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ABSTRACT 

 
 

The Bakken Formation has been a major producer of oil and gas in North Dakota and 

Montana since the advent of horizontal drilling, reaching peak production of over 1.2 million 

barrels of oil per day. It is Late Devonian and Early Mississippian in age and consists primarily of a 

dolomitic reservoir member stratigraphically bounded by an upper and a lower organic-rich 

mudrock member. These bounding shales have been interpreted as depositional sequences of 

transgression and regression related to eustatic sea level variations and serve as important source 

rocks in the Williston Basin. The lower and upper Bakken members were deposited in euxinic 

bottom-water conditions linked to transgressive system tracts and contain a significant portion of 

biogenic silica in the form of radiolaria. Biogenic silica dissolution and reprecipitation is known to 

contribute to the development and/or preservation of pore space, ultimately affecting source rock 

quality and reservoir recoverability.  

In general, silica diagenesis occurs in multiple stages, beginning with amorphous silica 

(opal-A) and followed by a sequence of metastable intermediate polymorphs opal-CT, then 

chalcedony, and finally microcrystalline quartz. The transition from amorphous silica to 

progressively more orderly crystallographic stages in this sequence is largely controlled by an 

increase in temperature and a decrease in silica saturation. Recent studies of mudrocks in other 

high-profile unconventional plays have highlighted the importance of silica diagenesis in the post-

depositional development and preservation of porosity, but this sequence remains understudied in 

the setting of the Bakken Formation’s radiolarian-rich lower and upper shale members. This study 

describes and characterizes silica in the lower and upper Bakken shales to estimate the extent to 

which its diagenesis has altered pore networks within the shales. 

This study incorporates data from three core samples drilled in northwestern North Dakota 
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and one core sample drilled in northeastern Montana. Data was collected via X-ray fluorescence 

(XRF), X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), and 

nitrogen physisorption. XRF analysis provided a compositional framework to assist in selecting ten 

sample locations within the cores. FE-SEM and XRD analysis paired with quartz crystallinity 

index calculations assisted in determining the nature and extent of silica diagenesis in each sample. 

Finally, the nitrogen physisorption technique was used to measure differences in pore volume and 

surface area between samples.  

XRF and XRD results suggest that the intervals of each core with the highest concentration 

of silicon contain a significant amount of biogenic, amorphous silica that is associated with 

recrystallized radiolarians, which are observed with optical light microscopy and FESEM analysis. 

However, no amorphous silica phases were observed with the FESEM, so these phases may occur 

at a scale below the instrument’s resolution. XRF data also indicates that the upper shale intervals 

sampled in this project contain a higher concentration of silicon on average than the sampled lower 

shale intervals. Nitrogen physisorption results indicate that intervals in the shales that contain the 

highest concentration of silica and radiolarian tests have a slightly larger surface area and pore 

volume than samples with low silica concentration and no radiolarians. These results tentatively 

suggest that radiolarians contribute a minor amount of surface area and pore space to the lower and 

upper Bakken shales through the dissolution and reprecipitation of silica in the most heavily 

siliceous intervals of the shales. Similar future analysis at a regional scale would assist in 

determining the extent or existence of this trend throughout the Williston Basin. 
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CHAPTER 1 

INTRODUCTION 

The Bakken Formation is up to approximately 140 feet thick and is limited in areal 

distribution within the deeper portion of the Williston Basin (Fig. 1.1). The formation was 

deposited during a major cycle of transgression and regression-related sedimentation form 

Devonian to Mississippian time. Despite its small volume, it is the most important unit in the 

sedimentary section in the context of oil exploration and production (Meissner, 1978).  

Production in the Bakken was first established in 1953, when Stanolind Oil and Gas 

Corporation drilled and completed a well in Antelope Field. The Bakken and Upper Three Forks 

were targeted from that time into the 1960’s. The Elkhorn Ranch Field was discovered in 1961, 

where the upper Bakken Shale was completed in a well as a secondary objective after 

unsuccessfully drilling to a deeper primary objective, the Red River zone. The next well in the 

Bakken was not drilled until 1976, where drilling occurred along the southwest depositional 

margin of the basin and the Upper Bakken Shale and other Paleozoic horizons were targeted 

(Sonnenberg et al., 2017). In 1987, Meridian Oil Inc. drilled and completed the first horizontal 

well in the Bakken Formation (LeFever, 1991).  Geologist Richard Findley determined that there 

was optimal porosity and a likely oil zone in the fractured dolomitic middle member of the 

Bakken in 1995, which prompted a major advance in oil extraction from the Bakken. Findley’s 

work resulted in the subsequent discovery of Elm Coulee Field in 2000 (Durham, 2013). 

Horizontal drilling, in combination with the recent technological advancement of multi-stage 

hydraulic fracturing, led to the so-called “Shale Revolution” that resulted in the producibility of 

vast amounts of hydrocarbons that were previously thought to be unobtainable. This revolution in 

tight oil extraction was exemplified in the Bakken Formation where oil extraction rapidly 

expanded from 2006 to 2015, and resumed expansion after 2016 (Hughes, 2018), when oil prices 
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began to recover after a steep decline. 

 

 
 

 

 

The upper and lower shales of the Bakken Formation have not typically been the drilling 

targets since the discovery of the dolomitic middle member’s ability to maintain open fractures. 

However, the upper and lower shales are extremely rich in organic matter and serve as the source 

for much of the oil in the Williston Basin. The shales contain amorphous kerogen that is inferred 

to be sapropelic and have an average of 11.33 wt.% organic carbon (Schmoker & Hester, 1983; 

Webster, 1984). In particular, silica diagenesis has been hypothesized to play a critical role in the 

pore network of the shales by creating and reducing pore space through silica dissolution and 

reprecipitation. SEM petrography and nitrogen adsorption analysis in previous work (Xu, 2019) 

has documented decreasing pore size with increasing thermal maturity in the shales until the oil 

window is reached, after which point an increasing number of pores are formed during the late 

Figure 1.1: Location map of the Williston Basin with structure contours for the 

base of the Mississippian. The limit of the Bakken Formation is indicated by the 

dashed line (Modified from Sonnenberg and Pramudito 2009) 
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mature stage. This would suggest that late-mature, radiolarian-rich, laminated mudstone facies are 

among the best reservoir targets in the Bakken shales.  

Silica diagenesis consists of the transformations from amorphous opal-A to opal-CT and 

finally to crystalline quartz via dissolution and reprecipitation (Kastner et al., 1977). This process 

and its complexities have been studied extensively in highly siliceous reservoirs such as the 

Monterey Formation in California, and in sandstone reservoirs such as the Heidelberg Formation 

in Germany and the Fontainebleau Formation in France (Isaacs, 1981; French et al., 2012; 

Worden et al., 2012; French and Worden, 2013). The occurrence of biogenic silica in mudstones 

has also been studied recently in settings such as the Barnett Shale (Milliken et al., 2012), and the 

Mowry Shale (Milliken & Olsen 2017). Although the diagenesis of biogenic silica is hypothesized 

to play a critical role in the pore development of the upper and lower Bakken shales, it has 

remained understudied in this context. 
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CHAPTER 2 

OBJECTIVES AND PREVIOUS WORK 

2.1    Objectives 

The primary objective of this study is to document and characterize silica diagenesis in 

the upper and lower Bakken shales. This mainly involves the observation and characterization of 

biogenic silica deposits, including the abundant radiolarian tests found throughout both shales. 

The secondary objective of this study is to determine the extent that silica concentration and 

diagenesis alters the pore networks in the shales. The aim of this work is to enhance the 

understanding of silica diagenesis in the context of the upper and lower Bakken shales, and to 

determine where and to what extent these diagenetic processes may prove useful in understanding 

the reservoir conditions of the shales. 

2.2    Exploration in the Bakken Formation 

The Bakken Formation has been the subject of studies since the Stanolind Oil company 

first established production in the Formation in 1953. Early research of the Bakken Formation 

and its associated petroleum system focused on the shale source rocks that are extremely rich in 

organic content. The interpretation of its distinct transgression- and regression-related 

depositional cycle was termed the Tamaroa Sequence, which occurred elsewhere around the 

North American Craton (Wheeler, 1963; Dow, 1974; Williams, 1974; Meissner, 1978). Vertical 

drilling was performed in the Elkhorn Ranch field and in the southwest depositional margin of 

the basin from the 1960’s to the 1980’s, with the upper Bakken shale and upper Three Forks 

serving as the primary targets (LeFever, 1991). In 1987, the first horizontal well was drilled in the 

upper shale of the Bakken Formation in a region at the southwestern extent of the formation in the 

Williston Basin known as Billings Nose, and interest in targeting the upper Bakken shale started 

to wane as large oil discoveries were made in the primarily dolomitic middle Bakken member 
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throughout the 1990’s (Xu, 2019). Due to the advancement in horizontal drilling and multi-stage 

hydraulic fracturing technology, oil production from the Bakken Formation increased from under 

100,000 barrels per day in 2005 to 1.2 million barrels per day at its peak in December 2014 

(Hughes, 2018). 

2.3    Previous Work in the Bakken Shales 

In terms of organic matter enrichment and hydrocarbon generation potential, the Bakken 

shales have been well characterized and there is a consensus on the anoxic bottom-water 

depositional environment of the shales (Price et al., 1984; Smith and Bustin, 1998; Jin, 2014; 

Scott et al., 2017; Nandy, 2018). In a recent study (Xu, 2019), evidence from major and trace 

elements, organic carbon, and stable isotope analysis was used to demonstrate that redox 

conditions and sediment flux, which corresponded to relative sea level fluctuations, exerted 

substantial controls on the patterns of organic matter accumulation in the lower Bakken shale. 

The same study of the pore structure and associated geological controls showed that the pore 

networks were largely controlled by rock composition and diagenetic processes (Fig. 2.1, 2.2). 

Finally, and most relevant to the current study, was the observation in Xu (2019) that quartz 

content displayed a negative correlation with total pore volume for most samples, which 

suggested porosity-reduction by quartz cement that filled pore spaces. 
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Figure 2.1: SEM Photomicrograph of authigenic microquartz (dashed 

lines), K-feldspar, calcite, and organic matter (Modified from Xu, 2019) 

Figure 2.2: Photomicrograph of abundant Tasmanites cysts in the lower 

shale member, some of which are infilled with diagenetic silica 

(Modified from Xu, 2019) 
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Previous studies of the upper Bakken shale have described it as a massively to finely 

laminated, fissile, siliceous, dark black, organic-rich shale with abundant pyrite content (Webster, 

1984; Hayes, 1985; Smith and Bustin, 1996, 1998) A recent study of the upper Bakken shale 

(Nandy, 2018), involved the use of thin section petrography with organic and inorganic 

geochemical analysis to identify laterally correlatable chemostratigraphic units of the upper shale 

(Fig. 2.3). Nandy (2018) identified six lithofacies in the upper shale from core and thin section 

studies, but 95% of the upper shale consisted of only three of these facies. Of particular interest to 

the current study was the siliceous mudstone facies, which is one of the most abundant facies and 

was further subdivided into two sub-facies: radiolarian-dominated siliceous mudstone (F1a), and 

finely laminated radiolarian and silt-bearing mudstone (F1b). 

 

 

 

Figure 2.3: Photomicrograph of siliceous mudstone showing radiolarians 

(red arrow) surrounded by organic matter (yellow arrow) (Modified from 

Nandy, 2018) 
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2.4    Previous Work in Silica Diagenesis 

Diagenetic processes are known to have obliterated textural and fossil evidence in 

porcelanites and cherts, and controversy over the origin of these rocks dates back to the beginning 

of the 20th century (Tarr, 1917; Barton, 1918; Davis, 1918; Van Tuyl, 1918). Since the early 

Mesozoic and probably since the early Paleozoic, the primary mechanism of silica precipitation at 

ordinary surface temperatures and pressures is biochemical. This may have even been true for 

silica sedimentation during the late Precambrian (Siever, 1962). The initial phase of silica that 

occurs after deposition in most deep-sea siliceous sediments is hydrous and amorphous and was 

classified as opal-A by Jones and Segnit (1971). After it is deposited, opal-A dissolves and opal-

CT begins to precipitate, often in the form of lepispheres (Jones and Segnit 1971; Wise and 

Kelts,1972). Opal-CT is a unidimensionally disordered, 3-layered structure of cristobalite with 2-

layered tridymite domains (Flörke, 1955). Over time, opal-CT transforms to chalcedony and/or 

microcrystalline quartz, which are the most stable silica phases in diagenetic environments at 

higher temperatures, greater burial depths, and higher heat flow (Fig. 2.4, 2.5). Evidence from 

deep sea sediments and the Monterey Formation in California supports the following diagenetic 

sequence: 

  (1) opal-A (siliceous ooze), (2) opal-CT (porcelanite), (3) and chalcedony or 

cryptocrystalline quartz (chert) (Kastner et al., 1977). The opal-A to opal-CT transformation is 

known to consist of a solution-redeposition mechanism (Carr and Fyfe, 1958; Mizutani, 1966). A 

solid-state reaction was suggested for the opal-CT to quartz transition by Heath and Moberly 

(1971) until a solution-redeposition mechanism was suggested for this transition as well, based 

on Murata and Larson’s (1975) work in the Monterey Formation. 
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Figure 2.4: Schematic diagram of the transition from opal-A to opal-CT to quartz, displaying the 

increase in crystallographic ordering with each transition (Modified from Dralus, 2013) 

 

Since the diagenetic sequence of silica was first recognized as critical for understanding 

the evolution of siliceous rocks, research has been conducted with the intent of understanding 

silica diagenesis in the context of petroleum exploration. For example, Isaacs (1981) found that 

significant reductions in porosity are associated with both the opal to opal-CT and the opal-CT 

to quartz phase transitions within the Monterey Formation. Conversely, this diagenetic 

sequence has also been found to preserve porosity in sandstones within the Paris and 

Subhercynian Basins in France and Germany respectively (French et al., 2012; Worden et al., 

2012; French and Worden, 2013). This porosity preservation involves the sequential growth of 

amorphous silica, chalcedony, and microcrystalline quartz on the surface of quartz grains, with 

the microcrystalline quartz preventing any further growth into the pore space (Worden et al., 

2012). Microcrystalline quartz and other phases of silica are commonly observed with the use 

of electron microscopy, since the crystals are too small to identify with many optical 
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microscopes. Siliceous sinter deposits can provide the opportunity to observe these 

polymorphs with SEM analysis (Fig. 2.6). 

 

Figure 2.5: Relationship between silica phase, lithology, detrital content of sediment, and 

temperature (Modified from Behl et al., 2010) 

 

 
Figure 2.6: (A) SEM images of opal-A spheres from Steamboat Springs, Nevada; (B) Opal-CT 

lepispheres from Sinter Island, New Zealand; (C) Microcrystalline quartz from the Opal Mound 

sinter in Utah (Modified from Lynne et al., 2007) 
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CHAPTER 3 

METHODS 

A variety of laboratory methods were used to analyze the upper and lower Bakken 

shales. These methods include X-ray fluorescence (XRF) measurements and analysis, FESEM 

analysis, thin section microscopy, X-ray diffraction (XRD) measurements, and nitrogen gas 

physisorption. All the analysis was performed on four cores from wells drilled in the Williston 

Basin: Gunnison State, Clarion Mertes, and Koch from northwestern North Dakota, and the 

Harvey Grey from northeastern Montana (Fig. 3.1). 

 

 

Figure 3.1: A map displaying the origins of the four core samples used in this project. LBS and 

UBS indicate the inclusion of the upper Bakken and lower Bakken shale members respectively.  

 

3.1    XRF Analysis 

 X-ray fluorescence measures the bulk elemental concentration of samples in a non-

destructive manner. A handheld energy dispersive XRF analyzer was used to characterize the 
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geochemical makeup of each core and both members of the Bakken shales. Specifically, a Niton 

XL3t GOLDD+ XRF analyzer was used for all measurements in this project. 

 XRF analysis is conducted by bombarding samples with x-ray photons that are generated 

from a filament inside of the device. These x-rays travel from the device to the sample and excite 

inner-orbital electrons, causing them to be ejected from their respective atoms. This causes higher-

orbital electrons in the atoms to fill these new vacancies, and in doing so each electron emits a 

photon with an energy signature that is unique to each element. The XRF device then detects and 

records these energy signatures and uses them to determine the bulk elemental concentration of a 

sample.  

 The Niton XRF analyzer has three different modes: soil, mining, and TestAllGeo. The 

TestAllGeo setting was used for this project, which uses different initial photon voltages to detect 

resultant fluorescent photon energies from the following elements: Mo, Zr, Sr, U, Rb, Th, Pb, Se, 

As, Zn, Cu, Ni, Co, Fe, Mn, Cr, V, Ti, Sc, Ca, K, S, Ba, Cs, Te, Sb, Sn, Cd, Ag, Pd, Bal, Nb, Al, 

P, Si, Cl, and Mg. The concentrations are recorded by the XRF device in parts per million (ppm), 

and if the device does not detect photon energy signatures at or above a certain threshold for any 

elements, the concentration of those elements is recorded as 0.  

 The Gunnison State core is the most important core sample used in this project due to the 

fact that it contains both the upper and lower shales. As a result, XRF measurements were taken at 

two-inch intervals in the Gunnison State and at three-inch intervals in the Clarion Mertes, Harvey 

Grey, and Koch core samples. A total of 244 XRF scans were recorded from approximately 50 

feet of the lower and upper Bakken shales throughout the core samples. The surface of each piece 

of shale was cleaned before being scanned to remove any residue or dust. Most shale pieces were 

small enough to be measured in the analyzer’s Field Mate chamber, but several measurements 

were performed with the analyzer resting on a large shale slab. System checks were performed 



13  

after every 8-12 measurements to calibrate the device. 

 After XRF data was collected from all intervals of the upper and lower Bakken shales 

present in the four core samples, it was organized into spreadsheets to be analyzed. A mineral 

model created by Nance and Rowe (2015) was used to predict the mineralogical proportions of 

each measurement based on calculations that take chemical composition, stoichiometry, and 

information from prior publications into account. These mineralogical proportions consist of 

quartz, calcite, and illite and were used in the creation of four core description figures. The core 

descriptions consist of mineral proportions calculated by the mineral model, the relative 

concentrations of elements used in the calculations, core photos, and the core depths where 

measurements were taken. In this project’s early stages of analysis, these core descriptions 

functioned as a framework to use in the selection of sampling locations for further analysis. These 

sampling locations are included in the core descriptions and consist of the intervals with the 

highest and lowest concentration of silicon according to the XRF data. These are consequently the 

same as the intervals with the highest and lowest proportion of quartz, according to the mineral 

model calculations. There are a total of ten sampling locations across the four core samples: five 

high-silica samples and five low-silica samples with a high- and low-silica sample from each 

example of the upper and lower shale.  

 The XRF data was also analyzed with the use of the Python general purpose programming 

language. The dataset was loaded from a spreadsheet to a web-based interactive cloud computing 

environment, where different software packages were used to create visualizations, such as 

pairplots and a ternary diagram. Python was used to perform analysis by comparing the 

concentrations of silicon with elements that are known to be detrital indicators, plus calculating 

the percentiles and geometric means of the XRF data. The primary focus of this analysis was 

silicon and detrital indicator concentrations between the upper and lower shales, across different 
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core samples, and throughout different intervals of the core samples. Silicon concentration was 

compared to the concentrations of detrital indicators, such as aluminum and potassium, to estimate 

the extent of detrital or biogenic influence throughout the core samples. 

3.2    FESEM Analysis 

Microscopic analysis of siliceous and silica-poor core samples was an important aspect of 

this research. From data gathered through XRF analysis, core intervals with the highest and lowest 

silicon concentration in each of the five available examples of the lower and upper shale were 

sampled for further analysis. The samples were named according to abbreviations denoting the 

core and shale member they were taken from, plus whether they are higher or lower in silicon 

concentration. The samples are accordingly named GSUSHISI, GSUSLOSI, GSLSHISI, 

GSLSLOSI, CMLSHISI, CMLSLOSI, HGLSHISI, HGLSLOSI, KOUSHISI, and KOUSLOSI. 

Since Xu (2019) used primarily ion-milled samples in a comprehensive pore characterization study 

of the Bakken shales, rough samples were used for this project instead to observe the morphology 

of individual grains in more detail. Rock chips were broken from each of the high- and low-silica 

intervals to create rough samples. Radiolarian-rich laminations were included in each high-silica 

sample. The chips were subsequently mounted onto stubs and coated with carbon and gold for 

Field Emission Scanning Electron Microscope (FESEM) analysis.  

In FESEM analysis, samples are bombarded with an electron beam to visualize objects that 

are too small to observe with microscopes that use optical light. This bombardment causes 

electrons to be ejected from atoms in the sample, which are known as secondary electrons (SE). 

Simultaneously, electrons originating from the electron beam are reflected or scattered by elastic 

interactions with atoms in the sample and are known as backscattered electrons (BSE). Both types 

of electrons are detected and used to create different images of the sample.  SE imaging is 

typically more useful for observing the topography of samples, while BSE imaging is more useful 
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for detecting differences in composition due to elements with high atomic numbers scattering 

more electrons and thus appearing brighter than elements with low atomic numbers. Both SE and 

BSE images were taken of every sample in each spot that was deemed interesting enough for 

imaging. Either the SE or BSE image was used in this report depending on image quality and the 

importance of the feature being highlighted. Energy-dispersive X-ray spectroscopy (EDS) was also 

used at each spot where SE and BSE images were generated. EDS analysis is conceptually similar 

to XRF analysis and was used to generate elemental composition maps to pair with SE or BSE 

images to visualize the composition of grains or interpret mineralogy. 

3.3    Thin Section Analysis  

 Thin sections provide the opportunity to use optical light to observe samples that are larger 

than the ones used in FESEM. Ten ultra-thin sections of 20-micron widths were created from each 

of the high and low-silica intervals throughout the four cores samples used in this study. Billets 

were cut from core samples, as close as possible to the locations where rock chips were taken for 

FESEM analysis. The inclusion of radiolarian-rich laminations in billets from high-silica samples 

was a priority in the sampling process. Seven of the ten billets were made into standard-size thin 

sections, while the remaining three were cut from intervals deemed to contain enough interesting 

features to justify the creation of extra-wide thin sections. Each thin section was observed in a 

Leica DM2500 P microscope, using both plane-polarized light (PPL) and cross-polarized light 

(XPL) at different magnifications. Photomicrographs were taken of the thin sections in both PPL 

and XPL at every point that was considered to contain interesting features, with a particular focus 

on silica and microfossils. 

3.4    XRD and Quartz Crystallinity Index Analysis 

 X-ray diffraction (XRD) analysis was used to measure the mineralogical proportions of the 

same ten intervals that were sampled throughout the cores for FESEM and thin section analysis. 
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Rock chips were broken from the intervals and weighed to 3 grams, and the silica-rich samples all 

included radiolarian-rich laminations. The ten samples collected for XRD measurements were 

shipped to and analyzed at the headquarters of Stratum Reservoir in Houston, Texas.  

XRD analysis consists of firing an x-ray beam at a powdered sample continuously at a 

range of different angles. The x-ray firing device and an x-ray detector move over the sample 

synchronously while the beam is firing. The x-rays are absorbed and re-radiated by the atoms in 

the sample. The behavior of the absorbed x-rays is described by Bragg’s Law: nλ = 2d sinθ. For a 

given wavelength λ and order n, a crystal lattice spacing d would produce a maximum diffraction 

at θ degrees. Depending on the d-spacings of the lattice planes in different minerals, the re-radiated 

x-rays will constructively interfere and diffract at the appropriate incident angle θ. These 

diffraction patterns and their intensities at different angles of 2θ during the rotation of the x-ray 

beam and x-ray detector form peaks that can be represented in x-y plots. The patterns of the peaks 

can be used to derive a set of d-spacings that are unique to each mineral. 

 In addition to measuring mineral-proportions, the degree of crystallinity of the silica in a 

sample can be evaluated with a semiquantitative technique developed by Murata and Norman 

(1976) known as a quartz crystallinity index (QCI) calculation. By measuring the intensity of a 

specific peak that is unique to quartz, the degree of crystallinity of the silica in a sample can be 

calculated based on a ratio of other quartz-related peak intensities. QCI calculations were 

performed on each of the ten samples, in addition to the XRD analysis. These calculations 

provided the opportunity to differentiate between silica that is highly crystalline, and silica that 

consists of microcrystalline quartz and perhaps amorphous phases, which can serve as proxies for 

detrital quartz and biogenic silica respectively. 

3.5    Nitrogen Gas Adsorption  

 Pore volume was found to negatively correlate with quartz content in the lower Bakken 
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shale samples used in Xu (2019). To further investigate this trend, nitrogen gas adsorption analysis 

was used on two lower shale and two upper shale samples to compare the dependent variable of 

pore volume with the independent variable of silica concentration. This analysis was performed on 

samples from the upper and lower shales of the Gunnison State core. Using data from XRF 

analysis, samples with the highest and lowest silicon concentrations were taken from each shale 

interval in the core for a total of four samples. Radiolarian-rich laminations were included in the 

high-silica samples. This analysis was performed in Dr. Stephanie Kwon’s laboratory in the 

Chemical and Biological Engineering department at Colorado School of Mines.  

The four samples were crushed and weighed to a specified mass, according to recent 

literature that records the surface area of Bakken shale samples to be less than 5m2/g (Liu et al., 

2019). The samples were placed in a sealed tube and outgassed at 150°C in a vacuum to remove 

contaminants. Nitrogen gas was pumped into the tubes, which adsorbs to the surface of the 

samples and fills smaller micropores first at lower pressures before filling the volumes of larger 

pores at higher pressures. The amount of nitrogen adsorbed to the sample or to other layers of 

nitrogen already adsorbed to the sample at continuously increasing pressure was measured and 

recorded. Desorption of nitrogen from the sample was also measured as pressure was subsequently 

decreased.  
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CHAPTER 4 

XRF ANALYSIS OF CORE SAMPLES 

 Collection, organization, and analysis of XRF data from the four cores used in this project 

assisted in uncovering trends and provided a geochemical framework that was useful for the 

collection of samples. XRF data collected from the Gunnison State, Clarion Mertes, Harvey Grey, 

and Koch cores was organized and used in a mineral model to visualize the normalized 

concentration of quartz, calcite, and illite calculated by the model. The results of the mineral model 

are compared with XRD data in a future chapter. Using the Python general-purpose programming 

language, software libraries known as pandas, numpy, seaborn, matplotlib, and scipy were used to 

visualize trends and underscore statistically significant relationships within the XRF data. 

4.1    Mineral Model 

XRF analysis provides elemental concentration data that can be converted to mineral 

content (Nance and Rowe 2015). A mineral model developed by Nance and Rowe (2015) was 

used to predict quartz, calcite, and illite concentration based on stoichiometric relationships 

between silicon, calcite, and potassium. The mineral model described in Nance and Rowe was 

implemented for analysis of the XRF data collected from the Bakken shales, in which the 

following relationships were used: 

1) Calcium is 40% of CaCO3, consequently  

%calcite = 2.5Ca (where no other Calcium carbonate phases are present) 

2) Potassium averages 6% of illite (Weaver, 1965), consequently  

%illite = 16.58K 

3) Silicon averages 25% of illite (Mermut and Cano, 2001), which needs to be 

subtracted from total Si before % quartz is calculated, consequently  

Siillite = %illite x 0.25 
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4) Silicon is 47% of SiO2 (quartz), consequently 

%quartz = (%Sitotal − %Siillite) x 2.14 

5) Final mineral values are normalized, so that calcite + quartz + illite = 100% 

XRF readings were separated into four datasets representing the four different cores from 

which the readings were taken. Each of the four datasets were run through the mineral model, 

and normalized quartz, calcite, and illite concentrations were generated from the elemental data 

in each reading. Although the mineral model calculations are not taken to be as accurate as XRD 

measurements, they are still useful for inexpensive preliminary mineralogical categorization of 

the entirety of each core interval of interest. Results of the model are compared to corresponding 

XRD data in Chapter 6 in order to determine the efficacy of the model in predicting mineralogy 

compared to XRD analysis. Together with the XRF data, these normalized calculations of 

mineral concentrations generate a geochemical framework of each core that informs decisions 

on sampling for further analysis.  

 A core description incorporating photos and mineral model results was created for each 

of the four core samples, with the depth of each XRF measurement represented visually. Facies 

classifications based on the results of the mineral model were used in each core description, with 

a specific focus on quartz content to reflect the importance of silica in this project. Argillaceous 

Mudrock was defined as a measurement with quartz content below 30%, which generally 

resulted in illite content above 60%. Silicious Mudrock was defined as a measurement 

generating a result of between 30% and 50% quartz content in the model. Highly Silicious 

Mudrock was defined as a calculation of at least 50% quartz content via the mineral model. 

Calcareous Mudstone is also included in the core descriptions, but this facies description is only 

applied to a carbonate nodule in the Gunnison State core and to the extremities of the shales that 

bound the calcareous middle Bakken member and Lodgepole Formation. Sampling locations for 
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XRD, FESEM, thin section, and nitrogen physisorption analysis were chosen for the intervals 

with roughly the highest and lowest silicon and quartz content. With the Gunnison State 

containing both the upper and lower shales and requiring four sampling spots instead of two, this 

resulted in a total of 10 sampling spots throughout the four cores. 

 The Gunnison State core offers a unique opportunity for analysis when compared to the 

three other cores that only contain either the lower or upper shale (Fig. 4.1). A striking contrast 

between the two shale members in the Gunnison State is the difference in quartz composition. 

The average normalized quartz composition in the lower shale is 32% compared to 52.2% in the 

upper shale. This same pattern persists when comparing the average silicon weight percent 

between the shales in the raw XRF data, with 21.5% in the lower shale and 26.8% in the upper 

shale. Average illite concentration is also higher in the lower shale at 59.7% than in the upper 

shale at 44.7%. Calcite composition is very low in both members, with an average of 8% and 

3.1% in the lower and upper shale respectively. However, a carbonate concretion can be seen in 

the lower shale from 8211.83 to 8210.67ft. This concretion is the major contributor to the calcite 

content in the core, since the average concentration is only 2.3% in the lower shale when 

measurements taken from it are excluded.  Four sampling locations were chosen in the Gunnison 

State, with two each from the lower and upper shale. The naming scheme for every sample in 

this project incorporates, in the following order: an abbreviation of the core name, either the 

lower or upper shale member of the Bakken Formation from which it originated, and whether it 

is a relatively high-silica or low-silica sample. Accordingly, the samples taken from the four 

different locations in the Gunnison State are named GSLSLOSI, GSLSHISI, GSUSLOSI, and 

GSUSHISI. 
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Figure 4.1: Gunnison State core description based on the Nance and Rowe 2015 mineral model. The description is split into four 

different sections, starting on the left with the lower shale and ending on the right with the upper shale. To the left of the core photos 

in each of the four sections are the XRF measurement depths and silicon, calcium, and aluminum proportions that were known before 

the use of the mineral model. To the right of the core photos are the normalized quartz, calcium, and illite concentrations that were 

known after the utilization of the mineral model and were used to generate the different silicon-concentration based facies from these 

data. Low and high-silica spots in the core where samples were taken for further analysis are shown as colored circles in the facies 

column. 
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The Clarion Mertes mineral model elucidates patterns of changing quartz concentration 

throughout the approximately 18 feet of the lower shale within the core (Fig. 4.2). The average 

quartz concentration in the lower shale of the Clarion Mertes is 25.7%. The average calcium and 

illite concentrations are 4.2% and 70.1% respectively. This average-calcite concentration is 

similar to that of the lower shale of the Gunnison State when excluding the carbonate nodule. 

However, the illite concentration is much higher in the Clarion Mertes than in the Gunnison 

State. Overall, the Clarion Mertes mineral model suggests that most of the lower shale in the 

core contains higher illite content than quartz content, except for several thin intervals. However, 

one of these intervals from approximately 7222ft to 7221.5ft is extremely rich in silicon, with 

75.8% normalized quartz concentration according to the mineral model and white radiolarian 

laminations clearly visible without the aid of a microscope. This area of the core was clearly the 

best candidate for the sampling of a highly-silicious interval for further analysis, from which 

FESEM, XRD, and thin section samples were accordingly named CMLSHISI. The low-silica 

sample location was chosen near the top of the lower shale interval, with samples from that 

location named CMLSLOSI. 
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Figure 4.2: Clarion Mertes core description based on Nance and Rowe 2015 mineral model. Low and high-silicon spots in the core 

where samples were taken for further analysis are shown as colored circles in the facies column. 
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The Koch core provides the only other representation of the upper shale throughout the 

four cores used in this project besides the Gunnison State (Fig. 4.3). The mineral model indicates 

that the upper shale interval in the Koch core has similar normalized-average quartz and illite 

mineral model concentrations to the Gunnison State core: 45.1% and 51.3% respectively when 

excluding the two readings with higher calcite concentrations at the lower and upper extremities 

of the interval. This illuminates a pattern that is consistently observed from other analytical 

methods in this project across all four core samples; the upper shale intervals are more silica-rich 

than the lower shale intervals. The highly siliceous sample interval, named KOUSHISI, was 

chosen at a depth of 7036.58ft and a normalized quartz concentration of 75.4%. The low-silica 

sample, KOUSLOSI, was chosen near the top of the interval at a depth of 7030.75ft and a 

normalized quartz concentration of 24.1%.
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Figure 4.3: Koch core description based on Nance and Rowe 2015 mineral model. Low and high-

silicon spots in the core where samples were taken for further analysis are shown as colored 

circles in the facies column. 
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Finally, the Harvey Grey core from northeastern Montana contains the third example of the 

lower shale in this project, while also serving as the only core that was not drilled near the 

depocenter of the Williston Basin (Fig. 4.4). The mineral model calculates a greater difference 

between the average quartz and illite concentrations in this lower shale sample than in the two 

upper shale samples: 33.2% quartz and 63.5% illite when discounting two calcareous 

measurements each at the lower and upper extremities of the lower shale. In fact, the mineral 

model produced only one calculation of over 50% quartz at 9052.5ft, which is near the top of the 

lower shale interval. This interval was accordingly chosen as the sample site for the silica-rich 

samples that were named HGLSHISI. The interval of core with the lowest quartz content is near 

the bottom of the shale at 9056.84ft, with only 8.7% quartz and 90.5% illite according to the 

model. This served as the low-silica sample site for the HGLSLOSI samples.
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Figure 4.4: Harvey Grey core description based on Nance and Rowe 2015 mineral model. Low and 

high-silicon spots in the core where samples were taken for further analysis are shown as colored 

circles in the facies column. 
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4.2    Visual Representation of XRF Data with Python 

Python is a general-purpose programming language that is used in a wide variety of 

application domains. Python is known for extensive utility that is due in large part to thousands 

of software libraries that are specialized for certain tasks and freely available to users. Many of 

these software libraries are intended to allow users to efficiently organize, analyze, and visualize 

large volumes of data, such as the XRF dataset collected for this project. Project Jupyter is a 

web-based interactive cloud computing environment that was used to load the XRF data through 

a free Jupyter notebook environment known as Colaboratory. Once the data was loaded, Python 

code from five different software libraries was used to partition, evaluate, visualize, and perform 

statistical calculations on the XRF data.  

 The software library that was used to initially organize the XRF data for ease of 

visualization and analysis is known as Pandas. The data was loaded into Colaboratory and the 

XRF measurements were separated between the different cores and between the lower and upper 

shales. After this, Al, Si, K, Ti, Sr, and Zr were separated from lower shale and upper shale 

measurements in order to create figures that visualize relationships that exist between these 

elements in the core samples. A data visualization software library known as Seaborn was used 

to create two 6x6 pairplot figures that display elemental concentration correlations between both 

the lower and upper shales across the core samples in which they were measured (Figs. 4.5, 4.6). 

These pairplots are intended to provide only a broad overview of elemental correlations, and 

more detailed analysis and visualization of the relationships between element concentrations is 

explored with other techniques.  

 Silicon was compared with other elements that typically serve as indicators of detrital 

input. Aluminum is an especially common detrital indicator (Arthur & Dean, 1991) and is 
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compared to silicon in several different paradigms throughout this analysis. The lower shale 

pairplots have the empirical advantage of containing a greater amount of data points than the 

upper shale due to the relative scarcity of the latter across the four cores used in this project, but 

both series of pairplots display similar correlational patterns between the elements. All elements 

correlate positively with each other. Titanium and aluminum concentrations are the best 

predictors of each other, while silicon and potassium appear to be the most weakly-correlated 

elements. Silicon concentration appears to be a relatively good predictor of aluminum 

concentration. This also applies for silicon and titanium concentration, although to a lesser extent 

and at a smaller titanium-concentration scale. Strontium and zirconium concentrations do not 

change to a great extent with relatively large variations in silicon concentration, even though 

both relationships appear to be positively correlated. 

 After the 6x6 pairplot figures were made, Seaborn was used to create a series of line plots 

that compare silicon concentration with detrital indicator concentrations, in greater detail. The 

lmplot feature of Seaborn allowed for the creation of plots that compare elemental concentrations 

between the shale members with the display of confidence intervals that assist in visualizing the 

degree to which the values in each plot correlate with each other. Silicon concentration was 

compared to aluminum, potassium, and titanium concentrations with this technique, with color 

coded data from different cores (Fig 4.7). In addition, line plots were created to compare the 

relationship between silicon concentration and the concentrations of these three detrital 

indicators at three different thresholds of quartz concentration, as defined by the facies used in 

the Nance and Rowe (2015) mineral model (Fig. 4.8). These thresholds are 30% normalized 

quartz as the cutoff between Argillaceous Mudrock and Siliceous Mudrock, and 50% normalized 

quartz as the cutoff between Siliceous Mudrock and Highly Silicious Mudrock. 
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Figure 4.5: Pairplot figures of the lower shale displaying relationships between silicon and five 

detrital indicator elements. Six histograms showing the distributions of the concentrations of 

each of the six elements are included. 
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Figure 4.6: Pairplot figures of the upper shale displaying relationships between silicon and five 

detrital indicator elements. Six histograms showing the distributions of the concentrations of 

each of the six elements are included. 
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Figure 4.7: Pairplots displaying silicon and detrital indicator concentrations in ppm, color coded 

by core, with regression lines plotted and shaded by confidence intervals; (A) Aluminum and 

silicon concentrations; (B) Potassium and silicon concentrations; (C) Titanium and silicon 

concentrations. 
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Figure 4.8: Pairplots displaying silicon and detrital indicator concentrations in ppm, color coded 

by mineral model facies, with regression lines plotted and shaded by confidence intervals; (A) 

Aluminum and silicon concentrations; (B) Potassium and silicon concentrations; (C) Titanium 

and silicon concentrations. 
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Silicon and detrital indicators were compared with the pairplots by color-coding the data, 

both by core and by mineral model facies. Lower shale intervals tend to display moderately 

positive correlations in the silicon versus aluminum (Fig. 4.7A), silicon versus potassium (4.7B), 

and silicon versus titanium (Fig. 4.7C) plots. In the upper shale, the Koch and Gunnison State 

both show slightly positive to slightly negative weak correlations for these relationships. When 

color coding the data by the three different mineral model-defined facies, notable patterns can be 

observed that apply to the silicon versus aluminum (Fig 4.8A), potassium (Fig 4.8B), and 

titanium (Fig 4.8C) plots. In each of the lower shale correlations, the Highly Siliceous Mudrock 

facies, which consists of the measurements from the lower shale with the highest silicon 

concentrations, show the least positive and weakest of the correlations as denoted by the wide 

confidence intervals. The Argillaceous Mudrock and Silicious Mudrock facies are similarly 

correlated for the aluminum versus silicon and titanium versus silicon comparisons, but the 

Argillaceous Mudrock facies has a slightly more positive correlation in the potassium versus 

silicon plot. The Highly Silicious Mudrock facies displays the same pattern in the upper shale as 

in the lower shale, but the Silicious Mudrock Facies has a slightly more positive correlation than 

the Argillaceous Mudrock Facies in all three plots. 

 A Seaborn function was used to create plots called joint grids that display the distribution 

of silicon concentrations with changing depths. These joint grids were used to incorporate kernel 

density estimations (KDE) to probabilistically display the distribution of silicon concentration 

values. Density plots on either axis of these plots also display the distribution of measurements at 

different depths and different silicon concentrations. The Gunnison State joint plot is separated 

into the lower and upper shale, and the lower shale silicon concentration distribution is focused 

between 200,000 to 300,000 parts per million (ppm) with an extended left-skewed tail (Fig 
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4.9A). The upper shale distribution is focused at a slightly higher concentration and is much 

more symmetrical. The Clarion Mertes joint plot has a silicon concentration distribution focused 

at just under 200,000 ppm and between 7220ft and 7215ft (Fig 4.9B). The two outlying 

distributions of much higher concentrations between 7225ft and 7220ft contain the CMLSHISI 

interval. The Harvey Grey joint plot contains a left-skewed distribution that displays an increase 

in silica concentration from the bottom to the top, with an average between 200,000 and 250,000 

ppm (Fig 4.9C). Finally, the Koch joint plot contains a bimodal distribution that decreases from 

an average of between 300,000 and 400,000 ppm at the bottom of the measured section of core 

to just over 200,000 ppm at the top of the core (Fig 4.9D) 

The silicon concentration across the examples of the lower and upper shales of the 

Bakken Formation used in this project follows a distinctive pattern: the upper shale tends to 

contain overall higher concentrations of silicon than the lower shale. To visualize this pattern 

more succinctly, the Seaborn software library was used to generate boxplots that display 

differences in elemental concentrations between the four different cores, as well as the lower and 

upper shales. From these box plots, it becomes clear that average silicon concentration in the 

upper shale is approximately 8000 ppm greater than in the lower shale (4.10A). The average 

aluminum concentration is also higher in the upper shale (Fig. 4.10B). Accordingly, average 

silicon concentration is highest in the cores containing the upper shale: the Koch and Gunnison 

State (Fig 4.11). This pattern between the lower and upper shales and the four different cores 

also applies to average aluminum concentrations, although the distributions differ from those of 

silicon (Fig 4.12). In contrast, average potassium concentrations are relatively consistent across 

the cores (Fig 4.13), but the Koch still has the highest value in this regard and the Clarion 

Mertes’ distribution is much wider than in the other box plots.  
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Figure 4.9: Joint grid plots displaying silica concentration densities and KDEs; (A) Depth vs. 

silicon plot for the Gunnison State core, with the split between the lower and upper shale visible 

between approximately 8180ft and 8165ft; (B) Depth vs. silicon plot for the Clarion Mertes core; 

(C) Depth vs. silicon plot for the Harvey Grey core; (D) Depth vs. silicon plot for the Koch core. 
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Figure 4.10: Two sets of boxplots displaying the abundance of silicon and aluminum between the 

upper and lower shales; (A) Difference in abundance of silica between the lower and upper 

shales; (B) Difference in abundance of aluminum between the lower and upper shales. 
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Figure 4.11: Boxplot displaying the abundance of silicon within each 

core 

Figure 4.12: Boxplot displaying the abundance of aluminum 

within each core 
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A data visualization library known as Plotly Express was used to generate a ternary 

diagram displaying the normalized proportions of silicon, aluminum, and calcium across every 

XRF measurement (Fig 4.14). The points on the diagram were color-coded to display the core 

samples from which the measurements were taken. The diagram displays the abundance of 

silicon, aluminum, and calcium throughout all the shale samples measured in this project. Most 

measurements are clustered near the silicon end of the plot, with a very subtle trend toward 

aluminum. There are several notable exceptions that are mostly from the Clarion Mertes core and 

plot further toward the calcium end of the diagram. These high-calcium readings correspond to 

intervals in the core samples with ptygmatic fractures filled with calcite that are discussed in 

more detail in Chapter 5. These ptygmatic fractures can be seen in the photos of the mineral 

model core descriptions and appear to occur rarely and sporadically throughout all four core 

samples, but are most common in the Clarion Mertes. Many of these fractures are visible without 

Figure 4.13: Boxplot displaying the abundance of potassium 

within each core. 



 

40 

the aid of a microscope, but a very slight trend toward the calcium end of the diagram in many of 

the measurements indicates that many calcite-containing fractures may be too small to notice 

without a microscope. 

 

Figure 4.14: Color-coded ternary diagram showing the concentration of silicon, aluminum, and 

calcium in each measurement. 

  

 

The Seaborn library was used to visualize the XRF data as distributions of measurements 

in histogram and kernel destiny estimation (KDE) plots, the latter of which is functionally 

analogous to a histogram but uses a continuous probability density curve. Four histogram-KDE 

combination plots display the distributions of the concentrations of silicon, calcium, aluminum, 

and potassium across the entire XRF dataset (Fig. 4.15). The vertical axes of these plots differ 

due to differences in measurement density, but all of these elements display the highest density 

between approximately 18,000 and 24,000 ppm except for calcium. Four KDE plots were also 

created to compare the concentrations of the same elements between the upper and lower shales 

(Fig 4.16). According to these plots, the peak silicon, aluminum, and calcium concentrations are 

higher in the upper shale than in the lower shale, while potassium concentration in the upper 

shale appears to display a bimodal distribution.
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Figure 4.15: Histogram-KDE combination plots showing the distributions of each element concentration in parts 

per million. 

Figure 4.16: Histogram plots showing the distributions of each element concentration in both the lower and upper shales in 

parts per million. 
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4.3    Statistical Analysis of XRF Data with Python 

In addition to creating plots to visualize patterns in the XRF data, statistical analysis was 

performed using the Numpy and SciPy.stats libraries to understand the patterns in a strictly 

numerical sense. The 10th, 50th, and 90th percentiles of silicon weight-percentages were calculated 

after converting the raw concentration measurements to weight percent from parts per million. 

When separated amongst the different cores, the percentiles of silicon weight percentages convey 

the same pattern that was made apparent through the visualization of the data; the upper shale 

contains a higher average silicon concentration than the lower shale (Table 4.1). This pattern 

becomes explicitly clear after separating the data by the lower and upper shales, where the 10th and 

90th percentiles of the upper shale are both eight percentage points higher than their counterparts in 

the lower shale. The silicon concentration thresholds that are inherent in the mineral model facies 

definitions are also readily observable in the form of percentile differences among the facies.  

 Medians and geometric means were determined for silicon, aluminum, and calcium 

weight-percentages in the upper and lower shales. The median and geometric mean of silicon 

weight-percent in the upper shale are both approximately 10 times higher than the aluminum 

weight percent (Table 4.2). This pattern also holds for the lower shales, even though every weight 

percent value is lower than in the corresponding value in the upper shale.  

Finally, a statistical test known as the T-Test was employed with the use of the SciPy.stats library 

to understand the relationships between different pairs of elemental concentrations across the 

lower and upper shales. The T-Test uses the means, standard deviations, and number of  

measurements of two separate populations of data to determine the significance in difference 

between the means of the two populations. The significance in difference of the two populations of 

data is known as the T-score. A small T-score indicates that two data populations are more 

similarto each other than two data populations with a greater T-score. The T-Test was used to 
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compare silicon concentration with the concentrations of the detrital indicators aluminum, 

potassium, zirconium, and titanium for both the lower and upper shales (Table 4.3). This can be 

used to determine the similarity between the silicon concentrations and detrital indicator 

concentrations across the lower and upper shales. This means that the T-test values could be used 

to compare the amount of detrital and biogenic silicon input between sample populations.   

For each of the four tests between silicon and detrital indicator concentration, the T-score 

was higher in the lower shale than in the upper shale. This indicates that these data populations are 

more similar in the upper shale than in the lower shale, although the amount of data from the upper 

shale is smaller than the amount of data from the lower shale, which can skew the results of the T-

test. The SciPy.stats T-Test function also calculates a p-value from zero to one that is an indicator 

of how likely the calculated result occurred by chance. The p-values were all small enough to 

effectively be zero, but were still orders of magnitude higher in the upper shale calculations, which 

is most likely the result of a lower number of upper shale measurements compared to lower shale 

measurements. Therefore, both the results of the T-Test and the calculated p-values indicate that 

the silicon and detrital indicator concentrations are more similar in the upper shales than in the 

lower shales, and that this is almost certainly not due only to chance. However, these results are 

probably skewed by the difference in size between the sample populations. Including the same 

number of measurements from both shales in future studies would provide the most accurate 

results, without needing to randomize and decrease the sample size of one sample population to 

match the size of the other. 
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Table 4.1: Silica weight percentiles for each core, shale member, and facies. 

 

 

 

 

 

 

10th Percentile (Si 

wt%) 

50th Percentile (Si 

wt%) 

90th Percentile (Si 

wt%) 

Gunnison State 12.23 24.96 32.20 

Clarion Mertes 12.13 17.14 24.49 

Harvey Grey 17.52 21.5 24 

Koch 20.92 29.82 39.77 

Lower Shale 12.25 20.42 28.17 

Upper Shale 21 29.12 36.81 

Argillaceous 

Mudrock Facies 

10.64 17.72 24.44 

Siliceous Mudrock 

Facies 

16.44 22.95 28.32 

Highly Siliceous 

Mudrock Facies 

22.89 32.52 40.58 
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Table 4.2: Medians and geometric means of all upper and lower shale samples expressed in weight 

percent. 

 

 

Table 4.3: Results of the T-Test on different pairings of elemental concentrations. A higher T-

score indicates that two populations are more different from each other than populations with a 

lower T-score. The P-values are all nearly zero, indicating that the results are very likely not due 

to random chance. 

 
Upper Shale 

Median 

Upper Shale  

Geometric Mean 

Lower Shale 

Median 

Lower Shale  

Geometric Mean 

Silicon (wt%) 29.12 27.79 20.42 19.48 

Aluminum 

(wt%) 

3.21 2.91 2.11 2.04 

Calcium 

(wt%) 

0.55 0.66 0.33 0.37 

 Upper Shale  

T-Value 

Lower Shale  

T-Value 

Upper Shale  

P-Value 

Lower Shale  

P-Value 

Si vs. Al 25.30 35.08 3.21e-43 1.66e-188 

Si vs. K 26.48 35.18 8.07e-45 7.38e-119 

Si vs. Zr 29.04 40.29 4.03e-48 7.68e-136 

Si vs. Ti 28.86 40.05 6.80e-48 4.57e-135 
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CHAPTER 5 

FESEM AND OPTICAL MICROSCOPY 

Microscopic analysis and documentation of the Bakken shales in this project was 

conducted with primary focus on silica and the morphology it displays within the shales. Both 

FESEM and optical microscope analysis were used to identify and characterize the types of 

minerals that occur and their morphologies in each interval of core that was sampled for this 

project. 

5.1    FESEM Microscopy 

For FESEM analysis, rock chips were taken from the high- and low-silica intervals of each 

core for a total of ten samples. Each rock chip sample was broken in such a way that bedding 

patterns could be observed during analysis. The samples were first coated with carbon to fill small 

pore spaces, followed by gold to inhibit charging in the sample and to make topographic 

examination possible. Both secondary electron (SE) and backscatter electron (BSE) imaging were 

used to locate mineral grains, microfossils, and any features of interest. Both SE and BSE 

photomicrographs were generated, followed by the production of energy dispersive X-ray 

spectroscopy (EDS) maps of the same area. Either the SE or BSE photomicrographs are included 

in this chapter according to which methods produced a more desirable image. Aluminum, silicon, 

potassium, iron, calcium, and magnesium were mapped with EDS and recorded with the same 

color scheme used in Milliken et al. (2012) and Milliken and Olsen (2017). Each figure that 

contains FESEM photomicrographs in this chapter includes images from only one sample, with 

most of the SE and BSE images combined with their respective EDS maps when the maps are of 

appropriate quality.  

5.1.1    Lower Shale Samples 

The samples from the lower shale contain an abundance of organic matter, particularly in 
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the form of Tasmanites. High-silica samples in the lower shale contain oblong grains of silica with 

smooth surfaces that are interpreted to be recrystallized radiolarians. These grains are much less 

abundant in the low-silica samples, where silica occurs primarily in the form of grains that are 

interpreted to be detrital, with irregular surfaces or crystals that are over one micron wide.  

GSLSHISI, the high-silica sample of the lower shale from the Gunnison State core, 

contains an abundance of organic matter that manifests in the shape of filamentous and folded 

structures that are interpreted to be Tasmanites due to their documented presence in the lower shale 

(Xu, 2019). These Tasmanites can be found in GSLSHISI (Figure 5.1A), while calcite occurs 

sporadically throughout the sample (Figure 5.1B). Microcrystalline quartz can also be found 

throughout the sample (Figure 5.1C). A mineral grain with EDS readings showing abundant 

sodium and chlorine was interpreted to be halite, which was found near a cluster of 

microcrystalline quartz (Figure 5.1D). 

 GSLSLOSI, the low-silica sample from the lower shale of the Gunnison State core, 

contains microcrystalline quartz similar to the examples found in its high-silica counterpart (Fig. 

5.2A). The proportion of total clay and phyllosilicates was recorded by XRD analysis as highest in 

the GSLSLOSI interval out of all other intervals. In FESEM, these phyllosilicates can be observed 

as part of a matrix surrounding the occasional quartz or calcite grain (Fig. 5.2B). In addition to 

mineral grains, organic matter is abundant in this sample just as it is in the previous sample. All the 

organic matter and Tasmanites observed in this sample was elongated parallel to bedding (Fig. 

5.2C). Grains of calcite generally appear to be elongated parallel to bedding in tandem with the 

organic matter (Fig. 5.2D). 

 CMLSHISI was taken from the highly siliceous interval of the Clarion Mertes core. This 

interval is known to be extremely abundant in radiolarians that can be observed without the aid of 

microscopy. Ptygmatic fractures filled with calcite can also be observed in this core interval, but 
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the rock chip used for FESEM analysis was taken from a section of the interval with abundant 

radiolarians and no visible calcite. The radiolarians appear in FESEM analysis as oblong or round 

masses of silica and occur most commonly in specific bedding intervals within the sample. They 

commonly occur with Tasmanites microfossils (Fig. 5.3A). When observing the radiolarians at a 

scale of several microns, most of the silica appears to consist of crystals smaller than one micron 

and occasionally crystals that are larger than two microns. Pyrite crystals can be seen growing on 

the broken surfaces of these radiolarians (Fig 5.3B). Occasionally, silica is enveloped within 

Tasmanites microfossils (Fig 5.3C).  

 CMLSLOSI is from the low-silica interval of the Clarion Mertes core. Similar to its high-

silica counterpart, this sample contains an abundance of Tasmanites microfossils (Fig. 5.4A). 

However, none of the Tasmanites observed in CMLSLOSI appear to be surrounding silica. No 

examples of radiolarians or any structures resembling them were found in this sample. Instead, the 

silica occurs in the form of grains that are as wide as approximately 20 microns and are 

incorporated within a matrix of mostly clay (Fig. 5.4B). Another mineral occurs regularly 

throughout the sample, contains sodium according to EDS scans, and appears to occur in both 

massive (Fig. 5.4B) and tabular (Fig 5.4C) crystal habits. The mineral is tentatively interpretated as 

albite and was only found in this sample. 

 HGLSHISI was taken from a rock chip in the high-silica interval of the Harvey Grey core. 

The rock chip includes a grain of pyrite that can be seen without a microscope. Dolomite rhombs 

and an abundance of pyrite can be found throughout the sample (Fig. 5.5A). This sample also 

contains a large portion of organic matter, though only amorphous organic matter was found and 

no Tasmanites were observed (5.5B). Silica was also observed throughout the sample, embedded 

in a pyrite and clay matrix. Many grains of silica were crystalline or jagged, but several appeared 

to be smooth and oblong. One grain was vaguely similar in shape to the recrystallized radiolarians 
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observed in other samples (Fig 5.5C). 

 HGLSLOSI was taken from the low-silica interval of the Harvey Grey core. Tasmanites 

can be found in abundance throughout this sample and is accompanied by thin, laminated organic 

matter. Dolomite crystals and grains of silica that appear to have smooth surfaces occasionally 

appear throughout the sample (Fig. 5.6A). These siliceous grains could be recrystallized 

radiolarians, but only seldom appear in this sample. Both calcite crystals and organic matter appear 

as thin, laminated structures throughout the sample and are elongated parallel to bedding (Fig 

5.6B). Tasmanites occur very commonly throughout the sample and are usually folded or also 

elongated parallel to bedding (Fig. 5.6C). Silica grains that are irregularly shaped and display a 

rough surface are common in this sample, compared to the rare round or oblong silica grains with a 

smooth surface. 
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Figure 5.1: Photomicrographs of GSLSHISI. (A) BSE and EDS image of Tasmanites enveloping 

quartz in a matrix of primarily quartz and pyrite; (B) BSE and EDS image of a rare and relatively 

large calcite crystal amongst a clay and quartz matrix; (C) BSE image of microcrystalline quartz; 

(D) SE image of microcrystalline quartz and a crystal that was interpreted to be halite. 
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Figure 5.2: Photomicrographs of GSLSLOSI. (A) SE and EDS image of microcrystalline quartz 

(B) SE and EDS image of a calcite crystal surrounded by a quartz and mica matrix; (C) BSE image 

of four Tasmanites microfossils that are elongated parallel to bedding; (D) BSE image of calcite 

crystal and Tasmanites microfossil elongated parallel to bedding. 
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Figure 5.3: Photomicrographs of CMLSHISI. (A) SE and EDS image of a recrystallized 

radiolarian and Tasmanites in a clay and quartz matrix; (B) SE and EDS image of pyrite next to 

microcrystalline quartz crystals on the surface of a recrystallized radiolarian; (C) SE and EDS 

image of Tasmanites surrounding a sphere of silica in a clay, calcite, and quartz matrix. 
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Figure 5.4: Photomicrographs of CMLSLOSI. (A) SE and EDS image of a Tasmanites microfossil 

in a clay and quartz matrix; (B) SE and EDS image of Tasmanites microfossils near a mineral, 

possibly sodium feldspar (C) SE and EDS image of an elongated crystal of the same sodium-

containing mineral. 
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Figure 5.5: Photomicrographs of HGLSHISI. (A) BSE and EDS image of dolomite rhombs in a 

matrix of predominately clay and pyrite; (B) BSE and EDS image of organic matter surrounded by 

pyrite and silica that may be the remnants of a mostly replaced radiolarian test; (C) SE and EDS 

image of a grain of silica. 
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Figure 5.6: Photomicrographs of HGLSLOSI. (A) Clay matrix of the sample surrounding silica, 

dolomite, and a mineral containing sodium; (B) Calcite and pyrite surrounded by the clay matrix, 

which contains laminations of organic matter; (C) Examples of Tasmanites, which are abundant in 

this sample; (D) Silica that is interpreted to be detrital because of its irregular shape and surface 

compared to biogenic grains seen in other samples. 
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5.1.2    Upper Shale Samples 

The upper shale samples contain an abundance of organic matter, but compared to the 

lower Bakken shale, Tasmanites are generally not found in the upper shale. Organic matter in the 

upper shale samples appears to occur in thin filaments that are elongated parallel to bedding. The 

high and low-silica samples in the upper shale display the same pattern as in the lower shale: a 

greater concentration of smooth grains of silica in the high-silica samples and a greater 

concentration of silica grains with larger crystals or irregular surfaces in the low-silica samples. 

GSUSHISI was from the high-silica interval of the upper shale in the Gunnison State core. 

Organic matter was found throughout the sample in the form of elongated filaments, but no 

microfossils were recognized (Fig. 5.7A). Several grains of silica with smooth surfaces could be 

found throughout this sample (Fig. 5.7B), and while they appeared slightly elongated parallel to 

bedding, they did not display the same shape or occur at the same frequency as the radiolarians 

that were found in other high-silica samples. When observed in more detail, most of them display a 

smooth surface and appear to displace the surrounding matrix instead of blending in with it, similar 

to the radiolarians in other samples (Fig. 5.7C). 

GSUSLOSI was taken from the low-silica interval of the upper shale in the Gunnison State 

core. This sample contains laminations of organic matter that are up to approximately 30 microns 

thick, some of which are several hundred microns long. These are found in varying lengths 

throughout the entirety of the sample (Fig. 5.8A). Pyrite and dolomite are commonly included in 

the clay matrix, as well as silica (Fig. 5.8B). A single structure that contains calcite and resembles 

part of a shell was found (Fig. 5.8C). A dearth of grains with smooth surfaces were found and most 

of the silica in this sample contains grains with irregular surfaces (Fig. 5.8D).  

KOUSHISI was taken from the high-silica interval of the Koch core. According to EDS 

scans, a mineral containing sodium, zinc, sulfur, lead, and bismuth occurs throughout this sample 
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(Fig. 5.9A). This mineral only appeared in this FESEM sample, while XRD measurements also 

recorded sphalerite as only occurring in this sample. Sphalerite contains both zinc and sulfur per its 

mineral formula, ZnS, but it is unknown why the other elements would be detected in this mineral 

by EDS. This mineral can be commonly found replacing the center of radiolarian tests throughout 

the sample. Radiolarians can be found in abundance within the clay matrix, especially in a specific 

bedding layer of the sample (Fig. 5.9B). This abundance of radiolarians offers the opportunity to 

observe the morphology of the microcrystalline quartz from both an oblique view (Fig. 5.9C) and 

plan view (Fig 5.9D).  

KOUSLOSI was taken from the low-silica interval of the Koch core. Pyrite occurs 

throughout the entirety of the sample within the clay and silica matrix, while calcite crystals and 

potassium feldspar grains can occasionally be found, as well (Fig. 5.10A). The pyrite commonly 

occurs in the form of framboids with dolomite and quartz (Fig 5.10B, Fig. 5.10C). Irregularly 

shaped detrital silica grains with irregular surfaces can be found enveloped within the clay matrix 

and range from approximately five to 15 microns wide (Fig 5.10D). 
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Figure 5.7: Photomicrograph of GSUSHISI. (A) Organic matter, silica, and dolomite in a clay 

matrix; (B) Grain of silica that may be a recrystallized radiolarian; (C) Closeup view of another 

mass of silica that may be biogenic in origin. 
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Figure 5.8: Photomicrograph of GSUSLOSI. (A) Laminated organic matter within a matrix of 

primarily clay and minor dolomite; (B) Pyrite, silica, and dolomite in a clay matrix; (C) An 

apparent microfossil that contains calcite according to a separate EDS scan; (D) A grain of silica 

that is interpreted as detrital, due to its irregular shape and surface compared to biogenic grains in 

other samples. 
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Figure 5.9: Photomicrographs of KOUSHISI. (A) BSE and EDS image of a mineral containing 

sodium, zinc, sulfur, and lead that appears to be replacing radiolarians; (B) SE and EDS image of 

recrystallized radiolarians elongated parallel to bedding in a matrix of primarily clay; (C) SE 

image of a profile-view of microcrystalline quartz on the surface of a recrystallized radiolarian; 

(D) BSE image of a plan-view of microcrystalline quartz on the surface of a recrystallized 

radiolarian. 
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Figure 5.10: Photomicrographs of KOUSLOSI. (A) BSE and EDS image of potassium feldspar 

and calcite in a matrix of primarily mica and pyrite; (B) SE and EDS image of pyrite framboids, 

dolomite grains, and quartz in a mica matrix; (C) BSE image of a pyrite framboid amongst a mica 

and quartz matrix; (D) BSE image of a quartz grain enveloped within mica and pyrite. 
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5.2    Thin Section Microscopy 

 Ultra-thin Sections were created from the high- and low-silica intervals in each core and 

billets were cut to include the most representative portions of these intervals. Each thin section was 

observed in an optical microscope and photomicrographs were taken at different scales in both 

PPL and XPL. The samples from the lower shale contain many Tasmanites microfossils, while the 

samples from the upper shale do not. The high-silica samples from both the lower and upper shales 

contain roughly 1-3mm thick laminations with abundant radiolarian tests. Many radiolarian tests in 

the high-silica samples contain pyrite that has replaced the biogenic silica, while most silica in the 

low-silica samples do not display any replacement textures. Detrital silica would typically be more 

highly crystalline, more chemically stable, and would not be as susceptible to dissolution and 

reprecipitation as amorphous biogenic silica during diagenesis. The silica that does not originate 

from radiolarians and does not appear to contain dissolution features is therefore interpreted as 

detrital. 

5.2.1    Lower Shale Samples 

The Gunnison State lower shale thin section samples consist of GSLSHISI and GSLSLOSI, 

the high-silica and low-silica samples respectively. GSLSHISI contained Tasmanites that were 

elongated parallel to bedding and seemingly ubiquitous throughout the sample. Microfossils occur 

within and around grains of silica and form agglomerated structures (Fig. 5.11A). These are 

interpreted to be recrystallized radiolarians. When viewed with the more powerful lenses, pyrite 

can be observed replacing parts of these grains (Fig. 5.11B). The low-silica sample, GSLSLOSI, 

appeared to contain a comparable amount of Tasmanites to the high-silica sample. The Tasmanites 

in this sample were also elongated parallel to bedding, but the silica grains appeared to be different 

than those in the high-silica sample. The grains of silica in GSLSLOSI are less abundant than in 

the high-silica sample. Perhaps most importantly, most of the grains do not appear to contain any 
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replacement minerals such as pyrite. Due to this distinction, most of the silica in GSLSLOSI is 

interpreted to be detrital. This silica can be observed at smaller scales, at which most of the grains 

do not contain replacement features and are sometimes enveloped within Tasmanites (Fig. 5.11C).  

 The Clarion Mertes thin section samples consist of CMLSHISI and CMLSLOSI from the 

high- and low-silica intervals of the core respectively. The most notable feature of both intervals 

were the high-angle ptygmatic fractures that occurred in each of them, which are probably a result 

of extension. In the CMLSHISI thin section, these fractures are parallel to each other, 

perpendicular to bedding, are filled with calcite, and occur in perhaps the most radiolarian-rich 

interval of any of the four core samples used in this project (Fig. 5.12A). Both the calcite and the 

radiolarians contain pyrite that has replaced the original minerals. This indicates that the ptygmatic 

fractures formed during early diagenesis and were subsequently filled with calcite, which was 

dissolved and replaced with pyrite during diagenesis similar to the biogenic silica. The 

replacement textures can be observed more clearly at smaller scales and appear to be more 

concentrated near the centers of the grains (Fig. 5.12B). In the CMLSLOSI thin section, the 

ptygmatic fractures are filled with quartz instead of calcite. Quartz also occurs in the matrix 

throughout the sample up to a grain size of about 10-20 microns, displays its characteristic 

undulose extinction, and occurs with Tasmanites up to 200 microns long (Fig. 5.12C). The quartz 

that is found within the fractures is up to 100 microns wide, very poorly sorted, and angular to 

subangular with minor amounts of sporadically occurring accessory minerals (Fig 5.12D). 

 The Harvey Grey thin section samples consist of HGLSHISI and HSLSLOSI from the 

high- and low-silica intervals of the core respectively. In HGLSHISI, a large pyrite crystal has 

grown in the middle of a radiolarian-rich lamination (Fig 5.13A). Many of the radiolarians in this 

sample contain pyrite that appears to originate in the centers of the grains and radiate outward (Fig. 

5.13B). In HGLSLOSI, elongated Tasmanites can be found amongst mostly detrital quartz like the 
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other low-silica samples described thus far (Fig 5.13C). Partially dissolved or replaced minerals of 

a much higher birefringence than quartz can occasionally be found within the clay matrix (Fig. 

5.13D). 

  

 

 
Figure 5.11: Gunnison State lower shale thin section photomicrographs. The top two images are 

from the high-silica intervals while the bottom two images are from the low-silica intervals. (A) 

XPL image of GSLSHISI. Tasmanites elongated parallel to bedding, with agglomerated silica in 

the lower left; (B) XPL image of GSLSHISI. Agglomerated silica that has been partially replaced 

with pyrite, which appears black in both PPL and XPL; (C) XPL image of GSLSLOSI. Tasmanites 

elongated parallel to bedding with quartz grains. Grain in center displays more noticeable 

extinction than other grains in the field of view; (D) PPL image of GSLSLOSI. Silica and 

Tasmanites in contact with each other. Most of the silica in the GSLSLOSI samples does not 

appear to have been replaced with other minerals or organic matter as seen in the silica in 

GSLSHISI samples.  

Tasmanites Silica 

Pyrite replacing silica 
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Figure 5.12: Clarion Mertes thin section photomicrographs. The top two images are from the high-

silica intervals while the bottom two images are from the low-silica intervals. (A) XPL image of 

CMLSHISI. One of the ptygmatic fractures oriented roughly perpendicular to bedding and filled 

with calcite that are abundant in this interval of the Clarion Mertes. The fracture is surrounded by 

recrystallized radiolarians. Both the calcite and the radiolarians have been partially replaced by 

pyrite; (B) XPL image of CMLSHISI. Radiolarians that have been partially replaced with pyrite, 

preferentially in the center of the tests; (C) XPL image of CMLSLOSI. Quartz that displays 

characteristic undulose extinction and Tasmanites; (D) XPL image of CMLSLOSI. A ptygmatic 

fracture that is mostly filled with poorly sorted, subangular quartz. The fracture also contains a 

minor amount of minerals with much higher birefringence. 
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Figure 5.13: Harvey Grey thin section photomicrograph samples. The top two images are from the 

high-silica intervals while the bottom two images are from the low-silica intervals. (A) PPL image 

of HGLSHISI. Radiolarians next to a large pyrite crystal on the right side of the image; (B) XPL 

image of HGLSHISI. Radiolarians that have been partially replaced with pyrite; (C) PPL image of 

HGLSLOSI. Tasmanites and grains of silica that show no replacement textures; (D) XPL image of 

CMLSLOSI. Quartz, Tasmanites, and a partially replaced mineral in the center of the field of view 

that may be calcite. 

 

 

5.2.2    Upper Shale Samples 

 The Gunnison State upper shale thin section samples consist of GSUSHISI and GSUSLOSI 

from the high- and low-silica intervals respectively. The abrupt change in the number of 

radiolarians deposited in the shale can be observed in all the high-silica samples, including 

GSUSHISI (Fig. 5.14A). The radiolarian-rich laminations are about 5mm thick and usually occur 

more than once within the span of several inches in the silica-rich samples. The radiolarians in this 
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sample also contain replacement minerals, mostly in the form of pyrite (Fig. 5.14B). GSUSLOSI 

appears to contain detrital quartz as it was defined in the lower shale samples: silica grains with 

undulose extinction and no replacement minerals. These grains are surrounded by organic matter 

(Fig. 5.14C). The organic matter in the upper shale samples appears to be entirely amorphous. 

However, a structure resembling a microfossil was discovered within the matrix near a large 

accumulation of organic matter (Fig. 5.14D). 

The Koch thin section samples consist of KOUSHISI and KOUSLOSI from the high- and 

low-silica intervals respectively. The contrast between the radiolarian-rich layers and the clay 

matrix that contains no radiolarians can be seen in the high-silica Koch sample (Fig. 5.15A). As in 

every other high-silica sample, radiolarians contain pyrite that preferentially replaces the centers of 

the tests (Fig. 5.15B). In KOUSLOSI, laminated organic matter is abundant and is similar to the 

type seen in the Gunnison State upper shale sample (Fig. 5.15C). This organic matter occurs 

throughout the matrix of both high- and low-silica samples, but it appears in photomicrographs 

more readily in the low-silica samples due to the absence of bright isotopic grains. Throughout 

KOUSLOSI, detrital grains occur throughout the matrix and even appear to have contributed to 

microscopic soft sediment deformation.  
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Figure 5.14: Gunnison State upper shale thin section photomicrographs. The top two images are 

from the high-silica intervals while the bottom two images are from the low-silica intervals. (A) 

PPL image of GSUSHISI. An example of the abrupt change in the number of radiolarians present 

in the shale at millimeter-scale bedding intervals. This pattern exists in the other core samples as 

well; (B) XPL image of GSUSHISI. A view of the radiolarians, which display the same 

replacement textures seen in other highly siliceous samples; (C) XPL image of GSUSLOSI. Matrix 

of the low-silica sample, which contains laminated organic matter and silica interpreted as detrital. 

(D) PPL image of GSUSLOSI. A view of the organic matter in the upper shale, which does not 

appear to consist of Tasmanites. What appears to be a microfossil is in the lower left. 
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Figure 5.15: Koch thin section photomicrographs. The top two images are from the high-silica 

intervals while the bottom two images are from the low-silica intervals. (A) PPL image of 

KOUSHISI. Contrast between the radiolarian-rich layer and the adjacent areas containing much 

less biogenic silica; (B) XPL image of KOUSHISI. Many radiolarians have been replaced by 

pyrite, especially in the center of the tests; (C) XPL image of KOUSLOSI. Silica intermixed in the 

matrix with organic matter elongated parallel to bedding. Organic matter appears in both the high- 

and low-silica samples, but the absence of large bright grains of silica results in easier observation 

of it in low-silica samples; (D) Organic matter and a detrital grain that appears to have contributed 

to soft sediment deformation.
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CHAPTER 6 

X-RAY DIFFRACTION AND PORE VOLUMETRICS 

6.1    Results from XRD Analysis 

To characterize the mineralogy and crystallinity of the quartz throughout the core 

samples used in this project, X-Ray Diffraction (XRD) analysis was used on samples taken from 

the same ten spots in the cores used for microscopy. The data is intended to assist in 

characterizing the mineralogy of the shales, to compare the XRD results to XRF mineral model 

results, and to compare the proportion of microcrystalline quartz to detrital quartz across the ten 

different samples.  

6.1.1    XRD Mineralogy Results 

The tectosilicate, carbonate, and phyllosilicate proportions from the XRD data display 

patterns that are consistent across nearly all the high and low-silica samples. Quartz content is of 

course greater for the high-silica samples, but the opposite pattern is evident with potassium and 

plagioclase feldspar content (Table 6.1). Aside from the plagioclase feldspar measurements in 

the Harvey Grey and Koch samples, every high-silica sample contains a lower proportion of 

potassium feldspar and plagioclase feldspar than the corresponding low-silica samples.  

 Carbonate content is much more sporadic across the different samples, and siderite was 

recorded as nonexistent in every sample. Calcite content was the highest by far in CMLSHISI at 

25.2%, with calcite content in every other sample being recorded as nearly zero or nonexistent. 

Dolomite content displays no discernable pattern, as some high-silica samples contain more 

dolomite than their counterparts while others do not. The phyllosilicate content displays the same 

pattern as the potassium feldspar content: a higher concentration of quartz  

correlates to a lower concentration of phyllosilicates in every sample. The anomalously high 
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calcite content in the CMLSHISI sample seems to come at the expense of phyllosilicate content, 

which was the lowest in that sample at 13.8% out of all other samples. A 10% to 40% difference 

in phyllosilicate content exists between each corresponding high and low-silica sample. 

 

 

Table 6.1: Tectosilicate, carbonate, and phyllosilicate XRD results expressed in percentages. 

Some additional minerals are excluded from this table and displayed in another table. 

 

  

 

 

 

Sample Sample  Sample  TECTOSILICATES CARBONATES PHYLLOSILICATES 

Name Core Depth (ft) Quartz 
K-

spar 
Plag. Calcite Dolomite Siderite Total Clay 

CMLSHISI 

Clarion 

Mertes 7221.75 49.1 4.1 1.0 25.2 1.6 0.0 13.8 

CMLSLOSI 

Clarion 

Mertes 7210.33 32.6 7.9 3.9 Tr Tr 0.0 54.2 

HGLSHISI 

Harvey 

Grey 9052.50 46.9 5.2 2.1 Tr 4.6 0.0 29.6 

HGLSLOSI 

Harvey 

Grey 9056.83 22.6 7.6 2.1 Tr 2.2 0.0 49.2 

GSLSHISI 

Gunnison 

State 8212.83 60.7 4.5 2.0 3.6 2.5 0.0 20.5 

GSLSLOSI 

Gunnison 

State 8210.33 24.5 5.6 3.2 0.0 1.8 0.0 57.0 

GSUSHISI 

Gunnison 

State 8144.33 62.7 4.2 1.8 Tr 1.1 0.0 21.4 

GSUSLOSI 

Gunnison 

State 8145.00 44.2 5.6 2.2 Tr 3.2 0.0 30.4 

KOUSHISI Koch 7036.58 41.7 5.4 2.2 0.6 2.3 0.0 28.8 

KOUSLOSI Koch 7030.75 21.7 6.4 2.0 Tr 3.4 0.0 54.7 
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The XRD analysis also provided results for additional minerals that are not included in 

the tectosilicate, carbonate, or phyllosilicate categories (Table 6.2). Pyrite is the most notable and 

abundant of these minerals, which was expected since it can often be seen in the form of 

framboids and replacement textures in FESEM and thin section photomicrographs. Pyrite 

averages 6.3% in the lower shale and 9% in the upper shale and is particularly abundant in 

HGLSLOSI and KOUSHISI at 13.4% and 11.3% respectively. Marcasite, which is a polymorph 

of pyrite, is present in every sample except CMLSHISI, with an average of 1.8% in the lower 

shale and 3.4% in the upper shale. Interestingly, sphalerite is only present in KOUSHISI. Apatite 

was measured as either existing in trace amounts or not at all, and no barite was detected by the 

analysis.  

 The sum of all elements measured in XRD analysis includes all tectosilicates, carbonates, 

phyllosilicates, and additional minerals detected in each sample, and the values from each of 

these four categories adds up to 100 (Table 6.3). Carbonates and additional minerals generally 

contribute a relatively small proportion to the total, compared to tectosilicates and 

phyllosilicates. However, the Harvey Grey, Koch, and upper shale Gunnison State samples 

contain a relatively high proportion of additional minerals, which consist almost entirely of 

pyrite and marcasite. Carbonate content is anomalously high in CMLSHISI, where calcite can be 

seen within ptygmatic fractures. An inverse correlation exists between tectosilicate and 

phyllosilicate proportions, with the low-silica samples containing a higher proportion of 

phyllosilicates and a lower proportion of tectosilicates compared to the high-silica samples 

(Figure 6.1). The two high-silica samples from the Gunnison State core, GSUSHISI and 

GSLSHISI, contain the highest proportions of tectosilicates (Figure 6.1). 
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Table 6.2: Additional mineral XRD results expressed in percentages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.3: Sum of mineral proportions from XRD results expressed in percentages. 

 

Sample Sample  Sample  ADDITIONAL MINERALS 

Name Core 
Depth 

(ft) 
Pyrite Marcasite Sphalerite Apatite Barite 

CMLSHISI Clarion Mertes 7221.75 3.9 1.3 0.0 Tr 0.0 

CMLSLOSI Clarion Mertes 7210.33 1.4 0.0 0.0 Tr 0.0 

HGLSHISI Harvey Grey 9052.50 9.7 1.9 0.0 Tr 0.0 

HGLSLOSI Harvey Grey 9056.83 13.4 2.9 0.0 Tr 0.0 

GSLSHISI Gunnison State 8212.83 4.3 1.9 0.0 0.0 0.0 

GSLSLOSI Gunnison State 8210.33 5.3 2.6 0.0 Tr 0.0 

GSUSHISI Gunnison State 8144.33 7.0 1.8 0.0 Tr 0.0 

GSUSLOSI Gunnison State 8145.00 9.7 4.7 0.0 Tr 0.0 

KOUSHISI Koch 7036.58 11.3 3.5 4.2 Tr 0.0 

KOUSLOSI Koch 7030.75 8.1 3.7 0.0 Tr 0.0 

Sample Sample  Sample  TOTAL 

Name Core 
Depth 

(ft) 
TECTOSILICATES CARBONATES PHYLLOSILICATES ADDITIONAL 

CMLSHISI Clarion Mertes 7221.75 54.2 26.8 13.8 5.2 

CMLSLOSI Clarion Mertes 7210.33 44.4 Tr 54.2 1.4 

HGLSHISI Harvey Grey 9052.50 54.2 4.6 29.6 11.6 

HGLSLOSI Harvey Grey 9056.83 32.3 2.2 49.2 16.3 

GSLSHISI Gunnison State 8212.83 67.2 6.1 20.5 6.2 

GSLSLOSI Gunnison State 8210.33 33.3 1.8 57.0 7.9 

GSUSHISI Gunnison State 8144.33 68.7 1.1 21.4 8.8 

GSUSLOSI Gunnison State 8145.00 52.0 3.2 30.4 14.4 

KOUSHISI Koch 7036.58 49.3 2.9 28.8 19.0 

KOUSLOSI Koch 7030.75 30.1 3.4 54.7 11.8 
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Figure 6.1: Mineralogical proportions from Table 6.3 displayed as a bar chart. 

 

 

6.1.2    Comparing XRD Mineralogical Measurements with Mineral Model Calculations 

XRD analysis was employed not only for characterizing the mineralogy of the specific 

core intervals of interest in this project, but also for comparing the results to the XRF mineral 

model calculations described in Chapter 4. The Nance and Rowe mineral model was used 

because it is ideal for quickly generating a simple quartz-calcite-illite framework that can be 

applied to any XRF measurements throughout a core sample for no costs. However, XRD 

analysis not only produces more comprehensive mineralogical results, but those results will 

typically be more accurate than the ones produced by a mineral model. This is due to the nature 

of recording and characterizing the diffraction peaks produced by the observation of a bulk 

sample, versus using a model that incorporates the concentration of only three elements from a 

specific spot on the surface of a sample. For this reason, the accuracy of the XRD results is 

viewed with a greater degree of confidence compared to the accuracy of the mineral model 

results. Admittedly, mineral data from XRD peaks is created from an algorithm too, and should 

not be taken to be totally accurate for every given sample. For the purpose of comparison, 
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however, we assume a superior accuracy for the XRD data, which was generated from bulk 

samples containing the same spots where XRF measurements were taken. XRF mineral model 

calculations will therefore be compared to XRD data as a gauge of the accuracy of the mineral 

model. 

Incongruencies between the organization of the XRD data and the mineral model 

calculations should first be addressed. The first of these is the fact that the XRD data includes not 

only quartz measurements, but potassium and plagioclase feldspar measurements, as well. 

Because the mineral model only accounts for quartz and no other tectosilicate, only quartz 

proportions from the XRD data will be used for comparison after they are normalized with 

calcite and phyllosilicate proportions. The second incongruency is that the mineral model only 

accounts for illite, while the XRD data includes a range of phyllosilicates. Total illite proportions 

in the mineral model calculations, therefore, must inherently fall between zero and the total 

phyllosilicate proportions recorded in the XRD data. Thirdly, the mineral model does not 

account for the additional minerals that the XRD data includes, so the additional mineral 

proportions have been removed from the XRD data to compare normalized quartz, calcite, and 

phyllosilicate proportions with the normalized quartz, calcite, and illite proportions of the 

mineral model.  

 The normalized XRD values were plotted next to the mineral model values for 

comparison (Table 6.4). When quartz values are compared, the mineral model calculations tend 

to underestimate quartz content and overestimate illite content. For example, quartz content in 

the mineral model calculations is underestimated by over 20% in CMLSLOSI, HGLSLOSI, and 

GSLSLOSI, while it is overestimated by almost the same amount in KOUSHISI. Illite content in 

most of the mineral model calculations is greater than total clay content in all XRD 
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measurements except KOUSHISI, which is contradictory since illite content is included in the 

total clay XRD measurements as previously mentioned. In CMLSLOSI, mineral model illite 

content is over 30% higher than total clay XRD measurements, while other calculations 

overestimate the maximum possible illite content by approximately 3-20%. The calculated illite 

content of KOUSHISI is about half of the XRD measurement of total clay, which could indicate 

clay speciation. However, the sporadic and contradictory nature of the other calculations lends 

little confidence to this interpretation. The quartz and clay or illite inequalities between the XRD 

and mineral model data of each sample are the same except for GSUSLOSI. This means that 

quartz content is either greater than or less than clay or illite content in both the XRD and 

mineral model data for nine out of ten samples. Calculations of calcite proportions are sporadic 

and do not appear to correspond to calcite XRD measurements to a significant degree.  

Given the comparisons of the mineral model calculations to the XRD measurements, the 

mineral model generates mineralogical proportions that usually predict the correct inequalities 

amongst quartz, calcite, and illite. This means that if quartz content is higher than total clay 

content, which is higher than calcite content in the XRD data, then this is the same for the 

corresponding measurements in the mineral model. However, the proportions of quartz, calcite, 

and total clay in the XRD measurements only come within 10% of the corresponding mineral 

model proportions of quartz, calcite, and illite in four out of ten samples: HGLSHISI, 

GSLSHISI, GSUSHISI, and KOUSLOSI. This would indicate that while the mineral model 

calculations can be used as a cost-free and expedient way to create a generalized mineral-

abundance framework from XRF measurements, the exact mineralogical proportions of each 

calculation should not be expected to be the same as results from XRD measurements of the 

same sampling locations. 
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Table 6.4: Comparison of normalized XRD measurements with normalized mineral model 

calculations 

 

6.1.3    Quartz Crystallinity Index 

 Calculating the crystallinity of quartz in each sample provides a method of estimating the 

extent of biogenic silica versus detrital silica throughout the different samples. Quartz 

crystallinity index (QCI) calculations are a semiquantitative method developed in the 1970s that 

determine the degree of crystallinity of quartz through the characterization of XRD peaks. More 

specifically, the intensity of a peak at 2θ of 67.74°, adjacent to a set of peaks associated with 

quartz known as the 68° quintuplet, is measured to obtain the QCI of a given sample (Murata and 

Norman, 1976). QCI is calculated from 0 to 10; a lower peak at 2θ of 67.74° will result in a QCI 

closer to 0, which corresponds to a greater amount of amorphous silica and chert in the sample. 

A higher peak will instead result in a QCI closer to 10, which corresponds to highly crystalline 

quartz. QCI was calculated for each of the ten samples on which XRD analysis was performed to 

determine any notable differences in crystallinity between the high and low-silica samples. 

Sample Sample  Sample  
Normalized XRD 

Measurements 

Mineral Model 

Calculations 

Name Core 
Depth 

(ft) 
Quartz Calcite Total Clay Quartz Calcite Illite 

CMLSHISI Clarion Mertes 7221.75 55.7 28.6 15.7 75.8 8.0 16.2 

CMLSLOSI Clarion Mertes 7210.33 37.5 0.1 62.4 3.4 0.1 96.5 

HGLSHISI Harvey Grey 9052.50 61.2 0.1 38.6 51.0 1.0 48.0 

HGLSLOSI Harvey Grey 9056.83 31.4 0.1 68.4 8.7 0.7 90.5 

GSLSHISI Gunnison State 8212.83 71.6 4.2 24.2 66.7 5.8 27.5 

GSLSLOSI Gunnison State 8210.33 30.1 0.0 69.9 7.9 0.4 91.7 

GSUSHISI Gunnison State 8144.33 74.5 0.1 25.4 69.2 1.4 29.5 

GSUSLOSI Gunnison State 8145.00 59.2 0.1 40.7 46.7 1.5 51.8 

KOUSHISI Koch 7036.58 58.6 0.8 40.5 75.4 1.6 23.0 

KOUSLOSI Koch 7030.75 28.4 0.1 71.5 24.1 2.4 73.5 
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 When observing the results of the QCI calculations, a pattern that separates the high- and 

low-silica samples is immediately apparent. The samples that are high in silica and contain 

abundant recrystallized radiolarians were all calculated to have a lower QCI than their low-silica 

counterparts (Table 6.5). The high-silica samples range from a QCI of 2.8 to 5.4, with an average 

of 3.5. The low-silica samples range from a QCI of 4.8 to 7.9, with an average of 6.2. This 

indicates that the high-silica samples tend to contain more amorphous silica phases and chert, 

while the low-silica samples tend to contain more crystalline quartz. Chert is typically of 

biogenic origin in Phanerozoic sediments (Hesse, 1988), so this would serve as evidence that the 

intervals of the core samples that contain the highest concentration of silica also contain 

biogenically-derived chert that exists primarily in the form of recrystallized radiolarians. 

Conversely, this would imply that the samples that are less abundant in radiolarians generally 

contain a higher proportion of detrital silica.  

 

 

Table 6.5: Quartz crystallinity index (QCI) results from XRD peak measurements 

Sample Sample  Sample  
XRF Silicon 

wt% 

XRD Quartz 

wt% 
Crystallinity Index 

Name Core 
Depth 

(ft) 

CMLSHISI Clarion Mertes 7221.75 46.0 49.1 5.4 

CMLSLOSI Clarion Mertes 7210.33 14.5 32.6 7.3 

HGLSHISI Harvey Grey 9052.50 22.6 46.9 2.8 

HGLSLOSI Harvey Grey 9056.83 12.5 22.6 7.9 

GSLSHISI Gunnison State 8212.83 36.6 60.7 2.9 

GSLSLOSI Gunnison State 8210.33 11.1 24.5 5.0 

GSUSHISI Gunnison State 8144.33 33.8 62.7 2.9 

GSUSLOSI Gunnison State 8145.00 24.4 44.2 4.8 

KOUSHISI Koch 7036.58 42.4 41.7 3.4 

KOUSLOSI Koch 7030.75 20.9 21.7 5.8 
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6.2    Nitrogen Physisorption Analysis 

 Pore volume and surface area was calculated from nitrogen physisorption analysis. 

Although the sample size used in this project is small, this analysis can provide the dependent 

variables of pore volume and surface area to compare with the independent variable of silicon 

concentration. 

Nitrogen physisorption analysis is one of the most important aspects of this project since 

it offers the opportunity to compare pore sizes and surface areas with silicon concentration and 

its associated characteristics. Pore size and surface area is quantified by using nitrogen gas on 

samples that have been crushed and weighed to a certain mass according to the estimated surface 

area of the sample. For the four Gunnison State samples used in this analysis, a surface area 

below 5m2/g was used according to gas adsorption results from recent literature (Liu et al., 

2019). The crushed and weighed samples are placed in tubes which are secured to the 

instrument. The instrument pumps nitrogen gas into the tube at increasing and then decreasing 

pressures and measures the amount of nitrogen that has been adsorbed and desorbed at sequential 

pressures. This allows for the calculation of pore volume and surface area at the highest 

pressures, as well as the calculation of pore radii from the difference between the adsorption and 

desorption rate.  

 The results of the physisorption analysis of the four samples are tabulated (Table 6.6). 

The data reveal that the surface area and pore volume of all the samples are both very small and 

similar in magnitude, as was predicted for these low porosity and permeability shales. However, 

a noticeable difference exists between the high- and low-silica samples calculated from both 

adsorption and desorption rates. Both high-silica samples, GSUSHISI and GSLSHISI, contain a 

slightly higher surface area and pore volume than their corresponding low-silica samples, 
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GSUSLOSI and GSLSLOSI. This is true for both adsorption and desorption calculations. Pore 

radius data displays a similar pattern, with the notable exception of the adsorption measurements 

between the upper shale samples. The low-silica upper shale sample, GSUSLOSI, contains a 

higher pore radius value than the corresponding high-silica sample GSUSHISI. This may 

indicate the presence of mesopores in the former.  

 

 

Table 6.6: Pore surface area, volume, and radius data obtained from NO2 physisorption analysis 

 

 

 

 

 

 

Process Measurement GSUSHISI GSUSLOSI GSLSHISI GSLSLOSI 

Adsorption 

Pore Surface Area  0.79202 
m²/g 

0.56455 
m²/g 

1.437 m²/g 
1.0434 
m²/g 

Pore Volume  0.0013921 
cc/g 

0.0010698 
cc/g 

0.0080652 
cc/g 

0.00288 
cc/g 

Pore Radius 17.107 Å 24.560 Å 19.165 Å 17.101 Å 

Desorption 

Pore Surface Area  0.67321 
m²/g 

0.46953 
m²/g 

3.3606 
m²/g 

1.2238 
m²/g 

Pore Volume  0.0011354 
cc/g 

0.00090207 
cc/g 

0.0084478 
cc/g 

0.0026828 
cc/g 

Pore Radius  17.018 Å 16.997 Å 19.157 Å 19.101 Å 
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CHAPTER 7 

DISCUSSION OF RESULTS 

This chapter discusses the results of the analysis conducted in this project and the 

associated interpretations and implications. These interpretations are drawn from the results of 

XRF, FESEM, thin section, XRD, and gas adsorption analysis. Comparison with results from 

other studies is also included when relevant, particularly with Xu (2019) due to the similarities of 

analytical methods and objectives. 

7.1    Interpretations from XRF Analysis 

The use of XRF data to create a mineral model-based core description, plus the 

visualization and analysis of this data, allows for the identification of patterns of elemental 

distribution amongst the four different cores and two different shale members. The visualization 

of silicon, aluminum, and calcium concentration plus calculated quartz, illite, and calcite 

proportions in the core descriptions was useful for selecting sampling locations for more detailed 

analysis of the most and least siliceous intervals in each interval of the lower and upper shales. 

As discussed in Chapter 6, mineral models that incorporate specific XRF data from discrete spots 

should generally not be expected to calculate mineralogical proportions that are as accurate as 

the data from bulk XRD analysis. However, the mineral model used in this project usually 

calculates the same inequalities amongst quartz, calcite, and illite when compared to the quartz, 

calcite, and total clay proportions of the XRD measurements.  

The visualization and analysis of the XRF data exposed patterns that are inherent in the 

distribution of silicon and detrital indicators across all measured sections of core. One of these 

patterns is a greater average concentration of silicon in the upper shale than in the lower shale; 

this pattern is also the same for aluminum. Another is that detrital indicators such as aluminum 
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seem to correlate slightly better for measurements with lower concentrations of silicon, which 

could indicate more detrital input in these low-silicon intervals and vice versa.  

In a recent study concerning the lower Bakken shale, silicon and aluminum 

concentrations from XRF data were compared in the Hagen Federal (HF), Deadwood Canyon 

Ranch (DCR), and Baja (BJ) cores (Xu, 2019). The BJ core from Divide County, ND, is 

approximately 30 miles west of the location of the Gunnison State and Clarion Mertes cores in 

Burke County, and approximately 60 miles northeast of the location of the Harvey Grey core in 

Roosevelt County, MT. Both the HF, and DCR cores are from the depocenter of the lower shale, 

while the BJ core, same as all the cores used in this project, is from outside the depocenter. The 

HF and DCR are from McKenzie County and Mountrail County, respectively, and are 

approximately 90 miles east-southeast of the origin of the Harvey Grey core, and 35 miles south 

of the origins of the Burke County cores. Results from the more depositionally proximal cores 

used in this project are therefore compared to results from two depositionally distal cores used in 

Xu (2019). 

Xu (2019) demonstrates that the DCR and HF cores display a moderate inverse 

correlation between silicon and aluminum content, which would indicate a predominantly 

biogenic origin of silica in these cores. These results differ from the results of this project, which 

demonstrate a moderate positive correlation in all three of the lower shale intervals. This would 

indicate that the lower shale intervals analyzed in this project were at least moderately influenced 

by detrital silica deposition, while biogenic silica deposition was more predominant in the HF 

and DCR core samples from the lower shale depocenter analyzed in Xu (2019). The BJ core at 

least, displays a moderately positive correlation and is roughly the same distance from the 

depocenter as the Gunnison State and Clarion Mertes cores. This difference between core 
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samples from the depocenter and from the limits of the Williston Basin indicates that the 

predominance of either biogenic or detrital silica deposition was highly dependent upon whether 

the deposition occurred inside or outside of the depocenter. Future research of these trends could 

incorporate silicon and detrital indicator correlations from cores at a greater resolution across the 

basin to determine the extent of the locational control on the predominance of biogenic or detrital 

silica in the lower shale. 

Finally, per the T-test used in this project, silicon and detrital indicator concentration data 

populations were found to be different to a greater degree in the lower shales than in the upper 

shales. This would conflict with the interpretation drawn from the silicon and detrital indicator 

pairplots that the silicon concentration in the lower shale correlates better with detrital indicators. 

However, the results of the T-test are very sensitive to the difference in the number of 

measurements in each data population, in this case the difference between the number of lower 

and upper shale measurements. Therefore, future research on this subject may benefit from 

intervals of the lower and upper shales that are available for analysis in equal proportion.   

7.2    Interpretations from FESEM and Thin Section Microscopy  

 When conducting FESEM and optical microscope analysis of the samples used in this 

project, several patterns were immediately noticeable. The first of these patterns was the 

prevalence of recrystallized radiolarians in the high-silica samples, notably CMLSHISI, 

GSUSHISI, and KOUSHISI. Other high- and low-silica samples sometimes contained 

radiolarian tests, but they occur in small quantities and are difficult to find. This observation 

relates to the observations in Chapter 4 that the silicon and detrital indicator correlations in the 

most silica-rich intervals of both the upper and lower shales are weaker and less positive than the 

other intervals. It also relates to the results of the QCI calculations presented in Chapter 6, which 
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indicate that the intervals with the highest silica concentration contain a higher proportion of 

amorphous silica and chert than the intervals in the same core with the lowest concentration of 

silicon. In all high-silica thin section samples, many recrystallized radiolarians contain gaps, 

which may be related to selective dissolution of the tests, where more surface area would have 

been exposed during diagenesis. All these observations serve as evidence that the most silica-rich 

intervals of both the upper and lower shales contain microcrystalline quartz that originated from 

biogenic silica that was dissolved and reprecipitated during diagenesis. 

 The second pattern is the difference in the organic matter; Tasmanites are abundant in 

the lower shale, while none were observed in the upper shale. The nature of this project allows 

for the observation of samples from both the lower and upper shales, which are known to have 

different kerogen types that indicate distinct algal deposition and preservation systems (Liu et. 

al., 2020). Tasmanites are abundant in the lower shale and were seen in every sample of the 

lower shale with the use of both FESEM and thin section analysis. Amorphous organic matter 

was also common in the lower shale. However, the upper shale samples observed in the project 

notably lack any Tasmanites or other recognizable algae microfossils. In these samples, organic 

matter appears to occur as completely amorphous and laminated. 

7.3    Interpretations from XRD and QCI Analysis 

XRD data provides important information about not only the mineralogic characteristics 

of the core intervals studied in this project, but about the efficacy of the XRF mineral model that 

was used to select those intervals for further analysis. Also of importance were the QCI 

calculations that estimated the crystallinity of these intervals in an attempt to link the biogenic 

silica signatures discussed in Chapter 3 to the crystallinity of quartz in the shales with the highest 

and lowest concentrations of silica. 
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The differences in the mineralogy between the samples manifest in two different patterns. 

One of these patterns is that almost every high-silica sample contains a greater weight percent of 

tectosilicates than its corresponding low-silica sample. In the high-silica samples, the weight 

percent of quartz is also, of course, higher in the high-silica samples than the corresponding low-

silica samples. However, the other important pattern occurs amongst the other tectosilicate 

minerals between these samples. Most of the low-silica samples contain a greater proportion of 

both potassium and plagioclase feldspar than their corresponding high-silica samples. This may 

be due to a difference in detrital influence between these samples, where the low-silica samples 

contain more detrital input which would typically consist of these tectosilicates in deep water 

shales. 

When compared to the Nance and Rowe (2015) XRF mineral model calculations, XRD 

measurements are taken to be more accurate for reasons described in Chapter 6. The results of 

comparing ten mineral model calculations with their respective XRD measurements from the 

same core intervals indicates that the mineral model calculations usually do not precisely match 

the mineral proportions from XRD data. However, the mineral model calculations usually 

calculated the same inequalities between quartz, calcite, and clay as the XRD data. Due to these 

observations, the XRF mineral model is interpreted to be effective at quickly and inexpensively 

calculating the mineral proportions of large intervals of shale from XRF data, but the data should 

generally not be expected to be as accurate as XRD measurements. 

The QCI results are extremely important due to their ability to calculate the crystallinity 

of the quartz in a sample. Since the microcrystalline quartz in these shale samples is derived 

from biogenic silica in radiolarian tests, the crystallinity of silica in these samples and perhaps 

throughout the upper and lower Bakken shales can be used as a proxy for rough proportions of 
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biogenic or detrital silica. This interpretation is supported by the evidence presented with the 

XRF data pairplots in Chapter 4 for the existence of more or less biogenic silica in each shale 

interval depending on the concentration of silicon. As was predicted, every quartz crystallinity 

index calculation in high-silica samples was closer to zero than the corresponding low-silica 

sample. This indicates that intervals of the core samples that contain higher proportions of silica 

contain primarily amorphous silica or chert, and the samples that are low in silica contain 

primarily crystalline quartz. In fact, some of the QCI calculations from the high-silica samples 

are so low that they indicate a significant presence of amorphous silica, which was not 

recognized in the FESEM analysis, but may be observable with transmission electron 

microscopy (TEM) instead. These results provide evidence for the presence of amorphous silica 

that occurs with the recrystallized radiolarians in the most siliceous intervals of the upper and 

lower Bakken shales. This amorphous silica may have been left over from the originally 

deposited biogenic silica in the radiolarians, before the diagenetic dissolution, reprecipitation, 

and replacement by microcrystalline quartz and pyrite occurred. 

7.4    Interpretations from NO2 Physisorption Analysis 

 The NO2 physisorption results are an important aspect of this project since they compare 

pore volume and surface area, which are metrics that are potentially useful for understanding the 

reservoir conditions of the shales, with silicon concentration in different core intervals. The 

results of the analysis indicate that a slight increase in pore volume and surface area occurs 

between the core intervals that are lowest and highest in silica concentration. These results 

conflict with the data reported in Xu (2019), who studied samples from not only proximal but 

also distal depositional settings in the basin, which indicated a weak and generally negative trend 

between quartz content and both pore volume and surface area. However, the sample size was 
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only four in this project, while data was reported for 13 samples in Xu (2019). The methods for 

sampling were also different in Xu (2019) compared to this project, as the former did not consist 

of samples specifically chosen from the intervals of the highest and lowest silica concentration. 

The sample of the late mature radiolarian-rich laminated (RLM) mudstone facies defined 

in Xu (2019) and used for NO2 physisorption is much lower in silica concentration than the 

high-silica samples used in this project: over 60 weight-percent quartz for GSUSHISI and 

GSLSHISI and under 30 weight percent quartz for the RLM facies sample. The high-silica 

samples used in this project are all rich in radiolarians, but generally do not contain calcite to the 

extent of the RLM samples. The RLM samples contain a higher surface area and pore volume 

than most other samples in Xu (2019), but these are also much higher than the results for samples 

used in this project. The surface area of the high silica samples in this project range from 

0.67321 to 3.3606 m2/g, while the RLM sample is about 12 m2/g. Similarly, the high-silica 

samples in this project range from 0.001 to 0.008 cc/g of pore volume, while the RLM is just 

under 0.02cc/g. 

 The results of this analysis indicate that pore volume and surface are higher in the core 

intervals that contain the highest amount of quartz and radiolarians when compared to the least 

silica rich intervals. However, a sample size of four is extremely small for the purpose of 

estimating trends and making predictions, so these results may not indicate an overall trend 

throughout the extent of the shales or even in the other core samples. Therefore, more NO2 

physisorption results from high- and low-silica intervals of the shales from the other cores and 

throughout the Williston Basin would assist in determining the nature and extent of this pattern. 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

 Collection and analysis of XRF data, FESEM and thin section photomicrographs, XRD 

data, and nitrogen physisorption results assisted in characterizing the diagenetic changes of the 

abundant biogenic silica in the upper and lower Bakken shales. The nitrogen physisorption 

results demonstrate a possible trend between the most- and least-siliceous intervals of the core 

samples, which could inform future unconventional exploration in the upper and lower shales. 

Important conclusions that are drawn from the analysis used in this project are as follows: 

• Collection and analysis of XRF data was crucial for understanding patterns of deposition 

in the specific areas of the Williston Basin that were represented in this project. Based on 

data from pairplots, most samples displayed a slight trend toward detrital silica when 

silicon was compared with detrital indicator elements such as aluminum and titanium. 

However, core intervals with the highest silicon concentrations tended to correlate more 

poorly and less positively with detrital indicators than intervals with lower silicon 

concentrations. This is evidence that the core intervals with the highest silicon 

concentrations contain less detrital and more biogenic silica than other core intervals.  

• Microscopy was an important aspect of this project, due to the focus on biogenic silica in 

thin section and FESEM analysis of the lower and upper shales, which had not yet been 

undertaken. Images produced from FESEM analysis display recrystallized radiolarian 

tests in detail, within high-silica samples and Tasmanites observed in all samples from 

the lower shales. The replacement of radiolarian tests with pyrite was observed in both 

FESEM and thin section analysis. Ptygmatic fractures filled with calcite had also been 

replaced with pyrite in one sample. Importantly, no examples of opal-CT or opal-A were 
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seen in FESEM analysis, only microcrystalline quartz. This microscopy analysis assisted 

in determining the nature of silica diagenesis in the shales and the extent of replacement 

by the microcrystalline quartz that was originally derived from biogenic silica in 

radiolarian tests. 

• XRD analysis was used to determine the mineralogy of ten bulk samples, while also 

providing a standard for comparison with the mineral model calculations. The mineral 

model generally predicts the accurate inequalities between quartz, calcite, and illite, but 

does not calculate accurate proportions when compared to the XRD measurements. The 

data revealed that feldspar is more abundant in the least-siliceous intervals of each core 

compared to the most-siliceous intervals, indicating more detrital input in the former. 

With the XRD data, QCI calculations were performed to determine the crystallinity of 

quartz in each sample. A distinct pattern was apparent from these calculations, which was 

a consistently lower QCI for samples that contained a higher proportion of silica 

compared to the other samples from the same upper or lower shale intervals. This 

indicates that the most-siliceous intervals of each core contain a higher proportion of 

amorphous silica compared to the least siliceous intervals. The QCI results from the high-

silica samples are exceptionally low, which indicates the presence of a significant amount 

of amorphous silica. Since no examples of opal-CT or opal-A were observed from 

FESEM analysis, this could mean that the amorphous phases are too small to be observed 

with microscopy that is above a nanometer-scale resolution, and transmission electron 

microscopy (TEM) may be needed instead.  

• The nitrogen physisorption results provided insight into the pore networks of the four 

samples from the lower and upper shales in the Gunnison State core. The two samples 
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that contain a higher proportion of biogenic silica also contain slightly more pore surface 

area and pore volume than their counterparts. This difference is subtle, but it is at least 

consistent across both pairs of samples. However, these results come from a limited 

sample size and should be considered preliminary until more samples can be analyzed 

with this method. Wide-ranging and important interpretations cannot be made from this 

data until a larger sample size can be achieved. If this trend is consistent in other upper 

and lower shale samples from across the Williston Basin, this would indicate that the 

dissolution and reprecipitation of biogenic silica during diagenesis preserves or creates at 

least a minor amount of pore space in the most siliceous intervals of the shales. 

8.1    Recommendations for Future Work 

1) Use XRF data to analyze lower and upper shale core samples across the Williston 

Basin to determine the resolution of location-dependent trends in detrital versus 

biogenic silica deposition, particularly between the shale margins and depocenters.  

2) Use XRF data containing silicon and detrital indicator concentrations from the lower 

and upper shales at equal proportions to perform T-test analysis. Performing this 

analysis on separate and equally proportioned populations of XRF data would provide 

more accurate results that could compare the degree of similarity between the silicon 

and detrital indicator concentrations between the upper and lower shales. 

3) Attempt to correlate shale intervals that contain abundant biogenic silica with core 

samples taken from across the Williston Basin, conducting robust sedimentologic 

work on the origins of the radiolarian rich layers in the process. 

4) Perform FESEM microscopy on the thin section samples created for this project to 

identify any other replacement minerals besides pyrite, as well as to compare 
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accessory minerals with those found in rough sample FESEM analysis. 

5) Perform TEM analysis on the high-silica rough samples used for FESEM analysis in 

this project to search for amorphous silica phases that are implicated by the low QCI 

values. 

6) Generate XRD data from silica-rich shale intervals in the basin depocenter and 

margins to calculate QCI and determine location-dependent trends in quartz 

crystallinity.  

7) Perform physisorption analysis on as many highly siliceous shale intervals as possible 

from the other core samples used in this project and throughout the Williston Basin. 

A greater sample size is needed to determine the existence of the preliminary pore 

volume and surface area trends observed in the data gathered in this project. 
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