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ABSTRACT 

In the vicinity of Redtail Field, Weld County, Colorado, sufficient thickness of the 

Niobrara A interval allows for the commercial development of this bench. This development 

marks the only widespread drilling and production of Niobrara A wells in the Denver Basin. This 

study at Redtail Field discusses why a hydrocarbon accumulation is present in the Niobrara A 

interval and how the techniques used to identify and exploit the accumulation may be used in 

other areas prospective to the same interval. 

Three carbonate facies (chalk, chalky marl, and marl) and two non-carbonate facies 

(shale and bentonite) were defined for this study from macroscopic inspection of the Razor 25-

2514H core. The carbonate facies all act as reservoir rocks, but the chalky marl and marl facies 

also act as source rocks. The non-carbonate facies both act as seals, while the shale facies also 

acts as a source rock. Porosity in the Niobrara A interval has been shown to be the highest in the 

Niobrara Formation (Aydin, 2017). Porosity values range from 10.93% to 12.75% in the 

reservoir rocks, while the non-reservoir rocks range in value from 3.31% to 6.02%. 

Oil and gas saturations in the carbonate facies of the Niobrara A interval average 26.26% 

and 59.33%, respectively, while water saturations average 14.41%. The non-carbonate facies 

exhibit oil and gas saturations that average 4.7% and 13.0%, respectively, and water saturations 

of 82.4%. 

Total organic carbon values from 18 samples are classified as very good to excellent 

quality, with non-carbonate values ranging from 4.29 weight percent to 9.32 weight percent, and 

carbonate values ranging from 1.9 weight percent to 4.19 weight percent. TMAX values indicate 

mature organic matter generation for 14 of 18 samples analyzed, with no overmature values 
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found within the Niobrara A interval. Additionally, calculated vitrinite reflectance values from 

17 of the 18 samples indicate early oil generation, and one value indicates immature generation. 

Temperature mapping shows a hot spot under Redtail Field, named the Redtail Field Hot 

Spot, that is likely responsible for the thermal maturity of kerogen in the area. Areas surrounding 

the Redtail Field Productive Fairway show lower projected temperatures at the reservoir depth, 

which has likely resulted in immature kerogen that may serve to occlude porosity and 

permeability from allowing hydrocarbon to migrate updip. 

Original oil-in-place calculations, based on data from the Razor 25-2514H and 

extrapolated to one land section of area, shows 15,891,260 barrels of oil. 69.01% of this 

hydrocarbon is found within the Niobrara A Chalk interval. Recovery factors based on 

cumulative oil production and EUR are 3.79% and 6.89%, respectively. 

The geologic constraints for the location of Redtail Field include a Niobrara A Reservoir 

interval thickness of 40 feet to 50 feet, the underlying Redtail Field Hot Spot that has placed the 

reservoir interval at approximately 160°F, and thermally immature rock surrounding the Redtail 

Field Productive Fairway that has not allowed hydrocarbon to migrate away from Redtail Field. 
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CHAPTER 1 

INTRODUCTION 

 This chapter presents the motivation of this study, the purpose and objectives to be 

achieved, the location of the study area, and a brief recap of related previous work. Although 

many studies have been performed and many papers have been written on the Niobrara in 

general, few have focused on the Niobrara A interval. 

1.1 Motivation 

Although oil and gas have been produced from the Denver Basin since the 1950s, the 

Niobrara Formation had largely been overlooked as a productive interval due to the rock being 

too tight to produce. Accessing this resource was not possible without the use of technologic 

innovation in the form of horizontal drilling and multi-stage hydraulic fracturing, which would 

not be correctly applied until 2009. EOG Resources drilled and completed the 2-01H Jake well 

(T11N R63W Sec 01, API: 05-123-30574-00) in the Niobrara which subsequently had an initial 

production of 1,048 barrels of oil per day. Since that time, the Niobrara in the Denver Basin has 

become a major interval of oil and gas production in the state of Colorado, with over 5,000 

horizontal wells drilled since the success of the Jake well. Production from the Niobrara 

Petroleum System from 2009 to January 2021 is approximately 927 million barrels of oil and 4.8 

trillion cubic feet of gas. 

The Niobrara Formation consists of two members, from oldest to youngest: the Fort Hays 

Limestone, and the Smoky Hill member. Within the Smoky Hill member, the Niobrara is divided 

into four benches, from oldest to youngest: the Niobrara D, C, B, and A. These benches are 

demarcated by series of alternating chalks and marls (Figure 1.1). Additionally, each bench 
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differs in fossil assemblages, porosity, permeability, total organic carbon, thermal maturity, and 

log signatures. 

 
Figure 1.1 – Generalized stratigraphic column of Cretaceous stratigraphy in the Denver Basin. 
Stratigraphic column not to scale. Red box indicates zone of interest. (Modified after 
Sonnenberg, 2016). 
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The majority of horizontal wells drilled in the Niobrara have targeted the thick reservoirs 

of the Niobrara B interval. The underlying Niobrara C and D intervals have thinner reservoirs 

and are stratigraphically complex but are often drilled as they are thermally mature enough to 

contain commercial quantities of hydrocarbons. The overlying Niobrara A interval is often much 

thinner and is structurally complex due to extensive faulting that puts the Pierre Shale in direct 

contact with the Niobrara A interval reservoir (Figure 1.2). In other areas, the Niobrara A 

interval is absent as a result of non-deposition and/or erosion. Due to structural complexities, in 

addition to thermal maturation issues, the Niobrara A interval remains largely unexploited. 

Therefore, reservoir characteristics of the Niobrara B, C, and D intervals are fairly well 

understood throughout the basin, while the Niobrara A interval remains poorly understood and 

poorly tested. 

 
Figure 1.2 – 3-D block diagrams showing faulting through the Niobrara Formation, and 
schematic cross-sections showing resultant contact of overlying and underlying strata to the 
faulted interval (Reproduced from Bracken (2020) with permission of The Rocky Mountain 
Association of Geologists (RMAG), Copyright © 2020). 
 
1.2 Purpose and Objectives 

The purpose of this study is to summarize the reservoir characteristics and production 

results of the Niobrara A interval of the Niobrara Petroleum System at Redtail Field, Weld 

County, Colorado (Figure 1.3). This study is important due to the lack of understanding of the 
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Niobrara A interval, as it is often untested or absent. This study is being performed at Redtail 

Field due to the density of the Niobrara A wells found at this location. Additionally, Whiting 

Petroleum donated cores and data to the Colorado School of Mines MUDTOC Consortium for 

this area. 

The first objective of this study is to better understand the geologic controls on the limits 

of Redtail Field through examination of core and core associated data. A second objective is to 

create parameters to guide exploration to other areas of the Denver Basin that might be 

prospective in the Niobrara A. 

  
Figure 1.3 – Map view of active wells in the Denver Basin, including both vertical and horizontal 
wells. The greatest density of wells is present in the Wattenberg field area, generally denoted by 
the orange box. The red box denotes the general location of Redtail Field in northeast Weld 
County. Blue star shows approximate location of the Razor 25-2514H. 
 
1.3 Study Area 

This study will be conducted over a nine-township area (324 square miles) including 

Redtail Field, Weld County, Colorado, in the eastern portion of the Denver Basin. The Township 

and Range area is as follows: T9N, T10N, T11N, R57W, R58W, R59W. This area encompasses 

the northern, eastern, and western extent of Redtail Field. To the south is Noble Energy’s (now 
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Chevron) East Pony Field. The core used in this study is the type core (Razor 25-2514H, API: 

05-123-36418-00) for Redtail Field. It is in the center of the nine Township area. Data used in 

this study include: raster gamma ray logs, routine core analysis, source rock analysis, and 

production data from Enverus. 

1.4 Previous Work 

At this time, there have been only a few studies published on Redtail Field. Stout (2012) 

investigated carbon isotope chemostratigraphy within the Niobrara Formation. Nakamura (2016) 

expanded the chemostratigraphy investigation and applied it to the Cretaceous Western Interior, 

including the Greenhorn, Carlile, and Niobrara Formations. Sonnenfeld et al. (2015) investigated 

the impact of bentonites within the Niobrara Formation on proppant placement and effective 

fracture continuity. Zumberge et al. (2016) studied geochemical data for hydrocarbon migration 

in unconventional petroleum systems. Byrnes et al. (2017) studied the application of 3D image-

based rock physics to characterize the Niobrara Formation chalk properties. 

Although studies performed at Redtail Field remain low in number, there have been 

numerous studies over a variety of topics on the Niobrara Formation since the 1950s. The 

sedimentology and stratigraphy of the Niobrara Formation was first published in 1969, and many 

important publications would follow during the following decades to the present day (Kauffman, 

1969; Hattin, 1981; Weimer and Sonnenberg, 1982; Scholle and Pollastro, 1985; Kauffman and 

Caldwell, 1993; Dean and Arthur, 1998; Longman et al., 1998; Landon et al., 2001; Locklair and 

Sageman, 2008; Luneau et al., 2011; Deacon and McDonough, 2018). Of interest in the last 

several years are studies that have included the Niobrara A interval. Pahnke (2014) investigated 

microporosity in the chalks of the Niobrara Formation, described the types of porosity therein, 

and explained how porosity changes in relation to burial depth and diagenesis. ElGhonimy 
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(2015) studied petrophysical, geochemical, mineralogical, and storage capacity of the entire 

Niobrara Formation and evaluated each bench individually. Aydin (2017) researched the porosity 

and permeability of each bench of the Niobrara and concluded that the Niobrara A Chalk and 

Niobrara A Marl contain the highest porosities and permeabilities of the Niobrara Formation. 

Bane (2018) analyzed core and core-associated data, performed geomechanical evaluations in the 

Niobrara, and evaluated the influence of paleo-high structures on thermal maturity. Lopez (2018) 

characterized peloids and diagenesis exclusively in the Niobrara A Chalk and noted loss of 

porosity with increased burial depth due to several factors. 
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CHAPTER 2 

GEOLOGIC OVERVIEW 

 This chapter presents the geologic history of the interior western United States in relation 

to the Cretaceous Western Interior Seaway, specifically in the locality of the study area. The 

structural history from the rifting of the supercontinent Pangaea to the uplift of the Laramide 

Orogeny is discussed. Following the structural history, the stratigraphic framework is discussed 

from the time of the Sevier Orogenic Belt and long-term marine flooding by the Cretaceous 

Western Interior Seaway to the retreat of the Seaway and division of the Western Interior Basin 

by the Laramide Orogeny. Niobrara deposition and stratigraphy will then be discussed, followed 

by an overview of the Niobrara Petroleum System. 

2.1 Structural and Stratigraphic History 

 During the Late Triassic period (200 Ma), the supercontinent Pangaea began to break 

apart due to rifting that initiated in the north-central Atlantic Ocean mid-ocean ridge (Blakey and 

Ranney, 2008). This rifting sequence caused the North American plate to be pushed westward, 

where it came in contact with the eastward-subducting Farallon Plate, and eventually the 

eastward-subducting Pacific Plate. The subduction of the Farallon Plate in Late Jurassic to Early 

Cretaceous time led to the Sevier Orogenic Event, which caused the formation of the Sevier 

Orogenic Belt across the western portion of the North American continent. The Sevier Orogenic 

Belt consisted of active volcanic arcs, an eastward-vergent thrust fault-fold zone, and an 

asymmetric retroarc foreland basin (Beaumont, 1981; Beaumont et al., 1982; Jordan, 1981). The 

resulting Western Interior Basin (WIB) extended approximately 1,800 miles from north to south 

and for more than 100 miles eastward into the North American craton (Miall et al., 2008). As a 
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result, the expansive foreland basin was initially filled with terrigenous sediments derived from 

the Sevier Highlands to the west, and terrigenous sediments derived from the North American 

craton to the east. The majority of sedimentation came from the Sevier Highlands as a result of 

the geometry of the basin, where the thrust fault-fold zone created steeply-dipping flanks on the 

western side of the basin. The eastern side of the basin sloped gently from the craton. 

A large rise of sea level occurred during the Cretaceous period due to a combination of 

eustatic rise and tectonics associated with the Sevier Orogeny (Gary, 2016) which gave rise to an 

inland epeiric seaway, named the Cretaceous Western Interior Seaway (CWIS). Estimates of the 

rise of eustatic sea level are from 750 feet (Kominz, 1984) to nearly 2,000 feet (Hancock and 

Kauffman, 1979). As a result of the sea level highstand, the CWIS connected the Arctic Ocean in 

the north to the Tethys Sea (now the Gulf of Mexico) in the south across the North American 

continent (McGookey et al., 1972). This seaway effectively divided the North American 

continent into two separate landmasses: Laramidia to the west and Appalachia to the east (Figure 

2.1). At its largest extent, the CWIS reached a distance of approximately 1,000 miles from east to 

west (Everhart, 2017). The connection of these two water bodies over a distance of 

approximately 3,700 miles allowed for warm waters from the Tethys Sea to mix with cool, 

nutrient rich boreal waters from the Arctic Ocean. Additionally, due to the sea level highstand(s) 

(there are many high frequency changes in the Niobrara), the WIB experienced long-term marine 

flooding that would have otherwise left it as a continental foreland basin with continuous 

terrigenous input. Long-term marine flooding allowed for the deposition of chalks and organic-

rich mudstones in the basin, along with marine shales and marine sandstones. Fluctuations in sea 

level caused different lithologies to be deposited at various times during the highstand(s). 
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Figure 2.1 – Cretaceous Western Interior Seaway during Late Santonian time (84 Ma), showing 
division of North American continent into two landmasses. Also shown is the influx of Boreal 
water from the north and Tethyan water from the south (Modified after Blakey, 2008).  
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Near the end of the Cretaceous Period, the Farallon Plate transitioned from a steep 

subduction angle to a much shallower subduction angle (Erslev, 1993). This resulted in another 

orogenic event, named the Laramide Orogeny (Figure 2.2). Due to the shallow subduction angle, 

the Laramide Orogeny occurred further inland of the North American Plate, rather than nearer to 

the plate boundary to the west. The resulting mountains fragmented the WIB that had been 

created by the Sevier Orogenic Belt into several smaller basins, which are still present today. 

Some of these smaller basins include: Powder River, Piceance, Denver, San Juan, and Raton. 

The smaller basins are isolated from one another by topographic highs that resulted from the 

Laramide Orogeny. However, because the smaller basins were all part of the larger WIB, the 

formations within the smaller basins may be correlated across the Rocky Mountain area 

(Weimer, 1986). 

The Denver Basin is an asymmetric Laramide basin centered in eastern Colorado (Figure 

2.3). It covers an area of approximately 70,000 square miles, which encompasses northeast 

Colorado, southeast Wyoming, west Nebraska, and northwest Kansas. The eastern flank of the 

basin gently dips to the west at approximately 0.5°, while the western flank of the basin is folded 

and faulted, and dips steeply to the east. The basin is bound to the north by the Chadron Arch 

and Hartville Uplift, the east by the North American craton, the south by the Apishapa Uplift and 

Las Animas Arch, and the west by the Front Range Uplift (Sonnenberg, 2011). Strata in the 

Denver Basin consists of sandstones in the lower sections that overlay Precambrian crystalline 

rock, followed by sandstones, shales, and carbonates of the CWIS, and finally sandstones, 

conglomerate, and unconsolidated sediments derived from the Laramide Orogeny (Figure 2.4). 
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Figure 2.2 – Laramide Orogeny at the Cretaceous-Tertiary Boundary (66 Ma) showing mountain 
building event that subdivided the Western Interior Basin into several smaller basins within the 
United States (modified after Blakey, 2008). 
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Figure 2.3 – Structure map of the Niobrara in the Denver Basin showing oil (green) and gas (red) 
fields, as well as the bounding structures of the basin. Dashed green line indicates extent of 
kerogen maturity. Red box denotes general location of Redtail Field. (Modified after 
Sonnenberg, 2011). 
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Figure 2.4 – Schematic cross-section of the Denver Basin showing generalized structure of the 
steeply dipping western flank and gently dipping eastern flank, along with sea level and general 
oil generation depth. The green star denotes the Niobrara Formation (modified after Sonnenberg, 
2015). 

 

2.2 Late Cretaceous Deposition and Stratigraphy 

Accommodation for marine deposits was largely a result of the foreland basin created by 

the Sevier Orogenic Belt and subsequent long-term flooding of the CWIS. The CWIS underwent 

multiple transgressive-regressive cycles during the Late Cretaceous as part of a first-order 

transgressive-regressive cycle. Five major transgressive-regressive cycles have been identified 

during the Albian to Maastrichtian Ages, as second-order episodes of flooding and depletion. 

These episodes, from oldest to youngest: Kiowa-Skull Creek, Greenhorn, Niobrara, Claggett, and 

Bearpaw (Kauffman and Caldwell, 1993). Within the second-order cycles are more frequent 
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third-order transgressive-regressive cycles which led to fine-scale lithologic depositional changes 

(Kauffman and Caldwell, 1993). 

The Carlile Shale was deposited during the Turonian stage of the Late Cretaceous at the 

end of the second-order Greenhorn cycle as a regressive marine shale (Hattin, 1962). Within the 

Carlile are four distinct members in Colorado, from oldest to youngest: Fairport member, Blue 

Hill Shale member, Codell Sandstone member, and Juana Lopez member. 

The Niobrara Formation was deposited between 89.5 to 82 Ma during the Coniacian, 

Santonian, and Campanian stages of the Late Cretaceous (Weimer, 1986), which also coincides 

with the Niobrara cycle. Deposition of the Niobrara was a result of long-term marine flooding 

due to the presence of the CWIS. The bottom member of the Niobrara Formation, the Fort Hays 

member, unconformably overlays the Codell Sandstone, Blue Hill Shale, and/or Juana Lopez 

members of the Carlile Shale (Figure 2.5). This unconformable contact is a result of the 

regression of the Greenhorn cycle and the transgression of the Niobrara cycle. The Fort Hays 

ranges from 10 feet to 50 feet thick and is a fossiliferous limestone with some shale interbeds. 

Conformably overlaying the Fort Hays is the Smoky Hill member of the Niobrara. The Smoky 

Hill member consists of, from oldest to youngest: D Marl, C Marl, C Chalk, B Marl, B Chalk, A 

Marl, and A Chalk (Sonnenberg, 2011; Luneau et al., 2011). The Smoky Hill member varies in 

thickness from 200 feet to 600 feet (Drake and Hawkins, 2012). Lithology of the Smoky Hill 

member is dominantly alternating sequences of chalks, marlstones, and organic-rich mudstones, 

though bentonite horizons, either as discrete layers or as a mixture of mud and bentonite. Third-

order transgressive-regressive cycles are responsible for the alternating chalks and organic-rich 

mudstones and marlstones (Kauffman and Caldwell, 1993), while volcanic eruptions to the west 

in the Sevier Highlands are responsible for the bentonites. Chalk deposition likely occurred 
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during periods of third-order transgression and highstand, where terrigenous dilution would be 

the lowest and the carbonate biota the most unhindered. Organic-rich mudstone and marlstone 

deposition likely occurred during periods of third-order relative regression and lowstand, where 

terrigenous dilution would be high and carbonate biota impeded. Additionally, in areas of the 

basin more proximal to the Sevier Highlands, terrigenous input caused the Smoky Hill member 

to become sandier and shalier (Figure 2.6).  

The Sharon Springs member of the Pierre Shale overlies the Niobrara Formation (Gill et 

al., 1972). The Sharon Springs was deposited during Early Campanian time as part of the 

second-order Claggett cycle (Carpenter, 1996). The Sharon Springs ranges in thickness from 10 

feet in parts of Colorado to 222 feet in Sharon Springs, Kansas (Gill et al., 1972). Volcanic 

eruptions from the Sevier Highlands to the west produced large quantities of bentonite that are 

indicative on gamma ray logs as to the presence of the Sharon Springs in Colorado, and the basal 

contact between the Pierre Shale and the Niobrara Formation. The shale overlying the bentonites 

of the Sharon Springs are abundant with fish scales and bones, and source-rock quality organic 

matter that likely originated from terrestrial and marine plants. The bentonites of the Sharon 

Springs and the shales of the Pierre Shale act as the top seal to the Niobrara Petroleum System. 

2.3 Niobrara Petroleum System 

 The Niobrara Formation in the Denver Basin is a mostly self-sourced unconventional oil 

and gas play. Organic-rich marls and mudstone benches of the Niobrara act as source rocks, 

while adjacent porous chalk benches act as reservoir rocks that may also have adequate amounts 

of source rock potential. The underlying Carlile Shale and overlying Pierre Shale act as seals to 

contain the Niobrara Petroleum System. The hydrocarbon source rock potential of the organic-

rich mudstones and marlstones is a function of their thermal maturity and organic content. The 
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reservoir potential of the chalks is a function of their diagenesis, burial history, and timing of 

hydrocarbon migration. 

 Additionally, there is evidence of hydrocarbon sourcing from the lower Pierre Shale 

(Zumberge et al., 2016). As seen in the fractured Pierre Shale play at Florence Field in the Cañon 

City Embayment of south-central Colorado, hydrocarbon sourced from the Pierre Shale may be 

in considerable quantities (Timm, 2018). Although the Pierre Shale in the vicinity of Redtail 

Field is not fractured like it is in Florence Field, migration from the Sharon Springs to updip 

Niobrara A Chalk reservoirs has been demonstrated in the Denver Basin (Zumberge et al., 2016). 

 
Figure 2.5 – Generalized transgressive-regressive cyclicity of the Niobrara Formation during 
Coniacian, Santonian, and Campanian time. Blue arrows indicate periods of transgression, while 
red arrows indicate periods of regression. The red box indicates the zone of interest in this study 
(modified after Longman et al., 1999). 

A Chalk 

A Marl 

ZONE OF 
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Figure 2.6 – Idealized Niobrara depositional trends in the western portion of the Cretaceous 
Western Interior Seaway, showing mixing of cool Boreal waters and warm Tethyan waters, and 
increasing shale and sand presence in areas more proximal to the Sevier Highlands (modified 
after Longman et al., 1998). 
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CHAPTER 3 

CORE STUDY 

 This chapter presents the studies done on the Razor 25-2514H core. These studies include 

core description and facies classification, correlation of lithologic tops within the Sharon 

Springs, Niobrara, Niobrara A Chalk, Niobrara A Marl, Niobrara A Bentonitic Marl, and 

Niobrara B Upper Chalk, and isopach mapping using the correlated tops. 

3.1 Core Description and Facies Classification 

 The Razor 25-2514H is the type core for Redtail Field. It is located in T10N R58W 

Section 25, which is the center of the field. The interval described is from 5,529 ft measured 

depth (MD) to 5622.5 ft MD, encompassing a portion of the lower Pierre Shale, and all the 

Sharon Springs and Niobrara A interval (Niobrara A Chalk, Niobrara A Marl, and Niobrara A 

Bentonitic Marl). The core description ends at the Niobrara B Upper Chalk, which underlays the 

Niobrara A Bentonitic Marl (Figure 3.1). The core was described from a slabbed surface and 

core photographs. 

 Facies were defined via visual inspection of the core at the macroscopic level and the 

total gamma ray log. Thin sections were not used in this study. Facies were classified by analysis 

of color, grain size, bedding, minerals present, bioturbation, and fossil assemblages. Due to the 

depositional nature of the Niobrara Formation, many fine-scale lithologic changes are present. 

These fine-scale changes are grouped into the larger facies classifications, rather than split out as 

sub-facies. The facies defined in the selected interval of the Razor 25-2514H are: shale, marl, 

chalky marl, chalk, and bentonite. 
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Figure 3.1 – API Gamma ray log showing lithologic contacts of the Sharon Springs (red), 
Niobrara (gray), Niobrara A Chalk (cyan), Niobrara A Marl (blue), Niobrara A Bentonitic Marl 
(yellow), and Niobrara B Upper Chalk (light green). 
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Color varies throughout the Sharon Springs and Niobrara A interval from black to light 

gray and is closely associated with the lithology, where light gray indicates chalk, medium gray 

to chalky marl and marl, dark gray to marl and shale, and black to shale. A gray scale from zero 

to four was used to denote the different colors, with zero being white and four being black. 

Bentonites in this interval are yellow to yellow-orange and yellowish-green. Grain size 

distribution is typically very-fine grained in the marl, chalky marl, and chalk sections, and clay-

sized in the shale and bentonite sections. Bedding is massive, planar laminated, or wispy 

discontinuous laminated, and is generally not associated with a specific lithology. Minerals 

present refer to minerals within the rock matrix that are viewable at the macroscopic scale. 

Minerals present in this interval are limited to calcite and pyrite. A bioturbation index from zero 

to five (Lazar et al., 2015) was used to classify the relative abundance of trace burrows; 

however, bioturbation was not observed in this interval outside of the bentonite facies at the 

macroscopic scale. Fossil assemblages consist of fish scales, unknown origin bone fragments, 

coccolithophores, and foraminifera. 

 Compositional mineralogy, in terms of percent carbonate content (and inversely, percent 

siliciclastic clay and silt content), is an important component of facies classification in the 

Niobrara. A carbonate classification scheme used by the Colorado School of Mines Niobrara 

Consortium (Figure 3.2) was modified to meet the needs of this study (Figure 3.3). The Niobrara 

Consortium classification scheme relies on percent carbonate mineralogy and is highly 

dependent on X-Ray Diffraction (XRD) data. Due to XRD data being unavailable in the Razor 

25-2514H, a proxy of API gamma ray values was used to approximate the percent carbonate 

content. The results of this proxy process and general guideline association to the defined facies 
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are shown in Table 3.1. This was done by normalizing the API gamma ray values in the lower 

Pierre, Sharon Springs, and Niobrara A interval (Figure 3.4).  

It is important to note, however, that many bentonite beds are below the resolution ability 

of the gamma ray tool. Due to this low resolution, thin bentonite beds do not appear in the 

gamma ray log as discrete high API gamma ray values, but rather as mixed elevated API gamma 

ray values similar to those found in the shale facies. To alleviate this problem, the normalized 

API gamma ray values were compared to the core description where individual bentonite beds 

had previously been identified. Additionally, some chalky marl intervals possess a similar 

normalized API gamma ray value to chalk intervals and marl intervals, as well as some shale 

intervals possess a similar normalized API gamma ray value to marl intervals. These problems 

were also solved by comparison to the core description. 

 
Figure 3.2 – Percent carbonate content classification scheme (CSM Niobrara Consortium). 
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Figure 3.3 – Percent normalized API gamma ray value scale showing classification of Niobrara 
carbonate lithologies. 
 
 
Table 3.1 – Percent normalized API gamma ray value by facies. Marl and shale facies contain 
significant overlap, but do not occur in the same section. Overlap values are mainly due to thin-
bedded bentonites that cannot be parsed out of the normalization. 
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Figure 3.4 – Graph showing percent normalized API gamma ray values by depth in the lower 
Pierre, Sharon Springs, and Niobrara A interval. Also shown are lithologic contacts of the 
Sharon Springs (red), Niobrara (gray), Niobrara A Chalk (cyan), Niobrara A Marl (blue), 
Niobrara A Bentonitic Marl (yellow), and Niobrara B Upper Chalk (light green). 
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3.1.1 Facies 1: Shale 

Shale is present within the lower Pierre, Sharon Springs, and Niobrara formations. It is 

dark gray to black, composed of clay-sized grains that have resulted in massive bedding. Pyrite is 

found throughout the shale, most often as framboids, but also along the interbedded bentonites. 

Calcite is rarely observed and is only present as fracture fill in naturally occurring fractures 

(Figure 3.5). Bioturbation is not observed in this facies at the core scale. Extremely rare fossil 

assemblages are present in the form of fish scales and bone fragments. These fossils have only 

been found at partings within the shale that appear after desiccation and removal of overburden 

pressure during the coring process, rather than on the slabbed surface. This facies is most 

common within the lower Pierre and Sharon Springs intervals where it is tens to hundreds of feet 

thick, but it may also occur within the Niobrara interval where it is 0.1 ft to 0.3 ft thick. Source 

rock analysis (SRA) data from samples analyzed for Whiting Petroleum show total organic 

carbon (TOC) in this facies varies from 4.29 weight percent to 9.32 weight percent. The highest 

TOC in the Niobrara A interval is observed in this facies. TMAX in this facies ranges from 435° C 

to 440° C, and the calculated vitrinite reflectance ranges from 0.67% to 0.76%. The calculated 

vitrinite reflectance values for this interval are associated with early oil, where values range from 

0.6% to 0.8%.  Routine core analysis (RCA) data from samples analyzed for Whiting Petroleum 

show porosity values in this facies range from 3.31% to 6.02%. This is a seal and source rock 

facies. 

3.1.2 Facies 2: Massive to laminated Marl 

 Marl is present within the Niobrara Formation. It is medium to dark gray and most often 

observed as massive bedding, though planar bedding is occasionally observed in the lower 

section (Figure 3.6). Pyrite is not observed in this facies at the macroscopic scale. Calcite is 
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rarely observed as a free mineral and is only present in conjunction with an interbedded 

bentonite. Bioturbation is not observed in this facies at the macroscopic scale. Fossil 

assemblages are not observed at the macroscopic scale but are occasionally present as 

foraminifera and coccolithophores at microscopic scales. This facies is most common in the 

upper and lower sections of the Niobrara A interval, where it is tens of feet thick. SRA data from 

samples analyzed for Whiting Petroleum show TOC in this facies varies from 2.51 weight 

percent to 7.96 weight percent. TMAX in this facies ranges from 430° C to 441° C, and the 

calculated vitrinite reflectance ranges from 0.67% to 0.78%. The calculated vitrinite reflectance 

values for this facies are associated with early oil, where values range from 0.6% to 0.8%. RCA 

data from samples analyzed for Whiting Petroleum show porosity values in this facies range 

from 1.51% to 12.75%. This is a source rock and reservoir facies. 

3.1.3 Facies 3: Massive to laminated Chalky Marl 

 Chalky marl is found within the Niobrara Formation. It is medium gray, and most often 

observed as massive bedding, though planar bedding and wispy discontinuous laminated bedding 

are often observed. Pyrite and calcite are not present as free minerals in this facies at the 

macroscopic scale. Bioturbation is not observed in this facies at the macroscopic scale. Fossil 

assemblages of foraminifera are present at the macroscopic scale and appear as white specks 

throughout (Figure 3.7). This facies is found throughout the Niobrara A interval with thicknesses 

ranging from 0.3 ft to 5 ft, and it is always interbedded with chalk or marl facies. SRA data from 

samples analyzed for Whiting Petroleum show TOC in this facies varies from 1.98 weight 

percent to 4.19 weight percent. TMAX in this facies ranges from 430° C to 439° C, and the 

calculated vitrinite reflectance ranges from 0.58% to 0.74%. The calculated vitrinite reflectance 

values for this facies are associated with early oil, where values range from 0.6% to 0.8%; 
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however, the 0.58% calculated vitrinite reflectance value falls within the pre-oil window. RCA 

data from samples analyzed for Whiting Petroleum show porosity values in this facies range 

from 11.18% to 12.75%. This is a source rock and reservoir facies. 

3.1.4 Facies 4: Massive to laminated Chalk 

 Chalk is found within the Niobrara Formation. It is light gray and most often observed as 

massive bedding, though planar bedding is often observed. Pyrite and calcite are not present as 

free minerals in this facies at the macroscopic scale. Bioturbation is not observed in this facies at 

the macroscopic scale. Fossil assemblages of foraminifera are present and appear as white specks 

throughout, and in greater quantities than in the chalky marl facies (Figure 3.8). This facies 

occurs exclusively within the Niobrara A Chalk interval where it is frequently interbedded with 

chalky marl facies. Uninterrupted sections vary from 1 ft to 5 ft (Figure 3.9). SRA data from 

samples analyzed for Whiting Petroleum show TOC in this facies varies from 1.90 weight 

percent to 3.25 weight percent. TMAX in this facies ranges from 431° C to 438° C, and the 

calculated vitrinite reflectance ranges from 0.60% to 0.72%. The calculated vitrinite reflectance 

values for this facies are associated with early oil, where values range from 0.6% to 0.8%. RCA 

data from samples analyzed for Whiting Petroleum show porosity values in this facies range 

from 11.01% to 12.65%. This is a reservoir facies. 

3.1.5 Facies 5: Bentonite 

 Bentonite is found within the lower Pierre, Sharon Springs, and Niobrara formations. It is 

yellow and yellow-green under white light and fluoresces bright yellow to yellow-orange and 

yellow-green to green under ultraviolet light. It is composed of clay-sized grains that have 

resulted in fissile laminations (Figure 3.10). Pyrite is often found in this facies, surrounding and 

within the bentonite bed. Calcite is occasionally found in this facies, also surrounding and within 



27 
 

the bentonite bed. Bioturbation is present in some bentonite beds, although it is difficult to 

quantify the amount of reworking that has occurred. Fossils are not present in this facies. 

Although the thickness of this facies is highly variable, it is relatively thin in comparison to the 

other facies. Minimum thicknesses of 0.01 ft are observable at the macroscopic scale and quite 

common, while maximum thicknesses of 0.3 ft are rare. This facies may occur anywhere within 

the lower Pierre, Sharon Springs, and Niobrara A interval (Figure 3.11). No samples from this 

facies were selected for TOC or TMAX evaluations, and no vitrinite reflectance has been 

calculated. This is a seal facies. 

3.2 Facies Distribution 

 In many sections of this core, facies are easily identifiable and follow sharp lithologic 

contacts. However, within the Niobrara A interval, lithologic contacts are harder to discern due 

to small differences between the marl, chalky marl, and chalk facies. In addition to difficult to 

discern facies variability, there is also a high degree of interbedding, especially within the 

Niobrara A Chalk interval. Normalized API gamma ray values, in conjunction with color 

variability and fossil assemblages, were used to effectively model the distribution of facies 

within the Razor 25-2514H core (Figure 3.12). 

 Due to the thin-bedded nature of the bentonites, only those bentonites with a thickness 

exceeding one foot are shown in the facies distribution. Additionally, thin-bedded shales that 

occur within the Niobrara interval are also not shown in the facies distribution, as these beds are 

often 0.1 ft to 0.3 ft in thickness. In the chalky marl facies, where a high degree of interbedding 

is ubiquitous, the facies distribution does not recognize the interbedded chalk or marl facies. This 

is also due to the thin-bedded nature of this facies. 
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Figure 3.5 – Shale facies. Calcite occupying natural fracture in the lower Pierre Shale at 5,557.8 
ft MD indicated by yellow star. Drilling-induced fractures seen at top and bottom of image. 
Massive bedding apparent. Yellow line indicates 4 inches. 
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Figure 3.6 – Marl facies. Massive bedding in the Niobrara A Marl at 5,617.5 ft MD. No 
bioturbation or fossil assemblages are seen in this sample at the macroscopic scale. Yellow line 
indicates 4 inches. 
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Figure 3.7 – Chalky marl facies. Massive bedding and planar to wispy bedding at 5,586.4 ft MD. 
Fossil assemblages of foraminifera are seen throughout this sample as white specks. Light gray 
at top of photograph is the chalk facies. Yellow line indicates 4 inches. 
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Figure 3.8 – Chalk facies. Massive bedding and some faint planar laminations at 5,588.8 ft MD. 
Fossil assemblages of foraminifera are seen throughout this sample as white specks. Yellow line 
indicates 4 inches. 
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Figure 3.9 – Interbedded chalk and chalky marl facies. Massive bedding, planar laminations, and 
wispy discontinuous laminations are observable throughout the sample from 5,597 ft MD to 
5,598 ft MD. Fossil assemblages of foraminifera are seen throughout this sample as white 
specks. Yellow line indicates 1 foot. 
 



33 
 

 
Figure 3.10 – Bentonite facies. Laminated bentonite 0.1 ft thick with abundant pyritization in the 
lower half and some calcite mineralization at 5,555.75 ft MD, bounded by shale facies. Lower 
bentonite exhibiting some color variation has likely been bioturbated as evidenced by mud 
within the bentonite. Yellow line indicates 4 inches. 
 

 
Figure 3.11 – Bentonite facies. Bioturbated bentonite 0.01 ft thick (within yellow box) with 
likely pyritization at 5,570.63 ft MD, immediately bounded by chalky marl facies, which is then 
bounded by chalk facies. Yellow line indicates 4 inches. 
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Figure 3.12 – Plot showing the percent normalized API gamma ray values by depth, overlain by 
the facies distribution. No carbonate facies are found above the lithologic contact between the 
Sharon Springs and Niobrara formations. Due to the abundance of thin bentonite beds, they are 
not shown on this plot. Bentonite beds exceeding 1 ft are included. 
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3.3 Correlation of Lithologic Tops 

 Lithologic tops in the Razor 25-2514H core were identified during the core description 

process, as well as by analysis of total gamma ray logs. A total of six tops were identified in the 

lower Pierre, Sharon Springs, and Niobrara A interval, being: Sharon Springs, Niobrara, 

Niobrara A Chalk, Niobrara A Marl, Niobrara A Bentonitic Marl, Niobrara B Upper Chalk. 

These tops are lithologically different from one another and contain different log signatures from 

one another. 

 The Sharon Springs top is identified by a 0.3 ft thick bentonite bounded by black to dark 

gray shale above and below (Figure 3.13). The gamma ray log signature of this bentonite interval 

is one of the highest API gamma ray values found within the Niobrara Petroleum System. This 

signature occurs at 5,547.7 ft MD in the core and at 5,547.9 ft MD on the gamma ray log. 

Inspection of the spectral gamma ray log signature reveals this high gamma ray value is due to 

high uranium values and low potassium and thorium values. Total API gamma ray values are 

highly variable throughout this interval but remain higher than total API gamma values found in 

the underlying Niobrara interval. 

The Niobrara top is identified by a lithologic change from dark gray shale to medium 

gray shale and marl. The gamma ray log signature of this lithologic change is characterized by a 

decrease in total API gamma ray value from the overlying shale of the Sharon Springs, but a 

higher total API gamma ray value than the underlying Niobrara A Chalk (Figure 3.14). This 

signature occurs at 5,557.85 ft MD in the core and at 5,559.27 ft MD on the gamma ray log. 

Total API gamma ray values of this interval are relatively constant throughout the section but do 

exhibit some small peaks of higher total API gamma ray values. 
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 The Niobrara A Chalk top is identified by a lithologic change from medium gray shale 

and marl to light gray chalk. The gamma ray log signature of this lithologic change is 

characterized by a moderate decrease in total API gamma ray values from the overlying shale 

and marl of the Niobrara (Figure 3.15). This signature occurs at 5,568.9 ft MD in the core and at 

5,568.93 ft MD on the gamma ray log. Total API gamma ray values of this interval generally 

decrease downsection with the lowest API gamma ray value found within the Niobrara A 

interval immediately before the transition to the Niobrara A Marl. 

 The Niobrara A Marl top is identified by a lithologic change from light gray chalk to 

medium gray chalky marl. The gamma ray log signature of this lithologic change is characterized 

by a moderate increase in total API gamma ray values from the overlying chalk of the Niobrara 

A Chalk (Figure 3.16). This signature occurs at 5,601.9 ft MD in the core and at 5,600.1 ft MD 

on the gamma ray log. Total API gamma ray values of this interval generally increase 

downsection before the transition to the Niobrara A Bentonitic Marl. 

 The Niobrara A Bentonitic Marl top is identified by a lithologic change from medium 

gray marl to a 0.2 ft thick bentonite. The gamma ray log signature of this lithologic change is 

characterized by a dramatic increase in total API gamma ray values from the overlying marl of 

the Niobrara A Marl (Figure 3.17). The gamma ray log signature of this bentonite interval is the 

highest API gamma ray value found within the Niobrara Petroleum System. This signature 

occurs at 5,615.0 ft MD in the core and at 5,613.93 ft MD on the gamma ray log. Inspection of 

the spectral gamma ray log signature reveals this high gamma value is due to high uranium 

values and low potassium and thorium values, similar to the bentonite found within the Sharon 

Springs. Total API gamma ray values dramatically decrease downsection of the bentonite but 

remain high before the contact with the Niobrara B Upper Chalk. 
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The Niobrara B Upper Chalk top is identified by a lithologic change from medium gray 

marl to light gray chalk. The gamma ray log signature of this lithologic change is characterized 

by a dramatic decrease in total API gamma ray values from the overlying Niobrara A Bentonitic 

Marl (Figure 3.18). This signature occurs at 5,621.07 ft MD in the core and at 5,621.77 ft MD on 

the gamma ray log. This lithologic change marks the end of the Niobrara A interval and the start 

of the Niobrara B interval. 

Following the identification of the different tops in the lower Pierre, Sharon Springs, and 

Niobrara A interval from lithologic contacts and the associated total gamma ray log signatures, 

formation tops were correlated throughout the study area using the cross-section module in 

GeoPlus Petra™. Formation tops were picked by visually inspecting raster images of total 

gamma ray logs in Petra and comparing against the original top picks from the Razor 25-2514H 

core. Once satisfactory correlations were made near the Razor 25-2514H, correlations were made 

throughout the study area where data was available. However, due to the relative low density of 

wells with available data in the study area, and to ensure that edge of map effects would not be 

present at the edges of the study area, additional wells outside of the study area were also 

correlated (Figures 3.19 and 3.20). Owing to the nature of the lithologic contacts, small 

variations were observed in the total gamma ray profile; however, these variations are negligible 

to the correlation process and are not believed to have had an adverse effect. In total, formation 

tops were correlated across 520 wells, ranging from T7N to T12N and R63W to R53W (Figures 

3.21 through 3.26). 
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Figure 3.13 – Gamma Ray log from the Razor 25-2514H. Red line indicates the top of the 
Sharon Springs. Core photograph showing lithologic difference between the shale and the 
bentonite that denotes the top of the Sharon Springs, marked by the red line. 
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Figure 3.14 – Gamma Ray log from the Razor 25-2514H. Gray line indicates the top of the 
Niobrara Formation. Core photograph showing lithologic difference between the dark gray shale 
to the medium gray shale and marl that denotes the top of the Niobrara, marked by the gray line. 
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Figure 3.15 – Gamma Ray log from the Razor 25-2514H. Cyan line indicates the top of the 
Niobrara A Chalk. Core photograph showing lithologic difference between the medium gray 
shale and marl to the light gray chalk that denotes the top of the Niobrara A Chalk, marked by 
the cyan line. 
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Figure 3.16 – Gamma Ray log from the Razor 25-2514H. Blue line indicates the top of the 
Niobrara A Marl. Core photograph showing lithologic difference between the light gray chalk to 
the medium gray chalky marl that denotes the top of the Niobrara A Marl, marked by the blue 
line. 
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Figure 3.17 – Gamma Ray log from the Razor 25-2514H. Yellow line indicates the top of the 
Niobrara A Bentonitic Marl. This section of core is not present as it was used for rock mechanics 
testing before core photography was performed. 
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Figure 3.18 – Gamma Ray log from the Razor 25-2514H. Light green line indicates the top of 
the Niobrara B Upper Chalk. This section of core is not present as it was preserved before core 
photography was performed. Transition from dark to medium gray marl to medium to light gray 
chalk apparent. 
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Figure 3.19 – Stratigraphic cross section from west to east from the Sharon Springs top to the 
Niobrara B Upper Chalk top, flattened on the Niobrara B Upper Chalk. The Razor 25-2514H is 
well #3. Length of the cross section is approximately 13 miles. Cyan shading indicates Niobrara 
A Reservoir interval. 
 

 
Figure 3.20 – Stratigraphic cross section from north to south from the Sharon Springs top to the 
Niobrara B Upper Chalk top, flattened on the Niobrara B Upper Chalk. The Razor 25-2514H is 
well #3. Length of the cross section is approximately 15 miles. Cyan shading indicates Niobrara 
A Reservoir interval. 
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Figure 3.21 – Depth to the top of the Sharon Springs in sub-sea true vertical depth. Nine 
township study area is outlined in the cyan box. Productive fairway of Redtail Field is outlined in 
pink. 
 

 
Figure 3.22 – Depth to the top of the Niobrara in sub-sea true vertical depth. Nine township 
study area is outlined in the cyan box. Productive fairway of Redtail Field is outlined in pink. 
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Figure 3.23 – Depth to the top of the Niobrara A Chalk in sub-sea true vertical depth. Nine 
township study area is outlined in the cyan box. Productive fairway of Redtail Field is outlined in 
pink. 
 

 
Figure 3.24 – Depth to the top of the Niobrara A Marl in sub-sea true vertical depth. Nine 
township study area is outlined in the cyan box. Productive fairway of Redtail Field is outlined in 
pink. 
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Figure 3.25 – Depth to the top of the Niobrara A Bentonitic Marl in sub-sea true vertical depth. 
Nine township study area is outlined in the cyan box. Productive fairway of Redtail Field is 
outlined in pink. 
 

 
Figure 3.26 – Depth to the top of the Niobrara B Upper Chalk in sub-sea true vertical depth. Nine 
township study area is outlined in the cyan box. Productive fairway of Redtail Field is outlined in 
pink. 
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 3.4 Isopach Mapping 

 Following the correlation of the formation tops, isopachs were evaluated by taking the 

TVD value of a formation top from the TVD value of another formation top, as given by the 

following equation: 

 𝐼𝑠𝑜𝑝𝑎𝑐ℎ = 𝑇𝑉𝐷 − 𝑇𝑉𝐷  (3.1) 

Where 𝑇𝑉𝐷  is the TVD value (in feet) of the shallower formation, 𝑇𝑉𝐷  is the TVD value (in 

feet) of the deeper formation, and 𝐼𝑠𝑜𝑝𝑎𝑐ℎ  is the resultant value (in feet) of the difference 

between these two points. Isopachs were created for each individual interval within the Sharon 

Springs and Niobrara A, as shown for the Razor 25-2514H core in Table 3.2 (Figures 3.27 

through 3.31). The Niobrara A interval is defined as the top of the Niobrara to the top of the 

Niobrara B Upper Chalk (Figure 3.32). The Niobrara A Reservoir is defined as the Niobrara A 

Chalk and Niobrara A Marl (Figure 3.33). 

 

Table 3.2 – Isopach values in the Razor 25-2514H core between individual lithologic tops, the 
Niobrara A Interval, and the Niobrara A Reservoir. 
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Figure 3.27 – Isopach of the Sharon Springs, the interval between the Sharon Springs top and 
Niobrara top. Nine township study area is outlined in the cyan box. Productive fairway of Redtail 
Field is outlined in pink. 
 

 
Figure 3.28 – Isopach of the Niobrara, the interval between the Niobrara top and the Niobrara A 
Chalk top. Nine township study area is outlined in the cyan box. Productive fairway of Redtail 
Field is outlined in pink. 
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Figure 3.29 – Isopach of the Niobrara A Chalk, the interval between the Niobrara A Chalk top 
and the Niobrara A Marl top. Nine township study area is outlined in the cyan box. Productive 
fairway of Redtail Field is outlined in pink. 
 

 
Figure 3.30 – Isopach of the Niobrara A Marl, the interval between the Niobrara A Marl top and 
the Niobrara A Bentonitic Marl top. Nine township study area is outlined in the cyan box. 
Productive fairway of Redtail Field is outlined in pink. 
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Figure 3.31 – Isopach of the Niobrara A Bentonitic Marl, the interval between the Niobrara A 
Bentonitic Marl top and the Niobrara B Upper Chalk top. Nine township study area is outlined in 
the cyan box. Productive fairway of Redtail Field is outlined in pink.  
 

 
Figure 3.32 – Isopach of the Niobrara A Interval, the interval between the Niobrara top and the 
Niobrara B Upper Chalk top. Nine township study area is outlined in the cyan box. Productive 
fairway of Redtail Field is outlined in pink. 
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Figure 3.33 – Isopach of the Niobrara A Reservoir, the interval between the Niobrara A Chalk 
top and the Niobrara A Bentonitic Marl top. Nine township study area is outlined in the cyan 
box. Productive fairway of Redtail Field is outlined in pink.  
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CHAPTER 4 

RESERVOIR CHARACTERIZATION 

 This chapter presents the different reservoir characterization analyses performed on the 

Razor 25-2514H core. These analyses include routine core analysis, source rock analysis, and 

temperature mapping and correlation. 

4.1 Routine Core Analysis 

Eighteen samples were selected from the lower Pierre, Sharon Springs, and Niobrara A 

interval to undergo RCA. These samples were chosen by Whiting Petroleum at the time the core 

was taken in March 2013. RCA was performed specifically to quantify saturations of oil, water, 

and gas, grain density, porosity at net-confining stress, permeability to air, and Klinkenberg 

permeability. The samples were evaluated from core plugs taken from the Razor 25-2514H core 

at varying depths. The values of these parameters are found in Table 4.1. 

 

Table 4.1 – Routine Core Analysis values for 18 samples taken throughout the lower Pierre, 
Sharon Springs, and Niobrara A interval. 
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Some samples were not able to be evaluated for all the desired parameters. This is likely 

due to fracturing within the core plug sample that would not allow for the permeability tests to be 

performed correctly. 

4.1.1 Oil, Water, and Gas Saturations 

 Oil and water saturations are calculated in this experiment by utilizing the Dean-Stark 

extraction process. Water is extracted from the sample and is measured directly after water levels 

have stabilized in the trapping mechanism. Following the removal and measurement of water 

from the sample, and the extraction of oil from the sample, the volume of oil is calculated.  

 Gas saturation is calculated after the saturations of oil and water are known by using the 

following equation: 

 𝑆 = 1 − 𝑆 − 𝑆  (4.1) 

Where 𝑆  is the saturation of gas (in volume per volume), 𝑆  is the saturation of water (in 

volume per volume), and 𝑆  is the saturation of oil (in volume per volume). The oil, water, and 

gas saturations are equal to 1.0 when the experiment is performed correctly (Figure 4.1). 

 The shale and marl facies of the lower Pierre, Sharon Springs, and Niobrara intervals 

possess high water saturations, where they average 80.8%, with the low value being 66.5% and 

the high value being 94.0%. Inversely, this interval possesses low oil and gas saturations, where 

they average 5.5% oil, with the low value being 0.0% and the high value being 11.3%, and 

13.6% gas, with the low value being 6.0% and the high value being 22.2%. The chalk, chalky 

marl, and marl facies of the Niobrara A Chalk, Niobrara A Marl, and Niobrara A Bentonitic Marl 

intervals possess low water saturations, where they average 14.4%, with the low value being 

10.9% and the high value being 18.0%. Inversely, this interval possesses higher oil and gas 
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saturations, where they average 26.6% oil, with the low value being 18.3% and the high value 

being 34.1%, and 59.0% gas, with the low value being 48.5% and the high value being 65.7%. 

 
Figure 4.1 – Total saturations from the 18 samples showing oil (green), gas (red), and water 
(blue). High water saturations and low oil and gas saturations are seen in the lower Pierre, 
Sharon Springs, and Niobrara above the Niobrara A Chalk. 
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4.1.2 Grain Density 

 Grain density in RCA is calculated in this experiment by using an extended range helium 

porosimeter, in accordance with Boyle’s Law. Grain density is calculated by using the following 

equation: 

 𝐷 =    (4.2) 

Where 𝐷  is the grain density (in grams per cubic centimeter), 𝑀  is the humid grain mass (in 

grams), and 𝑉  is the grain volume (in cubic centimeters). Due to how this analysis is performed, 

grain density may be highly variable compared to the actual lithology of the sample. Typical 

density ranges for a variety of sedimentary rock types are shown in Table 4.2. 

 Grain densities from the 18 samples show distinct differences between the shale and marl 

facies of the lower Pierre, Sharon Springs, and Niobrara intervals and the chalk, chalky marl, and 

marl facies of the Niobrara A Chalk, Niobrara A Marl, and Niobrara A Bentonitic Marl intervals 

(Figure 4.2). The lower Pierre, Sharon Springs, and Niobrara interval samples plot noticeably 

lower with an average value of 2.52 grams per cubic centimeter, with the low value being 2.42 

grams per cubic centimeter and the high value being 2.59 grams per cubic centimeter. The 

Niobrara A Chalk, Niobrara A Marl, and Niobrara A Bentonitic Marl interval samples plot near 

the often used limestone matrix density of 2.7 grams per cubic centimeter with an average value 

of 2.69 grams per cubic centimeter, with the low value being 2.64 grams per cubic centimeter 

and the high value being 2.74 grams per cubic centimeter. The Niobrara A Marl densities are 

typically greater than the Niobrara A Chalk and Niobrara A Bentonitic Marl densities. The 

difference in densities between the two populations is likely due to increasing clay content in the 

lower Pierre, Sharon Springs, and Niobrara interval samples. 
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Table 4.2 – Typical grain density ranges in relation to a variety of sedimentary rock types. 

 
 

 
Figure 4.2 – Grain densities from the 18 samples showing Niobrara A Chalk, Niobrara A Marl, 
and Niobrara A Bentonitic Marl intervals with a distinct difference from the lower Pierre, Sharon 
Springs, and Niobrara intervals. 
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4.1.3 Porosity 

 Porosity in RCA is calculated in this experiment by using Dean-Stark Analysis. The 

sample is loaded into a Hassler core holder at a confining pressure equal to 250 pounds per 

square inch – gauge. Direct pore volume measurements are made by utilizing Boyle’s Law 

methods with helium as the gaseous medium. Porosity is then calculated by using the following 

equation: 

 𝜙 =  ∗ 100 (4.3) 

Where 𝜙 is the porosity (percent), 𝑉  is the pore volume (in cubic centimeters), and 𝑉  is the 

grain volume (in cubic centimeters). 

Porosities from the 18 samples show distinct differences between the shale and marl 

facies of the lower Pierre, Sharon Springs, and Niobrara intervals and the chalk, chalky marl, and 

marl facies of the Niobrara A Chalk, Niobrara A Marl, and Niobrara A Bentonitic Marl intervals 

(Figure 4.3). The lower Pierre, Sharon Springs, and Niobrara interval samples plot noticeably 

lower with an average value of 3.51%, with the low value being 1.51% and the high value being 

6.02%. The Niobrara A Chalk, Niobrara A Marl, and Niobrara A Bentonitic Marl interval 

samples average 11.88%, with the low value being 10.93% and the high value being 12.75%. 

These are effective porosity values. True porosity would be expected to be a few percentage 

points higher, at most. The large porosity differences between the two populations is due to a 

type of porosity present in the Niobrara A Chalk, Niobrara A Marl, and Niobrara A Bentonitic 

Marl facies. This interval possesses significant intraparticle porosity, which is found in 

coccolithophore and foraminifera fragments. This type of porosity is absent in the lower Pierre, 

Sharon Springs, and Niobrara interval facies. 
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Figure 4.3 – Porosities from the 18 samples showing Niobrara A Chalk, Niobrara A Marl, and 
Niobrara A Bentonitic Marl intervals with a distinct difference from the lower Pierre, Sharon 
Springs, and Niobrara intervals. 
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4.1.4 Permeability to Air 

 Permeability to air is calculated in this experiment by utilizing the steady-state method 

with pressure release, after pore volume determination has been performed. Calculations of 

permeability to air are determined by the following equation: 

 𝐾 =  ∗( ) ( ) ∗   (4.4) 

Where 𝐾  is the permeability to air (in millidarcies), 𝑃  is the atmospheric pressure (in 

atmospheres), 𝑣  is the gas viscosity (in centipoise), (𝑃 − 𝑃 ) is the differential pressure (in 

atmospheres), [(𝑃 + 𝑃 )/2] is the mean pressure (in atmospheres), 𝑄  is the flow rate (cubic 

centimeters per second), 𝐿 is the length (in centimeters), and 𝑉  is the bulk volume (in grams per 

cubic centimeter). 

Permeability to air from the 18 samples shows a wide range of values (Figure 4.3). There 

is no apparent trend to the values based on facies or formation. Of the 18 samples, three were 

unable to be analyzed for permeability, likely due to extensive fracturing in the core plug. Of the 

remaining 15 samples, seven possess values exceeding 1 millidarcy, which is abnormally high 

for these types of rocks, suggesting that fractures are present within the samples. However, due 

to the proclivity of the rock to fracture during the coring process due to overburden pressure 

being removed, gasses expanding as confining pressures change, desiccation of the rock, 

fracturing during the extrusion or slabbing process, or fracturing during the extraction of the core 

plug, it is difficult to ascertain the nature of the fractures in a core plug. The remaining eight 

samples possess values that are likely to be observed in these types of rocks. Four samples 

possess values between 0.1 millidarcy and 1 millidarcy, three samples possess values between 

0.01 millidarcy and 0.1 millidarcy, and one sample possesses a value less than 0.01 millidarcy. 
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Figure 4.4 – Permeability to air from the 18 samples showing a wide range of values. Values 
greater than 1 millidarcy are likely due to fracturing within the core plug. Three samples were 
not analyzed, likely due to extensive fracturing in the core plug that made analysis impossible. 
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4.1.5 Klinkenberg Permeability 

 Klinkenberg permeability is calculated in this experiment after permeability to air has 

been ascertained in a sample. Calculations of Klinkenberg permeability are determined by the 

following equation: 

 𝐾 =        (4.5) 

Where 𝐾  is the Klinkenberg permeability (in millidarcies), 𝐾  is the permeability to air (in 

millidarcies), 𝑏 is a constant for a particular gas in a given rock type, and 𝑃 is the mean flowing 

pressure (in atmospheres). 

The percent change from permeability to air to Klinkenberg permeability is calculated 

using the following equation: 

 𝐶% =  ∗ 100     (4.6) 

Where 𝐾  is the Klinkenberg permeability (in millidarcies), 𝐾  is the permeability to air (in 

millidarcies), and 𝐶% is the percent change. The percent change in the samples averaged -29.6%, 

with a low change of -1.3% and a high change of -81.3%. 

The actual change from permeability to air to Klinkenberg permeability is calculated 

using the following equation: 

 𝐶 =       (4.7) 

Where 𝐾  is the Klinkenberg permeability (in millidarcies), 𝐾  is the permeability to air (in 

millidarcies), and 𝐶  is the actual change. The actual change in the samples averaged -0.090, 

with a low change of -0.003 and a high change of -0.196. The percent change and actual change 

of each sample is shown in Table 4.3. 
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Klinkenberg permeability from the 18 samples shows a wide range of values which are 

similar to, but less than, the permeability to air values (Figure 4.5). Similar to the permeability to 

air plot, there is no apparent trend to the values based on facies or formation in the Klinkenberg 

permeability plot. Of the 18 samples, three were unable to be analyzed for permeability, likely 

due to extensive fracturing in the core plug. Of the remaining 15 samples, seven possess values 

in excess of 1 millidarcy. The remaining eight samples possess values that are likely to be 

observed in these types of rocks. Four samples possess values between 0.1 millidarcy and 1 

millidarcy, one sample possesses a value between 0.01 millidarcy and 0.1 millidarcy, two 

samples possess values between 0.001 millidarcy and 0.01 millidarcy, and one sample possesses 

a value less than 0.001 millidarcy. 

 

Table 4.3 – Percent change and actual change for the 18 samples when converting Klinkenberg 
permeability from permeability to air. 

 

 Due to the large differences seen in the permeability to air and Klinkenberg permeability 

values, and the expected permeability values for these types of rocks, these metrics are not 

reliable in this reservoir characterization study. These values are reported to show that they were 

analyzed during the RCA process. 
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Figure 4.5 – Klinkenberg permeability from the 18 samples showing a wide range of values. 
Values greater than 1 millidarcy are likely due to fracturing within the core plug. Three samples 
were not analyzed, likely due to extensive fracturing in the core plug that made analysis 
impossible. 
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4.2 Source Rock Analysis 

SRA was performed for 18 samples in the lower Pierre, Sharon Springs, and Niobrara A 

interval for Whiting Petroleum. This analysis was performed to identify the S1, S2, and S3 peaks 

through pyrolysis, calculate TOC weight percent, calculate the production index (PI), hydrogen 

index (HI), and oxygen index (OI), determine the temperature at which the maximum rate of 

hydrocarbon generation (TMAX) occurs, determine the oil saturation index (OSI), and calculate 

vitrinite reflectance (Ro). The values of these parameters are listed in Table 4.4. 

 
Table 4.4 – Source Rock Analysis values for 18 samples taken throughout the lower Pierre, 
Sharon Springs, and Niobrara A interval. 

 
 
4.2.1 Pyrolysis 

 Pyrolysis is the decomposition of organic matter in the absence of oxygen. A pyrolysis 

analysis entails pyrolyzing organic matter, and then combusting the material. The pyrolysis 

technique used in these samples is Rock-Eval. In Rock-Eval pyrolysis, a sample is placed in a 

vessel with no oxygen, and then progressively heated to 550°C. The free hydrocarbon in the 

sample is quickly volatized at moderate temperatures. These volatized hydrocarbons are 
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measured and are known as the S1 peak. Kerogen within the sample is pyrolyzed next as 

temperatures increase. This step produces hydrocarbons and hydrocarbon-like compounds, 

carbon dioxide (CO2), and water from the kerogen. The hydrocarbons and hydrocarbon-like 

compounds are measured and are known as the S2 peak, while the CO2 is measured and is 

known as the S3 peak. The S1 and S2 peaks are recorded in milligrams of hydrocarbon per gram 

of rock, and the S3 peak is recorded in milligrams of CO2 per gram of rock (Figure 4.6). 

 There is another peak called the S4 peak which measures the residual carbon that has 

little to no hydrocarbon generation potential from the original sample in milligrams of carbon per 

gram of rock. However, this peak is often not reported, and is not reported in these analyses. 

 The pyrograms for the 18 samples are found in Appendix B. 

 
Figure 4.6 – Idealized diagram showing S1, S2, and S3 peaks, and TMAX. Initial hydrocarbon is 
measured in the S1 peak, generated hydrocarbon is measured in the S2 peak, and carbon dioxide 
is measured in the S3 peak. 
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4.2.2 Total Organic Carbon 

 TOC is an important aspect of unconventional systems that are self-sourcing, such as the 

Niobrara Petroleum System, in that TOC is a measure of the quantity of organic matter found 

within a rock. This parameter is calculated from pyrolysis data, rather than measured directly, by 

using the following equation: 

 𝑇𝑂𝐶 = [0.082 ∗ (𝑆1 + 𝑆2) + 𝑆4]/10  (4.8) 

Where 𝑇𝑂𝐶 is the weight percent of milligrams of hydrocarbon per gram of rock, and 𝑆1 and 𝑆2 

(in milligrams of hydrocarbon per gram of rock), and 𝑆4 (in milligrams of residual carbon per 

gram of rock) are the values reported from the pyrolysis investigation. Table 4.5 shows general 

guidelines for hydrocarbon generation potential from a range of TOC weight percent values in 

shales and carbonates. 

 The shale facies of the lower Pierre and Sharon Springs intervals possess an average 

value of 6.54 TOC weight percent, with the low value being 4.29 weight percent and the high 

value being 9.32 weight percent. The marl facies of the Niobrara, Niobrara A Marl, and Niobrara 

A Bentonitic Marl intervals possess an average value of 3.31 TOC weight percent, with the low 

value being 2.51 weight percent and the high value being 4.19 weight percent. The marl facies in 

the Niobrara interval contain slightly higher TOC weight percent values than those found in the 

Niobrara A Marl and Niobrara A Bentonitic Marl intervals. The chalky marl facies in the 

Niobrara A Chalk and Niobrara A Marl possess an average value of 2.52 TOC weight percent, 

with the low value being 1.9 weight percent and the high value being 3.22 weight percent. The 

chalky facies of the Niobrara A Chalk possesses an average value of 2.69 TOC weight percent, 

with the low value being 1.98 weight percent and the high value being 3.25 weight percent. All 

18 samples are classified as having very good to excellent TOC weight percent values. 
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Table 4.5 – Hydrocarbon generation potential in shales and carbonates based on TOC weight 
percent. 

 
 
4.2.3 Production, Hydrogen, and Oxygen Indexes 

 The PI is a measurement used to characterize the evolution level of the organic matter. It 

is calculated by using the following equation: 

 𝑃𝐼 = 𝑆1/(𝑆1 + 𝑆2)  (4.9) 

Where 𝑆1 and 𝑆2 (in milligrams of hydrocarbon per gram of rock) are the values reported from 

the pyrolysis investigation, and 𝑃𝐼 is indicative of the generation stage of the rock, as shown in 

Table 4.6. 

 
Table 4.6 – Hydrocarbon generation zone based on production index values. 

 
 

 The shale facies of the lower Pierre and Sharon Springs intervals possess a PI value of 

0.173, with the low value being 0.15 and the high value being 0.189. The marl facies of the 

Niobrara, Niobrara A Marl, and Niobrara A Bentonitic Marl intervals possess an average value 

of 0.351, with the low value being 0.242 and the high value being 0.477. The marl facies in the 

Niobrara interval contain slightly lower PI values than those found in the Niobrara A Marl and 

Niobrara A Bentonitic Marl intervals. The chalky marl facies in the Niobrara A Chalk and 
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Niobrara A Marl possess an average value of 0.510, with the low value being 0.436 and the high 

value being 0.587. The chalky facies of the Niobrara A Chalk possesses an average value of 

0.477, with the low value being 0.325 and the high value being 0.624. Higher PI values are likely 

due to intervals that have had hydrocarbons migrate into them. 

The HI is a measure of the amount of hydrogen relative to the amount of organic carbon 

present in a sample. The measurement is a parameter used to characterize the origin of organic 

matter. It is calculated by using the following equation: 

 𝐻𝐼 =  (𝑆2/𝑇𝑂𝐶) ∗ 100 (4.10) 

Where 𝑆2 (in milligrams of hydrocarbon per gram of rock) is the value reported from the 

pyrolysis investigation, and 𝑇𝑂𝐶 is the value calculated to quantify the weight percent of 

milligrams of hydrocarbon per gram of rock. 

The shale facies of the lower Pierre and Sharon Springs intervals possess an HI value of 

392, with the low value being 346 and the high value being 420. The marl facies of the Niobrara, 

Niobrara A Marl, and Niobrara A Bentonitic Marl intervals possess an average value of 332, 

with the low value being 314 and the high value being 374. The chalky marl facies in the 

Niobrara A Chalk and Niobrara A Marl possess an average value of 324, with the low value 

being 272 and the high value being 382. The chalky facies of the Niobrara A Chalk possesses an 

average value of 298, with the low value being 289 and the high value being 314. Higher HI 

values are indicative of hydrocarbon generative potential. 

 The OI is a measure of the amount of oxygen relative to the amount of organic carbon 

present in a sample. The measurement is a parameter used to characterize the origin of organic 

matter. It is calculated by using the following equation: 

 𝑂𝐼 =  (𝑆3/𝑇𝑂𝐶) ∗ 100 (4.11) 
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Where 𝑆3 (in milligrams of carbon dioxide per gram of rock) is the value reported from the 

pyrolysis investigation, and 𝑇𝑂𝐶 is the value calculated to quantify the weight percent of 

milligrams of hydrocarbon per gram of rock. 

The shale facies of the lower Pierre and Sharon Springs intervals possess an OI value of 

7.75, with the low value being 3 and the high value being 18. The marl facies of the Niobrara, 

Niobrara A Marl, and Niobrara A Bentonitic Marl intervals possess an average value of 21.6, 

with the low value being 15 and the high value being 31. The chalky marl facies in the Niobrara 

A Chalk and Niobrara A Marl possess an average value of 28, with the low value being 18 and 

the high value being 34. The chalky facies of the Niobrara A Chalk possesses an average value 

of 28, with the low value being 23 and the high value being 37.  

4.2.4 Temperature of Maximum Hydrocarbon Generation 

 TMAX is the temperature at which S2 reaches its highest rate of hydrocarbon generation. It 

is a directly measured value and is recorded during the pyrolysis investigation. TMAX is an 

indication of the stage of maturation of the organic matter, as shown in Table 4.7.  

 
Table 4.7 – Maturation of organic matter relative to TMAX temperature range. 

 

The shale facies of the lower Pierre and Sharon Springs intervals possess TMAX values 

ranging from 435°C to 441°C. The marl facies of the Niobrara, Niobrara A Marl, and Niobrara A 

Bentonitic Marl intervals possess TMAX values ranging from 430°C to 439°C. The chalky marl 

facies in the Niobrara A Chalk and Niobrara A Marl possess TMAX values ranging from 431°C to 

440°C. The chalky facies of the Niobrara A Chalk possesses TMAX values ranging from 432°C to 
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439°C. Of the 18 samples, four samples are classified as immature, and an additional three have 

barely entered the mature window. There are no overmature samples in this interval. 

4.2.5 Oil Saturation Index 

 OSI is a measurement of the resistance to oil expulsion from a source rock until the 

sorption threshold is exceeded. It is calculated by using the following equation: 

 𝑂𝑆𝐼 =  (𝑆1/𝑇𝑂𝐶) ∗ 100 (4.12) 

Where 𝑆1 (in milligrams of hydrocarbon per gram of rock) is the value reported from the 

pyrolysis investigation, and 𝑇𝑂𝐶 is the value calculated to quantify the weight percent of 

milligrams of hydrocarbon per gram of rock. The sorption threshold is typically around 100 

milligrams of hydrocarbon per gram of TOC (Chen et al., 2018). 

The shale facies of the lower Pierre and Sharon Springs intervals possess TMAX values 

ranging from 71 to 94. The marl facies of the Niobrara, Niobrara A Marl, and Niobrara A 

Bentonitic Marl intervals possess TMAX values ranging from 106 to 287. The marl facies in the 

Niobrara interval contain significantly lower OSI values than those found in the Niobrara A Marl 

and Niobrara A Bentonitic Marl intervals. The chalky marl facies in the Niobrara A Chalk and 

Niobrara A Marl possess TMAX values ranging from 251 to 442. The chalky facies of the 

Niobrara A Chalk possesses TMAX values ranging from 151 to 482. Of the 18 samples, four 

samples do not exceed the sorption threshold. All these samples occur in the shale facies. 

4.2.6 Calculated Vitrinite Reflectance 

 Vitrinite reflectance is a measure of the thermal maturity of organic matter. It is used to 

determine whether a rock has generated hydrocarbons, or if the rock may be a viable source rock. 

In this study, calculated vitrinite reflectance is used rather than measured vitrinite reflectance. It 

is calculated by using the following equation: 
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 𝑅 = 0.0180 ∗ 𝑇 − 7.16 (4.13) 

Where 𝑇  is the temperature at which S2 reaches its highest rate of hydrocarbon generation 

during the pyrolysis investigation. 𝑅  is expressed as a percent, with values typically ranging 

from 0% to 3%. Table 4.8 shows the different stages of hydrocarbon generation and their 

corresponding Ro values. 

 
Table 4.8 – Ro values corresponding to the hydrocarbon generation stage of the rock. 

 
 

The shale facies of the lower Pierre and Sharon Springs intervals possess calculated 

vitrinite reflectance values ranging from 0.67% to 0.78%. The marl facies of the Niobrara, 

Niobrara A Marl, and Niobrara A Bentonitic Marl intervals possess values ranging from 0.58% 

to 0.74%. The chalky marl facies in the Niobrara A Chalk and Niobrara A Marl possess values 

ranging from 0.60% to 0.76%. The chalky facies of the Niobrara A Chalk possesses values 

ranging from 0.62% to 0.72%. Of the 18 samples, one sample is classified as immature and one 

sample is at the threshold of immature and early oil. There are no peak oil samples in this 

interval. 

4.2.7 Kerogen Type and Maturity 

 A modified van Krevelen diagram is used to characterize the type of kerogen present 

from the SRA samples. The HI is plotted as a function of the OI, and the resultant position of the 

samples on the plot is interpreted to define the kerogen type. Kerogen is defined as a 
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hydrocarbon that is insoluble in a normal solvent but produces liquid or gaseous hydrocarbons 

when heated. Four types of kerogen are recognized, each possessing characteristics differing 

from one another in terms of type of hydrocarbon produced, amount of hydrogen, hydrogen 

index, and the typical depositional environment. 

Type I kerogen is typically found in lacustrine deposits. It contains large amounts of 

hydrogen and is prone to produce oil when it is thermally mature. The HI for this type of kerogen 

is typically greater than 600 milligrams of hydrocarbon per gram of TOC. The Mahogany Oil 

Shale in the Greater Green River Basin is an example of this type of kerogen. 

Type II kerogen is typically found in marine deposits. It contains moderate amounts of 

hydrogen and is prone to produce both oil and gas when it is thermally mature. The HI for this 

type of kerogen is typically between 300 and 600 milligrams of hydrocarbon per gram of TOC. 

The Lower Bakken Shale in the Williston Basin is an example of this type of kerogen. 

Type III kerogen is typically found in terrestrial deposits. It contains low amounts of 

hydrogen and is prone to produce gas when it is thermally mature. The HI for this type of 

kerogen is typically between 50 and 200 milligrams of hydrocarbon per gram of TOC. The 

Green River Formation in the Greater Green River Basin is an example of this type of kerogen. 

Type IV kerogen is typically found in terrestrial deposits. However, it contains little to no 

hydrogen and produces little to no hydrocarbons when it is thermally mature. The HI for this 

type of kerogen is typically less than 50 milligrams of hydrocarbon per gram of TOC. These 

parameters are summarized in Table 4.9. 

 The samples used in the SRA experiments grouped in two different areas (Figure 4.7). 

Those from the lower Pierre and Sharon Springs plotted in Type I and Type II kerogen, while 

those from the Niobrara plotted in Type II kerogen. Samples from the Sharon Springs, Niobrara, 
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Niobrara A Chalk, and Niobrara A Marl plotted in distinct groups from one another. The Sharon 

Springs samples possess the lowest OI values of the groups mentioned, but the HI values are 

similar to those found in the Niobrara A Marl group. The Niobrara samples possess lower OI 

values as compared to the carbonate groups, but higher OI values as compared to the Sharon 

Springs group. The Niobrara A Chalk samples possess the highest OI values as compared to the 

other groups, but also the lowest HI values. The Niobrara A Marl samples possess the highest HI 

values as compared to all other groups. The lower Pierre samples did not group together, but 

rather with the Sharon Springs group for one sample and the Niobrara group for the other 

sample. The Niobrara A Bentonitic Marl plotted with the Niobrara A Chalk group. 

 
Table 4.9 – Kerogen types and the associated hydrocarbon product, hydrogen amount, hydrogen 
index range, and typical depositional environment. 

 

A kerogen type and maturity plot is used to characterize the type of kerogen present, and 

the maturity of the kerogen (Figure 4.8). The HI is plotted as a function of TMAX, and the 

resultant position of the samples on the plot is interpreted to define the kerogen type and thermal 

maturity. This plot shows 16 of the 18 samples plotting as Type II kerogen. One sample from the 

lower Pierre and one sample from the Sharon Springs each plot to Type I kerogen. Additionally, 

one sample from the Niobrara A Marl plots as immature, and one sample from the Niobrara A 

Chalk plots at the transition from immature to the oil window. 
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Figure 4.7 – Modified van Krevelen diagram showing plot position of samples used in the source 
rock analysis experiment. Lower Pierre and Sharon Springs samples plot as Type I and Type II 
kerogen, whereas Niobrara samples plot as Type II. Samples from the Niobrara A Marl contain 
highest Hydrogen Index, while samples from the Niobrara A Chalk contain highest Oxygen 
Index. Type II kerogen is expected as the Niobrara was deposited in a marine setting. 
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Figure 4.8 – Kerogen type and maturity plot showing position of samples used in the source rock 
analysis experiment. Lower Pierre and Sharon Springs samples plot as Type I and Type II 
kerogen, whereas Niobrara samples plot as Type II. Samples from the Niobrara A Chalk possess 
the lowest Hydrogen Index. Dashed green line indicates transition from immature to the oil 
window, and the dashed red line indicates transition from the oil window to the gas window. 

 
4.3 Temperature Mapping and Projection 

 Temperature mapping was done via analysis of bottom-hole temperature (BHT) values 

taken from log headers in the vicinity of Redtail Field. The vintage of the many different logs run 

in the area span from the 1970s to the present day. Fortunately, the way BHT is measured has not 
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appreciably changed in the intervening 50 years, so the dataset is internally consistent in terms of 

relative values but does not reflect true equilibrated BHT. BHT values were not adjusted for time 

since circulation, as this data was not available from the log headers. 

 Initial analysis of the BHT data produced 261 wells with usable data in the general 

vicinity of Redtail Field. The dataset included the BHT and the depth at which the temperature 

was measured. These metrics were recorded and put into Zone items in GeoMark Petra™. 

Following the input of these metrics, a temperature gradient was calculated by using the 

following equation: 

 ∇ =   (4.13) 

Where 𝐵𝐻𝑇 is the bottom-hole temperature (in degrees Fahrenheit), 𝐷𝑒𝑝𝑡ℎ is the depth at which 

the BHT was measured (in feet TVD), and ∇  is the resulting temperature gradient (in degrees 

Fahrenheit per foot). 

 After the temperature gradient was calculated, maps showing the BHT, BHT depth, and 

temperature gradients were produced and inspected for potential data busts that result from data 

that is outside an acceptable tolerance. It was discovered that some of the BHT measurement 

depths were too shallow or too deep relative to the target depth interval (Figure 4.8). These data 

points were removed from the dataset and the maps were recalculated. Subsequent inspection 

revealed that the temperature anomalies were rectified in the Redtail Field area (Figure 4.9). 

 Following the verification of data points, projected temperatures were calculated by using 

the following equation: 

 𝑇 =  ∇ ∗ 𝐷𝑒𝑝𝑡ℎ  (4.14) 

Where ∇  is the temperature gradient (in degrees Fahrenheit per foot), 𝐷𝑒𝑝𝑡ℎ  is the desired 

depth (in feet TVD), and 𝑇  is the resulting projected temperature at the given depth (in degrees 



78 
 

Fahrenheit). The temperature gradient was mapped and shows a slight temperature hot spot in 

the center of Redtail Field (Figure 4.10). This hot spot is here named the Redtail Field Hot Spot. 

 Projected temperatures were initially calculated at 5,500 ft TVD. This depth was chosen 

as the top of the Niobrara Formation at Redtail Field exceeds this value in all producing wells. A 

map of the projected temperatures was created and clearly shows a slight temperature hot spot in 

the heart of Redtail Field (Figure 4.11). The projected temperature varies from 140°F to 160°F in 

the productive area of Redtail Field at this depth. The projected temperature in the Razor 25-

2514H at 5,500 ft TVD is 156°F. An additional projected temperature map was created at 5,600 

ft TVD (Figure 4.12). The projected temperature in the Razor 25-2514H at 5,600 ft TVD is 

158.8°F. Additional projected temperatures for the Razor 25-2514H are found in Table 4.10. The 

position of the Redtail Field Hot Spot is likely responsible for the thermal maturation of kerogen 

and resultant hydrocarbon accumulation at Redtail Field. 
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Figure 4.9 – Bottom-hole temperature depth map in the vicinity of Redtail Field showing data 
busts resulting from bottom-hole temperature measurement depths that are too shallow or too 
deep relative to the target interval and to their surrounding neighbors. These are identified by the 
appearance of bullseyes on the map. Nine township study area is outlined in the cyan box. 
Productive fairway of Redtail Field is outlined in pink.  
 

 
Figure 4.10 – Bottom-hole temperature depth map in the vicinity of Redtail Field after data busts 
from bottom-hole temperature measurement depths that are too shallow or too deep relative to 
the target interval and to their surrounding neighbors have been removed. Nine township study 
area is outlined in the cyan box. Productive fairway of Redtail Field is outlined in pink. 
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Figure 4.11 – Temperature gradient map (in degrees Fahrenheit per foot), showing hot spot at 
Redtail Field. Nine township study area is outlined in the cyan box. Productive fairway of 
Redtail Field is outlined in pink. 
 

 
Figure 4.12 – Projected temperature at 5,500 ft TVD map showing hot spot at Redtail Field. Nine 
township study area is outlined in the cyan box. Productive fairway of Redtail Field is outlined in 
pink. 
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Figure 4.13 – Projected temperature at 5,600 ft TVD map showing hot spot at Redtail Field. Nine 
township study area is outlined in the cyan box. Productive fairway of Redtail Field is outlined in 
pink. 
 
 
Table 4.10 – Projected temperatures in the Razor 25-2514H at 5,500’ TVD and at the lithologic 
tops specified.  
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CHAPTER 5 

PETROLEUM ENGINEERING 

 This chapter presents petroleum engineering calculations performed to assess the viability 

of the Niobrara A interval as a development target. These calculations include original oil-in-

place (OOIP) for the Niobrara A interval in Section 25 at Redtail Field, estimated ultimate 

recovery (EUR) for the wells drilled within the Niobrara A interval, recovery factor for wells 

currently producing from the Niobrara A interval, and an economics assessment comparing 

production estimates against drilling and completion costs of a well. 

5.1 Original Oil-In-Place Calculation 

 OOIP is the total volume of oil stored in a reservoir, prior to production. It is often one of 

the earliest metrics applied to outline field development as it will be used to place wells in areas 

that have the highest production potential. OOIP for the Niobrara A interval is calculated by 

using the following equation: 

 𝑂𝑂𝐼𝑃 =  ∗ ∗ ∗ ∗( ) (5.1) 

Where 𝐴 is the area of the reservoir (in acres), ℎ is the thickness of the interval of interest (in 

feet), 𝜙 is the porosity (as a decimal), 𝑆  is the water saturation (as a decimal), 𝐵  is the 

formation volume factor, and 𝑂𝑂𝐼𝑃 is the total volume of oil stored in the reservoir (in stock 

tank barrels). 

The Niobrara A interval is heterogeneous, thus necessitating an approach to compensate 

for point data rather than continuous data. One approach is to use the point data by tying it to the 

facies distribution over the Niobrara A interval. Another approach is to use linear interpolation 

between the data points at a specified interval. This allows for dynamic values over the interval 
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as it reflects the initial differences in the data, rather than static values that do not take into 

account changes that occur over the interval. The second approach is applied in this calculation. 

Linear interpolation between two data points was calculated using the following 

equation: 

 𝐼𝑉 =  ( )  (5.2) 

Where 𝑉  is an initial parameter value, 𝑉  is the parameter value at a specific depth, 𝐷  is the 

initial depth (in feet), 𝐷  is the depth downsection (in feet), and 𝐼𝑉 is the interpolated value per 

depth step. The depth step value is 0.25 ft as to model the parameter variation as accurately as 

possible. 

 To calculate OOIP for the Niobrara A interval, 𝑆 , 𝜙, and ℎ values from the Razor 25-

2514H core are used. The value of 𝐴 is 640 acres (one land section). The value of 𝐵  was 

determined by looking at the production data from Enverus for nearby producing Niobrara A 

wells as the initial 𝐵  value was not determined before the field was developed; the value of 𝐵  

is 1.27 in Section 25 in the nearest producing Niobrara A well. 

The intervals included in this calculation are the Niobrara, Niobrara A Chalk, and 

Niobrara A Marl. The lower Pierre and Sharon Springs intervals have been excluded from this 

calculation as they are defined as seals and not as reservoirs. Additionally, the Niobrara A 

Bentonitic Marl interval has been excluded as interpolations through this interval would be 

reliant on data points in the Niobrara B Upper Chalk, which has previously been demonstrated to 

contain different properties than those found in the Niobrara A interval in terms of 𝑆  and 𝜙. 

The variables used in the OOIP calculation and the total OOIP in Section 25 are seen in Table 

5.1. Total OOIP as a percentage of each interval is seen in Table 5.2. 
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Table 5.1 – OOIP variables and total OOIP in barrels of oil in Section 25 in the Niobrara, 
Niobrara A Chalk, and Niobrara A Marl intervals, based on data from the Razor 25-2514H core.  

 
 

 
Table 5.2 – Percentage of total OOIP by Niobrara, Niobrara A Chalk, and Niobrara A Marl 
intervals in Section 25. 

 
 

 This calculation assumes homogeneity and uniform oil distribution throughout a land 

section, which is not the case in the subsurface. However, for the purposes of this study and the 

remaining calculations, this result will suffice. 

5.2 Estimated Ultimate Recovery 

 EUR is a measurement of the total quantity of hydrocarbon a well will produce over its 

lifetime (typically 30 to 50 years). In unconventional resource plays, early production is often 

dominated by water, which is most often a result of the hydraulic fracturing process. To ensure 

that the EUR is accurately estimating what the reservoir is capable of producing, the calculation 

is done after the well has produced for several months, at a minimum. This timeframe is used as 

the early life of a well may exhibit a significantly different production profile from that which 

may be seen in the later life of the well. A decline curve is used to model this profile. 
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 The Enverus database has calculated EUR values for nearly all the Niobrara A wells at 

Redtail Field. These values are calculated at the time of the data download (April 2021). The 

values calculated by Enverus are used in this study and carry production out to an average of 45 

years, with the low value being 42.75 years and the high value being 47.25 years. This timeframe 

may be too long for wells in an unconventional reservoir; nevertheless, it is the value that 

Enverus has chosen to use for their EUR calculations. Tables of all the values are found in 

Appendix C. Values shown include: API, Well Name, Cum Oil, Cum Gas, Cum BOE, Cum 

Water, EUR Remaining, %EUR Remaining, EUR Oil, EUR Oil Months, and EUR Oil B-Factor. 

 The average EUR of the Niobrara A wells is 156,215 barrels of oil equivalent (BOE), 

with the low value being 16,052 BOE and the high value being 477,881 BOE (Figure 5.1). The 

wide disparity between the worst performing wells and best performing wells is due to several 

factors, the most important being lateral length and geographic position within Redtail Field. 

To bring the EUR values to a comparable value for all wells, EUR values per 1,000 feet 

of lateral is calculated by using the following equation: 

 𝐸𝑈𝑅 , =  𝐸𝑈𝑅 ∗ ,  (5.3) 

Where 𝐸𝑈𝑅 is the total quantity of hydrocarbon a well will produce over its lifetime (in BOE), 𝐿  is the lateral length of the wellbore (in feet), and 𝐸𝑈𝑅 ,  is the EUR value per 1,000 feet of 

wellbore (in BOE). 

Percent remaining EUR values are calculated by using the following equation: 

 %𝐸𝑈𝑅 =    ∗ 100 (5.4) 

Where 𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑂𝑖𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 is the total amount of oil produced in a well (in barrels), 𝐸𝑈𝑅 is the total quantity of hydrocarbon a well will produce over its lifetime (in BOE), and %𝐸𝑈𝑅 is the remaining hydrocarbon production potential (in percent). 
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 The average 𝐸𝑈𝑅 ,  of the Niobrara A wells is 21,332 BOE, with the low value being 

2,595 BOE and the high value being 52,290 BOE (Figure 5.2). The average cumulative oil 

production for the Niobrara A wells is 100,055 barrels of oil (BO), with the low value being 

16,052 BO and the high value being 237,778 BO (Figure 5.3). The average %𝐸𝑈𝑅 is 34.14%, 

with the low value being 0.0% and the high value being 53.43% (Figure 5.4). The average gas-

oil ratio (GOR) is 2,379, with the low value being 1,130 and the high value being 4,890 (Figure 

5.5). The API oil gravity ranges in value from 31.95° to 39.45° (Figure 5.6). The best EUR, 𝐸𝑈𝑅 , , cumulative oil production, and %𝐸𝑈𝑅 values occur in T10N R58W Sections 24 and 

25. Important metrics related to reservoir characteristics and production results in the Razor 25-

2514H are shown in Table 5.3. 

 The various production data values highlight geographic differences at Redtail Field. 

Better production is from areas closest to the Redtail Field Hot Spot. Additionally, better 

production is seen in areas that fall within a specific reservoir thickness window, rather than only 

within the thickest reservoir. 

 

Table 5.3 – Porosity and permeability ranges of the Niobrara A Reservoir interval, API oil 
gravity, and gas-oil ratio of the Razor 25-2514H 
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Figure 5.1 – EUR values map at Redtail Field. Best EUR values are in T10N R58W Sections 24 
and 25. Productive fairway of Redtail Field is outlined in pink. 
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Figure 5.2 –  𝐸𝑈𝑅 ,  values map at Redtail Field. Best 𝐸𝑈𝑅 ,  values are in T10N R58W 
Sections 24 and 25. Productive fairway of Redtail Field is outlined in pink. 
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Figure 5.3 – Cumulative oil production map at Redtail Field. Highest cumulative oil production 
is in T10N R58W Sections 24 and 25. Productive fairway of Redtail Field is outlined in pink. 
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Figure 5.4 – Percent remaining EUR map at Redtail Field. Highest remaining hydrocarbon 
production potential is in T10N R58W Sections 24 and 25. Productive fairway of Redtail Field is 
outlined in pink. 
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Figure 5.5 – Gas-oil ratio map at Redtail Field. Highest GOR values occur in T10N R58W 
Sections 21 and 28. Wells in Sections 24 and 25 possess significantly lower GOR values, which 
is reflected in cumulative production values. Productive fairway of Redtail Field is outlined in 
pink. 
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Figure 5.6 – API oil gravity map at Redtail Field. Highest oil gravity values occur in T10N 
R58W Section 32 and T10N R57W Sections 7, 8, 17, and 18, while the lowest oil gravity values 
occur in T10N R57W Sections 19, 20, 29, and 30. Productive fairway of Redtail Field is outlined 
in pink. 
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5.3 Recovery Factor Calculation 

 The recovery factor is the overall percentage of oil that is expected to be extracted in an 

area. Unconventional oil reservoirs possess recovery factors that are typically less than 10% for 

primary recovery (Aadnøy and Looyeh, 2019). Recovery factor is calculated using the following 

equation: 

 𝑅𝐹 =     ∗ 100 (5.5) 

Where 𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑂𝑖𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 is the total amount of oil produced in a land section (in 

barrels), 𝑂𝑂𝐼𝑃 is the total volume of oil stored in the reservoir (in barrels), and 𝑅𝐹 is the 

recovery factor (in percent). 

 Cumulative oil production for Niobrara A wells within the same land section (Section 25) 

as the Razor 25-2514H is summed together to give the total cumulative oil production for the 

land section. Cumulative oil production is reduced for wells that extend out of this land section 

by using the following equation: 

 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =   (5.6) 

Where 𝐿  is the length of the wellbore (in feet) in Section 25, 𝐿  is the total length of the 

wellbore (in feet), and 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 is the value (as a decimal) by which the cumulative oil 

production is reduced. 

 All wells extending out of Section 25 in the Niobrara A interval have cumulative oil 

production values reduced by an average of 50%. The sum of the cumulative oil production of 

the wells within Section 25 in the Niobrara A interval is 601,497 BO. This value assumes that all 

oil produced from these wells is from the Niobrara A reservoir, which may not be the case. 

Additionally, this assumes that every foot of lateral is as productive as every other foot of lateral. 

This value is calculated from the production of seven Niobrara A wells in Section 25. 
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 EUR values of the wells in Section 25 of the Niobrara A interval are also reduced in the 

same way as the cumulative oil production values. The sum of the EUR values of the wells 

within Section 25 of the Niobrara A interval is 1,094,708.2 BOE. This value is calculated from 

the production of seven Niobrara A wells in Section 25. 

 The recovery factor, as calculated from cumulative oil production, is 3.79%. The 

recovery factor, as calculated from EUR values, is 6.89%. These values meet the typical range of 

recovery factors for an unconventional oil reservoir.  

5.4 Development History and Economics 

 Commercial viability of a producing well is affected by several factors. Land acquisition, 

drilling and completion costs, well operating expenses, oil price, general company overhead, and 

others, are all important factors when assessing the viability of a development project. These 

factors are highly variable with some being volatile, especially in recent years. This study will 

focus solely on drilling and completion (D&C) costs relative to the EUR of a well. 

 During the years of development at Redtail Field (2011 to 2018), over 300 wells were 

drilled in five different horizons (Niobrara A, Niobrara B, Niobrara C, Fort Hays, Codell). Of the 

more than 300 wells, 102 are included in this study as the Niobrara A wells. Development of this 

interval began in September 2012 when West Texas Intermediate (WTI) crude oil prices 

averaged $94.51 per barrel. 

Initial wells were up to one mile in lateral length and approximately 5,600 ft TVD. Spud 

to total depth (TD) times typically varied from 8 days to 16 days. Early completions were 

typically around 2,000,000 pounds of proppant and 50,000 barrels of fluid with under 20 stages 

for a 3,553 ft lateral. 
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Near the end of development, wells were 1.5- to 2-miles in length and approximately 

5,600 ft TVD. Spud to TD times were four to five days, depending on lateral length. 

Completions were around 5,000,000 pounds of proppant and 250,000 barrels of fluid with 40 

stages for a 6,085 ft lateral. Completions were around 7,500,000 pounds of proppant and 350,000 

barrels of fluid with 62 stages for a 9,643 ft lateral. 

 Costs estimates for D&C decreased as the field progressed. Costs in 2014 were 

approximately $4,000,000 to $4,500,000 for a 1.5-mile lateral, and $6,500,000 to $7,000,000 for 

a 2-mile lateral, as compared to costs in 2018 of approximately $3,500,000 for a 1.5-mile lateral 

and $6,000,000 for a 2-mile lateral. These D&C costs decreased an average of 14%. This study 

will assume the 2018 D&C costs, regardless of the current WTI crude oil price.  

 Net-present value (NPV) is a metric used to determine what a producing well is currently 

worth, given the price of crude oil at the time and the remaining EUR of the well. The January 

2021 average WTI crude oil price of $52.00 is used in the NPV calculation. NPV is obtained by 

using the following equation: 

 𝑁𝑃𝑉 = 𝐸𝑈𝑅 ∗ 𝑊𝑇𝐼 (5.7) 

Where 𝐸𝑈𝑅 is the total quantity of hydrocarbon a well will produce over its lifetime (in BOE), 𝑊𝑇𝐼 is the current WTI crude oil price (in USD/barrel), and 𝑁𝑃𝑉 is the total value of the 

hydrocarbons the well will produce (in USD). 

 The average NPV for the Niobrara A wells is $8,123,198.35, with the low value being 

$834,704.00 and the high value being $24,849,812.00. Taking the D&C costs from the NPV of 

the wells, eight wells returned a negative cash flow. Three of the wells were initial test wells, 

designed to push the boundaries of the field in the northeast, southwest, and west. Of the 

remaining five wells, an additional three were drilled on productive pads, but these pads were 
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also located near the edges of the field in the east and west. The final two wells are on productive 

pads, offset by high producing wells in the same interval. The average cash flow for the Niobrara 

A wells after taking into account D&C costs is $4,427,119.92, with the low value being             

-$2,665,296.00 and the high value being $18,849,812.00. 

 All these calculations assume a static WTI crude oil price in perpetuity and complete oil 

recovery in each well. Additionally, the NPV calculation assumes the total EUR of the well, 

rather than the remaining EUR. The commercial viability discussed here should only be used as a 

quick screen to assess an area that may be prospective for Niobrara A development. When full 

scale development is the goal, full-cycle development costs would need to be analyzed. These 

additional costs include land acquisition costs, lease-operating expenses, facilities, current D&C 

costs, general company overhead, and a forward-looking strip oil pricing. 
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CHAPTER 6 

DISCUSSION 

This chapter presents discussion points related to the stated purpose and objectives of this 

study. These discussion points include the geologic controls on the Niobrara A interval at Redtail 

Field, and applying the guiding parameters to other areas of the Denver Basin that are 

prospective in the Niobrara A. 

6.1 Geologic Controls 

 The Niobrara A interval at Redtail Field has been shown to be unique in comparison to 

the Niobrara A interval in surrounding areas. Although the same rock is present in other areas, it 

is only at Redtail Field that commercial development of the Niobrara A has occurred. This is 

largely due to an optimum reservoir thickness present, sufficient thermal maturation due to a hot 

spot, the immaturity of kerogen surrounding the hot spot that has likely blocked hydrocarbon 

migration to thicker reservoirs updip, and, as a result, commercial viability. 

6.1.1 Reservoir Thickness 

 Although the Niobrara A Chalk interval (the interval between the Niobrara A Chalk top 

and the Niobrara A Marl top) is relatively thick in the Redtail Field area, it is not seen as the 

primary driver to where Redtail Field is located (Figure 6.1). Similar thicknesses occur updip and 

downdip from Redtail Field but do not possess the hydrocarbon accumulation. Thicknesses 

ranging from 18 feet to more than 30 feet are present in the Redtail Field Productive Fairway 

(RFPF), and do not correlate to well production in an appreciable way. However, the Niobrara A 

Reservoir interval thickness (the interval between the Niobrara A Chalk top and the Niobrara A 

Bentonitic Marl top) correlates to well production in a more impactful way. Thicknesses range 
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from 20 feet to 50 feet in the RFPF, with the best wells found within the 40 feet to 50 feet 

window (Figure 6.2). 𝐸𝑈𝑅 ,  values may be used to help identify areas of best production 

across the RFPF when compared against the Niobrara A Reservoir interval thickness, where the 

best values are seen within the 40 feet to 50 feet thickness window (Figure 6.3). Additionally, 

comparing the cumulative oil production to the Niobrara A Reservoir interval also shows best 

production within the 40 feet to 50 feet window (Figure 6.4). Comparing GOR data to the 

Niobrara A Reservoir interval also shows lowest GOR values within the 40 feet to 50 feet 

thickness window (Figure 6.5). 

 The Niobrara A Reservoir thickness sweetspot extends updip and downdip from the 

location of the productive wells but does not contain productive wells in these other locations. As 

such, the reservoir thickness is only part of why Redtail Field is located here.  

 
Figure 6.1 – Isopach of the Niobrara A Chalk, the interval between the Niobrara A Chalk top and 
the Niobrara A Marl top. Productive wells occur from 18 feet to more than 30 feet of thickness, 
with the best well occurring in the 24 feet to 30 feet of thickness. Nine township study area is 
outlined in the cyan box. Productive fairway of Redtail Field is outlined in pink. 
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Figure 6.2 – Isopach of the Niobrara A Reservoir, the interval between the Niobrara A Chalk top 
and the Niobrara A Bentonitic Marl top. Productive wells occur from 40 feet to 50 feet thickness. 
Nine township study area is outlined in the cyan box. Productive fairway of Redtail Field is 
outlined in pink. 
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Figure 6.3 – 𝐸𝑈𝑅 ,  values data overlain by Niobrara A Reservoir isopach contours. Highest 
values occur between 40 feet and 50 feet thickness, while lowest values occur in excess of 50 
feet thickness. Productive fairway of Redtail Field is outlined in pink. 
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Figure 6.4 – Cumulative oil production data overlain by Niobrara A Reservoir isopach contours. 
Highest oil production occurs between 40 feet and 50 feet thickness, while lowest oil production 
occurs in excess of 50 feet thickness. Productive fairway of Redtail Field is outlined in pink. 
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Figure 6.5 – GOR data overlain by Niobrara A Reservoir isopach contours. Lowest GOR values 
occur between 40 feet and 50 feet thickness, while highest GOR values occur in excess of 50 feet 
thickness. Productive fairway of Redtail Field is outlined in pink. 
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6.1.2 Thermal Maturation 

 Redtail Field has previously been shown to sit atop a slight hot spot relative to 

temperatures found nearby. Projected temperatures at 5,500 ft TVD and 5,600 ft TVD show 

elevated temperatures within the RFPF which fall into early oil production. Pyrolysis data 

pointed to early oil in terms of calculated vitrinite reflectance in the Razor 25-2514H core in the 

Niobrara A interval. 

 Similar hot spots were mapped to the north, northeast, and west of Redtail Field. These 

areas also possess a thicker Niobrara A Reservoir interval than what is seen to be productive in 

the RFPF. However, these areas were not productive in the Niobrara A interval based on wells 

drilled. A slightly cooler hot spot is apparent to the southeast from Redtail Field which possesses 

a similar Niobrara A Reservoir interval thickness to the RFPF. However, Niobrara A wells in 

this area also performed poorly. 

 Although the Redtail Field Hot Spot is likely responsible for the thermal maturation seen 

at Redtail Field, the lack of the hot spot in areas surrounding Redtail Field is likely responsible 

for the hydrocarbon accumulation not having migrated away. The RFPF does not geographically 

connect to other areas that mapped similar hot spots in the Niobrara A interval (Figure 6.5). 

Temperatures in the RFPF in the Niobrara A interval are at the low end of beginning 

hydrocarbon production. Therefore, areas between the hot spots are thermally immature and 

likely act as a buffer to hydrocarbon migration by occluding porosity and permeability as 

compared to areas within the hot spot. 

 Optimum thickness of the Niobrara A Reservoir interval, thermal maturation in the 

RFPF, and lack of thermal maturation in surrounding areas resulting in hydrocarbon migration 

impediment are responsible for the location of Redtail Field. 
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Figure 6.5 – Projected temperature at 5,600 ft TVD map showing hot spot at Redtail Field, and 
other hot spots to the north, northeast, and west. Nine township study area is outlined in the cyan 
box. Productive fairway of Redtail Field is outlined in pink. Other hot spots marked by red stars. 
 
6.1.3 Commercial Viability 

 There are few geologic controls that are directly associated to commerical viability other 

than those already discussed. However, there are three important aspects that are overlooked that 

can drastically change the D&C costs of drilling a well. 

 First, the location of Redtail Field in relation to other producing areas in the Denver 

Basin plays an important role due to the difference in pressure. Wells drilled in the greater 

Wattenberg Field area are deeper than those drilled in the RFPF, which leads to greater pressures 

being encountered during the drilling process. Due to less pressure being present at Redtail Field, 

it is possible to drill wells as a monobore (discussed below), rather than the conventional three-

string design. In a three-string design, surface casing is set to an acceptable depth to protect 

shallow fresh water aquifers. Next, the vertical and curve portion of the well are drilled with a 

smaller (radius) bottom-hole assembly (BHA) than is used for the surface portion of the well. 
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Intermediate casing is set to the bottom of the curve and cemented in place. Lastly, the lateral 

portion of the well is drilled with an even smaller (radius) BHA than was used in the prior 

portion. Once the well has reached TD, another string of casing is run in and cemented in place. 

This is the typical three-string design, using three separate drill string designs to accommodate 

the drilling of the well. 

 In a monobore design, surface casing is set the same way as in the three-string design. 

Following running in the hole with the next BHA, the vertical, curve, and lateral portions of the 

well are then all drilled with the same BHA. This drastically reduces rig time as tripping to 

change BHAs is reduced and there is no longer the need to run intermediate casing. This also 

saves additional money because there is no need to purchase the intermediate casing and cement 

that would be used in the three-string design. Monobores are not able to be used everywhere in 

the Denver Basin, but the location of Redtail Field makes it possible to do so. 

 Second, due to the difference in pressure between Redtail Field and the greater 

Wattenberg Field area, the drilling hazard of the Sharon Springs is greater outside of Redtail 

Field. Successfully landing a horizontal well to drill the Niobrara A interval requires a high angle 

of incidence to the Sharon Springs. The closer the wellbore is to parallel with the Sharon 

Springs, the higher the likelihood of the drill string getting stuck and a sidetrack being necessary. 

Sidetracking a well during this portion of the drilling process often necessitates having to re-drill 

the entire curve, and may include expensive equipment to perform the process. The higher 

pressures encountered in the greater Wattenberg Field area exacerbate the drilling hazard, in 

addition to the Niobrara A interval being thinner, thus making the landing target window smaller. 

Niobrara A wells drilled at Redtail Field, due to lower pressure and a thicker Niobrara A interval, 

are much less likely to experience drilling hazards that will increase the overall cost of the well. 
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 Third, the depth to the Niobrara A interval at Redtail Field is shallower than in the greater 

Wattenberg Field area. The top of the Niobrara in the Razor 25-2514H is at 5,554 ft TVD, 

whereas the top of the Niobrara in the greater Wattenberg Field area varies between 6,700 ft 

TVD to 7,200 ft TVD. This additional depth requires additional casing to be run for every well 

drilled. While this is the least impactful cost in comparison to the two previously mentioned, this 

is a fixed, unavoidable cost. 

 The combination of the three aspects of D&C cost reduction at Redtail Field compared to 

the greater Wattenberg Field area helps wells drilled in the RFPF have a slightly better economic 

output on a per-well basis than if the same well were drilled elsewhere. 

6.2 Guiding Parameters Application 

 The guiding parameters for this study make a few assumptions that must be understood to 

correctly apply the parameters elsewhere. While no model is perfect, it is sufficient to identify 

the hydrocarbon potential of the Niobrara A interval at Redtail Field. 

6.2.1 Assumptions 

 First, temperature mapping involves a value dataset that must be heavily scrutinized. Due 

to three different variables that all impact the final outcome for each data point, each must be 

examined. Values that are found to be anomalous to nearby neighbors must be removed or 

incorrect data will be promulgated throughout the calculations to the final maps. 

 Second, the OOIP calculation is based on data from one well. The calculation is extended 

to cover one land section as the area input so that other calculations could be performed. There is 

likely to be some amount of heterogeneity over one land section, but that is not taken into 

account in these parameters. 
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 Third, the economics calculations make a number of assumptions. The NPV calculation 

assumes all oil will be recovered that the well was projected to produce, and that the WTI crude 

oil price will not change. Additionally, the cash flow calculation assumes that all wells cost a 

specific amount to drill and that the NPV is immediately available. All other factors that change 

the economic outlook of a well (lease operating expenses, facilities, general overhead, etc.) are 

not taken into account, which will likely significantly change the realized price per barrel of oil. 

6.2.2 Application 

 The guiding parameters from this study may be applied in a variety of ways. BHT data is 

widely available from logs. Creating BHT, BHT depth, temperature gradient, and projected 

temperature datasets and maps are a quick way to identify potential hot spots, especially in areas 

that are outside of production areas for an interval of interest. Recovery factor may be used in 

association with OOIP to predict EUR values for an area that does not have production. OOIP 

can be calculated before an area is developed, and the recovery factors calculated in this study 

applied to approximate EUR. The economics calculations may be used to quickly classify if the 

wells can be profitable at a given D&C cost against a pre-calculated EUR. 
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CHAPTER 7 

CONCLUSIONS 

This chapter presents the conclusions of this study on the reservoir characteristics and 

production of the Niobrara A interval at Redtail Field, Weld County, Denver Basin, Colorado. 

1. Facies were defined via macroscopic inspection of the core, correlated to the total 

gamma ray log, and were classified by analysis of color, grain size, bedding, 

minerals present, bioturbation, and fossil assemblages. In total, five facies were 

defined in the core used for this study. 

2. Facies distribution in the Razor 25-2514H revealed a high degree of interbedding 

in the chalk and chalky marl facies, and the chalky marl and marl facies.  

3. Routine core analysis demonstrated high porosities within the Niobrara A Chalk, 

Niobrara A Marl, and Niobrara A Bentonitic Marl, with values ranging from 

10.93% in the marl facies of the Niobrara A Marl to 12.75% in the chalky marl 

facies of the Niobrara A Marl. 

4. Oil and gas saturations immediately increase within the Niobrara A Chalk, 

Niobrara A Marl, and Niobrara A Bentonitic Marl intervals, and water saturations 

immediately decrease in these same intervals. Oil, gas, and water saturations are 

26.26%, 59.33%, and 14.41%, respectively. 

5. Source rock analysis demonstrated weight percent TOC values of very good to 

excellent for all 18 samples from the lower Pierre, Sharon Springs, Niobrara, 

Niobrara A Chalk, Niobrara A Marl, and Niobrara A Bentonitic Marl. TOC 

values within the shale interval range from 4.29 weight percent in the lower Pierre 
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to 9.32 weight percent in the Sharon Springs. TOC values within the carbonate 

interval range from 1.9 weight percent in the chalky marl facies of the Niobrara A 

Chalk to 4.19 weight percent in the marl facies of the Niobrara. 

6. TMAX values indicate mature organic matter generation for 14 of 18 samples 

analyzed. TMAX values range from 430°C in the marl facies of the Niobrara A 

Marl to 433°C in the chalky marl facies of the Niobrara A Marl for immature 

samples, and from 435°C in the shale facies of the Sharon Springs, the marl facies 

of the Niobrara, and the chalk facies of the Niobrara A Chalk to 441°C in the 

shale facies of the Sharon Springs. There are no TMAX values greater than 450°C 

in the Niobrara A interval. 

7. Calculated vitrinite reflectance indicates early oil generation for 17 of 18 samples. 

Calculated vitrinite reflectance values range from 0.6% Ro in the chalky marl 

facies of the Niobrara A Chalk to 0.78% Ro in the shale facies of the Sharon 

Springs. The calculated vitrinite reflectance value of the immature sample is 

0.58% Ro in the marl facies of the Niobrara A Marl. 

8. Temperature mapping via use of BHT data shows a hot spot under Redtail Field, 

called the Redtail Field Hot Spot. The position of this hot spot is likely 

responsible for the thermal maturation of kerogen and resultant hydrocarbon 

accumulation at Redtail Field. 

9. OOIP calculations from the Razor 25-2514H core indicate a hydrocarbon 

accumulation of 15,891,260 barrels of oil in T10N R58W Section 25. 69.01% of 

the hydrocarbon is within the Niobrara A Chalk interval. 
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10. Recovery factors based on cumulative oil production and EUR are 3.79% and 

6.89%, respectively. 

11. Geologic constraints on the location of Redtail Field include a Niobrara A 

Reservoir interval thickness of 40 feet to 50 feet, the underlying Redtail Field Hot 

Spot that has placed the reservoir interval at approximately 160°F, and thermally 

immature rock surrounding the Redtail Field Productive Fairway that has not 

allowed hydrocarbon to migrate away. 
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CHAPTER 8 

FUTURE WORK 

This chapter presents future work that may be performed to further refine the results of 

this study. 

1. Field Emission Scanning Electron Microscopy (FE SEM) of the Niobrara A 

Reservoir interval to better characterize porosity. 

2. Investigate the effect of microscopic pyrite in the Niobrara A interval. 

3. Investigate the role of faulting to hydrocarbon accumulation and producibility of 

the Niobrara A interval. 

4. Incorporate XRD, XRF, SEM, and thin section analyses to confirm mineralogy 

within the facies. 

5. Incorporate elemental capture spectroscopy and nuclear magnetic resonance data 

to further confirm mineralogy and porosity. 

6. Correlate the other cores in Redtail Field to the Razor 25-2514H to show variation 

in porosity, permeability, saturations, and rock quality. 

7. Extrapolate the guiding parameters to other areas of the Denver Basin after the 

other cores in Redtail Field have been integrated. 

8. Integrate BHT data from the horizontal wells in Redtail Field to further refine the 

extents of the Redtail Field Hot Spot. 

9. Investigate thermal maturity, or lack thereof, in cool areas surrounding the Redtail 

Field Hot Spot. 
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10. Calculate OOIP values by integrating data from other cores to better model OOIP 

variation across Redtail Field. 

11. Calculate commercial viability of the Niobrara A wells by looking at full-cycle 

development, to include lease operating expenses, facilities, land acquisition, and 

a forward-looking strip pricing for oil. 
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APPENDIX A 

CORE PHOTOGRAPHS 
 

 
Figure A.1 – Slabbed core view of the lower Pierre from 5,529 ft MD to 5,539 ft MD from the 
Razor 25-2514H core (1 of 10). 
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Figure A.2 – Slabbed core view of the lower Pierre and Sharon Springs from 5,539 ft MD to 
5,549 ft MD from the Razor 25-2514H core (2 of 10). 
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Figure A.3 – Slabbed core view of the Sharon Springs and Niobrara from 5,549 ft MD to 5,559 ft 
MD from the Razor 25-2514H core (3 of 10). 
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Figure A.4 – Slabbed core view of the Niobrara and Niobrara A Chalk from 5,559 ft MD to 
5,569 ft MD from the Razor 25-2514H core (4 of 10). 
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Figure A.5 – Slabbed core view of the Niobrara A Chalk from 5,569 ft MD to 5,579 ft MD from 
the Razor 25-2514H core (5 of 10). 
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Figure A.6 – Slabbed core view of the Niobrara A Chalk from 5,579 ft MD to 5,589 ft MD from 
the Razor 25-2514H core (6 of 10). 
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Figure A.7 – Slabbed core view of the Niobrara A Chalk from 5,589 ft MD to 5,599 ft MD from 
the Razor 25-2514H core (7 of 10). 
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Figure A.8 – Slabbed core view of the Niobrara A Chalk and Niobrara A Marl from 5,599 ft MD 
to 5,609 ft MD from the Razor 25-2514H core (8 of 10). 
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Figure A.9 – Slabbed core view of the Niobrara A Marl and Niobrara A Bentonitic Marl from 
5,609 ft MD to 5,619 ft MD from the Razor 25-2514H core (9 of 10). 
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Figure A.10 – Slabbed core view of the Niobrara A Bentonitic Marl and Niobrara B Upper Chalk 
from 5,619 ft MD to 5,629 ft MD from the Razor 25-2514H core (10 of 10). 
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APPENDIX B 
PYROGRAMS 

 
 
 
 
 
 
 
 

 

 
Figure B.1 – Pyrogram for sample at 5,535 ft MD (1 of 18). 
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Figure B.2 – Pyrogram for sample at 5,544.5 ft MD (2 of 18). 
 

 
Figure B.3 – Pyrogram for sample at 5,549.5 ft MD (3 of 18). 
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Figure B.4 – Pyrogram for sample at 5,557 ft MD (4 of 18). 
 

 
Figure B.5 – Pyrogram for sample at 5,561.5 ft MD (5 of 18). 
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Figure B.6 – Pyrogram for sample at 5,564.5 ft MD (6 of 18). 

 

 
Figure B.7 – Pyrogram for sample at 5,568 ft MD (7 of 18). 
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Figure B.8 – Pyrogram for sample at 5,573.5 ft MD (8 of 18). 

 

 
Figure B.9 – Pyrogram for sample at 5,574.5 ft MD (9 of 18). 
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Figure B.10 – Pyrogram for sample at 5,583.5 ft MD (10 of 18). 

 

 
Figure B.11 – Pyrogram for sample at 5,587.5 ft MD (11 of 18). 
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Figure B.12 – Pyrogram for sample at 5,589.5 ft MD (12 of 18). 
 

 
Figure B.13 – Pyrogram for sample at 5,593.5 ft MD (13 of 18). 
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Figure B.14 – Pyrogram for sample at 5,598.5 ft MD (14 of 18). 
 

 
Figure B.15 – Pyrogram for sample at 5,603.5 ft MD (15 of 18). 
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Figure B.16 – Pyrogram for sample at 5,609.5 ft MD (16 of 18). 

 

 
Figure B.17 – Pyrogram for sample at 5,611.5 ft MD (17 of 18). 
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Figure B.18 – Pyrogram for sample at 5,615.5 ft MD (18 of 18). 
 
 
 
 
 
 
 
 
 
 
 
 



137 
 

 
APPENDIX C 

PRODUCTION DATA 
 
 
 
 
 

 
Table C.1 – Production data for Niobrara A wells at Redtail Field (1 of 4). 
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Table C.2 – Production data for Niobrara A wells at Redtail Field (2 of 4). 
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Table C.3 – Production data for Niobrara A wells at Redtail Field (3 of 4). 

 
 
 
Table C.4 – Production data for Niobrara A wells at Redtail Field (4 of 4). 
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COPYRIGHT PERMISSIONS 
 

Please see the supplemental file(s) for copyright permissions. 
 

 
 


