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ABSTRACT

The Upper Cretaceous Turner Sandstone Member (Turner) of theCarlile Formation in

the eastern Powder River Basin is a proven economic hydrocarbon producer with extensive

potential for long term development and exploration. The Turner consists of shallow marine

Turonian-aged deposits composed of interstrati�ed sandstones, mudstones, and siltstones

that were deposited on the western margin of the Western Interior Cretaceous Seaway and

likely sourced from the Sevier Orogenic belt to the west. Hydrocarbon accumulation for the

Turner is believed to be a result of long distance migration of the hydrocarbons from the

Mowry Formation below with secondary sourcing from the Niobrara Formation above.

The Turner oil and gas play at Finn-Shurley Field in Weston County, Wyoming, is an

unconventional stratigraphic trap characterized by low porosity and permeability on the

eastern margin of the Powder River Basin. The �eld is a continuous accumulation of hydro-

carbons that have migrated updip from mature source rock within the region, as the Mowry

and the Niobrara Formations are not mature within Weston County. These hydrocarbons

saturate the extremely heterolithic lower Turner sandstone reservoir, which is the primary

target for operators in the �eld. Finn-Shurley Field, discovered in 1965 and producing since

the 1980's, is a shallow, under-pressured, reservoir, where production seems to be limited

by the facies, reservoir quality, such as porosity and permeability, and stage of diagenetic

alteration. In recent years, Finn-Shurley has become a horizontal target because of its low

porosity, low permeability, and tight oil nature.

Overall, the Turner is one of the most proli�c plays in the basin. However, little work has

been published on the Turner to understand the reservoir potential and its extent to predict

future development and exploration. This thesis project researched 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 promotes studies to be conducted to
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best understand the intervals that contain the best rock quality for hydrocarbon accumu-

lations to occur throughout the region. This was accomplished by integrating four cores

(271 ft) with supplemental core data, petrographic thin section analysis, X-ray Di�raction

(XRD), X-ray Fluorescence (XRF), Field Emission Scanning Electron Microscopy (FE-SEM)

imaging, historical production data, and petrophysical well logs. Due to the coarse nature

of conventional reservoir characterization, this integrated dataset was critical in facies clas-

si�cation across the multiple scales required to accurately understand factors contributing

to reservoir quality and their relation to production. The rock and source quality elements

contributing to reservoir quality from core-based measurements were used to identify four

reservoir facies out of eight total identi�ed facies.

Within the study area, the Turner has been divided into eight facies based upon lithology,

grain size, bioturbation intensity levels, diversity of ichnofauna, and sedimentary structures.

Within these facies, porosity ranges between 10-16% and permeabilities generally range

between 0.001-5 mD. There have been four potential reservoir facies identi�ed which have

porosity values greater than 12% and permeabilities greater than 0.1 mD, and suggest meso-

to micro-pore throat sizes in these facies. These classi�cations aided in targeting the best

reservoir intervals in the lower Turner interval for each core, which was scaled to petrophysical

well logs for future targeting and completion of the Turner. The lower Turner one zone was

determined to be the primary reservoir target in Finn-Shurley �eld based on the presence of

reservoir facies, as well as high porosity, permeability, brittleness, and resistivity values.

The integrated use of this multi-scale approach gave a more comprehensive understand-

ing of the diverse and interstrati�ed facies observed within the Turner at Finn-Shurley �eld.

The variations in reservoir quality are investigated at multiple scales, which lead to improved

knowledge of factors controlling reservoir quality and hydrocarbon production in the Turner.

This includes understanding the role of diagenesis in this unconventional reservoir, impli-

cations of depositional processes, and visualizing the reservoirs 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 primary target for ex-

ploration and development for petroleum companies. The PRBacreage is attractive to

companies because it has over 5,000 ft of potential stacked pay within the Cretaceous strata

across the basin. Combined with advances in horizontal drilling and recovery methods for

unconventional reservoirs, new resources can be assessed and targeted that previously could

not be tapped in these historical basin plays. The PRB is hostto multiple world class source

rocks, ideal pressure conditions, strong reservoir seals,and high quality reservoir rocks. Due

to these conditions, many extensive and economic unconventional hydrocarbon reservoirs in

di�erent play types have been discovered within the PRB and new research and technologies

are only expanding the untapped potential within the basin.

The Powder River Basin is a proli�c hydrocarbon basin withinthe Western Interior Sea-

way basins located in the United States, with several potential reservoirs located within

Upper Cretaceous sediments. The Powder River basin is located in northeastern Wyoming

and extends into southeastern Montana (Figure 1.1). Within the PRB, the Turner Sandy

Member of the Carlile Shale (Turner) has been proven both as aproli�c unconventional

and conventional play within the basin. The Carlile Shale is composed of three members:

the upper Sage Breaks Member, the middle Turner Sandy Member, and the lower Pool

Creek Member. The sediments that make up these lithologies were deposited as distal shal-

low marine clastics prograding from the Sevier Orogenic belt, located in modern Utah and

Idaho, from the west to the western margin of the Western Interior Seaway. The Carlile

Shale unconformably underlies the Niobrara Formation and conformably overlies the Green-

horn Formation (Figure 1.2). The Turner is considered stratigraphically and chronologically
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equivalent to the Wall Creek Member of the Frontier Formation in the west, where ero-

sion over bathymetric highs erased the connection between the two units in the rock record

(Anna, 2009). Historically, the Turner has produced conventionally from isolated �elds in

the eastern margin of the PRB from a favorable reservoir facies that retained porosity and

permeability during diagenesis (Weimer and Flexer, 1985). However, with modern horizontal

drilling and completion techniques, this interval has become a highly proli�c unconventional

target and dominates oil production and well estimated ultimate recovery (EUR) numbers

across the PRB (Figures 1.3, 1.4). The Turner has seen one of the most extensive hori-

zontal development to date with immense success, as the Turner currently has the highest

production rate and largest well EUR numbers in the basin (Kegel, 2019).

The Turner that occurs in the eastern PRB is Late Turonian in age and ranges in thickness

from 80 to 300 feet across the region. The Turner is characterized by multiple 
ooding

surfaces that result in coarsening upward parasequences ofinterstrati�ed mudstone, siltstone,

and sandstones. The Turner has been interpreted to be a brackish to marine deposit in

northeast trending valleys (Weimer and Flexer, 1985). Others have suggested that the

Turner was deposited similar to the Wall Creek Sandstone of the Frontier Formation, by

a prograding lowstand delta to an open shelf and reworked by storms, tides, and waves

(Merewether et al., 1979). A speci�c �eld of interest is the 1,300 acre Finn-Shurley Field,

located in Weston County, Wyoming (Figure 1.5). Finn-Shurley Field was discovered in

1965 and has cumulatively produced 23 million barrels of oiland 38 billion cubic feet of gas.

Historically, Finn-Shurley Field has produced from vertical wells �rst completed in the 1980's.

However, recently this �eld has become a horizontal target due to advances in horizontal

drilling and enhanced oil recovery techniques. This �eld has also 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 values, greater than 10 percent,

and permeabilities from core plugs that exceed 2 mD from medium-grained, clean, well-

sorted sands (Anna, 2009). There are two erosional surfaces,present within Finn-Shurley
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Field that can be observed across the basin, one at the base of the Turner 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 possible secondary sourcing from

the Niobrara Formation via long distance migration, as the Turner is typically associated

with the Niobrara Total Petroleum System (Anna, 2009). Pressure data suggests a pressure

gradient of normal to sub-normal within this eastern regionof the PRB (Toner, 2019).

Figure 1.1: Map of the Powder River Basin Providence with the black box outlining the area
of study in Weston County (Modi�ed from Anna, 2009).
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Figure 1.2: Stratigraphic column of the Upper Cretaceous stratigraphy in the PRB on the
west and east margins of the basin. The Turner is outlined in blue. The known or potential
source rocks are marked by a red square and known productive reservoir intervals are marked
by green dots. Modi�ed from Anna (2009).
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Figure 1.3: Average oil and gas per well EUR by Formation in the PRB (Kegel, 2019).

Figure 1.4: Horizontal well completions since 2011 with average well EUR by producing
formation in the PRB (Kegel, 2019).
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Figure 1.5: Map of the PRB showing Frontier/Turner hydrocarbon production in relation to
the area where the Niobrara Formation is greater than 8,000 ftand believed to be mature.
The grey line outlines approximately where the Mowry is believed to be mature, and the
purple line outlines the boundaries of the Frontier/Turnerassessment unit. The black box
shows the location of the study area, Finn-Shurley �eld. Modi�ed from Anna (2009).
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1.2 Study Objectives and Purpose

The purpose of this study was the evaluation and characterization of the reservoir po-

tential of the Turner Sandy member and to increase the understanding 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 reservoir quality within the central

portion of the basin and has produced large economic quantities of hydrocarbons in Camp-

bell and Converse counties. This research illustrates how productive this interval can be

in the eastern region of the basin where hydrocarbons have migrated updip and outside of

the maturity window of known source rocks where it is unconventionally stratigraphically

trapped in low porosity and permeability rock with no apparent water leg. The Turner has

historically produced from vertical wells in Finn-Shurley Field 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 historical vertical wells and enhanced oil

recovery methods in Finn-Shurley Field.

The main objectives of this project were achieved through anintegrated study which

includes: 1) reservoir characterization of the Turner interval using petrophysical well logs

combined with core, thin section analysis, XRD, XRF, and FE-SEM;2) facies and facies as-

sociation descriptions to understand lateral and verticalvariations throughout Finn-Shurley

Field in the PRB using four cores; 3) source rock analysis, oiltyping, and one dimensional

basin modelling; 4) researching the productivity controlswithin this �eld by integrating all

of the above data with known production information.

This is a multi-scale, integrated study from microscope scale to core and log scale in

order to have a thorough understanding of the depositional and 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 work, and routine core analysis data

to characterize facies and facies associations. Well log data is necessary to understand

petrophysical and geomechanical properties, as well as X-ray Fluorescence (XRF), X-ray
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Di�raction (XRD), and Field Emission Scanning Electron Microscopy (FE-SEM) to inter-

pret depositional environment and diagenetic history throughout the section. All the data

was then integrated to understand the unconventional petroleum system and how the Turner

in Finn-Shurley Field can be targeted and completed. The Turner lithology in Finn-Shurley

is dominated by heterolithic mudstone, siltstones, and sandstones that are comprised of

coarsening upward parasequences which contain oil stains of migrated hydrocarbon. This

suggests multiple cycles in sea level 
uctuation and varying sedimentation rates. The Turner

is most productive in the central part of the basin where the lithology is more sandy, less

heterolithic, and occurs within an overpressured cell of the PRB. By investigating these dif-

ferences, there can be a better understanding of the variability of production in the Turner

across the PRB.

1.3 Study Area

The study area is located in Weston County, Wyoming, in the southern Powder River

Basin (Figure 1.6). The townships and ranges included in thisstudy area are T41-T43N

and R64-R65W. Over 700 wells have been drilled in this area with active horizontal drilling

occurring in or nearby this �eld. Up through December of 2019,the Turner at Finn-Shurley

Field has cumulatively produced 23.5 million barrels of oil and 38 billion cubic feet of gas

accroding to the Wyoming Oil and Gas Conservation Commission. This thesis will utilize

four cores, all provided by the United States Geological Survey (USGS) Core Research Center

(CRC) in Lakewood, Colorado (Table 1.1). The �rst core is theMcTuillin Federal 1 located

in Sec 31, T43N, R64W, Weston County, Wyoming and is denoted by the blue star on Figure

1.7. The second core is the Colen 10-10, which is located in Sec 10, T42N, R64W, Weston

County, Wyoming and is denoted by the yellow star on Figure 1.7.The third core is the

Perpetual Finn 8 located in Sec 5, T42N, R64W, Weston County, Wyoming and is denoted

by the red star on Figure 1.7. The fourth and �nal core is the Dreiling Federal 7 located in

Sec 15, T42N, R64W, Weston County, Wyoming and is denoted by the green star on Figure

1.7. All of these core locations in Finn-Shurley Field can be seen on Figure 1.7, with the
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core information for each well located in Table 1.1.

Figure 1.6: Map of the counties of Eastern Wyoming and the studylocation 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 yellow star is the Colen 10-10
core, the red star is the Perpetual Finn 8 core, the green star is the Dreiling Federal 7 core,
and the blue star is the McTuillin Federal 1 core. The purple star 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 integrated for this reservoir

characterization study of the continuous oil accumulationin Finn-Shurley Field. This study

utilized petrographic thin section analyses, X-Ray Fluorescence (XRF), X-ray Di�raction

(XRD), source rock analysis (SRA) and petrophysical well logs. Field Emission Scanning

Electron Microscopy (FE-SEM) was performed in greater detail on these cores as well. Table

1.2 displays the data that is available for each core. The integration of these data sets
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provided optimal information to characterize the reservoir potential within the Turner in

Finn-Shurley Field. From this dataset, well log correlationsand reservoir maps using IHS

Petra software were generated. This research also attempted to explain production variability

trends across the �eld using available production information, stratigraphic variations, and

one-dimensional basin modelling for future exploration and sweet spot identi�cation.

For this study, all four cores were available with either respective datasets from the United

States Geological Survey (USGS) Core Research Center (CRC).All cores were provided with

thin sections, although more were made to analyze porosity trends in the interpreted reservoir

intervals, as well as routine core analysis (RCA) and XRD data.In addition, twenty �ve

samples were taken for Field Emission Scanning Electron Microscopy (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, key stratigraphic surfaces, textures,

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

these observations, depositional environment interpretation were made, as a result of un-

derstanding depositional processes and ichnofauna. Due tothe heterogeneous nature of the

Turner in this region, an iterative multi-scale approach was taken to incorporate microscopic

scale observations to best characterize and sub-divide theTurner into eight facies.

Thin Sections
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Between the four cores, 97 thin sections were available to use from the USGS CRC, with

six extra thin sections made for supplemental use. These aided in making interpretations of

mineralogy, provenance, diagenetic history, depositional processes, and to characterize the

facies at a �ner scale. The heterolithic nature of the Turnermakes thin section texture

analysis necessary to identify small scale variations within the core.

X-Ray Fluorescence and X-Ray Di�raction

To further understand the diagenetic e�ects, provenance, and mineral makeup on reser-

voir quality, XRD data was available for two cores, the Colen 10-10 and the McTuillin Federal

7, aiding in the geomechanical and petrophysical understanding of the reservoir rock. The

XRF data was collected on 80 feet of the Colen 10-10 core. XRF wascollected to help better

understand the elemental and mineralogical changes withinthe facies and help better de�ne

the depositional history and rock composition within the study area.

FE-SEM

Photomicrographs from the FE-SEM, located at the Colorado School of Mines, were

taken for the McTuillin Federal 1 core and the Colen 10-10 core. 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 for sample preparation

and gold coating to ensure image quality. This aided in analyzing 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-SEM backscattered electrons,

secondary electron imaging, and electron dispersive spectroscopy mineral mapping options.

Cathodoluminescence was also utilized for this study on three 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 core tohelp determine if there

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

Rock-Eval pyrolysis peaks were observed (S1, S2, and S3), which can 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 sourcerocks 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 nearby well 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 Field. BasinMod, from Platte

River Associates, was used to create a one-dimensional basinmodel. This model attempts

to display the thermal maturities for the stratigraphy displayed within the well by matching

modelled curves to known source rock and temperature data measured 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 logs, were available for the

Finn-Shurley area. These were used to establish petrophysical trends and help with sweet

spot identi�cation, regional mapping of the reservoir, andcorrelation of intervals, to develop

a stratigraphic framework. Ideally, the lateral variability of reservoir intervals can be mapped

using these log suites across a larger region. The primary log suite available was gamma ray,

spontaneous potential, and resistivity.

Subsurface Correlations and Mapping

After analyzing the petrophysical responses of the strata within Finn-Shurley, subsurface

correlations were made across the study area to illustrate the lateral and vertical extent

of the Turner and it's internal 
ooding surfaces. Maps were generated in Petra using well

log correlations in approximately 750 wells across Finn-Shurley in Weston county. Isopach

and structure maps were vital in understanding the depositional environment and thickness

changes. Pay maps were created to visually represent zones of thick 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 Interior Cretaceous Basin

was developed as a complex retro-arc foreland basin in the western region of the United

States, due to the subduction of the oceanic Farallon Plate under the continental North

American Plate following the breakup of Pangea. The onset of the Sevier Orogeny event was

created from this subduction, allowing for this geologic province to experience rapid subsi-

dence. Beginning in the Cretaceous, episodes of shallow 
ooding �lled the Western Interior

Cretaceous Basin resulting in an epicontinental seaway during the Barrenian-Aptian time

period (Kau�man, 1985). The Sevier Orogeny was a mountain building event in modern

Utah and Idaho that created pathways for terrigenous sediments to in�ll the rapidly sub-

siding Western Interior Cretaceous Basin. The regional stratigraphy of the Western Interior

Cretaceous Basin has an extensive tectonic history, which has resulted in it's diverse make

up of sandstones, siltstones, shales, and carbonates. Dynamic and complex plate tectonics

and sedimentation during this time period provided the Western Interior Basin with proli�c

hydrocarbon reservoirs and world class source rocks withinthe Rocky Mountain foreland

structural basins.

The Powder River Basin, located in northeastern Wyoming and southeastern Montana,

is an asymmetrical synclinal basin that developed during the Laramide Orogeny (Late Cre-

taceous to Eocene), and is similar to other Rocky Mountain foreland 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 south,the Casper arch, Bighorn

mountains, and Hardin platform on the west and the Miles City arch, Bull mountains, and

Porcupine dome to the north (Dolton and Fox, 1995). The PRB isasymmetrical with a deep
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basin axis to the west (Figure 2.2). The eastern 
ank of the basin has a gradual dip of 100

ft/mi to the west and increases to 500 ft/mi along the west, near the basin axis, which is

demonstrated in Figure 2.2 (Anna, 2009).

Throughout the basin history, multiple conjugate northeast and northwest trending struc-

tures in the basement rocks have surfaced as faults or other shear zones associated with

the Laramide Orogeny (Figure 2.3) and could have impacted local and regional sedimen-

tation patterns (Anna, 1986). It was also observed by Weimer and Flexer (1985) that the

Turner Sandy Member thicknesses, as well as other Cretaceous interval thicknesses, seem to

be strongly in
uenced by these northeast-southwest and northwest-southeast trending fault

block lineaments. Figure 2.3 demonstrates the relationshipof these basement lineaments

with producing Cretaceous aged oil �elds within the PRB.

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 PRB (Modi�ed from Anna, 2009).

The Western Interior Seaway extended from the Arctic Sea to the Gulf of Mexico and had

a relatively shallow water depth. Figure 2.4 shows a paleogeographic 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-south trending mountain range, can

be seen throughout modern Idaho and Nevada from which sediments were being transported

during this transgressive lowstand. Crustal loading and subsequent subsidence allowed for

sediments to travel from the Sevier Orogenic belt down to thepaleo-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 lineaments in the PRB.
Lineaments BC=Bell Creek, SR=Springen Ranch, RZ=Rozet, SCC=South Coyote
Creek, GB=Gose Butte, FC=Fiddler Creek, CT=Clareton Trend, PB=Parkman-Baker,
BHC=Bighorn-Custer, BD=Bu�alo-Douglas, BB=Black Butte, L C=Lightening Creek.
Study area is outlined in the black box. (Modi�ed from Martinsen, 2003).

The Upper Turonian aged Turner Sandy Member of the Carlile Shale is composed of

interstrati�ed mudstones, siltstones, and sandstones, which were deposited near the end

of the middle Turonian after a worldwide drop in sea level (Hancock and Kau�man, 1979).

Merewether et al. (2007) further re�ned the stratigraphy and 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 identi�ed within the subsurface as a

major 
ooding surface. ThePrionocyclus germari caps the upper Turner cycle and can also

be identi�ed and correlated within the subsurface as the topof 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 cycleis 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 cyclescapped by 
ooding surfaces and

represent changes in the Western Interior ammonite zone.

Figure 2.4: Paleogeography map of the Western Interior Seaway during 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 etal., 2007).
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2.2 Regional Structural Setting

The Sevier Orogeny took place during the late Jurassic to Eocene, approximately 120

to 50 million years ago, which created a north to south trending fold and thrust belt along

the western margin of North America. Syn-orogenic depositionand crustal loading resulted

in increased subsidence within the Western Interior Cretaceous Basin east of the Sevier

highlands. The Western Interior Cretaceous Basin was one ofthe largest foreland basins in

the world, extending all the way from the Arctic to the modern Gulf of Mexico (Weimer and

Flexer, 1985). Turonian-aged reservoirs are comprised of sediments that were derived from

this western fold and thrust belt called the Sevier Highlands. Global tectonics and eustacy

during this time dramatically controlled changes in sea level and sedimentation patterns in

the Western Interior Seaway. Thickness of the Turner seems to be strongly in
uenced by these

northeast to southwest trending fault block movements (Weimer and Flexer, 1985). However,

on a broad scale, the Turonian aged sediments show a thinningto the southeast, which may

be related to the Belle Fourche Arch (Slack, 1981). Transgressive and regressive episodes

caused progradation and retrogradation of near shore sediments, resulting in deposition of

the reservoirs, seals, and source rocks that occur within the PRB. A sea level curve showing

these transgressive and regressive events is shown in Figure2.7. The Powder River Basin

developed as a Laramide structural feature and an asymmetrical foreland basin within the

Western Interior between 75 and 35 million years ago (Anna, 2009). Rapid subsidence

resulted in high rates of sedimentation along the shoreline, shelf, and slope environments.

Deeper parts of the basin experienced much slower sedimentation rates allowing for large

amounts of organic matter to accumulate.

As mentioned previously, during the Laramide Orogeny, northeast-southwest trending

basement features were reactivated and controlled local deposition and erosion. These lin-

eaments were identi�ed from gravity surveys, satellite images, and stratigraphic thickness

anomalies. Figure 2.3 shows the alignment of hydrocarbon �elds with these structural linea-

ments that occur throughout the basin. This image shows a correlation between the Upper
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Cretaceous oil �elds and the locations of these features. The majority of the production

from Cretaceous aged sandstones is from structural closures along the western margin of the

PRB or from normally pressured stratigraphic traps on the eastern 
ank of the PRB. The

central, highly overpressured, part of the basin has been historically lightly explored (Parks

and Gale, 1996) but is now the focus of more intense horizontal drilling (Figure 2.9).

2.3 Regional Stratigraphy

Cretaceous strata within the PRB have an extensive and complex tectonic history that re-

sulted in highly variable thicknesses, lithologies, and depositional patterns. The stratigraphic

sequence from the base of the Mowry Formation to the top of theNiobrara Formation is com-

posed of marine shales, siltstones, sandstones, chalks, and limestones (Weimer and Flexer,

1995). Variations in tectonic activity, sea level 
uctuations, and sediment supply create a

complex stratigraphic record that was either preserved or eroded away. Within the PRB,

the Mowry Shale was deposited following the deposition of theMuddy Sandstone and was

succeeded by the deposition of the Belle Fourche Formation and then the Greenhorn Lime-

stone. Following this, the Carlile Formation (which includes the Pool Creek member, Turner

Sandy member, and the Sage Break member), was deposited on top of the Belle Fourche

Formation. Above the Carlile Shale, the Niobrara was deposited in open-marine conditions.

A typical log pattern for the Upper Cretaceous sediments, as well as major erosional

surfaces can be seen in Figure 2.6. Most of the disconformities in the Upper Cretaceous

strata are distinguished by hiatuses in the fossil record (Merewether and Cobban, 1985).

Although there are many, the ones concerning this study will be the Turonian and Coniacian

disconformities from Merewether et al. (2007). Within the eastern PRB, the Coniacian

disconformity occurs at the base of the Niobrara Formation, while the Turonian disconformity

occurs at the base of the Turner Sandy member, or the chronostratigraphic equivalent, the

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

The Mowry Shale is a prominent Lower Cretaceous hydrocarbonsource rock within

the PRB. It was deposited as a siliceous organic-rich mudrock during maximum marine

transgression from the end of the Lower Cretaceous Albian to Cenomanian (Merewether,

1996). It ranges in thickness from 100 ft to 400 ft in the central part of the basin (Momper

and Williams, 1984). The organic matter is dominantly Type IIkerogen with minor amounts

of Type III present, suggesting a strong marine in
uence. The average total organic carbon

content (TOC) weight percent across the basin for the Mowry Shale is approximately 3

weight percent (Modica and Lapierre, 2012). In addition, there 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 Fourche Formation. This is com-

posed of very �ne- to �ne-grained sandstones interbedded with bentonite beds. This forma-

tion can occur greater than 50 ft thick in some regions and canbe easily identi�ed on well

logs by the widespread Clay Spur Bentonite present at the basal contact with the Mowry

Shale. The top of the Belle Fourche Formation is marked by another thick bentonite bed.

This upper bentonite bed is equivalent to the X-Bentonite of the Denver Basin. Reservoir

quality in this unit occurs in sandstones known as the Frontier sandstones which have vari-

able porosity, ranging from 5 to 15 percent, and permeabilities, which range from less than 1

to 100 mD. The Belle Fourche is early to middle Cenomanian in age and is typically con�ned

to the southwestern part of the basin.

c. Greenhorn Limestone

Conformably overlying the Belle Fourche Formation is the Greenhorn Limestone. The

Greenhorn consists of interbedded calcareous and organic-rich shale, limestones, and ben-

tonite beds deposited in an open-marine environment. The Greenhorn Limestone is middle

Cenomanian to early Turonian in age and generally thickens to the west, closer to the sed-
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iment source. This thickness pattern is also seen within theGreenhorn Formation within

the Denver Basin, as mapped by Sonnenberg and Weimer (1981).The Greenhorn is clearly

distinguished on well logs in the subsurface, as well as in outcrop that are located in Weston

County, Wyoming.

d. Carlile Shale: Pool Creek Member

Conformably overlying the Greenhorn Limestone is the Pool Creek member of the Carlile

Shale, the lowest member of the Carlile Shale Formation. ThePool Creek Member is a middle

Turonian, dark gray, silty, marine shale (Weimer and Flexer,1985). This unit wedges out

westward and can reach up to 140 ft thick in the east and southeast. At the top of the Pool

Creek, an erosional surface is present and is characterizedby a chert and quartz pebble lag

containing shark's teeth (Rubey, 1930; Cobban, 1952; Weimer and Flexer, 1985; Merewether,

1996). This erosional surface removes the shale moving westward until it eventually cuts

into the Greenhorn Limestone. Weimer and Flexer (1985) interpret the Pool Creek as being

deposited during the early stages of the Greenhorn Sea Regression, 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 thestratigraphic interval

of interest for this study, the Turner. It has been delineated into upper and lower sandstone

intervals (Rice and Gaskill, 1988) with multiple 
ooding surfaces containing multiple cycles

of coarsening upward parasequences. The Turner is considered to 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 withinthe Denver Basin, and the

Ferron Sandstone in Utah. The lithology of the Turner is characterized by interstrati�ed

mudstone, siltstone, and sandstones that were deposited near the end of the middle to late

Turonian during a worldwide drop in sea level (Figure 2.7). Thickness averages between 80

to 300 ft and this unit thins to the west. Most of the hydrocarbon 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 member, which was deposited

on top of the Turner Sandstone. It is upper Turonian to Coniacian in age from fauna data.

It is composed of laminated marine shale and is conformable with the underlying Turner

Sandy Member. In outcrop, many calcareous concretions layers are present. The Sage Break

ranges from 100 to 300 ft thick with a large erosional surfaceat 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 pelagic carbonates and limestones

in the Western Interior Seaway during a prolonged highstandwhere water depths ranged

from 200 to 500 ft deep. Regionally, the Niobrara is composed of allochems such as chalk

pellets, inoceramids, oyster shell fragments, and forams.The primary matrix is composed

of mud, clay, and silt (Anna, 2009). The Niobrara Formation contains Type II kerogen and

averages more than three weight percent TOC, suggesting marine input. The permeability

within the Niobrara is generally lower than 0.01 mD and porosity averages 10 percent.

The carbonates of the Niobrara are considered the primary hydrocarbon source for Upper

Cretaceous reservoirs within the PRB. Hydrocarbons were generated and began migration

upon reaching burial depths in excess of 7,000 ft (Anna, 2009). At this depth, models suggest

signi�cant generation should have started with 8,000 ft of overburden (Figure 3).

h. Other Cretaceous Units

Although not relevant for this study, some of the other Upper Cretaceous units that occur

in the eastern PRB include the Shannon Sandstone, which is a local reservoir, the Pierre

Shale, and Steele Shale units (Figure 1.2). These units are all Campanian in age and are

primarily targeted on the western and central regions of thePowder River Basin.
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Figure 2.6: Typical log pattern from Pierre Shale to the BelleFourche Formation (Weimer
and Flexer, 1985).
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Figure 2.7: Illustration of the Cretaceous transgressive-regressive 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 that has produced signi�cant

amounts of hydrocarbons within the Rocky Mountain basins inthe United States. It has

been de�ned by the United States Geological Survey (USGS) as a conventional assessment

unit (Frontier-Turner) within the Niobrara Total Petroleum system with huge undiscovered

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

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

Therefore, hydrocarbons would have had to migrate from the region where the Niobrara

Formation is mature and buried greater than 8,000 feet. Momper and Williams (1984)

show that the Mowry Formation, although mature, is in the early oil window within the

eastern PRB. Migration could have taken place through faults and fracture systems from

where the Mowry has reached peak maturity in the central partof the basin. Momper

and Williams (1984) also suggested that migration from the Sage Breaks Member, the Belle

Fourche Shale, and the Greenhorn Limestone, are also possible to have sourced the Turner.

The Turner reservoir produces light crude oil with API gravities that average 43 API, as

well as associated gas. Thus suggesting a highly mature source for the Turner.

Figure 2.8: Petroleum system elements chart for the Turner Sandy Member of the Carlile
Shale. (Modi�ed from Anna, 2009).

The Turner is a low permeability reservoir with porosity values ranging between 8 to 12

percent in the highest quality reservoir intervals. These values are not uniform across the

entire PRB due to facies, diagenesis, and paleo-environment changes (Heger, 2016). Both

structural and stratigraphic trapping mechanisms are present within the PRB. However,

stratigraphic trapping mechanisms dominate the Turner reservoirs, due to the low perme-
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ability values and its heterogeneous lithologies. The Turner is considered a unconventional

stratigraphic trap, due to its geologic criteria of a low permeability, tight reservoir, and en-

gineering criteria of its ability to be drilled horizontally and completed with a large volume

multi-stage completion.

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

Operators producing from the proli�c Wall Creek and Turner members use an average of

21 fracture stages to complete their horizontal wells. Wellattributes, 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 completion dates throughout

the southern PRB since 1980. Although most of the Turner completion activity is located

in Campbell and Converse counties, Weston County has also become a horizontal target as

denoted by the darker red circles (Figure 2.9). Operators are able to produce large amounts

of oil and gas volumes from both normally pressured and abnormally pressured reservoir

conditions. This is important as the Turner pressures vary throughout the basin. The dis-

28



continuity of overpressuring throughout the Turner implies that compartmentalization may

exist within this unit (Figure 2.10). When compared to the equivalent Wall Creek Member

of the Frontier Formation, the Turner is shallower and at a lower reservoir temperature than

its counterpart. However, each formation is a target for horizontal drilling for various reasons

such as reservoir depth, pressure, rock quality, and hydrocarbon saturation.

Figure 2.10: Pressure gradient contours with �rst 18 months production of unconventional
oil from Wall Creek-Turner reservoirs (From Toner, 2019).

29



2.5 Previous Work

Although the Turner is one of the most targeted reservoirs within the PRB, very little

work has been published in the last decade about its reservoir characteristics and explo-

ration potential. The majority of the work done on the Turner, although minimal, is on

the depositional environment for mapping purposes and facies distribution. However, the

depositional interpretation for the Turner is vastly debated and argued. This section will

attempt to explain some of the more common interpretations,as 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 Shalefrom outcrop located in

Weston County, Wyoming. Rubey (1930) noticed a possible unconformity at the base of the

unit with abundant shark teeth near the erosional surface. The Turner was described as a

sandy shale, siltstone, thin bedded sandstone, and conglomeratic unit that outcropped along

Turner Creek.

There are some authors who group the Turner into the same depositional environment

as the Wall Creek member of the Frontier Formation (Merewether et al., 1979; Winn, 1991;

Gustason, 2015). The most common interpretation for the Wall Creek's depositional envi-

ronment is a prograding, top-truncated lowstand deltaic system in
uenced by waves, tides,

and storms. Merewether et al. (1979) proposed a north-northeast sediment transport direc-

tion during the Turonian. However, cross-bedding within theTurner suggest a paleocurrent

from the southeast, which was interpreted as storm reworking of the original deposit which

transported sediments away from the delta-strandplain system.

In contrast, there are several authors who do not group the Wall Creek and the Turner

together and have made new or di�erent interpretations. Haun(1958) observed outcrops on

both the western and eastern margins of the PRB. He suggested that the Turner occupied a

similar stratigraphic and biostratigraphic position as the Wall Creek member of the Frontier

Formation in the west and contained three di�erent members.
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Merewether (1980, 1996) suggests that the Turner was deposited in a more distal setting

than the Wall Creek, with shelf sand bars fed by high energy deltas. Merewether (1996)

noticed progradational parasequences and then suggested that the sandy lithology of the

Turner was deposited in a shallow-marine environment on a shelf, particularly where the

member is sandy, as a distal delta lobe, and possibly close tolowland vegetation.

Weimer and Flexer (1985) used petrophysical well logs to correlate reservoir intervals and

map them throughout the PRB. They observed three di�erent lithologies within the Turner:

1) a lower lens of gray, �ne to medium grained, pebbly conglomeratic sandstone occurring in

an overall �ne-grained sandstone body. 2) A middle gray, �ne-grained sandstone alternating

with thin layers of siltstone or shale with light bioturbation. 3) an upper gray, �ne-grained

and highly bioturbated, glauconitic sandstone. Weimer andFlexer (1985) interpreted the

lower Turner as brackish to marine deposits �lling erosional valleys, which cut in to the

Greenhorn and Pool Creek.

Rice and Gaskill (1988) subdivided the Turner into upper andlower sand intervals where

Rice and Keighin (1989) then further split them into two stratigraphic parasequences that

could act as a stratigraphic trap. The upper interval contains Scaphites whit�eldi and lower

containsScaphities warreni, separated by a marine mudrock. They suggest that as sea levels

rose during the late Turonian, a wave dominated shelf with storm in
uence setting deposited

the lower Turner, while the upper Turner sediments were deposited below fair weather wave

base.

Melick (2013) described the Turner as being deposited belowfair weather wave base on

a shallow shelf. Melick (2013) speci�es that sediment inputwas from hyperpycnal 
ows, or

sediment gravity 
ows. Heger (2016) generally agrees with this interpretation, but suggests

that the lower Turner was deposited near storm wave base.

The Mowry Shale and the Niobrara Formation are considered twopossible source rocks

for the Turner reservoir (Momper and Williams, 1984; Dolton and Fox, 1995; Anna, 2009).

Momper and Williams (1984) suggest that oil began to expel from Cretaceous source rocks
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starting in the early Tertiary, where expulsion was controlled by structural features. Anna

(2009) suggested that within the eastern margin of the basin, near the location of Finn-

Shurley Field, hydrocarbons sourced from the mature Mowry migrated 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 Mowry is in the early oil window.

Rahman et al. (2016) con�rmed migrated hydrocarbon contributions to the Turner from both

the Mowry Shale and the Niobrara Formation.

There have been numerous Turner wells drilled within the PRB, and nearly 800 within the

study area. Of these vertical wells, very few have drill stemtests or production tests available,

even though oil staining can be seen in outcrop. With the advances in horizontal drilling,

past production testing and methods do not accurately evaluate the potential for Turner

production. Nearly a decade ago the USGS assessment of the Frontier-Turner Sandstone

assessment unit gave an average estimate of total undiscovered resources of 10.18 million

barrels of oil, 40.47 billion cubic feet of gas, and 2.91 million 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. However, not much has been done

in terms of reservoir characterization and geochemical analysis. This study will attempt to

bridge those gaps and help better de�ne an interpretation for the depositional environment

of the Turner within Weston County, Wyoming. Facies and facies associations, reservoir

characterization, well log analysis, and basin modelling will be used extensively within this

study along with the information from previous studies to better 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 discrimination 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 cores were made available from

the United States Geological Survey (USGS) Core Research Center (CRC) for the study

area. Cores in Finn-Shurley �eld were all viewed and described in detail at the CRC. Cored

intervals were all within the Turner Sandstone member of theCarlile Formation, and will

be referred to as the Turner. More speci�cally, the four cored intervals are within the lower

Turner, which is de�ned in this study as below a correlatable
ooding surface that sepa-

rates the upper and lower Turner zones, and totals 271 feet ofcore across three townships

(Figure 3.1). In general, conventional characterization e�orts are su�cient to capture larger

scale changes in lithology within the Turner. However, thesecharacterization methods are

generally too coarse to observe small scale changes in mineralogy, rock properties, and reser-

voir quality that govern potentially economic wells. In order to account for and observe

these small changes, supplemental and iterative work with thin 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 of this 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 descriptions were compiled to identify

eight facies, which are described below, based upon lithology, grain size, mineralogy, sedi-

mentary structures, ichnofauna, and bioturbation levels.Of these eight facies, four reservoir

facies were identi�ed by integrating routine core analysis, XRF, and XRD to make assump-

tions about the rock quality and the mechanical stratigraphy. Distribution of these facies
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across Finn-Shurley was also investigated and compared across the four key cored wells to

then be discussed in relation to stacking patterns and interpreted depositional processes and

environments.

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

3.2 Core Descriptions

The Colen 10-10, McTuillin-Federal 1, Perpetual Finn 8, and Dreiling-Federal 7 cores

were the four cores described in detail for this study. This detailed description includes

lithology, bioturbation intensity levels, abundance and diversity of ichnofauna, sedimentary

structures, percentage of mud, and grain size. All four wellswere 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 means the Perpetual Finn includes

approximately 9 feet of the upper Turner interval and 51 feetof the lower Turner interval,

where the Colen 10-10, McTuillin-Federal 1, and the Dreiling-Federal 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 Turner

intervals (Heger, 2016). Each core was described in detail byhand drawings at the USGS

CRC, then digitized in Strater (Figure 3.2). The descriptions illustrate variations in grain

size, sedimentary structures, levels of bioturbation, andfacies classi�cation throughout the

cored stratigraphy.

Figure 3.2: Core description of the Colen 10-10 well. The facies legend is on the far right side
with the core description showing depth, grain size, lithology, facies, and bioturbation index.
Also included is a gamma ray log and interpreted key stratigraphic surfaces, which include
a minor 
ooding surface (MnFS), a 
ooding surface (S. 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 Company and is located

in Sec 31, T42N, R64W within Weston County, Wyoming. According to the Wyoming Oil

and Gas Conservation Commission (WOGCC), the Colen 10-10 was completed on November

30th, 1983. This well has produced 42 thousand barrels of oil(MBO) and 90 thousand cubic

feet of gas (MMCF) to date. This core is 86 feet long through theTurner, 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 &K 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, 1982. This well has

produced 49 MBO and 106 MMCF of gas to date. This core is 65 feetlong 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 Chemily Management Company

and is located in Sec 5, T42N, R64W within Weston County, Wyoming. According to the

WOGCC the Perpetual Finn 8 was completed on February 2nd, 1983. This well has produced

56 MBO and 96 MMCF of gas to date. This core is 60 feet long through the Turner.

3.2.4 Dreiling Federal 7

The Dreiling Federal 7 core is a vertical well operated by Chemily Management Company

and is located in Sec 15, T42N, 64W within Weston County, Wyoming. According to the

WOGCC the Dreiling Federal 7 was completed on March 2nd, 1983. This well has produced

38 MBO and 71 MMCF of gas to date. This core is 60 feet long through the Turner.
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3.3 Key Stratigraphic Surfaces

Based on observation of the four Finn-Shurley cores and previous surface outcrop work

throughout Wyoming conducted by Rubey (1930), Haun (1958), Merewether (1979, 1980),

and Heger (2016), four key stratigraphic surfaces were observed 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 interpreted stratigraphic boundary. Figure

3.3 shows an example of 3 of the key surfaces and their interpreted location on the Colen

10-10 core. These interpreted surfaces include an unconformity, a major 
ooding surface,

and a minor 
ooding surface. Minor erosional surfaces are not visible at this scale, but

observed in closer proximity in several locations throughout the core.

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

The three members that make up the entirety of the Carlile shale, include the Pool Creek

Member, the Turner Sandy Member, and the Sage Breaks Member.These individual mem-

bers are separated by distinct lithologic boundaries, bothconformable and disconformable,

of Turonian age. The base of the Turner is a prominent lithologic boundary. The base of the

Turner is identi�ed by a very �ne-grained sandstone overlying the argillaceous Pool Creek

mudstone (Figure 3.4). This boundary is visible in petrophysical well logs and core, when

data across the boundary is available. This boundary is interpreted as an unconformity rep-

resenting 2-3 missing ammonite zones or approximately 2.42million years of missing time

from the geologic record, or a period of no deposition (Merewether et al., 2011).

This unconformity is correlatable across the entire PRB at the base of the Turner in the

eastern PRB and at the base of the Wall Creek Member of the Frontier 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 was marked by a lowstand after a

regional drop in sea level of the Greenhorn Sea following Pool Creek deposition. This forced

regression is interpreted to be what allowed for the �ne-grained sandstones and siltstones

of the Turner to prograde out and deposit across the eastern PRB. Although there is no

evidence for sub-aerial exposure during this regression ofsea level within these cores, some

authors have suggested sub-aerial exposure could have occurred (Weimer and Flexer, 1985).
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Figure 3.4: Core photo from the Colen 10-10 core displaying the Mid-Turonian unconformity
(red dashed line) with the underlying Poole Creek member of the Carlile Shale at 5,307-5,308
ft. core depth.

3.3.2 Flooding Surface

Major 
ooding surfaces (FS) are present within the four coreslocated in Finn-Shurley

Field. These surfaces are observed as sharp, non-gradational contacts between an underlying

�ne-grained sandstone and an overlying argillaceous mudstone (Figure 3.5). These litholog-

ical changes are a result of an increase in water depth withina local region. From core and

log observation, the Turner is composed of multiple coarsening upward sequences, capped

with a 
ooding surface. These surfaces are visible on petrophysical well logs and some are

even correlatable in the Turner across Finn-Shurley. Across the 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 is interpreted to be present

within each core in Finn-Shurley Field and can be correlated inwell logs as a sharp increase
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in gamma ray response within the subsurface across the studyarea. Although it is necessary

to point out, in two of the cores, Colen 10-10 and Perpetual Finn 8, there is a minor 
ooding

surface seen both in well logs and core, that occurs prior to the major 
ooding event that

marks the top of the Turner one zone. However, this is interpreted as a minor and local


ooding event within those two cores. The top of Turner one has 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 surface by Heger (2016), the top

of this surface is correlatable into the subsurface using well logs and core across the study

area, however, there are no visible ammonites within the core to con�rm the subsurface

correlation.

The second major 
ooding surface present is only present in the core of the Perpetual

Finn 8, but is visible and correlatble in petrophysical well logs across the �eld as a sharp

increase in gamma ray response. This marks the top of a secondcycle of deposition within

the Turner, or the Turner two zone. This speci�c surface is interpreted as the top of a second

ammonite zone present within the Turner from outcrop work, the Scaphites whit�eldi. The

top of this depositional cycle is also typically used as the separation between the lower Turner

and the upper Turner intervals.

The lower Turner is separated from the upper Turner largely due to variations in facies

assemblage and distribution, diversity of ichnofauna and intensity of bioturbation, as well

as reservoir characteristics such as porosity, permeability, and reservoir thickness. This is

an important distinction, as the lower Turner is the primary reservoir target in the eastern

region of the PRB, where the upper Turner is the primary reservoir target in the central

portion of the basin. Comparison of these variations is considered outside the scope of this

study due to limited core data of this upper unit in Finn-Shurley Field.

40



Figure 3.5: Core photo from the Colen 10-10 core displaying the Scaphites warreni
ooding
surface that is present throughout the subsurface and at thetop of an upward coarsening
sequence at 5,263-5,264 ft. core depth. Argillaceous mudstones 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 cores, Perpetual Finn 8 and

Colen 10-10, where a medium-grained sandstone is present below approximately 6 inches

of interbedded mudstone and siltstone (Figure 3.6). The MnFS typically occur within a

larger depositional cycle, such as the Turner one or two zones. They can also be seen

in petrophysical well logs as a slight increase in gamma ray when compared to the major


ooding surfaces. This is due to the fact that these MnFS have asmaller thickness of

preserved mudstones, typically 3-6 inches thick. These surfaces could represent small periods,

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

3.3.4 Minor Erosional Surface

Minor erosional surfaces (MnES) were also pervasive throughout the cores within the

study area. Figure 3.7 shows two examples in the Colen 10-10 core where the observed �ne-

grained sandstone are found overlying a bioturbated shaley, very �ne-grained sandstone with

another minor erosional surface at the base of this facies. These surfaces are representative

of pre-existing sediment being eroded away from indications of scour surfaces and non-

deposition in the core. These surfaces are post depositional events and cannot give accurate

assessment of sedimentation rate. However, they can explainperiods of non deposition and

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

3.4 Facies Description

The Turner is a highly heterolithic interval composed of varying thickness of interstrati-

�ed mudstone, siltstone, and sandstone beds. The Turner facies can vary anywhere from an

argillaceous silty mudstone, to a well preserved �ne-grained sandstone with sharp sedimen-

tary structures and heavily de�ned mud drapes. Ultimately, proper and detailed multi-scale

facies description can help with understanding the controls on 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 of these sandstones intervals for hor-

izontal drilling and be in zones with ideal mechanical properties 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. The Turner is primarily composed

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

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

successful classi�cation. Once classi�ed, each facies wasdetermined to be a reservoir facies

or a non-reservoir facies, based upon core analysis and bulkmineralogy. Also noted were

common sedimentary structures, bioturbation types and diversity, and grain size with mud

abundance, all which vary heavily from facies to facies. These additional observations help

reveal distinct features if facies have similar grain size and mineralogy. From petrographic

analysis, secondary cements and diagenetic fabrics were incorporated to better comprehend

diagenetic e�ects on reservoir and non-reservoir facies.

Figures 3.8-3.10 summarize the de�ning characteristics andvariations in the eight iden-

ti�ed facies and their rock properties. This includes core photos, thin section photomicro-

graphs, mineralogical makeup, and rock quality. Rock quality properties include average

porosity, permeability, total organic carbon content (TOC), and an estimated pore throat

size (R35) (Equation 3.1). The R35 calculation gives information of 
uid 
ow and storage

quality of the rock by estimating pore throat radii with 35 percent 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 throat size of a rock without the

need for mercury injection capillary pressure tests. This aids in understanding the pore

network and pore geometries in addition to the 
ow capacity and storage capacity of the

reservoir rocks.

R35 = 10(0:732+0 :588logK a � 0:864log� ) (3.1)
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Figure 3.8: Summary of Facies 1, 2, and 3 for this study of the lower Turner in Finn-Shurley
Field. Figure includes facies name, a representative core photo, a thin section photomi-
crograph, XRD mineralogy, porosity, permeability, number of available core data points,
measured TOC, and aR35 calculation. Blue epoxy in the thin section photomicrograph
represents porosity.
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Figure 3.9: Summary of Facies 4, 5, and 6 for this study of the lower Turner in Finn-Shurley
Field. Figure includes facies name, a representative core photo, a thin section photomi-
crograph, XRD mineralogy, porosity, permeability, number of available core data points,
measured TOC, and aR35 calculation. Blue epoxy in the thin section photomicrograph
represents porosity.
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Figure 3.10: Summary of Facies 7 and 8 for this study of the lower Turner in Finn-Shurley
Field. Figure includes facies name, a representative core photo, a thin section photomi-
crograph, XRD mineralogy, porosity, permeability, number of available core data points,
measured TOC, and aR35 calculation. Blue epoxy in the thin section photomicrograph
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 very-�ne grained sandstone

with a high intensity of bioturbation (Figure 3.11). This facies dominantly occurs in the

upper Turner and the shallowest cycle of the lower Turner, orthe Turner two zone, in each

of the cores throughout Finn-Shurley Field. Trace fossils, when preserved, 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 large intensity of bioturbation, no
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sedimentary structures were observed in this facies. Porosity from core suggest this facies

has an average porosity of 14% percent, with a range from 10-16%, and permeability of 0.12

mD with a range from 0.06-0.26 mD. From these core data points, an averageR35, which is

used as a proxy for pore throat size, of 0.43� m was calculated, suggesting that this facies is

dominated by micropore throat sizes. From these average values, this facies was interpreted

to be a potential reservoir facies. TOC values from source rock analysis done on the Colen

10-10 core determined a value of 0.45 weight percent TOC fromone 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 mostly illite/muscovite and

mixed layer clays. Other constituent minerals include plagioclase and potassium feldspar,

which range between 2% and 6%, respectively.

Figure 3.11: Facies 1: Bioturbated, shaley, very �ne-grained sandstone. A) shows a repre-
sentative core photo of the highly bioturbated and muddy facies. B) shows a representative
photomicrograph of the facies in thin section at a depth at 5234 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-grained sandstone. This facies

preserves well developed sedimentary structures and laminations (Figure 3.12). Laminations

include wavy and 
aser lamina, as well as planar to low angle laminations, hummocky and

swaley cross strati�cation, and ripples. It is also distinguished by mud drapes and paired

mud drapes between sand beds. These interstrati�ed sand beds can range in thickness from

centimeter scale, to several inches thick separated by mud drapes, paired mud drapes, or

even 1-2 inch thick mud beds. This facies has slight to no bioturbation, or a BI of 1-2.

When bioturbation is observed, it is primarilyPlanolites that occur within the mud drapes.

Overall, this facies has a low diversity of trace fossils. From core analysis, it has an average

porosity of 13%, with a range from 9-16%, and an average permeability of 2 mD, with a

range from 0.08-8 mD. From these values, an averageR35 value of 0.51� m was calculated,

suggesting mesopore throat size. From these values, this facies 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 show that this facies has

an average of 1.2 wt % TOC value, with a range of 0.37-1.2 wt %, which could suggest that

the mud drapes are slightly organic rich.

From XRD, this facies is composed of 62% quartz with 6% and 13% potassium feldspar

and plagioclase respectively. This facies is composed of 18% clay, with 5% of the clay being

chlorite. From Almon and Tillman (1979) work in the chronostratigraphic equivalent Wall

Creek member of the Frontier Formation, chlorite can be an indicator of early diagenesis

within these intervals. Suggesting that this large percentage of chlorite within XRD means

there is a potential that the sandstone grains were coated bychlorite clays early during com-

paction, which preserved porosity and permeability duringdiagenesis. This is investigated

in further detail for this study in Chapter 4, which deals with the petrographic analysis of

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

and sandstone (Figure 3.13). It has a bioturbation index of 3-4 and is easily identi�ed by

cyclic beds of mudstones, siltstones, and sandstones that range from a few centimeters to

a few inches in thickness. The sandstone beds are typically laminated, either with wavy,


aser lamina or low angle to planar lamina, whereas the siltstone and mudstone beds have

little to no laminations. Burrows are also present throughout this facies, with majority of

the preserved burrows being identi�ed asPlanolites 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 porosity of this facies is 12%, with a
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range from 11-13%, and an average permeability of 0.04 mD, with a range from 0.001-0.07

mD. An R35 calculation suggests an average pore throat size of 0.41� m. From source rock

analysis, the value for TOC is 0.89 wt % for this facies from one core data point, suggesting

some of the mud beds could have a slightly elevated amount of organics in them.

From XRD, this facies is made up of 40% quartz and 40% clay with the remaining makeup

being 3% potassium feldspar, 16% plagioclase, and the other1% including a small fraction

of constituent minerals such as calcite and pyrite. However,due to the cyclic nature of this

facies, the mineralogy can vary in these facies based upon the speci�c bed that is being

measured.

Figure 3.13: Facies 3: Interbedded, burrowed, laminated, mudstone, siltstone, and sandstone.
A) shows a representative core photo of the highly bioturbated and muddy facies. B) shows
a representative photomicrograph of the facies in thin section 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, bioturbated, mudstone, siltstone and

sandstone (Figure 3.14). This is the most abundant facies throughout the study area and

dominates the Turner one cycle of the lower Turner. This facies generally has a higher

degree of bioturbation intensity, and was assigned a bioturbation index of 4-5. In general,

the dominant ichnofauna that are observed within this facies areSkolithos, Thalassinoides,

and Planolites. This facies has a slightly elevated level of diversity in ichnofauna. Because of

this level of bioturbation, if any sedimentary structures are observed they are discontinuous

wavy lamina as a result of the degree of bioturbation. From core analysis, the average

porosity is 14%, with a range from 10-16%, and the average permeability is 0.16 mD, with a

range from 0.001-6 mD. AnR35 calculation suggests an average pore throat size of 0.52� m,

or mesopores. The source rock analysis done on the Colen 10-10 core shows an average TOC

value of 0.57 wt % for this facies, with a range from 0.39-0.72wt %. Due to the rock quality

with high porosity and permeability, this facies is interpreted to be a potential reservoir

facies. However, the quality of this facies does appear to vary across the study area, which

is likely related to variations in mineralogy, diagenetic cements, or bioturbation intensity.

From XRD, this facies is primary composed of quartz, up to 61%.It also is composed

of 5% potassium feldspar and an elevated amount of plagioclase, 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, mudstone,siltstone, and sandstone. A)
shows a representative core photo of the heterolithic facies. B) shows a representative pho-
tomicrograph of the facies in thin section at a depth at 4876 ft in 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 BI of 1.

Because of this, laminations and other sedimentary structures dominate this facies and are

well preserved within the core. These structures include planar to low angle laminations,

ripples, and hummocky and swaley cross strati�cation with pervasive mud drapes. From

core analysis this facies has an average porosity of 14%, with a range from 13-16%, and

permeability of 0.31 mD, with a range from 0.06-0.5 mD. An averageR35 value of 0.55� m

was calculated for this facies as well, suggesting it primarily has a mesopore throat size. The

source rock analysis done on the Colen 10-10 core shows an average TOC value of 0.45 wt %
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for this facies, with a range from 0.41-0.49 wt %. From detailed description and analysis, this

facies was interpreted to be a potential reservoir facies due to its high porosity, permeability,

and R35 value.

From XRD, this facies is composed of 67% quartz, 3% potassium feldspar, 18% plagio-

clase. A few minor minerals that makeup this facies are chlorite, calcite, and various clay

types, their volume percentage is 2%, 1%, and 9% respectively.

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

Facies 6 is a light grey, medium-grained sandstone (Figure 3.16). There is no visible

bioturbation within this facies and it appears structureless. The lack of visible bioturbation

suggests that cryptic bioturbation could be responsible for the structureless texture (Howard

and Frey, 1975). It occurs in two of the four cores within the larger Turner one depositional

cycle and its upper contact is interpreted as a minor 
oodingsurface, making this surface

the basal coarsening sequence noted in the well logs. However, this facies was only observed

in two of the four cores for the study area.

From XRD, this facies is dominated by quartz, nearly 70% from bulk mineralogy. It is

also composed of 25% calcite from XRD. The rest of the mineral makeup is 1% plagioclase,

3% clay and 1% of other mineral constituents (K-feldspar, pyrite, etc.). In thin section,

this facies was stained with alizarin red, which will appearred in the presence of calcite. It

appears such that the large quartz grains have been cementedby calcite, where the alizarin

red stained calcite is observed intergranular in the pore space (Figure 3.16b). This calcite

cement is interpreted to be a late stage in diagenesis and to have signi�cantly decreased the

inital porosity and permeability of this facies. This interpretation is investigated in more

detail in Chapter 4 which covers petrographic analysis and diagenesis. From core analysis,

this facies has a porosity value of 13% and a permeability value of 0.003 mD from one core

measurement. Based upon the source rock analysis conductedon the Colen 10-10 core, this

facies has an average TOC of 0.77 wt %, with ranges from 0.5-0.99 wt %. From porosity

and permeability measurements, an average R35 value of 0.38� m was calculated.
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Figure 3.16: Facies 6: Medium-grained sandstone. A) shows a representative core photo of
the sandstone facies. B) shows a representative photomicrograph 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 (Figure3.17). The mudstone beds

are primarily composed of clay with an abundance of silt grains. In addition, the mudstone

facies has several silt beds ranging from a few centimeters in size to two inches thick. This

facies has minimal bioturbation, or a bioturbation index of1, and no visible sedimentary

structures. It mostly occurs 3-10 feet thick at the base of each 
ooding surface and marks

the beginning of a new Turner depositional cycle after a risein sea level. From core analysis,

this facies has a porosity value of 10% and permeability value of 0.001 mD from one core

based measurement. From these measurements, an averageR35 of 0.44� m was calculated.

Based upon the source rock analysis conducted on the Colen 10-10 core, this facies has a

TOC value of 0.07 wt % from one core measurement. Although thisfacies has the lowest
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porosity and permeability, it is interpreted to not act as a ba�e for hydrocarbon migration

or hydraulic stimulation.

From XRD it is composed of 58% clay and 38% quartz. The other 5% is composed of

minor amounts of plagioclase, potassium feldspar, and other constituent minerals.

Figure 3.17: Facies 7: Argillaceous, silty mudstone. A) shows arepresentative photo of the
mudstone facies. B) shows the facies in thin section at a depth at 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, siltstone, and mudstone (Figure 3.18).

This facies occurs less frequently within the Turner interval, but is distinguished by its

interbedded siltstones and sandstones. Planar laminations occur frequently within the sand-

stone beds in this facies. In addition to the lamina, 
ame structures were observed. The

bioturbation index is small, BI=1, for this facies. From core analysis, this facies has a poros-

ity value of 12% and permeability value of 0.05 mD from one core based measurement. From
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these values anR35 value of 0.43� m was calculated for pore throat size radii. No source

rock analysis was available for this facies, and only one data point was available for the

mineralogy and rock properties of this facies.

From XRD, this facies is primarily composed of quartz and clay, 41% and 52% respec-

tively. Also measured was 1% potassium feldspar, 2% plagioclase, and 1% calcite. The

remaining 3% is made up of small amounts of other minerals such as pyrite and dolomite.

Figure 3.18: Facies 8: Interbedded, laminated, sandstone, siltstone, and mudstone. A) shows
a representative core photo of the interbedded facies. B) shows a photomicrograph of the
facies in thin section at a depth at 4838 ft in the McTuillin Federal 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 trace fossil types. Trace fossils

and bioturbation intensity can give insight into the paleo-environment, sedimentation rates,

paleo-topography, and overall energy levels. It is crucialto understand the distribution of

bioturbation intensity and the type of trace fossils preserved within the rock to make inter-

pretations and understand the type of environments these organisms were living in at the

time of deposition.

For this study, a bioturbation index was assigned to each facies within the cores. Figure

3.19 shows the key for the bioturbation index used for this study, which is typically de�ned

as a range between BI = 0, which shows no visible burrowing, BI= 3, shows moderate

bioturbation, up to a BI = 6, which is complete bioturbation and homogenization of sediment

(MachEachern and Bann, 2008). The trace fossils are coarse in scale and can be observed by

the eye at the core scale rather than just at the microscopic level. A BI was assigned to each

facies classi�ed within this study and then related to depositional environment and even

reservoir quality. The diversity, type, and abundance of trace fossils can be associated with

di�erent depositional environments, and by understandingthe ichnofauna within each facies,

assumptions can be made about the type of environment and changes in those environments

during times of deposition (Figure 3.20)

Throughout the heterolithic Turner strata, the bioturbati on index ranged from BI =

0-6 across the facies. Facies 1 (Bioturbation Index= 6), Facies 4 (Bioturbation Index= 4-

5), and Facies 3 (Bioturbation Index= 3-4) had the highest intensity of bioturbation and

contained the majority of the preserved trace fossils. Facies 1 is also interpreted to be a

secondary reservoir facies having 14% porosity and greaterthan 0.1 mD permeability on

average. Facies 4 is also interpreted to be a potential secondary reservoir facies having 14%

porosity and greater than 0.15 mD permeability on average. Facies 1 and 4 also host the

largest diversity of ichnofauna observed in the study area.Facies 3 is not interpreted to be
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a potential reservoir facies for this study area. Although these three facies are all highly

bioturbated, the trace fossils present within this facies and the intensity of bioturbation do

not appear to always be detrimental to porosity or permeability. Typically, facies that have

a higher diversity of trace fossils in the more intensely bioturbated intervals have preserved

their primary porosity and permeability. In these intervals, the intensity has not diminished

porosity and permeability signi�cantly and have inhibitedother diagenetic mechanisms from

reducing it.

However, the largest control on trace fossil diversity is interpreted to be the 
ooding

surfaces that correlate to changes in the Western Interior biozones such as theScaphites

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 asAsterosoma, Thalassinoides, and

Teichichnus, were observed in the lower Turner one, but not pervasive and occur locally in

beds. The small range of diversity suggests a harsh sub-oxicto oxic, high energy environ-

ment, di�cult for many organisms to survive in. Within the Tur ner two, the most commonly

observed trace fossils wereAsterosoma, Thalassinoides, and Teichichnus (Figure 3.21). Al-

though those were the most commonly observed ichnofauna,Skolithos 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 diversity of ichnofauna within the Turner

two depositional cycle.
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Figure 3.19: Bioturbation index key with a 0-6 scale. Modi�edfrom Reineck (1963), Taylor
and Goldring (1993) and Taylor et al. (2003) by MacEachern and Bann (2008).
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Figure 3.20: Common marine ichnofacies. Modi�ed from Seilacher (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 these

organisms were living between the sandy upper to lower shoreface transitioning to the sub-

littoral zone. Seilacher (1954) interprets that theSkolithos ichnofacies is generally found in

moderate to high energy environments, which makes it lower in diversity due to the inability

for most organisms to survive in those kinds of environments. Seilacher (1954) also suggests

that the Cruziana ichnofacies is characterized by much higher diversity, butlower 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 the�rst Turner depositional cycle
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within Finn-Shurley was dominated by waning and waxing 
ows or tidal cycles, with alter-

nating high, moderate, and low energy environments where only select 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 low energy environment shifted to a

dominantly lower energy environment where diverse organisms could survive. In addition,

the intensity of bioturbation is observed to increase as thesection shallows upward within

each depositional cycle. The facies with the highest intensity of bioturbation, Facies 1 and

4, occurs primarily at the top of each depositional cycle in all of the cores in the study area.

This suggests that the environment is slowly transitioningfrom a highly stressful or high

energy, yet oxic environment, to a less stressful, or lower energy, oxic environment. This

could be indicative of the local sedimentation rates, progradation, changes in environment,

or energy levels within each individual cycle.

Figure 3.21: Core photos from the lower Turner two cycle. Mostcommon trace fossils present
include examples ofSkolithos(Sk), Planolites(Pl), Teichichnus(Te), Thalassinoides(Th), As-
terosoma(As), and Ophiomorpha(O).
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Figure 3.22: Core photos from the lower Turner one cycle. Mostcommon trace fossils present
include examples ofSkolithos(Sk), and Planolites(Pl).

3.6 Sedimentary Structures

Sedimentary structure observations are critical for understanding the environment of de-

position from interpreted depositional processes. The variety, consistency and preservation

of sedimentary structures can give insight into the paleo-environment, energy levels, types of


ow, and sedimentation rates. Within the Finn-Shurley cores in this study, several di�erent

types of sedimentary structures were present and preservedthroughout the four cores, which

aided in facies identi�cation and depositional environment interpretations (Figure 3.23). Dif-

ferent depositional processes can result in various sedimentary structures. Some of the most

common sedimentary structures observed in the four cores atFinn-Shurley include planar to

low angle laminations, climbing and bi-directional ripples, hummocky or swaley cross strati-

�cation, wavy or 
aser laminations, mud drapes, and mud rip-up clasts. The majority of the

planar and wavy laminations as well as ripple and hummocky strati�cation were observed
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in Facies 2 and Facies 5 in the cores. From the observed sedimentary structures, the main

depositional processes responsible for sedimentary structures within the lower Turner sands

are interpreted to include tides, storm events, and a lesseramount of hyperpyncal 
ows.

Planar to low angle laminations are a result of high energy events or 
ows and can be

interpreted to be associated with storm events within the Western Interior. As a result,

laminations create thin scale, less than 1 cm, beds within the core (Figure 3.23d). Other

sedimentary structures that are a result of storms are hummocky or swaley cross strati�ca-

tion (Figure 3.23f). Storm related structures were seen extensively throughout the core. In

addition to storm structures, some of the other most common structures include wavy or


aser laminations, mud drapes, ripples, and bi-directional cross strati�cation (Figure 3.23).

In general, these structures are associated with tidal processes or waning and waxing 
ows.

Merewether (1980) observed in outcrop that the dominant paleocurrent direction from cross-

beds and ripple marks was southeast.

It is also important to note that when any sedimentary structure in the Turner is pre-

served, they are ampli�ed by the presence of thin mud laminations or mud drapes. Mud

laminations occur less than a centimeter thick and cap laminated bed forms. This suggests

either cyclicity with suspension settling, such a tides, orepisodes of deposition with mud in

the system. Mud beds also can occur up to 1-2 cm thick. When mud beds 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 along the shelf.

Rip-up clasts were also observed at the base of beds within the core. This suggests a high

energy 
ow eroding semi-lithi�ed mud beds as the suspended sediment moves basinward. In

addition, the abundance of clean sandstones suggests that during the overall transgressive

events, these sands were reworked by other processes such astides and storms. The observed

depositional processes across the Turner suggest that the Turner is a shallow shelf sand

reworked by tidal processes and occurs below fair-weather wave base in order to account for

the dominant storm event structures.
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Figure 3.23: Observed sedimentary structures. A) bi-directional ripples B) wavy-
aser lam-
inations C) ripple cross sets D) planar laminations E) climbing 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 studyarea for the Turner interval.

All four wells were cored through some portion of the lower Turner stratigraphy, and the

interpreted S. warreni 
ooding surface. Where the Perpetual Finn 8 was also cored through

the interpreted contact between the upper and lower Turner,the S. whit�eldi 
ooding sur-

face, and the Colen 10-10 was also cored through the contact with the underlying Poole

Creek member, the Turonian unconformity.

Figures 3.24-3.26 shows the distribution of facies in the Colen 10-10, Perpetual Finn 8,

Dreiling Federal 7, and the McTuillin Federal 1. Variability in facies distribution would

suggest subtle changes in depositional environment acrossFinn-Shurley. Facies 1, 2, 3, 4, 5,

and 7 are seen in all four of the wells ranging from 0.5 - 20 feetthick across the study area.

Facies 6, and 8 only occur in two cores and range from 0.5 - 1 foot thick within their respective

local section of the study area. Overall, the distribution of facies is relatively similar across

the study area, where the subtle di�erences are likely due tothe length of the cored interval,

thickness of Turner in each core, and which depositional cycle was captured within the core.

This suggests there is not signi�cant lateral variability in facies distribution and this �eld

at the time of deposition was a paleo-depocenter where sediment was deposited relatively

uniform across the �eld. This paleo-depocenter could be a result of extra accommodation

space from basement fault reactivation that occurs throughout the PRB. This lack of large

lateral varability likely changes as we move further away from Finn-Shurley. Figure 3.24

shows the distribution of facies across the �eld north to south and east to west in each core.

This �gure is in the form of pie charts, which takes the total length of the core and shows the

percentage of each facies within that cored interval. Figure3.35 shows the distribution of

the facies for the available cored interval of the lower Turner one zone and the lower Turner

two zone (Figure 3.35). Figure 3.35 also illustrates the changes in facies assemblages across

the S. warreni 
ooding surface.
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Figure 3.24: Pie distribution of facies in each core across Finn-Shurley.

Figure 3.25: Distribution of facies across Finn-Shurley. Left shows the distribution of facies
in the lower Turner two. Right shows the distribution of facies in the lower Turner one.
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Figure 3.26 shows the lateral facies changes across the �eld and the vertical stacking

trends of the described facies in all of the core. From four core descriptions, Facies 4, Facies

2, and facies 5 dominate the lower Turner one zone, and Facies2, Facies 3, Facies 5, and Facies

1 dominate the lower Turner two zone. In general, the base of the cores are characterized

by a signi�cant section of Facies 2, a laminated, muddy, �ne-grained sandstone with a small

intensity of bioturbation, BI of 1-2. Moving up section, thestratigraphy is dominated by

Facies 4, the heterolithic more heavily bioturbated, BI between 3-5, �ne-grained sandstone,

siltstone, and mudstone. This trend is pervasive through all four cores until approximately 10

feet below theScaphites warreni
ooding surface. At this point, the facies shift into a sandier

and less bioturbated character with interbedded beds of either 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 of the Turner two depositional

cycle always begins with Facies 7, the argillaceous, silty mudstone that is anywhere from

3-10 feet thick. This cycle is then dominated by thin beds of intermixed facies, primarily

Facies 5, Facies 3, and Facies 2, which are all facies where multiple preserved laminations

with mud drapes occur. Again, a general increasing upward intensity of bioturbation is seen,

with Facies 1, a heavily bioturbated (BI=6) facies, seen capping the tops of this cycle in

the Perpetual Finn 8. These observations are summarized in Figure 3.25, these show the

distribution of each facies of the cored interval in the lower Turner one and lower Turner

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

3.8 Subsurface Correlations

Nearly 750 wells were correlated across the study area using asuite of petrophysical well

logs that included gamma ray, spontaneous potential, and resistivity. Figure 3.27 show a

north to south stratigraphic cross section across the �eld that has been datumed on the top

of the Turner. Figure 3.28 shows a east to west stratigraphic cross section across the �eld

also datumed on the top of the Turner. The top of the Turner is marked by a decrease in

gamma ray showing the transition into the sandstone beds from the overlying mudstones of
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the Niobrara Formation. The base of the Turner is interpretedas a sharp increase in gamma

ray where the Pool Creek member is interpreted to be present between the overlying Turner

Sandy member, and the underlying Greenhorn Limestone bed. The Greenhorn Limestone is

easily discerned on well logs as a 50 foot thick low gamma ray bed, making for an easy marker

to pick across the study area. Overall, the Turner is approximately 130-150 feet thick across

the study area, with a slight thickening in the central portion of the �eld. This suggests that

this study area was a paleo-depocenter at the time of deposition. The Pool Creek member

is the unit that experiences thinning moving across the study area. Mentioned previously,

major 
ooding surfaces can be correlated in well logs throughout Finn-Shurley (Figures 3.27-

3.29). Through the integration of core description, theS. whit�eldi and the S. warreni have

been interpreted in well logs across the �eld. These were important surfaces to correlate to

determine changes in rock quality and reservoir development across Finn-Shurley Field, and

likely across the entire PRB. Minor 
ooding surfaces can be seen in the logs within the larger

transgressive parasequences. However, these were not correlated across the basin as they are

local events and do not appear to have any a�ect on 
uid 
ow or variations in reservoir

quality across these surfaces. In addition, the unconformity at the base of the Turner was

interpreted across the �eld as it marks a change in stratigraphy at the base of the Turner

and the top of the Pool Creek member.

Figure 3.27: Surface map showing cross section A-A' and B-B'.
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Figure 3.28: Subsurface stratigraphic correlation N-S across Finn-Shurley from A-A'. Flat-
tened on the top of the Turner.

Figure 3.29: Subsurface stratigraphic correlation E-W across Finn-Shurley from B-B'. Flat-
tened on the top of the Turner.
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3.9 Elemental Geochemistry

In addition to core description, facies classi�cation, XRD,and source rock analysis, el-

emental geochemistry can be an additional analysis to give insight into paleo-environment,

mineralogy, and diagenetic character with the utilizationof X-ray Fluorescence (XRF). This

work
ow is typically useful to discern �ne scale detail of mudrocks to observe changes that

are not able to be seen with a hand lens. However, due to the heterolithic 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 elementalchemostratigraphy supplemented

with XRD, indicators for not only various minerals, but environmental conditions, and el-

ement to mineral conversions can be integrated into the interpretations for the larger core

data set and core based observations. XRD data points providea basis 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 elements convert to minerals

successfully.

Mineral indicators mean that XRF can be used in diagnosing carbonate and detrital

systems. Observing intervals of elevated elemental indicators can suggest times of higher de-

position rates, increased sediment supply, or intervals more a�ected by diagenetic processes.

Carbonate system indicators include calcium (Ca), strontium (Sr), and manganese (Mn).

These elements are unique to carbonate systems and are used to to identify depositional

carbonate processes and subsequent diagenetic processes.Detrital elemental indicators sug-

gest in
ux of terrestrially derived sediments, these include aluminum (Al), potassium (K),

titanium (Ti) and silicon (Si). K is found in potassium feldspars sourced from weathering of

felsic igneous rocks. Zr is found in zircons and are detritalin nature. Ti is found as the major

elemental constituent of rutile and sphene derived from terrestrial systems (Sage and Lyons,

2009). Not only can individual elements tell a depositional story, but the utilization of ratios

of certain elements can be used to determine changes in provenance. The use of ratios, rather

than individual elements, is preferred, as these are less likely to be in
uenced by changes in
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grain size. Elements and ratios that are best for chemostratigraphic studies are those that

are almost exclusively concentrated in heavy minerals and are largely una�ected by post

depositional weathering and diagenesis (Craigie, 2018). P/Ti and related ratios can provide

indications of provenance changes throughout deposition.In addition, observing high K/Al

ratios suggest that K is predominantly linked with potassium feldspar. Furthermore, K/Rb

ratios are higher in potassium feldspar than in illite and mica, so this parameter can be used

to model the proportion of potassium feldspar to illite (Craigie, 2018). Other ratios that

show changes in provenance and that were utilized in this study include Zr/Ti and Nb/Th.

In addition to using individual elements and ratios as a proxy for depositional systems, a

mineral model can be created by converting XRF values to minerals by the use of element to

mineral conversions summarized by Nance and Rowe (2015). This is done by using the overly

simpli�ed relationship that calcium is 40% of calcite, potassium is 6% of illite (Weaver, 1965),

silicon averages 25% of illite, which has to be subtracted from total silicon before quartz is

calculated (Mermut and Cano, 2001), and consequently silicon is 47% of quartz. These

simple relationships allow for a comprehensive mineral model of 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 at the USGS with a handheld

XRF gun every 3 inches for 180 seconds, unless the core was missing, pucked, or broken

where a reliable data point could not be recorded. The 78 feetof core that was sampled

included 4 feet of Pool Creek, 44 feet of lower Turner one unit, and 30 feet of lower Turner

two unit.

Figure 3.30 shows a plot of all the terrestrial indicators, Si, Al, Ti, K, and Ti/Al with the

core description for the Colen 10-10. This plot shows the high amount 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 terrestrial clays and quartz being

deposited into the system. Figure 3.31 shows a plot of all the carbonate indicators, Ca, Sr,
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and Mn with the core description for the Colen 10-10. The onlyspikes that occur in these

elements are in areas where there are con�rmed and interpreted as calcite cements, such

as in Facies 6, the medium-grained sandstone. Areas of highercalcite suggest zones where

diagenesis has a�ected inital porosity and permeability inthe reservoir.

Figure 3.32 shows provenance indicators used in this study with the 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 higher values for this ratio suggest

that the potassium is linked to feldspar rather than clays. Whereas lower values for this

ratio show areas that are higher in clay. In general, it is observed that bulk changes in these

ratios occur at boundaries of 
ooding surfaces, both minor and major. This suggests slight

changes in provenance across these boundaries and could also be linked to changes in rock

quality and facies successions.

Figure 3.33 shows the mineral model generated from XRF. This wascomputed by taking

XRF elemental data and converting them to minerals based uponknown mineral formulas

for the three main constituent minerals, quartz, clay and calcite. The facies and lithology

logs for the Colen 10-10 are available for comparison with the combined mineral model and

the three curves separated out. The individual mineral curves are shown and compared to

XRD data points to show the validity of the computed mineral percentage values. It shows

that in general the XRF values closely correspond to the calculated 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 conversions, the XRF data was used to create

a pseudo gamma ray log to compare to the petrophysical gamma ray. This means that in

general, the simple assumptions create the ability to develop a full modeled mineralogical

pro�le throughout the Colen 10-10 core and a pseudo gamma raythat closely resemble the

XRD data and the petrophysical gamma ray log. However, a more detailed mineral model

can be created utilizing oxides and more detail from the mineral formulas of di�erent clay

types.
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Figure 3.30: Detrital elemental indicators from XRF for the Colen 10-10 core. Included is a
core facies log, a lithology log, a gamma ray curve, and curves for Si (ppm), Al (ppm), Ti
(ppm), K(ppm), and a Ti/Al ratio.
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Figure 3.31: Carbonate elemental indicators from XRF for the Colen 10-10 core. Included
is a core facies log, a lithology log, a gamma ray log, and curves for Ca (ppm), Sr (ppm),
and Mn (ppm).

77



Figure 3.32: Provenance elemental ratios from XRF for the Colen 10-10 core. Included is a
core facies log, a lithology log, a gamma ray log, and ratio curves for Nb/Th, K/Rb, Zr/Ti,
K/Al, and P/Ti.

78



Figure 3.33: Comprehensive mineral model in weight percent generated from XRF for the
Colen 10-10. Included is a core facies log, a lithology log, apetrophysical and pseudo gamma
ray log, and mineralogy curves for calcite, clay, and quartz. Each individual mineralogy curve
is then compared to XRD data points (black dots) for each mineral pro�le. A pseudo gamma
ray log (green dashed line) is also calculated from K, U, and Thand 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 large quantities of data both quickly

and inexpensively. XRF elemental pro�les are a simple and e�ective way to determine trends

and make conclusions based upon individual elements and elemental ratios. However, XRF

data collection can be utilized and integrated in a way that provides insight into larger

elemental trends as a collection of chemofacies. Chemofacies show much more detail and

small scale variability in elemental enrichment's and depletion's through the vertical section

than single element pro�les. The application of these chemofacies can then be later tied

to various reservoir properties such as porosity, TOC, mechanical strength, etc., if correla-

tions can be found and proven. This study was a preliminary way to create a chemofacies

work
ow for sandstones from XRF data, meaning it was not integrated with reservoir prop-

erties as mentioned previously or similar to how it is typically used in mudrocks. This was

considered outside the scope of this study and is included infurther recommendations. How-

ever, this chemofacies study was compared to depositional facies classi�ed from core to see

if chemofacie had ties to core de�ned reservoir facies. Thisstudy agrees with Ramkumar

(2015) in the de�nition of a chemofacies or chemozone as "the unique rock record de�ned by

chemostratigraphic indices and recognizable through unique geochemical signature(s) which

in turn helps distinction of a designated rock record from other rock records and also cor-

relation with applicable analogs at appropriate/applicable spatiotemporal scale". Where

chemofacies and chemozones are used synonymously in this study.

Due to the fact that the Turner is neither a mudrock nor self-sourcing, typical work
ows

for developing chemofacies in mudrocks do not work for this interval. Such as partitioning

organophillic indicator elements or redox indicator elements 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 elemental relationships in the verti-

cal section. K-means clustering is a method used widely in data analysis 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 analysis can be found in MacQueen

(1967). The XRF data collected was loaded into a Python programming language platform

and put through a dimensionality reduction, in order to compare all the elements at the

same scale. This was important because there are a large range of ppm values across the

data set that vary signi�cantly between elements. Using a silhouette analysis, a method

which visualizes similarity, the optimal number of clusters, where a cluster is a collection of

data points aggregated together due to certain similarities, was concluded to be four. The

amount of clusters will determine the number of chemofaciesthat will be generated and

can be edited based upon an iterative processes for an individual dataset. This was supple-

mented with a principal component analysis (PCA) done in the Unistat software program

for the dataset. Figure 3.34 shows an image from the PCA showing the determined cluster

of elements that appear to have similar relationships. Fromthis �gure it appears that Si

and the group of Ca, Sr, and Cl appear to have little to no relationship with the majority

of the other elements, but are considered critical elementsin this lithology. In general, four

groupings of elements emerge from this image, which supplements the silhouette analysis

conducted. During the K-means clustering analysis, the goal was to create a set number

of chemofacies that vary in enriched and depleted elements in order to best see lithologic

trends. Figure 3.35 shows a vertical log plot of every individual elements measured from the

XRF, the calculated euclidean distance, the generated chemofacies log, and the depositional

facies log. The euclidean distance measures the distance ofeach element from the cluster

center as a means to compare similarity. Large changes in theeuclidean distance value then

generates di�erent chemofacies. This creates four chemofacies 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 general clusters and trends of
elements in two dimensions.

Once the four chemofacies have been created from the K-meansanalysis, the elemental

signatures that make each chemofacies unique, the enrichment and depletion of each ele-

ment, is the next critical part to understand. Figure 3.36 is abar graph of each classi�ed

chemofacies that shows enrichment in green, and depletion in red. Enrichment or depletion

of an element is based upon how much that value for the individual element varies from

the median data point. Each chemofacies is de�ned based uponthe speci�c set of elements

whose concentration in ppm appear higher or lower than the average ppm value for that

cluster. This allows for classi�cation of chemofacies to make assumptions and interpreta-

tions about the lithology from a chemostratigraphic framework. 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 amount of calcium in the rock, likely

as detrital calcite or diagenetic calcite cements in the �ne-grained sandstone. Chemofacies

2 is enriched in Si, Cl, and Ca and depleted in Fe, Ti, K, S, Al, P,and Mg. This suggests

this chemofacies will occur in areas that correspond to slightly silty and muddy, �ne-grained

sandstones in the core. Chemofacies 3 is extremely depletedin Si 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 suggests these facies are

dominantly mudstone or clay rich intervals. Chemofacies 4 is extremely enriched in Si, and

some Ca and is depleted in Mg, P, Al, S, K, Ti, and Fe. This suggests this chemofacies is

a response of the cleanest sandstone facies where it is dominantly silica and suggests micro-

crystalline authigenic quartz grain coats contributing tothe high silica concentration. Based

upon these observations, chemofacies 2 and 4 would align best with the characteristics of the

better reservoir facies and would likely make for better target zones. Figure 3.35 shows the

distribution of the chemofacies de�ned in Figure 3.36 compared to the core de�ned faces,

where the best reservoir facies are colored in yellow, purple, green, and red. In general, the

highest concentration of the best core reservoir facies occur below the S. warreni 
ooding

surface. Chemofacies 2 and 4 are interpreted to coincide with the best reservoir facies, and

agrees with the observation that the highest concentrationof these facies occur in the lower

Turner one.

Chemostratigraphy as a correlation technique is a powerfultool to analyze small scale

changes in elemental data that can be tied to larger depositional, mineralogical, and diage-

netic trends. This understanding can be integrated into reservoir 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 based upon a statistical analysis. With

further understanding of elemental relationships in the Turner, this work
ow can be re�ned

to then tie to reservoir properties such as diagenetic signatures, high porosity zones, and even

mechanical properties to the chemofacies for enhanced targeting and reservoir understanding.
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Figure 3.35: Log plot of raw XRF data in ppm for each element through the vertical suc-
cession of the Colen 10-10 core. Also included is the euclidean distance from data average
(FIT), vertical chemofacies log (XRF), and core description facies log (CORE).
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Figure 3.36: Bar graph that shows the enrichment or depletionof each element for each
de�ned chemofacies for the Colen 10-10. Enriched elements are in green, depleted elements
are in red. Elements in black bars was the largest enrichmentor depletion used to classify
chemofacies. Chemofacies 2 and 4 are enriched in Si, with lower concentrations of Ca and
Al, which correlate with better reservoir quality facies (green star).
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CHAPTER 4

PETROGRAPHIC ANALYSIS

4.1 Petrographic Analysis Overview

This chapter focuses on the investigation of the Turner Sandy member at the micro-

scopic scale to best understand mineralogical and diageneic controls 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) analysis, a thorough and detailed

investigation of the framework and matrix mineralogy will be conducted. FE-SEM pho-

tomicrographs include backscatter images, secondary electron images, EDS mineral maps,

and cathodoluminescence images. This analysis requires observing grain size, textures, and

morphologies in order to document the extensive diagenetichistory for the Turner interval.

The pore network of the rock, including pore types, geometry, and size, can be best captured

at this scale to understand the controls on hydrocarbon production in the reservoir. It is

also important to note that although source rock propertieswere measured for the Colen

10-10 core, including total organic carbon content (TOC), S1, S2, S3, and Tmax, the petro-

graphic analysis discussed in this chapter is primarily focused on investigating the reservoir

and mechanical properties, such as mineralogy, diagenesis, and 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 Mowryand the Niobrara Formations.

The Turner source rock will be discussed in more detail in Chapter 5 which covers reservoir

characterization.

Although a few petrographic studies have been conducted in the chronostratigraphic

equivalent Wall Creek Member of the Frontier Formation in the Western PRB, little has

been published about the petrography of the Turner Sandy member of the Carlile Shale.

This chapter will help piece together the diagenetic history of the Turner in Finn-Shurley
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Field through the integration of previous work, thin sectionphotomicrographs, and FE-SEM

analysis. Merewether (1980) made some observations in the Turner near Osage, Wyoming,

approximately 30 miles outside of Finn-Shurley Field. From SEM observations, authigenic

minerals such as quartz, feldspar, kaolinite, chlorite, and pyrite were present in the Turner.

From thin section observations, Merewether (1980) reported angular to sub-rounded grains

of quartz, chert, and feldspar, where the more angular grains are due to later replacement

of clay and calcite. Almon and Tillman (1979) conducted an extensive study that analyzed

the petrography of reservoir and non reservoir facies within the Wall Creek member of the

Frontier Formation in Spearhead Ranch Field. From this study, a paragenetic sequence was

created that summarizes the diagenetic history of the Wall Creek member (Figure 4.1). The

diagenetic stages that make up the reservoir and non-reservoir facies of the Wall Creek mem-

ber began with early chlorite coating of framework grains and continued chronologically with

quartz cementation from secondary overgrowths, feldspar leaching, illite/smectite develop-

ment, late calcite cements, and concluded with hydrocarbonemplacement in the reservoir

facies.

Due to the fact that the Wall Creek member is a time equivalentformation to the

Turner Sandy member, the study by Almon and Tillman (1979) wasused as an analog when

researching the regional background and previously studied diagenetic stages that occur

within the mid Turonian sediments in the PRB. These analog studies can give insight into

the regional e�ects the environment can have on the diagenetic stages that occur during

compaction and burial. However, variations from the Frontier petrographic studies were

expected to be observed and documented, but by being aware ofthe diagenetic stages of

time equivalent stratigraphy, diagenetic textures and cements can be properly timed and

interpreted.

Through the integration of thin section and FE-SEM photomicrograph observations,

the major diagenetic features documented for the Turner interval include early framework

grain coating of both chlorite clays and authigenic microcrystalline quartz, dissolution of
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feldspars and quartz by pressure solution, large quartz overgrowths, authigenic clay growth,

and late calcite cementation of available pore space. Microscopic observations suggest that

these occurred at various stages throughout the rocks burial history, which have aided in

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

Figure 4.1: Paragenetic sequence of the Wall Creek member of the Frontier Formation from
Almon and Tillmon (1979).

4.2 Thin Section Analysis

Forty-eight thin sections were made available from the USGS CRC for the purpose of

this study. The vintage and preparation process of these samples is unknown. Of these

thin sections, 28 sampled depths were from the McTuillin-Federal 1 core, and 20 sampled

depths were from the Colen 10-10 core. Statistically, 48 sampled depths can give a fairly

detailed microscopic pro�le throughout the lower Turner. However, due to the heterolithic

nature of the stratigraphy, more thin sections were necessary for the overall characterization.

Therefore, an additional six thin sections were made, threefrom the Colen 10-10 core,

and three from the McTuillin-Federal 1 core, to give a betterpro�le of speci�c reservoir

and non-reservoir facies. These reservoir and non-reservoir facies were selected to further
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investigate the ability to see porosity and diagenetic features in thin section. By creating new

thin sections, better observations can be made about any visible porosity in the rock, with

the introduction of a yellow-
uorescent dye to the thin sections during preparation. This

preparation process enhances pore size and shape within therock matrix that allows 
uid


ow by the addition of a yellow dye which 
uoresce brightly under UV light. The suite of

thin sections available for this study can help integrate the mineralogy and the rock fabric to

the reservoir quality, as well as investigate diagenetic e�ects and determine the paragenetic

sequence.

Thin section analysis was vital to this study, due to the �ne-grained nature of the Turner.

Much of the information that is necessary to understand the Turner was too small to be ob-

served at the core scale. By documenting the framework and matrix mineralogy, including

textures, fabrics, and diagenetic indicators, assumptions can be made about the microscopic

scale controls on reservoir quality. Depending on the size and measurability of each control

factor, it can then be scaled up to be measured at the core scale. Major observed diagenetic

features in these rock examples contain chlorite coatings of silica grains, quartz overgrowths,

calcite cements, feldspar dissolution, and quartz dissolution due to pressure solution. From

petrographic observation, chlorite grain coats precede quartz overgrowths, which are only

visible in the cleaner and coarser sand intervals and facies. Figure 4.2 displays high porosity

from a lack of quartz overgrowths due to the abundance of early chlorite grain coatings.

From XRD, a higher percentage of chlorite is observed in the cleaner, sandier, less muddy

facies where more porosity is observed. Clay coatings are interpreted to occur during early

diagenesis, before 80-100 degrees C. The chlorite occurs early in 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 analysis, the chlorite appears to

form rims around quartz grains which look like a green/brownrim between the quartz grain

and the pore �lled with blue epoxy (Figure 4.3). Figure 4.4 shows quartz cements occurring

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

Figure 4.2: Thin section photomicrograph in plane light (top) and cross polar light (bottom)
from the Colen 10-10 at a core depth of 5275 ft. Photomicrograph displays epi
uorescent
yellow dye highlighting primary porosity and possible secondary porosity with observed chert
grains. Porosity from core is 16% and permeability from coreis 0.38 mD at this depth.
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Figure 4.3: Thin section photomicrograph in plane light fromthe McTuillin Federal 1 at a
core depth of 4851 ft. Photomicrograph displays chlorite coating of grains observed as partial
green/brown dust rims around quartz grains with visible intergranular porosity. Porosity
from core is 15.5% and permeability from core is 0.33 mD at this depth.
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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 overgrowths as quartz cements
interpreted to have grown in the inital pore space.

Also observed in thin section is the dissolution of feldspar (Figure 4.5) and quartz as a

result of pressure solution (Figure 4.5). Figure 4.5 shows thedissolution of feldspar illus-

trating secondary porosity in the sample where the feldsparis no longer present. Also seen

is an example of quartz dissolution due to pressure solutionat the grain to grain contact.

It shows that quartz dissolution does not give secondary porosity but rather quartz cement

near or at the grain contact.

In the medium-grained facies, calcite cements are present as shown by the alizarin red

stain. Any sediment that occurs �ner than medium-grained andwith higher mud content,

less than 10% do not appear to have any large calcite cement precipitation. Figure 4.5
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also displays calcite cementation in addition to all previously discussed diagenetic processes.

Suggesting this was the last stage that occurred and was detrimental to the porosity and

permeability of this facies, which was expected to be much higher prior to cementation.

From core analysis, this facies has a porosity of 13% and permeability of 0.003 mD.

Compaction of the Turner occurred throughout the diagenetic process, with the �ner-

grained and muddier facies appearing to have seen a larger e�ect. The cleaner sandstones

intervals with higher percentage of silica were able to holda stronger framework and preserve

intervals of higher porosity and permeability for hydrocarbon accumulation.

Figure 4.5: Thin section photomicrograph in plane light fromthe Colen 10-10 at a core depth
of 5297 ft. The photomicrograph displays late calcite cements that have destroyed most of
the inital porosity. Also displays partial feldspar dissolution, pressure solution, and quartz
overgrowths.
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4.3 FE-SEM Analysis

A substantial portion of this research was dedicated to investigating and understanding

the microscopic scale e�ects on reservoir quality. This included taking 18 rock samples from

18 di�erent depths and 6 di�erent facies, Facies 1, 2, 3, 5, 6 and 7, prepared for imaging

under the Field Emission-Scanning Microscope (FE-SEM) at theColorado School of Mines

(CSM). These facies were chosen because 1, 2, and 5 are the best reservoir facies, and 3,

6, and 7 are the lowest quality reservoir facies. In hopes that observing and comparing

the diagenetic textures and features in the good and poor reservoir intervals, variations in

the composition, framework, and pore networks, would highlight diagenetic controls on the

quality of the rock to be a good reservoir. These samples wereprepared by breaking rock

samples from the McTuillin-Federal 1 and the Colen 10-10 cores to create a broken surface,

the best method to discern surface textures, which were goldcoated for 2-3 minutes per

sample to achieve the best imaging.

Two types of images were acquired for each sample, a backscatter electron (BSE) image

and a secondary electron (SE) image. BSE images are ideal foridentifying compositional

di�erences of minerals and zonation of minerals. These images highlight variations in the

atomic number of the elements that compose the mineral, where elements with higher atomic

numbers appear brighter. SE images are best for discerning pore shape, sizes, and types.

These images have a high signal strength, resulting in topography contrasts in the sample.

Overall, the combination of these images are ideal for investigating porosity, pore networks,

and framework mineral and matrix mineral textures. In addition to the BSE and SE images,

energy dispersive spectroscopy (EDS) mineral mapping was performed on these samples to

show the distribution and concentration of elements withinthe �eld of view. Using either

a BSE or SE image, elemental maps were made using X-ray energy dispersive spectroscopy

to generate a mineral map on top of either a BSE or SE image as a base. Keeping in

mind the dominant lithology of quartz, feldspar, plagioclase, clays, and calcite, the primary

elements that were mapped in color include silicon (Si), aluminum (Al), magnesium (Mg),
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calcium (Ca), iron (Fe), potassium (K), and sodium (Na). In addition, two thin sections

from the Colen 10-10 core were polished and carbon coated andinvestigated under the SEM

using the cathodoluminescence (CL) and the SE beam, also available at the CSM lab. The

luminescence of all detrital and diagenetic minerals such as quartz, feldspar, phyllosilicates,

carbonates, etc can be quantitatively characterized by spectroscopy (Richter et al., 2003).

One of the most important minerals in sandstones is quartz, however, 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 luminescence (Sippel, 1968). Common

CL colors include red, the best color for discerning quartz,green, and blue wavelengths,

which were all investigated using the FE-SEM cathodoluminesce beam at CSM.

The primary goal was to compare the diagenetic textures and processes in the best

reservoir rock with the textures and processes in the poorest reservoir rock. This means that

the poorest reservoir rock samples gave the most insight on the full diagenetic history, and

provided the best images to convey the history of the study area. Observations from several

samples suggest that early grain coating of major frameworkgrains 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 facies where both microcrystalline

quartz and chlorite blades appear to coat a framework quartzgrain. In terms of timing, it

is interpreted that the microcrystalline authigenic quartz grain coats precedes the coating

of the chlorite clay blades. This is largely due to the appearance of chlorite blades that

form on top of the microcrystalline authigenic quartz and act as a secondary grain coat after

the inital coating. This early grain coating prevents the nucleation of quartz overgrowths

forming on the framework grain and growing in the pore space later during diagenesis. This

process results in the preservation of porosity. However, inthe �ner grained sediments, this

coating does not occur everywhere and the result is that morepervasive large euhedral quartz

overgrowths grow in the pore space (Figures 4.7-4.8).
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Secondary quartz overgrowths occur throughout the Turner as large euhedral grains in

the pore space of regions where no early chlorite or microcrystalline authigenic quartz grain

coatings have occurred. This quartz growth occurs between 80-100 degrees� C burial depth

where the growth can nucleate on a quartz surface and grow outward into the pore space.

Figures 4.7 and 4.8 show examples of these secondary overgrowths in two di�erent samples,

where the size of the overgrowths appear to correlate to the amount of pore space and the

size of quartz nucleation surface available for growth. This typically is observed in coarser

grained sediments, which have larger pore space and quartz framework grains, resulting

in larger overgrowths. Another analysis looking at size, morphology, and shape of quartz

overgrowths is by using thin sections and CL imaging. Figures4.9-4.10 show a typical suite

of images to best observe overgrowths. Figure 4.9a and 4.9d shows a SE image of the thin

section where the size and shape of the grain can be observed.Figures 4.9b and 4.9e shows

a combination image of the red, blue, and green wavelengths.Figures 4.9c and 4.9f show an

image of just the red wavelength, the dominant light to discern quartz grains and secondary

growths. Figure 4.10 shows the same image suite at a di�erent core depth in the medium-

grained facies. These CL images begin to separate out the origin of the grain where later

growth can be seen as contrast variations in these images. InCL, detrital grains will luminese

brighter compared to authigenic minerals. Although there are ways to interpret secondary

quartz growth in thin section, CL imaging combined with SE images of thin section samples

best show how extensive secondary growth is and to what size these are to interpret inital

porosity and clearly shows the e�ects of these growths on theporosity of the reservoir.
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Figure 4.6: FE-SEM BSE image from the Colen 10-10 core at 5300 ft. core depth. BSE image
shows a early microcrystalline authigentic quartz grain coat (mQ) and a later secondary
authigenic chlorite (Cl) 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 ft. core depth. BSE
image shows a large euhedral quartz overgrowth (Q) in the pore space.
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Figure 4.8: FE-SEM BSE image from the Colen 10-10 core at 5297 ft. core depth. BSE
image shows another large euhedral quartz (Q) overgrowth inthe pore space. Also seen in
the image is an interpreted detrital chert grain (Cht), a framework grain with authigenic
chlorite grain coat (Cl), and an authigenic calcite grain (Ca).
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Figure 4.9: FE-SEM CL image from the Colen 10-10 core at 5275 ft.core depth. A/D)
shows SE image of thin section. B/E) shows combined red, blue, and green CL image. C/F)
shows red CL image. Detrital quartz grain (dq) displays bright luminescence in contrast to
the dull luminescence of the authigenic quartz overgrowth (og).
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Figure 4.10: FE-SEM CL image from the Colen 10-10 core at 5297.2ft. core depth. A/D)
shows SE image of thin section. B/E) shows combined red, blue, and green CL image. C/F)
shows red CL image. Detrital quartz grain (dq) displays bright luminescence in contrast to
the dull luminescence of the authigenic quartz overgrowth (og).
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Figure 4.11 shows an example of small euhedral quartz grains appearing to grow out

from a microcrystalline quartz grains. However, the interpretation is that this is a chert

grain, seen extensively in cross polarized light with the petrographic microscope, in the

Turner. This suggests these polycrystalline quartz are notauthigentic and instead detrital

as lithic fragments sourced from the Sevier Highlands duringdeposition. The observed

polycrystalline quartz in this image is not an early grain coating and can be a nucleation

source for microcrystalline quartz growth. The nucleationsite is much smaller due to the

inherent size of the detrital chert, which is why there does not appear to be extensive quartz

growth on these grains.

Four diagenetic processes were observed as potential silica sources for secondary quartz

overgrowths: 1) pressure solution, 2) feldspar dissolution, 3) illite to smectitie conversion,

4) chert dissolution. Quartz cements from pressure solution is another observed stage of

diagenesis. This can cause quartz dissolution, although seen more pervasive in thin section,

further evidence in FE-SEM was observed. Figure 4.12 shows a framework quartz grain with

conchoidal fractures, interpreted to be a result of pressures and stresses. In addition to quartz

dissolution, possible evidence for feldspar dissolution was 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 secondary porosity. The third process

observed that could be a potential source of silica for secondary 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 secondary quartz overgrowth. When

temperatures reach 80-100� C during burial, detrital clays can become unstable and they

are replaced with mixed layer clay minerals and illite. Figure 4.13 shows an example of well

developed kaolinite books that have grown within the pore space. From XRD, the Turner

shows a elevated percentage of clay content, both illite-smectitie and kaolinite within the

�ner grained sandstones and siltstones. Facies 7 and 8 have high mudstone content with

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

The last stage of observed diagenesis in the Turner is late calcite cements precipitating in

the pore space. This appears to occur most extensively in themedium-grained sediments as

a result of the excess pore space for the calcite to precipitate. These cements are interpreted

to occur last because in the sediments that they occur, all previously mentioned diagenetic

stages were observed, indicating that calcite cements werethe last stage to occur in the

Turner.

Integrating FE-SEM observations, BSE, CL, and SE images withEDS maps is a key tool

when summarizing the diagenetic history. Figure 4.14 shows an EDS map of a sample from

the Colen 10-10 core where authigentic microcrystalline quartz has been identi�ed in red for

silicon, chlorite has been identi�ed in yellow for an iron-rich aluminosilicate clay, kaolinite has

been identi�ed in green for an aluminosilicate clay, and calcite has been identi�ed in blue for

calcium. In Figure 4.14a, the red and yellow colors representing microcrystalline authigentic

quartz and chlorite blades coating a framework grain in the left section of the image. Moving

to Figure 4.14b, the �eld of view has been shifted to the pore space of the framework grain

where the blue and green colors representing calcite and kaolinite are seen �lling the pore

space of the grain. By utilizing EDS mapping, patterns, timing, and minerals that are not

easily discerned in simply BSE or SE images become apparent.For example, the chlorite

grain coating appears to occur on top of the microcrystalline authigentic quartz, suggesting

that the quartz grain coat precedes the chlorite grain coat.In addition, the texture of the

calcite in this pore space makes it hard to separate from the well developed kaolinite books.

Without the use of EDS mapping, the calcite could easily have been missed and depicts how

the calcite �lled in the remaining pore space that was not occupied by authigentic kaolinite.
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Figure 4.11: FE-SEM BSE image from the Colen 10-10 core at 5297 ft. core depth. BSE
image shows a close up of a detrital chert grain. Authigenic microcrystalline quartz (mQ) is
interpreted to be using the detrital chert as a nucleation site.
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Figure 4.12: FE-SEM BSE image from the Colen 10-10 core at 5273.6 ft. core depth. BSE
image shows conchoidal fractures as a result of rock breakage.

Figure 4.13: FE-SEM BSE image from the Colen 10-10 core at 5297 ft. core depth. BSE
image shows authigenic kaolinite (classic "book" morphology) growing in the pore space.
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Figure 4.14: FE-SEM BSE image with EDS map from the Colen 10-10 core at 5297 ft. core
depth. Authigenic microcrystalline quartz grain coat is shown in red, chlorite grain coat is
seen in yellow, pore �lling calcite cement is seen in blue, and pore �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 aunique opportunity for various

diagenetic mechanisms and processes to alter the lithology. These mechanisms a�ected all

of the sediment of the Turner to some degree, with the coarsergrain sediments appearing

to have the greatest magnitude of alteration occurring whencompared to the �ner grained

and muddier sediments of the Turner.

Microcrystalline authigentic quartz grain coatings and chlorite grain coatings are the �rst

stages of diagenesis to occur early in the rocks burial history. These two coating processes

are interpreted to have preserved inital porosity and permeability of the Turner. The source

of silica for early grain coating is undetermined. However, chert grains are observed in both

thin section and FE-SEM and are interpreted as detrital. Thissuggests that the weathering

of these detrital chert grains during transport and deposition could be a source for silica

early in the burial history. Sources for the early chlorite grain coatings are likely a result of

weathering of ferroan metamorphic minerals, low temperature metamorphic volcanic rocks

fragments, alteration of feldspars during transport and burial, or as a hydrothermal alteration

product (Deer et al., 2013a). In areas where grain coating isless prevalent, secondary

quartz overgrowths are more pervasive as the early grain coating inhibits the nucleation

and growth of secondary quartz cements in the pore space, thus decreasing inital porosity

and permeability. In the event that there is minimal to no early grain coating, a source of

siliceous material must be present in order to promote secondary quartz overgrowths. For

the Turner, this excess source of silica is interpreted to befrom three di�erent diagenetic

processes. The �rst observed potential source of silica is quartz dissolution from pressure

solution. Increasing pressures and temperatures can initiate dissolution of quartz at the grain

to grain contact, releasing excess silica into the system topromote secondary overgrowths.

The second observed potential source of silica is weathering and dissolution of feldspars and
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other silicates to release silica into the system. The �nal observed potential source of silica is

the illite to smectite conversion. Again at high temperatures and pressures, smectite becomes

unstable and converts to illite or mixed layer clays. These processes can also be expedited

with the introduction of saturated pore waters into the system during burial. Without much

more extensive petrographic work, which of these potentialsources is the main source of

silica is indeterminable. With observations of all three processes, each is interpreted to have

an e�ect on the source of silica for the purpose of this study.The �nal diagenetic process that

was observed is late calcite cementation that occurs primarily only in the medium-grained

sand intervals. Figure 4.15 shows a chronological paragenetic sequence generated for the

Turner during burial from these thin section and FE-SEM observations.

In conclusion, the processes that are interpreted to have the largest e�ect on porosity and

permeability are early microcrystalline authigentic quartz and chlorite grain coats, secondary

quartz overgrowths, and late calcite cements. The inital grain coatings occurred early in

diagenesis and aided in preserving inital porosity as it prevented later quartz overgrowths.

In areas of absent or patchy grain coatings, overgrowths areprevalent and appear to have

decreased inital porosity and permeability by �lling the pore space with quartz cements. The

�nal stage that a�ected porosity and permeability was late calcite cements. In the medium

grained sand where this was observed, much of the pore space is �lled 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 poor grain coating, quartz overgrowths

are likely to occur and still adversely a�ect porosity and permeability. In conclusion, the

best reservoir facies with the highest preserved porosity and permeability have extensive

early grain coating of both microcrystalline authigenic quartz and chlorite, and are �ne-

grained with less than 15% mud in order to avoid secondary quartz overgrowths and the

precipitation of calcite cements.
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Figure 4.15: Paragenetic sequence of the Turner Sandy membercreated 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 to characterize the reservoir

intervals in Finn-Shurley Field, in order to understand how oil and gas can accumulate in the

Turner. By utilizing and integrating routine core analysis(RCA), core description, XRD,

XRF, petrographic observations, and petrophysical well logs, potential reservoir intervals

based on the best rock and mechanical properties can be identi�ed. By understanding the

diagenetic history and depositional environments discussed in the previous two chapters,

zones that developed and preserved the best porosity and permeability can be highlighted.

Inferring zones in the reservoir interval to choose as horizontal drilling targets can lead to

successful and economical production of hydrocarbons.

5.2 Porosity and Permeability

In �ne-grained sandstone reservoirs, porosity and permeability measurements from core

are critical for classifying reservoir facies. By identifying intervals and facies with the highest

porosity and permeability values, the intervals where there is the most amount of storage

space and 
ow capacity for hydrocarbon migration and production are highlighted. Varia-

tions in porosity and permeability can be a e�ected by mineralogy, diagenesis, bioturbation,

depositional processes, or some combination of all these factors. Core measured porosity

and permeability data was provided for all four cores, with each classi�ed core facies hav-

ing at least one data point available to make assumptions about reservoir capability. One

density porosity log that covered the entire Turner interval was provided for the Perpetual

Finn 8 core that showed the porosity pro�le throughout the interval. However, individual

facies cannot be discerned on logs, meaning the core derivedporosity measurements were

the primary values used to interpolate porosity and permeability values to the described core
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facies. The total number of core measured porosity and permeability data points for this

study was 46. Porosity in these four wells ranges from 9.13% -16.62%. Facies 1, 2, 4, and

5 are determined to be reservoir facies based upon core derived porosity and permeability

values. Facies 3, 6, 7, and 8 were determined to not be reservoir facies using the criteria of

a porosity cuto� of 12% and a permeability cuto� of 0.1 mD. Facies 1 has three data points

available to calculate an average porosity value of 14% and permeability of 0.12 mD. Facies

2 has nine data points available to calculate an average porosity value of 13% and permeabil-

ity of 2 mD. Facies 4 is the most abundant facies, and has nineteen data points available to

calculate an average porosity value of 14% and permeabilityof 0.16 mD. The �nal reservoir

facies, Facies 5 has seven available data points available to calculate an average porosity of

14% and permeability of 0.31 mD. In general, these reservoirfacies are cleaner, less muddy,

�ne-grained sandstone intervals with preserved laminations, with Facies 1 and 4 as excep-

tions. Facies 1 and 4 facies are heavily bioturbated and laminations are not observed, but

still meet the porosity and permeability criteria. Although, Facies 6 is medium-grained and

cryptically bioturbated, the pore space experienced late calcite cements, greatly diminishing

inital porosity and permeability.

From petrographic work and XRD, all reservoir facies have anywhere from 1-5% of volume

from chlorite clays, except for Facies 1. This indicates early grain coats of chlorite and

microcrystalline quartz, which are known to preserve porosity and permeability by inhibiting

secondary quartz growth during burial. Porosity and permeability appear to be highly

a�ected by diagenesis, as discussed in the previous chapter. Intervals of slightly higher

clay content were more a�ected by compaction after deposition compared to the relatively

cleaner, less muddy, �ne-grained sandstone intervals. It is interpreted that the preservation

of inital porosity and permeability in Facies 1 is due to the high intensity of bioturbation,

which has appeared to inhibit mechanisms that destroy reservoir quality in this facies. Figure

5.1 shows a plot of porosity versus permeability values fromthe McTuillin-Federal 1 core

and is colored by facies. The Turner is dominated by sub-micro, micro, and meso pore
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throat sizes due to its �ne-grained, mud-rich nature, and extensive diagenetic history. Facies

de�ned as primary and secondary reservoir facies plot as some of the highest porosity and

permeability values in the dataset, suggesting the potential for production from mesopores

and micropores. Observations from FE-SEM and thin section photomicrographs suggest

that porosity is dominated by intergranular or interparticle pore networks (Figure 5.2) and

some fracture porosity. The introduction of an epi
ourescent dye to the thin sections during

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

the rock.

Figure 5.1: Porosity versus permeability plot of the McTuillin Federal 1 core colored by
facies. Where the red, purple, green, and yellow squares are representative of reservoir facies.
Dashed lines show the separation of pore throat sizes interpreted 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 rock sample from Facies 5.
This sample was from the Colen 10-10 core at a core depth of 5300 ft.

5.3 Source Rock

A key element to the success of Turner production at Finn-Shurley is the commercial

size accumulation of migrated hydrocarbons from a organic-rich 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 accumulated hydrocarbons for this

�eld. Figure 5.3 shows an Ro map of the Mowry Formation in the study 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). Stratigraphically, the Mowry

Formation lies below the Turner and is a proven world class source rock in the PRB. However,

the high gravity oil that is produced from Finn-Shurley, 43� API, suggests that the source

is well within the peak maturity window for hydrocarbon expulsion. This means that the

oil would have had to have migrated from a region of higher maturity, likely in the central

portion of the basin, updip, and become trapped in the Turnerreservoir 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 River Associates. This model

was created for the Dixon Smith 3 well, located just outside the study area to the northwest

in sec 27 43N 65W (Figure 5.3). Figure 5.4 shows a burial historyplot modeled for the

well in BasinMod. The model displays historical tectonic and structural events as well as

periods of non-deposition that shape the modern day PRB. Theextensive tectonic history

of the basin also allowed for hydrocarbon expulsion of knownsource rocks. Geochemical

data was then integrated to the model to constrain the time when the Mowry Formation

entered in the oil window in the study area. As seen in Figure 5.4, the Mowry Formation

near Finn-Shurley is right on the edge of entering the mid mature window from the early

mature window. Plotting as right in the transition between yellow, which denotes early

mature, and green, which denotes mid mature, in the burial history plot (Figure 5.4). In

addition, Finn Shurley Field is normal to sub pressured at 0.43psi/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 long-distance migrated oil

accumulation at Finn-Shurley.
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Figure 5.3: Maturity map of the Mowry Shale in the PRB. The black circle represents the
study area and the purple star represents the well used for a 1D basin model. Modi�ed from
Modica and Lapierre (2012).

The Turner is typically associated with Niobrara petroleum system. In Finn-Shurley, the

Niobrara Formation is in the early maturity window, according to the burial history model,

and beginning to generate hydrocarbons, which happens around 0.5 Ro (Anna, 2009). How-
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ever, similar to the Mowry Formation, these Ro values are inconsistent with the level of

maturity that is measured in the produced oil from Finn-Shurley Field. Because the hy-

drocarbons that charge Finn-Shurley are likely a result of migration 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 Formation. Due to the structural

complexity and extensive lineaments in the PRB, migration could occur updip by fault path-

ways for both the Mowry and Niobrara formations. However, further geochemical analysis is

necessary to con�rm this interpretation. This does supportthe idea that the Turner does not

need to occur in an area where the source rock is mature if there is an ability or mechanism

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

Figure 5.4: Basin Model created for the Dixon Smith 3 well justoutside 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 potential reservoir targets in

each well through the integration of core analysis, petrographic analysis, and petrophysical

analysis. By integrating core descriptions, XRD, XRF, thin sections, FE-SEM analysis, and

routine core analysis, a holistic view of the target intervals can be determined. Prospective

targets for the lower Turner, including both the Turner one and two zones, were identi�ed

based upon highly porous and permeable zones in addition to high concentration of reservoir

facies, and resistivity increases. Due to the high amount ofclay content in the Turner,

the resistivity values are lower than typically expected for hydrocarbon saturation. Based

upon petrophysical logs, hydrocarbon saturation looks to be pervasive throughout the lower

Turner interval and only occurs at the very shallowest sand interval in the upper Turner.

The Perpetual Finn 8 well was the only well in the cored datasetwith a density porosity

(DPHI) log provided. The DPHI log was a valuable tool when available to highlight zones of

higher porosity and indicate better reservoir quality intervals. 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 resistivity 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 theTurner interval where there

could be potential pay. Internal 
ooding surfaces are interpreted to not act as barriers to

hydrocarbon migration and rather convey a transition from the best developed reservoir rock

to moderate reservoir rock quality moving up section.

In order to assess the mechanical stratigraphy of the Turner, XRD was utilized to cal-

culate a mineralogy-based brittleness index. A mineralogybased brittleness index (BI)

calculation can help predict areas that would be ideal targets for hydraulic fracturing. Using

XRD mineralogy to evaluate brittleness or mechanical strength of the rock is comparable to

a log-based dynamic elastic brittleness index (Jarvie et al., 2007). Equation 5.1 is a modi�ed
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approach of Jarvie by Xu and Sonnenberg (2016) that was used forthis study of the Turner.

BI =
(Qz + Kspar + P lag + Ca + Dol + Pyr)

(Qz + Kspar + P lag + 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 content,Ca 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, andTOC is the

total organic carbon content. This methodology compares the sum 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 compute these curves. Integrating

mechanical stratigraphy with reservoir quality, targeting can be re�ned to include intervals

with the most porous and permeable zones while still being brittle for successful completions

and increase well production.

Figure 5.6 shows prospective target intervals for the Colen 10-10 well. The target inter-

vals are those where high concentration of reservoir Facies, 1, 2, 4, and 5 stack, with the

highest zones of porosity, permeability and resistivity. In addition, a high brittleness index is

calculated in these zones. It is critical to integrate the data, as some zones of high resistivity

and brittleness index can be a result of calcite cements and would be expected to have low

porosity and permeability. This can be seen in core in the medium-grained sandstone of Fa-

cies 6 at a core depth of 5297 feet. These 15-25 foot targets are optimal thickness for drilling

assuming that hydraulic stimulation would be able to propagate in both directions without

the interference of fracture barriers. There are no fracture barriers inferred in the Turner

since the mudstones have a high percentage of silt, making them not highly ductile, and are

only 6-10 feet thick. With this observation, primary targetswere chosen in the section to

be considered the lower Turners"sweet spot". These "sweet spots" are identi�ed as zones
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of high porosity, high permeability, high resistivity, a high brittleness index, and in a zone

primarily composed of Facies 1, 2, 4, and/or 5. Due to the lackof data and coverage in the

lower Turner two zone, and based on the available core and logdata, the primary targets

were chosen for the lower Turner one zone where rock quality appears best. However, from

petrophysical logs and core description, the lower Turner two zone shows potential pay and

targets are considered secondary due to a lack of available data.

Figure 5.7 is an integrated image of the prospective reservoir targets determined for

the McTuillin-Federal 1 well. Ideal targets are areas of thehighest porosity, permeability,

brittleness index, and resistivity in the lower Turner one zone. Which correspond to the

highest concentration of the reservoir Facies 2, 4, and 5. There also appears to be a pay zone

in the lower Turner two zone in a section of high porosity, permeability and brittleness, with

resistivity greater than 5 ohm-m in the upper laminated and bioturbated sands.

Figure 5.8 illustrates the prospective reservoir targets determined for the Dreiling-Federal

7 well. Ideal targets are areas of high porosity, permeability, and resistivity in the lower

Turner one zone. These zones correspond to the highest concentration of reservoir facies. A

lower Turner two target was chosen as well that has a thick interval of reservoir facies. The

Dreiling-Federal 7 well has the lowest variability of facies changes moving up the core, where

thick successions of reservoir Facies 2, 4, and 5 occur in thestrata above the MnFS above

the medium-grained sandstone of Facies 6. The resistivity kick at a core depth of 4783 feet

is interpreted to be an increase in calcite cements in the lower Turner one.

Figure 5.9 shows chosen intervals of prospective reservoir targets determined for the Per-

petual Finn 8 well. Ideal targets are areas of the highest porosity, permeability, and resistivity

in the lower Turner one and two zones, which correspond to thehighest concentration of

reservoir facies. The lower Turner one target zone is a 15 foot interval of predominantly

reservoir facies and a high porosity, permeability, and resistivity zone. The lower Turner

two prospective target is a 20 foot interval of laminated andbioturbated sands with high

porosity, resistivity, and permeability.
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Figure 5.5: Type log section for the Perpetual Finn 8 that showsthe 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 is �lled 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.

120



Figure 5.6: Chosen reservoir targets (green shaded intervals) for the Colen 10-10 well based
upon facies classi�cation, gamma ray signature, a resistivity cuto�, an arbitrary brittleness
index cuto� of 0.55, high porosity values, and high permeability values. Well location is
shown on the map in the right corner, and current production information 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 intervals) for the McTuillin-Federal 1
well based upon facies classi�cation, gamma ray signature,a resistivity cuto�, an arbitrary
brittleness index cuto� of 0.55, high porosity values, and high permeability values. Well
location is shown on the map in the right corner, and current production information is on
the right corner where the perforated interval is shown in pink.
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Figure 5.8: Chosen reservoir targets (green shaded intervals) for the Dreiling-Federal 7 well
based upon facies classi�cation, gamma ray signature, a resistivity cuto�, high porosity
values, and high permeability values. Well location is shown on the map in the right corner,
and current production information is on the right corner where the perforated interval is
shown in pink.
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Figure 5.9: Chosen reservoir targets (green shaded intervals) for the Perpetual Finn 8 well
based upon facies classi�cation, gamma ray signature, a resistivity cuto�, high porosity
values, and high permeability values. Well location is shown on the map in the right corner,
and current production information is on the right corner where the perforated interval is
shown in pink.
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5.5 Reservoir Mapping

Reservoir maps were created utilizing 700 wells in the studyarea at Finn-Shurley Field,

located in south central Weston County. Figure 5.10 displaysan west to east cross section

of the four study area wells that were analyzed in great detail. Due 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 curves. 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 creating pay maps. From the

data set, isopach and resistivity maps were generated for the lower 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 and resistivity logs across Finn-

Shurley. Isopach maps show the thickness of the Turner reservoir across the study area, where

the isopach map with pay shows the thickness of the Turner where there is believed to be

hydrocarbons, or a resistivity value greater than 5 ohm-m. This resistivity cuto� was chosen

based upon extensive analysis of resistivity logs in the �eld, and a thorough understanding

of the resistivity of the shale baseline of areas not believed to be charged with hydrocarbons.

Resistivity of this interval is interpreted to be low based on the high percentage of clay

that is present throughout the Turner. Resistivity logs were the primary petrophysical log

used in reservoir mapping and are pervasive throughout Finn-Shurley where many other

petrophysical logs are not. From logs, resistivity kicks appear throughout the lower Turner

interval and begin to diminish moving into the lower Turner two. The upper Turner generally

has a single resistivity spike at the very top of the interval(Figure 5.10). From these

observations, the entire lower Turner interval appears to be saturated with hydrocarbons.

Figure 5.11a illustrates an isopach of the entire Turner interval, from the top of the

Turner to the basal unconformity. The entire Turner interval thickens across Finn-Shurley

Field and thins slightly moving outward. This seems to be a result of extra accommodation

space available for the Turner, speci�cally the lower Turner one zone. This accommodation
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space could be a result of a paleo-low associated with the Clareton lineament shown by Slack

(1981) that trends NE-SW just north of the study area. Pay, or resistivity greater than 5

ohm-m, correlates to the thick in the Finn-Shurley Field. Figure 5.11b shows a resistivity

map of the Turner across the Finn-Shurley area. This map was created by summing the

thickness of Turner that had resistivity greater than 5 ohm-m and contoured to show where

the thickest interval of high resistivity rock is located across the �eld.

Figure 5.12a illustrates an isopach of the lower Turner interval, 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 correlates to the thick in Finn-Shurley.

Figure 5.12b shows a resistivity map of the lower Turner across the Finn-Shurley area. Again,

this map was calculated by summing the thickness of the lowerTurner that had resistivity

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

Figure 5.10: Stratigraphic cross section of key cored wells 
attened 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 cored interval.
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Figure 5.11: Maps generated for the entire Turner interval (Top Turner to Basal Unconfor-
mity). A) Isopach of the Turner in Finn-Shurley area. The thickest 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 greater than 5 ohm-m. Contoured
map shows the thickest interval of resistive rock is locatedin the center of the study area.
Stars represent the locations of the key cored wells for thisstudy.
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Figure 5.12: Maps generated for the lower Turner interval (Top Lower Turner to Basal
Unconformity). A) Isopach of the lower Turner in Finn-Shurley area. The thickest interval
is located in the center of the study area. B) Net resistivity map of the lower Turner.
Resistivity map is created by summing the thickness of the lower Turner where resistivity is
greater than 5 ohm-m. Contoured map shows the thickest interval of resistive rock is located
in the center of the study area. Stars represent the locations of 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 developed to target the pro-

li�c 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 produced conventionally from ver-

tical wells (Figure 5.14), but in recent years there has been an increase in production and

horizontal drilling. The production increase in this area is largely due to improved drilling

and completion techniques. Horizontal drilling in and around Finn-Shurley began around

2010 and is expected to continue in the coming years to stretch the boundaries of Turner

pay outside the study area (Figure 5.14). In addition, historical vertical wells have been

subjected to modern re-fracturing methods, or enhanced oilrecovery methods, to extend the

life of the well. The wells have been re-stimulated by methods such as a "hu� and pu�",

a method which reduces oil viscosity with water injection, and 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 Finn-Shurley, and expands the potential

for economic production in Weston County. To date, Finn-Shurley has produced 23.5 million

barrels of oil (MMBO) and 38.6 billion cubic feet of gas (BCFG) from the 748 wells drilled

in the �eld.

5.6.2 Production Implications

The thickness and resistivity trends illustrated in the previous reservoir mapping section

was later compared to current production. This can aid to best understand the implications

of geologic controls on hydrocarbon production from the Turner in Finn-Shurley Field. Fig-

ure 5.15 compares the thickness trends and resistivity trends with historical production in

a bubble map. IHS production data was available for 707 wells in Petra for the study area.

The available production data did not specify the target zone and could be the cause of any

irregular trends. In general, the production is located in areas of thickest Turner interval

seen across Finn-Shurley. In addition, most of the production is located in a region of high

resistivity. These resistivity trends indicate hydrocarbon 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 modern completion techniques,

untapped resource potential in these sands would be unlocked and 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 (green 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. Illustrates a bubble map 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 Unconformity) 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 map for the lower Turner.

5.7 Discussion of Total Unconventional Petroleum System

Based upon the multi-scale analysis conducted on the available dataset, each element of

the unconventional petroleum system plays a critical role in creating an ideal environment

for economic hydrocarbon production at Finn-Shurley Field. Each element of the uncon-

ventional system has a direct e�ect on the environment which allows for a hydrocarbon

saturated reservoir interval to exist in an economic quantity be targeted and produced from.

A thorough understanding of each petroleum system element at Finn-Shurley is required

to comprehend the total hydrocarbon potential of this unconventional system in southern

Weston County. The Turner has proven to be a proli�c target interval in Weston County

due to a speci�c accumulation of facies that have sustained and preserved excellent poros-

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

The preservation of inital porosity and permeability is largely a result of both mineralog-

ical and diagenetic controls on reservoir quality. In general, cleaner, �ne-grained sandstone

facies with early grain coats of chlorite and authigenic microcrystalline quartz were critical

in preventing secondary quartz cements, which is proven to decrease porosity and permeabil-

ity. In addition to preserving porosity and permeability, from mineralogy-based brittleness

calculations, these facies tend to have a higher brittleness index due to the overall lack of

ductile minerals such as clay. High clay content can be unfavorable for geomechanical prop-

erties, but the high percentage of silica and lithics throughout the entire interval suggest

the Turner has excellent mechanical stratigraphy and a sought after completion target for

hydraulic fracture stimulation. Additional geomechanicalresearch could be done with the

addition of petrophysical logs, such as dipole sonic, to thedataset in order to calculate

Poison's ratio and Young's modulus.

The Turner is stratigraphically positioned between two world class source rocks, the

Mowry and the Niobrara formations. Both source rocks have been proven to generate and

expel mature hydrocarbons into the basin. The Turners location 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 in conventional petroleum systems

with marginally-rich source rocks, hydrocarbon expulsione�ciencies is higher when in close

proximity to carrier beds. These migration pathways allow for the peak maturity oil from

these two formations to migrate updip into the Finn-Shurley area, where it can be trapped in

a tight sandstone carrier bed. From petrophysical analysis, the entire lower Turner appears

to be saturated with hydrocarbons based on resistivity logsand production data. Changes

in lithology and the loss of porosity and permeability moving up section appear to act as a

local seal top for hydrocarbons.

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

ing targets, drilling wells, and picking proper completiontechniques. The targets for the
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Turner in Finn-Shurley Field suggest dependency on high porosity and permeability zones

which correlate to the lower laminated, cleaner, �ne-grained sandstone facies. These primary

reservoir facies are a result of prograding sandstones thathave been reworked by tides and

storms and bioturbated to an extent that was not harmful to rock quality. Post deposition,

these reservoir facies experienced excessive grain coating which continued to preserve inital

porosity and permeability and were not deterrents to continued diagenetic processes such as

quartz overgrowths and calcite cements. Post deposition, thermally mature hydrocarbons

from two potential source rocks were able to migrate into thesystem, and become trapped in

economic quantities. With the more mature Mowry Formation sourced hydrocarbons being

the more likely, proximal source. Only by integrating microscopic scale, core scale, and log

scale data, the lower Turner unconventional petroleum system can be properly understood

and developed in Weston County, Wyoming.
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CHAPTER 6

CONCLUSIONS AND FUTURE RECOMMENDATIONS

6.1 Conclusions

1) Eight facies were identi�ed from 271 feet of core from fourkey wells, the Colen 10-

10, the Perpetual Finn 8, the McTuillin-Federal 1, and the Dreiling-Federal 7. Facies

were classi�ed and named based upon lithology, grain size, bioturbation intensity,

and sedimentary structures. Due to the heterolithic natureof the Turner microscope

scale observations were integrated with core based measurements such as mineralogy,

porosity, and permeability to determine four reservoir facies, one primary and three

secondary, and four non-reservoir facies.

2) Facies 1, 2, 4, and 5 are considered reservoir facies for the Turner. These were deter-

mined based upon a criteria of an average porosity measurements greater than 12%,

an average permeability measurements greater than 0.1 mD, and a large averageR35

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

thin section and FE-SEM analysis.

3) The Turner is comprised of three major coarsening upward sequences each capped

with a 
ooding surface. The 
ooding surfaces correlates to achange in the Western

Interior biozone. This trend can be observed and correlatedin petrophysical logs, core

observations, and vertical facies assemblages.

4) Facies 1, and 4 are heavily bioturbated, which does not appear to always be detrimental

to initial porosity and permeability, suggesting bioturbation may have inhibited other

diagenetic mechanisms from diminishing inital porosity and permeability.

5) Both type and diversity of ichnofauna combined with intensity of bioturbation in
uence

the ability for a rock to be considered reservoir or non-reservoir quality. Facies with
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higher intensity of bioturbation and larger diversity of ichnofauna appear to have in-

hibited mechanisms that destroy inital porosity and permeability compared to intervals

of low diversity and lower intensity.

6) The Turner was deposited in a shallow marine environment after a worldwide drop

in sea level. This allowed for sediments to prograde out intothe basin and be later

reworked by tidal and storm processes on the shelf.

7) The distribution of facies generally is uniform across the study area. Isopach maps

suggest this �eld was a thicker paleo-depocenter at the timeof deposition. Increased

accommodation space may have resulted from proximity to paleo-lows associated with

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

8) Origin and type of silica is important for reservoir quality. Early grain coating of

authigenic microcrystalline quartz resulted in the preservation of inital porosity and

permeability by inhibiting the nucleation and growth of secondary quartz cement in

the pore space.

9) Early coating of authigenic microcrystalline quartz in addition to a secondary grain

coating of chlorite blades corresponds to zones of higher porosity and permeability in

the Turner.

10) Intervals with patchy or missing early grain coats have lower porosity and permeability

due to the addition of secondary quartz cements. These intervals tend to be �ne-grained

with a higher percentage of mud. These quartz cements are likely sourced from pressure

solution, feldspar dissolution, and authigenic clays.

11) The medium-grained sandstones were highly in
uenced bydiagenesis with the addition

of late calcite cements �lling available pore space. This does not occur as frequently

in the �ne-grained muddier intervals.
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12) There is a thick pay interval across Finn-Shurley in a east-west orientation. This was

determined primarily from resistivity logs through the Turner corresponding to known

productive wells.

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

Finn-Shurley Field.

6.2 Future Recommendations

1) Obtain more cores within southern Weston county throughout the entire Turner inter-

val. More core could help to better understand the facies trends, both laterally and

vertically, across the study area for the reservoir rock.

2) Gather MICP data in addition to more core based porosity and permeability mea-

surements to better understand the connectivity of the reservoir and the porosity and

permeability relationships with core facies.

3) Collect and interpret seismic data to understand and constrain the macro-scale depo-

sitional and structural framework for Finn-Shurley �eld. This would add a structural

and paleo-structural component to reservoir development in the PRB.

4) Re�ne the XRF calculated mineral model and calibrate to best match XRD data. More

XRD data would be ideal in constraining the calibration and inaddition could be used

to create more mineralogy-based geomechanical curves.

5) Further analyze brittleness of the Turner using XRD and computed XRF to mineral

model. Mineralogy based brittleness models were created for the Colen 10-10 well but

are preliminary and need better constraint. Again, more XRD data would be useful in

calculating brittleness of other cores.

6) Collect XRF data on all cores available in Finn-Shurley to further re�ne the chemofacies

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

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

7) Incorporate more samples representative of more facies in a diagenetic study of the

Turner. By integrating more samples and more cores, furtherunderstanding of the

diagenetic e�ects on reservoir quality can be assessed using EDS, CL, BSE, and SE

images.

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

stains to constrain timing and sources of silica and chlorite.

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

better understand potential sweet spots and re�ne targeting.

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

tional fairways and potential stratigraphic traps.

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

to re�ne targeting and sweet spot identi�cation.

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

maps to de�ne future sweet spots for development.

13) Collect more source rock analysis on the Mowry, Niobrara,and other prospective source

rock intervals such as the Greenhorn and Pool Creek, to better establish 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 scale trends can be scaled to

petrophysical logs, such as geomechanical logs, sonic logs, mineralogy logs, and porosity

logs.
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Reineck, H. E., 1963, Sedimentgefûge im Bereichder s•udlichen Nordsee: Adhandlungen der
Senckenbergische Naturforschende Gesellschaft, 505p.

Rice, D.D. and Gaskill, C., 1988, Muddy-Turner �eld trip: Wyoming Geological Association.,
Earth Science Bulletin., v.20, p. 67-72

Rice D.D., and Keighin, C.W., 1989, Con�guration of shelf sandstone oil reservoirs, Up-
per Cretaceous (Turonian) Turner Sandy Member of Carlile Shale, Powder River Basin,
Wyoming [abs.]: American Association of Petroleum GeologistsBulletin, v. 73, no. 3, p.
405

Richter, D.K, G o tte, Th., G o tze, J., Neuser, R.D., 2003, Progress in application of cathodo-
luminescence (CL) in sedimentary petrology:in Mineralogy and Petrology 79, p. 127{166.
https://doi.org/10.1007/s00710-003-0237-4

Rubey, W.W., 1930, Lithologic studies of �ne-grained Upper Cretaceous sedimentary rocks
of the Black Hills region: U.S. Geological Survey Professional Paper 165-A, 54 p.

Sageman, B. B. and Lyons, T. W., 2009. Geochemistry of Fine-grained Sediments and Sedi-
mentary Rocksin Holland, H.D. and Turekian, K. K. (eds) Readings from the Treatise on
Geocheistry, Elsevier, pp. 424-456

Seilacher, A., 1954, Die geologische Bedeutung fossiler Lebensspuren Zeitschrift deutschen
Geologische Gesellschaft, no. 105, p. 214-227

142



Sippel, R.F., 1968, Sandstone petrology, evidence from luminescence petrography: J Sedi-
ment Petrol 38, p. 530{554

Slack, P.B., 1981, Paleotectonics and Hydrocarbon Accumulation, Powder River Basin,
Wyoming. AAPG Bulletin, p. 65. doi:10.1306/2f9199bd-16ce-11d7-8645000102c1865d

Slaughter, M., and Earley, J.W., 1965, Mineralogy and geological signi�cance of the Mowery
bentonites, Wyoming: Geological Society of America Special Papers, v. 83, p. 1-96.

Sonnenberg, S.A., and Weimer, R.J., 1981, Tectonics, sedimentation, and petroleum poten-
tial. Northern Denver Basin, Colorado, Wyoming, and Nebraska:Quarterly Colorado Sch.
Mines, v. 76, no. 2., p. 7-45.

Taylor, A. M., Goldring, R., 1993, Description and analysis of bioturbation and ichnofabric.
Journal of the Geological Society, 150(1), 141-148

Taylor, A. M., Goldring, R., Gowland, S., 2003. Analysis and application of ichnofabrics, In
Earth-Science Reviews, v. 60, no. 3-4, p. 227-259

Tillman, R. W., and Almon, W. R., 1979, Diagenesis of Frontier Formation o�shore bar
sandstones, Spearhead Ranch Field, Wyoming: Society of Economic Paleontologists and
Mineralogists, Special Publication no. 26, p. 337-378

Toner, R.N., 2019, In
uences on oil and natural gas production from the Wall
Creek and Turner sandstone reservoirs, Powder River Basin,Wyoming: Wyoming
State Geological Survey Report of Investigations 77, 84 p.,online map at
wsgs.maps.arcgis.com/apps/webappviewer/index.html?id=d00fe805fdf04db3b25eb3b56d81a953.

Wagsta�, K., Cardie, C., Rogers, S., and Schr•odl, S., 2001,Constrained K-means Clustering
with Background Knowledge. In Proceedings of the Eighteenth International Conference
on Machine Learning (ICML '01). Morgan Kaufmann PublishersInc., San Francisco, CA,
USA, 577{584.

Weaver, C. E., 1965, Potassium content of illite: Science, 147, 603{605, doi:
10.1126/science.147.3658.603

Weimer, R.J., and Flexer, A., 1985, Depositional patterns and unconformatiities, Upper
Cretaceous, eastern Powder River Basin, Wyoming: Wyoming Geological Association
36th annual Field conference Guidebook, p. 131-147

Winn, R.D., 1991, Storm deposition in marine sand sheets|Wall Creek Member, Frontier
Formation, Powder River Basin, Wyoming: Journal of Sedimentary Petrology, v. 61, no.
1, p. 86{101.

143



Xu, J. and Sonnenberg, S., 2016, Brittleness and Rock Strengthof the Bakken Formation,
Williston Basin, North Dakota, in Unconventional Resources Technology Conference, San
Antonio, Texas, 1-3 August 2016, p. 2237-2254

144


