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ABSTRACT 

The Cañon City Embayment, located in south-central Colorado, is one of the oldest and 

longest oil producing regions in America. Production began in 1862 after the discovery of an oil 

seep emanating from the Jurassic Morrison Formation. This discovery led to an unsuccessful hunt 

for the oil spring’s source. The first oil field discovery occurred in 1881, founding the Florence 

Oil Field. This discovery led to a boom in drilling and production and the further discovery of the 

Cañon City Field in 1926. Production soon declined, but steady and continuous production occurs 

to this day. With the upswing caused by the discovery of unconventional petroleum systems, 

renewed interest led to higher drilling rates within the Cañon City Embayment. As of 2015, more 

16.4 MMBO has been produced in the region. Present day production focuses on the fractured 

Pierre Shale and Niobrara petroleum systems, though exploration is expanding into the Greenhorn 

Formation. 

Deposition of both the Late Cretaceous Niobrara Formation and the Sharon Springs 

Member of the Pierre Shale occurred during transgressive phases within the Western Interior 

Cretaceous (WIC) Seaway, however significant geochemical and biological differences exist 

between these formations. Niobrara deposition occurred when warm Gulfian currents dominated 

the WIC. This resulted in abundant fecal pellet deposition and robust pelagic foraminifers 

dominated by Heterohelix globulosa, Globigerinelloides ultramicrus, Hedbergella, Gümbelina 

and two Archaeoglobigerina species. However, the Sharon Springs is primarily argillaceous in 

composition with lesser amounts of biogenic calcite and silica. Larger foraminifers within the 

Sharon Springs are primarily arenaceous while foraminifers of the same species found in the 

Niobrara are dwarfed in the Sharon Springs. Dwarfism of foraminifers species and the presence of 

dispersed diatoms, which flourish in cold waters, indicate a shift in paleocurrents. Paleogeographic 
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maps of the Middle Campanian show a southerly restriction of the WIC during the time of the 

southerly Claggett transgression. The influx of cold, southerly waters resulted in an environment 

conducive to diatoms and environmentally stressful to foraminifers.   

Lithological and geochemical evidence from the Sharon Springs indicates that the cold-

water Claggett transgression resulted in a stratified water column in the middle of the WIC, as well 

as increased organic matter production. Biomarker analysis shows the presence of isoreneieratane 

indicating photic zone euxinia and therefore a fairly shallow chemocline within the WIC during 

the deposition of the Sharon Springs. Petrographic analysis of preserved organic matter show 

clumped floccules or flattened amalgamations of floccules in laminated facies. While dispersed 

amorphous organic matter is also present, flocculation had a major influence on organic matter 

preservation.  Two possible depositional mechanisms, dependent on water density, could have 

resulted in these water conditions. If density contrasts existed between the cold water influx and 

the warm waters present during the deposition of the Niobrara, the cold waters would have 

progressed along the bottom of the basin leading to upwelling along the basin margin and basin 

stratification. If no significant density contrast existed, caballing would occur at the mixing front, 

leading to downwelling, rapid transport of organic matter to the sea floor and basin stratification. 

High energy deposits located at the base of the Sharon Springs resulted in reworking of 

bentonites. Lithological and mineralogical differences between the reworked bentonites and the 

more typical ash fall bentonite deposits located at the top of the Sharon Springs indicate that the 

reworked bentonites are not a significant drilling hazard. The reworked bentonites are a greenish-

gray cohesive bentonite which shows distinct fining upward. These cohesive bentonites are 

typically associated with debrites, most likely forming from a cogenetic sediment gravity flow. 

Thin-section analysis shows fining-upward and reworking of particles in the cohesive bentonites 
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indicating deposition under turbulent conditions. Clay analysis shows very low smectite and 

primarily kaolinite comprising the clay portion. At the top of the Sharon Springs is a light gray, 

friable bentonite deposit with abundant mixed-layer illite/smectite, discrete illite and kaolinite, 

which is more typical of an ash fall deposit. While the typical ash fall deposits are drilling hazards, 

the minimal amounts of swelling clay within the reworked bentonites imply significantly lower 

hazards at the base of the Sharon Springs. The reworked bentonites also provide implications for 

regional stratigraphic correlations since reworking may remove lateral continuity. 

Following deposition of the Pierre Shale, the Laramide Orogeny reactivated dormant 

structural features of the Ancestral Rockies resulting in formation of the Cañon City Embayment. 

The asymmetrical, synclinal nature of the basin results in variation in the Sharon Springs source 

rock maturity across the basin with the most mature rocks in the west along the Chandler Syncline. 

Biomarker analysis suggests some lateral hydrocarbon migration within the Pierre Shale petroleum 

system. This system is conventional in nature with hydrocarbons contained within the fracture 

network overlying the Sharon Springs. The system is not overpressured and is driven by gravity 

drainage and solution gas, therefore intersection with abundant natural fractures is essential for 

economic wells. However, RMS amplitude anomalies are highest where faults permeate from the 

Niobrara into the Pierre Shale indicating hydrocarbon migration from deeper formations. Genetic 

relationships from biomarker comparison between the Niobrara Formation, Sharon Springs 

Member and oil produced from the Pierre Shale Formation supports hydrocarbon migration from 

Niobrara source rocks. 
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CHAPTER ONE  

INTRODUCTION 

 

A long history of petroleum production is associated with the Cañon City Embayment, 

located in south-central Colorado. The oil history in the area began in 1861 with the discovery of 

an oil spring (Kupfer, 2000). Twenty years later in January 1881, after many failed attempts to 

locate the source of the oil spring, the Florence Oil Field was discovered (Hubert and Willis, 1955). 

Later, in 1926, the nearby Cañon City Oil Field was discovered (Hubert and Willis, 1955). Since 

then, the production from the area has declined, but steady production continues. As of 2016, 

cumulative production exceeds 16.4 MMBO with most of the production emanating from the 

fractured Pierre Shale, which is thought to be sourced by the underlying, organic-rich Sharon 

Springs (Gautier et al., 1984; Lillis et al., 1998; Timm and Sonnenberg, 2016). The fractured Pierre 

Shale acts as a conventional hydrocarbon reservoir with the hydrocarbons hosted in its fracture 

network. With the continued growth of unconventional hydrocarbon sources, particularly with the 

success of the nearby Wattenberg Field, the embayment has seen renewed interest. As a structural 

re-entrant of the Denver Basin, the Cañon City Embayment is stratigraphically similar to the 

Wattenberg field. The same unconventional hydrocarbon targets, primarily the Niobrara 

Formation, exist within the embayment. Advances in technology and drilling techniques provide 

excellent opportunities for redevelopment of these older fields.  

1.1 Motivation  

The long history of production in the region raises the question: how much hydrocarbon 

potential remains? By examining the historical record in the region, a production with time, or 
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creaming curve, can be produced to provide an indication of remaining hydrocarbon potential. 

Examining the historical record also frames the background for the more scientific research. 

 Multiple sources of hydrocarbons exist within the field and their shale source rocks differ 

dramatically in composition despite the fact that they were all deposited within the Western 

Interior Cretaceous Seway. The Sharon Springs, which is thought to source the fractured Pierre 

Shale hydrocarbon system, is compositionally different from the calcareous Niobrara source rocks. 

This poses the question of what depositional or environmental factors prompted the changes in the 

Cretaceous shales? The Sharon Springs contains some of the highest percentages of organic matter, 

from 2-11 wt%. The environmental conditions which produced this wide-spread, organic-rich 

source rock are still highly debated. A better understanding of the depositional environment could 

aid in understanding the organic matter and maturity distribution.  

Within the shales of the Niobrara and Sharon Springs are abundant bentonite layers, which 

pose potential drilling hazard. However previous analyses on the Niobrara Formation show that 

not all of the bentonites are composed of smectite, some are kaolinitic. The reasons for the different 

bentonite types are not understood, prompting the question: are different bentonite types caused 

by diagenesis or depositional processes? 

Further research on the embayment will help identify reservoir heterogeneities and allow 

better prediction of inplace hydrocarbons.Each of these Cretaceous shales hold hydrocarbon 

potential. Production has primarily targeted the fractured Pierre Shale Formation, some exploration 

has extended into the Niobrara Formation with varying results. In the nearby Wattenberg field, the 

Smoky Hill member of the Niobrara Formation is a significant producer. However, only a few 

wells have investigated the Niobrara potential in the Cañon City Embayment. While some of these 

wells have shown little production, in August of 2012, Austin Energy drilled the Pathfinder C 11-
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12 1HZ horizontal well in the Niobrara Formation in the Florence Field. The Pathfinder well was 

drilled to a measured depth of 5152 ft. and a lateral length of 4147 ft. It was completed with 16 

hydraulic fracturing stage (cogcc.state.co.us, n.d.). The initial production rate on this well was 403 

BOE per day (OilVoice.com, 2015). This initial production substantiates the probability of 

significant oil production from the Niobrara Formation in the Cañon City embayment. Well to well 

interaction identified early in the field’s history. As early as 1910, production interference from 

well to well was identified, resulting from interconnection of the fracture network (Washburne, 

1910). The significant fractures within the basin and the spotty production pose the question: how 

do the multiple petroleum systems within the basin interact?  

Using these questions, the purpose of this research is fourfold: (1) to examine the history 

of production in the oldest field in Colorado, (2) to examine the implications of environmental 

changes from the Niobrara Formation to the Sharon Springs Member of the Pierre Shale Formation 

using geochemical and micropaleontological data, (3) to examine the drilling hazards inherent in 

the bentonites of the Sharon Springs, (4) to examine the possible interactions of the Niobrara and 

Pierre Shale petroleum systems within the Cañon City Embayment.  

1.2 Research Methods 

The methods used to achieve these objectives include core analysis, petrographic analysis, 

geochemical analysis, subsurface mapping, and seismic data interpretation. The dataset collected 

for this project includes well logs, rock cores, core data, thin-sections and SEM samples, XRD and 

XRF data, additional thin-sections available through the USGS Core Research Center, seismic 

lines, a 3D seismic volume, and cuttings analysis provided by Fremont Petroleum (previously 

Austin Exploration). Well log data is available on the Colorado Oil and Gas Conservation 

Commission (COGCC) website and was combined with well logs provided by IHS.  
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1.2.1 Core Analysis 

Four rock cores in the study area are available at the USGS Core Research Center. These 

cores include the Bull #42-4, the Patti #32-29, the Continental #31-20, and the Portland #1 core. 

The core location and relevant information is located in Table 1.1. Each of these cores contain 

portions of the Smoky Hill member of the Niobrara Formation, but only the Bull #42-4 core 

contains the Sharon Springs Member. Core descriptions were completed on each of the wells listed 

including detailed descriptions of grain size, rock texture, sedimentary structures, fossil 

assemblage, and ichnofacies. This information was then digitized using the Golden Software 

program Strater 4.  

Table 1.1: Core Information. 

OPERATOR 
WELL NAME 

API NUMBER 
CRC LIBRARY 

CODE LOCATION 
COUNTY & 

STATE 
Pine Ridge Oil and 

Gas 
Bull #42-4 

0504306158 
T355 S04-T20S-R69W Fremont, CO 

Incremental Oil and 
Gas 

Patti # 32-29 
0504306182 

T353 S29-T19S-R69W Fremont, CO 
Energetics Inc. 

Continental #31-20 
0504306016 

B223 S20-T19S-R69W Fremont, CO 
USGS 

Portland 1 
N/A 
E099 S20-T19S-R68W Fremont, CO 

1.2.2 Petrographic Analysis 

Petrographic work included both petrographic thin-section and field emission scanning 

electron microscopy (FE-SEM) analysis. A total of 11 ultra-thin (20-25μm) thin-sections were 

created from the Bull 42-4 core. Samples were selected to image each of the lithological facies 

identified. Preparation of thin-sections occurred primarily perpendicular to bedding to observe 

fabric, though a few were prepared parallel to bedding to observe the depositional plane. 
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Additional thin-sections from the Niobrara were used for paleontological comparison. Most thin-

sections were impregnated with blue epifluorescent dye to aid in micro-fracture imaging. Analysis 

was completed on a Leica DM 2500 P epifluorescent microscope. This microscope allows for 

combined ocular and objective lens magnifications of up to 400x.  

The FE-SEM used in this study was a TESCAN MIRA3 LMH Schottky Field-Emission 

SEM at the Colorado School of Mines, which, in addition to secondary electron imaging (SEI), 

includes back scatter electron microscopy (BSE) and electron dispersive spectroscopy (EDS) for 

qualitative chemical analysis. To ensure high-quality imaging, close working distances of 10 mm 

and 15 kV beam intensities were used. Seven relatively flat, broken shale surfaces, broken 

perpendicular to fabric were gold-coated to insure highest resolution imaging. Thin-sections were 

also analyzed using carbon-coating and imaging under secondary electron (SE), BSE and EDS to 

provide elemental distribution maps. Magnifications up to 500 nm scale are possible with this 

instrument, though image quality is best at up to 2μm scale magnification. 

1.2.3 Geochemical Analysis 

Geochemical analysis included detailed X-Ray Fluorescence (XRF) analysis, x-ray 

diffraction (XRD), source rock analysis (SRA) and biomarker analysis. Detailed XRF data was 

obtained using the Niton XL3t GOLDD+ (Niton) hand held energy-dispersive x-ray fluorescence 

analyzer taking readings every three inches on the cores. This elemental data was used for 

qualitative chemostratigraphic interpretation of paleoenvironmental proxies. These proxies 

provide information on paleoproductivity relating to organic matter; paleoredox to analyze oxic, 

anoxic and euxinic water conditions, and detrital influx. Using these proxies, qualitative changes 

in enrichment allow for chemostratigraphic analysis of XRF data. 



6 
 

Some of the quantitative XRD analysis was performed by Weatherford Labs. Additional 

XRD analysis was performed at the Colorado School of Mines using a Scintag x-ray diffraction 

system. For bulk XRD analysis, samples were powdered and prepared using a side loaded mount 

to insure optimum random orientation of particles (Moore and Reynolds, 1997). Testing occurred 

from 4 to 65o at a sample rate of 1 degree per minute. Relative intensity ratios were analyzed with 

the software Jade for quantitative analysis of the bulk samples. For clay characterization, samples 

were prepared using the Millipore transfer method and tested after air drying and then re-tested 

after 48 hours in a glycolation chamber. For clay characterization, samples were tested from 2 to 

30o at a sample rate of 1 degree per minute. Clay characterization was performed using the methods 

recommended by Moore and Reynolds (1997).  Mixed clay modelling was done with the program 

NEWMOD© (Reynolds, 1985). 

SRA was performed by Weatherford Lab. Analyses included total organic carbon (TOC) 

analysis performed by a LECO 600 Carbon Analyzer and programmed pyrolysis to determine 

thermal maturity. Thermal maturity analysis provides information on the free oil content (S1), the 

remaining hydrocarbon potential (S2), organic carbon dioxide (S3), temperature at maximum 

evolution of hydrocarbons (Tmax). For analysis, these results are used in a number of ratios 

including the hydrogen index (HI = S2/TOC x 100), oxygen index (OI = S3/TOC x 100), 

production index (PI = S1/(S1+S2)), S2/S3, and S1/TOC. 

Biomarker analysis was performed by both Weatherford Labs and Geomark on both core 

and oil samples. Core and cutting samples were analyzed for both the Niobrara Formation and the 

Sharon Springs Member. Oil samples were analyzed for five wells with all oil samples obtained 

within the fractured Pierre Shale. The methodologies used by the two companies vary. However, 

results for the main whole oil gas chromatography and aromatics and saturates are comparable. 
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Using these data, geochemical correlations are used to determine genetic relationships based on 

the principles set forth by Peters et al. (2005) and the concept that “certain compositional 

parameters of migrated oil do not differ significantly from those of bitumen remaining in the source 

rock” (Peters et al., 2005, p. 475). 

1.2.4 Subsurface Analysis 

Despite numerous wells drilled in the Cañon City Embayment, logs are sparse due to the 

age of the field, however sufficient well logs were available to provide good subsurface mapping 

using Petra software. This mapping created subsurface maps for the Sharon Springs top and bottom 

and each of the chalk and marl intervals within the Niobrara Formation. Bottom-hole temperatures 

(BHT) were available for a number of wells. These temperatures were only taken from wells 

completed below the Sharon Springs member of the Pierre Shale and above the Niobrara 

Formation. To compensate for cooling effects caused by circulation during drilling, bottom-hole 

temperatures were corrected using the bottom-hole temperature correction chart created by the 

AAPG geothermal gradient committee (no reference given). 

The contour maps for both subsurface depths and geothermal gradient created in Petra were 

then imported to ArcGIS. These maps were then converted to triangular irregular networks (TIN) 

which allowed for conversion to raster files. Using raster files map math in ArcGIS could be used 

to multiply the subsurface depths by the geothermal gradient to determine temperature at depth 

and allow for analysis of source rock maturity across the basin. 

1.2.5 Seismic Analysis 

 Freemont petroleum provided a 3D seismic volume within the Cañon City Embayment 

located just west of the Florence Oil Field. The volume consists of 207 inlines and 196 crosslines. 
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The seismic data was processed and migrated. No checkshots or sonic logs were available within 

the seismic study area, so a velocity model could not be created for time-depth conversion. All 

interpretation was therefore completed in the time domain using Petrel E&P Software Platform 

2016. A variety of volume attributes were used for analysis. The volume was first cleaned using 

structural smoothing, dip guided with edge enhancement. For coherence modelling, the typical 

workflow of a chaos modelling followed by ant tracking yielded poor results. However, using the 

variance edge method followed by ant tracking yielded better coherence mapping. RMS amplitude 

volumes also aided in structural interpretation. 

1.3 Organization of Dissertation 

 Four papers were written in completion of this dissertation. The first paper, “The Cañon 

City Embayment: Three Eras of Development” introduces the region and examines the production 

history of the embayment. This paper was submitted to the peer reviewed journal Oil Industry 

History and published in 2016. The second paper “Geochemical and Micropaleontological 

Evidence of Paleontological Change in the Late Cretaceous Resulting in High Organic Matter 

Production and Preservation, Cañon City Embayment, South-Central Colorado” provides a 

petrographic and geochemical analysis of the Sharon Springs in comparison to the Smoky Hill 

member of the Niobrara Formation. These analyses provide two possible depositional models, 

which honored the data and would have allowed for the high concentrations of organic matter 

preserved in the Sharon Springs. This paper was submitted to The Mountain Geologist and 

accepted for publication on August 3, 2018. The third paper, “Not All Bentonites Are Hazards: 

How Depositional Processes Affect Clay Composition” examines the petrography and clay 

composition found in two types of bentonites within the Sharon Springs. This paper was published 

in The Outcrop on August 1, 2018. The fourth paper, “Organic Matter Source and Migration of 
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Hydrocarbons into the Fractured Pierre Shale within the Cañon City Embayment” provides an 

analysis of subsurface structure and biomarkers for the Niobrara Formation and Sharon Springs to 

better clarify the interaction of the Pierre Shale and the Niobrara petroleum systems within the 

Cañon City Embayment. The major takeaways from each of the papers is reviewed in the 

conclusions section, as well as ideas for future studies. 

1.4 Conference Proceedings and Publications 

 The papers were reproduced in this dissertation with permission of the original publishers 

as well as Stephen Sonnenberg who co-authored each of the papers. 

Timm, K & Sonnenberg, S. (2018). Geochemical and micropaleontological evidence of 

 paleoenvironmental change in the Late Cretaceous Western Interior Seaway resulting in 

 high organic matter production and preservation. The Mountain Geologist – Submitted for 

 publication 

Timm, K. & Sonnenberg, S. (2018). Not all bentonites are hazards: how depositional processes 

 affect clay composition. Outcrop, v. 67, n. 8, p 

Timm, K. & Sonnenberg, S. (2017). Increased organic content in the presence of floccules: a case 

 study of the Sharon Springs Member of the Pierre Shale, Cañon City Basin, South-Central 

 Colorado. Search and Discovery Article #80619 

Timm, K. & Sonnenberg, S. (2016). The Cañon City Embayment: Three Eras of Development. 

 Oil Industry History, 17, p. 1-11. 
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CHAPTER TWO 

THE CAÑON CITY EMBAYMENT: THREE ERAS OF DEVELOPMENT 

Reproduced with permission and adapted from Oil Industry History, 2016 v. 17, p. 47-58. 

Kira Timm and Stephen Sonnenberg 

 

2.1 Abstract 

 Recurrent drilling within the Cañon City Embayment has generated in excess of 16.4 

MMBO since the discovery of the Florence field in 1881. Within the 135 years of production, three 

eras of development occur; initial (1881-1930), middle (1931-1990), and current development 

(1991-present). The growing demand for lamp oil in the form of kerosene sparked the initial 

discovery and the subsequent development. As drilling increased and spread, discovery of the 

nearby Cañon City Field occurred in 1926. Production of 12.9 MMBO occurred within the first 

era, making the first era the most significant within the embayment’s history. With the onset of the 

Great Depression, development waned after 1930 with only low to moderate drilling over the next 

five decades. The height of the middle development occurred in the 1980s after oil prices spiked, 

however production did not markedly increase with the increased drilling. During this decade, 

drilling of 100+ new wells occurred within the embayment before oil prices declined. The current 

era of development has progressed at a sedate pace, though new technologies have significantly 

increased production. The highly fractured Pierre Shale is the primary target within the region. 

However, the prolific production of the Niobrara Formation in the nearby Wattenberg Field has 

prompted new exploration. Analyses of the Niobrara within the Cañon City Embayment indicate 

thermally mature source rocks within the unconventional system. This new target combined with 
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technological advances in exploration and drilling suggest continued development potential for 

this historic region. 

2.2 Introduction 

 Subsequent to the 1859 Colorado, Pikes Peak, Gold rush, the town of Cañon City, located 

in south-central Colorado, was established. A settler in the area, Gabriel Bowen, stumbled across 

an oil spring located on an Indian trail six miles north of the town. He staked his claim on 

September 3, 1860. This claim sparked the discovery of the two productive oil fields within the 

Cañon City Embayment. The Florence Oil Field, discovered in 1881, is the oldest field in 

Colorado. Northwest of the Florence Field is the Cañon City Field, discovered in 1926 with the 

waning of the Florence Oil Field boom (Figure 2.1). Despite the age of the fields, drilling and 

production continues to present day and production has resulted in upwards of 16.4 MMBO.  

Separate from the initial oil discovery, three eras of production have ensued since the 

discovery of the Florence Oil Field. The first production era occurred from 1881-1930 and resulted 

in the production of 12.9 MMBO and the discovery of the Cañon City Field. The second era of 

production, from 1931-1990, is notable for its steady production and development from a few key 

companies in the area, resulting in the production of a further 2.2 MMBO. The last era, from 1991-

present, has seen an upswing in production due to the rise in oil prices in the mid-2000’s. 

Production of a further 1.3 MMBO occurred from 1991-2015. However, the recent decline in oil 

prices has suspended much development in the fields though production continues.  

The historical and current oil interests in the Cañon City Embayment make the area unique, 

precipitating ongoing research. One of the earliest historical documents is the report produced by 
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Figure 2.1 A) Top of Niobrara structure in the Denver basin with the location of the Cañon City 
Embayment (modified from Sonnenberg, 2013). B) Location of the fields within the Cañon City 
Embayment with the location of Pierre, Niobrara and Greenhorn outcrops. The Area of Interest 

(AOI) is highlighted in yellow (modified from Lewis, 2013, modified from Pinel, 1977). 

Ihlseng (1885), composed only a few years after the discovery of the Florence Oil Field. This 

report details the early wells drilled and the people and companies involved. Drawing from this 

earlier work, Washburne completed a comprehensive report for the USGS in 1909 as the Florence 

Oil Field boom waned. In this report, Washburne overviews the geology and petroleum geology 

of the area and gives a brief history of production in the Florence Field. This report also has lasting 

consequences, as it causes confusion in later works by giving an incorrect year of 1876 for the 

discovery of the Florence Oil Field. Kupfer (1999a) clarified this error and further delved into the 

early history of the field. In his work, Kupfer (1999a, 1999b, 2000) examined early publications, 

newspaper articles and the region’s Claim Book, and was able to separate various myths from the 

Scale
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field’s early history. Work by Scamehorn (2002) also examined the early history of the field, 

especially the early producers and refineries in the area. Work by Higley and Cox (2007) gives a 

confused version of the initial discovery of the field before discussing the petroleum geology of 

the field. 

Hubbert and Willis (1955) noted that the Florence and Cañon City Fields produce from 

one of the important fractured reservoirs in the United States. Natural fractures within the field are 

the reservoir for oil accumulation and their distribution and interconnectedness have profound 

effects on production interference and productive intervals. The regions structural complexity and 

its relation to hydrocarbon accumulation was delineated by DeFord (1929).  Due to the historic 

nature of this region, early production figures are likely underreported, as explained by Higley and 

Cox (2007), since drilling began prior to the legal obligation to disclose production information. 

Early production figures for the Cañon City Embayment reported in Washburne’s (1909) work are 

appended by Brunton (1954), which covered production figures from years 1887 through 1953. 

From 1954 to 1999, production information is available in Petroleum Information’s Oil and Gas 

Production Reports compiled by the Oil and Gas Conservation Commission (O&GCC, 1954-

1999). From 1970 to present, production information is available through the Colorado Oil and 

Gas Commission or the Petroleum Information/Dwights Well History Control System database 

provided by IHS Energy. 

2.3 Geological Setting 

 The Cañon City embayment is a re-entrant of the Denver basin located in south-central 

Colorado (Figure 2.1). Bounded to the north by the Front Range and to the west and south by the 

Wet Mountains, the basin is asymmetrical and synclinal with the Chandler Syncline in the west of 

the field forming the axis of the basin. The basin, from west to east, is composed of a horst and 
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graben structure (Weimer, 1981). The horst in the east underlies the Brush Hallow Anticline and 

in the west underlies the Wet Mountains. Production takes place within the intervening graben, 

which dips to the west and is sealed up-dip by impermeable clay-gouge along faults and fractures 

(Weimer, 1981).  

To the north of the basin, strata is upturned against the southern extent of the Front Range 

(Figure 2.2). A stream known currently as Fourmile Creek, previously as Oil Creek, cuts through 

the upturned layers. Along this stream, the first oil discovery occurred emanating from the Jurassic 

Morrison Formation just below the hogback ridge created by the more resistant Dakota Sandstone. 

The Morrison formation is composed of a shaly sandstone unit, which is more famous for the 

fossilized dinosaur bones sought after by E.D. Cope and O.C. Marsh (Kupfer, 2000). The dinosaur 

bones are located in older strata than the oil spring. In work done by Lillis et al. (1998), oil typing 

of this oil spring indicated that the oil spring crude originates from a Lower Cretaceous source. 

 

Figure 2.2: Cross-section from north to south showing the northern nose of the Cañon City 
Embayment, illustrating where the initial oil discover occurred (modified from Kupfer, 2000). 
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Figure 2.3: Stratigraphy of the Cañon City formations from the Paleozoic through the early 
Cenozoic (modified from Evanoff, 1996). 

Formations
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The Upper Cretaceous rocks of the Florence Field consist of both the Niobrara Formation 

and the Pierre Shale. These formations were deposited as part of the Western Interior Cretaceous 

(WIC) basin (Figure 2.3). The Niobrara Formation (Late Turonian-Maastrictian) represents a 

major marine sedimentation cycle and is composed of alternating chalk and marl members 

(Kauffman, 1977). High preservation of organic matter within the marl members make this unit a 

good source rock. Northeast in the Denver basin, the Niobrara has proved a valuable reservoir. 

Exploration of its potential is only beginning within the Cañon City Embayment. 

Stratigraphically above the Niobrara is the Pierre Shale. The Sharon Springs member of 

the Pierre Shale, which lies above the lower transition unit, is one of the most organic carbon-rich 

shales formed from the Western Interior Cretaceous seaway. As much as half of the organic matter 

within the Sharon Springs occurs as amorphous material (Gautier et al. 1984). Geochemical 

analysis indicates that the Sharon Springs sources the overlying, highly fractured Pierre Shale, 

which acts as a quasi-conventional reservoir, hosting hydrocarbons within its fracture network 

(Gautier et al., 1984; Lillis et al., 1998). This has been the primary target for oil production within 

the Cañon City Embayment. 

2.4 Oil Spring (1860) 

Along an old Indian trail north of Cañon City flows a tributary of the Arkansas River known 

as Fourmile Creek, previously Oil Creek. Oil Creek was named due to the Oil Spring flowing from 

the Jurassic Morrison Formation at a spot along the tributary, approximately six miles north of 

Cañon City. The first people credited with the use of this resource are the Ute Indians who would 

travel to the seep and use the oil for medicinal perposes and war paint (Young, 2004). However, 

the credit for the discovery of the Oil Spring goes to Gabriel F. Bowen, who staked his claim on 

September 3, 1860 with his co-owner William Turner (Kupfer, 2000). Gabriel Bowen was a grain 
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miller by trade who originated from Ohio but settled in the town of Del Rey, east of Cañon City. 

It’s thought that he discovered the oil spring while looking for a sight to build a new grain mill 

(Kupfer, 2000).  

Not long after filing the claim, Bowen attempted to sell the oil spring to Dr. James L. Dunn, 

a physician and surgeon from Del Rey. However, Dr. Dunn was banished from the area for rustling 

13 head of cattle and driving them to Denver to sell at auction. It is thought he embarked on this 

illegal endevour in an attempt to repay his promisory notes to Bowen. Since Dr. Dunn defaulted 

on his promisory notes, the oilspring returned to Bowen’s ownership. (Kupfer, 2000) 

On February 28, 1861 the Colorado territory was established along with Fremont County, 

home to Cañon City. Matthew G. Pratt, a saloon keeper, was the first Freemont County recorder. 

In his official roll, Matthew Pratt prevented the first attempted jump on the oil spring. A claim was 

filed by James W. Heath and co. in November of 1861 which overlapped with Bowen’s previous 

claim on the oil spring. Having stopped the claim jump, Matthew Pratt teamed up with James 

Heath and James Barnes to buy the oil spring from Bowen for $300 in December of 1861. (Kupfer, 

2000) 

Pratt and company kept the claim for little more than a month before selling it in January 

of 1862 to a lawyer from Iowa, Alexander M. Cassiday and his associate B.S. Sherwood. 

Sherwood, a chemist, had an abreviated association with the oil spring due to injuries received 

from the explosion of a chemical retort while attempting to make coal oil from the oil spring crude. 

Alexander Cassiday, however, is accurately named as the “founder of Colorado’s oil industry” 

(Kupfer, 2000, pg. 47).  He promoted and worked the oil spring from 1862-1865 with his partners 

Benjamin Roop, his father-in-law, and M.G. Pratt, who re-purchased a 1/3 share in the oil spring 

claim. Together, the three partners comprised the Colorado Coal Oil Company, the first oil 



19 
 

company in Colorado to produce oil. Soon after establishing their partnership, the first true oil well 

was sunk in Colorado between late 1862-1863. The well was 23 feet deep, four inches in diameter 

with wooden shafts and at night it would fill up with oil and run out over the surface. A further 

two wells were sunk, each well reaching depths between 20 to 50 feet. Only the first well at the 

sight of the oil spring produced oil with production amounting to only 30 to 35 gallons per day. 

(Kupfer, 2000) 

In August of 1865, Cassiday, after obtaining sole ownership of the oil spring, sold the 

property to Boston investers, George G. Wilder, Benjamin T. Stephenson and George B. Nichols 

for $130,000. The Boston owners sent a representative, James Murphy, to work the site for them. 

Little further development of the area occurred. Production from the wells remained primitive and 

required hand pumping. No new wells were drilled in the area, however a report in 1869 by Persifor 

Frazer, Jr. from the Hayden Survey indicates that the wells had been deepened, perhaps to allow 

for less frequent pumping. While production by James Murphy continued, the oil spring changed 

owners several times. The claim on the oil spring was eventually jumped by three different 

“patents” issued by the General Land Office homesteading laws and by “script” given to Cival 

War veterans. Due perhaps to the lack of commercially significant oil production, the jumped 

claim was never disputed by the east coast investers. (Kupfer, 2000) 

2.5 Early Production (1881-1930) 

 Further oil seeps were discovered near Cañon City along the Arkansas River, which 

precipitated the drilling of more wells. Principal among the drillers was Alexander Cassiday and a 

fellow oil enthusiast and driller, Issac Canfield. Unfortunately these wells, like the wells around 

oil spring, turned out to be dry. As no significant oil discoveries were forth coming and cheap 

eastern oil was being transported on the railroads, investment capital for oil development dried up 
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in the Cañon City embayment. Casiday and Canfield turned their interest to coal where investers 

could be obtained. Casiday’s coal mines extend six miles southeast from the town of Brookside, 

located southeast of Cañon City, where they met up with Canfield’s coal mines. (Kupfer, 2000) 

In late 1880, Casiday and Canfield convinced their investors that they needed to drill a 

water well to source their coal mines (Kupfer, 2000).  They began drilling in December of 1880 

and on January 17, 1881 they struck oil at a depth of 1445 feet (Kupfer, 2000). The discovery well 

was drilled by Canfield but is thought to have been located on Cassiday’s land (Kupfer, 2000). 

This well was drilled just east of the coal measures and marked the western extent of the Florence 

Field. While this well was reported as having good initial shows, only a few barrels were produced 

(Kupfer, 2000). According to some, the well was abandoned due to the loss of tools down the well 

(Scamehorn, 2002) while others claim broken machinery or litigation was the downfall of this well 

(Kupfer, 2000). Nonetheless, this discovery of deeper oil was the catalyst for fortune seekers, 

investors and oil workers to decend upon the area. 

David G. Peabody, a mercantile businessman who hailed from Vermont and moved to 

Cañon City in 1870, was one of the first swept up by the oil craze (Scamehorn, 2002). Peabody 

drilled two wells on the Lobach property located on the floodplain, south of the Arkansas River 

(Kupfer, 2000). Peabody later became owner of these wells and formed the Lobach Oil Co. 

Peabody’s wells were both successful oil wells and marked the northern extent of the Florence 

Field.  

Simulaneous to Peabody’s drilling, Cassiday began drilling his next well with his oil 

company, the Arkansas Valley Company (Kupfer, 2000). The well was located east of Highway 

67, approximately 2 miles south of the town of Florence (Kupfer, 2000). This well, according to 
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Ihlseng (1885) encountered oil at three different horizons and went on to mark the eastern extent 

of the Florence Field.   

 
Figure 2.4: Production in the Florence Oil Field circa 1890 (Young, 2004 – Denver public 

library, western history collection, unknown photographer, no. x-8442). 

Peabody’s and Cassiday’s companies dominated development in the early part of the 

field’s history. Cassiday built the first oil refinery in December of 1885 and Peabody’s soon 

followed (Kupfer, 2000). However the untimely death of Alexander Cassiday and his son 

DesMoines, in 1887, resulted in the two companies, along with other, smaller companies, being 

merged into the United Oil Company (Kupfer, 2000; Cambell, 1972). The United Oil Company 

was headed by mining expert Nathaniel P. Hill (Cambell, 1972) and dominated development in 

the area throughout the early era of production, drilling a total of 408 wells by 1909 (Washburne, 

1909) and a further 69 wells from 1910-1930 (COGCC).  
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The Florence Oil and Refining company, incorporated by Augustus Rose Gumaer, was 

also a significant developer in the Florence Field in its early era. In Washborne’s (1909) report, 

the Florence Oil and Refinig company had drilled 113 wells in the area by 1909, making them the 

second biggest developer. Gumaer, reputed for sharp trading, originated from Port Jervis, New 

York and arrived in Cañon City in 1881 (Cambell, 1972). In one of Gumaer’s shrewd dealings, he 

claimed to be responsible for thwarting oil mogel John D. Rockefeller’s attempt to purchase from 

the Florence Oil Refinery at a lower price. A price war ensued with Rockefeller driving local oil 

prices down to five cents a gallon. To combat this, Gumaer began giving oil free to Florence 

customers (Cambell, 1972). 

While life in Florence might have included free coal oil for the offering, the town was 

certainly a “derrick town” which can be seen in the 1890 picture of the Florence Oil Field (Figure 

2.4). Production at the time of this picture was accelerating and didn’t peak until 1892 when 

approximately 824,000 BL were produced (Brunton, 1954; Table A.1, Figure 2.5). A steady 

decline in the field’s production ensued until the discovery of the nearby Cañon City field in 1925-

1926. This discovery resulted in a minor resurgence of production, peaking in 1928 at a little over 

half the highest peak, 429,289 BL (Brunton, 1954). After this peak, production waned once again 

until the end of the first era. By the end of the first era, cummulative production amounted to 12.9 

MMBO. 

2.6 Middle Production (1931-1990) 

 The onset of the Great Depression marked the start of the second era of production. 

Coincident with the economic lows, oil prices remained low for the first forty years of this era. 

Despite the low oil prices, production and development within the Cañon City Embayment 

continued at a slow but steady pace. The early era of production showed two major land holdings 
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in the area with minor land holdings by Cowperthwaite and Paul Moschutti. The major 

landholders, who worked to develop the area, were those of Alex Beltramo and Hollandsworth 

Oil. Alex Beltramo worked through much of the middle era of production and into the recent era. 

Hollandsworth Oil, however, sold their holdings to Red Cliff Oil in 1959, which later sold to B&B 

Resources in 1966. Like Alex Beltramo, B&B Resources continued operating in the field through 

the rest of the middle production and into the current era. 

 Oil prices remained low until the early 1970s when conflicts in the Middle East brought 

about a rise in oil prices. The rise in oil prices began in 1973 with an embargo on Arab States oil 

and rose higher in 1978, when revolution resulted in reduced production in Iran. The oil prices 

peaked in 1980 with the start of the Iran-Iraq War, which further slowed exports from this region. 

The rise in oil prices brought renewed interest to the Cañon City Embayment by the late 1970s and 

a variety of new companies began developing within the area. One of the earliest to invest in the 

area was Lear Petroleum Corp. Abel Oil and Gas soon followed. Seven operators had producing 

wells within the Florence-Cañon City area by the end of 1985. This number jumped to sixteen 

operators by the end of the era. Despite the large influx of developers during this period, no 

significant increase in production accompanied the increased drilling. By the end of this 60-year 

period, production amounted to only an additional 2.2 MMBO (Figure, 2.5). 

 One of the long-time producers in the Cañon City area was John C. Cowperthwaite, born 

in Cañon City on June 4, 1926 to Anna and Roy Cowperthwaite (Ancestry.com (A)). His father 

and mother were both Colorado natives and his father, Roy, worked as coal miner in the area 

(Ancestry.com (A)). Roy owned his own land and his son’s interest in the petroleum industry led 

John to begin drilling on his father’s property. Production records for John Cowperthwaite, on Roy 

Cowperthwaite’s land, date back to 1954. John never expanded his holdings, but produced from 
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his father’s land until 2004. This continual work led him to be one of the longest producers in the 

Cañon City area, though his production was small. John later died on May 26, 2013 after a lifetime 

of oil production in the Cañon City Embayment (Ancestry.com (B)). 

The Beltramo family was a much more significant producer and their company of Beltramo 

Oil was one of the longest continual developers in the Cañon City Embayment. Alex Beltramo Sr. 

(1878-1964) immigrated to America from northern Italy in 1902 (Ancestry.com (C)). Originally, 

Alex Sr. took up work in Colorado as a miner. A few years later, after his naturalization in 1904 

(Ancestry.com (D))., Alex returned to Italy and married Alexandina and in 1912, the young family 

returned to Colorado with their baby Lillie (Ancestry.com (C)). Their family soon grew to include 

four boys, Tony, Charles (Carlo), Alex Jr., and William. By 1920 Alex Sr. owned his home and 

land (Ancestry.com (C)). Some of the early wells were even drilled on his property, perhaps 

enticing him into the oil field. By 1930 Alex Sr. was working as an oil pumper and by 1940, his 

son, Alex Jr., was working the oil fields as well (Ancestry.com (E,F)). Petroleum Information 

Production Reports as early as 1954 show that Alex Beltramo had started his own oil company 

and was one of the major drillers during this middle period. Eventually, the business passed from 

Alex Sr. to Alex Jr., though records are unclear as to exactly when this change occurred. In addition 

to his work in the oil fields, Alex Beltramo Jr also worked as a Freemont County commissioner, 

filling this roll from 1963-1966 and 1971-1972. Despite his role as commissioner, Alex Beltramo 

Jr.’s company continued to work in the field until the year 2000, when his holdings were sold to 

Cinnamon Creek Oil and Gas. Alex Beltramo Jr. passed away June 23, 2002. The work of this 

family spanned two generations and two eras of development within the Cañon City Embayment. 

Many of the wells they drilled are still producing today. 
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2.7 Recent Production (1991-PRESENT) 

 Another downturn in oil prices predicated the start of the Recent Era in production. In 

accordance with the downturn in oil prices, production steadily declined from 1991 to 2004 (Figure 

2.5, Table A.1, COGCC). This downturn in oil prices also led to a minor turnover in companies 

working the area in the earliest part of the era. However, by 1995 consolidation of land leases 

began in the region. By 2000, the number of companies developing the region had significantly 

decreased and Cinnamon Creek Oil and Gas, who bought their holdings from Beltramo Oil, 

Javernick Oil and San Marco Petroleum Inc., were the three primary producers in the area. Jim 

Javernick began his career as a driller for Alex Beltramo Jr. and later started his own company, 

Javernick Oil, in the mid-1990. Cinnamon Creek Oil and Gas, as well as Javernick Oil, are 

currently producing from the basin while San Marco Petroleum Inc. sold their land holdings in 

2015. Other producers during the early 2000s included John C. Cowperthwaite, whose holdings 

were sold in 2004, Chandler Creek Companies and Bison Energy Corporation, who maintained 

their holdings until 2010 (COGCC). 

 As oil prices began to climb in the early 2000’s, a shift in drilling styles occurred. While 

the drilling of deviated wells occurred as early as 1990, the first horizontal well did not occur until 

2010. This well was drilled by Pine Ridge Oil and Gas, a subsidiary of Comet Ridge Resources. 

The wells drilled by Pine Ridge Oil and Gas, targeted the Pierre Shale and sought to achieve higher 

production from this highly fractured formation. To aid in this endeavor, Pine Ridge Oil and Gas 

obtained a 3D seismic survey in the Florence area between 2008 and 2010. From 2008-2012 Pine 

Ridge Oil and Gas drilled 25 new wells, only some of which were horizontal. Twenty-two of the 

wells were commercial producers averaging 35,000 barrels of oil per well (oilvoice.com). The best 

well had an average 30-day initial production of 523 BOPD while others had an average 30-day 
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initial production of 112 BOPD (oilvoice.com). In 2012 their holdings were sold to Incremental 

Oil and Gas LLC. 

 
Figure 2.5: Chart of annual production figures by year from 1886-2015. Information taken from 

Table A.1 with sources cited. 

 
Figure 2.6: Chart of cumulative production figures by year from 1886-2015. Information taken 

from Table A.1 with sources cited. 
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The significant production resulting from horizontal drilling of the Niobrara Formation in 

the nearby Wattenberg Field within the Denver basin encouraged other companies to consider the 

possibly of tapping this resource within the fields of the Cañon City Embayment. Source rock 

analysis of the Niobrara indicates a thermally mature hydrocarbon target; however, development 

is currently insignificant. In August of 2012, Austin Exploration drilled the Pathfinder C 11-12 

1H, a horizontal well targeting the Niobrara Formation. Drilling reached 5,152 ft. TVD with a 

4,147 ft. lateral and sixteen hydraulic fracture stages. Initial production from this well amounted 

to 403 BOEPD. From this successful drilling, Austin Exploration has planned an ambitious new 

drilling program in the Sharon Springs and Niobrara of the Cañon City Embayment. The property 

is large enough to accommodate 350 new wells. However, the recent downturn in oil prices appears 

to have put further development on hold. Combined production from the Pierre and Niobrara 

formations in the 24 years of this era amounts to a further approximately 1.3 MMBO. 

(Austinexploration.com) 

2.8 Conclusions 

 While the majority of oil production from the Cañon City embayment occurred within the 

first era of production, continued development within the field has occurred steadily into the 

present. The first oil boom occurred from (1890-1894) as oil production declined within the 

Pennsylvania oil fields. Following a decline in oil prices, development lagged. As oil prices once 

again climbed, a second, smaller boom occurred in the 1980’s without an accompanying rise in 

production. In the early 2010s, as oil prices climbed again, renewed interest in this historic area 

resulted in new development. Cumulative production from the three eras of production has 

exceeded 16.4 MMBO (Figure 2.6). With new technologies available, such as seismic imaging, 

deviate wellbores and horizontal drilling, better production has occurred. In addition, significant 
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production from the Niobrara Formation in the nearby Wattenberg field suggested a new target for 

production within the Cañon City Embayment. Currently, little development is occurring due to 

the fall in oil prices. However, with the new technologies and targets available, the Florence and 

Cañon City Fields are primed for their next phase in development. 
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 CHAPTER THREE  

GEOCHEMICAL AND MICROPALEONTOLOGICAL EVIDENCE OF 

PALEOENVIRONMENTAL CHANGE IN THE LATE CRETACEOUS 

WESTERN INTERIOR SEAWAY FORM THE NIOBRARA  

TO THE PIERRE SHALE FORMATION 

Reproduced with permission from The Mountain Geologist. Submitted for publication July 2018, 

accepted for publication August 2018. 

Kira Timm and Stephen Sonnenberg 

3.1 Abstract 

Deposition of the Upper Cretaceous Niobrara Formation and overlying Sharon Springs 

Member of the Pierre Shale occurred during transgressive phases within the Western Interior 

Cretaceous (WIC) Seaway, however their respective geochemical and biological differences are 

significant. The Niobrara Formation is an alternating calcareous chalk/marl system, biologically 

defined by fecal pellets and robust foraminifers including Heterohelix globulosa, 

Globigerinelloides ultramicrus, Hedbergella, Gümbelina and two Archaeoglobigerina species. 

However, the Sharon Springs is primarily argillaceous in composition with lesser amounts of 

biogenic calcite and silica. Larger foraminifers within the Sharon Springs are primarily arenaceous 

whereas foraminifers of the same species found in the Niobrara are dwarfed in the Sharon Springs. 

Dwarfism of foraminifers species and the presence of dispersed diatoms, which flourish in cold 

waters, indicate a shift in paleocurrents. Deposition of the Niobrara occurred during times where 

warm Gulfian currents allowed for carbonate production through the Early Campanian. 

Paleogeographic maps of the Middle Campanian indicate a southerly restriction of the WIC during 
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the time of the southerly Claggett Transgression. The influx of cold, southerly waters resulted in 

an environment conducive to diatoms and environmentally stressful to foraminifers.  

Lithological and geochemical evidence from the Sharon Springs indicates that the cold-

water Claggett Transgression resulted in a stratified water column in the middle of the WIC, as 

well as, increased organic matter production. Petrographic analysis of preserved organic matter 

show clumped floccules or flattened amalgamations of floccules in laminated facies. While 

dispersed amorphous organic matter is also present, flocculation had a major influence on organic 

matter preservation.  Two possible depositional mechanisms, each dependent on water density, 

probably produced these water conditions. If density contrasts existed between the cold water 

influx and the warm waters present during the deposition of the Niobrara, the cold waters would 

have progressed along the bottom of the basin leading to upwelling along the basin margin and 

basin stratification. If no significant density contrast existed, caballing would occur at the mixing 

front, leading to downwelling, rapid transport of organic matter to the sea floor, better organic 

matter preservation and basin stratification. 

3.2 Introduction 

Within the Rocky Mountain region, Cretaceous organic-rich source rocks are prolific, 

though localized to certain stratigraphic horizons. This has resulted in numerous oil fields and 

significant hydrocarbon production. The focus of this study, the Cañon City Embayment located 

in south-central Colorado (Figure 3.1), contains the first Cretaceous hydrocarbon production in the 

Rocky Mountain region. Production began in 1881 with the discovery of the Florence Oil Field by 

Alexander Cassiday and Isaac Canfield and has continued to the present (Kupfer, 2000; Timm and 

Sonnenberg, 2016). The embayment is a structural re-entrant of the Denver Basin and therefore 

stratigraphically similar to the northern, Greater Wattenberg Field. While production in the 
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Wattenberg Field has focused primarily on the Niobrara Formation, the Cañon City Embayment 

has produced primarily from the stratigraphically higher, fractured Pierre Shale, which is thought 

to be sourced by the underlying Sharon Springs Member of the Pierre Shale (Gautier et al., 1984; 

Lillis et al., 1998).  

 

Figure 3.1: A) Location map of the Denver Basin Top Niobrara structure (modified from 
Sonnenberg, 2013). B) Map of the Cañon City Embayment identifying the location of Pierre, 
Niobrara and Greenhorn outcrops in and around the area of interest (AOI) outlined in yellow. 

Deposition of both the Niobrara and the Sharon Springs occurred in the relatively shallow, 

epicontinental seaway present in the Western Interior Cretaceous (WIC) basin. The WIC is a 

unique feature formed as an intracratonic basin from tectonic flexure during a period of high 

marine incursion (Laferriere and Hattin, 1989). At its maximum extent, the WIC seaway extended 

more than 3,000 miles from the Boreal Sea in Arctic Canada to the Tethyian Sea in the present day 
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Gulf of Mexico (Kauffman, 1977). No modern-day analog exists for this seaway (Hay et al., 1993; 

Parrish et al., 1984). Its significance lies in laterally extensive marine sequences, rich source rocks 

and high hydrocarbon potential.  Within the WIC, large-scale marine sequences represent 

transgressive and regressive cycles, providing evidence of marine, marginal marine, coastal plain 

and alluvial plain environments (Kauffman, 1977). The Upper Turonian through the Lower 

Campanian Niobrara Formation represents one of these major transgressive-regressive cycles 

(Kauffman, 1969b). Overlying this major marine sequence is the time-transgressive Campanian 

through Maastrichtian Pierre Shale deposited as part of the Claggett Transgression (Figure 3.2 and 

3.3) (Bergstresser and Krebs, 1983; Gautier et al., 1984; Kauffman and Caldwell, 1993; Parrish 

and Gautier, 1993). The organic-rich source rocks associated with each of these marine 

transgressions vary widely in their chemical, mineralogical and biological composition. 

The Niobrara consists of two main members, the basal Fort Hays limestone and the 

overlying Smoky Hill chalks and marls. The Fort Hays consists of rhythmically bedded shale and 

limestones which are primarily biomicrosparites (Laferriere and Hattin, 1989). This member is not 

typically targeted for hydrocarbons. The Smoky Hill is an outer shelf, deep water, pelagic deposit 

comprised of pellet-rich, interbedded chalk and marl lithologies (Hattin, 1981). The chalks are 

predominantly composed of coccoliths, foraminifers, and inoceramids with impurities consisting 

of clay, organic matter and pyrite (Pollastro and Martinez, 2011). The purer chalks represent 

periods of high sea level with significant influx of warm, Gulfian currents (Longman et al., 1998; 

Sonnenberg, 2011). The marls of the Smoky Hill are typically more clay and organic-rich and 

represent periods of lower sea level and possibly increased rainfall with fresh-water runoff,  
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Figure 3.2: Stratigraphy of the Cañon City formations from the Paleozoic through the early 

Cenozoic  (Evanoff, 1996). 



39 
 

 
Figure 3.3: Regional sea level fluctuations from the Late Cretaceous Western Interior Seaway. 
Regional Sea-Level transgressions and regressions from Kauffman and Caldwell (1993), global 

eustatic seal level from Haq et al. (1989) and radiometric age dates from Obradovich (1993). 
Figure from Nakamura (2015) modified from Drake and Hawkins (2012). 

resulting in increased detrital input into the seaway (Sonnenberg, 2013). The Niobrara depositional 

model (Figure 3.4) created by Longman et al. (1998) shows increasing carbonate content to the 

south due to the warmer waters, and increasing organic carbon content to the east, away from the 

higher detrital input. While production varies across the Wattenberg field, depending on location, 

production emanates from each of the three Niobrara chalk units, the Niobrara A, B and C, 

produces oil sourced primarily by the interlayered marls. 

In northern areas, such as the Wattenberg Field in Colorado, the organic-rich Sharon 

Springs Member of the Pierre Shale lies conformably on top of the Niobrara (LeRoy and Schieltz, 

1958). However, in the area of interest, a lower calcareous transition member overlies the Niobrara,  
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Figure 3.4: Regional depositional trends within the Western Interior Seaway during the Niobrara 

deposition. (Longman et al., 1998; Roberts and Kirschbaum, 1995). 

which is then overlain by a detrital sandstone, the Apache Creek Sandstone Member that preceded 

deposition of the Sharon Springs (Gautier et al., 1984; LeRoy and Schieltz, 1958). The Sharon 

Springs is a dark grey highly organic-carbon-rich mudstone, with total organic carbon (TOC) 

ranging from 2 to 11 wt. %. Mineralogically, the shale contains high percentages of clay, pyrite 

and detrital quartz and feldspar with low percentages of biogenic silica and calcite. Bone fragments 

from higher life forms are dispersed throughout the Formation, though some beds show high 
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concentrations. Two polarized depositional environments have been suggested for the Sharon 

Springs Formation. One environment describes upwelling throughout the WIC that promoted high 

primary productivity and therefore the high preserved organic carbon contents found in the Sharon 

Springs (Parrish and Gautier, 1993). The second depositional environment occurred under anoxic 

or “toxic conditions” allowing for heightened organic carbon preservation (Gautier et al., 1984; 

LeRoy and Schieltz, 1958). Each of these models allows for the high organic matter preservation 

apparent in the Sharon Springs, however mineralogical, geochemical, and paleontological 

evidence within the Sharon Springs can help determine the best depositional model. 

Significant changes in mineralogy, geochemistry and paleontology occur from the Smoky 

Hill Member of the Niobrara to the Sharon Springs Member of the Pierre Shale. These changes 

signify a change in depositional environment within the WIC. The objectives of this study are to: 

(1) identify lithological facies within core and refine the facies with the use of geochemical logs; 

(2) examine the similarities and differences in geochemistry and micropaleontology within the 

Smoky Hill Member of the Niobrara and the Sharon Springs Member of the Pierre Shale; (3) relate 

the geochemistry and micropaleontology to paleoenvironmental factors; and (4) use these data to 

model environmental changes in the area of interest during the late Cretaceous. Ultimately, this 

will result in a better understanding of the depositional environment and processes, which enabled 

the high concentration of organic matter in the Sharon Springs Member of the Pierre Shale. 

3.3 Analytical Methods 

The Sharon Springs crops out around the periphery of the Cañon City Embayment, as 

shown in Figure 3.1, however it is highly susceptible to weathering, forming distinctive buttresses 

in its weathered form (Gautier et al., 1984). Mineralogy is severely altered during weathering due 

to oxidation of pyrite forming sulfurous, acidic solutions (Gautier et al., 1984). Significant 
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excavation is required to reach unweathered rock and as outcrops are located on private land, 

excavation was not a viable option. For that reason, a cored interval centrally located within the 

basin was the focus of the geochemical and lithological analysis in this study. While a core 

undergoes some alteration after extraction, this alteration is minor compared to the effects of 

surface exposure. The Bull 42-4 core stored at the USGS Core Research Center in Lakewood, 

Colorado, was used in this study because it contains a complete Sharon Springs interval, as well 

as a partial Niobrara interval. A number of additional cores and cuttings from the Cañon City 

Embayment contain portions of the Smoky Hill Member of the Niobrara Formation. Thin section 

and geochemical data from the cores listed in Table 3.1 were used for comparative analysis with 

the Sharon Springs interval in the Bull 42-4 core.  

Table 3.1: Cores and cuttings containing data from the Sharon Springs Member of the Pierre 
Shale Formation and the Smoky Hill Member of the Niobrara Formation. 

Well Name 
API Location Core or 

Cuttings Available Intervals 
Bull 42-4 050430615 S04-T20S-R69W Core Sharon Springs 

31-20 Continental 0504306016 S20-T19S-R69W Core Niobrara A Chalk, 
Aus-Tex C 11-12 1 0504306216 S12-T20S-R70W Cuttings Sharon Springs –  

Fort Hays 
USGS Portland 1 N/A S20-T19S-R68W Core Niobrara B Chalk –  

Fort Hays 

3.3.1 Petrographic Instrumentation and Procedures 

Petrographic work included both thin section and field emission scanning electron 

microscopy (FE-SEM) analysis. A total of 11 ultra-thin (20-25 μm) thin sections were created 

from the Bull 42-4 core. Samples were selected to image each of the lithological facies identified. 

Preparation of thin sections occurred primarily perpendicular to bedding to observe fabric, though 

a few were prepared parallel to bedding to observe the depositional plane. Additional thin sections 

from the Niobrara were used for paleontological comparison. Most thin sections were impregnated 
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with blue epifluorescent dye to aid in micro-fracture imaging. Analysis was completed on a Leica 

DM 2500 P epifluorescent microscope. This microscope allows for combined ocular and objective 

lens magnifications of up to 400x.  

The FE-SEM used in this study was a TESCAN MIRA3 LMH Schottky Field-Emission 

SEM at the Colorado School of Mines, which, in addition to secondary electron imaging (SEI), 

includes back scatter electron microscopy (BSE) and electron dispersive spectroscopy (EDS) for 

qualitative elemental analysis. To ensure high-quality imaging, close working distances of 10 mm 

and 15 kV beam intensities were used. Seven relatively flat, broken shale surfaces, broken 

perpendicular to fabric were gold-coated to insure highest resolution imaging. Thin sections were 

also analyzed using carbon-coating and imaging under secondary electron (SE), BSE and EDS to 

provide elemental distribution maps. Magnifications up to 500 nm scale are possible with this 

instrument, though image quality is best at up to 2 μm scale magnification. 

3.3.2 Geochemical Instrumentation and Procedures 

Geochemical work included quantitative bulk X-ray diffraction (XRD), qualitative X-ray 

fluorescence (XRF), and source rock analysis (SRA) used for total organic carbon (TOC) and 

organic matter (OM) characterization. Samples were taken every two feet on the Bull 42-4 core 

and quantitative XRD analysis and SRA were performed by Weatherford Labs in Golden, 

Colorado. Additional quantitative XRD analysis performed by Weatherford Labs was provided by 

Fremont Petroleum Corporation (previously Austin Exploration) on the Aus-Tex C 11-12 1 

cuttings. Weatherford XRD analysis was also available for the Smoky Hill Member in the 31-20 

Continental Well. While analyses were performed at different times, it is expected that consistent 

methodology was used as all analyses were performed at the same lab. 
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XRF analysis using the Niton XL3t GOLDD+ (Niton) hand held energy-dispersive x-ray 

fluorescence analyzer provides qualitative geochemical information on the elements present within 

the core. From the reproducibility testing conducted by Nakamura (2015), the “Test All Geo” 

mode was used with testing times of 30 seconds for main elements, 30 seconds for low, 30 seconds 

for high and 90 seconds for light elements. Nakamura (2015) also cross plotted readings from the 

Niton and an inductively coupled plasma (ICP) to identify elements with the best correlations 

(Table 3.2). Elements with a best fit line of R2 > 0.6 identify the best elements for use in analysis 

and can even be used for quantitative analysis.  Elements with a best of 0.6 > R2 > 0.25 still provide 

reasonable qualitative trends, as long as they correlate with other trends. Those with R2 < 0.25 are 

not acceptable for qualitative analysis and therefore are not used in this study.  

Table 3.2: Analysis of elemental range for the Niton XL3t GOLDD+ providing information on 
deviation from best-fit line when comparing Niton results to ICP results (Nakamura, 2015). 

R2 >0.6 Ca, Zr, Si, Al, Mn, Rb, Sr, Ba, Fe, Nb, K, S, V, Ti, Mo, 

T, Zn 

0.6 > R2>0.25 As, Mg, Ni, Cu, Pb, Cr, U 

R2 < 0.25 P, Cs, Bi, Sb, Sc, Sn, Ag, W, Co 

 For the Bull 42-4 core, XRF readings were taken every three inches throughout the 30 feet 

of Sharon Springs to provide fine-scale elemental logs. The Thermo Scientific standard reference 

material 2709a provided with the Niton analyzer was used for correction for both instrument 

variation from the standard and drift during use. Selection of this standard was based on the most 

desired elements for analysis. During testing, repeated measurement of the standard occurred once 

per hour allowing for minor drift correction. 
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3.3.3 Chemostratigraphy Analysis and Proxies  

Within an oceanic environment, elements are either present as a solute in the water, 

adsorbed to particles or introduced into the system via detrital particles. Enrichment of elemental 

concentrations can either occur in the water column or at/or below the sediment-water interface. 

This elemental enrichment, typically of trace metals, beyond normal sea water conditions, provides 

information about chemical processes within bottom waters. Many studies have looked at modern 

environments of deposition to determine the specific origins of elemental enrichment and created 

proxies for detrital matter, paleoproductivity (organic matter) and paleoredox (anoxic/euxinic) 

conditions. Detrital matter is defined as any matter, whether fluvial or eolian, introduced into the 

oceanic system while trace metals used for paleoproductivity and paleoredox proxies transfer to 

the sediment by biotic or abiotic processes (Tribovillard et al., 2006). Paleoredox conditions 

identify periods of bottom-water stratification where the bottom water is either oxic (containing 

free oxygen), dysoxic (containing low oxygen levels), anoxic/reducing (containing no oxygen), or 

euxinic (containing no oxygen and free hydrogen sulfide). Using these proxies, qualitative changes 

in enrichment allow for chemostratigraphic analysis of XRF data. 

Detrital proxies include aluminum (Al), titanium (Ti), and potassium (K) (Brumsack, 

1989). Aluminum is one of the best proxies for detrital minerals as it is a common component in 

fluvial and eolian minerals, such as aluminosilicates, while having a low abundance in seawater 

and little alteration by diagenetic or biological processes (Brumsack, 2006). These relationships 

also apply to Ti, however it can become concentrated in heavy minerals such as rutile (Brumsack, 

2006). K is typically associated with clay minerals, such as illite, or with potassium feldspar. Silica 

(Si) can also have detrital origins, however in this study petrographic analysis indicates a small 
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percentage of biogenic silica in the form of diatoms, as well as authigenic silica in fracture fill, 

therefore Si was not a useful detrital proxy in this study.  

Since high organic concentrations occur under reducing conditions, molybdenum (Mo), 

uranium (U), vanadium (V), nickel (Ni) and zinc (Zn) are used as proxies for both organic and 

anoxic indicators. Each of these elements is enriched at the sediment-water interface as opposed 

to within the water column. The diffusion process is often slow, so one of the limiting factors for 

elemental enrichment is sedimentation rate. High concentrations occur when sedimentation is slow 

and lower concentrations occur when sedimentation is high, this is especially true for Mo 

(Brumsack, 1989). Mo is a conservative element in seawater, essentially maintaining a constant 

ratio to major ions (Brumsack, 1989). Despite this, Brumsack (1989) demonstrated significantly 

higher Mo enrichment within the stratified Black Sea when compared to the upwelling zone in the 

Gulf of California. High Mo concentrations in sediments in particular, are an indication of 

sustained free hydrogen sulfide in the presence of reducing conditions (euxinia) (Tribovillard et 

al., 2006). U enrichment occurs in the presence of organic matter, as its concentration is linked to 

bacterial sulfate reduction (Tribovillard et al., 2006). U can be remobilized if oxygen penetrates 

sediments, for example during bioturbation or an influx of oxygenated bottom water (Tribovillard 

et al., 2006). Barring evidence of re-oxygenation of sediment, U is a good indicator of organic 

matter and reducing environments since it has minimal detrital influences. V is present in the form 

of vanadate oxyanions under oxic conditions, which adsorbs to Mn-Fe-oxyhydroxies or possibly 

kaolinite (Tribovillard et al., 2006). As the environment moves from mildly reducing to euxinic, 

V has a two-step reduction process allowing for higher and higher concentrations of V. In the 

presence of free H2S, V preferentially bonds to organic complexes allowing for heightened 

enrichment (Tribovillard et al., 2006). Both Ni and Zn are micronutrients in oxic environments, 
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which combine with humic/fulvic acids. Zn will also adsorb to Fe-Mn-oxyhydroxies in oxic 

conditions (Tribovillard et al., 2006). Both Ni and Zn can be released during organic matter decay, 

however under reducing conditions both can be incorporated as a solid solution in pyrite. Ni can 

also be preserved as Ni-geoporphyrins while Zn can form sphalerite under reducing conditions 

(Tribovillard et al., 2006). Since organic matter is needed to transport these elements to the 

sediment and reducing bottom water is required for preservation, Ni and Zn are strong organic and 

redox proxies. 

The only paleoproductivity proxy separate from paleoredox proxy are those for chromium 

(Cr).  Cr is present in seawater either as a soluble chromate anion in oxic conditions or as an 

aquahydroxyl or hydroxyl cation in anoxic conditions (Tribovillard et al., 2006). Under anoxic 

conditions, these cations readily combine with organic matter or Fe- or Mn-oxyhydroxides 

(Tribovillard et al., 2006). Cr is easily released from organic matter by sulfate-reducing bacteria 

and can also be transported in the sediment’s detrital fraction. Due to Cr complex origin, it was 

not used as a proxy in this study.  

3.4 Sharon Springs Lithofacies Analysis 

Analysis of core lithology, thin sections and geochemistry within the Bull 42-4 core 

resulted in the identification of seven lithofacies and three lithofacies associations within the 

Sharon Springs Member (Table 3.3, Figure 3.5). Five of the seven lithofacies identify variations 

present within the shale, while the other two lithofacies distinguish two types of bentonite. The 

lithofacies associations categorize the facies by environmental energy or primary deposition type 

as well as levels of oxygen (oxic/dysoxic/anoxic) and free hydrogen-sulfide (euxinic) present 

during deposition.  
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At the start of the Sharon Springs deposition, sediment gravity flow deposits comprise a 

large portion of the strata while elemental analysis indicates stratification and euxinia within the 

water column. High gamma ray API is associated with these facies, Facies 1 and 2, which are 

grouped into Facies Association 1. Facies Association 2 consists of Facies 3-6. This association 

shows low energy deposition and geochemistry indicates that anoxic/euxinic depositional 

environments were present. These facies also show very high gamma ray API. At the top of the 

Sharon Springs, a low energy oxygen rich environment was established allowing for a relative 

abundance of allochems and bioturbation. This facies, Facies 7, is identified by Facies Association 

3 and shows a significantly lower gamma ray API.  

Figure 3.5: A) Map of the Cañon City Embayment identifying the location of Pierre, Niobrara 
and Greenhorn outcrops with a star marking the location of the Bull 42-4 core. B) Facies analysis 

of Bull 42-4 core located in the Florence Field, Cañon City Embayment with gamma ray API 
curve for reference. 



49 
 

Table 3.3: Facies and facies associations identified in the Sharon Springs Member from the Bull 
42-4 core. 

Facies Association Facies Description 

Facies Association 1 

Mass Transport Deposits/ 

Euxinic 

Facies 1 Light gray, friable containing randomly oriented bone 
fragments, sediment gravity flow deposit often with 
paired bentonites 

Facies 2 Light olive gray cohesive bentonite located toward 
the bottom of the Sharon Springs, is only associated 
with sediment gravity flow deposits, possible 
scouring surface at bottom showing fining upward 

Facies Association 2 

Low Energy/ Anoxic to 

Euxinic 

Facies 3 Dark gray shale, rubblized with scattered bone 
fragments 

Facies 4 Dark gray, scattered bone fragments, large elongated 
pyrite framboids 

Facies 5 Gray, faint laminations, fairly flat and ordered 
Inoceramids and oyster beds, large pyrite framboids 

Facies 6 Olive-buff bentonite, fissile/friable 

Facies Association 3 

Low Energy/Oxic 

Facies 7 Dark greenish-gray bioturbated shale, pyrite rich 

3.4.1 Facies Association 1 – Mass Transport Deposits Euxinic Environment 

Facies association 1 is located in the deepest part of the core and consists of paired sediment 

gravity flows in the form of both shales and bentonites. The shale sediment gravity flow deposits 

consist of a significant proportion of randomly oriented phosphatic deposits consisting of bone 

fragments, scales, and teeth. Also present are numerous black peloids (Figure 3.6). The lack of 

fining upward and random orientation of particles indicates no turbidity within the sediment 

gravity flow, making it a debrite deposit with a laminar flow (Haughton et al., 2009). The re-

worked bentonites consist of upper fine-grained silt at the base of the bed (Figure 3.7A), fining 

upward to very fine silt in a matrix of primarily biotite and kaolinite (Figure 3.7B). The re-working 

and fining upward sequence indicates turbulence within the sediment gravity flow. The paired 

deposits are likely co-genetic, forming from a hybrid sediment gravity flow at the distal end of a 
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basin plain sheet system (Figure 3.8, Haughton et al., 2009). Within the shale, early calcite 

cementation, likely emanating from pyrite replacement of foraminifers, prevented significant 

compaction. The calcite has a bladed, pendant appearance indicating the calcite was originally 

high magnesium calcite and gravitational in nature prior to alteration. Silica, possibly mobilized 

during diatom replacement in higher beds, fills later fractures within Facies 1.  

 
Figure 3.6: Facies 1 photomicrograph of shale sediment gravity flow deposit showing randomly 

oriented bone fragments (brown material, some highlighted with “BF”), black peloidal clasts 
(“P”), and calcite cementation (blue arrows seen in XPL). Image A in PPL, B in XPL. 

 
Figure 3.7: Facies 2 Photomicrographs of bentonite sediment gravity flow deposit. A) Located at 
the bottom of the bentonite and shows larger angular grains wrapped by biotite. B) Located at the 

top of the bentonite and shows very fine grained texture. Image A & B in XPL. 
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Figure 3.8: Depiction of sediment gravity flow classifications (Haughton et al., 2009), sediment 

gravity flows associated with Facies 1 & 2 likely co-genetic, linked debrites. 

3.4.2 Facies Association 2 – Low Energy Anoxic to Euxinic Environment 

Following these high energy environments, quieter depositional waters resulted in the 

deposition of the second facies association. The primary component of the resulting mudstones 

consists of clays with a significant proportion of detrital silt sized quartz and plagioclase. This 

indicates basin ward transportation of detrital particles. No sedimentary structures are apparent in 

these facies, they are primarily a compacted mudstone with discontinuous laminations. These 

laminations are highlighted by flattened organic-clay aggregates (Figure 3.9). Allred (2017) 

suggested that the lack of structures and discontinuous laminations resulted from thorough 

bioturbation of the parent sediment, however no evidence of burrows is present within this facies 

association in the Cañon City Embayment. Fossil remains consist primarily of dwarfed 

foraminifers and some diatoms. Larger inocerimid and oyster shell fragments occur as layers or 

clumps. It is unclear whether this large shell matter was transported into the basin by currents or 
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they are the regurgitated or fecal remains from larger aquatic life forms. The highest proportions 

of preserved organic matter occur within these lower energy facies. Both associated and 

unassociated with this organic matter are high pyrite concentrations. Large pyrite or marcasite 

ellipsoids seen easily in core are also present in some facies. 

 
Figure 3.9: Facies 5 photomicrographs at 2970.4' in the Bull 42-4 core showing disconnected 
laminations, a large flattened peloid (“P”), larger framboidal pyrite (“FP”), smaller framboids 
dispersed through fabric, dwarfed foraminifers (yellow arrow). Image A in PPL, B in XPL. 

3.4.3 Facies Association 3 – Low Energy Oxic Environment 

The highest facies in the Sharon Springs displays a predominant change in environmental 

conditions compared to the underlying shale. Bioturbation permeates this facies and thin section 

analysis shows a high percentage of micro-fossils (Figure 3.10). The burrows present are likely 

from the Crusiana ichnofacies of the sublittoral zone, with the presence of Planolities, Terebellina, 

and possibly Ophiomorpha. In addition to scattered bone fragments, original allochems consist of 

ostracods, bivalve fragments, foraminifers, and calcispheres. This clear evidence of benthic life 

indicates a change to oxygenated bottom waters and life-sustaining conditions. Also present are 

altered volcanic glass fragments. While a high percentage of pyrite is present in this facies, the 

pyrite morphology present in thin section is framboidal indicating a diagenetic origin and not the 

result of environmental euxinia. Geochemical data support these findings. 
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Figure 3.10: Facies 7 photomicrographs of bioturbated facies showing abundant allochems A) 

Burrow highlighted in red dashed line B) Abundant bivalve fragments (yellow arrows) C) 
Possible altered volcanic glass and D) Altered ostracod. All images in PPL. 

3.5 Variations in Paleontology  

Micropaleontology is widely used for fossil zonation and biostratigraphic analysis. 

Ammonite zones used for age dating in the Western Interior Cretaceous were established by 

Obradovich and Cobban (1975) and used by Gautier et al. (1984) for regional correlations. These 

provide sound frameworks for time correlations especially in the presence of extinction events, 

pervasive bentonites or where radiometric ages are obtainable. Micropaleontology also provides 

indications of paleoecology if knowledge of a microorganism’s preferred habitat is available. As 

environments change, new organisms will migrate to the area and environmental stress will affect 

the indigenous fauna. Work by Hecht (1976) identified variations in foraminifers test size with 
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temperature changes such that tropical foraminifers reduce in size with cooling temperatures and 

polar foraminifers reduce in size with increasing temperatures. As such, foraminifers test size can 

be used as an indicator of paleoenvironmental change. 

3.5.1 Foraminifers 

Foraminifers found in the Smoky Hill Member of the Niobrara Formation are both 

abundant and robust. Faunas vary throughout the regionally extensive Niobrara Formation. 

Twenty-three planktonic foraminifers species from ten different genera have been identified with 

Heterohelix globulosa, Globigerinelloides ultramicrus, Hedbergella, Gümbelina and two 

Archaeoglobigerina species dominating (Bergstresser and Krebs, 1983; Hattin, 1981; Rietman, 

2015). Hattin (1981) identified the maximum test size range as 0.3 to 0.4 mm for foraminifers 

within the Smoky Hill Member of the Niobrara. The example of the Smoky Hill foraminifers seen 

in Figure 3.11 shows a range of foraminifers sizes, from approximately 50 to 220 μm. These 

foraminifers show preserved test walls, micro-sparry calcite on the outer edges of some tests, and 

micrite or calcite cement filling the chambers. Some smaller foraminifers are preserved in the 

pelleted ground mass along with shell fragments. 

Planktonic foraminifers abundance drops dramatically from the Niobrara to Sharon 

Springs. LeRoy and Schieltz (1958) identify the foraminifers of the Sharon Springs as primarily 

“arenaceous forms” with dwarfed examples of the planktonic, calcareous species Globigerina and 

Gümbelina, which are also prolific within the Smoky Hill. Close inspection of the black clasts 

within Facies 1 (Figure 3.12), the sediment gravity flow identified in the deepest part of the Bull 

42-4 core, revealed many of these clasts to be partially to fully pyritized foraminifers (Figure 3.12). 

These foraminifers reach up to 150μm, indicating they are full size or only slightly dwarfed in the 

deepest facies of the Sharon Springs. Reflected light microscopy shows groups of framboidal 
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pyrite filling chambers as a result of diagenetic alteration of the foraminifers tests. Pyritization of 

tests is also present in higher, laminated facies within the Sharon Springs, however the planktonic 

foraminifers are significantly dwarfed in size. Often, the pyritization pattern is useful for 

identifying foraminifers. However, very small tests can be seen as small clusters of calcite (Figure 

3.13). The size range for these dwarfed foraminifers is from 5 to 50 μm. This reduction in size of 

foraminifers is an indication of environmental stress.   

 
Figure 3.11: Photomicrographs of foraminifers preserved within the Smoky Hill Member of the 

Niobrara Formation. Larger foraminifers range in size from 50 to 220μm while smaller 
foraminifers and shell debris are dispersed among the pelleted ground mass. A & B) 220μm 

Globigerinelloide C & D) 120μm Hedbergella, 100μm Heterohelix. Image A & C in PPL, image 
B & D in XPL. 
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Figure 3.12: Photomicrographs of partial pyritized foraminifers within Facies 1 of the Sharon 

Springs. Pyrite framboids infill tests (as seen in PPL images A & B) allowing for initial structure 
to be observed in reflected light (images C & D). A) Globigerina subcretacea highlighted. B) 

Highlighted foraminifers from left to right, Haplophragmoides, possible Globigerina 

subcretacea, Gümbelina globulosa. Black and white images in corner modified from (LeRoy and 
Schieltz, 1985). 



57 
 

 
Figure 3.13: Photomicrographs of dwarfed foraminifers preserved in the laminated Sharon 

Springs shale. A) Larger foraminifers ranging from 35 to 50μm with smaller foraminifers in the 
groundmass (yellow arrows). B) Small Gümbelina globulosa, approximately 25μm with smaller 

foraminifers (yellow arrows). Image A & B in PPL. 

3.5.2 Diatoms 

Also found within the Sharon Springs are pyritic clasts of diatoms (Figure 3.14). Diatoms 

were best identified in the Bull 42-4 core in thin sections taken parallel to bedding. These clasts 

represent the genera Trinacria and Coscinodiscus. Bergstresser and Krebs (1983) identified the 

first diatoms from the Western Interior Cretaceous Seaway. They found diatoms throughout the 

Sharon Springs and upper Pierre Shale, however they were absent in the lower transition member 

present in the Cañon City Embayment. The diatoms they found represent five genera 

“Actinoptychus, Coscinodiscus, Trinacria, Endictya? and Gladius?” (Bergstresser and Krebs, 

1983). Abundances vary in their study from rare to common. Similar to those found in the thin 

sections of the Bull 42-4, the diatoms identified by Bergstresser and Krebs (1983) were preserved 

as pyritized clasts. Since these are obviously altered from their original form, it is uncertain how 

much dissolution affected abundances. Their presence in the Sharon Springs and continued 

presence in the Pierre Shale has significant implications for the changing depositional environment 

of the WIC. Diatoms are known to flourish in the presence of cold, nutrient-rich waters; 
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significantly different conditions from the warm, Gulfian waters which resulted in the carbonate-

rich Niobrara Formation. 

 
Figure 3.14: Photomicrographs of pyritized casts of diatoms, black and white images in top left 

corner modified from Bergstresser and Krebs (1983) A) Cast of Trinacria; B) Cast of 
Coscinodiscus. Image A & B in PPL. 

3.6 Changing Geochemistry with Changing Environments 

Compositional changes are apparent when viewing facies in core and thin sections, 

however these compositional changes are best quantified and classified using bulk mineralogy 

XRD data. Using logs and cross plots, these data can be further analyzed to examine how changing 

environments brought about geochemical changes. Chemostratigraphic logs of elemental data 

produced by XRF analysis can also provide qualitative evidence of environmental changes. This 

requires some educated assumptions based on the biotic or abiotic processes that result in 

elemental enrichment of sediments. 

3.6.1 Bulk XRD Analysis 

Plotting the bulk XRD data on a ternary diagram, the mudstones are then categorized using 

the sCore classification scheme seen in Figure 3.15A (Gamero-Diaz et al., 2012). Using this 

classification scheme, the Niobrara A, B and C chalks, being the purer carbonates, plot primarily 
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in the mixed carbonate mudstone lithotype (Figure 3.15B). The Niobrara A, at the top of the 

stratigraphic column does appear to have an overall lower carbonate content and plots closer to the 

mixed mudstone and argillaceous/carbonate mudstone categories. The Niobrara A, B, and C marls 

are more clay-rich and plot on the edge of the mixed carbonate mudstone, moving into the mixed 

mudstone and argillaceous/carbonate mudstone categories (Figure 3.15C). The Sharon Springs  

 

 
Figure 3.15: Ternary diagrams of XRD data from the Smoky Hill Member of the Niobrara 

Formation and the Sharon Springs Member of the Pierre Shale (from Gamero-Diaz et al., 2012). 
A) Ternary classification of lithotypes B) Plot of Niobrara Chalk XRD C) Plot of Niobrara Marl 

XRD D) Plot of Sharon Springs XRD. 
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shows a significant decrease in the proportion of carbonate minerals, plotting primarily within the 

silica-rich argillaceous category. Sharon Springs data taken from the Aus-Tex C 11-12 1 well plot 

in the argillaceous/siliceous mudstone category (Figure 3.15D). These samples were taken from 

the base of the Sharon Springs and are therefore more carbonate rich. The significant drop in 

carbonate content in the Sharon Springs is an indication of changing paleoenvironmental 

conditions. Biogenic carbonate generation requires warm waters where eukaryotic phytoplankton 

and protists, such as coccolithophore and foraminifers respectively, can flourish. 

3.6.2 Qualitative XRF Analysis 

While the low carbonate content, dwarfed foraminifers and presence of diatoms are 

indications of cooler water conditions during the deposition of the Sharon Springs, this is only a 

partial picture of the depositional environment at this time. Within the Sharon Springs, fine-scale 

XRF analysis provides chemostratigraphic indications of a predominantly inhospitable 

environment. Using the proxies outlined earlier, it is possible to infer from the changes in elemental 

concentrations the changes in the bottom water overlying the sediment substrate. Figure 3.16 

illustrates these proxies in relation to the gamma, spectral gamma, facies and a lithological 

depiction of the bulk XRD analysis performed. 

  The detrital indicators (K, Al, and Ti) all contain similar trends. K% from XRF analysis 

contains an overall similar trend to the %K taken from the spectral gamma, though the spectral 

gamma provides an even finer scale analysis. Al shows peaks in Facies 6 which are separate from 

the other detrital curves. This is likely caused by the high aluminosilicate concentrations within 

this bentonite facies. Si has an overall similar trend to the detrital proxies indicating that much of 

the silica within the system is detrital in origin. By dividing Si content by Al content, the highest 

peaks (labeled in blue) indicate areas that most likely contain remobilized biogenic silica from the
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Figure 3.16: Core analysis including gamma, spectral gamma, facies analysis, TOC, XRF logs of detrital proxies, organic proxies, and 
anoxic proxies, and XRD analysis. Analysis divided the core into five zones by oxygen content present in depositional environment. 
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replacement of diatoms. The calcite is also biogenetic in origin, however in Facies 1, the sediment 

gravity flow deposits, most of the calcite was re-mobilized and formed as diagenetic cement 

around the bone fragments.  

The organic and anoxic proxies, Ni, V, Zn, Mo and the U ppm from the spectral gamma 

ray show two high zones, from 2989.5 – 2993 feet and from 2967 to 2978 feet (Zones 1 & 3). The 

Mo, in particular, as well as the higher S and Fe contents indicate that euxinic conditions prevailed 

during these times. TOC from 2967 to 2978 are also high, peaking at 7.37 wt.%. Zone 2, from 

2978 to 2989.5, has lower, but still present, Mo along with lower Ni, V, and Zn, indicating anoxic 

conditions during this depositional period. Anoxia could account for the high organic matter 

preservation, ranging from 4.43 to 6.03 wt. %, in Zone 1. There is a significant decline in anoxic 

and organic proxies at the top of the core (from 2963.5 to 2967, Zone 4) indicating a move from 

anoxic to dysoxic conditions within the basin. Along with this trend there is an overall lowering 

of preserved TOC from 4.36 wt. % in the middle of this zone to 2.9 wt. % at the top.  

The topmost facies (2963 to 2963.5, Zone 5), Facies 7, which shows bioturbation and an 

increase in allochem varieties indicating a period of oxic conditions at the top of the Sharon 

Springs, has somewhat conflicting chemostratigraphic indicators. Detrital proxies are consistently 

and comparatively low during this period, however the anoxic and euxinic proxies conflict. The 

low Ni and Mo concentrations are suggestive of oxic conditions, however V, Zn, Fe and S 

substantially peak in this apparently oxygenated environment. Bulk XRD analysis shows up to 

25% pyrite within this facies, though petrographic analysis indicates that most if not all of it is 

framboidal and diagenetic in origin. It is possible that high percentages of Fe-Mn-oxyhydroxides 

were deposited at that time allowing for the heightened concentrations of V and Zn. Or, more 

likely, these elements were re-mobilized during underlying organic matter degradation and re-
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mineralized during the authigenic formation of pyrite. Another unknown, however, is how the 

overlying Rusty Zone of the Pierre Shale may have impacted diagenetic mineralization in this 

facies. 

3.7 Sharon Springs Organic Matter Production and Preservation 

The Sharon Springs Member shows a consistently high weight percent of preserved organic 

carbon. It is estimated that under normal marine conditions, approximately 90% of euphotic 

organic matter is degraded in the water column and of the 10% that makes it to the sea floor, 9% 

is degraded during sediment diagenesis and benthic flux, while only 1% is buried and preserved 

(Emerson and Hedges, 2003). Due to the low organic matter preservation potential, two competing 

theories have been offered to explain the high organic carbon found in marine black shales like the 

Sharon Springs: optimum preservation conditions or high primary productivity. While these two 

views are often set in competition, they need not be mutually exclusive. A combination of these 

two mechanisms may better explain high organic carbon content preserved in the rock record.  

The preserved organic matter in the Sharon Springs has been variously described as 

flattened fecal pellets (Parrish and Gautier, 1993) or as bedding parallel phytoclasts (Gautier et al., 

1984). A phytoclast is defined as “an organic particle similar to dispersed coal but of roughly the 

same size as a mineral clast” (Gary et al., 1973); as such it is simply a plant particle. Work by 

Gautier et al. (1984) indicates that approximately 50% of the preserved organic matter in the 

Sharon Springs is amorphous, hydrogen-rich Type II organic matter, which is typically a preferred 

food source for benthic species. Source rock analysis (SRA) for this project agrees that primarily 

Type II organic matter was preserved in the Sharon Springs, with some possible Type III 

influences. Near Cañon City, the sedimentation rate for the Sharon Springs is estimated, using 

ammonite biostratigraphy, to be less than 10 m/m.y. (Gautier et al., 1984). This relatively slow 
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sedimentation rate may have been beneficial to organic matter preservation. Ibach (1982) 

compared sedimentation rates to organic matter preservation and identified a trend indicating that 

too slow a sedimentation rate allowed for high, near-surface degradation while too high a 

sedimentation rate diluted organic matter. Regression analysis from this study placed peak 

preservation at a sedimentation rate of 14 m/m.y., indicating that the Sharon Springs is at the higher 

end of this curve. 

 
Figure 3.17: Organomineralic peloids preserved in the sediment gravity flow deposits of Facies 

1. A & B) Photomicrograph of black peloids composed of small black clasts, PPL and XPL 
respectively C & D) SEM images showing multiple clay floccules (green) with associated pyrite 

(orange euhedral, gold framboidal). 
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3.7.1 Petrographic Analysis 

Early diagenetic calcite present in the sediment gravity flow deposits of Facies 1 prevented 

significant compaction of the black, organic matter peloids. While some of these peloids, as shown 

earlier, are partially to fully pyritized foraminifers, others are the result of organomineralic 

aggregates. In Facies 1, these black peloids appear in thin section to be composed of many 

spherical to elongated particles (Figure 3.17 A, B). Some of the black material associated with 

these peloids is certainly pyrite (Figure 3.17 C, D), orange represents euhedral pyrite, gold is 

framboidal pyrite). Other black particles appear as organic clay floccules (Figure 3.17 C, D, green 

represents clay floccules) in a matrix of additional clay particles and spongy organic matter. These 

floccules consist of small detrital clay particles with amorphous organic matter adsorbed to the 

surfaces. EDS spot analysis indicates an elemental concentration of 55.5% O, 2.4% Al, 4.2% Si, 

17.8% S, 20.1% Ca (Figure 3.18D). Sulfur is present in each of these floccules to varying degrees, 

likely from bacterial sulfate reduction of the organic matter or sulfurization of the organic matter 

within the water column. This sulfur is also likely the cause of the opaque appearance in thin 

section. SEM imagery of the floccules shows an appearance similar to those produced in a flume 

study by Schieber et al. (2007), indicating that the Sharon Springs floccules were deposited under 

conditions associated with turbulence. Schieber et al. (2007) determined that the “equilibrium 

diameter” of a floccule is related to the intensity of turbulence. As such, the small size of floccules 

within the Sharon Springs, approximately 10 to 20 μm, suggests low levels of turbulence within 

the sediment gravity flow(s) that deposited Facies 1. Floccules appear grouped together in the 

peloids, though no skin or shell is present to indicate that the peloid is fecal in origin. Floccule 

grouping may result from intermolecular forces present in organic matter, such as van der Waals 

Forces, hydrogen, ionic or covalent bonding or the result of the electrostatic charge associated with  
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Figure 3.18: Photomicrographs of peloids (P) flattened along laminations. A) PPL; B) SEM 
image of flattened peloid (green) and altered plagioclase (red). 

 
 
 
 
 
 
 

Figure 3.19 BE and EDS imaging of peloids in thin-section from Facies 1 A) EDS image of 
peloids; B) Chemical map, orange and yellow combine to show pyrite within the peloids, 

chemical brake out listed at bottom; C) Distribution of carbon. 
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the clay particles which can result in flocculation even without the presence of organic matter 

(Slatt and O'Brien, 2014).   

Organomineralic aggregates are also present within the compacted facies of the Sharon 

Springs. In thin section they appear as discontinuous black streaks interspersed in the foliated 

fabric of the shale (Figure 3.18A). Some of these streaks are flat in nature, while others have a 

bulging center (Figure 3.18B), indicating that they were more rounded prior to compaction, similar 

to those present in the sediment gravity flow deposits. Schieber (2011) indicates that the 

morphology of floccules provides indications of current conditions, though compaction with early 

de-watering must be taken into consideration. Floccules that settle out of the water column under 

relatively calm conditions will compact into relatively flat streaks because of the loose connection 

between original clay and organic matter particles. Floccules that form under current conditions 

roll and compact, forming more rounded floccules (Schieber, 2011). Both of these floccule types 

are present in the compacted facies of the Sharon Springs indicating periods of quiescence 

interspersed with periods of current activity. 

3.7.2 Pyrite Morphology 

XRD analysis of the Sharon Springs shows high concentrations of pyrite, from 4 to 26%. 

Two types of pyrite formation can occur in sediments, syngenetic and diagenetic pyrite. 

Syngenetic pyrite forms if the chemocline lies above the sediment-water interface, allowing for 

bacterial sulfate reduction and the formation of pyrite from free hydrogen sulfide in the water 

column. In this instance, the pyrite formed will consist primarily of fine-grained, euhedral 

crystals (Tribovillard et al., 2006). Diagenetic pyrite occurs below the sediment-water interface 

and results in framboidal pyrite (Tribovillard et al., 2006). Diagenetic pyrite forms from detrital 

iron minerals reacting with hydrogen sulfide produced from bacterial reduction of sulfate in the 
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presence of organic matter and in the absence of oxygen (Berner, 1984). Both types of pyrite are 

present in the Sharon Springs. 

Pyrite is associated with the peloids present in the Sharon Springs, as seen in BSE imaging 

of thin sections (Figure 3.19A). EDS analysis highlights the pyrite within the peloids, these show 

up in the chemical mapping as a gold color (Figure 3.19B) in a silica, aluminum, calcium-rich clay  

 

 

 

 

 

 

 

 
Figure 3.20 SEM images of pyrite morphology. A) Euhedral Pyrite (orange with small framboids 

in the groundmass (yellow), B) Polyframboid showing amalgamation of framboidal pyrite, C) 
Euhedral pyrite (orange) with twinning and partial diagenetic change with interspersed pyrite 

framboids and disseminated framboids (yellow). 
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matrix. The carbon, when separated from the rest of the chemical map appears within the peloids 

as rounded clasts (Figure 3.19C). SEM analysis of broken rock fragments better images the pyrite 

morphology found in the Sharon Springs. A peloid of euhedral pyrite (orange) with small 

framboidal pyrite within the ground mass (gold) (Figure 3.20A) indicates that the peloid 

experienced pyritization within the water column with later framboids forming during diagenesis. 

Framboidal pyrite also occurs as large polyframboids within the Sharon Springs, these 

polyframboids are composed of multiple small framboids and disseminated framboids (Figure 

3.20B). Pyrite morphologies also appear to change during diagenesis, with original euhedral pyrite 

twinning during diagenesis (Figure 3.20C). Along with these pyrite morphologies, pyrite 

replacement of organic allochems occurs, resulting in the infilling and replacement of foraminifers 

tests and the diatom casts. The varieties and high prevalence of pyrite within the Sharon Springs 

are a strong indication of the periodic presence of free hydrogen sulfide within the water column 

and therefore periods of euxinic bottom waters during Sharon Springs deposition.  

3.8 Depositional Models 

 The WIC spanned 45° of latitude and was open at both ends connecting a polar and a 

subtropical sea (Hay et al., 1993). As such, there is no modern-day analog, so creation of a 

depositional model for the Niobrara and Sharon Springs requires many assumptions. Some of the 

parameters to be considered include water depth, bathymetry, boundary conditions, wind stress 

and seasonal variability. Water depth for the WIC has been variously estimated using faunal 

assemblages (Eicher, 1969; Kauffman, 1969a, 1984, 1985), decompacting the sedimentary record 

(Asquith, 1970) and by analysis of sedimentary and biogenic structures (Winn et al., 1987). These 
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techniques suggest a maximum bathymetric depth ranges of 500 to 2000 ft. (150-600 m.) during 

peak highstand. Sageman and Arthur (1994) suggest 500 to 1000 ft. (150-300 m.) water depth, 

which provides a moderate estimate for the WIC maximum depth during the Early Turonian 

transgression. If these depths are applied to the Early to Middle Campanian, sufficient depth is 

present for water column stratification without requiring a steep halocline. The Parrish et al. (1984) 

model predicts westerly to southwesterly annual winds from southern Canada through the southern  

 

Figure 3.211: Winter Cenomanian rainfall with W=wet, H=humid, S=semi-arid, and D=dry. 
Associated winter currents indicated by arrows (Parrish et al., 1984; Parrish et al., 1982). 

part of the seaway (below 60° latitude) and easterly to variable winds to the north. WIC winter 

rainfall patterns are predicted as arid on the western side of the basin, due to a rain shadow effect 
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and the wind patterns, and semi-arid to the east (Figure 3.21, Parrish et al., 1984; Parrish et al., 

1982). The rainfall boundaries seen in Figure 3.21 would shift farther south in the summer (Parrish 

et al., 1984). Surface currents would be split in the winter, with northerly currents north of 60° and 

southerly currents south of 60° while in the summer all surface currents would be northerly (Figure 

3.22, Parrish et al., 1984). 

Fixed parameters include the generally accepted Blakey (2016) paleogeographic maps for 

the WIC basin and the Coriolis Effect, the effect of Earth’s rotation on water movement. Blakey 

maps are available for various periods, however in order to model changing conditions within the 

basin, the maps applicable to our model are the Early Campanian (82.9 Ma) during the deposition 

of the Niobrara, the Early Campanian (81.2 Ma) during deposition of the transition member found 

in the study area, the Early Campanian (80.9 Ma) during deposition of the Apache Creek Sandstone 

and the Middle Campanian (80.6 Ma), which roughly corresponds to the Claggett Transgression 

and the deposition of the Sharon Springs (Figure 3.22). During Niobrara deposition, the warm 

Gulfian currents dominated, as proposed by Longman et al. (1998), which allowed for the 

carbonate generation during this period. During deposition of the lower transition member, 

carbonates were still prevalent in the area of interest, though not quite to the same degree as during 

the deposition of the Niobrara. During deposition of the Apache Creek Sandstone Member, an 

influx of detrital sediments from the western margin of the seaway occurred. In the middle 

Campanian, around the time of the Claggett Transgression, a peninsula formed at the south-east 

margin of the seaway, restricting warm, Gulfian currents.  

Previous biostratigraphic analysis demonstrates that the organic-rich facies of the Sharon 

Springs occurs on a north to south trend which then migrated eastward (Gautier et al., 1984; Izett 

et al., 1971; LeRoy and Schieltz, 1958; Parrish and Gautier, 1993). This north to south trend is  
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Figure 3.22 Changing dominant currents within the Western Interior Cretaceous Seaway. Red 

dot represents study area location. On left is a color coded stratigraphic column from an outcrop 
near Pueblo, CO which corresponds to the paleogeographic maps (modified from Gautier et al., 
1984). A) Paleogeographic map displaying early Campanian, 82.9 Ma during deposition of the 
Niobrara. B) Paleogeographic map displaying early Campanian, 81.2 Ma during deposition of 
the lower transition member. C) Paleogeographic map displaying early Campanian, 80.9 Ma 

during deposition of the Apache Creek Sandstone. D) Paleogeographic map displaying middle 
Campanian, 80.6 Ma during deposition of the Sharon Springs (modified from Blakey, 2016). 
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indicative of the southerly flow of the Claggett Transgression during these times. The 

micropaleontological evidence of diatoms indicates the presence of cold, nutrient-rich waters 

(Tappan, 1980), which supports southerly flow into the basin, with restriction of northerly (north 

flowing) currents. Since it is apparent that water temperatures were changing during deposition of 

the Sharon Springs, one of the main factors controlling deposition was water densities as 

determined by salinity and temperature. Mixing also impacts the story as it affects water column 

stratification. Two depositional models are possible depending on water density during 

transgression, a density contrast model or a comparable density model. 

3.8.1 Density Contrast Model – Basin Bottom Transgression 

In the present day oceans, cold, southerly (south flowing) waters transgress along the 

bottom of ocean basins due to thermohaline circulation (Rahmstorf, 2006). This circulation pattern 

results from density contrasts caused by temperature and salinity differences between bottom 

waters and warm surface waters. The main drive to this circulation is the sinking of cold, high 

latitude waters. Changing thermohaline circulation results in changes to the wind-driven currents 

(Rahmstorf, 2006). In the relatively shallow Western Interior Seaway, thermohaline circulation 

would be quite different from today’s deep ocean basins. However, a change in dominant current 

direction, from south to north, combined with the Claggett Transgressive event could result in 

temperature and density stratification if the density differences were significant between the 

northern seaway and the warm waters present during deposition of the Niobrara Formation. Mean 

sea temperature in the north was estimated by Parrish et al. (1984) at 2 °C (35.6 °F) while mean 

sea temperature in the south were estimated at 17 °C (62.6 °F). Under normal salinity 

concentrations, these temperature differences may result in basin bottom transgression and 

stratification in the shallow WIC seaway. 
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A model of this type of transgression is depicted in Figure 3.23. This bottom water 

transgression would have resulted in a sharp thermocline and pycnocline, as well as basin scouring 

resulting in the unconformity present between the Niobrara and the Sharon Springs in the 

Wattenberg Field. This would also account for higher energy depositional environments and 

sediment gravity flows. The migration of cold bottom waters and associated scouring would also 

result in upwelling and mixing at the basin margin. Upwelling would occur at the 50m isobath 

though the nutrients are sourced from deeper waters (Parrish et al., 1984). The resulting high 

nutrient supply from upwelling increases primary production and may result in oxygen depletion 

in the underlying water column. High primary production is known to consume oxygen faster than 

it is replenished, allowing for anoxia even in open marine environments (Tribovillard et al., 2006). 

In an oxygen-depleted environment, euxinic conditions result from the release of sulfate into the 

water column from high bacterial sulfate reduction. The high primary productivity combined with  

 
Figure 3.23: Depositional model with density contrast between the cold, southerly waters and the 

warm Gulfian waters. Temperatures from (Parrish et al., 1984). 
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the stratified water column would account for the high percentages of organic matter 

preservation found within the Sharon Springs. 

3.8.2 Comparable Densities Model – Caballing and Downwelling 

While cold ocean waters are typically denser than warm ocean waters, Hay et al. (1993) 

suggests that increased salinity may have occurred in the WIC from a net fresh-water loss 

combined with salinity retention. This would account for the depauperate marine assemblages 

found within the Niobrara Formation and Pierre Shale and result in denser waters within the 

seaway. As such, minimal density contrast would exist between the cold water Claggett 

Transgression and the warm waters present during the Niobrara deposition. With minimal density 

contrast, a mixing front would form. Mixing of two water masses occurs along a linear trend and 

results in denser waters (Figure 3.24; Hay, 1995). The result of this water mixing results in a 

process known as caballing, which occurs in modern day oceans (Hay, 1995). At the caballing 

front, downwelling results from the denser waters and causes strong bottom currents and 

significant erosion while also rapidly transporting organic matter from the surface to the sea floor 

(Figure 3.25; Hay, 1995). An abrupt facies change identified in Cenomanian-Turonian strata in the 

Black Hills of South Dakota represents a paleobiogeographic boundary that may have resulted 

from a caballing front in the WIC (Hay, 1995). On one side of the front is a calcareous facies with 

abundant planktonic and benthic foraminifers, while the other side contains a non-calcareous facies 

with mostly arenaceous benthic foraminifers.  

LeRoy and Schieltz (1958) described the boundary between the Niobrara and the Pierre 

along the Colorado Front Range and no paleobiogeographic boundary was observed. However, 

the significant erosion in the Denver Basin prior to the deposition of the Sharon Springs, the high-

energy lower facies, and the high organic matter content within the Sharon Springs suggest that 
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caballing is a plausible depositional model. Movement of the front from the north to the south as 

the Claggett Transgression progressed would result in a progressing erosive front followed by 

deposition of the time-transgressive Sharon Springs. The calcareous transition member found 

within the Cañon City Embayment appears biologically similar to the calcareous facies on one 

side of the front while the Sharon Springs is similar to the non-calcareous facies. This suggests 

that the caballing front may have dissipated prior to reaching the Cañon City Embayment resulting 

in the preservation of the calcareous transition member followed by deposition of the Sharon 

Springs. At the end of the Claggett Transgression, as the caballing front dissipated, density 

stratification within the water column would remain allowing for the development of the deep 

water anoxia/euxinia seen in the core. 

 
Figure 3.24: Temperature-salinity-density diagram showing linear mixing of surface water 

temperatures between the Gulf of Mexico sea water (GMSW) and the Canadian Basin of the 
Arctic sea water (CBSW) resulting in denser waters (Hay, 1995). 
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Figure 3.25: Diagram of caballing and downwelling of denser mixed waters taking organic 

matter with it (modified from Hay, 1995). 

3.9 Conclusions 

Petrographic and geochemical evidence supports changing depositional conditions from 

the Upper Cretaceous Niobrara Formation into the overlying Sharon Springs Member of the 

Pierre Shale. While deposition of the Niobrara occurred primarily in warm conditions with a 

variety of robust foraminifers, the Sharon Springs has a low carbonate content, dwarfism of 

foraminifers and the presence of diatoms, signifying an influx of cold waters. The base of the 

Sharon Springs marks this changing depositional environment with sediment gravity flow 

deposits before discontinuous laminated shale were deposited. Water column stratification 

during Sharon Springs deposition is indicated by the chemostratigraphy with varying degrees of 

anoxia and euxinia moving to oxygenated bottom-water conditions at the top of the Sharon 

Springs. Amorphous organic matter is closely associated with clay particles and is found as 
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floccules within peloids or compacted as flattened streaks. The anoxic and euxinic conditions 

aided in the preservation of organic matter and resulted in syndepositional euhedral pyrite and a 

high percentage of diagenetic framboidal pyrite.  

Two models are presented, each of which could have led to the geochemistry and 

micropaleontology found in the Sharon Springs. The dependent factor in the models is water 

density. If density differences existed between the cold, northern waters and the warm waters of 

the WIC, the Claggett Transgression would have occurred along the bottom of the basin. This 

basin-bottom transgression would have resulted in density stratification along with upwelling at 

the basin margins. Increased primary production from upwelling often results in bottom-water 

oxygen depletion and further stratification of the water column. Stratification and high primary 

production would allow for the high organic matter preservation in the Sharon Springs. If little 

density contrast existed, a caballing, mixing front and down-welling would occur. This type of 

mixing front results in significant erosion and transportation of organic matter to the seafloor. 

Dissipation of this mixing front likely occurred between the Wattenberg region and the Cañon City 

Embayment allowing for preservation of the calcareous transition member with the subsequent 

deposition of the Sharon Springs. Identification of a mixing front may not be possible due to uplift 

and erosion between the Wattenberg area and the Cañon City Embayment, though future outcrop 

and core work may help differentiate between these depositional models. 
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CHAPTER FOUR  

NOT ALL BENTONITES ARE HAZARDS: HOW DEPOSITIONAL PROCESSES 

AFFECT CLAY COMPOSITION 

Reproduced with permission from The Outcrop, published August 2018 

Kira Timm and Stephen Sonnenberg 

4.1 Abstract 

 Bentonites are commonly defined as smectite-rich altered ash-fall deposits; however, the 

depositional processes hold implications for both drilling hazards and geological interpretations. 

Depending on the depositional processes, mineralogy and clay composition vary within the 

bentonites of the Sharon Springs Member of the Pierre Shale Formation in the Cañon City 

Embayment. At the base of the Sharon Springs cohesive greenish-gray bentonites associated with 

debrites are interpreted to form co-genetically from distal hybrid sediment gravity flows. Thin-

section analysis of this bentonite shows fining-upward and reworking of particles, which indicate 

deposition under turbulent conditions. The presence of primary volcanic minerals, including 

remnant volcanic glass, biotite and feldspar, indicate that these beds originated from volcanic-ash. 

However, XRD analysis shows the clay content is primarily kaolinite with only minor amounts of 

smectite. A second bentonite type, located at the top of the Sharon Springs, is light gray and friable. 

XRD analysis shows abundant mixed-layer illite/smectite, with lesser amounts of discrete illite 

and kaolinite. This bentonite conforms to the common definition of a bentonite and is more typical 

of an altered ash-fall deposit. These altered ash-fall deposits are significant drilling hazards; 

however, the minimal amounts of swelling clay within the reworked bentonites found at the base 

of the Sharon Springs implies a significantly lower drilling hazard. While the thinness of these 

deposits make them unresolvable on gamma ray and resistivity logs, the lithological differences 
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may allow recognition in drill cuttings both in the Sharon Springs and other formations. 

Geologically, bentonites are often used as indicators of paleowind patterns; however, the reworked 

bentonites provide indicators for paleocurrents. Caution must also be used when making regional 

stratigraphic correlations since the reworking may remove significant lateral continuity. 

4.2 Introduction 

 Bentonites are defined as smectite-rich deposits formed from the alteration of volcanic-ash 

(Christidis, 2008; Christidis and Huff, 2009; Elder, 1988). Alteration of volcanic-ash occurs due 

to the mobilization of elements to and from the altered glass, which can include the movement of 

major elements and trace elements including rare earth elements (Christidis, 1998). In order for 

smectite to form during volcanic-ash alteration, leaching of Mg-activity and alkalis is required, 

which only occurs in water dominated environments (Christidis, 1998, 2008). Where water is 

lacking, zeolites form (Christidis, 1998, 2008). Chemical composition of the resulting bentonite is 

largely influenced by the volcanic source, though depositional environment and diagenesis impact 

chemical properties as well (Bertog et al., 2007). Each volcanic eruption contains a unique 

chemical and mineralogical signature that reflects the magmatic history, including partial melting, 

mixing, and crystal fractionation (Bertog et al., 2007). This signature is retained in phenocrysts 

within the bentonites (Bertog et al., 2007).  

Geologically, bentonites are largely used for regional stratigraphic correlations since they 

often cross depositional settings and are deposited at a relatively instantaneous rate (Bertog et al., 

2007). However, within the oil and gas industry, bentonites are both a drilling hazard and a 

hydraulic fracking barrier (Sonnenfeld et al., 2016). The Sharon Springs Member of the Pierre 

Shale is commonly considered a drilling hazard within the Denver Basin due to its high swelling 

potential. While the shale itself does have swelling potential, within this formation are numerous 
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thinly bedded bentonites, which are a greater concern. In the Wattenberg Field, drilling companies 

use a variety of methods to mitigate the swelling in this formation including drilling with oil based 

mud, which will not activate swelling within the smectite, drilling through the formation at an 

angle less than 30 degrees to lessen exposure, and sometimes setting casing after drilling through 

it to prevent wellbore collapse. In the Cañon City Embayment, drillers primarily use air drilling to 

prevent swelling and reduce formation damage since hydrocarbons are present within the 

overlying Pierre Shale Formation. Despite these coping methods, understanding the variation in 

swelling potential within a formation can better prepare drilling plans.  

It is likely that the bentonite variation observed in the Sharon Springs Member is present 

in other formations. Deposition of the Sharon Springs Member of the Pierre Shale occurred within 

the Western Interior Cretaceous (WIC) Seaway during the Middle Campanian, from 77 to 80 Ma 

based on ammonite biostratigraphy (Gautier et al., 1984). During this time, extensive volcanism 

on the western margin of the WIC led to numerous volcanic-ash deposits (Bertog et al., 2007). 

This volcanism resulted from subduction of the Farallon Plate beneath the North American Plate. 

In a study of the Niobrara Formation in the Cemex Quarry, Lyons, CO, O’Neal (2015) observed 

discontinuous bentonite beds within a small area as well as re-working of bentonites incorporating 

them into the overlying marls. The reworking was attributed to winnowing by seafloor currents 

and bioturbation. Hattin (1982)  identified more than 100 bentonite seams in the Smoky Hill 

member of the Niobrara Formation. XRD analysis of 35 samples showed 23 bentonites with a 

dominant clay type of kaolinite. In a study of the Sharon Springs and Niobrara boundary on the 

Colorado Front Range, LeRoy and Schieltz (1958) observed differences in clay composition within 

the bentonites from the Sharon Springs into the Niobrara, with stratigraphically higher bentonites 

containing more montmorillonite while increasing in kaolinite in the Niobrara. However, 
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differences are present even within the Sharon Springs. Physical differences in the lithological 

appearance of the bentonites within the Bull 42-4 core suggest mineralogical differences. In this 

study, these lithological differences are examined using petrography and geochemistry in order to 

determine the extent and causes of the differences and their possible effect on drilling. 

4.3 Methodology 

Lithological characterization of the Bull 42-4 core (API: 0504306158 located at the USGS 

core research center in Lakewood, Colorado), which contains a complete section of the Sharon 

Springs Member in the Cañon City Embayment, led to the observed differences within the thin 

bentonite beds present (Figure 4.1). Petrographic analysis was performed on one of the bentonites 

using an ultra-thin (20-25μm) thin-section oriented perpendicular to bedding. Analysis was 

completed on a Leica DM 2500 P epifluorescent microscope. This microscope allows for 

combined ocular and objective lens magnifications of up to 400x. A field emission scanning 

electron microscope (FESEM) was used to analyze paragenesis in both bentonite samples. The 

FESEM used in this study was a TESCAN MIRA3 LMH Schottky Field-Emission SEM at the 

Colorado School of Mines, which includes back scanning electron microscopy (BSE) and electron 

dispersive spectroscopy (EDS). To ensure high-quality imaging, close working distances of 10 

mm and 15 kV beam intensities were used. Seven relatively flat, broken shale surfaces, broken 

perpendicular to fabric, were gold-coated to insure highest resolution imaging. Magnifications up 

to 500nm are possible for this machine, though picture quality is best at up to 2μm magnifications. 

To determine how the petrographically observed differences affected the nature of the clays 

in the bentonites, bulk XRD analysis and clay characterization were performed. This work was 
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Figure 4.1: A) Map of the Cañon City Embayment identifying the location of Pierre, Niobrara 

and Greenhorn outcrops with a star marking the location of the Bull 42-4 core. B) Facies analysis 
of Bull 42-4 core located in the Florence Field, Cañon City Embayment with gamma ray API 

curve for reference. 

done on a Scintag x-ray diffraction system. For bulk XRD analysis, samples were powdered and 

prepared using a side loaded mount to insure optimum random orientation of particles (Moore and 

Reynolds, 1997). Testing occurred from 4 to 65o at a sample rate of 1 degree per minute. Relative 

intensity ratios were analyzed with the software Jade for quantitative analysis of the bulk samples. 

For clay characterization, samples were prepared using the Millipore transfer method and tested 

after air drying and then re-tested after 48 hours in a glycolation chamber. For clay 

characterization, samples were tested from 2 to 30o at a sample rate of 1 degree per minute. Clay 

characterization was performed using the methods recommended by Moore and Reynolds (1997).  

Mixed clay modelling was done with the program NEWMOD© (Reynolds, 1985).   

A B
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4.4 Variations in Deposition and Composition 

Lithological analysis of the Bull 42-4 core resulted in the identification of seven facies, 

two of which distinguished different types of bentonites. Facies 2 identifies a cohesive bentonite 

which is paired with debrite deposits (Facies 4.1). The distribution of these paired facies (Figure 

4.1) is at the base of the Sharon Springs, where high energy deposits are present. The cohesive 

bentonite facies is light greenish-gray, less than one-inch-thick, and shows an apparent fining 

upward sedimentological structure (Figure 4.2A). The base of the deposit is a scoured surface with 

possible winnowing at the top. The second bentonite, Facies 6, is located at the top of the core. 

This facies is light gray, typically thicker (2-3 inches thick), and is very friable (Figure 4.2B). No 

 
Figure 4.2: Core examples of the two bentonite types. A) Facies 2, cohesive bentonite formed as 

a sediment gravity flow deposit. B) Facies 6, friable bentonite formed as an ash fall deposit. 

Facies 2 – Cohesive bentonite 

Facies 1 – Linked debrite 

Facies 6 – Bentonite – Ash Fall 

A

B 
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Figure 4.3: Cross-section from A to A’ flattened on the top of the Sharon Springs formation top. 
Gamma and ILD signatures for Sharon Springs show no distinguishable signs of bentonites. 

obvious structures are present in this bentonite facies and does not pair with other facies, however 

nearby facies show low energy deposition.  

Bentonites are often distinguishable using gamma and resistivity logs. For instance, the 

Ardmore Bentonite marks the base of the Sharon Springs in Nebraska, Wyoming, South Dakota 

and North Dakota, though it is absent within the Cañon City Embayment. This bentonite typically 

shows a gamma spike paired with very low resistivity/high conductivity. These trends, however 

are not apparent with either of the bentonites present in the Sharon Springs (Figure 4.1 and Figure 

A A

A

A
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4.3). The inability to petrophysically distinguish the bentonites is because they occur below well-

log resolution. As such, lateral subsurface correlation is not possible, however these facies should 

be readily identifiable from cuttings during well drilling. 

4.4.1 Facies 2 - Cohesive Bentonite 

 Compositionally, the cohesive bentonite is very different from the common definition of a 

bentonite. Bulk XRD analysis shows that the clay fraction consists of kaolinite (38.7%), and biotite 

(12.2%), with additional minerals of pyrite (22%), quartz (13.8%), anorthite (8.9%) and minor 

anhydrite (4.4%) (Figure 4.4). Clay characterization of the glycolated sample (Figure 4.5) shows 

very little smectite present as there are no significant peaks below six degrees. However, 001 and 

002 peaks are present for both biotite and kaolinite. While biotite is an aluminosilicate and    

 

Figure 4.4: Peaks from bulk XRD analysis of Facies 2 cohesive bentonite whole rock with the 
clay fraction consisting of kaolinite (38.7%), and biotite (12.2%), with pyrite (22%), quartz 

(13.8%), anorthite (8.9%) and minor anhydrite (4.4%). 
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therefore part of the clay fraction, it is a primary volcanic mineral. The kaolinite, however, may 

have formed from alteration of remnant volcanic glass due to leaching from humic and fulvic acids 

during organic matter maturation in the adjacent organic-rich shale, similar to the formation of 

tonsteins (Bohor and Triplehorn, 1993). Conversely, kaolinite may have formed from a secondary 

alteration of smectite. So the low smectite concentrations could also result from reworking of the 

bentonite during transportation. 

 

Figure 4.5: Glycolated XRD clay analysis of Facies 2 cohesive bentonite showing primarily 
kaolinite and biotite with only a small amount of smectitic clays. 

  Thin-section images of the cohesive bentonite show distinct fining upward. Upper 

fine-grained silt sized quartz and feldspar grains wrapped in biotite are present at the base of the 

bed (Figure 4.6A) whereas very fine silt sized quartz and feldspars occur in a matrix of kaolinite 

is present at the top of the bed (Figure 4.6A). Feldspars, like biotite, are primary volcanic minerals, 

though some feldspars display alteration rims (Figure 4.6A). The proximity of the cohesive 
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bentonite to the debris flow deposits combined with the fining upward character of the bentonite 

are strong evidence of bentonite deposition under turbid conditions. These paired deposits are 

likely co-genetic and form from distal hybrid sediment gravity flows from a plain sheet system 

(Haughton et al., 2009). FESEM analysis shows the presence of both framboidal pyrite and 

subhedral pyrite within the bentonite (Figure 4.7A & B, gold indicates pyrite). The subhedral pyrite 

(Figure 4.7B) is wrapped in clay and biotite with a habit different from the classical cubic pyrite. 

 
Figure 4.6: Photomicrograph of bentonite sediment gravity flow deposit. A) Located at the 

bottom of the bentonite and shows larger grains wrapped by biotite. B) Located at the top of the 
bentonite and shows very fine grained texture. Image A & B in XPL 

 
Figure 4.7: SEM images of Facies 2 bentonite. A) Possible diagenetically altered organo-
mineralic aggregate with a pyrite framboid. B) Large platy clay with euhedral pyrite of a 

different habit. 

A B
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The changes in the habit are most likely due to impurities within the mineral lattice. A number of 

elements form a solid-solution with pyrite, including Mn, Co, Ni, Cu, Zn, and possibly Mo 

(Tribovillard et al., 2006). In addition to Fe and S, BSE analysis of the subhedral pyrite indicate 

only minor amounts of Al, Si and O, which is more indicative of clay interference in the testing, 

so it is unclear which elements may have affected the pyrite habit. Also present are possible 

diagenetically altered organo-mineralic aggregates (Figure 4.7A, green identifies altered organo-

mineralic aggregate). One of these aggregates is tellingly located next to a pyrite framboid, which 

often form from the reaction of iron to H2S produced by bacterial sulfate reduction of organic 

matter during diagenesis (Berner, 1984). Organo-mineralic aggregates are common within the 

associated debrites and therefore may have been incorporated within the bentonite deposit during 

a co-genetic sediment gravity flow. 

4.4.2 Ash-Fall Bentonite 

 Clay characterization of the friable ash-fall bentonite shows a superstructure very close to 

K-rectorite (Figure 4.8) (Moore and Reynolds, 1997). Using Δ2Θ and 1D clay modelling, the 

mixed clay found in this bentonite shows a Reichwite ordering of 1, indicating a well ordered 

mixed clay, with 60% illite to 40% smectite. Also present within the clay fraction are discrete 

species of illite and kaolinite. Additional impurities in the clay analysis are quartz, remnant from 

the volcanic glass, and pyrite. This mineral assemblage combined with its lightly lithified, friable 

nature better fits the definition of a bentonite altered from an ash-fall. To better understand the 

paragenesis associated with the formation of the bentonite, petrography was needed. 
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Figure 4.8: Facies 6 ash-fall glycolated XRD clay analysis showing a mixed illite/smectite with 

Reichwite ordering of 1, with 60% illite to smectite and a delta 2 theta of 7.06. Kaolinite and 
discrete illite also comprise the clay fraction. 

 FESEM analysis shows kaolinite books in a mixed illite/smectite matrix (Figure 4.9A, blue 

identifies kaolinite). Due to the separation from the matrix, the kaolinite present in these bentonites 

likely formed after the formation of montmorillonite. Chemically this occurs from the removal of 

Mg from the octahedral layer, Ca from exchange sites and some Fe from the original 

montmorillonite structure (Morgan et al., 1979). Also present is euhedral pyrite (Figure 4.9A & B, 

gold identifies pyrite). This pyrite again varies from the cubic pyrite habit most likely from 

impurities within the mineral lattice. Mineralized on top of the pyrite are fine crystals. BSE 

analysis shows that these minerals are composed of Al, Na, and Si. Chemical composition and 

mineral habit indicate that these minerals are zeolites. In bentonite diagenesis, smectite forms in 

the presence of a high water:rock ratio while zeolites form under low water:rock conditions 
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(Christidis, 1998). The formation of these zeolites on top of the pyrite minerals suggests formation 

post compaction when the water:rock ratio would be significantly reduced. 

 
Figure 4.9: SEM images of Facies 6 ash-fall bentonite. A) Small euhedral pyrite with apparent 

spinel structure and kaolinite books. B) Pyrite with an unusual habit showing secondary 
crystallization of zeolites on top. 

4.5 Conclusions 

 Mineralogical evidence indicates that both the friable ash-fall bentonite and the cohesive 

bentonite originated from volcanic-ash deposits. However, depositional processes impact clay 

composition and texture of each bentonite type. In the Sharon Springs of the Bull 42-4 core, low 

smectite bentonites appear as highly lithified rocks with a distinct fining upward structure. The 

low levels of smectite significantly reduce drilling risk at the base of the Sharon Springs. The 

reworking of these bentonites may provide indications of paleocurrent directions, as opposed to 

the paleowind directions inferred from altered in situ ash-fall deposits. Additionally, caution 

should be used with regional stratigraphic analysis since redeposition may have removed lateral 

continuity. The more conventional altered ash-fall deposits at the top of the core impose high 

drilling risks and will act as significant hydraulic fracturing barriers. These differences, 

unfortunately, are not apparent on logs, making subsurface mapping of deposits impossible. While 

A B
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lack of subsurface mapping ability will impair drill plans, the lithological differences should be 

apparent in drill cuttings, allowing for reactive planning. And while this study was confined to the 

Sharon Springs member of the Pierre Shale, bentonite streaks present within the Niobrara 

Formation and other WIC deposits may have undergone similar alteration by depositional 

processes. 
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CHAPTER FIVE  

ORGANIC MATTER SOURCE AND MIGRATION OF HYDROCARBONS INTO THE 

FRACTURED PIERRE SHALE WITHIN THE CAÑON CITY EMBAYMENT 

5.1 Abstract 

With excellent source rocks throughout the Upper Cretaceous strata of the Cañon City 

Embayment, significant hydrocarbon potential exists, but this potential is highly dependent on the 

basin’s complex structure. Production currently exceeds 16.4 MMBO primarily originating from 

the fractured Pierre Shale, with minor contributions from the Niobrara Formation. The 

asymmetrical, synclinal basin demonstrates variation in the source rock maturity for the Sharon 

Springs Member of the Pierre Shale Formation and Niobrara Formation across the basin, with the 

most mature rocks in the west along the Chandler Syncline. Despite this, most production occurs 

in the northern and eastern parts of the basin, indicating hydrocarbon migration is an important 

aspect of these petroleum systems. Whole oil gas chromatography and biomarker analysis of Pierre 

Shale oil samples from six wells were compared with biomarker analysis from both Niobrara core 

data and Sharon Springs core data. A plot of C29 steranes S/R% to C29 steranes Iso/Reg% confirms 

hydrocarbon migration within the Pierre Shale petroleum system. Comparison of additional 

biomarkers displays a close genetic relationship between the Pierre Shale oil and the Niobrara core 

samples indicating probable mixing of these systems. Seismic data shows faults extend from the 

Niobrara Formation into the Sharon Springs Member providing a pathway for hydrocarbon 

migration. These faults are associated with root mean square (RMS) amplitude highs on the 

seismic data indicating high hydrocarbon potential. 
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5.2 Introduction 

Since the discovery of the Florence oil field in 1881, oil production within the Cañon City 

Embayment has emanated primarily from the fractured Pierre Shale reservoir. The reservoir is 

quasi-conventional with the hydrocarbons hosted in the fracture network. By 1961 approximately 

600 oil wells had been drilled in the fractured Pierre Shale with no regards to spacing (Carpenter, 

1961; Duggins, 2014). Exploration and production in the Cañon City area continues to this day 

(Duggins, 2014; Timm and Sonnenberg, 2016). While most wells still target the Pierre Shale, some 

exploration has extended into the Niobrara Formation though this petroleum system is less 

understood. To date, the Cañon City Embayment has produced in excess of 16.4MMBO (Figure 

5.1, (Timm and Sonnenberg, 2016).  

 

Figure 5.1: Cumulative production for the Cañon City Embayment (Timm and Sonnenberg, 2016) 
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Oil produced from the Pierre Shale is non-sulfurous with an API gravity of 30-30.9o 

(Carpenter, 1961; Duggins, 2014; Lillis et al., 1998). The main drive for hydrocarbon production 

in the fractured Pierre Shale reservoir is gravity drainage with minor solution gas (Duggins, 2014). 

Since hydrocarbons are hosted in the fracture network, it is imperative to intersect multiple 

fractures when drilling wells (Duggins, 2014). However, these fractures can be detrimental to 

production if wells are spaced too closely. Records of well-to-well interference date back to early 

field production. Washburne (1910) identifies abundant east to west “fissures” as the culprits for 

interference, though this interference is still poorly understood. It is thought that the organic-rich 

Sharon Springs acts as the main source rock for the fractured Pierre Shale and forms a basal seal 

to the Pierre petroleum system (Duggins, 2014; Gautier et al., 1984; Lillis et al., 1998). Lillis et al. 

(1998) identified that a Florence oil sample correlated with the extracts taken from the Sharon 

Springs Member of the Pierre Shale analyzed by Gautier et al. (1984). This Pierre petroleum 

system is most likely sealed up-dip by impermeable clay gouge sealing faults and fractures 

between the basin and the Brush Hollow anticline in the east (Weimer, 1981). 

 Moderate exploration of the Niobrara Formation in the Cañon City indicates substantial 

hydrocarbon production potential within this region. Much like the nearby Wattenberg Field, the 

Niobrara Formation contains both organic matter and maturity. Hydrocarbon trapping within the 

Niobrara is the major concern for production. Some wells drilled in the area, like the Pathfinder 

C11-12 HZ (20S-70W- 12NW), showed substantial production potential, with initial production 

rates of 403 BOE per day, while other wells drilled in the Niobrara were dry (OilVoice.com, 2015). 

The cause for the dry holes may be dependent on the formation being targeted or it may be due to 

localized structure. By examining variations in source rock maturity across the basin, whole oil 

gas chromatography, source-rock biomarker extraction, subsurface mapping and structural 
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analysis from seismic data, a better understanding of the interactions between the Pierre and 

Niobrara hydrocarbon systems can be gleaned.   

5.3 Geological setting 

The Cañon City Embayment located in south-central Colorado contains an asymmetrical, 

synclinal basin. The basin is structurally formed with roots dating back to Proterozoic times.  The 

tectonic history of the region began 1,800 m.y. with the accretion of the Colorado terrain onto the 

Archean Wyoming Province, creating basement structures and a north-northwest fault trend 

(Sonnenberg and Bolyard, 1997). Recurrent movement on the north-northwest faults during the 

Pennsylvanian collision of Laurentia and Gondwana is associated with the formation of the 

Ancestral Rockies (Sonnenberg and Bolyard, 1997; Yonkee and Weil, 2015). This collision 

resulted in the first occurrence of the Cañon City Embayment (Gerhard, 1967). The Ancestral 

Rockies’ highlands eroded to a nearly flat sedimentary cover by Late Jurassic time, which was 

later covered by Cretaceous sedimentation deposited in the Western Interior Cretaceous (WIC) 

seaway (Sonnenberg and Bolyard, 1997; Tweto, 1980).  

The WIC seaway began forming in the Middle Jurassic due to Cordilleran tectonics off the 

north western slope of the North American Craton, in present day Canada. Collision of a clastic 

wedge with the North American Craton led to a compressive regime and the formation of a 

foreland basin in front of the collision zone (Kauffman and Caldwell, 1993; Scott, 1993). Coeval 

to the Canadian tectonism, the California margin was accreting the Franciscan Complex from 

Early to Middle Jurassic times. The plate margin underwent reorganization from ~175-160 m.y., 

resulting in an east dipping subduction zone (Yonkee and Weil, 2015). This subduction zone first 

subducted a marginal plate, resulting in intraplate shortening (the Navadan orogeny) and the start 
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of a magmatic arc (Yonkee and Weil, 2015). Following the subduction of the marginal plate was 

the subduction of the Farallon plate, which started the Sevier orogeny (Yonkee and Weil, 2015).  

The Sevier orogeny began approximately 140 m.y., forming off the western coast of North 

America (Yonkee and Weil, 2015). The compressional tectonic regime of the Sevier orogeny was 

defined by the relative motion of the Farallon and North American plates. As more accretionary 

terranes reshaped the Cordillera’s western margin, renewed volcanic activity spread eastward. The 

volcanic activity of the Early Cretaceous resulted in an “Andean-type continental margin” 

extending from Alaska to Mexico (Kauffman and Caldwell, 1993, p. 5). Isostatic flexure combined 

with high sea levels helped to form the WIC Seaway off the eastern side of the Sevier orogenic 

front. By the Late Albian, the foreland basin extended from the Boreal region in the north to the 

Tethys Sea in the proto-Gulf of Mexico (Kauffman and Caldwell, 1993). The Laramide orogeny 

began in the southwest part of the province before the northeast had finished marine deposition. 

Buried mountain ranges were re-elevated and adjoining Laramide basins began to subside. In 

addition to the Rocky Mountains, two mountain sized anticlines uplifted, the Sawatch and Uinta 

anticlines (Tweto, 1975). Mountain uplift continued through the Paleocene and into the Eocene. 

The last major uplift was the White River Plateau which began in early Eocene and gained its 

current appearance by late Eocene. Laramide volcanism and intrusives crosscut the major tectonic 

units and form the Colorado mineral belt (Tweto, 1975).  

On the eastern side of the Cañon City Embayment, Weimer (1980) noted recurrent 

movement on basement faults, which originated in Pennsylvanian times with the formation of the 

Ancestral Rockies. Post Ordovician – pre-Mississippian, Late Mississippian and Pennsylvanian  
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Figure 5.2: A) Cross-section of the Cañon City Embayment from A to A' as seen in figure C, 

combined from Hembre and TerBest (1997) and Weimer (1981). B) Location of cross-section C) 
Stratigraphic section from the Cañon City area highlighting hydrocarbon zones 

(http://www.incrementaloilandgas.com, 2016) 
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times showed recurrent movement on the basement faults associated with the Brush Hollow horst 

block. This is seen by thinning of the sediments due to erosion, onlap and convergence (Weimer, 

1980). While many of the Pre-Laramide structural features are largely obscured by the Laramide 

Orogeny, recurrent movement on the preexisting fault lines is in evidence (Gerhard, 1967). Well 

data show that the upper Carlile to lower Niobrara records times of reactivated fault block 

movement (Weimer, 1980). Fault block movement is again obvious in the Late Cretaceous and 

Tertiary times due to the steep dip seen in the Cretaceous strata near the Brush Hollow anticline 

(Weimer, 1980). On the western side, Hembre and TerBest (1997) used seismic data to identify a 

low angle overthrust running parallel to the Wet Mountains. This model delineates a complex 

anticline in the footwall of the thrust fault which is identified as being two miles wide by nine 

miles long (Hembre and TerBest, 1997). A compilation of these two models is seen in Figure 

5.2A&B with the stratigraphic section of the Upper Cretaceous petroleum systems detailed in 

Figure 5.2C. 

Laramide and Cordilleran thrust-belts show differences in structural geometry and strain 

indicating differences in mechanisms of horizontal shortening. Laramide arches are anastomosing 

suggesting an underlying master thrust associated with northeast-directed lower crustal 

detachment (Erslev, 1993). Laramide structures demonstrate northeast-southwest shortening.  

Oblique slip is likely associated with low-angle lateral ramps which are common in think skinned 

thrust belts. Laramide foreland shortening is calculated at between 10% and 15% (Erslev, 1993). 

Thin-skinned thrust belts have characteristic penetrative stress and resulting strain, which are not 

seen in Laramide structures (Erslev, 1993). 
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Figure 5.3: Simplified geological map of the Cañon City Embayment showing smoothed rose 

diagrams of ideal σ1 trends (Erslev et al., 2004; Jurista, 1996). 
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A variety of explanations have been used to define the Laramide structural trends of faults, 

folds and arches. These explanations have ranged from different orientations of compression, 

basement weakness reactivation, transpressive motions, motion of the Colorado Plateau and crustal 

detachment (Erslev et al., 2004). Erslev et al. (2004) analyzed measurements of nearly 5,000 

slickensided faults along the Front Range in Mesozoic data. These analyses resulted in a range of 

interconnected trends using average slickenline and ideal σ1 trends with implications for faulting 

kinematics in the Front Range. Within the Southeastern Front Range near Cañon City 642 

slickenline trends were used to get a trend-plunge of 076-06 and an ideal σ1 trend-plunge of 075-

04 (Figure 5.3) (Erslev et al., 2004; Jurista, 1996). Multi-modal right- and left-lateral faults 

dominate in area around the Cañon City Embayment with lesser thrust faulting indicating 

shortening and compression occurred in multiple directions (Erslev et al., 2004). 

5.4 Methodology 

 Data used in this study originated from well logs, cores and cuttings, oil samples and 

seismic data. The methods used for analysis for each of these data types is described below. 

5.4.1 Subsurface mapping 

Despite numerous wells drilled in the Cañon City Embayment, logs are sparse due to the 

age of the field, however sufficient well logs were available to provide good subsurface mapping 

using Petra software. This mapping created subsurface maps for the Sharon Springs top and bottom 

and each of the chalk and marl intervals within the Niobrara Formation. Bottom-hole temperatures 

(BHT) were available for a number of wells. These temperatures were only taken from wells 

completed below the Sharon Springs member of the Pierre Shale and above the Niobrara 

Formation. To compensate for cooling effects caused by circulation during drilling, bottom-hole 
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temperatures were corrected using the bottom-hole temperature correction chart created by the 

AAPG geothermal gradient committee (no reference given). 

5.4.2 Source rock analysis 

Cores and core data from the Cañon City Embayment are available at the USGS Core 

Research Center located in Lakewood, CO. Samples from these wells were collected and submitted 

to Weatherford Labs for source rock analysis. Additional data were supplied by Freemont 

Petroleum Corporation taken from the cuttings of the Pathfinder C 11-12 1 well and analyzed by 

Weatherford Labs. The wells used for source rock analysis are found in Table 5.1. Analyses 

included total organic carbon (TOC) analysis performed by a LECO 600 Carbon Analyzer and 

programmed pyrolysis to determine thermal maturity. Thermal maturity analysis provides 

information on the free oil content (S1), the remaining hydrocarbon potential (S2), organic carbon 

dioxide (S3), temperature at maximum evolution of hydrocarbons (Tmax). For analysis, these 

results are used in a number of ratios including the hydrogen index (HI = S2/TOC x 100), oxygen 

index (OI = S3/TOC x 100), production index (PI = S1/(S1+S2)), S2/S3, and S1/TOC. 

Table 5.1: List of wells with cores or cuttings used for source rock analysis. 
OPERATOR 

WELL NAME 
API NUMBER 

 
LOCATION  

FORMATIONS 
Pine Ridge Oil and 

Gas 
Bull #42-4 

05043061580000 
 

20S 69W 4 SE NE Sharon Springs 
Niobrara B Calk 

Energetics Inc. 
31-20 Continental 

05043060160000 
 

19S 69W 20 C NW 
NE 

Sharon Springs 
Niobrara A 

Austin Exploration 
Pathfinder C 11-12 1 

05043062160200 20S 70W 12 NW Niobrara A, B & C 
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Figure 5.4: Location of 3D seismic data set. 

5.4.3 Seismic data analysis 

 Freemont petroleum provided a 3D seismic volume within the Cañon City Embayment 

located just west of the Florence Oil Field (Figure 5.4). The volume consists of 207 inlines and 

196 crosslines. The seismic data were processed and migrated. No checkshots or sonic logs were 

available within the seismic study area, so a velocity model could not be created for time-depth 

conversion. All interpretation was therefore completed in the time domain using Petrel E&P 

Software Platform 2016. A variety of volume attributes were used for analysis. The volume was 
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first cleaned using structural smoothing, dip guided with edge enhancement. For coherence 

modelling, the typical workflow of a chaos modelling followed by ant tracking yielded poor 

results. However, using the variance edge method followed by ant tracking yielded better 

coherence mapping. RMS amplitude volumes also aided in structural interpretation. 

5.4.4 Biomarker analysis 

 Whole oil gas chromatography (GC) and biomarker analysis from crude oils and source 

rocks for the Sharon Springs Member and Niobrara Formation were obtained from the Cañon City 

Embayment. Oil analyses for the Golden 32-20, Lake 34-29, Liberty 32-32, Patti 32-29, and 

Flathead 34-20 and cuttings analyses for the Niobrara from the Patti 32-29 were performed by 

Weatherford Labs and provided by Fremont Petroleum Corporation. For GC, Weatherford uses an 

Agilent 6890N gas chromatograph with analysis at a temperature of 275oC. The sample is then 

passed through an Agilent DB-1 column with helium used as a carrier gas. The column is held at 

30oC for 5 minutes then increased at 3oC per minute until 320oC is achieved. This final temperature 

is held for 20 minutes. Components are detected with a flame ionization detector (FID) held at 

350oC with an internal standard injected to allow for quantification. This chromatograph allows 

for analysis of compounds from nC4 to nC42, n-alkanes, key isoprenoids, key aromatics and 

lighter hydrocarbons. For biomarker analysis, Weatherford Labs separates saturate and aromatic 

fractions using liquid chromatography so that each fraction can be analyzed separately. Both 

fractions are analyzed with an HP 6890 gas chromatograph using an HP 7683 auto-sampler and an 

HP 5973 mass selective detector. 

Additional analyses were obtained for an oil sample from the Magellan #1 and for Sharon 

Springs Member cuttings from the Bull 42-4 core. These analyses were performed by GeoMark 

Research. For whole oil gas chromatography, an Agilent 7890A gas chromatograph was used. An 
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Agilent 7890A or Agilent 7890B gas chromatograph interfaced with a 5975 C or 5977A mass 

spectrometer analyzed sterane and terpane biomarkers. Additional sterane/terpane biomarkers as 

well as diamondoids, carotenoids and alkyl aromatics were analyzed using a proprietary GeoMark 

method interfacing an Agilent triple quadrapole mass spectrometer to an Agilent 7890 gas 

chromatograph. Rock sample extracts were obtained from powdered samples using a Dionex ASE 

350 machine then analyzed using liquid chromatography (Allred, 2017).  

The methodologies used by the two companies vary. However, results for the main whole 

oil gas chromatography and aromatics and saturates are comparable. The wells used for analysis 

and the types of analyses performed are listed in Table 5.2. Using these data, geochemical 

correlations are used to determine genetic relationships based on the principles set forth by Peters 

et al. (2005) and the concept that “certain compositional parameters of migrated oil do not differ 

significantly from those of bitumen remaining in the source rock” (Peters et al., 2005, p. 475). 

Table 5.2: List of wells with whole oil GC or biomarker analyses. 
WELL NAME API NUMBER Locations DATA TYPE 
Golden 32-20 05043061560000 19S 69W 20 NW SE Whole oil GC and 

biomarker 
Lake 34-29 05043061900000 19S 69W 29 SW SE Whole oil GC and 

biomarker 
Liberty 32-32 05043061830000 19S 69W 32 SW NE Whole oil GC and 

biomarker 
Patti 32-29 05043061820000 19S 69W 29 NE Whole oil GC and 

biomarker 
Flathead 34-20 05043061620000 19S 69W 20 SW SE Whole oil GC and 

biomarker 
Magellan #1 05043062290000 20S 69 W 18 NW NE Whole oil GC and 

biomarker 
Bull 42-4 05043061580000 20S 69W 4 SE NE 7 Sharon Springs 

core samples 
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5.5 Variations in thermal maturity 

Dependent on organic matter type, kerogen matures at different rates with differing 

hydrocarbon potential (Selly and Sonnenberg, 2015). Source rock analysis of all samples show 

that the kerogen present is primarily type II, oil prone, for the Sharon Springs and mixed type II-

type III, oil and gas prone, for the Niobrara Formation (Figure 5.5 A&B). The Modified Van 

Krevelen diagram (Figure 5.5A) shows low OI values for most of the Sharon Springs and Niobrara 

samples, indicating both type II hydrocarbons and sample maturity. The Kerogen Quality Plot 

(Figure 5.5B) better identifies the kerogen types and shows excellent TOC, above 2 wt. %, for all 

samples, whether shale, chalk or marl.  

 
Figure 5.5: Modified Van Krevelen (A) and kerogen quality plot (B) indicates type II kerogen in 
the Sharon Springs Formation and primarily type II and some mixed type II – type III kerogen in 

the Niobrara Formation. 

A B
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Figure 5.6: A) Geothermal gradient map with well locations. Temperatures range from 2.9 to 
5oF/100ft far exceeding the world average of 1.43oF/100ft. B) Subsurface map of the Sharon 

Springs Formation in the Cañon City Embayment 

Similar to the Wattenberg area, the geothermal gradient in the Cañon City Embayment 

shows elevated temperatures. From 1979-1980, measurements were taken on eleven temperature 

gradient holes drilled near the Cañon City area. Measurements ranged from 2.17 to 4.92oF/100ft 

with an average geothermal gradient of 2.90oF/100ft (Zacharakis and Pearl, 1982). Using adjusted 

bottom-hole temperatures on well logs completed below the Sharon Springs member of the Pierre 

Shale, a geothermal gradient of 2.9 to 5.0oF/100ft was determined (Figure 5.6A). This geothermal 

gradient is still within range of the one determined by Zacharakis and Pearl (1982), though the low 

end is what they determined as the average. The overall higher average is likely due to the 

measurements taken below the Sharon Springs. Shales are known insulators with low thermal 

conductivity (Railsback, 2011). Using subsurface maps, like the one seen in Figure 5.6B of the 

Sharon Springs Member, temperature with depth was calculated to give an estimate of source rock 

A B
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maturity for important source rock intervals in the Pierre Shale and Niobrara petroleum systems. 

These maps were then constrained with source rock analyses at the various intervals.  

Source rock analysis from the Sharon Springs Member shows it is an overall good to 

excellent source rock with excellent TOC values and good to excellent S2 values (Figure 5.7A). 

However, the PI to Tmax plot shows that, while this area of the Sharon Springs has begun 

catagenesis, the maturity is on the low side of the oil window (Figure 5.7B). Utilizing the map 

math function in ArcGIS, maturity was calculated by combining formation depth and the 

calculated geothermal gradient. This map shows the wells are located at the edge of the Sharon 

Springs mature zone (Figure 5.7C). The core location is fairly high in the basin and maturity has 

been seen to increase with depth into the center of the basin. Source rock analysis from the 

Niobrara A Chalk and Marl shows excellent TOC values and poor to fair S2 values indicating from 

these two cores that this may not be the best source rock (Figure 5.8A). The PI to Tmax plot shows 

that the 31-20 Continental Niobrara A Chalk and Marl is immature to low mature while the 

Pathfinder C 11-12 1 is within the oil zone (Figure 5.8B). The maturity map places the Pathfinder 

C 11-12 1 well is within the mature zone, while the 31-20 Continental well appears to be in the 

mature zone, but a small pocket of immaturity is located in that area (Figure 5.8C). Source rock 

analysis from the Niobrara B Chalk and Marl shows excellent TOC values and a range of S2 

values, from poor to excellent (Figure 5.9A). The PI to Tmax plot shows that both the Bull 42-4 

and Pathfinder C 11-12 1 both fall within the oil window (Figure 5.9B). The maturity map for both 

of the wells place them within the mature zone (Figure 5.9C). Source rock analysis from the 

Niobrara C Chalk and Marl shows excellent TOC and mostly poor to fair S2 (Figure 5.10A). The 

PI to Tmax plot places the Niobrara C within the mature, oil zone (Figure 5.10B). The maturity 

map for the Pathfinder C 11-12 1 well is within the mature zone (Figure 5.10C). 
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Figure 5.7: Sharon Springs Formation source rock analysis and mapping. A) S2 vs TOC showing excellent TOC ranges and a range of 
S2. B) PI vs TMAX shows low maturity source rocks. C) Source rock maturity map calculated combining subsurface mapping and 

geothermal gradient and calibrated with rock source rock analysis. 
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Figure 5.8: Niobrara A Chalk and Marl source rock analysis and mapping. A) S2 vs TOC showing excellent TOC ranges and poor to 
fair S2. B) PI vs TMAX shows low maturity source rocks for the 31-20 Continental well and mature, oil zone source rocks for the AE 
Well. C) Source rock maturity map calculated combining subsurface mapping and geothermal gradient and calibrated with source rock 

analysis. 
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Figure 5.9: Niobrara B Chalk and Marl source rock analysis and mapping. A) S2 vs TOC showing excellent TOC ranges and a range 
of S2. B) PI vs TMAX shows mature, oil zone source rocks. C) Source rock maturity map calculated combining subsurface mapping 

and geothermal gradient and calibrated with source rock analysis. 
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Figure 5.10: Niobrara C Chalk and Marl source rock analysis and mapping. A) S2 vs TOC showing excellent TOC ranges and mostly 
poor to fair S2. B) PI vs TMAX shows mature, oil zone source rocks. C) Source rock maturity map calculated combining subsurface 

mapping and geothermal gradient and calibrated with source rock analysis. 
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The variation in thermal maturity from source rock analysis across the basin was consistent 

with the thermal maturity maps created in ArcGIS. This mapping accounted for hydrocarbon 

maturity into the oil window. Further data, especially in the west of the basin is needed for 

additional maturity constrains, and particularly where the thermal maturity has enters the dry gas 

zone. These data have shown that maturity is highest in the west of the basin. However, most 

production has come from the Florence and Cañon City fields (field locations are highlighted on 

maturity maps) in the east and north of the basin where maturity levels are overall lower. Structure 

and hydrocarbon migration appear to play an important role in the hydrocarbon production in the 

basin. 

5.6 Structural analysis 

 As expected from subsurface mapping, seismic data show formations deepening toward 

the west. However, the Sharon Springs Member top shows a remarkably uniform dip to the west 

(Figure 5.11A). The Niobrara Formation also dips to the west, but not quite as uniformly as the 

Sharon Springs (Figure 5.12A). Root mean square (RMS) amplitude extrapolated on the Sharon 

Springs and Niobrara Formation horizons (Figure 5.11B and Figure 5.12B) show high RMS 

amplitudes in similar locations on both the Sharon Springs and Niobrara Formation tops. RMS 

amplitude is a good hydrocarbon indicator. In these data, highs are commonly associated major 

faults. This association is not exclusive, it is apparent in the northwest and southwest, where RMS 

amplitudes are lowest, that no strong (dark) faults are present in either the Sharon Springs or 

Niobrara. However, in the northeast on the Sharon Springs where RMS amplitudes are highest, 

coherence mapping does not show strong faulting. Coherence mapping flattened on and aligned to 

the Sharon Springs Member top (Figure 5.11C) shows overall polygonal faulting with a possible  
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Figure 5.11: A) Sharon Springs subsurface map showing deepening to the west. B) Sharon 
Springs subsurface map with RMS amplitudes.  C) Coherence map flattened on the top of the 

Sharon Springs. 

 

 

 

 

A B

C



121 
 

 

 

 

   

Figure 5.12: A) Top Niobrara subsurface map showing deepening to the west. B) Top Niobrara 
Formation subsurface map with RMS amplitudes. C) Coherence map flattened on the top of the 

Niobrara showing polygonal faults overlain with a north-south oriented fault system. 
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Figure 5.13: A) West to east crossline 163 without fault interpretations. B) Interpreted crossline 
showing the Niobrara, Sharon Springs, Fractured Pierre Shale, possible Trinidad Sandstone, and 
the bright coal of the Vermejo Formation. Faults are seen as gaps with some offset including a 

fault from the Niobrara into the Sharon Springs. Both A&B have a vertical exaggeration of 3.8:1. 
C) Subsurface map of the Sharon Springs with a yellow line marking the location of the seismic 

crossline 163. 
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Figure 5.14: A) West to east crossline 135 without fault interpretations. B) Interpreted crossline 
showing the Niobrara, Sharon Springs, Fractured Pierre Shale, possible Trinidad Sandstone, and 
the bright coal of the Vermejo Formation. Faults are seen as gaps with some offset including a 

fault from the Niobrara into the Sharon Springs. Both A&B have a vertical exaggeration of 3.8:1 
C) Subsurface map of the Sharon Springs showing deepening of the formation to the west, 

yellow line marks the location of the seismic crossline 135. 
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N-S, NNE-SSW trend orientation. Coherence mapping flattened on and aligned to the Niobrara 

Formation top (Figure 5.12C) also shows polygonal faulting overlain with a strong north-south 

trend. This north-south trend is fairly consistent with the ideal σ1 trends identified by Erslev et al. 

(2004) and the east, north-east compression and shortening identified by Jurista (1996). 

In seismic lines, faulting generally shows small offset and is often better seen in the 

discontinuity of the seismic reflectors. Seismic crossline 163, located in the north of the seismic 

data (Figure 5.13 A, B &C) shows a fault that extends from the Niobrara into the Sharon Springs 

with associated antithetic faults. This faulting could provide a pathway for hydrocarbon migration 

from the Niobrara into the Pierre petroleum systems. This fault is also located in the northwestern 

area of the seismic volume, where the RMS amplitudes are highest (Figure 5.11B). This fault ends 

just below the level of the ant-tracking surface and may account for the high RMS amplitudes 

present in this area. Many of the faults seen in seismic are normal faults. However, thrust faults 

are present in the west in both the fractured Pierre Shale detaching on the Sharon Springs and in 

the Niobrara Formation detaching on the Codell/Carlile (?). This thrust faulting in the Niobrara is 

particularly apparent in crossline 135 (Figure 5.14 A, B & C). Also present in this crossline is a 

graben structure within the Niobrara. The normal faults of the graben extend into the Sharon 

Springs on the western side while an antithetic fault on the east extends into the Sharon Springs. 

Depending on fault gouge, these faults could also provide pathways for hydrocarbon migration 

from the Niobrara Formation. 

5.7 Biomarker analysis 

 Ten oil samples from six wells all producing from the fractured Pierre Shale, five Niobrara 

core samples from the Pattie 32-29 well and seven Sharon Springs core samples from the Bull 42-

4 core were collected for genetic analysis of the hydrocarbons produced in the Cañon City 



125 
 

Embayment. Sulfur content was only analyzed on one well, the Magellan 1, which showed a very 

low %S at 0.29. This is consistent with other reports that produced oil has low sulfur content. API 

gravity of this well was 31.8o. The %Saturates were calculated at 53.3 and %Aromatics at 37.4 

indicating that the source was a world class source rock. Pristane to phytane ratios for all oils were 

between 1.75 to 1.82, indicating a distal marine shale source. These parameters could be consistent 

with a source originating either from the Sharon Springs Member or the Niobrara Formation. 

 Multiple oil samples were taken from several wells at different depths. It was observed on 

collection that the shallower samples had a greenish appearance while the deeper samples had a 

reddish tinge. Comparison of deeper to shallower samples show a higher percentage of light 

hydrocarbons from nC4 to nC14. The Flathead 34-20 well had oil samples analyzed at 1250 ft., 

2900 ft., and 2970 ft. The light hydrocarbons were very low at 1250 ft. (Figure 5.15A), increased 

slightly at 2900 ft. (Figure 5.15B) and increased more at 2970 ft. (Figure 5.15C). The Lake 34-29 

shows very low light hydrocarbons at 2850 ft. (Figure 5.16A) with substantially increased light 

hydrocarbons at 3265 ft. (Figure 5.16B). The Liberty 32-32 shows a similar trend with low light 

hydrocarbons at 5061 ft. (Figure 5.17A) and much higher light hydrocarbons at 5187 ft. (Figure 

5.17B). Additional whole oil gas chromatographs from wells in the Cañon City Embayment can 

be found in Appendix C. While light hydrocarbons in the C1-C5 are subject to alteration by sample 

collection methods, the other lights might have been altered and reduced due to bacterial 

degradation in the shallower wells. Conversely, additional light hydrocarbons may have been 

added to the deeper oils due to mixing from other hydrocarbon sources.  
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Figure 5.15: Gas chromatograph traces from three oil samples taken at different depth from the 

Flathead 34-30 well. 
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Figure 5.16: Whole oil gas chromatograph traces at different depths from the Lake 34-29 oil 

well. 
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Figure 5.17: Whole oil gas chromatograph traces at different depths from the Liberty 32-32 oil 

well. 
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Figure 5.18: Oil sample analysis of organic matter type plotting pristane/nC17 to phytane/nC18, 

showing marine algal type II in all oil samples. 

A variety of analyses can be used to determine genetic relationships using biomarkers. 

Organic matter type analysis from the oils can be determined by plotting pristane/nC17 to 

phytane/nC18 (Figure 5.18). This analysis plotted all oils quite closely and shows marine algal type 

II organic matter type for all oils analyzed. Maturity analysis plotting the C29 S/(S+R) sterane 

percentage to the C29 Iso/(Iso+Reg) sterane percentage (Mathur, 2014; Peters et al., 2005) shows 

lower maturity in the Sharon Springs core when compared to the oils or the Niobrara Formation, 

however migrational fractionation may account for the higher C29 Iso/(Iso+Reg) % seen in the 

Pierre Shale oil samples (Figure 5.19). This figure also shows that little to no biodegradation 

occurred within the Pierre Shale oil samples. Another maturity analysis which is useful when 

comparing oils and source sediments is the C29Ts/Tm to C27Ts/Tm plot. These ratios compare the 

two C27 trisnorhopanes and the C29 norhopanes which are influenced by depositional environment  
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Figure 5.19: Maturity analysis using C29 S/S+R % to C29 Iso/(Iso+Reg)%. Shows groupings of 

Sharon Springs source rocks, Pierre Shale oil samples and Niobrara core samples. 

 

Figure 5.20: Maturity plot of C29Ts/C29TM to C27Ts/C27Tm showing a genetic link between 
the Niobrara core samples and the oil samples. 



131 
 

 
Figure 5.21: Ternary diagram of St27 Iso, St28 Iso and St29 Iso percentage. The Pierre Shale oil 

samples are closely grouped to the Niobrara core samples. 

but also sensitive to thermal maturity. A genetic relationship is observed between the Pierre Shale 

oil samples and the Niobrara Formation core samples (Figure 5.20), though again maturity may be 

partially responsible since the samples from the Sharon Springs show lower maturity than the 

Niobrara Formation samples. 

Analyses which are less thermally influenced include ternary plotting of the C27, C28, and 

C29 αββ sterane percentages. These steranes relate to the depositional environment. The plot of 

these steranes (Figure 5.21) shows a close genetic relationship between the Pierre Shale oil samples 
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and Niobrara Formation core samples while the Sharon Springs shows a higher relationship to 

diatoms. Ratios of the C22/C22 and C24/C23 tricyclic terpanes provide information on whether the 

organic source was clastic or carbonate. When the C22/C22 >0.6 and C24/C23 <0.6 the source is 

carbonate, and C22/C22 <0.6 and C24/C23 >0.6 the source is clastic. All points in the plot of these 

two ratios show a clastic source (Figure 5.22) and a genetic relationship is seen between the Pierre 

Shale oil samples and the Niobrara Formation core samples. The Sharon Springs core samples are 

not far off from the oil samples indicating that they may also have contributed to the oil samples. 

 

Figure 5.22: Cross-plot of C22/C21 to C24/C23 tricyclic terpanes identifying clastic and 
carbonate biomarker characteristics. 
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5.8 Discussion 

 Maturity variation across the basin is more closely related to depth of burial than to the 

elevated geothermal gradient in the region. There are minor exceptions to this and further source 

rock analysis would help constrain maturity analysis in the field. Source rock analysis in the west 

of the field would be beneficial in determining where the source rocks have entered the dry gas 

window. Seismic analysis shows the highly faulted and fractured nature of the area with faults 

extending from the Niobrara into the Sharon Springs, which may provide pathways for 

hydrocarbon migration. This hydrocarbon migration is identified in genetic relationships from 

biomarkers found in the oils produced from the Pierre Shale and the biomarkers from the Niobrara 

Formation. While it is unlikely that these oils originate solely from the Niobrara source rock, it is 

likely that mixing of the Niobrara hydrocarbon and the Sharon Springs hydrocarbons is occurring. 

Some bias may have been incorporated in the biomarker analysis from testing performed by two 

differing companies. However, the oil analysis from the Magellan 1 well corresponded strongly 

with the analysis performed by Weatherford labs indicating that the two testing methods are 

comparable.  

5.9 Conclusions 

 The complex structure of the Cañon City embayment plays an important role in 

hydrocarbon maturity and production. While source rock maturity is highest in the western, 

deepest part of the Cañon City Embayment, most production occurs from the fractured Pierre Shale 

in the north and eastern areas within the Cañon City and Florence oil fields. This indicates that 

hydrocarbon migration is an important element of the Pierre Shale petroleum system. RMS 

amplitude combined with fault and fracture analysis suggests that migration is closely related to 

the complex fault system derived from both polygonal faulting and thrust tectonics. Faults 
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extending from the Niobrara into the Sharon Springs show higher RMS amplitudes, indicating the 

presence of hydrocarbons. Biomarker analysis of oil samples originating from the Pierre Shale, the 

Niobrara Formation and the Sharon Springs Member of the Pierre Shale indicate a close genetic 

tie between the organic matter of the Niobrara Formation and the oil produced from the fractured 

Pierre Shale Formation. While the Sharon Springs is also a probable contributor to this 

hydrocarbon system, the evidence of Niobrara hydrocarbon migration into the fractured Pierre 

Shale is compelling. This evidence suggests that while encountering sufficient fractures in the 

Pierre Shale is important for production, it is also important to plan wells within close proximity 

to faults that penetrate from the Niobrara Formation in the Sharon Springs. Conversely, these faults 

should be avoided when targeting hydrocarbons in the Niobrara Formation. 
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CHAPTER SIX 

CONCLUSIONS 

 

6.1 Research Conclusions 

 The Cañon City Embayment has a long history of production beginning with the discovery 

of an oil seep in 1860. This discovery led to exploration in the area and eventually to hydrocarbon 

production from the fractured Pierre Shale Formation and the discovery of the Florence Oil Field 

in 1881. Since that time, three eras of development occurred with initial development occurring 

from 1881to 1930, a middle phase of development from 1931 to 1990, and the current phase of 

development from 1991 to the present. Production over time shows a flattened creaming curve for 

production in the area suggesting that the majority of the easily obtainable hydrocarbons in the 

area have already been recovered. However new technology opens the field to production beyond 

the fractured Pierre Shale Formation and has prompted exploration of unconventional Cretaceous 

systems within the Cañon City Embayment. One of the main unconventional systems is the 

Niobrara Formation, which has produced prolifically in the nearby Wattenberg Field. 

 Both the Niobrara Formation and the Sharon Springs Member of the Pierre Shale contain 

excellent source rocks deposited from transgressive phases within the Western Interior Cretaceous 

Seaway. However, significant biological and geochemical differences exist between these source 

rocks. The alternating calcareous chalk/marl systems present in the Niobrara Formation are 

biologically defined by fecal pellets and robust foraminifers predominantly of the Heterohelix 

globulosa, Globigerinelloides ultramicrus, Hedbergella, Gümbelina and two Archaeoglobigerina 

species. However, the Sharon Springs is primarily argillaceous in composition with lesser amounts 
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of biogenic calcite and silica. Foraminifers species present in the Sharon Springs are dwarfed and 

dispersed diatoms are present. The dwarfism of foraminifers and presence of diatoms, which thrive 

in cold waters, suggest a shift in paleocurrents from the warm Gulfian currents which allowed for 

carbonate production during the Niobrara Formation deposition.  

The base of the Sharon Springs is marked by high energy, sediment gravity flow deposits. 

Moving up the Sharon Springs, the energy decreases and shows discontinuous laminated shale. 

Water column stratification is indicated by chemostratigraphy and biomarker analysis. Varying 

degrees of anoxia and euxinia are present throughout much of the Sharon Springs up to the topmost 

facies where oxic conditions prevail. Biomarkers indicate that euxinic conditions persisted into the 

photic zone. Amorphous organic matter is closely associated with clay particles present in peloidal 

floccules and compacted floccules which appear as streaks. The anoxic and euxinic conditions 

aided in the preservation of organic matter. 

Two possible depositional models dependent on water density contrasts in the WIC may 

have resulted in the geochemical and micropaleontological differences seen between the Niobrara 

Formation and the Sharon Springs Member. If density differences existed between the 

transgressing cold, southerly currents and the warm waters of the WIC the transgression would 

have progressed along the bottom of the basin. This basin-bottom transgression would have 

resulted in density stratification and upwelling along the basin margins. Increased primary 

production associated with the upwelling results in bottom-water oxygen depletion and further 

water column stratification, all of which would aid in the high organic matter preservation found 

in the Sharon Springs Member. If little density contrast existed between the transgressing waters 

and the waters of the WIC a mixing front would form resulting in caballing. This type of mixing 

front results in subsurface erosion and rapid transport of organic matter to the sea floor.  
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Core analysis identified two separate types of bentonites, a friable bentonite and a cohesive 

bentonite. The cohesive bentonite displays distinct fining upward sedimentary structures and high 

kaolinite, low smectite content. These bentonites are associated with debrites and are likely re-

worked from the original ash-fall deposits. The friable bentonite is more consistent with an altered 

ash-fall deposit and contains a high percentage of smectite. Bentonites are commonly considered 

drilling hazards due to their high swelling potential, however the reworked bentonites do not pose 

these hazards. Unfortunately, due to the thinness of these bentonites, they are not observable on 

well logs making subsurface mapping of the deposits impossible. While this study was confined 

to the bentonites within the Sharon Springs Member in the Cañon City Embayment, bentonites are 

a common feature of the WIC strata. Highly kaolinitic bentonites have also been observed in the 

Niobrara Formation suggesting similar alteration through depositional processes or reworking. 

Reworking and secondary alteration of bentonites have implications for both hydrocarbon 

production and geological mapping. 

Within the Cañon City embayment, one of the biggest barriers to hydrocarbon production 

is the structural complexity. This complexity consists of polygonal faulting within the Pierre Shale 

and Niobrara Formation compounded by thrust faulting seen in subsurface mapping. In order to 

produce hydrocarbons from the fractured Pierre Shale, not only must a well encounter adequate 

fracture networks, but faults extending from the Niobrara Formation into the Pierre Shale may also 

be necessary for economic wells. Seismic data analysis shows high root mean square amplitudes 

associated with faults while biomarker analysis of Pierre Shale oil samples, Niobrara Formation 

core samples and Sharon Springs Member samples show a genetic relationship between the Pierre 

Shale oils and the Niobrara Formation, indicating hydrocarbon mixing during migration. The 

impact of migration is also apparent from source rock analysis and mapping of source rock 
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maturity. The highest source rock maturity for the Niobrara Formation and the Sharon Springs 

Member occurs in the west of the basin where the mudrocks are buried the deepest, however most 

production occurs in the east and north of the basin in or around the Florence and Cañon City Oil 

Fields. 

6.2 Future work  

A number of questions still remain within the area of interest. 

 The Niobrara D is significantly different within the Cañon City Embayment, with 

properties similar to those of the Fort Hays, while in the Wattenberg the Niobrara D is more 

of a mixed chalk/marl system. This member represents a transitional period and a regional 

study might better explain environmental changes from the Fort Hays limestone to the 

mixed chalks and marls of the Niobrara. 

 The Greenhorn Formation crops out within the Cañon City Embayment and contains rich 

source rocks. This formation is known to have high percentages of organic matter in other 

regions, however the hydrocarbon potential of this formation in this region has not been 

explored. 

 Further analysis of the petroleum systems within the Niobrara would be beneficial to 

continued development within the region. Some wells drilled in the formation have been 

excellent producers while others have only resulted in one-two barrels of oil per day. The 

heterogeneities within this system need further classification as well as determination as to 

whether they are stratigraphic or structural in origin. 

 Further investigation into re-worked bentonites to determine how well they can be used for 

regional stratigraphic correlation 
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 Comparison with bentonites in other Cretaceous strata from the WIC to see how common 

re-worked bentonites are and whether the removal or remineralization of smectite is a 

common occurrence. 

 Petroleum system timing using BasinMod for the Niobrara and Pierre Shale petroleum 

systems in the Cañon City Embayment to put further constraints on timing and migration. 

 Petrophysical analysis of the Niobrara Formation in the Cañon City Embayment could aid 

in hydrocarbon analysis if enough full well log suites could be obtained. 

 Analysis of porosity, pore systems and their interconnectivity within the Niobrara of the 

Cañon City Embayment to help determine best hydrocarbon reservoir. 
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APPENDIX A  

OIL PRODUCTION DATA 

Table A.1: Production figures, both annual and cumulative, for the Florence/Cañon City fields 
from 1887-2015, with reference information provided for each year. Note: information taken 

from December reports may be slightly low for the whole year 

Year Annual 
Production (BL) 

Cummulative 
Production (BL) 

Source 

1887 76,295 76,295 (Brunton, 1954)
1888 297,612 373,907 (Brunton, 1954)
1889 316,476 690,383 (Brunton, 1954)
1890 368,842 1,059,225 (Brunton, 1954)
1891 665,482 1,724,707 (Brunton, 1954)
1892 824,000 2,548,707 (Brunton, 1954)
1893 694,390 3,243,097 (Brunton, 1954)
1894 515,746 3,758,843 (Brunton, 1954)
1895 438,232 4,197,075 (Brunton, 1954)
1896 361,450 4,558,525 (Brunton, 1954)
1897 384,934 4,943,459 (Brunton, 1954)
1898 444,383 5,387,842 (Brunton, 1954)
1899 390,728 5,778,570 (Brunton, 1954)
1900 317,385 6,095,955 (Brunton, 1954)
1901 460,520 6,556,475 (Brunton, 1954)
1902 385,101 6,941,576 (Brunton, 1954)
1903 447,203 7,388,779 (Brunton, 1954)
1904 483,596 7,872,375 (Brunton, 1954)
1905 365,736 8,238,111 (Brunton, 1954)
1906 276,630 8,514,741 (Brunton, 1954)
1907 263,498 8,778,239 (Brunton, 1954)
1908 295,469 9,073,708 (Brunton, 1954)
1909 225,062 9,298,770 (Brunton, 1954)
1910 193,482 9,492,252 (Brunton, 1954)
1911 187,341 9,679,593 (Brunton, 1954)
1912 190,498 9,870,091 (Brunton, 1954)
1913 176,693 10,046,784 (Brunton, 1954)
1914 215,548 10,262,332 (Brunton, 1954)
1915 202,069 10,464,401 (Brunton, 1954)
1916 191,486 10,655,887 (Brunton, 1954)
1917 114,664 10,770,551 (Brunton, 1954)
1918 134,895 10,905,446 (Brunton, 1954)
1919 102,000 11,007,446 (Brunton, 1954)
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Table A.1: Continued 
1920 88,000 11,095,446 (Brunton, 1954)
1921 83,000 11,178,446 (Brunton, 1954)
1922 72,000 11,250,446 (Brunton, 1954)
1923 64,000 11,314,446 (Brunton, 1954)
1924 59,000 11,373,446 (Brunton, 1954)
1925 99,912 11,473,358 (Brunton, 1954)
1926 147,567 11,620,925 (Brunton, 1954)
1927 294,152 11,915,077 (Brunton, 1954)
1928 429,489 12,344,566 (Brunton, 1954)
1929 336,805 12,681,371 (Brunton, 1954)
1930 199,418 12,880,789 (Brunton, 1954)
1931 134,373 13,015,162 (Brunton, 1954)
1932 116,989 13,132,151 (Brunton, 1954)
1933 91,343 13,223,494 (Brunton, 1954)
1934 82,151 13,305,645 (Brunton, 1954)
1935 69,955 13,375,600 (Brunton, 1954)
1936 67,961 13,443,561 (Brunton, 1954)
1937 57,694 13,501,255 (Brunton, 1954)
1938 62,843 13,564,098 (Brunton, 1954)
1939 57,770 13,621,868 (Brunton, 1954)
1940 55,458 13,677,326 (Brunton, 1954)
1941 53,546 13,730,872 (Brunton, 1954)
1942 49,165 13,780,037 (Brunton, 1954)
1943 20,971 13,801,008 (Brunton, 1954)
1944 44,262 13,845,270 (Brunton, 1954)
1945 40,730 13,886,000 (Brunton, 1954)
1946 29,325 13,915,325 (Brunton, 1954)
1947 25,348 13,940,673 (Brunton, 1954)
1948 27,907 13,968,580 (Brunton, 1954)
1949 33,425 14,002,005 (Brunton, 1954)
1950 32,777 14,034,782 (Brunton, 1954)
1951 29,503 14,064,285 (Brunton, 1954)
1952 28,259 14,092,544 (Brunton, 1954)
1953 29,498 14,122,042 (Brunton, 1954)
1954 30,533 14,152,575 O&GCC, 1954
1955 31,204 14,183,779 O&GCC, 1955
1956 29,421 14,213,200 O&GCC, 1956
1957 25,033 14,238,233 O&GCC, 1957
1958 26,123 14,264,356 O&GCC, 1958
1959 39,181 14,303,537 O&GCC, 1959
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Table A.1: Continued 
1960 16,328 14,319,865 O&GCC, 1960
1961 21,457 14,341,322 O&GCC, 1961
1962 22,886 14,364,208 O&GCC, 1962
1963 26,287 14,418,427 SoCOGCC, 1963
1964 24,000 14,442,437 SoCOGCC, 1964
1965 20,586 14,463,023 SoCOGCC, 1965
1966 19,856 14,482,879 SoCOGCC, 1966
1967 21,205 14,504,084 SoCOGCC, 1967
1968 17,331 14,520,792 O&GCC, 1968
1969 11,991 14,532,783 O&GCC, 1969
1970 38,259 14,571,042 O&GCC, 1970
1971 23,070 14,594,112 O&GCC, 1971
1972 21,763 14,615,875 O&GCC, 1972
1973 19229 14634587 SoCOGCC, 1973 
1974 19,041 14653023 SoCOGCC, 1974
1975 20293 14673921 SoCOGCC, 1975
1976 20110 14694031 SoCOGCC, 1976
1977 20505 14714536 SoCOGCC, 1977
1978 21981 14736517 SoCOGCC, 1978
1979 27,784 14,738,213 O&GCC, 1979
1980 29,106 14,767,319 O&GCC, 1980
1981 28,073 14,795,392 O&GCC, 1981
1982 26,947 14,822,339 O&GCC, 1982
1983 25,975 14,848,314 O&GCC, 1983
1984 28,530 14,877,462 O&GCC, 1984
1985 21,827 14,900,432 O&GCC, 1985
1986 26,521 14,929,695 O&GCC, 1986
1987 40,780 15,007,907 O&GCC, 1987
1988 28,682 15,037,475 O&GCC, 1988
1989 28,927 15,070,202 O&GCC, 1989
1990 35,530 15,106,477 O&GCC, 1990
1991 23,950 15,131,394 O&GCC, 1991
1992 20,558 15,152,037 O&GCC, 1992
1993 19,369 15,171,656 O&GCC, 1993
1994 18,760 15,190,420 O&GCC, 1994
1995 16,804 15,209,058 O&GCC, 1995
1996 15,238 15,224,296 O&GCC, 1996
1997 16,777 15,242,328 O&GCC, 1997
1998 12,911 15,255,239 O&GCC, 1998
1999 12,974 15,268,707 O&GCC, 1999
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Table A.1: Continued 
2000 13,404 15,282,111 COGCC
2001 15,743 15,297,854 COGCC
2002 11,107 15,308,961 COGCC
2003 14,622 15,323,583 COGCC
2004 12,384 15,335,967 COGCC
2005 38,486 15,374,453 COGCC
2006 50,172 15,424,625 COGCC
2007 45,740 15,470,365 COGCC
2008 34,476 15,504,841 COGCC
2009 80,752 15,585,593 COGCC
2010 199,211 15,784,804 COGCC
2011 249,912 16,034,716 COGCC
2012 222,769 16,257,485 COGCC
2013 68,152 16,325,637 COGCC
2014 43,814 16,369,451 COGCC
2015 36,444 16,405,895 COGCC
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APPENDIX B  

XRD DATA 

Table B.1: 31-20 Continental Core Sample Analysis by Weatherford Laboratories, February 28, 2012 

Sample 
Depth 

Clays Carbonates Other Minerals Totals 
Chlorit
e 

Kaolinit
e 

Illite Mx I/S Calcite Fe-
Dol 

Dol Quartz K-
spar 

Plag Pyrite Clays Carb Other 

3686.50 1 5 10 13 41 5 0 17 1 3 4 29 46 25 
3694.50 1 2 9 13 42 8 0 15 1 4 5 25 50 25 
3698.50 1 29 5 8 21 2 0 10 1 2 20 43 23 34 
3704.70 1 3 9 11 37 4 0 14 Tr 3 17 24 41 35 
3716.60 Tr 3 11 13 41 4 0 16 Tr 3 9 27 45 28 
3722.50 1 3 11 13 35 5 0 18 1 3 10 28 40 32 
3734.30 Tr 3 10 11 42 0 6 17 1 3 7 24 48 28 
3746.40 Tr 3 11 13 33 0 7 19 1 3 10 27 40 33 
3748.40 Tr 3 10 12 40 8 0 16 1 3 7 25 48 27 
3752.50 Tr 3 9 11 51 4 0 12 Tr 2 8 23 55 22 
3756.70 Tr 2 6 7 67 0 2 9 Tr 1 6 15 69 16 
3782.50 Tr 1 4 8 67 0 2 8 Tr 1 9 13 69 18 
3786.50 Tr 1 5 9 61 0 1 9 Tr 2 12 15 62 23 
3788.60 Tr 1 3 7 71 0 2 7 Tr 2 6 11 73 16 
3790.50 Tr 3 10 14 44 0 4 17 Tr 2 6 27 48 25 
3796.60 Tr 3 7 10 56 0 4 14 Tr 2 3 20 60 20 
3800.40 Tr 4 11 15 41 0 6 15 1 3 4 30 47 23 
3804.50 Tr 3 7 10 58 0 4 12 Tr 2 3 20 62 18 
3810.50 Tr 2 6 9 64 0 3 10 Tr 2 3 17 67 16 
3988.50 Tr 2 14 16 39 0 5 17 1 3 3 32 44 24 
3990.60 Tr 2 14 17 35 0 6 19 1 3 3 33 41 26 
3996.50 Tr Tr 20 8 46 0 3 16 Tr 2 4 28 49 23 
3998.50 Tr Tr 7 9 67 0 2 10 1 2 2 16 69 15 
4004.50 Tr Tr 7 9 64 0 1 11 1 3 3 16 65 19 
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Table B.1: Continued 
4010.50 Tr Tr 9 7 68 0 1 9 1 2 3 16 69 15 
4016.50 Tr Tr 11 13 55 0 1 13 Tr 1 6 24 56 20 
4018.40 Tr Tr 9 11 59 0 2 13 1 2 2 20 61 19 
4022.00 Tr Tr 11 10 60 0 1 12 Tr 2 4 21 61 18 
4024.20 Tr Tr 4 7 76 0 1 6 Tr 2 3 11 77 12 

 

Table B.2: Bull 42-4 Core Sample Analysis by Weatherford Laboratories, October 21, 2015 
Sample 
Depth 

Clays Carbonates Other Minerals Totals 
Chlorit
e 

Kaolinit
e 

Illite Mx I/S Calcite Fe-
Dol 

Dol Quartz K-spar Pla
g 

Pyrite Apatit
e 

Clay
s 

Carb Othe
r 

2963.5     Tr Tr 0 22 1 7 26 5 39 Tr 61 
2965.7     Tr 1 1 27 Tr 9 5 0 57 2 41 
2967.7     Tr 2 2 31 1 9 4 1 50 4 46 
2969.4     3 2 1 25 1 8 6 0 54 6 40 
2971.5     Tr 0 3 26 1 9 6 Tr 55 3 42 
2973.5     1 0 3 25 Tr 7 10 1 53 4 43 
2975.5     Tr 1 2 24 1 6 15 1 50 3 47 
2977.5     1 0 4 23 1 6 8 0 57 5 38 
2979.7     Tr 0 4 25 Tr 6 7 0 58 4 38 
2981.5     1 0 4 23 Tr 6 10 0 56 5 39 
2983.5     Tr 2 2 27 Tr 6 8 0 55 4 41 
2985.4     Tr 0 3 25 1 6 8 0 57 3 40 
2987.5     Tr 1 3 25 Tr 6 7 0 58 4 38 
2989.3     Tr 1 2 27 1 7 8 1 53 3 44 
2991.5     Tr 2 3 24 Tr 6 10 0 55 5 40 
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APPENDIX C 

WHOLE OIL GAS CHROMATOGRAPHS 

 
Figure C.1: Whole oil gas chromatograph trace from Golden 32-20 

 
Figure C.2: Whole oil gas chromatograph traces from Patti 32-29 

Golden 32-20 

Patti 32-29 
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APPENDIX D 

PERMISSION FOR PUBLICATION 

 

Date: 8/9/2018 

Barbara Kuzmic 

Executive Director 

Rocky Mountain Association of Geologists 

 

Dear Barbara, 

I am writing to request permission to reprint the following material from your publication: 

Timm, K. and Sonnenberg, S. 2018. Not all bentonties are hazards: how depositional processes affect 

clay composition, Outcrop v.67, n.8, p.16‐30. 

The article will appear in my dissertation for the completion of my PhD requirements with only minor 

modifications from the original publication, which will be noted in the dissertation. The dissertation 

will  hold a one year embargo before being open to the public. 

 

Thank you for your consideration of this request. 

 

Sincerely, 

Kira Timm 

 
 

 

The above request is approved on the conditions specified and on the understanding that full credit 
will  be given to the source. 

 
Approved by: Barbara Kuzmic   

   

Date:        8/9/2018 
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Date: 8/9/2018 
 
Rasoul Sorkhabi, 

Ph.D. Co‐editor 

Oil‐Industry History 
 
Dear Rasoul, 

 
I am writing to request permission to reprint the following material from your publication: 

 
Timm, K. and Sonnenberg, S. 2016, The Cañon City Embayment: three eras of development, Oil Industry 

History, v. 17, p.47‐58. 

The article will appear  in my dissertation for the completion of my PhD requirements with only minor 

modifications from the original publication, which will be noted in the dissertation .The dissertation 

will hold a one year embargo before being open to the public. 

Thank you for your consideration of this request. 

Sincerely, 

Kira Timm 
 

 

 
The above request is approved on the conditions specified and on the understanding that full credit 

will be given to the source. 

 
Approved by:  Jeff Spencer, president‐Petroleum History Institute 

 

 
 
Date 8/10/2018 
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Date: 8/15/2018 

Barbara Kuzmic 

Executive Director 

Rocky Mountain Association of Geologists 

 

Dear Barbara, 

I am writing to request permission to reprint the following material from your publication: 

Timm, K. and Sonnenberg, S. 2018, Geochemical and micropaleontological evidence of 

paleoenvironmental change in the Late Cretaceous Western Interior Seaway from the Niobrara to the 

Pierre Shale Formation, accepted for publication August 3, 2018. 

The article will appear in my dissertation for the completion of my PhD requirements with only minor 

modifications from the edited draft submitted for publication. The dissertation will hold a one year 

embargo before being open to the public. 

Thank you for your consideration of this request. 

 

Sincerely, 

Kira Timm 

 
 

The above request is approved on the conditions specified and on the understanding that full credit will 

be given to the source. 

 
 

 
 

Approved by: Barbara Kuzmic 

Date:     8/15/2018 


