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ABSTRACT

The Upper Cretaceous Turner Sandstone Member (Turner) of th€arlile Formation in
the eastern Powder River Basin is a proven economic hydroban producer with extensive
potential for long term development and exploration. The Ttner consists of shallow marine
Turonian-aged deposits composed of interstrati ed sandshes, mudstones, and siltstones
that were deposited on the western margin of the Western Inter Cretaceous Seaway and
likely sourced from the Sevier Orogenic belt to the west. Hydcarbon accumulation for the
Turner is believed to be a result of long distance migrationfahe hydrocarbons from the
Mowry Formation below with secondary sourcing from the Niolara Formation above.

The Turner oil and gas play at Finn-Shurley Field in Weston Couty, Wyoming, is an
unconventional stratigraphic trap characterized by low pwsity and permeability on the
eastern margin of the Powder River Basin. The eld is a contumous accumulation of hydro-
carbons that have migrated updip from mature source rock witn the region, as the Mowry
and the Niobrara Formations are not mature within Weston Couty. These hydrocarbons
saturate the extremely heterolithic lower Turner sandstoa reservoir, which is the primary
target for operators in the eld. Finn-Shurley Field, discoveed in 1965 and producing since
the 1980's, is a shallow, under-pressured, reservoir, wagrroduction seems to be limited
by the facies, reservoir quality, such as porosity and permleility, and stage of diagenetic
alteration. In recent years, Finn-Shurley has become a hooiztal target because of its low
porosity, low permeability, and tight oil nature.

Overall, the Turner is one of the most proli ¢ plays in the bas. However, little work has
been published on the Turner to understand the reservoir petial and its extent to predict
future development and exploration. This thesis project searched the controls on reservoir
quality and production in the Finn-Shurley Field in Weston County, Wyoming. The highly

heterolithic nature of the Turner in the eastern PRB promote studies to be conducted to



best understand the intervals that contain the best rock qudy for hydrocarbon accumu-
lations to occur throughout the region. This was accompligd by integrating four cores
(271 ft) with supplemental core data, petrographic thin sé¢mn analysis, X-ray Di raction
(XRD), X-ray Fluorescence (XRF), Field Emission Scanning ElectroMicroscopy (FE-SEM)
imaging, historical production data, and petrophysical wielogs. Due to the coarse nature
of conventional reservoir characterization, this integted dataset was critical in facies clas-
si cation across the multiple scales required to accuratelunderstand factors contributing
to reservoir quality and their relation to production. The rock and source quality elements
contributing to reservoir quality from core-based measuneents were used to identify four
reservoir facies out of eight total identi ed facies.

Within the study area, the Turner has been divided into eightdcies based upon lithology,
grain size, bioturbation intensity levels, diversity of ibnofauna, and sedimentary structures.
Within these facies, porosity ranges between 10-16% and pemabilities generally range
between 0.001-5 mD. There have been four potential resenvtacies identi ed which have
porosity values greater than 12% and permeabilities greatthan 0.1 mD, and suggest meso-
to micro-pore throat sizes in these facies. These classitmans aided in targeting the best
reservoir intervals in the lower Turner interval for each o, which was scaled to petrophysical
well logs for future targeting and completion of the Turner. Tie lower Turner one zone was
determined to be the primary reservoir target in Finn-Shurlg eld based on the presence of
reservoir facies, as well as high porosity, permeabilityritileness, and resistivity values.

The integrated use of this multi-scale approach gave a moremprehensive understand-
ing of the diverse and interstrati ed facies observed witim the Turner at Finn-Shurley eld.
The variations in reservoir quality are investigated at muiple scales, which lead to improved
knowledge of factors controlling reservoir quality and hyacarbon production in the Turner.
This includes understanding the role of diagenesis in thisnaonventional reservoir, impli-
cations of depositional processes, and visualizing the eegirs mineralogical and elemental

makeup at multiple scales.
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CHAPTER 1
INTRODUCTION

1.1 Overview

In recent years, the Powder River Basin (PRB) has become a prary target for ex-
ploration and development for petroleum companies. The PRRBcreage is attractive to
companies because it has over 5,000 ft of potential stackealypwithin the Cretaceous strata
across the basin. Combined with advances in horizontal difig and recovery methods for
unconventional reservoirs, new resources can be assessehdtargeted that previously could
not be tapped in these historical basin plays. The PRB is hosb multiple world class source
rocks, ideal pressure conditions, strong reservoir seasd high quality reservoir rocks. Due
to these conditions, many extensive and economic unconviemtal hydrocarbon reservoirs in
di erent play types have been discovered within the PRB and ew research and technologies
are only expanding the untapped potential within the basin.

The Powder River Basin is a proli ¢ hydrocarbon basin withinthe Western Interior Sea-
way basins located in the United States, with several potemti reservoirs located within
Upper Cretaceous sediments. The Powder River basin is locat® northeastern Wyoming
and extends into southeastern Montana (Figure 1.1). Within te PRB, the Turner Sandy
Member of the Carlile Shale (Turner) has been proven both as @oli ¢ unconventional
and conventional play within the basin. The Carlile Shale isamposed of three members:
the upper Sage Breaks Member, the middle Turner Sandy Membeand the lower Pool
Creek Member. The sediments that make up these lithologiesme deposited as distal shal-
low marine clastics prograding from the Sevier Orogenic Ibelocated in modern Utah and
Idaho, from the west to the western margin of the Western Intéor Seaway. The Carlile
Shale unconformably underlies the Niobrara Formation and oformably overlies the Green-

horn Formation (Figure 1.2). The Turner is considered stragraphically and chronologically



equivalent to the Wall Creek Member of the Frontier Formatia in the west, where ero-
sion over bathymetric highs erased the connection betweemettwo units in the rock record
(Anna, 2009). Historically, the Turner has produced convertnally from isolated elds in
the eastern margin of the PRB from a favorable reservoir fas that retained porosity and
permeability during diagenesis (Weimer and Flexer, 1985). Mever, with modern horizontal
drilling and completion techniques, this interval has becuoe a highly proli ¢ unconventional
target and dominates oil production and well estimated ulthate recovery (EUR) numbers
across the PRB (Figures 1.3, 1.4). The Turner has seen one oktmost extensive hori-
zontal development to date with immense success, as the Terncurrently has the highest
production rate and largest well EUR numbers in the basin (Kes, 2019).

The Turner that occurs in the eastern PRB is Late Turonian in ge and ranges in thickness
from 80 to 300 feet across the region. The Turner is characteed by multiple ooding
surfaces that result in coarsening upward parasequencestérstrati ed mudstone, siltstone,
and sandstones. The Turner has been interpreted to be a bratk to marine deposit in
northeast trending valleys (Weimer and Flexer, 1985). Othserhave suggested that the
Turner was deposited similar to the Wall Creek Sandstone ohé Frontier Formation, by
a prograding lowstand delta to an open shelf and reworked byosms, tides, and waves
(Merewether et al., 1979). A specic eld of interest is the 1300 acre Finn-Shurley Field,
located in Weston County, Wyoming (Figure 1.5). Finn-Shurley Fald was discovered in
1965 and has cumulatively produced 23 million barrels of @hd 38 billion cubic feet of gas.
Historically, Finn-Shurley Field has produced from vertical wlls rst completed in the 1980's.
However, recently this eld has become a horizontal target duto advances in horizontal
drilling and enhanced oil recovery techniques. This eld tmalso seen an increase in modern
hydraulic fracturing of historical vertical wells that hasalso proved successful for extending
production life. The Turner in this eld has good porosity vdues, greater than 10 percent,
and permeabilities from core plugs that exceed 2 mD from meun-grained, clean, well-

sorted sands (Anna, 2009). There are two erosional surfacesesent within Finn-Shurley



Field that can be observed across the basin, one at the base loé tTurner Sandy Member,
and another at the base of the Niobrara Formation (Anna, 2009)The underlying Mowry
Shale is believed to be the source rock for this eld, with psi#le secondary sourcing from
the Niobrara Formation via long distance migration, as the Ttner is typically associated
with the Niobrara Total Petroleum System (Anna, 2009). Presge data suggests a pressure

gradient of normal to sub-normal within this eastern regiorof the PRB (Toner, 2019).
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1.2 Study Objectives and Purpose

The purpose of this study was the evaluation and characteg#ion of the reservoir po-
tential of the Turner Sandy member and to increase the undeending of controls on pro-
duction within the Turner in the eastern PRB, speci cally within Finn-Shurley Field of
Weston County, Wyoming. The Turner has excellent reservoiruglity within the central
portion of the basin and has produced large economic quamis of hydrocarbons in Camp-
bell and Converse counties. This research illustrates howaqaluctive this interval can be
in the eastern region of the basin where hydrocarbons havegrated updip and outside of
the maturity window of known source rocks where it is unconwtionally stratigraphically
trapped in low porosity and permeability rock with no apparat water leg. The Turner has
historically produced from vertical wells in Finn-Shurley Feld and has recently become a
horizontal drilling target. Also investigated in this study are the recent incorporation of
a successful hydraulic re-fracturing program for historéd vertical wells and enhanced oil
recovery methods in Finn-Shurley Field.

The main objectives of this project were achieved through aimtegrated study which
includes: 1) reservoir characterization of the Turner int&al using petrophysical well logs
combined with core, thin section analysis, XRD, XRF, and FE-SEM2) facies and facies as-
sociation descriptions to understand lateral and verticalariations throughout Finn-Shurley
Field in the PRB using four cores; 3) source rock analysis, @yping, and one dimensional
basin modelling; 4) researching the productivity controlsvithin this eld by integrating all
of the above data with known production information.

This is a multi-scale, integrated study from microscope skato core and log scale in
order to have a thorough understanding of the depositionahd diagenetic controls on reser-
voir quality, which ultimately led to further identi catio n of sweet spots within the region.
This includes utilizing core descriptions, petrographic ark, and routine core analysis data
to characterize facies and facies associations. Well logtalas necessary to understand

petrophysical and geomechanical properties, as well as Xtr&luorescence (XRF), X-ray



Di raction (XRD), and Field Emission Scanning Electron Microscopy (FE-SEM) to inter-
pret depositional environment and diagenetic history throghout the section. All the data
was then integrated to understand the unconventional petteum system and how the Turner
in Finn-Shurley Field can be targeted and completed. The Turmdithology in Finn-Shurley
is dominated by heterolithic mudstone, siltstones, and sastones that are comprised of
coarsening upward parasequences which contain oil stairfsnaigrated hydrocarbon. This
suggests multiple cycles in sea level uctuation and varygisedimentation rates. The Turner
is most productive in the central part of the basin where theithology is more sandy, less
heterolithic, and occurs within an overpressured cell of éPRB. By investigating these dif-
ferences, there can be a better understanding of the variétyi of production in the Turner

across the PRB.
1.3 Study Area

The study area is located in Weston County, Wyoming, in the sdbern Powder River
Basin (Figure 1.6). The townships and ranges included in thistudy area are T41-T43N
and R64-R65W. Over 700 wells have been drilled in this area Wwitactive horizontal drilling
occurring in or nearby this eld. Up through December of 201%he Turner at Finn-Shurley
Field has cumulatively produced 23.5 million barrels of oilrad 38 billion cubic feet of gas
accroding to the Wyoming Oil and Gas Conservation CommissiorThis thesis will utilize
four cores, all provided by the United States Geological Suey (USGS) Core Research Center
(CRC) in Lakewood, Colorado (Table 1.1). The rst core is theMicTuillin Federal 1 located
in Sec 31, T43N, R64W, Weston County, Wyoming and is denoted byétblue star on Figure
1.7. The second core is the Colen 10-10, which is located irc 36, T42N, R64W, Weston
County, Wyoming and is denoted by the yellow star on Figure 1.7The third core is the
Perpetual Finn 8 located in Sec 5, T42N, R64W, Weston County, Wyaoimg and is denoted
by the red star on Figure 1.7. The fourth and nal core is the Driéing Federal 7 located in
Sec 15, T42N, R64W, Weston County, Wyoming and is denoted by theegn star on Figure

1.7. All of these core locations in Finn-Shurley Field can be seen Figure 1.7, with the



core information for each well located in Table 1.1.
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Figure 1.6: Map of the counties of Eastern Wyoming and the studgcation of Finn-Shurley
Field within Weston County, Wyoming.

Table 1.1: Core location information.

Well Colen 10-10 McTuillin Federal 1 Perpetual Finn 8 Dreiling Federal 7
Operator M & K Oil Company | M & K Oil Company | Chemily Management| Chemily Management
API 49045220850000 490045217430000 49045221320000 49045219160000
Cored Formation Lower Turner Lower Turner Turner Lower Turner
Cored Interval 5234'-5320' 4824'-4889 4900'-4960 4839'-4899'
Core Length 86 ft 65 ft 60 ft 60 ft

Location

Sec 10, T42N, R65W|

Sec 31, T43N, R64W

Sec 5, T42N, R64W

Sec 15, T42N, R64W
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Figure 1.7: Map of core locations within Finn-Shurley. The ykw star is the Colen 10-10
core, the red star is the Perpetual Finn 8 core, the green stas the Dreiling Federal 7 core,
and the blue star is the McTuillin Federal 1 core. The purpletar is the Dixon-Smith 3 well
which was used for a 1D basin model.

1.4 Dataset and Research Methods

As mentioned previously, data from four Turner cores were iagrated for this reservoir
characterization study of the continuous oil accumulation Finn-Shurley Field. This study
utilized petrographic thin section analyses, X-Ray Fluorestice (XRF), X-ray Diraction
(XRD), source rock analysis (SRA) and petrophysical well logsField Emission Scanning
Electron Microscopy (FE-SEM) was performed in greater detiaon these cores as well. Table

1.2 displays the data that is available for each core. The iegration of these data sets

10



provided optimal information to characterize the reservoipotential within the Turner in
Finn-Shurley Field. From this dataset, well log correlationsand reservoir maps using IHS
Petra software were generated. This research also attemgt® explain production variability
trends across the eld using available production informabn, stratigraphic variations, and
one-dimensional basin modelling for future exploration @ahsweet spot identi cation.

For this study, all four cores were available with either rgeective datasets from the United
States Geological Survey (USGS) Core Research Center (CRB).cores were provided with
thin sections, although more were made to analyze porositsends in the interpreted reservoir
intervals, as well as routine core analysis (RCA) and XRD dataln addition, twenty ve
samples were taken for Field Emission Scanning Electron Moscopy (FE-SEM) and 200

samples taken through a X-Ray Fluorescence (XRF) handheld gun.

Table 1.2: Dataset acquired for conducted research.

Well Colen 10-10 McTuillin Federal 1 Perpetual Finn 8 Dreiling Federal 7
Operator M & K Oil Company | M & K Oil Company | Chemily Management| Chemily Management
API 49045220850000 490045217430000 49045221320000 49045219160000
Cored Interval 5234'-5320' 4824'-4889' 4900'-4960' 4839'-4899
Formation Turner Turner Turner Turner
Thin Sections & Photos Yes(46) Yes(5) Yes(40) Yes(6)
Core Analysis Yes Yes Yes Yes
FE-SEM Yes Yes No No
Rock-Eval Data Yes No No No
XRD Yes Yes No No
Log Suite Yes Yes Yes Yes

Core Description

Four cores were observed for sedimentary structures, keyagtgraphic surfaces, textures,

and lithology to best characterize facies and facies assamns within the Turner. From

these observations, depositional environment interpretian were made, as a result of un-
derstanding depositional processes and ichnofauna. Dueth® heterogeneous nature of the
Turner in this region, an iterative multi-scale approach wa taken to incorporate microscopic
scale observations to best characterize and sub-divide tfarner into eight facies.

Thin Sections
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Between the four cores, 97 thin sections were available toeusom the USGS CRC, with
six extra thin sections made for supplemental use. These adlin making interpretations of
mineralogy, provenance, diagenetic history, depositiohprocesses, and to characterize the
facies at a ner scale. The heterolithic nature of the Turnemakes thin section texture
analysis necessary to identify small scale variations withthe core.

X-Ray Fluorescence and X-Ray Di raction

To further understand the diagenetic e ects, provenance,ra mineral makeup on reser-
voir quality, XRD data was available for two cores, the Colen@-10 and the McTuillin Federal
7, aiding in the geomechanical and petrophysical understding of the reservoir rock. The
XRF data was collected on 80 feet of the Colen 10-10 core. XRF waslected to help better
understand the elemental and mineralogical changes withihe facies and help better de ne
the depositional history and rock composition within the sidy area.

FE-SEM

Photomicrographs from the FE-SEM, located at the Colorado 8ool of Mines, were
taken for the McTuillin Federal 1 core and the Colen 10-10 cer Twenty- ve total samples
were utilized from di erent facies throughout the two cores They were gathered from the
cores at the CRC and then taken to the thin section lab at CSM fosample preparation
and gold coating to ensure image quality. This aided in anatjng textures, mineralogy, and
porosity trends throughout the rock. The variability within the diagenetic a ects on reser-
voir quality was also analyzed in a ner detail using the FE-SH backscattered electrons,
secondary electron imaging, and electron dispersive spescopy mineral mapping options.
Cathodoluminescence was also utilized for this study on the thin sections to best visualize
diagenetic e ects and secondary quartz growth.

Source Rock Analysis

Source rock analysis was provided for the Colen 10-10 corehelp determine if there

are any total organic carbon content (TOC) relationships wh the target intervals. Three

Rock-Eval pyrolysis peaks were observed (S1, S2, and S3),ichhcan help to determine
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maturity, timing, and potential of hydrocarbon generationin the immediate area. Further
investigation of oil type and migration of potential sourceocks was done in this study with
the aid of one-dimensional basin modelling.
Basin Modelling

A basin model was created using the Dixon Smith 3 well, a nearlwell outside of Finn-
Shurley Field (Figure 1.7), but within close enough proximitythat there is con dence for
its use as a proxy for the maturation pro le of Finn-Shurley Fiéd. BasinMod, from Platte
River Associates, was used to create a one-dimensional basiadel. This model attempts
to display the thermal maturities for the stratigraphy disdayed within the well by matching
modelled curves to known source rock and temperature data aseired within the well. This
model shows what stratigraphic units are likely to be withinthe maturity windows, based
on their burial history in the study area.
Petrophysics

A suite of well logs, which include both raster and digital Igs, were available for the
Finn-Shurley area. These were used to establish petrophyai¢rends and help with sweet
spot identi cation, regional mapping of the reservoir, andcorrelation of intervals, to develop
a stratigraphic framework. Ideally, the lateral variabilty of reservoir intervals can be mapped
using these log suites across a larger region. The primaryg Isuite available was gamma ray,
spontaneous potential, and resistivity.
Subsurface Correlations and Mapping

After analyzing the petrophysical responses of the strata thin Finn-Shurley, subsurface
correlations were made across the study area to illustratdne lateral and vertical extent
of the Turner and it's internal ooding surfaces. Maps were gnerated in Petra using well
log correlations in approximately 750 wells across Finn-Stiely in Weston county. Isopach
and structure maps were vital in understanding the deposidnal environment and thickness
changes. Pay maps were created to visually represent zonétheck hydrocarbon accumula-

tion in the Turner interval.
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CHAPTER 2
BACKGROUND GEOLOGY

2.1 Regional Geology

During the Late Jurassic and Early Cretaceous, the Western tierior Cretaceous Basin
was developed as a complex retro-arc foreland basin in thestexn region of the United
States, due to the subduction of the oceanic Farallon Platender the continental North
American Plate following the breakup of Pangea. The onset dii¢ Sevier Orogeny event was
created from this subduction, allowing for this geologic pwince to experience rapid subsi-
dence. Beginning in the Cretaceous, episodes of shallow dirmg lled the Western Interior
Cretaceous Basin resulting in an epicontinental seaway dog the Barrenian-Aptian time
period (Kau man, 1985). The Sevier Orogeny was a mountain liding event in modern
Utah and Idaho that created pathways for terrigenous sedimé&nto in |l the rapidly sub-
siding Western Interior Cretaceous Basin. The regional sitigraphy of the Western Interior
Cretaceous Basin has an extensive tectonic history, whictas resulted in it's diverse make
up of sandstones, siltstones, shales, and carbonates. Dyn@aand complex plate tectonics
and sedimentation during this time period provided the Westrn Interior Basin with proli c
hydrocarbon reservoirs and world class source rocks withthe Rocky Mountain foreland
structural basins.

The Powder River Basin, located in northeastern Wyoming andositheastern Montana,
is an asymmetrical synclinal basin that developed during thLaramide Orogeny (Late Cre-
taceous to Eocene), and is similar to other Rocky Mountain feland structural basins. The
basin is de ned by multiple structural features (Figure 2.1)including the Black Hills in
the east, the Hartville uplift and Laramie Range to the souththe Casper arch, Bighorn
mountains, and Hardin platform on the west and the Miles City ech, Bull mountains, and

Porcupine dome to the north (Dolton and Fox, 1995). The PRB iasymmetrical with a deep
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basin axis to the west (Figure 2.2). The eastern ank of the bas has a gradual dip of 100
ft/mi to the west and increases to 500 ft/mi along the west, nar the basin axis, which is
demonstrated in Figure 2.2 (Anna, 2009).

Throughout the basin history, multiple conjugate northeasand northwest trending struc-
tures in the basement rocks have surfaced as faults or othdrear zones associated with
the Laramide Orogeny (Figure 2.3) and could have impacted lakand regional sedimen-
tation patterns (Anna, 1986). It was also observed by Weimernal Flexer (1985) that the
Turner Sandy Member thicknesses, as well as other Cretaceanterval thicknesses, seem to
be strongly in uenced by these northeast-southwest and nithwest-southeast trending fault
block lineaments. Figure 2.3 demonstrates the relationshipf these basement lineaments

with producing Cretaceous aged oil elds within the PRB.
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Figure 2.1: Structural de nition of the PRB from Dolton and Fox (1995).
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Figure 2.2: Generalized East to West cross section of the PRBI¢di ed from Anna, 2009).

The Western Interior Seaway extended from the Arctic Sea to thGulf of Mexico and had
a relatively shallow water depth. Figure 2.4 shows a paleoggaphic map of the Western
Interior Seaway during the late Turonian time period and thetime of deposition of the
Turner (Blakey, 2013). The Sevier Highlands, a north-southrénding mountain range, can
be seen throughout modern Idaho and Nevada from which sedintemere being transported
during this transgressive lowstand. Crustal loading and &isequent subsidence allowed for
sediments to travel from the Sevier Orogenic belt down to thpaleo-shelf where they could

prograde into the Powder River Basin and be deposited.
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Figure 2.3: Distribution of oil and gas elds and structural ineaments in the PRB.
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The Upper Turonian aged Turner Sandy Member of the Carlile $he is composed of
interstrati ed mudstones, siltstones, and sandstones, vith were deposited near the end
of the middle Turonian after a worldwide drop in sea level (Haock and Kau man, 1979).

Merewether et al. (2007) further re ned the stratigraphy awl determined the biostratigraphic
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zones fromScaphites warrenito Prionocyclus germarito constrain the Turner and equivalent
Wall Creek Member of the Frontier Formation (Figure 2.5). TheScaphites warreniis the rst
depositional cycle within the lower Turner and can be idengd within the subsurface as a
major ooding surface. ThePrionocyclus germaricaps the upper Turner cycle and can also
be identi ed and correlated within the subsurface as the topf the Turner member. There
is a third depositional cycle that occurs within the Turner,the Scaphites whit eldi which
can also be traced within the subsurface. This speci c cycle used to divide the Turner
into a lower and an upper unit. With the re ned stratigraphy, the Turner can be separated
in to three zones that represent larger depositional cyclespped by ooding surfaces and

represent changes in the Western Interior ammonite zone.

Figure 2.4: Paleogeography map of the Western Interior Seayvduring the late Turonian in
the PRB (outlined in red). (Modi ed from Blakey, 2013).
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Figure 2.5: Biostratigraphic chart for the Western Interior Red box highlights the zones

corresponding to the Turner age (Modi ed from Merewether eél., 2007).

19




2.2 Regional Structural Setting

The Sevier Orogeny took place during the late Jurassic to Eaw approximately 120
to 50 million years ago, which created a north to south trendg fold and thrust belt along
the western margin of North America. Syn-orogenic depositicand crustal loading resulted
in increased subsidence within the Western Interior Cretaous Basin east of the Sevier
highlands. The Western Interior Cretaceous Basin was one thie largest foreland basins in
the world, extending all the way from the Arctic to the modern Glf of Mexico (Weimer and
Flexer, 1985). Turonian-aged reservoirs are comprised ofiseents that were derived from
this western fold and thrust belt called the Sevier Highlangl Global tectonics and eustacy
during this time dramatically controlled changes in sea l& and sedimentation patterns in
the Western Interior Seaway. Thickness of the Turner seems be strongly in uenced by these
northeast to southwest trending fault block movements (Wener and Flexer, 1985). However,
on a broad scale, the Turonian aged sediments show a thinnit@the southeast, which may
be related to the Belle Fourche Arch (Slack, 1981). Transgragse and regressive episodes
caused progradation and retrogradation of near shore sedinis, resulting in deposition of
the reservoirs, seals, and source rocks that occur withindlPRB. A sea level curve showing
these transgressive and regressive events is shown in Figré. The Powder River Basin
developed as a Laramide structural feature and an asymmetai foreland basin within the
Western Interior between 75 and 35 million years ago (Anna, @9). Rapid subsidence
resulted in high rates of sedimentation along the shorelinshelf, and slope environments.
Deeper parts of the basin experienced much slower sedimeiua rates allowing for large
amounts of organic matter to accumulate.

As mentioned previously, during the Laramide Orogeny, nortlast-southwest trending
basement features were reactivated and controlled localmtesition and erosion. These lin-
eaments were identi ed from gravity surveys, satellite imges, and stratigraphic thickness
anomalies. Figure 2.3 shows the alignment of hydrocarbon ds with these structural linea-

ments that occur throughout the basin. This image shows a aalation between the Upper
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Cretaceous oil elds and the locations of these features. &hmajority of the production
from Cretaceous aged sandstones is from structural clossi@ong the western margin of the
PRB or from normally pressured stratigraphic traps on the estern ank of the PRB. The
central, highly overpressured, part of the basin has beenskorically lightly explored (Parks

and Gale, 1996) but is now the focus of more intense horizohtilling (Figure 2.9).
2.3 Regional Stratigraphy

Cretaceous strata within the PRB have an extensive and congx tectonic history that re-
sulted in highly variable thicknesses, lithologies, and gesitional patterns. The stratigraphic
sequence from the base of the Mowry Formation to the top of tidiobrara Formation is com-
posed of marine shales, siltstones, sandstones, chalkg] &mestones (Weimer and Flexer,
1995). Variations in tectonic activity, sea level uctuations, and sediment supply create a
complex stratigraphic record that was either preserved or@ded away. Within the PRB,
the Mowry Shale was deposited following the deposition of thduddy Sandstone and was
succeeded by the deposition of the Belle Fourche Formationagthen the Greenhorn Lime-
stone. Following this, the Carlile Formation (which inclugks the Pool Creek member, Turner
Sandy member, and the Sage Break member), was deposited op tf the Belle Fourche
Formation. Above the Carlile Shale, the Niobrara was deposileén open-marine conditions.

A typical log pattern for the Upper Cretaceous sediments, aselN as major erosional
surfaces can be seen in Figure 2.6. Most of the disconfornstim the Upper Cretaceous
strata are distinguished by hiatuses in the fossil record (étewether and Cobban, 1985).
Although there are many, the ones concerning this study willdthe Turonian and Coniacian
disconformities from Merewether et al. (2007). Within the estern PRB, the Coniacian
disconformity occurs at the base of the Niobrara Formation, le the Turonian disconformity
occurs at the base of the Turner Sandy member, or the chroncatigraphic equivalent, the

Wall Creek member of the Frontier Formation.
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a. Mowry Formation

The Mowry Shale is a prominent Lower Cretaceous hydrocarbosource rock within
the PRB. It was deposited as a siliceous organic-rich mudio@uring maximum marine
transgression from the end of the Lower Cretaceous Albian toeBomanian (Merewether,
1996). It ranges in thickness from 100 ft to 400 ft in the cerdi part of the basin (Momper
and Williams, 1984). The organic matter is dominantly Type Ilkerogen with minor amounts
of Type Il present, suggesting a strong marine in uence. Tdraverage total organic carbon
content (TOC) weight percent across the basin for the Mowry [&le is approximately 3
weight percent (Modica and Lapierre, 2012). In addition, tare are multiple bentonite beds
within this stratigraphic unit that can be correlated throughout the PRB in petrophysical
well logs (Slaughter and Early, 1965).

b. Belle Fourche Formation

Conformably overlying the Mowry Shale, is the Belle Fourchedfmation. This is com-
posed of very ne-to ne-grained sandstones interbedded thi bentonite beds. This forma-
tion can occur greater than 50 ft thick in some regions and care easily identi ed on well
logs by the widespread Clay Spur Bentonite present at the balscontact with the Mowry
Shale. The top of the Belle Fourche Formation is marked by atiger thick bentonite bed.
This upper bentonite bed is equivalent to the X-Bentonite oflte Denver Basin. Reservoir
guality in this unit occurs in sandstones known as the Frongér sandstones which have vari-
able porosity, ranging from 5 to 15 percent, and permeabils, which range from less than 1
to 100 mD. The Belle Fourche is early to middle Cenomanian irga and is typically con ned
to the southwestern part of the basin.

c. Greenhorn Limestone

Conformably overlying the Belle Fourche Formation is the Gegenhorn Limestone. The
Greenhorn consists of interbedded calcareous and orgariah shale, limestones, and ben-
tonite beds deposited in an open-marine environment. The €nhorn Limestone is middle

Cenomanian to early Turonian in age and generally thicken® tthe west, closer to the sed-
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iment source. This thickness pattern is also seen within th@reenhorn Formation within
the Denver Basin, as mapped by Sonnenberg and Weimer (198The Greenhorn is clearly
distinguished on well logs in the subsurface, as well as intowwp that are located in Weston
County, Wyoming.

d. Carlile Shale: Pool Creek Member

Conformably overlying the Greenhorn Limestone is the Poolr€ek member of the Carlile
Shale, the lowest member of the Carlile Shale Formation. ThH@ol Creek Member is a middle
Turonian, dark gray, silty, marine shale (Weimer and Flexer1985). This unit wedges out
westward and can reach up to 140 ft thick in the east and southst. At the top of the Pool
Creek, an erosional surface is present and is characterizgda chert and quartz pebble lag
containing shark's teeth (Rubey, 1930; Cobban, 1952; Weimand Flexer, 1985; Merewether,
1996). This erosional surface removes the shale moving wesd until it eventually cuts
into the Greenhorn Limestone. Weimer and Flexer (1985) intpret the Pool Creek as being
deposited during the early stages of the Greenhorn Sea Reggien, prior to the prolonged
lowstand of Turner deposition (Figure 2.7).

e. Carlile Shale: Turner Sandy Member

Unconformably deposited on top of the Pool Creek member is tistratigraphic interval
of interest for this study, the Turner. It has been delineaté into upper and lower sandstone
intervals (Rice and Gaskill, 1988) with multiple ooding sufaces containing multiple cycles
of coarsening upward parasequences. The Turner is consateto be a chronostratigraphic
equivalent to the Wall Creek Member of the Frontier Formation in central and western
Wyoming. It is also equivalent to the Codell Sandstone withirthe Denver Basin, and the
Ferron Sandstone in Utah. The lithology of the Turner is chareterized by interstrati ed
mudstone, siltstone, and sandstones that were depositedanghe end of the middle to late
Turonian during a worldwide drop in sea level (Figure 2.7). Tickness averages between 80
to 300 ft and this unit thins to the west. Most of the hydrocarlon production occurs in

areas of thicker strata.
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f. Carlile Shale: Sage Breaks Member

The upper member of the Carlile Shale is the Sage Breaks membehich was deposited
on top of the Turner Sandstone. It is upper Turonian to Coniaan in age from fauna data.
It is composed of laminated marine shale and is conformablathvthe underlying Turner
Sandy Member. In outcrop, many calcareous concretions lageare present. The Sage Break
ranges from 100 to 300 ft thick with a large erosional surfa@ the top directly below the
contact with the Niobrara Formation. Major areas of thinningwithin this unit are associated
with this widespread erosional surfaces.

g. Niobrara Formation

The nal stratigraphic unit that is pertinent to this study, is the Niobrara Formation.
The formation was deposited in early Campanian time as pelagcarbonates and limestones
in the Western Interior Seaway during a prolonged highstan@vhere water depths ranged
from 200 to 500 ft deep. Regionally, the Niobrara is composedl @llochems such as chalk
pellets, inoceramids, oyster shell fragments, and foram3he primary matrix is composed
of mud, clay, and silt (Anna, 2009). The Niobrara Formation cotains Type Il kerogen and
averages more than three weight percent TOC, suggesting nra input. The permeability
within the Niobrara is generally lower than 0.01 mD and porosi averages 10 percent.
The carbonates of the Niobrara are considered the primary hyacarbon source for Upper
Cretaceous reservoirs within the PRB. Hydrocarbons were gaated and began migration
upon reaching burial depths in excess of 7,000 ft (Anna, 2009t this depth, models suggest
signi cant generation should have started with 8,000 ft of werburden (Figure 3).

h. Other Cretaceous Units

Although not relevant for this study, some of the other Upper Ggtaceous units that occur
in the eastern PRB include the Shannon Sandstone, which is achl reservoir, the Pierre
Shale, and Steele Shale units (Figure 1.2). These units aré @ampanian in age and are

primarily targeted on the western and central regions of th®owder River Basin.
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Figure 2.7: lllustration of the Cretaceous transgressiveegressive cycles de ned by Haq
(2014). Red box indicates the Turner depositional interval

2.4 Petroleum Geology

The Turner is part of a well developed petroleum system thatds produced signi cant
amounts of hydrocarbons within the Rocky Mountain basins ithe United States. It has
been de ned by the United States Geological Survey (USGS) as anventional assessment
unit (Frontier-Turner) within the Niobrara Total Petroleum system with huge undiscovered

resources (Anna, 2009). Both the overlying Niobrara Formatioand the underlying Mowry
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Shale serve as world class source rocks for this reservoteiwal. However, within Finn-

Shurley Field, the Niobrara is not buried deep enough to be thesally mature (Anna, 2009);

Therefore, hydrocarbons would have had to migrate from theegion where the Niobrara
Formation is mature and buried greater than 8,000 feet. Mongy and Williams (1984)
show that the Mowry Formation, although mature, is in the ealy oil window within the

eastern PRB. Migration could have taken place through faudt and fracture systems from
where the Mowry has reached peak maturity in the central parbf the basin. Momper
and Williams (1984) also suggested that migration from the $a Breaks Member, the Belle
Fourche Shale, and the Greenhorn Limestone, are also possitd have sourced the Turner.
The Turner reservoir produces light crude oil with API gravites that average 43 API, as

well as associated gas. Thus suggesting a highly mature smufor the Turner.
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Figure 2.8: Petroleum system elements chart for the Turner 8dy Member of the Carlile
Shale. (Modi ed from Anna, 2009).

The Turner is a low permeability reservoir with porosity valies ranging between 8 to 12
percent in the highest quality reservoir intervals. Thesealues are not uniform across the
entire PRB due to facies, diagenesis, and paleo-environmh@hanges (Heger, 2016). Both
structural and stratigraphic trapping mechanisms are presit within the PRB. However,

stratigraphic trapping mechanisms dominate the Turner resvoirs, due to the low perme-
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ability values and its heterogeneous lithologies. The Tuer is considered a unconventional
stratigraphic trap, due to its geologic criteria of a low peneability, tight reservoir, and en-
gineering criteria of its ability to be drilled horizontally and completed with a large volume

multi-stage completion.
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Figure 2.9: Well penetration map showing completion date fofurner wells within the
southern PRB (from Enverus, 2019).

Operators producing from the proli ¢ Wall Creek and Turner nembers use an average of

21 fracture stages to complete their horizontal wells. Wedittributes, such as lateral length
and orientation, do not appear to in uence the production ofthe wells within the Turner

(Toner, 2019). Figure 2.9 shows a well penetration map with owpletion dates throughout
the southern PRB since 1980. Although most of the Turner comgtion activity is located

in Campbell and Converse counties, Weston County has alsodoene a horizontal target as
denoted by the darker red circles (Figure 2.9). Operators aréla to produce large amounts
of oil and gas volumes from both normally pressured and abmoally pressured reservoir

conditions. This is important as the Turner pressures varyhroughout the basin. The dis-
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continuity of overpressuring throughout the Turner implies that compartmentalization may
exist within this unit (Figure 2.10). When compared to the equalent Wall Creek Member
of the Frontier Formation, the Turner is shallower and at a laver reservoir temperature than
its counterpart. However, each formation is a target for hazontal drilling for various reasons

such as reservoir depth, pressure, rock quality, and hydmabon saturation.
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2.5 Previous Work

Although the Turner is one of the most targeted reservoirs whin the PRB, very little
work has been published in the last decade about its resemvaharacteristics and explo-
ration potential. The majority of the work done on the Turner, although minimal, is on
the depositional environment for mapping purposes and fas distribution. However, the
depositional interpretation for the Turner is vastly debaed and argued. This section will
attempt to explain some of the more common interpretationsas well as the uncertainty for
even the most recognized and accepted interpretations.

The rst publication that studied the Upper Cretaceous strata in the PRB was Rubey
(1930) who named the Turner Sandy Member of the Carlile Shateom outcrop located in
Weston County, Wyoming. Rubey (1930) noticed a possible unafmrmity at the base of the
unit with abundant shark teeth near the erosional surface. fie Turner was described as a
sandy shale, siltstone, thin bedded sandstone, and congleratic unit that outcropped along
Turner Creek.

There are some authors who group the Turner into the same degptional environment
as the Wall Creek member of the Frontier Formation (Merewettr et al., 1979; Winn, 1991;
Gustason, 2015). The most common interpretation for the WhCreek's depositional envi-
ronment is a prograding, top-truncated lowstand deltaic sstem in uenced by waves, tides,
and storms. Merewether et al. (1979) proposed a north-nogtast sediment transport direc-
tion during the Turonian. However, cross-bedding within thélurner suggest a paleocurrent
from the southeast, which was interpreted as storm reworkinof the original deposit which
transported sediments away from the delta-strandplain syam.

In contrast, there are several authors who do not group the WeCreek and the Turner
together and have made new or di erent interpretations. Haur{1958) observed outcrops on
both the western and eastern margins of the PRB. He suggestdtht the Turner occupied a
similar stratigraphic and biostratigraphic position as tke Wall Creek member of the Frontier

Formation in the west and contained three di erent members.

30



Merewether (1980, 1996) suggests that the Turner was degediin a more distal setting
than the Wall Creek, with shelf sand bars fed by high energy tas. Merewether (1996)
noticed progradational parasequences and then suggestéattthe sandy lithology of the
Turner was deposited in a shallow-marine environment on a alfy particularly where the
member is sandy, as a distal delta lobe, and possibly closeldavland vegetation.

Weimer and Flexer (1985) used petrophysical well logs to cetate reservoir intervals and
map them throughout the PRB. They observed three di erent lihologies within the Turner:
1) a lower lens of gray, ne to medium grained, pebbly congloenatic sandstone occurring in
an overall ne-grained sandstone body. 2) A middle gray, negrained sandstone alternating
with thin layers of siltstone or shale with light bioturbation. 3) an upper gray, ne-grained
and highly bioturbated, glauconitic sandstone. Weimer andrlexer (1985) interpreted the
lower Turner as brackish to marine deposits lling erosiorlavalleys, which cut in to the
Greenhorn and Pool Creek.

Rice and Gaskill (1988) subdivided the Turner into upper antbwer sand intervals where
Rice and Keighin (1989) then further split them into two straigraphic parasequences that
could act as a stratigraphic trap. The upper interval contais Scaphites whit eldi and lower
contains Scaphities warrenj separated by a marine mudrock. They suggest that as sea level
rose during the late Turonian, a wave dominated shelf with stm in uence setting deposited
the lower Turner, while the upper Turner sediments were degited below fair weather wave
base.

Melick (2013) described the Turner as being deposited beldair weather wave base on
a shallow shelf. Melick (2013) speci es that sediment inpuwas from hyperpycnal ows, or
sediment gravity ows. Heger (2016) generally agrees with ishinterpretation, but suggests
that the lower Turner was deposited near storm wave base.

The Mowry Shale and the Niobrara Formation are considered twpossible source rocks
for the Turner reservoir (Momper and Williams, 1984; Dolton ad Fox, 1995; Anna, 2009).

Momper and Williams (1984) suggest that oil began to expel fno Cretaceous source rocks
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starting in the early Tertiary, where expulsion was contrééd by structural features. Anna
(2009) suggested that within the eastern margin of the basimear the location of Finn-
Shurley Field, hydrocarbons sourced from the mature Mowry miated up along faults into
the reservoir and that the Niobrara is not within the maturity window. Momper and Williams
(1984) show that within the eastern margin of the PRB, the Mowy is in the early oil window.
Rahman et al. (2016) con rmed migrated hydrocarbon contribtions to the Turner from both
the Mowry Shale and the Niobrara Formation.

There have been numerous Turner wells drilled within the PRBand nearly 800 within the
study area. Of these vertical wells, very few have drill stetests or production tests available,
even though oil staining can be seen in outcrop. With the advases in horizontal drilling,
past production testing and methods do not accurately evadte the potential for Turner
production. Nearly a decade ago the USGS assessment of the BeynTurner Sandstone
assessment unit gave an average estimate of total undisa@ee resources of 10.18 million
barrels of oil, 40.47 billion cubic feet of gas, and 2.91 nah barrels of natural gas liquids
(Anna, 2009).

The increasing attention on the Turner reservoir will aid incontinued research to better
understand the petroleum potential throughout the PRB. TheTurner has been subject to
several stratigraphic and structural framework studies. Heever, not much has been done
in terms of reservoir characterization and geochemical dgais. This study will attempt to
bridge those gaps and help better de ne an interpretation fathe depositional environment
of the Turner within Weston County, Wyoming. Facies and facig associations, reservoir
characterization, well log analysis, and basin modelling ivbe used extensively within this
study along with the information from previous studies to bter understand the Turner in

the Powder River Basin.
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CHAPTER 3
CORE ANALYSIS

3.1 Overview

This chapter focuses on the classi cation and discriminain of facies observed within
the lower Turner interval through the utilization and integration of core description, petro-
graphic thin sections, and FE-SEM analysis. A total of four aes were made available from
the United States Geological Survey (USGS) Core Research Cem{CRC) for the study
area. Cores in Finn-Shurley eld were all viewed and descriden detail at the CRC. Cored
intervals were all within the Turner Sandstone member of th€arlile Formation, and will
be referred to as the Turner. More speci cally, the four corkintervals are within the lower
Turner, which is de ned in this study as below a correlatableooding surface that sepa-
rates the upper and lower Turner zones, and totals 271 feet obre across three townships
(Figure 3.1). In general, conventional characterization erts are su cient to capture larger
scale changes in lithology within the Turner. However, theseharacterization methods are
generally too coarse to observe small scale changes in matagy, rock properties, and reser-
voir quality that govern potentially economic wells. In oreér to account for and observe
these small changes, supplemental and iterative work witthih section petrography, FE-
SEM analysis, X-ray Fluorescence (XRF), and X-ray Di raction (XRD) were necessary for
facies classi cation of the Turner. The primary objective bthis project was to characterize
the reservoir potential within the highly heterolithic strata of the lower Turner, the primary
producing interval in Finn-Shurley Field. Four core descripbns were compiled to identify
eight facies, which are described below, based upon lithgyo grain size, mineralogy, sedi-
mentary structures, ichnofauna, and bioturbation levelsOf these eight facies, four reservoir
facies were identi ed by integrating routine core analysjsXRF, and XRD to make assump-

tions about the rock quality and the mechanical stratigrapia Distribution of these facies
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across Finn-Shurley was also investigated and compared a&sdhe four key cored wells to
then be discussed in relation to stacking patterns and intpreted depositional processes and

environments.
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Figure 3.1: Location and names of cores described for this dyuwithin Weston County,
Wyoming.

3.2 Core Descriptions

The Colen 10-10, McTuillin-Federal 1, Perpetual Finn 8, and Eiling-Federal 7 cores
were the four cores described in detail for this study. Thisedailed description includes
lithology, bioturbation intensity levels, abundance and tversity of ichnofauna, sedimentary
structures, percentage of mud, and grain size. All four wellsere cored through the lower
Turner, where only the Perpetual Finn 8 is interpreted to havebeen cored through the
surface that separates the lower and upper Turner. This mearnhe Perpetual Finn includes
approximately 9 feet of the upper Turner interval and 51 feebf the lower Turner interval,
where the Colen 10-10, McTuillin-Federal 1, and the DreilgpFederal 7 are only cored in the

lower Turner interval and do not appear to intersect theScaphites whit eldi ooding surface.
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The Scaphites whit eldi is de ned as the separation between the upper and lower Tume
intervals (Heger, 2016). Each core was described in detail bgnd drawings at the USGS
CRC, then digitized in Strater (Figure 3.2). The descriptios illustrate variations in grain

size, sedimentary structures, levels of bioturbation, anfhcies classi cation throughout the

cored stratigraphy.
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Figure 3.2: Core description of the Colen 10-10 well. The fasilegend is on the far right side
with the core description showing depth, grain size, lithogy, facies, and bioturbation index.
Also included is a gamma ray log and interpreted key stratigphic surfaces, which include
a minor ooding surface (MnFS), a ooding surface §. warreni), and an unconformity.
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3.2.1 Colen 10-10

The Colen 10-10 core is a vertical well operated by M & K Oil Copany and is located
in Sec 31, T42N, R64W within Weston County, Wyoming. Accordingd the Wyoming Oil
and Gas Conservation Commission (WOGCC), the Colen 10-10 sveompleted on November
30th, 1983. This well has produced 42 thousand barrels of (MiIBO) and 90 thousand cubic
feet of gas (MMCF) to date. This core is 86 feet long through th&urner, and the longest

of all the Turner cores in this study.
3.2.2 McTuillin Federal 1

The McTuillin Federal 1 core is a vertical well operated by M & Oil Company and
is located in Sec 31, T43N, R64W within Weston County, Wyoming.According to the
WOGCC the McTuillin Federal 1 was completed on January 12th, 982. This well has
produced 49 MBO and 106 MMCF of gas to date. This core is 65 feleing through the

Turner and is the second longest Turner core in this study.
3.2.3 Perpetual Finn 8

The Perpetual Finn 8 core is a vertical well operated by ChenyilManagement Company
and is located in Sec 5, T42N, R64W within Weston County, Wyomop According to the
WOGCC the Perpetual Finn 8 was completed on February 2nd, 1983 his well has produced
56 MBO and 96 MMCF of gas to date. This core is 60 feet long thrgh the Turner.

3.2.4 Dreiling Federal 7

The Dreiling Federal 7 core is a vertical well operated by Chaly Management Company
and is located in Sec 15, T42N, 64W within Weston County, Wyom@ According to the
WOGCC the Dreiling Federal 7 was completed on March 2nd, 198%his well has produced
38 MBO and 71 MMCF of gas to date. This core is 60 feet long thrgh the Turner.
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3.3 Key Stratigraphic Surfaces

Based on observation of the four Finn-Shurley cores and preus surface outcrop work
throughout Wyoming conducted by Rubey (1930), Haun (1958), Mewether (1979, 1980),
and Heger (2016), four key stratigraphic surfaces were obged throughout the four cores
within the study area. A key stratigraphic surface is de nedfor this study as a lithologic
boundary with observed juxtaposition across the interpretd stratigraphic boundary. Figure
3.3 shows an example of 3 of the key surfaces and their intezfd location on the Colen
10-10 core. These interpreted surfaces include an uncomfdy, a major ooding surface,
and a minor ooding surface. Minor erosional surfaces are nuisible at this scale, but

observed in closer proximity in several locations throughib the core.

....... Mid-Turonian Unconformity

*Colen 10-10

42N 65W Sec 10

— FS (minor) = —— FS (Scaphites warreni)

Figure 3.3: Core photos from the Colen 10-10 core displayingetMid-Turonian unconformity
(red dashed line) with the underlying Poole Creek member dfi¢ Carlile Shale at 5,307-5,308
ft. core depth. A minor ooding surface (blue solid line) wih a medium- to ne-grained
sandstone underlying a mudstone bed. at 5296-5297 ft. corepth. And a major ooding
surface (red solid line) with a ne sandstone underlying an odstone at 5263-6264 ft. core
depth, capping the top of a Turner depaosition cycle.
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3.3.1 Mid-Turonian Unconformity

The three members that make up the entirety of the Carlile she, include the Pool Creek
Member, the Turner Sandy Member, and the Sage Breaks Membdrhese individual mem-
bers are separated by distinct lithologic boundaries, botbonformable and disconformable,
of Turonian age. The base of the Turner is a prominent litholgic boundary. The base of the
Turner is identi ed by a very ne-grained sandstone overlymng the argillaceous Pool Creek
mudstone (Figure 3.4). This boundary is visible in petrophysal well logs and core, when
data across the boundary is available. This boundary is intereted as an unconformity rep-
resenting 2-3 missing ammonite zones or approximately 2.48llion years of missing time
from the geologic record, or a period of no deposition (Merether et al., 2011).

This unconformity is correlatable across the entire PRB athte base of the Turner in the
eastern PRB and at the base of the Wall Creek Member of the Froer Formation, the time
equivalent formation in the western PRB (Merewether, 1979) Sea level curves from Haq
(2014) denote that this beginning of the Turner time period &s marked by a lowstand after a
regional drop in sea level of the Greenhorn Sea following P&reek deposition. This forced
regression is interpreted to be what allowed for the ne-graed sandstones and siltstones
of the Turner to prograde out and deposit across the easternRB. Although there is no
evidence for sub-aerial exposure during this regressionsafa level within these cores, some

authors have suggested sub-aerial exposure could have ol (Weimer and Flexer, 1985).
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Figure 3.4: Core photo from the Colen 10-10 core displayingeatMid-Turonian unconformity

(red dashed line) with the underlying Poole Creek member dfi¢ Carlile Shale at 5,307-5,308
ft. core depth.

3.3.2 Flooding Surface

Major ooding surfaces (FS) are present within the four core®cated in Finn-Shurley
Field. These surfaces are observed as sharp, non-gradatiaantacts between an underlying
ne-grained sandstone and an overlying argillaceous mudste (Figure 3.5). These litholog-
ical changes are a result of an increase in water depth withanlocal region. From core and
log observation, the Turner is composed of multiple coarseg upward sequences, capped
with a ooding surface. These surfaces are visible on petrdogsical well logs and some are
even correlatable in the Turner across Finn-Shurley. Acroséé four cores, the deepest, or
rst occurring, major ooding event marks the top of a Turner deposition cycle, which will
be referred to as the Turner one zone. The Turner one zone igerpreted to be present

within each core in Finn-Shurley Field and can be correlated well logs as a sharp increase
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in gamma ray response within the subsurface across the stualea. Although it is necessary
to point out, in two of the cores, Colen 10-10 and Perpetual Fm8, there is a minor ooding
surface seen both in well logs and core, that occurs prior tbé major ooding event that
marks the top of the Turner one zone. However, this is interpted as a minor and local
ooding event within those two cores. The top of Turner one hs also been interpreted to
be the top of the Western Interior ammonite zonescaphites warreni Based upon outcrop
to subsurface work and observations of ammonites on the sacé by Heger (2016), the top
of this surface is correlatable into the subsurface using Wegs and core across the study
area, however, there are no visible ammonites within the erto con rm the subsurface
correlation.

The second major ooding surface present is only present ilé core of the Perpetual
Finn 8, but is visible and correlatble in petrophysical welldgs across the eld as a sharp
increase in gamma ray response. This marks the top of a secaydle of deposition within
the Turner, or the Turner two zone. This speci ¢ surface is iterpreted as the top of a second
ammonite zone present within the Turner from outcrop work, he Scaphites whit eldi The
top of this depositional cycle is also typically used as theparation between the lower Turner
and the upper Turner intervals.

The lower Turner is separated from the upper Turner largely uk to variations in facies
assemblage and distribution, diversity of ichnofauna andtensity of bioturbation, as well
as reservoir characteristics such as porosity, permeatyiliand reservoir thickness. This is
an important distinction, as the lower Turner is the primaryreservoir target in the eastern
region of the PRB, where the upper Turner is the primary resgoir target in the central
portion of the basin. Comparison of these variations is codgred outside the scope of this

study due to limited core data of this upper unit in Finn-Shuréy Field.
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Figure 3.5: Core photo from the Colen 10-10 core displayingdl$caphites warreni ooding
surface that is present throughout the subsurface and at thimp of an upward coarsening

sequence at 5,263-5,264 ft. core depth. Argillaceous mudste overlying ne-grained sands
can be observed at each FS within the Turner interval.

3.3.3 Minor Flooding Surface

Multiple minor ooding surfaces (MnFS) are interpreted to bepresent in the cores in
the study area. A correlatable MnFS in present in two of the ces, Perpetual Finn 8 and
Colen 10-10, where a medium-grained sandstone is presentolbebpproximately 6 inches
of interbedded mudstone and siltstone (Figure 3.6). The MnFSypically occur within a
larger depositional cycle, such as the Turner one or two zane They can also be seen
in petrophysical well logs as a slight increase in gamma rayhen compared to the major
ooding surfaces. This is due to the fact that these MnFS have amaller thickness of
preserved mudstones, typically 3-6 inches thick. These $ares could represent small periods,

potentially 3rd or 4th order cycles, of ooding during the oerall transgression of sea level.
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Figure 3.6: Minor ooding surface within the Colen 10-10 cor¢hat shows a medium- to
ne-grained sandstone underlying a mudstone and siltstonebserved at the core depth of
5296-5297 ft core depth.

3.3.4 Minor Erosional Surface

Minor erosional surfaces (MNES) were also pervasive thrdumut the cores within the
study area. Figure 3.7 shows two examples in the Colen 10-10ewhere the observed ne-
grained sandstone are found overlying a bioturbated shalexery ne-grained sandstone with
another minor erosional surface at the base of this facieshdse surfaces are representative
of pre-existing sediment being eroded away from indicatienof scour surfaces and non-
deposition in the core. These surfaces are post depositibagents and cannot give accurate
assessment of sedimentation rate. However, they can explgiariods of non deposition and

increased bioturbation levels.
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Figure 3.7: Minor erosional surface within the Colen 10-10 mothat shows the observed
sandstone facies eroding into the underlying bioturbated¢ies by scour surfaces at the core
depth between 5246-5247 ft.

3.4 Facies Description

The Turner is a highly heterolithic interval composed of varing thickness of interstrati-
ed mudstone, siltstone, and sandstone beds. The Turner f@és can vary anywhere from an
argillaceous silty mudstone, to a well preserved ne-gra@d sandstone with sharp sedimen-
tary structures and heavily de ned mud drapes. Ultimately, poper and detailed multi-scale
facies description can help with understanding the contrelon the best porosity and perme-
ability intervals within the lower Turner. By understanding the primary drivers on the best
reservoir quality rock, this study can optimize targeting bthese sandstones intervals for hor-
izontal drilling and be in zones with ideal mechanical proptes for completion. Eight facies

were identi ed and described in detail within the Turner through the integration of core,
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thin sections, and XRD mineralogy data, when available. Thedrner is primarily composed

of very ne-grained sandstones, which can be discerned andssi ed with a hand lens. The

mud and silt size grains needed to be supplemented with thiecion photomicrographs for

successful classi cation. Once classi ed, each facies wietermined to be a reservoir facies
or a non-reservoir facies, based upon core analysis and balkneralogy. Also noted were
common sedimentary structures, bioturbation types and dersity, and grain size with mud

abundance, all which vary heavily from facies to facies. The additional observations help
reveal distinct features if facies have similar grain sizend mineralogy. From petrographic

analysis, secondary cements and diagenetic fabrics werearporated to better comprehend
diagenetic e ects on reservoir and non-reservoir facies.

Figures 3.8-3.10 summarize the de ning characteristics angriations in the eight iden-
ti ed facies and their rock properties. This includes core lpotos, thin section photomicro-
graphs, mineralogical makeup, and rock quality. Rock quali properties include average
porosity, permeability, total organic carbon content (TOQ, and an estimated pore throat
size R3s) (Equation 3.1). The Rgss calculation gives information of uid ow and storage
guality of the rock by estimating pore throat radii with 35 pecent non-wetting phase satura-
tion during capillary pressure tests. Using the Hartman et al(1999) classi cation, porosity
and permeability values can be used to estimate the pore trabsize of a rock without the
need for mercury injection capillary pressure tests. Thisids in understanding the pore
network and pore geometries in addition to the ow capacity ad storage capacity of the

reservoir rocks.

Ras = 10(0:732+0:588|09Ka 0:864log ) (31)
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Figure 3.8: Summary of Facies 1, 2, and 3 for this study of thewer Turner in Finn-Shurley
Field. Figure includes facies name, a representative core phoa thin section photomi-
crograph, XRD mineralogy, porosity, permeability, number bavailable core data points,
measured TOC, and aRgzs calculation. Blue epoxy in the thin section photomicrograip
represents porosity.
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Figure 3.9: Summary of Facies 4, 5, and 6 for this study of thewer Turner in Finn-Shurley
Field. Figure includes facies name, a representative core phoa thin section photomi-
crograph, XRD mineralogy, porosity, permeability, humber bavailable core data points,

measured TOC, and aRgzs calculation. Blue epoxy in the thin section photomicrograip
represents porosity.
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Figure 3.10: Summary of Facies 7 and 8 for this study of the low&urner in Finn-Shurley
Field. Figure includes facies name, a representative core pioa thin section photomi-
crograph, XRD mineralogy, porosity, permeability, number bavailable core data points,
measured TOC, and aRgzs calculation. Blue epoxy in the thin section photomicrograip
represents porosity.

3.4.1 Facies 1: Bioturbated, Shaley, Very Fine-Grained Sandstone

Facies 1 is composed of light grey to grey, shaley, ne- to weme grained sandstone
with a high intensity of bioturbation (Figure 3.11). This fades dominantly occurs in the
upper Turner and the shallowest cycle of the lower Turner, dhe Turner two zone, in each
of the cores throughout Finn-Shurley Field. Trace fossils, whepreserved, areAsterosoma,
Thalassinoides,and Teichichnus with a bioturbation index (BI) of 5-6. This facies has a

high diversity of trace fossils preserved, and due to the ge intensity of bioturbation, no
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sedimentary structures were observed in this facies. Poitysfrom core suggest this facies
has an average porosity of 14% percent, with a range from 1694, and permeability of 0.12
mD with a range from 0.06-0.26 mD. From these core data pointan averageRss, which is
used as a proxy for pore throat size, of 0.43n was calculated, suggesting that this facies is
dominated by micropore throat sizes. From these average uak, this facies was interpreted
to be a potential reservoir facies. TOC values from sourcedlo analysis done on the Colen
10-10 core determined a value of 0.45 weight percent TOC frane core point for this facies.
X-ray Di raction (XRD) show that this facies is dominated by quartz, greater than 50%,
with a clay percentage of 34%. Clay types from XRD suggest mbsillite/muscovite and
mixed layer clays. Other constituent minerals include plagclase and potassium feldspar,

which range between 2% and 6%, respectively.

Figure 3.11: Facies 1: Bioturbated, shaley, very ne-graimesandstone. A) shows a repre-
sentative core photo of the highly bioturbated and muddy faes. B) shows a representative
photomicrograph of the facies in thin section at a depth at 52 ft in the Colen 10-10 core.
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3.4.2 Facies 2: Laminated, Muddy, Very Fine- to Fine-Grained Sandstone

Facies 2 is a light grey, laminated, muddy, very ne-to ne-gained sandstone. This facies
preserves well developed sedimentary structures and lam@iions (Figure 3.12). Laminations
include wavy and aser lamina, as well as planar to low anglaminations, hummocky and
swaley cross strati cation, and ripples. It is also distingished by mud drapes and paired
mud drapes between sand beds. These interstrati ed sand Isdan range in thickness from
centimeter scale, to several inches thick separated by mudages, paired mud drapes, or
even 1-2 inch thick mud beds. This facies has slight to no bigbation, or a Bl of 1-2.
When bioturbation is observed, it is primarily Planolites that occur within the mud drapes.
Overall, this facies has a low diversity of trace fossils. &m core analysis, it has an average
porosity of 13%, with a range from 9-16%, and an average perbdity of 2 mD, with a
range from 0.08-8 mD. From these values, an averaBgs value of 0.51 m was calculated,
suggesting mesopore throat size. From these values, thiciés was interpreted to be a
potential primary reservoir facies due to the high porosityand permeability values and a
high R35 for produceability. TOC values from source rock analysis st that this facies has
an average of 1.2 wt % TOC value, with a range of 0.37-1.2 wt %hieh could suggest that
the mud drapes are slightly organic rich.

From XRD, this facies is composed of 62% quartz with 6% and 13%tpssium feldspar
and plagioclase respectively. This facies is composed o¥d8lay, with 5% of the clay being
chlorite. From Almon and Tillman (1979) work in the chronostatigraphic equivalent Wall
Creek member of the Frontier Formation, chlorite can be an dicator of early diagenesis
within these intervals. Suggesting that this large perceage of chlorite within XRD means
there is a potential that the sandstone grains were coated laplorite clays early during com-
paction, which preserved porosity and permeability duringliagenesis. This is investigated
in further detail for this study in Chapter 4, which deals wit the petrographic analysis of

the Turner Sandy member in Finn-Shurley.
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Figure 3.12: Facies 2: Laminated, muddy, burrowed, very- neandstone. A) shows a rep-
resentative core photo of the laminated muddy facies. B) siws a photomicrograph of the
facies in thin section at a depth at 4884 ft in the McTuillin Feleral 1 core.

3.4.3 Facies 3: Interbedded Burrowed, Laminated, Mudstone, Siltstone, a nd
Sandstone

Facies 3 is a dark to light grey, interbedded, burrowed, lamated, mudstone, siltstone,
and sandstone (Figure 3.13). It has a bioturbation index of 8-and is easily identi ed by
cyclic beds of mudstones, siltstones, and sandstones thange from a few centimeters to
a few inches in thickness. The sandstone beds are typicalhniinated, either with wavy,
aser lamina or low angle to planar lamina, whereas the siltsne and mudstone beds have
little to no laminations. Burrows are also present throughat this facies, with majority of
the preserved burrows being identi ed a®lanolites and Skolithos with their burrows being
lled with ne- to very ne- grained sand and typically are pr eserved within the mudstone

and siltstone beds. From core analysis, the average porgsdf this facies is 12%, with a
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range from 11-13%, and an average permeability of 0.04 mD thva range from 0.001-0.07
mD. An Rg3s calculation suggests an average pore throat size of 0.4%. From source rock
analysis, the value for TOC is 0.89 wt % for this facies from encore data point, suggesting
some of the mud beds could have a slightly elevated amount afyanics in them.

From XRD, this facies is made up of 40% quartz and 40% clay witihé remaining makeup
being 3% potassium feldspar, 16% plagioclase, and the otli&6 including a small fraction
of constituent minerals such as calcite and pyrite. Howevedue to the cyclic nature of this

facies, the mineralogy can vary in these facies based uporethpeci c bed that is being

measured.

U g

S e

Figure 3.13: Facies 3: Interbedded, burrowed, laminated, mstone, siltstone, and sandstone.
A) shows a representative core photo of the highly bioturbatkand muddy facies. B) shows
a representative photomicrograph of the facies in thin saoh at a depth at 4884 ft in the

McTuillin Federal 1 core.
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3.4.4 Facies 4: Heterolithic, Bioturbated, Mudstone, Siltstone, and Sandst one

Facies 4 is a light grey to dark grey, heterolithic, bioturbeed, mudstone, siltstone and
sandstone (Figure 3.14). This is the most abundant facies thughout the study area and
dominates the Turner one cycle of the lower Turner. This faes generally has a higher
degree of bioturbation intensity, and was assigned a biotoation index of 4-5. In general,
the dominant ichnofauna that are observed within this face are Skolithos, Thalassinoides,
and Planolites. This facies has a slightly elevated level of diversity inhmofauna. Because of
this level of bioturbation, if any sedimentary structures g observed they are discontinuous
wavy lamina as a result of the degree of bioturbation. From ce analysis, the average
porosity is 14%, with a range from 10-16%, and the average pegability is 0.16 mD, with a
range from 0.001-6 mD. ArR3s calculation suggests an average pore throat size of 0.58,
or mesopores. The source rock analysis done on the Colen @@dre shows an average TOC
value of 0.57 wt % for this facies, with a range from 0.39-0.%& %. Due to the rock quality
with high porosity and permeability, this facies is interpeted to be a potential reservoir
facies. However, the quality of this facies does appear to yaacross the study area, which
is likely related to variations in mineralogy, diagenetic @ments, or bioturbation intensity.

From XRD, this facies is primary composed of quartz, up to 61%lt also is composed
of 5% potassium feldspar and an elevated amount of plagiosta around 18%. The other

makeup is composed of 4% chlorite, 1% calcite, and 11% clay.
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Figure 3.14: Facies 4: Heterolithic, bioturbated, mudstonesiltstone, and sandstone. A)
shows a representative core photo of the heterolithic fasieB) shows a representative pho-
tomicrograph of the facies in thin section at a depth at 4876 fn the McTuillin Federal 1
core.

3.4.5 Facies 5: Laminated Fine-Grained Sandstone

Facies 5 is a light grey, laminated, very ne- to ne-grainedsandstone (Figure 3.15).
There is little to no bioturbation present within this facies, so it was assigned a Bl of 1.
Because of this, laminations and other sedimentary struates dominate this facies and are
well preserved within the core. These structures include gtar to low angle laminations,
ripples, and hummocky and swaley cross strati cation with pevasive mud drapes. From
core analysis this facies has an average porosity of 14%,hwé range from 13-16%, and
permeability of 0.31 mD, with a range from 0.06-0.5 mD. An avageR3s value of 0.55 m
was calculated for this facies as well, suggesting it primbrhas a mesopore throat size. The

source rock analysis done on the Colen 10-10 core shows amage TOC value of 0.45 wt %
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for this facies, with a range from 0.41-0.49 wt %. From detadl description and analysis, this
facies was interpreted to be a potential reservoir facies €uo its high porosity, permeability,
and Rjzs value.

From XRD, this facies is composed of 67% quartz, 3% potassiunidfpar, 18% plagio-
clase. A few minor minerals that makeup this facies are chite, calcite, and various clay

types, their volume percentage is 2%, 1%, and 9% respectyel

Figure 3.15: Facies 5: Laminated ne-grained sandstone. A) @hs a representative core
photo of the laminated sandstone facies. B) shows a repretsgive photomicrograph of the
facies in thin section at a depth at 4851 ft in the McTuillin Feleral 1 core.
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3.4.6 Facies 6: Medium-Grained Sandstone

Facies 6 is a light grey, medium-grained sandstone (Figurel8). There is no visible
bioturbation within this facies and it appears structurelass. The lack of visible bioturbation
suggests that cryptic bioturbation could be responsible fahe structureless texture (Howard
and Frey, 1975). It occurs in two of the four cores within thedrger Turner one depositional
cycle and its upper contact is interpreted as a minor oodingurface, making this surface
the basal coarsening sequence noted in the well logs. Howetis facies was only observed
in two of the four cores for the study area.

From XRD, this facies is dominated by quartz, nearly 70% fromudk mineralogy. It is
also composed of 25% calcite from XRD. The rest of the mineralakeup is 1% plagioclase,
3% clay and 1% of other mineral constituents (K-feldspar, pie, etc.). In thin section,
this facies was stained with alizarin red, which will appeared in the presence of calcite. It
appears such that the large quartz grains have been cementadcalcite, where the alizarin
red stained calcite is observed intergranular in the pore ape (Figure 3.16b). This calcite
cement is interpreted to be a late stage in diagenesis and tave signi cantly decreased the
inital porosity and permeability of this facies. This intepretation is investigated in more
detail in Chapter 4 which covers petrographic analysis andiagenesis. From core analysis,
this facies has a porosity value of 13% and a permeability va& of 0.003 mD from one core
measurement. Based upon the source rock analysis conductedthe Colen 10-10 core, this
facies has an average TOC of 0.77 wt %, with ranges from 0.3®.wt %. From porosity

and permeability measurements, an averagesfvalue of 0.38 m was calculated.
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Figure 3.16: Facies 6: Medium-grained sandstone. A) shows @nesentative core photo of
the sandstone facies. B) shows a representative photomigraph of the facies in thin section
at a depth at 5297 ft in the Colen 10-10 core.

3.4.7 Facies 7: Silty Argillaceous Mudstone

Facies 7 is a dark grey, silty, argillaceous mudstone (Figufe17). The mudstone beds
are primarily composed of clay with an abundance of silt gnas. In addition, the mudstone
facies has several silt beds ranging from a few centimetenssize to two inches thick. This
facies has minimal bioturbation, or a bioturbation index ofl, and no visible sedimentary
structures. It mostly occurs 3-10 feet thick at the base of ea ooding surface and marks
the beginning of a new Turner depositional cycle after a rise sea level. From core analysis,
this facies has a porosity value of 10% and permeability vaduwf 0.001 mD from one core
based measurement. From these measurements, an averBgeof 0.44 m was calculated.
Based upon the source rock analysis conducted on the Colen1Dcore, this facies has a

TOC value of 0.07 wt % from one core measurement. Although thfacies has the lowest
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porosity and permeability, it is interpreted to not act as a fa e for hydrocarbon migration
or hydraulic stimulation.
From XRD it is composed of 58% clay and 38% quartz. The other 5% composed of

minor amounts of plagioclase, potassium feldspar, and otheonstituent minerals.

Figure 3.17: Facies 7: Argillaceous, silty mudstone. A) showsr@presentative photo of the
mudstone facies. B) shows the facies in thin section at a dépat 4840 ft in the McTuillin
Federal 1 core.

3.4.8 Facies 8: Interbedded, Laminated, Sandstone, Siltstone, and Mudstone

Facies 8 is an interbedded, laminated, sandstone, siltsmnand mudstone (Figure 3.18).
This facies occurs less frequently within the Turner intead, but is distinguished by its
interbedded siltstones and sandstones. Planar laminatismccur frequently within the sand-
stone beds in this facies. In addition to the lamina, ame stictures were observed. The
bioturbation index is small, BI=1, for this facies. From coe analysis, this facies has a poros-

ity value of 12% and permeability value of 0.05 mD from one oc®based measurement. From
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these values arRss value of 0.43 m was calculated for pore throat size radii. No source
rock analysis was available for this facies, and only one @dapoint was available for the
mineralogy and rock properties of this facies.

From XRD, this facies is primarily composed of quartz and clayt1% and 52% respec-
tively. Also measured was 1% potassium feldspar, 2% plagast, and 1% calcite. The

remaining 3% is made up of small amounts of other minerals $uas pyrite and dolomite.

Figure 3.18: Facies 8: Interbedded, laminated, sandstond{stone, and mudstone. A) shows
a representative core photo of the interbedded facies. B)@his a photomicrograph of the
facies in thin section at a depth at 4838 ft in the McTuillin Feleral 1 core.
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3.5 Ichnology and Bioturbation

Bioturbation is present throughout the Turner stratigraphy in the Finn-Shurley Field
cores with varying levels of bioturbation intensity and tr&e fossil types. Trace fossils
and bioturbation intensity can give insight into the paleoenvironment, sedimentation rates,
paleo-topography, and overall energy levels. It is cruciab understand the distribution of
bioturbation intensity and the type of trace fossils presered within the rock to make inter-
pretations and understand the type of environments these gainisms were living in at the
time of deposition.

For this study, a bioturbation index was assigned to each faas within the cores. Figure
3.19 shows the key for the bioturbation index used for this stly, which is typically de ned
as a range between Bl = 0, which shows no visible burrowing, Bi 3, shows moderate
bioturbation, up to a Bl = 6, which is complete bioturbation and homogenization of sediment
(MachEachern and Bann, 2008). The trace fossils are coarsescale and can be observed by
the eye at the core scale rather than just at the microscopievel. A Bl was assigned to each
facies classi ed within this study and then related to depdsonal environment and even
reservoir quality. The diversity, type, and abundance of #@ice fossils can be associated with
di erent depositional environments, and by understandinghe ichnofauna within each facies,
assumptions can be made about the type of environment and cigges in those environments
during times of deposition (Figure 3.20)

Throughout the heterolithic Turner strata, the bioturbation index ranged from Bl =
0-6 across the facies. Facies 1 (Bioturbation Index= 6), Faes 4 (Bioturbation Index= 4-
5), and Facies 3 (Bioturbation Index= 3-4) had the highest itensity of bioturbation and
contained the majority of the preserved trace fossils. Fas 1 is also interpreted to be a
secondary reservoir facies having 14% porosity and greatean 0.1 mD permeability on
average. Facies 4 is also interpreted to be a potential sedany reservoir facies having 14%
porosity and greater than 0.15 mD permeability on average. a€ies 1 and 4 also host the

largest diversity of ichnofauna observed in the study aredacies 3 is not interpreted to be
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a potential reservoir facies for this study area. Although tese three facies are all highly
bioturbated, the trace fossils present within this faciesral the intensity of bioturbation do
not appear to always be detrimental to porosity or permeabty. Typically, facies that have
a higher diversity of trace fossils in the more intensely biorbated intervals have preserved
their primary porosity and permeability. In these intervak, the intensity has not diminished
porosity and permeability signi cantly and have inhibited other diagenetic mechanisms from
reducing it.

However, the largest control on trace fossil diversity is ietrpreted to be the ooding
surfaces that correlate to changes in the Western Interioriizones such as thé&caphites
warreni and the Scaphites whit eldi The most commonly observed trace fossils within the
lower Turner one wereSkolithos and Planolites suggesting overall a lower range of diver-
sity (Figure 3.21). However, other trace fossils, such assterosoma, Thalassinoidesand
Teichichnus were observed in the lower Turner one, but not pervasive anaaur locally in
beds. The small range of diversity suggests a harsh sub-otcoxic, high energy environ-
ment, di cult for many organisms to survive in. Within the Tur ner two, the most commonly
observed trace fossils werAsterosoma, Thalassinoidesand Teichichnus (Figure 3.21). Al-
though those were the most commonly observed ichnofaurfakolithos and Planolites were
also identi ed within the Turner two zone (Figure 3.21).This suggests not only an overall
higher intensity of bioturbation, but a much larger diversiy of ichnofauna within the Turner

two depositional cycle.

60



KEY TO BIOTURBATION INTENSITY
| Bl |  Characteristics | Mudstone Facies | Sandstone Facies

0 Bictwhationabsent

1 Sparse bioturbation, bedding
distinet, faw dizscrete traces

Uncommon hoturbation,
bedding diztinct, low trace
density

Moderate bioturkation,
3 bedding boundaries sharp,

traces diserete, overlap rara

Common broturbation, bedding
boundaries mdistinet, high
trace denzity with overlap

COmmon

Abundant bioturbation,
W bedding completely disturbed
(just visibla)

Complate bioturbation, total
brogenic homogenization of
sediment

Figure 3.19: Bioturbation index key with a 0-6 scale. Modi edrom Reineck (1963), Taylor
and Goldring (1993) and Taylor et al. (2003) by MacEachern ahBann (2008).
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Distribution of Common Marine Ichnofacies

Typical trace fossils include: 1) Canlostrcpsis; 2) Fnmtobia; 3) echinoid borings; 4) Trypanites; 5) Teredolies
6} Thalassinoides; 7, 8) Gasirochaenolites or related genera; 9) Diplocraterion (Glossifiungites); 10) Skolithos:
11.12) Psilonichnus; 13) Macanopsis; 14) Skolithes; 13) Diplocraterion; 16} Arenicolites; 17) Ophiomorpha;
18) Phycodes; 19) Rhizocorallium; 20) Teichichnus; 21) Planolites; 22) Asteriacites, 23) Zoophyeos; 24) Lorenzinia
23) Zoophyeos; 26) Paleodiciyon; 27) Taphrhelminthopsis; 28) Helminthoida; 29) Cosmorhaphe; 30) Spirorhaphe

Figure 3.20: Common marine ichnofacies. Modi ed from Seilaer (1954).

Overall, the dominant ichnofauna identi ed within the coreare most typically associated
with Skolithos and Cruziana ichnofacies, suggesting that at the time of deposition thes
organisms were living between the sandy upper to lower shtaee transitioning to the sub-
littoral zone. Seilacher (1954) interprets that theSkolithos ichnofacies is generally found in
moderate to high energy environments, which makes it lowar diversity due to the inability
for most organisms to survive in those kinds of environment$Seilacher (1954) also suggests
that the Cruziana ichnofacies is characterized by much higher diversity, bubwer energy en-
vironments. The majority of the Skolithosand Planolites ichnofauna occur within the lower
Turner one, with the higher concentration of theCruziana ichnofacies occurring within the

lower Turner two cycle. These observations suggest that thest Turner depositional cycle
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within Finn-Shurley was dominated by waning and waxing ows ptidal cycles, with alter-
nating high, moderate, and low energy environments where lgrselect organisms were able
to burrow and thrive in these conditions. Following a major ooding surface and the end
of a western interior biozone, this intermixed high and lowrergy environment shifted to a
dominantly lower energy environment where diverse orgams could survive. In addition,
the intensity of bioturbation is observed to increase as thsection shallows upward within
each depositional cycle. The facies with the highest inteitys of bioturbation, Facies 1 and
4, occurs primarily at the top of each depositional cycle inlleof the cores in the study area.
This suggests that the environment is slowly transitioningrom a highly stressful or high
energy, yet oxic environment, to a less stressful, or lowenergy, oxic environment. This
could be indicative of the local sedimentation rates, progdation, changes in environment,

or energy levels within each individual cycle.

vessblidabeiess s

Figure 3.21: Core photos from the lower Turner two cycle. Mosbmmon trace fossils present
include examples ofkolithogSk), Planolites(Pl), Teichichnug(Te), ThalassinoidegTh), As-
terosomgAs), and OphiomorphgO).
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Figure 3.22: Core photos from the lower Turner one cycle. Mosbmmon trace fossils present
include examples ofSkolithogSk), and Planolites(Pl).

3.6 Sedimentary Structures

Sedimentary structure observations are critical for undstanding the environment of de-
position from interpreted depositional processes. The vaty, consistency and preservation
of sedimentary structures can give insight into the paleoagironment, energy levels, types of
ow, and sedimentation rates. Within the Finn-Shurley coresn this study, several di erent
types of sedimentary structures were present and preservioughout the four cores, which
aided in facies identi cation and depositional environmerninterpretations (Figure 3.23). Dif-
ferent depositional processes can result in various seditegy structures. Some of the most
common sedimentary structures observed in the four coresfinn-Shurley include planar to
low angle laminations, climbing and bi-directional ripple, hummocky or swaley cross strati-
cation, wavy or aser laminations, mud drapes, and mud ripup clasts. The majority of the

planar and wavy laminations as well as ripple and hummocky rstti cation were observed
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in Facies 2 and Facies 5 in the cores. From the observed seditaey structures, the main
depositional processes responsible for sedimentary stiues within the lower Turner sands
are interpreted to include tides, storm events, and a lessamount of hyperpyncal ows.

Planar to low angle laminations are a result of high energy emts or ows and can be
interpreted to be associated with storm events within the W&ern Interior. As a result,
laminations create thin scale, less than 1 cm, beds within ¢hcore (Figure 3.23d). Other
sedimentary structures that are a result of storms are humney or swaley cross strati ca-
tion (Figure 3.23f). Storm related structures were seen extsively throughout the core. In
addition to storm structures, some of the other most commontrsictures include wavy or
aser laminations, mud drapes, ripples, and bi-directionacross strati cation (Figure 3.23).
In general, these structures are associated with tidal presses or waning and waxing ows.
Merewether (1980) observed in outcrop that the dominant pabcurrent direction from cross-
beds and ripple marks was southeast.

It is also important to note that when any sedimentary structire in the Turner is pre-
served, they are ampli ed by the presence of thin mud laminains or mud drapes. Mud
laminations occur less than a centimeter thick and cap lamated bed forms. This suggests
either cyclicity with suspension settling, such a tides, oepisodes of deposition with mud in
the system. Mud beds also can occur up to 1-2 cm thick. When muedbs occur up to a few
centimeters thick and are interstrati ed with ne sand beds the mud is interpreted to have
been deposited by dynamic deposition or hyperpynal ows aig the shelf.

Rip-up clasts were also observed at the base of beds withirethore. This suggests a high
energy ow eroding semi-lithi ed mud beds as the suspende@diment moves basinward. In
addition, the abundance of clean sandstones suggests thatridg the overall transgressive
events, these sands were reworked by other processes suditdas and storms. The observed
depositional processes across the Turner suggest that therier is a shallow shelf sand
reworked by tidal processes and occurs below fair-weatheawe base in order to account for

the dominant storm event structures.
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Figure 3.23: Observed sedimentary structures. A) bi-direcnal ripples B) wavy- aser lam-
inations C) ripple cross sets D) planar laminations E) climing ripples F) hummocky or
swaley cross strati cation G) mud rip-up clasts.
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3.7 Facies Distribution

Facies were identi ed and described in all cores in the studyrea for the Turner interval.
All four wells were cored through some portion of the lower Tuer stratigraphy, and the
interpreted S. warreni ooding surface. Where the Perpetual Finn 8 was also cored thugh
the interpreted contact between the upper and lower Turnertthe S. whit eldi ooding sur-
face, and the Colen 10-10 was also cored through the contaathwthe underlying Poole
Creek member, the Turonian unconformity.

Figures 3.24-3.26 shows the distribution of facies in the @ol 10-10, Perpetual Finn 8,
Dreiling Federal 7, and the McTuillin Federal 1. Variability in facies distribution would
suggest subtle changes in depositional environment acré$sn-Shurley. Facies 1, 2, 3, 4, 5,
and 7 are seen in all four of the wells ranging from 0.5 - 20 fahick across the study area.
Facies 6, and 8 only occur in two cores and range from 0.5 - 1tfthock within their respective
local section of the study area. Overall, the distribution bfacies is relatively similar across
the study area, where the subtle di erences are likely due tihe length of the cored interval,
thickness of Turner in each core, and which depositional dgowas captured within the core.
This suggests there is not signi cant lateral variability n facies distribution and this eld
at the time of deposition was a paleo-depocenter where seédimh was deposited relatively
uniform across the eld. This paleo-depocenter could be ag@lt of extra accommodation
space from basement fault reactivation that occurs througiut the PRB. This lack of large
lateral varability likely changes as we move further away &ém Finn-Shurley. Figure 3.24
shows the distribution of facies across the eld north to sah and east to west in each core.
This gure is in the form of pie charts, which takes the total €ngth of the core and shows the
percentage of each facies within that cored interval. Figur8.35 shows the distribution of
the facies for the available cored interval of the lower Tugr one zone and the lower Turner
two zone (Figure 3.35). Figure 3.35 also illustrates the chaag in facies assemblages across

the S. warreni ooding surface.
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Facies Key

1 Bioturbated, shaley, vf
sandstone
Laminated, shaley, vfto f
sandstone

Interbedded, laminated,
.burmwed, mudstone, siltstone,

and sandstone

Heterolithic, bioturbated,

.muds{une, siltstone, and
sandstone

Laminated, vf to f, sandstone
nMedium grained sandstone

v X .n
H SEH\«’, argillaceous mudstone
41N6SW-, 41N64W ATNY [l resoe sions o

sandstones

Figure 3.24: Pie distribution of facies in each core across RiShurley.
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Figure 3.25: Distribution of facies across Finn-Shurley. Lte§hows the distribution of facies
in the lower Turner two. Right shows the distribution of faces in the lower Turner one.
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Figure 3.26 shows the lateral facies changes across the eladathe vertical stacking
trends of the described facies in all of the core. From four odescriptions, Facies 4, Facies
2, and facies 5 dominate the lower Turner one zone, and Fackd-acies 3, Facies 5, and Facies
1 dominate the lower Turner two zone. In general, the base dfg¢ cores are characterized
by a signi cant section of Facies 2, a laminated, muddy, negrained sandstone with a small
intensity of bioturbation, Bl of 1-2. Moving up section, thestratigraphy is dominated by
Facies 4, the heterolithic more heavily bioturbated, Bl beteen 3-5, ne-grained sandstone,
siltstone, and mudstone. This trend is pervasive through ldiour cores until approximately 10
feet below theScaphites warreni ooding surface. At this point, the facies shift into a sander
and less bioturbated character with interbedded beds of &er Facies 2, Facies 5, Facies 8,
or Facies 3. This trend continues up until theScaphites warreni ooding surface, or the top
of the rst major Turner depositional cycle. The beginning 6 the Turner two depositional
cycle always begins with Facies 7, the argillaceous, siltyuststone that is anywhere from
3-10 feet thick. This cycle is then dominated by thin beds ohiermixed facies, primarily
Facies 5, Facies 3, and Facies 2, which are all facies wherdtiple preserved laminations
with mud drapes occur. Again, a general increasing upward ensity of bioturbation is seen,
with Facies 1, a heavily bioturbated (BI=6) facies, seen cgpng the tops of this cycle in
the Perpetual Finn 8. These observations are summarized in kig 3.25, these show the
distribution of each facies of the cored interval in the loweTurner one and lower Turner

two, respectively.
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Figure 3.26: Vertical distribution of facies across Finn-Shiley. The black dashed line rep-
resents theS. Warreni ooding surface.
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sandstone

3.8 Subsurface Correlations

Nearly 750 wells were correlated across the study area usinguite of petrophysical well
logs that included gamma ray, spontaneous potential, and sistivity. Figure 3.27 show a
north to south stratigraphic cross section across the eldhat has been datumed on the top
of the Turner. Figure 3.28 shows a east to west stratigraphicass section across the eld
also datumed on the top of the Turner. The top of the Turner is rarked by a decrease in

gamma ray showing the transition into the sandstone beds frothe overlying mudstones of
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the Niobrara Formation. The base of the Turner is interpreteds a sharp increase in gamma
ray where the Pool Creek member is interpreted to be presenetween the overlying Turner
Sandy member, and the underlying Greenhorn Limestone bedh& Greenhorn Limestone is
easily discerned on well logs as a 50 foot thick low gamma ragdy making for an easy marker
to pick across the study area. Overall, the Turner is appromiately 130-150 feet thick across
the study area, with a slight thickening in the central porton of the eld. This suggests that
this study area was a paleo-depocenter at the time of depasit. The Pool Creek member
is the unit that experiences thinning moving across the stydarea. Mentioned previously,
major ooding surfaces can be correlated in well logs throbgut Finn-Shurley (Figures 3.27-
3.29). Through the integration of core description, thé&. whit eldi and the S. warreni have
been interpreted in well logs across the eld. These were imgant surfaces to correlate to
determine changes in rock quality and reservoir developmeacross Finn-Shurley Field, and
likely across the entire PRB. Minor ooding surfaces can beegn in the logs within the larger
transgressive parasequences. However, these were not tated across the basin as they are
local events and do not appear to have any a ect on uid ow or wariations in reservoir
guality across these surfaces. In addition, the unconfortyiat the base of the Turner was
interpreted across the eld as it marks a change in stratiggghy at the base of the Turner

and the top of the Pool Creek member.
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Figure 3.27: Surface map showing cross section A-A' and B-B'.
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3.9 Elemental Geochemistry

In addition to core description, facies classi cation, XRDand source rock analysis, el-
emental geochemistry can be an additional analysis to givesight into paleo-environment,
mineralogy, and diagenetic character with the utilizatiorof X-ray Fluorescence (XRF). This
work ow is typically useful to discern ne scale detail of mulrocks to observe changes that
are not able to be seen with a hand lens. However, due to the hetighic nature of the
Turner, it is an e ective way to get a full elemental pro le of the interstrati ed ne-grained
sandstones, siltstones, and mudstones. By using elemertlaémostratigraphy supplemented
with XRD, indicators for not only various minerals, but envionmental conditions, and el-
ement to mineral conversions can be integrated into the intgretations for the larger core
data set and core based observations. XRD data points providebasis to prove the va-
lidity of the XRF values for mineral conversion, which in turnallows for XRF to be used
to interpolate between XRD data points once proven that the elments convert to minerals
successfully.

Mineral indicators mean that XRF can be used in diagnosing cdaonate and detrital
systems. Observing intervals of elevated elemental indtoas can suggest times of higher de-
position rates, increased sediment supply, or intervals m®a ected by diagenetic processes.
Carbonate system indicators include calcium (Ca), stroniim (Sr), and manganese (Mn).
These elements are unique to carbonate systems and are usedd identify depositional
carbonate processes and subsequent diagenetic procedletrital elemental indicators sug-
gest in ux of terrestrially derived sediments, these inclde aluminum (Al), potassium (K),
titanium (Ti) and silicon (Si). K is found in potassium feldgars sourced from weathering of
felsic igneous rocks. Zr is found in zircons and are detrital nature. Ti is found as the major
elemental constituent of rutile and sphene derived from tegstrial systems (Sage and Lyons,
2009). Not only can individual elements tell a depositionatary, but the utilization of ratios
of certain elements can be used to determine changes in proamce. The use of ratios, rather

than individual elements, is preferred, as these are leskelly to be in uenced by changes in
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grain size. Elements and ratios that are best for chemostigtaphic studies are those that
are almost exclusively concentrated in heavy minerals andealargely una ected by post
depositional weathering and diagenesis (Craigie, 2018)/TiPand related ratios can provide
indications of provenance changes throughout depositioin addition, observing high K/Al
ratios suggest that K is predominantly linked with potassim feldspar. Furthermore, K/Rb
ratios are higher in potassium feldspar than in illite and n@a, so this parameter can be used
to model the proportion of potassium feldspar to illite (Cragie, 2018). Other ratios that
show changes in provenance and that were utilized in this sty include Zr/Ti and Nb/Th.

In addition to using individual elements and ratios as a proxfor depositional systems, a
mineral model can be created by converting XRF values to mires by the use of element to
mineral conversions summarized by Nance and Rowe (2015). 38 done by using the overly
simpli ed relationship that calcium is 40% of calcite, potasium is 6% of illite (Weaver, 1965),
silicon averages 25% of illite, which has to be subtractedon total silicon before quartz is
calculated (Mermut and Cano, 2001), and consequently siic is 47% of quartz. These
simple relationships allow for a comprehensive mineral meldof clay, calcite, and quartz to

be computed for the Turner using XRF data.
3.9.1 Colen 10-10 Chemostratigraphy

For this study, 78 feet of the Colen 10-10 well was sampled dtd¢ USGS with a handheld
XRF gun every 3 inches for 180 seconds, unless the core was imgsspucked, or broken
where a reliable data point could not be recorded. The 78 feef core that was sampled
included 4 feet of Pool Creek, 44 feet of lower Turner one unénd 30 feet of lower Turner
two unit.

Figure 3.30 shows a plot of all the terrestrial indicators, SAl, Ti, K, and Ti/Al with the
core description for the Colen 10-10. This plot shows the figamount of terrestrial input
into the system during the entirety of the Turner deposition The high values of elements
in ppm suggest that there were signi cant amounts of terresial clays and quartz being

deposited into the system. Figure 3.31 shows a plot of all tharbonate indicators, Ca, Sr,
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and Mn with the core description for the Colen 10-10. The onlgpikes that occur in these
elements are in areas where there are conrmed and interpeet as calcite cements, such
as in Facies 6, the medium-grained sandstone. Areas of higlwaicite suggest zones where
diagenesis has a ected inital porosity and permeability ithe reservoir.

Figure 3.32 shows provenance indicators used in this studytlwthe core description for
the Colen 10-10. These include Nb/Th, K/Rb, Zr/Ti, K/Al, and P/ Ti. Both the K/Al and
K/Rb curves shows areas of higher potassium feldspar, as lhéy values for this ratio suggest
that the potassium is linked to feldspar rather than clays. Whreas lower values for this
ratio show areas that are higher in clay. In general, it is obsved that bulk changes in these
ratios occur at boundaries of ooding surfaces, both minorral major. This suggests slight
changes in provenance across these boundaries and could ks linked to changes in rock
quality and facies successions.

Figure 3.33 shows the mineral model generated from XRF. This wesmputed by taking
XRF elemental data and converting them to minerals based updknown mineral formulas
for the three main constituent minerals, quartz, clay and deite. The facies and lithology
logs for the Colen 10-10 are available for comparison withéhcombined mineral model and
the three curves separated out. The individual mineral cues are shown and compared to
XRD data points to show the validity of the computed mineral pecentage values. It shows
that in general the XRF values closely correspond to the callaied values from XRD, and
it is interpreted that the variation is likely due to the simplistic assumptions made in the
calculation. In addition to element to mineral conversionghe XRF data was used to create
a pseudo gamma ray log to compare to the petrophysical gammayr This means that in
general, the simple assumptions create the ability to dewgd a full modeled mineralogical
pro le throughout the Colen 10-10 core and a pseudo gamma réyat closely resemble the
XRD data and the petrophysical gamma ray log. However, a more @@ded mineral model

can be created utilizing oxides and more detail from the min& formulas of di erent clay

types.
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Figure 3.30: Detrital elemental indicators from XRF for the Cten 10-10 core. Included is a
core facies log, a lithology log, a gamma ray curve, and cusvér Si (ppm), Al (ppm), Ti
(ppm), K(ppm), and a Ti/Al ratio.

76



Colen10-10

42N 65W Sec 31 Ca (ppm}

Gamma Ray Sr {ppm) Mn (pomi)
st s _BEEY _ssse .53

Iillllllll[lllll |II-|ItIIII|HlI|IIIIIF I1III|I]II|IriI|IIII| |Illl||llli1”l|

5232
5238

5240

G248
5282
5259

5280

5288
5272
s27a
S280

5264

5202

5204

5312

5318
5320

< Interbedded, laminated, ) .
Bmturbated, shaley, vf . burrowed, mudstone, siltstone, | B |Laminated, vfto f, sandstone S|Itv, argillaceous mudstone

sandstone
and sandstone

. Heterolithic, bicturbated, Interbedded, laminated,
.Lammated, shaley, vito f .mudstnne, sittstone, and HMedlum grained sandstone .mudsmne, siltstones, and
sandstone sandstone sandstones
Figure 3.31: Carbonate elemental indicators from XRF for the @en 10-10 core. Included
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Figure 3.32: Provenance elemental ratios from XRF for the Cal€l0-10 core. Included is a
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K/Al, and P/Ti.
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Figure 3.33: Comprehensive mineral model in weight percenemerated from XRF for the
Colen 10-10. Included is a core facies log, a lithology logpatrophysical and pseudo gamma
ray log, and mineralogy curves for calcite, clay, and quartZach individual mineralogy curve
is then compared to XRD data points (black dots) for each minat pro le. A pseudo gamma
ray log (green dashed line) is also calculated from K, U, and Téind superimposed on the
petrophysical gamma ray log (black solid line).
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3.9.2 Colen 10-10 Chemofacies Classi cation

Elemental geochemistry is a bene cial way to collect largeuqntities of data both quickly
and inexpensively. XRF elemental pro les are a simple and eative way to determine trends
and make conclusions based upon individual elements andneéntal ratios. However, XRF
data collection can be utilized and integrated in a way that pvides insight into larger
elemental trends as a collection of chemofacies. Chemoégcshow much more detail and
small scale variability in elemental enrichment's and deption's through the vertical section
than single element pro les. The application of these cherfaxcies can then be later tied
to various reservoir properties such as porosity, TOC, meaghical strength, etc., if correla-
tions can be found and proven. This study was a preliminary wato create a chemofacies
work ow for sandstones from XRF data, meaning it was not integated with reservoir prop-
erties as mentioned previously or similar to how it is typidéy used in mudrocks. This was
considered outside the scope of this study and is includedfurther recommendations. How-
ever, this chemofacies study was compared to depositionaties classi ed from core to see
if chemofacie had ties to core de ned reservoir facies. Thisudy agrees with Ramkumar
(2015) in the de nition of a chemofacies or chemozone as "thaigue rock record de ned by
chemostratigraphic indices and recognizable through unigq geochemical signature(s) which
in turn helps distinction of a designated rock record from dier rock records and also cor-
relation with applicable analogs at appropriate/applicake spatiotemporal scale". Where
chemofacies and chemozones are used synonymously in thislgt

Due to the fact that the Turner is neither a mudrock nor self-sarcing, typical work ows
for developing chemofacies in mudrocks do not work for thisterval. Such as partitioning
organophillic indicator elements or redox indicator elenmes for high TOC intervals. This
study will attempt to develop a simple work ow that will create chemofacies based upon
K-means clustering to understand the nature of the elemertaelationships in the verti-
cal section. K-means clustering is a method used widely in tdaanalysis that partitions

data based upon a notion of similarity (Wagsta et al., 2001) Further information on the
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mathematics and applications of K-means clustering anaigscan be found in MacQueen
(1967). The XRF data collected was loaded into a Python prognaming language platform
and put through a dimensionality reduction, in order to compre all the elements at the
same scale. This was important because there are a large rargf ppm values across the
data set that vary signi cantly between elements. Using a dibuette analysis, a method
which visualizes similarity, the optimal number of clustes, where a cluster is a collection of
data points aggregated together due to certain similaritie was concluded to be four. The
amount of clusters will determine the number of chemofacigbat will be generated and
can be edited based upon an iterative processes for an indival dataset. This was supple-
mented with a principal component analysis (PCA) done in the Ustat software program
for the dataset. Figure 3.34 shows an image from the PCA showithe determined cluster
of elements that appear to have similar relationships. Frorthis gure it appears that Si
and the group of Ca, Sr, and CI appear to have little to no relanship with the majority
of the other elements, but are considered critical elemenis this lithology. In general, four
groupings of elements emerge from this image, which suppkemts the silhouette analysis
conducted. During the K-means clustering analysis, the gbwas to create a set number
of chemofacies that vary in enriched and depleted elements order to best see lithologic
trends. Figure 3.35 shows a vertical log plot of every indivichl elements measured from the
XRF, the calculated euclidean distance, the generated cheraofes log, and the depositional
facies log. The euclidean distance measures the distancecath element from the cluster
center as a means to compare similarity. Large changes in teeclidean distance value then
generates di erent chemofacies. This creates four chemaoies that have di erent enrichment

and depletion values for each element measured from XRF.
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Figure 3.34: PCA analysis image showing the interpreted gemaé clusters and trends of
elements in two dimensions.

Once the four chemofacies have been created from the K-meamalysis, the elemental
signatures that make each chemofacies unique, the enrichmh@nd depletion of each ele-
ment, is the next critical part to understand. Figure 3.36 is @ar graph of each classi ed
chemofacies that shows enrichment in green, and depletionred. Enrichment or depletion
of an element is based upon how much that value for the indiviél element varies from
the median data point. Each chemofacies is de ned based uptre speci c set of elements
whose concentration in ppm appear higher or lower than the exage ppm value for that
cluster. This allows for classi cation of chemofacies to nka assumptions and interpreta-
tions about the lithology from a chemostratigraphic framewrk. Chemofacies 1 is enriched

in Ca and slightly in W and depleted in Mg, Si, P, Al, S, K, Ti, Fe,and Zr. Suggesting
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this chemofacies will occur where there is an elevated amowth calcium in the rock, likely
as detrital calcite or diagenetic calcite cements in the ngrained sandstone. Chemofacies
2 is enriched in Si, Cl, and Ca and depleted in Fe, Ti, K, S, Al, Pand Mg. This suggests
this chemofacies will occur in areas that correspond to ghiy silty and muddy, ne-grained
sandstones in the core. Chemofacies 3 is extremely depletedsi and Ca, and enriched in
Zn, Ni, Co, Fe, Mn, Cr, V, Ti, K, S, Ba, Al, P, and Mg. It is most extremely enriched
in Al, Fe, Mg, Ti, K, and S, and extremely depleted in Si. This sggests these facies are
dominantly mudstone or clay rich intervals. Chemofacies 4 iextremely enriched in Si, and
some Ca and is depleted in Mg, P, Al, S, K, Ti, and Fe. This suggssthis chemofacies is
a response of the cleanest sandstone facies where it is damily silica and suggests micro-
crystalline authigenic quartz grain coats contributing tothe high silica concentration. Based
upon these observations, chemofacies 2 and 4 would alignthveish the characteristics of the
better reservoir facies and would likely make for better tget zones. Figure 3.35 shows the
distribution of the chemofacies de ned in Figure 3.36 compad to the core de ned faces,
where the best reservoir facies are colored in yellow, pugplgreen, and red. In general, the
highest concentration of the best core reservoir facies acdelow the S. warreni ooding
surface. Chemofacies 2 and 4 are interpreted to coincide kwihe best reservoir facies, and
agrees with the observation that the highest concentrationf these facies occur in the lower
Turner one.

Chemostratigraphy as a correlation technique is a powerftibol to analyze small scale
changes in elemental data that can be tied to larger depogihal, mineralogical, and diage-
netic trends. This understanding can be integrated into resvoir targeting with the correct
application. Although this work ow is preliminary and requires even more iterative work,
the work ow is successful in generating chemofacies baseaabun a statistical analysis. With
further understanding of elemental relationships in the Twner, this work ow can be re ned
to then tie to reservoir properties such as diagenetic sigies, high porosity zones, and even

mechanical properties to the chemofacies for enhanced tatigg and reservoir understanding.
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CHAPTER 4
PETROGRAPHIC ANALYSIS

4.1 Petrographic Analysis Overview

This chapter focuses on the investigation of the Turner Sagdmember at the micro-
scopic scale to best understand mineralogical and diagenebntrols on the mechanical and
reservoir quality at Finn-Shurley eld. Through the utilization and integration of thin sec-
tion and Field Emission Scanning Microscopy (FE-SEM) analysj a thorough and detailed
investigation of the framework and matrix mineralogy will & conducted. FE-SEM pho-
tomicrographs include backscatter images, secondary g¢fea images, EDS mineral maps,
and cathodoluminescence images. This analysis requirese@tlying grain size, textures, and
morphologies in order to document the extensive diagenetistory for the Turner interval.
The pore network of the rock, including pore types, geometrand size, can be best captured
at this scale to understand the controls on hydrocarbon praattion in the reservoir. It is
also important to note that although source rock propertiesvere measured for the Colen
10-10 core, including total organic carbon content (TOC), § S2, S3, and Tmax, the petro-
graphic analysis discussed in this chapter is primarily fosed on investigating the reservoir
and mechanical properties, such as mineralogy, diagenesisd porosity. Even though there
is a potential for organic matter to occur within the Turner, this interval is not believed to
be self sourcing and is primarily sourced from both the Mowrgnd the Niobrara Formations.
The Turner source rock will be discussed in more detail in Cpter 5 which covers reservoir
characterization.

Although a few petrographic studies have been conducted inedhchronostratigraphic
equivalent Wall Creek Member of the Frontier Formation in tle Western PRB, little has
been published about the petrography of the Turner Sandy mdryar of the Carlile Shale.

This chapter will help piece together the diagenetic histgrof the Turner in Finn-Shurley
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Field through the integration of previous work, thin sectiorphotomicrographs, and FE-SEM
analysis. Merewether (1980) made some observations in therifer near Osage, Wyoming,
approximately 30 miles outside of Finn-Shurley Field. From S observations, authigenic
minerals such as quartz, feldspar, kaolinite, chlorite, ahpyrite were present in the Turner.
From thin section observations, Merewether (1980) repodeangular to sub-rounded grains
of quartz, chert, and feldspar, where the more angular granare due to later replacement
of clay and calcite. Almon and Tillman (1979) conducted an egnhsive study that analyzed
the petrography of reservoir and non reservoir facies witithe Wall Creek member of the
Frontier Formation in Spearhead Ranch Field. From this studya paragenetic sequence was
created that summarizes the diagenetic history of the Wall @ek member (Figure 4.1). The
diagenetic stages that make up the reservoir and non-resenvfacies of the Wall Creek mem-
ber began with early chlorite coating of framework grains ahcontinued chronologically with
guartz cementation from secondary overgrowths, feldspagdching, illite/smectite develop-
ment, late calcite cements, and concluded with hydrocarboamplacement in the reservoir
facies.

Due to the fact that the Wall Creek member is a time equivalenformation to the
Turner Sandy member, the study by Almon and Tillman (1979) wassed as an analog when
researching the regional background and previously studiediagenetic stages that occur
within the mid Turonian sediments in the PRB. These analog sidies can give insight into
the regional e ects the environment can have on the diagenetstages that occur during
compaction and burial. However, variations from the Frontie petrographic studies were
expected to be observed and documented, but by being awaretloé diagenetic stages of
time equivalent stratigraphy, diagenetic textures and cesnts can be properly timed and
interpreted.

Through the integration of thin section and FE-SEM photomicograph observations,
the major diagenetic features documented for the Turner istval include early framework

grain coating of both chlorite clays and authigenic microgstalline quartz, dissolution of
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feldspars and quartz by pressure solution, large quartz ageowths, authigenic clay growth,
and late calcite cementation of available pore space. Migwopic observations suggest that
these occurred at various stages throughout the rocks bulrihistory, which have aided in

generating a comprehensive paragenetic sequence for thegenetic history of the Turner.

REWORKED MARINE BAR FACIES NON REWORKED MARINE BAR FACIES
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Figure 4.1: Paragenetic sequence of the Wall Creek member loé tFrontier Formation from
Almon and Tillmon (1979).

4.2 Thin Section Analysis

Forty-eight thin sections were made available from the USGSRC for the purpose of
this study. The vintage and preparation process of these saias is unknown. Of these
thin sections, 28 sampled depths were from the McTuillin-Beral 1 core, and 20 sampled
depths were from the Colen 10-10 core. Statistically, 48 satad depths can give a fairly
detailed microscopic pro le throughout the lower Turner. Havever, due to the heterolithic
nature of the stratigraphy, more thin sections were necesygdor the overall characterization.
Therefore, an additional six thin sections were made, threBom the Colen 10-10 core,
and three from the McTuillin-Federal 1 core, to give a bettempro le of specic reservoir

and non-reservoir facies. These reservoir and non-resénfacies were selected to further
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investigate the ability to see porosity and diagenetic feates in thin section. By creating new
thin sections, better observations can be made about any Mk porosity in the rock, with
the introduction of a yellow- uorescent dye to the thin sedbns during preparation. This
preparation process enhances pore size and shape within tbek matrix that allows uid
ow by the addition of a yellow dye which uoresce brightly urder UV light. The suite of
thin sections available for this study can help integrate te mineralogy and the rock fabric to
the reservoir quality, as well as investigate diagenetic ects and determine the paragenetic
sequence.

Thin section analysis was vital to this study, due to the negrained nature of the Turner.
Much of the information that is necessary to understand the drner was too small to be ob-
served at the core scale. By documenting the framework and tria mineralogy, including
textures, fabrics, and diagenetic indicators, assumptisrncan be made about the microscopic
scale controls on reservoir quality. Depending on the sizadameasurability of each control
factor, it can then be scaled up to be measured at the core ssaMajor observed diagenetic
features in these rock examples contain chlorite coatingéilica grains, quartz overgrowths,
calcite cements, feldspar dissolution, and quartz disstilon due to pressure solution. From
petrographic observation, chlorite grain coats precede guz overgrowths, which are only
visible in the cleaner and coarser sand intervals and facidsigure 4.2 displays high porosity
from a lack of quartz overgrowths due to the abundance of ewrthlorite grain coatings.
From XRD, a higher percentage of chlorite is observed in theeaner, sandier, less muddy
facies where more porosity is observed. Clay coatings aréenpreted to occur during early
diagenesis, before 80-100 degrees C. The chlorite occurtyaa the diagenetic paragenesis
and is known to inhibit the growth of pore- lling syntaxial quartz overgrowths, which de-
crease porosity (Cecil and Heald, 1971). From thin section alysis, the chlorite appears to
form rims around quartz grains which look like a green/browmim between the quartz grain
and the pore lled with blue epoxy (Figure 4.3). Figure 4.4 show/quartz cements occurring

in what appears to be inital pore space, suggesting the grawoats did not cover the entire
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surface of the grain, allowing for secondary quartz overgrts to grow in the pore space.

Figure 4.2: Thin section photomicrograph in plane light (topand cross polar light (bottom)
from the Colen 10-10 at a core depth of 5275 ft. Photomicrogra displays epi uorescent
yellow dye highlighting primary porosity and possible secalary porosity with observed chert
grains. Porosity from core is 16% and permeability from coiie 0.38 mD at this depth.
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Figure 4.3: Thin section photomicrograph in plane light fronthe McTuillin Federal 1 at a

core depth of 4851 ft. Photomicrograph displays chlorite ating of grains observed as partial
green/brown dust rims around quartz grains with visible inérgranular porosity. Porosity
from core is 15.5% and permeability from core is 0.33 mD at thdepth.
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Figure 4.4: Thin section photomicrograph in plane light fromthe McTuillin Federal 1 at
a core depth of 4876 ft. Photomicrograph displays quartz ongrowths as quartz cements
interpreted to have grown in the inital pore space.

Also observed in thin section is the dissolution of feldspaFigure 4.5) and quartz as a
result of pressure solution (Figure 4.5). Figure 4.5 shows thissolution of feldspar illus-
trating secondary porosity in the sample where the feldspas no longer present. Also seen
is an example of quartz dissolution due to pressure solutiat the grain to grain contact.
It shows that quartz dissolution does not give secondary pasity but rather quartz cement
near or at the grain contact.

In the medium-grained facies, calcite cements are presers shown by the alizarin red
stain. Any sediment that occurs ner than medium-grained andvith higher mud content,

less than 10% do not appear to have any large calcite cementepipitation. Figure 4.5
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also displays calcite cementation in addition to all previasly discussed diagenetic processes.
Suggesting this was the last stage that occurred and was detental to the porosity and
permeability of this facies, which was expected to be muchdfer prior to cementation.
From core analysis, this facies has a porosity of 13% and perability of 0.003 mD.
Compaction of the Turner occurred throughout the diageneti process, with the ner-
grained and muddier facies appearing to have seen a largeeet. The cleaner sandstones
intervals with higher percentage of silica were able to hollstronger framework and preserve

intervals of higher porosity and permeability for hydrocason accumulation.
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Figure 4.5: Thin section photomicrograph in plane light fronthe Colen 10-10 at a core depth
of 5297 ft. The photomicrograph displays late calcite cemtnthat have destroyed most of
the inital porosity. Also displays partial feldspar dissoltion, pressure solution, and quartz
overgrowths.
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4.3 FE-SEM Analysis

A substantial portion of this research was dedicated to ingtigating and understanding
the microscopic scale e ects on reservoir quality. This iteded taking 18 rock samples from
18 di erent depths and 6 di erent facies, Facies 1, 2, 3, 5, 6na 7, prepared for imaging
under the Field Emission-Scanning Microscope (FE-SEM) at th€olorado School of Mines
(CSM). These facies were chosen because 1, 2, and 5 are the teservoir facies, and 3,
6, and 7 are the lowest quality reservoir facies. In hopes thabserving and comparing
the diagenetic textures and features in the good and poor esoir intervals, variations in
the composition, framework, and pore networks, would higight diagenetic controls on the
quality of the rock to be a good reservoir. These samples weayeepared by breaking rock
samples from the McTuillin-Federal 1 and the Colen 10-10 a8 to create a broken surface,
the best method to discern surface textures, which were gotiated for 2-3 minutes per
sample to achieve the best imaging.

Two types of images were acquired for each sample, a backsmaelectron (BSE) image
and a secondary electron (SE) image. BSE images are ideal identifying compositional
di erences of minerals and zonation of minerals. These imag highlight variations in the
atomic number of the elements that compose the mineral, whreeelements with higher atomic
numbers appear brighter. SE images are best for discerningrp shape, sizes, and types.
These images have a high signal strength, resulting in topaghy contrasts in the sample.
Overall, the combination of these images are ideal for inté&gating porosity, pore networks,
and framework mineral and matrix mineral textures. In additon to the BSE and SE images,
energy dispersive spectroscopy (EDS) mineral mapping wasrformed on these samples to
show the distribution and concentration of elements withirthe eld of view. Using either
a BSE or SE image, elemental maps were made using X-ray energgpérsive spectroscopy
to generate a mineral map on top of either a BSE or SE image as ask. Keeping in
mind the dominant lithology of quartz, feldspar, plagioclae, clays, and calcite, the primary

elements that were mapped in color include silicon (Si), alinum (Al), magnesium (Mg),
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calcium (Ca), iron (Fe), potassium (K), and sodium (Na). In adlition, two thin sections
from the Colen 10-10 core were polished and carbon coated ameestigated under the SEM
using the cathodoluminescence (CL) and the SE beam, also idabtle at the CSM lab. The
luminescence of all detrital and diagenetic minerals sucls guartz, feldspar, phyllosilicates,
carbonates, etc can be quantitatively characterized by sposcopy (Richter et al., 2003).
One of the most important minerals in sandstones is quartzplwever, the origin of quartz can
vary signi cantly. CL can discriminate detrital grains from cements and provide evidence for
the replacement of other minerals based upon their lumineswce (Sippel, 1968). Common
CL colors include red, the best color for discerning quartgreen, and blue wavelengths,
which were all investigated using the FE-SEM cathodolumines beam at CSM.

The primary goal was to compare the diagenetic textures andrgresses in the best
reservoir rock with the textures and processes in the pootesservoir rock. This means that
the poorest reservoir rock samples gave the most insight olnet full diagenetic history, and
provided the best images to convey the history of the study ea. Observations from several
samples suggest that early grain coating of major framewordcains plays a crucial role in
preserving initial porosity within the Turner stratigraphy. Figure 4.6 shows a BSE image
from a Colen 10-10 sample in the ne-grained sandstone fagi@here both microcrystalline
quartz and chlorite blades appear to coat a framework quarigrain. In terms of timing, it
is interpreted that the microcrystalline authigenic quargz grain coats precedes the coating
of the chlorite clay blades. This is largely due to the appeance of chlorite blades that
form on top of the microcrystalline authigenic quartz and acas a secondary grain coat after
the inital coating. This early grain coating prevents the naleation of quartz overgrowths
forming on the framework grain and growing in the pore spacatér during diagenesis. This
process results in the preservation of porosity. However, the ner grained sediments, this
coating does not occur everywhere and the result is that mopervasive large euhedral quartz

overgrowths grow in the pore space (Figures 4.7-4.8).
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Secondary quartz overgrowths occur throughout the Turnersalarge euhedral grains in
the pore space of regions where no early chlorite or microstalline authigenic quartz grain
coatings have occurred. This quartz growth occurs betwee@-800 degreesC burial depth
where the growth can nucleate on a quartz surface and grow watrd into the pore space.
Figures 4.7 and 4.8 show examples of these secondary overgrswn two di erent samples,
where the size of the overgrowths appear to correlate to thenaunt of pore space and the
size of quartz nucleation surface available for growth. Thitypically is observed in coarser
grained sediments, which have larger pore space and quartanhiework grains, resulting
in larger overgrowths. Another analysis looking at size, mphology, and shape of quartz
overgrowths is by using thin sections and CL imaging. Figure&9-4.10 show a typical suite
of images to best observe overgrowths. Figure 4.9a and 4.9abws a SE image of the thin
section where the size and shape of the grain can be observeures 4.9b and 4.9e shows
a combination image of the red, blue, and green wavelengthsigures 4.9c and 4.9f show an
image of just the red wavelength, the dominant light to disa& quartz grains and secondary
growths. Figure 4.10 shows the same image suite at a di erenbre depth in the medium-
grained facies. These CL images begin to separate out thegami of the grain where later
growth can be seen as contrast variations in these images.Gh, detrital grains will luminese
brighter compared to authigenic minerals. Although there & ways to interpret secondary
guartz growth in thin section, CL imaging combined with SE images of thin section samples
best show how extensive secondary growth is and to what sizeese are to interpret inital

porosity and clearly shows the e ects of these growths on thorosity of the reservoir.
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SEM HV: 15.0 kV WD: 10.07 mm [ MIRA3 TESCAN
SEM MAG: 6.12 kx Det: BSE 10 pm

View fleld: 45.2 ym | Date(m/dly): 02/03/20 Performance in nanospace

Figure 4.6: FE-SEM BSE image from the Colen 10-10 core at 5300¢bre depth. BSE image
shows a early microcrystalline authigentic quartz grain @ (mQ) and a later secondary
authigenic chlorite (CI) grain coating on a framework grain
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Figure 4.7: FE-SEM BSE image from the Colen 10-10 core at 5300 ftore depth. BSE
image shows a large euhedral quartz overgrowth (Q) in the pospace.
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Figure 4.8: FE-SEM BSE image from the Colen 10-10 core at 5297 ftore depth. BSE
image shows another large euhedral quartz (Q) overgrowth the pore space. Also seen in
the image is an interpreted detrital chert grain (Cht), a franework grain with authigenic
chlorite grain coat (Cl), and an authigenic calcite grain (@).
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Figure 4.9: FE-SEM CL image from the Colen 10-10 core at 5275 ftore depth. A/D)
shows SE image of thin section. B/E) shows combined red, bluend green CL image. C/F)
shows red CL image. Detrital quartz grain (dq) displays brigt luminescence in contrast to
the dull luminescence of the authigenic quartz overgrowtrog).
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Figure 4.10: FE-SEM CL image from the Colen 10-10 core at 5297t2 core depth. A/D)
shows SE image of thin section. B/E) shows combined red, bluend green CL image. C/F)
shows red CL image. Detrital quartz grain (dq) displays brigt luminescence in contrast to
the dull luminescence of the authigenic quartz overgrowthog).
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Figure 4.11 shows an example of small euhedral quartz graingpaaring to grow out
from a microcrystalline quartz grains. However, the interpetation is that this is a chert
grain, seen extensively in cross polarized light with the pegraphic microscope, in the
Turner. This suggests these polycrystalline quartz are nauthigentic and instead detrital
as lithic fragments sourced from the Sevier Highlands duringeposition. The observed
polycrystalline quartz in this image is not an early grain cating and can be a nucleation
source for microcrystalline quartz growth. The nucleatiorsite is much smaller due to the
inherent size of the detrital chert, which is why there doesat appear to be extensive quartz
growth on these grains.

Four diagenetic processes were observed as potential ailgources for secondary quartz
overgrowths: 1) pressure solution, 2) feldspar dissolutip 3) illite to smectitie conversion,
4) chert dissolution. Quartz cements from pressure solutiois another observed stage of
diagenesis. This can cause quartz dissolution, althoughesemore pervasive in thin section,
further evidence in FE-SEM was observed. Figure 4.12 shows arfrework quartz grain with
conchoidal fractures, interpreted to be a result of presses and stresses. In addition to quartz
dissolution, possible evidence for feldspar dissolutionas/ seen in FE-SEM by dissolution
textures later lled with diagenetic cements. However, thisstage in the burial history was
investigated more in thin section by evidence of secondaryoqsity. The third process
observed that could be a potential source of silica for secary overgrowth is authigenic
clay growth from the conversion of smectite to illite duringlater burial. This processes is
interpreted to occur as one of the last events prior to secoay quartz overgrowth. When
temperatures reach 80-100C during burial, detrital clays can become unstable and they
are replaced with mixed layer clay minerals and illite. Figue 4.13 shows an example of well
developed kaolinite books that have grown within the pore sge. From XRD, the Turner
shows a elevated percentage of clay content, both illite-stitie and kaolinite within the
ner grained sandstones and siltstones. Facies 7 and 8 havglh mudstone content with

over 50% clay, Facies 1 and 3 have between 30-40% clay contamid the remaining facies
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are all less than 15% clay.

The last stage of observed diagenesis in the Turner is latd@ge cements precipitating in
the pore space. This appears to occur most extensively in theedium-grained sediments as
a result of the excess pore space for the calcite to precipga These cements are interpreted
to occur last because in the sediments that they occur, all @viously mentioned diagenetic
stages were observed, indicating that calcite cements welee last stage to occur in the
Turner.

Integrating FE-SEM observations, BSE, CL, and SE images witBEDS maps is a key tool
when summarizing the diagenetic history. Figure 4.14 shows &DS map of a sample from
the Colen 10-10 core where authigentic microcrystalline gtiz has been identi ed in red for
silicon, chlorite has been identi ed in yellow for an iron4ch aluminosilicate clay, kaolinite has
been identi ed in green for an aluminosilicate clay, and ceite has been identi ed in blue for
calcium. In Figure 4.14a, the red and yellow colors represémy microcrystalline authigentic
guartz and chlorite blades coating a framework grain in thesft section of the image. Moving
to Figure 4.14b, the eld of view has been shifted to the pore ape of the framework grain
where the blue and green colors representing calcite and kabe are seen lling the pore
space of the grain. By utilizing EDS mapping, patterns, timng, and minerals that are not
easily discerned in simply BSE or SE images become apparefbr example, the chlorite
grain coating appears to occur on top of the microcrystallanauthigentic quartz, suggesting
that the quartz grain coat precedes the chlorite grain coatln addition, the texture of the
calcite in this pore space makes it hard to separate from theel developed kaolinite books.
Without the use of EDS mapping, the calcite could easily haveden missed and depicts how

the calcite lled in the remaining pore space that was not oapied by authigentic kaolinite.
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Figure 4.11: FE-SEM BSE image from the Colen 10-10 core at 5297 ¢ore depth. BSE
image shows a close up of a detrital chert grain. Authigenic orocrystalline quartz (mQ) is
interpreted to be using the detrital chert as a nucleation .
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Figure 4.12: FE-SEM BSE image from the Colen 10-10 core at 54'3. core depth. BSE
image shows conchoidal fractures as a result of rock breakag
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Figure 4.13: FE-SEM BSE image from the Colen 10-10 core at 5297 ¢ore depth. BSE
image shows authigenic kaolinite (classic "book" morphaly) growing in the pore space.
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Figure 4.14: FE-SEM BSE image with EDS map from the Colen 10-10re at 5297 ft. core
depth. Authigenic microcrystalline quartz grain coat is shan in red, chlorite grain coat is
seen in yellow, pore lling calcite cement is seen in blue, drpore lling authigenic kaolinite

books are seen in green.
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4.3.1 Diagenesis Summary

The diagenetic imprint on the varying lithologies within the Turner have created a unique
history for this Turonian aged proli c reservoir in the PRB. The speci c depocenter and
environment during Turner deposition at Finn-Shurley gave anique opportunity for various
diagenetic mechanisms and processes to alter the lithologihese mechanisms a ected all
of the sediment of the Turner to some degree, with the coarsgrain sediments appearing
to have the greatest magnitude of alteration occurring whenompared to the ner grained
and muddier sediments of the Turner.

Microcrystalline authigentic quartz grain coatings and clorite grain coatings are the rst
stages of diagenesis to occur early in the rocks burial hisgo These two coating processes
are interpreted to have preserved inital porosity and pernadility of the Turner. The source
of silica for early grain coating is undetermined. Howeverhert grains are observed in both
thin section and FE-SEM and are interpreted as detrital. Thisuggests that the weathering
of these detrital chert grains during transport and deposibn could be a source for silica
early in the burial history. Sources for the early chlorite gain coatings are likely a result of
weathering of ferroan metamorphic minerals, low temperata metamorphic volcanic rocks
fragments, alteration of feldspars during transport and bial, or as a hydrothermal alteration
product (Deer et al.,, 2013a). In areas where grain coating Isss prevalent, secondary
quartz overgrowths are more pervasive as the early grain ¢ inhibits the nucleation
and growth of secondary quartz cements in the pore space, thdecreasing inital porosity
and permeability. In the event that there is minimal to no ealy grain coating, a source of
siliceous material must be present in order to promote seatary quartz overgrowths. For
the Turner, this excess source of silica is interpreted to feom three di erent diagenetic
processes. The rst observed potential source of silica isiartz dissolution from pressure
solution. Increasing pressures and temperatures can iaite dissolution of quartz at the grain
to grain contact, releasing excess silica into the system psomote secondary overgrowths.

The second observed potential source of silica is weatheyiand dissolution of feldspars and
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other silicates to release silica into the system. The nallaserved potential source of silica is
the illite to smectite conversion. Again at high temperature and pressures, smectite becomes
unstable and converts to illite or mixed layer clays. Theserpcesses can also be expedited
with the introduction of saturated pore waters into the sysém during burial. Without much
more extensive petrographic work, which of these potentiglources is the main source of
silica is indeterminable. With observations of all three proesses, each is interpreted to have
an e ect on the source of silica for the purpose of this studyrhe nal diagenetic process that
was observed is late calcite cementation that occurs primbronly in the medium-grained
sand intervals. Figure 4.15 shows a chronological paragenetequence generated for the
Turner during burial from these thin section and FE-SEM obsemtions.

In conclusion, the processes that are interpreted to havedHargest e ect on porosity and
permeability are early microcrystalline authigentic quaz and chlorite grain coats, secondary
quartz overgrowths, and late calcite cements. The inital gin coatings occurred early in
diagenesis and aided in preserving inital porosity as it prented later quartz overgrowths.
In areas of absent or patchy grain coatings, overgrowths apgevalent and appear to have
decreased inital porosity and permeability by lling the pae space with quartz cements. The
nal stage that a ected porosity and permeability was late @lcite cements. In the medium
grained sand where this was observed, much of the pore spacdled with calcite and has
been detrimental to inital porosity and permeability. Although the dissolution of quartz and
feldspars can provide secondary porosity, if there is pooragn coating, quartz overgrowths
are likely to occur and still adversely a ect porosity and pemeability. In conclusion, the
best reservoir facies with the highest preserved porosityn@ permeability have extensive
early grain coating of both microcrystalline authigenic qartz and chlorite, and are ne-
grained with less than 15% mud in order to avoid secondary qua overgrowths and the

precipitation of calcite cements.
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Figure 4.15: Paragenetic sequence of the Turner Sandy memigegated from thin section
and FE-SEM analysis and interpretations.
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CHAPTER 5
RESERVOIR CHARACTERIZATION

5.1 Reservoir Characterization Overview

This chapter will discuss the integrated approach taken toharacterize the reservoir
intervals in Finn-Shurley Field, in order to understand how diand gas can accumulate in the
Turner. By utilizing and integrating routine core analysis(RCA), core description, XRD,
XRF, petrographic observations, and petrophysical well loggotential reservoir intervals
based on the best rock and mechanical properties can be ideed. By understanding the
diagenetic history and depositional environments discuss in the previous two chapters,
zones that developed and preserved the best porosity and peability can be highlighted.
Inferring zones in the reservoir interval to choose as hooatal drilling targets can lead to

successful and economical production of hydrocarbons.
5.2 Porosity and Permeability

In ne-grained sandstone reservoirs, porosity and permegity measurements from core
are critical for classifying reservoir facies. By identiing intervals and facies with the highest
porosity and permeability values, the intervals where ther is the most amount of storage
space and ow capacity for hydrocarbon migration and produmon are highlighted. Varia-
tions in porosity and permeability can be a e ected by minerdagy, diagenesis, bioturbation,
depositional processes, or some combination of all thesetfss. Core measured porosity
and permeability data was provided for all four cores, with ach classi ed core facies hav-
ing at least one data point available to make assumptions abbreservoir capability. One
density porosity log that covered the entire Turner intervawas provided for the Perpetual
Finn 8 core that showed the porosity pro le throughout the inerval. However, individual
facies cannot be discerned on logs, meaning the core deriyatosity measurements were

the primary values used to interpolate porosity and permedlity values to the described core
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facies. The total number of core measured porosity and peraiglity data points for this
study was 46. Porosity in these four wells ranges from 9.13%46.62%. Facies 1, 2, 4, and
5 are determined to be reservoir facies based upon core dediporosity and permeability
values. Facies 3, 6, 7, and 8 were determined to not be resér¥acies using the criteria of
a porosity cuto of 12% and a permeability cuto of 0.1 mD. Fages 1 has three data points
available to calculate an average porosity value of 14% ane@nneability of 0.12 mD. Facies
2 has nine data points available to calculate an average psity value of 13% and permeabil-
ity of 2 mD. Facies 4 is the most abundant facies, and has niregin data points available to
calculate an average porosity value of 14% and permeabilibf 0.16 mD. The nal reservoir
facies, Facies 5 has seven available data points availabtedalculate an average porosity of
14% and permeability of 0.31 mD. In general, these reservdacies are cleaner, less muddy,
ne-grained sandstone intervals with preserved laminatits, with Facies 1 and 4 as excep-
tions. Facies 1 and 4 facies are heavily bioturbated and lanations are not observed, but
still meet the porosity and permeability criteria. Although Facies 6 is medium-grained and
cryptically bioturbated, the pore space experienced lateatcite cements, greatly diminishing
inital porosity and permeability.

From petrographic work and XRD, all reservoir facies have amhere from 1-5% of volume
from chlorite clays, except for Facies 1. This indicates dgrgrain coats of chlorite and
microcrystalline quartz, which are known to preserve pordg and permeability by inhibiting
secondary quartz growth during burial. Porosity and permdality appear to be highly
a ected by diagenesis, as discussed in the previous chaptemtervals of slightly higher
clay content were more a ected by compaction after deposith compared to the relatively
cleaner, less muddy, ne-grained sandstone intervals. I$ interpreted that the preservation
of inital porosity and permeability in Facies 1 is due to the igh intensity of bioturbation,
which has appeared to inhibit mechanisms that destroy resair quality in this facies. Figure
5.1 shows a plot of porosity versus permeability values frothe McTuillin-Federal 1 core

and is colored by facies. The Turner is dominated by sub-mimr micro, and meso pore
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throat sizes due to its ne-grained, mud-rich nature, and etensive diagenetic history. Facies
de ned as primary and secondary reservoir facies plot as serof the highest porosity and
permeability values in the dataset, suggesting the potemti for production from mesopores
and micropores. Observations from FE-SEM and thin section ptomicrographs suggest
that porosity is dominated by intergranular or interparticle pore networks (Figure 5.2) and
some fracture porosity. The introduction of an epi ouresaa dye to the thin sections during

preparation, aided in determining available pore space anghat form it is present within

the rock.

Figure 5.1: Porosity versus permeability plot of the McTuiih Federal 1 core colored by
facies. Where the red, purple, green, and yellow squares agpresentative of reservoir facies.
Dashed lines show the separation of pore throat sizes integped from R35 calculation from
Hartmann and Beaumont (1999).
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Figure 5.2: FE-SEM BSE image of an intergranular pore in a rockample from Facies 5.
This sample was from the Colen 10-10 core at a core depth of 630

5.3 Source Rock

A key element to the success of Turner production at Finn-Shiay is the commercial
size accumulation of migrated hydrocarbons from a organiich source that occurs in the
PRB. For the Turner interval, the underlying Mowry Formation and the overlying Niobrara
Formation are believed to represent the main source of acculated hydrocarbons for this

eld. Figure 5.3 shows an Ro map of the Mowry Formation in the stdy area, which shows
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the Mowry Formation located in Finn-Shurley, lying just on the edge of the early oil window,
or having Ro values around 0.6 (Modica and Lapierre, 2012)tr&igraphically, the Mowry
Formation lies below the Turner and is a proven world class sice rock in the PRB. However,
the high gravity oil that is produced from Finn-Shurley, 43API, suggests that the source
is well within the peak maturity window for hydrocarbon expusion. This means that the
oil would have had to have migrated from a region of higher matity, likely in the central
portion of the basin, updip, and become trapped in the Turnereservoir in Finn-Shurley.
To con rm this interpretation of a migrated oil accumulation, a one-dimension basin
model was created using the software BasinMod from Platte W&r Associates. This model
was created for the Dixon Smith 3 well, located just outsidehe study area to the northwest
in sec 27 43N 65W (Figure 5.3). Figure 5.4 shows a burial histopjot modeled for the
well in BasinMod. The model displays historical tectonic ash structural events as well as
periods of non-deposition that shape the modern day PRB. Thextensive tectonic history
of the basin also allowed for hydrocarbon expulsion of knowsource rocks. Geochemical
data was then integrated to the model to constrain the time wén the Mowry Formation
entered in the oil window in the study area. As seen in Figure 5.4he Mowry Formation
near Finn-Shurley is right on the edge of entering the mid mate window from the early
mature window. Plotting as right in the transition between ellow, which denotes early
mature, and green, which denotes mid mature, in the burial &iory plot (Figure 5.4). In
addition, Finn Shurley Field is normal to sub pressured at 0.48si/ft (Toner, 2019). Higher
gravity produced oils, 41-43 API, measured by the Wyoming Geological Society (WGA) in
Finn-Shurley Field are inconsistent with in-situ low maturity levels from source rock analysis
and the 1D basin model. This con rms the interpretation of a dng-distance migrated oil

accumulation at Finn-Shurley.
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Figure 5.3: Maturity map of the Mowry Shale in the PRB. The blak circle represents the
study area and the purple star represents the well used for ® basin model. Modi ed from
Modica and Lapierre (2012).

The Turner is typically associated with Niobrara petroleum gstem. In Finn-Shurley, the
Niobrara Formation is in the early maturity window, accordirg to the burial history model,

and beginning to generate hydrocarbons, which happens amali0.5 Ro (Anna, 2009). How-
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ever, similar to the Mowry Formation, these Ro values are imnsistent with the level of
maturity that is measured in the produced oil from Finn-Shurty Field. Because the hy-
drocarbons that charge Finn-Shurley are likely a result of mration from a region of peak
maturity in the central portion of the basin, it is potentially being charged by both the
underlying Mowry Formation and the overlying Niobrara Forma&ion. Due to the structural
complexity and extensive lineaments in the PRB, migrationauld occur updip by fault path-
ways for both the Mowry and Niobrara formations. However, futter geochemical analysis is
necessary to con rm this interpretation. This does supporthe idea that the Turner does not
need to occur in an area where the source rock is mature if tieeis an ability or mechanism

for oil to migrate into the reservoir interval and become traped.

Figure 5.4: Basin Model created for the Dixon Smith 3 well jusbutside of the study area
with maturity windows. Black line highlights the burial history of the Mowry Formation.
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5.4 Reservoir Targets

One of the primary goals of this study was to identify potentl reservoir targets in
each well through the integration of core analysis, petrogphic analysis, and petrophysical
analysis. By integrating core descriptions, XRD, XRF, thin sdé@ns, FE-SEM analysis, and
routine core analysis, a holistic view of the target interda can be determined. Prospective
targets for the lower Turner, including both the Turner one ad two zones, were identi ed
based upon highly porous and permeable zones in addition tmh concentration of reservoir
facies, and resistivity increases. Due to the high amount alay content in the Turner,
the resistivity values are lower than typically expected flohydrocarbon saturation. Based
upon petrophysical logs, hydrocarbon saturation looks toebpervasive throughout the lower
Turner interval and only occurs at the very shallowest sandhterval in the upper Turner.
The Perpetual Finn 8 well was the only well in the cored datasawith a density porosity
(DPHI) log provided. The DPHI log was a valuable tool when avadlble to highlight zones of
higher porosity and indicate better reservoir quality intevals. Figure 5.5 shows the gamma
ray, resistivity with a cuto of 5 ohm-m, and a porosity log with a cuto of 12% for all the
Turner zones in the Perpetual Finn 8. While there are resistityi spikes and high porosity
pay all throughout the lower Turner one, resistivity and netporosity pay begin to subdue
in the lower Turner two. In the upper Turner, the majority of the porosity and resistivity
is lost, except for the upper most sand that caps the top of th&urner interval where there
could be potential pay. Internal ooding surfaces are intgreted to not act as barriers to
hydrocarbon migration and rather convey a transition fromhe best developed reservoir rock
to moderate reservoir rock quality moving up section.

In order to assess the mechanical stratigraphy of the TurneKRD was utilized to cal-
culate a mineralogy-based brittleness index. A mineraloggased brittleness index (BI)
calculation can help predict areas that would be ideal targe for hydraulic fracturing. Using
XRD mineralogy to evaluate brittleness or mechanical strenlg of the rock is comparable to

a log-based dynamic elastic brittleness index (Jarvie et ak007). Equation 5.1 is a modi ed
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approach of Jarvie by Xu and Sonnenberg (2016) that was used tars study of the Turner.

B| = (Qz + Kspar + Plag+ Ca+ Dol + Pyr)
"~ (Qz+ Kspar + Plag+ Ca+ Dol + Pyr + Cly + TOC)

(5.1)

Where Qz is the weight fractional quartz content,Kspar is the weight fractional potassium
feldspar content,Plag is the weight fractional plagioclase contentCa is the weight fractional

calcite content, Dol is the weight fractional dolomite content,Pyr is the weight fractional

pyrite content, Cly is the weight fractional potassium feldspar content, andOC is the

total organic carbon content. This methodology compares ¢hsum of the brittle minerals
and divides it by the sum of the brittle and ductile minerals. XRD was only available for
the Colen 10-10 core and the McTuillin-Federal 1 core to comafe these curves. Integrating
mechanical stratigraphy with reservoir quality, targetirg can be re ned to include intervals
with the most porous and permeable zones while still beingitite for successful completions
and increase well production.

Figure 5.6 shows prospective target intervals for the Coler0110 well. The target inter-
vals are those where high concentration of reservoir Fagiels 2, 4, and 5 stack, with the
highest zones of porosity, permeability and resistivity.nl addition, a high brittleness index is
calculated in these zones. It is critical to integrate the da, as some zones of high resistivity
and brittleness index can be a result of calcite cements ancbwd be expected to have low
porosity and permeability. This can be seen in core in the meon-grained sandstone of Fa-
cies 6 at a core depth of 5297 feet. These 15-25 foot targete aptimal thickness for drilling
assuming that hydraulic stimulation would be able to propaate in both directions without
the interference of fracture barriers. There are no fracterbarriers inferred in the Turner
since the mudstones have a high percentage of silt, makingeth not highly ductile, and are
only 6-10 feet thick. With this observation, primary targetswere chosen in the section to

be considered the lower Turnerssweet spot". These"sweet spots" are identi ed as zones
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of high porosity, high permeability, high resistivity, a hgh brittleness index, and in a zone
primarily composed of Facies 1, 2, 4, and/or 5. Due to the laakf data and coverage in the
lower Turner two zone, and based on the available core and ldgta, the primary targets
were chosen for the lower Turner one zone where rock qualitgpears best. However, from
petrophysical logs and core description, the lower Turnemb zone shows potential pay and
targets are considered secondary due to a lack of availablatal

Figure 5.7 is an integrated image of the prospective resemvdargets determined for
the McTuillin-Federal 1 well. Ideal targets are areas of théighest porosity, permeability,
brittleness index, and resistivity in the lower Turner one @ane. Which correspond to the
highest concentration of the reservoir Facies 2, 4, and 5. &re also appears to be a pay zone
in the lower Turner two zone in a section of high porosity, peneability and brittleness, with
resistivity greater than 5 ohm-m in the upper laminated and ioturbated sands.

Figure 5.8 illustrates the prospective reservoir targets termined for the Dreiling-Federal
7 well. Ideal targets are areas of high porosity, permealyli and resistivity in the lower
Turner one zone. These zones correspond to the highest caniion of reservoir facies. A
lower Turner two target was chosen as well that has a thick ietval of reservoir facies. The
Dreiling-Federal 7 well has the lowest variability of facie changes moving up the core, where
thick successions of reservoir Facies 2, 4, and 5 occur in #teata above the MnFS above
the medium-grained sandstone of Facies 6. The resistivityck at a core depth of 4783 feet
is interpreted to be an increase in calcite cements in the lewTurner one.

Figure 5.9 shows chosen intervals of prospective reservardets determined for the Per-
petual Finn 8 well. Ideal targets are areas of the highest paity, permeability, and resistivity
in the lower Turner one and two zones, which correspond to tHaghest concentration of
reservoir facies. The lower Turner one target zone is a 15 taoterval of predominantly
reservoir facies and a high porosity, permeability, and riessivity zone. The lower Turner
two prospective target is a 20 foot interval of laminated andioturbated sands with high

porosity, resistivity, and permeability.
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Figure 5.5: Type log section for the Perpetual Finn 8 that showthe gamma ray, resistivity,
and density porosity pro le through the Turner. Pink stippled bar shows cored interval and
pink dashed bar shows perforated interval. Resistivity islled in red where ILD> 5 Ohm-m,
and porosity is lled in blue where DPHI> 12%. Net productive pay intervals are indicated
by zones where both these cuto s are met.
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Figure 5.6: Chosen reservoir targets (green shaded intesjafor the Colen 10-10 well based
upon facies classi cation, gamma ray signature, a resisity cuto , an arbitrary brittleness
index cuto of 0.55, high porosity values, and high permealiy values. Well location is
shown on the map in the right corner, and current productionniformation is on the right
corner where the perforated interval is shown in pink.
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Figure 5.7: Chosen reservoir targets (green shaded intesjafor the McTuillin-Federal 1
well based upon facies classi cation, gamma ray signatura,resistivity cuto , an arbitrary
brittleness index cuto of 0.55, high porosity values, and igh permeability values. Well
location is shown on the map in the right corner, and currentoduction information is on
the right corner where the perforated interval is shown in pk.

122



Figure 5.8: Chosen reservoir targets (green shaded intesjafor the Dreiling-Federal 7 well
based upon facies classi cation, gamma ray signature, a gty cuto, high porosity
values, and high permeability values. Well location is shawon the map in the right corner,
and current production information is on the right corner wiere the perforated interval is
shown in pink.
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Figure 5.9: Chosen reservoir targets (green shaded intesjafor the Perpetual Finn 8 well
based upon facies classi cation, gamma ray signature, a gty cuto, high porosity
values, and high permeability values. Well location is shawon the map in the right corner,
and current production information is on the right corner wiere the perforated interval is
shown in pink.
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5.5 Reservoir Mapping

Reservoir maps were created utilizing 700 wells in the studyea at Finn-Shurley Field,
located in south central Weston County. Figure 5.10 displayan west to east cross section
of the four study area wells that were analyzed in great defaiDue to the vintage of the
majority of the wells located in the eld, the petrophysicallog suite primarily consisted of
gamma ray, spontaneous potential (SP), and resistivity cues. Approximately a dozen wells
in the study area had density porosity (DPHI) logs through theTurner interval. However,
there was not enough coverage to include these logs when treppay maps. From the
data set, isopach and resistivity maps were generated forgtower Turner interval as well as
the entire Turner interval. Maps for the individual Turner one and two zones were possible
due to the ability to correlate these surfaces in gamma ray drresistivity logs across Finn-
Shurley. Isopach maps show the thickness of the Turner regeir across the study area, where
the isopach map with pay shows the thickness of the Turner wieethere is believed to be
hydrocarbons, or a resistivity value greater than 5 ohm-m. His resistivity cuto was chosen
based upon extensive analysis of resistivity logs in the @&l and a thorough understanding
of the resistivity of the shale baseline of areas not beliel& be charged with hydrocarbons.
Resistivity of this interval is interpreted to be low based o the high percentage of clay
that is present throughout the Turner. Resistivity logs wee the primary petrophysical log
used in reservoir mapping and are pervasive throughout FinBhurley where many other
petrophysical logs are not. From logs, resistivity kicks ggear throughout the lower Turner
interval and begin to diminish moving into the lower Turner tvo. The upper Turner generally
has a single resistivity spike at the very top of the intervalFigure 5.10). From these
observations, the entire lower Turner interval appears to é saturated with hydrocarbons.

Figure 5.11a illustrates an isopach of the entire Turner intgal, from the top of the
Turner to the basal unconformity. The entire Turner intervd thickens across Finn-Shurley
Field and thins slightly moving outward. This seems to be a re#t of extra accommodation

space available for the Turner, speci cally the lower Turneone zone. This accommodation
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space could be a result of a paleo-low associated with the @®n lineament shown by Slack
(1981) that trends NE-SW just north of the study area. Pay, or esistivity greater than 5

ohm-m, correlates to the thick in the Finn-Shurley Field. Figue 5.11b shows a resistivity
map of the Turner across the Finn-Shurley area. This map waseated by summing the
thickness of Turner that had resistivity greater than 5 ohmm and contoured to show where
the thickest interval of high resistivity rock is located acoss the eld.

Figure 5.12a illustrates an isopach of the lower Turner intgal, from the top of lower
Turner to the unconformity. The lower Turner interval thickens across Finn-Shurley and
thins moving outward. Pay in the form of resistivity correldes to the thick in Finn-Shurley.
Figure 5.12b shows a resistivity map of the lower Turner acreshe Finn-Shurley area. Again,
this map was calculated by summing the thickness of the lowd@urner that had resistivity

greater than 5 ohm-m. Contours highlight the thickest inteval of high resistivity.

Figure 5.10: Stratigraphic cross section of key cored wellattened on top of the Turner.
Logs including gamma ray and resistivity logs with a cuto of5 ohm-m. Pink dotted bars
show perforated interval and pink stippled bars show coredterval.
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Figure 5.11: Maps generated for the entire Turner interval (@p Turner to Basal Unconfor-
mity). A) Isopach of the Turner in Finn-Shurley area. The thiclest interval is located in the
center of the study area. B) Net resistivity map of the Turner.Resistivity map is created by
summing the thickness of the Turner where resistivity is geger than 5 ohm-m. Contoured
map shows the thickest interval of resistive rock is locateith the center of the study area.
Stars represent the locations of the key cored wells for thésudy.
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Figure 5.12: Maps generated for the lower Turner interval (o Lower Turner to Basal

Unconformity). A) Isopach of the lower Turner in Finn-Shurley aea. The thickest interval

is located in the center of the study area. B) Net resistivity rmap of the lower Turner.

Resistivity map is created by summing the thickness of theuer Turner where resistivity is

greater than 5 ohm-m. Contoured map shows the thickest inteal of resistive rock is located
in the center of the study area. Stars represent the locatisrof the key cored wells for this
study.

5.6 Production

5.6.1 Historical Production

Finn-Shurley Field was rst discovered in 1965 and further deatoped to target the pro-

lic Turner sandy member reservoir. This eld has continuedto produce from the Turner
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since the 1980's (Figure 5.13). Historically, this eld has mrduced conventionally from ver-
tical wells (Figure 5.14), but in recent years there has beemancrease in production and
horizontal drilling. The production increase in this aread largely due to improved drilling
and completion techniques. Horizontal drilling in and aroud Finn-Shurley began around
2010 and is expected to continue in the coming years to stratthe boundaries of Turner
pay outside the study area (Figure 5.14). In addition, histacal vertical wells have been
subjected to modern re-fracturing methods, or enhanced odcovery methods, to extend the
life of the well. The wells have been re-stimulated by methgdsuch as a "hu and pu ",
a method which reduces oil viscosity with water injection, r&d cleans pores by heating the
uid. The addition of both horizontal drilling and re-fract uring of vertical wells, unlocks
resources previously unavailable to wells drilled in Finnkairley, and expands the potential
for economic production in Weston County. To date, Finn-Shdey has produced 23.5 million
barrels of oil (MMBO) and 38.6 billion cubic feet of gas (BCFgfrom the 748 wells drilled

in the eld.
5.6.2 Production Implications

The thickness and resistivity trends illustrated in the preious reservoir mapping section
was later compared to current production. This can aid to bésinderstand the implications
of geologic controls on hydrocarbon production from the Taer in Finn-Shurley Field. Fig-
ure 5.15 compares the thickness trends and resistivity trda with historical production in
a bubble map. IHS production data was available for 707 wells Petra for the study area.
The available production data did not specify the target zoa and could be the cause of any
irregular trends. In general, the production is located inr@as of thickest Turner interval
seen across Finn-Shurley. In addition, most of the productiois located in a region of high
resistivity. These resistivity trends indicate hydrocarlon presence through thick sections
of the lower Turner in Finn-Shurley Field. The introduction of horizontal drilling of the
lower Turner sands across Finn-Shurley suggests that with mern completion techniques,

untapped resource potential in these sands would be unlodkand produce in high volumes
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in and around Finn-Shurley.

Figure 5.13: Historical production chart of the Turner withinthe study area of Finn-Shurley
eld in south central Weston County. Shows cumulative oil (geen line), gas (red line), and
water (blue line) produced from the eld with the total cumulative barrels of oil equivalent
(BOE) (orange line).
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Figure 5.14: Historical production map of the Turner within the study area of Finn-Shurley
eld in south central Weston County. lllustrates a bubble ma of 3 year oil cum's from

historical vertical wells (top). In addition, it illustrat es a bubble map of 3 year cum's from
historical horizontal wells (bottom).
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Figure 5.15: Lower Turner (Top Lower Turner to Basal Unconforrity) production map for
Finn-Shurley eld. A) IHS Production is displayed on top of the Lower Turner isopach. B)
IHS Production is displayed on top of the net resistivity mapdr the lower Turner.

5.7 Discussion of Total Unconventional Petroleum System

Based upon the multi-scale analysis conducted on the avdila dataset, each element of
the unconventional petroleum system plays a critical rolenicreating an ideal environment
for economic hydrocarbon production at Finn-Shurley Field. &ch element of the uncon-
ventional system has a direct e ect on the environment which llmws for a hydrocarbon
saturated reservoir interval to exist in an economic quarty be targeted and produced from.
A thorough understanding of each petroleum system element Rinn-Shurley is required
to comprehend the total hydrocarbon potential of this uncoventional system in southern
Weston County. The Turner has proven to be a proli ¢ target ierval in Weston County
due to a speci ¢ accumulation of facies that have sustainechd preserved excellent poros-

ity and permeability values. The Turner has also acted as a ewination unconventional
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stratigraphic trap for migrated hydrocarbons in an active ptroleum system.

The preservation of inital porosity and permeability is largly a result of both mineralog-
ical and diagenetic controls on reservoir quality. In genal, cleaner, ne-grained sandstone
facies with early grain coats of chlorite and authigenic miocrystalline quartz were critical
in preventing secondary quartz cements, which is proven tedrease porosity and permeabil-
ity. In addition to preserving porosity and permeability, fom mineralogy-based brittleness
calculations, these facies tend to have a higher brittleng@$ndex due to the overall lack of
ductile minerals such as clay. High clay content can be unfaable for geomechanical prop-
erties, but the high percentage of silica and lithics throdgput the entire interval suggest
the Turner has excellent mechanical stratigraphy and a sohgafter completion target for
hydraulic fracture stimulation. Additional geomechanicalresearch could be done with the
addition of petrophysical logs, such as dipole sonic, to thgataset in order to calculate
Poison's ratio and Young's modulus.

The Turner is stratigraphically positioned between two wdd class source rocks, the
Mowry and the Niobrara formations. Both source rocks have beeroven to generate and
expel mature hydrocarbons into the basin. The Turners locain in stratigraphic order, along
with the structural complexity that occurs throughout the PRB, suggests multiple migration
pathways could occur. Lafargue et al., (1994) shows that imoventional petroleum systems
with marginally-rich source rocks, hydrocarbon expulsioe ciencies is higher when in close
proximity to carrier beds. These migration pathways allowdr the peak maturity oil from
these two formations to migrate updip into the Finn-Shurley eea, where it can be trapped in
a tight sandstone carrier bed. From petrophysical analysishe entire lower Turner appears
to be saturated with hydrocarbons based on resistivity logand production data. Changes
in lithology and the loss of porosity and permeability movig up section appear to act as a
local seal top for hydrocarbons.

Understanding the controls on hydrocarbon production fromhe Turner can aid in choos-

ing targets, drilling wells, and picking proper completiortechniques. The targets for the
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Turner in Finn-Shurley Field suggest dependency on high poitsand permeability zones
which correlate to the lower laminated, cleaner, ne-graied sandstone facies. These primary
reservoir facies are a result of prograding sandstones thave been reworked by tides and
storms and bioturbated to an extent that was not harmful to rak quality. Post deposition,
these reservoir facies experienced excessive grain captirnich continued to preserve inital
porosity and permeability and were not deterrents to contimed diagenetic processes such as
guartz overgrowths and calcite cements. Post depositionhérmally mature hydrocarbons
from two potential source rocks were able to migrate into theystem, and become trapped in
economic quantities. With the more mature Mowry Formation soerced hydrocarbons being
the more likely, proximal source. Only by integrating micrecopic scale, core scale, and log
scale data, the lower Turner unconventional petroleum systn can be properly understood

and developed in Weston County, Wyoming.
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6.1

1)

2)

3)

4)

5)

CHAPTER 6
CONCLUSIONS AND FUTURE RECOMMENDATIONS

Conclusions

Eight facies were identi ed from 271 feet of core from foukey wells, the Colen 10-
10, the Perpetual Finn 8, the McTuillin-Federal 1, and the Dr#ing-Federal 7. Facies
were classied and named based upon lithology, grain sizejoturbation intensity,

and sedimentary structures. Due to the heterolithic naturef the Turner microscope
scale observations were integrated with core based measneats such as mineralogy,
porosity, and permeability to determine four reservoir faes, one primary and three

secondary, and four non-reservoir facies.

Facies 1, 2, 4, and 5 are considered reservoir facies foe ffurner. These were deter-
mined based upon a criteria of an average porosity measuransegreater than 12%,
an average permeability measurements greater than 0.1 mDycha large averageRss

value, ideally greater than 0.5. Reservoir quality was fulnier con rmed by petrographic

thin section and FE-SEM analysis.

The Turner is comprised of three major coarsening upwarceguences each capped
with a ooding surface. The ooding surfaces correlates to ahange in the Western
Interior biozone. This trend can be observed and correlatad petrophysical logs, core

observations, and vertical facies assemblages.

Facies 1, and 4 are heavily bioturbated, which does not apar to always be detrimental
to initial porosity and permeability, suggesting bioturbdon may have inhibited other

diagenetic mechanisms from diminishing inital porosity ashpermeability.

Both type and diversity of ichnofauna combined with intesity of bioturbation in uence

the ability for a rock to be considered reservoir or non-resmir quality. Facies with
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6)

7)

8)

9)

10)

11)

higher intensity of bioturbation and larger diversity of idbinofauna appear to have in-
hibited mechanisms that destroy inital porosity and permdaility compared to intervals

of low diversity and lower intensity.

The Turner was deposited in a shallow marine environmentftar a worldwide drop
in sea level. This allowed for sediments to prograde out intihe basin and be later

reworked by tidal and storm processes on the shelf.

The distribution of facies generally is uniform across thstudy area. Isopach maps
suggest this eld was a thicker paleo-depocenter at the timef deposition. Increased
accommodation space may have resulted from proximity to pabd-lows associated with

basement faults, such as the Clareton lineament, seen thghout the PRB.

Origin and type of silica is important for reservoir qualy. Early grain coating of
authigenic microcrystalline quartz resulted in the preseation of inital porosity and
permeability by inhibiting the nucleation and growth of seondary quartz cement in

the pore space.

Early coating of authigenic microcrystalline quartz in ddition to a secondary grain
coating of chlorite blades corresponds to zones of higherrpsity and permeability in

the Turner.

Intervals with patchy or missing early grain coats haveoiver porosity and permeability
due to the addition of secondary quartz cements. These intals tend to be ne-grained
with a higher percentage of mud. These quartz cements are liksourced from pressure

solution, feldspar dissolution, and authigenic clays.

The medium-grained sandstones were highly in uenced lolyagenesis with the addition
of late calcite cements lling available pore space. This @3 not occur as frequently

in the ne-grained muddier intervals.

136



12) There is a thick pay interval across Finn-Shurley in a eastest orientation. This was

determined primarily from resistivity logs through the Tumer corresponding to known

productive wells.

13) Integrating multi-scale analyses can optimize targetg for the lower Turner sands in

6.2

1)

2)

3)

4)

5)

6)

Finn-Shurley Field.
Future Recommendations

Obtain more cores within southern Weston county throughd the entire Turner inter-
val. More core could help to better understand the facies tnels, both laterally and

vertically, across the study area for the reservoir rock.

Gather MICP data in addition to more core based porosity ath permeability mea-
surements to better understand the connectivity of the reseoir and the porosity and

permeability relationships with core facies.

Collect and interpret seismic data to understand and cotrsin the macro-scale depo-
sitional and structural framework for Finn-Shurley eld. This would add a structural

and paleo-structural component to reservoir developmemn ithe PRB.

Re ne the XRF calculated mineral model and calibrate to bésnatch XRD data. More
XRD data would be ideal in constraining the calibration and iraddition could be used

to create more mineralogy-based geomechanical curves.

Further analyze brittleness of the Turner using XRD and coputed XRF to mineral
model. Mineralogy based brittleness models were created foe Colen 10-10 well but
are preliminary and need better constraint. Again, more XRD da would be useful in

calculating brittleness of other cores.

Collect XRF data on all cores available in Finn-Shurley to ftther re ne the chemofacies

analysis and better calibrate the number of chemofacies mssary to visualize all the
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elemental trends within the core. These trends can then betagrated with other

reservoir properties, such as porosity, mechanical strgtaphy, or diagenetic features.

7) Incorporate more samples representative of more faciesd diagenetic study of the
Turner. By integrating more samples and more cores, furthamderstanding of the
diagenetic e ects on reservoir quality can be assessed gsiBDS, CL, BSE, and SE

images.

8) Include a more detailed and extensive thin section analgs using orescent dyes and

stains to constrain timing and sources of silica and chlost

9) Integrate production and pressure data with interpretedeservoir facies and targets to

better understand potential sweet spots and re ne targetig.

10) Expand regional well log sections and subsurface mapgito establish Turner deposi-

tional fairways and potential stratigraphic traps.

11) Analyze recent horizontal drilling trends, completiortechniques, and production trends

to re ne targeting and sweet spot identi cation.

12) Map production and pressure data, and integrate with Mory and Niobrara maturity

maps to de ne future sweet spots for development.

13) Collect more source rock analysis on the Mowry, Niobrarand other prospective source
rock intervals such as the Greenhorn and Pool Creek, to bettestablish quality, quan-
titiy, and maturity trends. Produced oils at Finn-Shurley can then be compared to

source rock extracts to determine most likely source(s).

14) Collect more petrophysical log data to see what core sedrends can be scaled to
petrophysical logs, such as geomechanical logs, sonic logseralogy logs, and porosity

logs.
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