of
the Sage Breaks Shale in the Cain core is approximately six feet. The thickness of the Codell
Sandstone in the Cain coreaigproximately 32 feet. This is consistent with thicknesses from

other wells in NE Silo Field.

Figure 3.4 Contact between the Codell Sandstone and Greenhorn Limestone. Thit
is sharpanderosive. Some ripip clasts are apparent as well as a fossilized fish scal

TheCodell thickens slightly to the north. The described section of the Cain core was
broken up into six distinct faciehree Sage Breaks Shale facies and three Codell Sandstone
facies. The composition of the Sage Breaks Shale and Codell Sandstone is relatively consistent
through the section, therefore, the facies were picked based mtsauthy percentages, trace
fossil assemblages, and sedimentary structures. The total length of the core is 37.8 feet. Facies 1
consists of 2.6 feet, Facies 2 of 1e@t, Facies 3of 2.6 feet, Facies 4 0f18.2 feet, Facies 5 of 3.8

feet, andracies 6 of 9.8 feet (Figure 3.5).
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Figure 3.5 Overall facies distribution from the Cain€@l#2-11-1Ch core from the top of the
Sage Breaks Shale to the base of the Codell Sandstone.
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Figure 3.6 Overall facies distribution from the Ca663-2-11-1Ch well from the top
of the Sage Breaks Shale to the base of the Codell Sandstone under UV light sh
oil staining distribution between facies.
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Table 3.1 Facies description of the digtinctfacies seen in the three described cores, including
lithology, descripbn, and interpretation.
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Facies 1 is a very fingrained sandy siltstone thatgeorly sorted and heavily bioturbated. This
facies is part of the Sage Breaks Shale Formation and occurs directly below the contact between
the Ft. Hays Limestone and Sage Breaks Shale. Pyrite nodules appear throughout this facies, as
well as fragmentethoceramid shells. This facies shows no oil staining under UV light (Figure
3.7). Facies 1 consists of approximately 2.6 feet of thiiw38Sage Breaks Shale and Codell

section anabccurs exclusivelynthe Sage Breaks Shale section.

L

Sand filled
burrows

Inoceramid

Figure 3.7 Representative photograph of Facies 1 showing relatively high clay conte
filled burrows, inoceramid shell fragments, and pyrite. While the contact between the
Hays Limestone and Sageeaks Shale is not sharp in nature this Facies also shows &
increase in quartz and decrease in calcite from the Ft. Hays Limestone above.
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Facies 2 is the most claich part of the Sage Breaks Shale section. This facies consists
of mudrock with mostly clay sized particles, however, some buwraoefilled with very fine
sandgtone There are alsmoceramid fragments and pyrite throughout this section. This section
shows no sedimentary structures and is also heavily bioturbated. This facies is only one foot of
the described section of core (Figure 3.8). Facies 2 was separatdehfrias 1 due to the higher
clay content. This facies does nbbgv oil staining under UV light. There is one vertical fracture
that was noted in this facies, however, it is difficult to tell whether the fracture is natural or

induced due to the fissile nature of the shale under examination.

Figure 3.8 Representative core photograph for Facies 2. This facies is a mudrock consit
clay sized particles. This facies has Inoceramid fragments, pyrite and sand filled burrow
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Facies 3 is the last facies that is part of the Sage Breaks Shale Formation and represents
the transition from the Sage Breaks Shale to the Codell Sandstone. The gradational contact can
be hard to pick but was aided with the addition of well logs thatoeilliscussed in Chapter 5.

This facies can be described as a very-§iregned sandy siltstone that is poorly sorted and

heavily bioturbated (Figure 3.9). Similar to the first two facies, therenaoeramid fragments

and pyrite, however the sastdnecontent increases in comparison to facies 1 and 2 as the
amount of sargtonefilled burrows increase and the average grain size increases from clay sized

particles to silt sized particles.

Sand filled
_burrows:

Inoceramid

Figure 3.9 Representative core photograph for Facies 3. This facies is a v@mnaiimezl sand)
siltstone that is poorly sorted and heavily bioturbated. Sand filled burrows and Inoceram
fragments are common. This facies has a higher sand contentdieana
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Facies 4 is the first Codell Sandstone facies that appears in the core. The contact between
the Sage Breaks Shale is gradational in nature. There is another increase in sand percentage in
facies 4 compared to all three Sage Breaks Shale facies. Faciebe dascribed asvary fine
grainedsilty sandstone that is poorly sorted and heavily bioturbated. This facies ahomdant
trace fossils consisting of mosthieichichnusurrows with somé&kolithosburrows as well
(Figure3.10). However, the dominarate fossil assemblage is of imizianaichnofacies.

Facies 4 is also the firfdcies to show oil staining under UV light.

Teichichnus

=5

¥ Skolithos

Lo
Figure 3.10 Representative core photograph for Facies 4. This facies is a \wgryaiies
silty sandstone that is poorly sorted and heavily bioturbated. Teichichnus burrows dorr

this facies with some Skolithos burrows as well. This facies has ar lsighe content than
facies 3.
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Facies 5 consists of a leangle crosstratified to ripplecrossstratified very finegrained
sandstone. This facies is modelate well sorted with centimeter thick shale beds that often cap
the lowangle crosstratified zones in the core (Figudell). This is the only facies that has
recognizable sedimentary structures that have not been destroyed by heavy bioturbation. Some of
the ripple and lowangle crosstratified beds haveouble and singlenud drapes. The centimeter
scale shale beds haRéanolitesburrows within them. Bioturbation is limited to the shale beds

within this facies. This facies also sholeavyoil staining under UV light.

Figure 3.11 Representative core photograph for Facies 5. This facies is a vwgmnaifires]
sandstone with lovangle cross stratification and ripple cross stratification. It is moditate
well sorted with little bioturbatiorPlanolitesburrows dominate this facies. This facies has
some clay drapes associated with cross stratification and $teawgoil staining under UV
light.
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Facies 6, the final facies in the Cain@82-11-1CH core, is a very fingrained silty
sandstone that is moderately poorly sorted and heavily bioturbated (Figure 3.12). This facies is
similar to facies 4, howevebut has a higher sastbnecontent than facies 4 and also shows
heavier oil staining than facies 4 under UV light. The most common trace fossils in this facies
areOphiomorphaSchaubcylindrichnysandChondrites.The trace fossils in facies 6 are still
part of theCruzianaichnofacies, but thassemblage of trace fossils is also different than facies

4. This facies shows no sedimentary strucdres to the heavy amount of bioturbation.

~Chondrites

Ophiomorpha

%

- Schaubcylindrichnus

Figure 3.12 Representative core photograph for Facies 6. This facies is a wgryaifivesl
silty sandstone that is moderately poorly sorted and heavily bioturlazpadmorpha
SchaubcylindrichnysandChondritesburrows dominate this facies. This facies has a hig
sand content than facies 4 and shows heavier oil staining under UV light.
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The Cain 1663-2-11-1Ch core was scanned with a handheld XRF scanner every six
inches from three feet above the contact between the Ft. Hays Limestone and the Sage Breaks
Shale to three feet below the contact between the Codell Sandstone and Greenlsioneime
mineral model was then created using the stoichiometric ratios from Nance and2Rage
This model assumes clay consists of 100% illite, and therefore overestimates the amount of illite
present in the core, however, overall percentages ofzjuailtite, and clay matches well with
XRD data from sidewall core plugs. While the XRD data is likely more accurate, the XRF data
can be used to fill in sampling gaps. The XRF data indicates quartz percentages in the Sage
Breaks Shale ranging from #D%, calcite percentages ranging froni3%, and clay
percentages ranging from-382%. The XRF data indicates quartz percentages in the Codell
Sandstone ranging from €%%, calcite percentages ranging frori(P6, and clay percentages
ranging from 1830% (Figue 3.13). XRD data from sidewall cores through this interval in the
Cain 1663-2-11-1CH well were taken approximately every 3 feet through the Codell interval,
with only one data point in the Sage Breaks Shale. The Sage Breaks Shale sample indicated
51.9%tectosilicates, 10.3% carbonates, and 36.5% phyllosilicates. The samples in the Codell
Sandstone interval indicated a range oB006 tectosilicates,-34% carbonates, and -P®%
phyllosilicates (Figure 3.13). The XRF and XRD data was plotted in S¢cdterareand
displayed to give a visual distinction of the data between the Sage Breaks, Codell Sandstone, and
Greenhorn Formations. Ft. Hays limestone shows a high percentage of carbonates that decreases
into the Sage Breaks Shale and Codell section. The peadanate and clay thelecrease
again into the Codell Sandstone section. The samples from the Greenhorn limestone indicate an

increase in clay and carbonate percentage on both the XRD and XRF data (Figure 3.13).
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Figure 3.13 Visual representation of XRF data after a mineral model that was used to determine
guartz, calcite, and clay percentages, as well as visual representation of XRD data from the Cain
16-63-2-11-1CH core showing the increase in tectosilicatesuinche Codell section and

increased calcite and carbonate percentages in the overlying Ft. Hays and underlying Greenhorn
Limestone Formations.
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3.2 Cirque Child V.O. #309
As part of the core study the Cirque Child V.O. #B0ore, stored at the USGS Core

Research Center was also described in detail. The core was taken from the southwest corner of
the northeast corner of section 30Townshipl5 North Range 63Nest (Figure 3.1). This core

was located in the southwest portion of Silo Field but could give a good indication of how well
depositional zones in the Codell Sandstone differ across the field. The Child V-Q c&8€

contains the Ft. Hays Limestone, S&yeaks Shale, and Codell Sandstone formations. The

contact between the Ft. Hays Limestone and Sage Breaks Shale in this core seems slightly
sharper in nature than the contact in the Ca#638-11-1CH core, however, the Sage Breaks

Shale has thinned tomabst nonexistent in the southwest portion of Silo Field, which makes the
contact seem sharper. The contact between the Sage Breaks Shale and Codell Sandstone is also
gradational in this core, however, the thinning of the Sage Breaks Shale Member hdsemade t

contacts more obvious than in the Cain core (Figure 3.14).

Sage Breaks |
|
~ Codell

Figure 3.14 Contacts between the Ft. Hays and.Sage Breaks Shale Formation a
Breaks Shale Formation with the Codell Sandstone. The thinning of the Sage Br:
Shale Formation has made the contacts more obvious than in the &82-18-1CH
core.
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The Child V.O. #3@ core does natach the contact between the Codell Sandstone and
the underlying Carlile Shale/Greenhorn Limestone. While the Codell Sandstone section of the
Cain cordiesdirectly above the Greenhorn Limestone, log analysis that will be discussed in a
later chapter may indicate there is a small section of Carlile Shale that is still present in this area.
The Sage Breaks Shale in this core is only approximately 0.25 ft Wiaike the core does not
reach the contact with the formatibaelow the Codell Sandstone, log analysis indicates a
thickness of approximately 28 ft. The contact between the Ft. Hays Limestone and Sage Breaks
Shale was picked due to the disappearance of inoceramid shell fragments that are common in the
Ft. Hays, thericrease in clay percentage, and the appearar@@eipifanaichnofacies trace
fossils. The contact between the Sage Breaks Shale and Codell Sandstone was picked due to the

increase in sarmonecontent and trace fossils.

The Child V.O. #3@ core was split into four distinct faciese Sage Breaks Shale
facies and three distinct Codell Sandstone Faciesniifmberof facies in the Sage Breaks Shale
decreased from the Cain core due to the thinning of the formation to less than a foot thick. The
Sage Breaks Shale facigiesenin both cores is facies 2. The three facies in the Codell

Sandstone are the same as the three facies depicted in the Cain core (Figure 3.15).

Facies 2 iglescribed in the Child V.O. #3®@core as a mudrock with mostly claized
particles. Grains are not visible with the naked eye. There is some pyrite in this section and a
reworkedinoceramid shell fragment. This facies is heavily bioturbated and has some sandstone

filled burrows. This facies makes up o5 ft of the 28 ft section that was measured in core.

Facies 4 appears in this core as well and is again describedydsmegrainedsilty
sandstone that is poorly sorted and heavily bioturbated (Figure 3.16). This facies again shows

abundantrace fossils consisting of mostleichichnusurrows with somé&kolithosburrows
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Figure 3.15 Overall facies distribution from the Cirque Child-83@ell from the top of the
Sage Breaks Shale to the base of the Codell Sandstone.
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However, the dominant trace fossil assemblage is still a€theianaichnofacies. Pyrite
is observedhroughout this faciesas well as sandstone filled burrows. Some shell fragments are
common as well a€hondritesandOphiomorpharace fossils. Unfortunately, UV light photos
were not made available for this core, but using similar pay cutoffs as the Cain core on resistivity
logs indicates this facies would likely have some oil staining. A potential calcite filled vertical
fractureis noted at a depth of 8774.2 ft. This is the only vertical fracture that is filled and non

mechanically induced throughout the Codell sectiomisfc¢ore.

Teichichnus

‘\Shell Fragment

Figure 3.16 Facies 4 from the Child #3Qvell. A very finegrained silty sandstone with
Teichichnusurrows, shell fragments, and pyrite.
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Facies 5 (Figure 3.17) in the Child V.O. #3@ore is a lowangle crosstratified to
ripple crossstratified very finegrained sandstone. This facies is moddyatewell sorted with
centimeter thick shale beds that often cap thedogle crosstratified zones. This faciestise
only facies that has recognizable sedimentary structures that have not been destroyed by heavy
bioturbation, although there is some light bioturbation in-éowle crosstratified beds that is
absent in the Cain core. Some of the ripple anddagle crosstratified beds have mud drapes.
The centimeter scale shale beds hHalamolitesburrows within them. This facies would likely

also showheavyoil staining under UV light if UV light photos were available.

Shale laminations

Mud drapes Ripples

Low angle cross
stratification

Figure 3.17 Facies 5 from the Child #3@ore. A very finegrained sandstone with leangle
cross stratification, ripples, mud drapes, and centimeter scale shale beds.
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Facies 6, the final facies in the Child V.O.#3@ore, is a very fingrained silty
sandstone that is moderately poorly sorted and heavily bioturbated. This facies is similar to
facies 4, howevert has a higher sastbnecontent than facies 4 (Figure 3.18). Common trace
fossils in this facies ar®@phiomorphaSchaubcylindrichnysandChondrites.The trace fossils in
facies 6 are still part of th@ruzianaichnofacies, but the assemblage of trace fossils is different
than facies 4. This facies shows ndisgentary structure due to the heavy amount of

bioturbation.

Ophiomorpha

B

' Schaubcylindrichnus

R

Chondrites

Figure 3.18 Examples of Facies 6 in the Child #3@ore. A very fine grained silty sandstone
that is heavily bioturbated (A)phiomorphaburrow (B)Schaubcylindrichnuburrow (C)
Chondritesburrows.
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XRD analysis was also used on the Child V.O.-83fbre approximately every two feet
through the Codell Sandstone section of the core, as well as in the overlying Ft. Hays Limestone.
The Ft. Hays Limestone showed total carbonate percent by weight of mpately 85 percent,
total clay by weight of approximately®) percent, and total tectosilicates of approximately 5
percent. There were no samples analyzed in the thin Sage Breaks Shale section of this core.
Carbonates in the Codell section of the cargged from 15 percent, clays ranged from-26
percent, and tectosilicates ranged from7®4percent by weight. This is very similar to the
Codell section in the Cain core. The XRD data from the Child V.O-9%&8e was also plotted
in Stratersoftwareto get a good visual interpretation of the mineral composition of the core.
Figure 3.19 shows a sharp increase in tectosilicates and decrease in carbonates in the Codell
section of the core. While it seems the carbonate percent is still elevated ine¢hé temi of the
core, this is because the last Ft. Hays Limestone sample was taken at approximately 8662 feet,
and the first Codell Sandstone sample was taken at 8778 feet, approximately 5 feet below the

contact between the Sage Breaks Shale and CodeltBae.
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Figure 3.19 Visualization of XRD data from the Child #808ore showing a sharp decrease in
calcite and large increase in quartz percentages through the Codell Sandstone section.

48



3.3 Cirque Berry Unit 13-9

The final core described as part of this study was the Cirque Berry Uaitda&. This
core was also stored at the USGS Core Research Center in Lakewood, CO. The core was taken
from the northwest corner of the southeast corner of sectionTi@nnshipl6N Range 66W.
This core is located in the northwestrtof Silo Field. This core was broken into six distinct
facies two Sage Breaks Shale facies and three Codell Sandstone Facies. Unlike the G8ild #30
core and more similar to the Cain-@8-2-11-1CH core, the Sage Breaks Shale is approximately
2.5 feet thick. While it is still thinner than the Cain@82-11-1CH corejt is much thicker than
the almost nonexistent Sage Breaks Shale section of the Chilél ¢3@. The Berry Unit 19
core contains the Ft. Hays Limestdlember of the Niobrara Formationgt®age Breaks Shale,
and the Codell SandstoiMember of the Carlile Shale. The core does not reach the contact
between the Codell Sandstone and underlying formation. Log analysis that will be discussed in a
future chapter indicates that a thin section of Carlile Shale may underly the Codell Sandstone i
the Berry Unit 129 core, unlike the Cain 163-2-11-1CH corein which the Codell directly

overliesthe Greenhorn Limestone.

The contact between the Ft. Hays Limestone and Sage Breaks Shale in the Berry Unit 13
9 core is similar to the contact in the Cain€@#2-11-1CH core and is gradational in nature. The
contact was picked based on the lacknotceramid shells that are common in the Ft. Hays
Limestone, as well as ancreasen theabundancef pyrite throughout the core (Figure3.20).
The contact was also more apparent when examining the Gamma Ray and Neutron Porosity logs

that were made available with this core.
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Sage Breaks

Figure 3.20 Contact between the Ft. Hays Limestone and Sage Breaks Shale that seems
gradational. An increase of pyrite and decrease of Inoceramid fragments is common.

The contact between the Sage Breaks Shale and Codell Sandstone also seems gradational
(Figure 3.21). The contact was picked based on an increase in sand percentage when compared
to the Sage Breaks Shale. Like the Cair63&-11-1CH and Cirque Child #30 cores, the grain
sizes of sand are consistent throughout the core. The grain size is vagsafimed sand. While
the physical core does not reach the contact between the Codell Sandstone and Carlile Shale, log
analysis indicates it is sharper in naturart the upper contacts, which is consistent with the Cain

16-63-2-11-1CH core.
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Figure 3.21 Contact between the Sage Breaks Shale and Codell Sandstone that seems
gradational. Aided by using well logs.

The six facies that the Berry Unit-B38core are divided into are the same as the six facies
in the Cain 16563-2-11-1CH core. The cored interval of the Sage Breaks Shale and Codell
Sandstone in the Berry Unit ZBcore is approximately 30.4 feet. Faciethg, first facies in the
Sage Breaks Shale, makes up 0.75 feet of thef80t4nterval, facies 2 makes 0p4 feet,
facies 3 makes up approximatély feet, facies 4, the first Codell Sandstone facies, makes up
21.5 feet of the cored interval, faciesakes up approximately 2.4 feet of the cored interval,
and the final facies in the Codell Sandstone, facies 6 makes up approximately 4.7 feet of the
cored interval. This core is dominated by facies 4, which makes up nearly 75 percent of the core.
The Sagdreaks Shale is thinner in the Cirque Berry Unit area when compared to the Cain core,
and is a more minor component of the stratigraphy (Figure 3.22). Facies in the Berry Unit core
were also determined using sand to clay percentages, sedimentary straculitesce fossil

assemblages.
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Figure 3.22 Overall facies distribution from the Berry Uni€l8ore showing the same 6 facies
that occur in the Cain 163-2-11-1Ch core.
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Figure 3.23 UV light photos from the Berry Unit-83ore showing facies 5 and 6 with the
heaviest oil staining, as well as a large calcite concretion.
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Facies 1 is described as a very fgrained sandy siltstone that is poorly sorted and
heavily bioturbated. This facies is part of the Sage Breaks Shale Formation and occurs directly
below the contact between the Ft. Hays Limestone and Sage Breaks $tit@appears in this
facies, as well as fragmeydf inoceramid shells (Figure 3.24). This facies shows no oil staining
under UV light (Figure 3.23). Facies 1 consists of approximately 0.75 feet of-foet3Bage
Breaks Shale and Codell cored sectiod arelegated to the Sage Breaks Shale section

exclusively. Pyrite anthoceramid fragments are common.

Inoceramid
HER{ES

Pyrite J

¥

Figure 3.24 Facies 1 in the Berry Unit-Q8ore, a very fingrained sandy siltstone with
Inoceramid fragments and pyrite.

Facies 2 is the mostay-rich part of the Sage Breaks Shale section. This facies consists
of mudrock with mostly clay sized particles, however, there is some burrowing that is filled with
very fine sandtone There are alsmoceramid fragments and pyrite throughout this section. This

section shows no sedimentary structures and is also heavily bioturbated (Figure 3.25). This facies
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is only 0.4 feet of the described 30 foot section of core. Facies 2 was separated from facies 1 due
to the higher clay content. This facies does not show oil staining under UV light. Facies 2 in the
Berry Unit 139 core shows similar characteristics to @an 1663-2-11-1CH core. It is fissile

and has vertical fractures. These fractures show no signs of being natural and are likely

mechanical fractures caused by the coring or transporting process of the core.

Sand filled
burrows

t

Fractures

Inoceramid
fragments

Figure 3.25 Facies 2 in the Berry Unit-2Zore, a thin, claystone that is fractured with
inoceramid fragments and a few sdiliéd burrows.

Facies 3 is the last facies that is part of the Sage Breaks Shale and represents the
transition from the Sage Breaks Shale to the Codell Sandstone. This facies makds aiftide7
30-foot cored interval. Similar to the Cain-638-2-11-1CH core, it is a gradational contact that
can be hard to pick but was aided with the addition of well logs that will be discussed in Chapter
5. This facies is a very fingrained sandy siltste that is poorly sorted and heavily bioturbated
(Figure 3.26)Similar tothe first two facies, therareinoceramidragments angyrite nodules
however the sarmtionecontent increases in comparison to facies 1 and 2 as the amount of
sandtonefilled burrows increase and the average grain size increases from clay sized particles to

silt-sized particles.
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Figure 3.26 Facies 3 in the Berry Unit-2@Zore, a sandy siltstone with pyrite and an increase in
sand filled burrows.

Facies 4 is the first Codell Sandstone Facies in the Berry U48itQ&e. This facies is a
veryfine-grained silty sandstone that is poorly sorted and heavily bioturbated. There are no
visible sedimentary structures in this facies. Trace fossils are abundantgewitichnus
dominating. There are also so@phiomorphaburrows, both being part of tieruziana
ichnofacies (Figure 3.27). This facies is the first facies in the Berry Unit Core that shows oll
staining under UV light. The oil staining is light. This facies makes upf2dfihe 306foot

cored interval. This facies is the most dominant facies in the core.

Facies 5 consists of a leangle crosstratified to ripple crosstratified very finegrained
sandstone. This facies is modehate well sorted with centimeter thick shale beds that often cap
the lowangle crosstratified zones in the core (Figure 3.28). This facies is the only facies that
has recognizable sedimentary structures that have not been destroyed by heavy bioturbation.

Some of the ripple and leangle crosstratified beds have mud drapes.
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Teichichnus

Ophiomorpha

Figure 3.27Facies 4 in the Berry Unit 13 core. A very finggrained silty sandstone that is
heavily bioturbated. Common trace fossils incld@chichnusandOphiomorpha

Planolites

Ripple cross
stratification

Skolithos —

Low angle cross
stratification

Figure 3.28 Facies 5 in the Berry Unit-@Zore. A very finegrained sandstone with leangle
cross stratification, ripple cross stratification, centimeter scale shale laminatioriavithites
burrows, and som8kolithosburrows.
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The centimeter scakhale bedavePlanolitesburrows within them. Bioturbation is
limited to the shale beds within this facies. This facies also shows avid oil staining under UV

light.

Facies 6 is the last facies in the Berry Unit9l8ore. It is a very fingrained silty
sandstone that is moderately poorly sorted and heavily bioturbated (Figure 3.29). This facies is
similar to facies 4, however, this facies has a higherssanecontent than facies 4 and shows
heavier oil staining under UV light. The most common trace fossils in this facies are
OphiomorphaSchaubcylindrichnysandChondrites The trace fossils in facies 6 are still part of
the Cruzianaichnofacies, but the assemblagfdrace fossils is also different than facies 4. This

facies shows no sedimentary structure due to the heavy amount of bioturbation.

Chondrites

f

Schaubcylindrichnus

Figure 3.29 Facies 6 in the Berry Unit-@Zore. A very finggrained silty sandstone that is
heavily bioturbated. Has a higher sand content than facies 4Sehtubcylindrichnuand
Chondritesburrows.
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XRD analysis was also used on the Berry UniQl&re approximately every four to six
feet through the Codell Sandstone section of the core, as well as in the overlying Ft. Hays
Limestone formation. The Ft. Hays Limestone Formation showed total caripene¢ait by
weight of approximately 80 percent, total clay by weight of approximat&ly Bercent, and
total tectosilicates of approximately 11 percent. There were no samples analyzed in the thin Sage
Breaks Shale section of this core. Carbonates in tlaelCsection of the core ranged fror7 0
percent, clays ranged from 123 percent, and tectosilicates ranged froni 3@ percent by
weight. This is very similar to the Codell section in the Cain core and the Child V.Q. #3@
XRD data from the BeyrUnit 139 core was also plotted in Strasaftwareto get a good visual
interpretation of the mineral composition of the core. Figure 3.30 shows a sharp increase in
tectosilicates and decrease in carbonates in the Codell section of the core. Wites ithse
carbonate percent is still elevated in the upper 4 feet of the core, this is because the last Ft. Hays
Limestone sample was taken at approximately 8970 feet, and the first Codell Sandstone sample
was taken at 8982 feet, approximately 5 feet belmwcbntact between the Sage Breaks Shale

and Codell Sandstone.
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Figure 3.30 Visualization of XRD data from the Child #808ore showing a sharp decrease in
calcite and large increase in quartz percentages through the Codell Sandstone section.
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3.4 Holcim Cement Quarry Outcrop

In addition to the three cores described from Silo Field, an outcrop was described near
Laporte, CO in a quarry owned by Holcim Cement. The location of the outcrop is approximately

10 miles northwest of Ft. Collins, CO along Niobrara Ridge Road.

Buckeye

Figure 3.31 Location of the Codell Sandstone outcrop near Laporte, CO, approximately 10 miles
northwest of Ft. Collins, CO. The outcrop is located along Niobrara Ridge Road in the Holcim
Cement Quarry. Property is privately owned, and access must betegbinesugh the quarry.
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This outcrop is located on tlsteeper western flank of the asyetric Denver Basin, but
it is the closest outcrop to Redtail, Fairview, and Silo Fields that can be used as a proxy to what
the subsurface might look like (Figure 3.31). The goal of describing the outcrop alzsetoe
sedimentary structures in three dimensions to be able to understand the depostional environment
of the Codell Sandstone in the Silo Field area. A measured section and field photo of the outcrop

can be seen drgures 3.35 and 3.36.

The contact between the Carlile Shale and C@&#alidstone in this outcrop was hard to
determine because most of the contact was covered by debris and shrubbery. A small portion of
the covered outcrop was trenched to determine where the contact is located. The basal 3.9 meters
of the Codell Sandstone aubp is dominated by sandy silt beds that are heavily bioturbated, as
well as centimeter to one meter or less scaled sandstone beds withdt®icross stratification
and varying degrees of bioturbation (Figure 3.32). Some of the burroB&alithos howvever,

most of the burrows are small scale and hard to identify due to surface weathering.

Figure 3.32 Example of long wavelength langle cross stratification in the lower portion of the
Codell Sandstone outcrop, with Brunton for scale. Interpreted as hummocky and swaley cross
stratification.
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The next 2.1 meters of the outcrop are dominated by vergfiieed sandstone beds
that have lowangle cross stratification and varying degrees of bioturbation. A few beds have
higher angle cross stratification that is not seen in any of the subsurface cores from Silo Field.
There are also quite a few beds that lack sedimentary structures due & hednrbation.
Trace fossils in this section that are common consiSkofithos AsterosomaOphiomorpha

andSchaubcylindrichnué~igure 3.33).

Asterosoma _

Figure 3.33 Typical section of the upper 2.5 meters of the outcrop. Vergrameed heavily
bioturbated sand witBkolithosandAsterosomdurrows.

The top 0.5 meters of the outcrop, | abelle

grain size to mediurngrained sanstone Low-angle cross stratification is less common, with
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higher angle cross stratification being the dominant sedimentary structure. There still is some
bioturbation, with the most common trace fossil beskglithos(Figure3.34). The higher angle

cross stratification that is seen at the top of this outcrop is uncommon in the cores described from
Silo Field, as well as the lower section of the Codell Sandstone at this location. There was also a
Thalassinoidesrace fossil found that is part of tdossifungiteschnofacies, however, the

piece of sandstone it lmelgs to was found in rubble that had fallen off of the outcrop so it is

impossible to know which sandstone bed it came from.

Figure 3.34 Characteristics of the upper 0.5 meters of Codell outcrop at this location. (A) An
increase in grain size to meditgrained sand that is well sorted. (B) high angle cross
stratification that is not typical in subsurface Codell coresS@)ithosburrows dominate the
trace fossil assemblage of the upper portion of the outcrop.
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