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ABSTRACT 

The Sharon Springs Member of the Pierre Shale has recently been divided and 

reclassified as the Gammon Ferruginous Formation and Sharon Springs Formation, with the 

Pierre Shale being upgraded to group status. Deposition took place between 82 and 77 Ma in a 

conformable succession of facies following the Niobrara Highstand, and an overall progradation 

of siliciclastics into the Western Interior Seaway. These units gradually decrease over time in 

calcite content associated with chalk filled fecal pellets, to clay and quartz dominated deposits 

with a large constituent of pyrite. This interval has the potential to be a significant source rock 

where thermally mature, within the Denver and Piceance basins. Biomarker analyses on oil 

collected form the Florence-Cañon City Field suggest that the Sharon Springs has contributed to 

production from fractured members of the Pierre Shale up section. Thermal maturity indicators 

in biomarkers indicate that the oil produced from the Pierre is slightly more mature than source 

rock extracts taken from core in the field, suggesting that oil has a mixed source and likely 

migrated from further down dip.   

As a potential source rock, it is important to understand how these units were deposited 

and where they are most organic-rich. The previous model for Sharon Springs deposition and 

preservation of organic carbon was pelagic sedimentation in an anoxic, stratified and stagnant 

water column. Observations made in core and outcrop suggest that the Sharon Springs and 

Gammon Ferruginous formations were deposited by offshore sediment gravity flows. Storms 

likely assisted in reworking shelf muds and transporting them offshore where they are 

hydrodynamically sorted and often contain normally-graded beds, ripples and bioturbation. 

During the process of offshore transport, fine-grained sediment and organic matter which is 

commonly adsorbed onto clay grains or amalgamated into clay floccules, are concentrated, 

resulting in elevated accumulations of organic carbon. Organic carbon was then preserved 

through euxinic conditions below the sediment water interface due to low oxygen diffusion rates 

in the fine-grained material. Biogenic fecal pellets are abundant in the lower Gammon 

Ferruginous Formation, representing pelagic sedimentation in the most distal reaches of the 

basin. This interval, however, is not exceptionally organic-rich. This suggests that the prograding 

siliciclastic clinothems not only concentrated fine-grained sediment and organic matter at the 

distal portion of the deposits, but may be the primary mode of transport for organic matter to 
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offshore regions. As the siliciclastics stepped basinward, the carbonate factory shut down and 

was replaced by organic-rich clay having a TOC of ~5% in the more proximal regions and 

reaching ~14% in the more distal areas where there is less detrital dilution.  

Bioturbation in the offshore deposits suggests that the water column was not euxinic or 

stagnant, but often oxygenated and active. Active water column mixing then resulted in high 

rates of primary productivity, and increased likelihood of organic matter preservation. The 

Western Interior Seaway was likely shallow enough (~200 m) to be frequently churned by 

storms, bringing nutrients into the photic zone, and resulting in algal blooms. The frequency of 

these storms then allowed enough organic matter to be deposited on the basin floor that 

preservation was likely, despite the oxygenated bottom-water conditions. This method of organic 

matter preservation is contrary to the pelagic sedimentation model, but explains the 

heterogeneity and presence of detrital feeding organisms within the organic rich units.  

Regional stacking patterns in the Wattenberg Field area of Weld County, Colorado show 

a progradation of facies to the northeast. Biostratigraphic correlation connects the progradation 

of these clinoforms, to prograding sandstones on the western margin of the basin associated with 

the Blackhawk and Castlegate Sandstone. Similar turbidite deposits and normally-graded 

siliciclastics have also been described within the Prairie Canyon Member of the Mancos, 

between the more proximal sandstones and basinal shales. This biostratigraphic and 

lithostratigraphic succession of facies presents a strong argument for a connection of the 

depositional system in eastern Colorado to the prograding units in western Colorado. Through 

the Wattenberg field area, however, local tectonics complicate the deposition of these 

siliciclastics, resulting in variability in unit thickness. This structural high is associated with 

faulting along the Colorado mineral belt, and has been shown to migrate to the south over time. 

Faulting also results in thermal conduits and a heat anomaly, resulting in the Sharon Springs and 

Gammon Ferruginous formations being thermally mature in this area and a potential source rock 

for exploration.  
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CHAPTER 1  

INTRODUCTION 

Much of the world’s population currently resides within developing countries which need 

petroleum products for economic growth. As these countries progress, they place increased strain 

on the energy sector for power, causing oil and gas companies to look for new ways to extract 

petroleum from the subsurface. Increased demand for oil and gas has funded significant 

improvements in drilling and completions technology in the past two decades. As technology has 

improved, previously bypassed pay zones with reservoir quality too poor for buoyancy driven 

hydrocarbon accumulations have become profitable. With increased profitability, there has been 

a drastic shift from conventional to unconventional oil and gas reservoirs. Source rocks are 

especially important to hydrocarbon exploration today because understanding the petroleum 

system leads to greater predictability and success in finding economic reserves.  

Historically, exploration geologists were responsible for finding structural traps without 

needing to completely understand the source rocks for those petroleum accumulations. The shift 

towards unconventional tight oil plays has necessitated a better understanding of the petroleum 

system as a whole. Stratigraphic analyses are necessary for understanding the location of source 

rock in relation to any potential reservoir. Geochemical analyses can be used to determine 

whether a source rock has the thermal maturity to flow hydrocarbons at economic rates and be a 

source of hydrocarbons in a reservoir. These analyses can also be used to determine the type and 

abundance of organic material in the rock. By utilizing both geochemical and stratigraphic 

analyses, production volume potential of a source rock can be calculated.  

Geologists today need to understand sedimentology, stratigraphic relationships, structure, 

and geochemistry, as well as drilling and completions procedures, to ensure the maximum return 

on the company’s investment before proposing a new play. For this reason, source rock studies 

have become increasingly popular in current literature. Better understanding of organic-rich 

source rocks may have huge economic returns, both in developing new areas of exploration, and 

understanding actively producing plays.  
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1.1 Motivation 

This investigation is motivated by the vast potential of the Sharon Springs as a source 

rock due to its elevated organic carbon content and large geographic extent. The Florence Field 

in the Canon City Embayment, south-central Colorado, has been producing oil from the Pierre 

Shale since 1881 (Young, 2004). The field has produced over 15 million barrels of oil to date. 

Donald Gautier and others (1984), tested the geochemistry of the oil produced in Florence-Cañon 

City Field against oil samples taken directly from the Sharon Springs in outcrop, core, and well 

cuttings. They determined that the oil produced since the late 19th century in Colorado’s first oil 

field came from the Sharon Springs. 

In the process of coming to a better understanding of the depositional environment and 

petroleum system of the Sharon Springs in Colorado, applications can be made to the 

preservation of organic matter in potential source rocks worldwide. Various authors place 

different levels of importance on the role of organic matter preservation due to anoxia, primary 

production, dilution, and adsorption to mineral surfaces in the development of source rocks. The 

leading cause of this confusion is that modern oceanic sediments have an average total organic 

carbon (TOC) content of 0.8%, while ancient source rocks contain more than 2% and as much as 

20-30%, suggesting that source rock deposition is not a normal marine process in today’s 

environments (Tyson, 1995). Another source of confusion in the depositional environment of 

organic-rich shales is the lack of detailed description on the scale necessary to understand the 

heterogeneous nature of these deposits. These rocks are macroscopically described as 

homogeneous, laminated, and dark in color as a result of fine-grained particles settling by pelagic 

sedimentation from hypopycnal plumes in very low energy distal settings, which is an 

oversimplification based on recent research which show sedimentary features suggestive of 

active bottom-water deposition (Aplin and Macquaker, 2011).  

Enhanced preservation of organic matter was one of the first models to be proposed for 

the genesis of source rocks in the sedimentary record.  In this model, a stagnant stratified water 

column results in anoxic and sometimes euxinic conditions on the basin floor (Demaison and 

Moore, 1980). This environment is preferred for source rock preservation because of the slow 

settling associated with pelagic sedimentation. In anoxic basins, the organic matter produced in 

the photic zone is removed much more quickly from an environment of potential degradation by 
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the chemical stratification of the water column. This drastically enhances the chance of 

preservation in the rock record (Canfield, 1994).  

Bottom-water anoxia develops due to the rate of oxygen consumption being higher than 

its replenishment. This can come about due to high primary productivity of organic matter, or 

due to a physical barrier which isolates a body of water from open marine conditions (Pedersen 

and Calvert, 1990). Key analogs for this model include the Black Sea, the Cariaco Trench and 

the fjords of Norway and British Columbia (Pedersen and Calvert, 1990). In normal marine 

settings, less than 1% of organic matter produced in the photic zone ever reaches the basin floor 

(Bralower and Thierstein, 1987). Demaison and Moore (1980) noticed, however, that in anoxic 

settings more than 10% of organic matter could potentially be preserved. They also noticed some 

common traits in source rocks which could be explained by the stratified water column model. 

The lack of benthic organisms, or bioturbation suggest that deposition of organic matter was 

taking place in an environment devoid of dissolved oxygen and may contain free H2S in the 

water column. The laminated fabric of those same organic shales supports the interpretation for 

slow pelagic settling of organic matter, suggesting that there was little water column mixing and 

thus stagnation. In addition, organic-rich shales commonly contain elemental concentrations 

above those of normal seawater. Many of these elements, like molybdenum, vanadium and 

uranium are precipitated from their soluble state in reduced, anoxic environments. All of these 

arguments were then used to support the hypothesis that a vast majority of the world’s source 

rocks were deposited in similar settings. 

Unfortunately, the anoxic stratified water column model has only limited application to 

the rock record, because of the lack of modern analogs for ancient environments. Less than 0.5% 

of today’s seafloor can be classified as anoxic, whereas ancient epeiric seas covered vast portions 

of the world’s continents (Arthur and Sageman, 1994; Lyons et al., 2009). The large 

epicontinental seaways of the Cretaceous are not present today, making application of the 

Demaison and Moore model difficult. One key difference in the anoxic basins today and the 

epeiric seaways in the Cretaceous is the overall organic carbon content. Modern fjords generally 

have a TOC of less than 6% and in today’s black sea configuration, bottom-water anoxic 

sediments have organic carbon content around 2-4% with isolated maximum concentrations of 

5% (Pedersen and Calvert, 1990). The stagnation of the Black Sea is due to a freshwater cap 
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which prevents circulation in the water column, in addition to a physical barrier or sill which 

separates bottom water of the Black Sea from the Mediterranean. Premodern sediments can have 

a TOC of around 20% in the Black Sea, but these accumulations are associated with 

sedimentation before it reached its modern persistent anoxic state. Sediments with 20% TOC 

were deposited when bottom-water conditions were periodically fully oxic and associated with 

seasonal water column mixing, resulting in lacustrine sapropels (Pedersen and Calvert, 1990). By 

contrast, the Sharon Springs commonly has TOC content over 10% and was likely never 

separated from the open marine environment like the Black Sea.  

 The relatively high eustatic sea level during the Cretaceous has been cited by some to 

suggest deep anoxic basins, but the Western Interior Seaway at its deepest likely never reached 

more than 1000 ft water depth, while the Black Sea today is over 4000 ft deep (Pedersen and 

Calvert, 1990; Sageman and Arthur, 1994). Based on paleogeographic reconstructions of the 

Western Interior Seaway (WIS), eustatic sea level rise would cause the water column to be less 

stagnant, not more. As sea level rises, the connection between the WIS and the Boreal Sea to the 

north and the nascent Gulf of Mexico to the south would be more open, allowing for normal 

marine conditions and increased water column mixing (Longman et al., 1998). This relationship 

is demonstrated by Longman and others (1998), primarily in the Niobrara Formation but 

conceptually the principle remains true in the Sharon Springs. Atmospheric and oceanic 

circulation models show a very active water column, as well as large storms which would result 

in a well circulated seaway and ventilated bottom-water conditions, making it unique from most 

modern marine environments (Parrish, 1982; Parrish and Curtis, 1982; Parrish et al., 1984). 

Storm currents would not have the same ability to reach bottom water at a depth of 4000 ft in the 

Black Sea.  

One potential modern analog for the large epeiric seaways of the Paleozoic is the 

Mediterranean Sea, which covers 970 thousand square miles of the continental plate. The 

connection of the Mediterranean with the open marine however is far more restricted than has 

ever been postulated for the WIS. The Strait of Gibraltar is only 8.7 mi wide while the WIS had 

two inlets, to the north and south, which were both hundreds of miles wide in the Late 

Cretaceous.  In addition, the modern Mediterranean is 5000 ft deep, making it at least five times 

as deep as the WIS during Sharon Springs deposition. For its depth and extreme restriction to the 
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open ocean, the Mediterranean is not at all the stratified stagnant water column that the model 

predicts. The WIS during the Late Cretaceous, which is much better connected to the open 

marine and much shallower, was likely not a stratified stagnant water column either.   

It was also suggested by Pedersen and Calvert (1990) that reducing environments 

responsible for the fixation of common redox elements may not be an indication of bottom-water 

oxygenation at all. The oxygen consumption associated with degradation of organic matter can 

occur during diagenesis, in pore waters below the sediment water interface. Oxygen diffusion 

rates are controlled by sediment permeability, which in organic-rich shales is notoriously low 

(Potter et al., 2005; Aplin and Macquaker, 2011). Fully oxygenated bottom waters can persist 

while, millimeters below the sediment water interface, reducing environments are causing the 

precipitation of molybdenum, uranium, and vanadium, as well as the generation of H2S and the 

formation of framboidal pyrite (Tribovillard et al., 2006). Large pyrite framboids in black shales 

suggest that elemental reduction has taken place below the sediment water interface and not in 

the water column. Water column anoxia produces euhedral pyrite grains which are much smaller 

than the framboids observed in many black shales from the WIS (Tribovillard et al., 2006). The 

presence of diagenetic pyrite may therefore suggest bottom-water oxygenation, as an anoxic 

bottom water would produce disseminated, tiny iron sulfide grains (Schieber, 2003). When there 

is oxygenated bottom water, the sediment surface layer is not typically sulfidic, allowing for 

pyrite to form instead of disseminated iron sulfide (Berner, 1981; Schieber, 2003).  

 Active circulation and replenishment of dissolved ions in the water column is essential 

for the precipitation of high elemental concentrations in sediment, therefore, the presence of 

these accumulations suggests the exact opposite of stagnant bottom water (Pedersen and Calvert, 

1990; Calvert and Pedersen, 1993; Tribovillard et al., 2006). Without bottom-water circulation, 

the deepest portions of the basin would quickly become depleted of elements associated with 

redox conditions, resulting in less elemental abundance in anoxic distal sediments.  

The concept of oxygen diffusion also explains why so few organic-rich source rocks 

show signs of extensive bioturbation (Potter et al., 2005; Aplin and Macquaker, 2011). H2S in 

pore water is effective in preserving lamination by preventing burrowing organisms from 

disturbing newly deposited material through vertical mixing. Horizontal burrows on the other 

hand are very extensive and widespread in recent studies of black shales. Because passive 
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backfilling of horizontal burrows does not result in an obvious lithology contrast, these 

horizontal burrows have gone unnoticed in the past, adding to the interpretation for pelagic 

sedimentation and anoxic bottom water (Lobza and Schieber, 1999; Schieber, 2003). Large scale 

vertical burrowers and benthic organisms would not thrive with free H2S in the sediment or in 

the soupy, turbid substrate associated with precompacted mudstone (Schieber, 2016). Without 

extensive burrowing, laminations and organic matter have a high likelihood of being preserved.  

Active circulation of bottom water provides one other essential component for the 

production and preservation of organic-rich source rocks. The elements required for primary 

production of organic material are quickly used by photosynthesizing algae in the photic zone, 

resulting in surface waters that are depleted of essential nutrients. The only way to accumulate 

and preserve organic matter is to produce enough that sediments will remain enriched after 

oxidation and consumption, regardless of whether bottom water is oxic, dysoxic or anoxic. 

Primary production then requires a replenishment of essential nutrients, which can come one of 

two ways; fluvial input into the basin, or any mixing process with nutrient rich bottom waters. 

These processes can reintroduce essential nutrients, like phosphorous, to the photic zone, 

allowing for elevated production of organic material and potential preservation.  

The most common of these mixing processes is coastal upwelling caused by offshore 

currents at the Ekman layer boundary (Parrish and Gautier, 1993). These offshore currents are 

typically a result of atmospheric circulation which can either run shore parallel or offshore. 

Upwelling zones are commonly associated with algal blooms, where rates of primary production 

of organic matter are elevated because of the transported nutrients. Algal blooms then introduce 

large amounts of organic matter to the seafloor and sometimes result in the development of 

oxygen minimum zones, as the organic matter is consumed and degraded.  

One key difference in this production model vs. the stagnant basin preservation model, is 

that the anoxia which develops as a result of organic matter degradation is not persistent, so it 

does not always result in elevated abundances of organic carbon in sediment (Demaison and 

Moore, 1980). Despite this observation, Tyson and Pearson (1991) suggest seasonal or episodic 

oxygen minima as the most likely model for the deposition of organic-rich rocks in the shallow 

marine setting. In a stagnant, isolated basin, fluvial input may not be sufficient to produce 

organic matter in high enough abundance to accumulate any appreciable amount on the sea floor 
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(Hay, 1995). Additionally, most organic matter associated with rivers is a different kerogen type, 

and most of that organic matter never leaves the estuary (Hay, 1995). The portion of Type III 

kerogen that does make it to the distal portion of the basin only does so as part of the prograding 

siliciclastic wedge and is quickly diluted as the system continues to migrate seaward (Figure 

1.1). Bottom water mixing is therefore a necessary component for elevated levels of organic 

carbon in marine basins.   

 

Figure 1.1 Kerogen type and GR log response reflecting relative sea level oscillations (Creaney 
and Passey, 1993). During maximum flooding events, Type II marine kerogen dominates. As the 
system progrades in the late Highstand Systems Tract (HST), marine kerogen is replaced by 
terrigenous kerogen but due to clastic dilution the overall TOC is relatively low.   
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Another model for organic carbon preservation is associated with sedimentation and 

burial rates. Coleman et al. (1979) proposed that the amount of preserved organic carbon is more 

closely associated with sedimentation rate than other factors. High rates of sedimentation quickly 

bury organic material, preventing its degradation on the sea floor. This model is only true to a 

point however, as high sedimentation rates can dilute organic material and lower TOC values 

(Ibach, 1982).  Tyson (2001) concluded that increased sedimentation rates improved organic 

carbon preservation, as long as they did not exceed 2 in/ka (Figure 1.2). This relationship does 

not hold true for anoxic basins where preservation is accomplished by alternate methods, and 

high sedimentation rates are not necessary.  

Very low sedimentation rates may also result in the concentration of organic matter in 

condensed sections and maximum flooding surfaces. Depositional rates in this model are 

typically less than .5 in/ka, and according to Creaney and Passey (1993) (Figure 1.1), require 

alternate oceanographic conditions from normal marine, as organic matter will likely be 

degraded if left exposed for extended periods on the sea floor. If preservation is accomplished by 

redox conditions below the sediment water interface however, organic matter would be 

preserved regardless of how slow the rate of sedimentation. This explains why many of the 

world’s condensed sections and maximum flooding surfaces are associated with elevated TOC. 

Organic matter can be preserved in this way without requiring bottom-water anoxia each time 

relative sea level rises.  

 

Figure 1.2 Sedimentation rate improves the preservation potential for organic matter until a 
certain threshold after which TOC in a rock decreases due to dilution (Mayer, 1994). 
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Accumulation of source rocks associated with the introduction of elevated levels of 

detrital sediment also applies to the adsorption deposition model. Abundant amorphous organic 

material in sea water has the ability to adsorb onto detrital particles. This adsorbed layer of 

organic material is more difficult to degrade, and so has an increased likelihood of being 

preserved in the rock record. This relationship is supported by the observation that most of the 

ocean’s organic matter is closely associated with clay minerals, while less than 10% is in the 

form of discrete particles (Kennedy et al., 2002). Kennedy et al. (2002) demonstrated that as the 

surface area of detrital grains increases, the TOC content of the rock also increases (Figure 1.3). 

The study also demonstrated that clay introduced via pelagic sedimentation from volcanic ashfall 

had a much lower TOC than clay introduced from a terrigenous detrital source. It comes as no 

surprise that there is a correlation between clay abundance and TOC, but the adsorption model 

suggests that the two are linked because of the surface area of the sediment, and not because of 

the energy of deposition.  

 

Figure 1.3 Correlation between TOC and mineral surface area of the siliciclastics deposited from 
lower Campanian to upper Campanian: gammon shale (circles), Sharon Springs (squares), Pierre 
Shale (diamonds) (Kennedy et al., 2002). 
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The adsorption and the dilution models make an essential connection between the deep 

sea shale deposition and shoreface deposits. Creaney and Passey (1993) noted the connection 

between TOC and proximity to clinoforms in the stratigraphic framework, but did not claim the 

deep sea deposits were a continuation of those progradational siliciclastics. With an integrated 

preservation model comes a requirement to better understand the depositional system of distal 

shales as well as their proximal equivalents. Curiale et al. (1992) noted that the best source rocks 

were not condensed sections, but were the distal equivalent to Highstand deposits. Rather than 

pelagic sedimentation, Highstand clinoforms would result in organic carbon deposited in the 

basin associated with progradation and bottomset aggradation, as part of the regressive 

siliciclastic wedge (Asquith, 1970).  

As processes for moving sediment downslope become more important to source rock 

deposition, sedimentary fabric and mudstone heterogeneity is becoming more carefully studied. 

Ripple laminations and scour surfaces are commonly seen in recent studies of the world’s source 

rocks which were previously assumed to be deposited in quiet water conditions (Schieber, 1999; 

Schieber, 2001; Plint et al., 2012). Clay flocculation and organic matter aggregates provide a 

process by which fine-grained sediment can be transported via active currents and deposited 

without the need for stagnant bottom water (Schieber and Southard, 2009).  

Models for carrying clay down shallow gradients into the basin center include turbidity 

currents, wave enhanced sediment gravity flows and geostrophic flow (Aplin and Macquaker, 

2011; Macquaker et al., 2015; Schieber, 2016). Adhesion between clay particles upon reaching 

the basin floor allows shale to be concentrated and prevents resuspension by subsequent currents 

(Schieber et al., 2010). Flocculation also provides a means by which adsorbed organic matter on 

mineral surfaces can be transported and deposited relatively quickly. The fine-grained nature of 

the sediment can then cause low oxygen diffusion rates, allowing for reducing pore-water fluids 

to preserve the transported organic matter (Potter et al., 2005; Aplin and Macquaker, 2011). A 

reduced environment and free H2S in pore fluids would prevent extensive bioturbation, 

preserving horizontal lamination which formed during ripple migration. The reduction of organic 

material can cause periodic anoxia in the bottom water, which would remove benthic 

communities, as well as dissolve calcite shells of any benthic or pelagic organisms on the sea 

floor (Demaison and Moore, 1980). Anaerobic decomposition can also consume organic matter 
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relatively rapidly, requiring a high rate of initial production, even in basins where there is a 

known presence of bottom-water anoxic conditions (Henrichs and Reeburgh, 1987; Pedersen and 

Calvert, 1990). High rates of primary productivity in this scenario are explained by a frequently 

mixed water column, bringing abundant nutrients into the photic zone (Pedersen and Calvert, 

1990). Although each model for organic matter preservation has its own limitations, they are all 

connected and thus the most likely explanation for the preservation of any one source rock is a 

combination of multiple models (Katz, 2005).   

1.2 Objectives and Purpose 

Shale is the most abundant rock on earth composing nearly 70% of the rock record, but is 

very poorly understood (Schieber et al., 2010; Macquaker et al., 2010). The overall rock volume, 

in combination with significant source rock potential makes the reexamination of the world’s 

shale deposits an important endeavor. The purpose of this project is to provide an updated 

depositional model for the Sharon Springs Formation throughout the Cretaceous Western Interior 

Seaway (WIS).  

It has been assumed since the Sharon Springs was first described by Elias in 1931, that 

deposition had taken place slowly, via pelagic sedimentation in a stratified stagnant basin 

(Griffits, 1949; Leroy and Shieltz, 1958; Gautier et al., 1984; Loutit, 1990a; 1990b; Zelt, 1990). 

Significant work has been done since then on the depositional model for organic-rich shales and 

particularly on those deposited in shallow epicontinental seaways. Schieber and others have 

demonstrated through flume and other experiments, the complex heterogeneity found in shales 

that were previously described as laminated in the form of abundant sedimentary structures like 

ripples and normally graded beds, as well as extensive bioturbation (Schieber, 1998; Macquaker 

and Gawthorpe, 1993; Rohl et al., 2001). The result of this re-evaluation is a better 

understanding of the problem inherent in the depositional model for black shales worldwide.  

The lack of easily observed sedimentary features in black shales led to the interpretation 

that deposition was slow and uniform. The presence of organic carbon suggested that the basins 

in which these shales were deposited must be anoxic based on modern analogs where organic 

carbon is currently being preserved (Demaison and Moore, 1980; Schieber, 2003). This model 

was then applied to other observations made in studies of organic-rich black shales. High 

elemental concentrations like molybdenum for example, were associated with the organic shales 
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through X-ray fluorescence (XRF) analysis, so it was assumed that bottom-water anoxia must be 

a prerequisite for the concentration of molybdenum. The syllogism was then completed when the 

assumption was made that whenever molybdenum was observed in the rock record, the basin at 

the time of deposition must have been anoxic and stagnant (Calvert and Pedersen, 1993; Arnold 

et al., 2004; Tribovillard et al., 2006).  

 Many of these source rocks were deposited during eustatic highstand of sea level, 

resulting in large epicontinental seas when coupled with subsidence. As has already been 

discussed, this depositional environment has no modern analog, preventing the direct observation 

of processes for source rock deposition other than the limited environments where organic 

carbon is preserved today. The depositional model for stagnant anoxic basins was then applied to 

the source rocks in the rock record, because of their similar TOC and apparent lack of 

sedimentary fabric or bioturbation. The misinterpretation, in conjunction with a lack of good 

modern analogs, made it easier to lump all organic-rich deposits into the same category and 

caused many of these key features for sedimentary environment to be overlooked.  

Understanding source rock complexity and signs of deposition via active bottom water 

currents have significantly improved the depositional model, but have created new problems in 

terms of transport mechanisms. Mud is obviously dispersed into the deep marine. If it did not get 

there via pelagic sedimentation there must be some method, not fully understood, which pushed 

the sediment out hundreds of miles (Macquaker et al., 2010). Turbidity currents have been used 

as a depositional process for transporting fine-grained sediment great distances into the basin but 

many of the world’s epicontinental seas in times past are thought to have been very shallow and 

lacking the requisite depositional topography to maintain turbidity currents(Friedrichs and 

Wright, 2004). Contourites and geostrophic bottom-water currents have also been given credit 

for redistributing organic-rich muds into the deep marine, but geostrophic currents do not explain 

how mud was transported across the shelf, or the sedimentary features observed (Myrow and 

Southard, 1996).  

Tempestites and wave enhanced sediment gravity flows have also been given credit for 

transporting mud, initially introduced into the basin via fluvial hyperpicnites, significant 

distances offshore. Myrow and Southard (1996) demonstrate that many tempestites are normally-

graded and ripple bedded, which agrees with the bedding observed in many organic-rich shale 
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studies. Unfortunately, most modern storms create geostrophic currents and not offshore currents 

like those recognized in their study. Normally-graded beds observed in the rock record are thus 

not purely tempestites, but are the result of a combination of processes (Aplin and Macquaker, 

2011). Epicontinental seas were likely shallow enough to allow wave enhanced sediment gravity 

flows to redistribute sediment down very shallow ramps and into the deep marine, requiring only 

0.03 degrees of slope to maintain momentum (Friedrichs and Wright, 2004; Schieber, 2016). The 

relatively shallow water depth of epicontinental seas makes wave enhanced sediment gravity 

flows an acceptable solution for how mud could accumulate hundreds of miles offshore in 

normally-graded beds (Aplin and Macquaker, 2011).  

Eolian input is also a plausible explanation for how sediment was delivered to the deep 

marine. Saharan dust storms can carry eolian sediment for thousands of miles offshore into the 

Atlantic Ocean (Middleton and Goudie, 2001). During eustatic highstand however, there is likely 

no sediment available for the formation of vast ergs which must source offshore eolian deposits 

(Schieber, 2016). Even in today’s lowstand ocean setting, eolian sediment input is only 

responsible for a very small portion of the sediment accumulation in the deep marine (Gorsline, 

1984). Eolian deposits also cannot explain the sedimentary fabric in most of the organic-rich 

shale deposits in the world, like grading and ripple bedding. These models, although helpful, still 

have significant shortcomings and indicate that more work needs to be done in order to fully 

understand the sedimentary processes responsible for depositing and preserving organic-rich 

rocks.  

Settling of particles in general is a result of fluid not having the energy necessary to keep 

sediment in suspension. According to Stoke’s Law, the energy required is proportional to the 

square of the particle diameter, which would suggest that there should be a very marked 

segregation of coarse silt and clay, because their settling rates differ by an order of magnitude. 

The reason these two constituents often appear deposited together in basin settings is that clay 

particles are known to flocculate upon entering the marine environment (Kranck, 1973; 1975; 

Eisma and Li, 1993) The reason for flocculation is the increase in electrolyte concentration from 

the fluvial freshwater to the salty marine water, which “reduces the thickness of double diffuse 

layers on minerals” (Potter et al., 2005; Aplin and Macquaker, 2011). This clay behavior then 

provides a method by which clay can be transported and deposited with silt grains in active 
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bottom water. Without flocculation, clay particles could only settle in the most stagnant, quiet 

water, and even then sedimentation rates would not be fast enough to explain the thick sequences 

of shale deposition in the rock record.  

Organic matter is under the same hydrodynamic limitations as clay minerals, as far as 

needing quiet water to settle. However, when adsorbed onto clay particles, or when coagulated 

into “organo-minerallic aggregates,” deposition of organic matter can occur much more rapidly 

and be dispersed by bottom-water currents or sediment gravity flows (Lampitt, 1985; Alldredge 

and Silver, 1988). The bimodal grainsize distribution of mudstone deposits suggest that 

flocculation is the primary mode of deposition for most mud which enters the basin (Aplin and 

Macquaker, 2011). Because most mud is deposited in the basin as clay floccules, “it is simplistic 

and commonly erroneous to ascribe their occurrence in the geologic record as a unique indicator 

of low-energy depositional environments” (Macquaker et al., 2007; Schieber et al., 2007; Aplin 

and Macquaker, 2011). 

After deposition, resuspension of particles can occur during storm events and wave 

reworking, causing sediment to migrate down slope and final deposition to often show the 

sedimentary fabric mentioned previously. Shell lags, lenticular shale fabric, gutter casts, 

microscours and microflutes are also commonly associated with shale deposition (Myrow, 1992; 

Schieber, 1994; Macquaker and Taylor, 1996; Macquaker et al., 2010; Schieber et al., 2010; 

Aplin and Macquaker, 2011). This indicates that the most common sedimentary environment is 

active bottom water and sometimes rapid fluid flow during episodic erosional events, followed 

by waning flow and sediment settling. Finally, self-weight consolidation and the adhesion of clay 

particles prevents resuspension of mudstone deposits, allowing for the preservation of organic 

matter below the sediment water interface, deeper in the basin where storm events are less likely 

to disturb bedding (Wheatcroft et al., 2007). 

1.3 Previous Work 

The Sharon Springs is the lowermost member of the Pierre Shale, named for the town of 

Sharon Springs in Wallace County, Kansas by M.K. Elias in 1931 (Gautier et al., 1984). It was 

deposited between 82-77 Ma (Middle Campanian) in the Cretaceous Western Interior Seaway, 

based on well constrained biostratigraphic zonation (Gautier et al., 1984). It was first noticed due 

to its buttress forming and resistant nature in outcrop, and the presence of large plesiosaur 
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skeletal remains at the type locality. Other fossils found in the Sharon Springs include 

inoceramids, fish scales and mosasaur skeletons (Gill et al., 1972a). Most fish remains are highly 

disarticulated and extremely abundant, being present in most samples collected from core and 

outcrop. This fossil assemblage represents one of the highest concentrations of large marine 

predators observed in the Cretaceous Western Interior Seaway. The presence of animals high on 

the food chain suggest high primary productivity in the water column at the time of deposition 

(Parrish and Gautier, 1993).   At its type locality, the Sharon Springs is separated into three units 

totaling 215 ft: the lower dark soft shale unit, a middle hard organic-rich shale unit and an upper 

hard phosphatic shale unit (Gill et al., 1972). The upper hard phosphatic shale unit is recognized 

regionally as the Nicholas Creek Member of the Sharon Springs Formation (Figure 1.4)(Martin 

et al., 2007). This member forms a gradational and conformable contact with the overlying 

Weskan Shale Formation.   

 

Figure 1.4 Generalized stratigraphy of the lower Pierre Shale including biostratigraphic zones 
(Bertog et al., 2007). 

 

The middle organic-rich shale unit is the most distinct of the three as it is typically hard, 

resistant to erosion and forms steep walled gullies and buttresses throughout the Western Interior 

Seaway (Gill and Cobban, 1966). At the type locality, the middle unit is capped by large, 

sometimes four feet diameter, septarian concretions. Organic platelets oriented parallel to 

bedding are thought to give the organic-rich unit its resistant erosional profile (Parrish and 

Gautier, 1993; Schultz et al., 1980). They also cause the buttresses to weather into tough papery 

flakes (Gill et al., 1972a). Average TOC values range between 3.0 wt. % to 10.0 wt. %, giving 
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the Sharon Springs excellent source rock potential (Gill and Cobban, 1966; Gill et al., 1972a; 

Gautier et al., 1984; Zelt and Gautier, 1985; Peters and Cassa, 1994). This unit has been 

described in Colorado, Kansas, North and South Dakota, Nebraska and Wyoming, where it is 

also known as the Boyer Bay Member of the Sharon Springs Formation after Boyer Bay, south 

of the town of Chamberlain, in Brule County, South Dakota (Martin et al., 2007). Formation 

status was applied to the Sharon Springs in all areas of deposition but Colorado, because of its 

lithologic distinct nature and the ability to map it on a large scale (Martin et al., 2007). It is 

herein proposed that the formation status be applied to the Sharon Springs in Colorado as well, 

and that the Pierre Shale be upgraded to group status. The organic-rich shale unit described in 

western Kansas will be upgraded to member status and hereby be known as the Boyer Bay 

Member. Time equivalent and lithologically identical units were also described in eastern North 

Dakota and Canada as the Pembina Member of the Pierre Shale, as well as in Montana as the 

Claggett Shale (Figure 1.5)(Gill and Cobban, 1965; Gill and Cobban, 1973).  Due to their 

lithologic similarities, it was also proposed that the Pembina Member be renamed the Sharon 

Springs Formation (Martin et al., 2007). 

 

Figure 1.5 Regional correlation of the Sharon Springs Formation in the WIS (Gill and Cobban, 
1965). 
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The lowermost member of the Sharon Springs, described as the lower dark soft shale 

unit, is also recognized lithologically and biostratigraphically as the Gammon Ferruginous 

Formation, so will also be reassigned (Gill et al., 1972a; Bertog et al., 2007). Average TOC for 

this formation is 4.0 wt. % and is only slightly less organic than the Sharon Springs Formation. It 

forms a gradational and conformable contact with the underlying Niobrara Formation and 

overlying Sharon Springs Formation in Kansas, but appears to be disconformable in other areas 

(Bertog, 2011).  

Bentonites are also common within the formation, representing increased volcanism to 

the northwest from the Elkhorn Mountains (Armstrong and Ward, 1993; Gill et al., 1972b). The 

thickest and most persistent of these is the Ardmore bentonite, which is approximately three feet 

thick, at the base of the Sharon Springs Formation at Red Bird Wyoming (Gill et al., 1966). This 

bentonite was first described by Spivey (1940) in the Black Hills of South Dakota because of its 

economic mining potential as a source of bentonite clay. Several other bentonites have been 

described in close stratigraphic proximity to the Ardmore, and were named the Ardmore 

Bentonite zone, which makes a useful chronologic marker (Bertog et al., 2007). 40Ar:  39Ar 

radiometric dating of sanidine crystals from the Ardmore Bentonite at Redbird Wyoming 

produced an age of 80.54 ± 0.55 Ma (Obradovich, 1993). Invertebrate macrofossils collected, 

place the Ardmore in the biostratigraphic range of Baculites obtusus (Gill and Cobban, 1966). 

Gill and Cobban place the range of Baculites obtusus in western Kansas, within the Gammon 

Ferruginous Formation, while in central Colorado, at the Kremmling outcrop, it falls within the 

Boyer Bay member of the Sharon Springs Formation (Gill et al., 1972a). This indicates that the 

Sharon Springs formation was deposited earlier in central Colorado than it was in Western 

Kansas.  

Although in Western Kansas, the Sharon Springs and lower Pierre Shale appear to be a 

mostly conformable succession of facies, this is not the case in every area of the WIS. Leroy and 

Schieltz (1958) describe onlapping in the Gammon Ferruginous Formation along the Front 

Range, suggesting tectonic influence on deposition. Further north in the Greater Green River 

Basin and Powder River Basin, multiple periods of subaqueous erosion and disconformities exist 

within the Sharon Springs Formation, suggesting complex tectonic activity along that portion of 

the WIS (Bertog, 2011). The correlation of the Boyer Bay Member has been extended as far as 



18 
 

Hamilton, Colorado by Izett and others (1971), with the result of demonstrating more 

stratigraphic complexity to the West. What was a simple conformable succession of facies in 

Kansas, is displaced from the top of the Niobrara by over a thousand feet of the Prairie Canyon 

Member of the Mancos Shale (Izett et al., 1971; Hampson, 2010).  

 

Figure 1.6 Stratigraphic variability in the Sharon Springs Formation from western Colorado to 
Boulder, Colorado. This cross section demonstrates the time transgressive nature of the Sharon 
Springs as it rises in section from West to East (Modified from Izett et al., 1971). 

 

The structural and stratigraphic complexity of the Sharon Springs Formation is most 

likely the result of a large areal distribution. The same facies appear to be conformable in the 

south, and disconformable in the north. In addition, the Sharon Springs has been described in the 

south as being deposited as part of the Highstand Systems Tract (HST), while in the north it 

appears to be deposited as part of the Transgressive Systems Tract (TST) (Bertog, 2011). This 

transgression is correlated with a third order cycle recognized by Kauffman and others named the 

Claggett Cyclothem (Kauffman and Caldwell, 1993). While the same transgressive event is 
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affecting Sharon Springs sedimentation in Wyoming, the local tectonic regime and sedimentation 

rate make it appear as though deposition was taking place during the HST in the Colorado 

(Lillegraven and Ostrech, 1990). This complexity adds to the confusion about depositional 

systems.  

1.4 Geologic Setting 

The Cretaceous Western Interior Seaway was a large, shallow, epicontinental seaway 

which extended from the Boreal Sea to nascent Gulf of Mexico (McGookey et al., 1972). It was 

present in this region of North America from the late Albian (100 Ma) to early Maastrichtian 

(70 Ma), and reached peak transgressive extent in the Cenomanian when it was over 1000 mi 

wide (Kauffman, 1984; McGookey et al., 1972). At this time, North America occupied a sub-

tropical palaeolatitude around 42° N, and had a warm, humid climate (Kauffman and Caldwell, 

1993). 

The reason for the inundation of the North American craton was twofold. The first is a 

second order rise in eustatic sea level resulting in mean sea level reaching 240-250 m above 

present day mean sea level (PDMSL) in the earliest Turonian (Haq, 2014). This number was 

calculated based on isotopic analysis used to determine the volume of glacial ice during the 

Cretaceous, as well as calculating the volume of the oceanic ridges compared to present day 

(Haq, 2014). The second is a combination of isostatic loading and dynamic subsidence 

(Kauffman and Caldwell, 1993; Liu et al., 2014). The subduction of the Farallon Plate beneath 

North America resulted in thrust sheet emplacement and the development of the Cordilleran 

retroarc orogenic belt creating a paleo high on the western side of the seaway and preventing the 

complete inundation of western North America (Decelles and Coogan, 2006; Kauffman, 1984). 

The increased isostatic load of the thrust sheet caused the formation of an asymmetric foreland 

basin and flexurally driven subsidence in the central United States (Figure 1.7)(Liu and 

Nummedal, 2004). Liu and Nummedal (2004) demonstrate through backstripping analysis that 

the loci of maximum subsidence was located within 75-112 mi east of the Sevier Highlands, 

which makes up the portion of the Cordilleran fold and thrust belt located in the United States 

(Figure 1.7)(DeCelles and Coogan, 2006). This region constitutes the foredeep, or area between 

the orogenic belt and the backbulge (Decelles and Giles, 1996).  
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Figure 1.7 Volcanic arc and associated Sevier Highlands portion of the Cordilleran fold and 
thrust belt which developed due to the transference of compressional stress inboard of the 
subduction zone (Blakey, 2016). 
 

Dynamic subsidence caused additional accommodation east of the forebulge, resulting in 

thickened sequences of strata in the Western Interior Basin (Liu et al., 2011). This area of 

dynamic subsidence migrated to the east, along with the subduction of the Farallon plate beneath 

North America.  Subsidence was a result of mantle flow, related to inverse mantle convection 

around the subducting oceanic lithosphere (Liu et al., 2008). This long wavelength subsidence 

lasted from 98 to 74 Ma, causing the Cretaceous strata to be thicker than it otherwise would have 

been if flexurally driven subsidence was the only cause of accommodation creation. Negative 
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buoyancy may also have been created by a thickened plate, due to a subducting oceanic 

seamount (Liu et al., 2011). Liu and others (2010) further suggest that the onset of the Laramide 

orogeny was caused by phase transformation of the subducted oceanic plateau. As the density of 

the plateau increased due to thermal alteration, the buoyancy was reduced and mantle convective 

pull on the lithosphere lessened. With dynamic subsidence removed, the lithosphere was allowed 

to rebound, resulting in regional uplift at the end of the Cretaceous which preferentially affected 

basement lineaments, subdividing the WIS (Liu et al., 2010).  

Other models suggest that a shallowed angle of subduction on the Farallon plate activated 

basement lineaments which then caused the subdivision of the Western Interior Basin. The cause 

of this shallowed subduction is thought to be the approach of the mid oceanic ridge and the 

subduction of the associated warm lithosphere, which adds buoyancy to the slab. Others point to 

the Shatsky and Hess conjugate plateau and an increase in plate thickness, due to flood basalt 

deposits on the sea floor (Liu et at., 2010). As the angle decreased, the oceanic lithosphere was 

no longer penetrating the asthenosphere, so dewatering and mantle melting stopped. This, in 

turn, caused volcanism to cease in the Western Interior Basin (Dickinson et al., 1978). Rather 

than cause volcanic mountain building, the shallow slab reactivated regional basement faults 

causing the final retreat of the WIS (Liu et at., 2010; Dickinson and Snyder, 1978). Basement 

horst blocks then segmented the basin into intermontane basins including both the Denver and 

Piceance Basins (Lawton, 2008). It is disputed when exactly the Laramide Orogeny began. The 

proposal for the earliest initiation of basement-involved thrust faulting in the Western Interior 

Basin is the Maastrichtian, 71-66 Ma (Dickinson et al., 1988). An exact time is difficult to 

determine because it began at different times in different places, and may have been a gradual 

change from folding to basement uplift Faulting and uplift continued until the late Paleocene 

roughly 57 Ma (Franczyk et al., 1992). Uplift of Cretaceous sediments has led to their erosion in 

areas between the Rocky Mountain basins and necessitates careful stratigraphic correlation 

across areas of missing section. 

Sediment was transported within the western interior basin from the Sevier Highlands to 

the east. This resulted in basinward thinning siliciclastic wedges, with phases of progradation 

and retrogradation related to third order, relative sea level cycles (Figure 1.8)(Kauffman and 

Caldwell, 1993; Krystinik and DeJarnett, 1995). One of these third order cycles is the Claggett 
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transgression, associated with the biostratigraphic zone Baculites obtusus (Figure 1.10). 

Atmospheric circulation within the basin developed a counterclockwise gyre, resulting in 

southern longshore currents along the western shoreline (Parrish et al., 1984; Slingerland and 

Keen, 1999). Strong longshore currents and very little tidal influence caused sediment inlets to 

form wave dominated, strandline deposits (Hampson, 2016). It is mostly through the relative 

location of these strandline deposits that stratigraphic architecture and relative sea level has been 

estimated within the WIS (Lillegraven and Ostresh, 1990; Kauffman, 1984).  

 

Figure 1.8 Idealized cross section of the Cretaceous Western Interior Seaway strata 
demonstrating the prograding siliciclastic tongues from the West (Modified from Cole and 
Pranter, 2008; El Attar, 2011). 

 

Global sea level curves demonstrate a period of stable eustacy through the Late 

Cretaceous, indicating that the regional Claggett Transgression was likely initiated by tectonic 

pulses on the Sevier orogenic belt (Haq, 2014). Further evidence to support this hypothesis is the 

presence of extensive bentonite deposition throughout the western interior, suggesting increased 

Study Interval 
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volcanism associated with the tectonic induced transgressive pulse (Kauffman and Caldwell, 

1993). These two factors correspond with the early Absaroka Thrust which has been documented 

in western Wyoming and eastern Utah (DeCelles, 2004; Bertog, 2011).  

During the early Campanian when the Sharon Springs was being deposited, the WIS was 

no longer at maximum transgression but had undergone significant eustatic sea level fall from 

the Niobrara Highstand. Sea level was still on average 620-650 ft above PDMSL but the 

shoreline had prograded significantly to the east from where it was during Niobrara deposition 

and the location of maximum subsidence had migrated to eastern Colorado (Figure 1.9)(Haq, 

2014). It was a combination of relatively low sea levels, high sediment supply and the migrating 

zone of maximum subsidence that allowed sediment to prograde into the basin and downlap onto 

the Niobrara Formation. Progradation on the basin margin is coeval with the bottomset 

aggradation of shale source rock deposits in the basin center (Figure 1.10)(Asquith, 1970).   

 

 

Figure 1.9 Global sea level curve. Red box denotes the period of Claggett Cyclothem 
deposition in the WIS (Modified from Haq, 2014). 
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Figure 1.10 Geographic reconstruction of the Early to Middle Campanian sequence, demonstrating the 3rd order regional 
transgression of Baculites obtusus, followed by highstand progradational sequence (Blakey, 2016). 
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Geomorphologically, the western interior basin was a simple ramp style depositional 

system (Hampson, 2010). The forebulge, which has been credited with sequestering siliciclastics 

in the foredeep in older strata, had healed by the time the Sharon Springs was deposited (Cross, 

1986; DeCelles, 2004). The slope of the basin margin was low, likely never steeper than one 

degree (Asquith, 1970; Hampson, 2010).  Sediment was then carried off the shelf, into the basin 

via hyperpycnal flows and wave assisted gravity drainage (Kopper, 1962; Hampson, 2010). 

Turbidites may also have assisted in dispersing sediment into the basin, although the estimated 

shelf slope is possibly too low for purely gravity driven turbidity currents, and most likely was 

assisted by fluvial hyperpycnites or wave energy.  

It has been postulated that while the regional shelf slope was very shallow, in localized 

areas paleoslope may have been steep enough to support gravity driven deposition. Turbidite 

deposits in the Prairie Canyon Member of the Mancos Formation suggest that offshore currents 

were moving sediment into the basin, and are likely the same currents that deposited sediments 

in the time equivalent Sharon Springs and Gammon Ferruginous formations (Kopper, 1962; 

Hampson, 2010; Friedrichs and Wright, 2004). These deposits correspond to the Desert, Grassy 

and Sunnyside members of the Blackhawk formation in eastern Utah, with the Claggett 

transgression taking place between the Grassy and Desert members. The Claggett also 

subdivides the Sharon Springs and Gammon Ferruginous formations in the basin, suggesting that 

the heterogeneity in distal sediments may have a primarily stratigraphic control.  

Water depth in the WIS has been the source of much controversy over the years because 

of the significant implications that it has on depositional system and environment. During 

relative lowstand sea level, fine-grained sand was deposited hundreds of miles offshore in central 

Colorado. The method for depositing fine-grained sand so far from shore is typically turbidity 

currents, which have been shown to travel hundreds of miles while the paleoslope is steep 

enough to maintain momentum. A steep paleoslope suggests that water depth was significantly 

greater than previously estimated by some (Shaw, 1964). Another method for transporting sand 

hundreds of miles from shore is through storm reworking (Schieber, 2016). These deposits need 

significantly less gradient to be transported, however they do need to be within storm wave base, 

making the WIS significantly shallower than Asquith (1970) and others have estimated. The 



26 
 

depositional system for marine sandstones and shales makes paleobathymetry an important 

discussion for the WIS.  

Several methods have been used to estimate water depth in the WIS. The first is based on 

foraminiferal assemblages and paleoslope calculations for the Greenhorn transgression in the 

Cenomanian-Turonian. Eicher (1969) calculated paleowater depth reaching over 1600 ft during 

this period of maximum transgression. Asquith (1970) used subsurface mapping and well logs to 

identify large scale clinoforms in the WIS in Wyoming. Based on decompacted sediment 

calculations, clinoform height and adding an average neritic water depth of 200 ft, Asquith 

calculated a range of water depths from 1000-2000 ft in the basin center. Kauffman used the 

depth range of faunal assemblages and compared that to modern analogous benthic communities 

to estimate maximum paleobathymetric depth of 500 ft, which he then later increased to 1000 ft 

(Kauffman, 1969, 1984, 1985). Finally, Winn and others (1987) estimated a maximum water 

depth of 650 ft based on the presence of mudstone facies that appear to be deposited below storm 

wave base, and the fact that modern storm wave base reaches depths of 350-650 ft.  

Other methods for calculating bathymetry are highly dependent on assumptions about 

conditions in the WIS. Biological restraints on maximum water depth are complicated because 

factors besides water depth can have such a dramatic effect on modern and ancient benthic 

communities, like salinity, temperature and dissolved oxygen (Sageman and Arthur, 1994). 

Calculations based on basin subsidence and the corresponding sediment packages can also be 

flawed if incorrect assumptions are made about basin tectonics and architecture. For these 

reasons, the arguments for water depth in the WIS seaway have a large range of values which 

vary significantly. Sageman and Arthur (1984) used the excellent sedimentary record compared 

with modern lithofacies depths to estimate minimum and maximum values for water depth. 

When cross checked with fossil assemblages, 1000 ft water depth was most reasonable, and so 

was used in their basin circulation modeling. 

Using 1000 ft water depth during maximum sea level rise in the WIS suggests that during 

the Early Campanian water depth may have been as low as 800 ft based purely on the eustatic 

sea level curve (Haq, 2014). Due to the shallow ramp on the basin margin, during minor sea level 

regression a relatively large portion of the WIS may have been prone to storm reworking and 

downslope migration. This observation may explain the shelf sands developed during the late 
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Campanian which appear to have no connection to the shoreline. It may also explain the elevated 

primary production of organic matter deposited in Cretaceous source rocks. The warm shallow 

seaway configuration, coupled with organic matter production due to abundant nutrients in the 

well circulated water column, provide the unique environment for source rock preservation in the 

WIS that has no analog in modern marine sediments.   

1.5 Data and Methods 

A combination of core and outcrop data was used for the development of a depositional 

model in the Sharon Springs (Figure 1.11; Error! Reference source not found.). A total of six 

cores were examined from the Denver Basin to observe sedimentary features, in order to 

interpret depositional environment. Two outcrops were also examined for the same purpose. In 

addition to observational analysis, samples were collected for various other analyses related to 

lithologic and stratigraphic variability, as well as source rock potential. Weatherford Labs 

performed source rock analysis (SRA) with their Rock Eval VI analyzer, in addition to bulk 

minerology through X-ray diffraction (XRD) and creating ultra-thin, thin sections. Instructions 

were given for thin sections to include alizarin red stain for calcium detection and blue epoxy 

epifluorescence dye.  

 

Figure 1.11 Core and outcrop locations in present day Colorado (COGCC, 2016). 
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Table 1.1 Core and outcrop locations. 
 

Core Location (Lat, Long) 

Byrkit 15-30 40.631715, -102.424084 

Bibma 13-21 39.869552, -102.185680 

Child VO 41.240619, -104.699888 

Tebo 32-3H 39.653323, -104.577107 

Windmill 05-23H 40.379833, -104.283472 

Bull 42-4 38.339161, -105.108953 

Outcrop Location (Lat, Long) 

Paonia, CO 38.861621, -107.623978 

Sharon Springs, KS 38.880450, -101.716465 

 

Samples collected from outcrop and core were also tested for elemental abundances using 

a NitonThermoScientific XL3t X-ray fluorescence (XRF) analyzer. Sample increments varied 

based on availability of samples. On core, analyses were taken every six inches, while on 

covered outcrop they were taken every 1-5 feet. The purpose of this analysis was to determine 

and assign geochemical facies where rocks appear homogeneous. This type of analysis is also 

useful for linking geochemical variability to stratigraphic, sedimentological and 

paleoenvironmental changes (Rowe et al., 2012).  

Additional data for both core and outcrop, including thin sections, XRD, XRF, and SRA 

was provided through the Niobrara Consortium.  

Biomarker analysis was performed by GeoMark Research on seven rock samples from 

the Bull 42-4 core and compared with an oil sample collected from the Florence-Cañon City 

Field. First, rock extraction was performed on 10 grams of powdered sample. Each sample was 

loaded onto the Dionex ASE 350 instrument and individually filled with dichloromethane and 

pressurized up to 1400 psi for five minutes. The solvent was then flushed into a collection vial. 
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This process was repeated two additional times before the extraction was complete. The extract 

was air dried at room temperature and weighed after all solvent had evaporated in order to obtain 

the total extract amount.  

Liquid Chromatography was then performed in order to determine the relative abundance 

of saturates, aromatics resins and asphaltenes within the sample. The light fraction of the oil was 

separated by evaporation in a stream of nitrogen for 30 minutes, and asphaltenes were 

precipitated using excess n-hexane overnight at room temperature. The maltine fraction was 

separated into saturates, aromatic and NSO or resins using gravity-flow column chromatography 

employing a 100-200 mesh silica gel support activated at 400 ° C. Hexane was used to elute the 

saturate hydrocarbons, methylene chloride to elute the aromatic hydrocarbons, and methylene 

chloride/methanol to elute the NSO fraction. After these solvents were evaporated, the recovered 

fractions were quantified gravimetrically. API gravity of the oils and extracts was measured as 1-

2 mL of crude oil was injected using a syringe into an Anton Par DMA 500 density meter and 

calculated using the “API Gravity at 60 degrees Fahrenheit method. This process was triplicated 

for each oil in order to validate accuracy and reproducibility. Whole oils were then measured on 

a vario ISOTOPE select elemental analyzer for wt. % sulfur via the process of dumas 

combustion.  

High resolution whole crude gas chromatography was then performed on samples. Crude 

oils, and extracts were dissolved in CS2 and an internal standard (1-hexene) was added and 

injected on a 50 m / .2 mm HP-PONA column. The temperature ramps was programmed at 35 

°C for four minutes, followed by 1.5°C/min to 50°C, followed by 4°C/min to 300°C, and 

finishing at 1°C/min to 350°C using Agilent 7890A gas chromatograph. Hydrogen was used as a 

carrier gas.  

Gas Chromatography and Mass Spectroscopy (GC/MS) was also performed on fluid 

samples and extract, branched/cyclic and aromatic hydrocarbon fractions in order to determine 

sterane and terpane biomarker distributions and quantities. These analyses were performed using 

an Agilent 7890A or 7890B GC interfaced to a 5975 C or 5977 A mass spectrometer. The 

sample was kept at a constant flow rate throughout the analysis. The mass spectrometer was run 

in the selected ion mode (SIM), monitoring ions m/z 177, 191, 205, 217, 218, 221, 231 and 259 
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(branched/cyclic) and m/z 133, 156, 170, 178, 184, 188, 192, 198, 231, 239, 245, and 253 

(aromatics).  

Stable isotope analysis was also performed for bulk stable carbon isotopic compositions 

of whole oils and C15+ saturate and aromatic hydrocarbon fractions. Compositions were 

measure on an Isoprime vario ISOTOPE select elemental analyzer and VISION isotope ratio 

mass spectrometer (IRMS). Results were reported relative to VPDB. Bulk stable sulfur isotope 

compositions of whole oils and NSO fractions were measured on the same system with results 

reported relative to VCDT.  

Finally, GC/MSMS analysis was performed using a proprietary GeoMark method and an 

Agilent triple quadrapole mass spectrometer (QQQ) interfaced with an Agilent 7890 GC. This 

provided quantitative analyses of whole oils/extracts for a variety of terpane/sterane biomarkers, 

as well as diamondoids, carotenoids and a series of alkyl aromatics.  
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CHAPTER 2  

CORE AND OUTCROP 

This chapter will address core and outcrop descriptions, XRD, SRA and petrographic thin 

sections from several locations. These data provide a localized understanding of the depositional 

system which can then be used to create a comprehensive description of the regional depositional 

environment for the Sharon Springs and Gammon Ferruginous formations in the Western Interior 

Seaway.  

2.1 Facies Descriptions 

Six cores were described in connection with this study on the depositional system of the 

Claggett Cyclothem which includes the siliciclastic units of the Lower Pierre (Figure 2.1). 

Through the work done on these cores, three facies were identified based on lithology, 

sedimentary features and bioturbation. In the following section, these facies will be described, 

and interpretations for sedimentary environment will be given.  

 

Figure 2.1 Core locations relative to shoreline in the Western Interior Seaway during Sharon 
Springs deposition, 80.6 Ma (Blakey, 2016). 
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2.1.1 Bentonite 

Bentonites were observed in all of the cores and outcrops described in this study. They 

range from .5-4 inches in thickness (Figure 2.2), and are composed of 84% mixed layer 

illite/smectite, with minor amounts of chlorite (10%) and kaolinite (3%) based on XRD analyses 

performed by TICORA geosciences. In most cases the bentonites have a sharp erosional base 

with a rippled top. Also observed within most bentonites was normal grading and bioturbation. 

In some cases grains of volcanic glass at the base of the bentonite were as large as coarse-grained 

sand, grading upward into rippled mud. Bioturbation was typically in the form of elliptical 

horizontal burrows, and infrequent vertical burrows (Schieber, 2003). Regionally, bentonites 

appear to be thinner and less frequent to the south. As bentonites become thinner they also 

appear to be more dispersive and blended with background shale sediment, without well-defined 

contacts above or below.  

 

 

Figure 2.2 Bentonite facies demonstrating normal grading (triangle) and extensive bioturbation 
along the base of the deposit. Also note the sharp erosional base and rippled top, core photo from 
the Child VO core. 
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Sparks and others (1983) demonstrated through studying a deep-sea tephra layer in the 

Aegean and Eastern Mediterranean Seas, that volcanic eruptions can cause ash, pumice and glass 

shards to be deposited inches thick, hundreds of miles from the source area. These deposits are 

typically dispersed from the volcano according to the size of the eruption, the wind direction and 

speed, the topography of the depositional basin and the strength of submarine currents. Core 

taken in the Aegean demonstrated that bentonites and ash deposits could be deposited via 

slumps, turbidites, or through pelagic sedimentation, depending on distance from the source. 

Sediment which had a large coarse-grained fraction would fall through the water column quickly 

and develop over-steepened accumulations, causing slumping and folded beds. In other cases, 

ash was removed via fluvial processes from drainage basins on the Aegean Islands and deposited 

offshore by turbidity currents. These turbidite deposits commonly have a sharp erosional base, 

are normally-graded, have rippled tops, and are heavily bioturbated (Figure 2.3a). Other 

sedimentary structures within bentonite deposits are rippled Tc facies and pelagic Te facies using 

the Bouma sequence nomenclature for clastic turbidite deposits (Figure 2.3a)(Bouma, 1962). 

Farthest from the point source, ash deposits are thought to have fallen slowly through the water 

column via pelagic sedimentation. These pelagic deposits commonly have a sharp base, but are 

mostly uniform in grain size and have very gradual contact with the overlying shale, appearing 

much thinner and more diffuse than other bentonite deposits (Figure 2.3b)(Sparks et al., 1983). 

All three bentonite facies described in the Aegean Sea were observed in core and outcrop 

described in this study. One major issue to consider in assigning this interpretation to the 

bentonites observed in core is the geographic distance from the volcanic source in the 

Cretaceous. The south Aegean is less than 100 mi from the volcanic source on Santorini, where 

the turbidite facies was described by Sparks and others (1983). Central Colorado is at least 500 

mi from the Elkhorn Mountains, Montana, which is thought to be the source of bentonite ash 

described in this study (Armstrong and Ward, 1993). One key difference in these two volcanic 

eruptions, however, is their relative size. Using volume of ashfall to measure eruption size, the 

thickest ash bed associated with the volcanic event in Santorini is less than two feet thick. The 

Ardmore Bentonite described in Ardmore South Dakota is 460 mi from the Elkhorn mountains, 

and is at least 20 ft thick (Spivey, 1940; Gill et al., 1966). By this measurement, it is realistic for 

the ash layers in central Colorado to be thick enough, and be deposited quickly enough with 



34 
 

enough coarse-grained volcaniclastic material, to flow down a shallow slope via turbidity 

currents and wave-enhanced gravity flows (Schieber, 2016).   

 

Figure 2.3 (a) Core photo of bentonite common to the Sharon Springs formation showing 
normally-graded sediments, a flat erosional base. This bentonite also appears to have rippled 
beds within, described as the Tc facies within a clastic turbidite succession (Bouma, 1962). 
(b) Core photo of diffuse bentonites in the organic-rich section of the Sharon Springs showing 
heavy bioturbation and ripple bedding, although they do not appear to be normally-graded or 
have the erosional base of some of the thicker bentonites. 

 

2.1.2 Shale 

A vast majority of the core and outcrop described in conjunction with this study is 

composed of dark, fissile shale. This shale is then broken out into three subfacies based on 

sedimentary structures and bioturbation. The first of these subfacies is parallel bedded with 

siltstone interbeds 1-3 mm thick (Figure 2.4a). Each siltstone interbed appears to be normally-

graded having a sharp erosional base and more diffuse top (Figure 2.5). The term parallel 

bedding is used to suggest that beds are consistent in thickness across the entire width of the core 

(3 inches) but not laminated, as the term laminated shale implies that the beds accumulated via 

steady settling. The term parallel bedding therefore allows for the observations made in core, but 

removes the connotation for laminated sedimentation (Lazar et al., 2015). The second subfacies 

is ripple bedded with siltstone interbeds (Figure 2.4b). Terminations against other bedding planes 

suggest that these beds were deposited as ripples which migrated across the sea floor. As these 

ripples migrate, they leave behind silt lag which has the appearance of laminations, although not 
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a result of pelagic sedimentation. The third subfacies is massive shale with no macroscopically 

visible bedding planes, laminations or sedimentary features.  

  

Figure 2.4 (a) Parallel bedded shale facies. Each siltstone layer appears to be normally-graded 
and have lateral terminations suggesting deposition during ripple migration and active bottom 
water, core photo from the Child VO core. (b) Ripple bedding in organic-rich shale, core photo 
from the Tebo 32-3H core. 

 

 

Figure 2.5 Normally-graded bedded shale facies, from the Windmill core. (a) Core Photo, (b) 
Photomicrograph in plane light (PL).  
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Another feature which is common within the shale facies are beds of concentrated 

pelecypod shell fragments. These beds often appear to be imbricated and grain supported, with 

little mud in the shell fragment intervals (Figure 2.6). The shells have been described by others 

as inoceramid fragments, due to their thick prismatic layer and thin nacreous layer which 

commonly is dissolved shortly after deposition (Parrish and Gautier, 1984). 

 

Figure 2.6 Shell fragment layers, likely broken in transport with mud winnowed between grains 
by active bottom-water currents, core photo from the Bull 42-4 core. 

 

All three of these subfacies are commonly associated with bioturbation, although the 

ripple bedded shale is typically more extensively bioturbated (Figure 2.7). Burrows identified 

within the shale facies are relatively small, typically less than .5 inches in length and commonly 

elliptical, with the long axis lying parallel to the bedding plane. These burrows are hard to 

identify as the sediment backfill is the same color and texture as the surrounding material. 

Similar studies performed in the Bakken Shale have identified these small horizontal burrows as 

Planolites (Egenhoff and Fishman, 2013).Other burrows are vertical but are typically less than 

one inch in length and have a diameter similar to the horizontal burrows. These vertical burrows 

could represent the vertical portion of Chondrites, which were placed after a period of initial 

compaction of the sediment (Figure 2.2)(Schieber, 2003). Horizontal burrows, in some cases, 

appear to have a swirled backfill, resembling the mantle and swirl ichnofacies described by 

Lobza and Schieber (1999)(Figure 2.8). These simple horizontal burrows are suggestive of 

worms “swimming” through sediment, which can be 75% water (Lobza and Schieber, 1999; 

Lazar et al., 2015). Rather than representing backfilling, mantle and swirl traces are 

biodeformational structures and suggest that sediments were turbid enough that the environment 

may have been inhospitable to benthic macro-invertebrates, which are very rarely found in 

growth position (Wetzel, 1991). 

3 cm 
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Figure 2.7 Normally-graded beds and ripple laminations in the shale facies. This unit also 
appears to be extensively bioturbated. Red lines show erosional surfaces within the core 
truncating graded beds, core photo from the Child VO core. 

 

 

Figure 2.8 Core photos of bioturbation in the Sharon Springs. Many burrows appear to be 
mantle and swirl traces after Lobza and Schieber (1999) denoted by blue circles. 
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Detrital feeders like worms survive in turbid bottom water, while filter feeders like pelecypods 

do not. This results in a lack of benthic remains, aside from those transported by bottom-water 

currents. Bottom-water turbidity suggested by mantle and swirl traces explain why so many 

organic-rich shales are devoid of benthic, filter feeding fauna. 

The shale facies is significant because of the implications for depositional environment of 

the Sharon Springs Formation in the WIS. Two interpretations can be made from these 

observations.  

First, the Sharon Springs was deposited in active, dynamic bottom-water conditions, and 

not through pelagic sedimentation. Ripples imply bottom-water currents, and normally-graded 

beds suggest that the sediment was deposited rapidly, over a period of episodic waning flow 

(Potter et al., 2005). The presence of shell fragment beds also suggests active bottom-water 

currents. Shells were likely broken in transport and mud was winnowed from between the grains, 

creating a concentrated shell lag (Figure 2.6). The massive appearance of some shale is not 

necessarily an indication of the lack of depositional energy. Shale can appear massive due to a 

number of factors. A lack of lithology contrast in the deposit can cause ripple bedded mud to 

have no discernable sedimentary features because the sediment is too homogenous to show any 

variations. Massive appearance in shale can also be due to the deposit being completely 

bioturbated. Burrows may be hard to discern because of the complete homogenization of the 

sediment, or because they are too small to see in hand sample. Burrows in homogenized 

sediment may manifest themselves in vertically aligned quartz grains, indicating an area where 

an organism was actively pushing grains aside during grazing. Based on the other observations in 

the shale facies, either of these conclusions are possible, and more likely than slow pelagic 

sedimentation.  

Second, the shale facies indicate that bottom water during the time of deposition was 

most likely dysoxic or oxic, and not anoxic as has been previously postulated (Gautier et al., 

1984). The presence of bioturbation throughout the Sharon Springs Formation suggests that 

organic matter was not preserved through anoxia or euxinia in a stagnant basin, as the 

bioturbating organisms would have needed some bottom-water oxygen to survive (Figure 2.9). 

Most bioturbation was likely overlooked in previous studies because of the difficulty in 

identifying burrows when there is no lithologic difference between the surrounding sediment and 
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burrow infill. Implications for bottom-water oxygen can also be taken from the evidence for 

active sediment deposition and bottom-water currents. Although episodic turbidity currents do 

not mandate the presence of bottom-water oxygen, they suggest the water column was frequently 

mixed, and not stagnant or permanently stratified.  

 

Figure 2.9 Bioturbation core photo from the Bull 42-4 core showing relatively large vertical and 
horizontal burrows with passive backfill. 

 

Ripples and bioturbation have been recognized with increased frequency in many of the 

world’s source rocks as the understanding of shale and source rock deposition has improved. 

Mackquaker and others (2010) identified identical sedimentary features to those described in the 

Sharon Springs, in the Kimmeridge Clay, the Whitby Mudstone and the Hue Shale. Schieber 

(1999) made the same observations in the Upper Devonian Sonyea Group of New York. 

Egenhoff and Fishman (2013) applied the principles of active bottom-water deposition to what 

was previously considered the anoxic depositional environment of the Bakken Formation in the 

Williston Basin. Schieber and Bennett (2013) continued the application of these observations to 

the Turonian, Kaskapau Formation in the Western Canada Foreland Basin. The result of these 

studies was to propose the depositional environment for organic-rich shales was not pelagic 

Horizontal 
Burrows 

Vertical 
Burrows 
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sedimentation but dynamic deposition via active bottom water. The basins in these examples 

were therefore not stagnant but frequently mixed, which likely contributed to the nutrient-rich 

photic zone and an average 3-11% TOC. The exact method of deposition for these shales is still 

under review, but in most cases deposition is taking place far from shore in a shallow ramp 

setting much like the Sharon Springs and Gammon Ferruginous formations.  

Amorphous organic matter is also very abundant in the shale facies and can correspond 

with all of the lithologic subfacies previously described (Figure 2.10). The areas with highest 

organic carbon content demonstrate lenticular shale fabric, which has been recreated in flume 

experiments as a result of shale rip up clast deposition and differential compaction (Schieber et 

al., 2010). The presence of shale rip up clasts suggests that the area with the highest TOC was 

deposited in bottom water fast enough to erode, transport and redeposit semi-consolidated 

mudstone. The organic matter is deposited with the shale rip up clasts, and upon compaction is 

wrapped around the clasts, resulting in the lenticular fabric observed (Figure 2.10)(Schieber et 

al., 2010). SEM images of the organic matter aggregates within the sediment show that they 

contain an abundance of clay, suggesting that they form and are transported in connection with 

clay floccules (Figure 2.11). 

 

Figure 2.10 Photomicrograph (PL) of lenticular shale fabric observed in the organic rich interval 
of the Tebo well. 
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Figure 2.11 (a) SEM image of organic matter aggregates composed of clay particle floccules. 
(SEM photo from Timm, 2017). (b) Photomicrograph (PL) of similar organic matter aggregates 
observed in the core. Dark spheres are pyrite framboids. The size and spherical shape of the 
framboids suggests that reducing conditions were located below the sediment water interface 
(Tribovillard et al., 2006)  

 

2.1.3 Debrite  

Debrite deposits in the Sharon Springs are not common and have only been observed in 

the Bull core, which is the farthest west of the all the cores described. The debrite interpretation 

is given to these deposits because of the random orientation of grains within them, and their 

overall unsorted appearance (Figure 2.12). The grains within each debrite are made up almost 

exclusively of fish bones. They are mud supported and lithologically similar to the shale facies, 

while lacking the interior sedimentary structures. Each debrite is roughly four inches thick and 

was deposited in contact with a bentonite.  

The close proximity of each debrite with a bentonite makes it appear as though the two 

deposits are linked, and perhaps a part of the same depositional event (Figure 2.12). As has been 

discussed, bentonites in the Sharon Springs appear to be deposited as sediment gravity flows. 

Talling and others (2004) have demonstrated that the two systems can be linked in both modern 

and ancient systems. The mass wasting event that initiates turbidites can also be enough to 

destabilize basin sediments and cause linked, or co-genetic debrites. These debrites are known to 

travel tens of miles on the basin floor with an average gradient of 0.02 degrees, which is 

certainly attainable for the WIS (Talling et al., 2004).   

A B 

P 

P 
P 

P 



42 
 

 

Figure 2.12  (a) Debrite facies in close depositional proximity to the underlying bentonite. 
Also note the sharp erosional base of the bentonite and the irregular rippled top denoted by the 
red line, core photo from the Bull 42-4 core. (b) Thin section photomicrograph (PL) showing 
random grain orientation. Most grains contained within the debrite are fish remains. 

 

The correlation between debrite and turbidite deposits has implications for the 

depositional system of the Sharon Springs Formation. If the debrites in this system are linked to 

the turbidity currents, the normally-graded beds in the shale facies are likely to have a similar 

origin. This would also explain the ripples and erosional surfaces observed in conjunction with 

each bed. It seems likely that the Sharon Springs Formation in its entirety would have the 

appearance of the debrite facies if it were truly deposited via pelagic sedimentation (Schieber, 

2011b). This interpretation is based on the understanding that debrites move down slope as a 

cohesive deposit and freeze when they run out of energy. If the sediment initially accumulated by 

the settling of mud floccules, but in this case was not reworked and sorted, it follows that 

sediment accumulated via pelagic sedimentation should have random organization and internal 

fabric without normally-graded beds or ripple laminations (Schieber, 2011b). 

2.2 Core Descriptions 

Core descriptions were used to correlate facies with the well log signature for regional 

subsurface mapping and an examination for sedimentary features which might be indicative of 

primary mode of deposition and bottom-water environment. Preference was given to cores which 

displayed the entire depositional sequence following the Niobrara sea level highstand within the 
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Claggett Cyclothem. The logs demonstrate a strong contrast in resistivity along the contact 

between the Niobrara “A” Chalk and the overlying siliciclastics (Figure 2.13). Photo-electric 

logs were used to qualify the relationship between resistivity and the Niobrara “A” Chalk (Figure 

2.13). XRD data demonstrates that although the resistivity shows a dramatic increase at the 

contact with the underlying Niobrara Formation, in the Denver Basin the contact is gradational. 

This gradational contact is due to the calcite content within the Gammon Ferruginous Formation 

slowly decreasing and detrital minerals like quartz, feldspar and clay increasing. According to 

the XRD data, the siliciclastics show a gradual change from chalk in the Niobrara, to calcareous 

shale in the Gammon Ferruginous Formation and finally to argillaceous shale in the Sharon 

Springs (Figure 2.14)(Lazar et al., 2015).  

 

Figure 2.13 Type log of the Sharon Springs and Gammon Ferruginous Formations. Spikes in 
TOC are associated with elevated GR and Uranium values suggesting the fixation of Uranium on 
to organic matter. The top of the Niobrara Formation is picked at the top of the A Chalk which is 
associated with elevated PE and Resistivity logs.  
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The TOC measured from core follows the GR signature very closely, helping with the 

understanding of the overall depositional system. This close association with GR log and the 

TOC appears to be due to the fixation of uranium onto the organic matter within the rock (Figure 

2.13)(Schmoker, 1981). Spectral GR logs show the close association with GR and the uranium 

content within the core. While overall clay percentage does not appear to decrease at all when 

there is a drop in the GR signature, quartz grainsize increases, demonstrating a correlation 

between grainsize, TOC and overall depositional energy. This correlation also allows 

assumptions about relative TOC in the lower Pierre succession when cores are lacking because 

as the GR signature increases it can be assumed that TOC increases as well. 

 

Figure 2.14 Ternary diagram for shale composition taken from XRD measurements in six core. 
The red circle denotes core samples with what may be a different provenance than the other shale 
samples collected (Nomenclature after Lazar et al., 2015). 

 

2.2.1 Tebo 32-3H 

The Tebo well is located in the center of the Denver Basin (Figure 2.1) and contains the 

most cored Pierre interval of all the cores described, in addition to the most samples taken for 

core analysis, XRD, and SRA. The lower 80 ft of core is identified as the Gammon Ferruginous 

Formation on logs, and appears in core to be a massive shale facies (Figure 2.15). This is 

followed by a heavily bioturbated zone (30 ft. thick) with a bioturbation index of three, which 

decreases gradually to the a weakly bioturbated, ripple bedded shale facies (Lazar et al., 2015). 

The XRD data from the Gammon Ferruginous Formation demonstrates the transition from the 
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underlying chalk of the Niobrara to the overlaying siliciclastic Sharon Springs, represented by a 

systematic change in minerology. Each peak in the GR log is associated with a spike in overall 

TOC and is followed by a gradual increase in grain size, as demonstrated in the 

photomicrographs, until the next flooding event. This stacking pattern suggests that each GR 

peak represents the base of a depositional package and an overall progradational, coarsening 

upward succession of facies (Figure 2.15).  

In the Sharon Springs Formation, the XRD analyses indicate that the relative proportion 

of clay to quartz does not change significantly, being approximately 50/50 through the entire 

interval (Figure 2.14). The TOC and GR logs however, demonstrate significant heterogeneity 

through the same interval. This change in TOC and uranium fixation is therefore not likely a 

result of lithology change, but due to a change in overall grainsize. The photomicrographs 

indicate that grainsize decreases in the high TOC intervals and increases in the TOC low 

intervals (Figure 2.15 a,b,c). This correlation suggests that oxygen diffusion into the sediment is 

the most important factor for organic matter preservations, and diffusion rates directly correlate 

to grainsize and permeability of sediment. 

Petrographic thin section photomicrographs show an abundance of silt size quartz 

particles (~0.03 mm) in the massive facies, suggesting that there was either no organization at 

the time of deposition, or that any sedimentary features were altered by bioturbation (Figure 

2.15)(Blair and McPherson, 1999). In the Gammon Ferruginous Formation, the gradational 

contact with the Niobrara and loss of calcite is accompanied by a reduction in calcite filled fecal 

pellets. These fecal pellets can reach 0.25 mm in length and are common in the Niobrara 

Formation, and are produced by copepods (Lockridge and Scholle, 1978; Longman et al., 1998).   

Fecal pellets represent pelagic sedimentation in the most distal parts of the basin where 

they are most often preserved. The lower Gammon Ferruginous Formation is predominately 

deposited by pelagic sedimentation due to the deep water depths associated with the Niobrara 

maximum flooding surface, and therefore represents sedimentation before the progradational 

siliciclastic wedge approaching from the west reached central Colorado. One notable observation 

is that although the lower Gammon Ferruginous Formation is dominated by pelagic 

sedimentation in the form of biogenic fecal pellets, it is not the most organic-rich interval. 
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Figure 2.15 Tebo 32-3H well correlation with lithofacies and core description. (a) Photomicrograph (PL) depth 8640 ft showing 
abundant ripple laminations and normally-graded beds. (b) Photomicrograph (PL) depth 8662 ft showing bioturbation increasing down 
section, as well as ripple bedding and normally-graded beds. Increase in bioturbation also correlates with an increase in organic 
matter. (c) Photomicrograph (PL) depth 7690 ft showing the most organic-rich interval of the succession. Lenticular fabric is due to 
rip up clasts deposited with the organic matter aggregates. (d) Photomicrograph (PL) depth 8770 ft at contact with the Niobrara 
Formation demonstrating the increase of fecal pellets down section.  

A 

B 

C 

D 



47 
 

Organic carbon preservation occurs up section, and is associated with an increased clay 

component and overall reduction in grain size. As the clinoform continues to prograde 

basinward, the organic carbon content drops again due to clastic dilution and grainsize increases, 

but grains are detrital rather than biogenic.  The lack of sedimentary fabric in the massive facies, 

and the relatively low TOC suggests that an important component for the concentration and 

preservation of organic matter is concentration at the distal toes of the prograding siliciclastic 

wedge. When sediments are concentrated, a large percentage of fine-grained sediment 

accumulates together, lowering the overall permeability of the unit and reducing oxygen 

diffusion rates in the sediment, which results in the preservation of the organic matter.  

Amorphous organic material within the Sharon Springs corresponds to the areas with the 

highest TOC and the smallest grainsize, being composed mostly of clay and very fine silt (Figure 

2.15c). The differential compaction of organic matter around the intraclasts suggests that these 

clasts are not burrows but that they were semi consolidated at their previous depositional 

location, eroded and transported to the place of ultimate lithification. A rip up clast composed of 

consolidated bentonite material also corroborates the interpretation for relatively high energy 

currents at the time of deposition in the organic-rich unit. This rip up clast is very angular and is 

encased in ripple bedded shale with abundant bioturbation (Figure 2.16). 

Other dark spherical shapes in the thin sections, especially those associated with high 

TOC content, are pyrite framboids which likely formed after deposition due to reducing 

environments in the sediment, based on their size and spherical shape. XRD analysis shows that 

pyrite content increases to 10% at the top of the Sharon Springs (Figure 2.15). This correlation 

demonstrates the connection between TOC content and pyrite formation in the sediment. 

The heavily bioturbated zone in the core also suggests that the zone with the highest TOC 

was deposited during a period with abundant bottom-water oxygen (Figure 2.17). Based on the 

model for organic matter preservation versus production, this would indicate that the abundance 

of organic matter in this core was likely caused by overproduction and rapid burial, which 

resulted in anoxia below the sediment water interface, due to the low permeability of compacted 

shales. This hypothesis is supported by the spherical pyrite framboids and lenticular shale fabric 

observed. An alternate hypothesis for the preservation of organic matter is the adsorption of 

organic carbon onto clay particles, preventing burrowing organisms from consuming the 
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material. This is supported by the observation that organic matter increases in the Sharon Springs 

as grainsize decreases, although this correlation does not establish causation. Ultimately the 

method for preserving organic matter is likely a combination of both models.  

  

Figure 2.16 Core photo of bentonite rip up clast encased on ripple bedded and bioturbated shale. 
 

 

Figure 2.17 Core photo of bioturbation in the organic rich unit of the Tebo well, blue circles 
show horizontal burrows. 
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Bentonites within the core are very common and can be four inches thick in some places. 

Each bentonite displays normal grading, a sharp erosional base and a rippled top. Some 

bentonites appear to have erosional scours in the middle of the deposit (Figure 2.3a; Figure 2.18). 

Diffuse bentonites are also present in the core. These bentonites are heavily bioturbated, and 

rippled, although they do not appear to have the same sedimentary structures which led to the 

turbidite interpretation of the other bentonite facies (Figure 2.3b). Diffuse bentonites likely 

represent pelagic sedimentation of ash through the water column described by Spark and others 

(1983) (Figure 2.3b). 

 

Figure 2.18 Core photos of bentonite deposits within the Tebo core showing sharp erosional 
bases and rippled tops. Note the normally graded beds and ripple bedding within the bentonites 
suggesting deposition in turbidity currents. 

 

Bentonite deposition can also suggest that suspension fallout is an oversimplification for 

the depositional model of the Sharon Springs Formation, as there is an obvious difference in the 

two deposits (Figure 2.3a,b). This conclusion can be applied to the Sharon Springs as a whole. 

Graded beds and ripple terminations can be seen in thin section photos as well as hand samples 

from core, which point to dynamic deposition and active bottom water (Figure 2.19).  
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Figure 2.19 Core photo of ripple bedding in the lower Pierre shale showing downlapping ripple 
termination shown with yellow arrows and red lines, and normally-graded beds shown with 
yellow triangles. Bioturbation is also present in this portion of the core although not nearly as 
prevalent as it is in the organic-rich units shown with blue circles. 

 

2.2.2 Bibma 13-21 

No macroscopic facies were identified in the Bibma well as the entire core is broken into 

rubble (Figure 2.20). The thin sections reveal a lithology very similar to that of the Tebo well. At 

the contact with the underlying Niobrara, the Gammon Ferruginous Formation contains abundant 

calcite fecal pellets. High TOC in the core corresponds with amorphous organic matter 

accumulated in organic matter aggregates associated with each spike in the GR log. Up section 

the grain size increases and the organic matter disappears. As the calcite content decreases, the 

fecal pellets also decrease in abundance, suggesting that most of the calcite was derived from 

chalk filled fecal pellets. 

Petrographic thin sections reveal abundant pyrite associated with the organic-rich unit in 

the Sharon Springs, as well as lenticular shale fabric identical to the lenticular shale observed in 

the Tebo well (Figure 2.20). The lenticular shale suggests that the organic-rich unit was 

deposited in the Bibma well in the same environment as it was deposited in the Tebo well, under 

active bottom-water currents strong enough to erode and transport mud rip up clasts from further 

west. This interpretation is corroborated by ripple laminations, as well as abundant bioturbation 

in the organic-rich unit of the Sharon Springs (Figure 2.21). 

2 cm 
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Figure 2.20 Bibma 13-21 well correlation with lithofacies and core description. (a) Photomicrograph (PL) depth 1347 ft showing 
grainsize increase and less organic matter up section. (b) Photomicrograph (PL) depth 1371 ft showing abundant organic matter (dark 
streaks) and shale rip up clasts. (c) Photomicrograph (PL) depth 1402 ft showing reduced organic matter content and an increase in 
chalk filled fecal pellets. (d) Photomicrograph (PL) depth 1414 ft showing abundant fecal pellets and some pelagic foraminifera tests. 
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 The bioturbation index for the Bibma is significantly less than the Tebo well, but it is enough to 

demonstrate disrupted bedding indicative of a bioturbation index of one or two. The presence of 

pyrite in conjunction with the flow indicators and bioturbation which indicate active, oxygenated 

bottom water in the Bibma well suggest that organic matter preservation was a result of high 

rates of primary productivity and deposition, and not a stratified water column. The Bibma well 

has significantly more pyrite than the Tebo well, in addition to an overall smaller grainsize, 

likely due to the concentration of organic matter at the distal end of the depositional system. The 

organic matter concentrated at the eastern edge of the basin was delivered via offshore currents 

and, upon degradation, created a reducing environment in the sediment which then contributed to 

the precipitation of pyrite. The observations for bottom-water currents and bioturbation however, 

do not support the hypothesis for a permanently stratified water column. 

 

Figure 2.21 Core photo of ripple bedding shown with red lines and truncations with normally-
graded beds shown with yellow triangles and bioturbation in the Bibma well shown with blue 
circles. 

 

2.2.3 Tebo-Bibma Correlation 

The Bibma core is located due east of the Tebo core, on the border between Colorado and 

Kansas (Figure 2.1). One significant difference in the Bibma core compared to the Tebo is the 

TOC content. The Tebo TOC never gets over 5%, while the Bibma is well over 5% through most 

of the Sharon Springs interval, and over 10% at the top of the Gammon Ferruginous Formation 

(Figure 2.20). This is likely due to the fact that the Bibma core is located 130 mi farther outboard 
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of the siliciclastic source. This would allow the organic material brought down slope to be 

concentrated at the very distal toes of the siliciclastic wedge, while the organic matter in the 

Tebo well is slightly more diluted by detrital minerals. 

 The time transgressive nature of the Sharon Springs can be seen in the cross section 

between the Tebo and Bibma wells. The carbonate content is waning higher up in section, in the 

middle of the Sharon Springs Formation as you go from west to east (Figure 2.22). This suggests 

that the carbonate factory did not stop all at once, but was a time transgressive response to the 

progradation of the siliciclastic wedge. The abundance of siliciclastics in the water column likely 

caused the carbonate producing organisms to slow down and eventually stop altogether. The 

lower Gammon Ferruginous Formation therefore represents mostly pelagic sedimentation, based 

on the abundance of unsorted biogenic fecal pellets, although they are not as concentrated as they 

are in the Niobrara Formation. The lower Gammon Ferruginous is also relatively low in TOC, 

decoupling the relationship between pelagic sedimentation and organic matter preservation. As 

the siliciclastics prograde into the basin, they bring organic matter with them and result in a shift 

from large biogenic grains, to small detrital grains at the toe of the siliciclastic wedge. These 

detrital grains not only bring organic carbon with them in the form of clay floccules and organic 

matter aggregates, but also result in lower oxygen diffusion rates and increased organic matter 

preservation. As the system continues to prograde, grainsize increases again, but with detrital 

grains, and results in another drop in organic matter preservation and an increase in sedimentary 

structures like ripples and normally graded beds. With the Clagget Transgression, the system 

backsteps and results in another spike in organic carbon preservation due to lower oxygen 

diffusion, followed by progradation, increased grainsize and organic matter degradation.  

The A – A’ cross section also demonstrates the chronostratigraphic issues with 

lithostratigraphic correlations (Figure 2.22). What has been identified in Kansas as the Gammon 

Ferruginous Formation, is biostratigraphically equivalent to the Sharon Springs Formation in 

central Colorado, representing the zone of Baculites obtusus based on regional correlation with 

outcrop to the west and east. The organic-rich shale deposited on top of the Niobrara actually 

represents the distal toe of the prograding siliciclastic wedge. This sequence is an amalgamation 

of at least three of these prograding clinoforms, making the unit appear to be time transgressive, 

when in reality the entire system is time transgressive as it steps basinward.  



54 
 

 

Figure 2.22 Cross section between the Tebo and Bibma core locations showing the time transgressive nature of the Sharon 
Springs/Gammon Ferruginous depositional system. Datum on top of the Niobrara Formation. 
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2.2.4 Windmill 05-23H 

The Windmill core is located 52 mi north of the Tebo core representing deposition within 

the WIS roughly the same distance from the paleo shoreline to the west. The thinner intervals 

observed in the Windmill core in comparison with the thick intervals in the Tebo core show the 

overall heterogeneity of the Gammon Ferruginous and Sharon Springs Formations. This 

heterogeneity is due to either tectonic influences on the basin or autocyclicity inherent in the 

depositional system.  

Two overall facies were identified in the core. The first is the parallel bedded facies 

which had characteristic fining upward packages (Figure 2.23; Figure 2.5). This observation 

suggests that deposition was episodic and the result of waning current and not constant 

sedimentation over long periods of time. The second facies is ripple bedded shale with abundant 

bioturbation (Figure 2.24). The bioturbation is abundant enough to disrupt bedding in many 

places, giving it an approximate bioturbation index of two. Bioturbation in the presence of flow 

indicators and sedimentary structures suggests that the organic-rich interval of this part of the 

basin was likely deposited in a well-mixed and likely dysoxic to oxic water column.  

  

Figure 2.23 (a) Core photo of bioturbation in the Windmill core showing disrupted bedding. 
Normally graded beds are denoted with yellow triangles. (b) Core photo of ripple bedded facies 
with downlapping onto erosional surface shown with red lines.  
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Figure 2.24 Windmill 05-23H well correlation with lithofacies and core description. (a) Photomicrograph (PL) depth 5999 ft showing 
lenticular shale fabric and abundant organic matter. (b) Photomicrograph (PL) depth 6004 ft showing less organic matter and coarser 
grainsize. (c) Photomicrograph (PL) depth 6013 ft showing decreasing grainsize and abundant bioturbation. (d) Photomicrograph (PL) 
depth 6031 ft showing and increase in calcite fecal pellets associated with an increase in calcite from XRD data, as well as abundant 
bioturbation. 
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Photomicrographs from the core suggest a depositional system very similar to the Tebo 

core described previously. Grainsize within the Sharon Springs Formation appears to increase up 

section until a flooding event causes a rapid decrease in grainsize and increase TOC (Figure 

2.24). Elevated organic matter preservation in the Sharon Springs is not associated with changing 

lithology, and so is likely a result of decreased oxygen diffusion rates in distal sediment. This 

model for organic matter preservation is therefore similar to the preservation method for the 

other cores discussed (Figure 2.24). Redox conditions below the sediment water interface would 

also have resulted in the precipitation of large (>50 microns) framboidal pyrite grains (Figure 

2.25). Thin section photos also show abundant samples of pyrite framboids in the core, 

confirming this hypothesis.  

 

Figure 2.25 Photomicrograph (PL) of large pyrite framboid suggesting redox conditions below 
the sediment water interface. 

 

Photomicrographs also show that the laminated portion of the core is bioturbated (Figure 

2.24d), although burrows are too small to be easily seen in hand sample. These burrows are 

relatively large vertical burrows suggesting that sediment oxygenation was improved and organic 

matter preservation was poor. The organic-rich interval is also abundantly bioturbated, but these 

burrows are horizontal and most easily seen in hand sample, as they disrupt bedding planes. This 

organic-rich interval also contains abundant lenticular shale fabric, which suggests bottom-water 

P 
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currents strong enough to erode cohesive mud and redistribute it as rip up clasts. When compared 

to the fecal pellets in the Gammon Ferruginous Formation, rip up clasts look very distinct 

(Figure 2.24c,d). Fecal pellets in this system are mostly calcareous and cause an increase in 

calcite content from XRD analysis while shale rip up clasts do not.   

Petrographic thin sections in the Windmill core also reaffirm observations made 

previously. The lower portion of the Gammon Ferruginous Formation is dominantly pelagic 

sedimentation of biogenic grains and then reworked by bottom-water currents. This portion of 

the Claggett Cyclothem has low TOC but likely represents relatively deep water deposition. This 

relationship suggests that pelagic sedimentation does not necessarily result in organic matter 

preservation. Up section, the TOC increases but is associated with the progradation of fine-

grained siliciclastics. These detrital minerals shut down the carbonate factory, concentrate 

organic carbon and result in lower oxygen diffusion rates and organic matter preservation. The 

TOC then drops again, but the photomicrographs show that this is due to an increase in detrital 

grainsize. During the Claggett Transgression, the system shifts landward, resulting in another 

spike in GR and TOC associated with the distal toes of the siliciclastic wedge. This is followed 

by additional progradation and increased grainsize, resulting in less organic matter and higher 

oxygen diffusion rates.  

2.2.5 Byrkit 15-30 

Like the Bibma well, the Byrkit well is located 100 mi east of the Windmill well, 

representing sedimentation at the distal end of the basin (Figure 2.1; Figure 2.28). This well is 

unique in that the core is well preserved but does not show any macroscopic sedimentary fabric. 

The only two observations which might have depositional implications were made in conjunction 

with bentonites. All bentonites show signs of turbidite deposition, but one bentonite towards the 

top of the core also has a diffuse gray area above the ripple bedded top, roughly a half an inch 

thick. This diffuse portion likely represents the pelagic portion of sedimentation in the turbidite 

sequence. The diffuse bentonite in this case likely does not represent a separate volcanic eruption 

but a continuation of the turbidite sequence, which appears to have deposited the well-defined 

and relatively thick (~3 in) bentonite below (Figure 2.26a). The second observation made in 

conjunction with bentonite deposition is highlighted because of the lithology contrast between 

the bentonite and the surrounding shale. The bentonite appears to be heavily bioturbated by 
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horizontal burrows which are backfilled with black shale (Figure 2.26b). These two observations 

suggest that bottom water was relatively active during the deposition of the organic-rich units. 

The relative lack of bioturbation in the core as a whole could be due to homogenous lithology as 

a result of the distal location of the Byrkit well making the burrows difficult to see.  

 

Figure 2.26 (a) Core photo of normally-graded bentonite deposited with a sharp erosional base 
and a rippled top. The diffuse gray area above the bentonite, shown with the yellow arrow, likely 
represents the pelagic portion of the turbidite sequence (Te). (b) Core photo of another bentonite 
showing bioturbation with shale backfill and disrupted beds. 
 

Thin section photomicrographs show abundant fine-grained material, as well as 

amorphous organic matter in the Byrkit well (Figure 2.27). Overall, the grainsize is much finer 

than the Windmill core which located closer to the western margin of the basin, but very similar 

to the Bibma core. Common among all the cores studied was an increase in calcite towards the 

contact with the Niobrara Formation. This is directly associated with the increase in calcite fecal 

pellets down section, and likely represents distal sedimentation prior to the arrival of the 

siliciclastic clinoforms. This hypothesis is based on the observation that the fecal pellets 

disappear earlier in the western portions of the basin than they do in the eastern portions. The 

time transgressive nature of this calcareous interval suggests that the carbonate factory shut 

down in the basin as a result of siliciclastics and mud being introduced to the system.  

3 cm  A B 

4 cm 
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Figure 2.27 Byrkit 15-30 well correlation with lithofacies and core description. (a) Photomicrograph (PL) depth 2620 ft showing 
abundant organic matter and lenticular shale fabric. (b) Photomicrograph (PL) depth 2630 ft showing abundant organic matter as well 
as large allochems suggesting a condensed section with concentrated fish bones, foraminifera, and biogenic silica from radiolaria. 
(c) Photomicrograph (PL) depth 2633 ft showing abundant organic matter and some calcite fecal pellets. (d) Photomicrograph (PL) 
depth 2635 ft showing abundant chalk fecal pellets and associated increase in calcite content from the XRD data.  
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2.2.6 Windmill-Byrkit Correlation 

The top of the Gammon Ferruginous Formation in the Byrkit well represents the Claggett 

Transgression, based on regional well log correlations through the Denver, Piceance and Powder 

River Basins (Figure 2.28). Although the entire well appears to be fine-grained and very organic-

rich, this flooding surface is the most organic-rich, and contains the highest amount of pelagic 

grains, suggesting a condensed section associated with the maximum flooding surface of the 

transgression. These grains appear to be biogenic, composed of mostly fish bones, radiolaria and 

fecal pellets, concentrated in this interval due to exceptionally low sedimentation rates (Figure 

2.29). Disarticulated fish bones indicate active bottom-water deposition and oxygen content 

amenable to benthic scavengers. The radiolaria are also significant because they are not common 

in the WIS, particularly in the Niobrara or Clagget Cyclothems. They become more common to 

the east in an interval known as the Split Creek Rock Formation located mainly in South Dakota 

(Witzke et al., 1983; Parrish and Gautier, 1993). This formation may therefore be the 

easternmost equivalent to the Sharon Springs Formation, suggesting that the sediment on the 

eastern margin of the seaway is composed of a higher percentage of pelagic grains. With 

increased distance from the western source, the pelagic component increases indicating that very 

little siliciclastic sediment was coming into the basin from the eastern margin. 

Pelagic sedimentation in the east however, does not necessarily mean more organic 

carbon. The zone with the highest abundance of biogenic pelagic grains is the Gammon 

Ferruginous Formation directly above the Niobrara Chalk. This interval is almost entirely 

composed of relatively large, poorly sorted fecal pellets (Figure 2.29). This suggests that the 

dominant depositional process for this interval is pelagic sedimentation. This interval, however, 

is relatively low in TOC in all of the cores described in this study. Organic-rich intervals do not 

appear until later, as the clay content increases and the grainsize decreases. It would appear from 

this relationship that organic carbon preservation is directly associated with grainsize. As the 

fecal pellets decrease in abundance and overall grainsize decreases, TOC goes up. The relatively 

low GR and low TOC associated with the top of the Niobrara is likely deposited in the deepest 

water of Gammon Ferruginous Formation and is therefore most similar to the Niobrara 

Formation in terms of sedimentary processes. 
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Figure 2.28 Cross section from Windmill to Byrkit core demonstrating the time transgressive nature of the lithology and relatively 
high TOC further in the basin. Datum on top of the Niobrara Formation.
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As the siliciclastics from the Prairie Canyon Member begin to dilute pelagic biogenic 

sedimentation, they bring fine-grained material and abundant organic matter, and result in a GR 

spike and increased organic carbon preservation.   

 

Figure 2.29 Byrkit condensed section showing abundant pelagic sediment and biogenic 
allochems. (a) Photomicrograph (PL) depth 2635 ft (b) Photomicrograph (PL) depth 2630 ft  
 

Source rock analysis shows TOC in the Byrkit core to be over 13% at the most organic-

rich intervals. The Windmill core on the other hand has TOC rarely over 6%. In addition to TOC, 

the Byrkit core has much higher levels of pyrite than the Windmill. This relationship between 

proximal and distal core locations is very similar to the comparison made between the Tebo and 

Bibma core already discussed, suggesting a similar depositional model. The Byrkit core likely 

represents the very distal edge of the siliciclastic wedge and so has the highest amalgamation of 

organic matter. This high concentration of organic carbon resulted in reducing environments in 

the sediment associated with bacterial degradation of organic matter. Sediment gravity flows are 

likely responsible for sediment transport. This would concentrate the fine-grained component of 

sediment at the distal end of the basin, resulting in very little lithologic variability and the 

apparent lack of macroscopic sedimentary features and bioturbation. The stratified, stagnant 

bottom-water model, while explaining the preservation of organic matter, does not explain the 

bioturbation or the current indicators observed in the bentonites.  

2.2.7 Child VO 

The Child core is located on the northern edge of the study area, on the Wyoming side of 

the border between Wyoming and Colorado (Figure 2.1). The carbonate transition member 

known as the Gammon Ferruginous Formation is notably absent from this core resulting in a 
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very sharp transition zone from chalk to siliciclastics (Figure 2.30). The TOC content is average 

(~6%) in comparison with other wells with the same geographic proximity to shoreline, the 

Windmill and the Tebo. The pyrite content, however, is exceptionally high in comparison to the 

Windmill and Tebo wells. When compared to the bioturbation, the weight percent of pyrite 

shows an increase from 6% to 10%. This increase corresponds to the lowest bioturbation and 

also the highest TOC in the Sharon Springs. Sedimentary structures in this interval, however, 

indicate relatively high energy of deposition in the form of abundant ripple beds and silt grains 

(Figure 2.32a).  

XRD in the Child core suggests a different sediment provenance than the wells further 

south in Colorado. This sediment is exceptionally high in feldspar and quartz, and has relatively 

low calcite and clay content compared to the other wells (Figure 2.14). This change in 

provenance is likely due to a siliciclastic sequence from central Wyoming which prograded to 

the southeast (Figure 2.31). Stratigraphically this zone of high quartz and low TOC corresponds 

to the Sharon Spring and Ardmore Bentonite zones in the Powder River basin, and the southeast 

prograding wedge is supported by the cross sections published by Asquith (1970). The 

combination of two prograding siliciclastic wedges explains why there is such a thick sequence 

of sediment in the northern Denver Basin in the Wattenberg Field area. The absence of the 

Gammon Ferruginous Formation, which is present both north, in the Powder River Basin and 

south, in the Denver Basin is likely due to local tectonics and the result of erosion or non-

deposition on a paleo high associated with the transcontinental arch.    

The pyrite content of the Child core is very similar to the pyrite content in the distal 

Byrkit and Bibma wells, however the silt content for the Child is much higher (Figure 2.30). The 

silt and ripple bedding suggest that the basin was not stagnant at the time of deposition. The TOC 

for the Child did not get as high as the TOC in the Byrkit and Bibma wells because of the 

siliciclastic dilution. One possibility for the preservation of organic matter in the Child well is a 

relatively high sedimentation rate. Increased sedimentation rates allow organic matter to be 

quickly buried, resulting in a reducing environment below the sediment water interface and the 

precipitation of pyrite. Further up section, sedimentation rates would be higher still, but the 

relatively low amounts of organic carbon and high oxygen diffusion rates would prevent euxinia 

in the sediment, resulting in less pyrite precipitation and an increase in bioturbation.  
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Figure 2.30 Child VO well correlation with lithology and facies description. (a) Photomicrograph (PL) depth 8419 ft showing coarse 
grainsize, low organic matter content and abundant normally graded bedding shown with blue lines and yellow triangles. Vertical 
burrows are also present and denoted with red lines. (b) Photomicrograph (PL) depth 8450 ft showing erosional surfaces and a mostly 
fine grainsize with intermittent sand deposits likely representing storms. (c) Photomicrograph (PL) depth 8473 ft showing fine-grained 
material and an increase in organic matter. (d) Photomicrograph (PL) depth 8474 ft showing a sharp contact with the underlying 
Niobrara formation and abundant fecal pellets. This interval is also highly bioturbated as indicated on the figure with red lines. 
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Figure 2.31 Regional cross section showing the stratigraphic variability between the southern Denver Basin and northern Denver 
Basin. Datum on top of the Niobrara Formation. This, in conjunction with the ternary plot suggest a different sediment source for the 
Wyoming sediments than the Denver Basin sediment. (a) Shows the locations of the cross section in the basin. (b) Shows the locations 
of the cross section in relation to the depositional environments and likely sediment input directions. 
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The Child core also shows that bioturbation and TOC are not always correlated. The high 

TOC interval of the Child core is lacking in bioturbation, but has abundant ripple bedding. The 

high TOC interval in the Tebo and Windmill cores have comparatively abundant bioturbation. 

This suggests that bioturbation has more to do with depositional energy than bottom-water 

anoxia. Its presence indicates that bottom-water conditions were not anoxic, but its absence does 

not necessarily mean that bottom-water conditions were anoxic (Figure 2.32b).  

 

Figure 2.32 (a) Core photo of ripple bedded shale with low bioturbation. (b) Core photo of 
heavily bioturbated shale showing the destruction of original sedimentary fabric. 

 

Thin section photomicrographs demonstrated several things in the Child core. The first is 

the very sharp contact with the underlying Niobrara Formation. In most wells, the calcite fecal 

pellets slowly taper off in abundance, but in the Child core they disappear in less than a foot of 

section (Figure 2.30c,d). This strongly suggests that erosion was taking place, removing this 

gradual transition with the Niobrara. Photomicrographs also demonstrate the relationship 

between grainsize and organic matter preservation in the core. Overall, the Child core displays 

abundant depositional energy in the form of erosional scour surfaces (Figure 2.33), ripple 

bedding and fining upward packages (Figure 2.30a, b). Based on these observations, and XRD 

data, the sediment coming from the north was likely very quartz rich and very well sorted, with 

very little clay. 
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Figure 2.33 Photomicrograph (PL) of erosional scour surface denoted by the red lines. 
 

Bioturbation is also apparent in the photomicrographs. These photos suggest that in 

heavily bioturbated intervals, burrows can manifest themselves in vertical alignment of silt 

grains and are often preferentially pyritized. This observation is key for other cores, where 

burrows are not apparent in hand sample, but thin sections demonstrated the same vertical 

structures observed here (Figure 2.30a). 

Finally, thin section photomicrographs demonstrate the likely depositional system for the 

Child core. In the organic-rich interval abundant erosional scour surfaces and sandy intervals 

suggest that the dominant transport method wave enhanced sediment gravity flows in a storm 

dominated shelf setting.  The shallow nature of the WIS likely resulted in storms carrying 

sediment hundreds of miles offshore and assisting in gravity driven sedimentation. 

2.2.8 Bull 42-4 

The Bull core is located farthest to the south and west of all six cores described, and is 

most proximal to the paleo-shoreline (Figure 2.34). Unlike the other cores, the Bull is separated 

from the top of the Niobrara by over 80 ft of the Apache Creek Sandstone, as well as over 320 ft 

of the Pierre Shale (Figure 2.31; Figure 2.35)(Scott and Cobban, 1963). This lower unit between 

the Sharon Springs and the Niobrara formation is associated with Baculites sp (smooth) and 

Baculites sp (weakly ribbed), making it time equivalent to the top of the Prairie Canyon member 

of the Mancos shale to the west and the Gammon Ferruginous Formation to the east (Figure 

2.36)(Asquith, 1970; Cole et al., 1997; Hampson, 2010; Bertog et al., 2007). 



69 
 

 

 

Figure 2.34 Bull 42-4 well correlation with XRD lithology and facies analysis. (a) Photomicrograph (PL) of bioturbated facies. 
(b) Photomicrograph (PL) of weakly lenticular shale fabric at depth 2970 ft (c) Photomicrograph (PL) of debrite facies showing 
random orientation and poor sorting of grains at depth 2990 ft.
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This wedge gives further evidence that the deposition of the Sharon Springs and Gammon 

Ferruginous formations did not take place at one time, or from one source, but represent a time 

transgressive, organic-rich interval which encompasses an condensed interval of prograding 

siliciclastic wedges. This correlation explains the multiple sets of GR log spikes, each spike 

representing the deposition of a subsequent clinothem bottomset. The TOC then falls as the 

sediment delivery system progrades further into the basin and the organic matter is diluted by 

coarse-grained material. The distal reaches of the basin are the most organic-rich and have 

several spikes in GR and TOC associated with amalgamation of bottomset facies. 

 Lithologically, the Sharon Springs in the Bull core is relatively homogenous and shows 

few current indicators or sedimentary structures. The zone with the highest TOC contains 

abundant shell fragment intervals, or shell hash, which are relatively uncommon in any of the 

other cores described. The shell hash facies suggests current energy sufficient to winnow 

sediment along the sea floor and cause shell fragments to be transported and accumulate in shell 

layers. 

The presence of the shell layers suggests that, although there are no apparent ripple 

laminations or graded beds in the core, the organic carbon interval was likely deposited via 

active bottom water. Disarticulated fish bones suggests bottom-water oxygen levels high enough 

to support benthic scavengers indicating that organic matter was not preserved through bottom-

water anoxia. The organic-rich interval of the Bull core has relatively higher silt content 

compared to chronostratigraphically equivalent intervals farther out in the basin. The XRD, 

however, shows little variation in the quartz to clay abundance, suggesting that the most 

important factor for organic matter preservation is grainsize, which changes oxygen diffusion 

rates in the sediment. Sediment in the photomicrographs appears to be very similar to the 

sediment within the shale rip up clasts which caused the lenticular fabric observed in the more 

distal core locations. The sediment deposited in this more proximal location may then represent 

the facies being eroded and transported into the basin.  

Three observations add to the interpretation that the Bull well is located in the most 

proximal location to the paleo shoreline. The first is the presence of shell fragment layers in this 

well and their relative scarcity in all the other wells described (Figure 2.6). The second is the 

coarse-grained nature of the Bull relative to the more distal cores described (Figure 2.35a).
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Figure 2.35 Stratigraphic section of the Patti well located one mile from the Bull core (See 
Figure 2.36 for regional correlation). (a) Photomicrograph (PL) of lenticular shale fabric from 
the Bull Core depth 2976 ft (b) Photomicrograph (PL) of pelleted chalk of the Niobrara 
formation from the Bull Core depth 3435 ft 

Sharon 

Springs 

Apache Creek 

Sandstone 

Transition 

Member 

Niobrara 

A 

B 



72 
 

 

Figure 2.36 Regional cross section across the study area showing the downlapping relationship for deposition of the organic-rich unit 
Sharon Springs. The Sharon Springs in the basin center appears to be an amalgamation of concentrated organic matter from several 
siliciclastic pulses making it a super condensed interval. Datum on top of the Niobrara Formation.  
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 The third is the presence of debrites which are not found in any other well. Because the debrites 

flow down slope as a cohesive mass, the sedimentary fabric within the deposits is the best 

representation of what sediment would look like in a proximal setting if pelagic sedimentation 

was the dominant mode of deposition. When sediment is then reworked by currents, fish bones 

have a much more aligned appearance, being arranged along bedding planes suggesting 

winnowing and bottom water activity (Figure 2.37). The extremely high fish bone content of the 

debrite facies corresponds to the lowermost portion of the Sharon Springs which represents the 

period of initial transgression for the Claggett sequence and a shoreward step of facies. This 

period of transgression likely allowed a condensed section of bone fragments before the interval 

was diluted by the prograding wedge. The debrite facies is not particularly high in TOC, 

suggesting that an extremely important component for the preservation of organic carbon is its 

concentration through sorting, at the distal end of turbidity currents, and not through pelagic 

sedimentation. 

 

Figure 2.37 (a) Photomicrograph (PL) of fish bone in sediment which has been deposited via 
active bottom water and hydrodynamically sorted. More alignment of material suggests a 
winnowed interval rather than a debris flow. (b) Photomicrograph (PL) of fish bones deposited 
via pelagic sedimentation and allowed to accumulate slowly, dark material is pyrite. 
 

The entire Bull core appears to be heavily bioturbated, but the largest burrows are located 

at the top of the core where there is a marked drop in TOC and the highest pyrite concentration 

(26%) (Figure 2.34a). The burrows in this portion of the core are exceptionally large and may 
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have allowed higher amounts of fresh ocean water to cycle through the sediment (Figure 2.9). 

With the presence of abundant organic matter, ocean water was quickly reduced by oxygen 

consuming bacteria, resulting in the precipitation of a higher percentage of pyrite relative to the 

rest of the core. Burrows in the organic-rich interval appear to be much smaller in size, making it 

difficult to see in hand sample. In thin section however, they are manifested in the vertical 

alignment of silt grains and often preferential pyritization (Figure 2.38). The abundance of 

bioturbation suggests that another reason for there being no apparent bedding planes, ripple 

laminations or grading is that the entire core is fully homogenized by burrows.  

 

Figure 2.38 Photomicrograph (PL) examples of heavy bioturbation in the organic-rich interval of 
the Bull Core shown with blue lines and circles. Red lines show ripple bedding and black line is 
an erosional scour. (a) Pyritized vertical burrow. (b) Horizontal burrow with passive backfill. 
(c) Multiple interpreted burrows based on vertical lineation of quartz grains. (d) Horizontal 
Planolites burrow with additional vertical burrows (See Macquaker et al., 2010; Carozzi, 1993). 

 



75 
 

The indications for a proximal location of this core, deposition during active bottom 

water and extensive bioturbation, suggest that organic matter preservation in this case was likely 

due to rapid sedimentation and a reducing environment below the sediment water interface. SEM 

photos from the Bull core show that organic matter aggregates are associated with clay particles, 

suggesting that preserved organic matter may also be due to the adsorption of organic matter 

onto clay particles (Figure 2.11)(Kennedy et al., 2002). These organic matter aggregates appear 

in many cases to be heavily pyritized by framboidal authogenic pyrite. The overall framboidal 

nature and size of the pyrite suggests as in other cores, that reducing euxinic conditions were 

located below the sediment water interface. If bottom water was euxinic, pyrite would be 

euhedral and much smaller than it appears in the Bull core (Tribovillard et al., 2006).  

2.3 Outcrop Descriptions 

Two outcrops were measured and described in this study. The first is located in Western 

Colorado near the border between Utah and Colorado. The second is located in Western Kansas 

near the border between Kansas and Colorado (Figure 2.39). The purpose in choosing these two 

outcrops was to contrast the Sharon Springs Formation in its most proximal and distal locations 

in the basin. Observations made at each outcrop contribute to understanding the overall 

depositional system and improve stratigraphic understanding on a regional scale.  

 

Figure 2.39 Outcrop locations relative to shoreline in the Western Interior Seaway during 
Sharon Springs deposition (Blakey, 2016). 
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2.3.1 Paonia, CO 

In most cases, the fissile shale of the Sharon Springs erodes into shallow slopes and low 

lying hills, requiring road cuts to preserve the depositional architecture. One such road cut is 

located just south of the town of Paonia, Colorado. Depositionally speaking, present day Paonia 

was located in a very proximal location relative to the shoreline of the Blackhawk Formation. 

Biostratigraphically, the base of the Sharon Springs aligns with Baculites obtusus at this location, 

and so represents deposition during the Claggett transgression in the WIS. Below the Sharon 

Springs in Paonia, is the Prairie Canyon Member of the Mancos Formation, which is time 

equivalent to the Gammon Ferruginous Formation.  

The base of the Sharon Springs in Paonia is placed below a zone of at least a dozen, very 

thin bentonites (Izett et al., 1971). This bentonite zone correlates with a very similar zone 

described by Izett and others (1971) at an outcrop north of Kremmling, Colorado. Overall the 

Sharon Springs at this locality is around 50 ft thick which also correlates with the outcrop 

described in Kremmling. The bentonite zone is made up of dark colored, fissile shale, with a bed 

of concretions up to 10 ft in diameter at the base.  Izett and others (1971) report collecting 

specimens of Baculites obtusus from these concretions in Kremmling, as well as Paonia by Noe 

(2012). Above the bentonite zone is the buttress forming unit which is diagnostic of the Sharon 

Springs throughout the WIS. This unit is 16 ft thick, and erodes into fissile flakes. Bentonites are 

less abundant in the buttress forming unit, although several were present. Calcite concretions are 

also common in the upper portion of the Sharon Springs, being, on average, one foot in diameter.  

The Sharon Springs in Paonia is lithologically most similar to the Boyer Bay member of 

the Sharon Springs described by Martin and others (2007). Neither the Burning Brule Member, 

nor the phosphatic Nicholas Creek Member were present in western Colorado. Although no tests 

were performed on the bentonite zone to correlate it with others in the basin, biostratigraphically 

it correlates to the Ardmore Bentonite Zone described by Gill and others (1966) in Red Bird, 

Wyoming. Although much thinner, the bentonites in Paonia could represent the distal edge of the 

ash fall which originated in western Wyoming, and which corresponds to the Early Absaroka 

thrusting event in Utah.  

Handheld GR measurements were taken of this outcrop on a one foot interval spacing, in 

order to correlate it with outcrops further to the east (Figure 2.40). The GR signature appears to 
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closely match that of the Boyer Bay member in eastern Colorado. Spectral gamma collected at 

the same time also demonstrates that the buttress forming unit has the highest GR signature, 

almost entirely due to the uranium content of the unit. Although SRA of the unit was not 

performed because of the highly weathered nature of the outcrop it is assumed, based on the 

strong relationship between the GR signature and TOC, that the buttress forming unit at this 

outcrop has the highest TOC. 

 

Figure 2.40 Paonia Outcrop handheld spectral GR. Yellow circles in outcrop photo are large 
scale concretions which mark the base of the Sharon Springs in Paonia.  

 

The bentonites in this area serve another important purpose besides regional correlation, 

because they help to create a better understanding of the depositional environment of the Sharon 

Springs as a whole. The lithologic contrast between the bentonites and the surrounding dark 

shale helps to show sedimentary structures within the unit, which would otherwise have been 

masked by the weathered appearance of the outcrop. Bentonites at this location demonstrate 

complex architecture where they are truncated by channelized erosional surfaces. One such 

erosional surface is approximately two meters deep and four meters wide, and truncates several 

bentonites (Figure 2.41). On the other end of the outcrop, these same bentonites downlap onto 
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another surface and so can be correlated no further. In many instances the bentonites also show 

signs of slumping on the downlap surface (Figure 2.42) 

 

Figure 2.41 Outcrop scale downlapping of bentonite beds shown with blue lines. The red line is 
a channelized truncation, with further bentonites deposited within the channel during 
abandonment, from the Paonia, CO outcrop. 
 

The presence of erosional truncation, downlapping and slumping suggest that the 

bentonites in the Sharon Springs were not deposited via pelagic sedimentation in a stagnant 

basin, but that they were actively being deposited by mobile bottom water (Figure 2.43). The 

currents associated with deposition must have been strong enough to erode shale beds after 

deposition and initial compaction. Due to the cohesive nature of deposited mud, “current 

velocities required for mud erosion can be of the same order of magnitude as required for erosion 

and transport of gravel” (Schieber, 1998). Schieber and others (2010) then went on to define the 

currents necessary for the initial erosion of semi-compacted shale as 16 cm/s, and that the initial 

velocity requirement does not change much whether the mud has a been allowed to consolidate 

for days as opposed to months. Initial compaction in the case of the Paonia outcrop is assumed 

based on the sharp boundary between the downlapping bentonites and the substrate. Shearing 

and slumping in association with the downlapping bentonites suggests that deposition was taking 

place quickly, causing deposits to become over steepened and unstable. These observations 

support the interpreted depositional environments for the lenticular shale fabric and active 

bentonite deposition made in the cores, as it was likely this shale that was being eroded.  
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Figure 2.42 (a) Downlapping bentonite beds from the Paonia, Co outcrop shown with blue lines. 
(b) Slumping and bentonite accumulation at the base of the downlap surface suggesting rapid 
accumulation and destabilization of sediment from the Paonia, CO outcrop. 
 

 

Figure 2.43 Further slumping along bentonite beds at the top of the outcrop. The slumping 
feature on the right was eroded by the channel, followed by further deposition and slumping of 
bentonites within the channel. 
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Petrographic thin sections from the Paonia outcrop also show signs of bottom-water 

currents and oxygenation. Although difficult to observe in hand sample due to weathering, 

bioturbation appears to be extensive in the Sharon Springs. Core samples appear to contain 

mostly simple horizontal burrows, while the Paonia outcrop contains abundant branching vertical 

Chondrites burrows. These are very similar to vertical burrows identified in the Bull core (Figure 

2.38), suggesting that as grainsize increases with proximity to the source, the abundance of 

vertical burrows increases as well. This is likely a result of increased oxygen diffusion rates in 

the sediment, associated with better permeability.  

Where preserved, sedimentary structures are also observed in thin sections from Paonia. 

These thin sections show fining upward packages, as well as ripple bedding. The 

homogenization of this core by burrowing makes these sedimentary structures difficult to 

observe, much like the Bull core. Overall grainsize however appears to be larger with more 

abundant silt size quartz grains, compared to core further out in the basin.  

 

Figure 2.44 Sedimentary structures and bioturbation from the Paonia outcrop. 
(a) Photomicrograph (PL) of a normally graded bed shown with the yellow triangle. 
(b) Photomicrograph (PL) of a branching burrow showing with the red line.  

 

Cycles observed on the Paonia outcrop have a small buttress forming package at the base 

and a slope forming unit at the top (Figure 2.45). Based on organic carbon measurements taken 

from the buttress forming units in the Kansas type locality by Gill and others (1972), as well as 

the log response to organic carbon proposed earlier, it is assumed that each buttress former 

represents a unit of higher organic carbon content. The outcrop is therefore composed of a series 
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of small scale flooding events which are amalgamated into an overall transgressive systems tract. 

The thickest buttress forming unit can be correlated across the basin to western Kansas as 

demonstrated in well correlations, where it represents the maximum flooding surface of the 

Claggett Transgression. This maximum flooding surface represents peak organic matter 

preservation on the shelf and slope, while the subsequent highstand represents peak organic 

matter preservation in the basin. This is a direct result of organic matter which is transported 

with detrital elements being sequestered on the shelf during maximum transgression, and 

transported offshore with the siliciclastics in the HST. Outcrop weathering patterns therefore 

demonstrate the same heterogeneity which has been notice in thin section and core samples, but 

on a larger scale. This heterogeneity is a byproduct of the complex depositional system 

associated with shale deposits and their sequence stratigraphic framework. Each shale 

accumulation in this study represents an amalgamation of several parasequences and prograding 

clinoforms, confined by minor flooding events.  

 

Figure 2.45 Parasequence stacking patterns in outcrop demonstrated in changing weathering 
pattern associated with TOC content. 

 

2 ft 
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2.3.2 Sharon Springs, KS 

The Sharon Springs outcrop in western Kansas was initially described by Gill and 

Cobban (1972a). These outcrops have since been separated into the Gammon Ferruginous 

Formation and the Sharon Springs Formation (Martin et al., 2007). The Sharon Springs 

Formation in western Kansas has some notable differences to those in Paonia, Colorado. Most 

significant are the large septarian concretions located at the Hells Half Acre outcrop, just south 

of the town of Sharon Springs. These concretions are up to two meters in diameter and are 

abundant enough to create erosional surfaces with dozens exposed at one time (Figure 2.46). 

Concretions mark the top of the Boyer Bay Member of the Sharon Springs Formation and the 

buttress forming zone identified by Gill and Cobban (1972a). Above the septarian concretions is 

the Nicholas Creek Member of the Sharon Springs Formation, which is not present in western 

Colorado, although present in North and South Dakota and Wyoming (Gill and Cobban, 1966; 

Bertog, et al., 2007). Within the Nicholas Creek Member, white to pinkish phosphatic 

concretions are very common and appear to be lined out in discrete beds (Figure 2.47). At the 

type locality in South Dakota, the Nicholas Creek Member is reportedly 6-12 ft thick, while in 

Kansas the member is 10-16 ft thick.  

 

Figure 2.46 Septarian concretions at the contact between the Boyer Bay member and the 
Nicholas Creek Member of the Sharon Springs, from Sharon Springs, KS outcrop. 
 

The significance of the phosphatic shale unit in the Sharon Springs Formation is not 

perfectly understood. It was postulated by Parrish and Gautier (1993) that the phosphatic shale 



83 
 

member represents a zone of coastal upwelling, resulting in a high rate of primary production of 

organic matter and the subsequent deposition and preservation of the organic matter in the 

Sharon Springs Formation. More recently it has been observed in the Devonian Chattanooga 

Shale that high energy events and bottom currents concentrated phosphatic fossil debris, which 

then provided the phosphorous necessary for the formation of phosphate nodules in the sediment 

(Li and Schieber, 2015).  Other methods for supersaturating pore waters with phosphate, which 

then leads to phosphogenesis, have been identified in both modern and ancient phosphorite 

deposits. The necessary elements in these circumstances are low sedimentation rates, strong 

bottom currents, and an abundance of organic matter (Heggie et al., 1990; O’brien et al., 1990; 

Follmi, 1996; Baturin, 1999).  Organic decay is then performed by microbes which releases 

phosphorous from the organic matter into sediment pores (Li and Schieber, 2015).  

 

Figure 2.47 Nicholas Creek Member of the Sharon Springs Formation with abundant phosphate 
nodules arranged along bedding planes, from the Sharon Springs, KS outcrop. 

 

Of the requirements identified as necessary for the precipitation of phosphate, the Sharon 

Springs formation has all four: abundant fossils and fish remains have been identified at both 

outcrops described, abundant organic matter is also a key element to the Sharon Springs 

Formation basin wide, the Paonia outcrop suggests active bottom water during the time of 
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deposition, and depositional rates are estimated to have been relatively slow during the organic-

rich intervals compared to more proximal depositional settings (Gautier et al., 1984; Parrish and 

Gautier, 1993). Further work is necessary in order to definitively say what is causing the 

formation of the phosphate rich member of the Sharon Springs Formation, although it appears 

that high rates of primary productivity of organic matter is a key component. With an increase in 

organic matter production there is an increased likelihood of preservation of organic-rich source 

rocks, as well as attracting organisms higher up on the food chain, which would then provide 

phosphatic fossil debris to the substrate (Parrish and Gautier, 1993; Li and Schieber, 2015). The 

lack of phosphates in more proximal outcrop locations agrees with the newly interpreted 

depositional model for the siliciclastics. Approaching the shoreline, sedimentation rate increases, 

organic carbon content decreases, and the concentration of phosphate from disarticulated fish 

bones would decrease as well.  

2.4 Summary  

The Claggett Cyclothem contains and overall progradation of facies in a conformable 

succession following the Niobrara deep marine chalk deposits. XRD data indicates a decrease in 

calcium carbonate and an increase in detrital minerals like quartz, clay, and feldspar up section. 

These facies also contain abundant evidence for active bottom water and dynamic deposition in 

the form of ripple bedding, erosional scour surfaces, and normally graded beds. More proximal 

core and outcrop locations contain debrite facies and slumping features, suggesting rapid 

deposition and basin margins steep enough to maintain sediment gravity flows. Abundant 

bioturbation was also observed in core and outcrop, suggesting that bottom water stagnation and 

anoxia is not the best model to explain the presence of the organic rich shales in the WIS. 

Sediment is being introduced into the basin through fluvial hyperpycnite transport, then carried 

further out into the basin in wave enhanced sediment gravity flows, resulting in progradational 

stacking patterns on the basin margin and aggradation in the basin center. This depositional 

model suggests that one important aspect of source rock deposition and organic matter 

preservation is the concentration of clay and organic material at the distal toes of prograding 

clinothems. The small grain size associated with this depositional environment allows for euxinic 

conditions below the sediment water interface due to low oxygen diffusion rates.  By this 
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method, organic carbon can be preserved in basins with active bottom water and frequent water 

column mixing.  

Stratigraphically, the top of the Sharon Springs Formation represents the Claggett 

Transgression or the period of Baculites obtusus. It has been recognized by previous authors that 

the Sharon Springs Formation is time transgressive to the east. This interpretation is actually the 

result of lithologic correlation across the Denver basin. When chronostratigraphically correlated, 

the entire system is time transgressive through prograding siliciclastic clinothems. Sharon 

Springs deposition in western Colorado is therefore much younger than Sharon Springs 

deposition in western Kansas, but appears the same in outcrop by virtue of the hydrodynamic 

sorting properties of shale and organic matter particles. As the system migrates eastward, it shuts 

down the carbonate factory, resulting in less chalk filled fecal pellets common in the Niobrara 

and the Gammon Ferruginous formations. The distal, deep water deposition associated with 

biogenic chalk filled fecal pellets however is not the most organic rich of the Claggett 

Cyclothem. This observation demonstrates that deep stagnant bottom water is not the primary 

method for the preservation of organic material in the WIS. The TOC of the Gammon 

Ferruginous Formation begins to rise as the detrital minerals become more abundant, suggesting 

that the siliciclastic wedge is bringing the organic matter with it, likely adsorbed onto clay grains 

which are then concentrated at the distal edge of the system. The prograding clinothems also 

typically have higher depositional rates than the distal pelagic sediments, and higher depositional 

rates insure that organic matter is buried more quickly, and thus more likely to be preserved. The 

TOC then drops as the system continues to prograde and the organic carbon content is diluted, or 

pushed even further eastward with the clay fraction. As coarser grained material is deposited in 

conjunction with the siliciclastics it also increases the oxygen diffusion rates resulting in 

biogenic degradation of organic matter even after burial.  Sequence stratigraphy in this system is 

therefore likely the dominant control on source rock deposition, as every transgressive event 

results in a spike in TOC. The Sharon Springs is a condensed interval associated with several of 

several 3rd order transgressive-regressive cycles.   
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CHAPTER 3  

GEOCHEMISTRY 

Geochemical analyses were performed on core samples from four of the six wells 

examined in conjunction with this study due to cost restrictions and availability of data. These 

analyses include both elemental and source rock data, the collection of which was outlined in the 

Methods section. The purpose of performing geochemical analysis is to help with understanding 

the depositional environment and source rock potential of the Sharon Springs and Gammon 

Ferruginous formations in the Denver Basin. One additional objective was to determine whether 

hydrocarbons produced from the Florence-Cañon City Field were generated from the Sharon 

Springs as has been previously postulated (Gautier et al., 1984).  

3.1 Elemental Geochemistry 

Elemental concentration crossplots were used to determine the elements with a detrital 

origin, compared to those with an authogenic origin. Common detrital elements were plotted 

against aluminum because it is typically detrital in origin and usually immobile during diagenesis 

(Figure 3.1). The strong positive correlation in silica, potassium, and titanium indicates that these 

elements are almost entirely detrital in origin. Molybdenum was included in the detrital element 

crossplot in order to demonstrate the lack of correlation. This indicates that most molybdenum is 

not detrital in origin and so can be used as a paleoenvironmental indicator (Tribovillard et al., 

2006). One other key observation to be made in connection with the cross plot is the relatively 

low amounts of detrital elements in the Bibma well, which is the most distal of the four wells 

available. It follows that the most distal wells would contain the least amount of detrital minerals 

and have relatively high amounts of biogenic minerals like calcite. This suggests that the Sharon 

Springs and Gammon Ferruginous formations were not deposited in the same depositional 

environment throughout the basin like the pelagic sedimentation model would suggest, but that 

they are the distal deposits associated with down slope gravity driven sedimentation. The wells 

farthest out in the basin collected the least amount of detrital elements while those in the most 

proximal location have relatively high amounts of detrital elements.  

In order to compare the elemental concentrations with the prograding siliciclastic 

depositional model proposed, two wells have been used and elements are separated based on 
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their utility as detrital and paleo-redox indicators. The elements were chosen based on work done 

by Tribovillard and others (2006) in which they outline the diagenetic behaviors associated with 

each of the elements commonly found in relatively high abundance in marine settings. Although 

it is agreed that some elements are redox indicators, there is some discussion as to whether those 

elements suggest redox conditions in the water column, or below the sediment water interface. 

Depending on oxygen diffusion in fine-grained sediments, redox conditions can be found 

millimeters below the sediment surface, particularly in muds deposited in active bottom water 

(Potter et al., 2005).  

 

Figure 3.1 Detrital element cross plots demonstrating elemental concentrations in relation to 
aluminum. 

 

3.1.1 Windmill 05-23H 

The detrital elements in the Windmill core show a steady increase up section associated 

with the decrease in calcite content and a corresponding increase in quartz and feldspar from the 

XRD analysis (Figure 3.2). This corroborates the hypothesis that the carbonate factory in the 

WIS was slowly being shut off by the increase in detrital minerals with the progradation of the 

shoreline facies. As has already been discussed, most calcite in the Gammon Ferruginous 

Formation appeared to be concentrated in chalk filled fecal pellets, based on the 
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photomicrographs. As the fecal pellets decrease in abundance, detrital elements increase, 

suggesting a causation in the relationship. The abundant mud and siliciclastics in the water 

column likely lowered the abundance of carbonate producing organisms, which then gave the 

copepods less to eat and caused them to die off. The detrital elements also appear to contain 

several small scale (5-10 ft) packages which show an increase upwards, followed by a rapid 

decrease. These may correspond to parasequence boundaries, as each increase in detrital 

elements is likely associated with a prograding siliciclastic wedge. During small scale flooding 

events the detrital minerals would be sequestered in a more proximal location for a short period 

of time, before the next clinoform prograded out. In this way the XRF yields more granularity to 

the well log where XRD does not due to coarser sampling interval.  

The Redox elements do not show the same stacking pattern as the detrital elements, but 

appear to increase and decrease gradually with each increase in GR and TOC. The increase in 

uranium, molybdenum, and vanadium with each spike in GR suggests that redox changes are just 

as likely to have taken place below the sediment water interface as in the water column 

(Tribovillard et al., 2006). Based on the flow indicators and bioturbation observed in the core, 

reducing conditions below the sediment water interface seem most likely, as anoxia in the water 

column is most often the result of basin stagnation.  

The TOC rich interval at the top of the core corresponds to the MFS in the sequence 

stratigraphic framework and so has the highest concentrations of redox elements relative to the 

smaller scale, third order flooding surfaces in the Gammon Ferruginous Formation down section. 

This flooding event is also associated with a small drop in the detrital elements. This suggests 

that although this transgression is relatively large, it was not extensive enough to prevent detrital 

siliciclastics from being deposited in eastern Colorado, or to turn the carbonate factory back on. 

Although shoreline was pushed landward for a period of time, the prograding clinoforms were 

close enough that siliciclastic deposition still dominated. This youngest flooding event also 

corresponds to a spike in GR and TOC, which indicates that organic carbon is condensed at the 

toe of the clinoform before dilution, and that comparatively deeper waters result in less organic 

carbon preservation in this system.   
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Figure 3.2 Detrital and redox element concentrations in the Windmill core showing an overall increase in detrital minerals with 
localized spikes in redox conditions associated with increase TOC preservations. 
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3.1.2 Bull 42-4 

The Bull core appears to have increased levels of detrital elements in the Sharon Springs 

Formation, similar to the Windmill core (Figure 3.3). The core is composed of a series of small 

scale packages which gradually increase upward, followed by a rapid decrease in detrital 

elements. This is also likely associated with the progradational stacking pattern of the 

depositional system. One significant drop in the detrital elements takes place at the peak GR and 

TOC logs, suggesting a relatively larger flooding event and the sequestration of detrital minerals 

to the west. The rest of the core does not show much variability in detrital elements. This is 

probably because the Gammon Ferruginous Formation is absent from this core because of the 

400 ft of lower Pierre separating the Sharon Springs from the Niobrara (Figure 2.35). The XRD 

in this case does not show the gradual decrease in calcite with the gradual increase in 

siliciclastics.  

The redox element concentrations in the Bull core are relatively low overall, with only 

one significant spike associated with the MFS and the highest GR and TOC. Uranium, 

molybdenum and vanadium all show an increase at that interval, which suggests that redox 

conditions could have been met in the water column or below the sediment water interface. The 

presence of large, framboidal pyrite, bioturbation and shell hash layers suggests that reducing 

conditions were established below the sediment water interface, and not in the water column. 

The gradual increase in redox elements, followed by the gradual decrease indicates that organic 

carbon preservation is a byproduct of ideal conditions in multiple processes. If elevated TOC 

was simply the result of flooding surfaces and deepest bathymetry, the TOC and redox element 

logs would show a sharp base and a gradual top. The gradual increase and decrease suggests that 

organic carbon preservation was increasing as the source of organic carbon approached. The 

TOC then peaks at the ideal distance from the prograding clinoform where enough organic 

matter was brought down slope, and then decreases gradually as the organic matter is diluted by 

the increase in sediment input. This hypothesis would explain the log signature of the detrital 

elements and redox elements, as well as the sedimentary structures in the organic-rich interval of 

the cores described. Organic carbon in this model would originate primarily from a more 

proximal location, and be brought down the slope in the same sedimentary processes that 

transported the quartz and feldspars. 
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Figure 3.3 Detrital and redox element concentrations in the Bull core showing an overall increase in detrital minerals with localized 
spikes in redox conditions associated with increase TOC preservations 
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The organic carbon concentrated in the ideal depositional environment would then cause 

the reducing conditions observed in the redox element concentrations. Reducing conditions 

would cause pyrite to form which has been observed to preferentially take place around burrows, 

fecal pellets and organic matter aggregates (Figure 3.4)(Schieber, 2003; Tribovillard et al., 

2006). Larger spherical framboids suggest that diagenetic pyrite formation was taking place 

below the sediment water interface and not in the water column (Tribovillard et al., 2006). This 

supports the hypothesis that the environment at the time of deposition was turbid and the low 

oxygen diffusion rates led to reducing conditions below the sediment water interface. This 

explains the lack of extensive vertical burrows or benthic macro-invertebrates.  

 

Figure 3.4 SEM image of pyrite framboids preferentially precipitating in organic matter 
aggregates in the Bull core. 

 

3.2 Source Rock Geochemistry 

Source rock analysis was performed by Weatherford Labs on their Rock Eval VI analyzer 

on 111 samples from the study interval. Each sample was run through pyrolysis to determine 

source rock potential on a regional scale within the WIS. Rock Eval pyrolysis was used to 

evaluate the free hydrocarbons, remaining hydrocarbon generation potential, kerogen type and 

maturity. Leco TOC was calculated with a Leco carbon analyzer, in which total organic matter 
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content was measured through combusting organic carbon and measuring the carbon dioxide 

produced. In addition to TOC, the hydrogen index (HI) and oxygen index (OI) were calculated 

from the pyrolytic degradation of organic matter measured in the S2 and S3 peaks on the 

produced pyrogram. S1 measures the free hydrocarbon abundance in pore spaces resulting from 

petroleum generation. The remaining hydrocarbon generation potential measured in the S2 peak 

is used in relation to the TOC to calculate the HI or the abundance of hydrogen available for 

hydrocarbon generation. The more hydrogen available, the more hydrocarbons kerogen can 

generate (Peters, 1986).  The CO2 generated during catagenesis of the kerogen is collected and 

used in relation to the TOC to calculate the OI or abundance of oxygen in the rock, which is an 

indication of kerogen type.  Another valuable measurement taken from the pyrogram is the Tmax 

calculated from the relative position of the S2 peak relative to the temperature gradient, which in 

conjunction with the hydrogen index, will indicate the thermal maturity of the rock (Peters, 1986; 

Dembicki, 2009).  

 

Figure 3.5 Pyrogram showing the peaks associated with S1, S2, and S3 calculations which then 
are used to calculate Tmax, HI and OI (Peters, 1986). 

  

The modified Van Krevelen diagram uses HI and Tmax to determine likely kerogen type, 

as well as thermal maturity of the rock samples. This plot indicates that there is Type II and 

mixed Type II/Type III kerogen associated with the Sharon Springs and Gammon Ferruginous 

formations. This interpretation is consistent with the proposed depositional model for the 

siliciclastics where organic matter is brought down slope through sediment gravity flows and 

turbidites into the basin. This transport method would cause terrigenous kerogen from the fluvial 

source and marine organic matter from a more proximal location to be mixed in transport. 
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The diagram also indicates that there is significant thermal alteration variability 

associated with the five wells plotted (Figure 3.6). The Bibma well is located farthest to the east 

and is significantly shallower in TVD compared to the other wells (~1400 ft TVD), which 

explains why the kerogen within the Bibma well is all immature. The Bull well is also relatively 

immature which can also be explained by the relatively shallow burial depth in the western edge 

of the basin (~3000 ft TVD). The Child, Tebo and Windmill are all of comparable thermal 

maturity but likely due to different causes. The Child is the deepest of all the core described 

(~8500 ft TVD), which explains its thermal maturity.  

 

Figure 3.6 Thermal maturity of five wells studied based on HI and Tmax measured from Rock 
Eval pyrolysis. The shallower Bull and Bibma wells are significantly less mature than the other 
wells sampled. 

 

The Tebo and Windmill, however, are significantly shallower (~7500 and 6000 ft TVD, 

respectively) and arguably more mature than the Child well due to the thermal anomaly 

associated with the Colorado Mineral Belt (COMB). Basement lineaments provide thermal 
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conduits along the Colorado Mineral Belt which then create elevated thermal gradients 

throughout central Colorado. These lineaments are responsible for the thermal anomaly 

associated with the maturity of the Niobrara Formation in the Wattenberg area, and appear to be 

contributing to the thermal maturity of the Sharon Springs and Gammon Ferruginous formations 

in the same region of central Colorado (Figure 3.7). These two wells correspond with elevated 

thermal gradients in the Niobrara mapped by Thul (2012) in which it was shown that the thermal 

anomalies correspond with known basement zones of weakness. This elevated thermal maturity 

can also explain why the Tebo and Windmill wells have significantly lower HI, as much of the 

hydrogen is used in the formation of hydrocarbons already generated.  The other wells studied, in 

addition to being significantly shallower in TVD, lie outside of the region of maximum thermal 

gradient.  

 

Figure 3.7 Elevated thermal gradient due to thermal conductivity through basement core 
lineaments resulting in areas of increased hydrocarbon maturing in the Niobrara Formation 
(Thul, 2012). 
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The pseudo-Van Krevelen diagram compares the HI with the OI in order to determine 

kerogen type (Figure 3.8) (Peters, 1986). The Bibma well suggests a mixed kerogen source 

ranging from Type I-II and mixed Type II/Type III (Dembicki, 2009). This mixed kerogen 

source agrees with the modified Van Krevelen (Figure 3.6), as well as the depositional model 

proposed for the Sharon Springs and Gammon Ferruginous formations in the WIS. The two 

wells with the highest level of thermal maturity appear also to have the lowest HI on this plot, 

which is due to petroleum generation. It is likely that all of the wells in this study have the same 

kerogen type but appear to be different due to the thermal alteration (Dembicki, 2009). The 

Bibma core, which has undergone the least thermal alteration and has the most organic carbon of 

the wells plotted is, therefore the best indicator of original hydrogen and oxygen content of the 

rock.   

 

Figure 3.8 Pseudo-Van Krevelen comparing HI and OI in order to determine kerogen type. 
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The S2/TOC plot indicates that the Sharon Springs and Gammon Ferruginous formations 

have abundant remaining organic carbon, making them excellent source rocks where they are 

thermally mature (Figure 3.9)(Peters and Cassa, 1994). Logically, the wells with the lowest 

thermal maturity have the highest potential for hydrocarbon generation. When plotted on a map 

and using maximum TOC in the units sampled, the organic-richness also appears to be a 

response to the depositional system. As has been discussed, the most distal wells in the 

depositional system are an amalgamation of bottomset deposits making them the most organic-

rich. The map shows a clear distinction in peak TOC between the more proximal wells (lower) 

and the more distal wells (higher) in the basin (Figure 3.10). This is most likely due to 

siliciclastic dilution of organic matter in more proximal wells. The organic matter in the basin 

may have been deposited via pelagic sedimentation while the siliciclastic are deposited in active 

bottom-water currents which bring more Type III kerogen, although the close association of 

organic matter with clay particles in the SEM and sedimentary structures in photomicrographs 

suggests that the sediment gravity flows and turbidites were bringing both components down 

slope together.  

 

Figure 3.9 Source rock potential of the Sharon Springs and Gammon Ferruginous formations in 
the five wells tests for source rock parameters. The plot shows that the wells with the lowest 
thermal maturity have the highest remaining source rock potential. 
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Figure 3.10 TOC compared to the geographical location of wells studied within the WIS. TOC is peak measurement collected from 
core samples (base map after Blakey, 2016). 
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3.2.1 Petroleum Exploration Potential 

The PI/Tmax plot demonstrates the petroleum production potential for the Sharon 

Springs and Gammon Ferruginous formations (Figure 3.11). Production index is defined as 

S1/(S1+S2) and compares free hydrocarbons to total hydrocarbon generation potential. The S1 is 

significant because it indicates areas where generation has already taken place and hydrocarbons 

are available for extract (Peters and Cassa, 1994). The potential these units have as drilling 

targets therefore depends on areas in the generation window, or areas that have been in the 

generation window in the past. The thermal gradient of the Wattenberg Field area suggests that 

these units are generating oil today based on the PI/Tmax values in the Tebo and Windmill cores, 

suggesting an active source rock and possible exploration potential for Sharon Springs sourced 

reservoirs in the overlying or underlying brittle units of the Pierre Shale and Niobrara 

respectively. The Sharon Springs itself is a poor target for a source rock reservoir due to the 

drilling hazards associated with fracking a formation with 60% clay. The relatively shallow 

depth of the Sharon Springs in the Wattenberg area adds additional economic value in reducing 

drilling and completions costs. Sharon Springs sourced reservoirs in Wattenberg may therefore 

be an up hole oil source in an overall gas dominated field, lengthening the life of the field and 

providing additional economic returns to infrastructure already in place.   

 

Figure 3.11 Production Index/Tmax plot demonstrating the hydrocarbons generated from the 
source rock to date and providing evidence for exploration potential in areas where the units are 
thermally mature.  
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3.3 Biomarkers from Florence-Cañon City Field 

Biomarker analyses were performed on oils produced from fractured units of the Pierre 

Shale, above the Sharon Springs Formation in the Florence-Cañon City Field. This oil came from 

the Magellan #1 well operated by Austin Exploration and was donated for analyses (Figure 

3.12). Data from produced oil was then compared to hydrocarbon extract samples from the 

Sharon Springs interval of the Bull Core located in the same field. Niobrara extracts from the 

Patriot 1-19H core 200 miles to the north were also used for comparison, in order to determine if 

oil produced from the Pierre is sourced from the Sharon Springs or Niobrara Formations (Figure 

3.13). The Gammon Ferruginous Formation was not included in this comparison because this 

unit is not present in Canyon City, Colorado, and is not as organic rich as the Sharon Springs 

where present elsewhere in the basin.  

 

Figure 3.12 Location map for source rock extract and oil samples analyzed.
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Figure 3.13 Geochem sample location map for oil and source rock extract.
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3.3.1 Kerogen Type 

Pristane/phytane isoprenoids created during the breakdown of chlorophyll in 

photosynthesizing cells are a useful indicator for kerogen type in source rocks. The 

pristane/phytane ratio of the Sharon Springs and Niobrara Formations falls between 1-3, 

indicating a marine, Type II kerogen (Figure 3.14)(Hughes, 1984). These analyses agree with 

source rock pyrolysis data, which uses hydrogen index and oxygen index to determine kerogen 

type from crushed core samples. These data are important for corroborating kerogen type in 

areas where thermal maturity may have altered the HI and OI of source rocks, as it has in the 

Wattenberg Field and at the Patriot well in the southern extension of Silo Field. 

 

Figure 3.14 Pristane/Phytane ratios indicate marine, Type II kerogen in the Sharon Springs and 
Niobrara Formations. 
 

Steranes created during the catagenesis and thermal alteration of lipids can also be used 

to interpret kerogen type in source rocks. The relative abundance of C27, C28, and C29, agrees 

with the previous interpretations made, indicating that the primary kerogen type for the Sharon 

Springs and Niobrara Formations is algal/marine (Figure 3.15)(Peters et al., 2007). These data 

are therefore also useful in validating the depositional model proposed for the Sharon Springs 

within the WIS. The relative abundance of these sterane molecules in the ternary diagram also 
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demonstrates the differences in the Niobrara and Sharon Springs Formations (Figure 3.15). 

While the kerogen type is the same, small differences in molecular abundance can also be useful 

in identifying the likely source rock for oils. These differences reflect changes in facies within 

the two units being compared, as well as the relative age of the two units, as the ratio of C28, and 

C29 has changed systematically over time. A relative abundance of C29 would reflect a major 

component of high, more evolved, plant matter in the kerogen, while abundant C27 would suggest 

primarily Type II marine kerogen source. The Sharon Springs and Niobrara formations appear to 

have relatively equal parts C27,28 and C29, indicating an algal marine kerogen type.  

 

Figure 3.15 Sterane ratios corroborate the marine kerogen interpretation for Sharon Springs and 
Niobrara source rocks. This kerogen has a mixed planktonic and land plant composition, making 
it Type II marine.  

 

3.3.2 Lithology 

Other biomarkers are used as indicators for lithology which can then be corroborated 

with XRD data. Diasteranes are formed during acidic catalysis in clays during diagenesis, 

making the diasteranes/sterane ratio a useful indicator for siliciclastic vs carbonate source rock 

lithology (Peters et al., 2007). Because diasteranes are commonly formed in detrital clays, the 
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diasteranes/sterane ratio is low in most carbonate source rocks and increases as the detrital 

siliciclastic component increases. The ratio for samples collected from the Sharon Springs and 

Niobrara Formations agrees with this correlation, indicating that the Sharon Springs is 

predominately clastic in origin and that the Niobrara contains facies deposited in both carbonate 

and siliclastic environments (Figure 3.16).   

 

Figure 3.16 Diasterane/sterane histogram demonstrating the detrital siliciclastic origin for the 
Sharon Springs compared to carbonate lithology for certain members of the Niobrara. 

 

The relative abundance of C29/C30 hopane and C35/C34 hopane is also indicative of 

lithology in source rock biomarkers. Hopane is created within the cell walls of prokaryotic cells 

and varies according to carbonate and detrital siliciclastic depositional environment. The data 

collected from the Sharon Springs and Niobrara Formations indicate the predominate lithology 

for these units is detrital clastics (Figure 3.17). There may also be some utility in relative hopane 

abundance as an indicator for anoxia in the bottom water, although this application is still up for 

debate and so will not be applied to the Sharon Springs. The Niobrara plots with shale lithology 

in many of these biomarker graphs, suggesting abundant detrital elements introduced into the 
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basin during Niobrara chalk deposition, lowering the abundance of biomarkers more common in 

carbonate environments.    

 

Figure 3.17 Lithology based on relative abundance of hopane molecules, suggesting a detrital 
siliciclastic origin for the Sharon Springs and large detrital influence in the diagenesis of kerogen 
within the Niobrara. 

 

Tryciclic terpanes formed in the cell wall of both prokaryotic and eukaryotic cells can 

also be useful for determining lithology of source rocks. Data collected from the Sharon Springs 

and Niobrara Formations agrees with other lithologic indicators, showing the primary lithology 

of the source rocks is shale and detrital siliciclastics (Figure 3.18)(Zumberge, 1987). This graph 

also shows the oil sample collected plotting between extracts from the Sharon Springs and the 

Niobrara Formations. The relative proportion of the tryciclic terpanes plotted suggests a mixed 

source for the Florence-Cañon City Field. The oil produced in this field was collected from a 

fractured reservoir within the Pierre, and not directly from any source rock, making a mixed, 

migrated oil source plausible (Carpenter, 1961). Previous studies have emphasized the role of the 

Sharon Springs as the primary source rock, and while the Sharon Springs is likely a major 

contributor, these previous studies may not be entirely accurate (Gautier et al., 1984).   
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Figure 3.18 Lithology based on relative abundance of tryciclic terpanes, suggesting marine 
shale for the Sharon Springs and Niobrara Formations. 

 

3.3.3 Relative Thermal Maturity 

The low organic-carbon content of the majority of the Pierre in the producing interval 

suggests that this oil likely migrated from a deeper source rock. Migration is also suggested by 

the thermal maturity of the oil collected, relative to the closest source rocks sampled in the 

Sharon Springs discussed below.  

Hopane C29 and C27 Ts/Tm ratios were used in order to assess the thermal maturity of the 

samples analyzed (Peters et al., 2007). The Ts isomer is more thermally stable than the Tm 

isomer so the relative abundance of these molecular configurations are useful for determining 

maturity. The oil collected appears to have a higher thermal maturity than the source rock 

extracts from the Sharon Springs Formation (Figure 3.19). This relationship is suggestive of 

migrated oil in the Pierre reservoir and explains the presence of oil in the reservoir when the 

Sharon Springs Formation in the Bull core is barely in the oil generation window. Based on 

Tmax values generated during pyrolysis (Figure 3.11), the Sharon Springs Formation in the Bull 

core likely does not have the thermal maturity to have generated the 15 mmbo produced from the 

Florence-Cañon City Field, requiring migration from a deeper source.  
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Figure 3.19 Thermal maturity based on Ts/Tm hopane isomers indicating that the oil sample is 
slightly more mature than the source rock extract in the Bull core and so likely migrated from 
somewhere down dip. 

 

The sterane C29 S/R ratio can also be used as a proxy for thermal maturity in oil samples 

(Peters et al., 2007). The C29 S isomer is more thermally stable during diagenesis and so a 

relatively high S/R ratio indicates higher thermal maturity. The oil sample has a higher S/R ratio 

relative to the core extract so agrees with the previous data in suggesting that the oil in the 

reservoir has migrated from a more thermally mature source (Figure 3.20).   

 

Figure 3.20 Sterane C29 S/R ratio suggesting that the oil sample is more thermally mature than 
the source rock extract, and so likely migrated within the reservoir. 
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3.3.4 Mixed Source Indicators 

Evidence has already been presented for the migration of oil within the fractured Pierre 

reservoir based on the thermal maturity of the oil relative to the Sharon Springs Formation 

extracts. During migration it is also likely that oils from multiple source rocks were mixed. This 

hypothesis is supported by the relative abundance of tricyclic terpanes which show the oil 

plotting between the source rock extracts from the Sharon Springs and Niobrara Formations 

(Figure 3.18). Carbon isotopes from the Pierre oil and source rocks suggest a similar conclusion 

(Sofer, 1980)(Figure 3.21). The oil plots between the extract samples from the Sharon Springs 

and Niobrara, indicating there may be a mixed source for the field.   

The sterane C27,28,29 ternary diagram also indicates a mixed oil source for the Florence-

Cañon City Field. Sharon Springs samples have relatively higher C27 content and lower C29 than 

the Niobrara samples, and the oil collected from the Pierre appears to plot between the two 

(Figure 3.22). The oil sample is therefore not only more mature than the source rock samples, but 

likely mixed with Niobrara oil during migration.  

 

Figure 3.21 Carbon isotopic ratios suggesting mixed source for Pierre oil between Sharon 
Springs and Niobrara source rocks. 
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Figure 3.22 Sterane C27,28,29 ternary plot suggesting a mixed oil source from the Florence-Cañon 
City Field. 
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CHAPTER 4  

CORRELATION AND MAPPING 

Digital logs were used for stratigraphic correlation and developing a regional 

stratigraphic framework for the depositional sequence associated with the Niobrara and Claggett 

Cyclothems. This was done in order to come to a better understanding of the depositional 

environment for the siliciclastic sequence. The top of the Niobrara was identified using the 

resistivity log, as resistivity increases at the contact between the overlying shale of the Gammon 

Ferruginous Formation and the underlying “A” Chalk of the Niobrara Formation. Within the 

Denver basin, the Sharon Springs and underlying Gammon Ferruginous Formation are typically 

identified by their two distinct spikes in the GR log signature. As has been demonstrated, those 

spikes correlate with TOC content in the rock, which commonly causes an overall increase in 

radiation due to uranium fixation onto the organic material (Schmoker, 1981). Each spike is then 

followed by a reduction in GR signature, an overall increase in grainsize, as well as a decrease in 

TOC and uranium content. In addition, detrital indicators like silica, which is most commonly 

associated with detrital quartz in the Sharon Springs, increase as TOC and uranium decrease. The 

log signature suggests a progradation of facies, with each spike in GR and TOC associated with 

the deposition of prograding clinoforms and bottomset aggradation.  

The log signatures and elemental geochemistry can then be applied to a regional 

understanding of the depositional sequence of the Sharon Springs Formation. While the literature 

most commonly associates Sharon Springs deposition with a transgressive systems tract (TST) in 

the Denver Basin, the Gammon Ferruginous and Sharon Springs formations are progradational 

on the basin margin and aggradational in the basin center (Asquith, 1970). This stacking 

relationship has been described previously by Asquith (1970), wherein he identified large scale 

clinoforms associated with the Sharon Springs and Gammon Ferruginous deposition (Figure 

4.1). The TST in the Powder River Basin of eastern Wyoming appears to be much more 

pronounced (Asquith, 1970) but this is likely due to local tectonics (Bertog, 2011). The TST also 

appears to increase in thickness on the shelf where sediment continued to accumulate despite 

rising water levels. This correlation suggests that the most organic rich intervals of the Sharon 

Springs in eastern Colorado and western Wyoming are part of the HST and clinothem 

progradation.  
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Figure 4.1 Red Birds Section of Wyoming showing the progradational stacking pattern of the Sharon Springs and other stratigraphic 
units (modified from Asquith, 1970). This sequence is time equivalent to the Prairie Canyon to lower Sharon Springs intervals 
described in Colorado and Western Kansas (Gill and Cobban, 1966; Izett et al., 1971; Gill et al., 1972; Hampson, 2010).
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Regional correlation in the Colorado study area demonstrates that the units deposited 

following the deposition of the Niobrara Formation correlate to the prograding siliciclastic 

system of the Blackhawk Formation, and may be affected by more than one sediment source. 

The Prairie Canyon Member of the Mancos Formation and basin equivalent Gammon 

Ferruginous Formation represent a highstand systems tract (HST). This was followed by the 

Claggett transgression and a thin (TST), and ultimately progradation associated with another 

highstand systems tract (HST) as the Castlegate Sandstone prograded into the basin, being time 

equivalent to the Sharon Springs Formation deposited in western Kansas (Figure 4.2). The most 

organic-rich deposits of the TST are found in the Sharon Springs Formation on the shelf, while 

the most organic-rich units of the HST are deposited in the distal basin. This is the same organic 

matter depositional model used in the Permian Basin, the Mowry and the Monterey Formation 

for sequence stratigraphy of shale by Bohacs and others (2005). Organic matter preservation in 

this system is a response of ideal sedimentation rates at the distal toes of clinoforms and rapid 

burial under oxic to dysoxic bottom-water conditions. Biostratigraphic correlation demonstrates 

that while the previous model placed a boundary between deposition via sediment gravity flows 

and pelagic sedimentation, no such boundary need exist and the basin depositional system 

appears to be very closely linked with the clinoforms (Figure 4.3). The distal organic shale 

deposits appear to be an amalgamation of several 3rd order fluctuations in sea level and are linked 

to the sequence stratigraphic development of the proximal sandstone deposits.   

Thickened strata in the Denver Basin was likely caused by a combination of two 

sediment sources, as well sediment bypass on the shelf associated with the Castlegate Sandstone 

as the system developed into a late highstand to early lowstand, forced regression. Regional 

mapping in the Powder River Basin performed by Asquith (1970), as well as lithologic 

differences in the core taken from the Child well, indicate that another siliciclastic system was 

prograding from the northwest into the Denver Basin. Heterogeneity in sediment composition, 

thickness, and grainsize is most easily explained by connecting the distal depositional system to 

the shelf through progradation and basin floor aggradation. The organic carbon was therefore 

most likely deposited adsorbed onto clay floccules, and the clay appears to have been transported 

via traction and episodic gravity flow from the marginal slope into the deeper marine portions of 

the WIS (Kennedy et al., 2002).  
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Figure 4.2 Depositional stacking patterns of the siliciclastic wedge associated the biostratigraphic zones and their correlation to 
central Utah. Distal deposition in central Colorado to western Kansas is a condensed interval composing an amalgamation of the distal 
toes of several 3rd order clinothems prograding from the west (compare with Asquith, 1970, Figure 4.1) (Biozones from Hampson, 
2010). 

(See Figure 4.3) 

E E’ 

E 

E’ 



114 
 

 

Figure 4.3 Localized view of the prograding sequence of the Sharon Springs Formation in northeastern Colorado demonstrating 
deposition in a highstand systems tract as interpreted by the progradation of clinoforms on the basin margin and aggradation of 
organic-rich shale on the basin floor. The distal accumulation is an amalgamation of organic-rich facies associated with progradation 
in the Gammon Ferruginous Formation as well as the Sharon Springs, although separated by a regional transgression. Datum on 
Niobrara Formation Top. 
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Turbidite deposits (Kopper, 1962) and bioturbation have also been described in the 

Prairie Canyon member of the Mancos. Petrographic thin sections from the interval collected 

from an outcrop outside of Kremmling, Colorado, reveal very similar sedimentary fabric as has 

been observed in core taken from the Sharon Springs and Gammon Ferruginous formations, 

although much coarser gained (Figure 4.4). The Prairie Canyon Member is composed of stacked 

beds, many of which are normally-graded and rippled. Each of these normally-graded beds may 

represent a distal turbidite deposit. Beds which appear to be less graded, but have a sharp upper 

and lower contact with fine-grained sediment are likely sediment starved ripples formed during 

waning flow or geostrophic currents. Bioturbation is also present in the Prairie Canyon Member, 

but appears to be composed of larger vertical Planolites burrows compared to the simple 

horizontal Planolites burrows noticed in the distal sediment (Figure 4.4). The turbidites described 

in the Prairie Canyon Member can most likely be linked to the same process which created 

turbidite deposits in the core examined further out in the basin (Kopper, 1962; Hampson, 2010). 

 

Figure 4.4 Photomicrographs (PL) from the Prairie Canyon Member of the Mancos Shale 
collected from an outcrop outside of Kremmling, Colorado, showing strong bottom-water 
currents sorting silt grains shown with blue lines, as well as bioturbation shown with red lines 
and normally-graded beds shown with yellow triangles. 
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One potential analog for this type of depositional system is the Hue Shale along the North 

Slope of Alaska. Houseknecht and others (2009) demonstrate through seismic correlation that the 

Hue shale is the basinal equivalent in deposition to the Torok sandstone shoreline facies (Figure 

4.5). The Hue has excellent source rock potential averaging 2-4 wt. % TOC, based on log 

calculations and over 12 wt. % TOC from outcrop samples (Peters et al., 2006). Geochemical 

analysis has postulated that some 28 % of the oil in Prudhoe Bay originated from the Hue Shale 

(Peters et al., 2006). The Hue Shale is also known to be associated with the Gamma Ray Zone 

(GRZ) where the highest organic carbon content causes an increase in GR signature (Peters et 

al., 2006). In outcrop it is described as a dark-gray to black laminated shale with well-developed 

paper fissility (Bird, 1985). It is also known to be associated with high uranium content, which 

explains the elevated GR readings (Bird, 1985). Macquaker and others (2010) took thin section 

samples of the Hue shale and demonstrated the heterogeneous nature of the rock. They conclude 

that deposition was taking place in an active environment under dysoxic to fully oxic bottom 

water. Thin sections collected from the Sharon Springs appear very similar to those from the 

Hue, suggesting that the depositional system proposed for the Sharon Springs may actually be 

very common for source rock deposition.  

 The Hue Shale analog is almost identical to the Sharon Springs formation in all the 

aforementioned ways. It is connected through seismic correlation to the same progradational 

depositional system taking place on the slope in the Torok formation. In some places the GRZ 

associated with the Hue Shale can also be seen to step up onto the topsets of the basin margin, 

much like the Sharon Springs does during the Claggett Transgression (Figure 4.2)(Bird, 2001). 

The connection between the Hue shale and the Torok Formation then implies that sediment was 

deposited hundreds of miles offshore as the distal end of the prograding siliciclastic wedge. It 

therefore seems likely that the same correlation and direct link can be made between the 

depositional systems of the Blackhawk, Castlegate and Sharon Springs Formations, given the 

observations made in cross section correlations, core, and outcrop in the Sharon Springs and 

Prairie Canyon Member of the Mancos.  
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 Figure 4.5 Stratigraphy of the Alaska North Slope including the Hue Shale, which acts as a 
depositional analog for the Sharon Springs Formation in the Cretaceous Western Interior Seaway 
(Houseknecht, 2009) . 
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Creaney and Passey (1993) made the same correlation between bottomset aggradation 

and foreset progradation in several depositional systems around the world. They demonstrated 

that as the siliciclastic wedge progrades into the basin, the organic accumulation in the basin 

center is diluted, creating a direct link between stratigraphic sequence and source rock quality 

(Figure 4.6). Creaney and Passey (1993), however, postulated that the organic matter was being 

deposited through pelagic sedimentation. As has already been discussed, recent developments in 

shale deposition suggest that the pelagic sedimentation model is not necessary and unlikely for 

most source rocks, particularly those deposited in the Cretaceous WIS. 

 

Figure 4.6 Response in organic carbon content with relative sea level rise and fall. Highstand sea 
level results in prograding siliciclastic wedge which results in decreasing TOC up section 
(Creaney and Passey, 1993). 

 

To combine the biostratigraphy, known major relative sea level fluctuations, and neritic 

sedimentation across the western interior, the Gammon Ferruginous Formation in the basin 
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center is time equivalent to the uppermost Prairie Canyon Member of the Mancos Formation in 

western Colorado, which is time equivalent to the uppermost progradational siliciclastic wedge 

of the Sunnyside and Grassy Members of the Blackhawk Formation. As these units prograded, 

the Gammon Ferruginous Formation was diluted, resulting in lower GR signature, less TOC and 

larger grainsize. Above the Gammon Ferruginous Formation is the zone of Baculites obtusus, 

which is a good marker for the Claggett Transgression and marks an increase in organic carbon 

deposition in the basin, and backstep in shoreface strandlines, followed by the prograding 

siliciclastic wedge of the Desert Member of the Blackhawk Formation and the Castlegate 

Sandstone which is time equivalent to Sharon Springs deposition in the basin (Figure 4.2, Figure 

4.7)(Hettinger and Kirschbaum, 2002). As the siliciclastics migrated eastward, the fine-grained 

sediment was replaced by coarse-grained sand and silt, which increased the oxygen diffusion 

rates in the sediment. This resulted in oxygenated sediment and the degradation of organic 

matter. Although clay was still abundant in the lower Pierre after the Sharon Springs was 

deposited, it no longer had the TOC content that the Sharon Springs did due to increased oxygen 

diffusion and organic matter degradation.  

The stacking pattern shows progradation to the northeast, which agrees with similar 

studies done in the Piceance Basin (Figure 4.3)(Rogers, 2012; Swendeman, 2011). Although the 

fluvial input along the coastal plain has since been eroded, regional stacking patterns in the 

Piceance suggest sediment input from the southwest.  Swendeman (2011) has mistakenly named 

the Sharon Springs in the Piceance Basin, the Castlegate Condensed Section, when 

biostratigraphically and petrophysically it matches perfectly with the Sharon Springs Formation. 

This nomenclature will therefore be disregarded.  These Piceance studies accurately demonstrate 

the overall thinning and downlapping of the Prairie Canyon member of the Mancos or, as it is 

known in their papers, the “Mancos B” (Figure 2.36). Northeast progradation is contrary to the 

accepted southern longshore current direction within the WIS, indicating that sediment in the 

Sharon Springs and Gammon Ferruginous formations was being transported by currents other 

than geostrophic flow, and adding further evidence for offshore currents being the primary agent 

responsible for Sharon Springs and Gammon Ferruginous deposition (Slingerland and Keen, 

1999; Hampson, 2016). 
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Figure 4.7 Biostratigraphic correlation of the Sharon Springs outlined in red, with the siliciclastic progradational wedge of the 
Blackhawk Formation. Baculites obtusus marks the flooding surface between the Desert and Grassy members of the Blackhawk 
(Modified from Hampson, 2016). 
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The localized cross section cuts through the Wattenberg Field, which is one of the largest 

oil and gas fields discovered in Colorado (Figure 4.3)(Sonnenberg, 2016). Economic 

accumulations of hydrocarbons are produced from several intervals within the Cretaceous 

stratigraphic section in the Wattenberg area. The field is located on the axis of the Denver Basin 

which developed due to Laramide age deformation. One significant factor controlling the 

maturation of kerogen within this field is the Colorado Mineral Belt of Late Cretaceous and 

Tertiary age, which runs to the northeast through Colorado (Tweto and Sims, 1963; Sonnenberg, 

2016). Basement lineaments are thought to have created a conduit for heat flow which has 

caused a thermal anomaly in the region, allowing for the maturation and migration of 

hydrocarbons through the system (Figure 4.8)(Weimer and Sonnenberg, 1983).  

 

Figure 4.8 Northeast trending basement fault blocks. Times of dominant movement are: 
IP=Pennsylvanian; P=Permian; K=Cretaceous. Outcrop of Precambrian with major shear zones 
along left side of diagram. MC-NF=Mullen Creek-Nash Fork; SG=Skin Gulch; IS-RC=Idaho 
Springs-Ralston Creek; MB= Colorado Mineral Belt (Modified from Weimer, 1984).  

 

The basement lineaments also contributed to the stratigraphic complexity observed in the 

Wattenberg Field area. Stratigraphic variations in thickness correspond to basement lineaments 

Wattenberg Field 

Outline 
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and Precambrian shear zones, observed in Front Range outcrops (Weimer, 1984). As stress was 

added to the region during late Cretaceous tectonic events, deformation primaril y occurred along 

these zones of weakness (Weimer, 1978, 1980). Zones of weakness also correspond to present 

day wrench fault zones showing brittle deformation in the deposited sediment (Weimer, 1996). 

Offset along these zones of weakness result in faulting and folding, creating paleohighs ten miles 

wide and hundreds of miles long, which can impact sedimentary processes and depositional 

environments (Sonnenberg, 2016). The Sharon Springs appears to onlap this Wattenberg 

paleohigh, suggesting erosion or non-deposition along the anticlinal crest, and providing further 

evidence for active bottom-water currents.  

One significant trend observed in the mapping of each clinoform associated with Sharon 

Springs deposition is the movement of the Wattenberg High over time. This work is a 

continuation of observations made by Sonnenberg and Weimer (1981) in the Niobrara formation 

(Figure 4.9)(Sonnenberg, 2016). Changes in relative thickness within the Niobrara formation 

suggest that the Wattenberg anticline maintains its northeastern trend, but migrates over 30 mi to 

the south in roughly 8-10 million years (Sonnenberg, 2016). 

Thickness variations can be seen beginning in the C Chalk, and continuing through the 

Sharon Springs. In order to understand thickness variations, and because of the shortcomings 

associated with lithostratigraphic formation tops, each clinothem of the Clagget Cyclothem was 

lettered “A”, “B”, and “C”, with the “A” clinoform being the oldest. The “A” interval Isopach 

shows a well-defined paleo high associated with a sharp localized thinning (Figure 4.10; Figure 

4.11). The “B” interval is also relatively well defined by a localized thinning, however the thin 

portion has migrated to the south (Figure 4.12; Figure 4.13). The Sharon Springs “C” interval 

isopach suggests that the Wattenberg High is not as prominent at the time of deposition, based on 

the diffuse contour spacing. This can be explained by the increased depositional rates over time, 

as the siliciclastic wedge progrades into central Colorado. Although the anticline may still have 

been active, sedimentation rates were high enough to overcome any dramatic effects caused by 

the movement of the structure. Although more diffuse in the structural area, it appears that the 

Wattenberg High has continued to migrate south through “C” interval deposition (Figure 4.14; 

Figure 4.15).   
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Figure 4.9 Cross section highlighting the stratal complexity developed in the Niobrara Formation 
due to the Wattenberg High (Sonnenberg, 2016). 

 

Thickness variations in the Sharon Springs and Niobrara have other implications besides 

those already made for tectonic complexity in the WIS. The observation that sedimentation is so 

closely associated with localized structural tectonics and accommodation suggests that 

deposition was not uniform, but had more to do with the hydrodynamic characteristics of the 

sediment being transported. In this case, shale was carried offshore through turbidites and 

sediment gravity flows. Shale then collected in the areas of the basin with the most localized 

accommodation. As the currents carrying sediment reached the Wattenberg High, flow 

convergence likely caused some subaqueous erosion. In the structural lows on either side of the 

anticline, flow expansion caused sediment to fall out of suspension or traction. The result is thick 

areas of Sharon Springs deposition where current strength was reduced in response to the 

localized structural complexity of the Wattenberg area.  
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Figure 4.10 Isopach of the Sharon Springs A-interval clinoform in the Wattenberg area 
demonstrating the structural complexity due to basement wrench faults. 

 

 

Figure 4.11 Regional cross section of Upper Cretaceous strata showing the Wattenberg 
paleohigh during the time of Sharon Springs A-interval deposition. Datum on top of the A 
interval. 
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Figure 4.12 Isopach of the Sharon Springs B-interval clinoform in the Wattenberg area 
demonstrating the structural complexity due to basement wrench faults. 

 

 

Figure 4.13 Regional cross section of Upper Cretaceous strata showing the Wattenberg 
paleohigh during the time of Sharon Springs B-Interval deposition. Datum on top of the B 
interval. 
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Figure 4.14 Isopach of the Sharon Springs C-interval clinoform in the Wattenberg area 
demonstrating the structural complexity due to basement wrench faults. 

 

 

Figure 4.15 Regional cross section of Upper Cretaceous strata showing the Wattenberg 
paleohigh during the time of Sharon Springs C-Interval deposition. Datum on top of the C 
interval. 
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4.1 Summary 

Regional correlation of the Sharon Springs and Gammon Ferruginous formations across 

the state of Colorado affirms the interpretation for the progradation of facies made in core 

descriptions. The Gammon Ferruginous Formation appears to correlate biostratigraphically to 

siltstone facies within the Prairie Canyon Member of the Mancos Shale and shoreface sands of 

the Blackhawk Formation to the west. The Sharon Springs is time equivalent to the Claggett 

transgression and so contains a minor TST and a backstep of shoreline facies, followed by the 

progradation of the upper members of the Blackhawk Formation and the Castlegate Sandstone. 

Well logs in eastern Colorado can be used to correlate each major progradational pulse on the 

shoreline with a spike in TOC, followed by clastic dilution as the system progrades. This 

correlation indicates that the primary control on the organic carbon deposited and preserved in 

the Sharon Springs and Gammon Ferruginous formations is the stratigraphic framework of the 

basin. This correlation also suggests that the Sharon Springs and Gammon Ferruginous 

Formations are a super condensed interval composed of an amalgamation of 3rd order 

parasequences. Each flooding surface pushes the siliciclastic wedge landward, resulting in the 

distal toe of the clinoform being deposited in eastern Colorado and a spike in TOC. Progradation 

of the siliciclastic wedge then results in the dilution of this distal deposition, an increase in 

grainsize and a reduction in TOC preserved. This same relationship has been observed in the Hue 

Shale in Alaska, suggesting that the process of concentrating organic matter at the toe of 

clinothems may be relatively common. This relationship also places the distal deposition of the 

Sharon Springs Formation in the HST and not as part of the TST as was previously suggested in 

literature.     
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CHAPTER 5  

CONCLUSIONS 

The depositional system for the Sharon Springs was much more active in terms of 

sedimentary processes than previously thought. Normally-graded beds suggest that sediment was 

brought into the basin through episodic offshore currents. Based on the erosional base and 

rippled tops of bentonite deposits, which are common within the Sharon Springs, most sediment 

was transported offshore in turbidity currents or wave enhanced sediment gravity flows in a 

storm dominated mud distribution system. Bentonites have been observed to travel hundreds of 

miles off shore in turbidity currents within the Aegean Sea, making the interpretation for 

sediment gravity flows just as valid in the WIS. In outcrop, the Sharon Springs shows further 

evidence for strong offshore bottom-water currents in the form of large scale erosional scour 

surfaces, as well as downlapping and slumped beds. These observations have led to the 

conclusion that the Sharon Springs was not deposited by pelagic sedimentation, but active 

bottom-water currents, most likely associated with large storm events in the WIS. The decrease 

in biogenic grains and increase in detrital minerals make the Sharon Springs a continuation of the 

overall progradational system depositing siliciclastics into the basin from the Niobrara Formation 

through the Pierre Shale.  

The conclusion that sediment transport within the Claggett Cyclothem was predominantly 

via offshore currents and sediment gravity flows does not preclude a pelagic component to distal 

accumulations. The lower Gammon Ferruginous Formation likely represents a depositional 

system similar to the processes which deposited the Niobrara marlstones. This conclusion is 

based on the abundant biogenic chalk filled fecal pellets which dominate the sediment at the 

Niobrara/Gammon Ferruginous contact. These fecal pellets gradually disappear up section and 

are replaced by detrital elements and lenticular shale fabric. Well log correlation has 

demonstrated that this transition zone is time transgressive from west to east, and is likely a 

response to the progradation of the siliciclastic wedge from the West, shutting down the 

carbonate factory.  

An important observation for this system is that the lower Gammon Ferruginous, which is 

dominated by pelagic fecal pellets, is not nearly as organic-rich as mudstone intervals up section. 
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This decouples the relationship between pelagic sedimentation and organic matter preservation 

in this system. It also suggests that as the clinoforms are prograding, they are bringing organic 

matter with them, adsorbed onto clay particles and transported in clay floccules and organic 

matter aggregates. This organic matter is then concentrated at the toes of these clinoforms and 

preserved due to lower oxygen diffusion rates associated with a reduction in overall grainsize. 

Further progradation then results in an increase in grainsize, higher oxygen diffusion rates and 

less clay floccules, ultimately reducing the organic matter preserved.  

Abundant bioturbation in the Sharon Springs also suggests that bottom water during the 

time of deposition was not anoxic, but likely dysoxic to oxic. Water column stagnation typically 

results in bottom-water anoxia, and has been a prevalent model for the preservation of organic 

matter. The Black Sea has been used as a modern analog for the WIS because of the abundant 

organic matter preserved, abnormally high elemental concentrations for redox elements and 

abundant pyrite. These redox indicators can also be explained by low oxygen diffusion rates in 

distal sediments, and euxinic conditions below the sediment water interface. Large pyrite 

framboids in the Sharon Springs support the interpretation for diagenetic precipitation of redox 

elements below the sediment water interface. Most bioturbation in the Sharon Springs and 

Gammon Ferruginous formations are simple horizontal burrows resembling Planolites. These 

trace fossils were likely made by detrital sediment feeders actively swimming through the turbid 

substrate. The lack of large vertical burrows is likely due to the reducing conditions millimeters 

below the sediment water interface, providing further evidence for redox conditions in the 

sediment and not in the water column. These observations remove the need for stagnant bottom 

water and allow for active bottom water to be the primary mode of offshore sediment transport in 

the WIS. Likewise, the presence of sedimentary structures that suggest active bottom water, 

make the permanent bottom-water anoxia environment unlikely. 

Oxygen diffusion rates are controlled by the permeability of seafloor sediment. The ratio 

of quartz to clay does not change very much through the Sharon Springs and Gammon 

Ferruginous formations. The GR log and TOC, however, change dramatically while quartz and 

clay ratios remain constant. One variable that correlates very closely with the TOC preservation 

and GR log signature is the grainsize. As grainsize decreases, the TOC content increases, and 

vice versa. This relationship suggests that the controlling factor in organic matter preservation is 
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not permanent bottom-water anoxia and stagnation, but grain size of the sediment. As grainsize 

decreases, oxygen diffusion rates decrease and results in reducing conditions below the sediment 

water interface. This also results in the preservation of horizontal bedding, by preventing 

extensive vertical burrowing. Organic matter deposited in coarser grained sediment is quickly 

degraded by bacteria and consumed by burrowing organisms because of the free dissolved 

oxygen in the pore waters.  

Since organic matter can continue to be degraded by bacteria in reducing environments, 

there must be an additional component for the preservation of organic matter in the WIS. It has 

been demonstrated that one key aspect to organic matter preservation is elevated rates of organic 

matter production. Organic matter production is limited by nutrients in the water and the depth of 

the photic zone. Most organic matter transported into the basin in fluvial hyperpycnal plumes 

does not make it to the distal portions of the basin. Therefore, most organic matter preserved in 

the marine environment was likely produced in the marine environment with a much smaller 

fraction coming from the fluvial system represented by Type III kerogen. When the photic zone 

is rich in essential nutrients for organic matter production, it results in algal blooms which can 

cause large amounts of organic matter to be deposited on the basin floor and partially preserved 

due to its sheer abundance. Algal blooms have historically been associated with coastal 

upwelling zones where nutrient rich bottom waters replenish the photic zone and likely 

contributed to organic matter production in the Sharon Springs Formation. The WIS was likely a 

unique environment based on the number or organic-rich units deposited in the same geographic 

location during the Cretaceous.  

The unique set of conditions in the WIS may be a byproduct of epicontinental seaways in 

general. Many epicontinental seas likely never reached water depths greater than 1000 ft. This 

interpretation, in conjunction with the fact that modern storm wave base can commonly reach 

depths of more than 650 ft, suggests that the WIS and epicontinental seas in general were likely 

to be completely mixed, relatively frequently. With organic matter production comes 

degradation, which reintroduces nutrients into bottom waters. When the seaway is mixed by 

storms, those nutrients are brought up into the photic zone and result in more organic matter 

production. This cycle would result in the preservation of organic matter, and was probably very 

common in the WIS.  
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The reason the Black Sea has been used as a modern analog for WIS organic matter 

preservation is that there is no accurate modern analogs for epeiric seas, which makes 

depositional processes in these environments a speculation. Not only is the Black Sea roughly 

four times as deep as the WIS likely ever was, it is far more restricted than the WIS with a fresh 

water cap which prevents water column mixing. The WIS is a much different depositional 

environment suggesting that the utility of the Black Sea model for organic carbon preservation in 

the WIS is very limited.  Modern oceanic sediment has an average TOC of 0.8 % while the 

Sharon Springs has a TOC frequently over 10 %. These factors support the conclusion that the 

WIS was a unique environment with a unique set of depositional conditions, likely as a result of 

its shallow nature and the abundant nutrients being brought it from north, south, and west 

through oceanic circulation and fluvial input respectively.  

One other element common in the preservation of organic matter is clay. It has been 

demonstrated in the Sharon Springs that as the mineral surface area of sediment increases, the 

preservation of organic matter increases as well. This is due to adsorption of organic matter onto 

detrital sediment, making it harder for bacteria to degrade. This is one way in which organic 

matter can be transported to and preserved in the basin center. 

One other way to transport organic matter to the basin center is through flocculation. 

Fine-grained sediment has been demonstrated in flume experiments to be transported as clay 

floccules and organic matter aggregates, which form in seawater. This gives clay the 

hydrodynamic sorting properties of silt and fine-grained quartz clasts, which explains the 

bimodal distribution of fine-grained sediment in the basin center. Upon reaching the seafloor, 

self-compaction of clay floccules begins, but initially these deposits can be 75% water. This 

turbid substrate explains the depauperate benthic fauna, while allowing detrital feeders like 

worms to remain. Adhesion then prevents mud from being extensively re-suspended by every 

bottom-water current, creating the ideal condition for organic matter preservation.  

Grainsize relationships observed in the Sharon Springs and Gammon Ferruginous 

formations, in combination with the evidence for turbidity currents, suggest that these organic-

rich mudstones were deposited as part of the prograding siliciclastic wedge. The Hue Shale, on 

the North Slope of Alaska, is an excellent analog for this depositional system. Seismic data 

reveals that the organic-rich Hue Shale is the bottomset equivalent to the prograding Torok 
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Sandstone. When applied to the Sharon Springs and Gammon Ferruginous Formation, the 

prograding Blackhawk and Castlegate Sandstones in eastern Utah would be the proximal 

equivalent of distal organic shale aggradation.  

Excellent biostratigraphic zonation shows that the Gammon Ferruginous Formation is 

time equivalent to the Prairie Canyon Member of the Mancos shale, which also has turbidite 

deposits, suggesting a link in the depositional system. This depositional system includes a 

progradational stacking pattern of facies, resulting in upward succession of facies coarsen, as 

well as lose TOC. The Gammon Ferruginous Formation displays this vertical stacking pattern 

and is notably thinner and more organic-rich on the eastern edge of the basin where fine-grained 

sediment and organic matter would have amalgamated over a longer period of time. The Sharon 

Springs represents a minor flooding event, and an increase in TOC, followed by an increase in 

grainsize and decrease in TOC associated with the progradation of the Morapos and Castlegate 

sandstones on the western margin of the basin. The prograding stacking pattern described in 

Utah outcrops along the Book Cliffs, as well as throughout Colorado in subsurface well logs, 

suggests that the Sharon Springs and Gammon Ferruginous formations were deposited as part of 

a large-scale HST, with a minor transgression associated with the base of the Sharon Springs. 

This is contrary to conclusions made about Sharon Springs deposition in Wyoming and Montana, 

but this discrepancy may be explained by localized tectonic effects on stacking patterns, 

downlapping and onlapping relationships as well as a possible sediment source from the 

northwest.  

One reason for the confusion about the depositional system of the Sharon Springs 

Formation has been the lithostratigraphic definition of the units. When defined 

biostratigraphically, the units downlapping onto the Niobrara Formation thicken and are coarser 

grained to the west towards the sediment input location. These clinoforms prograde to the 

northeast, contrary to the accepted longshore current direction within the WIS. Clinoform 

prograding direction and the thickening of lithologic units to the west suggest that large scale 

stacking patterns are not the result of geostrophic current reworking. Sediment on the northern 

edge of the study area in Wyoming has a distinct lithologic signature in terms of quartz to clay 

ratios, compared to sediment in Colorado. This, in combination with similar downlapping 

relationships noticed in the Powder River Basin of Wyoming suggests that there was an alternate 
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sediment provenance for deposits in Wyoming. Again, these observations are difficult to explain 

with a pelagic sedimentation model, but the heterogeneity of the siliciclastic system is much 

more easily explained when viewed as part of the distal edge of multi-directional prograding 

siliciclastic wedges.  

One other key conclusion from this study is the source rock potential of the Sharon 

Springs in the Denver Basin. The Sharon Springs has excellent organic carbon content, but is 

thermally immature in most of the Denver Basin. Where associated with the thermal anomaly at 

Wattenberg Field, however, the Sharon Springs is currently in the oil and gas window and 

producing hydrocarbons through catagenesis. The thermal anomaly is caused by basement faults 

associated with the Colorado Mineral Belt which creates thermal conduits through the subsurface 

across Colorado. These basement faults were active during Sharon Springs deposition, and 

caused thickness variations in Sharon Springs and Gammon Ferruginous sediment. By mapping 

the thickness of the Sharon Springs and Gammon Ferruginous formations, it was shown that the 

lineaments created topographic highs in the basin which migrated to the south over time. This is 

a continuation of the same variability noticed in the Niobrara Formation. Heterogeneity caused 

by topographic highs also supports the conclusion that sediment was being transported and 

deposited by active bottom water and not by pelagic sedimentation.  

Biomarker analyses were performed on oil produced from a fractured reservoir within the 

Pierre Shale, overlying the Sharon Springs Formation in the Florence-Cañon City Field. These 

analyses were then compared with source rock extract samples taken from the Sharon Springs 

Formation in the Bull core, as well as extract samples taken from the Niobrara Formation in the 

Patriot core. The results corroborate the pyrolysis analyses which indicate that the Sharon 

Springs is a Type II marine source rock and on the immature side of the oil and gas generation 

window. Biomarkers also indicate that the oil sample is relatively more mature than source rock 

extract suggesting that oil migrated within the reservoir from further down dip. These analyses 

also suggest that while previous authors have concluded that the oil produced in the Florence-

Cañon City Field was sourced from the Sharon Springs Formation, it may have mixed with oils 

from the Niobrara Formation during migration.  

Ultimately it was determined that the Sharon Springs Formation was deposited in 

offshore sediment gravity flows and not through pelagic sedimentation. It was also determined 
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that the Gammon Ferruginous Formation is a transitional member between deep water calcium 

carbonate deposition and the approaching siliciclastic wedge of the Sharon Springs.  Bottom-

water conditions were likely well mixed and not stagnant or anoxic. This depositional system 

explains why TOC and hydrogen index increase to the east, with increased distance from the 

detrital source. These units were likely preserved from bacterial degradation by euxinic 

conditions below the sediment water interface. High primary productivity is also likely 

contributing to the overall organic carbon content of these units. Primary productivity in this case 

is potentially a result of frequent storm mixing of bottom water, resulting in algal blooms which 

then help to maintain euxinic conditions in the sediment. These units have excellent source rock 

potential due to this organic carbon preservation, but are relatively immature in most of the basin 

with one exception being the thermal anomaly associated with the Wattenberg field area. 

Because of this new depositional model for the Claggett Cyclothem, it is concluded that the 

stratigraphic framework has a direct control on the deposition and preservation of organic matter 

in this system. The zones with the highest TOC are the distal equivalent to the prograding 

clinoforms of the Blackhawk and Castlegate formations and represent a condensed interval of 

several 3rd order parasequences.  
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CHAPTER 6  

SUGGESTED FUTURE WORK 

Quantitative analysis can be performed on thin sections collected in this study. It has 

been postulated that organic matter preservation is a result of concentration at the toes of 

clinoforms, adsorption of dissolved organic matter onto clay minerals, and low oxygen diffusion 

rates in fine-grained sediment resulting in reducing environments below the sediment water 

interface. By comparting quantitative analysis off grainsize distribution with organic matter 

preservation, a stronger argument could be made for this mode of organic matter preservation 

than the qualitative observations made in this study. Organic matter preservation is a significant 

area of ongoing research among sedimentologists and geochemists, and quantifying this 

hypothesis may add important data to that discussion.  

Further work can also be performed on proving or disproving the role adsorption has 

played on organic matter preservation, as a continuation of the work performed by Kennedy and 

others (2002). Abundant bentonites and amorphous organic matter are present in cores 

throughout the Denver Basin, by using detailed XRD and SEM analysis, the same conclusions 

could be reached about the adsorption potential for clay particles delivered in offshore currents 

compared to those delivered through pelagic settling as part of bentonite deposits.   

Thin sections in this study have all been cut perpendicular to bedding planes. Thin 

sections cut parallel to bedding planes are important for understanding the morphology and 

extent of bioturbation. When scanned, these thin sections can provide supporting evidence for 

areas with extensive bioturbation and burrowing (after Schieber, 2016). 

One potential improvement on regional correlations of slope sedimentation with distal 

deposits would be regional seismic data, particularly through the Wattenberg Field area. This 

seismic data would support arguments made for basin wide correlations of organic-rich units and 

their up dip sandy equivalents.  

Understanding the diagenetic processes within the Sharon Springs formation may also 

shed some light on depositional environment within the Denver Basin, particularly on the eastern 

margin of the basin.  Further work needs to be done on the phosphatic unit described in Kansas 
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by Gill and others (1972). This unit may be interesting particularly in terms of is geographic 

extent, biostratigraphic zonation XRD and XRF characteristics.  

Finally, the same biostratigraphic and depositional relationships have been studied in the 

Powder River Basin, but one important element for future exploration would be to correlate 

across the Powder River Basin with the Denver Basin and the Greater Green River Basin. 

Outcrops in Wyoming and North and South Dakota could be described in order to better 

understand the change in depositional style throughout the WIS. With more logs to correlate, this 

could be accomplished through subsurface mapping and connecting that data with outcrop. The 

result of this correlation may include a better understanding of tectonic effects on stacking 

patterns throughout the region, including Wyoming where the Sharon Springs is described as 

primarily part of the TST.  
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APPENDIX A 

SRA DATA 

Table A.1 Source Rock Analyses 

Depth TOC S1 S2 S3 
Tmax 
(°C) 

HI OI PI 

Tebo 32-2 
7404.3 1.24 0.36 2.42 0.36 445 196 29 0.129 
7413.15 1.67 0.53 4.05 0.34 444 242 20 0.116 
7424.95 1.39 0.55 3.10 0.45 444 224 32 0.151 
7434.1 1.43 0.56 2.91 0.31 443 203 22 0.161 
7446.6 1.34 0.55 2.71 0.28 445 202 21 0.169 
7455.8 1.43 0.63 3.28 0.32 444 229 22 0.161 
7463 1.64 0.87 3.74 0.79 445 228 48 0.189 

7470.75 1.91 1.58 5.57 0.36 446 291 19 0.221 
7478.5 1.29 0.66 2.82 0.26 447 219 20 0.190 
7489.95 1.45 0.88 3.83 0.23 447 265 16 0.187 
7498.95 1.85 1.12 4.52 0.23 446 244 12 0.199 
7508.8 1.80 1.10 4.10 0.29 444 228 16 0.212 
7518.2 1.53 0.88 3.57 0.20 449 233 13 0.198 
7526.05 1.84 1.05 4.02 0.39 447 219 21 0.207 
7536.65 1.56 0.90 3.44 0.20 448 221 13 0.207 
7548.05 1.93 1.24 3.80 0.57 448 197 30 0.246 
7552.9 1.82 1.40 4.16 0.25 446 229 14 0.252 
7566.7 1.87 1.44 5.05 0.23 448 270 12 0.222 
7577.25 1.76 1.30 3.92 0.26 448 223 15 0.249 
7586.8 2.03 1.65 4.76 0.26 446 235 13 0.257 
7597.75 2.21 1.68 4.87 0.38 447 220 17 0.256 
7606.7 1.53 1.54 4.16 0.28 446 271 18 0.270 
7617.2 2.68 2.56 8.29 0.22 446 310 8 0.236 
7631.2 2.35 2.09 6.34 0.24 448 270 10 0.248 
7639.85 4.73 4.80 15.53 0.28 444 328 6 0.236 
7652.35 2.57 2.59 8.02 0.19 447 313 7 0.244 
7661.2 1.83 1.23 3.69 0.26 447 202 14 0.250 
7668.75 1.86 1.46 4.86 0.62 446 261 33 0.231 
7675.1 1.20 0.67 2.10 0.60 449 175 50 0.242 
7682.2 2.16 1.75 4.85 0.24 445 225 11 0.265 
7688.4 2.33 2.15 5.94 0.55 442 255 24 0.266 
7701.85 1.45 1.18 3.11 0.34 445 215 23 0.275 
7709.1 1.57 1.20 3.81 0.28 448 243 18 0.240 
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Table A.1 Continued 
7712.15 1.84 1.29 4.41 0.36 450 239 20 0.226 
7718.1 1.83 1.63 4.87 0.31 446 267 17 0.251 
7724.05 2.37 1.97 7.11 0.31 447 300 13 0.217 
7730.55 2.79 2.47 9.17 0.39 444 329 14 0.212 
7733.85 0.48 0.25 0.95 0.21 438 199 44 0.208 
7735.7 2.26 4.26 5.57 0.72 444 247 32 0.433 
7737.4 1.83 5.06 5.41 0.46 441 296 25 0.483 
7738.85 1.57 6.25 3.85 0.45 437 245 29 0.619 
7739.8 3.96 2.55 12.91 0.34 444 326 9 0.165 
7741.3 4.54 3.42 12.90 0.45 438 284 10 0.210 

Windmill 05-23H 
5991.25 6.78 5.06 22.91 0.33 448 338 5 0.181 
5994.5 5.47 4.72 17.24 0.26 444 315 5 0.215 
5997.6 3.41 2.94 9.76 0.21 448 286 6 0.231 
6000.7 2.84 2.60 9.33 0.22 447 328 8 0.218 
6003.3 2.53 1.97 7.24 0.39 446 287 15 0.214 
6006.35 2.26 1.70 6.15 0.31 448 272 14 0.217 
6009.6 3.64 2.56 10.28 0.35 449 282 10 0.199 
6012.7 5.31 5.22 18.72 0.31 445 352 6 0.218 
6015 4.67 5.29 16.02 0.23 445 343 5 0.248 

6018.4 5.66 4.78 19.21 0.32 446 340 6 0.199 
6021.4 4.09 3.53 13.25 0.34 447 324 8 0.210 
6024.15 3.02 3.28 9.92 0.33 448 329 11 0.248 
6027.25 2.64 2.68 8.35 0.35 444 316 13 0.243 
6030.2 6.01 4.40 16.25 0.53 441 270 9 0.213 
6033 1.89 5.61 6.79 0.41 436 360 22 0.452 

6036.5 1.75 5.53 6.08 0.35 437 348 20 0.476 
6039.2 1.14 5.04 4.20 0.38 430 369 33 0.545 
6042.3 3.13 5.32 9.98 0.54 438 319 17 0.348 
6045.2 3.33 4.54 10.53 0.35 438 317 11 0.301 

Child VO 
8419.35 3.78 1.25 12.82 0.14 447.10 339 4 0.089 
8425.3 3.05 0.94 8.01 0.12 446.00 262 4 0.105 
8435.76 3.56 1.21 11.58 0.12 445.80 325 3 0.095 
8445.62 5.67 2.35 25.20 0.12 439.50 444 2 0.085 
8451.2 6.03 3.82 26.70 0.09 439.70 442 1 0.125 
8458.2 5.42 2.28 22.69 0.11 440.40 418 2 0.091 
8463.7 6.13 2.05 28.81 0.14 443.60 469 2 0.066 
8469.3 4.14 1.90 15.93 0.10 447.40 384 2 0.107 
8475.3 2.58 1.30 6.92 0.25 441.00 268 10 0.158 
8478.5 2.98 2.04 9.46 0.26 440.80 317 9 0.177 
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Table A.1 Continued 
Bull 42-4 

2963.5 2.96 1.94 8.80 0.16 429.90 297 5 0.181 
2965.7 4.36 1.98 20.88 0.23 436.20 478 5 0.087 
2967.7 5.52 3.10 28.64 0.21 437.00 518 3 0.098 
2969.4 6.43 3.87 35.66 0.24 437.10 554 4 0.098 
2971.5 6.16 4.09 32.16 0.18 437.30 522 3 0.113 
2973.5 7.37 4.67 40.93 0.23 436.30 555 3 0.102 
2975.5 6.34 4.12 30.45 0.19 435.60 480 3 0.119 
2977.5 5.94 3.27 29.18 0.18 436.80 491 3 0.101 
2979.7 5.58 2.97 28.11 0.15 437.70 503 3 0.096 
2981.5 6.03 3.28 29.51 0.16 436.60 489 3 0.100 
2983.5 5.97 3.27 30.24 0.42 437.40 506 7 0.098 
2985.4 4.95 2.69 25.08 0.26 437.00 506 5 0.097 
2987.5 5.35 2.60 24.86 0.46 436.30 464 9 0.095 
2989.3 4.43 2.68 22.18 0.31 436.60 500 7 0.108 
2991.5 4.28 2.45 18.88 0.36 433.80 4 8 0.115 

Bibma 13-21 
1310 4.03 0.20 18.17 0.28 427.78 451 7 0.010 
1316 4.62 0.34 26.10 0.31 422.22 565 7 0.010 
1317 4.00 0.25 19.52 0.24 421.11 488 6 0.010 
1323 3.87 0.26 16.53 0.40 421.11 427 10 0.020 
1329 5.37 0.53 33.87 0.59 422.22 631 11 0.020 
1335 6.16 0.78 41.35 0.59 416.11 671 10 0.020 
1341 4.36 0.45 24.15 0.35 417.22 554 8 0.020 
1347 4.08 0.50 23.08 0.38 420.00 566 9 0.020 
1353 3.93 0.38 19.29 0.28 420.00 491 7 0.020 
1359 5.80 0.75 34.67 0.49 412.22 598 8 0.020 
1365 3.36 0.42 19.33 0.95 411.11 575 28 0.020 
1371 5.36 0.69 32.08 0.41 417.22 599 8 0.020 
1377 5.89 0.78 34.70 0.47 417.78 589 8 0.020 
1383 6.14 0.88 45.63 0.36 417.78 743 6 0.020 
1384 6.00 0.88 43.93 0.34 413.89 732 6 0.020 
1390 10.84 2.15 83.01 0.46 417.78 766 4 0.030 
1396 5.89 0.82 37.49 0.42 417.78 637 7 0.020 
1402 6.17 0.95 48.63 0.61 416.11 788 10 0.020 
1408 4.89 0.68 29.36 0.91 421.11 600 19 0.020 

1414.2 3.89 0.59 27.57 0.63 412.78 709 16 0.020 
1420 3.08 0.39 16.09 0.74 411.11 522 24 0.020 
1426 2.99 0.53 16.61 0.85 411.11 556 28 0.030 
1427 2.63 0.37 12.97 0.74 407.78 493 28 0.030 
1433 2.56 0.41 13.15 0.74 406.11 514 29 .030 

 



153 
 

APPENDIX B 

XRD DATA 

Table B.1 XRD Data 

 

Bull 42-4 
Depth Quartz Feldspar Calcite Dolomite Pyrite Clay 
2964 22 1 0 0 26 39 
2966 27 0 0 1 5 57 
2968 31 1 0 2 4 50 
2969 25 1 3 1 6 54 
2972 26 1 0 3 6 55 
2974 25 0 1 3 10 53 
2976 24 1 0 2 15 50 
2978 23 1 1 4 8 57 
2980 25 0 0 4 7 58 
2982 23 0 1 4 10 56 
2984 27 0 0 2 8 55 
2985 25 1 0 3 8 57 
2988 25 0 0 3 7 58 
2989 27 1 0 2 8 53 
2992 24 0 0 3 10 55 

Bibma 13-21 
Depth Quartz Feldspar Calcite Dolomite Pyrite Clay 
1310 28 2 0 1 11 48 
1323 27 3 0 1 14 48 
1341 30 2 0 2 14 43 
1347 30 2 0 2 12 48 
1359 31 2 0 3 16 42 
1371 30 2 0 3 21 39 
1377 30 2 0 4 16 40 
1402 27 2 19 3 10 35 
1408 12 1 45 2 13 24 
1414 6 1 69 0 10 10 
1441 2 1 92 0 3 1 
1447 4 1 75 1 12 5 
1459 6 1 69 0 14 9 
1465 5 1 70 1 17 3 
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Table B.1 Continued 

Byrkit 15-30 
Depth Quartz Feldspar Calcite Dolomite Pyrite Clay 
2616 23 8 0 0 24 38 
2617 17 9 0 0 30 35 
2620 23 8 0 0 19 42 
2625 31 12 0 2 14 41 
2627 28 11 0 0 21 36 
2630 31 10 0 0 31 24 
2635 23 6 18 1 16 35 
2640 11 4 65 1 5 13 
2658 4 2 87 0 3 3 
2685 2 3 92 0 1 1 
2723 17 5 29 3 20 25 
2729 9 3 69 1 7 10 
2731 12 3 54 3 11 16 
2731 12 2 54 3 13 14 

Child VO 
Depth Quartz Feldspar Calcite Dolomite Pyrite Clay 
8419 28 1 0 2 5 46 
8425 29 1 0 3 5 45 
8436 29 1 0 2 6 47 
8446 26 1 0 4 9 44 
8451 27 1 0 5 10 38 
8458 27 1 0 3 13 36 
8464 29 1 0 7 5 37 
8469 39 1 0 4 4 34 
8475 7 0 70 3 4 10 
8478 7 0 68 2 6 11 
8484 4 0 72 13 2 5 
8493 9 0 69 1 4 11 
8505 8 0 60 2 5 5 
8514 8 0 63 2 4 11 
8524 12 0 50 3 5 13 

Tebo 32-2 
Depth Quartz Feldspar Calcite Dolomite Pyrite Clay 
7598 32 8 0 0 2 47 
7612 31 8 0 0 3 47 
7623 34 7 0 0 3 45 
7631 36 7 0 0 2 43 
7644 31 8 0 0 3 51 
7652 30 10 0 0 2 51 
7662 30 9 0 0 4 47 
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Table B.1 Continued 

7677 35 10 0 0 2 49 
7686 27 7 0 0 10 46 
7699 33 4 0 0 3 52 
7708 37 4 0 0 2 47 
7715 34 4 0 0 2 48 
7720 36 4 0 0 2 46 
7727 33 4 0 0 3 47 
7733 29 5 10 0 3 40 
7747 30 4 11 0 1 41 
7754 31 4 9 0 2 43 
7757 29 3 16 0 2 39 
7763 28 4 14 0 2 42 
7769 13 3 55 0 3 16 
7776 6 2 79 0 3 5 
7779 5 0 4 0 36 52 
7781 6 2 78 0 2 7 
7783 8 2 75 0 4 6 
7784 4 1 90 0 3 1 
7785 7 2 68 0 6 9 
7787 3 1 87 0 2 1 
7788 2 0 94 0 2 0 
7791 2 1 93 0 2 0 
7791 3 1 88 1 1 1 
7795 5 1 81 0 5 5 
7797 5 2 84 0 3 3 
7800 7 2 74 0 5 8 
7802 8 2 74 0 5 7 
7803 12 2 58 0 9 13 
7805 9 2 67 0 6 11 

Windmill 05-23H 
Depth Quartz Feldspar Calcite Dolomite Pyrite Clay 
5991 27 3 0 1 10 49 
5998 32 3 0 0 3 55 
6003 29 2 0 8 6 48 
6010 30 3 5 6 5 50 
6015 21 1 25 4 11 34 
6022 25 1 15 5 8 41 
6028 23 1 25 4 10 34 
6033 5 0 68 1 14 7 
6039 2 1 87 0 3 4 
6045 6 0 68 1 12 10 

 


