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ABSTRACT

The middle Turonian (Upper Cretaceous) Codell Sandstone Member of the Carlile Shale is
one of many petroleum producing sedimentary units within the Delwesburg Basin. The
Codell Sandstone is comprisedpafrous, very fineto upper mediungrained silt and sandstones
that can behave like a hybrid reservoir. The Codell Sandstone was deposited above and below
the storm weather wave base along the western margin of the Western Interior Seaway. Storm
events areecorded as discrete sequences of hummocky-stestsfied sands that grade
vertically into planar to lowangle planar laminations often followed by a return to normal
marine mudrock sedimentation.

Within this study, six cores penetrating the Codell Sandstone have been described and
analyzed to identify storm sequences within the Redtail Field in-gerttral Colorado, USA. In
total, severfacies were determined from core aided by thin section analysis. and correlated
across the field to determine storm deposited units within Redtail Field. A tdtairagtorm
units andhreelow energy units were identified and relative energy applied to quantify storm
energy and strength.

A total of 222 strike and dip picks were obtained from the FMI log analysis which
characterizes a primary SE paleocurrent from thedogle planar laminated sandstone, rippled
sandstone, and bed boundaries while the cross stratified sanaispaa@do be more random.

Lorenz plots were made which characterize the Codell Sandstone at Redtail Field using
porosity and permeability as a function of flow quality characteristics. Flow quality was applied
to facies and the lowangle planar laminated and massive sandstonetheveest quality flow
characteristics whereas the bioturbated sandstone, rippled sandstone, and massive mudstone have

the lowest quality flow characteristics. The lack of good flow characteristics ofictuthcies



indicate they are barriers to hydrocarbon flow. The portion of the reservoir with the best flow
characteristics is the middle to middle lower (4 to 8 feet) Codell Sandstone StihinUnits 2

and 3.
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Figure 2.3 Razor 252514H core thin section at 5884.45 ft within bioturbated sandstone facies.
Image A: a burrow in plane polarized light with a englimeter scale. Image B: Same
burrow in cross polarized light with a engllimeter scale. Image C: Contact between
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taken in cross polarized light with a 2@ficrometer scale. Ca: Calcite; Li: Lithic
fragment; @g: Organic Matter; Qtz: QUAIMZ............oooiiiriiiiiieeeieeeee e 21
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Figure 2.13An example of facies (MM) massive mudstone and (LM) laminated mudstone. Taken

from core photographs of the Cottonwood @884 from 5876.2 ft to 5876.3 ft in deptl85

Figure 2.14An example of facies (LM) laminated mudstone. Taken from core photographs of the

Razor 252514H from 5889.7 ft to 5889.95 ft in depth..........ceevvveeiiiiiiccc e 36

Figure 215Cr oss section B to B®& showing core with

Figure 216Cr oss section A to A6 with the Fort Hays

sandstones and cross stratified sandstones have been conglomerated into purple which
represents storm unifbeled as SU1, 2, 3, and 4). A total of four storm units have been

identified and are separated by mudstone (labeled as LEU1, 2, and 3). Datum as the top
of the Codell Sandstone (base of the Fort Hays Limestone) has been selected. The Fort
Hays Limestonés demoted by the light blue. The base of the Fort Hays Limestone is the

datum for this figure. Red indicates bioturbation and orange indicates rippled sandstone.
Storm units are purple and are labeled as SU# in the legend on the right. Mudstones are

labded as black where the major mudstones are labeled by D#, representing diastems or

periods of quiescence in sand deposition. A pebble lag is denoted by green lines. Figure
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and Carlile Shale (gray) formations. The Wildhorsel®6l, Razor 282514H, Horsetall
19N-1924M, and Cottonwood 088504 wells have gamma ray from 0 to 200 API on the
left track and density porosity and neutron porosity on the right track from 0 to 0.3. The
Terrace 3632M, Wolf 121-0103, and Two Mile Creek 223M wells have gamma ray
on the left track from O to 200 API and neutron porosity from 0 to 0.3 on the right.traik.

Figure 3.1 FMI log processing. Left: Original recording showingli8hensional image within a
borehol e. Pl anar features are seen as el onga:

log, splitting along the northern quadrant. Right: Resulting image log ediraéhgonal
plane where both ends have a dip azimuth of north. From top to bottom increases in
depth. Planar features irdBmensions are now sinusoids FIENENSIONS..................vuues 45

Figure 3.2 Schematic image log showing how the black to white color palate appears with various
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types of rock. From darkest to lightest, most resistidedst resistive: shale, clay and
silt, sand, lime, [0WPOrOSItY lIMe........ccoo i 46

Left: Interpreted image log analysis of a section of Terracg236 core from 6190 ft to

6192 ft. Within the left image, from left to right is depth, cbesed facies analysis, and
static image. Right: Terrace -32M core from 6192 ft to 6193.6 ft. RedxXdmdicates the
same fimassive sandstonedo bed. The i mage
stratification, green lines, which was not seen in core. Note: 2.2 ft difference in depth
between image 109 and COMe..... ..o i eee 48

Terrace 3632M image log analysis from Interactive Petrophysics. From left to right, the
tracks are as follows; depth in feet from 6180 ft to 6195 ft,-based facies analysis,

static image, directional and hole integrity track which includes C1 (rexh) @rin to 10

in, C2 (green) from 6 in to 10 in, hole deviation (black dashed) fidndegrees to 90
degrees, and hole azimuth (blue dashed) from 0 degrees to 360 degrees. The second to
last track shows the tadpoles recorded from individual picks onate isnage from O to

90 degrees. Magenta represents bedding planes, gold represents low angle planar
laminations, orange represents ripples, and green represents cross stratification. The
tadpole position along the horizontal records dip where the dipricord the strike of

the sinusoid. The last track shows gamma ray from 0 to 250 API. 1:25 vertical.scalet9
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Figure 35

Figure 36
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Figure 38

Figure 39

Two Mile Creek #2233M image log analysis from Interactive Petrophysics. From left to
right, thetracks are as follows; depth in feet from 5892 ft to 5908 ft,-based facies

analysis, static image, directional and hole integrity track which includes C1 (red) from 6

in to 10 in, C2 (green) from 6 in to 10 in, hole deviation (black dashed)-ftOriegrees

to 90 degrees, and hole azimuth (blue dashed) from O degrees to 360 degrees. The second
to last track shows the tadpoles recorded from individual picks on the static image from 0
to 90 degrees. Magenta color represents bedding planes, gold repleseargle planar
laminations, orange represents ripples, and green represents cross stratification. Gamma
ray from O to 250 API in the last track. The tadpole position along the horizontal records

dip where the dip ticks record the strike of the sinusbi@b vertical scale...................... 50

Terrace 3632M bedding planes analysis. A: stereonet where strike is shown as a rose
diagram. B: dip azimuth into 2@egree bins. C: Scatterplot of dip angle over dip
azimuth. A total of 16 points were included. The major trend is northwest southeast.
Secadary trend is wesgtorthwest eastoutheast................oo oo ee s 53

Terrace 3632M cross stratification analysis. A: a stereonet where strike is shown as a
rose diagram. B: a bar graph which provides dip count over the dip azimuth4into 20
degree bins. C: scatterplot providing dip angle over dip azimuth. A total of 23 points
were included. The major trend is eastitheast westouthwest. Multiple secondary
L= T 54

Terrace 3632M low angle planar lamination analysis A: stereonet where strike is shown
as a rose diagram. B: a bar graph, directly below the stereonet providing dip count over
the dip azimuth into 2@degree bins. C: a scatterplot which shows dip anglediger
azimuth. A total of 41 points were included. The major trend is frmtthwest south
southeast. The secondary trend is notheast soutsouthwest.....................coeo v, 56

Terrace 3632M ripple analysis. A: stereonet where strike is shown as a rose diagram. B:
a bar graph that provides dip count over the dip azimuth inttegfee bins. C: a

scatterplot which shows dip angle over dip azimuth. A total of 19 points wereedclud
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Figure 310 Terrace 3632M complete analysis of beddiptanes (magenta), cross stratification

(green), low angle planar laminations (gold) and ripples (orange). A: a stereonet where
strike is shown as a rose diagram. B: a bar graph that shows the dip count over the dip
azimuth into 26degree bins. C: a scafpdot providing dip angle over dip azimuth. A

total of 99 points were included. The major trend is nadtthwest soutsoutheast
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Figure 311 Two Mile Creek #322M bedding plane analysis A: a stereonet where strike is shown as

a rose diagram. B: a bar graph providing dip count over the dip azimuth idlegp€e

bins. C: a scatterplot that shows dip angle over dip azimuth. A total of 19 yeirgs
included. Trend is north south with two secondary trendsreaitieast soutsouthwest
and westhorthwest eastOUtNEAST......... ... 60

Figure 312 Two Mile Creek #332M cross stratification analysis. A: stereonet where strike is shown

as a rose diagram. B: a bar graph that showditheount over the dip azimuth into-20
degree bins. C: a scatterplot which provides dip angle over dip azimuth. A total of 32
points were included. Trend is averaged at north south with a broader tr&@d +/
degrees from the QVEIage. ........oooi e eeennnne e 61

Figure 313 Two Mile Creek #322M low angle planar lamination analysis. A: a stereonet where

strike is shown as a rose diagram. B: bar graph directly that shows the dip count over the



dip azimuth into 2@legree bins. C: scatterplot which provides dip angle over dip
azimuth. A total of 35 points were included. The major trend is-m@shwest east
southeast (300/120 degrees) with a minor trend of northwest southeast (330/150 dé&jees).

Figure 314 Two Mile Creek #322M ripple analysis A: a stereonet where strike is shown as a rose
diagram. B: bar graph which shows the dip count over the dip azimuth kuteg28e
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Figure 4.1 Structural map of the Codell Sandstone top. Redotail Field indicated by the red dashed
outline. Cross section A to A6 shown by bl ac
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Figure 44 Lorenz plot from porosity and permeability data of the Cottonwood@HE core. From
left to right: Lorenz plot labeled with flow units, depth (ft), core images, core description
profile, bioturbation index, facies analysis, porosity (decimal), permsafiiD), and
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Figure 45 Lorenz plotfrom porosity and permeability data of the Razo2834H core. From left
to right: Lorenz plot labeled with flow units, depth (ft), core images, core description
profile, bioturbation index, facies analysis, porosity (decimal), permeability (mD), and
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Figure 46 Lorenz plot from porosity and permeability data of the Terrac8238 core. From left to
right: Lorenz plot labeled with flow units, depth (ft), core images, core description
profile, bioturbation index, facies analysis, porosity (decimal), permeabilDy,(end
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Figure 47 Lorenz plot from porosity and permeability data of the Two Mile Creek3822 core.
From left to right: Lorenz plot labeled with flow units, depth (ft), core images, core
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Figure 48 Lorenz plot from porosity and permeability data of the Wolf-D2I03 core. From left to
right: Lorenz plot labeled with flow units, depth (ft), core images, core description
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Figure51 Cr oss section B to BO6 showing core with

sandstones and crosisatified sandstones have been conglomerated into purple which
represents storm units (labeled as SU1, 2, 3, and 4). A total of four storm units have been
identified and are separated by mudstone (labeled as LEU1, 2, and 3). Datum as the top
of the CodellSandstone (base of the Fort Hays Limestone) has been selected. The Fort
Hays Limestone is denoted by light blue. The base of the Fort Hays Limestone is the
datum for this figure. Red indicates bioturbation and orange indicates rippled sandstone.
Storm unis are purple and are labeled as SU# in the legend on the right. Mudstones are
labeled as black where the major mudstones are labeled by D#, representing diastems or
periods of quiescence in sand deposition. A pebble lag is denoted by green lines. Relative
energy levels with low, moderate, and high increments to the left of the legend. Figure on

Figure 5.2 Paleocurrent map with data of upper Codell Sandstone using asymmetrical ripples and

Figure 53

cross stratification sedimentary structures. Included paleocurrent data from Redtail Field
from Figure 310and Figure 35 with 20-degree bins using bed boundaries, ripples,

cross stratification, and low angle planar laminations. Redtail Field outlined in red.
Modified from Longman et al., 2021. Other data from (Aulia, 1982; Bottjer via personal
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Cross section A to A6 with the Fort Hays
and Carlile Shale (gray) formations. The Wildhorsel36l, Razor 282514H, Horsetall
19N-1924M, and Cottonwood 088504 wells have gamma ray from 0 to 200 API on the

left track and density porosity and neutron porosity on the right track from 0 to 0.3. The
Terrace 3632M, Wolf 12-0103, and Two Mile Creek 223M wells have gamma ray

on the left track from O to 200 API and neutron porosity from O to 0.3 on the right track.
Solid red boxes show optimal production zones based on the fluid flow analysis. Dashed
boxes are interpreted as optimal production zones based on log characteristics......96
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CHAPTER 1 INTRODUCTION

The Codell Sandstone is a prolific and productive formation within the D&asan. It
has long been a target for hydrocarbon production in Colorado and southeastern Wyoming. Due
to the Codel |l Sandstoneds prevalence in the O

analysis on the function of its oil production.

1.1 Objectives and Purpose

The objectives of this study can #eidedinto three components. The first is to identify
and record facies within the Codell Sandstone, some of which are interpreted as storm sequences
that are bounded by thin shale lamina. To accomplish this, six wells drilled and cored in the
Codell Sandstonky Whiting Oil and Gas Corporation in the Redtail Field were selected for core
analysis. The secorabjectiveis to identify and correlate the facies associations across the
Redtail Field through the use of cosesd downhole FMI image logs. FMI image logs have been
analyzed through the use of Geoactivebds Inter
planes have been identified and changes in direction and dip angle quantified. Tobjéuitite
was to complete reservoir characterization analysis to identify the facies associations that would

provide the best fluid flow qualities.

The purpose of this study is to characterize facies sand associations, resolve their
depositional origin, determine their relative importance to the petroleum system, and correlate
these facies across the Redtail Field. Of particular interest are obsd#ear&iminations which
could behave as a barrier or baffle to hydrocarbon flow. Additionally, the correlation of these
facies as storagenerated or faiweather deposits has provided greater insight into the size and

strength of Cretaceous events in thes®e Interior Seaway. This work also underpins the



importance of sedimentary facies descriptions in determining reservoir gAaldiionally, this

work shows that FMI log response can be correlated with facies associations, which can inform
drilling decisions and increase hydrocarbon recovery across fields with this data. As of 2024, oil
production hovered around 192,000 barrels of oil equivalémivever, since the development of
horizontal drilling, the total oil production increased over two times to 480,000 barrels of oll
equivalent per day (Sterlirgt al., 2016). This technological advantage revitalized older oil and

gas fields within the Denver Basin. As of 2024, over 6.1 million barrels of oil per month and

over 10 million cubic feet of gas per month are produced within Redtail Field alone.|Redtali

Field is one of many fields that has seen new horizontal wells drilled since this development. The
current lease holder, Fundare Resources, is planning to drill 16 wells between two pads within

Redtail Field, however the targets are unknown.

1.2 Geologic and Tectonic Overview

The midTuronian (Upper Cretaceous) Codell Sandstone was deposited within the
Western Interior Seaway around 89 Ma (Sonnenberg et al. Z#gource of sediment in the
unit is theactive Sevier Orogenic beth the west and northwest, whistipplied clastic sediment
to the vast Western Interior BagWeimer and Sonnenberg, 1983; Mallory, 19 Fyure 11.
The Codell Sandstone was likely deposited during the T6 regression of Kauffman and Caldwell
(1993). Water levels during Codell Sandstone deposition could have been as shabditas
100 ft (30.48 m; Sonnenberg et al. 2021; Weimer and Sonnenberg, 1983). The Codell Sandstone
Member is the pper unit of the Carlile Shale Formation. Above the Codell Sandstone lies the
Fort Hays Limestone, a member of the Niobrara Formakau(e 12). The Codell Sandstone
at Redtail Field ranges from 5,800 ft to 6,300 ft deep, and generally is around 10 to 15 ft net

thickness.



The Codell Sandstonis predominantlya bioturbated coarsgrained siltstone, with a
smaller component of limited to moderately bioturbated, thinly laminéitexito medium
grained sandstones, siltstones, and mudstones (Longman et al. 2021). The sahdsedinsit
limited bioturbation often havew angleplanar parallel laminains withinthe sandstone,
siltstone and mudstone, crdasninaions withinsandstone and siltstone, hummocky and swaley
cross stratified sandstone, dmathsymmetrical and asymmetrical rigolsandstong(Longman

et al. 2021).

Weimer and Sonnenberg classified the Codell Sandstone into three uniqueitiipes
unique rock properties and distributions in the Denver Ba3iype |, Type Il, and Type I
This is described in figure 1.#ype 1 is déned as a fineto mediumgrained sandstone likely to
have been deposited omearine shelf environment or shoreline bar (Sonnenberg et al. 2021;

Weimer and Sonnenberg, 1983).

Type 2 Codell Sandstonpresent in the northern Denver basin and into SW Nebraska
(Figure 1.4)s a lower permeabilityheavily bioturbated coarse siltstone to very fig@ined
sandstone. It interpreted be deposited in a marine shelf environment. Type 3 Codell Sandstone
present in the northernmost portion of the DerBa&sin in eastern Wyoming and western
Nebraska (Figure 1.4l a more coarsgrained sandstone than Type 1 and Type 2. It is
generally fineto mediumgrained and exhibits parallel to rigdlaminae and sparse burrows. It is

interpreted to have been deposited more landward in the shoreface to delta front environments.



Figurel.1 Late Turonian (89.8 Ma) reconstruction of the Western Interior Seaway. Note the
peninsula protruding towards the Redtail Field area denoted by the red box. Modified from Blakey.
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From this analysis, the Codell Sandstone at Redtail Field is likely more comparable to a
Type 2 Codell Sandstone. However, the sandstones at Redtail Field incorporate some aspects of
Type 3. As coarser grains, up to medium, and ripple lamina, were observed

It is proposed that the thinly laminated sandstone facéspmwduced by a combination of
storm waves, and stornelated currents (Longman et al., 2021). The mudstones observed in core
represent a return to normal deposition.

Broadly, the structural nature of the Denver Basin is a direct product of two major tectonic
events. The first is the Sevier Orogeny, which caused major warping of the lithosphere,
enhancing the mountains west of what would be medaynDenver, and downaxping the
continental lithosphere to east, forming a foreland basin. This basin would eventually be the
pathway for the Western Interior Cretaceous Seaway during times of eustatic sea level rise. The
Western Interior Seaway first flooded the Rocky Mountagion during the Early Cretaceous
and underwent many transgressions and regressions until retreating in the latest Cretaceous
(McCoy, 1953). The second major tectonic event is the Laramide Orogenic event which was
responsible for the current positionrmabst basins in the Rocky Mountain area, including the
DenverBasin. The modern DenvBasin can be seen in Figure 1.3, where the cross section (A
A6) shows a deep asymmetric basin that is dee

The Denver Basin has both basin bounding structures, as well as intrabasinal structures.
Figure 1.5 shows the lateral extent of the basin and its surrounding structures. The northern flank
is blocked by the Hartville Uplift and the Chadron Arch, whilegbeth is blocked by the

Apishapa Uplift and the Las Animas Arch. The west is cut by the modern Front Range.
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The Denver Basin has several key structural intrabasinal features (Figure 1.6). The
structures relevant to the study area are the Morill structural high, which flanks Redtail Field to

the north, and the Wattenberg structural high, which flanks Redtall tei¢he southeast.
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1.3 Study Area

Redtail Field is located in the northeastern portion of Weld County, Colorado, USA which
lies in the northcentral portion of the Denver Basiiggre 1.3.). To the north of the study area
is Nebraska and to the northwest is WyomiRgdtail Field encompasses a total of around 180

square miles.

Concentrated exploration and development of the Denver Basin started in 1950. From
1950 to 1966, the Denver Basin was the most actively explored basin in the Rocky Mountain

region (Higley and Cox, 2005).

In the Redtail Field, the most targeted geologic units are the Codell Sandstone and the
Niobrara Formation. Currently, production is enhanced with horizontal drilling and stagg
hydraulic fracturing (Sonnenberg, 2017). Hydraulic fractures conneuntititeporosity of large
areas to each other and the wellb@mminage studiesoncluded that mosterticalwells within
the Codell Sandstone can effectively drain 15 to 30 acres following hydraulic fracturing
(Birmingham et al., 2001). Completions oftemy#or Codell vertical wells. Some completions
range from 70,000 gallons of fluid and 200,000 pounds of sand to 180,000 gallons of fluid and

575,000 pounds of sand (Higley and Cox, 200

In 2012, Whiting Oil and Gas Corporation started drilling at Redtail Field. (Soeder and
Borglum, 2019). Whiting Oil and Gas Corporation obtained 67,278 netiadtes areaDaily
production reached approximately 7,100 BOE/dde majority of drilling at Redtail Field

today is completed in the form of horizontal wells that are hydraulically fractured.
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1.4 Dataset and Methods

The datasets used in this this study were donated to the MUDTOC Consortium courtesy of
Whiting Oil and Gas Corporation and are based heavily on several cores drilled through the
Codell Sandstone in the Redtail Field. The available data is shown in TaldleThe cores that
are usable for core analysis include: Cottonwood-08&4, Horsetail 19NL924M, Razor 25
2514H, Terrace 382M, Two Mile Creek #283M, and Wolf 120103. Only two of the
thirteen wells have FMI image logs. The wells that have imagedogthe Terrace &M, and
Two Mile Creek #2233M. Almost all wells have some log data to various amounts, except the
Lion Government #9, which has no log data. All wells (six) used in this study contain core and
core data.

The Redtail Field study cores have been examineefdly to identify specific
sedimentary structures. Sedimentary structures include ripples, which have been examined to be
low-angle and climbing. Other features include low angle planar laminations and cross
stratification. Grain size, bedding, and bioturbatiere also observed. Facies were then defined
based on these sedimentary features including texture, maturity, bedding, and degree of
bioturbation based on alD scale. These core descriptions viben transferred to EasyCore, a
digital core description application.

Using Interactive Petrophysics (IP 2023), formation microimager logs (FMI) were
interpreted for laminations and bedding dips and dip directions. Two wells have FMI logs,
Terrace 3632M and Two Mile Creek #233M. Additionally, a total of nine petrograptttn
sections were obtained and utilized to observe sedimentary features on a microscopic scale.
These thin sections were from the Cottonwood-0884, Razor 22514H, and Terrace 36

32M.

13



Tablel.l

Available data for each well. Dataseparated into location, desired core interval (Codell

Sandstone), Formation Microimager logs, log data, core data, and thin sections. Green means that the data
is obtained, red means that the data is not obtained.
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Well Name

Location

Boies A-29D-D3

529-T2S-R97W

Boies C-24M-M2W

524-T25-R98W

Cottonwood 08E-0504

58-TIN-RSTW

Desired Cored Interval | FMI Image Logs] Log Data

Horsetail 19N-1924M

$19-T10N-R57W

Horsetail 29G-2043

$29-T10N-R57W

Lion Government #9

S$26-T12N-R101W

Razor 25-2514H

S$25-T10N-R58W

Razor 26J-2633L

$26-T10N-R58W

Terrace 36-32M

$36-T10N-RS9W

Core Data] Thin Sections

Two Mile Creek #22-33M

$22-T11N-RS7W

Wildhorse 16-13L

516-TIN-R59W

Wolf 12L-0103

512-T10N-R59W

WRD 23-33

$33-T2N-RI7W

Previous Work on the CodellSandstone

Previous work on the Codell Sandstone in the ReHildl is extremely limited. Most

previous work was constructed around regional studies of the Codell as a whole, including the

nearby Wattenberg Field. The Codell Sandstone was first drilled for oil production dating back

to 1981 (Sonnenberg, 2015; HigleydaCox 208). Yet, the system as a whole was poorly

understood. In 1965, Charles Martin conducted agtepth analysis of the Denver Basin,

separating formations by geologic age. However, the Codetls&are was still not targeted, as

the D and J Sandstones were made a priority for hydrocarbon production.

In the early 1980s, Weimer and Sonnenberg (1983) divided the Codell Sandstone into

three different subsections, Type 1, Type 2, and Type 3. This subdivision was based on different

depositional processes with each in its own distinct environmentc@hismedthat the Codell

was more stratigraphically complex than previously thought.
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Stamer (2016) worked on the Codell Sandstone at Wattenberg Field and concluded that the
field is over pressurized due to the high degree of hydrocarbon generation. Furthermore, the
Codell Sandstone may exhibit a duel porosity system where larger poeekiaotion of
intergranular and moldic porosity whereas the micropores are created by partial dissolution of
feldspars and other unstable rock fragments.

Crouch (2017) identified that the lower clay component of the Codell Sandstone is likely
the simplest vector of hydrocarbon migration. Hydrocarbon migration is greatly hindered by
clay, in that the clay clogs migration pathways by filling pore spacescladowers the total
porosity to ~12%. Additionally, certain portions of the Codell Sandstone are not as adequate for
hydrocarbon storage as others.

Diagenetic features in the Codell Sandstone in the Redtail and Wattenberg areas have been
described by Medina and Budd (2020). Diagenetic features were identified using thin sections,
and electron microprobe mineralogical phase mapping.

In 2021, Stephen Sonnenberg identified the Codell Sandstone as a possibkyedrrier
play. This system is characterized by thinly bedded heterolithic strata which have a high degree
of compaction and diagenesis and must have bioturbation so that sasdstdmeudstones are
mixed together (Sonnenberg, 2021).

More recently, Damon (2022) conducted an analysis on the shale intervals within the
Codell Sandstone and identifigtatthey are source beds and have a total organic carbon content
up to 4 wt%. Furthermore, it was identified that the majority of hydrocarbon supply within the
Codell Sandstone can be sourced from the Sharon Springs, Graneros shale, Niobrara, and

GreenhorrFormations.

15



Furthermore, Keator (2023) completed a study on the Codell Sandstone at Silo Field, just
northwest of Redtail Field, and concluded that the clay content attributes to multiple effects on
reservoir quality. It was found that clay may preserve porosity amdgability by preventing
guartz overgrowths. Conjunctly, within the less clay rich zones, porosity and permeability was
greater than the zones which had a higher clay content where the clays occluded pore spaces.
Swelling clays such asmectite which forms from the dissolution déldspar, also contribute to

the decreased porosity within these el zones.

16



CHAPTER 2 FACIES AND PETROPHYSICS ANALYSIS

2.1 Facies Descriptions

The Redtail Fieldtudy cores have been examinedefully to identify sedimentary
structuresn the Codell Sandston&edimentary structures inclad ripples, laminationsand
crossstratification were identified within the coréacies were then defined based on these
sedimentary structuredongside sedimentary textures including grain size and sorting aided by
petrographic thin section analysihese core descriptions were then transferred to EasyCore, a

digital core description application.

In total, seven unique facies were identifiBtbturbated Sandstone (BS), rippled
sandstone (RS), low angle planar laminated Sandstone (LS), cross stratified sandstone (XS),
massive sandstone (MS), massive mudstone (MM) and laminated mudstone ljeMaciesare

identified in the Razor 22514H coreand labeled ifrigure2.1.

Thin section analyses were conducted usihg@ica DM 2500P petrographic microscope
using 25x, 1®Mx, and 20@x magnification In total, eight thin sections were obtained documenting
the range of facies including massive sandstone (MS), low angle planar laminated sandstone
(LS), cross stratified sandstone (XS), and bioturbated sandstone (BS). The thin sections used
blue dyed epxy to show porosity and were covered by a coverslip. The thin sections were thirty
microns thick. Two of the eight were from the @uoitivood 08E0504 core at 5879.2 ft and
5881.25 ft. Three of the eight were from the RazeR2b4H core at 5883.3 ft, 5884.45 ft and
5887.25 ft. The last three of the eight thin sectiwwasefrom the Terrace 382M core at 6189.0

ft, 6190.8 ft, and 6195.8 ft.
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Carlile
Shale

5893’
Figure2.1 Core photograph of Razor Z514H with facies overlaid and organized by color. BS: Bioturbated Sandstone. RS: Rippled

Sandstone. LS: Low Angle Planar Laminated Sandstone. XS: Cross Stratified Sandstone. MS: Massive Sandstone. MM: MasséveENWudst
Laminated Mudstone
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Description: Bioturbated Sandstone (BS)

Facies BS is a bioturbated sandstone (Figure 2.2). This sandstone facies exhibits
moderate to high degree of bioturbation. From core, the grainsize is coarse silt to lower fine
sand. The facies within the core show mottled coloration where clay mixetheigjuartz. Thin
section photomicrograph, (Figure 2.3) taken at depth 5884.45 ft from the Ra2b1£3 core,
documents bioturbated sandstone facies (BS). This thin section displays a consistent degree of
textural maturity. The grains are well sortedthagrain sizes ranging from coarse silt to very
fine-grained sand. Grains exhibit sahgular to sutsounded rounding. The sample consists of
~55% quartz, 25% clay, 10% calcite, 5% organictema2% lithic fragments, with 3% other
minerals. Porosity is estimated to be ~7% in this sample. Porosity is preserved in the form of
inter-granular porosity. Burrosin Redtail Field thin sectiorareclay filled (@andcalcite
cemented) with both subangular to angular quartz grains shown in Figure 2.3A anthz3C.
wall of the burrows is mudstone that separates the quartz dominant grain assemblage from the
clay burrowed material. Original sedimentary structures are overprinted by a high degree of
bioturbation, making depositional procesdifficult to interpret in this facies. Using Formation
Microimager (FMI) logs (Chapter 3) infrequent ripples are observed within the bioturbated
sandstone faciebut are only partially visible. Some of the visible burrowing within the

assemblage includ@lanolites OphiomorphaandZoophycogFigure 2.2).
Interpretation:

Facies BS is interpreted to have been deposited in a shallow marine environment followed
by a significant period of recolonization under relatively low sedimentation rates. These
burrowed successions are typical of middiger shelf environments in nornrahrine

environments (Longman et al., 2021). Facies BS could represent periods of quiescence between
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storm events, as they are often sharply overlain by sandstones interpreted to represent storm

events, followed by another bioturbated interval (Figure 2.2).

Planolites

Teichichinus

Zoophycos

1lin.

Horsetail 19N-1924M

Figure2.2 An example of facies (BS) Bioturbated sandstone. Taken from a core photograph of
Horsetail 19N1924M from 5822.8 ft to 5823.2 ft depth. Teichichinus and Zoophycos outlined in red.
Planolites indicated by black arrows.
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Figure2.3 Razor 252514H core thin section at 5884.45 ft within bioturbated sandstone facies. Image A: a burrow in plane polarized light
with a onemillimeter scale. Image B: Same burrow in cross polarized light with -aniliimeter scale. Image C: Contact betwédeemrowed and
non-burrowed material. Taken in plane polarized light with a-20€rometer scale. Image D: same contact between burrowed afdimowed
material taken in cross polarized light with a 28@rometer scaleCa: Calcite; Li: Lithicfragment Org: Organic Matter; Qtz: Quartz
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Description: Ri ppl ed Sandstone

Facies RS is a rippled sandstone (Figure 2
Field are heterolithic and often mud draped.
symmetri calr,aiwietdh muidmeoc k deposidaseal rsihpaplpd sy aarb
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[ aminations, outlined WwWiurhm owesd acier all s®. sEreas e
Figure 2.5C. The thin section, Fi guurM, 2.5, t
documents both rippled sandstone facies (RS)
section displdggraecohstekenr al maturity. The
size ranging from cgamseedi antdo Thweer Vverwm b
rounding, bet weewnwndaddgal aampbesobnsi sts5%of ~60
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compositions can be seen between the burrow,

mor e -rdlcay From Figure 2.5A, a series of stack
but symmetrical. Additionally, there iIis a sta
and the surrounding grains, sewvhn cihn akFieg umoe e2 .q
and -rcil aly, have a grain size of | ower very fine
t hffssci es are most commonly symmetrical. Ri ppl e
climbing ripples tend to be thin and wispy wh

drapes. The mud draped rPlppheki bésen exhibit

22



I nterpretation:

Rippled sandstones in the Codell Sandstone are interpreted to represent deposition under
storm conditions on an epeiric shelf. Storm conditions include wave induced oscillatory flow
and/or storm related density currents. The abundance of mud drapessbtheadr waning
energy conditionsompared to thanderlying rippled sands. It is proposed that the
circumstances for mud drape deposition are episodic, documenting periods of background

sedimentation between storm events (Longman et al., 2021).

1lin.

Cottonwood O8E-0504

Figure2.4 An example of facies (RS) rippled sandstone. Taken from CottonwocORBEfrom
5876.8 ft to 5877.1 ft deptRlanolitesburrows indicated by red circles.
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Figure25 Terrace 36832M thin section analysis taken at 6189.0 ft within bioturbated and rippled sandstone facies. Image A: Ripples (black)
under plane polarized light with a ongllimeter scale. Image B: rippled facies under plane polarized light with-m&90meter scale. Blue is a
fracture produced in the making of the thin section. Image C: Burrow along a ripple under plane polarized light witlileneter scale. Image

D: Contact between burrow and surrounding material under plane polagkaediih a 206micrometer scaleCa: Calcite Qtz: Quartz
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etation:

Facies LS is interpreted to represent sand deposition by storm events. This is supported by

the poorly sorted nature of several of the laminated beds, which often display normal grading

with coarse grains at the base (FiguElLR.Oscillatory and unidirectional flow is the mechanism

for low-angle planar bedding which indicates higher energy environments. Where graded

bedding is present, it indicates a higher energy environment followed by waning flow (Bridge,

1979).
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Cottonwood 08E-0504

Figure2.6 Example of facies low angle planar laminated sandstone (LS). Core photograph of
Cottonwood 08ED504 from 5878.6 ft to 5878.9 ft depth.
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Figure2.7 Cottonwood 08ED504 core thin section at 5881.25 ft depth. Image A: Image showing
grain size, sorting, and angularity taken under plaoiarized light with a onenillimeter scale. Image B:
Grain composition showing accessory minerals with porosity undeepolarized light with a 200
micrometer scaleCa: Calcite; Glt: Glauconote; Ch: Chert; Li: Lithic Fragmeditg: Organic Matter;

Qtz: Quartz.

27



Descriptstomat iCriosed Sandstone (XS)

Facies XS, | abeled in green in Figure 2.1,
(Figure 2.8). This facies is the | east common
commonly | ess than six inches thi cakn.d e doit nuer mbta

i's rare to absehltan ®sairteeodmet r mevs ngbhodbgrved with
present, Dbi ot ur bazo oopnhKilcre sspd n d seost b e(sFiibguusrreo #W2s. 8 )
Genercalolsys, stacacumnsd st oo@as with |ittle to no m
However, in rare circumstances they may have
the grains in this facies are well sorted, wi
Gr ai nsi aalel  ylpet ween subangul ar to angul ar. Gr
extensive quartz overgrowths 8Bi%guUuu@&déwzl0oB) .
cal c-L0%, cRRé&y gl @udénichadwtagahi ¢ -IPatltietmheinct sf,r ag
wi t-B%20t her( Fmigiverreal 2. 9. &P dri @uirtey 2i. d1B3%,t i wnatt re d
the highest porosity see3n@2M domen. tRorsodiatcy eis:

predominantly intergranul ar.

Il nterpretation:

Cross stratification can form in storm dom
deposition under wunidirectional current . Dr ap
have been deposited under times of aquwrreesrctemn.ce
Sand | aminations are hypothesized to be produ
(Longman et al ., 2021) . Larger grain size and

influx of greater maturity.
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Razor 25-2514H

Figure2.8 An example of facies (XS) cross stratified sandstone. Various burrows outlined in red.
Taken from a core photograph of Razor2ZH.4H from 5885.5 ft to 5885.7 ft depth.
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Figure2.9 Razor 252514H core thin section at 5883.3 ft. Image A: Grain size and degree of
angularity. Purple is calcite in matrix. Taken under plane polarized light. Scale: 200 micrometers. Image
B: Composition of grains versus composition of the matrix undeeaftarized light. Scale: 100
micrometersCa: Calcite; Glt: Glauconite; Li: Lithic Fragmer@h: Chert Qtz: Quartz
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Figure210  Two images taken from the thin section of the Terrac824 core at 6195.8 ft. Image
A: Mineral assemblage, grain characteristics and intergranular porosity atwllimeter scale. Image
B: image displaying quartz overgrowths at a scale of 200 mitessi©rg: Organic MatterQtz: Quartz.
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Description: Massive Sandstone ( MS)

Facies MSamaognsiiwd ssafdstone (Figure 2.11).
apparent sedimentary structures. I n some <circ
Grain size varies greatly within this facies.
observed in this faciesgrwdarmieds-gmat weoay swppdér c\
grains to sparse pebbles occasionally observe
Thin sections ofitabie aeagrese dfspkeayuaalvamatu
sorted, with grain size raggahgefilremndoéfFsgus
There is a bimodal distribution of grain size
hi ghe@d®gesf rounding wher eas -asnmailll lagr. dlirhaei msa mgrl ¢
of ~60% quartz, 20% calcrgani 8§ %Rgd cehreonti,t €,% 3
fragments, with 1% other mineraampl PorbBei oyi 1

preserved i n t+daendf @gmmaewfi abotploriostity, with int

the most common. Il n one core, the pebbles sho
exhibit little to nyo fsad dnitmern tpaprlye ss torru cltouwwr easn.g |
be present. Of note, a normally graded | ow an
sandstone bed iIis seen that can be correlated

(Figube Zhis normally graded bed is roughly 3
a coarse grained to pebble sized | ag, which r

then | ower fine to upper veryg fiisnes hgorwani niend .F i Ag
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I nterpretation:

Massive sandstones are often indicative of rapid sedimentation rates due to the lack of
sorting along bedding planess well asthe lack of bioturbation, which occurs with slower
sedimentation rates. The normally graded, pebbked beds observed as part of this facies
indicate highenergy conditions, likely due to storm waves in shallower water conditions. The
bimodal distributon of grain size indicates multiple sediment souraed the poor sorting is

evidence for rapid sediment deposition.

1lin. 1lin.

Razor 25-2514H Razor 25-2514H

Figure2.11 An example of facies (MS) massive sandstone. (Left) Core photograph of the Razor 25
2514H from 5890.5 ft to 5890.75 ft in depth showing typical basal structure. (Right) Ra26t28
from 5892.6 ft to 5892.8 ft in depth.
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Figure2.12 Cottonwood 08ED504 core thin sections at 5879.2 ft depth. Image A: Image showing bimodal grains size under planar light with
a onemillimeter scale. Image B: Grain composition image under planar light with-anR®0meter scale. Image C: Image of largeartz grain
showing inclusions under plane polarized light with a 100 micrometers scale. Image D: Supplementary image showing ralogianiner

elements at a 20Micrometer scaleCa: Calcite; Glt: Glauconite; Org: Organic Matter; Ch: Chert.
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Description: Massive Mudstone (MM)

Facies (MM) is a massive mudstone (Figure 2.13). The thickness varies from 0.1 in to 0.5
in, though beds can sometimes be more than an inch thick. These mudstones layers are seen in
every corePlanolitesburrows may be seen, however burrowing is generally very low to not
present within this facies.

Interpretation:

The massive and often structureless nature of these mudstones along with the close
association with wavy and low angle laminated sandstones indicates that they were deposited
relatively slowly, likely during a period of waning flomnderlow energy. Thevertically
adjacent wavy and low angle laminasahdstones and mudstoraee characteristic of fluid mud
deposition during storm events in shallow offshore environments (Longman et al., 2021; Peters

and Loss, 2012).

- —

Cotto

nwood 08E-0504

Figure2.13  An example of facies (MM) massive mudstone and (LM) laminated mudstone. Taken
from core photographs of the Cottonwood @84 from 5876.2 ft to 5876.3 ft in depth.
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Description: Laminated Mudstone (LM)

Facies LM, seen in Figure 2.1 in gray, is a laminated mudstone (Figure 2.14). Laminated
mudstone incorporates thicker bands (0.1 to 0.3 inches) of mudstone which exhibit laminations.
Laminations may be rippled or at a low angle and typically appear &sdtdBetween
individual laminations, sandstone lenses may occur. Bioturbation may occur within the
laminated mudstone in the form of burrowingRignolites.Laminated mudstones typically
have conformable basal contacts however the top contact is typinatiyformable and abrupt.

This can be seen in Figure 2.14 where the topmost laminated mudstone is partially scoured at the
top.
Interpretation:

Laminated mudstone cores indicate periods of slower deposition by marine processes

including bottom currents and pelagic settling. Laminated mudstones are interpreted to represent

Aibackgroundo marine shelf conditions between

Figure2.14  An example of facies (LM) laminated mudstone. Taken from core photographs of the
Razor 252514H from 5889.7 ft to 5889.95 ft in depth.
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2.2 Core Observations and Stratigraphy

Core descriptions were correlated acr@ssnilesin RedtailField to determine
stratigraphic trends and key surfaces, summarizé€yure 215. Storm units (SU) antbw-
energy unit§LEU) were defined based on associationR8f LS, XS, and MMIn total,four
storm units andhreelow-energy unitsvere correlated across the six coreRadtail Field. The

Carlile Shale is present at the base of every core.

Storm units were classified and grouped based on storm type facies which include low
angle planar laminated sandstones (Ic&)ss stratified sandstones (X&hd massive sandstone
(MS) (purple fill, Figure 215). Massive mudstone layers are indicative of LEU, or a pause in
sand sedimentation, within the area and are a return to normal sedimentation in the form of
mudstone deposition by bottom currents in times of quiescence between storm events, or the
massive mdstone (MM) facies seen in core. The massiuelstone facies is different than the
laminated mudstone (LM) facies in that the laminated mudstone facies is indicative of part of the
storm unit as they show sedimentary structures such as rippling or low angle planar laminations.
In the cross sectiomeére are two LEUs which cross the entire field and one that partially crosses
the field (Figure 2L5). These mudstone LEUs separate different storm units.

There are two distinct types of mudstones within the Codell Sandstone at Redtail Field.
The first is the more massive mudstone with little to no sedimentary structures. These mudstones
are indicative of relatively rapid sedimentation of clay and silt. Wassive mudstone beds
often bound sedimentary structuredich is indicative of an active storm event where finer
grained material is accumulated onto actively forming sedimentary structures. Laminated

mudstones were likely deposited during timeguéscence
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Low angle planar laminated sandstones and cross stratified sandstones are dominant
throughout the lower parts of all the cores (FigudéR Bioturbation rapidly decreases to sparce
or absent. Within storm unit four (SU4), rippled, langle planataminated, and cross stratified
sedimentary structures exhibit limited mud drapes and have a high sand content (Efgure 2.
Several thicker mud drapes along ripples can be seen throughout the cross section. Directly
beneath SU4 lies a thick and massive mudstoritthatcan also be correlated throughout the
cross section. This mudstone is represented by diastem 3 (LEU3) and displays an erosional
contact with the underlying sandstone. This is best observed in Terr@2d/36Volf 12L-0103,
Cottonwood 08ED504 and Twomile ek 2233M cores (Figure 25).

StormUnit 3 (SU3) incorporates significantly less mudstone and fewer mud drapes along
sedimentary structures and instead exhibits a much greater proportion of sandstone. Within this
unit, mudstone drapes can be seen along ripples and low angle planar laneidabedtsry
structuresHowever the majority of sedimentary structuraetopped with slightly coarser sand.
In a few cores, specifically Cottonwood G8k04, Horsetail 19N.924M and Wolf 120103
cores, a thicker interlaminated mudstone with stmdscan be seen near the top. However, the
majority of this storm unit consists of sandstones. Near the base of SU3 is a more massive
sandstone body which, in most cases, considta@és MS. Here, if any sedimentary structures
are visible, they are often faint low angle planar laminations. The base of SU3 is maged by
thick and friable mudstone. This mudstone, denoted as LEUZ2, is shown to be thickest at the
Terrace 3632M, Cottonwood 088504, and Two Mile Creek #223M cores and thinnest in the
middle.

StormUnit 2 (SU2) is much like SU3, in that there is little mudstone in the form of mud

drapes. SU2 contains the greatest thickness of cross stratified and low angle planar laminated
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facies of all the storm units within the first four cores in the cross section. SU2 in cores
Cottonwood 08ED505 and Two Mile Creek #223M exhibit far less crosstratification and low

angle planar laminated sandstones and contains more massive artisgoglstone in this

interval. Mudstone laminations within SU2 are very rare in some cores (Terr3&V3aVolf
12L-0103, Cottonwood 088504, and Two Mile Creek 223M). The Razor 22514H shows
numerous mudstone laminations along scours. LEU1 does tnibircugh the entire cross

section and pinches out both east and west of the CottonwoedSBEwvell. Yet, due to the

degree of bioturbation, LEU1 may have been overprinted in this core. Just above LEU1, all cores
display a very thin (roughly 0.5 to 1.0ches) pebble to very coargeined lag interbedded

within mudstone laminations (FigurelB, green lines)

Storm unit 1 (SU1) is the thinnest storm unit (1.0 to 2.0 feet) and lies directly above the
erosionalunconformable contact between the Codell Sandstone and the Carlile Shale. The
majority of the unbioturbated sandstone tends to be low angle planar laminated with intermittent
crossstratified sandstone beds. SU1 tends to be more heavily bioturbatedenbas¢ along the
right side of the cross section and includes Horsetail 192M, Cottonwood 088504, and
partially Twomile Creek 283M cores. Apartrbm the Carlile Shale, there are no mudstone
units at the base of the SU1.

At the top of each core, the contact betweerFre Hays Limestone anghdetying
Codell Sandstone is marked by a gradual transition from dominantly carbonate to more
siliciclastic matrix where the massive carbonate of the Fort Hays is replaced with a heavily
bioturbated sandstone with some carbonate matrix. This bioturbated facotly tieaeath the
Fort Hays Limestone is seen in all Redtail Field cores. The thickness of this bioturbated layer

changes across the field (Figuré3). . Fr om Brbatian is Bioderatddyithick ai the
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Terrace 3632M well then reaches a maximum thickness at the WoltAT3 well3.84 miles

to the northHere, the bioturbated sandstone reaches up to siinfgetkness The bioturbated
sandstone then thins to the east where it reaches the minimum thickness at the Cottonwood 08E
0504 well. Here, the thickness of the bioturbated facies is less than one foot. Beneath the
bioturbated sandstone is a continuous layer ofingpihich ranges from one to two feet thick

that is seen in all cores. These rip@es symmetrical and often exhibit thick mud drapes up to

few incheghick. Another bioturbated layer is observed beneath the rippled sandstone facies in

the Terrace 382M, Razor 282514H, Horsetail 19N 924M and Twomile Creek 223M.
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Figure2.15 Cross section B to B6 showing core with facies oversl ain. Lo
have been conglomerated into purple which represents storm units (labeled as SU1, 2, 3, and 4). A total of four storebaaitsdentified

and are separated by mudstone (labeled as LEU1, 2, and 3). Datum as the top of the Codell Sandstone (base of thentastodays4as been

selected. The Fort Hays Limestone is demoted by the light blue. The base of the Fort Haysieimélseodatum for this figure. Red indicates

bioturbation and orange indicates rippled sandstone. Storm units are purple and are labeled as SU# in the legend blutistongistare

labeled as black where the major mudstones are labeled by D#ergjprgsliastems or periods of quiescence in sand deposition. A pebble lag is
denoted by green lines. Figure on page 42
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Cross sectionl® showd pP&iguok L2he Fort Hay:

thickness of the Codel |l Sandstone, and part o
Li mestone, the gamma ray response is marked b
ray r esphendse pi mtfo tthe Codel | Sandstone. This t

Fi guree ”2he gamma ray remains relatively high t
i s marked where the gaomaheayi hakeasasshgapnd
Shale. This trend i s homrleywas ae AVI3IIHD tohdes dnedt réea cpea
32M wells. The more distal wells exhibit a mo

Codel | Sandst ohhealienn.t o t he Carl il e

Much like the gamma ray log, the neutron porosity log follows a similar:tegride base
of the Fort Hays Limeston¢he gamma rais marked by a decrease in neutron porosity where it
rapidly increases over one foot into the top of the Codell Sandstone (Bif@reThe neutron
porosity remains remarkably high throughout the Codell Sandstone and continues into the Carlile
Shale. The available density porosity logs show an initial increase from a low within the Fort
Hays Limestone into the Codell Sand&tomhis increase reaches a peak within the lower half of
the Codell Sandstone where it then decreases towards the Carlile Shale and is seen within all

available density porosity logs.
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Figure2.16 Cr oss section A to A0 with the Fort Hays Limestone

¢blue),

Wildhorse 1613H, Razor 282514H, Horsetail 19N.924M, and Cottonwood 088504 wells have gamma ray from 0 to 200 API on thetdatk

and density porosity and neutron porosity on the right track from 0 to 0.3. The Tern32® 3@/olf 12L-0103, and Two Mile Creek 223M

wells have gamma ray on the left track from 0 to 200 API and neutron porosity from 0 to 0.3ightttrack.
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CHAPTER 3 FORMATION MICROIMAGER LOG ANALYSIS

3.1 General Formation Microimager Log Analysis

A downhole Formation Microimager Log (FMI) records fohetails within the bore hole

using resistivity. The logs records in @Bnensional view within the borehole so to be able to

read it effectively, the log must be separated along the northern side. This turns flat dipping

features such as faults, fractyresbedding planes into sinusoids (Figure 3.1). All features,

regardless of how planar they are, such as cross bedding, result in some form of a sinusoid within

the resulting image log. Other important features that may been seen in the image lotinare dril

bit marks which will appear as black, linear (mnusoidal), streaks that cut across bedding

planes.
3-D View Unrolling the Cylinder Resulting Image Log
5&“‘\@ /'_\N
N
N\ NN
%
< ~
(= 2
% \ i
© =
a
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><7< i
N E S w N
~ ] Dip Azimuth
Figure3.1 FMI log processing. Left: Original recording showingliBhensional image within a
borehol e. Pl anar features are seen as elongated

along the northern quadrant. Right: Resulting image log edim&nsonal plane where both ends have a
dip azimuth of north. From top to bottom increases in depth. Planar featurdgierdsions are now

sinusoids in ZAimensions.
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When processing image logs, a blachkite coloration was selected as it allows for the
human eye to pick up and process finer details within the image log. This color pallet selection
makesshales black and low porosity limestones a light gray in log response (Figure 3.2).

Generally, the darker the response the more resistive the rock.

N E S W N
Shale
Clay
and Silt
Lime
/\_

aseaJtou| A1IAISISaY

Low-
S W Porosity
Lime
E N
RESIStVYY oy
Increase
Figure3.2 Schematic image log showing how the black to white color palate appears with various

types of rock. From darkest to lightest, most resistive to least resistive: shale, clay and silt, sand, lime,
low-porosity lime.



A static image is based on the qualitative measure of resistivity whereas the dynamic
image is an enhanced contrast image to better visualize sedimentary or structural features. As the
sonde lowers down the borehole, it may rotate from its original pesdithe north azimuth.

This is called borehole drift, and it appears on image logs as a subtle but equal change in each
padds I mage position as depth increases. 't d
Image logs utilize electrical resistivity to record changes as the image log tool moves down

the borehole. The FMI dataset obtained from Whiting Oil and Gas utilizes a Schlumberger (SLB)
formation microimager log which has four arms, each with two padsseTpads contain

multiple electrodes which read mieresistivity changes throughout the borehole. These image

|l ogs were interpreted using Geoactivebds I nter
When interpreting, only the static image wasdisA total of two image logs have been

interpreted for this study, Terrace-38M and Two Mile Creek #233M.

3.2 Formation Microimager Log to Core Correlation

A key feature of image logs is their abilitydbserve features that are not appaient
core analysisincluding detecting subtle stratification in apparently massive bégisr€-33)
Other features which may be difficult to observe in core are diagenetic featiuekng

pyritization, which is visible on image logs due to resistivity changes but not in core.
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l_n_w Facies Stk Image |
DEPTH | Facies Schiumberger FML: SSOOFT - 6538FT
()] Low Defaukt

6192 ft

XS

LS

* ~2.2 ft difference between core and log

Figure3.3 Left: Interpreted image log analysis of a section of Terracg286 core from 6190 ft to

6192 ft. Within the left image, from left to right is depth, cbesed facies analysis, and static image.

Right: Terrace 3@2M core from 6192 ft to 6193.6ft. Reddbo i ndi cat es t he same fima:
bed. The image log indicates the presence of minimal cross stratification, green lines, which was not seen

in core. Note: 2.2 ft difference in depth between image log and core.

3.3 Terrace 36:32M and Two Mile Creek #2233M FMI Log Analysis

The Terrace 3@2M and Two Mile Creek #233M image logs were interpreted for
visually apparent sedimentary structures. These structures include low angle planar laminations,
ripples, cross stratification, and bedding planes. Bedding planes were inttrpgnete changes
in resistivity or the background color were visually apparent. In total, 99 picks were made from
the Terrace 3@2M FMI log (Figure 34) and 123 picks were made in the Two Mile Creek-#22
33M FMI log (Figure 3b) giving a total of 222 pickswvhich incorporates 33 bedding planes, 76
low angle planar laminations, 58 ripples, and 55 cross stratifications. Borehole drift is far more

apparent within both FMI logs
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Depth Facies Static Image Directional and Hole Integrity Tadpoles Gamma Ray
DEPTH Facies Schlumberger FMI: 5500FT - 6938FT C1 (in) Default (Tadpole) GR_EDTC (gAPI)
(FT) Low Default Low | 6, ————————10.|00 True, All 90 | 0. s— 250,
. Q2 (in) o] Docaadnciindan ik
DEVI (deg)
10, e e 90.] ® Low Angle Planar_Pick
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Figure3.4 Terrace 382M image log analysis from Interactive Petrophysics. From left to right, the tracks are as follows; depth in feet from

6180 ft to 6195 ft, corbased facies analysis, static image, directional and hole integrity track which includes Cbifnedl)rfrto 10 in, C2

(green) from 6 in to 10 in, hole deviation (black dashed) filbdndegrees to 90 degrees, and hole azimuth (blue dashed) from 0 degrees to 360
degrees. The second to last track shows the tadpoles recorded from indivikisiainpihe static image from 0 to 90 degrees. Magenta represents
bedding planes, gold represents low angle planar laminations, orange represents ripples, and green represents atioss $tiatificipole

position along the horizontal records dip whigre dip ticks record the strike of the sinusoid. The last track shows gamma ray from 0 to 250 API.
1:25 vertical scale.
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Depth (FT) Facies Static Image Directional and Hole Integrity Tadpoles Gamma Ray
DEPTH Facies Schlumberger FMI: S100FT - 6621FT C1 (in) Default (Tadpole) GR_EDTC (g4PI)
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Figure3.5

Two Mile Creek #2233M image log analysis from Interactive Petrophysics. From left to right, the tracks are as follows; depth in
feet from 5892 ft to 5908 ft, coteased facies analysis, static image, directional and hole integrity track which inclu@fed)dfom 6 in to 10 in,

C2 (green) from 6 in to 10 in, hole deviation (black dashed) fidhmdegrees to 90 degrees, and hole azimuth (blue dashed) from O degrees to 360
degrees. The second to last track shows the tadpoles recorded fradualdiicks on the static image from 0 to 90 degrees. Magenta color
represents bedding planes, gold represents low angle planar laminations, orange represents ripples, and green reyststifitators

Gamma ray from 0 to 250 API in the last tra€ke tadpole position along the horizontal records dip where the dip ticks record the strike of the
sinusoid. 1:25 vertical scale.
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Several vertical trends are apparent in the FMI logs (Figdrarl Figure &). The Fort
Hays Limestone, denoted by the light blue at the top of the facies column, displays a light
coloration characteristic of limestone. As depth increases, the lighter gray becomes darker gray
indicating a transition to a sandier composition. Gamagavalues (gQAPI) also steadily decrease
to the lowest at 6191 ft depth. Higher gamma ray values indicate mudstone whereas lower
gamma ray indicates more sandstone. The cahpesases slightly within shale intervals. This
can be seen at depths 6189 feet and 6192.5 feet (Figlian8.5898.5 feet and 5905 feet
(Figure 35) where shales are more prevalent. Pyrite nodules can be seen within the Fort Hays
Limestone. In the Terrace 32M and Two Mile Creek #233M cores, larger scale pyrite
nodules lie mostly within Fort Hays Limestone. From the FMI logs, however, pyritéasoahe
apparent up to a few feet into the Codell Sandstone within the uppermost bioturbated sandstone
facies. The presence of large pyrite nodules in both the Codell Sandstone and the Fort Hays
Limestone indicates that the two underwent similar diagenetic processes near the formational
contact. Like in the core observations, sedimentary structures areltiffiedentify within
bioturbated facies within the image logs, which appear hazy. Where present, ripples within the
bioturbated sandstone at the top show that the majority of these beds may have been rippled prior

to bioturbation.

3.4 Terrace 3632M Paleocurrent Derived from Image Logs

Based on the four pick typespples, low angle planar laminations, bed boundaries, and
crossstratificationsfrom both the Terrace 382M and Two Mile Creek #233M image logs,
stereonets with compiled strike and dip measurements from FMI logs were constructed and used

as a proxy for paleocurrent measurements

51



From the analysis, sixteen bed boundary pi
trend of northeast sout ltwesA sdc BR2dBdrly 8t rdergd ec
i's west hwest/ east sout hea®A) .atT h2e8 &d/i 1p0 5a zd engurt ehe
divided into two gener al subgroups. The first
second subgroup ranges 6BlomroOomtohésbpdegsees he

angle was |l ow, at 8.1 deyy9eesgw&6€h. ( Reghi ghe s

Unlike the defined trend with bed boundaries, the esbsgification trend shows far more
variability (Figure 37). This trend is wessouthwest eastortheast between 255/75 degrees
(Figure 37 A). Based on the dip analysis, the main grouping is between 0 to 180 déggees (
3.7 B) and the average dip angle is at 8.1 degrees with a high dip angle of 24 degrees (Figure 3.

C). A total oftwenty-threepicks were used for this analysis.
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Terrace 3682M bedding planes analysis. A: stereonet where strike is shown as a rose

diagram. B: dip azimuth into 2@egree bins. C: Scatterplot of dip angle over dip azimuth. A total of 16
points were included. The major trend is northwest southeast@agdrend is westorthwest east

southeast.
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Figure3.7 Terrace 3632M cross stratification analysis. A: a stereonet where strike is shown as a

rose diagram. B: a bar graph which provides dip count over the dip azimuthidég&® bins. C:
scatterplot providing dip angle over dip azimuth. A total®paints were included. The major trend is
eastsoutheast westouthwest. Multiple secondary trends.
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The Terrace 3@2M low-angle planar lamination analysis utilized 41 total data points.

Data accumulated from the image log analysis shows a similar primary trend to that of the bed
boundaries (Figure 8). The primary trend is northorthwest soutfsoutheast at 331/151

degrees. A slight secondary trend can be seen-northeast soutsouthwest at 195/15 degrees
(Figure 38 A). Low-angle planar laminae display two distinct dip groupings. One grouping is
between dip azimuths of 180 to 330 degrees and the other is between 0 and 140 degrees (Figure
3.8 B). The average dip angle is 8.3 degrees whereas the max dip angle is 24 degrees §Figure 3.
C).

The last of the individual paleocurrent data types for the TerraB2@86mage log are the
ripples (Figure ®). Like cross stratifications, ripples show a wide array of trend variations.

There are three major trends within the ripple stereonet. These are nogbuthstast (320/140
degrees), northeasbuthwest (225/45 degrees), and -easst (270/90 degrees)i¢fare 39 A).

Due to the wide range in trend variation, the bar graph does not show any general grouping.
However, the average dip of the rippie§.7 degrees, and the greatest dip is 24 degrees (Figure
390).

The composite Terrace 32M paleocurrent analysis shows a single major trend of-north
northwest/souttsoutheast (330/150 degrees) (Figud®3\). This trend is the average current
direction for the Codell Sandstone at the time of deposition. Generally, the cross stratification
has the greatest dip range whereas the low angle planar laminations have the least dip range. The
dip azimuth follows d&imodal trend where the greatest count is 240 degrees and 60 degrees

(Figure 310B). All dip angles are below®Bdegrees (Figure BOC).
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Figure3.8 Terrace 3632M low angle planar lamination analysis A: stereonet where strike is shown
as a rose diagram. B: a bar graph, directly below the stereonet providing dip count over the dip azimuth
into 20-degree bins. C: a scatterplot which shows dip angledipeazimuth. A total of 41 points were
included. The major trend is noftiorthwest souttsoutheast. The secondary trend is notheast

southsouthwest.
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Figure3.9 Terrace 3632M ripple analysis. A: stereonet where strike is shown as a rose diagram. B:
a bar graph that provides dip count over the dip azimuth inttegfee bins. C: a scatterplot which shows
dip angle over dip azimuth. A total of 19 points were inetlldNo major trend is seen.
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Figure3.10
(green), low angle planar laminations (gold) and ripples (orange). A: a stereonet where strike is shown as

a rose diagram. B: a bar graph that shows the dip count oveaptagirtiuth into 2@degree bins. C: a
scatterplot providing dip angle over dip azimuth. A total of 99 points were included. The major trend is
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Terrace 3632M complete analysis of bedding planes (magenta), cross stratification

north-northwest souttsoutheast (330/150 degrees).
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3.5 Two Mile Creek #22-33M Paleocurrent Derived from Image Logs

The Two Mile Creek #2:33M paleocurrent analysis follows the same process as the
Terrace 3632M paleocurrent analysis. In total 123 picks were made based on bedding planes (17
picks), cross stratification (32 picks), low angle planar lamination (35 p&hkd)ripples (39
picks). Based on the picks for each type, rose diagram stereonets were made. Additionally, for
each pick type, a histogram showing dip count versus dip azimuth and a dip angle versus dip
azimuth were made as well. The stereonet providieleese of paleocurrent direction whereas
the histograms show dip count over dip azimuth and the scatterplots provide dip angle over dip

azimuth.

The bedding plane paleocurrent analysis, shown in Figlifie iBcludes 17 picks and has
a primary trend of nortsouth (0/180 degrees) with two secondary trends of mantthwest
southsoutheast (330/150 degrees) and nadftheast soutsouthwest (210/30 degrees) (Figure
3.11A). Based on the histogram beneath the stereonet, there is no major grouping seen. The
average dip angle of the bed boundaries is 5.5 degrees with a maximum dip angle of 11 degrees

(Figure 311C).

Unlike the cross stratification within tAeerrace 3632M paleocurrent analysis, the cross
stratification within the Two Mile Creek #223M image log follows a tighter trend (Figure
3.12). Within theTwo Mile Creek #2233M cross stratification, there is a broad trend but shows
a uniform direction with an average of north south (180/0 degrees) (Figar&)3.The broader
trend varies +/30 degrees from the north south average. From the histogram, two groupings can
be seen. The first is between 240 and 335 degrees and the second, with more beitvieen
60 and 120 degrees (Figurd3B). The average dip angle is 5.5 degrees with a maximum of 16

degrees (Figure B C).
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Figure3.11 Two Mile Creek #322M bedding plane analysis A: a stereonet where striéleds/n as
a rose diagram. B: a bar graph providing dip count over the dip azimuth hateg2€e bins. C: a
scatterplot that shows dip angle over dip azimuth. A total of 19 points were included. Trend is north south

with two secondary trends eastrtheassouthsouthwest and wesiorthwest eassoutheast.
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Figure3.12
as a rose diagram. B: a bar graph that shows the dip count over the dip azimutkdegoe20bins. C: a

scatterplot which provides dip angle over dip azimuth. A @ft82 points were included. Trend is
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Two Mile Creek #322M cross stratification analysis. A: stereonet where strike is shown

averaged at north south with a broader trend8/degrees from the average.
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The Two Mile Creek #233M low- angle planar lamination FMI analysis included 35
picks. The low angle planar lamination stereonet shows a sharmarésivest/eassoutheast
trend (300/120) with a secondary trend of northwest southeast (330/150) (Figupg.3The
points within the stereonet are tightly packed within the center. From the histogram, one main
grouping and one smaller grouping can be seen based on dip azimuth. The main grouping is
between 10 to 100 degrees and the smaller grouping is be22@emd 270 degrees (Figure
3.13 B). The average dip angle is 5.3 degrees where the maximum dip angle is 12 degrees
(Figure 313 C).

The last of the individual paleocurrent analyses for the Two Mile Creeld3Plis the
ripple analysis (Figure B4). This figure utilizes a total of 39 picks from the image log analysis.
From the stereonet in Figureld, one main trend and one secondary trend can be seen. The
main trend exists at nororthwest souttsoutheast (345/165 degrees). The secondary trend
exists at nortiortheast soutsouthwest (30/210 degrees) (Figur&43A). There are two
clusters of points within the stereonet. From tisédgram, one major grouping can be seen that
exists from a dip azimuth of 20 degrees to 180 degrees (3.5.4 B). The average dip angle is 5.2
degrees with a maximum dip angle of 12 degrees (Figlde.

Based on the combined dip analysis, there is a clear dominant paleocurrent direction of
northrnorthwest/souttsoutheast (338/158 degrees) (FigudbR.Furthermore, there are several
other, more minor, trends perpendicular to each other. These arenadftbast soutsouthwest
(30/210 degrees) and eastutheast westorthwest (120/300 degrees) (Figurgs3A). The
majority of the dips exist with a dip azimuth between 0 and 140 degrees. A smaller grouping of

dips exists between 220 and 345 degrees (EigWb B). The average dip angle is 5.5 degrees
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where cross stratification often has the greatest dip angle (Fig&€3.In total, 123 points

were used for this analysis.
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Figure3.13 Two Mile Creek #322M low angle planar lamination analysis. A: a stereonet where
strike is shown as a rose diagram. B: bar graph directly that shows the dip count over the dip azimuth into

20-degree bins. C: scatterplot which provides dip angle overzitipugh. A total of 35 points were
included. The major trend is wesbrthwest eastoutheast (300/120 degrees) with a minor trend of

northwest southeast (330/150 degrees).
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Figure3.14
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Two Mile Creek #3322M ripple analysis A: a stereonet where strike is shown as a rose

diagram. B: bar graph which shows the dip count over the dip azimuth iuteg2e bins. C: A
scatterplot which shows dip angle over dip azimuth. A total of 39 pointsiweuded. The major trend
is northnorthwest eastoutheast (345/165 degrees) with a minor trend of sattheast soutBouthwest

(30/210 degrees).
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Figure3.15 Two Mile Creek #2233M complete analysis of bedding planes (magenta), cross
stratification (green), low angle planar laminations (gold) and ripples (orange). A: a stereonet where the
strike is shown as a rose diagram. B: a bar graph that shows the dipweuthne dip azimuth into 20

degree bins. C: scatterplot which provides dip angle over dip azimuth. A total of 123 points were
included. The major trend is noftiorthwest souttsoutheast (338/158 degrees).
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