
 

 

 

 

 

 

 

 

 

 

CARBON CAPTURE, UTILIZATION, AND STORAGE (CCUS) POTENTIAL FOR THE 

NIOBRARA A AND B INTERVALS AT REDTAIL FIELD,                                               

WELD COUNTY, COLORADO 

 

 

 

 

 

 

 

 

 

 

 

 

 

by 

Chris Beliveau 



ii 
 

A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of 

Mines in partial fulfillment of the requirements for the degree of Master of Science (Geology). 

 

Golden, Colorado 

Date: _______________________ 

 

Signed: _____________________________ 

Chris Beliveau 

 

 

Signed: _____________________________ 

Dr. Stephen A. Sonnenberg  

Thesis Advisor 

 

 

 

 

Golden, Colorado 

Date: _______________________ 

 

Signed: _____________________________ 

Dr. Wendy Bohrson 

Professor and Department Head 

Geology and Geological Engineering 

 

 

 

 



iii 
 

ABSTRACT 

Carbon capture, utilization, and storage (CCUS) is the process of capturing carbon 

dioxide (CO2), injecting it into reservoirs to enhance oil and gas production, and safely and 

permanently storing it in the subsurface. This process has become more common in the oil and 

gas industry both as a technology to enhance production, and for companies to work towards 

carbon neutrality. While carbon capture, and storage (CCS) has sometimes garnered more 

attention, carbon capture, utilization, and storage (CCUS) is more attractive as it offers the 

additional economic incentive of increased hydrocarbon production as primary and secondary oil 

and gas recovery methods can still leave up to ~80% of oil in the reservoir. CCUS is used for 

enhanced oil recovery and can be a more effective technology for recovering additional 

hydrocarbons with the added benefit of safely sequestering CO2 in the subsurface. CCUS is 

continuing to expand and has the potential to capture ~6GtCO2 per year by 2050. 

The Niobrara System was deposited in the Western Interior Cretaceous Seaway (WICS) 

during the Late Cretaceous by a series of sea level transgressions and regressions. Carbonate 

deposition in the WICS was controlled by cooler, oxygen-rich water from the north, mixing with 

warmer, oxygen-poor water from the south. In the Denver-Julesburg Basin, the carbonate-rich 

Niobrara A and B chalk beds exhibit favorable petrophysical properties for hydrocarbon 

production with increased resistivity and porosity. Consequently, they have both been 

extensively produced in recent years, and it is important to evaluate this reservoir as a potential 

CCUS target. 

Core data from the Razor 25-2514H well in Redtail Field was evaluated to determine if 

the Niobrara A and B could be a viable CCUS target. Porosity and permeability measurements 

combined with production flow and injection treatments of CO2 acting on the core plugs to 
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replicate primary and EOR production were used to determine if the reservoir properties in the 

Niobrara A and B are favorable for CCUS. Results from the Redtail Field study area can then be 

applied to other fields in the Denver-Julesburg Basin leading to increased hydrocarbon recovery 

and the safe storage of CO2. 
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CHAPTER 1 

INTRODUCTION 

 Carbon capture, utilization, and storage (or CCUS) has the possibility to be a 

revolutionary technology in facilitating and increasing the production of oil and gas while 

trapping carbon dioxide in the subsurface. While EOR with CO2 has been widely deployed in the 

Permian Basin, (Rice University, 2019) no large-scale projects have been completed in the 

Niobrara Formation of the Denver-Julesburg Basin. With core data from the Redtail Field 

supplied by Whiting Petroleum, this research project examined the geologic parameters seen as 

drivers of CCUS based on previous work and developed a methodology to empirically determine 

the feasibility of CCUS over the Niobrara A and B Members. An outline of the Redtail Field 

study area in northeast Colorado with a rough outline of the Denver-Julesburg Basin is shown in 

Figure 1.1. 

 
Figure 1.1 Redtail Field study area shown in northeast Colorado contoured on the Niobrara A 

structure and zoomed out over the Denver-Julesburg Basin as outlined. 
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The Upper Cretaceous Niobrara was deposited ~81.7 to 89 million years ago 

(Sonnenberg, 2011) and is an alternating series of chalks and marls with total organic carbon 

(TOC) ranging from ~2-6 wt.% (Sonnenberg, 2020). As shown in Figure 1.2, the Upper 

Cretaceous is composed of source rocks from the Sharon Springs Member down to the Skull 

Creek Shale (Sonnenberg, 2011). This research project focused on the Niobrara A and B, and 

particularly applications of CCUS on these reservoirs.  

 

Figure 1.2 Generalized stratigraphic column for the Niobrara specifically for the Wattenberg 

Area (Sonnenberg, 2011). 

 

With technological advances around CCUS and an increased interest in it as a tool to 

mitigate the potential negative effects of rapidly increasing CO2 emissions, CCUS is projected to 
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be a major force in CO2 mitigation. CCUS is projected to have exponential growth in 

deployment over the coming decades, expected to increase more than 10 times by 2050 

(Serdoner, 2019). This projection is based on scientific advances improving the economic 

outlook of the technology as well as political and public headwinds moving more towards carbon 

dioxide mitigation. Figure 1.3 shows CCUS (synonymous with enhanced oil recovery or EOR) 

deployment increasing rapidly through 2050.  

 
Figure 1.3 Modified graph of CCS, CCU, and EOR projections through 2050 showing a rapid 

increase in CCUS deployment (Serdoner, 2019). 

 

 

Understanding unconventional reservoirs and their amenability to CCUS is important 

given that most oil and gas exploration and production today is from unconventional reservoirs. 

In Redtail Field, there have been ~336 horizontal wells drilled and completed in the Niobrara B 

and ~158 horizontal well drilled and completed in the Niobrara A, with combined cumulative 

barrels of oil exceeding 60MM, and MCF of gas exceeding 120MM. This prolific production 
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combined with the relative lack of experimentation in Redtail Field makes studying CCUS 

worthwhile.  

To test the hypothesis that Redtail Field is an optimal location for CCUS, this research 

focused on lab work with core plug data from the Niobrara A and B in Redtail Field, specifically 

examining geologic characteristics and replicating reservoir production. To replicate reservoir 

production, core plugs were saturated with n-Dodecane, an oily n-alkane hydrocarbon (ChEBI, 

2019) and subjected to a pressurized flooding with CO2. Conducting lab tests in conjunction with 

analyzing the petrophysical properties of the Redtail Field helped assess the viability of carbon 

capture, utilization, and storage across the Niobrara A and B from multiple perspectives, tying 

lab results to Redtail Field.   
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CHAPTER 2 

PURPOSE & OBJECTIVES 

 The main objective of this study was to assess the viability of carbon capture, utilization, 

and storage (CCUS) over the Niobrara A and B intervals of Redtail Field in the Denver-

Julesburg Basin and explore the geological parameters important for this application. This 

involved running lab tests over core plugs to empirically determine porosity, permeability, and 

pore space as well as flooding CO2 over core plugs to determine primary and EOR recovery. A 

method was then determined to tie these lab results to Redtail Field using porosity cutoff as the 

key metric in extrapolating results. 

The general process of CCUS was explored and summarized and this study looked at 

current projects and past geologic screening criteria as part of the considerations for deploying 

this technology. Various CCUS studies and literature were examined to use as a proxy and 

starting point for research. To summarize the results, an analysis was performed on net pay, well 

locations, the API gravity of oil, and flowing tubing pressure (FTP) to determine a sweet spot in 

Redtail Field culminating in a final play analysis over the field. 
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CHAPTER 3 

CARBON CAPTURE, UTILIZATION , AND STORAGE (CCUS) OVERVIEW 

3.1 Carbon Capture, Utilization, and Storage (CCUS) Process 

Carbon capture, utilization, and storage (or CCUS) as it applies to the oil and gas industry 

is the emerging technology to capture CO2 from large point sources such as industrial power 

plant facilities or through direct air capture and subsequent utilization by injection into 

geological formations thus successfully storing the CO2 underground for permanent storage 

(IEA, 2021). 

The basic process of CCUS as it pertains to power plant and oil separator facilities can be 

broken down into a few steps. For carbon capture, as flue gas and CO2 are expelled during oil 

and gas operations and production and sent to a facility, the flue gas and CO2 is captured. From 

there, CO2 is separated through an additive solvent and heated in order to recover the carbon in a 

separate cylinder. Finally, the mixture is heated again to recover the CO2 where it is cooled and 

can be used for various purposes including to produce more hydrocarbons (Total, 2018). 

 For the utilization and storage portion, as illustrated in Figure 3.1, once the CO2 is 

separated out, it is returned to the naturally sealed formation (or reservoir), where it becomes 

miscible with the oil left in place to expel more hydrocarbons. Generally speaking (but very 

dependent on reservoir conditions), after CCUS injection ~60% of CO2 is sequestered in the 

subsurface (University of North Dakota, 2021). 
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Figure 3.1 CCUS process schematic showing a closed loop system of CO2 being separated out by 

an oil separator and injected back into a naturally sealed formation in the subsurface to expunge 

more hydrocarbons while storing the CO2 in place (University of North Dakota, 2021). 

 

 There are various designs (Figure 3.2) for how CO2 is returned into the reservoir 

including, but not limited to, a continuous CO2 flood, a CO2 flood followed by water, CO2 and 

water alternating then transitioning to only water (or gas then water), and finally, tapered water 

alternating gas or TWAG, which is the most common technique. With TWAG, CO2 is tapered 

off over time in favor of water where the water acts as a ñslugò to push hydrocarbons through the 

reservoir to production (Jarrell et al., 2002). Often times, the approach of water and alternating 

gas for flooding helps mitigate the tendency for the lower viscosity CO2 to get ahead of, or 
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override, the oil. This alternating process tends to spread out the flood front and therefore 

increase the sweep efficiency (Rice University, 2019). This method can typically increase 

incremental oil recovery by 5 to 25% (Holm, 1987). 

 

Figure 3.2 CO2 flood and injection designs schematic showing the most common injection 

design and the injection design used for lab work. Modified from (Jarrell et al., 2002). 

 

A common approach to CO2 injection is the ñhuff-n-puffò method which is also 

considered a cost-effective method of recovery. Huff-n-puff is where CO2 is injected into a 

producer for hours to days, followed by the shutting in the well, and finally re-opening the well 

for fluids to be produced. The basic EOR mechanisms for this are as follows: 1. Viscosity 

reduction, 2. Oil swelling and an increase in saturation, 3. Solution drive by CO2, and 4. 

Hydrocarbon extraction by CO2. The soaking time, number of cycles, pressure, and injection rate 

are all important considerations (Wang et al., 2017). The huff-n-puff approach was examined and 

analyzed through lab experimentation outlined in Chapter 6.  
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The mechanisms that worked to trap oil within the reservoir also work to trap CO2 and 

ensure that it will stay trapped. There are four different general ways that CO2 can be safely 

trapped: structurally or stratigraphically beneath an impermeable barrier, residually as an 

immobile phase because of relative permeability, dissolution trapping in reservoir brine and oil, 

and mineralization (Hosseininoosheri et al., 2018). These four mechanisms are illustrated in 

Figure 3.3. 

 

Figure 3.3 CO2 trapping mechanisms showing structural trapping, residual/permeability trapping, 

dissolution trapping, and mineral trapping modified from (Hosseininoosheri et al., 2018). 

 

 Of these four trapping mechanisms, studies have shown that stratigraphic trapping 

represents the highest chance of leakage because CO2 is still in a supercritical phase. A 

supercritical phase is where CO2 is subjected to a critical temperature and pressure where it acts 

as a gas, but with the density of a liquid (so is therefore still in a mobile phase). This is further 
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discussed in Chapter 3.2. Trapping by mineralization is the safest mechanism. Structural trapping 

is the most active trapping mechanism and over time the CO2 becomes residual and dissolves 

into water. The change in structural trapping over time is shown in Figure 3.4. Once CO2 is 

dissolved into water, it can then react with the rock to eventually become trapped through 

mineralization (Hosseininoosheri et al., 2018). 

 
Figure 3.4 Change over time in structural trapping where structurally trapped CO2 becomes more 

trapped residually and by solubility (Hosseininoosheri et al., 2018). 

 

Given that CO2 is more reactive in the subsurface over time compared to CH4, Figure 3.5 

is a hypothetical view of how mineralization becomes a more dominant mechanism overtime. 

There can initially be more dissolution than precipitation and eventually mineralization becomes 

the dominant mechanism for most of the CO2 storage (Eleson, 2023). Due to how carbonates 

(e.g., the Niobrara A and B chalks) react overtime with CO2, there is a higher propensity for 

faster mineralization (Hargis et al., 2021). 
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Figure 3.5 CO2 interaction over time showing more of a trapping effect compared to CH4. Over 

time, especially with carbonates because of CO2 reactivity, there is a ñcapillary snap offò and the 

CO2 is stuck in the pore spaces (Eleson, 2023). 

 

Calculating the trapped CO2 can be done in a number of ways, but a common approach 

(Hosseininoosheri et al., 2018) is to look at the amount of injected CO2 as a function of the 

summation of: CO2 dissolved in oil, CO2 dissolved in brine, residual CO2 because of relative 

permeability, mobile CO2, mineralized CO2 (trapping due to mineral precipitation), and CO2 

produced. The ñeffectivenessò of trapping is simply the difference between the amount of CO2 

injected versus the amount of CO2 produced. 

 To evaluate CCUS, the gross and net utilization ratio (Figure 3.6) can be used 

(Hosseininoosheri et al., 2018). This method provides an ñapples-to-applesò comparison for 

effectiveness of CO2 storage across various fields and plays. 
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Figure 3.6 Modified image of ratios of injected CO2 to produced oil both gross and net 

(Hosseininoosheri et al., 2018). 

 

 Studies evaluating the nature of CO2, methane, and nitrogen with crude oil at reservoir 

conditions have shown that CO2 behaves in a preferable manner in the reservoir. It is more easily 

dissolved into oil and the dynamic viscosity is two to three times higher than comparable gasses 

(e.g., methane and nitrogen) and has preferable compressibility (Kumar et al., 2018). 

When flooding heterogeneous reservoirs with CO2, various chemical agents are typically 

added to the injected fluid to reduce any potential problems that can arise. To increase the 

exposure of CO2 by increasing its exposure to displacing hydrocarbons left in the reservoir, 

various chemicals can be laced with nanoparticles which increase viscosity and improve the 

overall EOR efficiency (Fakher & Imqam, 2020). The addition of these nanoparticles, which 

create ñfoaming agentsò acts to reduce the gravitational separation of injected fluids for 

ñmaximum sweep efficiencyò. The nanoparticle surfactants are hydrophilic (i.e., they are 

attracted to water molecules) at one end and on the other end, hydrophobic (i.e., they repel water) 

and lipophilic (meaning they are attracted to oils or fats) (Al -Shargabi et al., 2022). This unique 

combination allows for a reduction in the natural surface tension of water and oil which increases 

the contact angle and causes wetting tension to decrease 8 to 10 times than it otherwise would be 

(Hu et al., 2018). The effect is seen in Figure 3.7. This application of chemical EOR is outside 

the scope of this report but an understanding of nanoparticle reaction with hydrocarbons is 

important in the overall scope of EOR. 
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Figure 3.7 Illustration of the effect of a foaming agent created by enhancing CO2 with 

nanoparticle surfactants to decrease the surface tension between water and oil and free up more 

hydrocarbons (Al -Shargabi et al., 2022). 

 

3.2 Properties of Carbon Dioxide 

Given atmospheric pressure and temperature, CO2 is a colorless, odorless gas that is ~1.5 

times heavier than air (Verma, 2015). CO2 has proven successful in heavy oil or fractured 

reservoirs, and it is justifiably under consideration for tight oil reservoirs (Tovar et al., 2014). For 

the purposes of CCUS where CO2 is subjected to the pressure and temperature of the subsurface, 

it is important to observe and understand the ñphenomenonò of CO2 reaching ñsupercritical 

stateò as shown in Figure 3.8. CO2 reaching a supercritical state achieved with a pressure above 

~1,070.6psi, and a temperature above ~87.9°F. Once supercritical state is reached, CO2 and 

liquids can coexist. The density of CO2 at this point is close to a liquid, but its viscosity is 

relatively low (~0.05-0.08 cp) which lowers the viscosity of the oil in place (Verma, 2015). This 

low density of CO2 while in a more ñliquidò like phase helps expunge and extract hydrocarbons 

easier than gaseous CO2 (Jarrell et al., 2002). 
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Figure 3.8 Pressure and temperature parameters where different stages of CO2 states are achieved 

showing the supercritical fluid point at a pressure and temperature threshold (Department of 

Energy, n.d.). 

 

 Injected CO2 can become miscible or remain immiscible with oil depending on pressure, 

temperature, and the properties of the oil in formation. A miscible reaction is preferred as it 

typically results in higher oil recoveries (Verma, 2015). In addition, the ñswellingò of CO2 in oil 

will help improve sweep efficiency which results in additional oil recovery (Martin & Taber, 

1992). Sweep efficiency is strongly dependent on mobility ratio (the rate and efficiency of oil 

displacement by other fluids) where the lower the mobility ratio, the higher the sweep efficiency. 

This sweep efficiency is also dependent on the purity of the CO2 injected. Miscible CO2 flooding 

can be used to recover oil with an API gravity higher than 25° (which is observed in the 

Niobrara) and with a CO2 source available, miscible CO2 flooding will be more cost effective 
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than using natural gas. A breakdown of gases used for miscible gas injection by minimum 

miscibility pressure (MMP), sweep efficiency, cost, and in-situ oil needed is shown in Table 3.1 

where CO2 lowers the MMP required (Wang et al., 2017). 

Table 3.1 Recreated table of comparison of different gases for miscible gas injection where CO2 

has a high sweep efficiency and is effective if in situ oil is greater than 25° API (Wang et al., 

2017). 

 
 

 Fracture systems, which are particularly prevalent in the Niobrara, play an important role 

in CO2 flow and unconventional plays. Fractures at different scales increase the contact area 

between CO2 and the matrix and impact the overall flow and transport process where CO2 could 

dominate flow through the fractures as they offer the least resistance and could disrupt the flow 

of CO2 into the matrix (Wang et al., 2017). 

3.3 CCUS Geologic Parameters 

 The main objective of this study is to determine the geologic parameters suitable for 

CCUS. Among other variables, this project examined the API gravity of oil, pressure, 

temperature, reservoir thickness, permeability, porosity, and reservoir dip. While a variety of 

reservoirs are suitable for CCUS as illustrated in Table 3.2, the miscibility of CO2 with oil is 

preferable as that better facilitates production (Koottungal, 2012). 
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Table 3.2 Recreated table showing EOR projects broken into lithology, porosity, permeability, 

depth, gravity, viscosity, and temperature (Koottungal, 2012). 

 

 

Research (Gozalpour et al., 2005) shows that the API gravity of oil and remaining oil 

saturation can make up almost half of the determining factor for CO2 enhanced oil recovery or 

EOR (Table 3.3). While this project focused on those factors empirically and analytically, other 

important factors such as pressure, reservoir thickness should also be considered. 

Table 3.3 Table weighting various parameters for suitable EOR reservoir (Gozalpour et al., 

2005). 
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As shown, pressure over minimum miscibility pressure (MMP) is an important 

consideration for CO2 EOR. MMP is considered to be the pressure where the interfacial tension 

(IFT) disappears (Saira et al., 2020). Oil recovery reaches a ñsteady stateò or flattens out, and 

shows diminishing returns when MMP is met (Verma, 2015) as displayed in a hypothetical sense 

in Figure 3.9. When reservoir pressure is above MMP, miscibility occurs and the higher 

weighted hydrocarbons vaporize into the CO2 (Merchant, 2010). When reservoir pressure is 

below MMP, recovery is not as favorable as CO2 and oil are not in a ñsingle phaseò (Martin & 

Taber, 1992). 

 

Figure 3.9 Representation to demonstrate when MMP reaches a steady state (Saira et al., 2020). 

 

The interfacial tension (IFT) is found to decrease as pressure increases and this 

relationship is nearly linear. Empirically, the IFT using modified CO2 was less than using pure 

CO2 where the addition of a polymer, alcohol, or surfactant can have a marked improvement in 

displacement efficiency. Looking at a simulated model, as shown in Figure 3.10, ethanol treated 

CO2 results in an increase in oil recovery, storage efficiency, and net stored CO2. Ethanol treated 

CO2 is defined where 4 wt.% is comprised of ethanol (Saira et al., 2020). Using ethanol plants as 
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a consideration for a CO2 source is examined in Chapter 3.6, so given the increased recovery 

factor with ethanol treated CO2, this increases the potential viability of this source. 

 

Figure 3.10 3D simulated model results for immiscible, near miscible, and miscible conditions 

for (a) oil recovery, (b) CO2 storage efficiency, (c) net CO2 stored showing ethanol-treated CO2 

enhancing each (Saira et al., 2020). 

 

The Permian Basin contains the most active CO2 EOR projects primarily because its 

reservoirs are amenable to CO2 flooding, large natural sources of CO2 are in close proximity, and 

it is currently the most prolific basin in the United States. However, CO2 EOR projects are 

becoming more common in other regions because of the increasingly low cost of CO2 and 

general increased interest in the technology. Screening reservoirs for CO2 EOR relies heavily on 

finding a suitable depth, temperature, pressure, permeability, oil gravity, viscosity, and pore 

space as shown in Table 3.4 (Rice University, 2019).  



19 
 

Table 3.4 Table showing screening for CO2 EOR suitability by amended from (Rice University, 

2019). 

 

Screening Reservoirs for CO2 EOR Suitability 

Depth (ft.) 2,000' to 9,800' 

Temperature (°F) Less than 250 

Pressure (psi) Above 1,200 

Permeability (mD) Above 1   

Oil Gravity (API)  Above 27 

Viscosity (cp) Below 12 

Fraction of Pore Space Less than 0.25 

 

Comparing these parameters to the Niobrara A and B, most of the criterion are satisfied. 

Because the Niobrara A and B are unconventional reservoirs, permeability is well below what is 

considered ideal and pressure is below ideal, but not by a large margin. 

Table 3.5 Comparing ideal screening parameters in Table 3.4 to data from the Niobrara A and 

Niobrara B. When optimum value is met or close to being met, this is shown in green and yellow 

respectively. When results are substantially lower than the optimum value, this is shown in red. 

  "Ideal"  Niobrara A & B  

Depth (ft.) 2,000' to 9,800' ~5,000' to ~7,000' 

Temperature (°F) Less than 250 ~60-90(F) 

Pressure (psi) Above 1,200 ~500 to ~700 

Permeability (mD) Above 1   ~.002-.005 

Oil Gravity  (API)  Above 27 ~29-59 

Viscosity (cp) Below 12   

Fraction of Pore Space Less than 0.25   

 

3.4 CCUS Maturity & Current Projects 

Developed by NASA in the 1970s, the Technology Readiness Level (TRL) provides a 

snapshot as to the level of maturity of a given technology. It is used by the International Energy 

Agency (IEA) to show the readiness of a certain technology as shown below in Figure 3.11 (IEA, 

2020). 
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Figure 3.11 Readiness level scale for technological projects applied by the IEA (IEA, 2020). 

 

 By this measure, CCUS as it relates to oil and gas operations ranges from the small 

prototype to mature phase. Synthetic liquid hydrocarbon and shipping CO2 from a port to 

offshore is in the large prototype phase, CO2 for depleted oil and gas reservoirs is in the 

demonstration phase, CO2 storage for saline formations is in the early adoption phase, and 

finally, infrastructure for CO2 transport and use in Enhanced Oil Recovery (EOR) is in the 

mature phase (IEA, 2020). Although EOR is in the mature phase, there may be disagreement 

with the assertion of the growth being predictable as there are significant political headwinds and 

therefore economic uncertainty around CCUS. Additionally, there is still a significant amount of 

scientific work to be done in looking at different types of oil and gas plays. 

 Looking at the global pipeline of commercial CCUS facilities (Figure 3.12) both 

operating and in development from 2010-2021, we see tremendous growth from 2020 to 2021 
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with facilities both in advanced development and announced, where the majority of these 

facilities are for natural gas processing (IEA, 2021). 

 

Figure 3.12 Commercial CCUS facilities since 2010 operating, under construction, developing, 

and announced modified from (IEA, 2021). 

 

On a global scale, CCUS (EOR) is expected to capture ~6 gigatons of CO2 by 2050 

(Serdoner, 2019). To put this number in perspective, the world released 31.5 gigatons of CO2 in 

2021 which is close to 2019 levels and a ~4.8% increase from 2020 (IEA, 2021). Therefore, the 

projection of CCUS efforts in 2050 would represent ~19% of todayôs CO2 output. This was 

previously shown in Figure 1.3. 

 Current CCUS projects (Figure 3.13) in the United States are concentrated in the Permian 

Basin and constitute ~204.4 of the ~300 MMBbls/day of enhanced recovery as of 2019. While 

more limited, there is also activity in the Rocky Mountain region. Chevron, who is active in the 

Permian Basin and in the Rockies, now operates in the East Pony Field (Advanced Resources 

International, Inc., 2020) though as of yet has no known plans for EOR projects in this area. The 
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East Pony Field is adjacent to the Redtail Field where Fundare Resources is the primary operator 

in the Redtail Field. Part of the reason for the number of projects in the Permian is existing 

infrastructure as the industry has spent more than $1 billion on 2,200 miles of CO2 transmission 

and distribution pipeline infrastructure for CO2 flooding (Rice University, 2019). 

Table 3.6 Table of CCUS projects by enhanced recovery for end of year 2019 showing more 

than half the projects by number, enhanced recovery, and supply occurring in the Permian Basin 

region (Advanced Resources International, Inc., 2020). 

 

 

EOR projects are limited in the Rockies region both in the amount (17) making up only 

~12% of total, and by enhanced ~38.8MMBbls/day recovery making up ~13% of overall 

estimated recovery (Advanced Resources International, Inc., 2020).  

Figure 3.13 shows a geographical distribution of CO2 EOR projects where the majority 

are focused in the Permian Basin and Gulf Coast area. While there is activity near this reports 

study area in the Redtail Field, the relative lack of projects and subsequent production in the 

Denver-Julesburg Basin offers the opportunity for further study of the Niobrara A and B as a 

potential suitable target for CCUS. 
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Figure 3.13 Status of the U.S. for CO2 EOR projects for end of year 2019 (Advanced Resources 

International, Inc., 2020). 

 

Figure 3.14 summarizes current projects on a global scale for both CCUS and CCS with 

North America and Europe leading the way at 36 (of which 31 are in the United States) and 65 

projects respectively. In the United States, 21 of these 31 projects have a starting date of 2020 or 

later, demonstrating the immense growth and interest in CCUS projects.  

 
Figure 3.14 Recreated global CCUS projects by region showing most occurring in Europe and 

North America amended from (International Association of Oil & Gas Producers, January, 

2022). 
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3.5 Previous CCUS Work 

Previous research into CCUS often uses geological screening criteria as a basis for 

reservoirs in the United States that are suitable for the CO2 EOR process. These criteria include: 

gas to oil ratio (GOR), API gravity, reservoir volume, minimum reservoir thickness, minimum 

reservoir permeability, oil viscosity, minimum miscibility pressure, and reservoir fracture 

pressure (Carolus et al., 2018), (Warwick et al., 2017). A successful CO2 EOR project could add 

5 to 15 percent of original oil in place (OOIP) to ultimate recovery (Rice University, 2019).  

 An analog for a potential CCUS project in the Niobrara is the Lower Eagle Ford based on 

similar mineralogical compositions between both (Cho et al., 2016). Like the Niobrara, the 

Lower Eagle Ford was deposited during the late Cretaceous as a result of rapid deposition in a 

low energy marine environment, creating a laminated and calcareous organic rich shale (Hentz & 

Ruppel, 2010). Mineralogical data from XRD shows similar mineralogy comparing the Niobrara 

to the Lower Eagle Ford shown in Figure 3.15 where the dominant clay is illite and an illite-

smectite mixture is found in both the Lower Eagle Ford and Niobrara (Cho et al., 2016). 

 



25 
 

 

Figure 3.15 Ternary plot showing comparison of mineralogy from the Niobrara, Lower Eagle 

Ford, and Middle Bakken where the Niobrara and Lower Eagle Ford have a similar 

mineralogical composition (Cho et al., 2016). 

 

 Observing the porosity to permeability relationship, while the Niobrara overall has a 

higher permeability, the porosity range is similar as is the relationship looking at permeability as 

a function of porosity (Cho et al., 2016). This is shown in Figure 3.16.   

 

Figure 3.16 Crushed core porosity to permeability relationship from the Niobrara, Lower Eagle 

Ford, and Middle Bakken showing the Niobrara and Lower Eagle Ford having a similar 

permeability to porosity relationship where the Niobrara has approximately twice the 

permeability (Cho et al., 2016). 
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 Establishing the Lower Eagle Ford as an analog for the Niobrara, an EOR project to 

examine is one by EOG Resources in the Eagle Ford from 2016. Preliminary expectations by 

EOG estimated a production uplift of ~1.3x ï 1.7x (EOG Resources, 2016). Examining the 

success of this project, an analysis by American Resources International showed an uplift of 

~1.36x, which confirmed EOGôs estimate (National Energy Technology Laboratory, 2019). This 

data provides some promise to the viability of future projects. Understanding the geologic 

parameters of the Niobrara is imperative for this study to determine how the Niobrara could be 

uniquely suited (or not suited) for potential CCUS projects. 

3.6 Potential Carbon Dioxide Source by Ethanol Plant Proximity 

 An obvious challenge for CCUS is where to source CO2 from considering both 

availability and cost-effectiveness. Given the success in storage efficiency and ultimate oil 

recovery with ethanol treated CO2 as previously shown in Figure 3.10, ethanol plants were 

examined as a potential CO2 source.  

 Examining the basic schematic of an ethanol plant in Figure 3.17, after the corn is 

processed and undergoes fermentation, the primary products of an ethanol plant is not only 

ethanol, but also CO2 (and distillers grains with solubles). Through the fermentation process, 

CO2 is produced in large quantities before ethanol is produced (Phipps, 2022). Figure 3.18 shows 

the breakdown of the demand for U.S. corn. 
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Figure 3.17 Ethanol Plant Fermentation Process showing CO2, ethanol, and distillers grains with 

solubles as the primary products, modified from (Phipps, 2022). 

 

 

Figure 3.18 Demand for U.S. Corn showing ~33.8% is for ethanol. Recreated from (Heartland 

Family Partners, 2021). 



28 
 

 

About half of the domestic CO2 byproduct is derived from 48 ethanol plants, and most of 

these plants are located in the Midwest. The average ethanol plant emits ~150,000 metric tons 

(or 0.00015 gigatons) per year of CO2 (EIA, 2023). Putting this number into context and as 

previously noted, the world released 31.5 gigatons of CO2 in 2021 (IEA, 2021). Figure 3.19 

shows the distribution of CO2 sources from ethanol fermentation on a national level where Figure 

3.20 is a more zoomed in look at the Midwest meant to be taken qualitatively. 

 

Figure 3.19 Ethanol plants by CO2 emission to look at areas for potential CO2 removal amended 

from (Great Plains Institute, 2018). 
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Figure 3.20 Ethanol plants in the Midwest United States by CO2 emission (EIA, 2023). 

 

Establishing ethanol plants as a viable option for source CO2, there are options within the 

vicinity of the Redtail Field. There is a proposed capture facility by Summit Carbon Solutions 

~300 miles west of the Redtail Field that is being pitched as the largest carbon capture project in 

the world. This project spans across 5 states (Iowa, Minnesota, North Dakota, South Dakota, and 

Nebraska), is expected to store 12 million tons of CO2 underground annually, involves 31 ethanol 

plants, and ~2,000 miles of pipeline. Operations were expected to begin in 2024 (Summit Carbon 

Solutions, 2022). Given the average plant emits ~150,000 metric tons of CO2 per year (EIA, 

2023) and considering there are 31 ethanol plants for this project, this would equate to 

~4,650,000 metric tons or ~0.00465 gigatons per year. The distance of the southeast area of the 

Summit Carbon Solutions project relative to the Redtail Field is shown in Figure 3.21 with 

ethanol plants shown in blue. 
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Figure 3.21 Image modified from Ethanol Plants Map showing distance from proposed capture 

facility relative to Redtail Field area (EIA, 2023). 

 

3.7 CCUS and CCS Considerations and Challenges Moving Forward 

 In October of 2023, Summit Carbon Solutions announced the delay of its CO2 pipeline 

project from 2024 until 2026. This was driven in part because of a permit denial by South Dakota 

Public Utilities Commission (George, 2023). Another large scale proposed pipeline (estimated to 

capture 15 million tons of carbon dioxide annually) was recently canceled. The Heartland 

Greenway pipeline project proposed by Navigator CO2 Ventures was cancelled as of October, 

2023 where the company cited an unpredictable regulatory process as the reason. The 1,300-mile 

pipeline was proposed across South Dakota, Nebraska, Minnesota, Iowa, and Illinois. project 

(Douglas, 2023).  
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While CCS is not the focus of this research, a comparison of the unique risks and 

regulatory hurdles between CCUS and CCS helps add context. Jason Eleson from the GeoIntegra 

Group put together a helpful comparison characterizing some of the risk elements between 

CCUS and CCS (Eleson, 2023) as shown in Figure 3.22. 

 

Figure 3.22 Risk factors for CCUS compared to CCS taking into consideration both human risk 

and geologic characterization (Eleson, 2023). 

 

A large advantage from a geological perspective that CCUS has over CCS, is that 

hydrocarbons have already shown the ability to stay trapped in the subsurface over time. While 

sequestering CO2 is fundamentally different, conceptually sequestration or fluid trapping is 

already proven. 

For CCUS (or EOR) the EPA classifies wells as Class II whereas for CCS, the well class 

is Class VI. As of 2020, 134,650 wells were classified as Class II and only 2 were classified as 

Class VI (Jones, 2020). To date for Class VI wells (for CCS), only North Dakota and Wyoming 

have state primacy (i.e., the ability for states to enforce their own authority over the regulatory 
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process) (Houston CCS Alliance, 2023). For a well to transition from a Class II (EOR well) to a 

Class VI, the well owners must obtain a Class VI permit. Additional requirements for Class VI 

geologic sequestration (GS) wells that are not applicable for Class II (EOR) wells include, but 

are not limited to analyses on potential seismicity, confining zones, remedial response plans, 

monitoring injection pressure, and more frequent testing (Jones, 2020). While CCS projects have 

a larger tax credit of $40.89 per metric ton in 2023 increasing to $50 by 2026 than EOR ($27.61 

per metric ton in 2023 increasing to $35 in 2026) (Jones & Marples, The Section 45Q Tax Credit 

for Carbon Sequestration, 2023), the additional regulatory hurdles will factor into the economic 

feasibility. Promise still remains for large scale CO2 capture projects, but there are challenges to 

overcome. 
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CHAPTER 4 

REGIONAL GEOLOGY 

4.1 Depositional Environment and the Western Interior Cretaceous Seaway 

 A foreland basin setting produced the Upper Cretaceous Niobrara which was deposited 

~81.7 to ~89 million years ago (Sonnenberg, 2011). Laramide structural modification is the 

primary control on thermal maturity, which is imperative for identifying adequate source rocks 

and reservoirs. Timing of generation and maturation is primarily controlled by Laramide 

sedimentation. As shown in Figure 4.1, there is an increase in TOC% and a decrease in clay and 

sand content as we move from west to east (Landon et al, 2001). The Western Interior 

Cretaceous Basin is asymmetrical with the thickest part along the western margin. The original 

image showed an overall increasing TOC% to the east, we now know the TOC% in Kansas and 

Nebraska is not as high as thought. This is possibly due to the influence from the Hudson 

Seaway to the northeast being connected to the Western Interior Seaway terminating chalks on 

the east side of the Western Interior Cretaceous Basin (Slattery et al., 2013). 
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Figure 4.1 Schematic of the Western Interior Cretaceous Basin during Niobrara time modified 

from (Landon et al., 2001). 

 

Based on the Niobraraôs stratigraphic positioning between the Pierre Carlile shales, 

hydrocarbon migration is close to generation (Landon et al., 2001). The water column in the 

Western Interior Cretaceous Seaway was a combination of cooler, nutrient rich, carbonate poor 

arctic water from the north, mixing with warmer, oxygen poor, carbonate rich water from the 

south (the Gulf of Mexico) as shown in Figure 4.2 (Lowery et al., 2017). 
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Figure 4.2 Schematic of the Western Interior Cretaceous Basin water mixture during Niobrara 

Time modified from (Lowery et al., 2017). 

 

 The origin of the Western Interior Cretaceous Basin is mostly from subduction of the 

Farallon plate under the Rocky Mountains, which created accommodation space for a 

sedimentary basin to develop (Liu et al., 2014). Late Cretaceous shallow marine sediments 

provide high quality bio- and chrono-stratigraphic control (Weimer, 1983) helping delineate the 

basin as we move from west to east. From westward and northward, the influx of siliciclastic 

sediment diluted the carbonate sediment subsequently lowering the TOC% values on the western 

side resulting in a carbonate environment primarily east of Utah (Longman, et al.,1998). A 

generalized schematic of this is shown in Figure 4.3. 
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i  

Figure 4.3 Modified generalized west to east cross-section view of siliciclastics shedding into the 

Denver-Julesburg Basin intermingling with limestone and chalk (Kauffman, 1977). 

 

 The Niobrara is an alternating series of chalks and marls. The thickness, depending on 

geographic location, is approximately 40ô and the TOC ranges from ~2-6wt.% (Sonnenberg, 

2020) increasing until it reaches Kansas. Sedimentary bypass across the basin created 

unconformities and subtle imbalances in sediment supply being controlled by shifts in the fluvial 

delivery. Subsequently, generation of accommodation space was controlled by rates of basin 

subsidence varying regionally across the basin. The Late Western Interior Cretaceous Basin was 

shallow and low relief and therefore more sensitive to global sea-level change, and flexural 

rebound (Liu et al., 2014).  
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4.2 Stratigraphy 

As shown in Figure 4.4, the Upper Niobrara is overlain by the Sharon Springs and is 

divided into the Niobrara A, B, and C chalks and the Fort Hays Limestone which are all 

interbedded with Niobrara A, B, and C marls that are the source beds for the different reservoirs. 

 

Figure 4.4 Generalized stratigraphic column for the Niobrara specifically for the Wattenberg 

Area (Sonnenberg, 2011). 

 

 Figure 4.5 illustrates the relative sea level, duration of deposition, interval, transgressions 

and regressions, and age of the various intervals of the Niobrara (Longman, 2020). The marls 

within the Niobrara system were deposited during regressive events that caused sea level to rise 

during these times (Barlow & Kauffman, 1985). 
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Figure 4.5 Stratigraphic column for the Niobrara showing relative sea level, duration of deposit, 

and age of deposit modified from (Longman, 2020). 

 

 As shown, the Niobrara B is often segregated into the B1 and B2 were often analyzed 

individually in this study. In the B2 marl, we see a large amount of carbonate deposition in a 

relatively short period of time (~600,000 years) which helps explain the productivity of this 

interval. 
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The Niobrara is a self-sourced resource play with seals (and source rocks) such as the 

Sharon Springs creating effective traps (Sonnenberg, 2011). The Niobrara A, B, and C chalk 

benches act as a reservoir. The hydrocarbons have been identified as being sourced dominantly 

Type II (oil prone) kerogens (as shown in Figure 4.6).  

 
Figure 4.6 Modified Niobrara Van Krevelen diagram showing Niobrara source rocks to be 

dominantly Type II kerogens. There is a decrease in HI values with increasing burial depth and 

thermal maturity (Pollastro & Martinez, 1985). 

 

 

 High resistivity anomalies are thought to come from the presence of oil in fracture 

systems (Smagala et al., 1984) though another cause could be those fractures filling with calcite 

(Sonnenberg, 2011). Petrophysical analysis helps distinguish and delineate the Niobrara chalks, 

lending better insight into the relative productive potential based on gamma ray, resistivity, and 

porosity. Figure 4.7 shows my Razor 25-2514H study well formation top analysis for the Sharon 

Springs down through the Carlile where the Niobrara A, B1, B2, and C chalk intervals are 

shaded light blue. This work was done using the Petra software. 
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Figure 4.7 Petrophysical overview for the Razor 25-2514H delineating the chalk reservoir 

intervals (shown in blue) from the marl intervals with resistivity shaded at 15 ohm-m. 

 

The most favorable petrophysical properties for hydrocarbon exploration (with increased 

resistivity and porosity) are over the Niobrara A and B (particularly the B2). Examining the  

viability of CCUS over the Niobrara A and B was the focus of this study. While not the focus of 

this study, the Niobrara C and Codell are targeted in certain parts of the Redtail Field as well. 
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Table 4.1 shows the interval thickness for Razor 25-2514H for the Sharon Springs, 

Niobrara A, and Niobrara B split up into the B1 and B2 intervals. 

Table 4.1 Formation thickness for the Sharon Springs, Niobrara A, and Niobrara B intervals over 

the Razor 25-2514H. 

Formation Reservoir Thickness (ft.) 

Sharon Springs 47' 

Niobrara A 36' 

Niobrara B1 26' 

Niobrara B2 43' 

 

I analyzed the storage capacity (i.e., porosity) compared to flow capacity (i.e., 

permeability) to come up with flow units to group ñlike rockò. This porosity and permeability 

data came from CoreLab as it yielded a more complete dataset of porosity and permeability 

compared to my lab work (of just 9 data points). A modified Lorenz Plot is shown in Figure 4.8 

discerning flow units relative to formation by depth for the Razor 25-2514H. 

 

Figure 4.8 Modified Lorenz Plot for the Razor 25-2514H well with 4 distinct flow units 

delineated by cumulative flow to cumulative storage capacity. Storage and flow capacity 

percentage is shown relative to the overall storage and flow capacity of the dataset. 
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 Observing the modified Lorenz Plot, 4 distinct flow units are visible where Flow Unit 1 

can be further broken down into 4 parts (A through D). Unit 1 generally defines the pay zone of 

the Niobrara B (both B1 and B2) as well as a hydrocarbon bearing portion of the Niobrara A. 

Flow Unit 2 defines the middle to upper hydrocarbon bearing zone of the Niobrara A and has a 

higher relative flow to storage capacity. Flow Unit 3 defines the area just above the Niobrara A 

and is a low permeability to porosity interval and not a hydrocarbon bearing zone. Finally, Flow 

Unit 4 is just two data points and defines an area closer to the Sharon Springs interval just above 

a hot shale marker. In Figure 4.9, I tied the porosity and permeability data from CoreLab back to 

my petrophysical overview of the Razor 25-2514H and incorporated the T2LM curve from NMR 

logging. T2LM represents the geometric mean of the T2 relaxation time and is a proxy for 

permeability. 

 

Figure 4.9 Defined flow units (4) compared to gamma ray, resistivity, neutron porosity, density 

porosity, T2LM as well as porosity and permeability data (from CoreLab). 



43 
 

 

As expected, the T2LM curve is highly correlated with the permeability lab 

measurements. A cutoff of less than approximately 10 milliseconds corresponds to the pay zone 

and also re-confirms the marls in between the Niobrara reservoir chalk intervals. Qualitatively, 

the T2LM curve closely mirrors the deep resistivity curve and re-confirms the hydrocarbon 

bearing zones. The one ñoutlierò permeability value just below the Niobrara A did not 

correspond to a higher T2LM but is believed to be a real data point based on the porosity values 

from CoreLab as well as my test results in Chapter 6.  

4.3 Structure of the Denver-Julesburg Basin 

 While discerning the local structural geology of the Niobrara A and Niobrara B is 

imperative for this study, an understanding of the structure of the Denver-Julesburg Basin helps 

put this into context. The Western Interior Cretaceous Seaway was bounded by a fold thrust belt 

to the west and craton to the east (Weimer, 1983). Created using Petra software, the A to Aô 

cross section, shown in Figures 4.10 and 4.11, highlights the asymmetric nature of the Denver-

Julesburg Basin over Redtail Field with deeper structure to the west. 

 

Figure 4.10 Denver-Julesburg Basin structure map of the Niobrara top shown over Redtail Field. 
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Figure 4.11 A to Aô Cross Section across the Denver-Julesburg Basin over Redtail Field showing 

a dramatically shallowing structure as we move to the east. 
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CHAPTER 5 

STUDY AREA DATA & METHODS 

5.1 Redtail Field Overview, Previous Work, & Structural Geology 

Multiple studies from the Colorado School of Mines have been published on Redtail 

Field. These include (but are not limited to) Kazumi Nakamura who examined the 

chemostratigraphy of the Late Cretaceous in the Western Interior (Nakamura, 2015), Lauren 

Stout who looked at carbon isotope data to compile a chemostratigraphic framework and 

correlation for the Niobrara Formation with data also provided by Whiting Petroleum (Stout, 

2012), Scott Manwaring who focused on the production and geological drivers of the Niobrara A 

(Manwaring, 2021), and Adam Simonsen who compiled a geologic reservoir characterization of 

the Niobrara B (Simonsen, 2022). Both Scott Manwaring and Adam Simonsen examined and 

analyzed the Razor 25-2514H core for their research and parts of my analysis built on some of 

their work. Most of the images for Chapter 5 were created in Petra. 

The Redtail Field is located in the Denver-Julesburg Basin, in northeast Weld County 

covering Townships 10N59W to 9N57W from northwest to southeast. Figure 5.1 (a repeat of 

Figure 1.1) shows the Redtail Field extents.  
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Figure 5.1 Redtail Field study area in northeast Colorado contoured on the Niobrara A structure. 

 

Figures 5.2 and 5.3 shows the overall structural profile across the field with a dip less 

than 1 degree and deeper to the west as expected. 
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Figure 5.2 Redtail Field study area shown with 4 wells used for a cross-section across the field. 

 

 

 
Figure 5.3 West to East cross-section of the Redtail Field study area showing deeper structure 

moving from east to west. 
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5.2 Petrophysical Data Analysis Methodology & Overview 

 As part of this study, I analyzed log data using a combination of publicly available 

petrophysical log data and specialty logs provided by Whiting Petroleum. From Whiting 

Petroleum, the MUDTOC Consortium received an abundance of data including, but not limited 

to: LAS data, core photos, water, oil, and gas saturation data, and a routine core analysis. My 

analysis was done in Petra. 

I applied a log normalization per a method laid out by IHS Markit (IHS Markit, 2020) 

over the Redtail Field where gamma ray logs normalized to better help delineate formation tops. 

For normalization, I first selected a subset of wells in the Redtail Field where LAS data exists 

(252 wells), then isolated the gamma ray values over the interval on formation tops from the 

Sharon Springs through the Niobrara B2 base. Next, I ran a normalization using a base line shift 

for a final gamma ray value. Neutron porosity and density porosity logs aided in characterizing 

overall porosity, and resistivity helped identify pay zones.  

This research focused not only on the east side of the field, around the Razor 25-2514, the 

study well, as denoted by the red star below, but over the Redtail Field as a whole. Figures 5.4, 

5.5, and 5.6 show Sharon Springs, Niobrara A, and Niobrara B structure maps, data density, and 

formation tops that were selected on digital and raster logs. Other vertical wells are shown to 

illustrate the relative data density for digital and raster logs. All the formation tops were 

determined from vertical wells where 93 picks were made for Sharon Springs (37 digital, 56 

raster), 119 picks were made for the Niobrara A (38 digital, 81 raster), and 91 picks were made 

for the Niobrara B (34 digital, 57 raster). 

 



49 
 

 

 

 

 

 

Figure 5.4 Sharon Springs SSTVD structure map showing 93 total formation tops picked, and a 

general trend of deeper structure to the west. 
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Figure 5.5 Niobrara A SSTVD structure map showing 119 total formation tops picked, and a 

general trend of deeper structure to the west. 
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Figure 5.6 Niobrara B SSTVD structure map showing 91 total formation tops picked, and a 

general trend of deeper structure to the west. 

 

 Across the field, the Niobrara dips to the west, which is consistent with the literature 

from the Denver-Julesburg Basin.  

5.3 Redtail Field Production Data & Targeting  

 Over the Denver-Julesburg Basin, production from Niobrara wells can range from ~100 

to 700 barrels of oil per day (BOPD) where estimated ultimate recovery (EUR) by well can be 

greater than 300,000 barrels of oil (BOE) (Sonnenberg, 2011). To understand the distribution of 

wells and targeted formations over the Niobrara, targeting data from Enverus was acquired. The 

targeting is based on whichever interval the horizontal portion of the well was predominately 

drilled in as in some cases a horizontal well spans over multiple horizons. Figure 5.7 shows the 
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Niobrara A well locations and production per IHS. There have been 158 horizontal wells drilled 

in the Niobrara A (completed between 2012 and 2016) where there are ~6-8 wells per developed 

section. Through 2020, there has been ~18,688,688 cumulative barrels of oil produced, and 

~40,830,731 cumulative million cubic feet of gas produced. Normalized to 1,000ô of lateral, 

there has been ~21,020 barrels of oil and ~45,249 MCF of gas. Comparing the Niobrara A to the 

B (as well as the Niobrara C and Codell), it is notable that the gas to oil ratio (GOR) of the 

Niobrara A is ~2,296 which is ~24% higher than the Niobrara B. 

 

Figure 5.7 Niobrara A well locations (158) and production. 
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Figure 5.8 shows the Niobrara B well locations and production. There have been ~336 

horizontal wells drilled in the Niobrara B (completed between 2011 and 2016) where there are 

~6-8 wells per developed section. Through 2020, there has been ~43,741,284 cumulative barrels 

of oil produced, and ~78,296,643 cumulative million cubic feet of gas produced. Normalized to 

1,000ô of lateral, there has been ~25,999 barrels of oil and ~46,331 million cubic feet of gas. 

Comparing the Niobrara B to A (as well as the Niobrara C and Codell) it is notable that both in 

terms of cumulative oil, gas production, and production normalized to 1,000ô of lateral, the 

Niobrara B has been the most productive. Because of its production, I chose to look at the 

Niobrara B (and in particular the B2) cores for my lab analysis. 

 
Figure 5.8 Niobrara B well locations (336) and production. 
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5.4 Redtail Field Niobrara A and Niobrara B Previous Work Done in Relation to CCUS 

 As mentioned in Section 5.1, Scott Manwaring (2021) and Adam Simonsen (2022) 

researched the Niobrara A and Niobrara B in the Redtail Field for their respective dissertations. 

Previous work analyzing the Razor 25-2514H shows that both the Niobrara A and B are 

primarily Type II oil prone per a modified Van Krevelen Diagram and Kerogen Type shown in 

Figures 5.9, 5.10, and 5.11 which is consistent with the literature. 

 

Figure 5.9 Modified Van Krevelen diagram for the Razor 25-2514H showing primarily Type II 

oil prone over the Niobrara A (Manwaring, 2021). 
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Figure 5.10 Tmax compared to hydrogen index for the Razor 25-2514H showing primarily Type 

II oil prone over the Niobrara A (Manwaring, 2021). 
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Figure 5.11 Modified Van Krevelen diagram and Tmax compared to hydrogen index for the 

Razor 25-2514H showing primarily Type II oil prone over the Niobrara B1 and B2 (Simonsen, 

2022). 

 

 Overall, the Niobrara B1 in the Redtail field is more clay rich than the B2 which is more 

carbonate rich. XRF analysis on the Niobrara B1 demonstrated a greater concentration of 

siliciclastic and detrital elements with less carbonates. The Niobrara B2 has more horizontal 

styloliteôs indicative of an increase in calcite dissolution which resulted in decreased porosity 

and permeability relative to the B1. 
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CHAPTER 6 

DATASET & RESULTS 

6.1 Lab Tests on Core Plugs 

 To achieve my objective of identifying the key geologic parameters for CCUS and the 

feasibility of CCUS over the Niobrara A and B intervals, I examined 9 core plugs from the Razor 

25-2514 in the Niobrara A (4 core plugs) and Niobrara B (5 core plugs) to perform analysis via 

the CMS-300 machine. These core plugs were cut in the Colorado School of Mines Marquez 

Hall rock lab and were cut horizontal in orientation measuring approximately 1.5ò in diameter 

and 2ò in length. All of these core plugs were cut from a single facies that was light gray with 

massive bedding. Considerations were made to avoid marl intervals and cut into a single facies. 

These core plugs were cleaned with toluene, methanol, and chloroform to expunge mud filtrates, 

native oil, and connate water.  Figure 6.1 is a petrophysical model for the Razor 25-2514H well 

with the chalk reservoirs shaded in blue and the resistivity curve shaded at 15 ohm-m. 
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Figure 6.1 Approximate core plug locations shown as stars with petrophysical logs for 4 

Niobrara A and 5 Niobrara B core plugs. 

Figure 6.2 shows 3 (of the 9 total) core plugs being prepared for experimentation.  

 

Figure 6.2 Image of core plugs (3 out of the 9 total) being prepared for experimentation. 
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These core plugs were subjected to a confining pressure of approximately 2,000psi to 

measure porosity, permeability, and pore volume. A general schematic of the CMS-300 machine 

is shown in Figure 6.3.  

 
Figure 6.3 Schematic of Core Laboratories CMS-300 unsteady-state permeameter/porosimeter 

test (Uzun, 2018). 

 

The sample number, porosity, permeability, permeability confining stress, pore volume, 

pore volume confining stress, depth, and formation are shown in Table 6.1. The entire lab results 

from the CMS-300 testing are available in Appendix B. 
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Table 6.1 Table of CMS-300 core plug lab results including Sample Number, Porosity, 

Permeability, Permeability Confining Stress, Pore Volume, Pore Volume Confining Stress, 

Depth, and Formation. 

Sample 

Number 
Porosity 

Permeability 

(md) 

Perm. 

Confining 

Stress 

Pore 

Volume 

(cc) 

Pore 

Volume 

Confining 

Stress 

Depth Interval  

1 7.64 0.00256 1818 3.49 1812 5569.25 Niobrara A 

2 13.44 0.06388 1994 5.83 1937 5569.50 Niobrara A 

3 14.82 0.00544 1990 6.26 1954 5569.75 Niobrara A 

4 13.54 0.00261 1936 5.31 1916 5570.00 Niobrara A 

5 11.51 0.00110 1840 4.35 1849 5664.75 Niobrara B 

6 11.23 0.00116 1845 4.93 1857 5665.75 Niobrara B 

7 12.20 0.00149 1875 5.07 1876 5670.25 Niobrara B 

8 13.11 0.00214 1875 5.39 1868 5670.50 Niobrara B 

9 12.22 0.00112 1849 4.81 1857 5672.50 Niobrara B 

 

Using the CMS-300, the average porosity of these samples is ~12.19% with little 

difference between the Niobrara A and Niobrara B at ~12.36% and ~12.05% respectively. For 

permeability, Sample 2 (in the Niobrara A) is a large outlier with a permeability of ~.0639mD. 

This outlier data point is consistent (though not as drastic) as what the CoreLab porosity and 

permeability dataset compared in Figure 6.1. Overall, the porosity and permeably values mostly 

matched the CoreLab data which provides more confidence into the veracity of these 

measurements. 

The permeability in the Niobrara A averaged ~.0186mD while the permeability in the 

Niobrara B averaged ~.0014mD. This represents permeability about 13 times greater in the 

Niobrara A though most of that was driven by one data point. Taking out the outlier of sample 2, 

we see the Niobrara A permeability average ~.0035 which is ~2.5 times greater than the Niobrara 
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B. Observing the pore volume numbers, the overall average pore volume is ~5.05cc while the 

Niobrara A has a pore volume of ~5.22cc and the Niobrara B has a pore volume of ~4.91cc. We 

would expect the Niobrara A to have a better ñflow rangeò for CO2 relative to the Niobrara B 

while both have around the same porosity and pore volume. 

For two core plugs (samples 7 and 9) both from the Niobrara B2, the core flooding 

system provided by the Lawrence Berkeley National Laboratory (LBNL) shown in Figure 6.4 

was used to look at a pressurization-depressurization compression test with CO2. Samples 7 and 

9 from the Niobrara B2 were selected as the Niobrara B2 has the best petrophysical properties 

(relative to hydrocarbon exploration), and both these samples had similar porosities at 12.20% 

and 12.22% respectively (so were seen as very like rock). Furthermore, practically only so many 

core plugs can fit into the cylinder, so using these core plugs was determined as the best way to 

utilize the LBNL equipment. The idea was to first replicate primary recovery via flooding CO2 

flooding, then to replicate EOR recovery via a huff-n-puff type test (as shown previously in 

Figure 3.2) which is a common method approach to CO2 injection. These two core plugs were 

saturated in n-Dodecane which is an oily n-alkane hydrocarbon with 12 carbon atoms and 26 

hydrogen atoms (C12H26) (ChEBI, 2019). The n-Dodecane used had an API of 57 which is 

higher than the average over the Redtail Field for the Niobrara A and Niobrara B (of ~38). 
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Figure 6.4 Image of Lawrence Berkeley National Laboratory (LBNL) core flooding system. 

 

 

 The procedure can be broken down into 3 general steps: 1) preparing the cores for 

experimentation, 2) forcing saturation of cores with n-Dodecane, and 3) replicating production 

both for primary and EOR recovery. To prepare the cores for experimentation, the first step was 

to moisturize the cores with water vapor for approximately 2 weeks, and second step was to 

weigh the water saturated core sample. The core weights before and after water saturation is 

shown in Table 6.2. 
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Table 6.2 Table of core weights before and after water saturation. 

Sample 
Weight Before 

Water Vapor (g) 

Weight After  

Water Vapor (g) 

Increase in 

Weight (g) 
Percent Change 

7 98.2788 98.6626 0.3838 0.39% 

9 92.5242 92.8095 0.2853 0.31% 

 

The third step was force saturating the cores with n-Dodecane in a reactor container. Next 

(Step 4), I connected the reactor container to a CO2 cylinder and pressurized it to 1,500 PSI at 

~150°F for about 3 weeks. This time and pressure created fractures for the CO2 to saturate the 

core matrix. Next (Step 5) I removed all of the excess n-Dodecane that was not saturated into the 

matrix and weighed the saturated cores (Table 6.3).  

Table 6.3 Table of core weights before and after n-Dodecane saturation. 

Sample 
Weight Before 

n-Dodecane 

Weight After  

n-Dodecane 

Increase in 

Weight (g) 

Percent 

Change 

7 98.6626 101.1560 2.4934 2.53% 

9 92.8095 95.5055 2.6960 2.90% 

 

To replicate primary production (Step 6), I re-pressurized the cylinder back to 1,500 PSI 

and slowly depressurized the container over ~3 hours. In Step 7, I collected the expunged n-

Dodecane from de-pressurization in the container, and calculated the replicated production by 

capturing the n-Dodecane in a container. The result is shown in Table 6.4. For reference, the 

recovery factor (for the Niobrara A) in the Redtail Field 10N58WS25 is ~6.89% (Manwaring, 

2021). 
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Table 6.4 Table of n-Dodecane recovered from primary recovery test showing a recovery of 

~6.25%, very close to the production shown in the Redtail Field (Township 10N58WS25)         

of ~6.89%. 

Sample 

Weight of 

Empty 

Container (g) 

Weight of  

Container After  

Expunged n-Dodecane (g) 

Increase in 

Weight (g) 

Primary Recovery 

Replication 

Percentage 

7 
20.9522 21.2766 0.3244 6.2512% 

9 

 

 

To replicate EOR recovery, in Step 8, I repeated Step 6 but flooded the cores with CO2 

for 15 days. Finally, in Step 9 I collected the expunged n-Dodecane oil and calculated the EOR 

recovery. Table 6.5 is the EOR recovery percentage and 6.5 is a visual summary of the steps 

performed for this lab experiment. 

Table 6.5 Table of n-Dodecane recovered from EOR recovery test showing an EOR recovery    

of ~19.63%. 

 

Sample 

Weight of 

Empty 

Container (g) 

Weight of Container 

After Expunged  

n-Dodecane 

Increase in 

Weight (g) 

EOR Recovery 

Replication 

Percentage 

7 
20.8570 21.8120 0.9550 19.6300% 

9 
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Figure 6.5 Image of lab steps performed for the Lawrence Berkeley National Laboratory (LBNL) 

core flooding system. 

 

The EOR recovery factor number (~19.63%) was much higher than we anticipated and 

while our lab procedures and methodology was valid, it shows the limitations of performing lab 

experimentation. Keeping in mind that a successful CO2 EOR project could add 5 to 15 percent 

of OOIP to ultimate recovery (Rice University, 2019), this was certainly on the higher end of 

expectations. That being said, even if we conservatively and arbitrarily say this number would 

realistically be a quarter of the actual results, an EOR of ~5% is still impressive. The combined 

data shown above along with the porosity, permeability, and pore volume tests from the CMS-

300 and timeline on tests is shown in Table 6.6 for reference. 
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Table 6.6 Summary for lab results for 2 cores and timeline associated with steps. 

Test Category Sample 7 Sample 9 Test Date 

Porosity (%) 12.20% 12.22% CMS-300 10/21/2021 

Permeability (mD) 0.00148727 0.00112394 CMS-300 10/21/2021 

Pore Volume (cc/g) 5.069503 4.808986 CMS-300 10/21/2021 

Core Weight Before Water (g) 92.5242 98.2788 Scale 4/2/2022 

Core Weight After Water (g) 92.8095 98.6626 Scale 4/17/2022 

Core Weight After n-Dodecane (g) 95.5055 101.1560 LBNL/Scale 5/6/2022 

Empty Container (g) 20.9522 LBNL/Scale 5/6/2022 

Container With  n-Dodecane (g) 21.2766 LBNL/Scale 5/6/2022 

Primary Recovery Replication (%) 6.2512% Division 5/6/2022 

Core Weight After Primary (g)  4.8650 Subtraction 5/6/2022 

Empty Container (2nd Test) (g) 20.8570 LBNL/Scale 5/21/2022 

Container With  n-Dodecane (g) 21.8120 LBNL/Scale 5/21/2022 

EOR Recovery Replication (%) 19.6300% Division 5/21/2022 

 

6.2 Sharon Springs, Niobrara A , and Niobrara B Reservoir Thickness and Isopach Maps 

Using Petra, isopach maps were produced for the Sharon Springs, Niobrara A, Niobrara 

B, Niobrara B1, and Niobrara B2 (excluding horizontal wells) to analyze isopach thickness. This 

was done to analyze relative thickness across the field and for a quality control check on 

formation tops to ensure erroneous tops were not selected. Isopach maps aid in a high-level 

understanding of the reservoir before applying further petrophysical analyses.  Figures 6.6 and 

6.7 show the Sharon Springs isopach map both zoomed out and zoomed into Redtail Field. 
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Figure 6.6 Map of Sharon Springs isopach thickness down to the top of the Niobrara A for a 16 

Township area around Redtail Field (shown by the red box) with a C.I. of 5ô. This shows a 

thicker isopach in the eastern part of Redtail Field as well as to the south and southwest in 

Townships 8N60W and 8N59W just to the south of the field. 
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Figure 6.7 Map of Sharon Springs isopach thickness down to the top of the Niobrara A zoomed 

into Redtail Field with a C.I. of 5ô showing a thicker isopach on the eastern side of the field on 

the line of Township 10N58W and 9N58W. 

 

 The isopach of the Sharon Springs Formation shows a clear trend of increasing isopach 

thickness from north to south with some thinning near the southeast. Isopach values range from 

~40ô to ~70ô in the Retail Field (Figure 6.7). The thickest Sharon Springs interval is in the 

eastern and middle parts of the Redtail Field around Township 9N58W and 9N57W extending 

into the southern portions of Township 10N58W and 10N57W just to the south and southeast of 

the Razor 25-2514H well. The Sharon Springs reservoir thickness is important to sequestration 
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as we think the viability of CCUS in the Niobrara A and Niobrara B. Figures 6.8, 6.9, and 6.10 

(with horizontal wells) show the isopach thickness of the Niobrara A. 

 

Figure 6.8 Map of Niobrara A isopach thickness for ~16 Township area around Redtail Field 

with a C.I. of 5ô showing a thicker isopach from the northeast down to the southwest of the field 

as well as to the northwest of the field. 
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Figure 6.9 Map of Niobrara A isopach thickness for Redtail Field with a C.I. of 5ô showing more 

detail around a thicker isopach trend from Township 10N58W down into Township 9N59W. 
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Figure 6.10 Map of Niobrara A isopach thickness for Redtail Field with horizontal well locations 

with a C.I. of 5ô showing more detail around a thicker isopach trend from Township 10N58W 

down into Township 9N59W. 

 

 For the Niobrara A around the Redtail field (Figure 6.8), we see thinning both to the 

northwest and southeast as well as the southwest. The thickest part of the Niobrara A is just to 

the northeast of the Redtail Field in Township 11N57W trending southwest and extending into 

the middle part of Township 9N59W. For the Niobrara A (and Niobrara B) a thicker isopach is 

preferential both for CO2 flow and storage. Relative to the localized Sharon Springs isopach map 

(Figure 6.7), the Niobrara A isopach values over Figure 6.9 have a smaller range from ~25ô to 
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~45ô. While a lot of the Niobrara A wells (red lines) were drilled over the thicker portion of the 

Niobrara A in Township 10N58W and 9N59W, the northeast quarter of Township 9N58W (a 

thinner interval) was explored (though this could partially be a function of Niobrara B 

exploration shown in Figure 6.13). There was also one exploration well in a thicker portion of 

the northeast quarter of Township 10N59W. The Niobrara B isopach maps are shown in Figures 

6.11, 6.12, and 6.13 (with horizontal wells). 

 

Figure 6.11 Map of Niobrara B isopach thickness for ~16 Township area around Redtail Field 

with a C.I. of 5ô showing a thinner isopach in north Redtail Field and to the west of Redtail Field 

in Township 9N60W compared to the surrounding area. 
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Figure 6.12 Map of Niobrara B isopach thickness for Redtail Field with a C.I. of 5ô showing 

more detail into the granularity over Redtail Field with a thicker isopach in Township 9N59W, 

9N58W, and the eastern side of Redtail Field. 
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Figure 6.13 Map of Niobrara B isopach thickness for Redtail Field with horizontal well locations 

and a C.I. of 5ô showing the horizontal well development closely overlaying the thicker isopach 

trend. 

 

 Shown in Figure 6.11, the thinnest isopach for the Niobrara B is shown in the Redtail 

Field and specifically Township 9N60W, 10N59W, and 10N58W while Figure 6.12 is zoomed in 

for granularity. The thinnest part of the Niobrara B (in the Redtail Field area) corresponds to the 

thickest part of the Niobrara A as the thinner isopach in the Niobrara B may have left 

accommodation space for the Niobrara A to deposit. In the Redtail Field, the Niobrara B 

generally ranges from ~55ô to 80ô thick. Figure 6.13 shows that most of the Niobrara B wells 
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(blue lines) have been drilled in the relatively thicker portion of the Niobrara B. For the Niobrara 

B1 and Niobrara B2, shown in Figures 6.14 and 6.15, I looked at just the isopach of the Redtail 

Field with the locations of horizontal well locations for the Niobrara B. A lack of data control 

points in the southeast quarter of Township 10N58W results in a ñbullseyeò shown around the 

Razor 26J-2633L well and may not be indicative of the true thickness of the Niobrara B and 

specifically the Niobrara B1. 

 

Figure 6.14 Map of Niobrara B1 isopach thickness for Redtail Field with horizontal well 

locations and a C.I. 5ô showing a weaker but still present correlation between horizontal wells 

and overall isopach thickness for the Niobrara B1.  
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Figure 6.15 Map of Niobrara B2 isopach thickness for Redtail Field with horizontal well 

locations and a C.I. 5ô showing a stronger correlation between well locations and                

isopach thickness.  

 

 Overall, the Niobrara B horizontal wells seemed to target the higher thickness areas of 

the Niobrara B2 as the B2 is the more favorable reservoir. Many of the wells drilled in Township 

10N58W were not necessarily a thicker isopach, so this lends to the importance of looking at 

these reservoirs from a ñnet payò perspective by incorporating resistivity and porosity. 


