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ABSTRACT

The Piceance Basin of northwest Colorado has historically produced significant amounts
of oil and natural gas from shallow Upper Cretaceous Mesa Verde Group reservoirs. In the past
decade a deeper target has earned attention within the Mancos Shale interval. The Niobrara
Formation is a proven resource in the highly explored Denver Basin. More recently it has
become a target in western basins, such as, the Sand Wash, San Juan, and Piceance Basins of
the Rocky Mountains. Although compositionally the Niobrara differs within the Piceance Basin,
production from the interval has taken place in large quantities. Varying organic thermal
maturities exist in the same stratigraphic interval across the basin. This is seen with the
production of oil in the north and the production of dry gas in the south. This study analyzes the
strata in each of these locations in an attempt to better understand why differing levels of
maturity exist within the same stratigraphic interval and what factors are affected by this differing
maturity.

Through the use of core and thin section descriptions, six fairly similar lithological facies
with slightly differing depositional environments were determined. Bulk mineralogy shows a
major difference from the Denver Basin, with an introduction of a significant amount of
siliciclastic material. However, within the Piceance, both the northern and southern Niobrara
strata contain a very similar make up consisting of a near even mix of siliciclastic, carbonate,
and clay material. This mixture classifies the strata as a mixed mudstone. Source rock analysis
confirms the two different maturity levels within the basin and highlights the good to very good
amount of total organic carbon present. Subsurface mapping correlates the strata across the
basin and shows a thickening trend within each member of the Niobrara to the northwest.
Fracture analysis through the use of borehole image logs, shows a structurally complex basin

that causes sporadic quantities and orientations of natural fractures. FE-SEM analysis



demonstrates a dramatic increase in organic microporosity with increased thermal maturation of
the Niobrara source rock.

This study helps to improve the understanding of two viable hydrocarbon plays within the
Piceance and adjacent basins. As the demand for hydrocarbons continues to increase, more
exploration into this type of dynamic unconventional petroleum system is necessary. This study
has brought to light the main features contained within this petroleum system. Future work will
help to better narrow the target of the location of sweet spots and how to predict the presence

and effect of key features such as natural fractures.
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porosity (orange arrows), and dogtooth calcite on the outside of spines (red
arrows). Figure B came from a depth of 10,405.8 ft, and shows porosity

contained within clay. Figure C and Figure D came from a depth of 10,331.5 ft.
Figure C shows a clay cast of a pyrite framboid (yellow arrow). Figure D shows a
partial broken coccolith spine (purple arrow), containing some intraparticle
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These micrographs came from Facies D within the Tow Creek Member of the
Niobrara Formation, at a depth of 10,478.2 ft. in the GM-701-4-HN1 core, using
secondary electron scanning. Figure A shows carbonate material mixed with
nanofossils. The red arrow shows a small coccolith spine. Figure B shows
siliciclastic grains mixed with larger carbonate grains. The green arrows show
larger carbonate grains, the blue arrows show larger siliciclastic grains, and the
orange arrows show interparticle Porosity. ..........coveiiiiiii e, 95
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Figure 7.10: These micrographs came from Facies E within the Tow Creek Member of the

Niobrara Formation, at a depth of 10,406.7 ft in the GM-701-4-HN1 core, using
secondary electron scanning. Figure A shows a spherical pyrite framboid
surrounded by other siliciclastic material (green arrows) and coccolith platelets
(blue arrows). Figure B shows a partial coccosphere with broken coccolith

platelets (blue arrows). Calcite overgrowths are present on coccoliths. ................ 95

Figure 7.11: These micrographs came from Facies F within the Tow Creek Member of the

Figure 8.2:

Figure 8.3:

Figure 8.4:

Niobrara Formation, at a depth of 10,380.4 ft in the GM-701-4-HN1 core, using
secondary electron scanning. Figure A and B show siliciclastic grains mixed with
carbonate grains and evidence of nanofossils. The green arrows show euhedral
calcite grains. The blue arrows show clay and coccolith imprinted clay................. 96

Burial history model of the Wiley 23-3-97 well in the northern Piceance Basin.
The Niobrara strata is highlighted in gray. The Niobrara strata enters peak oil
and early gas liquid window (Late Mature Qil), around 42 Ma. The inputs for this
model were modified from the Shell Oil, Govt. 31-10 well in Nuccio and Roberts
(2003). The inputs for this basin model can be found in the appendix of this text.

Burial history model of the WPX GM-701-4-HN1 well in the southern Piceance
Basin. The Niobrara strata is highlighted in gray. This model uses soley
increased burial depth to reach the dry gas window, the model requires a total
of 7,800 feet of burial (5,600 feet more than in the Wiley 23-3-97). The Niobrara
strata enters peak oil and early gas liquid window (Late Mature Qil), around 44
Ma and the main gas generation window around 37 Ma. The inputs for this
model were modified from the CER Corp., MWX-1 well in Nuccio and Roberts
(2003). The inputs for this basin model can be found in the appendix of this

Burial history model of the WPX GM-701-4-HN1 well in the southern Piceance
Basin. The Niobrara strata is highlighted in gray. In this model the burial depth

is 4,600 feet greater than that of the burial depth in the location of the Wiley
23-3-97. This burial difference in combination with a significant heat flow

increase during the Oligocene, pushes the Niobrara strata into the dry gas

window. The Niobrara strata enters peak oil and early gas liquid window (Late
Mature Qil), around 44 Ma and the main gas generation window around 37 Ma.
The inputs for this model were modified from the CER Corp., MWX-1 well in
Nuccio and Roberts (2003). The inputs for this basin model can be found in the
appeNdix Of ThiS TEXL. ......cooviiiiiii i 103
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CHAPTER 1
INTRODUCTION

Hydrocarbon exploration and production has been taking place for many years within the
Piceance Basin of northwestern Colorado, predominantly targeting tight gas-bearing sandstones
in the Williams Fork Formation of the Mesa Verde Group over the last decade with cumulative
production of nearly 5 TCF gas to date. With the more recent use of horizontal drilling and
multistage hydraulic fracturing, several new plays have come of interest within the basin. One of
these plays lies within the middle section of the Upper Cretaceous Mancos Shale within the
Niobrara Formation. The Niobrara Formation of the Denver Basin is a very active target and has
seen a dramatic increase in oil and natural gas production. Within the Rangely field in the
northwest portion of the Piceance, the Niobrara has produced over 15 million barrels of oil
(Cumella et al., 2014). This play throughout the rest of the Piceance is somewhat more recent
and contains less data and subsequently less understanding. With fossil fuels seeing an
increasingly higher demand, understanding this hydrocarbon - rich play is extremely important.
Existing oil and gas fields that targeted shallower zones in the Mesa Verde Group within the
basin are being reopened and explored for deeper targets within the Mancos Shale. With the
ever-changing economics surrounding liquid production versus gas production, this play is an
extremely valuable target, as it is proven to contain both. It is through a better understanding of
these different hydrocarbon windows that operators can better target and plan their future
operations.

The Niobrara Formation was deposited during the Upper Cretaceous across the
central United States. The nomenclature of the Niobrara across the basins which contain it, is
challenging with respect to correlation and consistency. Some of these inconsistencies can be
expected with the significant changes in lithology, as well as, thickness changes seen from the

basin to basin. The Niobrara Formation of the Piceance Basin generally has a much higher



siliciclastic content, a lower total organic content, and is much thicker than the Niobrara
Formation in the Denver Basin. Type Il and Il source rocks that are contained within the
Niobrara are consistent with the oil and condensate production, as well as, the more mature dry
gas production (Krueger, 2013). Vitrinite reflectance values within the dry gas section of the play
are between 2.8 and 3.5%Ro (Wilson et al., 1998), which is consistent with higher maturity gas.

The Niobrara Formation is a self-sourcing reservoir in which the hydrocarbons
are matured in-place and stay contained within the extremely tight rock surrounding them. As
kerogen transforms to bitumen and then to oil, a huge volume expansion takes place creating
micro-fractures and organic pore space within these extremely tight rocks. As maturation
continues and oil cracks to natural gas, another large volume expansion occurs, creating even
more fractures. Through the use of FE-SEM analysis it is possible to see micro-fractures and
organic porosity that is created through oil and natural gas generation. It is important to
understand these micro-pores, as well as, the micro-fractures that could surround them in order
to better understand the reservoir that is being targeted. It is also necessary to understand the
differences associated with each of these hydrocarbon windows with respect to mineral content
and source rock analysis. Each of these aspects can play an important role in determining

potential production and the brittleness or fractureability of the reservoir.

1.1.  Motivation and Significance

The motivation for this study is directly linked to the relatively new exploration and petroleum
potential found within the Niobrara Formation of the Mancos Shale. Within the Denver Basin,
the Niobrara Formation has become a primary target in recent years for hydrocarbon production
and even more recently the Niobrara has become a target within the Piceance Basin. The
petroleum system contained within the Piceance Basin differs from that of the Niobrara
petroleum system, within the Denver Basin, due to a change in facies from a carbonate-rich

environment to a larger siliciclastic input to the west. This change in facies is attributed to a



closer proximity to the western highlands at the time of deposition. The change in facies paired
with the mountain building uplifts that segment the basin make for a complex petroleum system.
It is the further understanding of these complexities that will aid in making the Niobrara
Formation a viable play within the Piceance Basin. Recent works by Rodgers, 2012; Attar 2013;
Kruger, 2013; Cumella and Duhailian, 2014; and Harper, 2015, have shed light on the potential
resource accumulations across the entire Mancos interval within the basin.

Two major operators within the basin, Endeavour International (now Augustus Energy
Partners), and WPX Energy, have donated data to better understand the Niobrara target interval
(Figure 1.1). Data from several wells operated by these companies were provided in support of
WKLV SURMHFW 7R WKH QRUWK ZKHUH (QGHD YNMobtargbilRSHUDWLRQ
production exists, shown by the Wiley 23-3-97 well (sec. 23-T3N-R97W) at an initial production
rate of 805 BOPD & 1.5 MMCF/d. To the southinthH FHQWUDO SDUW RI WKH EDVLQ ZK
operations have taken place, a large accumulation of Niobrara dry natural gas has been tapped
into shown by their GM-701-4-HN1 well (sec. 4-T7S-R96W) with an initial production rate of 16
MMCF/d. The primary objective of this project is to better understand the differences and
similarities to these closely connected plays and how they relate to the stratigraphy and
associated rock properties.

Through the use of core analysis, source rock analysis, SEM imaging, and petrographic thin
section analysis, the goal is to better understand the petroleum potential and provide valuable
insight into drilling targets within the basin. This research will use cores from successful wells
and will therefore provide an examination of an interval of significant interest. This study will also
help add to a data set that characterizes a sedimentary unit within the basin, which can be used
for future studies, as well as, build on previous ones. The main goals of this study are to shed
light on the Niobrara petroleum potential in the liquids-rich rim within the Piceance Basin as well

as, other adjacent high-maturity basins. A secondary goal of this study is to explore the



possibilities of targeting the marlstone zones found in the Denver Basin that are analogous to

the zones of interest in the Piceance Basin as drilling targets.

Figure 1.1 Aerial map of the Piceance Basin, highlighting the location of the main two wells contained in
this study.

1.2.  Study Area

The study area for this project is the Piceance Basin of northwestern Colorado (Figure
1.2). The Piceance Basin is an asymmetrical basin that was formed as an intermountain basin
during the Laramide orogeny during the Late Cretaceous to Early Tertiary. The bounding uplifts
are the Axial Basin Anticline and the Uinta Uplift to the north, the White River Uplift and Grand
Hogback to the east, the EIk Mountains, Gunnison Uplift and Uncompahgre Uplift to the south
and the Douglas Creek Arch to the west. The Upper Cretaceous strata which is the zone of

interest in the basin increases in thickness to the northwest.

1.3. Previous Work

The Piceance Basin has been studied for many years, however relatively few publications

exist concerning the Niobrara Formation within the basin (Kent, 1968; Fisher, 2007; Kuzniak,



2010; Rodgers, 2012; Attar, 2013, Krueger, 2013; Cumella et. al., 2014; and Harper, 2015). A
larger amount of publications are available for the Western Interior Cretaceous Seaway as a
whole: Weimer, 1960, 1978, 1984; Kauffman, 1977; Meissner, 1984; Johnson and Finn, 1986;
Slingerland et al., 1996; Edwards et al., 2005; and Liu et al., 2011. The Mancos Shale was first
identified by Cross and Purington in 1899 (Warner, 1961). The exposures of this shale in the
Mancos Valley in northwest San Juan Basin, Colorado is the type locality for this unit (Warner,

1961).

MEXICO

Figure 1.2: Aerial map of the western United States highlighting the location of the Piceance Basin in red.

Nomenclature for the Mancos Shale is a challenging topic as it correlates from the more
carbonate-rich facies to the east within the Denver Basin to the more siliciclastic-rich facies
within the Piceance Basin to the west. Widely used subdivisions within the Denver Basin include
two members: the Fort Hays Limestone and the overlying Smoky Hill Member, which is often
sub-divided into six to ten units of chalks and marls A-F (Longman et al., 1998). Within the

Piceance Basin however, the larger siliciclastic input complicates the stratigraphic units. The



units that underlie the Niobrara Formation vary in nomenclature from basin to basin, as well as,
from study to study. The Late Cretaceous (Turonian) Frontier Sandstone is widely recognized
across the Rocky Mountain region as part of this unit, and is equivalent in its upper sections to
the Juana Lopez Shale and the Ferron Sandstone Members (Harper, 2015). In between the
Juana Lopez/ Frontier Sandstone is a shale unit that underlies the Niobrara called the Storm
King Mountain Shale by Krueger, 2013 and Hattin, 1981. Harper, 2015, calls this unit the
Montezuma Valley Shale within the Piceance Basin.

LUXHIHUYV UHVHDUFK FRQWULEXWHG WR WWHKLODXEEBHYRVGR Q
late Cretaceous Niobrara Formation within the Piceance Basin. Krueger used the same naming
scheme as the Denver Basin: Fort Hays, C Marl, C Bench, B Marl, B Bench, A Marl, A Bench.
Krueger distinguished these units with the high gamma response noted at each of the A, B, and
C benches and varying resistivities across the intervals. The USGS uses the distinction of four
markers defined by Vincelette and Foster, 1992, within the Niobrara: From bottom to top: Basal
Niobrara (Rangely Bench), Wolf Mountain Bench, Tow Creek Bench, and Buck Peak Bench (top
Niobrara). The intervals in between each of these benches are unnamed. Steve Cumella in his
recent extensive research of the basin uses the same nomenclature, as do many of the current
operators in the basin. For the purposes of this study the latter nomenclature will be utilized
(Figure 1.3).

The Niobrara-Mancos section of the Piceance Basin primarily contains Type Il kerogen with
lesser amounts of continentally derived Type Il kerogen, (Landon et al., 2001). The Type I
kerogen is consistent with the marine deposition of the Niobrara throughout the extent of the
Western Interior Seaway. The Type lll kerogen that is seen in the Piceance Basin and rarely
seen in the Denver Basin to the east is attributed to the close proximity of the western highlands
which contributes terrestrial organic material mixed with siliciclastic sediment. Unlike the Denver
Basin where the marls are considered to be the source rock and the chalks are the reservoir,
the more resistive marlstone benches in the Piceance Basin are considered to be both the
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source, as well as, an acting reservoir (Krueger, 2013). This difference in the Piceance Basin is

again due to the influx of siliciclastic material (i.e. absence of clean chalks).
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Figure 1.3: Type Logs used for this study distinguishing the Buck Peak, Tow Creek, Wolf Mountain and
Basal Niobrara/ Rangely Bench units. Type log A is from a well on the Tow Creek Anticline (From
Vincelette and Foster, 1992). Type log B is from a well in the central part of the basin (From Cumella et.
al., 2014). Note that each type log are on different scales.
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Total organic content is a measure of how rich the source rocks are by weight percent.
Present day total organic content within the Niobrara Formation in the Piceance is much lower,
typically in the 1-3% range, than the neighboring Denver Basin where values can reach up to
8% for the same interval (Landon et al., 2001). The lower TOC values in the Piceance are
credited to the higher influx of siliciclastic material but may also be attributed to higher maturity
levels (i.e. conversion of kerogen to hydrocarbons) (Figure 1.4). Although TOC values are lower
within the Piceance Basin compared to the Denver Basin, they are still sufficient for significant
hydrocarbon generation, especially given the western increase in Niobrara thickness from the

Denver to Piceance Basins (~300 up to ~1,700 ft).

Figure 1.4: An increase in clay and sand content towards the Piceance Basin is synonymous with a
decrease in TOC and calcium carbonate composition (Longman et al., 1998).

Vitrinite reflectance for the Niobrara interval within in the central/southern Piceance

Basin is typically 2.5-3.5% Ro, which is consistent with the dry gas window (Wilson et al., 1998).
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Resistivity logs have typically been used for the Niobrara Formation as a maturity indicator. As
maturity increases, resistivity readings increase; however, there are several observed
anomalies which show a decrease in resistivity as hydrocarbons mature from wet gas to dry gas
at around 1.2-1.4% Ro. One of these anomalies is noted within the Niobrara Formation of the
Piceance Basin (Cumella and Al Duhailian, 2014). Maturity increases from the basin margins,
where some oil production takes place to the basin center where primarily dry gas production
takes place. The highest maturity level of the Niobrara Formation is observed within the south
central Piceance Basin where primary production is dry gas, this is also where the resistivity
reversal is seen. A cross section of the Niobrara across the basin in Figure 1.5 shows this

reversal.
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Figure 1.5: Cross section through the Piceance Basin showing the resistivity reversal as maturity
increases from basin margin to basin center. The gamma ray curve is displayed on the left and the
resistivity curve is shown on the right side in track 2 (From, Cumella an Al Duhailian, 2014).



Natural fractures within the Niobrara interval are an extremely important aspect of this shale
play. Expulsion micro-fractures form during hydrocarbon generation and can increase porosity
to 5% during oil generation and increase an additional 1% during gas generation over 50 m.y.
(Cumella and Al Duhailian, 2014). Fractures are indicated with fracture image logs, open-hole
resistivity logs, and core. Natural fractures increase porosity and permeability (Figure 1.6),
which can be good for hydrocarbon production, however, they can also provide hydrocarbon
migration escape routes to larger fault systems. Large regional faults that extend up section into
the Mesa Verde Group act as an escape route for some Niobrara-sourced hydrocarbons that
then get trapped in tight sands. As a whole, the fracture network is still being analyzed within the
Niobrara across the basin in order to understand where the sweet spots are to drill. Background

of fracture studies within the basin are found in Chapter 2 of this text.

Figure 1.6: Fracture porosity in the lower unit of the Mancos: Frontier Sandstone (From, Krueger, 2013).

1.4. Research Methods

The following section will outline the methods that were used for source rock analysis, x-
ray diffraction, petrographic thin section analysis, field emission scanning electron microscope

analysis, and petrophysical log and formation image log analysis.
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1.4.1. Source Rock Analysis

HDWKHUIRUGYV VRXUFH URFN DQDO\]HU ZDV XVHG RQ a

Samples from the GM-701-4-HN1 core were taken at 20 strategic depths (all of the same
sample depth for petrographic thin sections, FE-SEM, and XRD, plus several more) and then
crushed and placed into stainless steel crucibles, which allows for passage of helium gas and
ambient air through the sample. Samples are placed in an oven and heated to 340 degrees
Celsius for 3 minutes. During this isothermal heating the free hydrocarbons are volatilized and
guantified as S1. The free CO2 is liberated and quantified as S3. Next, the heat is increased by
25 degrees Celsius per minute until a final temperature of 640 degrees Celsius is reached
(Nufez-Betelu and Baceta, 1994). During this time organic hydrocarbons are generated and
guantified as S2. This is roughly equivalent to the remaining generative potential of the rock.
The analyzer also measures the total amount of total organic carbon within the rock as well as
the temperature at which most of the hydrocarbons were released. Generally, one hour of time
is allotted per sample including down time in between tests. After the testing is complete, the
output is in the form of kerogen type, total organic content, S1, S2, S3, petroleum index, Tmax
(S2 peak temperature), hydrogen index, oxygen index, and S2/S3. Source rock analysis and
total organic content analysis for the Wiley 23-3-97 was completed by Weatherford Laboratories
and was provided for this study by Endeavour International and their successor Augustus.
Analysis on the GM-701-4-HN1 well samples was completed at the CSM on the Weatherford

Source Rock Analyzer (Figure 1.7).
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Figure 1.7: Weatherford Source Rock Analyzer housed at CSM. Analysis was run on twenty samples from
the GM-701-4-HN1 well.

1.4.2. X-Ray Diffraction (XRD)

Bulk mineralogy and clay characterization analysis via X-ray diffraction was performed
on GM-701-4-HN1 samples that were taken at strategic depths determined from the core.
Weatherford Laboratories completed these analyses. A similar process was completed by Core
Lab on samples from the Wiley 23-3-97 and provided for this study by Endeavour International
and their successor Augustus. The XRD process and methodology used is from Moore and

Reynolds (1997).
1.4.3. Petrographic Thin Section Analysis

Petrographic thin sections and thin section analysis was provided for the Wiley 23-3-97
by Endeavour International/ Augustus Energy Partners. The thin sections were re-examined for
this study using the epifluorescence microscope at CSM. Samples were taken from the GM-

701-4-HN1 well at strategic depths (the same depths analyzed for source rock analysis and FE-
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SEM analysis plus 13 others). Ultra-thin dual carbonate stained thin sections were prepared by
Weatherford Laboratories. The slides were stained in order to highlight calcite and be able to
differentiate it from dolomite. Analysis was completed on the prepared thin sections using the
epifluorescence microscope at CSM.

1.4.4. Field Emission Scanning Electron Microscope Analysis (FE-SEM)

The analysis for the Wiley 23-3-97 was provided for this study from Endeavour
International/ Augustus Energy Partners. The analysis was done by Ingrain Digital Rock Physics
Lab. The analysis on the GM-701-4-HN1 well was done at CSM on a Mira 3 LMH Scholtky FE-
SEM. The samples for analysis were ion milled using a JEOL Cross Section Polisher in order to
produce a finely polished surface along the sample approximately 400um wide and 1mm long
that is suitable for the FE-SEM to analyze the surface. Approximately five micrographs were
taken per sample using backscatter electron (ESB) and secondary electron (SE2) detectors at
recorded resolution. Some EDS mapping was performed in order to determine mineral
compositions in grains of interest. Each micrograph was used to estimate porosity. Also for the
GM-701-4-HN1 samples a broken sample was analyzed in order to obtain topographic

micrographs and describe the porosity as well as other notable features within the samples.

1.4.5. Petrophysical and Formation Image Logs

Petrophysical wireline logs were provided by the Colorado School of Mines in an existing
IHS PETRA Uinta-Piceance Basin project for analysis and correlation. Petrophysical responses
in wireline logs are the main source of data in any hydrocarbon-producing basin for mapping
and correlation. Roughly 500 digital and raster logs were used for mapping and correlation.
Type logs were analyzed from literature review to understand the typical log character of
particular stratigraphic intervals. Tops of these intervals were picked and correlated throughout

the basin using cross sections in order to produce isopach and structure maps of the subsurface
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units. This is an extremely effective method and is used widely in the oil and gas industry for
exploration and development of prospect areas.

Formation image logs are electronic pictures of the wellbore and are often used in place
of taking core due to the significant expense of coring. Electrical borehole images are based on
dipmeter technology in which shallow resistivity is measured through many electrodes around
the well bore on pads that are pressed against the formation (Hurly, 2004). Image logs were
provided for four wells from WPX Energy for analysis. The process in which these logs were

analyzed is discussed in more detail in Chapter 6 of this text.
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CHAPTER 2
GEOLOGIC OVERVIEW

The Niobrara Formation was deposited as a marine shale during the Cretaceous. During
the Early Cretaceous the western Farallon Plate collided with, and subducted under the eastern
North American Craton (Liu et al., 2011). This collision initiated the Sevier Orogeny, which
formed a western highlands and an eastern foreland basin. The foreland basin was filled with an
interior seaway during a time which has been considered to have a high eustatic sea level. This
seaway is called the Cretaceous Interior Seaway. This interior seaway extended from the Gulf
of Mexico to the Arctic Ocean. The Niobrara Formation was deposited as a part of the Mancos
Shale succession within this marine seaway. The interior seaway was moderately shallow
(Kuzniak, 2010), which provided for alternating successions of chalk and marl to be laid down
as the Niobrara. The chalks are representative of drier climates and higher sea levels and the
marls are representative of wetter climates and lower sea levels (Kuzniak, 2010). In the western
margin of the interior seaway, in the area of the current Piceance Basin, there was a larger
influx of siliciclastic material due to the close proximity of the Sevier Orogenic Belt (Figure 2.1).

During the Tertiary, as the interior seaway regressed and uplift ensued again, the
Laramide Orogeny occurred and formed several structures that segmented the foreland basin
into several intermountain basins, leaving the Denver Basin to the east. The Piceance Basin is
one of the intermountain basins; it is bounded by the Grand Hogback Monocline to the east, the
Uncompahgre Uplift to the south, by the Uinta and Axial Uplifts to the north, and it separated
from the Uinta Basin by the Douglas Creek Arch to the west, (Johnson and Flores, 2003).
During the Laramide uplift, the accommodation space was filling and the Niobrara Formation in
the Piceance Basin underwent significant burial. The Niobrara occurs at depths upwards of

10,000 +13,000 ft below ground level within the basin. These depths do not necessarily
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represent maximum burial depths for the Niobrara due to Late Tertiary uplift of the Colorado
Plateau and related erosion, which can be as much as 5,000 feet.

The nomenclature that segments the Niobrara within the Denver Basin is an alternating
chalk and marl sequence A-F (i.e. A Chalk, A Marl, B Chalk etc.). The Mancos Shale within the
Piceance Basin is separated into several units that differ from the well-used nomenclature of the
Denver Basin: an upper interval, a middle interval (the Niobrara), and a lower interval which
consists of the Juana Lopez and the Frontier formations (Figure 2.2). All of these units are
underlain by the Dakota Sandstone. The differing nomenclature from the Denver Basin to the

Piceance Basin is due to the larger percent of siliciclastic material present in the west.

2.1. Regional Structural Setting and Burial History

The structural setting and burial history of the Piceance Basin is complex due to the
multiple orogenic events that took place and subsequent erosion and sedimentation. The burial
history of the Niobrara in the basin varies from north to south and from east to west. This
section of the paper reconstructs portions of the structural past of the Piceance Basin and the
burial history of the Niobrara in order to better understand hydrocarbon generation and
maturation levels. As mentioned previously, the Niobrara was deposited during the Late
Cretaceous as a marine deposit within the inter-Cretaceous seaway that filled the foreland basin
to the east of the Sevier Highlands. Post-deposition, the Piceance Basin was uplifted and
segmented by the Laramide orogeny into an intermountain basin. This orogeny is the main
structural event that affected the basin, however, prior to deposition of the Niobrara the location
of the basin underwent structural deformities that laid the groundwork for the segmenting
mountain building event.

During the Paleozoic, two branches of the Ancestral Rocky Mountains formed on either
side of the current basin location (Figure 2.3), the Uncompahgre highlands and the Front Range

uplift (Fillmore, 2011). Through the uplift of these two highlands, many fault blocks formed horst
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and grabens. These features trend slightly west, northwest and are thought to have formed
along fault plains in basement Precambrian rock (Young, 1995). Faults in the northern portion of
the basin are from north-south compression in the late Paleozoic. During the Jurassic and
Triassic, the Ancestral Rocky Mountains eroded but their faulted remnants remained, setting the
ground work for the Sevier Uplift which commenced during the Cretaceous. The Sevier orogeny
was the result of mid-oceanic spreading in the paleo- Pacific Ocean and the increased rate of
subduction along the west coast of North America (Fillmore, 2011). The Sevier highlands, which
span across central North America and the associated foreland basin to the east were the result
of the Sevier Orogeny.

As the Sevier Orogeny slowed and eventually came to a halt, towards the end of the
Cretaceous, the foreland basin to the east was filled with an inter-cratonic seaway: called the
Western Cretaceous Interior Seaway. This seaway deposited the Late Cretaceous Mancos
Shale and Niobrara Formation. As the climate changed and the sea regressed, the Mesa Verde
Group was laid down. Following deposition, a period of non-deposition and erosion ensued,
marked by the Cretaceous-Tertiary Unconformity. At this time, another mountain building event
succeeded; the Laramide Orogeny again reactivated basement faults and increased the
presence and magnitudes of folds. This orogeny segmented the foreland basin that previously
contained the seaway and caused the formation of several intermountain basins, including the
Piceance Basin in northwestern Colorado. Bounding the basin are several uplifts: the Grand
Hogback Monocline to the east, the Uncompahgre and Gunnison Uplifts to the south, the Uinta
and Axial Uplifts to the north, and the Douglas Creek Arch to the west (Figure 1.1).

Rise of the Uncompahgre and Uinta Mountain Uplifts occurred slowly before the main
orogenic evens, indicated by thinning of the Middle Jurassic to Upper Cretaceous strata in the
location of the uplifts (Young, 1995). The Douglas Creek Arch was forming prior to the main
events of the Laramide but continued to uplift through the Paleocene, although it was rarely a
significantly high topographic feature between the Piceance and Uinta Basins (Johnson and
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Finn, 1986). By the Paleocene, the basin was again experiencing sedimentation, this time from
Laramide features such as the White River Uplift (Johnson and Nuccio, 1986). As the orogeny
continued, the Axial Basin Anticline, EIk Mountains and Gunnison Uplift all formed, completing
the bounding of the basin.

During the Eocene, the entire Colorado Plateau underwent epeirogenic uplift due to
regional doming of central Arizona (Baars and Stevenson, 1981). This uplift raised and tilted the
Colorado Plateau and caused increased erosion and a more rapid sedimentation in the basin.
At this time Lake Uinta was filling the basin. When the lake was at its deepest, it flooded the
Douglas Creek Arch and spanned both the Piceance and Uinta Basins. Towards the end of the
Eocene volcanic activity in the Uinta Mountains caused further filling of the basin, effectively
destroying Lake Uinta, and marked the end of significant deposition in the basin. Erosion
dominated the Oligocene, with the exception of the continued growth of the Grand Hogback,
forming the eastern margin of the basin, which was the final substantial feature of the Laramide
orogeny. The Laramide Orogeny was effectively over by the end of the Eocene (Tweto, 1975).

The majority of present day faults and folds were in existence by the end of the
Laramide Orogeny and have been reactivated or enhanced since. Therefore, the Laramide is
the youngest significant structural feature within the basin. The complex history of basement
fault reactivation along with new faulting and mountain building events helps explain the
complex stress regime when looking at fault and fracture orientations. Lorenz (2003), explains
that that principal horizontal stress direction through the basin varies from a dominant east-west
to west-northwest, east-southeast and even to west-southwest, east-northeast following
Laramide stress trajectory, as it was modified with each ensuing uplift.

By the Oligocene, the Cretaceous strata experienced maximum burial depth. Coinciding
with maximum burial, magmatism superseded tectonism especially in the southeastern portion
of the basin (Tweto, 1975). During the orogeny, magmatism formed a narrow belt along the
south-southeast flank of the basin. This area is described as the Colorado Mineral Belt
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(Johnson and Nuccio, 1986). During the Oligocene, the magmatism spread further north
creating a larger geothermal footprint in the southern portion of the basin (Figure 2.4). This
magmatism lasted through the Miocene consisting of shallow intrusions that formed extensive
sheets of volcanic breccia. Similar breccia was formed on the southern side of the Gunnison
uplift in the Gunnison River Basin where it outcrops as the West Elk Breccia. During this time, in
the north end of the basin, the Ancestral Green River cut through the basin from east to west
eroding away up to several thousand feet of overburden. (Johnson and Nuccio, 1986).

In the Late Miocene *Pliocene, another epeirogenic uplift raised the basin; this time to
its current elevation. The evidence for this epeirogenic event is the subtle folding and largely
fractured Tertiary strata. Following uplift, several rivers cut through the basin. One of the largest
is the Colorado River, which to date has removed as much as 5,000 feet of overburden through
the central basin (Johnson and Nuccio, 1986). The erosion caused by the Colorado River is
post maximum burial depth for the Cretaceous strata. Similar total vertical depths to the top of
the Niobrara can be observed in the northern part of the basin, as well as, along the Colorado
erosional plane.

In the northern portion of the basin, the Cretaceous strata never reached burial depths
as great as in the basin center. This is due to the northern region being topographically higher,
coupled with erosion from the ancestral Green River during the time of maximum burial. During
the post maximum burial time period, the Colorado River eroded the center of the basin, cutting
down to present day elevation and explains the Niobrara currently sitting at a similar total
vertical depth in central basin as in the northern basin.

In summary, even though portions of the northern and southern Piceance Basin are at
similar structural depths today, the southern Piceance Basin experienced both elevated heat
flow and increased depths of maximum burial. These factors created significant differences in

the thermal history and therefore the overall thermal maturity.
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10° 100°

Figure 2.1: The Mancos-Niobrara succession was laid down during the Cretaceous when the Western
Interior Seaway extended from present day Gulf of Mexico to present day Arctic Ocean. The Piceance
Basin, which is outlined in purple here, received a higher siliciclastic input due to the close proximity of
the western highlands (Modified from Rodgers, 2012, from Roberts and Kirschbaum, 1995).
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Figure 2.2: Type log for the Mancos Shale within the Piceance Basin (From Rodgers, 2012).
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Figure 2.3: The Uncompahgre and Front Range highlands bounded the area of the present day Piceance
Basin (outlined in red for reference) during the Paleozoic (Modified from Fillmore, 2011).

2.1.1. Natural Fractures

The structural events discussed above have created a natural fracture and fault network
that contribute to secondary porosity and permeability, as well as, provide migration or escape
routes for hydrocarbons. Fractures have been studied throughout the Piceance Basin, primarily
in the highly productive Mesaverde Group. The Mesaverde Group overlies the Mancos Shale in
the Piceance Basin and was deposited in the Late Cretaceous. As seen in the previous section,
this formation has undergone a similar tectonic and burial history as the Mancos Shale, just at a
shallower depth. Natural fractures within the Mesaverde Group are thought to be of tectonic
origin and are associated with a larger fault system that stems from the Dakota Sandstone,
extends through the Mancos Shale, and bifurcates once it enters the Cameo interval of the

Mesaverde Group (Cumella and Ostby, 2003). Primary horizontal stress direction during the
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time of the Laramide Orogeny is east-west. The major fault system within the basin includes
faults trending northwest (~N 45 W) and showing left lateral slip indicating reactivation during
the Laramide uplift; or north-northwest (~N 20 W) and showing reverse movement indicating
initiation during the Laramide Orogeny. The natural fracture system noted in the basin is likely

related to the splaying of the faults (Cumella and Ostby, 2003).
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Figure 2.4: Tertiary igneous intrusions expanded into the Piceance Basin shown in red. The location of
the GM-701-4-HN1 and Wiley 23-3-97-1 wells from this study are highlighted (Modified from Yurewicz et.

al., 2003).

Lorenz, in his 2003 paper, discussed fractures within the Piceance Basin. This paper
shows that fractures in the basin typically range in strike from WNW-SSE to WSW-ENE. Many
of these conclusions were drawn from the 1980s US Department of Energy funded Multi-Well

Experiment, which was located in the east-central part of the basin. These wells were drilled into
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the Mesaverde Group and included 4,200 feet of core. In this location, primary strike was WNW-
ESE (Figure 2.5). Lorenz (2003) determined that two phases of mineralization took place within
the fault and fractures. The initial mineralization was quartz, thought to be associated with
enhanced solubility and mobility of the minerals during maximum burial high temperatures and
pressures. The second phase of mineralization is calcite, thought to be associated with the

cooling related to subsequent uplift.

Extension Fractures

n =62

Figure 2.5: Rose diagram of fractures within the east-central part of the Piceance Basin, showing strike of
fractures slightly north of west (Lorenz, 2003). The strike direction of these fractures is considered parallel
to current maximum horizontal stress, meaning that these fractures formed with the same stress
orientation seen today.

Vincelette and Foster (1992) discussed fractures and subsequent calcite mineralization
in the Niobrara within the Piceance. This study makes a direct link between good production of
hydrocarbons and the fractured reservoir. The study associates the natural fracture complexes
with Laramide uplift and folding, as well as, a secondary post-Laramide extension which
produced normal faults. Their study exposes fracture sets that trend west-northwest and north
east. They concluded that the northwest fractures formed post Laramide. Prior to hydrocarbon
migration, fractures in the Niobrara can be calcite filled, which is also noted above in the
Mesaverde Group by Lorenz (2003). This can affect porosity and permeability of the self-

sourced reservoir. Fractures undoubtedly play a big role in hydrocarbon production within the
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2.2. Regional Stratigraphy

Underlying the Mancos Shale is the Upper Cretaceous Dakota Sandstone. Depending
on the location, the contact between the Dakota and the Mancos can be anywhere from very
gradational to very sharp, and is easy to pick in a well log. The lowest member of the Mancos
Shale is the Belle Fourche, which is composed of siltstone and sandstone and is
biostratigraphically equivalent to Graneros Shale and the Greenhorn Limestone (present in the
Denver Basin). Separating the Belle Fourche and the overlying Juana Lopez is the Emigrant
Gap. The Juana Lopez is time equivalent to the Turner Sandstone in central Wyoming (Figure
2.7). Above the Juana Lopez, lies the Montezuma Valley Member, which is the equivalent of the
Sage Breaks Shale in Wyoming, the Carlile Shale in New Mexico and the Storm King Mountain
Shale in other parts of Colorado. The Fort Hays Member of the Niobrara overlies the
Montezuma Valley.

The Fort Hays is one of the most correlatable markers in the Cretaceous strata in the
Piceance Basin. Above the Fort Hays, is the unit commonly referred to as the Smoky Hill Shale
member of the Niobrara Formation (Merewether et al., 2007). This section of strata is the focus
of this study. The Niobrara section within the Piceance Basin contains four markers, from the
base to top: Rangely Bench, Wolf Mountain Bench, Tow Creek Bench, and Buck Peak Bench.
In between these benches lie unnamed marly sequences. This nomenclature will be used for
this study and coincides with the United States Geological Society (USGS). This differs from the
well-used chalk and marl sequence nomenclature within the Denver Basin. The reason for the
inconsistency is the higher abundance of siliciclastic input in the Piceance Basin, and therefore
WKH XVH RI WKH WHUPV 3FKDON" DQG 3PDUOLRQY QRWKH58KBEBRDDW

Springs/ Mancos B section, which includes the Castlegate Condensed Section (Figure 2.6).
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The Niobrara is stratigraphically equivalent to the Austin Chalk of Texas and Louisiana
(Landon et al., 2001), and is correlatable to the White Specs Formation in Canada. Across the
segmented intermountain basins that were formed by the Laramide Orogeny, stratigraphic
correlation of Niobrara members is often difficult. In areas where uplifted Cretaceous material
has been eroded or experienced non-deposition, specific units appear different from basin to
basin. Varying lithologies lead to varying log signatures, thus complicating correlation in the
basin. This will be discussed in Chapter 5 of this text.

The Niobrara Formation ranges in thickness, within the Piceance Basin, from 750
1,750 ft., thickening from the southeast to the northwest (Figure 2.7). This thickening is due to
a large increase in accommodation space closer to the western Sevier highlands where
subsidence would have been greatest during deposition. The thinning to the southeast is
attributed to the proximity of the transcontinental arch that was present during the time of
deposition and would have restricted accommodation space (Rodgers, 2012; Weimer, 1978).
Thickness is not synonymous with present-day structure for the Niobrara in the Piceance Basin.
The structural top of the Niobrara is based on the Laramide uplifts that bounded the basin, and
therefore the top deepens toward the center of the basin (Figure 2.8). The top of the Niobrara in
the center of the basin is between -3000 and -4000 feet subsea which can equate to depths

from surface of 10,000-13,000 ft.
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Figure 2.6: Stratigraphy and nomenclature of Upper Cretaceous strata across through the mid- continent region of the U.S. (From Merewether et
al., 2007).
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Figure 2.7: Isopach map from the top of the Niobrara to the top of the Frontier.
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Figure 2.8: Structure map of the top of the Niobrara. All values are in subsea total vertical depth.
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CHAPTER 3
CORE DESCRIPTION, FACIES ANAYSIS AND PETROGRAPHY

Two cores were analyzed in detail for this study, the GM-701-4-HN1 and the Wiley 23-3-
97 core. The GM-701-4-HN1 core was taken by, and donated for use in this study, by WPX
Energy. The Wiley 23-3-97 core was taken by, and donated for use in this study, by Endeavour
International Corporation, continued use on this core was granted by the new owner: Augustus
Energy Partners. Both cores contained partial sections of the Niobrara Formation with no other
formations present. Both cores contained part of the Tow Creek bench, which was the zone of
interest, although other zones were described and analyzed when present. The GM-701-4-HN1
core lies within the central part of the basin (sec. 4-T7S #R96W) and the Wiley 23-3-97 core lies
on the northern margin of the basin (sec. 23-T3N 1R97W), (Figure 3.1). These cores represent a
significant change in thickness in the Niobrara across the basin. Facies were determined based

on fossil content and abundance, as well as, abundance of calcareous siltstone.

Figure 3.1: Location of the two cored wells analyzed in this study: the Wiley 23-3-97 well in the north and
the GM-701-4-HN1 well in the south.
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3.1. GM-701-4-HN1 Core

The GM-701-4-HN1 core was taken from a depth of 9,995 ft to 10,530 ft and contains
the upper part of the Wolf Mountain Member and part of the Tow Creek Member of the Niobrara
Formation. This core was examined to determine facies distribution, fossil content, calcareous
siltstone content, and fracture content. Six distinct facies were determined (A-F). Using the core,
20 samples were sampled at strategic depths for petrographic thin section analysis, bulk
mineralogy, source rock analysis, and FE-SEM analysis. Core description, thin section analysis,
and bulk minerology are discussed in the following sections. Source rock analysis and FE-SEM
analysis are discussed in chapters 4 and 7, respectively. Bulk mineralogy and clay
characterization were performed via x-ray diffraction (XRD) by Weatherford Laboratories.
Following are the descriptions of the six facies that were identified in core (Figure 3.2). Note:
there is a ten foot shift between log and core depth (i.e. 10,420 ft log depth = 10,410 ft core
depth).

Facies A: Silt laminated mixed mudstone

Facies A was identified as the basal facies of the cored section and consisted of a silty,
mixed mudstone with horizontal silty laminations, containing inoceramid fragments and oyster
fragments (Figure 3.3). Pyrite replacement was present and sporadic and tended to be near

inoceramid fossil fragments or bentonite beds. Calcite lined fractures were present in several

I+

places. This facies was present twice in this core from 10,530 ft £10,511 ft, and from 10,503 ft
10,496 ft, for a total of 26 ft.
Facies B: Increased silt laminated mixed mudstone

Facies B laid in between the two occurrences of facies A from 10,511 ft +10,503 ft for a
total of 8 ft (Figure 3.4). This facies was slightly siltier then Facies A, which was the main
distinguishing variable. This facies was a silty, mixed mudstone with horizontal silty laminations

containing inoceramid fragments and oyster fragments. Pyrite replacement was present and
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sporadic and tended to be near inoceramid fossil fragments or bentonite beds. No fractures

were noted in this interval.
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Figure 3.2: Facies distribution as seen in the core, compared to the gamma and resistivity logs for the
GM-701-4-HN1 well.
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3.1.1. GM-701-4-HN1 Core Description

Table 3.1: Facies descriptions from GM-701-4-HN1 core and interpreted depositional model. These facies
will be referred to in future sections and chapters throughout this text.

Facies Name Macro Description Micro Description Depositional Model

x Alternating layers of silt x Areas of varying percentages of Sea regression over
and mud siliciclastic, carbonate and clay a shallow marine

x Some fossil content and grains. shelf, increased

Silt pyrite replacement x Interbedded layers of silt and siliciclastic input due
A laminated mud. to closer proximity to
mixed x Moderate amount of foraminifera | source during lower
mudstone and nano fossils. sea level. Individual
x Fecal pellets and organic matter | Storm events account
aggregates common in muddy for interbedding of silt
|ayers_ and mud.

x Increased amount of silt x Areas of varying percentages of Sea regression over
laminations alternating siliciclastic, carbonate and clay a shallow marine
with mud layers grains shelf, increased

Increased |x Some fossil contentand | x Interbedded layers of silt and siliciclastic input due
silt pyrite replacement mud to closer proximity to
B laminated present x Moderate amount of foraminifera | source during lower
mixed and nanofossils sea level. Individual
mudstone x Fecal pellets and organic matter | Storm events account
muddy layers. and mud.
x Dominant facies within the |x Less silty layers Sea transgression
Massive core x More homogenous mix of silt, over a marine shelf.
e X Mass!v_e m_udstone _ clay and carbonates A _be_:tter mixing of
c mudstone containing inoceramid and |x Foraminifera and nano fossils siliciclastics,
containing | OYSter fragments present throughout carbonates, and clay
o x Bentonite beds and pyrite |x Fecal pellets and organic matter
replacement present aggregates common.
sporadically
x Silty laminations mixed x Homogeneous in nature but Sea transgression
with muddy layers contained higher abundance of over a marine shelf.
Silty- containing fossiliferous silt layers A better mixing of
D fossiliferous | material x Foraminifera and nano fossils siliciclastics,
mixed x Pyrite replacement and common with no preference to carbonates, and clay.
mudstone bentonite present silt or muddy layers
sporadically x Fecal pellets and organic matter
aggregates common.

x Mixed mudstone x Highest abundance of fecal High stand sea level
containing an abundance pellets and organic matter over a shallow
of fossiliferous material aggregates. marine shelf.

Extremely |x inoceramid and oyster x Highest abundance of Increase in fossils
£ fossiliferous | fragments present foraminifera and nano fossils. and fecal matter due
mixed throughout x Only facies to contain complete to warmer climate.
mudstone | x Some pyrite replacement coccoshpere rather than OR a debris flow
present coccolith plates. (possibly tempestite)

x Abundance of white specs

X No silty laminations

x Less fossil matter than x Abundance of nano fossils, High stand sea level

Fossiliferous Facies E, but still foram!nifera, fecal pellets and overa shallow
F mixed abundant _ organic matter aggregates. marine shelf. _
mudstone | X Abundant white specs Increase in fossils

x Pyrite replacement and fecal matter due

x No silty laminations to warmer climate.
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Facies C: Massive mixed mudstone containing fossils

Facies C was the dominant facies throughout this core, identified in six locations, from
10-496 ft £10,479 ft; from 10,465 ft +10,463 ft; from 10,450.8 ft +10,445 ft; from 10,436 ft *
10,413 ft; from 10,411.8 ft £10,410.8 ft; from 10,406.4 ft +10,405.2 ft; and from 10,358 ft *
9,995 ft; for a total of 413 ft. This facies was a mixed mudstone, containing inoceramid
fragments and oyster fragments with a preference to oyster fragments (Figure 3.5). Pyrite
replacement was less common than the previous facies but still present near fossiliferous areas.
Silty laminations were much less common but still present in some areas. Calcite lined fractures
were present throughout this facies.
Facies D: Silty- fossiliferous mixed mudstone

Facies D was present three times in this core, always in between Facies C for a total of
35.2 ft, from 10,479 ft +10,465 ft; 10,463 ft +10,450.8 ft; and from 10,445 ft £10,436 ft. This
facies was a mixed mudstone, containing inoceramid fragments and oyster fragments (Figure
3.6). Silty laminations were more abundant than in Facies C, however, far fewer than were in
Facies A or B. Pyrite replacement was more common in this facies and still seemed to exist
primarily near fossil fragments or bentonite beds. Calcite lined fractures were present
throughout this facies.
Facies E: Extremely fossiliferous mixed mudstone

Facies E was the least common facies, identified two times in this core for 5.6 ft., from
10,413 ft +10,411.8 ft and from 10,410.8 ft £10,406.4 ft. This facies was the most
heterogeneous compared to the other facies. Facies E was a fossiliferous mixed mudstone,
containing inoceramid fragments and oyster fragments (Figure 3.7). Silty laminations were non-
existent in this facies. Pyrite replacement was present near inoceramid fragments and bentonite
beds. White specs were abundant in this facies, interpreted in core analysis as calcified pellets.
No fractures were noted in this facies. Above and below this facies exists a sharp contact with
Facies C. The facies was also split one time by Facies C.
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Facies F: Fossiliferous mixed mudstone

Facies F was the last facies described in this core and it was present once for 47.2 ft,
from 10,405.2 ft £10,358 ft. This facies was a mixed mudstone, containing inoceramid
fragments and oyster fragments (Figure 3.8). Overall the fossil content in this facies was
significantly more abundant than in any other facies except for Facies E. Silty laminations were
nonexistent in this facies. Pyrite replacement was present near inoceramid fragments and
bentonite beds. White specs, similar to those noted in Facies E were present and abundant in
this facies. There were no fractures noted in this facies. This facies represents a good amount

of the horizontal drilling target for this well.
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Figure 3.3: Facies A contained an abundance of silty laminations throughout, as well as, several calcite
lined fractures.
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Figure 3.4: Facies B was the siltiest facies described in the core. The log associated with this interval is
shown on the right. The left curve is gamma ray and the right curve is resistivity.
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Figure 3.5: Facies C and the associated log. This was the d
The log associated with this interval is shown on the right. The left curve is gamma ray and the right curve
is resistivity.
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Figure 3.6: Facies D was a mixed mudstone with few silty laminations and pyrite replacement near fossil
fragments and bentonite layers. The log associated with this interval is shown on the right. The left curve
is gamma ray and the right curve is resistivity.
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Figure 3.7: Facies E was the most fossiliferous facies noted in the core. It was only present for a very
short thickness in the core and was the most heterogeneous facies. The log associated with this interval
is shown on the right. The left curve is gamma ray and the right curve is resistivity.
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Figure 3.8: Facies F contained less fossiliferous material than Facies E but significantly more than any of
the other facies in the core. The log associated with this interval is shown on the right. The left curve is
gamma ray and the right curve is resistivity.

3.1.2. GM-701-HN1 Thin Section Analysis

Twenty thin sections were prepared by Weatherford Laboratories, and then analyzed at
CSM using an epifluorescence microscope. The slides were dual carbonate stained in order to
show calcite which shows red in plain light. Facies A-F are described in the following section
based on thin section analysis. Each micrograph was taken in plane light and then in polarized
light for consistency and to highlight certain features.
Facies A: Silt laminated mixed mudstone

Facies A was a mixed mudstone with a high abundance of siliciclastic material. The
siliciclastic material was mixed with calcite and dolomite. An abundance of clay and a smaller
amount of organic matter aggregates were present in this section. No real fecal pellets were
identified in this sample. Alternating planar laminations of siliciclastic material rich layers and

muddy layers were present and visible on the thin section without magnification. The grains
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were poorly sorted throughout, even in the more siliceous intervals as seen in Figure 3.9.

Somewhat better sorting was present in the muddy intervals.

- B Lo o >

Figure 3.9 33/ GHVLDQ®PWHMW OLJIJKW PLFURJWRSKpdaézed tnidrog@phVhd<e
micrographs are of a sample that came from Facies A in the GM-701-4-HN1 core. Yellow arrows indicate
guartz grains, red arrows indicate dolomite, green arrows indicate clay, orange arrows indicate calcite
(which is also stained red), and white arrows indicate organic matter aggregates.

Facies B: Increased silt laminated mixed mudstone

Facies B was a mixed mudstone with a much higher siliciclastic content. Also contained
within this sample was a fair amount of clay material and carbonates, which were mixed with the
siliceous matter. There were substantial layers of siliciclastics inter-bedded with muddy layers
(Figure 3.10). The organic matter aggregates seems be more abundant in the muddy layers.
The carbonate material was mixed with the siliceous layers. The layering mentioned, was visible
at zero magnification. Foraminifera were slightly more abundant in the muddy layers.
Facies C: Massive mixed mudstone containing fossils

Facies C was the most abundant facies throughout the core, however it has subtle
changes that were visible at microscale. Each of the samples analyzed from this facies were
mixed mudstones. The deeper C facies (Figure 3.11) samples contained a random assortment
of clay, carbonate and siliciclastic material that was poorly sorted. Foraminifera were present

throughout at random. The presence of pyrite was determined with reflected light. Some organic
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matter could be described as flattened fecal pellets but the majority was described as organic

matter aggregates. Mica was present fairly often in these samples.

Figure 3.10 33/" GHVLDQPOWMHMW OLJIKW PXN'UR BMRS&pde€zed ticrograph. These
micrographs are of a sample that came from Facies B in the GM-701-4-HN1 core. The yellow circle
highlights a siliceous and carbonate material mixed layer and the red circle highlights a muddy layer
containing significant organic matter. Yellow arrows indicate siliciclastic grains, green arrows indicate
organic matter, and white arrows indicate foraminifera.

Figure 3.11 33/ G HV LAdgdnWgHt\micrographan G 3;1° G Huieéd d@larized micrograph. These
micrographs are of a sample that came from a deep section of Facies C in the GM-701-4- HN1 core.
Yellow arrows indicate quartz grains, red arrows indicate dolomite, green arrows indicate mica, orange
arrows indicate calcite (which is also stained red), blue arrows indicate pyrite, and white arrows indicate

flattened organic aggregates.

The section of Facies C (Figure 3.12) that was present in between the two sections of
the fossiliferous Facies E contained an increased amount of organic matter and slightly larger

abundance of foraminifera. The organic matter was more often flattened fecal pellets with some
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calcification, but there was also an abundance of organic matter aggregates. The siliciclastic,

carbonate and clay distribution was poorly sorted and surrounds the foraminifera and organic

matter with no particular layering.

Figure 3.12 33/ GHVLJQDWHY D SODLQ XNUJ&WVR I RDRIHNDNE(SI@IB ThegeH G
micrographs are of a sample that came from the section of Facies C that exists in between two sets of
Facies E in the GM-701-4- HN1 core. White arrows indicate flattened organic pellets, green arrows

indicate organic matter aggregates, yellow arrows indicate siliciclastic grains, and blue arrows indicate
foraminifera.

The shallower section of Facies C (Figure 3.13) contains interbedded layers of siliceous
and carbonate mixed material and muddy material. Flattened fecal pellets were present
throughout and tended to be more abundant in the muddy layers. The abundance of clay was
far more significant in the muddy layers. The grain size was increased in the siliceous and
carbonate mixed layers compared to previous facies. Mica and pyrite were both present in these
samples.

Facies D: Silty- fossiliferous mixed mudstone

Facies D contained similar microscale interbedded layers to those noted in Facies A.
The interbedded layers were visible on the thin section with no magnification, however, the
planar laminations were much less abundant than the ones noted in Facies A. A larger
abundance of foraminifera were present in this facies (Figure 3.14). The foraminifera were not

more abundant in either the muddy or siliceous/ carbonate layers. The muddy layers contained
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a poorly sorted mixture of larger siliciclastic grains, mostly quartz. There was an abundance of

clay present in the siliceous/ carbonate mixed layers.

Figure 3.13 33/" GHVLJQDWHY D SODLQ XNJ& W\aes phbRdzednidtodapiG These
micrographs are of a sample that came from a shallower section of Facies C in the GM-701-4- HN1 core.
White arrows indicate flattened fecal pellets, red arrows indicate organic matter aggregates. An
interbedded siliceous/ carbonate layer is highlighted with a yellow circle.

Figure 3.14 33/" GHVLJQDWHY D SODLQ OLJKW aket & pbRidzddnsidfoddaPIG Thede GHVLJIQ
micrographs are of a sample that came from Facies D in the GM-701-4- HN1 core. White arrows indicate

organic matter aggregates, blue arrows indicate foraminifera, yellow arrows indicate siliciclastic grains,

red arrows indicate dolomite, green arrows indicate clay and orange arrows indicate calcite, which is also

stained red.

Facies E: Extremely fossiliferous mixed mudstone
Facies E was the most fossiliferous facies noted in the core and was by far the most
foraminifera-rich facies at the micro-thin section scale. inoceramid fragments were visible on the

thin section with no magnification. Under 2.5x magnification a wealth of fossil material was
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easily seen (Figure 3.15). There was a much higher abundance of flattened fecal pellets mixed
with organic matter aggregates throughout this section. Surrounding the foraminifera and fecal
pellets was a mixture of siliciclastic, carbonate, and clay material that was poorly sorted. In
some areas where pellets were particularly abundant, the clay seemed to be somewhat more

abundant. Organic matter aggregates surrounded some of the larger foraminifera.

Figure 3.15 33/ GHVLJQDWHY D SODLQ XNLJEWVRURDRMIHND BKSRQG® UeJHG PLFURJ
micrographs are of samples that came from Facies E in the GM-701-4- HN1 core. Figure A highlights the

significant abundance of flattened fecal pellets, shown with white arrows mixed with an abundance of

organic matter aggregates shown with blue arrows. Figure B highlights the abundance of foraminifera,

shown with green arrows mixed with organic matter aggregates shown with blue arrows. Figure C

highlights a broken inoceramid shell surrounded by the carbonate/ siliciclastic and clay matrix which also

contains fecal pellets and organic matter aggregates.
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Facies F: Fossiliferous mixed mudstone

Facies F contained an elevated amount of foraminifera, fecal pellets and organic matter
aggregates compared to every other facies except Facies E. This facies was a mixed mudstone
(Figure 3.16). There was no layering noted in these samples as seen in other facies but rather a
fairly even distribution of siliciclastic, carbonate, and clay material mixed with pellets and
foraminifera. Organic matter aggregates were also present throughout. Mica was also noted in

this section. This facies coincides with increased resistivity from the logs.

Figure 3.16 3*3/° GHVLDQ®WHMW OLJIKW PLFURJURSKpdegzed tnidrog@phVihdése D W
micrographs are of a sample that came from Facies F in the GM-701-4- HN1 core. White arrows indicate
foraminifera. Green arrows indicate flattened fecal pellets, and blue arrows indicate organic matter
aggregates.

3.1.3. GM-701-4-HN1 XRD

X-ray diffraction results for the GM-701-4-HN1 well showed similar amounts of
carbonate, siliciclastic, and clay content with a slight preference to clay in most samples and
smaller percentages of pyrite in each sample. The average carbonate content, which consists of
calcite and dolomite, was 28.1 wt. %. The average clay content which consisted of chlorite,

kaolinite, illite, mica, and smectite was 37.9 wt. %. The average siliciclastic content which
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consisted of all other minerals (mostly quartz, plagioclase, and pyrite) was 34 wt. %. Figure

31 VKRzV WKDW VL[ RI WKH VHYHQ VDPSOH SRLQWTV IDRKHZLWKLQ
seventh point lies on the border of mixed mudstone and argillaceous siliceous mudstone, on the

ternary diagram taken from Gamero-Diaz et al. (2012).

The bulk minerology results were consistent with the good mixture of the three
components seen at the macroscale in the core analysis, and at the microscale in the thin
section analysis. Pyrite was consistently 2 wt. % throughout all the samples, which was also
noted in the macro and microscales, discussed above. As noted in the core, the deepest points,
which lie at the base of the Tow Creek Member and the top of the Wolf Mountain Member, had
a significant increase in non-carbonate material (Figure 3.18). The high resistivity bench, that
was the horizontal target for this well, corresponds closely to Facies E and F observed in the
core, which contained increased fossiliferous and pelletal content. The clay distribution was
dominantly illite/ mica and illite/ smectite, with a minor component of chlorite (Figure 3.19).
Although no significant trends existed in the clay characterization, there was a slight decrease of

chlorite wt. percent with depth after the second data point.

GM-701-4-HN1 Bulk Minerology
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Figure 3.17: Figure A is the X-ray diffraction results plotted on a ternary diagram. Facies are shown in
different colors according to the key. The green polygon shows the portion of the chart that represents
SPL[HG PXGVWRQH ™ IURP |Lth&terHaryodiaytadnddy mudstonds as developed by Gamero-
Diaz et. al. (2012).
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GM-701-4-HN1 Bulk Minerology
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Figure 3.18: Bulk minerology of the GM-701-4-HN1 well plotted against depth. Note an increase in non-
carbonate material towards the base

GM-701-4-HN1 Clay Characterization
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Figure 3.19: Clay characterization for the GM-701-4-HN1 well.

3.2. Wiley 23-3-97 Core

The Wiley 23-3-97 core was taken from a depth of 10,114 ft +10,173 ft and contains

part of the Upper Cretaceous Niobrara Formation (Figure 3.20). This core was examined to
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determine facies distribution, fossil content, calcareous siltstone content and fracture content.
This core was very homogeneous and therefore only one facies was determined over the extent
of the core. Core samples were previously taken at strategic depths for thin section analysis,
bulk mineralogy, source rock analysis and FE-SEM analysis. Core description, thin section
analysis, and bulk minerology are discussed in the following sections. Source rock analysis and
FE-SEM analysis are discussed in Chapters 4 and 7, respectively. The sampling was ordered
by Endeavour International and the results of the analysis were provided for this study. Thin
section analysis was done on the same samples by a consultant for Endeavour International,
with the report being provided for this study. The thin sections were also re-examined at CSM
and the results of that examination are present in the following sections. Bulk mineralogy and
clay characterization were performed on said samples via x-ray diffraction (XRD) by Core Lab,

and the data was provided for this study.

3.2.1. Wiley 23-3-97 Core Description

The only facies identified in this core was most similar to the most abundant facies seen
in the GM-701-4-HN1 core: Facies C. It was a homogeneous mixed mudstone containing
inoceramid fragments, and oyster fragments (Figure 3.21). Few thin bentonite beds were
present. Silty layers were present, but very sporadic. Less pyrite replacement was present
compared to facies in the GM-701-4-HN1 core. Calcite lined fractures were present in this core
with obvious slicken sides. No obvious difference existed between the Tow Creek Member and

the Buck Peak member of the Niobrara Formation.

3.2.2. Wiley 23-3-97 Thin Section Analysis

Samples were taken at a four foot interval throughout the cored section from 10,114.5 ft
110,170 ft. The fifteen thin sections were prepared for Endeavour International and provided for

this study. The samples were re-analyzed at CSM using an epifluorescence microscope. The

a7



top eleven samples came from the lower part of the Buck Peak Member of the Niobrara, and the
bottom four samples came from the upper member of the Tow Creek Member. No significant
facies difference was able to be determined from the core and therefore no separate facies
descriptions are present in the following section. The members were not significantly different
enough to justify individual descriptions, rather, each set of micrographs is described in the
following section. Each micrograph was taken in plane light and then in polarized light for
consistency and to highlight certain features.

Figure 3.22 shows a typical section throughout all of the slides examined. This particular
sample came from a depth of 10,142 ft, towards the base of the Buck Peak Member. This
section was a mixed mudstone containing foraminifera and flattened fecal pellets mixed with
organic matter aggregates. The matrix consisted of a mixture of siliciclastic, carbonate and clay
material. There were lenses of more silty material throughout. To note in Figure 3.22 is the
variability in size between the organic pellets. The largest organic pellet contained broken
portions of foraminifera that were likely consumed. Also present was a bitumen filled fracture
noted with the green arrows.

Figure 3.23 and 3.24 are from the top of the Tow Creek Member of the Niobrara at
depths of 10,158 ft and 10,170 ft, respectively. These samples contained foraminifera with
round chambers. Again, flattened fecal pellets were distributed throughout these sections with
organic matter aggregates, which vary in size. As seen in Figure 3.24, sometimes the pellets
formed a planar bed while other times they were randomly distributed amongst the rest of the
matrix with organic matter aggregates. Similarly, the siliceous material sometimes formed planar
beds in areas too, as seen at the bottom of Figure 3.23. Foraminifera appeared to be distributed
randomly with no preference to any particular layer. Pyrite was also present throughout these

samples as confirmed with reflected light.
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Figure 3.20: Vertical gamma ray and resistivity log for the Wiley 23-3-97 well showing the location of the
cored interval and the location of the horizontal target.
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Figure 3.21: The Wiley 23-3-97 core was a homogeneous mixed mudstone. This section was the most
similar to Facies C seen in the GM-701-4-HN1 well. The log shown on the right shows the depth interval
on the left with a red box. The curve on the left of the log is gamma ray and the curve on the right is
resistivity.

3.2.3. Wiley 23-3-97 XRD

X-ray diffraction results for the Wiley 23-3-97 showed very similar amounts of carbonate,
siliciclastic, and clay content with a slightly increased abundance of siliciclastic material. Pyrite
was present throughout the section and reached a maximum of 5.5 wt. % in the deepest
sample. The average carbonate percentage, which consists of, calcite and dolomite, was 28.4
wt. %. The average clay content, which consists of, chlorite, kaolinite, illite, mica, and smectite,
was 33.3 wt. %. The average siliciclastic input, which consists of everything else (mostly quartz,
plagioclase, and pyrite), was 38.3 wt. %. Figure 3.25 shows that all of the samples tested
through this interval fall within the mixed mudstone portion on the ternary diagram taken from

Gamero-Diaz et. al. (2012).
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Figure 3.22 33/" GHVLJQDWHY D SODLQ XNJ&WVES BibRdzédiidtoddapiG These
micrographs are of a sample is from 10,142 ft. in the Buck Peak Member of the Niobrara in the Wiley 23-
3-97 core. Figure A highlights the detail of fecal pellets mixed with organic matter aggregates. Figure b
highlights the size distribution of fecal pellets and organic matter aggregates. The following arrow color
scheme is used in both figure A and B. Fecal pellets are indicated by blue arrows. Broken foraminifera
contained within a fecal pellet, are indicated with white arrows in Figure A. Organic matter aggregates are
indicated by red arrows. A bitumen filled fracture is indicated with a green arrow. A silty layer is indicated
in Figure B with yellow arrows.

Figure 3.23: 33/ GHVLJQDWHYV D SODLQ GNJKMWPLFURWHN SIK PRXAEDY eJHG PLFURJ
micrographs are from 10,158 ft in the Tow Creek Member of the Niobrara in the Wiley 23-3-97 core. The

green arrows point out flattened organic pellets and other organic matter aggregates. The yellow arrows

highlight foraminifera. The red arrow shows a silty layer present in this sample.
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Figure 3.24 33/" GHVLJQDWHY D SODLQ XNJ&WVES BfibRizednsictodapG These
micrographs are from 10,158 ft. in the Tow Creek Member of the Niobrara in the Wiley 23-3-97 core. The
2.5x magnification shows an example of a fecal pellet and organic matter aggregate rich planar layer that
formed in this section (indicated with the white arrows). The green arrows indicate other organic pellets
and organic matter aggregates. The yellow arrows indicate foraminifera that existed at random throughout
this section.

The bulk minerology results are consistent a good mixture of the three components seen
at the macroscale in the core analysis, and at the microscale, in the thin section analysis. A
slight increase to 35.2 wt. % in carbonate material was present near the high resistivity bench of
the Tow Creek Member, at 10,159.5 ft. (Figure 3.26). There were no significant trends noted in
the clay characterization of the Wiley 23-3-97 well, however, there was a presence of kaolinite

with an average of 7.0 wt. %, which was not seen in the GM-701-4-HN1 well at all (Figure 3.27).
3.3. Summary

The Wiley 23-3-97 core and the GM-701-4-HN1 cores were very similar at the
macroscale, in the core analysis, as well as, the microscale thin section analysis. Only one
facies was described in the Wiley core, which was likely due to the smaller sample size. This
facies was very similar to the dominant facies noted in the GM-701-4-HN1 core. A total of six
facies were described in the GM-701-4-HN1 core. White specs were noted in the fossiliferous
facies of the GM-701-4-HN1 core. These white specs are likely forams and calcified fecal pellets

that were very abundant in both sets of thin sections. The fecal pellets are likely fecal pellets
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from several species, possibly including copepods, as well as, larger fish. Also present are
abundant organic matter aggregates. The size variance is good evidence for a range of species
contribution. Foraminifera were present throughout all of the thin sections. Larger fossil matter,
particularly inoceramid and oyster fragments were present throughout the cored intervals. Pyrite
was noted in both cores and in both thin section sets. Bulk mineralogy confirmed that there was
consistently a small amount of pyrite throughout the thin sections. Other mineral components
were relatively evenly split three ways between clay, carbonates, and siliciclastics. Clay content
was mainly illite with a lesser amount of chlorite. In the Wiley core, there was a presence of
kaolinite that was not present in the GM-701-4-HN1 core.

The depositional environment inferred from these analyses is a shallow marine shelf
environment with water depth between 100 ft and 500 ft. During times of regression, and lower
overall sea level, facies such as A and B are deposited. Interbedded layers of silt and mud are
indicators of individual storm events. The lack of sedimentary structures indicates that this is still
far enough into the basin that sediment is still settling from the water column. Lack of burrowing
indicates rapid sedimentation. During times of transgression, facies such as C and D are
deposited. Higher sea levels allow for a better mixing of siliciclastics, carbonates and clay.
During high stand an increase in fossils and foraminifera deposition takes place, possibly due to
warmer climate, or more oxygenated water. At this time, facies such as E and F are deposited.
Facies E was also interpreted as a potential tempestite in the GM-701-4-HN1 core, although
further regional correlation is necessary for confirmation. Therefore, climate fluctuations and sea
level sequences likely were the cause of altering amounts of siliciclastics, muddy layers and
organics seen throughout. During periods of higher sea level a higher abundance of organic
matter along with carbonate material was likely created. During sea regression a larger

abundance of clay and siliciclastics dominated.
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Wiley 23-3-97 Bulk Minerology
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Figure 3.25: Figure A is the X-ray diffraction results plotted on a ternary diagram. Green polygon shows

WKH SRUWLRQ RI WKH FKDUW WKDW UHSUHVH @B\ thetelidr@g dRgtadedv WRQH” ™ IUR
for mudstones as developed by Gamero-Diaz et. al. (2012).
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Figure 3.26: Bulk minerology of the Wiley 23-97-3 well plotted against depth.
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Wiley 23-3-97 Clay Characterization
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Figure 3.27: Clay characterization of the Wiley 23-3-97 well.

One of the main conclusions from this chapter is the similarity between the northern
Wiley well and the southern GM-701-4-HN1 well. The bulk minerology analysis confirmed what
was observed in the core and the thin section analyses. A mixture of carbonate material,
siliciclastics and clay existed throughout both of the cored intervals. Slight variations in
carbonate- siliciclastic preference took place, but by in large the description of 3SPL[H G
PXGVWRQH" zZDV D affacesSib hathwdrked $ettions. Another significant conclusion is
the abundance of fecal pellets and organic matter aggregates present in these cores, as these
could play a significant role in the total organic carbon content that is described in the next
chapter. Slight increases in carbonate (foram-rich) and pelletal material (both calcified and

organic), correspond to the more resistive log response targeted by WPX for their horizontal

well.
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CHAPTER 4
GEOCHEMISTRY
Source rock analysis was performed on both cored wells for this study, the Wiley 23-3-
97 and the GM-701-4-HN1. Organic richness and potential for hydrocarbon generation and
thermal maturity are extremely important when it comes to evaluating a hydrocarbon play.
Understanding the quality, quantity, and type of original kerogen is very important when
evaluating the potential value of the hydrocarbons in place. Pyrolysis was completed using a
Weatherford Source Rock Analyzer, the process in which the machine obtains S1, S2, S3, TOC,
TMax, PI, and HI values is described in Chapter 1, Section 1.4.1 of this text. This study used
3HWHUY DQG &DVVDYV FKDUWV WR HYDOXDWH WKH VRXUFH UF

(Figure 4.1). The following chapter will describe the results from each well and discuss their

significance.
e |
Organic Matter
Petroleum TOC Rock-Eval Pyrolysis Bitumenc Hydrocarbons
Potential (wi. %) Ss2 S (wt. %) (ppm) (ppm)
Poor 005 0-0.5 0-2.5 0-0.05 0-500 0-300
Fair 0.5-1 0.5-1 25-5 0.05-0.10 500-1000 300-600

Good 1-2 1-2 5-10 0.10-0.20 1000-2000 600-1200
Very Goed 24 24 10-20 0.20-0.40 20004000 1200-2400
Excellent >4 >4 >20 >0.40 >4000 >2400
e HCAg dry rock distilied by pyrolysss.
brmg HC/g dry rock cracked from kerogen by pyrolysis.

the solvent used 1o from & source rock or ol from a reservoir rock causes loss of the volatike hydrocarbons below about -Cys. Thus, most extracty
are described as “Cys, hydrocarbons. * Lightar hydrocarbons can be at least parially W complete of the soivent (e.g., Cyg.).
HI Main Expelled Product
| Kerogen Type (mg HC/g TOC) S»/S3 Atomic H/C at Peak Maturity
I >600 >15 >1.5 Oil
It 300-600 10-15 12-15 Qil
e 200-300 5-10 1.0-1.2 Mixed oil and gas
n 50-200 1-5 0.7-1.0 Gas
v <50 <1 <0.7 None
“Based on a themally ¢ rock. Ranges
bType Wil designates kerogens with comp betwean type Il {e.g., Figure 5.1) that Hi (so0 Figuras 5.4-5.11).
Maturation (ieneration
Stage of Thermal Ry Tivanx Bitumen/ Bitumen Pic
| Maturity for Oil (%) (‘C) TAle TOoCh (mg/grock)  [S/(S: + Syl
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Figure 4.1: Charts identifying quality ranges for TOC, S1, S2 values. The bottom chart shows maturity
levels based on vitrinite reflectance (Ro %) and Tmax. (From Peters and Cassa, 1994).
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The equivalent vitrinite reflectance values used in this analysis were calculated from the
Tmax values based on the method from Jarvie et al., (2001). In this method, values of
measured vitrinite reflectance are plotted against Tmax values from the same depths. The trend
line for this dataset is used to calculate Ro% from the rest of the Tmax values available. Vitrinite
reflectance is used to determine maturation of a source rock. Values from 0.6-0.8 Ro% indicate
an oil phase; values from 0.8-1.1 Ro% indicate an oil and wet gas phase; values from 1.1-1.5
Ro% indicate a gas phase; and values above 1.5 Ro% indicate only a dry gas phase. For this

study, the equation was used to calculate vitrinite reflectance is shown below.

4K L r&atruT 615TF z&x

41. GM-701-4-HN1 Pyrolysis

Source rock analysis was performed on twenty core samples from the GM-701-4-HN1
core at CSM. This core is located in the south-central Piceance Basin (sec. 4-T7S-R96W).
Production of the horizontal target in this well was initially 16 MMCF/d and had produced 1 BCF
of gas in the first hundred days on production. The gas produced has primarily been dry gas in
the 970 btu range. The production comes from the Tow Creek Member of the Niobrara
Formation. This is also the section in which source rock analysis was performed at strategic
depths. The twenty samples were distributed from the top of the horizontal targeted portion of
the Tow Creek to the top of the Wolf Mountain Member, from 10,290 +10520 feet. Two samples
came from the Wolf Mountain Member.

The total organic carbon (TOC) in the twenty samples ranges from 1.12 +2.59 wt. %
with an average of 2.13 wt. % (Figure 4.2). This is slightly lower, but overall comparable to the
TOC noted in the Wiley core. According to Peters and Cassa (1994) all of values lie within the

3JRRG¥YHU\ JRRG™ UDQJH 7KH KLJKHVW 72& QRWHGVBGH RUWKRQ@ W |
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the Tow Creek Member from 10,348 - 10,410 ft. The S1, S2, and Tmax values were all very low
in the analysis completed. This data can be found in the Appendix. Due to the large amount of
dry gas production at this location, this data indicates that the samples are in the over-mature,
dry gas window (Ro% > 2.0).

Upon further discussion with experts from Weatherford Laboratories, the source rock
analysis technique used to determine maturity is not very well suited for rocks with this lower
range of TOC in combination with a very high maturity. Due to the high maturity and low TOC,
the S2 peak which determines the amount of hydrocarbons that are produced during pyrolysis,
cannot be developed well enough to determine an accurate Tmax value. This problem has been
noted in other unconventional reservoirs within other basins, as well. Therefore, these data are
not used for any analysis in this study, but rather vitrinite reflectance values from shallower
reservoirs in surrounding wells was extrapolated to determine maturity levels. Bottom hole
temperature logs for the GM-701-4-HN1 well were also utilized in the basin modeling exercise
for this study, which will be shown in Chapter 7. Although the S1, S2, and Tmax data is not
useful, the TOC values still accurately represent the total amount of remaining carbon present.
The original total organic carbon was likely 2x the current, due to kerogen transformation.

The closest wells with available vitrinite reflectance data are the CER MWX 1 and MWX
2 wells, which have been used in many studies in the Piceance Basin. These wells are located
about 12 miles to the east along the Colorado River Drainage from the GM-701-4-HN1 well.
Two other wells nearby that can be of use in determining maturity are the Terra Resources
McDaniel 1-11 located approximately 18 miles southeast of the GM-701-4-HN1 and the Mobil

2 1 & R Q RLHX34P located 24 miles east-southeast of the GM-701-4-HN1. Figure 4.3 shows

the vitrinite reflectance profile for these two wells, as well as, a few other wells to the south, near

the location of the GM-701-4-HN1 well. At the depth of the horizontal target in the Tow Creek in

the GM-701-4- + 1 i WKH YLWULQLWH UHIOHFWDQFH YDOXH ZRXOG
value is consistent with well production and is in the anticipated range.
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Figure 4.2: Plotted total organic content values vs. depth for the GM-701-4-HN1 well. The red line
connects values from the Tow Creek Member and the blue line connects values from the Wolf Mountain
Member of the Niobrara Formation. All values lie within the good to very good range, and given the high
maturity of the samples, may have contained upwards of 4% total organic carbon.
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Figure 4.3: Maturation profile for eight wells in the Piceance Basin. The wells that are of interest in this

study are the MWX- JUHHQ PDUNHU 2Y&RQQHOO RUDQJH PDUNHU DQG WKH
(Modified from Yurewicz et. al., 2003). The red arrows indicate the depth and the corresponding maturity

for the Tow Creek Member within the GM-701-4-HN1 well.

4.2. Wiley 23-3-97 Pyrolysis

Source rock analysis was performed on twenty core chip samples from the Wiley 23-3-
97 well at Weatherford Laboratories. The data from that analysis was provided for this study by
Endeavour International/ Augustus Energy Partners. This core is located in the northern
Piceance Basin (sec. 23-T3N-R97W). Production from the horizontal target in this well was
initially 805 barrels of oil per day in conjunction with 1.5 MMCF/d of gas. The production came
from the lower Rangely Bench of the Niobrara Formation. However, the source rock analysis
was completed on the shallower interval containing the Buck Peak and Tow Creek members of
the Niobrara Formation. The twenty samples used for analysis were taken in three foot intervals

from 10,117 ft to 10,172 ft.
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The total organic carbon (TOC) is measured in weight percent and is a measure of the
total organic carbon present within a section. Twenty samples throughout the Buck Peak and
Tow Creek Members of the Niobrara contained in the Wiley well, had TOC ranges from 2.08-
2.73 wt. % with an average of 2.4 wt. % (Figure 4.4). According to Peters and Cassa (1994), all
RI WKHVH YDOXHWe/tglRRGWKD@ YV HKHR® VRXUFH URFN SRWHQWLDO
values noted are within the uppermost part of the Tow Creek Member, in the high resistivity
section. This section is the one of the main horizontal targets throughout the basin within the
Niobrara interval. S1 represents how many hydrocarbons have been generated, which is
determined by the amount of free hydrocarbons that are expelled from the sample during the
initial heating of pyrolysis. For the Wiley 23-3-97, the S1 values ranged from 1.04-2.09 with an
average of 1.36 mg/g (Figure 4.5). These values lie withinthe 3 R R G~ U Wi aHew values
around the top of the TOWCUHHN OHPEHU FURVVLQJ LQWR WKH 3YHU\ JRRG" U
Peters and Cassa (1994).
All of the S2 values are below the 5.0 g/mg mark in the Wiley well, suggesting that the
rock is mature and the majority of hydrocarbons present have been generated. The vitrinite
reflectance values shown in Figure 4.6 range from 0.97-1.07 Ro%, also indicating that this
source rock is mature and has matured to the peak oil- wet gas generation phase. There is a
very slight trend of increasing maturity with depth and the highest maturity exists in the upper

portion of the Tow Creek Bench.
4.3. Summary

The Tow Creek interval in both the Wiley and the GM-701-4-HN1 well locations indicates
3JRRG”™ WR 3YHU\ JRRG’™ VRXU F 233-BFiNthe ad&thefrkKRiceabne Basin has
produced large quantities of oil and natural gas liquids. This is consistent with the source rock
analysis findings showing a calculated vitrinite reflectance value in the 1 Ro% range. The GM-

701-4-HN1 well has produced large quantities of dry natural gas. The measured maturity
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analysis for this well was discarded due to over maturity, however, extrapolated vitrinite
reflectance plots from nearby wells indicate a maturity in the 2.6 Ro% range, which is consistent
with the well production. This difference in maturity is likely due to a complex structural and

geothermal history within the basin, which will be discussed in Chapter 7 of this text.
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Figure 4.4: Plotted total organic content values vs. depth for the Wiley 23-3-97 well. The red line connects
values from the Tow Creek Member and the blue line connects values from the Buck Peak Member of the
Niobrara. All values lie within the very good range.

63



Wiley 23-3-97 Generated Hydrocarbons

Poor-

Fair Good  Very Good Excellent
10110

10120

10130

10140

—8—Buck Peak

—e—Tow Creek

10150

Measured Depth (ft.)

10160

10170

10180
0.00 2.00 4.00 6.00 8.00 10.00

S1(mg/g)

Figure 4.5: S1 values from pyrolysis plotted against measured depth for the Wiley 23-3-97 well. The red
line connects values from the Tow Creek Member and the blue line connects values from the Buck Peak
Member of the Niobrara Formation. All of the values lie within the good to very good range.
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Figure 4.6: Calculated vitrinite reflectance plotted against depth for the Wiley 23-3-97 well. The vitrinite
reflectance was calculated from Tmax values obtained through pyrolysis. The red line connects values
from the Tow Creek Member and the blue line connects values from the Buck Peak Member of the
Niobrara Formation. All of the values lie on the border of the peak oil to wet gas generation maturity.
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CHAPTER 5
PETROPHYSICAL DESCRIPTION, CORRELATION, AND MAPPING

Petrophysical logs are the most common source of data used in mapping and examining
a stratigraphic interval below the surface. Logs can be used for examining different features of
the interval of interest. For this study, logs were called upon primarily for mapping depth and
thickness of certain intervals throughout the basin. The second objective was to note the shift in
the deep resistivity response as it is associated with maturity. This study uses over 500 digital
and raster logs from various operators throughout the Piceance Basin. Correlation was done

primarily using gamma ray logs and deep resistivity logs.

5.1. Petrophysical Log Response

In order to start mapping a type log must be identified in order to establish tops for
correlation. Figure 5.1 shows a type log of the Niobrara Formation interval within the Piceance
Basin from the top Buck Peak Member through the basal Rangely Bench interval. Four benches
make up the Niobrara Formation in the Piceance Basin: the Rangely Bench, the Wolf Mountain
Member, the Tow Creek Member and the Buck Peak Member. These four members were used
by Vincelette and Foster (1992), as well as, subsequent authors to describe the stratigraphy of
the Niobrara Formation in the Piceance Basin. Each member consists of a bench correlated
using logs and mapped, as well as, marly intervals which are not picked as a tops but separate
the benches from one another. In the Denver Basin, the marls are the source rock while the
more brittle chalk benches are the reservoir. In the Piceance Basin, the line between the more
chalky intervals and the more marly intervals is blurred and large portions of each member can
contain significant organics, as well as, brittle reservoir material. This is exemplified in the XRD
data presented in Chapter 3 of this text, as well as, the petrophysical log characterization shown

here.
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As mentioned, two main wireline logs were analyzed for mapping: the gamma ray and
resistivity logs. The gamma ray log is commonly used for correlation, as well as, lithology. The
gamma curve measures the radioactivity of the formation by detecting levels of thorium,
potassium and uranium. A high gamma reading can indicate the presence of fines and/or a
presence of organic matter which has decayed (i.e. an organic rich shale would give a very high
gamma reading). The second tool is the resistivity tool, which is typically used to determine the
difference between water bearing or clay-rich rocks and hydrocarbon bearing or less clay-rich
rocks, as well as, indicate maturity. The induction tool sends currents into the formation and
then measures the conductivity (and inverse resistivity), which is a function of how much water
is present (Asquith and Krygowski, 2004). The resistivity reading tends to go up for a
hydrocarbon bearing rock as maturity increases, however it has been shown that as maturity
further increases into the dry gas window, resistivity decreases again (Cumella and Duhailan,
2014).

The gamma response is generally high over each of the four benches likely due to the
increase in organics within these intervals. The Buck Peak Member is easily discerned by its
increase in gamma count. Generally a positive spike in resistivity also occurs at or near this top.
The Tow Creek top is not always on a positive gamma inflection point but can be picked by
extrapolating a significant positive gamma spike (which is below it), up to where the log
character matches. The Tow Creek is sometimes on the inflection point of a positive resistivity
spike. The Wolf Mountain Member generally can be picked using resistivity as a positive spike
and typically has positive to flat gamma character. The Rangely Bench almost always is on the
inflection point of a positive spike in resistivity and at a slightly increasing gamma count. The
Frontier Formation which is correlated as the base of the Niobrara Formation is correlated as

low gamma and high resistivity throughout the basin due to increased siliciclastic content.
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Figure 5.1: Type log of the Niobrara Formation from north (left) to south (right) in the Piceance Basin of
northwest Colorado.
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5.2. Petrophysical Correlation and Mapping

Mapping of the Niobrara and its associated benches was performed in order to
understand the variations in thickness, as well as, log response basin wide. Digital wells were
used primarily when available and raster logs were used in areas of less well control.
Correlations were performed using IHS Petra. Isopach maps are displayed as feet of thickness.
Structure maps are displayed in total feet above or below sea level (subsea TVD). The gamma
ray curve was the primary log used for correlation and deep resistivity was used as
confirmation, when available. Several pieces of literature were called upon to assist in

correlations (Rodgers, 2012; Krueger, 2013; Cumella et al., 2014; Harper, 2015). All maps were

FUHDWHG LQ ,+6 3HWUD70 XVLQJ WKH 3PLQLPXP FXUYDWXUH"

Figure 2.9 from Chapter 2 of this text is the structure map for the Buck Peak Member,
which for the purposes of this study represents the top of the Niobrara Formation. Figure 2.8
from Chapter 2 of this text is the isopach map for the entire thickness of the Niobrara from the
top of the Buck Peak Member to the top of the Frontier Formation. Of interest to this study was
how each individual member varies in structure and thickness through the basin rather than the
entire Niobrara Formation interval. Figures 5.2, 5.3, and 5.4 are the subsea structure maps for
the Tow Creek Member, Wolf Mountain Member, and Rangely Bench respectively. Each of
these structure maps share a similar trend: an asymmetrical basin that deepens toward the
center. The structure of the basin dips gently from west to east towards the deep basin axis and
then is much steeper from the axis to the eastern margin.

The isopach of each individual bench matches the isopach trend of the Niobrara
Formation as a whole. Figure 5.5 is the isopach from the top of the Tow Creek Member to the
top of the Wolf Mountain Member. Similar to the Niobrara as a whole, each layer was deposited
thickening to the northwest due to an increase in accommodation space in that direction at the

time of deposition. Smaller isopach and structural variations are present in localized areas, due
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to the effects of Laramide structures, as well as, possible structures present in the depositional
environment. The detail of these smaller scale features are beyond the scope of this project.
The trends noted in this chapter are consistent with the trends noted by numerous other
authors who were previously mentioned. The significance of mapping in this project was to be
able to correlate the northern stratigraphy to the southern stratigraphy. In doing so, a valid
comparison could be made between the two wells of interest in this study: the GM-701-4-HN1
well in the southern basin and the Wiley 23-3-97 well in the north (Figure 5.6). The biggest
challenge in this endeavor was that the resistivity log character varied quite a bit from north to
south. Although this causes difficulty in correlation, it also makes sense as resistivity is an
indicator of maturity which also varies significantly from north to south. The Tow Creek Member
was the zone of interest because it is the most common horizontal target for the Niobrara within
the Piceance Basin. This unit is also contained within the core data that was analyzed in this
study. The Wolf Mountain and Rangely Bench are also zones of common interest to many

operators.
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Figure 5.2: Structure map of the Tow Creek Member of the Niobrara Formation. The contour interval is
1000 feet.
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Figure 5.3: Structure map of the Wolf Mountain Member of the Niobrara Formation. The contour interval is
1000 feet.
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Figure 5.4: Structure map of the Rangely Bench Member of the Niobrara Formation. The contour interval
is 1000 feet.
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Figure 5.5: Isopach map of the interval between the Tow Creek Member and the Wolf Mountain Member
of the Niobrara. The isopach contour interval is 50 feet.
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Figure 5.6: Cross section from the Wiley 23-3-97 well in the North (left side) to the GM-701-4-HN1 well in the south (right side). The left track
contains the gamma ray log, with higher gamma count to the right. The right track contains the deep resistivity log, with higher resistivity ohms to
the right. From bottom to top, the tops displayed are the Frontier Formation in light brown, the Rangely Bench in Dark Brown, the Wolf Mountain
Member in Gray, the Tow Creek Member in Green, and the Buck Peak Member in yellow. Between the top of the Tow Creek Member and the top
of the Wolf Mountain Member is filled with green to illustrate the thickening from southeast to northwest.
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CHAPTER 6
FRACTURES
Fractures have always been a large focus in hydrocarbon exploration and production,

especially in areas of extremely tight reservoirs where porosity and permeability need
enhancement in order to produce hydrocarbons. Natural fractures can occur from tectonic
mountain building events like the Laramide orogeny that defined the Piceance Basin. Within the
Piceance Basin, fractures have been noted and studied for as long as hydrocarbons have been
pursued. For this study, four wells containing image logs were donated by WPX Energy and
interpreted for fracture analysis. Three of the four available wells (GM 701-4-HN1, PA 701-32-
HN1, and SG 702-23-HN1) are located in the central Parachute area of the Piceance Basin.
The fourth well (RG 713-29-298) is located north of the other three wells in central Rio Blanco

County (Figure 6.1).

Figure 6.1: Location map of the study area highlighting the four wells with image logs used for this study.
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Borehole Image Logs

Studying subsurface fractures is a difficult science, especially when the fractures are
near vertical because wellbores only capture a small percent of the available data. The use of
seismic data has proven to be beneficial in studying large features, such as faults and possibly
large scale fractures. The use of micro image logs has greatly expanded the range of what is
available to interpret in the subsurface. Image logs are obtained through many micro resistivity
measurements around the wellbore. The imaging tool consists of caliper arms that press against
the wellbore in order to obtain the resistivity reading. The tool arms consist of pads and flaps-
generally four of each. Each pad and flap contains as many as 48 electrodes that emit a signal
that is sent through the formation and then picked up by the upper electrode (Figure 6.2A).
Depending on the size of the hole, 40-80% of the bore hole is imaged. The area in between the
pads, or the non-coverage area, is displayed as white space on the processed image. Borehole
imaging produces a series of logs, that when set side by side produce a pseudo image of the

subsurface geology (Figure 6.2B).

Figure 6.2 )LJXUH $ VKRZV D GLDJUDP RI 6FKOXPEHUJHUTV )0, WRRO )LJXUH
produced from an FMI tool (Schlumberger, 2002).
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Through analysis, geologic features such as natural fractures, bedding planes, faults,
and porosity, can be determined. Image logs can also show drilling induced fractures as well as
wellbore breakout. Determining the differences in wellbore drilling induced and natural fractures
is important for the analysis of a hydrocarbon reservoir. Natural fractures are measured using
sinusoids that measure the dip angle and the strike direction of the feature (Figure 6.3). Strike

and dip of bedding planes can also be determined using this method.

Figure 6.3: Diagram of how a fracture plane is shown as a sinusoid in an image log. Note that the highest
point of the fracture intersection with the well bore is on the east in both the 3-D image and the unrolled
image.

Piceance Basin Image Logs

The image logs in this study came from three different tools. Each tool produces a
similar output, however processing the data into a usable format is different for each tool.

Because all of the provided data for this study was already processed, the data processing
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PHWKRGY ZLOO QRW EH GLVFXVVHG 6FKOXPEHUJHUYYWVROW ZDIUH
the image logs in this study and there was a focus on quantifying and examining natural
fractures within an area of interest. Bedding planes, borehole stability and other features were
observed but not quantified. Natural fractures were measured and quantified on a well by well
basis using sinusoids to determine dip and strike direction.

The average dip for each of the four wells varied from 69.4 +77.2 degrees as seen in
Table 6.1. The majority of the fractures were high angle across all four wells with the minimum
being ~41 degrees and the maximum being 87.3 degrees (Figure 6.4). Varying direction of
fracture strike azimuths from east-west to northwest-southeast were noted in each of the four
wells (Figure 6.5). The histogram rose diagrams in Figure 6.5 represents the principle strike
direction as well as the principle stress direction during the time of fracturing for each of the
wells. These varying fracture strike directions are consistent with principle stress directions
discussed in Chapter 2. The complex burial and uplift history of the basin is the cause for such

varying principle stress directions in a relatively small area.

Figure 6.4: Histogram showing distribution of dips of fractures as determined by image logs. Each well
analyzed is color coated and corresponds to a colored bar indicating particular fracture dip frequency.
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Table 6.1: Quantities and average dip per well of each of the four wells containing image logs in this

study.

Well Number of Average Dip Dominant Interpreted Fracture

Fractures (degrees) Strike Direction Interval Density
(degrees)

GM-701-4- 22 77.0 240-250 1,760 ft. 0.013

HN1 fracture/ft.

SG- 702- 228 76.6 340-360 1221.3 ft. 0.18

23-HN1 fracturef/ft.

PA-701-32- 41 69.4 260-270 860 ft. 0.05

HN1 fracture/ ft.

RG-713-29- 178 77.2 350-360 1,674 ft. 0.11

298 fracture/ ft.

Figure 6.5: Varying azimuths of natural fractures for each well within the study area. The rose diagrams
show percentage of fractures with each particular azimuth.
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There were significantly more fractures noted in the SG-702-23-HN1 well over the same
stratigraphic interval (Figures 6.6, 6.9; Table 6.1). The reason for the significant differences in
guantities of fractures at each location is beyond the scope of this paper, however is consistent
with the complicated burial history that took place post deposition as discussed in Chapter 2.
Likely the highly variable distribution of fractures is due to localized structural complexity. The
guantity of fractures in each well is of interest in relation to production. In the case of these
wells, the GM-701-4-HN1 well had the least amount of fractures and the best initial production
(16 MMCF/d). Also to note, the resistivity varies in magnitude amongst the three wells
surrounding Parachute (GM-701-4-HN1, SG 702-23-HN1, and PA 701-32-HN1). For these wells
the magnitude of resistivity increases with the amount of fractures present (Table 6.1 and Figure
6.9). This is likely due to the amount of calcite present within the natural fractures, giving a
higher resistivity reading.

Fractures that were interpreted in the GM-701-4-HN1 image logs were also observed in
the core (Figures 6.7 & 6.8). Mineralization of natural fractures can be interpreted on image logs
through a brightening HITHFW FDOOHG WKH 3KDOR HIIHFW™ 7KLV EULJKWHQL
crest and trough of the sinusoid (Figure 6.8). Background work done on mineralization of natural
fractures was discussed in Chapter 2. All of the fractures observed in the image logs for this
study contained some sort of a halo effect and therefore are interpreted to contain some level of
mineralization. This is consistent with what was observed and described from the core in

Chapter 3 of this text.

Summary

7KH 1UDFW XU Hbg&epeR thivtigHout tRese four wells varied even amongst wells
with relatively close proximity to one another. This is explained through the complex structural
history of the basin, in which multiple uplifts at different times affected the overall stress regime

within the basin. Similarly, the amount of fractures present in each well varied significantly for
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the same reason. Present day maximum stress direction is dominantly east-west to west,
northwest- east, southeast. Typically horizontal wells drilled within the Niobrara in the basin are
drilled in a north-south direction so that hydraulically induced fractures propagate in the direction
of current maximum stress (north-south) and open in the direction of minimum horizontal stress
(east west) (Figure 6.10). Although some natural fractures share this same trend, the azimuth of
each fracture varies depending on what the stress field is at the time it forms. Therefore, natural
fractures have sporadic orientation, as shown in this section and induced hydraulic fractures are
much more predictable in the direction of current maximum stress.

Fractures are an important aspect in any play but especially in extremely tight
unconventional plays such as the Piceance Niobrara-Mancos. Fractures can provide increases
in porosity and permeability; however they can also provide escape routes for hydrocarbon
accumulations. As mentioned in Chapter 2, fractured areas of the Niobrara within the basin can
positively affect the production but can also provide pathways to larger fault systems that allow
hydrocarbon migration into shallower reservoirs. The type and quantities of fractures in all four
analyzed wells in this study are consistent with wells from other studies and likely play a large
role in the associated production. Examining mineralization of fractures is extremely important in
understanding if the fractures improve hydrocarbon migration or production. In the case of these
four wells, there was some level of mineralization present in each fracture which plays a role in
the degree to which permeability may or may not be enhanced, as well as, the potential for
hydrocarbons to escape. The deep resistivity reading from wireline logs can also be affected

and potentially be an indicator of a large amount of calcite filled fractures.
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Figure 6.6: Abundant natural fractures were noted and quantified in the SG-702-23-HN1 well.
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Figure 6.7: Fractures were correlated between image logs and the GM-701-4-HN1 core. Note that the
depth variation is due to a ten foot core depth shift to the logs.

Figure 6.8: Calcite mineralization noted in many fractures within the GM-701-4-HN1 core were also noted
by the halo effect in the image logs (pointed out with the red arrows).
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Figure 6.9: Cross section across the four wells from this study with image logs. The first track is gamma
ray, the second track is deep resistivity, and the third track shows a line in the location of each interpreted
fracture (FR). Note the higher resistivity magnitudes in wells with greater density of fractures.
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Figure 6.10: Schematic showing the typical azimuth of a Niobrara well with induced hydraulic fractures
extending in the direction of principle stress and opening in the direction of minimum stress. Note the
compass in the lower left corner.
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CHAPTER 7
MICROPOROSITY *+SEM
SEM analysis was performed on samples from the Wiley 23-3-97 and the GM-701-4-
HN1 cores in order to better understand the types of porosity present. The GM-701-4-HN1 core
samples were also analyzed at high magnification for composition and to examine several of the
facies described in Chapter 3 of this text. The organic porosity that was present and analyzed,
was caused by the conversion of bitumen to hydrocarbons and the different phases of

hydrocarbons through thermal maturation.

Wiley 23-3-97 Microporosity

The Wiley 23-3-97 core was sampled and analyzed using a Carl Zeiss Scanning
Electron Microscope by Ingrain Digital Rock Physics Lab. The report and micrographs were
provided by Endeavour for use in this study. The micrographs in this section all came from ion-
milled samples using secondary electron scanning. The focus of the report was porosity,
RUJDQLF PDWHULDO DQG RUJDQLF SRURVLW\ 7KHWHLMWHPVIRHUH
topographic samples were analyzed in the provided report and therefore are not present in this
work. Due to the nature of the ion milled samples, no facies descriptions were possible from the
SEM micrographs. Some mineral work was done on the samples in order to determine
composition. In all, eight samples were analyzed, five from the Buck Peak Member and three
from the Tow Creek Member.

The samples varied in preserved organic matter, and organic porosity. However, it is
understandable to see significant variances in such small magnified pieces of a samples.
Therefore, overall percentages of organic porosity and organic matter in each sample were
somewhat irrelevant. What was of interest to this study, was the amount of organic porosity, or

lack thereof, contained in the organic matter present in each sample. In most cases remaining
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organic matter surrounded the organic pore space (Figure 7.1). In some areas, significant
amounts of organic matter existed in combination with pore space (Figure 7.2). In other areas
organic matter was present with very little pore space in or around it (Figure 7.3).

Due to the oil production from this well, it makes sense that a portion of the organic
matter remains as non-converted. The pore space that was contained within the organic matter
is due to the conversion of bitumen to oil through the process of thermal maturation. In a more
mature section of this same source rock, it would be expected to see less non-converted

organic matter, as well as, larger amounts of organic microporosity.

Figure 7.1: These micrographs came from a core sample of the Buck Peak Member of the Niobrara
Formation, at depth of 10,139 ft, in the Wiley 23-3-97 well using secondary electron scanning. Note the
variable amount of organic matter, shown with green arrows from micrograph A to B. The red arrows
show the interparticle pore space.
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Figure 7.2: This micrographs came from a core sample of the Tow Creek Member of the Niobrara
Formation, at a depth of 10,159.5 ft, in the Wiley 23-3-97 well using secondary electron scanning. Note
the amount of intraparticle organic porosity that exists inside the organic matter, shown with the green
arrows. The unconverted organic matter surrounds the pore spaces in many spots, shown with the red
arrows.

Figure 7.3: These micrographs came from a core sample of the Buck Peak member of the Niobrara
Formation, at a depth of 10,144 ft., in the Wiley 23-3-97 well using secondary electron scanning. Note the
abundance of organic matter that has not been converted in micrograph A, shown by the green arrows.
Small amounts of interparticle organic porosity is scattered around, shown with the red arrows.
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GM-701-4-HN1 Microporosity

Fourteen samples from seven depths, corresponding with the previous analyses in this
study, were taken from the GM-701-4-HN1 core by Terra Tek. Seven of the samples (one from
each depth) were prepared, ion milled, gold coated and analyzed at CSM in order to provide a
similar analysis to the one completed on the Wiley 23-3-97 core samples above. The other
seven samples (one from each depth) were prepared and analyzed at CSM as broken rock chip
samples and coated with gold. This analysis was done to provide a higher magnification look at
several of the facies described in Chapter 3 of this text and analyze the microporosity. The
micrographs in this section all came from an FE-SEM using secondary electron scanning. Some
EDS mineral mapping (spot XRF) was completed to better understand the mineral

compositions.

7.2.1. lon-Milled Microporosity

The ion milled samples provided an excellent opportunity to examine the differences in
porosity as they compare to the analysis done above on the Wiley 23-3-97 core. Overall, there
was a much larger quantity of organic pore space present in these samples (Figure 7.4). The
total amount of organic porosity and overall porosity varied across each sample, as to be
expected at this high of magnification and small sample size. Therefore, quantifying organic
pore space was not useful to this study, as extrapolation of this data could be subjective. There
was very little remaining organic material noted throughout the samples. Overall organic pore
size varied greatly, but could reach widths up to 1um (Figure 7.5). Organic pores were often well
connected in areas of high organic matter (Figure 7.6). Overall, the abundance of organic
porosity and the absence of remaining organic matter was consistent with a highly mature
source rock. The organic pore space is well developed, suggesting that the majority of kerogen

has been converted to oil and cracked to gas, leaving behind the void space.

90



Figure 7.4: This micrograph came from Facies F in the Tow Creek Member of the Niobrara formation, at a
depth of 10,380.4 ft in the GM-701-4-HN1 core using secondary electron scanning. The green arrows
show examples of interpatrticle porosity that is fairly abundant across this sample. The red arrows show
slot porosity.

Figure 7.5: This micrograph came from Facies E within the Tow Creek Member of the Niobrara
Formation, at a depth of 10,406.7 ft., in the GM-701-4-HN1 core using secondary electron scanning. Note
the width and connected nature of the interpartical porosity, shown with the green arrows. A lack of
remaining organic matter and intrapartical porosity in the organic matter suggests high maturity levels.
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Figure 7.6: This micrograph came from Facies A within the Wolf Mountain Member of the Niobrara
Formation, at a depth of 10,520.3 ft., in the GM-701-4-HN1 core using secondary electron scanning. Note
the connected nature of the interparticle porosity, shown with the green arrows. Several fractures formed
during sample preparation along areas of increased porosity, shown with the red arrow.

7.2.2. Microscale Facies Analysis

FE-SEM analysis on topographic broken rock chip samples from the core provided an
opportunity to view at extremely high magnification of several of the facies described in Chapter
3. Analysis of Facies A confirmed a good mixture of siliciclastic material, carbonate material,
and clay material. Figure 7.7 shows examples of these three main components that made up
not only Facies A but the majority of the cored interval in the GM-701-4-HN1 well. Pyrite is
present in the form of spherical framboids like the one shown in Figure 7.7. The easily
recognized quartz grains, and feldspar grains were to be expected throughout in this siliciclastic
interbedded facies. Coccolith spines confirm the presence of nanofossils within this facies. The

majority of the clay is lllite as confirmed earlier in Chapter 3 of this text with XRD analysis.
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Figure 7.7: These micrographs came from a core sample of Facies A within the Wolf Mountain Member of
the Niobrara Formation, at a depth of 10,520.3 ft in the GM-701-4-HN1 core, using secondary electron
scanning. Figure A shows a more siliciclastic rich section of the sample. Figure B shows a more clay rich
section of the sample. The arrow color scheme is relevant for both A and B. The green arrows show
siliciclastic grains, the blue arrows show flakey clay follicles, the red arrow shows a coccolith spine and
the yellow arrow shows a spherical pyrite framboid.

The most abundant facies throughout the core was Facies C, a massive mixed
mudstone containing fossiliferous material, therefore three samples from this facies were
examined using FE-SEM. Again, a mix of clay, siliciclastics, and carbonates were found
throughout this facies. Figure 7.8 shows full coccolith platelets mixed with coccolith fragments
and spines. Dogtooth calcite clings to the spines that are oriented randomly. Spines and
coccolith fragments are commonly broken, suggesting significant compaction consistent with
present burial depth. Microporosity can be seen inside some of the flakey clay, as well as,
within the spines and coccolith platelets, as intraparticle porosity. Pyrite framboids are present,
as well as, the casts that they leave behind in clay.

In areas of larger siliciclastic grains, coccolith spines and platelets were less common
and smaller in nature (Figure 7.9). These slight variations were also seen in the core and in
petrographic thin section within Facies D analysis in Chapter 3. Although the silty laminations

were obvious in core and in thin section, the different layers at the microscale in SEM are much

93



more subtle. In areas where siliciclastic material is common, the porosity is mostly interparticle
as larger grains allow for some pore space to exist.

Facies E and F contained a large amount of fossiliferous material compared to all of the
other facies, as described in Chapter 3. This was confirmed through SEM analysis with a
greater amount of coccolith platelets, spines, and partial coccospheres (Figure 7.10). Spherical
pyrite framboids were present, likely associated with larger inoceramid fragments that were not
visible at such a high magnification. Euhedral calcite is present, and typically surrounded by

volumes of clay.

Figure 7.8: These micrographs came from a core sample of Facies C within the Tow Creek Member of
the Niobrara Formation in the GM-701-4-HN21 well, using secondary electron scanning. Figure A came
from a depth of 10,429.8 ft, and shows the distribution of nanofossils (blue arrows), which also contain
some intraparticle porosity (orange arrows), and dogtooth calcite on the outside of spines (red arrows).
Figure B came from a depth of 10,405.8 ft, and shows porosity contained within clay. Figure C and Figure
D came from a depth of 10,331.5 ft. Figure C shows a clay cast of a pyrite framboid (yellow arrow). Figure
D shows a partial broken coccolith spine (purple arrow), containing some intraparticle porosity (orange
arrow).
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Figure 7.9: These micrographs came from Facies D within the Tow Creek Member of the Niobrara
Formation, at a depth of 10,478.2 ft. in the GM-701-4-HN1 core, using secondary electron scanning.
Figure A shows carbonate material mixed with nanofossils. The red arrow shows a small coccolith spine.
Figure B shows siliciclastic grains mixed with larger carbonate grains. The green arrows show larger
carbonate grains, the blue arrows show larger siliciclastic grains, and the orange arrows show
interparticle porosity.

Figure 7.10: These micrographs came from Facies E within the Tow Creek Member of the Niobrara
Formation, at a depth of 10,406.7 ft in the GM-701-4-HN1 core, using secondary electron scanning.
Figure A shows a spherical pyrite framboid surrounded by other siliciclastic material (green arrows) and
coccolith platelets (blue arrows). Figure B shows a partial coccosphere with broken coccolith platelets
(blue arrows). Calcite overgrowths are present on coccoliths.
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Figure 7.11: These micrographs came from Facies F within the Tow Creek Member of the Niobrara
Formation, at a depth of 10,380.4 ft in the GM-701-4-HN1 core, using secondary electron scanning.
Figure A and B show siliciclastic grains mixed with carbonate grains and evidence of nanofossils. The
green arrows show euhedral calcite grains. The blue arrows show clay and coccolith imprinted clay.

Summary

The porosity contained within the Wolf Mountain, Tow Creek, and Buck Peak Members
of the Niobrara Formation, in each of the cores is made up of interparticle and intraparticle
porosity. A substantial component of porosity is the microporosity contained within the
converted organic matter. The organic microporosity is created through hydrocarbon generation
as a result of thermal maturation of an organic-rich source rock. As this source rock matures
and bitumen converts to oil, as seen in the Wiley 23-3-97 samples, a volume increase takes
place. As further maturation takes place and oil is cracked into gas, as seen in the GM-701-4-
HN1 samples, an even larger volume increase takes place. Through maturation void space is
created by kerogen transformation, and through the associated volume increases expulsion
micro-fractures are created. Remaining organic matter surrounds the organic pore space in the
Wiley samples as there is still hydrocarbon potential, as confirmed by the source rock analysis
in Chapter 4 of this text. Very little remaining organic matter surrounds the organic pore space in

the GM-701-4-HN1 samples, also confirmed with the absence of an S2 peak in the source rock
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analysis, described in Chapter 4. Overall the facies were better examined at high magnification
using FE-SEM. Coccolith platelets and spines created opportunities for intraparticle porosity,

while larger siliciclastic grains created opportunities for interparticle porosity.
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CHAPTER 8
BURIAL HISTORY AND MATURITY

Maturity of the Niobrara source rock across the Piceance Basin varies from the oil
window to the dry gas window. This is indicated by significant production of each of these
phases of hydrocarbons, as well as, the geochemistry data presented in Chapter 4. The Wiley
23-3-97 well, located towards the northern basin margin has produced significant oil from the
Niobrara Formation. The GM-701-4-HN1 well, in the south-central part of the basin has
produced significant dry gas from the Niobrara Formation. The geochemistry data confirmed
that the Wiley 23-3-97 well was in the oil twet gas window with calculated vitrinite reflectance
values around 1%Ro. The GM-701-4 core samples were so mature that pyrolysis was unable to
produce adequate Tmax values indicating a very mature source rock 5R ¢ containing
very little remaining unconverted organic matter.

Each of these wells encountered the top of the Niobrara at very similar total vertical
depth values (only 279 ft. of difference). Burial depth and related thermal history is a major
factor in maturation. Therefore a complex burial/ thermal history within the Piceance Basin must
exist in order explain such differing maturities at such similar depths. The other factor that
contributes to maturity is varying geothermal heat flows that could have caused increased
maturation at a shallower depth, particularly in the southern part of the basin. This chapter will
discuss some of the possible causes of maturity differences and recall burial history and
possible geothermal anomalies from Chapter 2, to show how all of the other aspects of this
study are affected.

As mentioned in Chapter 2, deposition of the Niobrara took place in the foreland basin to
the east of the Sevier Highlands during the Late Cretaceous. Through core and thin section

analysis of this strata in Chapter 3, six facies were determined throughout the two cores. In the
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GM-701-4-HN1 core, facies that contained more silty laminations were likely deposited in times
of severe storm events that had an impact at depths below normal storm wave base. Facies that
showed more fossiliferous zones and less silty laminations were likely deposited in calmer
environments. Regardless of depositional environment, a very consistent mixture of carbonates,
siliciclastics, and clay was determined with XRD analysis, classifying these sections as mixed
mudstones in both cored locations.

Post-deposition, the Piceance Basin was uplifted and segmented by the Laramide
Orogeny into an intermountain basin. The Laramide Orogeny is the primary structural event that
affected the Piceance Basin. The orogeny structurally deformed the basin, as well as,
reactivated preexisting structural components from basement faulting and Sevier orogenic
structures. Structural complexity was identified with borehole image logs in Chapter 6. These
image logs showed different orientations of principle stress, indicated by differing principle strike
directions of natural fractures. The wells that contained borehole image logs were located within
a small field scale and yet still contained varying fracture strike directions, indicating complex
structural regimes even at a field scale. These differing structural features are likely caused by
different timing of Laramide uplifts in areas of differing pre-existing weaknesses. Overall the
basin is structurally complex, which explains the sporadic nature of natural fractures, as well as,
the different potential burial depths at different locations through time.

In the north, where the Niobrara is in the oil to wet gas window, maximum burial depth
and peak hydrocarbon generation would have occurred around 30 Ma., during the Oligocene
(Figure 8.2). However, at this time there was also the ancestral Green River cutting through the
north removing some strata. Therefore, the removal of this strata affected actual maximum
burial depth at the time of generation and did not allow the source rocks to reach a level of
maturation seen in other parts of the basin. In the south, where the Niobrara reached the dry
gas window, maximum burial and peak generation would have also been at 30 Ma., which is
long before the Colorado River cut through and eroded overburden to the current elevation.
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Therefore, a large amount of sediment (around 4,800 feet) was contributing to overburden at
this time.

There are two possible factors that could play a role in the maturity differences from the
north to the south: burial depth and heat flow. Basin Mod was used to plot models in order to
understand how much uplift and erosion or increased heat flow would be necessary to have put
the Niobrara in the southern Piceance Basin into the dry gas window, compared to the amount
of uplift and erosion and lack of heat flow to leave the Niobrara in the northern basin in the oil-
wet gas window. Figure 8.1 shows the basin model for the Wiley 23-3-97 in the northern basin
with no increased heat flow, a total of 2,200 feet of uplift and erosion was applied to this model.
Figure 8.2 shows the scenario of no increased heat flow in the location of the GM-701-4-HN1
well in the southern basin. In this model it requires a total of 7,800 feet of uplift and erosion,
5,600 feet more than in the Wiley 23-3-97 model in order to reach the dry gas window. 7,800
feet is a significant amount of erosion and far exceeds the estimates of 5,000 feet suggested in
literature. Figure 8.3 shows a more likely scenario with uplift and erosion of 4,800 feet and an
increase in heat flow during the Oligocene.

The increased heat flow is attributed to increased igneous activity within the southern
Piceance Basin. Magmatism during the Oligocene in combination with increased burial depth in
the southern portion of the basin at the time of maximum burial depth increased maturation,
explaining the dry gas production in the location of the GM-701-4-HN1 well. Other volcanic
activity in the region at 10-12 Ma. could have also had increased maturation in the southern
basin even after the time of maximum burial depth. The lack of igneous activity in combination
with less overall burial depth in the northern Piceance suggests heat flow did not have the same
maturation effect as seen in the south and explains the lower overall maturity.

Through the process of increased maturation in the south, organic porosity was greatly
increased, as seen in Chapter 7 with FE-SEM analysis. The presence of remaining organic
matter and smaller organic pores in the Wiley 23-3-97 well is the result of maturation to the oil-
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wet gas window, with organic potential remaining. Large organic pores and little remaining
organic material (2% TOC) in the GM-701-4-HN1 well is a result of higher maturation to the dry
gas window where larger volume expansion would have taken place, and less organic matter

was left behind.

Figure 8.1: Burial history model of the Wiley 23-3-97 well in the northern Piceance Basin. The Niobrara
strata is highlighted in gray. The Niobrara strata enters peak oil and early gas liquid window (Late Mature
Qil), around 42 Ma. The inputs for this model were modified from the Shell Oil, Govt. 31-10 well in Nuccio
and Roberts (2003). The inputs for this basin model can be found in the appendix of this text.
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Figure 8.2: Burial history model of the WPX GM-701-4-HN1 well in the southern Piceance Basin. The
Niobrara strata is highlighted in gray. This model uses soley increased burial depth to reach the dry gas
window, the model requires a total of 7,800 feet of burial (5,600 feet more than in the Wiley 23-3-97). The
Niobrara strata enters peak oil and early gas liquid window (Late Mature Qil), around 44 Ma and the main
gas generation window around 37 Ma. The inputs for this model were modified from the CER Corp.,
MWX-1 well in Nuccio and Roberts (2003). The inputs for this basin model can be found in the appendix
of this text.
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Figure 8.3: Burial history model of the WPX GM-701-4-HN1 well in the southern Piceance Basin. The
Niobrara strata is highlighted in gray. In this model the burial depth is 4,600 feet greater than that of the
burial depth in the location of the Wiley 23-3-97. This burial difference in combination with a significant
heat flow increase during the Oligocene, pushes the Niobrara strata into the dry gas window. The
Niobrara strata enters peak oil and early gas liquid window (Late Mature Qil), around 44 Ma and the main
gas generation window around 37 Ma. The inputs for this model were modified from the CER Corp.,
MWX-1 well in Nuccio and Roberts (2003). The inputs for this basin model can be found in the appendix
of this text.
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CHAPTER 9
CONCLUSIONS AND FUTURE WORK

Through the course of this study sixteen major conclusions were determined. Those
conclusions are outlined in the following section. This study also presents the opportunity for

future studies, four main suggestions for future work are outlined in the following text.

Conclusions

This study shows that the Niobrara Formation in the northern Piceance Basin, where
significant oil production has taken place, has undergone a significantly different thermal
maturation compared to the Niobrara Formation in the south, where significant dry gas
production has taken place. Though these intervals compositionally are very similar, significant
differences exist in the microporosity present due to the extent of the thermal maturation
process. Through core and petrographic thin section description, geochemical analysis,
subsurface mapping, fracture analysis in borehole image logs, and microporosity SEM analysis,
the Niobrara Formation was thoroughly examined as a hydrocarbon target in two wells of
significant interest within the Piceance Basin. The conclusions for this study are the following:

1) Six facies were determined from core analysis and thin section analysis in the GM-701-
4-HN1 core. Although the core was relatively homogeneous, facies consisted of strata
containing higher concentrations of silty layers, massive strata, and strata containing
increased fossiliferous matter.

2) The overall depositional environment is interpreted to be a shallow marine shelf system
at a depth of 100-500 ft. Rapid deposition with intermittent periods of storm influence
took place, not allowing enough time for burrowing.

3) Facies containing higher concentrations of silty laminations are interpreted to be
deposited in times of regression. With a lower overall sea level, the sink is closer to the

source and therefore an increase in siliciclastics is noted. Storm events carry silt from
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4)

5)

6)

7

8)

9)

the western highlands and deposit it in a planar or slightly disturbed layer on the
seafloor. These silty layers were interbedded with more carbonate and clay rich layers
that represent time in between storm events.

Facies that were more massive, dominated the majority of the core and were interpreted
to have been deposited during transgression. Siliciclastic, carbonate and clay material is
easily mixed and deposited with organic matter and foraminifera.

Facies containing increased fossiliferous and organic pelletal material are interpreted to
be deposited during high stand with possibly a warmer climate or increase in oxygenated
water. Another possible interpretation is a tempestite or debris flow, similar to the
tempestite noted by Gary (2016) at the base of the B Bench in the Niobrara or increasing
wet or dry climates. The interpretation of the tempestite is due to the random orientation
and often broken nature of the fossiliferous material, indicating disruption.

Through XRD analysis, all facies in both cores are classified as mixed mudstones,
containing similar amounts of clay, carbonate material, and siliciclastic material.

Source rock analysis placed the Wiley 23-3-97 Niobrara strata in the oil-wet gas window
with vitrinite reflectance values around 1 Ro%. TOC values for the Wiley 23-3-97 source
rock were all in the very good range (2.08-2.73%).

Source rock analysis did not produce adequate Tmax values for the GM-701-4-HN1 well
because the source rock is too mature and not enough organic matter remaining for
analysis. Therefore, given the production of dry gas from the well, it was interpreted that
the source rock should contain vitrinite reflectance values around 2.6 Ro%. This was
confirmed using the maturation profiles from neighboring wells. TOC values for the GM-
701-4-HN1 well were all in the good to very good range (1.12-2.59%).

Subsurface mapping highlights the structure of the Niobrara that is deepening towards

the center of the basin, which is consistent through each member of the formation.
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Isopach mapping shows a universal thickening of each member of the formation to the
northeast of the basin.

10) Analysis of image logs shows a wide ranging quantity of natural fractures throughout a
relatively small field scale, as well as, varying strike orientations of natural fractures. This
suggests that small scale structural complexities affect the Niobrara and create fractured
and less fractured reservoirs. However, all of the strata is susceptible to hydraulically
induced fractures, as evidenced by well productivity.

11) Higher bulk resistivity readings were noted in wells that contained larger quantities of
natural fractures that are calcified. Therefore, higher bulk resistivity can be an indicator
of higher density of calcite filled fractures.

12) Microporosity within the more mature GM-701-4-HN1 core is much more developed than
the organic microporosity in the less mature Wiley 23-3-97 core. Less remaining organic
matter was present in the GM-701-4-HN1 core than in the Wiley 23-3-97 core. The lack
of remaining organic matter and the increase in pore size in more mature source rock is
explained by increased thermal maturation. Through increased maturity, most of the
organic material is converted and oil cracks to gas, causing a huge volume expansion
and larger pores.

13) The primary horizontal drilling targets are identified with logs as an increase in resistivity.
Several of these high resistivity benches exist throughout the Niobrara in the Piceance
and correspond to increased foraminifera, fossil content, and pellets, with a decrease in
clay.

14) The Niobrara play potential is enormous considering there are several high resistivity
benches creating a very thick zone providing potential for stacked play with multiple
horizontal targets.

15) The particular prospect locations for oil versus natural gas correspond to burial history in
combination with the thermal history present in the southern Piceance Basin.
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16) The Niobrara horizontal targets in the Piceance Basin are classified as mixed
PXGVWRQHV ZKLFK SORW RQ D WHUQDU\ GLDJUDP ZKHUH WKH
Basin plot, therefore it may be viable to explore outside the chalk benches within the

marlstones as potential horizontal targets.

Future Work

1) Using additional well logs as they become available, additional subsurface mapping
would help explain field scale structural differences and help predict areas of more and
less fractured strata.

2) Continuing a more detailed burial and thermal history analysis of the basin using more
wells would be highly valuable in understanding where exactly the oil window and gas
window exist and potentially being able to map them.

3) More analysis focusing on the other members of the Niobrara (the Buck Peak, Wolf
Mountain, and Rangely Bench) would help to determine the best horizontal target in the
formation, as well as, analyze the potential for stacked pay in areas where multiple
sections of high resistivity and potential corresponding fossiliferous and pelletal zones
exist.

4) Using distinct features such as the potential tempestite, or larger scale depositional
climates (i.e. siltier beds versus slightly more carbonaceous beds) to correlate from the

Denver Basin to the Piceance Basin could prove useful
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APPENDIX

Table A 1: GM-701-4-HN1 source rock pyrolysis data.

Measured Formation s1 s2 Tmax s3 | Toc | H | o | PI | suToc | CAlculated Vit
epth Reflectance

feet mg/g mg/g ce mg/g % (%Ro)

10520.3| wolf Mountain 0.09 0.07| 3385169 0.14| 1.29 6| 11| 056 0.07 -1.19
10510.3| wolf Mountain 0.14 0.08| 3231732 0.2 1.87 5| 11| 062 0.07 -1.50
10478.2| Tow Creek 0.11 0.09| 357.2414| 0.19| 207 4 0.56 0.06 -0.81
10468.2| Tow Creek 0.09 0.07| 3209159 0.12| 1.92 4 0.57 0.05 -1.55
10440.2| Tow Creek 0.13 0.1| 3559049 0.17| 211 5 0.57 0.06 -0.84
10429.8| Tow Creek 0.13 0.25 347.925 01| 202| 13 5| 035 0.07 -1.00
10421.7| Tow Creek 0.11 0.07| 328.9214| 0.22 1.12 6| 20| 0.62 0.1 -1.38
10409.6| Tow Creek 0.25 0.11| 357.4795| 0.17 2.5 5 7| 0.68 0.1 -0.80
10406.7| Tow Creek 0.77 0.15 | N/A 0.18| 242 6 7| 083 0.32 N/A

10405.8| Tow Creek 0.16 0.09| 317.1653| 0.15| 259 3 6| 0.64 0.06 -1.62
10403.8| Tow Creek 0.34 0.18| 336.4323| 0.23| 258 7 9| 065 0.13 -1.23
10396.3| Tow Creek 0.22 0.1| 311.5078 0.2 2.28 4 9| 0.69 0.1 -1.74
10387.3| Tow Creek 1.05 0.17| 355.8323| 021| 2.28 8 9| 086 0.46 -0.84
10380.4| Tow Creek 0.14 0.1| 3857994 0.18| 244 4 8| 058 0.06 -0.23
10369.8| Tow Creek 0.25 0.11 359.519| 0.19| 2.36 5 8| 0.69 0.1 -0.76
10362.7| Tow Creek 0.03 0.03| 336.9399| 0.11| 217 1 5| 05 0.01 -1.22
10348.3| Tow Creek 0.09 0.07| 3881935 0.14| 2.29 3 6| 055 0.04 -0.18
10331.5| Tow Creek 0.17 1.16| 347.5633| 0.14| 2.26| 51 6| 0.13 0.07 -1.00
10312.3| Tow Creek 0.09 0.06| 3351896 0.14| 1.99 3 7| 0.61 0.04 -1.26
10290.3| Tow Creek 0.1 0.06| 3235845 0.13| 1.95 6| 061 0.05 -1.49
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Table A 2: Wiley 23-3-97 source rock pyrolysis data.

M%aes;t;ed Formation s1 s2 Tmax s3 | Toc | H | o | P | suToc C;L‘}lugggc\gt
feet mg/g mg/g c° mg/g % (%Ro0)
10117 | Buck Peak 1.06 1.86 451| 0.13 2.28| 81 6| 0.36 0.46 1.10
10120| Buck Peak 1.05 1.94 453 | 0.08 2.18| 89 41 0.35 0.48 1.13
10123 | Buck Peak 1.30 2.24 4531 0.07 2.34| 96 31 0.37 0.56 1.14
10126 | Buck Peak 1.05 1.81 452 | 0.07 2.08| 87 3| 0.37 0.50 1.11
10129 | Buck Peak 1.20 1.86 455| 0.14 24| 77 6| 0.39 0.50 1.17
10132 | Buck Peak 1.29 2.12 450| 0.13 2.38| 89 6| 0.38 0.54 1.07
10135| Buck Pak 1.04 1.73 450| 0.20 2.28| 76 91 0.37 0.46 1.07
10138 | Buck Peak 1.41 2.22 4521 0.18 2.32| 96 81 0.39 0.61 1.12
10140| Buck Peak 1.41 2.29 453 | 0.14 2.54| 90 6| 0.38 0.56 1.13
10142 | Buck Peak 1.36 2.32 4541 0.16 2.49| 93 6| 0.37 0.55 1.15
10145| Buck Peak 1.52 2.31 453 | 0.20 2.48| 93 81 0.40 0.61 1.13
10148| Buck Peak 1.12 2.08 4541 0.12 2.47| 84 51 0.35 0.45 1.16
10151 | Buck Peak 1.53 2.20 453 0.19 2421 91 81041 0.63 1.14
10154 | Tow Creek 1.46 2.94 451| 0.08 2.73| 108 31 0.33 0.53 1.10
10157 | Tow Creek 2.09 2.85 448 | 0.13 2.7 | 105 51042 0.77 1.04
10160| Tow Creek 1.93 2.74 452 0.07 2.56| 107 31041 0.75 1.12
10163| Tow Creek 1.37 2.12 451| 0.07 2.26| 94 31 0.39 0.61 1.09
10166| Tow Creek 1.06 1.78 4571 0.09 2.22| 80 41| 0.37 0.48 1.22
10169 | Tow Creek 1.46 2.15 4541 0.11 2.28| 94 51 0.40 0.64 1.15
10172 | Tow Creek 1.43 2.65 452 0.07 2.54| 104 31 0.35 0.56 1.12
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Table A 3: GM-701-4-HN1 X-Ray diffraction data.

Sample CLAYS CARBONATES OTHER MINERALS TOTALS
Depth (ft.) || chiorite || Kaolinite || Hllite/Mica Mx I/S || Calcite | Dolomite || Siderite Quartz K-spar Plag. Pyrite Apatite Clays Carb. Other
10520.3 3 Tr 17 19 10 11 0 32 1 5 2 Tr 39 21 40
10478.2 3 Tr 14 20 16 9 0 28 1 7 2 Tr 37 25 38
10429.8 4 Tr 19 19 11 8 0 30 1 6 2 r 42 19 39
10406.7 3 Tr 15 15 30 7 0 23 Tr 4 2 1 33 37 30
10405.8 4 Tr 16 21 19 9 0 24 Tr 4 2 1 a1 28 31
10380.4 2 Tr 16 13 39 6 0 18 r 4 2 0 31 45 24
103315 3 0 17 22 13 9 0 28 r 5 2 1 42 22 36
Average 3 Tr 16 19 20 9 0 26 Tr 5 2 Tr 38 29 33

Table A 4: Wiley 23-3-97 X-Ray diffraction data.
CLAYS CARBONANTES OTHER MINERALS TOTALS
Sample _
Depth (ft.) Mix
Chlorite | Kaolinite | lllite/Mica /S Calcite Dolomite | Siderite | Quartz | K-Spar | Plag Pyrite | Apatite Clays | Carb. Other
10114 33 1.8 12.3 14.9 15.1 9.9 0.0 341 | 00 44 41 0.0 32.3 25 42.6
10119 3.8 2.0 13.7 14.9 14.9 12.0 0.0 291 | 00 5.9 37 0.0 343 | 26.9 38.7
10124 45 28 12.6 15.4 115 13.8 0.0 288 | 00 73 32 0.0 353 | 253 39.3
10129.5 44 27 12.8 18.6 13.8 8.1 0.0 316 | 00 4.0 3.9 0.0 385 | 21.9 39.5
10134 45 3.0 14.4 17.0 125 12.0 0.0 278 | 00 5.2 36 0.0 389 | 245 | 366
10139 41 23 10.6 14.7 23.8 8.0 0.0 287 | 00 45 33 0.0 3.7 | 318 36.5
10144.5 45 1.4 13.2 14.8 20.0 7.7 0.0 291 | 00 52 42 0.0 338 | 277 38.5
10149 3.2 1.9 11.1 15.9 21.2 6.5 0.0 304 0.0 56 40 0.0 322 | 277 40
10154 3.9 24 14.7 16.5 12.8 10.7 0.0 286 | 00 6.6 3.8 0.0 375 | 235 39
10159.5 35 1.9 10.0 13.0 25.8 9.4 0.0 260 | 00 6.8 36 0.0 283 | 352 36.4
10164 43 45 10.0 13.1 25.5 111 0.0 186 | 00 106 | 24 0.0 319 | 366 | 16
10167.5 3.0 16 10.4 9.6 28.3 95 0.0 26.2 0.0 6.9 44 0.0 247 | 37.8 375
101715 4.0 2.0 13.9 13.0 17.7 7.8 0.0 302 | 00 5.9 55 0.0 33 255 416
Average 3.9 23 12.3 14.7 18.7 97 0.0 284 | 00 6.1 38 0.0 333 | 284 | 383
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Table A 5: Basin mod inputs for GM-701-4-HN1 model with increase in heat flow.

Event Type Thickness (ft.)
Uplift and Erosion Erosion -4,800
Hiatus Hiatus =
Uinta Deposit 2,000
Green River Deposit 2,200
Wasatch (Part) Deposit 600
Wasatch (Part) Formation 3,300
Hiatus Deposit -
Mesaverde Formation 4,570
Mancos Formation 2,094
Buck Peak Formation 290
Tow Creek Formation 240
Wolf Mountain Formation 258
Rangely Bench Formation 474

Table A 6: Basin mod inputs for GM-701-4-HN1 model with no increase in heat flow.

Event Type Thickness (ft.)
Uplift and Erosion Erosion -7,800
Hiatus Hiatus -
Uinta Deposit 2,000
Green River Deposit 2,200
Wasatch (Part) Deposit 600
Wasatch (Part) Formation 3,300
Hiatus Deposit -
Mesaverde Formation 4,570
Mancos Formation 2,094
Buck Peak Formation 290
Tow Creek Formation 240
Wolf Mountain Formation 258
Rangely Bench Formation 474
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Table A 7: Basin mod inputs for Wiley 23-3-97 model.

Event Type Thickness (ft.)
Uplift and Erosion Erosion -2,200
Hiatus Hiatus -
Uinta Deposit 200
Green River Deposit 2,000
Wasatch (Part) Formation 1,805
Hiatus Deposit -
Mesaverde Formation 4,628
Mancos Formation 3,261
Buck Peak Formation 461
Tow Creek Formation 357
Wolf Mountain Formation 329
Rangely Bench Formation 717
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