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ABSTRACT

The Niobrara Formation of the Denver Basin is an unconventional oil and gas drilling
target composed of alternating chalk and marl units. These units act as the source, seal and trap

for hydrocarbons generated in the organic rich marl beds of the Niobrara.

Organic geochemical data, such as oil-to-source rock correlations, oil biomarkers and gas
isotopes, indicate that the fluids accumulated within the reservoirs closely match the source rocks
in type and maturity; therefore, this is a system of in-situ generation and accumulation as well as
short-distance migration. In a system where migration is minimal, proximity to an effective
source rock is a prerequisite for a productive well. With such a prerequisite, play delineation

should begin with regional source rock maturity assessment.

Historically, source rock maturity has been studied through programmed pyrolysis (such
as Rock-Eval™), vitrinite reflectance, log interpretation or basin modeling. Recently, a new
pyrolysis instrument called the Source Rock Analyzer ™ has come to market. With this new
addition, questions of data congruence have arisen between the Rock-Eval™ and the Source

Rock Analyser™ that preclude combined data sets without further study.

This work establishes the veracity of the data from the Source Rock Analyzer™ and
compares its results to those of a Rock-Eval™ instrument using a suite of 103 source rock
samples. The data trends between the two machines are compared and then applied to a regional

source rock maturity evaluation of the Niobrara Formation in the Denver Basin.

The test of data veracity shows that the S2 and Tmax parameters from the Source Rock
Analyzer™ are comparable to those from the Rock-Eval™, showing good correlation and a
nearly one-to-one relationship. The other parameters, S1 and S3 show similar trends but there is
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significant scatter in the data. The calculated parameters (hydrogen index, oxygen index,
production index, and total organic carbon) are correlative but deviate significantly from a one-

to-one relationship.

In the regional source rock evaluation, new samples are analyzed deep within the basin as
well as along a northeast-southwest trend stretching from Wattenberg Field to the Colorado-
Nebraska border. The new analyses show that maturity along these trends is affected by a

thermal anomaly that is evident in the modern-day thermal gradient.

Through crossplotting, mapping and modeling it is shown that the onset of hydrocarbon
maturity in the Niobrara is 432°C Tmax and that hydrocarbon expulsion occurs between 438°C
and 443°C Tmax. The study also shows that Niobrara production can be predicted by mapping

the thermal maturity as well as free hydrocarbon anomalies within the basin.
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CHAPTER 1

INTRODUCTION

In many of the recently discovered shale oil plays such as the Bakken, Eagle Ford or
Niobrara, carbonate-rich reservoir intervals are sourced by adjacent marl beds that contain the
organic carbon necessary to generate liquid hydrocarbons. In these chalk-marl systems there are
petroleum sources (organic carbon rich beds), a seal or seals (typically lithologic boundaries
between the chalk and the marl) and traps (structural, stratigraphic or combination) just like in a
conventional petroleum system. They differ from conventional petroleum systems in their
migration component. While conventional petroleum systems have migration potential of
thousands of vertical feet and many miles laterally, the low permeability of unconventional
petroleum reservoirs and their juxtaposition against source beds only allow tens of feet of

vertical migration and feet to miles of lateral migration.

Limited migration in unconventional systems is revealed by their petroleum
geochemistry. Whole-oil gas chromatographs indicate the oils contain many heavy compounds;
a sign of little migrational separation. Oil-to-source rock biomarker correlations show that oils
produced from these plays often have similar signatures to nearby source rock extracts and are of
similar maturity. The biomarker data also indicate that rocks separated by large stratigraphic
distances are rarely the source of oils contained in these alternating chalk-marl systems. Isotopic
analyses of oil-associated gas samples are typically consistent across these plays and indicate
variations in maturity but not variations in source material. Using this geochemical data in

conjunction with rock property data, it can be seen that unconventional chalk-marl petroleum
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systems are low migration systems; therefore, one may infer that the most basic requirement for
successful petroleum development in this regime is a mature source rock, in close proximity to

the reservoir.

The requirement of mature source rocks to be present in these systems means that play
delineation should begin with source rock maturity assessment. The assessment can be
performed in many ways from log calculations, to programmed pyrolysis or vitrinite reflectance
analysis, to three-dimensional basin modeling. In many basins a significant data set of maturity
from programmed pyrolysis already exists from decades of petroleum exploration, and;

therefore, is a suitable tool.

Existing pyrolysis data can be integrated with strategic new analyses to delineate a play
quickly. One aspect of this approach that is not well understood is how these maturity data have
varied overtime due to changes in analytical instrumentation, procedure and reporting. In order
to de-risk unconventional plays through maturity assessment, using data from disparate sources,

the relationship between data vintages must be evaluated first.

1.1 Objectives and Purpose

The objective of this research is to establish a comparison between disparate source rock
maturity datasets for the Denver Basin. By understanding the differences or similarities between
source rock maturity data vintages and incorporating them into a regional dataset, it is possible to
determine the role of tectonics and heating in source rock maturity within the basin. This work
ascertains the validity of data generated by the Source Rock Analyzer (SRA™), an aspect that

has not been established in the scientific literature. In addition to testing the SRA™ pyrolysis



instrument, the work also interprets an integrated data set to delineate source rock maturity and

its variation in the Niobrara formation of the Denver Basin.

1.2  Study Area

This study focuses on the Denver Basin of northeast Colorado, southeast Wyoming and
western Nebraska (Figure 1.1). The Denver Basin is bounded on the west by the Front Range of
the Rocky Mountains, on the southwest by the Apishapa uplift, on the northwest by the Hartville
Uplift, on the northeast by the Chadron Arch, and on the southeast by the Las Animas Arch.
Boundaries for the regional interpretation in this work are dictated by the extent of the analytical
data. Analyses included in this work are concentrated in Weld and Adams counties in Colorado
and Laramie and Goshen counties in Wyoming (Figure 1.2). The southern portion of the Denver
Basin is included, but there are fewer analytical results available south of Arapahoe County, CO,

and the data that do exist cover a very small geographical region (Figure 1.2)

The study area contains the greater Wattenberg Area (GWA), an extension of the
Wattenberg gas field, which underlies the best Niobrara production results in southwestern and
south-central Weld County. It is believed that the GWA is influenced by the Wattenberg
Thermal Anomaly (Myer & McGee, 1985; Weimer et al., 1986), a point that will be addressed in
this work. Also included in the study area are Silo Field and the Hereford area, both locations

with good production in the Niobrara play.

To complete this study, a new set of data was sampled and analyzed along two transects

in the northern portion of the basin. The first transect (the “-2000 ft structure samples”)
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coincides with the -2000 ft structural contour of the Niobrara Formation (Figure 1.3). These
samples were taken to explore the relationship between present-day burial depth and maturity
within the basin. The second transect (the “COMB Trend Samples”) follows a northeast-
southwest transect along a Proterozoic basement shear zone that defines the Colorado lineament
(Cunningham et al., 1994; Mutschler et al., 1998). These samples were taken to investigate the

apparent thermal increase along the COMB trend.

1.3 Research Methods

The research methods for this study consist of SRA™ pyrolysis analysis of well cuttings,
Rock-Eval™ II and LECO™ total organic carbon (TOC) analysis of cuttings, data mining of

publications and databases for Niobrara source rock data and burial history modeling.

This work was completed in four stages. The first stage of work was to establish the
capabilities of the SRA™ instrument. This was achieved by analyzing various quantities of
known samples as well as performing duplicate analyses over several months. The second stage
was to establish a relationship between the SRA™ and Rock- Eval™ II data using duplicate
samples. Once the relationship between the data vintages was established, the third phase, a

regional interpretation of the data was completed.

The regional interpretation combines tectonics, thermal history and pyrolysis data to
explain existing production, propose further exploration fairways and speculate on regions within
the basin that lack data. The fourth phase was an investigation of the interplay between heating

and burial in the Denver Basin using 1-D basin models.
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1.3.1 Source Rock Analysis

To understand the analytical error and repeatability of measurements made with the
SRA™ a number of experiments were conducted with samples of known source rock
characteristics. These experiments took place over a several month period in order to mitigate

any one calibration state of the apparatus.

The SRA™, like any analytical instrument, is subject to influence from environmental
factors, changes in gas flow and pressure, sensor drift and systematic error due to operational
irregularities or poorly characterized analytical standards. The analyses reported here occurred
in weather of high and low pressure, warm and cold temperature (though the lab has a relatively
stable temperature of 79 °F (+ 5°F) and during many different calibrations of the instrument with
analytical gasses at various stages of consumption. Performing the measurements over such
varied conditions should maximize the range of values measured on any given sample while still

allowing for the reduction of the error in the average, as long as the errors are random.

All analyses conducted at the Colorado School of Mines (CSM) Source Rock Laboratory
were completed on a Weatherford Laboratories Instrument Division SRA™ instrument. The
SRA™ js equipped with the SRA-TPH/TOC™ method that measures standard pyrolysis

parameters (S1, S2, S3, cTemp (Tmax)) as well as total organic carbon (TOC).

The first set of analyses conducted on the SRA™ was a test of the machines sensitivity to
sample weight. This experiment was pursued based on data from Peters (1986) that identified

sample weight as a primary factor in measured source rock parameters (Figure 1.4).

To examine the effects of sample weight on pyrolysis parameters from the SRA ™, 19

analyses were conducted on samples ranging in weight from approximately 15-100 mg. The
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Figure 1.4 Crossplots from Peters (1986) showing strong variability of programmed pyrolysis parameters with varying sample
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samples were separated by 5 mg steps in weight and were weighed to the one-tenth of a
milligram. The error on the measured weight is + 0.1 mg (this error is present for all analyses

performed at the Colorado School of Mines (CSM) Source Rock Laboratory ).

Error on duplicate measurements of the same sample, was measured in three ways. The
first method for understanding duplicate error uses the analytical standard (standard number 533
provided by Weatherford Laboratories) that is measured as the first and last analysis of any
pyrolysis set known as a “run”. These analyses were compared both within the same analysis
run and, as a whole, across all runs conducted for this study. A control sample (known as
Location 5) with known source rock parameters (but not a true standard) was also analyzed in
every analytical run completed on the machine. This sample provides an analytical check at
slightly higher maturity than Standard 533 (423°C Tmax vs 418°C Tmax) and was evaluated
across all analytical runs. Finally, in any analytical run, the tenth analysis is a duplicate of the

ninth analysis and can be used to understand variability among samples of any maturity.

In order to understand the differences between samples analyzed with the SRA™ and the
Rock-Eval™, 103 samples were crushed, split and then analyzed on each instrument. The
samples were chosen because the Rock-Eval™ work was already complete and there was
enough remaining sample available for analysis on the SRA™. The samples are from the
Powder River Basin of Wyoming and consist of 83 samples from the Mowry Formation and 20
samples from the Niobrara Formation. The samples were initially crushed and analyzed on a
Rock-Eval™ II instrument and a LECO TOC instrument in Humble, Texas by Geomark
Research Inc. The remaining crushed sample was then returned to CSM and analyzed using the

SRA™,
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With the properties of analyses from the SRA™ instrument established, a set of samples
from the Niobrara Formation in the Denver Basin were analyzed to assess the influence of the
COMB trend on source rock maturity in the basin. These samples were collected at the United

States Geological Survey-Core Research Center (USGS-CRC) in Lakewood, Colorado.

Due to limited core availability in the basin, all of these samples are from drill cuttings.
In order to select the cuttings from the correct interval, well logs were analyzed to determine the
top of the Smoky Hill Member of the Niobrara and other distinct stratigraphic markers such as

the top of the Fort Hays, Codell or J Sand interval.

Once at the USGS CRC up to 500 feet of cuttings were laid out in glass dishes to assess
composition. When an easily identifiable interval was available (such as the Codell, Fort Hays

or J sand) that interval was used to depth-correct the cuttings to the well log.

The samples were crushed using a mortar and pestle, passed through a 40-mesh screen

before being aliquoted and analyzed on the SRA™.

1.3.2 Data Mining

In order to conduct a regional assessment of the Niobrara source rock maturity, a dataset
was compiled from the USGS-CRC database, the USGS Energy Geochemistry Database (USGS-
EGDB), and various publications including the AAPG Bulletin, The Mountain Geologist,
Geochimica et Cosmochimica Acta, Organic Geochemistry, and others.

The data were reviewed, annotated and filtered for erroneous results. Because pyrograms
were typically not available, data were only incorporated when the S2 yield was greater than 1

mg HC per g TOC and greater than 1 wt. percent TOC. If pyrograms were available (usually
11



only for analyses from the USGS-CRC) they were reviewed for common issues such as bimodal
peaks, high noise-to-signal ratio, or evidence of contamination. Samples with unusual
pyrograms were eliminated.

After compilation and initial screening, the remaining data were filtered to remove
analyses that typically result in spurious Tmax values. For this dataset the S2 value was filtered
to be above one mg of petroleum per g TOC (so there is sufficient remaining potential for the
development of an S2 peak) and the TOC was filtered to be above one weight percent (to
eliminate non source rocks).

The data mining effort created an analytical data set of 1360 pyrolysis measurements and
1370 TOC measurements from 220 well locations.

In the course of data mining, several locations were found where core and rock cuttings
samples from different wells were available within close proximity to one another (less than 10
miles apart). These data were combined into a sub-dataset to assess the differences in analyzing
rock cores and drill cuttings with pyrolysis techniques. There is a prevailing idea in the
petroleum geology community that cuttings sample are substandard for analytical purposes
above and beyond their somewhat ambiguous depth control. This comparison should settle some
of those disputes and highlight how cuttings are a valuable addition to any regional study if

carefully evaluated.

1.3.3 Burial History Modeling

In order to explore the maturity anomaly that exists in the GWA, five burial history
models were created. The models recreate burial at hypothetical well locations along the -2000

ft structural contour as well as further east in the basin (Figure 1.5). Three models are

12
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located inside the inferred COMB trend and two models were made outside the trend. The 1-D
models were created using Genesis Software by Zetaware. The burial histories were compiled
using published isopach and structure maps (McCoy, 1953; Martin, 1965; Weimer, 1978;
Tainter, 1982; 1984), generalized lithology and bottom hole temperature data. The models are a
series of iterations that start by using models based on burial, removal and average geothermal
gradients for the Denver Basin.

These first models are compared to source rock maturity data near each locality. When
the data and the model do not match, iterations are created increasing burial and removal only
and then increasing heating only. The results are compared and a most likely burial history and

heating model is chosen for each location.

1.3.4 Regional Data Interpretation

The newly acquired SRA™ data and the assembled public domain data were combined to
evaluate regional trends in Niobrara source rock maturity. Crossplots were used to understand
the variation of pyrolysis parameters with richness and maturity. The relationship of maturity
with depth was also explored through cross plotting. The crossplots were used to pick the
following key stages in the thermal evolution of kerogen: onset of petroleum generation,

petroleum expulsion.

From the crossplotting and mapping, it became apparent that interpolation of the dataset
would be complicated. Due to scatter in the data it is not possible to assume a normal
distribution of values; therefore, many kriging methods are invalid. The scatter, as noted in the

test of the SRA™ instrument is due to fundamental differences in analytical techniques and

14



sample types. The data scatter issues are confounded by limited data extent and irregular

regional distribution.

In lieu of interpolation, the data were evaluated for regional trends in a fashion similar to
that used by Tainter (1984). Tainter’s work used stacked regional maps of maturity, source
potential and lithology to determine play fairways. In this study the parameters Tmax, HI and S1
are mapped regionally. These parameters are then color coded based on crossplot derived

values, mapped, and then grouped into polygons.

The polygons are subsequently stacked in another map and the overlapping shapes are
grouped into exploration and development targets based on favorability. For the Niobrara it is
not as important to map reservoir and source facies as part of this procedure (as was done by
Tainter, 1984) because they have been shown to be laterally continuous across the basin. Net
source and net pay mapping could be useful for high grading drilling targets but that will not be

addressed in this work.

15



CHAPTER 2 GEOLOGIC

BACKGROUND

2.1 Regional Setting and Structure

The Upper Cretaceous Niobrara Formation was deposited in the Western Interior Seaway
(WIS) (Dickinson, 1976; Dickinson et al., 1983) (Figure 2.1). The interval represents a major
marine transgression triggered by crustal subsidence in the Western Interior foreland basin
combined with eustatic sea level rise (Kauffman, 1985). The western edge of the seaway was
coincident with the Cretaceous Sevier Orogenic Belt and its eastern boundary was marked by
transition to nearshore deposits adjacent to low relief coastal terrains. At its maximum
development the WIS extended from Utah and Nevada to Minnesota and Iowa (Reeside, 1957;
Kauffman, 1970). Presently, the lateral extent of the Niobrara is interrupted by Laramide uplifts
that have warped the Niobrara into its present configuration within the Denver Basin (Figure

2.2).

The Denver Basin has a structural axis close to the Front Range uplift in the western
portion of the basin (Figure 2.3). To the east of the basin axis, the strata dip gently to the west
along a large monocline. The basin is crossed by the Transcontinental arch which shows
thinning of strata onto it, recording repeated movement through geologic time (Reeside, 1944;

Weimer, 1978, 1984; Warner, 1978).

Warner (1978) interpreted the Transcontinental Arch associated structure as a wrench

fault system that first formed 2,000-1,700 Ma. The wrench fault system appears to be associated
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with the Colorado Mineral Belt (Tweto & Sims, 1963). Regionally the Niobrara is thin in the
Northern Denver Basin due to movement on the Transcontinental Arch as well as slower rates of

deposition (Sonnenberg & Weimer, 1981;Weimer, 1984)

2.2 Stratigraphy

In the Denver Basin, the Niobrara is divided into two members the Fort Hays Limestone
at the base, and the Smoky Hill Member above (Scott & Cobban, 1964). Longman and others
(1988) further subdivided the two members into alternating chalk and marl-rich intervals on the
basis of their log character (Figure 2.4). According to work by Barlow & Kauffman (1985) the
chalks represent transgressive events while the marls represent more restricted waters with

anoxic conditions during regression.

Throughout much of the Denver Basin the Codell Sandstone member of the Carlile Shale
underlies the Niobrara Formation. The cyclic beds of the Niobrara are overlain by the Pierre

Shale.

The Niobrara Formation is primarily made up of chalk pellets, inoceramid and oyster
shell fragments, planktonic foraminifer tests, micrite, clay and quartz (Longman et al., 1988).
The pelagic and hemipelagic sediment in the formation accumulated in waters between 80 and
325 ft deep (Hancock, 1975). Niobrara strata have three primary end members: biogenic calcite,
detrital and volcanic silicate minerals, and organic matter with associated pyrite (Sholle &
Pollastro, 1985). These end member strata combine in a gradational fashion to create the

characteristic cyclic bedding of the Niobrara Formation.
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The cyclic units within the formation can be described using the classification system of
Pettijohn (1975). The primary source material for Niobrara oils is found in the marly intervals
but some researchers have noted significant TOC in the chalk beds as well. For the purposes of

this study, units within the Niobrara are simplified to “chalks” and “marls” (Figure 2.5).
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CHAPTER 33

GEOCHEMICAL

BACKGROUND

The use of programmed pyrolysis, as an exploration tool, began in the mid-1970s as an
estimate of source rock potential and thermal evolution (Claypool and Reed, 1976; Espitalié et
al., 1973; Tissot and Espitali¢, 1975). The generalized analytical method consists of heating a
rock sample in an oven, under an inert atmosphere, using a specific temperature program, in
order to measure the Flame Ionization Detector (FID) response during heating. The results are
computed and presented as a pyrogram (a trace of FID response versus time, overlain with a

temperature profile).

Programmed pyrolysis analyses are inexpensive and can be completed in large numbers
over a relatively short amount of time (each analysis takes approximately one hour). The data
allow one to characterize the 1) quantity, 2) type, and 3) maturity of organic matter in the
sample. Currently, two machines are commercially available that provide programmed pyrolysis

analysis: the Rock-Eval™ and the SRA™.

The nomenclature for programmed pyrolysis analysis has remained fairly consistent
throughout time. There are at least 4 measured parameters depending on the instrument used
(Table 3.1). If the analyses are from a Rock-Eval II or an SRA™ the results will be reported as
listed below. The Rock-Eval™ VI has a more complex recording and reporting scheme

explained by Behar and others (2001) that may or may not be delivered by an analytical
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laboratory. It should be noted that the Tmax from Rock-Eval™ VI and SRA™ are actually

calculated parameters. The equation to calculate Tmax (RE-VI) or cTemp (SRA™) is:
Tmax or cTemp = True Peak Temperature S2 — ATmax

The parameter ATmax is calculated during the calibration of the pyrolysis apparatus by
subtracting the recorded peak temperature of the standard from the accepted peak temperature of
the standard. This recursive method was the result of moving the temperature probe from the
wall of the oven to the base of the crucible where the temperature experienced by the sample is
more accurately measured. When that design change occurred, the reported Tmax was 39

degrees higher in the new instrument than in the old (Behar et al., 2001).

There are also a number of computed parameters that can be derived from the
programmed pyrolysis analysis (Table 3.2). These parameters are used to characterize the
organic matter type, and the expulsion or retention of hydrocarbons. On some occasions the S1
over TOC ratio may be reported using an equation that did not multiply the numerator by 100.
This typically results in fractional values for this parameter and is easy to correct for. Care
should be used when using calculated values straight from data reports. It is considered best

practice to retain the measured parameters and recalculate the other parameters when necessary.

3.1 Rock-Eval Pyrolysis

In the petroleum industry, the Rock-Eval method of programmed pyrolysis is widely used

(Bordenave, 1993) and has, in many ways, become the standard tool for source rock evaluation.
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Table 3.1. Measured parameters, their names and use in source rock analysis.

Acquired Unit Name Use
Parameter
S1 mg HC/g Free Hydrocarbon Quantifies oil or gas in the rock
Rock
S2 mg HC/g Residual Potential Describes remaining ability to
rock generate petroleum
S3 mg CO,/g Organic Sourced Carbon A characteristic of the kerogen
Rock Dioxide
Tmax degrees C Temperature at which the | Indicator of source rock maturity
S2 peak occurs

Table 3.2. Calculated parameters from programmed pyrolysis, their equations and
their formal names.

Calculated Parameter Unit Formula Name

HI mg HC/g TOC §2 %100 Hydrogen Index
TOC

Ol mg CO,/g TOC §3 x 100 Oxygen Index
TOC

PI Non-dimensional S1 Production Index

S1+S2
S1/TOC mg HC/g TOC §1x100 Normalized Oil Content

TOC

It was developed by the Institut Francais du Petrole in partnership with Petrofina in the 1970s
(Bordenave, 1993). Since its inception, there have been several iterations of Rock-Eval
apparatus, the most common being the Rock-Eval II and the Rock-Eval VI. For a synopsis of

early instrument types the reader can refer to Peters (1986).

Since its creation, the Rock-Eval apparatus and methodology have been published on

extensively. Espitalié¢ and others published the bulk of their work with the early Rock-Eval
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instrument between 1975 and 1985. Those publications show the generalized theory of how the
instrument works (Figure 3.1), the relationship between Tmax and vitrinite reflectance-as
derived from pyrolysing coals (Figure 3.2), the effects of mineral matrix on pyrolysis yields, the
relationship between the elemental composition of kerogen and the Hydrogen Index and Oxygen

Index from pyrolysis (Figure 3.3) along with many other findings.

Additionally, Peters (1986), covered many of the common pitfalls in Rock-Eval pyrolysis
procedure and interpretation. Some authors (Clementz, 1979;Horsfield, 1980; Dembicki, 1992;
Snowdon, 1995) have documented the instruments shortcomings while other researchers have
used the apparatus in comparison with other techniques and created integrated methods for
petroleum exploration based on the device (Dembicki, 1983; Dembicki & Pirkle, 1985; Langford

& Blanc-Valderon, 1990; Dahl et al., 2004; Banjeree et al., 1998)

The work by these authors and others has established a quantitative framework for source rock
interpretation from Rock-Eval™ data. The Rock-Eval™ method provides a maturity parameter
that can be related to vitrinite reflectance, but does not need to be. That it can be viewed
independently, allows the scientist to draw meaningful conclusions from the analytical data and

confirm analyses through independent tests.

Rock-Eval Methodology*

In the Rock-Eval™ apparatus, approximately 100 mg of sample is heated under a
helium (or nitrogen) atmosphere at 300°C oven temperature for three minutes, then the oven
temperature is increased by 25°C/min up to 600°C (or higher in the Rock-Eval™ VI). As the

*Rock-Eval procedure modified from Bordenave, 1993
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pyrolysis products are volatilized, they are carried immediately by the inert gas stream to the

FID. During heating the following events are observed:

1) Free hydrocarbons in the sample are volatilized around 300°C. During the 3 minute
holding time at this temperature, the S1 peak is measured as mg HC/g of rock.

2) Between 300°C and 600°C hydrocarbons and oxygen containing compounds are evolved
and volatilized from the rock during the cracking of kerogen. These compounds are the
S2 peak and represent the present source potential of the rock. This value is expresses in
mg HC/g of rock. The oxygen compounds decomposed before 390°C and the resulting
CO, is measured as the S3 peak expressed in mg CO,/g of rock. For the Rock-Eval™ II
the CO; is trapped and measured later while the Rock-Eval VI measures the CO, in real
time using an IR cell.

3) The temperature at which the S2 peak reaches its maximum is called Tmax and has been
found to vary with thermal maturity of the rock.

4) The organic carbon remaining after recording the S2 peak is measured by oxidation under
an air or oxygen atmosphere at 600°C (or higher in Rock-Eval™ VI). The CO, obtained
is the S4 peak expressed in mg CO,/g of rock. The total organic carbon of the sample is

computed by summing S1, S2

and S4 for for Rock-Eval™ instruments equipped with the TOC option.

3.2 Source Rock Analyzer Pyrolysis

The Source Rock Analyser™ while, in principle, very similar to the Rock-Eval™

instrument operates using different software and different hardware. Since coming to market,
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the machine has been controversial in geochemistry communities due to the ill-defined
relationship between SRA™ pyrolysis results and Rock-Eval™ pyrolysis results. While the two
sets of results do not seem to be equivalent, the differences in analytical results have not been
well described in the literature and there have been few studies relating the two. Discrepancies
between SRA™ and Rock-Eval™ data are likely the result of differing machine mechanics and

operating method.

The SRA™ machine was commercialized by Weatherford Laboratories Instrument
Division through acquisition of another company. Since then, the SRA™ has been used
frequently in Weatherford’s own labs as well as on the well site and in the labs of a few oil and

gas companies.

The SRA™ methodology is nearly identical, in some ways, to that of the Rock-Eval™ II
apparatus. As it is run at the CSM Source Rock Lab, the machine has an initial isothermal time
of 5 minutes at 300°C followed by a temperature ramp of 25°C/min up to 600 °C. The initial
isothermal phase is longer in order to allow the FID peak to return to baseline between the S1
and S2 peaks. The oxidation phase is run at a temperature of 600°C. The carrier gas for the
SRA™ is nitrogen. Like the Rock-Eval™ VI, the temperature is measured at the crucible, not
the oven wall and the CO, is measured in real time by an infrared detector cell. Additionally, the
apparatus calculates TOC in a similar fashion to the Rock-Eval™ VI. The mechanics of each
analysis are slightly different from the Rock-Eval™ due to the amount of purge time needed

after the sample is introduced to the oven.
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3.3 Previous Denver Basin Maturity Studies

Higley (1988) published an extensive map of maturity data for the Lower Cretaceous
source rocks that shows a maturity “bull’s eye” near Wattenberg Field (Figure 3.4). The source
of the increased maturity is debated. Some authors suggest it is related to heat associated with
the Colorado Mineral Belt (Higley et al., 2003) and others propose it is due to perturbations in

the burial history that we are unable to resolve today (Morgan et al., 2009).

Source rock maturity data is still relatively sparse for many Upper Cretaceous source rocks,
especially in the core of the Niobrara play (Figure 3.5). Work by Landon and others (2001)
indicates that maturity trends in the Niobrara may be influenced by the Wattenberg Thermal
Anomaly; however, data is too diffuse at this point to draw any conclusions (Figure 3.6).
Though numerous analyses have been added in southeast Wyoming over the past several years,

fewer data have become available along the Wattenberg trend (Figure 3.5).

Smagala and others (1984) proposed using log-derived vitrinite reflectance equivalencies

(VRe) for the Niobrara Formation in the basin. In their work, they solved

for a linear relationship between resistivity as measured in well logs and vitrinite reflectance as
measured by petrography. Using this equation they calculated and contoured Vre values. This
method has been used by many in industry and appears to do a good job at higher maturities;
however, there seems to be occasions where increased resistivity does not correlate well with
producible hydrocarbons. This may be due to a hydrocarbons having been generated but not yet

been expelled from source beds in the marls to the chalk targets.
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Finally, many authors (Schurr, 1980; Sonnenberg, 2011; Tainter, 1984;) have shown the
extent of Niobrara maturity to closely follow present day burial (Figure 3.7). While this is a
plausible model in many basins, it seems that the localized production from the GWA and the

complicated thermal and tectonic history in the basin may preclude this model.
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Figure 3.7. This map shows the extent of effective Niobrara source rocks as first published
by Schurr (1980)), then republished by, Rice (1984), Tainter (1984) and Sonnenberg (2011).
It shows an eastward jog in central Morgan County but predominantly follows structure.
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CHAPTER 4

RESULTS

4.1 SRA™ Performance

The assessment of SRA™ performance for various sample weights shows very good
correlation with the ideas of Peters (1986). Some of the measured parameters show strong
correlation to sample weight while others show negligible change with increasing weight (Figure
4.1). The calculated parameters behave similar to their measured parameter constituents (Figure
4.2). The reported and calculated values of the analyses with variable sample weight can be seen

in Table 4.1.

The Tmax results are always within six degrees Celsius of one another, regardless of
sample weight (Figure 4.1D). This is likely due to the S2 yield being sufficient (greater than 1
mg HC per g rock) to create a well-defined S2 peak in all data presented here. From the graph,
there appears to be some cyclicity to the Tmax measurement deviation. The data show an

increasing trend recurring every three analyses.

It should be noted that the uncertainty of a single S1, S2 or S3 measurement can range
from 41% to 70% while the uncertainty of the mean in these samples is less than 17%. For the
Tmax, the uncertainty of the measurement is just over three degrees Celsius with the uncertainty

in the mean less than one degree Celsius.
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Table 4.1. These data are from the analysis of SRA™ performance with sample
weight. Some of the parameters show a very strong correlation with changing
sample weight while others do not. Uncertainties are fairly large for individual

measurements.
Sample ID |weight|  vIPH(S1) pTPH(S2) |cTemp(Tmax)| tTemp S3 toc |Hi|o1] P1 [s1TOC
(mg) | (mg HC per g Rock)| (mg HC per g Rock) (degrees C) (degrees C) | (mg CO; per g Rock) | (wt. %)
Check-Loc 5 10 0.8 4.32] 425.8 464.8| 0.61] 3.74] 115/ 16| 0.16 0.21
Check-Loc 5 15.2 0.54 4.14] 422.4 461.4] 0.32] 3.11] 133 10| 0.11 0.17}
Check-Loc 5 19.9 0.44 4.38| 423.4 462.4] 0.27| 2.89] 152 9] 0.09 0.15|
Check-Loc 5 24.9] 0.38] 3.45] 427.9 466.9| 0.27| 2.79] 124/ 10| 0.1 0.14]
Check-Loc 5 29.9] 0.37| 5.02] 424 463 0.5 2.8| 179 18| 0.07 0.13]
Check-Loc 5 35 0.29] 1.66 428.6 467.6| 0.76) 2.44] 68| 31| 0.15 0.12}
Check-Loc 5 40 0.32] 4.76| 422.2 461.2] 0.48| 2.67| 178 18| 0.06 0.12]
Check-Loc 5 45.2 0.32] 5.11] 423 462 0.53] 2.58| 198 20| 0.06 0.12}
Check-Loc 5 50.6 0.31] 5| 424.2 463.2] 0.52] 2.55| 196 20| 0.06 0.12}
Check-Loc 5 55.7| 0.29] 5.09] 422.5 461.5| 0.43] 2.43] 209 18| 0.05 0.12]
Check-Loc 5 60.5 0.29] 5.34] 423.1 462.1] 0.5 2.45| 218 20| 0.05 0.12}
Check-Loc 5 65.1 0.29] 5.23 423.8 462.8| 0.52] 2.42| 216 21| 0.05 0.12}
Check-Loc 5 70.1 0.28| 5.31] 422.4 461.4] 0.46) 2.42] 219 19| 0.05 0.12}
Check-Loc 5 75.1 0.28| 5.56 423.9 462.9| 0.49| 2.41] 231 20| 0.05 0.12}
Check-Loc 5 79.9] 0.28| 5.62] 423.8 462.8| 0.3 2.4] 234 13| 0.05 0.12}
Check-Loc 5 85.2 0.36) 5.45 425.4 464.4] 0.46) 2.41] 226/ 19| 0.06 0.15}
Check-Loc 5 90.4] 0.4 5.68| 422.5 461.5| 0.4 2.46| 231 16| 0.07 0.16}
Check-Loc 5 95.3 0.39] 5.53] 423.7 462.7| 0.38] 2.35] 235[ 16| 0.07 0.16}
Check-Loc 5 100.2 0.38| 5.6 424.4 463.4] 0.47| 2.36] 237[ 20| 0.06 0.16
VIPH(S1) pTPH(S2) cTemp(Tmax)| tTemp S3 toc | m | o1] p1 [siToC
(mg HC per g Rock) | (mg HC per g Rock) (degrees C) (degrees C) | (mg CO; per g Rock) |(wt. %)

Average 0.4 4.9 424.1 463.1 0.5 26 189 18] 0.1 0.1
min 0.3 1.7] 422.2 461.2 0.3] 2.4] 68 9 0.1 0.1
max 0.8 5.7 428.6 467.6| 0.8 3.7 237 31 0.2 0.2
IRange 0.5 4.0 6.4 6.4 0.5 14 169 22| 0.1 0.1
[Uncertainty 0.3 2.0 3.2 3.2] 0.2] 0.7] 85 11 0.1 0.0]
(Uncertainty in the mean 0.1 0.5 0.7 0.7] 0.1 0.2] 19 3 0.0) 0.0]

The calculated parameters, as one might presume, strongly reflect their constituent

measured parameters (Figure 4.2). The Hydrogen Index increases strongly from just over 100

mg HC per g TOC to more than 200 mg HC per g TOC with increasing S2 yield and decreasing

calculated TOC. The steeply dropping calculated TOC value in the 10-35 mg sample weights

reflects the decrease in measured S1 which is a constituent of the TOC value. Unlike the LECO

TOC measurement, S1 is more prominent in the SRA™ TOC measurement due to differences in

sample preparation.

The Oxygen Index is relatively stable and well within the type II kerogen regime despite

the erratic S3 numbers.
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Figure 4.1.

relatively stable regardless of sample weight.

The SRA ™ S1 value shows a strong dependence on sample volume while the
S2 value shows a moderate increase with increasing weight. The SRA™ S3 value shows
erratic behavior that stabilizes above 30 mg sample weight. The SRA™ Tmax value is
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The production index and the normalized oil content parameters are very stable for
samples over 35 mg. Errors on derived parameters have uncertainties similar to those of the

measured parameters with significant decreases in uncertainty due to multiple analyses.

These data indicate that a minimum of 40 mg of sample should be used when analyzing
the Niobrara source rock. The amount needed for rocks higher in TOC will vary and therefore
should be determined empirically. The upper limit of sample size for the Niobrara source rock is
not as easy to determine from these data. For congruence with previous analyses using Rock-
Eval™ 75-100 mg of sample may be the best choice, however, the SRA™ tubing and hardware
is sensitive to fouling from high levels of pyrolysate. Because the analytical results could be
more significantly affected by fouling than from the slightly smaller S2 yield of smaller samples,
65 mg of sample was determined to be the best compromise in sample volume for this particular

source rock.

The analysis of error in duplicate measurements of standard and control samples shows
similar results to the analysis of error from samples of increasing weight (Table 4.2). The
uncertainties in the analysis of S1, S2 and S3 can be greater than 50 percent while the error in

Tmax is less than three degrees Celsius.

Duplicate analyses of the internal control (Location 5, light blue box) show that the
uncertainty for averages of these eight analyses are very low (less than 1 for all parameters

except HI and OI) while the error on any single analysis are more significant.

The results for duplicate analyses of the analytical standard 533 (grey box) are similar

with the uncertainties in the average again being below one for all parameters except HI and OI.
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Table 4.2. This table shows the error in analysis of duplicate samples. For set A
samples n=8; these are analyses of Location 5a control sample. For set B samples,
n=14; these are analyses of analytical standard 533. For the remaining boxes (C, D,
E, F and G) n=2; these are duplicate analyses of samples nine and ten in the
pyrolysis runs.

c¢Temp
Value Type | weight| vTPH(S1) | pTPH(S2) | (Tmax) | (Temp S3 TOC | HI | O1 | PI |S1/TOC
mg HC per g | mg HC per g mg CO, perg
mg Rock Rock °C °C Rock wt. %

A |Average 65.6) 0.3 5.0 424.1 463.1 0.7 2.6| 189.3] 26.6 0.1 0.1
min 64.4 0.2 3.0 4222 461.2 0.4 1.8] 171.0[ 23.0 0.0 0.1
max 67.5 0.4 5.4 427.3 466.3 0.9 29| 204.0[ 32.0 0.1 0.1
Range 3.1 0.2 2.4 5.1 5.1 0.5 12| 33.0 9.0 0.0] 0.1
Uncertainty 1.6 0.1 1.2 2.6| 2.6| 0.2 0.6] 16.5 4.5 0.0] 0.0}
[Uncertainty in the mean 0.5 0.0 0.4 0.9 0.9 0.1 0.2 5.8 1.6 0.0 0.0

B |Average 74.5 0.6| 11.5 418.5 457.5r 1.5 3.9] 2%4.1 37.7 0.0] 0.1
min 65.3 0.3 5.8 416.8 455.8 1.4 3.3 177.0] 34.0 0.0 0.1
max 76.0, 0.8 12.7 421.4] 460.4] 1.8 4.2| 334.0[ 51.0 0.1 0.2
Range 10.7 0.5 6.9 4.6| 4.6| 0.4 0.9 157.0] 17.0 0.0 0.1
Uncertainty 5.4 0.3 3.4 2.3 2.3 0.2 0.4 785 8.5 0.0 0.1
Uncertainty in the mean 1.4 0.1 0.9 0.6 0.6 0.1 0.1] 21.0 2.3 0.0 0.0

C |Average 66.5 0.7 0.9 459.7 498.7 0.4 1.6 60.0] 275 0.4 0.5
min 65.8] 0.7 0.9 459.6| 498.6 0.4 1.6 60.0[ 27.0 0.4 0.4
max 67.2) 0.7 0.9 459.8 498.8 0.4 1.6 60.0] 28.0 0.4 0.5
Range 1.4 0.1 0.0] 0.2 0.2 0.0 0.0 0.0] 1.0) 0.0] 0.1
Uncertainty 0.7 0.0] 0.0] 0.1 0.1 0.0 0.0 0.0] 0.5 0.0] 0.0}
Uncertainty in the mean 0.5 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.4 0.0 0.0

D Average 65.9) 0.8 1.3 462.2 501.2 0.4 1.7| 74.0] 245 0.4 0.4
min 65.1 0.8 1.3 459.0] 498.0 0.4 1.7 73.0] 21.0| 0.4 0.4
max 66.7, 0.8 1.3 465.4] 504.4 0.5 1.8 75.0[ 280 0.4 0.4
Range 1.6 0.0] 0.0] 6.4] 6.4 0.1 0.0 2.0] 7.0 0.0] 0.0}
Uncertainty 0.8 0.0 0.0 3.2 3.2 0.1 0.0 1.0 3.5 0.0 0.0
(Uncertainty in the mean 046r 0.0 0.0 2.3 2.3 0.0 0.0 0.7 2.5 0.0 0.0

E [Average 66.0) 0.9 1.8 453.0] 492.0 0.5 2.1] 86.5| 245 0.3 0.5
min 65.4 0.9 1.8 452.7 491.7 0.5 2.1 86.0] 23.0 0.3 0.5
max 66.5 0.9 1.8 4533 492.3 0.5 2.1 87.0[ 26.0 0.3 0.5
Range 1.1 0.0 0.0 0.6 0.6 0.1 0.0 1.0 3.0 0.0 0.0
Uncertainty 0.5 0.0 0.0 0.3 0.3 0.0 0.0 0.5 1.5 0.0 0.0
Uncertainty in the mean 0.4 0.0 0.0 0.2 0.2 0.0 0.0 0.4 1.1 0.0 0.0

F [Average 65.7 L5 7.1 434.7) 473.7 0.6 32| 2235 200[ 02 0.5]
min 65.0 L5 7.0 434.6) 473.6 0.6 3.1] 217.00 190 0.2 0.5]
max 66.3 L5 7.2 434.7) 473.7 0.7 32| 230.0] 21.0[ 02 0.5]
Range 1.3 0.0 0.1 0.1 0.1 0.1 0.1f 13.0 20[ 0.0 0.0)
Uncertainty 0.6 0.0 0.1 0.0 0.0 0.1 0.1 6.5 1.0 0.0 0.0
Uncertainty in the mean 0.5 0.0 0.0 0.0 0.0 0.0] 0.0] 4.6| 0.7 0.0 0.0

G |Average 65.4] 0.3 2.9 442.9] 481.9 1.2 23| 123.5] 50.5 0.1 0.1
min 653 0.3 1.9 442.0) 481.0] 1.1 23] 86.0[ 480 0.1 0.1
max 65.4 0.4 3.8 443.8 482.8 1.2 2.4] 161.0f 53.00 0.1 0.2
Range 0.1 0.1 1.9 1.8 1.8 0.1 0.1 75.0 5.0 0.0 0.0
Uncertainty 0.1 0.0 1.0 0.9 0.9 0.0] 0.1 375 25 0.0 0.0
Uncertainty in the mean 0.0 0.0 0.7 0.6 0.6 0.0] 0.0 26.5 1.8 0.0 0.0
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The intra-run duplicate analyses shown in the remaining boxes have unusually small
ranges compared to control and analytical standard data. This result strongly reflects the
accuracy of the calibration and the fact that these samples are run back to back allowing for very

little sensor drift between measurements.

4.2 Rock-Eval™ Parameters vs. SRA™ Parameters

Overall, the SRA™ and Rock-Eval™ data show good trends but absolute values of each
parameter are often different (see Appendix B for analytical values). There are significant
deviations especially in the TOC values, the S3 values, and their associated calculated

parameters, but the Tmax and S2 data correspond well.

4.2.1 S1-Free Hydrocarbons

The S1 values from the SRA™ instrument show good correlation with the values from
the Rock-Eval™ II instrument. There is significant scatter around the 1:1 correlation line but
this is expected due to the results from the sample weight and duplicate analysis experiments.
Generally, the S1 values from the SRA™ instrument are slightly higher than those acquired
using the Rock-Eval™ II (Figure 4.3). There are two significant outliers in the data set where
the S1values measured by the Rock-Eval™ II were several times higher than the values

measured by the SRA™.
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Figure 4.3. Comparison of S1 values between SRA™ and Rock-Eval™ II. The dashed line
represents where the analysis give the same value (i.e. SRA S1=RE-II S1). The S1 data
show significant scatter but an overall increasing trend. S1 trends can be compared between
analytical instruments but absolute values cannot.
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4.2.2 S2-Remaining Potential

The S2 values measured by the SRA™ instrument show very good correlation with the
S2 values from the Rock-Eval™ II instrument. The R-squared value for a best fit line of the data
is 0.94 (Figure 4.4). The Rock-Eval™ measures slightly higher S2 values for samples with
greater than 5 mg HC per g of Rock potential. The Niobrara samples appear to have more
deviation from the 1:1 correlation line than the Mowry samples, but it is not clear whether this is
due to sample lithology, sample maturity or another factor (such as contamination) that has not

been identified.

4.2.3 S3-Oxygen from Kerogen

The S3 values from the SRA™ show a moderate to good correlation with S3 values from
the Rock-Eval™ II. There is an increasing trend that shows significant scatter and has an R-
squared value of 0.52 (Figure 4.5). All except one analysis from the SRA exhibits higher S3

than the Rock-Eval™ II sample.

4.2.4 Tmax-Source Rock Maturity

The Tmax values from each instrument show very good correlation with one another.
The data can be fit with a straight line that has an R-squared value of 0.91(Figure 4.6). At nearly
all maturities, the Tmax values from the SRA ™ instrument are slightly higher than the results
from the Rock-Eval™ II. This feature becomes more prominent when Tmax increases above

450 °C. In addition to diverging from the 1:1
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Figure 4.4. Comparison of S2 values between SRA™ and Rock-Eval™ II. The dashed line
represents where the analysis give the same value (i.e. SRA S2=RE-II S2). The difference
between the two machines increases significantly with higher S2 yields. Below 5 mg of S2
the results can be compared absolutely between machines while trends can be compared at
higher yields.
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Figure 4.5. Comparison of S3 values between SRA™ and Rock-Eval™ II. The dashed line
represents where the analysis give the same value (i.e. SRA S3=RE-II S3). The S3 from the
SRA is almost always higher than the S3 from the Rock-Eval™ II. The trend is always
increasing but the scatter and difference in absolute values means that only trends should be
compared between instruments.
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Figure 4.6. Comparison of Tmax values between SRA™ and Rock-Eval™ II. The dashed
line represents where the analysis give the same value (i.e. SRA ¢Temp (Tmax)=RE-II
Tmax). At elevated Tmax values the differences between the two machines can
significantly impact interpretations from the data. Where the Rock-Eval™ II measures
460°C the SRA measures 473°C, this is the difference between the oil generation window
and the wet gas window.
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line, samples with Tmax values higher than 450 °C show increased scatter. This appears to

correlate with S2 values falling below 1 mg HC per g of Rock.

4.2.5 TOC-Organic Richness

The values of TOC given by the SRA™ instrument are higher than the values given by
the LECO TOC device in all cases except for one (Figure 4.7A). Despite this fact, the R-squared
value for the best fit line of the data is 0.88. The difference in the value is not a great surprise
due to the significant differences in the measuring technique; however, the good correlation was
somewhat unexpected. The SRA™ TOC values are expected to be higher because of the
incorporation of S1 in the calculation. If S1 is removed from the data through calculation, the
data are more evenly distributed about the 1:1 ratio line at the cost of poorer correlation (Figure

4.7B).

The fact that subtraction of S1 reduces the TOC but does not maintain the correlation of
the data indicates that the elevated TOC values from the SRA™ instrument result from more
complex processes which are heretofore unknown. One possibility is that the SRA™ instrument
over calculates the portion of TOC resulting from CO and CO, measurement during pyrolysis

and oxidation.

4.2.6 Interpretive Parameters- HI, OI, PI, S1/TOC

The interpretive parameters reflect the variation seen in the measured parameters (Figure

4.8). The Hydrogen Index measured by the SRA™ is suppressed due to the
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the dashed line represents where the analysis give the same value (i.e. SRA TOC =LECO
TOC).
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slightly low (by comparison) S2 values and significantly higher TOC values. This could be
“corrected” by recalculating the TOC if a comparable HI measurement is necessary. The
Oxygen Index from the SRA™ is significantly higher due to the elevated S3 values measured by
the instrument. The PI value from the SRA™ correlates moderately well with the Rock-Eval™
II. There is some scatter, as well as a non-linear shape, in the correlation due to the deviation of
the S2 value between the two methods. The normalized oil content as measured by the two
instruments shows significant scatter which reflects the variability in the S1 value as well as a

slight suppression due to the elevated TOC values reported by the SRA™.

4.3 Core vs. Cuttings

The comparison of rock core and rock cuttings data from wells near one another revealed
some interesting trends (Table 4.3). First is the fact that the Tmax from both sample types agree

quite closely with one another.

Of the seven areas reviewed, the largest difference between the average Tmax values was
seven degrees Celsius. The error in the averages was, in all locations, less than five degrees
Celsius and in most areas less than two degrees Celsius. For the core and cuttings samples with
averages nearly seven degrees different, the errors in the average cause the values overlap.
Therefore, those samples should be inferred to be the same level of maturity unless a new set of

analyses can minimize the spread and eliminate the overlap.

The S2 values for some of the cuttings samples are significantly lower than the S2 values
of the core samples. This is typical and is due to “dilution” of the source material with non-

source cuttings. Correspondingly, the HI values are also typically lower in cuttings than in
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Table 4.3. This table shows the different in minimum, maximum and average
pyrolysis values for cores and cuttings in close proximity to one another. N is the
number of analyses and ATmax Avg is the uncertainty in the average measurement.

Measured Parameters Calculated Parameters
S1 mg S2mg | S3mg @ Tmax n (Tmax A Avg| TOCwt. | HImg | Ol mg | SloverTOC PI
HC/g HClg | CO2/g °c % HC/g | CO2/g

Core Average 093 20.92 0.78 423 18.00 L18 451 409 0 16 0.04

Core Min 035 935 053 418 234 308 0 13 0.03

< Core Max 2.09 4111 128 428 10.30 476 0 19 0.05
g

E Cuttings Average 097 11.90 1.56 420 4 0.50 294 402 54 32 0.08

Cuttings Min 072 892 132 419 2.69 331 37 27 0.07

Cuttings Max 134 15.83 2.13 421 358 453 78 37 0.08

Core Average 329 14.12 0.66 437 13.00 139 3.14 441 26 124 021

Core Min 1.60 793 035 432 1.69 359 8 38 0.08

Cc.; Core Max 521 4212 1.48 442 7.86 638 75 308 033
L

2 Cuttings Average 0.18 1.29 049 436 2.00 035 1.09 118 45 17 0.12

Cuttings Min 0.18 1.09 049 435 1.04 105 43 16 0.11

Cuttings Max 0.18 1.49 0.49 436 114 131 47 17 0.14

Core Average 391 1145 035 438 39.00 0.64 3.06 366 6 144 0.26

Core Min 0.70 4.8 024 433 127 258 0 46 0.11

o Core Max 9.1 40.08 0.61 441 9.16 559 34 570 0.57
g

2 Cuttings Average 1.00 5.53 0.85 435 7.00 2.19 1.98 232 43 40 0.11

Cuttings Min 0.05 0.84 0.66 428 128 58 32 3 0.06

Cuttings Max 234 11.82 112 440 492 456 61 100 0.18

Core Average 4.68 12,13 0.86 433 7.00 227 361 322 21 161 032

Core Min 2.09 230 0.50 425 1.62 142 0 39 0.11

= Core Max 654 20.71 122 437 535 405 48 400 0.74
g

2 Cuttings Average 034 4.11 0.86 440 7.00 4.57 250 149 36 13 0.13

Cuttings Min 0.17 021 0.56 434 154 11 19 8 0.06

Cuttings Max 0.61 8.01 137 459 321 250 58 19 045

Core Average 2.82 351 031 444 143.00 2,05 248 197 21 229 051

Core Min 0.05 0.05 0.18 412 0.03 160 12 90 033

M oo Max 10.66 10.29 0.62 461 6.69 315 63 442 0.70
g

2 Cuttings Average 093 3.96 0.66 444 2.00 0.67 3.20 124 21 29 0.19

Cuttings Min 091 393 0.62 444 3.13 121 20 28 0.19

Cuttings Max 095 3.98 0.70 445 326 127 21 30 0.19

Core Average 044 8.02 043 424 2.00 0.00 222 362 19 20 0.05

Core Min 037 7.9 041 424 221 357 18 17 0.04

L: Core Max 051 8.11 044 424 222 367 20 23 0.06
5

E Cuttings Average 071 12,65 098 424 1.00 0.00 2.83 47 35 25 0.05

Cuttings Min 071 12,65 0.98 424 2.83 47 35 25 0.05

Cuttings Max 0.71 12,65 0.98 424 2.83 447 35 25 0.05

Core Average 155 3.87 0.75 449 45.00 1.04 296 131 12 56 0.28

Core Min 039 118 032 442 151 78 0 18 0.18

o Core Max 322 8.70 0.96 456 458 228 58 186 055
g

E Cuttings Average 129 2.60 046 444 3.00 L5 193 130 19 66 034

Cuttings Min 0.84 1.79 039 442 151 160 0 90 0.36

Cuttings Max 1.70 3.99 0.53 446 252 158 0 90 036
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cores; however, there are several examples where HI values from cuttings are at least as high as

the core values.

The S1 and normalized oil content of cores are also, typically, higher than in cuttings.
This seems to be the result of better preservation in samples with less surface area. There is
significant overlap between S1 values in cores and cuttings but the extremely high S1 values are

rarely seen from cuttings samples.

In nearly every case, the average TOC values from the cores were larger than the average
TOC values measured in the cuttings. In many cases the maximum value of TOC from the
cuttings does not attain the average value measured in core and in only one case in this data set
does the maximum value from the cuttings samples exceed the maximum value from the core
sample. This indicates that TOC measured in cuttings should be viewed as the lower bound of
TOC for a given source rock and; therefore, may not be an accurate way to evaluate source

potential.

4.4 Pyrolysis Discussion

The data presented here highlight several important aspects for source rock analysis and
interpretation using programmed pyrolysis. These data demonstrate the analytical error that is
present but is often overlooked by geologists and engineers. In a world that can measure
permeability in millidarcies, it seems hard to believe that source rock maturity cannot be

measured to the decimal point, but that is the reality.

It is clear that, for pyrolysis, the most repeatable measurement is Tmax. This is true

regardless of sample material or sample volume. It seems that for samples with enough S2
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(usually greater than 1 mg HC per g Rock) and no contamination, that the Tmax can easily be
known within 5°C and can often be known within 2°C even for a single sample run for in
duplicate. The uncertainty of 5 °C is roughly equivalent to 0.1 % vitrinite reflectance and is

suitable for regional exploration efforts (Espitalie et al., 1985b, Jarvie et. al, 2001).

The data also indicate that samples from different analytical instruments can be used
together with some caution. The Tmax values correlate very well between the two instruments
tested here, and can be used without reservation. The other parameters show a less well
developed 1:1 correlation and would likely show similar trends but not necessarily report the

same value.

While the results show that Tmax does not vary significantly between cores and cuttings
the other parameters do not correspond as well. Therefore, caution should be used when

combining datasets of different sample types.

For regional maturity studies it appears that samples of different vintages may be used in
conjunction with one another. For regional source rock property studies, closer attention must be

paid to sample type and machine type in order to correctly interpret trends in the data.

4.5 Maturity and Potential along the COMB Trend

New samples analyzed along the -2000 ft structural contour transect as well as southwest
to northeast transect along the COMB trend show significant variations in maturity based on
Tmax (Figure 4.9). Along the -2000 ft. structural contour source rock maturity varies both

locally and regionally south to north (represented by purple diamonds in Figure 4.10). The
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Figure 4.9. Newly acquired data show increasing maturity across the COMB trend from
north to south as well as elevated maturity stretching nearly to the Nebraska border.
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samples along the structural contour range from immature to wet gas mature depending on their
position relative to the inferred COMB axis. There are samples of moderate maturity in southern
Arapahoe County that gradually decrease in maturity to the north through Adams County. Once
the Weld County line is crossed there is a sharp increase in maturity through the center of
Wattenberg Field (from -15 to 0 miles on Figure 4.10). Once through the center of the
Wattenberg Field, maturity decreases until mile 30 and then remains constant through the
Colorado state line (approximately mile 35) before falling off significantly into Laramie and

Goshen county Wyoming.

Samples along the COMB trend (represented by pink diamonds in Figure 4.10) are least
mature in the northeast, furthest from the mountain front, and increase in maturity trending into

the basin. At the northeast end of the COMB trend samples

increase from immature to onset maturity to moderate to peak oil maturity in just a few

townships.

The new analytical data along the COMB trend transect and the -2000ft structural
contour transect are presented map view in Figure 4.9. This map clearly shows the increase in

maturity within the inferred borders of the COMB trend (dashed black lines).

The pseudo-van Krevelen diagram for these samples indicates that they contain type 11
kerogen and the HI vs. Tmax diagram indicates the samples range from onset to peak oil
maturity (Figure 4.11). The values of the S1 peaks are extremely low in this set of samples but

the parameter does show a clear but subtle increase with increasing maturity (Figure 4.12).
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Figure 4.10. This graph shows the variation in maturity from south to north along the -2000 ft. structural contour of the
Niobrara in the Denver Basin (purple diamonds). Negative mileage values reflect data south of the COMB axis while positive
values represent data north of the axis. The purple. It also shows the variation in maturity along the COMB trend from
southwest to northeast (pink diamonds).
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Figure 4.11. This figure shows the thermal evolution of the COMB Trend and -2000’
structure data (top) as well as the pseudo-van Krevelen diagram for that same data (bottom).
The pseudo-van Krevelen appears to indicate that the Niobrara in Type III kerogen but using
the comparison between cores and cuttings shown earlier, it can be inferred that the kerogen
type is actually Type II and the data are effected by the under quantification of the HI in
cuttings samples. The hypothetical maturation pathway calculated in Chapter 5 agrees
closely with the original work by Espitalié¢ and others (1984).
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Figure 4.12. A small but measureable increase in S1 can be seen from 427 °C to 450°C in

samples from the -2000 ft structure data and COMB trend data. This indicates that

petroleum generation has begun in these samples.
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4.6 Burial History Modeling

In general, the results of the burial history modeling show that the maturity measurements
within the Denver Basin are best described by a combination of burial history that includes
Cretaceous through Paleogene burial with Neogene exhumation and increased thermal gradient

(and inferred increased heat flow) in certain portions of the basin.

The results of the burial history modeling are displayed in Table 4.4. For all burial
history models, it was presumed that no removal or hiatus occurred between the Cretaceous and
the Neogene. This simplifying assumption may be controversial among various stratigraphers;
however, without a well understood magnitude and timing of such an event, it is not practical to

recreate such a speculative feature in these models.

The initial models were created using a constant geothermal gradient of 1.64 °F per 100 ft
(the average gradient within the basin, but outside the COMB trend). For the transient heat
models, the temperature gradient was modeled starting at 1.64 °F per 100 ft and increased
linearly starting in the Late Cretaceous to a value equal to the present day thermal gradient plus
25%. The bulk shifted value is meant to compensate for measured temperature suppression due

to circulation while drilling (see Appendix D for burial history).

At burial history location one, the measured maturity is 470°C Tmax (1.3 % vitrinite
reflectance equivalence). The initial model using the inferred burial and removal of 3210 ft and
a constant temperature gradient of 1.64 °F per 100 ft yields a modeled maturity of 0.76 %
reflectance. To achieve a modeled reflectance of 1.3% a total of 7300 ft of burial and removal is

needed. By using the inferred removal and a transient heating model where the temperature
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gradient is increased from a fixed value during the Late Cretaceous to the present-day adjusted

value a modeled reflectance of 1.26 % is achieved.

At burial history location two, the measured maturity is 445°C Tmax (0.93 % vitrinite
reflectance equivalence). The initial model using the inferred burial and removal of 3270 ft and
a constant temperature gradient of 1.64 °F per 100 ft yields a modeled maturity of 0.74 %
reflectance. To achieve a modeled reflectance of 0.93% a total of 5200 ft of burial and removal
is needed. By using the inferred removal and a transient heating model where the temperature
gradient is increased from a fixed value during the Late Cretaceous to the present-day adjusted

value a modeled reflectance of 0.95 % is achieved.

At burial history location three, the measured maturity is 436°C Tmax (0.60 % vitrinite
reflectance equivalence). The initial model using the inferred burial and removal of 1800 ft and
a constant temperature gradient of 1.64 °F per 100 ft yields a modeled maturity of 0.70 %
reflectance. To achieve a modeled reflectance of 0.60% a total of 800 ft of burial and removal is
needed. By using the inferred removal and a transient heating model where the temperature
gradient is increased from a fixed value during the Late Cretaceous to the present-day adjusted
value a modeled reflectance of 0.76 % is achieved. For the modeled maturity to match the
measured maturity, a steady state thermal gradient of 1.47 as well as burial and removal of 800 ft

is needed.

At burial history location four, the measured maturity is 438°C Tmax (0.76 % vitrinite
reflectance equivalence). The initial model using the inferred burial and removal of 2200 ft and
a constant temperature gradient of 1.64 °F per 100 ft yields a modeled maturity of 0.63 %

reflectance. To achieve a modeled reflectance of 0.76% a total of 4200 ft of burial and removal
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is needed. By using the inferred removal and a transient heating model where the temperature
gradient is increased from a fixed value during the Late Cretaceous to the present-day adjusted

value a modeled reflectance of 0.74 % is achieved.

At burial history location five, the measured maturity is 430°C Tmax (0.59 % vitrinite
reflectance equivalence). The initial model using the inferred burial and removal of 2360 ft. and
a constant temperature gradient of 1.64 °F per 100 ft yields a modeled maturity of 0.63 %
reflectance. To achieve a modeled reflectance of 0.59% a total of 1500 ft of burial and removal
is needed. By using the inferred removal and a transient heating model where the temperature
gradient is increased from a fixed value during the Late Cretaceous to the present-day adjusted
value a modeled reflectance of 0.66 % is achieved. In order for a transient gradient to achieve

the measured maturity, the burial and removal would have to be near zero at this location

The models created for areas inside the COMB trend can easily achieve present day
maturities using a transient heat model and inferred burial and exhumation values. In order for
steady state heat models to achieve the same values of maturity, the amount of burial and
exhumation needed is more than 2000 ft greater than the amount indicated by reflectance

profiles, map based methods and the values interpreted by previous workers.

4.7 Burial History Discussion

The burial history modeling indicates that measured source rock maturity values found
within the Denver Basin could have been created solely through burial or as a combination of
burial and increased heating. Within the COMB trend it appears that the inferred burial

combined with increased heating quantified by present-day geothermal gradients are the best
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explanation for the COMB trend associated elevated maturity values because the increased burial

depths needed are not supported by the available geologic data within the basin.

Outside the COMB trend, the modeling results indicate that the Denver Basin was likely
much cooler throughout time than anticipated by the initial model parameters. This conclusion is
the result of burial history models outside the COMB trend over-predicting maturity using the
steady state thermal gradient case. Ifthe thermal gradient is reduced, the modeled maturities will

match the measured maturities using the inferred removal values.

When taken together, the modeling results indicate that within the COMB trend, the
source rock maturity due to burial is augmented by increased heat within the Denver Basin.
Though the results here are from the COMB trend there may be other areas within the basin with
anomalous heat and; therefore, a map of geothermal gradient should be a valuable tool for

understanding regional maturity trends.

It should be noted that, as with any model, the results presented here are not reality. They
are one attempt at simplification of a complex geologic system and should therefore be used to

inform geologic understanding and not taken as “truth”.
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Table 4.4. Tabulated results of burial history iterations.
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CHAPTER 5 NIOBRARA
REGIONAL

INTERPRETATION

Because the results of experiments with the SRA™ and Rock-Eval™ indicate that
pyrolysis datasets of multiple vintages can be used together, historical and newly acquired data
are interpreted in this chapter to select exploration and development targets within the Denver
Basin. As stated earlier, the data were filtered for erroneous results and combined into a regional

dataset for petroleum exploration.

5.1 Crossplots

The pseudo-van Krevelen diagram shows that the Niobrara source material is likely Type
IT kerogen (Figure 5.1). The diagram also shows that many samples have elevated OI but the
scarcity of vitrinite in samples assessed by organic petrography would indicate they are not
primary contributors to the Niobrara petroleum system. As shown earlier in this work, the OI

value is one of the least repeatable parameters and therefore it should be interpreted with caution.

The highest HI values recorded in this sample set fall between 600 and 712 mg HC per g
TOC. This is slightly above the accepted value of 600 mg HC per g TOC used between 20 and

100 mg HC per g TOC. The majority of the OI values in this dataset are
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Figure 5.1. The pseudo-Van Krevelen diagram indicates that the Niobrara source rock is
primarily a type II kerogen. Some measurements exhibit a Type II/III mix or even a Type
IIT characteristic but these data are interpreted to be bioturbated samples or analyses subject
to the previously shown error in Oxygen Index.

67



below 50 mg CO, per g TOC with a maximum value of 298 mg CO; per g TOC.

The maturation pathway of the source rock as defined by a crossplot of HI vs. Tmax is
shown in Figure 5.2. There is scatter in the data derived from both rock core and rock cuttings
samples. Because of the earlier experiments which showed that Tmax was the most repeatable
pyrolysis parameter, and HI was less repeatable, it is inferred that the scatter in this data is due to
the inconsistent measurement of HI. The effect of the data scatter is more clearly represented in
the average values presented in Figure 5.3. In this plot, many immature samples have HI values
below 400. This is well below the global definition of 600. While variability in source rock
facies could account for this feature, the dispersed nature of the samples across the basin seems

to indicate it is a feature of the measurement.

Despite the scatter in the HI values, the data indicate that the onset of hydrocarbon
generation occurs between Tmax values of 432 °C and 440 °C when the HI values in the core
samples begin to drop. The onset of hydrocarbon generation inferred from the maturation
pathway crossplot is corroborated by the plot of normalized oil content vs. Tmax as as well as by

the plot of normalized oil content vs. HI.

In the plot of normalized oil content vs. Tmax, a sharp increase in normalized oil content
is seen beginning at a Tmax value of 432°C and the value remains elevated until a slight
decrease occurs at a Tmax value 438 °C (Figure 5.4). After the decrease in normalized oil
content that occurs at 438°C there, appears to be a plateau where the normalized oil content does
not exceed a value of 200 mg HC per g TOC. There are some data points with elevated

normalized oil content that occur before the Tmax value
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Figure 5.2. The maturation pathway crossplot for the Niobrara indicates that the onset of
hydrocarbon generation is between 432°C and 440°C. This temperature correlates closely
to the global definition provided by Espitali¢ and others (1985).
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Figure 5.3. The maturation pathway for the averaged values show suppressed HI values due

to the consistent under measurement of S2 in cuttings. The skew in the error precludes
curve fitting averaged values for interpretation purposes. Petroleum generation
classification lines modified from Espitalie and others, 1984.
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Figure 5.4. The crossplot of normalized oil content and Tmax shows an increase in
normalized oil content above Tmax values of 432 °C. The data also show a plateau in the
normalized oil content that occurs a Tmax value of 438°C. The initial increase in
normalized oil content is interpreted to be the onset of petroleum generation while the
decrease in normalized oil content to the plateau is interpreted as the expulsion of petroleum
from the source rock. The outliers are interpreted to be immature samples with migrated oil
or contaminated samples.
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of 432 °C but they appear to be outliers. For this data set, it is suggested that the elevated
normalized oil content between 432°C and 438°C represent the generation and retention of
hydrocarbons in the source facies while the drop in normalized oil content that occurs after
438°C represents the first expulsion of hydrocarbons from source to reservoir facies. The
plateau may indicate retained oil in the source facies after the first and any subsequent

hydrocarbon expulsion events.

In the crossplot of normalized oil content vs. HI, a sharp increase in free hydrocarbons is
seen as the HI values of the samples drop below 600 mg HC per g TOC (marked by the green
arrow in Figure 5.5). This indicates that the Niobrara source rock appears to generate
hydrocarbons during the initial drop in HI. Core and cuttings samples appear to have
background levels of free hydrocarbon that vary linearly with HI (black dashed in line Figure
5.5). Itis likely that these values represent adsorbed hydrocarbons in mature source rocks and
may represent polar compounds or bitumen in very low mature and immature samples. It should
be noted that core and cuttings data show increased normalized oil content as HI falls below 600
mg of HC per g TOC but the signature is more subtle in cuttings samples. This is perhaps due to
the pervasive, suppression of S1 values in cuttings samples that are likely the result of
volatilization, a process to which cuttings are more susceptible due to their increased surface

arca.

5.2 Mathematical Model for Niobrara Source Rock Maturation

The maturation pathway evident in the HI vs. Tmax crossplot can be represented by a

sigmoidal function (Figure 5.8 and Figure 5.9). Sigmoidal functions are used in biology, physics
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Figure 5.5. The plot of normalized oil content shows an increase in normalized oil for
samples below 600 mg HC per g TOC HI. The generalized increasing trend is marked by
the dashed, green arrow. Core and cuttings samples appear to have background levels of
normalized oil at all HI values the best fit of the background normalized oil content is given
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and the earth sciences to represent the growth or decay of a parameter between two end member
cases. Because hydrocarbon generation can be thought of as the thermal decay of macerals from

some initial potential to a final value, the use of this type of function is applicable here.

The sigmoidal function used in this study is of the form:

Hlo-HIf
= 1 + e~ ((Tmax—Tmaxi)/a)

HI

The corresponding equation for Transformation Ratio is:

_ Hlo — HIm
" Hlo — HIr

The sigmoidal equation is useful in this case because all of the parameters are related to
the maturation pathway crossplot with the exception of the coefficient a which acts to modify the
steepness of the decay. Hlo is the initial HI value of the source rock. HIf is the asymptotic
value of HI that is approached at the end of the oil window, while HIr is the separation between
that asymptotic value and the theoretical minimum value of HI (zero). HIm is the calculated HI
from the analysis. Tmax is the measured value of Tmax from pyrolysis. Tmaxi is the Tmax
value midway through the decay curve. This value is somewhat subjective, but can be found

through curve fitting or inspection.

The parameter HIr is a modification to the HI equation given by Bordenave and others
(1993) and is necessary, primarily, due to the analytical error of pyrolysis. Because S2 peaks
become very small at high maturities (over 500°C) picking a reliable peak becomes more

problematic and therefore the HI vs. Tmax plot loses some meaning outside of the oil window.
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Additionally, integration under a low magnitude, broad S2 peak leads to poor calculation
of S2 due to unfavorable signal to noise ratios. Essentially, with the low FID responses at
advanced maturity, noise plays an increasing role in the integrated S2 value. As an example,
Figure 5.6 (a crossplot of HI vs. Tmax for more than 50,000 source rock analyses) shows that a
clear separation of calculated HI and the theoretical value of zero exists well past the dry gas

window, where the theoretical value of HI should have already become zero.

To fit the data with this function there are two procedural questions that need to be
considered. Those questions are: what data should be used (e.g. average, individual
measurements or other), and how should the curve fit the data (e.g. through the middle, the

maximum, the minimum or something else)?

For data with measurement errors that are normally distributed and relatively small
compared to the value being measured, it is pretty clear that the average should be used. This is
because with normally distributed, random error, the true value is equally likely to be above or

below the average by some margin.

On the other hand, if the data are skewed either consistently high, or consistently low, the
decision is a little more complicated and should be considered on a case by case basis. Likewise,
in cases of calibration or procedural systematic error, no curve fit will accurately represent the

system being modeled.

For the pyrolysis data in this study, it seems that the data should be fit by honoring
something close to the maximum-as long as no sample contamination exists. This is because it is
easy to under measure the potential of a source rock due to dilution, poor sample selection or

mis-calibration but it is more difficult to over-estimate potential through these means.
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Figure 5.6. A crossplot of HI vsTmax for more than 50,000 source rock analyses. Note the
separation of measured HI from zero well into the drygas window (Tmax = 510°C+)
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Furthermore, for SRA™ data, it was shown that the incorporation of S1 into TOC severely
reduces the measured HI value in a sample and fitting a curve through that systematic skewing of

data is not scientifically defensible.

The crossplot of S2 vs. TOC indicates that core and cuttings samples behave fairly
regularly within sample type, that is, there are no skewed trends beyond the identified S2 and

TOC yield of cores and cuttings therefore the maximum fit may be the best solution. (Figure 5.7)

For proof of concept purposes, the curve fit presented here was conducted in two ways. First the
average values were fit through the middle of the data cluster and, second, the maximum data
were fit for individual measurements. For each case, the values of the function parameters are

given in Table 5.1.

The results of the curve fit using the average method are shown in Figure 5.8. The curves
for the cuttings and the core data show significant separation throughout the maturation pathway.
The core curve fit honors the data fairly well because of the small sample set and limited scatter.

The cuttings curve fit does a poor job honoring the data due to the significant scatter.

The curve fit using the maximum method appears to do a better job at modeling the
maturation pathway depicted by the data (Figure 5.9). The two modeled maturation pathways
are much closer together over the full range of maturities; additionally, the curves honor the

maximum data values very well.

The modeled transformation ratios from the four curve fits are displayed in Figure 5.10.

This graph shows that that the modeled transformation ratio for the average fit of the cuttings is

drastically different from the other three models. The averaged core and maximum cuttings
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Figure 5.7. The cross plot of S2 and TOC shows no significant skews in the data.
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Figure 5.8. This crossplot shows the result of curve fitting using the average method. From
the curve fit of the averaged cuttings data the onset of petroleum generation occurs at
420°C. This temperature is well below the accepted value of 435°C. For the average fit of
the core data, the onset of petroleum generation occurs around 430°C, closer to the accepted
value.
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Figure 5.9. This crossplot shows the result of curve fitting using the maximum method.
From the curve fit of the maximum cuttings data, the onset of petroleum generation occurs
at 434°C. This temperature is very close to the accepted value of 435°C. For the maximum
fit of the core data, the onset of petroleum generation occurs at 435°C, which matches the
accepted value.
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Figure 5.10. This plot shows the modeled maturities for each maturation pathway curve
fitting method. The maximum core and maximum cuttings methods match very closely at
the onset of petroleum generation and deviate slightly towards complete transformation.
The two average fit methods deviate significantly from one another as well as from the
maximum method.
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models plot very close to one another while the maximum core model reaches maturity at
slightly higher Tmax values than those two models. The results from the averaged cuttings
model are clearly not representative of the system as 50% conversion occurs at a Tmax of 429°C,
a value which is much too low given the source rock type. The maximum cuttings value,
average core value and maximum core value methods show that the Niobrara source rock

reaches 50% transformation between 438 °C and 443 °C.

Table 5.1. This shows the tabulated parameters from the average and maximum
curve fit attempts.

Method HI, HI; HI, Tmax;
Average Core 640 55 55 438
Average Cuttings 600 55 55 429
Maximum Core 700 55 55 443
Maximum Cuttings 625 55 55 440

5.3 Map-Based Exploration and Production Target Identification

In order to translate the results from cross plotting and data modeling into exploration
fairways and production targets, a map-based method is needed. The method shown here uses
indicators of hydrocarbon potential to rank areas based on exploration prospectivity. The highest
priority areas have multiple indicators in their favor while lower priority areas have fewer

indicators in their favor.
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5.3.1 Regional Trends

As noted in Chapter 4 of this work, the thermal regime in the basin appears to be a strong
control of source rock maturity. A map of geothermal gradient in the basin reveals at least three
regional features (Figure 5.11) The most prominent thermal feature is associated with the
COMB trend and Wattenberg Field. There is another, more subtle lobe of elevated thermal
gradient just south of the COMB trend in western Adams and Arapahoe counties. Finally in
southeastern El Paso county and southeastern Elbert county there are elevated thermal gradients

adjacent to a cool spot in north-central El Paso County.

On the eastern flank of the basin, shallower wells also show increased thermal gradient.
Some authors have speculated that this is due to regional scale basin-hydrodynamics (see Forster
& Merriam, 1997 for summary of the concept). While this feature is interesting and could affect
other petroleum systems within the basin, the cumulative thermal history in that area appears to

be insufficient for catagenesis of organic matter.

Map of the Tmax values from the integrated dataset show trends similar to those found in
the geothermal gradient map (Figure 5.12). Higher maturity samples are associated with the
COMB trend and the elevated Adams and Arapahoe county thermal gradients. Samples in north-
central Weld County and southeast El Paso county have slight increases in maturity that appear

to be associated with elevated thermal gradients in those areas.

The HI values within the Denver basin show more scatter than the Tmax data (Figure
5.13). Despite the scatter, the HI are lower in areas of elevated thermal gradient and higher in

areas of lower thermal gradient. This correlates well with the increased maturity values
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Figure 5.11. This map shows the thermal gradient within the Denver Basin. There are three
areas with heightened thermal gradient within the deeper reaches of the basin. These areas
all appear to trend in a southwest to northeast direction (red arrows). The elevated thermal
gradient on the eastern flank of the basin may be due to the presence of evaporates in the
stratigraphic section or a result of the movement of warm ground water from the deep

reaches of the basin (see Forster & Merriam, 1997 for summary of the concept and pertinent
references).
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Figure 5.12. In this map of regional Tmax data the darker colors indicate higher maturity.
The areas marked by red arrows show small, localized areas of increased maturity that
appear to correspond to subtle changes in thermal gradient shown in Figure 5.11.
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Figure 5.13. The map of Niobrara HI values shows generally decreased HI values
associated with increased thermal gradients in the COMB trend and western Adams and
Arapahoe counties.
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measured using Tmax. In southeast Wyoming the data show the most scatter and no discernible

trend is present

The free hydrocarbon (S1) values also show significant scatter throughout the basin,
particularly in southeast Wyoming (Figure 5.14). There are elevated values of S1 in central
Weld County, northeast Weld County, north-central weld county (i.e. the Hereford area) and in

the vicinity of Silo Field in Laramie County Wyoming.

5.3.2 Map-Based Exploration Method

Using values determined for the various stages of hydrocarbon generation (e.g. the onset
of oil maturity and petroleum expulsion) the data in these maps can be displayed in a way that
indicates exploration potential. By color coding the data to reflect the findings of earlier
crossplotting, areas of elevated maturity and elevated S1 can be correlated to define target areas

within the basin.

Figure 5.15 shows the grouping of Tmax values using the crossplot-derived indicator that
hydrocarbon generation begins at a Tmax value of 432°C-438°C while hydrocarbon expulsion

occurs above 438°C. These values are separated into “onset” and expulsion groups respectively.

Figure 5.16 shows the grouping of free hydrocarbon values based on values seen in
mature and immature source rock. These data are not strictly a measure of “anomalous” S1 but

they are meant to indicate expected or above expected quantities in the system. The S1 value,

not the normalized oil content, was used in this case because it is desirable to see migrated
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Figure 5.14. The map of S1 values shows elevated free hydrocarbon values in central Weld
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border and in the vicinity of Silo Field in Laramie county Wyoming.
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hydrocarbon which could occur in rocks with high TOC. Additionally, the over calculated TOC

values from SRA™ pyrolysis obscure the trends when using normalized oil content.

Once drawn, the polygons from the Tmax and S1 map are stacked (Figure 5.17). The
overlap of these polygons indicates exploration areas of varying importance (Table 5.1). In this
study, rocks with elevated S1 and expulsion level maturity are considered the best prospects.
Areas with onset maturity and free S1 are considered the next best prospects. The third best
prospects are those with expulsion level maturity. The fourth best prospects are those with onset
level maturity and the lowest level prospect group is those areas with only an S1 anomaly.

Polygons to reflect these groupings were drawn and are shown in Figure 5.18.

Table 5.1. The ranking system used for prospect mapping

Priority Level (Favorability) Maturity S1
1 Expulsion (Tmax > 438) Elevated
2 Expulsion (Tmax > 438) Not elevated
3 Onset (432 < Tmax > 438) Elevated
4 Onset (432 < Tmax > 438) Not elevated
5 Immature (tmax < 432) Elevated
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CHAPTER 6 REGIONAL

METHOD DISCUSSION

The regional interpretation work identified 2 targets of the highest priority level. These
targets are in western Adams and Arapahoe counties as well as central Weld County. One target
from the second priority level is shown in Weld, Adams, Arapahoe, Elbert and Douglas counties.
The bulk of this exploration target is in the GWA. It is interesting to note that this is a second
level target given the prolific production in the GWA. It is ranked as a second most favorable
target because it does not exhibit high S1 values. This is probably due to the advanced maturity

of hydrocarbon products in this trend and their susceptibility to volatilization in cuttings samples.

The area around Silo Field is listed as a third level priority target due in part to its S1
values. There is one other level three target that is identified in the extreme northern Denver

Basin along the Goshen and Platte county lines.

The rest of the areas in the Denver basin appear to be lower order exploration priorities

using the data currently available.

The high ranking exploration targets are correlated with elevated thermal gradients in the basin
(Figure 6.1). While low priority targets are associated with average and lower thermal gradients.
Given the regional trends in temperature, the southern portion of Elbert County may be

prospective for a third or fourth level exploration target; however, there are not data in that area.
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Figure 6.1. The map of exploration target rank and thermal gradient shows a strong
correlation between thermal gradient and target prospectivity.
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A comparison of the exploration targets with existing production in the basin shows that
most of the producing wells are contained within the level one and level 2 prospect zones (Figure
6.2). Comparing the prospect zones, oil producers, and data distribution indicates that this

method may do a better job if more data were available (Figure 6.3)

96



Converse Dawes

X Cherry
. Sioux Sheridan

Box Butte
A Platte ahen )
a

Grant Hooker
| Scotts Bluff
Albany Vv‘yo_l'l_'l_l]_]g Morrill Garden
e [y Arthur
fawe Nebraska
La% °
L ET o° Kimball Cheyenne Keith
Deuel Lindoln

Sedgwick I Perkins
AR Logan

Phillips Chase Hhyes
Morgan
& ) Dundy
Washington Yuma
o Cheyenne
°
Sherman
a Kit Carson
/
I
Ak Colorado
/
r Lincoln
el El Paso chd Target Type
| S1 Only
| 9 _—l Marginal Tmax
Fremont Kiow
Marginal Tmax +S1
Crowley
Pueblo @ Good Tmax
@ Good Tmax +S1
Bent . .
Saguache Otero ° Niobrara Oil Wells
=== Comb_Axis
Huerfano -
Study Area
Las Animas Y

100 Miles
]

Figure 6.2. A map of the existing Niobrara production and exploration targets reveals that

most existing production is contained within the level one and level 2 prospect zones. The
outlier oil wells may be due to migrated oil
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Figure 6.3. The sparse data south and east and north and west of the COMB trend may lead
to the mismatch between prospect rank and oil production in these areas.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

From the experiments conducted in this thesis it appears that the SRA™ provides very
repeatable results for S2 and Tmax values. The S1 values show more scatter with the S3 value
being the least reliable of the measured parameters. The calculated parameters from the machine
reflect the variability present in the measured parameters. SRA ™ Tmax and S2 values show
very good correlation with the same values measured on Rock-Eval™ II. The other parameters
(S1 & S3), show varying degrees of scatter but still correlate overall. Calculated TOC values
from the SRA™ over represent the TOC when compared to LECO™ TOC analysis. From
calculations conducted, this appears to be, in part, due to a greater incorporation of free
hydrocarbons into the calculated TOC than occurs in the LECO™ analysis. The excess of TOC

measured by the machine leads to lower HI values for the samples analyzed on the SRA™,

Data from the two instruments can be combined and used in regional data studies but
with the caveat that the trends will be similar but the absolute values may not be. Care should be
taken to understand data provenance in order to make the most meaningful regional

interpretations from disparate datasets.

The regional assessment of the Niobrara source rock reveals that the primary kerogen
type in the Niobrara is Type II. While some of the data indicate that there is a type III input, the
lack of vitrinite and liptinite macerals in organic petrography data suggests that terrestrial
material is a minor constituent. The maximum HI value for the Niobrara in this study is 712 mg
HC per g TOC and the maximum OI was 298 mg CO; per g TOC. Most of the OI data available
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was below 50 mg CO; per g TOC. Within the error of the measurement, this indicates the

presence of type Il organic matter.

The data indicate that petroleum generation begins between 432°C and 438°C. This is
evidenced by increasing normalized oil content and decreasing HI values associated with these
Tmax values. It also appears, from normalized oil content data, that hydrocarbon expulsion from

Niobrara source beds begins at 438°C.

Transformation ratios modeled using a best fit of the maturation pathway given by the
crossplot HI vs Tmax, indicate the oil expulsion in the Niobrara coincides with transformation
moving between 25 and 30% of the total kerogen. The result agrees with work conducted by

Momper (1980).

By mapping the crossplot assessed parameters (S1 and Tmax) that signify the onset of
hydrocarbon generation, the onset of hydrocarbon expulsion, and the presence of free
hydrocarbons, it is possible to translate source rock properties from regional datasets into
mappable regions. In this study those mappable regions are stacked and divided into five levels
based on their favorability. Level one prospects are the most favorable while level five targets

are the least favorable.

Using this method, it was found that most of the current oil and gas production in the
Niobrara coincides with the top two levels of prospect favorability. There are several areas
where oil and gas production coincides with lower levels of favorability and these are potential

areas for further exploration due to the significant leaseholds already established in the Niobrara.

From the data presented here, regional maturity assessment and prospect delineation

using regional trends and large compiled datasets does a very good job delineating effective
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source rock. While an effective source is not the only factor in a productive well, it must be
nearby in order for any reservoir to contain petroleum in the low porosity and low permeability
systems exploited today. The presence of a favorable structural history could easily upgrade a
lower priority target to a higher priority level. This would certainly be the case for a location

like Silo Field.
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CHAPTER 8

FUTURE WORK

Despite the use of programmed pyrolysis for over 35 years there are issues that persist
using this analytical technique. While it appears, from the data here, that drops in HI correlate to
an increase and normalized oil content and thus signify the onset of oil generation, many
petroleum geochemists have noted that the HI vs H/C plot does not always show the same
feature (Dolan, 2010 personal communication, Baskin, 1999 Lewan et al., 2001). This has
serious implication for the use of the HI vs. Tmax maturity pathway featured in this work. If
drops in HI do not always correspond to an increase in oil generation, the selection of Tmax
values for the onset of hydrocarbon generation becomes ambiguous. In order to address this
issue there needs to be a large scale effort to assess HI and H/C ratio of many source rocks to

search for correlations.

As the Niobrara play develops it will be important to correlate initial production and
cumulative production with the methods shown here. It is expected that cumulative production
will be higher for better prospect locations but that initial production data may be similar across

several favorability levels.

To further delineate the regional trends seen in thermal gradient maps, more data is
needed in the southern Denver Basin. With several companies purchasing acreage and planning
wells in Douglas and El Paso counties, this data should be available for integration into the

regional picture very soon.
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Table A-1. Data from the comparison of Rock-Eval and SRA.

‘Well Information SRA Data
CRC Lib. cTemp
API Lat Long Well Name No. Depth  [Formation Weight | vITPH(S1) pTPH(S2) (Tmax) | tTemp S3 TOC | HI |OI| PI | S1/TOC
HC per HC per N N CO; per
me ngocll:e ¢ ngocll:e ¢ ¢ ¢ " Rocll() £ e

49009207870000 43.43276[ -105.87531{1 Anteleope State CZ11865 13480[Mowry 66.3 0.69 0.96 459.3 498.3 0.65 1.81] 53| 36| 0.42 38
49009207870000 43.43276| -105.87531[1 Anteleope State CZ11865 13510|Mowry 66 0.62 0.77 456.8 495.8 0.59 2.17] 35| 27] 045 29|
49009207870000 43.43276) -105.87531|1 Anteleope State CZ11865 13540|Mowry 65.3 1.09 1.97 463.5 502.5 0.36 291] 68/ 12| 0.36 37,
49009207870000 43.43276 -105.87531[1 Anteleope State CZ11865 13570[Mowry 66.3 1.02 1.26 458 497 067 3.8 40[ 21 o045 32
49009207870000 43.43276) -105.87531[1 Anteleope State CZ11865 13600|Mowry 66.7 0.74 1.13 464 503 0.52 2.48| 46/ 21 0.4 30|
49009207870000 43.43276 -105.87531[1 Anteleope State CZ11865 13640[Mowry 65.1 0.86 1.21 461.4 500.4 0.41 237 51| 18] 042 36
49009207870000 43.43276| -105.87531[1 Anteleope State CZ11865 13690|Mowry 65.3 0.43 0.74 458.7 497.7 0.58 1.51] 49| 38] 0.37 29|
49009213750000 43.43699] -105.75113[16-1 Moore-State 713248 12730[Mowry 65.8 0.65 0.94 459.6 498.6 0.44 1.56] 60[ 28] 0.41 42
49009213750000 43.43699| -105.75113[16-1 Moore-State CZ13248 12730|Mowry 67.2 0.74 0.93 459.8 498.8 0.43 1.55 60 27| 0.44 48
49009213750000 43.43699| -105.75113[16-1 Moore-State CZ13248 12760|Mowry 66.1 0.45 0.64 454.3 493.3 0.44 1.3] 49 34| 041 34
49009213750000 43.43699| -105.75113[16-1 Moore-State CZ13248 12790|Mowry 65.6 0.51 0.66 463 502 0.36 1.2] 55] 30] 0.44 43
49009213750000 43.43699] -105.75113[16-1 Moore-State 713248 12830|Mowry 66.1 0.66 1 459.7 498.7 0.37 1.64] 61| 23] 04 40)
49009213750000 43.43699( -105.75113]|16-1 Moore-State CZ13248 12860|Mowry 64.8 0.59 0.86 466.7 505.7 0.33 1.64] 53] 20 0.4 36)
49009213750000 43.43699| -105.75113[16-1 Moore-State CZ13248 12890|Mowry 67 0.52 0.78 460.9 499.9 0.52 1.68] 46 31 0.4 31
49009225520000 43.43335[ -105.63241]1-16 State CZ17707 12210|Mowry 66.1 0.83 1.21 458.1 497.1 0.75 2.32| 52 32| 041 36)
49009225520000 43.43335] -105.63241{1-16 State CZ17707 12240|Mowry 66.9 1.13 1.6 467.2 506.2 0.68 2.97| 54 23] 0.41 38|
49009225520000 43.43335) -105.63241[1-16 State CZ17707 12270[Mowry 65.4 12 1.55 468.2 507.2 0.88]  3.33] 47 27 o044 36
49009225520000 43.43335] -105.63241{1-16 State CZ17707 12300|Mowry 65.8 1.33 1.5 466.7 505.7 0.69 3.18] 47| 22| 047 42
49009225520000 43.43335| -105.63241|1-16 State CZ17707 12950[Mowry 66.3 1.5 2.52 453.2 492.2 07 272] 92| 26] 037 55
49009225520000 43.43335] -105.63241{1-16 State CZ17707 12360|Mowry 66.9 0.6 0.99 465.2 504.2 0.64 1.76] 56 37| 0.38 34
49009225520000 43.43335| -105.63241|1-16 State CZ17707 12390[Mowry 64.2 0.38 0.67 479.5 518.5 0.85 L1 61 78] 036 35
49009201330000 43.45178[ -105.11643|1 Antelope Federal CZ08896 9380]|Mowry 65.6 0.29 1.2 434.5 473.5 1.75 1.48] 81] 118 0.2 20)
49009201330000 43.45178| -105.11643|1 Antelope Federal CZ08896 9440|Mowry 64.1 0.26 0.77 436.7 475.7 1.24] 1.68] 46| 74| 0.26 16
49009201330000 43.45178[ -105.11643|1 Antelope Federal CZ08896 9470|Mowry 64.3 0.33 1.45 436.6 475.6 1.43 1.79] 81| 80] 0.19 19|
49009201330000 43.45178| -105.11643|1 Antelope Federal CZ08896 9500|Mowry 64.3 0.42 2.36 440.1 479.1 1.14 1.88] 125| 60| 0.15 22|
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Table A-1. Data from the comparison of Rock-Eval and SRA continued.

Well Information

Rock-Eval 2 Data

CRC Lib.
API Lat Long Well Name No. Depth  |Formation S1 S2 S3 Tmax [ TOC | HI |OI| PI [S1/TOC|% Carb
mg HC per g mg HC per g mg CO; perg . .
Rock Rock Rock
49009207870000 | 43.43276 -105.87531|1 Anteleope State CZ11865 13480]Mowry 0.64 1.08 0.16 454 1.26) 86| 13] 0.37 51 5.55
49009207870000 | 43.43276] -105.87531{1 Anteleope State CZ11865 13510]Mowry 0.79 0.85 0.18 452 1.57) 54] 11] 0.48 50 4.17
49009207870000 | 43.43276 -105.87531|1 Anteleope State CZ11865 13540|Mowry 1.66 2.49 0.17 455 254 98] 7 0.4 65 3.7
49009207870000 | 43.43276 -105.87531|1 Anteleope State CZ11865 13570{Mowry 1.54 1.52 0.29 453 297 51] 10 0.5 52 5.02
49009207870000 | 43.43276| -105.87531(1 Anteleope State CZ11865 13600|Mowry 1.15 1.32 0.2 453 2,121 62| 9| 047 54 5.63
49009207870000 | 43.43276 -105.87531|1 Anteleope State CZ11865 13640|Mowry 1.25 1.44 0.19 453 1.73[ 83| 11| 046 72 6.07
49009207870000 | 43.43276[ -105.87531|1 Anteleope State CZ11865 13690]|Mowry 0.5 0.81 0.17 454 093] 87| 18 0.38 54 6.1
49009213750000 | 43.43699| -105.75113[16-1 Moore- State CZ13248 12730]|Mowry 0.71 0.85 0.23 455 098] 87| 23| 0.46 72 8.83
49009213750000 | 43.43699 -105.75113|16-1 Moore-State CZ13248 12730]Mowry 0.71 0.85 0.23 455 098] 87| 23| 046 72 8.83
49009213750000 | 43.43699| -105.75113[16-1 Moore- State CZ13248 12760]|Mowry 0.5 0.69 0.25 448 0.88] 78| 28| 0.42 57 6.57
49009213750000 | 43.43699| -105.75113[16-1 Moore- State CZ13248 12790]|Mowry 0.54 0.78 0.18 455 0.79] 99] 23] 041 68 8.05
49009213750000 | 43.43699( -105.75113|16-1 Moore-State CZ13248 12830]|Mowry 0.75 0.94 0.26 450 1.17[ 80| 22| 0.44 64 7.21
49009213750000 | 43.43699| -105.75113[16-1 Moore- State CZ13248 12860]|Mowry 0.75 0.86 0.17 452 1.19] 72) 14] 047 63 6.19
49009213750000 | 43.43699] -105.75113[16-1 Moore- State CZ13248 12890|Mowry 0.62 0.85 0.24] 452 1.14) 75| 21] 0.42 54 7.76
49009225520000 | 43.43335] -105.63241{1-16 State CZ17707 12210]|Mowry 1.02 1.07 0.21 459 1.82) 59| 12| 0.49 56 5.08
49009225520000 | 43.43335] -105.63241{1-16 State CZ17707 12240]Mowry 1.39 1.55 0.2 458 24| 65 8| 047 58 6.03
49009225520000 | 43.43335| -105.63241{1-16 State CZ17707 12270]|Mowry 1.51 1.44 0.23 458 2.84 51 8| 0.51 53 9.37
49009225520000 | 43.43335] -105.63241{1-16 State CZ17707 12300]Mowry 1.68 1.46 0.23 455 2.73] 53 8| 0.54 62 7.29
49009225520000 | 43.43335] -105.63241{1-16 State CZ17707 12950]Mowry 3.24 2.99 0.32 449 2.4 125 13] 0.52 135 6.38
49009225520000 | 43.43335[ -105.63241|1-16 State CZ17707 12360]|Mowry 0.65 0.61 0.23 460 1.12[ 54| 21| 052 58 6.9
49009225520000 | 43.43335] -105.63241{1-16 State CZ17707 12390|Mowry 0.28 0.45 0.15 463 0.73] 62| 21| 0.38 38 6.59
49009201330000 | 43.45178] -105.11643|1 Antelope Federal CZ08896 9380]|Mowry 0.21 0.88 0.53 436 098] 90| 54| 0.19 21 9.43
49009201330000 | 43.45178| -105.11643|1 Antelope Federal CZ08896 9440]|Mowry 0.22 0.63 0.57 437 1.29[ 49| 44| 0.26 17 10.5
49009201330000 | 43.45178| -105.11643|1 Antelope Federal CZ08896 9470{Mowry 0.25 1.28 0.54] 437 1.21] 106] 45| 0.16 21 10.93
49009201330000 | 43.45178| -105.11643|1 Antelope Federal CZ08896 9500|Mowry 0.37 2.5 0.38 438 1.35| 185 28| 0.13 27 9.77
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Table A-1. Data from the comparison of Rock-Eval and SRA continued.

Well Information SRA Data
CRC Lib. cTemp
API Lat Long Well Name No. Depth  |Formation Weight | vIPH(S1) pTPH(S2) | (Tmax) | tTemp S3 TOC |HI|[OI| PI | S1/TOC
HC per HC per N N CO, per
me ngocll: ’ ngocllZe ¢ ¢ ¢ " Rocll() £ |

49009200810000 43.42677| -105.3833|1 Dilts Federal CZ07419 11070|Mowry 65.5 0.33 1.07 437.3 476.3 1.11 1.74] 62| 64| 0.24 19
49009200810000 43.42677| -105.3833|1 Dilts Federal CZ07419 11100{Mowry 64.8 0.32 1.02 442.6 481.6 1.33 1.57| 64] 84| 0.24 20
49009200810000 43.42677| -105.3833|1 Dilts Federal CZ07419 11130[Mowry 64.7 0.42 1.33 449.3 488.3 1.08 1.91] 69| 56| 0.24 22
49009200810000 43.42677[ -105.3833|1 Dilts Federal CZ07419 11160{Mowry 65.9 0.34] 1.21 446.5 485.5 1.15 171 71] 67] 022 20
49009200810000 43.42677| -105.3833|1 Dilts Federal CZ07419 11190|Mowry 65.5 0.7 1.83 450.9 489.9 0.8 2.22| 82 36|/ 0.28 31
49009200810000 43.42677| -105.3833|1 Dilts Federal CZ07419 11250|Mowry 65.6 0.41 0.94 441.3 480.3 0.85 1.73] 54| 49 0.3 24
49009200810000 43.42677| -105.3833|1 Dilts Federal CZ07419 11280(Mowry 64.8 0.48 1.54 449.9 488.9 0.64 1.84] 84| 35| 0.24 26
49009222730000 43.46699] -105.94625|1 Moore Unit CZ17032 13440|Mowry 64.5 0.65 1.02 460.9 499.9 0.42 1.39] 74| 31] 0.39 47
49009222730000 43.46699] -105.94625|1 Moore Unit CZ17032 13470 Mowry 66.7 0.76 1.27 465.4 504.4 0.36 1.75] 73| 21| 0.37 44
49009222730000 43.46699| -105.94625|1 Moore Unit CZ17032 13470|Mowry 65.1 0.76 1.3 459 498 0.48 1.73] 75| 28] 0.37 44
49009222730000 43.46699| -105.94625|1 Moore Unit CZ17032 13500{Mowry 64.7 0.75 1.58 462.1 501.1 0.48 1.94| 81] 24| 0.32 39
49009222730000 43.46699| -105.94625|1 Moore Unit CZ17032 13530[Mowry 64.4 1.05 1.91 463.7 502.7 0.37 2.65| 72| 14| 0.36 40
49009222730000 43.46699| -105.94625|1 Moore Unit CZ17032 13560{Mowry 64.4 1.11 2.17 458.8 497.8 0.32 2.87| 76| 11] 0.34 39
49009222730000 43.46699| -105.94625|1 Moore Unit CZ17032 13590 Mowry 67.7 1.12 2.05 461.5 500.5 0.32 2.86| 72| 11| 0.35 39
49009222730000 43.46699] -105.94625|1 Moore Unit CZ17032 13620|Mowry 67.9 1.03 1.79 458.1 497.1 0.31 2.57) 69 12| 0.37 40
49009222730000 43.46699| -105.94625|1 Moore Unit CZ17032 13650 Mowry 63.9 0.7 0.98 456.3 495.3 0.26 1.52] 64 17| 042 46
49009225760000 43.30993| -105.93866|42-35 WC Fee CZ17551 13210[Mowry 65.8 0.38 0.99 444.8 483.8 0.95 1.29] 76| 73| 0.28 29
49009225760000 43.30993| -105.93866|42-35 WC Fee CZ17551 13240(Mowry 64.2 0.43 1.09 451.3 490.3 0.65 1.43] 77| 46| 0.28 30
49009225760000 43.30993| -105.93866|42-35 WC Fee CZ17551 13290 Mowry 64.4 0.53 1.22 460.4 499.4 0.61 2.1] S8 29 0.3 25
49009225760000 43.30993[ -105.93866[42-35 WC Fee CZ17551 13320{Mowry 65.6 0.48 0.98 461.7 500.7 0.59] 2.14| 46| 28] 0.33 23
49009224120000 43.25036] -105.92615|1 Snake Charmer Draw CZ17206 13490 Mowry 64.9 0.5 1.19 438 477 0.71 1.39] 85 51 0.3 36
49009224120000 43.25036[ -105.92615|1 Snake Charmer Draw CZ17206 13520{Mowry 64.1 0.62 1.29 450.1 489.1 0.78 1.82| 70| 43] 0.32 34
49009224120000 43.25036] -105.92615|1 Snake Charmer Draw CZ17206 13570 Mowry 65.7 0.63 1.5 450.2 489.2 0.61 231 65| 27 0.3 28
49009215110000 43.35759[ -105.62725|5 State 31-16 CZ13762 12520{Mowry 64.1 0.64] 1.05 454 493 1.06] 1.69] 62] 62| 0.38 38
49009215110000 43.35759] -105.62725|5 State 31-16 CZ13762 12550 Mowry 64.1 0.62 1.08 466.9 505.9 0.73 1.85] 59 39| 0.36 34
49009215110000 43.35759] -105.62725|5 State 31-16 CZ13762 12580|Mowry 68.4 0.77 1.5 466.6 505.6 0.55 224| 67| 24| 0.34 34
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Table A-1. Data from the comparison of Rock-Eval and SRA continued.

Well Information

Rock-Eval 2 Data

CRC Lib.
API Lat Long Well Name No. Depth  |Formation S1 S2 S3 Tmax | TOC [HI [OI| PI [S1/TOC|% Carb
mg HC per g mg HC per g mg CO; perg o o
Rock Rock Rock
49009200810000 | 43.42677| -105.3833|1 Dilts Federal CZ07419 11070{Mowry 0.25 0.9 0.36 436 1.26] 71| 29| 022 20 8.9
49009200810000 | 43.42677| -105.3833(1 Dilts Federal CZ07419 11100{Mowry 0.24 1 0.35 443 1.19[ 84| 29| 0.19 20 9.39
49009200810000 | 43.42677| -105.3833|1 Dilts Federal CZ07419 11130{Mowry 0.35 1.11 0.3 444 1.37[ 81| 22 024 26 7.55
49009200810000 | 43.42677| -105.3833|1 Dilts Federal CZ07419 11160|{Mowry 0.28 1.22 0.37 442 1.22( 100] 30} 0.19 23 7.78
49009200810000 | 43.42677| -105.3833(1 Dilts Federal CZ07419 11190|{Mowry 0.8 2.09 0.46 444 1.8[ 116] 26| 0.28 44 6.9
49009200810000 | 43.42677| -105.3833|1 Dilts Federal CZ07419 11250{Mowry 0.33 0.69 0.47 442 1.2) 58] 39] 0.32 28 8.32
49009200810000 | 43.42677| -105.3833|1 Dilts Federal CZ07419 11280{Mowry 0.44 1.65 0.31 443 1.39[ 119] 22] 0.21 32 7.42
49009222730000 | 43.46699 -105.94625[1 Moore Unit CZ17032 13440|Mowry 0.43 0.83 0.15 452 092 90| 16| 0.34 47 10.68
49009222730000 | 43.46699 -105.94625|1 Moore Unit CZ17032 13470|Mowry 0.73 1.15 0.12 452 1.5 771 8] 0.39 49 4.89
49009222730000 | 43.46699| -105.94625[1 Moore Unit CZ17032 13470|Mowry 0.73 1.15 0.12 452 15| 771 8 039 49 4.89
49009222730000 | 43.46699| -105.94625[1 Moore Unit CZ17032 13500{Mowry 0.83 1.74 0.17 451 1.62[ 107] 10] 0.32 51 6.1
49009222730000 | 43.46699 -105.94625|1 Moore Unit CZ17032 13530{Mowry 1.18 243 0.14 453 2.37) 103] 6] 0.33 50 4.87
49009222730000 | 43.46699| -105.94625[1 Moore Unit CZ17032 13560|{Mowry 1.27 2.5 0.17 452 26| 96| 71 034 49 4.52
49009222730000 | 43.46699 -105.94625[1 Moore Unit CZ17032 13590|{Mowry 1.26 223 0.22 453 2.86] 78 8] 0.36 44 6.75
49009222730000 | 43.46699 -105.94625|1 Moore Unit CZ17032 13620|Mowry 0.97 1.62 0.25 454 231 70 111 0.37 42 5.13
49009222730000 | 43.46699| -105.94625[1 Moore Unit CZ17032 13650|Mowry 0.45 0.71 0.27 451 1.12[ 63| 24 039 40 8.99]
49009225760000 | 43.30993 -105.93866[42-35 WC Fee CZ17551 13210{Mowry 0.34 0.76 0.32 450 099 77| 32| 031 34 7.74
49009225760000 | 43.30993| -105.93866(42-35 WC Fee CZ17551 13240|Mowry 0.34 0.92 0.15 444 1.04] 88| 14/ 0.27 33 6.48
49009225760000 | 43.30993[ -105.93866[42-35 WC Fee CZ17551 13290|Mowry 0.45 1.15 0.2 450 1.58[ 73] 13] 0.28 28 5.59
49009225760000 | 43.30993( -105.93866[42-35 WC Fee CZ17551 13320|Mowry 0.4 0.95 0.21 450 1.77) 54] 12 0.3 23 5.73
49009224120000 | 43.25036[ -105.92615|1 Snake Charmer Draw CZ17206 13490|Mowry 0.17 0.76 0.21 443 0.87[ 87| 24| 0.18 20 9.07
49009224120000 | 43.25036| -105.92615[1 Snake Charmer Draw CZ17206 13520{Mowry 0.37 1.18 0.2 445 1.33 89| 15| 0.24 28 6.62
49009224120000 | 43.25036[ -105.92615|1 Snake Charmer Draw CZ17206 13570|Mowry 0.61 2.28 0.24 446 1.77( 129] 14] 021 34 10.93
49009215110000 | 43.35759 -105.62725|5 State 31-16 CZ13762 12520|Mowry 0.36 0.77 0.22 450 1.12)  69] 20] 0.32 32 10.38]
49009215110000 | 43.35759 -105.62725|5 State 31-16 CZ13762 12550|{Mowry 0.48 1.04 0.11 455 1.33[ 78 8 032 36 7.89)
49009215110000 | 43.35759| -105.62725|5 State 31-16 CZ13762 12580|Mowry 0.79 1.42 0.12 454 178 80| 7] 0.36 44 7.51
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Table A-1. Data from the comparison of Rock-Eval and SRA continued.

Well Information SRA Data
CRC Lib. cTemp
API Lat Long Well Name No. Depth  |Formation Weight | vIPH(S1) pTPH(S2) | (Tmax) | tTemp S3 TOC |HI|[OI| PI | S1/TOC
HC per HC per N N CO, per
me ngocll: ’ ngocllZe ¢ ¢ ¢ " Rocll() £ |

49009200840000 43.28221| -105.59812|1 Hartley-Federal CZ09411 12580(Mowry 66 0.84 1.73 448.4 487.4 0.8 1.86] 93| 43| 0.33 45
49009200840000 43.28221| -105.59812|1 Hartley-Federal CZ09411 12610{Mowry 64.8 0.67 1.35 453.1 492.1 1.23 1.68) 80] 73] 0.33 40)
49009200840000 43.28221| -105.59812|1 Hartley-Federal CZ09411 12640(Mowry 64.5 0.74 1.39 458.6 497.6 0.7 2.14| 65| 33| 0.35 35
49009222770000 43.21003f -105.58804(32-2 EPB Federal LL&E CZ17005 12830{Mowry 64.8 1.9 3.07 4533 492.3 0.81 2.53 121] 32| 0.38 75
49009222770000 43.21003| -105.58804/|32-2 EPB Federal LL&E CZ17005 12860|Mowry 64.9 1.75 3.02 451.6 490.6 0.56 2.36| 128 24| 0.37 74
49009222770000 43.21003] -105.58804|32-2 EPB Federal LL&E CZ17005 12890(Mowry 65.2 1.7 2.87 453.3 492.3 0.57 2.56) 112 22| 0.37 66
49009225530000 43.16134| -105.63338|23-21 State CZ17532 13270(Mowry 64.5 1.17 2 450.6 489.6 0.57 1.96] 102 29| 0.37 60
49009225530000 43.16134{ -105.63338|23-21 State CZ17532 13300|Mowry 64.8 1.08 1.95 451.7 490.7 0.54 2.08) 94 26| 0.36 52|
49009225530000 43.16134f -105.63338|23-21 State CZ17532 13330(Mowry 65.4 0.91 1.79 452.7 491.7 0.46 2.05| 87[ 23] 0.34 45
49009225530000 43.16134] -105.63338|23-21 State CZ17532 13330[Mowry 66.5 0.92 1.79 453.3 492.3 0.54 2.07| 86| 26/ 0.34 45
49009200710000 43.38312[ -105.12165|1 Govt Wolf CZ07366 9760{Mowry 65.3 0.93 2.77 441.8 480.8 0.75 2.11f 131] 36] 0.25 44
49009200710000 43.38312| -105.12165|1 Govt Wolf CZ07366 9790 Mowry 64.1 0.69 1.99 439 478 0.85 2.14] 93] 40/ 0.26 32
49009200710000 43.38312[ -105.12165|1 Govt Wolf CZ07366 9820|Mowry 66.2 0.53 2.17 438 477 1.28 2.17{ 100] 59 0.2 24
49009200710000 43.38312| -105.12165|1 Govt Wolf CZ07366 9850/ Mowry 65.4 0.42 0.93 443.6 482.6 1.23 2.08] 45| 59| 0.31 20
49009223820000 43.36107| -105.09559|1 Lake Creek-Federal A CZ11025 9710{Mowry 64.7 1.29 291 440.2 479.2 0.6 2.17) 134 27] 0.31 59)
49009223820000 43.36107| -105.09559|1 Lake Creek-Federal A CZ11025 9740(Mowry 64.9 1.51 3.02 440.1 479.1 0.79 2.12| 142 37] 0.33 71
49009223820000 43.36107] -105.09559|1 Lake Creek-Federal A CZ11025 9770|Mowry 64.2 1.3 3.38 438.5 477.5 0.66 2.32) 145 28] 0.28 56)
49009223820000 43.36107| -105.09559|1 Lake Creek-Federal A CZ11025 9800(Mowry 64.9 1.26 3 441.3 480.3 0.66 2.19] 137( 30 0.3 58|
49009222930000 43.24563| -105.08571|1 Koerner Federal CZ16814 10200]|Mowry 63.7 1.25 2.64 437.8 476.8 0.61 1.93] 137[ 32| 0.32 65
49009222930000 43.24563| -105.08571|1 Koerner Federal CZ16814 10230{Mowry 66.8 1.44] 2.54 441.9 480.9 0.64] 1.96] 130] 33] 0.36 74
49009222930000 43.24563| -105.08571|1 Koerner Federal CZ16814 10260[Mowry 63 0.76 2.13 445.1 484.1 0.62 2.02| 105 31| 0.26 38
49009222930000 43.24563| -105.08571|1 Koerner Federal CZ16814 10290{Mowry 65.4 1.33 2.76 444.6 483.6 0.89] 2.24 123] 40| 0.33 60
49009202660000 43.10184] -105.1542|1 State 28 Pre CZ09633 10160[Mowry 64 1.31 2 443.7 482.7 1.21 2.19] 91| 55 0.4 60)
49009202660000 43.10184 -105.1542|1 State 28 Pre CZ09633 10190{Mowry 65.8 0.96] 1.38 444.6 483.6 1.26] 222 62| 57] 041 43
49009202660000 43.10184 -105.1542|1 State 28 Pre CZ09633 10220{Mowry 65.9 1.24] 2.52 448.4 487.4 0.99] 231 109] 43] 0.33 54
49009202660000 43.10184] -105.1542|1 State 28 Pre CZ09633 10250|Mowry 64.3 1.05 2.06 448.9 487.9 1.05 2.28| 90[ 46| 0.34 46
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Table A-1. Data from the comparison of Rock-Eval and SRA continued.

Well Information Rock-Eval 2 Data
CRC Lib.
API Lat Long Well Name No. Depth  |Formation S1 S2 S3 Tmax | TOC [ HI|OI| PI |[S1/TOC|% Carb
mg HC per g mg HC perg mg CO; perg o o
Rock Rock Rock
49009200840000 | 43.28221| -105.59812|1 Hartley-Federal CZ09411 12580|Mowry 0.61 1.5 0.21 448 1.22] 123] 17| 0.29 50 7.89
49009200840000 | 43.28221] -105.59812(1 Hartley-Federal CZ09411 12610|Mowry 0.6 1.44] 0.28 447 1.11] 130] 25| 0.29 54 7.67
49009200840000 | 43.28221| -105.59812|1 Hartley-Federal CZ09411 12640|Mowry 0.72 1.68 0.24 447 1.52| 111] 16 0.3 47 7.89)
49009222770000 | 43.21003| -105.58804|32-2 EPB Federal LL&E CZ17005 12830|Mowry 3.4 3.12 0.34 449 1.93] 162] 18] 0.52 176 5.63
49009222770000 | 43.21003| -105.58804(32-2 EPB Federal LL&E CZ17005 12860|Mowry 1.5 2.34] 0.15 449 1.53] 153] 10| 0.39 98 5.75
49009222770000 | 43.21003| -105.58804|32-2 EPB Federal LL&E CZ17005 12890|Mowry 1.47 2.57 0.2 450 1.73] 149] 12[ 0.36 85 5.58
49009225530000 | 43.16134| -105.63338(23-21 State CZ17532 13270|Mowry 0.74] 1.71 0.15 446 1.22] 140] 12 0.3 61 6.79
49009225530000 | 43.16134] -105.63338(23-21 State CZ17532 13300|Mowry 0.95 1.99 0.17 448 1.35] 147] 13| 0.32 70 4.74]
49009225530000 | 43.16134| -105.63338(23-21 State CZ17532 13330]|Mowry 0.84 2.13 0.19 449 1.43] 149] 13| 0.28 59 5.02
49009225530000 | 43.16134| -105.63338(23-21 State CZ17532 13330|Mowry 0.84] 2.13 0.19 449 1.43] 149] 13| 0.28 59 5.02
49009200710000 | 43.38312| -105.12165[1 Govt Wolf CZ07366 9760|Mowry 0.55 2.38 0.27 439 1.38) 172] 20| 0.19 40 6.86
49009200710000 | 43.38312| -105.12165|1 Govt Wolf CZ07366 9790|Mowry 0.33 1.69 0.32 438 1.38] 122) 23] 0.16 24 6.2
49009200710000 | 43.38312| -105.12165|1 Govt Wolf CZ07366 9820|Mowry 0.3 1.76 0.34 438 1.42] 124] 24| 0.15 21 6.93
49009200710000 | 43.38312| -105.12165[1 Govt Wolf CZ07366 9850|Mowry 0.3 0.79 0.47 440 1.46] 54| 32| 0.28 21 6.73
49009223820000 | 43.36107| -105.09559|1 Lake Creek-Federal A CZ11025 9710{Mowry 0.96 2.99 0.21 437 1.41] 212) 15] 0.24 68 7.04
49009223820000 | 43.36107| -105.09559|1 Lake Creek-Federal A CZ11025 9740|Mowry 0.72 2.54] 0.3 437 1.32) 192] 23] 0.22 55 7.64
49009223820000 | 43.36107] -105.09559(1 Lake Creek-Federal A CZ11025 9770|Mowry 1.15 3.54] 0.38 436 1.63] 217 23] 0.25 71 8.41
49009223820000 | 43.36107| -105.095591 Lake Creek-Federal A CZ11025 9800|Mowry 0.92 2.72 0.3 438 1.55| 175] 19] 0.25 59 6.23
49009222930000 | 43.24563| -105.08571|1 Koerner Federal CZ16814 10200{Mowry 0.62 2.23 0.27 438 1.22) 183] 22| 0.22 51 9.18
49009222930000 | 43.24563] -105.08571{1 Koerner Federal CZ16814 10230|Mowry 0.89 2.5 0.42 440 1.28] 195 33] 0.26 70 6.53
49009222930000 | 43.24563| -105.08571|1 Koerner Federal CZ16814 10260]|Mowry 0.43 2.01 0.29 438 1.32] 152] 22| 0.18 33 6.09
49009222930000 | 43.24563| -105.08571|1 Koerner Federal CZ16814 10290|Mowry 0.61 2.25 0.24 441 1.42) 158] 17| 0.21 43 7.44
49009202660000 | 43.10184] -105.1542(1 State 28 Pre CZ09633 10160|Mowry 0.41 1.29 0.43 441 1.31] 98] 33] 0.24 31 8.27
49009202660000 | 43.10184| -105.1542|1 State 28 Pre CZ09633 10190|Mowry 0.39 0.87 0.39 440 1.42| 61] 27 031 27 8.51
49009202660000 | 43.10184] -105.1542(1 State 28 Pre CZ09633 10220|Mowry 0.52 2 0.29 441 1.39] 144] 21| 0.21 37 8.51
49009202660000 | 43.10184| -105.1542(1 State 28 Pre CZ09633 10250|Mowry 0.67 1.83 0.2 441 1.38] 133] 14| 0.27 49 8.91
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Table A-1. Data from the comparison of Rock-Eval and SRA continued.

Well Information SRA Data
CRC Lib. cTemp
API Lat Long Well Name No. Depth  |Formation Weight | vIPH(S1) pTPH(S2) | (Tmax) | tTemp S3 TOC |HI|[OI| PI | S1/TOC
HC per HC per N N CO, per
me ngocll: ’ ngocllZe ¢ ¢ ¢ " Rocll() £ |

49009218940000 43.0001{ -105.60159|1 Purple Sage Federal CZ15630 12360(Niobrara 66.6 0.95 2.2 439.8 478.8 1.38 2.83] 78| 49 0.3 33
49009218940000 43.0001f -105.60159(1 Purple Sage Federal CZ15630 12520(Niobrara 65.9 2.22 5.67 443.6 482.6 0.71 3.57) 159] 20] 0.28 62
49009218940000 43.0001f -105.60159|1 Purple Sage Federal CZ15630 12560(Niobrara 66.2 1.87 3.9 442.5 481.5 1.09 3.46( 113[ 32| 0.32 54
49025213030000 43.20378 -106.14951|1 Sage Spring Creek Federal |CZ03569 4670|Niobrara 65.5 0.74] 2.35 428.8 467.8 0.88 2.05] 115] 43] 0.24 36
49025213030000 43.20378| -106.14951|1 Sage Spring Creek Federal [CZ03569 4890(Niobrara 65.7 0.93 2.71 430.4 469.4] 1.32 2.18| 124 60] 0.26 43
49025213030000 43.20378| -106.14951]1 Sage Spring Creek Federal [CZ03569 5010|Niobrara 66.6 0.63 5.13 428 467 0.97 2.7 190[ 36| 0.11 23
49009200470000 43.08679| -105.74899|1 Hornbeck Unit CZ14872 12520(Niobrara 63.3 0.86 1.3 432.1 471.1 1.43 221 59 64 0.4 39
49009200470000 43.08679] -105.74899|1 Hornbeck Unit CZ14872 12740|Niobrara 66.3 0.74 0.84 438.6 477.6 1.11 1.67] 50| 66] 0.47 44
49009221900000 43.12262| -105.86772|1-4 NE Coal Unit CZ16494 11090(Niobrara 66.3 1.46 7.16 434.6 473.6 0.59 3.12| 230 19| 0.17 47
49009221900000 43.12262| -105.86772|1-4 NE Coal Unit CZ16494 11090(Niobrara 65 1.45 7.02 434.7 473.7 0.69 3.24| 217( 21| 0.17 45
49009221900000 43.12262f -105.86772|1-4 NE Coal Unit CZ16494 11220(Niobrara 64.2 1.75 12 437.3 476.3 0.84] 3.98) 301| 21| 0.13 44
49009221900000 43.12262| -105.86772|1-4 NE Coal Unit CZ16494 11380(Niobrara 65.5 1.4 9.54 437.9 476.9 0.93 3.63| 263[ 26| 0.13 39
49025092220000 43.46181 -106.28597|1 Shannon Midwest Govt. CZ00087 3420{Mowry 64.6 0.75 1.55 435.4 474.4 1 2.18[ 71] 46| 0.32 34
49025092220000 43.46181| -106.28597|1 Shannon Midwest Govt. CZ00087 3510|{Mowry 65.8 0.51 4.3 431.9 470.9 1.08 2.91| 148| 37| 0.11 18
49025092220000 43.46181| -106.28597|1 Shannon Midwest Govt. CZ00087 3580|Mowry 65.4 0.51 6.31 4294 468.4 0.9 3.4 185[ 27| 0.07 15
49019204560000 43.56141| -106.40089|13-31 Crooked Creek Fed CZ13179 4240(Mowry 66 0.48 1.17 432.8 471.8 1.4 1.9] 62| 74| 0.29 25
49019204560000 43.56141] -106.40089|13-31 Crooked Creek Fed CZ13179 4320{Mowry 64.5 0.69 9.4 418.9 457.9 0.95 3.28) 287( 29| 0.07 21
49019204560000 43.56141] -106.40089|13-31 Crooked Creek Fed CZ13179 4370[Mowry 65.6 0.4 5.39 424.2 463.2 1.36 3.05| 176 45| 0.07 13
49009205860000 42.9882] -105.76835|1 Ridge Road Unit CZ10799 12510|Niobrara 64 0.89 2.85 439.7 478.7 1.18 2.56) 111{ 46] 0.24 35
49009205860000 42.9882[ -105.76835(1 Ridge Road Unit CZ10799 12750(Niobrara 65.8 0.61 1.75 439.4 478.4 1.18 2.16] 81| 55| 0.26 28
49025214060000 43.48111| -106.14611|1 Federal CZ15677 6910[Niobrara 64.5 0.41 6.68 425.5 464.5 0.93 2.86| 234| 32| 0.06 14
49025214060000 43.48111f -106.14611|1 Federal CZ15677 7030(Niobrara 64.4 0.27 3.85 428.6 467.6 1.04] 2.97| 130] 35| 0.07 9|
49025214060000 43.48111| -106.14611|1 Federal CZ15677 7250(Niobrara 67.2 0.49 8.88 429.3 468.3 0.83 3.28| 271| 25| 0.05 15
49025209480000 43.43126[ -106.11566|1 Federal Yarborough CZ11534 8580(Niobrara 64.1 0.85 7.27 430.3 469.3 0.85 3.12| 233] 27 0.1 27,
49025209480000 43.43126| -106.11566|1 Federal Yarborough CZ11534 8770|Niobrara 64.9 0.63 4.69 433.5 472.5 0.98 2.66| 177 37| 0.12 24
49025209480000 43.43126{ -106.11566|1 Federal Yarborough CZ11534 8910|Niobrara 66.2 0.53 3.01 4344 4734 1.19 2.24| 134 53] 0.15 24
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Table A-1. Data from the comparison of Rock-Eval and SRA continued.

Well Information Rock-Eval 2 Data
CRC Lib.
API Lat Long Well Name No. Depth  |Formation S1 S2 S3 Tmax | TOC [ HI|OI| PI |[S1/TOC|% Carb
mg HC per g mg HC perg mg CO; perg o o
Rock Rock Rock
49009218940000 | 43.0001 -105.60159|1 Purple Sage Federal CZ15630 12360|Niobrara 0.49 2.49 0.54 436 1.91 130 28[ 0.164| 25.65445
49009218940000 | 43.0001| -105.60159(1 Purple Sage Federal CZ15630 12520|Niobrara 1.40 7.40 0.40 438 2.51 295 16[ 0.159] 55.77689
49009218940000 | 43.0001 -105.60159|1 Purple Sage Federal CZ15630 12560|Niobrara 0.75 4.69 0.72 437 2.67 176 27( 0.138] 28.08989
49025213030000 | 43.20378| -106.14951|1 Sage Spring Creek Federal |CZ03569 4670[Niobrara 0.33 243 0.32 428 1.27 191 25[  0.12] 25.98425
49025213030000 | 43.20378| -106.14951|1 Sage Spring Creek Federal [CZ03569 4890|Niobrara 0.27 2.15 0.42 428 1.25 172 34 0.112 21.6
49025213030000 | 43.20378| -106.14951|1 Sage Spring Creek Federal |CZ03569 5010|Niobrara 0.42 5.01 0.41 428 1.74 288 24| 0.077] 24.13793
49009200470000 | 43.08679 -105.74899(1 Hornbeck Unit CZ14872 12520|Niobrara 0.31 0.69 0.48 437 1.11 622 43| 0.31] 27.92793
49009200470000 | 43.08679| -105.74899|1 Hornbeck Unit CZ14872 12740|Niobrara 0.21 0.41 0.34 438 0.90 45.6 | 38 0.339] 23.33333
49009221900000 | 43.12262| -105.86772[1-4 NE Coal Unit CZ1649%4 11090|Niobrara 1.36 9.27 0.45 434 2.49 372 18] 0.128] 54.61847
49009221900000 | 43.12262| -105.86772{1-4 NE Coal Unit CZ16494 11090|Niobrara 1.36 9.27 0.45 434 2.49 372 18[ 0.128] 54.61847
49009221900000 | 43.12262] -105.86772{1-4 NE Coal Unit CZ16494 11220|Niobrara 1.80 16.48 0.55 431 3.24 509 17[ 0.098] 55.55556
49009221900000 | 43.12262| -105.86772(1-4 NE Coal Unit CZ1649%4 11380|Niobrara 1.50 14.22 0.56 431 291 489 19[ 0.095] 51.54639
49025092220000 | 43.46181| -106.28597|1 Shannon Midwest Govt. CZ00087 3420|Mowry 0.27 1.66 0.46 432 1.42 117 32( 0.14] 19.01408
49025092220000 | 43.46181] -106.28597(1 Shannon Midwest Govt. CZ00087 3510{Mowry 0.38 3.63 0.60 431 2.09 174 29| 0.095[ 18.18182
49025092220000 | 43.46181| -106.28597|1 Shannon Midwest Govt. CZ00087 3580{Mowry 0.55 8.11 0.54 426 2.52 322 21] 0.064] 21.8254
49019204560000 | 43.56141| -106.40089|13-31 Crooked Creek Fed CZ13179 4240|Mowry 0.26 1.61 0.73 431 1.44 112 51 0.139] 18.05556
49019204560000 | 43.56141| -106.40089{13-31 Crooked Creek Fed CZ13179 4320|Mowry 0.52 9.94 0.52 422 2.48 401 21|  0.05[ 20.96774
49019204560000 | 43.56141| -106.40089|13-31 Crooked Creek Fed CZ13179 4370[Mowry 0.48 7.22 0.63 423 2.34 309 27] 0.062] 20.51282
49009205860000 | 42.9882( -105.76835|1 Ridge Road Unit CZ10799 12510|Niobrara 0.49 2.81 0.52 435 1.42 198 37( 0.148] 34.50704
49009205860000 | 42.9882] -105.76835[1 Ridge Road Unit CZ10799 12750|Niobrara 0.36 2.10 0.39 437 1.40 150 28| 0.146[ 25.71429
49025214060000 | 43.48111| -106.14611|1 Federal CZ15677 6910|Niobrara 0.53 8.65 0.40 426 2.14 404 19] 0.058] 24.76636
49025214060000 | 43.48111 -106.14611|1 Federal CZ15677 7030|Niobrara 0.30 5.87 0.45 426 2.10 280 21 0.049] 14.28571
49025214060000 | 43.48111] -106.14611{1 Federal CZ15677 7250[Niobrara 0.55 9.33 0.38 427 2.05 455 19[ 0.056] 26.82927
49025209480000 | 43.43126 -106.11566|1 Federal Yarborough CZ11534 8580|Niobrara 0.80 7.60 0.44 430 1.98 384 22] 0.095] 40.40404
49025209480000 | 43.43126 -106.11566|1 Federal Yarborough CZ11534 8770|Niobrara 0.65 7.37 0.44 432 1.89 390 23( 0.081] 34.39153
49025209480000 | 43.43126| -106.11566|1 Federal Yarborough CZ11534 8910[Niobrara 0.37 3.32 0.45 431 1.37 242 33 0.1] 27.0073
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APPENDIX B: -2000 FT STRUCTURE AND COMB

TREND DATA
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Table B-1. Newly acquired data along the -2000 ft structural contour and the COMB trend.
api well_name lat long top bottom weight vtph ptph cTemp tTemp S3 TOC | HI Ol | PI | $1/TOC
depth depth S1 S2 Tmax
ft ft mg mg HC/g Rock | mg HC/g Rock °c °C mg CO2/gRock| wt. %
49021201890000 1Bruegman 41.44667 | -1045352 | 7590.00 7.20 091 9.80 427 466 1.30 5.66 173 23 0.09 0.16
49021201890000 1Bruegman 41.44667 | -1045352 | 7740.00 65.30 0.27 2.97 432 471 0.81 1.94 153 I 0.08 0.14
49021201890000 1Bruegman 41.44667 | -1045352 | 7750.00 65.70 0.28 3.25 430 469 0.88 2.04 159 43 0.08 0.14
49021201890000 1Bruegman 41.44667 | -1045352 | 7750.00 65.20 031 5.95 47 466 0.65 2.52 236 26 0.05 0.12
0512308890000 | Champlin 344 Amoco A1 | 40.800331 | -104.502337 | 7140.00 65.00 0.24 2.87 437 476 0.70 2.04 141 34 0.08 0.12
05123088900000 | Champlin 344 Amoco A1 | 40.800331 | -104.502337 | 7390.00 65.00 0.15 1.34 436 475 1.10 1.56 86 70 0.10 0.09
05123088900000 | Champlin 344 Amoco A1 | 40.800331 | -104.502337 | 7420.00 65.30 0.17 2.00 436 475 0.92 1.85 108 50 0.08 0.09
0512308890000 | Champlin 344 Amoco A1 | 40.800331 | -104.502337 | 7450.00 65.80 0.24 1.84 432 471 1.15 1.78 103 64 0.11 0.13
0512308890000 | Champlin 344 Amoco A1 | 40.800331 | -104.502337 | 7470.00 65.50 0.15 1.20 435 474 1.29 1.53 78 84 0.11 0.09
49021201490000 | 1Champlin350AmocoA | 41.05904 | -104.46338 | 7510.00 65.10 037 4.90 434 473 0.86 2.64 185 33 0.07 0.14
4902120149000 | 1Champlin350Amoco A | 41.05904 | -104.46338 | 7690.00 65.50 0.26 431 436 475 0.88 2.44 177 36 0.06 0.10
4902120149000 | 1Champlin350Amoco A | 41.05904 | -104.46338 | 7760.00 65.20 037 4.48 436 475 0.86 2.47 181 35 0.08 0.15
4902120149000 | 1Champlin350Amoco A | 41.05904 | -104.46338 | 7820.00 65.10 021 2.34 436 475 1.09 2.06 114 53 0.08 0.10
49021201490000 | 1Champlin350Amoco A | 41.05904 | -104.46338 | 7830.00 65.10 0.17 1.88 437 476 1.04 1.80 105 58 0.08 0.10
05123059510000 1Klinginsmith 40.971043 | -103.790235 | 5820.00 65.30 0.18 163 435 474 0.93 172 95 54 0.10 0.11
05123059510000 1Klinginsmith 40.971043 | -103.790235 | 5920.00 65.00 0.61 9.19 432 471 0.68 3.04 302 2 0.06 0.20
05123103950000 | 1-33UPRR PetersRanch | 40.96418 | -104.445246 | 7640.00 65.20 0.11 1.20 437 476 0.90 147 81 61 0.08 0.07
05123103950000 | 1-33UPRR PetersRanch | 40.96418 | -104.445246 | 7680.00 65.50 0.05 0.84 437 476 0.68 1.44 59 47 0.06 0.04
05123103950000 | 1-33UPRR PetersRanch | 40.96418 | -104.445246 | 7760.00 65.50 0.08 132 438 477 0.66 1.60 82 [ 0.06 0.05
0512305846000 McKnab Fed 1 40.912713 | -103.848267 | 6200.00 65.50 0.61 8.01 438 477 0.62 321 250 19 0.07 0.19
05123058460000 McKnab Fed 1 40.912713 | -103.848267 | 6260.00 65.50 0.55 6.80 436 475 071 2.90 234 2 0.07 0.19
0512305846000 McKnab Fed 1 40.912713 | -103.848267 | 6520.00 65.00 0.19 127 436 475 0.56 1.54 83 36 0.13 0.12
05123059950000 1Peterson 40.989383 | -103.765985 | 5850.00 65.30 038 4.88 431 470 1.09 2.33 210 47 0.07 0.16
05123059950000 1Peterson 40.989383 | -103.765985 | 6030.00 65.50 0.29 6.64 432 471 0.59 2.38 279 25 0.04 0.12
05123059950000 1Peterson 40.989383 | -103.765985 | 6040.00 65.00 031 7.27 434 473 0.52 2.52 289 21 0.04 0.12
05123059950000 1Peterson 40.989383 | -103.765985 | 6070.00 65.60 037 8.02 434 473 0.66 2.63 304 25 0.04 0.14
05123059950000 1Peterson 40.989383 | -103.765985 | 6110.00 64.90 0.44 9.03 431 470 0.66 2.79 324 2 0.05 0.16
05123115950000 1Beebe Draw 40.280456 | -104.617656 | 6880.00 65.20 0.53 1.30 468 507 0.66 2.05 63 2 0.29 0.26
05123115950000 1Beebe Draw 40.280456 | -104.617656 | 7000.00 65.00 0.49 133 467 506 0.53 2.12 63 25 0.27 0.23
05123115950000 1Beebe Draw 40.280456 | -104.617656 | 7110.00 65.00 0.59 141 472 511 0.57 2.39 59 2 0.30 0.25
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Table B-1. Newly acquired data along the -2000 ft structural contour and the COMB trend continued.

api well_name lat long top bottom weight vtph ptph cTemp tTemp S3 TOC | HI ol | PI | $1/TOC
depth depth S1 S2 Tmax
ft ft mg mg HC/g Rock | mg HC/g Rock °C °C mg CO2/g Rock| wt. %
05123115950000 1Beebe Draw 40.280456 | -104.617656 | 7180.00 65.70 0.60 1.36 471 510 0.73 2.34 58 31 0.31 0.26
05123106720000 2 UPRR Lange 40.032259 | -104.663095 | 7120.00 65.40 0.23 1.63 446 485 1.43 1.77 92 81 0.12 0.13
05123106720000 2 UPRR Lange 40.032259 | -104.663095 | 7210.00 65.40 0.44 2.61 444 483 1.02 2.34 111 43 0.14 0.19
05123106720000 2 UPRR Lange 40.032259 | -104.663095 | 7310.00 65.30 0.20 0.63 450 489 0.95 1.90 33 50 0.24 0.10
05001054400000 4 Box Elder 39.930321 | -104.661584 | 7340.00 65.10 0.88 6.79 439 478 1.01 2.93 231 34 0.12 0.30
05001054400000 4Box Elder 39.930321 | -104.661584 | 7460.00 65.00 0.81 6.47 442 481 0.73 2.80 231 26 0.11 0.29
05001054400000 4Box Elder 39.930321 | -104.661584 | 7560.00 65.00 0.64 5.47 440 479 0.69 2.60 210 26 0.11 0.25
05001054400000 4Box Elder 39.930321 | -104.661584 | 7570.00 65.40 0.64 5.94 438 477 1.38 2.81 211 49 0.10 0.23
49021202280000 | 1Champlin 300AmocoB | 41.29073 | -104.56169 | 7960.00 65.50 0.39 4.48 436 475 0.77 2.56 175 30 0.08 0.15
49021202280000 | 1Champlin 300AmocoB | 41.29073 | -104.56169 | 7980.00 65.20 0.30 1.63 439 478 0.83 1.52 107 54 0.15 0.19
05123073350000 14-6 Norris Estate 40.16266 | -104.59934 | 6860.00 64.90 0.20 1.20 439 478 0.47 1.60 75 30 0.14 0.13
05123073350000 14-6 Norris Estate 40.16266 | -104.59934 | 6930.00 65.50 0.18 116 443 482 0.95 1.57 74 60 0.14 0.12
05123053060000 1 Gustafson 40.539463 | -104.623008 | 6860.00 65.50 0.91 3.93 445 484 0.70 3.26 121 22 0.19 0.28
05123053060000 1 Gustafson 40.539463 | -104.623008 | 6950.00 65.50 0.95 3.98 444 483 0.62 3.13 127 20 0.19 0.30
49015200390000 1-21 Kidney 41.94571 | -104.31211 | 6400.00 65.40 0.30 4.05 431 470 2.20 2.41 168 91 0.07 0.12
49015200430000 1-31 Chas Kessler 41.66511 | -104.36009 | 7120.00 65.20 0.30 7.14 427 466 1.19 2.66 268 45 0.04 0.11
49015200430000 1-31 Chas Kessler 41.66511 | -104.36009 | 7090.00 65.40 0.22 4.68 427 466 118 2.41 194 49 0.05 0.09
05005065000000 1-16 State Smith 39.709073 | -104.676053 | 7790.00 65.40 0.46 1.55 443 482 1.47 1.79 86 82 0.23 0.26
05005065000000 1-16 State Smith 39.709073 | -104.676053 | 7810.00 65.20 0.48 1.69 444 483 0.82 1.84 92 44 0.22 0.26
05005065000000 1-16 State Smith 39.709073 | -104.676053 | 7870.00 65.10 0.73 2.09 445 484 1.69 1.94 108 87 0.26 0.37
05123073200000 1 Harkis 40.15013 | -104.61693 | 6870.00 65.20 1.06 2.36 452 491 0.96 2.87 82 34 0.31 0.37
05123073200000 1 Harkis 40.15013 | -104.61693 | 6900.00 65.00 1.78 4.07 445 484 1.10 3.09 132 36 0.30 0.58
05123073200000 1 Harkis 40.15013 | -104.61693 | 7230.00 65.40 0.27 1.22 454 493 0.92 2.54 48 36 0.18 0.11
05123055990000 1AlvaShable 40.697744 | -104.116043 | 6180.00 65.00 0.33 2.38 440 479 1.38 2.93 81 47 0.12 0.11
05123055990000 1AlvaShable 40.697744 | -104.116043 | 6280.00 65.00 0.53 4.95 434 473 0.90 2.88 172 31 0.10 0.19
05123055990000 1AlvaShable 40.697744 | -104.116043 | 6300.00 65.00 118 6.45 441 480 0.85 2.90 222 29 0.16 0.41
05123072710000 1Teets 40.11944 | -104.92032 | 7320.00 65.30 0.10 0.90 433 472 0.86 1.37 66 63 0.10 0.08
05123072710000 1Teets 40.11944 | -104.92032 | 7360.00 65.20 0.17 1.25 436 475 0.92 1.44 87 64 0.12 0.12
05031065960000 1Box Elder 39.875011 | -104.636843 | 7460.00 65.20 0.09 1.10 437 476 1.43 1.45 76 99 0.07 0.06
05031065960000 1Box Elder 39.875011 | -104.636843 | 7580.00 65.30 0.22 3.80 437 476 0.77 2.25 169 34 0.05 0.10
05123058020000 1Federal F 40.876603 | -103.878097 | 6140.00 65.20 0.37 6.19 438 477 0.70 2.87 215 24 0.06 0.13
05123058020000 1Federal F 40.876603 | -103.878097 | 6200.00 65.20 0.18 2.57 434 473 1.37 2.36 109 58 0.06 0.07
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APPENDIX C: BURIAL HISTORY MODELS
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Figure C-1. Burial History Location 1 Steady State Thermal Gradient- measured Niobrara Tmax: 470 (VRe = 1.3);
modeled Niobrara Ro: 0.76; constant temperature gradient (1.64 °F/100 ft); 3210 ft of burial and removal
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Figure C-2. Burial History Location 1 Transient Thermal Gradient-measured Niobrara Tmax: 470 (VRe = 1.3); modeled
Niobrara Ro: 1.26; transient temperature gradient (1.64 °F/100 ft to 2.5 °F/100 ft); 3210 ft of burial and removal
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Figure C-3. Burial History Location 1 Increased Burial & Removal-measured Niobrara Tmax: 470 (VRe = 1.3); modeled
Niobrara Ro: 1.3; constant temperature gradient (1.64 °F/100 ft); 7300 ft of burial and removal
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Figure C-4. Burial History Location 2 Steady State Thermal Gradient- measured Niobrara Tmax: 445 (VRe = 0.93);
modeled Niobrara Ro: 0.74; constant temperature gradient (1.64 °F/100 ft); 3270 ft of burial and removal
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Figure C-5. Burial History Location 2 Transient Thermal Gradient-measured Niobrara Tmax: 445 (VRe = 0.93); modeled
Niobrara Ro: 0.95; transient temperature gradient (1.64 °F/100 ft to 2.2 °F/100 ft); 3210 ft of burial and removal
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Figure C-6. Burial History Location 2 Increased Burial & Removal-measured Niobrara Tmax: 445 (VRe = 0.93); modeled
Niobrara Ro: 0.93; constant temperature gradient (1.64 °F/100 ft); 5200 ft of burial and removal
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Figure C-7. Burial History Location 3 Steady State Thermal Gradient- measured Niobrara Tmax: 436 (VRe = 0.60);
modeled Niobrara Ro: 0.70; constant temperature gradient (1.64 °F/100 ft); 1800 ft of burial and removal

Depthift)(1000)

127



Depthi(ft)(1000)

Vitrinite Ro {LL Model)

1 ii 16 24 32 4

Figure C-8. Burial History Location 3 Transient Thermal Gradient-measured Niobrara Tmax: 445 (VRe = 0.60); modeled
Niobrara Ro: 0.76; transient temperature gradient (1.64 °F/100 ft to 2.2 °F/100 ft); 1800 ft of burial and removal
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Figure C-9. Burial History Location 3 Decreased Burial & Removal-measured Niobrara Tmax: 436 (VRe = 0.60); modeled
Niobrara Ro: 0.62; constant temperature gradient (1.64 °F/100 ft); 800 ft of burial and removal
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Figure C-10. Burial History Location 3 To Match Measured Maturity Using Inferred Burial and Removal-measured
Niobrara Tmax: 436 (VRe = 0.60); modeled Niobrara Ro: 0.60; constant temperature gradient (1.47 °F/100 ft); 800 ft of burial

and removal
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Figure C-11. Burial History Location 4 Steady State Thermal Gradient- measured Niobrara Tmax: 438 (VRe = 0.76);
modeled Niobrara Ro: 0.63; constant temperature gradient (1.64 °F/100 ft); 2200 ft of burial and removal

Depth{f)(1000)

131



Time(my)

Laramie

Unper
Fietre

Laovwver
Pietre
4

Fort Hays

Depthi(ft)(1000)

Marrizon

Pennzylv...
and Oleer

Witrinite Ro (LL Model)
0 0.5 16 2.4 32 4

Figure C-12. Burial History Location 4 Transient Thermal Gradient-measured Niobrara Tmax: 438 (VRe = 0.76); modeled
Niobrara Ro: 0.74; transient temperature gradient (1.64 °F/100 ft to 2.2 °F/100 ft); 2200 ft of burial and removal
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Figure C-13. Burial History Location 4 Increased Burial & Removal-measured Niobrara Tmax: 438 (VRe = 0.76); modeled
Niobrara Ro: 0.76; constant temperature gradient (1.64 °F/100 ft); 4200 ft of burial and removal
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Figure C-14. Burial History Location 5 Steady State Thermal Gradient- measured Niobrara Tmax: 430 (VRe = 0.59);
modeled Niobrara Ro: 0.63; constant temperature gradient (1.64 °F/100 ft); 2360 ft of burial and removal
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Figure C-15. Burial History Location 5 Transient Thermal Gradient-measured Niobrara Tmax: 430 (VRe = 0.59); modeled
Niobrara Ro: 0.66; transient temperature gradient (1.64 °F/100 ft to 1.92 °F/100 ft); 2360 ft of burial and removal
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Figure C-16. Burial History Location 5 Decreased Burial & Removal-measured Niobrara Tmax: 430 (VRe = 0.59); modeled
Niobrara Ro: 0.59; constant temperature gradient (1.64 °F/100 ft); 1500 ft of burial and removal

136



Timedmy)

Laramie

Miobrara L

Depthift)(1000)

Marrison

Pennsylv
and Older

Vitrinite Ro (LL Model)
i 0g 16 2.4 33 4

Figure C-17. Burial History Location 5 To Match Measured Maturity Using Inferred Burial and Removal-measured
Niobrara Tmax: 430 (VRe = 0.59); modeled Niobrara Ro: 0.59; constant temperature gradient (1.48 °F/100 ft); 2360 ft of burial

and removal
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