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ABSTRACT 

The Late Turonian Turner Sandy Member (Turner) of the Carlile Shale is a low 

porosity (5-14%), low permeability (0.01-0.4 mD) sandstone reservoir and one of the 

fastest growing unconventional targets in Wyoming’s Powder River Basin (PRB). 

Recent drilling activity occurs in southern Campbell and northern Converse Counties, 

with more than 4,600 horizontal wells drilled and over 116 MMBOE produced since 

2010. This study is focused in southern Campbell County, where hydrocarbon 

production is predominantly from a cryptically bioturbated medium-grained sandstone 

and a heavily burrowed and bioturbated very fine-to fine-grained sandstone. A prior 

study completed on the Turner determined that bioturbation is a critical diagenetic 

process, where burrow type and the extent of biological reworking are the two principle 

factors that either destroy or enhance reservoir quality (Heger, 2017).  

Part 1 of this study, was to evaluate the geological controls associated with 

variations in structure and thickness trends, and their influence on conventional 

(vertical) and unconventional (horizontal) oil and gas production across the Porcupine, 

Tuit Draw, K Bar, & Crossbow Fields. After establishing these controls on field scale 

production, part 2 utilized a multi-scale approach and a novel petrophysical technique 

called spot permeametry that, before this study has not been used to evaluate the 

Turner. The main objective of part 2 was to determine the effects of bioturbation on the 

petrophysical characteristics of the identified reservoir facies, specifically in the 

Porcupine & Tuit Draw Fields.  

In part 1, it was determined that the conventional limits of production are 

restricted to shallower (9,600-9,000 ft.), thinner (75-90 ft.), and shalier intervals in the 
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Porcupine and Tuit Draw Fields, where production is predominantly dry gas. 

Unconventional oil production and mixed oil and gas production was determined to 

occur from deeper (9,600-11,000 ft.) and thicker (90-105 ft.) intervals in the K Bar and 

Crossbow Fields, respectfully. An increase in gas production in the Porcupine and Tuit 

Draw Fields indicates that there is a stratigraphic component to the hydrocarbon 

accumulations that exist in the study area, associated with an updip increase in the 

shaliness of the Turner as it thins to the northeast, away from the sediment source to 

the west. 

In part 2 of this research, high grading the two reservoir facies has allowed us to 

identify the heavily burrowed and bioturbated very fine-to fine-grained sandstone as the 

primary target for future development based on higher effective permeabilities due to 

porous interconnected burrow networks, and increased secondary intragranular 

porosity. Whereas, the cryptically bioturbated medium-grained sandstone, which is 

considered the traditional target interval, may in some cases, be a secondary 

contributor to hydrocarbon production. Implications of this research include: 1) a refined 

prediction of resource estimates, and 2) understanding of the effects of bioturbation on 

electric log response, which if corrected properly, can enhance our assessment of the 

geological controls on conventional and unconventional oil and gas production, and 

provide insight into the most favorable intervals and locations for future production. 
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CHAPTER 1: INTRODUCTION 

1.1 Research Motivation 

 The Late Turonian Turner Sandy Member (Turner) of the Carlile Shale is a low 

porosity, low permeability sandstone reservoir and one of the fastest growing 

unconventional targets in Wyoming’s Powder River Basin (PRB). Recent drilling activity 

occurs in southern Campbell and northern Converse Counties (Figure 1.1). Since 2010, 

the Turner has been responsible for over 38% of the total cumulative barrel of oil 

equivalent (BOE) produced from the top ten producing formations. Over 80% of the 

BOE produced from the Turner since 2010 has been oil and of the approximately 5,210 

wells drilled, over 90% have been horizontal (Figure 1.2).

Figure 1.1. Map showing the location of the study area in southern Campbell County and 
present-day features surrounding the PRB (WSGS Interactive Map of WY, 2020).  
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Figure 1.2. Pie charts showing 1) the top ten producing formations in Wyoming’s 
Powder River Basin since 2010. The Turner is responsible for over 38% of the total 
barrel of oil equivalent (BOE) produced. 2) Turner cumulative oil and gas production in 
BOE since 2010 and 3) the number of vertical vs horizontal wells drilled since 2010. 
Over 80% of the total BOE produced has been oil and of the approximately 5,210 wells 
drilled, over 90% have been horizontal (TGS Longbow, 2020). 
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Bioturbation is one of the most important diagenetic processes in the Turner 

where burrow type and the degree of biological reworking are the two controlling factors 

that either destroy or enhance reservoir quality (Heger, 2017). The effects of 

bioturbation on the petrophysical characteristics of hydrocarbon reservoirs can be highly 

variable within an interval and especially from well to well. Bioturbated reservoirs are 

often difficult to identify due to factors such as burrow intensity, burrow connectivity, and 

subsequent diagenetic alterations associated with the introduction of diagenetic fluids, 

clay and/or fine organic matter. Although many operators are targeting bioturbated 

intervals in the Turner, no publications currently exist that petrophysically characterize 

biogenic sedimentary structures and trace fossils with respect to their influence on 

hydrocarbon recovery and reservoir performance prediction. Hence, significant interest 

in the Turner as an unconventional target, combined with the need for further research 

has allowed us the opportunity to evaluate the Turner, specifically in the Porcupine and 

Tuit Draw Fields, at multiple scales.  

1.2 Research Objectives 

Part 1 of this study, is to evaluate the geological controls associated with variations 

in structure and thickness trends, and their influence on conventional (vertical) and 

unconventional (horizontal) oil and gas production across the Porcupine Tuit Draw, K 

Bar, and Crossbow Fields.  

Part 2, utilizes a multi-scale approach, and a novel petrophysical technique called 

spot permeametry that, before this study has not been used to evaluate the Turner. The 

main objective of part 2 is to determine the effects of bioturbation on the petrophysical 
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characteristics of the identified reservoir facies, specifically in the Porcupine and Tuit 

Draw Fields.  

1.3 Dataset and Methods 

The dataset and methods for this research include 1) subsurface mapping and 

production analysis using electric-log data from MJ Systems and TGS, 2) core 

descriptions using core samples, conventional core analysis, and X-ray diffraction 

(XRD) mineralogic analysis, 3) an assessment of burrow associated permeability using 

spot permeametry and analytical averaging techniques such as arithmetic, geometric 

and harmonic means, 4) petrographic studies using polarized light microscopy (PLM), 

scanning electron/ backscatter electron microscopy (SEM/BSE), and energy dispersive 

X-ray spectroscopy (EDS), and 5) well log analysis using electric-log data from MJ 

Systems and TGS. 

1.3.1 Subsurface Mapping 

Cross-section construction and detailed mapping were completed in order to 

identify structural trends, and thickness trends related to deposition. The depth of the 

Turner was mapped across the study area using 184 wells and the isopach thickness 

was mapped from the top of the Turner to the top of the Pool Creek using a total of 34 

wells. The lateral variability of the Turner was compared with conventional and 

unconventional oil and gas production at a field scale in order to establish the geological 

controls on reservoir quality.  

1.3.2 Production Analysis 

Conventional (vertical) and unconventional (horizontal) oil and gas production in 

the study area was used to provide insight into the most favorable locations for 
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production from the Turner. Initial oil and gas production data was used to generate 

maps of initial gas-oil ratio (GOR), and cumulative oil and gas production was used to 

generate bubble maps across the study area. Maps were compiled from conventional 

and unconventional production data reported by IHS. Initial GOR was calculated using 

the formula (IPgas in Mcf/IPoil in bbl). For the bubble maps, cumulative oil and gas 

production is represented as barrels of oil equivalent (BOE). Cumulative gas production 

in Mcf was converted to BOE assuming that 6 Mcf of gas equals 1 BOE. A total of 204 

wells were used to generate these maps.  

1.3.3 Core Descriptions 

Four cores were described in this study (Figure 1.3, 1.4), all located at the United 

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

Underwood Ranch 11-33 and Wilmot Fee 33-1 are dry wells with a show of gas located 

in the Tuit Draw Field and Birdsall 12-10 and Quillback Federal 2-33 are gas wells 

located in the Porcupine Field. Lithofacies were established based on texture, 

composition, primary and secondary sedimentary structures, biogenic structures, and 

further defined with petrographic and XRD mineralogic analyses. The bioturbation index 

(BI) modified from Taylor and Goldring (1993), and percent bioturbation values from 

Reineck (1963) were used to quantify the intensity of bioturbation (Table 1.1). Trace 

fossils were identified and ichnofacies were classified using the Atlas of Trace Fossils 

published by Pemberton et al. (2009). After lithofacies were established and ichnofacies 

were classified, reservoir facies were determined, supported with conventional core 

analysis, and an assessment of production from well log data.  
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Figure 1.3 Turner structure map (TVDSS) with location of cored wells used for this 
study. Table shows location information, production, and available data for each well.  
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Figure 1.4. Cross-section of the four cored wells used in this study. The stratigraphic coverage of each core is displayed 
by the red bar next to each well and depths are represented as measured from surface (MD).  

NW SE 

Top Turner 
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Biogenic flow media was divided into five classes by Pemberton and Gingras 

(2005): 1) surface-constrained textural heterogeneities, 2) nonconstrained textural 

heterogeneities, 3) weakly defined textural heterogeneities, 4) diagenetic textural 

heterogeneities, and 5) cryptic bioturbation (Figure 1.5). In the study area, biogenic 

permeability enhancement is induced by cryptic bioturbation and weakly defined textural 

heterogeneities. Cryptic bioturbation is the result of microorganisms mixing and cleaning 

grains, removing pore-filling clay. This process increases the isotropy of a sediment 

while leaving no distinct trace. Alternatively, weakly defined textural heterogeneities are 

the result of trace fossils that contrast in infill and exhibit flow parameters that differ from 

the host sediment (Pemberton and Gingras, 2005).

Table 1.1. The bioturbation index (BI) and associated bedding fabrics modified from 
Taylor and Goldring (1993), and percent bioturbation values from Reineck (1963).  
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Figure 1.5. Classification of biogenic flow media developed by Pemberton and Gingras (2005). In the study area, biogenic 
permeability enhancement is induced by cryptic bioturbation (D) and weakly defined textural heterogeneities (C). 



 
 

1.3.4 Spot Permeametry 

Burrow associated permeability was measured in each reservoir facies using a Core 

Laboratories Pressure Decay Profile Permeameter – 400 (PDPK-400) located in the 

Petroleum Engineering Department at the Colorado School of Mines. Measurements 

acquired using the PDPK-400 were taken at atmospheric conditions and represent the 

horizontal permeability at the site of the measurement. The samples are no longer 

subject to confining stress that would otherwise hold the framework grains closer 

together and values are relatively higher than they would be in the subsurface. 

Alternatively, measurements acquired from conventional core analysis are taken from 

core plugs under confining stress to simulate subsurface conditions. These values are 

more representative of actual reservoir porosity and permeability because grains are 

artificially compressed and held together. However, core plugs represent a small 

sample and are only acceptable when the porosity and permeability of an interval are 

relatively homogeneous (Monicard, 1980).  

1.3.4.1 Profile Permeability Measurements 

Probe (or profile) permeability has been used to provide highly resolved 

measurements of permeability, especially in formations where conventional plug 

analysis cannot adequately capture the degree of heterogeneity (Jones, 1994). The 

small diameter of the injection tip seal means that the spatial resolution is about 4 mm, 

enabling permeability to be determined on individual laminae, clasts and/or burrows. 

The probe permeameter allows for much higher resolution measurements of 

permeability than is possible with plugs and is designed to complement and, in some 
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cases where plug measurements are unrepresentative or impossible, supplement plug 

measurements.  

1.3.4.2 Permeability Measurements 

There are three principle definitions of permeability in core analysis (Jones, 1994): 

1. Absolute permeability: The permeability to a single phase where only that phase fills 

the pore space (e.g., air, oil or brine). 

2. Effective permeability: The permeability to one phase when two or three phases are 

present in the pore space. For example, oil permeability (Ko) and water permeability 

(Kw) at some specific water saturation. 

3. Relative permeability: The ratio of effective permeability to a base permeability, 

which is normally an endpoint effective permeability (Ko at Swir or Kg at Swir) or a 

single-phase permeability (air or Klinkenberg permeability) in reservoir modelling. 

The measured permeabilities were absolute permeability. 

1.3.4.3 Theory of Measurements 

Probe (profile) pressure-decay measurements use a gas storage tank which is 

connected to a fill valve, a pressure transducer, and an outlet valve, which is connected 

to the probe, for the measurement process (Jones, 1994). The tank is filled with a gas 

(e.g., nitrogen) to a desired fill pressure, then the fill valve is closed. After the probe tip 

is sealed against a core sample, the outlet valve is opened and the pressure in the tank 

is recorded as a function of time. Simply stated, the higher the permeability of the 

sample, the faster the pressure will decay. More quantitatively, the slope of the 

pressure-decay curve yields an instantaneous flow-rate function. The value of the 
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gauge pressure, p, at any time is equal to the ∆𝑝 through the sample, which vents to 

atmospheric pressure. 

Samples were selected that were most representative of each reservoir and were 

limited by the size of the available core slab for that interval. Measurements were taken 

on the flat surface of the slabbed core sample using a 1 cm grid spacing. Measurement 

locations were plotted by column vs depth on an X, Y grid and the grid was then 

referenced onto a picture of the sampled core slab. A picture of each sample was 

imported into IHS Petra where values were assigned to each point and contoured to 

highlight the presence of burrows and the difference in permeability between the 

burrows and surrounding fabric.  

1.3.4.4 Burrow and Matrix Permeability contrast 

The difference in permeability between a burrow and the surrounding fabric (or 

matrix), as determined from spot permeametry, can be classified as either dual porosity 

or dual permeability flow media (Gingras et al., 2012; Figure 1.6). When contrasts in 

permeability are less than two orders of magnitude, the interval is classified as dual 

porosity flow media. In reservoirs where dual porosity occurs, the entire interval (both 

burrows and matrix) contributes to the storage and flow of hydrocarbons. When 

contrasts in permeability are greater than two orders of magnitude the interval is 

classified as dual permeability flow media. In reservoirs where dual permeability occurs, 

fluid will preferentially flow through the higher permeability zones and the lower 

permeability zones contribute by way of diffusion into the higher permeability zones 

(Gingras et al., 2012).  



 
 

Figure 1.6. Burrow/matrix permeability contrast for bioturbated reservoirs. Dual porosity flow media occurs when 
contrasts in permeability are less than two orders of magnitude. Dual permeability flow media occurs when contrasts in 
permeability are greater than two orders of magnitude (modified from Gingras, et al., 2012).  



 
 

1.3.5 Average Permeability Equations 

The anisotropic porosity and permeability associated with heavily bioturbated 

intervals can have dramatic effects on recoverable reserve estimates, and the ability to 

predict fluid flow to the wellbore. Measurements derived from spot permeametry were 

used to estimate the bulk permeability of each sample using arithmetic, geometric, and 

harmonic, averaging techniques in order to determine the best method for calculating 

the effective properties of fluid flow. Gingras et al., (2012) determined that effective 

permeability in bioturbated sediments can increase with increasing burrow intensity and 

burrow connectivity in two ways: 1) by increasing the volume of porous burrows, and 2) 

through the presence of porous burrows in which interpenetration is likely. In the study 

area, conventional plug analysis cannot adequately capture the degree of heterogeneity 

associated with the identified reservoir facies, and cannot be used to predict the impact 

of trace fossil behavior on effective permeability.  

1.3.5.1 Analytical Method of Upscaling Permeability 

Weighted arithmetic and harmonic means were originally derived by Freeze and 

Cherry (1979) to calculate effective permeability parallel and perpendicular to the layers 

in stratified sedimentary rocks, respectively. The geometric mean was derived by 

Gelhar (1986) to calculate the effective permeability of a uniformly random media. 

Gingras et al. (1999) applied these equations to estimate the bulk permeability of 

intervals that are heavily burrowed and bioturbated. By developing a set of empirical 

and numerically modeled solutions to bulk permeability Gingras et al., (1999) showed 

that the arithmetic mean can be used to estimate the bulk permeability of a bioturbated 

fabric in which burrows are interconnected, the harmonic mean can be used to estimate 
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the bulk permeability of a bioturbated fabric in which burrows are isolated, and the 

geometric mean can be used to estimate the bulk permeability of a bioturbated fabric in 

which bioturbation has resulted in a more uniform distribution of permeability.  

1.3.5.2 Arithmetic, Harmonic, and Geometric Averaging Techniques 

There are three standard averaging techniques that are used to upscale the 

permeability measurements of a bioturbated reservoir. These are referred to as 

arithmetic, harmonic, and geometric means (Figure 1.7).   

1. Arithmetic mean: Used to estimate permeability parallel to stratification, yields the 

highest average permeability, and is representative of a bioturbated fabric in which 

burrows are interconnected.  

2. Harmonic mean: Used to estimate permeability perpendicular to stratification, yields 

the lowest average permeability, and is representative of a bioturbated fabric in 

which burrows are isolated.  

3. Geometric mean: Used to estimate permeability both parallel and perpendicular to 

stratification, yields an average permeability that is somewhere between arithmetic 

and harmonic, and is representative of a fabric that is uniformly burrowed.  

Although there may be bioturbated fabrics with significantly higher permeability 

streaks, such as networks of porous, interconnected burrows, the influence of the lower 

permeability fabric between isolated burrows will act as baffles and/or barriers to flow, 

altering the course of these preferential flow pathways. The harmonic mean is therefore 

the most conservative method for calculating bulk permeability. If the bulk permeability 
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calculated for the three averages is the same, permeability is distributed randomly to 

flow direction, and reservoir permeability is essentially homogeneous (Baniak, 2015).  

1.3.6 Petrography 

Polarized light microscopy (PLM) was used to observe and document 

composition and mineral percentages, texture, porosity, cementation, and diagenetic 

sequence. 35 thin sections from the USGS-CRC were used to observe and document 

both reservoir and non-reservoir lithologies. Five of the samples are from Birdsall 12-10 

and the remaining 30 are from Quillback Federal 2-33. Eight additional thin sections 

were prepared in the reservoir facies of each core using blue epoxy to highlight the 

presence of pores and stained with alizarin red and potassium ferricyanide to detect the 

presence of calcium and ferric iron, respectively.  

Figure 1.7. Arithmetic, geometric, and harmonic averaging techniques used to calculate 
the bulk permeability of each sample.  
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Additional studies using SEM, BSE, and EDS were conducted to investigate the 

diagenetic impact on these bioturbated fabrics. Specifically, the lithologic and porosity 

contrasts between the burrows and the matrix were assessed and associated to a 

principle control(s) on the destruction, preservation or enhancement of porosity and 

permeability, through the introduction of diagenetic fluids, clay and/or fine organic 

matter. Eight samples were prepared for analysis. Samples were taken from the same 

intervals used for thin section preparation. 

1.3.7 Well Log Analysis 

The presence of clay in bioturbated fabrics influence both electric log response 

and producibility. A lack of knowledge of the complex fabrics that result from the impact 

of cryptic bioturbation and trace fossil behavior can lead to erroneous values calculated 

from well logs such as porosity and water saturation. An evaluation of the influence of 

clay minerals on electric log response was completed in order to derive a petrophysical 

well log representation of how bioturbated reservoirs can be identified and assessed 

using log curves. To correct log data, the spatial distribution of shale, the respective 

properties of the shale, and the volume of shale in the interval of interest must be 

known. Evaluating the impact of clay on bioturbated sandstone reservoirs therefore, 

requires an understanding of the rock properties through the integration of core 

samples, thin sections, SEM/EDS, spot permeametry, bulk permeability, XRD 

mineralogic analysis and electric logs. Well-log data acquired from MJ Systems and 

TGS served as the foundation for analysis. Logs used for interpretation include 

resistivity (RES), spontaneous potential (SP), gamma ray (GR), and density/neutron 

porosity (DPHI/NPHI).  
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CHAPTER 2: GEOLOGIC SETTING 

The following chapter provides an overview of the geologic evolution of the 

Western Interior of North America, which had an integral impact on the deposition and 

formation of the Turner Sandstone. Previous work is summarized based on formation 

descriptions, studies related to age, interpretations of the depositional setting, and 

potential source rocks for the Turner.  

2.1 Overview 

The Turner Sandstone was deposited approximately 90 Ma. during the Late 

Turonian (Merewether et al., 1979). During this time, the Sevier Orogeny was still the 

major mountain building event and the Western Interior Seaway (WIS) was near its 

maximum extent (Blakey and Ranney, 2018; Figure 2.1). The Sevier Fold and Thrust 

Belt and the Western Interior Basin (WIB), stretching north from the Gulf of Mexico to 

the Arctic Ocean, formed in response to the collision of the oceanic Pacific Plate with 

the North American Plate and the subduction of the Pacific Plate under the western 

margin of the continent (Kauffman and Caldwell, 1993). The Turner is considered to be 

part of the first coarse clastic wedge that prograded westward into the WIS away from 

the active margin of the Sevier Highlands. Progradation took place after the mid-

Cretaceous sea level rise of the Greenhorn Cycle (latest Albian-early Upper Turonian) 

and prior to the Niobrara Cycle (latest Upper Turonian-Lower Campanian) (Kauffman, 

1985; Figure 2.2).  

The onset of the Laramide Orogeny (80-70 Ma) is considered to be the second 

phase of the Sevier Orogeny in which the Farallon Plate began to subduct at a shallow 

angle, resulting in a shift in magmatism to the east (Blakey and Ranney, 2018). 



19 
 

  
Figure 2.1. Upper Cretaceous Paleogeography of North America (modified from Blakey and Ranney, 2018).  
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Subsequent uplift of the modern-day Rocky Mountains caused the withdraw of the WIS 

and segregated the WIB into a network of ranges and smaller foreland basins (Figure 

2.3). The Powder River Basin is one of the largest of these basins and covers northeast 

Figure 2.2. Deposition of the Turner (red arrow) is considered to be part of the first 
coarse clastic wedge that prograded westward into the WIS, away from the active 
margin of the Sevier Highlands, after the mid-Cretaceous sea level rise of the 
Greenhorn 3rd order cycle (latest Albian-early Upper Turonian) and prior to the Niobrara 
3rd order cycle (latest Upper Turonian-Lower Campanian) Regional sea level from 
Kauffman and Caldwell (1993). Global eustatic curve from Haq et al. (1989). 
Radiometric ages from Obradovich (1993). Modified from Drake and Hawkins (2012). 
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Figure 2.3. Laramide-modified, Cretaceous foreland basins and ranges that resulted from shallow slab subduction of 
the Farallon Plate under the western margin of North America and a shift in magmatism to the east (WSGS 
interactive map of Wyoming, 2020).  
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Wyoming and part of southeast Montana. Present-day features surrounding the basin 

include the Black Hills to the east, the Hartville and Laramie Mountains to the south, and 

the Bighorn Mountains to the west. The Basin is asymmetric, with a steep gradient near 

the Bighorn Mountains in the west and progressively shallows along a gentle slope 

toward the Black Hills in the east. At its deepest, the basin contains as much as 17,000 

feet of Phanerozoic sediment overlying Precambrian basement (Anna, 2010).  

On the eastern side of the PRB, the Turner Sandstone is the middle member of 

the Carlile Shale, unconformably overlying the Pool Creek Member and conformably 

overlain by the Sage Breaks Member. On the Western side of the PRB, the stratigraphic 

equivalent of the Turner is considered to be the Wall Creek Member of the Frontier 

Formation (Figure 2.4). Additional stratigraphic equivalents of the Turner include the 

Juana Lopez Member of the Carlile in southeast Colorado and northeast New Mexico, 

the Codell Sandstone in central Kansas, and the Blue Hill Shale in southeast South 

Dakota and northeast Nebraska (Merewether et al., 2007). 

2.2 Previous Work 

2.2.1 Formation Descriptions 

The Turner Sandy Member of the Carlile Shale was first described by Rubey 

(1930) and named for exposures along Turner Creek, Township 46 and 47N, Range 

64W in Weston County, Wyoming. At first, the Carlile Shale consisted of two members: 

the lower unnamed shale member and the overlying Turner Sandy Member. The Sage 

Breaks Member was originally considered part of the overlying Niobrara Formation. 

Ranging between 200 and 150 feet thick, Rubey described the Turner as a sandy shale 

and siltstone containing iron-stained concretions. He described the lower part as locally 
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conglomeratic and phosphatic with abundant shark teeth. Additionally, at the base, he 

noted a distinct faunal break and possibly an unconformity. Cobban (1951 and 1952) 

Figure 2.4. Stratigraphic column of Upper Cretaceous strata in the PRB. On the eastern 
side of the PRB, the Turner is the middle member of the Carlile Shale, unconformably 
overlying the Pool Creek Member and conformably overlain by the Sage Breaks 
Member. On the western side of the PRB, the stratigraphic or chronostratigraphic 
equivalent of the Turner is considered to be the Wall Creek Member of the Frontier 
Formation. Oil and gas reservoirs are denoted with green circles and known source 
rocks are denoted with red squares (Anna, 2009). 
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measured and described the Turner in the northern Black Hills of Crook County, 

Wyoming, Carter County, Montana, and Butte County South Dakota. Between 260 and 

185 feet thick, the Turner at these locations was described as a gray to dark-gray shale, 

weathered to a medium, dark, and buff-gray, the lower section, very sandy, whereas the 

upper containing some sandy beds that fine up section. Also documented is the 

presence of calcareous and ferruginous concretions ranging in color from tan and gray 

to yellow, rusty, and red. Haun (1958) redefined the Turner Sandy Member as the 

middle member of the Carlile Shale, unconformably overlying the lower, unnamed shale 

member and conformably overlain by the Sage Breaks Member. He documented the 

Turner as ranging between 170 and 150 feet thick and described it as a very fine-to 

medium-grained sandstone and gray shale containing yellow sandy calcareous 

concretions. Knechtel and Patterson (1962) renamed the unnamed shale the “Pool 

Creek Member” for outcrops along Pool Creek on the northern flank of the Black Hills. 

Robinson et al. (1964) measured and documented the Turner at several outcrop 

locations along the northern and western flanks of the Black Hills. In Crook County, the 

Turner is 208 feet thick on the east side of the Colony anticline, and 191 feet thick near 

Mud Creek. In Weston County, the Turner is 187 feet thick at Thornton dome, and 150 

feet thick near Osage. Robinson described the interval as dark gray shale with local 

accumulations of sand, red to yellow concretions, and a thin sandstone near the base. 

Merewether (1980) described cores obtained from boreholes located in Johnson and 

Weston County, as well as measured and described nearby outcrops. Samples of the 

core were analyzed using XRD, thin sections and SEM. He broke the Turner into an 

upper and lower half: the lower half consisting of a basal sandstone overlain by two 
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units that grade upward from shale to sandstone, and an upper half, consisting of 

siltstone, shale, and lesser amounts of sandstone. Weimer and Flexer (1985) used 

approximately 520 geophysical well logs to correlate and map Upper Cretaceous strata 

in the eastern PRB from the base of the Belle Fourche Shale to the top of the Niobrara 

Formation. Seven isopach maps were constructed in order to identify trends in 

thickness associated with the influence of two major unconformities, one at the base of 

the Turner and one at the base of the Niobrara. Additionally, each interval was 

measured and described from outcrops located near Osage, Wyoming. Based on 

observations from core and outcrop, Weimer and Flexer identified three sandstone 

lithologies present in the Turner, of which the coarser-grained conglomeratic sandstone 

lenses are interpreted as having the best reservoir properties. A measured section of 

the Turner located near Osage, Wyoming is 200 feet thick and, based on isopach maps, 

generally thins toward the west, ranging from a maximum of 260 feet thick in Weston 

County to 80 feet thick in parts of Converse County. Rice and Gaskill (1988) measured 

and described outcrops of the Turner along the western flank of the Black Hills Uplift, 

exposed near Osage and the Old Woman Anticline. They divided the Turner into an 

upper and lower interval. The lower interval, comprised of two sandstone packages 

separated by shale, and an upper sandstone bearing interval, separated from the lower 

by an interval of shale with lenses of siltstone and sandstone. Charoen-Pakdi and Fox 

(1989) studied five Turner cores from the Todd Field, located in Weston County, 

Wyoming. They divided the Turner into an upper and lower sandstone separated by 

interbedded shale and siltstone. Fifty thin sections from the lower sandstone were 

analyzed in order to assess mineral composition, texture, fabric, diagenetic sequence 
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and the controls on reservoir quality in the field. Merewether (1996) calculated rates of 

deposition and subsidence using values derived from radiometric ages, lithology, 

present-day stratigraphic thickness, paleowater depth, eustasy, and compaction 

parameters. More recently, the Turner has been delineated into seven facies and as 

many as fifteen sub-facies groups (Heger, 2016) Using 25 cores, Heger described and 

characterized each facies in an attempt to assess stratigraphic relationships and 

reservoir quality in the Turner. Cores were obtained from boreholes located in 

Campbell, Converse, Weston and Niobrara Counties, Wyoming. Outcrops were 

measured and described at Old Woman Anticline, near Newcastle, along Oil Creek 

Road, and in Osage, Wyoming. He broke the Turner into an upper and lower interval: 

the lower interval consisting of bioturbated shaly siltstone to sandstone that thickens 

towards the east, becoming more heterolithic, and an upper interval, consisting of a 

medium-grained sandstone and bioturbated sandstone that changes towards the east 

into a bioturbated shaly siltstone to sandstone.  

2.2.2 Chronostratigraphy 

Scaphitoid ammonites are known in the Western Interior to occur in rocks of the 

Greenhorn Limestone, Carlile Shale, and the Niobrara Formation. The earliest scaphites 

present in these intervals belong to early Turonian cosmopolitan fauna (Cobban, 1951). 

During their field work in the Black Hills, north of Belle Fourche, South Dakota, Cobban 

(1951) and Cobban and Reeside (1952) documented the presence of the scaphite 

species found in the Turner, as well as underlying and overlying strata. The lower third 

of the Turner is comprised of S. warreni, and the middle third is comprised of S. 

whitfieldi. S. nigricollensis are found in concretions 59 feet below the top of the Turner 
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and S. corvensis occur in the uppermost Turner and in the overlying Sage Breaks. Haun 

(1958) documented the presence of fauna found in concretions 110 to 45 feet above the 

base of the Turner and interpreted them to be of Turonian age. Robinson et al. (1964) 

documented fossils collected along the northern and western flanks of the Black Hills in 

combination with fossils collected by Ruby et al. (1930) and previous work from the 

Turner in the northern Black Hills (Cobban, 1951). Subsequent investigations by 

Merewether et al. (1979); Merewether (1980), Merewether and Cobban (1986a), 

Merewether et al. (2007), and Merewether et al., (2011) constrained deposition of both 

the Turner and the Wall Creek Member of the Frontier Formation to the Late Turonian 

(90.5-89.3 Ma) using the biostratigraphic zones Scaphites warreni to Prionocyclus 

germari. Constraining the age of the Turner prompted further investigation into the 

environment of deposition that was possible during that geologic time. 

2.2.3 Depositional Environment  

Merewether et al. (1979), Winn (1991), and Gustason (2015) group the Wall 

Creek and Turner into the same depositional environment, however, others propose 

that the depositional environment of the Turner is distinct from that of the Wall Creek. 

Merewether et al. (1979) interpreted the Turner as channel deposits, nearshore bars, 

and offshore bars that were deposited as part of a high-destructive, tide-dominated 

delta. Merewether (1980, 1996) later inferred that the Turner may represent deeper and 

more distal shelf sand bars fed by high-energy deltas. Based on lithology, trace fossil 

assemblages, and isopach maps, Weimer and Flexer (1985) inferred the Turner to 

represent brackish to shallow marine deposits, which backfilled northeast-trending 

incised valleys. These valley fill sediments are interpreted to have been deposited in 
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estuarine and tidal flat environments. Succeeding a major fall in sea-level during the 

Middle Turonian, Rice and Gaskill (1988) suggest that the lower Turner, along the 

western flank of the Black Hills, was deposited on the eroded remains of the underlying 

Pool Creek during a sea-level lowstand. Turner sediments were transported to the 

western shelf of the WIS by river-dominated deltas carrying sediment from the Sevier 

highlands. The lowest Turner accumulated in a wave dominated shelf environment 

periodically affected by storm activity. Deposits overlying this interval are interpreted to 

have been by offshore currents and through submarine canyons during a progressive 

rise in sea-level. The upper Turner is interpreted to have been deposited below fair-

weather wave base on a storm-dominated shelf during a sea-level highstand. Based on 

their detailed study of core and log correlations from the Todd Field, Charoen-Pakdi and 

Fox (1989) suggest that the lower Turner is a shallow marine shelf bar deposited during 

a marine regression. Rice and Keighin (1989) interpret that the Turner was deposited as 

storm and wave-influenced shelf and channel deposits overlain by sediments that 

accumulated below fair-weather wave base. Additionally, they propose that the lower 

Turner was deposited in elongate depressions in an inner shelf setting. Winn (1991) 

suggests that deposition of the Wall Creek – Turner interval took place after a sea-level 

lowstand lasting approximately 90 Ma. Delta-strandplain systems carried sediment from 

the Sevier highlands to the western margin of the WIS.  Shelf sand sheets were 

deposited during short regressive episodes in which sand was transported offshore and 

down current from these strandplain systems. The presence of mud-separating beds 

and draping foresets represents sedimentation from river floods following storm events. 

Melick (2013) and Heger (2016) propose that the Turner was deposited on a shallow 
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shelf and that sediment transport was dominated by sediment gravity flows. Melick 

interprets the Turner as being deposited below fair-weather wave base however, Heger 

suggests that deposition of the lower Turner took place near storm wave base.  

2.2.4 Source 

Several source beds have been proposed for the oil and gas accumulations that 

exist in the PRB. The Mowry Shale and Niobrara Formation are considered the two 

most significant organic-rich intervals that charge Lower and Upper Cretaceous 

reservoirs, respectively (Momper and Williams, 1984; Anna, 2010; Rahman et al., 

2016). Turner oils produced in southern Campbell and northern Converse Counties 

come from different sources (Curtis, 2015). According to Rahman et al. (2016), the 

Mowry primarily charges Lower Cretaceous reservoirs, the Niobrara primarily charges 

Upper Cretaceous reservoirs, and both contribute to reservoirs in between the two 

intervals. Hydrocarbon charge from the Niobrara is from downward vertical migration 

and migration from the Mowry is interpreted to be along faults associated with Laramide 

deformation (Anna, 2010). In general, both intervals are most mature where they are 

buried deep along the basin axis and become less mature as they shallow towards the 

north and east. The Mowry is a mixture of Type II and Type III kerogen, whereas the 

Niobrara comprises primarily Type II (Rahman et al., 2016) indicating that Mowry 

deposition took place in a restricted environment and the Niobrara was deposited in an 

open marine environment (Curtis, 2015). Other potential source intervals include the 

Belle Fourche Shale, the Greenhorn Limestone, and the Sage Breaks Member of the 

Carlile Shale, however, their generative potential is less well studied and likely less 

significant than that of the Mowry and Niobrara (Anna, 2010). 
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CHAPTER 3: SUBSURFACE MAPPING AND PRODUCTION ANALYSIS 

Part 1 of this study, is to evaluate the geological controls associated with 

variations in structure and thickness trends, and their influence on conventional 

(vertical) and unconventional (horizontal) oil and gas production across the Porcupine, 

Tuit Draw, K Bar, & Crossbow Fields. In southern Campbell County, the Turner consists 

of two-to three coarsening upwards sequences separated by flooding surfaces. Across 

the study area, production is predominantly from the Upper Turner, which is the third 

coarsening upward sequence, and is the focus of our research (Figure 3.1).  

Figure 3.1. Type log for the Turner in southern Campbell County. Locally, the Turner 
consists of three coarsening upwards sequences (indicated by the red arrows).  
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3.1 Structure and Thickness 

In the study area, dip is to the southwest, and the depth of the Turner ranges 

between 3,650–6,150 ft. subsea, corresponding to a drilling depth between 8,500–

11,050 ft. (Figure 3.2). Isopach thickness was mapped from the top of the Turner to the 

top of the Pool Creek and ranges between 60-105 ft. Overall, the Turner thins and 

becomes shalier updip and to the northeast, away from the sediment source to the west 

(Figure 3.3, 3.4, and 3.5).   

3.2 Production 

In the study area, conventional and unconventional oil and gas production from 

the Turner occurs between 9,000-11,000 ft. (Figure 3.6). Between 1972-1998, 

conventional production was limited to the Porcupine and Tuit Draw Fields. Production 

in these fields occurs between 9,000-9,600 ft. With the introduction of horizontal drilling 

and artificial fracture stimulation, the K Bar and Crossbow Fields were developed as a 

tight unconventional extent downdip and to the southwest of Porcupine and Tuit Draw. 

Unconventional production occurs between 9600-11,000 ft., where horizontal wells are 

drilled parallel and slightly oblique to the northwest trending basin axis.  

3.2.1 Gas-Oil Ratio 

A map of initial GOR (Figure 3.7), shows low values (1-5 Mcf/bbl) in the K Bar 

Field, where production occurs between 10,000-11,000 ft. and the Turner is 90-105 ft. 

thick. In the Crossbow Field, slightly higher values occur, ranging between 5-35 Mcf/bbl. 

Production in the Crossbow Field occurs at depths of 9,600-11,000 ft., where the Turner 

is between 80-105 ft. thick A large range of values (15-80 Mcf/bbl) occur in the 

Porcupine and Tuit Draw Fields where production is between 9,000-9,600 ft. and the 

Turner is 73-94 ft. thick. A comparison of initial GOR between 
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Figure 3.2. In the study area, dip is to the southwest and the depth of the Turner ranges between 3,650-6,150 ft. 
subsea, corresponding to a drilling depth between 8,500-11,050 ft. 
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Figure 3.3. In general, the Turner thins and becomes shalier to the SE. The section is flattened on the top of the Turner 
and depths are represented as measured from surface (MD). 
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Figure 3.4. Similar to cross-section A-A’, the Turner thins and becomes shalier updip and to the NE. The section is 
flattened on the top of the Turner and depths are represented as measured from surface (MD).  
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Figure 3.5. The Turner is approximately 105 ft. thick in the southwest part of the study area and thins updip 
and to the northeast to 60 ft. (red values are isopach control points). 
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conventional and unconventional production across the study area shows that: 1) 

horizontal wells in the K Bar Field are associated with oil production, 2) horizontal wells 

in the Crossbow Field are associated with mixed-oil and gas production, and 3) vertical 

wells in the Porcupine and Tuit Draw Fields are primarily associated with gas production 

with fewer oil wells. The area with the highest initial GOR occurs in the Porcupine and 

Crossbow Fields, which corresponds to the highest gas producing region in southern 

Campbell County (Toner, 2019). 

3.2.2 Cumulative Production 

In the study area, cumulative oil and gas production in barrels of oil equivalent 

(BOE) range from less than 200 MBOE to greater than 1 MMBOE (Figure 3.8). The 

highest cumulative oil producing well occurs in the K Bar Field, which has produced 

approximately 549 MBOE since 2015. The highest cumulative gas-producing well 

occurs in the Crossbow Field, which has produced approximately 796 MBOE (4.77 

BCF) since 2014. Although the well with the single highest cumulative gas production 

occurs in the Crossbow Field, most gas production occurs in the Porcupine Field at 

depths between 9,000-9,600 ft., where the second highest gas producing well occurs, 

producing approximately 784 MBOE (4.71 BCF) since 1986.  

3.3 Geological Controls on Production 

In part 1, it was determined that the conventional limits of production are 

restricted to shallower (9,600-9,000 ft.), thinner (75-90 ft.), and shalier intervals in the 

Porcupine and Tuit Draw Fields, where production is predominantly dry gas. 

Unconventional oil production and mixed oil and gas production was determined to 

occur from deeper (9,600-11,000 ft.) and thicker (90-105 ft.) intervals in the K Bar and 
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Crossbow Fields, respectfully. An increase in gas production in the Porcupine and Tuit 

Draw Fields indicates that there is a stratigraphic component to the hydrocarbon 

accumulations that exist in the study area, associated with an updip increase in the 

shaliness of the Turner as it thins to the northeast, away from the sediment source to 

the west. 
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Figure 3.6. In the study area, conventional and unconventional oil and gas production from the Turner occurs 
between 4,000-6,000 ft. subsea, corresponding to a drilling depth between 9,000-11,000 ft. 
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Figure 3.7. A comparison of GOR with vertical vs horizontal wells across the study area. 
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Figure 3.8. The highest cumulative oil-producing wells occur in the K Bar Field and the highest cumulative gas-
producing wells occur in the Crossbow and Porcupine Fields.  
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CHAPTER 4: CORE DESCRIPTIONS 

Four Cores were described for this study: Underwood Ranch 11-33, Wilmot Fee 

33-1, Birdsall 12-10, and Quillback Federal 2-33 (Figures 4.1-4.4).  

4.1 Lithofacies  

A total of 6 facies were established during this process. Lithofacies were 

established based on texture, composition, primary and secondary sedimentary 

structures, biogenic structures, and supplemented with petrographic and XRD 

mineralogic analysis (Table 4.1). The bioturbation index (BI) modified from Taylor and 

Goldring (1993), and percent bioturbation values from Reineck (1963) were used to 

quantify the intensity of bioturbation. Facies identified by Heger (2017) were used as 

reference for descriptions.  

4.1.1 Facies 1: Muddy siltstone to sandstone 

Facies 1 was observed in all four cores and consists of a heavily burrowed and 

bioturbated muddy siltstone to sandstone. Framework grains are very fine (62.5-125 

microns), poorly sorted, angular to well-rounded and, based on XRD, made up of quartz 

(40-50%), chert (10-20%), and plagioclase feldspar (10-15%). In this facies, primary 

sedimentary structures are absent due to the extensive reworking of sediment by 

burrowing organisms. Due to the pervasiveness of bioturbation throughout the muddy 

siltstone to sandstone, this facies displays 100% bioturbation (BI 6). Trace fossils 

identified in core include: Asterosoma, Cylindrichnus, Ophiomorpha, Phycosiphon, 

Planolites, Teichichnus, and Thalassinoides. In thin section, horizontal to sub-vertical 

burrows appear diffuse and are infilled with very fine, angular to well-rounded quartz 

grains that are rarely sutured together. Burrows are accentuated and lined with mud 
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Table 4.1. Summary of lithofacies established during core analysis. 
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Figure 4.1. Underwood Ranch 11-33 core description and associated core porosity and permeability measurements, Tuit 
Draw Field. 
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Figure 4.2. Wilmot Fee 33-1 core description and associated core porosity and permeability measurements, Tuit Draw 
Field (Core depth – 4 ft. = Log depth). 
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Figure 4.3. Birdsall 12-10 core description and associated core porosity and permeability measurements, Porcupine Field 
(Core depth - 11.5 ft. = Log depth). 
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Figure 4.4. Quillback Federal 2-33 core description and associated core porosity and permeability measurements, 
Porcupine Field (Core depth + 5 ft. = Log depth). 
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and/or fine organic matter. Organic matter is largely amorphous with a minor component 

of terrestrial input however, both appear disseminated throughout the muddy matrix. 

Visible pore space is minimal (0-1%) and appears to be associated with the dissolution 

and leaching of feldspar grains. Complete replacement of feldspar grains by ferroan 

calcite and pyrite occurs on a minor (spatial) scale throughout the thin sections 

investigated.   

4.1.2 Facies 2: Muddy sandstone to siltstone 

Facies 2 was observed in all four cores and consists of a heavily burrowed and 

bioturbated muddy sandstone to siltstone. Differentiation between Facies 1 and Facies 

2 is from a marked textural difference, where the muddy sandstone to siltstone contains 

a greater abundance of sand than silt-sized grains. Framework grains are very fine 

(62.5-125 microns), poorly sorted, angular to well-rounded and, based on XRD, made 

up of quartz (40-50%), chert (10-20%), and plagioclase feldspar (10-15%). In this facies, 

primary sedimentary structures are absent due to the extensive reworking of sediment 

by burrowing organisms. Due to the pervasiveness of bioturbation throughout the 

muddy sandstone to siltstone, this facies displays 100% bioturbation (BI 6). Trace 

fossils identified in core include: Asterosoma, Ophiomorpha, Palaeophycus, 

Phycosiphon, Planolites, Skolithos, Teichichnus, and Thalassinoides. In thin section, 

burrows are accentuated with disseminated mud and organic matter and infilled with the 

host sediment. Suturing of quartz grains is more common than in Facies 1 and many 

grains are separated by a muddy matrix. Visible pore space is minimal (0-1%), and the 

diagenetic texture is characterized by either the complete absence or patchy 

replacement of feldspar grains by ferroan calcite. 
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4.1.3 Facies 3: Heterolithic sandstone and mudstone 

Facies 3 was observed in Birdsall 12-10 and Quillback Federal 2-33 and consists 

of a moderately to highly burrowed and bioturbated heterolithic sandstone and 

mudstone. Quartz (40-50%) grains are very fine-to fine (62.5-250 microns), poorly 

sorted to well-sorted, and angular to well-rounded. In this facies, primary sedimentary 

structures consist of muddy laminations, otherwise sedimentary structures are difficult to 

identify due to moderate to high bioturbation. Due to the moderate to high reworking of 

sediment by burrowing organisms, this facies displays 31-90% bioturbation (BI 3-4). The 

trace fossils identified from core include: Asterosoma, Phycosiphon, and Planolites. 

Mud drapes (< 3 cm thick) are associated with an increase in bioturbation 60-90% (BI 

4). In petrographic thin section analysis, quartz grains are largely sutured together, and 

muddy laminations contain organic stringers that become intermingled in mud with 

increasing bioturbation intensity. Biotite (0-5%) is also present and occurs as fibrous 

grains that parallel the muddy laminated drapes. Pore space is not visible and calcite 

cement is not present in the thin sections investigated.   

4.1.4 Facies 4: Very fine-to fine-grained sandstone 

Facies 4 was observed in all four cores and consists of a heavily burrowed and 

bioturbated sandstone with no visible sedimentary structures (Facies 4.1) and a 

sparsely burrowed and bioturbated sandstone with planar parallel laminations (Facies 

4.2). Framework grains are very fine-to fine (62.5-250 microns), moderate to well-

sorted, angular to well-rounded and, based on XRD, made up of quartz (50-60%), 

plagioclase feldspar (10-15%), chert (0-5%), and mica (0-5%).  
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Facies 4.1 – In this facies, primary sedimentary structures are absent due to the 

extensive reworking of sediment by burrowing organisms. Due to the pervasiveness of 

bioturbation throughout the very fine-to fine-grained sandstone, this facies displays 

100% bioturbation (BI 6). Trace fossils identified from core and include: Asterosoma, 

Macronichnus, Ophiomorpha, Palaeophycus, Phycosiphon, Planolites, and Skolithos. In 

thin section, quartz grains are highly sutured together and where feldspar grain 

replacement and pore-filling calcite are sparse to absent, visible pore space is between 

5-15%. The replacement of feldspar grains by pore-filling ferroan calcite is coincident 

with a decrease in visible pore space and the interval is commonly stained with oil.  

Facies 4.2 – In this facies, planar parallel laminations are present and evidence 

of biological reworking of the sediment by organisms is sparse, displaying 1-5% 

bioturbation (BI 1). Trace fossils identified from core include: Asterosoma, 

Macronichnus, Palaeophycus and Skolithos. In petrographic thin section analysis, 

sediments occur in a reptitious fining upwards texture. Coarser grained laminations 

contain pore-filling calcite cement with 0-2% visible pore space. Laminations consisting 

of finer-grains contain less pore-filling calcite cement and visible pore space is absent.  

4.1.5 Facies 5: Medium-grained sandstone 

Facies 5 was observed in all four cores and consists of a heavily burrowed and 

bioturbated sandstone with no visible sedimentary structures (Facies 5.1) and a 

sparsely burrowed and bioturbated sandstone with faint cross-stratification (Facies 5.2). 

Framework grains are medium (250-500 microns), moderate to very well-sorted, 

angular to well-rounded, and, based on XRD, made up of quartz (60-70%), chert (10-

15%) plagioclase feldspar (5-10%), and mica (0-5%).  
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Facies 5.1 – Where sedimentary structures are absent due to the extensive 

reworking of the sediment by burrowing organisms, cryptic bioturbation is inferred. Due 

to the pervasiveness of bioturbation throughout the medium-grained sandstone, this 

facies displays 100% bioturbation (BI 6). The only trace fossil identified from core is 

Skolithos. In thin section, there is a significant degree of suturing between quartz grains 

with no distinct pattern to the occurrence of sutured grains. Pore-filling calcite and 

ferroan calcite cement is sparse and visible pore space is between 5-10%. Similar to 

Facies 4.1, this interval is commonly associated with oil-staining in core.  

Facies 5.2 – Where faint cross-strata are present, evidence of biological 

reworking by burrowing organisms is sparse, displaying 1-30% bioturbation (BI 1-2). 

Trace fossils identified from core include: Asterosoma, Ophiomorpha, and Skolithos. In 

thin section, quartz grains are sutured together and many are surrounded by a partially 

muddy matrix consisting of clay-sized clay minerals. Replacement of feldspar grains by 

calcite is more abundant than pore-filling calcite. Visible pore space is between 0-4% 

and appears to be both primary and secondary intragranular with the latter being 

associated with the dissolution and leaching of feldspar grains.  

4.1.6 Facies 6: Silty mudstone to claystone 

Facies 6 was observed in all four cores, consisting of dark-gray to black 

claystone and mudstone with light-gray silty laminations. Facies 6 is associated with a 

flooding surface at the top of the Turner and marks the contact with the overlying Sage 

Breaks Member of the Carlile Shale. Organic matter is present as wisps of kerogen and 

trace fossils are rare to absent, displaying 0-5% bioturbation (BI 0-1).  
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4.2 Ichnofacies 

Trace fossils were identified in core and Ichnofacies were classified (Table 4.2) 

using the Atlas of Trace Fossils (Pemberton et al. 2009). Due to the intensity of 

bioturbation and cross cutting burrows, the identification of trace fossils was at times 

challenging, and in some instances largely futile. Trace fossils identified in the Turner 

include: Asterosoma, Cylindrichnus, Macronichnus, Ophiomorpha, Palaeophycus, 

Phycosiphon, Planolites, Skolithos, Teichichnus, and Thalassinoides. Cryptic 

bioturbation was inferred when the sediment appeared to be structureless and no 

discrete burrows were present.  

Asterosoma were observed in all six facies and are identified by the following 

criteria: the occurrence of horizontal to subvertical bulbs with concentric laminations that 

are composed of mud in a silty to sandy substrate, in addition to a central to sub-central 

inner tube that is typically filled with the host sediment. Asterosoma are found in upper 

offshore, offshore transition, and lower shoreface sedimentary environments, and are 

commonly observed to be associated with the Skolithos ichnofacies. 

Cylindrichnus were observed in Facies 1 and was identified based on the 

occurrence of vertical to inclined burrows that are geometrically cylindrical to 

subcylindrical, with tapered shafts. The walls of Cylindrichnus burrows are lined with 

multiple concentric layers of silt and mud. These layers are created as sediment is 

washed into the burrow and is subsequently pressed into the walls by the burrowing 

organism. Cylindrichnus are found in sandy tidal flat and estuary channel sedimentary 

environments and can be associated with the Skolithos and Cruziana ichnofacies.  



52 
 

Macronichnus were observed in Facies 3 and 5 and are identified by the 

appearance of horizontal tubes that occur in clusters that do not interpenetrate or 

crosscut. Tubes are commonly infilled with sediment that contrast with the host strata, 

are predominantly unlined and may contain faint to obscure lining. Macronichnus are 

found in high energy foreshore and proximal upper shoreface sedimentary 

environments and can be associated with the Skolithos and Cruziana ichnofacies.  

Ophiomorpha were observed in Facies 1, 2, and 4 and are identified by vertical 

and horizontally inclined burrows that are lined with fecal pellets. Dependent on the 

orientation, Ophiomorpha burrows can appear to pinch, branch or simultaneously occur. 

Infill is typically the same as the host sediments, with a slight increase in mud content. 

Ophiomorpha are found in shoreface, estuary, and tidal shoal sedimentary 

environments and can be associated with the Skolithos ichnofacies.  

Palaeophycus were observed in Facies 2 and 4 and are identified by horizontal 

to inclined tubes lined with agglutinated sand, silt, or mud. Palaeophycus tubes largely 

occur as spatially isolated structures, where the infilled sediment is predominantly the 

same as the host strata. Palaeophycus are found in shoreface, storm sand and brackish 

sedimentary environments and can be associated with the Skolithos ichnofacies.  

Phycosiphon were observed in Facies 1 and 2 and are identified by irregular, 

meandering black burrows with an elliptical to sub-circular shape. Burrows occur in 

clumps, resulting in a mottled fabric that obscure other traces. Phycosiphon are found in 

upper offshore, offshore transition, lower shoreface, and shallow shelf sedimentary 

environments and can be associated with the Skolithos, and Cruziana ichnofacies.  
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Planolites were observed in Facies 1, 2, and 3 and are identified by horizontal to 

inclined, unlined burrows with infill that contrasts in fabric, composition, and color from 

the host sediment. They are most commonly observed in muddy laminations. Planolites 

are found in all sedimentary environments, from fresh water to deep marine, but are 

most commonly associated with the Cruziana ichnofacies.  

Skolithos were observed in Facies 2, 4, and 5 and are identified based on the 

following set of criteria: the occurrence of vertical to inclined tubes that geometrically 

range from, cylindrical to sub-cylindrical, straight to slightly curved, occur as either lined 

and unlined, and commonly infilled with sediment that differs from the host strata. Tubes 

have a constant diameter with a single entrance, do not taper and may be up to 1.5 ft. 

long. Skolithos are found in lower shoreface, upper offshore, and offshore transition 

sedimentary environments and can be associated with the Skolithos ichnofacies.  

Teichichnus were observed in Facies 1 and 2 and are identified by horizontal 

burrows that are unlined and characterized by a vertical series of tightly packed, 

concave up concentric laminae. Where spreiten are preserved, burrow linings and wall 

margins are not present. Teichichnus are found in lower shoreface and upper offshore 

sedimentary environments and can be associated with the Cruziana ichnofacies.  

Thalassinoides were observed in Facies 1, 2, and 4 and are identified by 

horizontal branching, cylindrical to elliptical, thinly lined to unlined, backfilled burrow 

networks. Thalassinoides are found in lower shoreface, offshore, and shelf sedimentary 

environments and can be associated with the Cruziana ichnofacies. 
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Table 4.2. Summary of trace fossils (bioturbation) observed in core. 
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4.3 Reservoir Facies 

Reservoir facies were established using an integrated approach. This approach 

entailed tying conventional core analysis to the four core descriptions, in addition to 

conducting an assessment of hydrocarbon production over the study area (Table 4.3). 

From this approach, it was determined that lithofacies 5.1 and lithofacies 4.1 are the two 

main facies that contribute to hydrocarbon production. For the remainder of this study, 

lithofacies 5.1 is referred to as reservoir facies 1 and lithofacies 4.1 is referred to as 

reservoir facies 2.  

Table 4.2 Continued. 
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Reservoir facies 1 is a cryptically bioturbated, medium-grained sandstone and 

biogenic flow media, as defined by Pemberton and Gingras (2005), can be classified as 

a cryptic. Previous research has shown that in large volumes of cryptically bioturbated 

sediment, porosity and permeability can be significantly enhanced due to changes in the 

mechanical characteristics of the rock fabric (Pemberton and Gingras, 2005). Porosity 

and permeability values measured from conventional core plug analysis range between 

3-10% and 0.01-0.22 mD, respectfully.  

Reservoir facies 2 is a heavily burrowed and bioturbated very fine-to fine-grained 

sandstone and biogenic flow media, as defined by Pemberton and Gingras (2005), can 

be classified as a weakly defined textural heterogeneity. Trace fossils identified in 

reservoir facies 2 are the result of micro-organisms mixing, cleaning, and packing 

sediment and include: Asterosoma, Macronichnus, Ophiomorpha, Palaeophycus, 

Phycosiphon, Planolites, Skolithos, and Thalassinoides. Porosity and permeability 

values measured from conventional core plug analysis range between 5-14% and 0.01-

0.4 mD, respectfully.  

4.4 Impact of Cryptic Bioturbation 

Cryptic bioturbation (as seen in reservoir facies 1) is the result of micro-

organisms indiscriminately mixing and cleaning grains, increasing the isotropy of a 

sediment. Sediment mixing occurs through the un-sorting of grainsize trends and the 

mechanical destruction of laminae. Sediment cleaning selectively removes pore-filling 

clay and organic matter by ingestion and subsequent defecation of fines into the water 

column (Tonkin et al. 2009). Studies have shown that colonies of micro-organisms are 

commonly found on quartz and feldspar grains (Meadows and Anderson, 1968) due to 
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Table 4.3. Outline of reservoir facies 1 and 2, identified through core descriptions and supported with conventional core 
analysis and an assessment of production in the study area. 
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the presence of nutrients that adhere to the grains (Mills and Maubrey, 1981; Krejci and 

Lowe, 1986). As micro-organisms consume these nutrients and mix the sediment, they 

reduce the internal heterogeneities common in an unborrowed sandstone and result in a 

more uniform distribution of permeability (Baniak et al., 2015) 

4.5 Impact of Trace Fossil Behavior 

Trace Fossils identified in reservoir facies 2 are the result of micro-organisms 

mixing, cleaning, and packing sediment. The classification of biogenic sedimentary 

structures and trace fossils with respect to their impact on reservoir quality was aided by 

the work completed by Knaust (2014). The impact on reservoir quality depends on 

factors such as burrow type, lining and fill material (Table 4.4). For example, trace 

fossils such as Asterosoma are the result of sediment-packing organisms that 

incorporate clay and fine organic matter into the construction of their burrows, clogging 

pore space and reducing reservoir quality. Whereas, trace fossils such as 

Thalassinoides are the result of sediment-packing organisms that remove pore-filling 

clay and organic matter from the sediment and enhancing reservoir quality (Tonkin et al. 

2009). 
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Table 4.4. Trace fossils identified in reservoir facies 2 are the result of microorganisms mixing, cleaning and packing 
sediment. The overall impact on reservoir quality depends on factors such as burrow type, lining and fill material (impact 
on reservoir quality from Knaust, 2014). 
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CHAPTER 5: SPOT PERMEAMETRY AND BULK PERMEABILITY ANALYSIS 

Spot permeametry was employed to gain a stronger understanding of the 

relationship between burrow intensity, burrow connectivity and the net impact of 

directional permeability in both reservoir facies 1 and 2. This was accomplished by 

mapping local variations in air permeability measured from core samples. These 

measurements derived from spot permeametry were then upscaled using arithmetic, 

geometric, and harmonic averaging techniques in order to determine the best method 

for calculating the effective properties of fluid flow.  

5.1 Reservoir Facies 1 

In general, the permeability of reservoir facies 1 is controlled by the degree of 

cryptic bioturbation. An increase in cryptic bioturbation intensity is coincident with an 

increase in the isotropy of the sediment and a more uniform distribution of permeability. 

Spot permeametry analysis of reservoir facies 1 in Wilmot Fee 33-1 shows that cryptic 

bioturbation has resulted in a low range of permeabilities (0.32-0.72 mD), with minimal 

to no significant heterogeneity (Figure 5.1). Due to the low range of permeability values 

in the cryptic fabric, the horizontal and vertical connectivity between pore networks is 

considered here to be largely similar throughout the analyzed core sample. 

The range of permeability values measured from this sample is less than two 

orders of magnitude difference, and the interval is classified as a dual porosity flow 

media. In reservoirs where dual porosity occurs, both burrows and matrix contribute to 

the storage and flow of hydrocarbons through the cryptically bioturbated rock fabric 

(Gingras et al., 2012). Large volumes of cryptically bioturbated, dual porosity fabric can 
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Figure 5.1. Spot permeametry analysis for reservoir facies 1 (cryptically bioturbated medium-grained sandstone) from 
Wilmot Fee 33-1 in the Tuit Draw Field. Spot permeametry analysis indicates that cryptic bioturbation has resulted in a low 
range of permeability (0.28-0.72 mD) with little to no significant heterogeneity. 
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result in significant permeability streaks and may coincide with higher porosity zones. 

(Pemberton and Gingras, 2005). If the impact of cryptic bioturbation is uniform 

throughout a large volume of sediment, porosity and permeability can be adequately 

captured using conventional core plug analysis. In contrast, porosity and permeability 

may not be adequately captured using conventional core plug analysis if the impact of 

cryptic bioturbation is non-uniform, the presence of trace fossils has decreased the 

isotropy of the sediment, or both of these factors have had implications on the rock 

fabric.  

Spot permeametry analysis of reservoir facies 1 in Quillback Federal 2-33, shows 

elevated permeabilities that range between 1.3 - 1.9 mD, and highlight the presence of 

a distinct Skolithos burrow (Figure 5.2). Observed from petrographic thin section 

analysis, a marked textural difference occurs between the Skolithos burrow, and the 

surrounding cryptically bioturbated fabric. This textural difference is the result of a 

greater abundance of clays, fine organic matter or a combination of both in the Skolithos 

burrow (Figure 5.3). In the Skolithos burrow, elevated permeability values do not 

coincide with an increase in visible pore space relative to the cryptic fabric, and may be 

due to an increase in preferential permeability pathways that occur along clay 

laminations. Although the cause of these elevated values within the Skolithos burrow is 

largely ambiguous, the petrophysical implications are significant as permeability values 

can be more than two orders of magnitude higher than the surrounding cryptically 

bioturbated fabric.  

When contrasts in permeability are greater than two orders of magnitude the 

interval is classified as dual permeability flow media (Gingras et al. 2012). In reservoirs 
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Figure 5.2. Spot permeametry analysis for reservoir facies 1 (cryptically bioturbated medium-grained sandstone) from 
Quillback Federal 2-33 in the Porcupine Field. Spot permeametry analysis show anomalously high values that range 
between 1.3 - 1.9 mD and highlight the presence of distinct a Skolithos burrow. 
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Figure 5.3. Spot permeametry and petrographic analysis for reservoir facies 1 (cryptically bioturbated medium-grained 
sandstone) from Quillback Federal 2-33 in the Porcupine Field. (A) Permeability values in the Skolithos burrow containing 
a greater abundance of clay and/or fine organic matter is greater than the surrounding cryptically bioturbated fabric (red 
box showing the location for petrographic analysis. (B) Thin section photo showing a Skolithos burrow containing a 
greater abundance of clay and/or fine organic matter on the right and cryptically bioturbated fabric greater visible pore 
space on the left (separated by red-dashed line). (C) SEI showing detrital? illite/smectite coating grains and preventing 
the precipitation of pore-filling cement thereby preserving primary porosity.  
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where dual permeability occurs, studies by Gingras et al. (2012) have shown that fluid 

will preferentially flow through the higher permeability burrows, and that the lower 

permeability fabric contributes by way of diffusion into the higher permeability burrows. 

This difference in permeability can impact the rate at which fluid is produced from a 

reservoir (Gingras et al., 2012). High permeability burrows can act as preferential flow 

pathways that transmit diagenetic fluids, resulting in diagenetic processes such as the 

precipitation of pore filling cement. As the difference in permeability becomes greater, 

the conduit between the two can be cut off, reducing the recoverable resources of a 

reservoir (Pemberton and Gingras, 2005). Alternatively, dissolution and leaching of 

detrital grains and pore-filling cement along these preferential flow pathways and in the 

surrounding fabric can enhance fluid communication and the recoverable resources of a 

reservoir.  

Understanding dual porosity and permeability systems has direct implications on 

developmental strategies pertaining to fluid production from cryptically bioturbated 

reservoirs (Pemberton and Gingras, 2005). In Wilmot Fee 33-1, calculated arithmetic, 

geometric, and harmonic averages are essentially the same (Figure 5.4). This suggests 

that horizontal and vertical permeability, estimated using the arithmetic and harmonic 

averages, respectively, are practically the same as the geometric average, which takes 

into account both horizontal and vertical permeability.  

Contrastingly, the arithmetic, geometric, and harmonic averages of the reservoir 

facies 1 sample from Quillback Federal 2-33, display a greater difference in calculated 
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Figure 5.4. Spot permeametry and bulk permeability analysis for reservoir facies 1 (cryptically bioturbated medium-
grained sandstone) from Wilmot Fee 33-1 in the Tuit Draw Field. Arithmetic, geometric, and harmonic averages calculated 
for this sample are essentially the same. 
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permeability due to the presence of the Skolithos burrow. However, in the 

surrounding cryptically bioturbated fabric, the arithmetic and harmonic averages 

approach the geometric average, as in Wilmot Fee 33-1. Due to the presence of the 

Skolithos burrow, permeability is not distributed randomly to flow direction, and effective 

permeability would be most appropriately estimated using the harmonic mean because 

it represents a dual permeability, isotropic fabric containing isolated burrows (Figure 

5.5). 

5.2 Reservoir Facies 2 

Reservoir facies 2 contains Asterosoma, Macronichnus, Ophiomorpha, 

Palaeophycus, Phycosiphon, Planolites, Skolithos, and Thalassinoides burrows, 

displaying 100% bioturbation (BI 6). An increase in bioturbation intensity is coincident 

with a decrease in the isotropy of the sediment and an increase in porosity and 

permeability. Spot permeametry analysis of reservoir facies 2 in Wilmot Fee 33-1 shows 

that, in general, there is a greater range in permeability than in the cryptically 

bioturbated fabric of reservoir facies 1, with values ranging between 0.10-1.32 mD 

(Figure 5.6). 

Although the primary depositional fabric may have had minimal lithologic 

variability, the impact of trace fossil behavior has resulted in a textural inversion in which 

clay and fine organic matter were mixed throughout the primary depositional fabric. The 

introduction of clay and organics into burrow fills and/or linings, has resulted in a 

heterogeneous distribution of both pore space and particle types. In reservoir facies 2, 

trace fossils such as Asterosoma introduced clay and fine organic matter, which 

occluded pore space and reduced reservoir quality. In direct contrast, trace 



68 
 

Figure 5.5. Spot permeametry and bulk permeability analysis for reservoir facies 1 (cryptically bioturbated medium-
grained sandstone) from Quillback Federal 2-33 in the Porcupine Field. Arithmetic, geometric, and harmonic averages 
calculated for this sample show a greater difference in permeability due to the presence of the Skolithos burrow. 
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Figure 5.6. Spot permeametry analysis for reservoir facies 2 (heavily burrowed and 
bioturbated very fine-to fine grained-sandstone) from Wilmot Fee 33-1 in the Tuit Draw 
Field.  
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fossils such as Thalassinoides have removed pore filling clay and organic matter from 

the sediment and enhanced reservoir quality. 

The presence of trace fossils which are the result of micro-organisms 

incorporating clay and fine organic matter into the construction of their burrows, 

indicates that pore spaces are occluded, permeability conduits are chaotic, and fluid 

interaction in this heavily bioturbated fabric is tortuous. However, the presence of trace 

fossils that are the result of micro-organisms removing pore-filling clay and organic 

matter from the sediment, have a positive impact on reservoir quality. Trace fossils that 

have a positive impact on reservoir quality, in addition to increasing the chances of 

burrow interpenetration, such as branching burrows, enhance fluid interaction within the 

otherwise anisotropic fabric that occurs in reservoir facies 2. In some instances, porosity 

and permeability in the heavily burrowed and bioturbated anisotropic fabric is greater 

than the permeability found in distinct individual burrows themselves (Figure 5.7).  

In Wilmot Fee 33-1, arithmetic, geometric, and harmonic averages of 

permeability values were compared by depth and by column (Figure 5.8). Overall, there 

is a greater separation between the three averages than reservoir facies 1, which 

suggests that permeability is not distributed randomly to flow direction. Due to the 

heterogeneous rock fabric of reservoir facies 2, permeabilities in the x-direction may be 

considerably different than permeabilities in the y and z-directions. However, because 

bioturbation has enhanced both horizontal and vertical permeability, the arithmetic and 

harmonic averages commonly approach the geometric average, as in reservoir facies 1. 
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Figure 5.7. Spot permeametry and petrographic analysis for reservoir facies 2 (heavily burrowed and bioturbated very 
fine-to fine-grained sandstone) from Underwood Ranch 11-33 in the Tuit Draw Field. (A) Permeability values in the 
Skolithos burrow passively filled with relatively clean medium-grained sand are less than the surrounding anisotropic 
fabric (red box showing the location for petrographic analysis. (B) Thin section photo showing a Skolithos burrow filled 
with medium-grained sand on the left and intensely bioturbated fabric with mixed sand, clay and organic matter on the 
right. (C) SEI showing authigenic illite/smectite (I) coating grains and preventing the precipitation of pore filling cement. 
Where clay coating is not sufficient, quartz overgrowths (O) fill pore spaces and occlude porosity and permeability.  
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Figure 5.8. Spot permeametry and bulk permeability analysis for reservoir facies 2 (heavily burrowed and bioturbated very 
fine-to fine-grained sandstone) from Wilmot Fee 33-1 in the Tuit Draw Field. 
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5.3 Proposed Method for Calculating Effective Permeability 

If an interval is 100% cryptically bioturbated, as in reservoir facies 1, and the 

mixing and cleaning of grains has resulted in a uniform distribution of permeability, then 

the geometric mean would be the most appropriate method for calculating effective 

permeability because it represents a dual porosity, isotropic fabric and takes into 

account both horizontal and vertical permeability. Alternatively, assuming that reservoir 

facies 2 is intensely bioturbated and contains trace fossils which: 1) both enhance and 

reduce reservoir quality, and 2) increase the chances of interpenetration between 

porous burrows, then the arithmetic mean would be the most appropriate method for 

calculating effective permeability for this reservoir interval because it represents a dual 

porosity, anisotropic fabric in which burrow networks are interconnected (Figure 5.9). 

5.4 Estimating Recoverable Resources 

The anisotropic porosity and permeability associated with heavily bioturbated 

intervals can have dramatic effects on recoverable reserve estimates, and the ability to 

predict fluid flow to the wellbore. In reservoir facies 2, conventional plug analysis cannot 

adequately capture the degree of heterogeneity associated with heavily bioturbated 

fabrics, and cannot be used to predict the impact of trace fossil behavior on effective 

permeability. For example, if porosity and permeability are reduced due to bioturbation 

but the effects are not recognized, fluid flow predictions and reserve calculations will be 

overestimated. Alternatively, if porosity and permeability enhanced due to bioturbation 

are not recognized, then calculations will be underestimated. (Figure 5.10) 
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Figure 5.9. Factors controlling reservoir quality, directional permeability with respect to bioturbation, and the proposed 
method for calculating the effective properties of fluid flow for each reservoir facies. 
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Figure 5.10. In reservoir facies 2 from Wilmot Fee 33-1 in the Tuit Draw Field, conventional plug analysis cannot 
adequately capture the degree of heterogeneity associated with heavily bioturbated fabrics, and cannot be used to predict 
the impact of trace fossil behavior on effective permeability. 
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CHAPTER 6: PETROGRAPHY 

Polarized light microscopy (PLM) was used to observe and document 

composition, texture, porosity, cementation, and diagenesis. Higher resolution analytical 

methods of SEM, BSE, and EDS were employed to investigate the diagenetic impact on 

the bioturbated fabrics of the reservoir facies. Specifically, the lithologic and porosity 

contrasts between the burrows and the matrix were assessed, and associated to a 

principle control(s) on the destruction, preservation or enhancement of porosity and 

permeability, through the introduction of diagenetic fluids, clay and/or fine organic 

matter.  

Petrographically, reservoir facies 1 and 2 can be characterized as a medium-

grained sandstone and a very fine-to fine-grained sandstone, respectively. Framework 

grains consist of angular to well-rounded, moderately well-sorted quartz, chert, feldspar, 

and mica. The mineral composition of each reservoir is uniform across the study area 

and can be attributed to the disintegration and weathering of granite and gneiss.  

The occurrence of both angular and well-rounded grains may be due to a 

combination of factors including the process of transportation and the degree to which 

sediments were reworked through abrasion, solution and current sorting. The presence 

of angular grains implies a close proximity to the Sevier Highlands during the time of 

deposition and therefore a short transportation distance with limited reworking prior to 

burial. Alternatively, well-rounded grains are the result of either many transport cycles, 

or intensive abrasion and reworking by high energy wave activity prior to burial 

(Pettijohn et al., 1972).  
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Pore space occurs as both primary intergranular and secondary intragranular, 

with the latter being more abundant. Where primary intergranular pore space has been 

preserved, chlorite (Tillman and Almon, 1979) and mixed layer illite/smectite are present 

as grain coating clay. Secondary intragranular pore space is associated with the 

dissolution and leaching of feldspar grains, and is coincident with an increase in 

authigenic grain coating clay. The presence of chlorite as grain coating clay has also 

been documented in the Brooks Draw Field (Heger, 2017) and Finn-Shurley Field 

(Bone, 2019), to enhance the reservoir rock fabrics resistance to compaction, and the 

subsequent preservation of pore space by impeding the precipitation of pore-filling 

cement.  

From micro-scale visual observations, the reduction of pore space in the two 

reservoir facies is attributed to the suturing of quartz grains, and the precipitation of 

pore-filling ferroan and non-ferroan calcite cement. The suturing of quartz grains is a 

result of pressure solution, the main mechanism of chemical compaction (Croizé et al., 

2013). At depths below 10,000 ft. chemical compaction is considered here to be the 

main mechanism of pore space reduction in the Turner. The presence of pore-filling 

cement indicates that, in some instances, grain coating clays were not present and 

therefore, pore space was not preserved. Calcite cement has been documented at 

depths less than 3 km and may occur relatively early in the diagenetic sequence of 

events. The precipitation of ferroan calcite cement is associated with diagenetic 

alterations and thermobaric waters that occur at depths greater than 4 km. Precipitation 

of ferroan calcite cement is therefore considered to be late in the diagenetic sequence 

of events.  
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Reservoir facies 1 is characterized as a medium-grained sandstone containing 

primary intergranular and secondary intragranular porosity (Figure 6.1, 6.2). Secondary 

porosity is associated with the dissolution and leaching of feldspar grains, and primary 

porosity was preserved by the precipitation of grain coating clays. In a study of the 

Upper Jurassic Ula Formation in the Norwegian North Sea, Baniak et al., (2015) 

concluded that the porosity of a cryptically bioturbated reservoir was enhanced or 

preserved due to the cleaning of quartz and feldspar grains by nutrient consuming 

microorganisms, coating the grains in a manner that prevented the precipitation of pore 

filling cement. In reservoir facies 1, grains are coated with authigenic chlorite and mixed 

layered illite/smectite, preventing the precipitation of pore-filling cement and preserving 

primary porosity. In general, visible pore space is lowest in the eastern part of the study 

area and increases to the west from 5-10%.  

Reservoir facies 2 is characterized as a heavily burrowed and bioturbated very 

fine-to-fine-grained sandstone containing mostly secondary intragranular porosity 

(Figure 6.3, 6.4). In reservoir facies 2, the influence of burrowing organisms mixed clay 

and fine organic matter into burrow fills and/or linings, decreasing the isotropy of the 

sediment and creating pathways for the infiltration of meteoric water to dissolve and 

leach feldspar grains. Subsequent precipitation of mixed layer illite/smectite coated the 

grains in a manner that prevented the precipitation of pore-filling cement. Where clay 

coating is not sufficient, authigenic quartz and feldspar overgrowths line pores and pore 

throats, occluding porosity and permeability. Visible pore space is lowest in the western 

part of the study area and increases to east from 5-15%.  
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Figure 6.1. Petrographic photos of reservoir facies 1 (cryptically bioturbated medium-
grained sandstone) from Underwood Ranch 11-33 in the Tuit Draw Field. (A) Shows the 
mineral composition, texture, and porosity for this reservoir. Pore space occurs as 
primary intergranular and secondary intragranular with the latter being associated with 
feldspar grain dissolution. (B) Intergranular pores lined with chlorite clay (blue arrows).  
Chlorite clays preserve primary pore space and enhance compaction resistance. (C) 
Secondary electron image (SEI) of a detrital quartz (Q) grain partially coated with 
authigenic chlorite. (D) SEI of chlorite crystals oriented perpendicular to the detrital 
grains surfaces.  
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Figure 6.2. Petrographic photos of reservoir facies 1 (cryptically bioturbated medium-
grained sandstone) from Birdsall 12-10 in the Porcupine Field. (A and B) Show the 
mineral composition texture and, pore space for this reservoir. (C) SEI of a detrital 
quartz grain coated with authigenic clays. (D)  Grain coating clays consisting of both 
chlorite and mixed layer illite/smectite. Where clay coating is not sufficient, authigenic 
quartz overgrowths (O) can be observed.  
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Figure 6.3. Petrographic photos of reservoir facies 2 (heavily burrowed and bioturbated 
very fine-to fine-grained sandstone) from Birdsall 12-10 in the Porcupine Field. (A and 
B) Show the mineral composition texture and, pore space for this reservoir. The pore 
space observed in this sample was the highest observed in the studied samples. (C) 
Where present, authigenic illite/smectite (blue arrows) prevented the precipitation of 
pore-filling cements. (D) Where clay coating is not sufficient, authigenic quartz (O) and 
potassium feldspar (K) overgrowths line pores and pore throats, occluding porosity and 
permeability.  
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Figure 6.4. Petrographic photos of reservoir facies 2 (heavily burrowed and bioturbated 
very fine to fine-grained sandstone) from Wilmot Fee 33-1 in the Tuit Draw Field. (A and 
B) Show the mineral composition texture and, pore space for this reservoir. Pore space 
is dominantly secondary intragranular and is associated with the dissolution and 
leaching of feldspar grains. (C) SEI showing the fresh surface of a detrital quartz grain 
(Q) broken during sample preparation. The unbroken surface contains mixed layer 
illite/smectite. (D) SEI showing detrital? Illite composed of irregular, flake like clay 
platelets oriented parallel to each other.  
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CHAPTER 7: WELL LOG ANALYSIS AND SUBSURFACE MAPPING 

7.1 Bioturbated Sandstone Interpretation 

Although the identified reservoirs are proven productive in the study area, clay-

bearing heterogeneous bioturbated fabrics influence electric log response, and thus the 

ability to effectively evaluate a reservoir. Well log analysis requires that all log data be 

corrected for the effects of bioturbation on the petrophysical characteristics of 

hydrocarbon reservoirs. In order to effectively correct log data, the spatial distribution of 

clay/shale (used here synonymously) in the intervals of interest must be characterized, 

the respective properties of the clay minerals established, and the volume of shale must 

be known. The workflow for the interpretation of clay-bearing bioturbated sandstones is 

as follows:  

1) First, an understanding of the rock properties through the integration of core 

samples, thin sections, SEM/EDS, spot permeametry, bulk permeability, XRD 

mineralogic analysis, and electric logs must be established.  

2) Through an understanding of the rock properties, the spatial distribution and 

the respective properties of clay minerals in the intervals of interest can be determined.  

4) Once the impact of clay minerals on log response are assessed, shale volume 

is determined. Shale volume can then be used to calculate porosity and water 

saturation and estimate permeability values corrected for shale.  

5) Lastly, calculated values corrected for shale should be compared with 

measurements acquired from conventional core plug analysis. A strong correlation is 



84 
 

required in order to derive a petrophysical well log representation of how bioturbated 

intervals can be identified and assessed using log curves.  

7.2 Manner of Shale Distribution 

The physical properties of shale can impact responses for several logging tools 

based on the spatial distribution in the interval of interest (Schlumberger, 1972; Figure 

7.1). Log responses to resistivity, and spontaneous potential depend on the way the 

clay minerals are spatially distributed throughout the intervals of interest, whereas logs 

that are designed to respond to radioactivity including: gamma ray, density, and neutron 

are not impacted by the distribution of clay minerals (Schlumberger, 1972). In both 

reservoir facies 1 and 2, clay minerals are dispersed throughout, coating grains, as well 

as partially filling intergranular pores. Dispersed clays that result from cryptic 

bioturbation and trace fossil behavior can lead to erroneous values calculated from well 

logs, such as porosity and water saturation.  

Figure 7.1. Forms of shale classified by manner of distribution in formation. Pictorial 
representations above, volumetric representations below (after Schlumberger, 1972). 
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7.3 Impact of Clay Minerals on Log Response 

Evaluating the impact of clay minerals on various well-log responses is essential 

in order to derive a petrophysical well log representation of how bioturbated intervals 

can be identified and assessed using log curves. As established in Chapter 3, 

secondary porosity in both reservoir facies 1 and 2, is associated with the dissolution 

and leaching of feldspar grains. The by-products of feldspar dissolution were 

transported by pore water and precipitated as chlorite and mixed layer illite/smectite 

clays. Multilayered clays such as chlorite, illite, and smectite (also known as effective 

shales; Douglas, 1982) are more apt to retain water due to their high cation exchange 

capacity (CEC; Table 7.1). Clay bound water (CBW) is defined as the electrochemically 

bound water within the clay lattice or near the pore surface within the electrical double 

layer (Schlumberger, 1972). The volume of CBW is directly related to the CEC and 

depends on the salinity and temperature of the electrolyte fluid in which the clay is 

immersed (Schlumberger, 2020).  

Table 7.1. Cation exchange capacity of clay minerals (after Al-Ani and Sarapää, 2008). 
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Logs commonly used to interpret intervals with mixed sand and clay (also 

referred to as shaly sandstone; Douglas, 1982) include Resistivity (RES), Spontaneous 

Potential (SP), Gamma Ray (GR), and Density/Neutron Porosity (DPHI/NPHI) (Douglas, 

1982). The occurrence of effective shales in reservoir facies 2, in particular illite and 

smectite, make this clay-bearing heterogeneous bioturbated fabric difficult to identify as 

productive by standard log analysis. Understanding how clay type affects electric log 

response is critical when evaluating reservoir quality for reservoir facies 2. The diverse 

rock fabrics that result from trace fossil behavior, as established in Chapter 4, must be 

characterized before well-log analysis is performed. The influence of effective shales on 

logs commonly used when evaluating shaley sandstone intervals is as follows:  

7.3.1 Resistivity 

According to Douglas (1982), a shaly sandstone is defined as a sandstone with 

greater than 10-15% effective shale content. An interval with less than 10-15% effective 

shale will have insignificant effects on log responses to formation resistivity. An increase 

in effective shale content contributes to the conductivity of a formation, which reduces 

the contrast between hydrocarbon and water-bearing zones, and makes it difficult to 

determine if an interval is productive (Douglas, 1982). Corrections are needed to 

decrease water saturation calculations when effective shale content is greater than 10-

15%. Overestimating shale content, however can make water-bearing zones appear to 

be hydrocarbon-bearing (Douglas, 1982).  

7.3.2 Spontaneous Potential 

The spontaneous potential log is well established as an effective log for the 

detection of permeable beds and determination of formation water resistivity (RW). In 
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reservoir facies 1, cryptic bioturbation has resulted in a more uniform distribution of 

permeability values, which corresponds with an elevated SP. In reservoir facies 2, 

bioturbation has enhanced porosity and permeability values, however, the presence of 

effective shales has reduced the deflection of the SP log response. Due to the presence 

of effective shales, calculating RW from SP will be higher in the shaly sand of reservoir 

facies 2 than the relatively clean sand of reservoir facies 1, which contains the same 

formation water.  

7.3.3 Gamma Ray 

The impact on radioactivity, recognized by an increase in measured gamma ray, 

depends on the content of illite and smectite present in an interval (Douglas, 1982). 

Radioactive elements present in illite and smectite are shown in Table 7.2 (Fertl and 

Frost, 1980). Hence, an increase in effective clay content is coincident with an increase 

in formation radioactivity.  

Table 7.2. Radioactivity of Clays and Micas (from Fertl and Frost, 1980). 
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7.3.4 Density Log 

The influence of shale on the density log response is based on the density of the 

clay minerals present in the rock (Douglas, 1982; Table 7.3). The density of illite ranges 

between 2.6 -2.9 g/cc with an average density of 2.75 g/cc, and if present, calculated 

porosity would be lower. The density of smectite ranges between 2.20-2.74 g/cc and 

can result in a calculated porosity that is either higher or lower. Hence, the type of clay 

influences the measured density, and calculated porosity may not represent the actual 

porosity of an interval (Douglas, 1982). For example, if the presumed density of clay 

dispersed in the formation is 2.15 g/cc, less than the density of a clean sandstone 

matrix (2.65 g/cc), the calculated porosity will be higher than the actual porosity.  

7.3.5 Neutron Log 

Neutron logs are primarily used to determine porosity and respond to all 

hydrogen present in a formation (Schlumberger, 1972). This includes hydrogen 

associated with hydrocarbons and hydrogen of water bound in clay. In formations where 

pores are filled with water or oil, the measurement is directly related to the amount of 

liquid filled porosity. Hence, effective shales result in an apparent porosity that is higher 

due to the presence of clay bound water near the pore surface of grain coating clays 

that have a high CEC. Log responses depend on the type of clay mineral present and is 

dependent on the service companies instrument (Douglas, 1982).  

Table 7.3. Density (g/cc) of Clays (after Weaver, 1976). 
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7.4 Shale Volume, Porosity, Water Saturation and Permeability 

To correct log data, the volume of shale (Vsh) must be known. If Vsh is less than 

10-15% the impact of shale on electric log response does not apply (Douglas, 1982). 

There are three common methods for calculating Vsh including: 1) from GR (Vshg), 2) 

from SP (Vshs), and 3) from a DPHI/NPHI cross-plot (Vshx). The minimum of the three 

methods should be used to reduce the chances of error due to the presence of 

noneffective shales or radioactive sandstones (Douglas, 1982). The best method for 

calculating porosity corrected for shale is to use a DPHI/NPHI cross-plot (Crain, 2020). 

This method known as the complex lithology model and uses Vsh to calculate a 

corrected density/neutron porosity (DPHIC/NPHIC). Averaging these values will give the 

density and neutron cross plot porosity corrected for shale (PHIXDN). Once Vsh and 

PHIXDN are known, the Simandoux equation (Indonesian equation) is used to calculate 

water saturation (SWs), correct for shale.  

In order to calculate permeability, irreducible water saturation (SWir) needs to be 

determined. To find SWir, bulk volume water (BVW) needs to be calculated by 

multiplying PHIXDN by SWs. BVW is then used to calculate SWir, corrected for shale 

volume. Permeability is calculated using SWir by varying each constant (CPERM. 

DPERM, and EPERM) until a good match is made with the core. Porosity and water 

saturation were corrected for all wells in the study area that contain the logs required to 

perform these calculations. Permeability was calculated for Wilmot Fee 33-1 and 

Underwood Ranch 11-33. Porosity, water saturation, and permeability were compared 

with measurements acquired from conventional core analysis (Figure 7.2, 7.3). 
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Figure 7.2. Comparison of values acquired from conventional core analysis (discrete 
points) with log values corrected for shale, Wilmot Fee 33-1, Tuit Draw Field. 
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Figure 7.3. Comparison of values acquired from conventional core analysis (discrete 
points) with log values corrected for shale, Underwood Ranch 11-33, Tuit Draw Field. 
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Although log responses (such as porosity and water saturation), corrected for the 

effects of shale, give values that are more representative of actual reservoir porosity 

and water saturation, the resulting quantitative interpretations are speculative. 

Estimating permeability from these logs requires specific parameters until a good match 

is made with values measured from core. Hence, calculated permeability is specific to 

each well and parameters calibrated for a single well do not translate to the parameters 

required to calculate permeability in adjacent wells. As determined from spot 

permeametry and bulk permeability analysis (Chapter 4), core plugs represent a small 

sample and are only acceptable when the porosity and permeability of an interval are 

relatively homogeneous. As we show in Chapter 5, the effects of bioturbation on the 

petrophysical characteristics of hydrocarbon reservoirs can be highly variable within an 

interval and especially from well to well. The spatial distribution of clay, the respective 

properties of the clay minerals, and the volume of shale depends on many factors such 

as burrow type, burrow intensity, burrow connectivity, and subsequent diagenetic 

alterations associated with the introduction of diagenetic fluids, clay and/or fine organic 

matter. Due to the heterogeneous fabrics and complex pore networks that result from 

these factors, deriving a petrophysical well log representation that can be interpolated 

between areas with seemingly similar biogenic characteristics is not appropriate. Well 

log analysis and detailed mapping requires a thorough understanding of rock properties, 

strong correlation between bioturbated intervals, knowledge of how these fabrics can 

vary within an interval and across wells, and a petrophysical model with the ability to 

recognize this variability.  
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7.5 Understanding the Effects of Bioturbation on Electric Log Response 

From the key findings of this research, we can correct log curves that are 

impacted by clay minerals, and derive curves for porosity that are more representative 

of core measured values (i.e., Figure 7.2,7.3). Porosity corrected for shale (PHIXDN) 

was plotted on cross-sections A-A’ and B-B’ with porosity shaded above 6% (Figure 

7.4,7.5). In the Upper Turner, net porosity greater than 6% was mapped across the 

study area (Figure 7.6). A total of 32 wells were used to generate this map.  

From a map of net porosity greater than 6%, we can enhance our understanding 

of the geological controls on conventional and unconventional oil and gas production, 

and provide insight into the most favorable intervals and locations for future production. 

For example, because oil is the primary target of most operators in the PRB, the K Bar 

Field is considered here, to be the most favorable location for production without excess 

associated gas. Unconventional oil production In the K Bar Field, occurs from the 

deepest and thickest part of the Turner. A comparison of production, with net porosity 

greater than 6%, reveals that this liquid rich area also corresponds to an increase in 

porosity in the Upper Turner. Unconventional oil and gas production in the Crossbow 

Field and conventional gas production, in the Porcupine Field correspond to a decrease 

in net porosity greater than 6% (2-20 ft.). This decrease in porosity and increase in gas 

production supports our assessment from part 1, that there is a stratigraphic component 

to the hydrocarbon accumulations that exist in the study area, associated with an updip 

increase in the shaliness of the Turner as it thins to the northeast, away from the 

sediment source to the west. 
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Figure 7.4. Porosity corrected for shale (PHIXDN) is plotted in track three with porosity greater than 6% shaded in green. 
The section is flattened on the top of the Turner and depths are represented as measured from surface (MD). 
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Figure 7.5. Similar to cross-section A-A’, porosity corrected for shale (PHIXDN) is plotted in track three with porosity 
greater than 6% shaded in green. The section is flattened on the top of the Turner and depths are represented as 
measured from surface (MD).  
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Figure 7.6. A comparison of production, with net porosity greater than 6%, reveals that liquid rich production in 
the K Bar Field corresponds to an increase in porosity in the Upper Turner (red values represent net porosity 
greater than 6%, in feet).  
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CHAPTER 8: CONCLUSION 

Part 1 of this study, was to evaluate the geological controls associated with 

variations in structure and thickness trends, and their influence on conventional 

(vertical) and unconventional (horizontal) oil and gas production across the Porcupine, 

Tuit Draw, K Bar, & Crossbow Fields. After establishing these controls on field scale 

production, part 2 of this research was to determine the effects of bioturbation on the 

petrophysical characteristics of the identified reservoir facies, specifically in the 

Porcupine & Tuit Draw Fields.  

In part 1, it was determined that the conventional limits of production are 

restricted to shallower (9,600-9,000 ft.), thinner (75-90 ft.), and shalier intervals in the 

Porcupine and Tuit Draw Fields, where production is predominantly dry gas. 

Unconventional oil production and mixed oil and gas production was determined to 

occur from deeper (9,600-11,000 ft.) and thicker (90-105 ft.) intervals in the K Bar and 

Crossbow Fields, respectfully. An increase in gas production in the Porcupine and Tuit 

Draw Fields indicates that there is a stratigraphic component to the hydrocarbon 

accumulations that exist in the study area, associated with an updip increase in the 

shaliness of the Turner as it thins to the northeast, away from the sediment source to 

the west. 

In part 2, it was determined that different types of bioturbation have key controls 

on porosity and permeability values, and determine the overall flow pathways in the 

bioturbated fabrics of the identified reservoirs. Through this process, we identified the 

heavily burrowed and bioturbated very fine-to fine-grained sandstone as the primary 

target for future development based on: 1) higher effective permeabilities due to porous 
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interconnected burrow networks, and 2) increased secondary intragranular porosity. 

Whereas, the cryptically bioturbated medium-grained sandstone, which is considered 

the traditional target interval, may in some cases, be a secondary contributor to 

hydrocarbon production. 

Implications of this research include: a) a refined prediction of resource 

estimates, and b) understanding of the effects of bioturbation on electric log response, 

which if corrected properly, can provide insight into the most favorable intervals and 

locations for future production. 

a) The anisotropic porosity and permeability associated with heavily bioturbated 

intervals can have dramatic effects on recoverable reserve estimates, and the ability to 

predict fluid flow to the wellbore. In reservoir facies 2, conventional plug analysis cannot 

adequately capture the degree of heterogeneity associated with the heavily bioturbated 

fabric, and cannot be used to predict the impact of trace fossil behavior on effective 

permeability. For example, if porosity and permeability are reduced due to bioturbation 

but the effects are not recognized, fluid flow predictions and reserve calculations will be 

overestimated. Alternatively, if porosity and permeability enhanced due to bioturbation 

are not recognized, then calculations will be underestimated. (i.e., Figure 5.10) 

b) Bioturbation can impact electric log response based on factors such as: the 

spatial distribution of clay, the respective properties of the clay and the volume of shale 

in the interval of interest. Understanding these factors is critical to effectively evaluate 

reservoir 2, the primary target, which contains a greater abundance of clay. From the 

key findings of this research, we can correct log curves that are impacted by clay 
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minerals, and derive curves for porosity and water saturation that are more 

representative of core measured values (i.e., Figure 7.2, 7.3).  

With the porosity log corrected for shale, we can enhance our understanding of 

the geological controls on conventional and unconventional oil and gas production, and 

provide insight into the most favorable intervals and locations for future production. For 

example, because oil is the primary target of most operators in the PRB, the K Bar Field 

is considered here, to be the most favorable location for production without excess 

associated gas. Unconventional oil production In the K Bar Field, occurs from the 

deepest and thickest part of the Turner. A comparison of production, with net porosity 

greater than 6%, reveals that this liquid rich area also corresponds to an increase in 

porosity within the Upper Turner (i.e., Figure 7.6). An increase in gas production in the 

Porcupine and Tuit Draw Fields suggests that the low porosity and permeability found in 

the Upper Turner make it difficult to produce liquids using conventional methods. In 

contrast, horizontal wells are able to produce from areas, such as the K Bar and 

Crossbow Fields, that were once considered uneconomic. The Turner Sandstone is 

therefore most efficiently developed with horizontal drilling and multi-stage fracture 

stimulation. 
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APPENDIX A: SUPPLEMENTAL DATA FOR CHAPTER 7 

Shale Volume Math 

Vshg = (GR - GR Clean) / (GR Shale - GR Clean) 

Vshs = (SP-SP Clean) / (SP Shale - SP Clean) 

Vshx = (NPHI - DPHI) / (NPHI Shale - DPHI Shale) 

Vsh = MIN (Vshg, Vshs, Vshx)  

Complex Lithology Math 

DPHIC = DPHI - (Vsh*DPHI Shale) 

NPHIC = NPHI - (Vsh*NPHI Shale) 

PHIXDN = (DPHIC+ NPHIC)/2 

PARAMETERS: DPHI/NPHI Shale are constants picked from the shale baseline 

Simandoux Saturation Math 

C = (1- Vsh) * A * RW@FT / (PHIXDN ^ M) 

D = C * Vsh / (2 * RES Shale) 

E = C / RES Deep 

SWs = ((D ^ 2 + E) ^ 0.5-D) ^ (2/N) 

PARAMETERS: For sandstone: A = 0.62, M = 2.15, and N = 2.00 
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Permeability Math 

BVW = PHIXDN * SWs 

SWir = BVW / PHIXDN / (1 – Vsh) 

PERM = CPERM * (PHIXDN ^ DPERM) / (SWir ^ EPERM) 

PARAMETERS: Morris-Briggs: CPERM (oil or water) = 65000, (gas) = 6500, 

DPERM = 6.0, EPERM = 2.0 or Timur: CPERM (oil or water) = 6500, (gas) = 650, 

DPERM = 4.5, EPERM = 2.0 

(From Crain’s Petrophysical Handbook, 2020).  


