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ABSTRACT 

 The Mowry Formation has long been considered an important source rock in the Rocky 

Mountain Region, and particularly in Wyoming’s Laramide Basins. However, it has barely been 

targeted as a self-sourcing reservoir since the development of modern drilling and completion 

technologies. Up until 2018, production results had been mixed, but recent interest has resulted 

in a 50% increase in the number of Mowry targeted wells. This study’s aim is to characterize the 

role diagenesis has played in the reservoir quality, and to evaluate the petroleum potential of the 

Mowry. 

 The Mowry is an organic-rich siliceous mudstone with numerous interbedded altered 

volcanic ash layers. On the eastern side of the Western Interior Basin, the Mowry was deposited 

as a distal marine accumulation and is predominantly characterized by the evidence of reworked 

storm and current deposition, hemipelagic settling, and high productivity. 

The Mowry has experienced extensive diagenesis, particularly early diagenesis, which 

has had a significant influence on the reservoir quality. Key diagenetic processes include 

biogenic silica dissolution and precipitation, mineralization, compaction, illitization of smectite, 

organic matter maturation, and secondary porosity development. The relatively early 

stabilization and lithification of the matrix resulting from the transition of opal-A to opal-CT to 

microcrystalline quartz is a key diagenetic process that contributed significantly to the 

preservation of pore space. These preserved pore spaces accommodated the pre-oil bitumen, 

which likely formed a connected bitumen network. With increasing depth, mineral matrix 

porosity declined as a result of mechanical and chemical compaction while organic matter hosted 

pores developed and became the chief pore type deep in the basin. 



iv 
  

Overall, the Mowry Formation, in eight study wells, has an average TOC of 2.71 wt.%, 

which meets the minimum TOC threshold requirement of 2 wt.% for effective petroleum source 

rocks. The middle Mowry is more organically rich than the upper and lower Mowry and has an 

average TOC of 3.03 wt.%. Pyrolysis S1 is 33% higher and pyrolysis S2 is 42% higher in the 

middle Mowry relative to the upper and lower Mowry. Along the basin axis, the Mowry has 

reached the late oil maturity window with Tmax values measuring 458°C. Three hotspots in the 

Powder River Basin have yielded higher measured maturity values. 
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CHAPTER 1: INTRODUCTION 

1.1 Overview 
With the advancements in horizontal drilling and multi-stage hydraulic fracturing 

techniques, many U.S. basins and formations have seen a rebirth in exploration that has resulted 

in a significant increase in oil and gas production. Since the year 2000, over ten thousand 

horizontal wells have been drilled in the Delaware Basin and over fifteen thousand in the 

Williston Basin (Enverus, 2019). However, only 1,485 horizontal wells have been drilled in the 

Powder River Basin. Of those, only 29 have been in the Mowry. The Mowry Shale has long been 

considered an important source rock in the Rocky Mountain area, but it has barely been touched 

with the new technology and techniques. Initial production from those 29 wells have been mixed 

with an average first six-month production of 37,250 barrels oil equivalent (BOE) and the best 

well producing 232,618 BOE, oil accounting for 81,582 barrels (bbls) of that (Enverus, 2020). 

Encouragingly for the play, wells that have come online since 2018 had first six-month oil 

production averaging 63,685 bbls (146,390 BOE total).  

The Cretaceous rocks in the Rocky Mountain region of North America were deposited 

during the Sevier Orogeny and early Laramide Orogeny. The oceanic Farallon Plate subducted 

beneath the North American craton forming an orogenic belt that contributed to flexural 

subsidence, producing an asymmetric foreland basin. An epicontinental seaway flooded the basin 

and was connected to the Arctic Ocean for the majority of its existence (Schroder-Adams, 2014).  

The seaway was only connected to the southern Gulf of Mexico intermittently during the Early 

Cretaceous, but regularly during much of the Late Cretaceous. The Mowry was deposited in the 

latest Albian to Early Cenomanian as part of the Greenhorn transgression when the western 
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interior seaway was a relatively shallow embayment of an isolated boreal ocean extending south 

to present day central Colorado (Davis et al., 1989) 

 The Mowry is an organic-rich siliceous mudstone with numerous interbedded altered 

volcanic ash layers. On the western side of the Western Interior Basin, closer to the orogenic 

belt, the Mowry represents a proximal marine deposit and is characterized by mudstones, 

siltstones, and sandstones and is overall less siliceous (Kirschbaum and Roberts, 2005). On the 

eastern side of the Western Interior Basin, the Mowry was deposited as a distal marine 

accumulation and is predominantly mudstones characterized by reworked storm and current 

deposits, hemipelagic settling, and high productivity (Bohacs et al., 2005) 

 

1.2 Purpose and Objectives 

The purpose of this study is to characterize the quality of the Mowry Formation as a self-

sourcing reservoir by evaluating the petroleum potential and the diagenetic overprint on the 

reservoir quality. The Mowry Formation has long been recognized as being organic rich and 

possessing significant source rock potential (Butner and Warner, 1984); however, inconsistencies 

in oil production (Enverus, 2020) require further understanding as a reservoir. The work from 

this study will enhance the understanding of how diagenesis has affected the reservoir quality 

and hydrocarbon generation and retention. 

The objectives of this study are to: (1) perform detailed petrographic thin section 

evaluation and define lithofacies, (2) observe how the various lithofacies are distributed in each 

core, (3) interpret depositional processes and environment, (4) evaluate the different diagenetic 

processes and their role in impacting the reservoir quality, (5) calculate hydrocarbon generation, 
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and (6) integrate core analysis results to compare how the different lithofacies and diagenetic 

processes affect the reservoir quality.  

 

1.3 Study Area 

 The study was conducted on cores recovered in the Powder River Basin in WY (Fig. 1.1). 

Five wells were drilled in Southern Campbell County, one well in Western Weston County, one 

well in central Converse County, and one shallow research well located on the Casper Arch in 

Natrona County. Table 1.1 lists the cores and the analyses available. Six of the eight cores 

encompassed the entire Mowry interval. Well 3 cored the upper Mowry and top 72% of the 

middle Mowry (43 ft of 60 ft total) and did not recover any core from the lower Mowry. The 

Thunder Creek Federal (TCF) well did not core the upper Mowry but did core the entire lower 

Mowry and the bottom 25% of the middle Mowry (16 ft out of 65 ft total).  

 

Table 1.1 Table summarizing the wells and the quantity of samples analyzed for this study. 
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Figure 1.1: Structural map of the top Mowry in the Powder River Basin, modified from Enverus 
(2021), showing study well locations (green circles). 
 
 
1.4 Data Set and Research Methods 

Various core analyses and well logs were provided by an industry donor from the eight 

study cores. The list of analyses and the quantity of samples is provided in Table 1.1.   
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Facies Identification 

 Lithofacies changes within the Mowry are subtle and are driven primarily by texture, 

diagenetic alterations, and organic matter content. The classification scheme follows the 

following process: 

1. Grain size: siltstones when >66% of the grains are between 3.9-62.5 µm and claystones 

when >66% of the grains are <3.9 µm;  

2. Laminations: the presence of laminations and whether they are continuous, burrowed, 

normally graded, and/or cemented; 

3. Siliceous overprint: indicated by silver banding in petrographic cross-nichols and a 

noticeable increase in replaced radiolarians; 

4. Other unique qualifiers: altered volcanic ash.  

 
Petrographic Analysis 

 A suite of qualitative analyses over a range of analytical scales was used to provide a 

visual assessment of the grain assemblages, textures, fabrics, authigenic mineral phases and pore 

morphologies.  

In total, 160 ultra-thin (20 µm) petrographic thin sections were used for this study. The 

thin sections were vacuum impregnated with a blue dyed epoxy and stained with alizarin red S to 

dye calcite pink and potassium ferricyanide to dye ferroan dolomite blue. Thin sections were 

observed at 25x, 50x, 100x, 200x and 400x in plane and polarized light using a Zeiss Axio 

Imager.A1m microscope. Photomicrographs were taken by a Zeiss AxioCam MRc-5 camera.  

 Field emission scanning electron microscope (FE-SEM) analysis was performed on 

eighteen samples. The selected samples range in depth and maturities, from immature to the gas 

condensate window, in order to identify any changes in diagenetic features and the pore size and 
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type. Five broken surface samples and fourteen argon ion-milled (AIM) samples were evaluated 

by Stratum Reservoir using a FEI Quanta FEG 650 FE-SEM. The AIM process entails milling 

the samples for 8 hours with a JOEL SM-09-010 cross section polisher. The samples were then 

coated with iridium. Seven polished thin sections coated in carbon were evaluated at the 

Colorado School of Mines using a TESCAN MIRA 3 LMH Schottky FE-SEM. Images from 

both instruments were collected using secondary electrons and back-scattered electrons at a 

working distance of 10 mm. Energy dispersive spectroscopy was utilized to identify minerals 

present and to create mineral maps. The primary goal of analyzing samples with the FE-SEM 

was to better evaluate the pore types and the products of diagenesis.  

  

X-Ray Diffraction (XRD) 

XRD data was generated by KT Geosciences and Weatherford Laboratories on 169 

samples. Samples were powdered and scanned to measure the bulk mineral composition. In a 

separate sample split, clay size grains were dispersed using an ultrasonic wand and a centrifuge 

in a separate sample split was used to make clay isolated slides that were scanned to evaluate the 

different clay minerals present. For the illite-smectite measurement, a single range of expandable 

interlayers was included for each well. The semi-quantitative analysis was used to compare the 

mineralogy between the different identified facies. Additionally, the percent of expandable 

interlayers in the illite-smectite measurement was used to evaluate the degree of illitization of 

smectite. 
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Geochemistry 

Programmed pyrolysis and LECO TOC (total organic carbon) analyses were generated 

by Weatherford Laboratories on 165 samples from the eight cores. This data set was used to 

evaluate the organic richness and source rock quality. Programmed pyrolysis entails heating a 

sample to 300°C in inert conditions to volatilize available hydrocarbons (S1 peak), followed by 

increasing the temperature at a 25°C/min rate from 300°C to 650°C which converts the 

remaining hydrocarbon potential of the rock (S2 peak). The temperature at which the S2 peak 

reaches its maximum during the temperature ramping is the Tmax value and can be used as a 

thermal maturity indicator. CO2 is measured during the initial 300°C step and then up to 370°C, 

which is related to the oxygen content in the kerogen. From these measurements, along with the 

LECO TOC value, the hydrogen index, oxygen index, normalized oil content and production 

index also were determined, which helps characterize the source rock quality. Further 

calculations also were performed to determine the volume of hydrocarbons that were generated 

and retained.  

Organic petrology work also was performed on 27 samples by Weatherford Laboratories. 

This data set included a vitrinite reflectance measurement, which provides a maturity estimate, as 

well as a normalized distribution of the kerogen types (liptinite, vitrinite and inertinite). 

Additionally, gas chromatography on produced oil samples from offset wells was provided by 

GeoMark Research, Ltd.  Key ratios were used to further characterize the Mowry source rock 

quality.  
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Reservoir Properties 

Oil and water saturations, porosity and permeability analyses were performed on 136 

samples following the Gas Research Institute (GRI) method (Luffel and Guidry, 1989). A 

sample’s bulk volume is measured and is then crushed and sieved. Next, the samples are 

extracted by the Dean Stark extraction method with toluene followed by the soxhlet extraction 

method with an azeotrope of chloroform and methanol to remove water and hydrocarbons 

present in the rock. Water and oil saturations are determined based on the amount of water 

collected and the weight difference prior to and after extraction. Porosity is then measured using 

a helium pycnometer and permeability is measured using an unsteady state pressure-decay 

technique which also uses helium. All the data were generated by Weatherford Laboratories.  
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CHAPTER 2: GEOLOGICAL BACKGROUND 

2.1 Mudstone Deposition 

Mud is mostly comprised of grains smaller than 62.5 µm and become a mudstone as a 

result of physical and chemical changes driven by burial diagenesis (Alpin & Macquaker, 2011). 

Their components derive from weathering, primary production in the water column and 

diagenesis products. Muds are mainly made up of a variable mixture of clay minerals, quartz, 

feldspars, calcite, dolomite, siderite, sulfides, amorphous material, and organic matter. The clay 

minerals include illite, mixed layer illite-smectite, kaolinite and chlorite. The variability in the 

chemical and mineralogical components is driven by the proportions of material derived from 

different source regions, the silt-to-clay ratio, from biologic production in the water column, and 

from diagenetic reactions (Macquaker and Adams, 2003). 

Detrital components are predominantly the products of physical and chemical weathering 

and to a lesser extent derived from volcanic ash (Potter et al., 1980) and terrestrial organic 

production. Clay minerals typically form the finest (<3.9 µm) fraction of siliciclastic sediments 

and are derived from the chemical weathering of relatively unstable igneous minerals in soil 

profiles (Hillier, 1995). The detrital silt fraction (3.9-62.5 µm) is predominantly quartz with 

minor feldspar and lithic components. 

Components derived from primary production are those that form in the overlying water 

column. These include the mineralized tests of organisms that live both in the water column and 

close to the sediment-water interface, as well as organic carbon derived from primary production 

in the photic zone (Macquaker et al., 1998). These mineralized components are typically 

composed of calcium carbonate, phosphate, opaline silica and organic matter, and include the 
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tests and skeletal products of coccolithophores, radiolarians, planktonic foraminifera, diatoms, 

calcareous algae, sponges and organic carbon from algal and microbial productivity (Alpin & 

Macquaker, 2011). 

The supply of production-derived components dominates over detrital components in 

settings where the input of clastic detritus is reduced relative to primary production. These 

conditions are met either in locations bypassed by main clastic sediment inputs (Bohacs, 1998), 

areas located toward the end of the clastic sediment transport path (Loutit et al., 1988), and 

below regions where primary production is enhanced by otherwise limiting nutrients being 

supplied to the photic zone, such as upwelling zones (Aplin & Macquaker, 2011). 

Most of the clastic sediment is delivered to the oceans as suspended particles in rivers 

with minor amounts from volcanic activity and eolian processes (Gorsline, 1984). Most rivers 

discharge is hypopycnal, entering the ocean within buoyant plumes. Where fluvial inputs 

coincide with storms in the hinterland, suspended sediment concentrations can exceed the 

density of seawater and hyperpycnites and turbidites form from high sediment input (Aplin & 

Macquaker, 2011). This can occur on continental shelves, even where regional slopes are very 

low. Once the sediment is delivered to the ocean, it may be dispersed by storms and tides. 

Sedimentation occurs where insufficient energy exists within a fluid to keep particles in 

suspension. Particle coagulation occurs allowing for clay-sized particles to settle. 

Biological processes cause fine-grained sediment in the water column to aggregate into 

composite particles, called flocs. These flocs are termed ‘organominerallic aggregates’ or 

‘marine snow’ and are common below regions of high primary productivity (Macquaker et al., 

2010). They form by a combination of random particle collisions in the water column and the 

activity of filter feeding organisms ingesting sediment and organic detritus and excreting pellets 
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and pseudopellets (Shanks, 2002). The formation of organominerallic aggregates is aided by the 

presence of extracellular polysaccharides coating the grains allowing them to adhere and resist 

dispersal (McCave, 1984). Rates of floc formation are enhanced compared with floc destruction 

in lower energy, slightly turbulent environments, where sediment concentrations are high. 

Grain-size analysis of modern muds have been interpreted to suggest that most particles 

smaller than 10 µm are deposited as flocs and larger particles mainly settle as single grains 

(Curran et al., 2004). Therefore, muddy sediments can be thought of as being built from two 

components: one that is composed of aggregates that mainly comprise phyllosilicate grains and 

organic material less than 10 µm; and a second that is coarser and mainly comprises of quartz, 

mica, and feldspars. 

Once the sediment is deposited, self-weight consolidation combined with the adhesive 

properties of exopolymeric substances that coat most of the grain surfaces makes it relatively 

resistant to erosion (Pacton et al., 2007). However, wave and current energy can be sufficient to 

disperse unconsolidated mud before compaction and segregate silt from clay. In these settings 

storm-wave reworking and the effects of storm currents may cause erosional scour, generating 

winnowed shell lags and intraclasts during the high erosional phases. The resulting deposition is 

then an upward fining unit with shell lags and intraclasts at the base with scour fill and micro-

flute structures. 

Bioturbation may mix the top few centimeters of sediment, initially creating a 

homogenized mixed layer and then gradually developing tiering as horizontal feeding strategies 

of organisms combine with vertical dwelling traces (Bromley, 1996). Macroorganisms use 

oxygen as a respiratory oxidant, therefore the distance they are able to burrow into the sediment 

is constrained by oxygen diffusion rates. This means that the extent of bioturbation increases as 
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sediment rates decrease, or specifically where the recurrence frequency of depositional events is 

slower than the rate of sediment colonization (Bentley et al, 2006).   

Pelagic and hemipelagic deposits occur in distal basinal settings and are composed of 

productivity-derived material delivered to the sediment-water interface from suspension settling. 

They can accumulate at a time and in places where downslope gravity driven sedimentation is 

absent. Hemipelagites are typically dominated by mineral mixtures that consist of clay minerals, 

biogenic carbonate, and biogenic silica. 

Variability of mudstone successions is considered to be a function of varying detrital 

inputs into the basin, primary production within the basin, chemical conditions at the sediment-

water interface and in the bottom-water layers, and rates of sediment accumulation. Weedon 

(2003) and Huc et al. (2005) have interpreted the fundamental environmental controls on this 

variability in terms of systematic changes in primary production linked to nutrient supply and 

development of either bottom-water anoxia or dysoxia and climate change. 

 

 2.2 Preservation of Organic Matter  

            An average marine mudstone contains about 0.8 wt.% total organic carbon, whereas a 

mudstone must contain more than 2 wt.% to be considered an adequate source rock (Lewan, 

1987). The amount of marine derived organic carbon buried into the geologic record depends on 

the primary productivity in the photic zone, the proportion of the production that reaches the 

sediment surface, and the efficiency with which that organic matter is buried below the early 

diagenetic realm where dissolved oxidants such as sulfate and oxygen can be supplied from 

overlying seawater (Bohacs, 2005). The concentration of organic carbon in sediment is a 

function of the rate at which organic matter is buried compared with the rate of deposition of 



13 
  

mineral matter, which effectively dilutes the organic material. High contents of organic carbon 

are thus most commonly associated with oceanic realms where primary organic matter 

productivity is high, water columns are shallow or moderate, and sediments in which the addition 

of oxidants is minimized by moderately high sedimentations rates, episodic sedimentation, or 

restricted biological stirring (Bohacs, 1998).  

 Studies have shown that many organic-rich sediments are bioturbated by diminutive 

infauna at a micrometer to submicrometer scale, negating the necessity for persistent and long-

term bottom-water anoxia as a prerequisite for enhanced organic matter preservation (Macquaker 

& Gawthorpe, 1993; Schieber, 1999). Low-oxygen waters and/or intermittently anoxic bottom 

waters are useful to minimize the supply of additional dissolved oxidants to the pore waters by 

the irrigating effects of macroorganisms colonizing the sediment surface. Optimal rates of 

sedimentation are now considered as an important control on organic matter concentrations, 

balancing organic dilution with the rate of oxidative mineralization of the organic fraction. 

 

 2.3 Diagenesis: 

 Diagenesis is a complex process that starts once a sediment particle has been deposited. It 

includes a broad range of physical, chemical, and biological processes and lasts until it enters the 

realm of metamorphism (Giles, 1997).  

Diagenesis can be sub-divided in three parts: early diagenesis (eodiagenesis), burial 

diagenesis (mesodiagenesis), and uplift diagenesis (telodiagenesis). Eodiagenesis is active from 

the time of deposition and is the combination of processes that occur at, or near, the sediment 

water interface where the geochemistry of the interstitial pore waters in the sediment is mainly 
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controlled by the depositional environment (Worden & Burley, 2003). Eodiagenesis occurs at 

temperatures below approximately 70°C, or 2 km burial depth (Morad et al., 2000).  

Mesodiagenesis occurs during burial and includes all diagenetic processes after early 

diagenesis, when either the temperature is greater than 70°C or when the sediment becomes 

isolated from the surface (Morad et al., 2000). The major processes are mechanical and chemical 

compaction, mineral alterations, destruction of primary porosity and development of secondary 

porosity, and the alteration of organic matter. Mesodiagenesis lasts until the rock reaches 

metamorphic temperatures.  

  Telodiagenesis occurs during inversion and uplift as a result of exhumation or tectonics. 

An influx of oxidized meteoric water and a reduction in overburden pressure can result in a 

reduced rate of cementation and dissolution of reactive grains and cements resulting in an 

increase in secondary porosity and the oxidation of iron minerals (Newport, 2019).  

 

2.3.1 Early Diagenesis 

             Early diagenesis is dominated by redox processes, in which organic matter is oxidized 

primarily by microbes that use oxygen, iron oxides, and sulfate as terminal electron acceptors 

(Kasten and Zabel, 2003). Further degradation of organic matter is driven by an assemblage of 

microbes that include methanogens. Carbonate, sulfide and reduced iron are generated as key by-

products of these reactions and can be incorporated into early diagenetic minerals such as calcite, 

ferroan calcite, dolomite, siderite and pyrite, and to a lesser extent, clay minerals such as 

kaolinite, berthierine and glauconite. 

The formation of substantial amounts of early diagenetic minerals requires a ready supply 

of bioavailable reductants (mainly organic matter) and oxidants. Time is also critical so that 
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diffusion and advection can transport the necessary volume of solute to the reaction sites before 

significant burial (Alpin & Macquaker, 2011).  These two physiochemical constraints mean that 

mudstones deposited either in association with intervals of very slow sedimentation or breaks in 

sedimentation are commonly enriched in mineralized diagenetic products (Macquaker et al., 

2007). Highly cemented units also are commonly associated with organic-rich mudstones, which 

fulfill the key requirements of relatively low sedimentation rates and a significant supply of 

labile organic matter. 

 Fine-grained sediment is commonly burrowed even when organically rich. The burrow 

sizes are typically much smaller than in coarser-grained deposits (Drozer & Bottjer, 1986). 

Colonization is controlled by substrate requirements, availability of reductants (organic matter) 

and oxidants (to fuel microbial metabolism), and the need for organisms to dispose of waste 

products. The availability of organic matter in this context depends on its composition, with 

hydrogen-rich organic matter typical of algal biomass being more bioavailable than the more 

oxygen-rich organic matter of terrestrial biomass. All macroorganisms respire using oxygen as a 

terminal electron acceptor, supplied to pore waters from the overlying water column by either 

passive diffusion, or active ventilation during burrowing. 

 Individual organisms typically occupy different levels in the sediment depending on local 

concentrations of dissolved oxygen, hydrogen sulfide, reductant bioavailability, grain size, and 

water contents, forming characteristic tiers with specific ichnogenera in each tier. Generally, 

ichnospecies diversity, burrowing intensity and burrow sizes decrease as depth of burial 

increases, pore waters become increasingly oxygen depleted and bioavailable oxidants and 

reductants become more difficult to procure (Drozer & Bottjer, 1986). 
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 Cementation is the process where minerals precipitate into existing pore spaces or replace 

detrital grain or matrix as saturated groundwater passes through. Mineral cementation can occur 

immediately following deposition or millions of years later. Depending on where it occurs and in 

what form, it can have a significant effect on the porosity, permeability and geomechanical 

properties. Within the sediment-water interface, there are a number of redox zones which 

influence the type of cementation present (Fig. 2.1) (Newport, 2019). 

 

Figure 2.1: Summary diagram showing the key cement-forming diagenetic reactions, alongside 
the oxidant concentration, which occur during early diagenesis within the sediment column 
(Modified from Newport, 2019). 
 

2.3.2  Biogenic Silica Diagenesis 

 Siliceous ooze can accumulate on the sea floor under zones of surface bioproduction 

where increased primary production is encountered in zones of nutrient rich oceanic upwelling or 
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after a volcanic eruption, yielding silica to the water (Socianu, 2015). Pelagic silica producers 

include diatoms, radiolarians, silicoflagellates and siliceous sponges which build their shells or 

skeletal elements out of opal-A (Hesse and Schacht, 2011).  

Opal-A is the amorphous form of silica that makes up the biogenic silica particles and is 

thermodynamically the least stable form of silica, which dissolves easily. Because the ocean is 

generally highly undersaturated with respect to silica, only a fraction of the opal-A tests 

produced by planktonic organisms reach the sea floor and will ultimately undergo dissolution at 

greater sub-surface depths. In modern siliceous oozes, repacking of solid organic matter around 

opal silica protects against immediate dissolution. Continued dissolution of opal-A in sediments 

during burial is primarily driven by slowly increasing temperatures. The equilibrium solubility of 

silica depends on temperature, pH, pressure, surface area and particle size (Kastner et al., 1977). 

Diatom frustules and radiolarian tests consist of biologically precipitated opal-A, or 

hydrous silica that is crystallographically amorphous (Hesse and Schacht, 2011). This is an 

unstable silica polymorph, and during the first kilometer of sediment burial, it dissolves and 

reprecipitates as opal-CT, a hydrous silica composed of interlayered cristobalite and tridymite, 

before changing to a more stable quartz phase, generally cryptocrystalline quartz, 

microcrystalline quartz, or chalcedony (Behl, 1999).  

In supersaturated solutions, dissolved-silica polymerizes, forming first oligomers, and 

later higher molecular-weight polymers, as siloxane bonds develop through the combination of 

silanol groups. When super saturation persists, high molecular-weight polymers can form. Such 

polymers have colloidal dimensions and may remain suspended as sols as long as the pH remains 

relatively high and the salinity low (Hesse and Schacht, 2011). Silica polymers display a 

negative surface charge and therefore repel each other unless the surface charge is neutralized by 
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other ions in solution such as metal hydroxides. The hydroxide most commonly used for silica 

precipitation in industrial applications, Mg(OH)2, also is thought to be instrumental in the 

nucleation of opal-CT (Iler, 1979). 

The reaction kinetics that transform opal-A to quartz follow the Ostwald’s step rule 

process, which is that the conversion of an unstable to a stable mineral phase at low temperatures 

near the surface may require one or more intermediate metastable phases (Hein et al., 1978). 

Opal-CT acts as the intermediate metastable phase. Dissolution during sediment burial occurs in 

a closed system, where concentration levels may reach supersaturation before opal-A dissolution 

has gone to completion. As a result, dissolution will be interrupted by precipitation of a less 

soluble non-biogenic opal-A’ phase, which forms overgrowths on partially dissolved siliceous 

tests. This partial step is an example of Ostwald ripening. Opal-A’ only occurs over a narrow 

stratigraphic range of a few meters before dissolving shortly after formation along with the 

remaining opal-A.   

Opal-CT precipitates once the pore water is saturated with respect to silica. In deep sea 

drilling project holes, this is reflected in dissolved-silica profiles with a progressive increase in 

depth until an abrupt decrease that corresponds to the reprecipitation of silica as opal-CT 

(Kastner et al., 1977).  

Opal-CT has the structural characteristics of both α-cristobalite and α-tridymite that occur 

as small opal-CT lepispheres (Lynne et al., 2007). These lepispheres develop only where 

crystallization takes place in open pore spaces such as the cavities of microfossils. These spheres 

are intergrowths of tiny cristobalite-tridymite plates consisting of opal-CT blades 2–5 µm long, 

0.05–0.10 µm thick. The diameter of individual lepispheres usually does not exceed the length of 

the blades (~5 µm) of which they are composed. Larger lepispheres are likely aggregate forms. 
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Temperature is the dominant rate-determining factor for the diagenetic silica conversions. 

The in-situ temperatures for the opal-A to opal-CT conversion ranges from about 35°C to 55°C. 

In pelagic sediments of the modern ocean away from mid-ocean ridges, the conversion can occur 

at shallow subsurface depths of a few hundred meters where temperatures rarely exceed 20°C to 

30°C. At these low temperatures though, the reactions are very slow and can take tens of 

millions of years to complete. 

The host-rock lithology and organic richness also influence the diagenesis of siliceous 

sediments. In some clay-rich sedimentary successions, silica maturation will only reach the opal-

CT stage, while quartz has formed in calcareous sediments of the same age and thermal 

maturation level. Kastner et al. (1977) performed experiments comparing the role of host-rock 

lithology and the opal-A to opal-CT transition. Diatom frustules and radiolarian tests were made 

to react with sea water or distilled water at 25°C and 150°C in the presence of either calcareous 

ooze or montmorillonitic clay for one day, one month, three months, and six months. Opal-CT 

lepispheres precipitated only in the splits with sea water and in the presence of calcite. The 

lepispheres preferentially formed on the surface of foraminifers. Additionally, Mg2+ and (OH)- 

concentrations dropped at a 1:2 ratio, which paralleled the decrease in the concentration of 

dissolved silica. In experiments with montmorillonitic clays, dissolution of siliceous tests took 

place but opal-CT did not precipitate, and small amounts of Mg-rich clay formed. 

Kastner et al. (1977) highlighted the importance of a magnesium-hydroxide compound 

that attracts the silanol groups which act as nucleation sites for opal-CT lepispheres. Seawater 

supplies the required Mg2+ whereas dissolved calcium carbonate supplies the alkalinity. When 

the (OH)- groups have been exhausted, the rate of nucleus formation drops and the existing opal-

CT embryos grow to well-developed lepispheres, assuming continued opal-A dissolution 
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supplies the required silica. In the experiments with montmorillonite clays, the clay minerals 

competed for the Mg2+ and thus prevented the formation of the magnesium-hydroxide compound 

nuclei. This is a hypothesis as to why opal-CT formation is sometimes delayed in clay-rich 

sediments as opposed to carbonate-rich sediments. 

The overall reaction rate is a function of the relative rates of dissolution, nucleation and 

growth of the silica phases involved, and therefore one of these processes will be the rate-

limiting factor. Kastner and Gieskes (1983) performed another experiment where amorphous 

silica with different specific surface areas in aqueous solutions of MgCl2 and NaHCO3 was 

heated to various temperatures from 50°C to 150°C for 30 days. In all experiments, Mg2+ and 

(OH)- concentrations decreased at the 1:2 ratio and opal-CT lepispheres formed, confirming the 

importance of the magnesium-hydroxide compounds to nucleate the opal-CT. Other observations 

were that in the experiments with low-surface area silica (Eocene radiolarians), the opal-A 

dissolution rate turned out to be the rate-controlling step at the low temperatures (<100°C) due to 

the concentration of dissolved silica remaining below the equilibrium solubility of cristobalite. 

Nucleus formation and growth of opal-CT kept pace with opal-A dissolution at these 

temperatures. At higher temperatures (>100°C), opal-CT precipitation became the rate-limiting 

step after a few days, while the concentration of dissolved silica rose above the equilibrium 

solubility of cristobalite. In experiments with higher surface area amorphous silica, opal-CT 

precipitation was the rate-limiting process at all temperatures.  

The conversion of opal-CT to quartz occurs by a dissolution-precipitation mechanism. 

This is in line with the porewater profiles from some deep-sea drill holes that show a second, 

deeper dissolved-silica maximum at greater depth, most likely corresponding to the dissolution 

of opal-CT and the subsequent precipitation of quartz. Temperature estimates for the opal-CT to 
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quartz transformation based on oxygen-isotope data and heat-flow considerations for the 

Monterey Formation range from 55°C to 100°C (Murata and Larson, 1975). 

 The effects of host-rock lithology on the second silica conversion reaction are opposite to 

those of the first reaction. Isaacs (1982) observed the opal-CT d-spacing in the Monterey 

Formation varies inversely with detrital mineral content of the host sediment. This indicates a 

delay of opal-CT nucleation in clay-rich sediments because of the competition for Mg2+ between 

the magnesium-hydroxide compound and clay minerals. Growth of opal-CT is delayed until the 

silica concentration reaches a metastable equilibrium with the lower-surface area opal-CT. Such 

reduced silica concentrations in pore water of clay-rich host sediments can be accomplished most 

easily by adsorption of silica on detrital minerals and by the neoformation of silica-rich clay 

minerals. The detrital mineral content, while delaying the opal-A to opal-CT conversion, 

enhances the opal-CT to quartz conversion. This is because quartz precipitation does not start 

before the d-spacing of opal-CT is reduced to below 4.07Å. In sediments with more than 70% 

detrital minerals, the initial opal-CT has a d-spacing of 4.08Å or less, and in sediments with less 

than 30% detrital minerals, opal-CT has an initial d-spacing of 4.11Å. This observation does not 

suggest opal-CT transforms to quartz earlier in clay-rich sediments compared to calcareous 

sediments, just that the transformation of opal-A to opal-CT is delayed in clay-rich sediments 

and can have a shorter opal-CT stage. 

 Organic matter also affects the silica conversion reactions. In organic-matter-rich 

sediments, the rate of silica diagenesis is reduced (Hinman, 1987). Organic acids released by 

organic-matter maturation dissociate and lower the pH, thereby reducing the carbonate alkalinity. 

This would slow down the conversions by decreasing the silica polymerization rate. The initial 
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opal-CT formed in organically rich sediments should have a lower d(101) spacing because of a 

slower nucleation rate under decreased carbonate alkalinity.  

 Data from the Deepsea Drilling Project found that opal-A is normally absent at 1000 

meters subsurface depth in sediments older than about 20 Ma, and that opal-CT takes a minimum 

of about 10 million years to first appear (Hesse and Schacht, 2011). Anomalies do exist though, 

as Opal-A was found in sediments as old as 85 Ma in shallow subsurface depths in the outer 

trench slope of the Mariana Trench.  

Sediments rich in opal-A maintain exceptionally high porosities during initial burial 

because the silica frustules form a stiff and open matrix that is resistant to compaction. Volpi et 

al. (2003) found that opal-rich sediments can maintain porosities of 75% at 500m (1640 ft) burial 

depth. The transformation of opal-A to opal CT reduces porosities from approximately 75% to 

less than 45% in an interval that may be only tens of meters thick (Isaacs, 1981; Keller & Isaacs, 

1985). The rapid loss of porosity and dehydration of silica may lead to depth-confined regional 

increases in fluid pressure, potentially resulting in soft-sediment deformation and clastic 

injectites. Furthermore, recrystallization of biogenic silica in the rock matrix can embrittle 

mudstones, with important consequences for the creation of fractures. 

 

2.3.3 Burial Diagenesis 

Muds are deposited with 80% to 90% porosity and contain a diverse and unstable 

assemblage of soil-derived minerals and amorphous material, biogenic opal and carbonate, and 

organic matter (Alpin & Macquaker, 2011). After burial to 6 km (3.7 mi) and 200°C, porosity 

typically is reduced to less than 5% and the mineral assemblage is dominated in siliciclastic 

mudstones by quartz, illite, and chlorite. The conversion of water-rich mud to lithified mudstone 
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is driven by both physical and chemical processes and is therefore a dual function of stress and 

temperature (Day-Stirrat et al., 2008) 

In most siliciclastic muds, mechanical compaction is the dominant process at 

temperatures below approximately 70°C (Thyberg et al., 2010). Compaction is driven by 

increases in effective stress. The rate of compaction is strongly influenced by grain size, where 

finer grained muds have higher depositional porosities but are more compressible. In tectonically 

relaxed areas, effective stress is the difference between total vertical stress and pore pressure. 

Because compaction involves porosity loss and thus the expulsion of pore fluid, the rate of 

compaction is controlled by permeability. Overpressure develops when the rate at which stress is 

added by sedimentation exceeds the rate at which it can be dissipated by fluid flow. 

Permeability measurements performed on mudstones and compacted clay minerals show 

that, (add comma) at a given porosity, much of the permeability range can be explained by 

variations in grain size and mineralogy. At a given porosity, finer-grained clay-rich mudstones 

have smaller pore sizes than silt-rich mudstones (Yang and Aplin, 1998). 

Above 70°C, clay mineralogical changes become an increasingly important driver of 

physical change in mudstones. Between approximately 70°C and 100°C, smectite or mixed layer 

illite-smectite (I-S) is converted to illite or more illitic I-S (Hower et al., 1976). Illitization is 

generally considered to be a kinetically controlled reaction in which smectite layers are 

converted to illite via mixed layer I-S. The reaction requires a source of potassium that is most 

commonly derived from the breakdown of potassium feldspar. Simplistically, the overall 

reaction may be written as: 

Smectite + K-Feldspar = Illite + Quartz + Chlorite + Water 
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Illitization proceeds until the supply of potassium is exhausted, generally when K-feldspar is 

consumed. If potassium is still available at temperatures above 130°C, kaolinite also is converted 

to illite (Bjorlykke, 1998). 

Hydrous pyrolysis studies performed by Lewan et al. (2014) found that bitumen 

expulsion and impregnation of the rock matrix changes the pore system from water-wet to 

bitumen-wet. This can impede the mobility of K+ and effectively halt the illitization process. 

Because I-S is commonly a volumetrically significant component of mudstones, its 

transformation to illite has a significant effect on the rock’s physical properties. Quantitative 

studies of clay mineral alignment in mudstones have shown that mechanical compaction does not 

substantially enhance the alignment of clay minerals, even where effective stress is in excess of 

2900 psi and porosity has decreased from 80% to 20% (Ho et al. 1999, Aplin et al., 2006, Day-

Stirrat et al., 2008). In contrast, illitization, a process in which illite layers neoform as a result of 

the dissolution of smectite layers, leads to a marked increase in the alignment of illite, normal to 

the maximum effective stress. 

Because smectite is more siliceous than illite, illitization generates excess silica (Hower 

et al., 1976), which is commonly believed to be retained within the mudstone precipitating as 

microcrystalline quartz within the clay matrix (Peltonen et al., 2009). 

All early diagenetic forms of carbonate cement can dissolve and re-precipitate as burial 

diagenetic cement. The depth of carbonate dissolution and cementation may depend on carbonate 

type, thermal history, fluid type, and CO2 influx rate. An important source for carbonate cement 

within mudstone is the breakdown of detrital smectite as the expelled components have the 

potential to produce carbonate minerals in the presence of CO2, particularly Fe-dolomite 

(Worden & Burley 2003). 
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2.3.4 Organic Matter Diagenesis 

Organic matter diagenesis, generally referred to as a catagenic process, is the generation 

and expulsion of hydrocarbons from organic-rich source rocks. Hydrocarbon formation as 

demonstrated by hydrous pyrolysis experiments consists of two overall reactions: the partial 

decomposition of kerogen to bitumen and the partial decomposition of bitumen to oil (Lewan, 

1985).  

As thermal stress is applied, part of the kerogen decomposes to a bitumen. The low 

activation energies for this overall reaction indicate that kerogen decomposition to bitumen 

involves the cleavage of weak noncovalent bonds. This bitumen network impregnates the 

micropores and bedding plane partings as a result of a net volume increase in the organic matter 

within a confining mineral matrix. Petrophysical (Meissner, 1978) and petrographic data (Lewan, 

1987) suggest that during this stage of bitumen generation, the development of a continuous 

bitumen network is essential for oil migration within, and oil expulsion from, effective source 

rocks. As thermal stress increases, the subsequent overall reaction commences with the partial 

decomposition of bitumen to oil. This reaction involves the cleavage of covalent bonds, which 

requires higher activation energies.  

An important prerequisite for differentiation of these two organic phases is the presence 

of dissolved water in the bitumen network. Sufficient quantities of water may be dissolved 

within the bitumen to participate in the partial decomposition of bitumen to oil (Lewan, 

1994). The lower density of the immiscible oil relative to the water saturated bitumen generates a 

buoyancy force; however, the presence of an opposing capillary force within a source rock 

requires an additional force for oil expulsion. This additional force is most likely an internal 

pressure resulting from a net volume increase of the organic components within the confining 
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inorganic matrix of a source rock (Fig. 2.2) (Meissner, 1980; Momper, 1981). Evidence of this 

volume increase associated with oil generation during hydrous pyrolysis is the development of 

en echelon parting separations in the rock that are parallel to the bedding fabric and filled with 

oil (Lewan, 1987). 

High-resolution microscopic techniques have revealed complex and interconnected 

organic-matter pore systems and kerogen networks (Loucks et al., 2009; Milliken et al., 2012). 

These systems act as important storage sites, as well as migration pathways in mudstones. 

Organic-matter nanoporosity is reported to begin developing between 0.6% Ro and 0.9% Ro 

(Cardott et al., 2015). These pores are likely hydrophobic, whereas it is possible that pores 

associated with the inorganic matrix may be hydrophilic.  

 

 

Figure 2.2: Net volume increase as a function of increasing maturity and hydrocarbon generation 
(Modified from Meissner, 1980). 

Onset of Hydrocarbon Generation 
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2.4 Regional Geology Overview 

The Cretaceous rocks in the Rocky Mountain region of North America were deposited 

during the Sevier Orogeny and early Laramide Orogeny in a foreland basin, called the 

Cretaceous Western Interior Basin (Davis and Byers, 1988). An epicontinental seaway flooded 

the basin, which was connected to the Arctic Sea during most of its existence and to the southern 

Tethyan Ocean intermittently during the Early Cretaceous and constantly during the Late 

Cretaceous (Schroder-Adams, 2014). The Arctic Sea during the Cretaceous time was a temperate 

climate while the Gulf of Mexico region was tropical. References? During the late Cenomanian 

to early Turonian, the Western Interior Basin was at its maximum east-west development and 

extended from southwestern Utah to southwestern Minnesota, a distance of more than 1000 

miles (Kauffman, 1977).  

The Western Interior Basin began its formation in the Late Jurassic time by the 

subduction of the oceanic Farallon Plate beneath the North American craton on its western edge 

(Dickinson and Snyder, 1978). The Cordillera orogen was active throughout the Cretaceous time, 

characterized by pulses of thrusting, and lasted until the early Late Cretaceous (Schroder-Adams, 

2014). The tectonic load of the orogenic belt contributed to the flexural subsidence of the basin, 

producing an asymmetric profile. 

The Western Interior Basin can be divided into four north-south trending zones 

characterized by water depths, sedimentation, subsidence rates, and tectonic stability (Fig. 2.3) 

(Kauffman, 1977). The western foredeep zone occurred adjacent to the Cordillera and water 

depths rarely reached 160 feet. It was a zone of maximum subsidence and sedimentation rate 

where coarse clastics were deposited from the tectonically active western uplands. Shallow-water 

marine, marginal marine and coastal plain environments dominated. The west-median trough 
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zone occurred east of the western foredeep and likely was the zone of the greatest water depths 

in the basin, somewhere between 560 feet and 980 feet during maximum transgression. This 

zone also experienced high subsidence and sedimentation rates. Fine clastics were mainly 

deposited in quiet water environments during transgressions producing thick mudstones. 

Interbedded sandstone tongues extending from western source areas during progradational or 

regressive pulses were also present. The hinge zone lay between the stable platform and the 

actively subsiding western part of the interior basin. During transgressions, water depths were 

between 325 feet and 650 feet. Subsidence and sedimentation rates were moderate to low and 

deposition consisted mainly of fine-grained mudstone to fine-grained carbonates, typical of a 

mid- to outer-shelf environment. The most easterly zone was the stable eastern platform zone, 

where water depths rarely exceeded 325 feet. Little subsidence occurred and sedimentation rates 

were low reflecting the lack of a major sediment source. Fine clastics and carbonates were 

deposited in thin sequences that contain numerous disconformities. 

 

Figure 2.3: Western Interior Basin Cross Section (Modified from Kauffman, 1977). 

 

Mowry Shale 
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Volcanism in the region increased significantly in the late Early Cretaceous and 

continued throughout the period. The volcanic centers were generally concentrated in present 

day western Utah, Montana, Idaho, and Canada (Slaughter and Earley, 1965). Times of peak 

explosive activity are recorded by the occurrence of widespread altered ash (bentonite) beds and 

porcelaneous shale. More than 200 explosive episodes are documented by these beds in the 

Mowry Formation and contemporaneous strata. Some ash beds, including the Clay Spur 

Bentonite, exceed a meter in thickness and can be traced for hundreds to thousands of miles, 

indicating the magnitude of those eruptions. Bentonite beds are distributed throughout the 

Cretaceous marine strata, but most are clustered in strata of the initial transgression of the 

Greenhorn Cyclotherm, and the maximum transgressive and earliest regressive phases of the 

Greenhorn, Niobrara, Clagget, and Bearpaw cyclothems. Kauffmann (1977) suggested a strong 

correlation between increased volcanic activity and transgression peaks, which he attributed to 

reflect the eustatic rise from plate tectonic activity.  

The Powder River Basin is located in northeastern Wyoming and southeastern Montana 

and developed during the Laramide Orogeny. The basin is asymmetric with the axis on the west 

side and is more than 17,000 feet deep to the Precambrian basement (Fig. 2.4) (Anna, 2010).  On 

the east flank, the regional dip is about 100 ft/mile and on the west flank it is much steeper at 

about 500 ft/mile. The boundaries of the basin are delineated by several uplifts including the 

Black Hills to the east; the Hartville Uplift and Laramie Range to the south; the Casper Arch, 

Bighorn Mountains, and Hardin Platform to the west; and the Miles City Arch, Bull Mountains, 

and Porcupine Dome to the north (Fig. 2.5). Numerous structures observed at the surface 

originated as faults, shear zones, or zones of weakness in the basement rocks during the 
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Precambrian time and were rejuvenated during the Laramide Orogeny. Most structures are 

oriented in a northwest-southeast and northeast-southwest direction (Anna, 1986). 

 

 

Figure 2.4 Simplified Cross Section of the Powder River Basin (Anna, 2010). 

 

 

Figure 2.5: Structural elements that border the Powder River Basin (Anna, 2010). 
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2.5 The Mowry Formation 

 The Mowry Shale, and its lateral equivalent to the west, the Aspen Shale, were deposited 

in a southern embayment of the Late Albian to Early Cenomanian Western Interior Cretaceous 

Seaway that extended southward from the Arctic to present day Colorado (Fig. 2.6). The 

boundary between the Jurassic and Cretaceous rocks in Wyoming is the nonmarine Morrison-

Cloverly sequence (Davis, 1970). The initial Cretaceous transgression into Wyoming came from 

the north and deposited a basal sandstone and sandstone-shale sequence that constituted part of 

the Cloverly Formation. This unit was overlain by the marine Skull Creek Shale. The Muddy 

Sandstone-Newcastle Sandstone neritic and nonmarine sedimentary complex overlies the Skull 

Creek Shale, which is followed by the non-siliceous marine Shell Creek Shale. The Mowry was 

deposited above the Shell Creek. Overlying the Mowry is the Belle Fourche Shale and Frontier 

Formation. The boundary between the lower and upper Cretaceous traditionally is placed at this 

upper contact of the Mowry Shale. The contact between the Mowry and Frontier is marked by 

the Clay Spur Bentonite. In detailed correlations, the Clay Spur Bentonite can be recognized 

across nearly all of central and northwestern Wyoming, indicating that the contact is essentially 

an isochronous surface. The base of the Mowry is often placed at the Arrow Creek bentonite. 

Work done by Obradovich (1993) dates these bentonites at 97.12±0.69 Ma to 98.53±0.41 Ma, 

respectively. A type log of the Mowry is shown in Figure 2.7. 

The Mowry is a siliceous, dark-gray to black laminated mudstone with thin interbedded 

sandstones and siltstones. Substantial accumulations of the coarser grained sediment is confined 

to the uppermost Mowry in the western margin of the Western Interior Basin adjacent to the 

Cordillera. A large amount of disarticulated fish scale and bones can be found on bedding planes 
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of weathered rock (Cluff, 1976; Larson, 1977). Bentonite beds are very common in the Mowry, 

ranging in thickness from 1 cm to 2 meters (6.5 feet) (Byers and Larson, 1979).  

 The siliceous nature of the Mowry has been hypothesized to be the product of dissolution 

and redistribution of silica from either the volcanic ash beds or radiolarians. Rubey (1928) 

argued that the silica was added directly by volcanic ash beds. Davis (1970) and Cluff (1976) 

proposed the dissolution and redistribution of radiolarian silica as the source of the cement. Their 

observations noted well preserved volcanic glass shards in the shale suggesting that the shards 

were not dissolved directly to release silica. In contrast, radiolarian tests are nearly always 

recrystallized, poorly preserved, and are far more abundant than glass shards. The radiolarian 

argument is more commonly accepted (Davis, 1970; Cluff, 1976, Byers and Larson, 1979).  

 

2.6 The Mowry Petroleum System 

  The Mowry has long been considered an important source rock in the Rocky Mountain 

region, and especially so in the Powder River Basin (Nixon, 1973; Burtner and Warner, 1984) It 

is believed to have expulsed large volumes of oil and was the source of more than half a billion 

barrels of oil that have been produced from the Muddy Formation (Modica et al., 2012). The 

Mowry also sources the Lakota and Fall River Sandstones (Anna, 2010). 

The organic matter within the Mowry Shale is dominated by Type-II marine kerogen 

with subordinate amounts of Type III terrestrial kerogen that becomes more abundant to the west 

toward the Cordillera Highlands (Schrayer and Zarrella, 1968; Nixon, 1973). Total organic 

content (TOC) values range from 0.5% to 7.3% (Bohacs, 2005). The Mowry within the Powder 

River Basin is at the hydrocarbon generation maturity stage (Ro = 0.6%) at about 8000 feet and 

has a maximum maturity of 1.1% along the basin axis (Anna, 2010).  
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Figure 2.6: Paleogeographic setting of the Western Interior Seaway during the Early 
Cenomanian. The red box represents the approximate location of the Powder River Basin 
(Modified from Blakey, 2014).  
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Figure 2.7: Type log of the Mowry in the Powder River Basin from Well 2.  

 

Production from the Mowry is enhanced by fracture permeability and storage, but there is 

a possibility that thin siltstones increase porosity and storage, which would supply oil to Mowry 

fracture networks (Anna, 2010). Sweet spots within the Mowry that are associated with 

lineaments and lineament zones have been identified, including along the Belle Fourche Arch, 

where production may be enhanced. 

The USGS (Anna, 2010) calculated the cumulative known oil production as of 2005, at 

about 630 MMBO and the mean estimate of undiscovered resources of the Mowry as a self-
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sourcing reservoir as 198 MMBO, 198 BCFG, and 11.9 MMBNGL. The mean estimate of the 

Mowry sourced Muddy Sandstone is 47.3 MMBO, 398 BCFG, and 38.3 MMBNGL. Momper 

and Williams (1984) calculated the Mowry has expelled 11.9 BBO at an expulsion efficiency of 

6% to 8%. 

 Production data compiled by Enverus (2020) indicates 44 wells have targeted and 

completed the Mowry Formation with horizontal drilling (Fig. 2.8). Nine were completed prior 

to 2010 and have the poorest production results. Fourteen wells have been completed since 2018 

in which ten of the fourteen have the best first six months oil production overall, averaging 

71,334 bbls of oil (175,815 BOE). The average reported oil gravity from the Mowry wells 

produced since 2018 is 49.1 API, compared to 39.3 API from wells produced prior to 2010. The 

highest oil producing well was completed in August 2015 and has yielded 199,207 bbls of oil 

(Enverus, 2020). 

 

Figure 2.8: Structural map of the top Mowry showing Mowry horizontal production (BOE) in the 
Powder River Basin (Enverus, November 2020). 
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CHAPTER 3: MICRO-LITHOFACIES ANALYSIS 

3.1 Facies Observations 

 Six micro-lithofacies were identified through petrographic thin section observations. The 

lithofacies were defined according to their texture, composition, and diagenetic features and are 

summarized in table 3.1. 

 
Facies 1: Calcareous cemented siltstone with argillaceous siltstone laminations 

 Facies 1 contains sub-angular, moderately sorted, silt-sized detrital grains supported in a 

calcite and dolomite cement. It is laminated to thinly bedded and the basal contacts are 

undulatory and irregular due to burrowing and/or soft-sediment deformation (Fig. 3.1). The 

grains are predominately quartz and feldspars with minor amounts of muscovite and pyrite. 

Trace amounts of long, thin carbonaceous fragments and fish debris are also present. Calcite and 

dolomite cement support the grains. This facies is only found at the top of the upper Mowry.  

 

 

Figure 3.1: Facies 1. (A) Plain polarized light (PPL) thin section photomicrograph showing a 
calcite (stained pink) cemented siltstone filled burrow (Well 6 - 10,406.4 ft). (B) PPL thin 
section photomicrograph showing undulatory contact between siltstone and mudstone 
laminations (Well 6 - 10,397.5 ft).  

A B 
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Lithology Texture Composition Structures Diagenetic Products BI 

1 

Calcareous 
cemented siltstone 
with argillaceous 
siltstone 
laminations 

Grains are subangular to 
subrounded, moderately 
sorted, silt to very fine 
grained, matrix is 
dominated by detrital clay 

Detrital quartz, feldspars and 
muscovite, calcite cement; 
detrital clay dominated 
matrix 

Laminated to thinly bedded, 
basal contacts are undulatory 
and irregular by either 
burrowing and or soft-
sediment deformation 

Calcite and dolomite cement in silt 
laminations 2-3 

2 Non-laminated 
mudstone 

Mudstone with minor 
amounts of subrounded silt 
sized grains 

Detrital quartz, feldspars and 
muscovite; detrital clay 
dominated matrix 

Rare, very thin continuous 
silt laminations 

Matrix has been slightly replaced by 
cryptocrystalline quartz and Fe-
dolomite; Grain replacement by Fe-
dolomite, microcrystalline quartz, and 
pyrite; authigenic pyrite is moderately 
disseminated as fine crystals. 

0-1 

3 Laminated silty 
mudstone 

Grains are subangular to 
subrounded, moderately 
sorted, silt to very fine 
grained, matrix is 
dominated by detrital clay 

Detrital grains are composed 
of quartz, feldspars and 
muscovite; Sparsely 
scattered OMA; detrital illite 
and illite/smectite dominate 
the matrix and mudstone 
laminations 

Siltstone laminations are 
poorly to well defined, 
continuous to discontinuous, 
graded, planar with 
undulatory and scoured basal 
contacts; Mudstone 
laminations are continuous 
with aligned detrital clay 
extinction 

Minor amounts of radiolarians 
recrystallized by quartz; authigenic 
pyrite is widely disseminated as fine 
crystals and has replaced carbonaceous 
fragments; matrix has been slightly 
replaced by cryptocrystalline quartz 
and Fe-dolomite 

0-2 

4 
Laminated 
Siliceous Silty 
Mudstone 

Grains are subangular to 
subrounded, moderately 
sorted, silt to very fine 
grained, matrix is 
dominated by detrital clay 

Detrital grains are composed 
of quartz, feldspars, dolomite 
and muscovite; abundant 
scattered OMA; abundant 
recrystallized radiolarians; 
detrital illite and 
illite/smectite dominate the 
matrix and mudstone 
laminations 

Siltstone laminations are 
thin, continuous to 
discontinuous, occasional 
grading with sharp basal 
contacts that are planar to 
undulatory; burrowing is 
moderately common, and 
filled in by silt 

Partial to extensive silicification of the 
matrix forming light and dark banding; 
abundant radiolarian tests have been 
replaced by authigenic quartz, Fe-
dolomite and pyrite, and rarely filled 
with kaolinite; Fe-dolomite 
overgrowths on detrital dolomite 
grains; authigenic pyrite is widely 
disseminated as fine crystals and has 
replaced carbonaceous fragments 

1-3 

5 Altered Volcanic 
Ash 

Grains are angular, poorly 
sorted silt to fine grained 

illite/smectite dominated 
matrix; quartz, plagioclase 
and kaolinite 

Structureless in thin section 
observations 

  

6 Siliceous Mudstone 

Grains are subangular to 
subrounded, moderately 
sorted, silt to very fine 
grained, matrix is 
dominated by detrital clay 
and cryptocrystalline quartz 

Detrital grains are composed 
of quartz, feldspars, dolomite 
and muscovite; abundant 
scattered OMA; abundant 
recrystallized radiolarians; 
detrital illite and 
illite/smectite dominate the 
matrix and mudstone 
laminations 

Silt laminations are rare, but 
occur as thin wavy to 
lenticular discontinuous 
laminations; mudstone 
laminations alternate 
between extensively 
silicified light laminations to 
less silicified dark 
laminations; occasional 
burrows have been filled in 
by silt 

Partial to extensive silicification of the 
matrix forming light and dark banding; 
abundant radiolarian tests have been 
replaced by authigenic quartz, Fe-
dolomite and pyrite, and rarely filled 
with kaolinite; Fe-dolomite 
overgrowths on detrital dolomite 
grains; authigenic pyrite is widely 
disseminated as fine crystals and has 
replaced carbonaceous fragments 

0-3 

Table 3.1: Table summarizing the facies attributes   
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Facies 2: Non-laminated mudstone 

Facies 2 is a non-laminated to diffusely laminated mudstone. Laminations are faint, very 

thin, and composed of silt-sized detrital quartz and feldspar grains. The matrix makes up 90% or 

more in the observed thin sections (Fig. 3.2), supports the detrital grains, and is composed of 

detrital-clay crystals aligned parallel to bedding.  Authigenic cryptocrystalline quartz likely 

exists based on the XRD measurement of quartz compared to the amount of detrital quartz 

observed in the thin sections. A trace amount of evenly distributed Fe-dolomite has replaced the 

matrix, siliciclastic grains, and carbonaceous fragments. Authigenic pyrite is widely 

disseminated as fine crystals or crystal aggregates and replaces carbonaceous fragments. Trace 

radiolarian tests are completely replaced by authigenic quartz or clay.  

 

 

Figure 3.2: Facies 2. PPL thin section photomicrographs showing non-laminated mudstone (A: 
Well 1 - 12,967.0 ft; B: Well 5 - 10,564.8 ft). 
 

Facies 3: Graded-laminated silty mudstone 

 Facies 3 is a silty mudstone with slightly argillaceous siltstone laminations. The siltstone 

laminations are normally graded, poorly to well defined, and continuous to discontinuous (Fig 

A B 
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3.3). The laminations are generally planar with undulatory and scoured basal contacts. Soft 

sediment deformation and burrowing are common. Large carbonaceous fragments are common 

at the base of the laminations with the silt sized grains. The detrital grains are predominately sub-

angular to sub-rounded quartz and are supported in the matrix except in the scour fills. The 

matrix is composed of detrital clay crystals aligned parallel to bedding. Sparsely scattered 

organominerallic aggregates occur mainly in the matrix. Recrystallized radiolarian tests are 

sparsely scattered. Very fine pyrite crystals and crystal aggregates replace grains, matrix, and 

carbonaceous fragments. Minor amounts of Fe-dolomite have replaced the matrix in the silty 

laminations and also formed overgrowths on detrital dolomite grains. A minor amount of quartz 

overgrowths has developed on detrital quartz grains and authigenic kaolinite occurs as a 

replacement of recrystallized radiolarian tests. 

 

Facies 4: Laminated siliceous silty mudstones 

Facies 4 is an interlaminated siliceous mudstone and cemented siltstone. The siltstone 

laminations range from less than a millimeter to several millimeters and have been disturbed by 

burrows in some instances. The burrows are filled with silt sized siliciclastic grains. The siltstone 

laminations and burrows have been cemented by quartz and dolomite. The siltstone laminations 

are both continuous and discontinuous, with some containing graded bedding. The contacts 

between the laminations vary from sharp to gradational and range from planar to undulatory. The 

grains are predominately quartz with minor amounts of feldspar and trace amounts of muscovite 

and detrital dolomite. The siliceous mudstone laminations are matrix dominated and contain 

alternating light and dark color bands resulting from partial silicification. Abundant radiolarian 

tests have been replaced by quartz, Fe-dolomite, and pyrite (Fig. 3.4). The matrix is composed of  
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Figure 3.3: PPL thin section photomicrographs of facies 3. (A) Scoured basal contact with 
normally graded siltstone to claystone fill (Well 6 - 10,430.15 ft). (B) Large carbonaceous 
fragments within siltstone laminations (Well 2 - 13,310.3 ft). (C) Continuous graded laminations 
(Well 2 - 13,316.4 ft). (D) Discontinuous lamination due to burrowing (Well 2 - 13,323.6 ft).  
 

detrital clay which has been partially to extensively infilled by cryptocrystalline quartz. 

Abundant thin, wispy organominerallic aggregates occur in the mudstone laminations and are 

parallel to bedding or compacted around silt grains. Authigenic Fe-dolomite has replaced grains 

and the matrix and has formed overgrowths on detrital dolomite. Very fine crystals and crystal 

aggregates of authigenic pyrite are widely distributed in the matrix, and pyrite also has replaced 

grains, carbonaceous fragments and radiolarians. Rare authigenic kaolinite occurs replacing 

radiolarian tests. This facies is interpreted to have been deposited by similar processes as facies  

A B 

C D 
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Figure 3.4: PPL thin section photomicrograph of facies 4. (A) Continuous siltstone and claystone 
laminations with abundant quartz replaced radiolarians (Well 5 – 11,197.4 ft). (B) Continuous 
normally graded laminations with replaced radiolarians (Well 6 – 10,497.35 ft). (C) Abundant 
Fe-dolomite (blue stain) grain replacement (Well 2 – 13,212.0’). (D) Abundant replaced 
radiolarians with kaolinite and quartz replaced cores (Well 2 – 13,276.0’). 
 

3, however with a higher productivity supplying abundant radiolarians and organominerallic 

aggregates. 

 

Facies 5: Altered volcanic ash 

 Facies 5 is an altered volcanic ash. It generally lacks sedimentary structures and is mostly 

(>85%) composed of clay minerals, mainly illite-smectite, altered from volcanic ash (Fig. 3.5). 

A B 

C D 
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The grains are composed of plagioclase, k-feldspar, micas and quartz and are angular and 

randomly oriented. Minor amounts of pyrite grain replacement have occurred. 

 This facies is indicative of volcanic ash delivered to the distal parts of the Mowry Sea 

predominantly by wind followed by hemipelagic deposition. 

 

 

Figure 3.5: PPL thin section photomicrograph of facies 5 showing randomly oriented grains in a 
matrix dominated by clay minerals (Well 4 – 11,042.75 ft). 
 

Facies 6: Siliceous Mudstone 

Facies 6 is a non-laminated to faintly laminated mudstone with silica-cement bands (Fig. 

3.6). Laminations are wavy to lenticular and alternate light and dark resulting from partial 

silicification of the matrix. Rare discontinuous thin silt-rich laminations exist and are silicified 

and disturbed by burrowing.  Erratic grain-filled burrows also have been cemented by 

cryptocrystalline quartz. Abundant radiolarians have been completely replaced by quartz, 

authigenic kaolinite, Fe-dolomite or pyrite. In some instances, the tests are preserved by quartz  
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Figure 3.6: PPL thin section photomicrograph of facies 6. (A) Extensively replaced matrix by 
microcrystalline quartz (Well 6 – 10,524.7 ft). (B) Expulsion cracks filled with bitumen (Well 2 
– 13,286.0’). (C) Silicified burrows and abundant Fe-dolomite replaced radiolarians (Well 5 – 
10,604.8 ft). (D) Bioturbated mudstone with quartz replaced radiolarians (Well 5 – 10,604.8 ft). 
 

or pyrite while the centers are filled with kaolinite or cryptocrystalline quartz.  Abundant thin 

wispy organominerallic aggregates are parallel to bedding or compacted around silt grains. Trace 

carbonaceous fragments exist. The grains are composed mainly of sub-angular to sub-rounded 

quartz, with minor amounts of plagioclase and trace amounts of muscovite and detrital dolomite. 

The matrix supports the grains and is composed of detrital clay, which has been partially to 

extensively replaced by cryptocrystalline quartz. Pyrite is widely distributed as a replacement of 

the matrix, grains and carbonaceous fragments. Abundant Fe-dolomite has replaced grains and 

A B A B 
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the matrix or occurs as overgrowths of detrital dolomite in addition to replacing radiolarian tests. 

Rare chlorite occurs as a grain replacement. This facies is interpreted to be the product of 

hemipelagic deposition during periods of increased productivity of siliceous microorganisms, 

mainly radiolarians. 

  

3.2 Facies Trends and Distributions 

 From the 172 thin sections, six lithofacies were identified according to their texture, 

diagenetic features, and composition. Figure 3.7 shows the facies distribution across the upper, 

middle and lower Mowry. These observations and the distributions are only interpreted from 

petrographic thin section analysis and are therefore constrained by the sampling strategy.  

 Facies 1 is only found in the upper Mowry and was only observed in five thin sections. 

Facies 2 was mainly identified in the upper Mowry (73%), although it also was identified in the 

middle and lower Mowry. Facies 3 was the third most abundant facies identified and occurs 

primarily in the upper and lower Mowry. Facies 4 was the most abundant facies identified 

overall and occurs mostly in the middle Mowry (49%) and is the most common facies identified 

in the lower Mowry. Facies 5 was identified in ten samples and was equally distributed 

throughout the Mowry. Facies 6 was the second most abundant facies overall and occurs 

primarily in the middle Mowry (82%). 

The primary difference between facies 2 and 6 and facies 3 and 4 is an increase in the diagenetic 

overprinting by replaced radiolarians and the silicification of the matrix. Their respective 

depositional processes are interpreted to be the same. It is likely that facies 4 and 6 were 

deposited during times of higher productivity relative to facies 2 and 3. Therefore, based on the 

distribution of the facies, the middle Mowry was deposited during times of higher productivity. 
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Figure 3.7: Distribution of lithofacies by formation members.  

 

 Whereas the mineralogical composition is less of a driving factor in the facies 

identification, there are some clear trends in the results (Fig. 3.8). The facies identified as having 

higher diagenetic overprinting by the silicification of the matrix on average has higher quartz 

content. Additionally, facies 3, 4 and 6 all have higher Fe-dolomite. There is also less illite/mica 

and illite/smectite present, according to the XRD results, in facies 4 and 6 compared to facies 2 

and 3. This higher quartz content, which is primarily authigenic, and lower clay content in facies 

4 and 6 is likely a result of pelalgic sediment diluting the detritial influx during a period of higher 

productivity, compared to facies 2 and 3. Additionally, facies 5, the altered volcanic ash, is 

predominantely composed of illite/smectite. 

 Trends in the TOC by facies (Fig. 3.9) indicate that facies 4 is the most organically rich 

and averages 3.19 wt.%, followed by facies 6 which averages 2.82 wt.%. The elevated values in 

the facies carry over to the higher TOC values observed in the middle Mowry. The lower 

Mowry, which is comprised mainly of facies and 3 and 4, has an average TOC of 2.56 wt.%. The 
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elevated amount of TOC again supports the idea of increased productivity in the middle Mowry. 

The trends in the saturation measurements as determined by GRI analysis indicate higher 

average oil saturations in facies 4 and 6 and higher water saturations in facies 2 and 3. The 

elevated TOC values in facies 4 and 6 are likely the product of more hydrocarbons that have 

been generated and retaining. The elevated water saturations in facies 2 and 3 may be the product 

of higher total clay content, in which more clay bound water may have been removed during the 

GRI extraction process. 

 

 

Figure 3.8: XRD Mineralogical distributions by facies. (A) Quartz content shows an increase in 
facies 4 and 6, consistent with the high degree of silicification observed in petrographic thin 
section analysis. (B) Average dolomite values are higher in facies 3, 4 and 5. (C) Illite/mica are 
higher in facies 2 and 3 compared to 4 and 6. (D) Facies 5, the altered volcanic ash, contains the 
highest amount of illite/smectite. Facies 2 and 3 have higher amounts of illite/smectite compared 
to facies 4 and 6. 
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Figure 3.9: TOC and saturation distributions by facies (A, C, E) and formation members (B, D, F). 
TOC and oil saturations are highest in facies 4 and 6 (A, C) and in the middle Mowry (B, D). 
Water saturations are highest in facies 1, 2 and 5 (E) and the upper and lower Mowry (F). 
  

A B 

C D 

F E 



48 
  

 

CHAPTER 4: DIAGENETIC HISTORY 

Extensive diagenesis, particularly early diagenesis, has had a large influence on the 

reservoir quality of the Mowry Formation. The most important process appears to be the 

relatively early stabilization and lithification resulting from opal to quartz transformation. 

 

4.1 Early Diagenetic Processes 

Moderate bioturbation exists throughout the Mowry. Burrows in facies 1, 3 and 4 are 

commonly filled by silt grains and cemented by either calcite (facies 1), dolomite or quartz 

(facies 3 and 4). Bioturbation intensity ranges from not burrowed to weakly bioturbated, but 

some strongly bioturbated intervals do exist (Fig. 4.1).  

Ferroan dolomite is the most abundant variety of dolomite and is generally more 

prevalent in the more siliceous facies. It commonly occurs as replacement of radiolarians and 

other grains, overgrowths, and as cement in the mudstone matrix and between silt grains in siltier 

laminations (Fig. 4.2). Calcite was identified mainly in just facies 1 (Fig 4.1B), which occurs 

only at the top of the Mowry. Calcite cementation occurs only as a cement in the siltstone 

laminations.  

Pyrite was observed in all samples and is generally common, occurring as framboids, 

small crystals, and crystal aggregates that have replaced the matrix, organic matter, radiolarians 

and other carbonaceous fragments (Fig. 4.3). Framboids are spherical clusters of pyrite 

microcrystals that formed at the oxic-anoxic boundary in the water column or just below the 

surface. Replacement of grains and other organic material by pyrite occurred after burial. Pyrite 

formed upon sulfate reduction and reaction with available iron. Along some bedding contacts, 
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particularly between mudstone and silicified laminations, pyrite crystals accumulated as thin 

laminations. XRD analysis measured pyrite between 0 to 16% with facies 4 averaging the most 

at 4.15%. 

 

 
  

Figure 4.1: PPL thin section photomicrographs showing examples of the degree of bioturbation 
and burrowing. (A) Most common - non bioturbated interval (Well 5 – 10679.0 ft). (B) Less 
common - highly bioturbated interval (Well 5 – 10,634.0 ft). (C) Common in the upper Mowry - 
calcite cemented silt filled burrow (Well 6 – 10,406.15 ft). 
 

   

 

A 

C 

B 



50 
  

 
 
 
 
 

  

  

Figure 4.2: PPL Thin section photomicrographs (A & B) and FE-SEM images (C & D) showing 
occurrence of authigenic dolomite and Fe-dolomite. (A) Fe-dolomite (blue stain) replacing 
radiolarian tests (Well 5 – 10,594.0 ft). (B) Fe-dolomite cement and grain replacement (Well 6 – 
10,462.0 ft). (C) Fe-dolomite overgrowth (Well 1 – 12,967.0 ft). (D) Fe-dolomite cement (Well 5 
– 10,644 ft). 
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Figure 4.3: Thin section microphotograph and FE-SEM images showing examples of the 
different forms of pyrite present. (A) Pyrite occurring along lamination boundary (yellow arrow) 
(Well 6 – 10,497.0 ft). (B) Pyrite framboids, including one that is welded together (red arrow). 
Pyrite crystals also have formed around a dolomite grain (Alcova Reservoir – 288.55 ft). (C) 
Pyrite replacing a fish bone (Well 1 – 12,967 ft). (D) Pyrite replacing the test and center of a 
radiolarian (Well 1 – 12,997 ft). 
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Authigenic quartz is the most abundant mineral in the Mowry Formation. Previous work 

performed by Milliken and Olson (2017) identified that nearly 90% of the quartz within the 

Mowry is authigenic. While cathodoluminescence imaging was not performed in this study, 

observations of SEM images suggest the same prevalence of authigenic quartz relative to detrital 

quartz.  

The source of the silica in the Mowry is believed to be mainly biogenic in origin. Even 

with a poor preservation potential, the abundant replaced radiolarian tests support their 

dissolution as a major source of silica. Other biosiliceous organisms, such as diatoms and sponge 

spicules, were not observed in petrographic analysis; however, due to their poor preservation 

potential, they should not be ruled out as occurring and contributing to the supplied silica.  

Illitization of smectite and the alteration of volcanic glass also supplied minor amounts of 

silica for the formation of authigenic quartz; however, their contribution cannot account for the 

amount of quartz measured by bulk XRD analysis. Kamp (2008) calculated the amount of SiO2 

released during the transformation of 100% smectite to 100% illite using end member chemical 

formulas, which resulted in 18% of the original amount of smectite. Other authors using less 

aluminous smectites estimated a yield up to 28% SiO2. The average amount of illite/smectite and 

illite/mica quantified by XRD in the Mowry, excluding ash beds, was roughly 16.2 wt%. This 

would yield 3 to 4.5 wt% of SiO2. Additionally, as determined by XRD analysis, even the 

deepest analyzed well has only reached 80% illitization of the illite/smectite. Volcanic ash also 

has the potential to release silica; however, previous workers (Davis, 1970; Cluff, 1976; Milliken 

and Olson, 2019) noted a lack of massive silica alteration in the ash beds indicating it probably is 

not a significant source of silica. 
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Authigenic quartz occurs as a grain replacement and as cryptocrystalline cement. 

Radiolarians are most commonly replaced by authigenic quartz. Quartz cement exists throughout 

the matrix in all the facies, but it is more abundant in facies 4 and 6. It exists as matrix-dispersed 

euhedral microcrystalline quartz in the more clay-rich laminations (Fig. 4.4), whereas in some 

instances in facies 6, the quartz crystals have amalgamated (Fig 4.5). The existence of these two 

are not discrete but transitional (Fig. 4.4).  

 The early formation of microcrystalline quartz likely prevented significant mechanical 

compaction and preserved the matrix porosity, allowing for bitumen to expulse into the open pore 

space (Fig. 4.6). The expulsed bitumen likely created an interconnected bitumen network that 

potentially can facilitate hydrocarbon migration after organic matter hosted pores develop. 

 

4.2 Burial Diagenesis 

 The primary grain assemblage has a significant influence on the extent of burial 

compaction. Early silica diagenesis probably reduced the effect of mechanical compaction by 

forming a rigid framework. Facies that are dominated by detrital clays apparently underwent 

more mechanical compaction due to the ductile nature of the clay grains (Fig. 4.8). Zones with 

partial silicification and dispersed microcrystalline quartz crystals in a clay dominated matrix 

more likely experienced a higher degree of mechanical compaction than intervals with more 

extensive silicification that resulted in the amalgamation of microcrystalline quartz crystals. 

 

Illitization 

 The window of illitization occurs between the maturity levels found in the TCF well and 

Well 6. The shallowest two wells, TCF and Alcova Reservoir, have expandable interlayer clays  



54 
  

 

 

 

Figure 4.4: FE-SEM images of the different degrees of matrix silicification by microcrystalline 
quartz. (A) Dispersed microcrystalline quartz crystals in a matrix still dominated by clay (Well 5 
– 10,644.4 ft) (B) A slightly more silicified zone with both dispersed microcrystalline quartz 
crystals and a low degree of amalgamation. Quartz replacing radiolarian is present in the center 
of the image (Well 1 – 12,997 ft). (C) A more silicified zone with less clay present and a higher 
degree of amalgamation of microcrystalline quartz crystals (Well 5 – 10,644 ft). (D) An 
extensively silicified zone with little clay and a very high degree of microcrystalline 
amalgamation (Well 5 – 10,664.0 ft). 
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Figure 4.5: FE-SEM images of extensively silicified zones (facies 6). Microcrystalline quartz 
crystals are extensively amalgamated. Intercrystalline pore space is common and ranges in size 
from less than 1 µm to greater than 10 µm. (A-D: Well 5 – 10,664.0 ft). 
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Figure 4.6: FE-SEM images showing euhedral microcrystalline quartz surrounded by bitumen is 
evidence that the formation of the microcrystalline quartz preserved the pore space allowing for 
the emplacement of bitumen. (A, B) Close up view of euhedral quartz and feldspar crystals (A: 
TCF – 8,362.0 ft; B: TCF – 8,414.0 ft). (C, D) Zoomed out view of the bitumen network filling 
interparticle and intercrystalline pore space preserved by the microcrystalline quartz (C: Well 1 – 
13,007.8 ft; D: TCF – 8640.0 ft).  
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Figure 4.7: FE-SEM images of authigenic kaolinite and chlorite. (A, B, C) Kaolinite filling the 
center of a radiolarian (A & C: Well 5 – 10,644.2 ft; B: Well 1 – 12,997.0 ft). (C) Chlorite and 
kaolinite partially filling a radiolarian. (D) Chlorite cement replacing matrix or grain (Well 1- 
13,007.6 ft). 

Kao 

A B 

C D 

Kao Chlorite 

Pyrite 



58 
  

 

Figure 4.8: Thin section photomicrograph comparing compaction between a clay dominated 
facies and silicified facies. (A) Mechanical compaction in a clay dominated facies with little 
silicification has resulted in the deformation of the matrix (white arrows) (Well 2 – 13,302.25’). 
(B) Dispersed radiolarians (yellow arrows) in a highly silicified zone have maintained their form 
indicating they were less affected by compaction (Well 5 – 10,664.0 ft). 
 

that range between 70% and 90% as measured by XRD. The average Ro and Tmax maturity of 

the TCF, at a depth of -3736 ft SSTVD, is 0.75% and 439°C. 

The next deepest well in the study is Well 6 and the Mowry is 1682 feet SSTVD deeper 

than in the TCF well. The average Ro and Tmax are 0.98% and 449°C. The percent of 

expandable interlayer clay drops and ranges between 20% and 30%. The five deeper wells, 

which range from 193 feet to 2618 feet deeper than Well 6, do not experience a further drop in 

the expandable interlayer percentages and remain in the 20% to 30% range, even though their 

maturities range from 1.0% to 1.26% Ro. 

There is a noticeable drop in the percent of illite/smectite from the shallow two wells 

compared to the six deeper wells. The average drops from 24.2 wt% to 8.8 wt%. 
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4.3 Organic Matter Catagenesis 

 The majority of observable organic material in the Mowry are organominerallic 

aggregates, which can be observed in thin sections and by FE-SEM (Fig. 4.9). Other larger, more 

structured terrestrial organic matter particles are common, but not abundant. Organic petrology 

was performed on 37 of the samples, of which 46% (n=17) are from the TCF well. The identified 

maceral distribution on average was 82% liptinite, 10% vitrinite, and 8% inertinite. The OMA 

color in thin section ranges from a light brown to black in the Alcova Reservoir well, whereas in 

the deeper more mature wells they are just black (Fig. 4.10). The color change is likely the 

product of bitumen formation as well as pyritization.  

As mentioned in section 2.3.4, the partial decomposition of kerogen into bitumen is the 

initial step in organic matter catagenesis. During this step, bitumen will expulse into open pores 

(Fig. 4.11). Even though the Alcova Reservoir well is immature (Avg. Tmax: 426°C), the initial 

process of bitumen expulsion has occurred as observed by the FE-SEM. In figure 4.11, bitumen 

has filled the pore system between microcrystalline quartz grains. The average S1, the measure 

of available hydrocarbons, in the Alcova Reservoir core averages 0.45 mg HC/g, suggesting that 

very little measurable hydrocarbon generation has occurred. In deeper wells that have reached 

the oil generation phase, a more pervasive bitumen network has developed filling the majority of 

the open pores. 

 

4.4 Organic Matter Porosity 

Organic matter (OM) nanoporosity is reported to begin developing between 0.6% Ro and 

0.9% Ro (Cardott et al., 2015). This is consistent with observations made in the Mowry. No OM 

pores were observed in the Alcova Reservoir samples (Calc Ro equivalent of 0.51%), while the 
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TCF well (Ro = 0.75%) had nascent OM hosted pore development. Well 1 (Ro = 1.26%) 

contains abundant OM hosted pores. 

OM hosted pore types described by Milliken et al. (2013) can be identified in the Mowry 

(Fig. 4.12, 4.13), and occur mainly within bitumen. The structured OM particles less commonly 

contained intraparticle pores and the observed cracks in kerogen particles are believed to be 

artificial and not natural. OM-mineral interface pores commonly occur and are difficult to 

confidently interpret as natural or artificial.  

 

 

Figure 4.9: FE-SEM of organic matter particles (kerogen). (A) Large kerogen particles (white 
arrows) (TCF – 8,414.0 ft). (B) Amorphous kerogen – OMA (red arrows) distinguished by lack 
of euhedral crystals present at OM-mineral boundary (Alcova Reservoir – 288.55 ft).  
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Figure 4.10: Thin section photomicrographs showing the color change between OMA at different 
maturities. (A & B) The OMA in the immature Alcova Reservoir samples range from a light 
brown to black (yellow arrows) (Alcova Reservoir – 288.55 ft). (C & D) The OMA in the late 
maturity Well 1 are only black (red arrows) (Well 1 – 13,017.0’). The alteration in color is due to 
pyritization as well as the formation of bitumen or pyrobitumen. 
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Figure 4.11: FE-SEM images showing expulsed bitumen. (A, B) Expulsed bitumen filling 
intercrystalline pore space in the (A) immature Alcova Reservoir well (350.55 ft) and (B) early 
oil window TCF well (8,640.0 ft). (C) Bitumen network filling expulsion fractures (TCF – 
8,401.1 ft). 
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Figure 4.12: FE-SEM BSE image of sample depth 12967.0 ft from Well 1. OM kerogen particle 
(yellow arrow). Bitumen OM porosity with a complex OM pore system (red arrow) and mineral 
boundary OM pore system (blue arrow). 
 

4.5 Other Pore Systems 

 Mineral matrix pores are identified across all the maturity ranges in this study. 

Interparticle pores and intraparticle pores within clay minerals are the most common (Fig. 4.14). 

There is a transition in the abundance and type of pores from the shallow, immature Alcova 

Reservoir well to the deepest, most mature well, Well 1. In the Alcova Reservoir well, the 

majority of pores are interparticle pores. Due to the estimated uplift in the Powder River Basin of 

1500 feet in the basin center and up to 5000 feet at the margins (Heasler et al, 1994), pressure 

release from exhumation possibly allowed for mineral matrix pores to reopen. Additionally, in 

the Alcova Reservoir well, bitumen expulsion started to occur but was not as pervasive as in the  
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Figure 4.13: FE-SEM image showing the variation of OM hosted pore systems. (A) Sponge like 
pores (red arrow) (B) OM-mineral boundary pore (green arrows) and kerogen particles (white 
arrow). (C) Complex OM pore system (yellow arrow) adjacent to kerogen particle (white arrow) 
and desiccation cracks (blue arrow). (D) Discrete isolated pores (red arrow), OM-mineral 
boundary pore (green arrow), and desiccation crack (blue arrow). (E) Clustered sponge-like 
pores (red arrows). (F) Discrete isolated sponge-like pores, in a probable kerogen piece (red 
arrow). All images are from Well 1: A – 12,997.0 ft; B & E – 13,007.6 ft; C, D & F – 12,967 ft. 
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Figure 4.14: FE-SEM images showing mineral matrix pores. (A) Interparticle pores and 
intraparticle pores within clay minerals are abundant at the top of the image, whereas at the 
bottom the pore system has been filed by bitumen (Alcova Reservoir – 350.55 ft). (B) Abundant 
mineral matrix pores (Alcova Reservoir – 212.55 ft). (C) Intraparticle pore due to dissolution of 
feldspar grain (Alcova Reservoir – 288.55 ft). (D) Interparticle and intraparticle pores within 
clay minerals (TCF – 8,384.0 ft). (E, F) Intraparticle pores isolated in clay flocs (Well 1: E – 
12,967; F – 12,997.0 ft). 
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more mature wells in the study. Open mineral matrix pores that have not been cemented or filled 

by bitumen in the deepest well are rare and are generally confined within clay flocs.  

 

4.6 Shallow to Deep Diagenetic Transitions 

 A comparison of the Mowry Formation from immature to mature helps to isolate the 

active diagenetic stages. The Mowry has experienced extensive early diagenesis, particularly the 

silicification of the matrix. Key burial diagenetic processes include compaction, illitization of 

smectite, organic matter maturation and organic matter porosity development. The following 

four wells in which the maturities range from immature, early oil window, peak oil window, and 

late oil window were evaluated to characterize these processes.  

   

4.6.1 Alcova Reservoir 

 The Alcova Reservoir well is a shallow cored research well located on the Casper Arch 

(Figure 1.1). Based on previous work (Hollon et al., 2014), the Mowry at this location represents 

a similar depositional environment in the Western Interior Seaway as the other three Powder 

River Basin wells discussed in this section. The top of the Mowry is at 192 feet MD. Thin 

section preparation and FE-SEM and XRD analyses were performed on five samples, and 

programmed pyrolysis was performed on 24 samples. No organic petrology or GRI analysis was 

performed on this well. 

The analyzed samples in the Alcova Reservoir core display pervasive silicification of the 

matrix, as well as burrows. Quartz content from XRD analysis averages 49.1 wt.% and total clay 

averages 36.8%. The percent of expandable interlayers in the illite/smectite ranges from 70% to 
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90% indicating little illitization has occurred. Potassium feldspar averages 7.3 wt.% and 

dolomite averages 0.8 wt.%. Fe-dolomite is noticeably absent in thin section and FE-SEM 

imaging compared to the other wells. Abundant pyrite framboids exist and minor amounts of 

authigenic kaolinite and chlorite are present (Fig 4.15). 

The Mowry in this well has very good remaining petroleum potential (Peters and Cassa, 

1994). Of the 24 analyzed samples, 22 meet the minimum TOC threshold requirement of 2 wt.% 

for effective petroleum source rocks (Lewan, 1987). TOC ranges from 1.04 wt.% to 4.53 wt.% 

and averages 2.87 wt.%. S1 ranges from 0.06 to 0.87 mg HC/g (1.3 to 19.1 barrels of oil/acre-ft) 

and averages 0.45 mg HC/g (9.8 bbls/acre-ft), which is considered poor to fair petroleum 

potential. S2 ranges from 1.88 to 21.09 mg HC/g (41.2 to 461.9 bbls/acre-ft) and averages 11.06 

mg HC/g (242.3 bbls/acre-ft), which is considered poor to very good remaining generative 

potential. No organic petrology work was performed on this well; however, the calculated Ro 

from Tmax averages 0.51% (Tmax of 426.2℃) indicating the Mowry in this well is immature 

and has not reached the hydrocarbon generation stage. 

 Bitumen expulsion into interparticle pores preserved by the formation of microcrystalline 

quartz has started to occur but is not pervasive as indicated by the number of open pores in the 

FE-SEM images (Fig. 4.15). The organominerallic aggregates in thin section are light brown to 

black in color and are common. Interparticle pores and intraparticle pores within clay are 

abundant, possibly caused by the pressure released during exhumation that occurred in the 

Powder River Basin. No organic matter hosted pores were observed. 
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Figure 4.15: (A, B) Thin section photomicrographs showing the extensive silicification of the 
matrix in the Alcova Reservoir well samples, including microcrystalline quartz filling of burrows 
(blue arrow) (A). Organominerallic aggregates (OMA) (red arrows) are generally light brown to 
black (B). (C, D, E, F) FE-SEM images from the Alcova Reservoir well samples showing 
mineral matrix pores are extensive (orange arrows), including intracrystalline pores within a 
pyrite framboid (green arrow in D). OMA are common (red arrows) and bitumen expulsion has 
occurred (white arrows), however, as image C and E show, not pervasive. (A, C & E - 288.55 ft; 
B, D & F - 272.15 ft) 
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4.6.2 Thunder Creek Federal 

The Thunder Creek Federal (TCF) well is located in Western Weston County, WY, and is 

up dip from the basin axis on the eastern flank (Figure 1.1). Only the last ten feet of the middle 

Mowry and all of the lower Mowry was analyzed. The top of the Mowry picked from well logs 

is at 8262 feet (MD). Thin section preparation and FE-SEM analysis was performed on nine 

samples, XRD analysis and programmed pyrolysis were performed on twenty-four samples, and 

organic petrology work was performed on seventeen samples. No GRI analysis was performed 

on this well. 

Pervasive silicification of the matrix in the middle Mowry is common along with 

abundant preserved radiolarians (Fig. 4.16). Quartz content from XRD analysis averages 49.9 

wt.% and total clay averages 17.8 wt.%. The percent of expandable interlayers in the 

illite/smectite range from 70% to 90% indicating little illitization has occurred. Potassium 

feldspar averages 3.3 wt.% and dolomite averages 1.7 wt.%. Fe-dolomite exists in minor 

amounts as pore-filling cement and overgrowths in silty laminations but is not observed as a 

replacement in the matrix or of radiolarians or other grains. Abundant pyrite framboids exist and 

minor amounts of authigenic kaolinite and chlorite are present. 

The Mowry in this well has good remaining petroleum potential (Peters and Cassa, 

1994). Of the 24 analyzed samples, 17 meet the minimum TOC threshold requirement of 2 wt.% 

for effective petroleum source rocks (Lewan, 1987). TOC ranges from 0.46 wt.% to 3.88 wt.% 

and averages 2.50 wt.%. S1 ranges from 0.27 to 1.62 mg HC/g (5.9 to 35.5 barrels of oil/acre-ft) 

and averages 0.92 mg HC/g (20.1 bbls/acre-ft), which is considered poor to good petroleum 

potential. S2 ranges from 0.95 to 12.60 mg HC/g (20.8 to 275.9 bbls/acre-ft) and averages 7.14 

mg HC/g (156.4 bbls/acre-ft), which is considered poor to very good remaining generative 
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potential. Based on organic petrology work performed on sixteen of the samples, the organic 

matter consists on average of 80% originally oil-prone liptinite (Type II), 5% vitrinite (Type III), 

and 5% inertinite (Type IV). Measured vitrinite reflectance (Ro) values average 0.75% (Tmax of 

439.7℃) indicating the Mowry in this well is in the early oil maturity window (Huc, 2013) 

 Bitumen expulsion into interparticle pores preserved by the formation of microcrystalline 

quartz has occurred and organic matter hosted pores have started to form (Fig. 4.16). The OMA 

in thin sections are black in color as a result of heating and the formation of bitumen. 

Interparticle pores and intraparticle pores within clay are common, but less so than in the Alcova 

Reservoir samples, likely due to increased bitumen expulsion. 

 

4.6.3 Well 5 

Well 5 is located in central Campbell County, WY, and is up dip from the basin axis on 

the eastern flank (Figure 1.1). The top of the Mowry is at 10,555 feet (MD). Thin section 

preparation, XRD analysis, programmed pyrolysis, and GRI analysis were performed on fifteen 

samples, and organic petrology work was performed on four samples. FE-SEM analysis was 

performed on two thin sections; however, no argon ion-milling FE-SEM was performed. 

Pervasive silicification of the matrix is common with abundant preserved radiolarians 

(Fig. 4.17). Quartz content from XRD analysis averages 63.9 wt.% and total clay averages 19.8 

wt.%. The percent of expandable interlayers in the illite/smectite mineral ranges from 20% to 

30% indicating illitization has occurred. A decrease in the expandable interlayers does not 

progress any further in deeper samples. Potassium feldspar averages 0.8 wt.% and dolomite 

averages 2.5 wt.%. Fe-dolomite is common as a pore-filling cement, an overgrowth, a grain  
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Figure 4.16: (A, B) Thin section photomicrographs from the TCF well samples showing 
silicification of the matrix, abundant replaced radiolarians and black OMA. Fe-dolomite cement 
(blue stain) is commonly in silty laminations (B). (C, D, E, F) FE-SEM images from the TCF 
well samples showing a mix of mineral matrix pores and OM-hosted. Mineral matrix pores 
(black arrows) are less abundant than in the Alcova Reservoir samples, but still common. 
Bitumen expulsion has occurred and is filling pores preserved by microcrystalline quartz (white 
arrows). OM-hosted pores (yellow arrows) have started to develop and include sponge-like 
pores, OM-mineral boundary pores, and complex pores. Amorphous kerogen also is common 
(red arrows). (A – 8396.0 ft; B & D – 8,390.0 ft; C – 9422.0 ft; E – 8399.5 ft; F – 8362.0 ft) 
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replacement and in the matrix. Abundant pyrite framboids exist and minor amounts of authigenic 

kaolinite and chlorite are present. 

The Mowry in Well 5 has fair to good remaining petroleum potential (Peters and Cassa, 

1994). Thirteen of the 15 analyzed samples meet the minimum TOC threshold requirement of 2 

wt.% for effective petroleum source rocks (Lewan, 1987). TOC ranges from 1.62 wt% to 4.58 

wt.% and averages 2.75 wt.%. S1 ranges from 0.96 to 3.33 mg HC/g (21.0 to 72.9 barrels of 

oil/acre-ft) and averages 2.02 mg HC/g (44.2 bbls/acre-ft), which is considered fair to very good 

petroleum potential. S2 ranges from 3.18 to 16.39 mg HC/g (69.6 to 358.9 bbls/acre-ft) and 

averages 7.56 mg HC/g (165.5 bbls/acre-ft), which is considered fair to very good remaining 

generative potential. Based on organic petrology work performed on four of the samples, the 

organic matter consists on average of 85% originally oil-prone liptinite (Type II), 10.0% vitrinite 

(Type III), and 5.0% inertinite (Type IV). Measured vitrinite reflectance (Ro) values average 

0.98% (Tmax of 449.3℃) indicating the Mowry in this well is in the peak oil window (Huc, 

2013). 

 Since the Mowry at this well has reached the peak oil window, bitumen expulsion and 

hydrocarbon generation are expected at this maturity. Without argon ion-milled prepared 

surfaces, FE-SEM imaging does not allow to easily discern bitumen from kerogen or for pore 

type identification. Based on the TCF and Well 1, OM-hosted porosity is expected.  

 

4.6.4 Well 1 

Well 1 is located in the south-west corner of Campbell County, WY, and occurs near the 

basin axis (Figure 1.1). The top of the Mowry is at 12,948 feet (MD). Thin section preparation, 

XRD analysis, programmed pyrolysis, and GRI analysis were performed on twenty-four samples  
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Figure 4.17: (A, B) Thin section photomicrographs from Well 5 samples showing silicification 
of the matrix, abundant replaced radiolarians and OMA. Fe-dolomite is common (blue stain) (B). 
(C, D, E, F) FE-SEM images from Well 5 samples of polished thin sections show a range of 
textures present in this well. (C) Moderate silicification within a clay rich matrix. (D) Extensive 
silica cement with amalgamated microcrystalline quartz crystals. (E, F) Amorphous kerogen and 
OMA (red arrows) are common and have expelled bitumen. Differentiating bitumen from 
kerogen and identifying open pores was not possible with SEM imaging of these thin sections 
that lacked argon-ion milling. (A & C – 10,664.0 ft; B – 10,604.8 ft; D, E & F – 10644.8 ft) 
  



78 
  

 

 

 

 

 

A B 

C D 

E F 



79 
  

and organic petrology work was performed on five of the samples. FE-SEM analysis was 

performed on three argon ion-milled and polished thin section samples. 

Pervasive silicification of the matrix is common with abundant preserved radiolarians 

(Fig. 4.18). Quartz content from XRD analysis averages 61.2 wt.% and total clay averages 21.5 

wt.%. The percent of expandable interlayers in the illite/smectite mineral ranges from 20% to 

30% indicating illitization has occurred. A decrease in the expandable interlayers does not 

progress any further from the shallower Well 5. Potassium feldspar averages 1.3 wt.% and 

dolomite averages 2.5 wt.%. Fe-dolomite is common as pore-filling cement, overgrowths, grain 

replacement and in the matrix. Abundant pyrite framboids exist and minor amounts of authigenic 

kaolinite and chlorite are present. 

The Mowry in Well 1 has fair to good remaining petroleum potential (Peters and Cassa, 

1994). Nineteen of the 24 analyzed samples meet the minimum TOC threshold requirement of 2 

wt.% for effective petroleum source rocks (Lewan, 1987). TOC ranges from 1.01 wt.% to 3.73 

wt.% and averages 2.43 wt.%. S1 ranges from 0.71 to 1.67 mg of hydrocarbons/gram of rock 

(15.5 to 37.9 barrels of oil/acre-ft) and averages 1.27 mg HC/g (27.75 bbls/acre-ft), which is 

considered fair to good petroleum potential. S2 ranges from 1.44 to 3.37 mg HC/g (31.5 to 73.8 

bbls/acre-ft) and averages 2.52 mg HC/g (55.2 bbls/acre-ft), which is considered poor to fair 

remaining generative potential. Based on organic petrology work performed on five of the 

samples, the organic matter consists on average of 72% originally oil-prone liptinite (Type II) 

that is now gas prone due to thermal maturation, 17% vitrinite (Type III), and 11% inertinite 

(Type IV). Measured vitrinite reflectance (Ro) values average 1.26% (Tmax of 467°C) indicating 

the Mowry in this well is in the late oil window (Huc, 2013). 
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Bitumen expulsion into interparticle pores preserved by the formation of microcrystalline 

quartz has occurred and abundant organic matter hosted pores have formed (Fig. 4.18). 

Interparticle pores and intraparticle pores within clay are not common but do occur within clay 

flocs. The general lack of mineral matrix pores is likely due to the pervasive bitumen expulsion 

that occurred at the burial temperature of this well. 

 

4.7 Summary 

 With increasing depth and maturity, the dominate diagenetic processes that resulted from 

burial are illitization, bitumen and hydrocarbon expulsion, chemical compaction and OM-hosted 

pore formation. Changes in mineralogy also occurred. XRD measurements of quartz and 

illite/mica show that their content increases while illite/smectite and potassium feldspar decrease 

(Fig. 4.19A-4.19D). This is likely the result of the illitization process. As noted previously, the 

percent of expandable interlayers in illite/smectite decreases from 80% to 20% from the TCF 

well to Well 5, narrowing down the window of that process to between the early oil window 

(~439°C) and the end of the peak oil window (~449°C) (Fig. 4.19).   

S1 exhibits an increase with maturity up until Well 5, which is at the end of the peak oil 

window, before trending down after moving into the late oil window (Fig. 4.19E). S2 displays a 

decrease with increasing maturity, indicating the generation of hydrocarbons is occurring with 

increasing maturity (Fig. 4.20F). There is a kink in the mineral trends in the cross plots at the 

transition between the early oil window and late peak oil window maturity, i.e., between wells 5 

and 1 (Figure 4.19). This kink is likely the result of the illitization of smectite process ceasing. 

 

 



81 
  

Figure 4.18: (A, B) Thin section photomicrographs from Well 1 samples showing silicification 
of the matrix, abundant replaced radiolarians and black OMA. Fe-dolomite (blue stain) is 
common as a grain replacement and cement (B). (C) FE-SEM of a polished thin section from 
Well 1 showing the extensive silicification of the matrix with amalgamated microcrystalline 
quartz. (D, E, F) FE-SEM images from Well 1 samples showing a mix of mineral matrix pores 
and OM-hosted pores. Mineral matrix pores (black arrows) are not common, and generally 
isolated with clay flocs (D). Pervasive bitumen expulsion has occurred and is filling pores 
preserved by microcrystalline quartz (white arrows). OM-hosted pores (yellow arrows) are 
abundant in the bitumen network as sponge-like pores, OM-mineral boundary pores, and 
complex pores. Amorphous kerogen is common (red arrows). (A – 13,017.0 ft; B, C, E & F – 
13,007.6 ft; D – 12,997 ft) 
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Figure 4.19: Comparative cross plots of mineralogy and programmed pyrolysis results versus 
Tmax maturity. There is a general increase in quartz and illite/mica with increasing Tmax values 
(A and D), while there is a noticeable decrease in illite/smectite and potassium feldspar (B and 
C). These trends likely are the result of the illitization process. The percent of expandable 
interlayers jumps from 80% to 20% from the TCF well to Well 5 (see figure 4.20). S1 also 
experiences an increase with maturity up until Well 5, which is in the peak oil window, before 
trending down once in the late oil window of Well 1 (E). S2 experiences a decreasing trend with 
increasing maturity indicating the generation of hydrocarbons is occurring with increasing 
maturity (F).  
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These results support two theories on why illitization stalls at 20% expandable interlayers 

in illite/smectite. One theory suggests that illitization proceeds until either complete illitization or 

the source of K+ is completely consumed (Hower et al., 1976) Potassium feldspar in this study 

shows a decreasing trend from an average of 7.3 wt.% in the Alcova Reservoir well to an 

average of 0.84 wt.% in Well 5. This decrease supports the notion that potassium feldspar is the 

required source of K+ for the transformation. However, there is still remaining potassium 

feldspar left over for further illitization of illite/smectite. 

The other theory presented by Lewan et al. (2014) suggests that upon extensive bitumen 

expulsion into the pore space and changing the pore system from water wet to bitumen wet, the 

mobility of K+ is impeded, which effectively halts the illitization process. SEM imaging of the 

TCF well samples shows that bitumen expulsion into pore systems has occurred, although some 

mineral matrix pores still exist. The pyrolysis data indicate hydrocarbon generation was at its 

highest in Well 5 as implied by the highest measurements of S1 (Fig. 4.20E). Whereas no pore 

imaging was performed in Well 5 samples, a case can be made that few open mineral matrix 

pores exist, similar to Well 1, supporting the idea that the illitization of illite/smectite was halted 

due to the decrease in mobility of K+. 

The catagenic process of hydrocarbon generation also occurred with increasing depth and 

maturity. This is seen in the pyrolysis data. In Figure 4.20, a depth plot of Ro and Tmax shows 

an increase with depth. Based on the source rock maturity guidelines by Huc (2013), the Alcova 

Reservoir well is immature and has experienced little hydrocarbon generation, the TCF well is in 

the early oil window and has experienced low levels of hydrocarbon generation, Well 1 and 5 are 

in the peak oil window and have experienced high hydrocarbon generation. 
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Figure 4.20: Depth plot of Ro, Tmax, and percent of expandable interlayers in illite/smectite. 
Data includes all wells in study, with the four wells highlighted in the shallow to deep diagenetic 
transitions discussion noted in the depth column. There is a significant jump from 80% to 20% 
expandable interlayers in illite/smectite between the TCF well and Well 5 that corresponds to 
increasing maturity. The Mowry moves from the early oil window into the late oil window over 
that interval. Maturity boundaries are from Huc, 2013. 
 

The Tmax versus hydrogen index cross plot (Fig. 4.21A) shows the maturation pathway 

for different kerogen types. The Alcova Reservoir well is immature and its data points closely 

represent the original hydrogen index. With increasing maturity, the hydrogen index decreases 

due to the generation of hydrocarbons. Well 1 is the most mature and has the lowest hydrogen 

index. The general trend of the hydrogen index with increasing maturity is that of a 
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predominantly Type II kerogen, which is consistent with the organic petrology work. The Tmax 

vs Production Index cross plot (Fig. 4.21B) shows the change in the ratio of available 

hydrocarbons to the total convertible carbons (S1 + S2) with increasing maturity. As maturity 

increases, the volume of available hydrocarbons increases resulting in a steady increase in the 

production index until the peak oil window is reached. Once the maturity reaches the late oil 

window to condensate window, the production index drops off as oil saturations diminish. 

 

 

Figure 4.21: Cross plots of programmed pyrolysis measurements and ratios highlighting the 
changes in the source rock quality and potential with increasing maturity. (A) The Tmax versus 
Hydrogen Index cross plot shows the maturation pathway for different kerogen types. The 
Alcova Reservoir samples are immature and closely represents the original hydrogen index. With 
increasing maturity, the hydrogen index decreases due to the generation of hydrocarbons. Well 1 
is the most mature and has the lowest hydrogen index. The general trend in the hydrogen index is 
that of a predominantly Type II kerogen, which is consistent with the organic petrology work. 
(B) The Tmax vs Production Index cross plot shows changes in the ratio of available 
hydrocarbons to the total convertible carbons (S1 + S2) with increasing maturity. Once the 
maturity reaches the late oil window to condensate window, the production index drops as oil 
saturations diminish. 
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Visual observations on the argon ion-milled FE-SEM images indicate that bitumen 

expulsion started to occur in the Alcova Reservoir well, though it is not very abundant or 

pervasive and mineral matrix pores still exist. There is a noticeable increase in the amount of 

bitumen filling the pore space in the TCF well, but it is not pervasive as open mineral matrix 

pores are still common. In Well 1, however, the bitumen expulsion was abundant and pervasive, 

and very few open mineral matrix pores exist. Additionally, the increase in the pervasive 

bitumen network and pore development in the bitumen with increasing maturity is also the likely 

reason why permeability increases in the middle Mowry in the deeper more mature wells (Fig. 

4.22). 

 

 

Figure 4.22: Permeability increases in the Mowry with increasing maturity, which likely 
corresponds to the formation of a bitumen network and the development of OM-hosted pores. 
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The transition from only mineral matrix pores in the Alcova Reservoir to predominately 

organic matter pores in Well 1 is an especially significant diagenetic process occurring in the 

Mowry. The reduction in mineral matrix porosity likely relates to several processes. Increased 

overburden stress likely contributed to mechanical compaction. As noted in section 2.3.3, the 

illitization of illite/smectite probably caused an increase in the alignment of illite normal to the 

maximum effective stress, likely contributing to the reduction in interparticle porosity between 

clay minerals. Further chemical compaction and cementation by diagenetic minerals, mainly 

quartz and Fe-dolomite, also contributed to the reduction of mineral matrix pores. As observed in 

figure 4.20, there was an increase in quartz content with an increase in maturity, likely due to the 

release of free silica from the illitization of illite/smectite. The last process that caused a 

reduction in mineral matrix pores was the formation and emplacement of expulsed bitumen. 

Concomitantly, as the mineral matrix pores diminished with increasing depth and maturity, 

organic matter hosted pores began to form and became the predominate pore type in the late oil 

maturity window. A summary of all these diagenetic events recognized in the Mowry are 

generalized in a paragenetic sequence chart (Fig. 4.23). 

Finally, the maximum burial temperature in the study wells can be derived by high 

resolution gas chromatography analysis on produced oil samples. The ratio of 2,4-

dimethylpentane/2,3-dimethylpentane (2,4DMP/2,3DMP) is sensitive to temperature and has 

been calibrated to vitrinite reflectance data (Mango, 1997). Using the 2,4DMP/2,3DMP ratio and 

the following equation, an estimate of the maximum burial temperature can be attained.  

𝑀𝑎𝑥 𝐵𝑢𝑟𝑖𝑎𝑙 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (°𝐶) = 140 + 15(ln 2,4𝐷𝑀𝑃2,3𝐷𝑀𝑃 ) 

A produced oil sample from an offset well to Well 1 was provided by GeoMark Research, Ltd 

and the maximum burial temperature was calculated to be 133°C. 
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Figure 4.23: Inferred paragenetic sequence of the Mowry diagenetic events. 
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CHAPTER 5: PETROLEUM POTENTIAL 

 The Mowry has long been considered an important source rock in the Rocky Mountain 

region, and especially so in the Powder River Basin (Schrayer and Zarrella, 1968; Burtner and 

Warner, 1984; Milliken and Olson, 2017). The Mowry is believed to have expulsed large 

volumes of oil and was the source of more than half a billion barrels of oil that has been 

produced from the Muddy Formation (Modica et al., 2012). The Mowry also sources the Lakota 

and Fall River sandstones (Anna, 2010).   

 To evaluate the source rock quality of the Mowry Formation, 164 programmed pyrolysis 

samples from eight wells of varying maturity were used. The common interpretation of the 

pyrolysis peaks assumes the S1 signal is the measurement of available hydrocarbons. S1 does not 

account for heavy molecules that require higher than 300°C to volatize nor does it account for 

any lighter hydrocarbons that may have volatized during the processing of the sample prior to 

analysis. The S2 signal is assumed to be the measurement of the remaining generative potential 

and decreases with increasing maturity. The Tmax value is a proxy for the maturity of the source 

rock and is relatable to other maturity parameters such as vitrinite reflectance. Since Tmax is an 

artifact of S2, it is important that there is a prominent S2 peak to identify a peak apex. If there 

was not a prominent peak, or the S2 value was below 0.5 mg HC/g, the Tmax value may have 

been spurious and was omitted from the evaluation. The S3 signal is the carbon dioxide 

generated during pyrolysis up to 370°C and is related to the oxygen content of the kerogen. In 

additional to the directly measured parameters, ratios can be calculated and interpreted. 

Hydrogen Index is S2 divided by TOC and multiplied by one hundred and is the interpreted as 

the normalized hydrogen content of the sample. Hydrogen Index decreases with maturity as the 
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remaining generative potential (S2) decreases. Oxygen Index is S3 divided by TOC and 

multiplied by one hundred and is the normalized oxygen content of the sample. These ratios are 

used to generate a modified Van Krevelen diagram, which helps to assess the original kerogen 

type. With increasing maturity, the hydrogen index values decrease and therefore Tmax needs to 

be taken into account when interpreting hydrogen index values and plots. Additionally, S1 

divided by the sum of S1 and S2 is the Production Index. This is the ratio of available 

hydrocarbons divided by the total convertible carbons. 

 Overall, the Mowry Formation in all eight wells has an average TOC of 2.71 wt.%, which 

meets the minimum TOC threshold requirement of 2 wt.% for effective petroleum source rocks 

(Lewan, 1987). The middle Mowry has the highest average TOC of 3.03 wt.%, whereas the 

lower Mowry and upper Mowry have average TOC values of 2.56 wt.% and 2.35 wt.%, 

respectively. Well 2 has the highest single well average TOC of 3.07 wt.%. 

 An expected increase in Tmax values corresponds to the increase in depth (Fig. 4.20). 

The Alcova Reservoir well has an average Tmax value of 426°C, indicating it is immature and 

the TCF well has an average Tmax of 439°C, indicating it is in the early mature window. Wells 

4, 5 and 6 have average Tmax values of between 449°C and 450°C indicating those wells are in 

the peak oil window. Wells 1, 2 and 3 have average Tmax values of 467°C, 458°C and 455°C 

respectively, indicating they are all in the late oil window. Well 1 has a significantly higher 

Tmax value than Well 2; however, Well 2 is deeper than well 1 by 220 feet MD (461 feet 

SSTVD). This higher Tmax in Well 1 is likely due to a temperature anomaly from the Crossbow 

hotspot because Well 1 is located on its western flank.  

 Available hydrocarbons as measured by the S1 peak displays a steady increase from the 

Alcova Reservoir well to the wells in the peak oil window, wherein S1 averages 1.73 mg HC/g, 
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which is considered to be good petroleum potential (Peters and Cassa, 1994). The middle Mowry 

in all the wells has an average S1 33% higher than the upper and lower Mowry. The average S1 

values level off in the wells that reached the onset of the late oil window. S1 values in Well 1 

drop off because it has reached the late stages of the late oil window. Using the Tmax vs 

Production Index cross plot (Fig 5.1), the change in the ratio of available hydrocarbons to the 

total convertible carbons (S1 + S2) with increasing maturity can be observed. As maturity 

increases, the amount of available hydrocarbons will increase resulting in a steady increase in the 

production index up until the peak oil window is reached. Once the maturity reaches the late oil 

window to condensate window, the production index starts to drop off as oil saturations 

diminish. 

 The S2 values, which represent the remaining general potential, follow a steady decline 

with depth and maturity. The average S2 in the Alcova Reservoir well is 11.06 mg HC/g, which 

is considered very good remaining generative potential (Peters and Cassa, 1994). The wells that 

have reached the peak oil window have S2 values that average 7.15 mg HC/g, which is still 

considered to be good remaining generative potential. The wells in the late oil window have an 

average S2 of 3.52 mg HC/g, which is considered poor remaining generative potential. The 

middle Mowry in all the wells has an average S2 42% higher than the upper and lower Mowry. 

 The hydrogen index can be used to evaluate the kerogen type, both present day and 

original. Because S2 values decrease with increasing maturity, the Tmax values need to be 

considered. Using the Modified Van Krevelen Diagram (Fig. 5.1B), nearly all the samples follow 

the sapropelic kerogen line indicating marine organic matter is the predominate type. There are a 

handful of samples with elevated oxygen index values indicating either an influx of terrestrial 

organic matter at that sample depth, or oxidation after deposition had occurred. Additionally, 
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using the Hydrogen Index versus Tmax cross plot (Fig. 5.1C), the progression of decreasing 

hydrogen index with maturity can be observed and tied back to original hydrogen index values. 

Using the hydrogen index as an indicator of present-day hydrocarbon generation type (Fig. 

5.1A), the Alcova Reservoir has an average HI of 365 indicating it is oil prone at its current 

maturity. Wells 4, 5, 6 and the TCF well have average HI values ranging from 283 to 248 

indicating they are oil to gas prone at their current maturities, and wells 1, 2 and 3 have an 

average HI values indicating they have reached a gas prone stage at their current maturities.  

 

5.1 Generated Hydrocarbons 

The amount volume of hydrocarbons generated and retained from pyrolysis data can be 

determined following a series of calculations published by Jarvie et al. (2007). Several 

assumptions must be made, including the original hydrogen index (HIo) values. These can be 

inferred based on previously measured and calculated hydrogen indices of different kerogen 

types. Type I kerogens derived from fresh-water algae in lakes tend to have the highest hydrogen 

potential and are assumed to have an HIo of 750. Type II kerogens commonly form from marine 

algae, spores, and resins and their HIo is assumed to be 450. Type III kerogens tend to be 

deposited in terrestrial environments, and are composed of plant materials (Vitrinite), and have 

an HIo of 125. Lastly, reworked or oxidized organic matter, typically called inertinite, will have 

an HIo of less than 50. It is not uncommon to have mixing of different organic matter types, 

particularly Type III with Type II and I. Visual kerogen analysis of the maceral composition 

performed petrographically is one approach at identifying which kerogen types are present and in 

what proportions, guiding which HIo to use. Additionally, representative immature samples can 
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be used to help determine HIo since little hydrocarbon generation has occurred and therefore the 

Hydrogen Index has not decreased. 

 

 

 

Figure 5.1: Programmed pyrolysis interpretation plots. (A) TOC vs. S2 plot identifies present day 
kerogen type. (B) Modified Van Krevelen Diagram indicates original kerogen type. (C) Tmax vs. 
HI plot identifies original kerogen type based on idealized maturation pathways. (D) Tmax vs. PI 
chart shows the change in the ratio of S1 to the convertible carbons with increasing maturity. 
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The Mowry in the Powder River Basin was deposited in the distal reaches of the 

Cretaceous Western Interior Seaway and therefore marine organic matter is expected to be 

dominantly Type II. The organic petrology work performed on wells used in this study found a 

range in the proportions of kerogen types, but ultimately averaged 82% liptinite, 10% vitrinite, 

and 8% inertinite. Using this distribution and method, the HIo calculates to be 385.5. However, 

the HI values from the immature Alcova Reservoir well range from 181 to 531, which poses two 

issues with this approach. First, the assumed HIo values are lower than half the actual measured 

values, which will lead to an underestimation of the generated hydrocarbons. Second, the 

hydrogen index for a well is not a single value and can range due to many factors, including 

variations in original kerogen type and oxidation after burial (Van Krevelen, 1984). Attempts to 

account for the variation in HI for HIo prediction were undertaken, such as a multivariate 

regression, but proved to be beyond the scope of this study. Therefore, the previous approach for 

HIo determination, which resulted in a value of 385.5, was used with an understanding that it is 

just an estimation.  

 The next step in the process in determining the amount of generated hydrocarbons is to 

calculate the transformation ratio. The transformation ratio can be derived through multiple 

pyrolytic analyses at different ramp rates; however, this data set does not exist for this study. It is 

possible to calculate the transformation ratio from the measured present-day hydrogen index and 

assumed original hydrogen index with the following equation: 

𝑇𝑅  = 1 −  𝐻𝐼 [1200 − 𝐻𝐼 (1 − 𝑃𝐼 )]𝐻𝐼 [1200 − 𝐻𝐼 1 − 𝑃𝐼 ] 
where TRHI is the transformation ratio calculated from the hydrogen index, HIpd is the present-

day hydrogen index, HIo is the original hydrogen index, PIo is the original production index, 

which can be assumed to be 0.02 (Peters, 2006), and PIpd is the present-day production Index.  
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 Next, the original TOC needs to be calculated using the following formula): 

𝑇𝑂𝐶 = 𝐻𝐼 𝑇𝑂𝐶1 + 𝑘 𝑥 83.33𝐻𝐼  𝑥 (1 − 𝑇𝑅 ) 83.33 − 𝑇𝑂𝐶1 + 𝑘 − 𝐻𝐼 𝑇𝑂𝐶1 + 𝑘  

where TOCo is the original Total Organic Carbon, TOCpd is the present day Total Organic 

Carbon, HIpd is the present day Hydrogen Index, HIo is the original Hydrogen Index,  TRHI is the 

Transformation Ratio calculated from hydrogen index, K is a correction factor based on residual 

organic carbon being enriched in carbon over original values at high maturity (Burnham, 1989), 

and 83.33 being the average carbon content in hydrocarbons.  

 From here, the original S2 can be calculated by rearranging the hydrogen index formula: 

𝐻𝐼 =  𝑆2𝑇𝑂𝐶 𝑥100 

𝑆2 = 𝐻𝐼 𝑥 𝑇𝑂𝐶100  

𝑆2 = 𝐻𝐼  𝑥 𝑇𝑂𝐶100  

 Since S2 is the remaining generative potential to create hydrocarbons, S2o is the original 

generative potential to create hydrocarbons, and the difference is the total hydrocarbons 

generated. The unit for S2 and S1 is milligrams of hydrocarbons per gram of rock, which can be 

converted into barrels per acre foot by multiplying the value by 21.9 (Jarvie, 2007). 

 These calculations were performed on each sample on all the wells in the study with the 

exception of the Alcova Reservoir well because it is considered immature and has not started 

generating hydrocarbons. The summarized results can be found in Table 4.1. 

 The average original TOC was calculated to be 3.22%, with the middle Mowry average 

of 3.63%, or 21% higher than the upper and lower Mowry. The calculated original potential was 
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272 bbl/a-ft, with the middle Mowry averaging 307 bbl/a-ft. The amount of generated 

hydrocarbons increases as a function of organic richness and increasing maturity. Well 1 and 

Well 2 have generated the most hydrocarbons, calculated to be 209 and 229 bbl/a-ft, 

respectively. The middle Mowry has generated on average 8% more hydrocarbons than the upper 

and lower Mowry in all the wells as a function of being more organically rich.  

Using Tmax as a proxy for the onset of gas cracking from oil beginning at about 0.9% Ro 

(Tmax = 449.4°C), the percent of oil loss due to cracking is determined and calculated as 

cracked gas and converted to mcf/a-ft. The TCF well has experienced no estimated cracked gas 

due to having a maturity less than 0.9% Ro. Wells 4, 5 and 6, which are currently at 0.9% Ro, 

have started to experience an early onset of cracked gas, whereas wells 1, 2 and 3 have Ro values 

well above 0.9% and have experienced a higher degree of cracked gas. 

The estimated oil is calculated as the amount of generated hydrocarbons, minus the 

amount of oil that has been cracked to gas. The estimated oil is a function of organic richness 

and increasing maturity. Estimated oil increases until the end of the peak oil window before 

decreasing in the late oil window. The middle Mowry in Well 1 generated 226 bbl/a-ft; however, 

it lost 53 bbl/a-ft due to oil cracking, whereas the middle Mowry in Well 3 has generated 205 

bbls/a-ft and has only lost 13 bbl/a-ft to oil cracking. 

The retention factor is the ratio of available hydrocarbons (S1) to the estimated oil. The 

retention factor is highest in the wells that are in the peak oil maturity window and it decreases 

with increasing maturity. The retention factor in the middle Mowry in Well 5 is 59%, whereas 

the retention factor in Well 1 is only 18%. This difference is likely a result of several facotrs. The 

first is that with increasing maturity, generated hydrocarbon molecules generally become smaller 

allowing for increased mobility in smaller mineral matrix pores as well as in the developing 
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organic matter hosted pores. Another reason is the build-up of pressure due to the volume 

increase with increasing maturity. This pressure increase will generate expulsion fractures and 

primary migration out of the source rock.  

 

5.2 Petroleum Potential Mapping 

 A programmed pyrolysis data set of 1377 samples from 336 wells were analyzed and the 

same hydrocarbon generation calculations were performed. Of this sample set, 302 samples were 

core chips and 1075 samples were cuttings. All samples that were extracted were removed from 

the calculations. Clear spurious data also was omitted, which were mainly samples with 

abnormally high S1 values and/or abnormally low maturities, believed to be the result of 

contamination.  The average amount of samples per well came out to four samples which is 

lower than ideal and concerns of formation representation exist. Nonetheless, the data from each 

well was averaged and mapped.  

 Calculations to estimate the Mowry’s source rock potential also was performed on this 

data set. The average present-day TOC for all the data points is 1.88%, or 0.83% lower than the 

average TOC from the study wells. The average original TOC for all samples was 2.49%, about 

0.73% lower than the study wells. The average original generative potential is 245.6 bbl/acre-ft 

with 170.8 bbl/acre-ft of total generated hydrocarbons. The average available hydrocarbons in 

the basin is 19.7 bbl/acre-ft, giving the basin an average retention factor of 11.3%.  

 Maps of Tmax and present-day TOC (Fig. 5.2) display similar changes occurring with 

depth. Using the measured Tmax values, the thermal maturity map shows an expected increase in 

Tmax with depth. It also highlights three hotspots that exist in the Powder River Basin: the 

northernmost Amos Draw hotspot, the central Crossbow hotspot, and the southern Chesapeake  
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Table 4.1: Summary of hydrocarbon generation calculations.  

 

  

  

TOCpd TOCo S1pd HIpd TR Expulsion 
Efficency

Original Potential 
(bbl/a-ft)

HC Generated 
(bbl/a-ft)

Estimated Oil 
(bbl/a-ft)

Estimated 
Cracked Gas 

(mcf/a-ft)

Retention 
Factor

Upper Mowry 2.26 2.94 1.21 106 0.80 79% 248 193 125 408 21%
Middle Mowry 2.61 3.36 1.38 104 0.80 82% 283 226 173 316 18%
Lower Mowry 2.45 3.08 1.16 94 0.82 84% 260 209 159 302 16%
Upper Mowry 2.63 3.23 1.88 142 0.72 68% 273 184 154 182 25%
Middle Mowry 3.64 4.47 2.11 134 0.74 75% 378 270 243 165 19%
Lower Mowry 2.85 3.55 1.83 119 0.77 75% 300 225 203 134 20%
Upper Mowry 2.49 3.09 1.79 130 0.77 77% 261 189 172 105 23%
Middle Mowry 2.89 3.55 1.92 151 0.75 77% 300 205 192 79 23%
Lower Mowry N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Upper Mowry 2.53 2.90 1.47 234 0.51 71% 245 114 110 24 29%
Middle Mowry 2.76 3.09 1.84 278 0.39 56% 261 92 91 7 44%
Lower Mowry 2.55 2.94 1.65 233 0.51 69% 248 115 114 6 31%
Upper Mowry 2.28 2.62 1.73 247 0.47 54% 221 94 92 12 46%
Middle Mowry 3.63 4.00 2.44 296 0.33 41% 338 99 99 0 59%
Lower Mowry 2.61 3.00 1.93 251 0.47 50% 253 113 111 10 50%
Upper Mowry 2.32 2.97 1.26 231 0.51 76% 250 117 115 11 76%
Middle Mowry 3.23 4.10 2.12 252 0.46 67% 346 143 142 7 67%
Lower Mowry 2.61 2.79 1.20 231 0.51 75% 235 113 113 0 75%
Upper Mowry N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Middle Mowry 2.60 2.86 1.10 324 0.26 48% 242 59 59 0 51%
Lower Mowry 2.46 2.72 0.82 262 0.42 75% 230 86 86 0 24%

TCF
(Tmax=435°C)

Well 1
(Tmax=469°C)

Well 2
(Tmax=458°C)

Well 3
(Tmax=455°C)

Well 6
(Tmax=449°C)

Well 5
(Tmax=449°C)

Well 4
(Tmax=450°C)
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hotspot. The Tmax values and maturity map are in agreement with other published data where 

the basin axis maturity away from the hotspots averages roughly 455°C, which falls into the late 

oil window. These values are consistent with what Modica et al. (2012) reported, and the overall 

map geometry is similar with the Mowry being in the early mature window (<440°C) on the 

eastern fringes of the basin. The present-day TOC map indicates a decreasing trend of TOC from 

the flanks towards the basin axis, likely the product of TOC reduction due to hydrocarbon 

generation and expulsion. There is even decreased TOC in the same areas as the hotspots 

compared to areas of similar depths suggesting higher generation and expulsion due to the higher 

temperatures.  

Maps of the total generated hydrocarbons and total free hydrocarbons also were created 

(Fig. 5.3). The total generated hydrocarbons map indicates an uneven generation story 

supporting that more generation has occurred in the Southern Powder River Basin than in the 

north, despite equivalent maturity trends. This could possibly indicate that the Powder River 

Basin was buried to similar depths (still controlled by basin geometry) in the north and south, but 

the amount of time at depth was different, thereby indicating different tectonic and uplift 

histories. The available hydrocarbons map shows the highest amounts of available hydrocarbons 

that exist up dip from the basin axis. This is consistent with where the Mowry is currently in the 

peak oil maturity window. 
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Figure 5.2: (A) Present day TOC map of the Powder River Basin. (B) Tmax maturity map of the 
Powder River Basin 
 

 

Figure 5.3: (A) Generated Hydrocarbons Map of the Powder River Basin. (B) Available 
Hydrocarbons Map of the Powder River Basin 

B A 

A B 



103 
  

CHAPTER 6: CONCLUSIONS 

6.1 Conclusion 

1. Six microfacies were identified from thin sections from eight study wells. The facies 

classification is predominantly driven by texture, diagenetic overprint, and organic 

richness. The mineralogy did not contribute directly in differentiating the four most 

abundant facies. 

2. Facies 4 and 6 were likely deposited during times of high productivity as evidenced by 

the increase in organominerallic aggregates and radiolarians. Relative to facies 4 and 6, 

facies 2 and 3 were deposited during periods of lower, or intermittent productivity.  

3. Facies 1 only exists in the upper most part of the Mowry Formation and facies 2 was 

predominately identified in the upper Mowry. Facies 3 occurs throughout the Mowry but 

is most common in the upper and lower Mowry. Facies 4 was identified throughout the 

Mowry but is most common in the middle Mowry. Facies 5 was equally distributed 

through the Mowry; however, sampling and analyzing bentonites are uncommon in 

routine core analysis and so this distribution may not be indicative of the total ash bed 

distribution throughout the Mowry.  Facies 6 was predominately identified in the middle 

Mowry.  

4. The middle Mowry primarily consists of facies 4 and 6, indicating it was a time of higher 

productivity. The elevated TOC found in the middle Mowry also supports this 

assessment.  

5. The Mowry has experienced extensive diagenesis, particularly early diagenesis, which 

has had a significant influence on the reservoir quality. Key diagenetic processes include 
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biogenic silica dissolution, mineralization, compaction, illitization of smectite, organic 

matter maturation, and secondary porosity development.  

6. The relatively early stabilization and lithification of the matrix likely resulting from the 

transition of opal-A to opal-CT to microcrystalline quartz. This apparently contributed 

significantly to the preservation of pore space. 

7. The microcrystalline quartz occurs as matrix dispersed euhedral microcrystalline quartz 

in the more clay-rich laminations and amalgamated microcrystalline quartz in clay-poor 

laminations. The existence of these two are not discrete, but transitional. 

8. The pore space preserved as a result of the microcrystalline quartz formation 

accommodated the generation and migration of pre-oil bitumen, which likely formed a 

connected bitumen network. 

9. The illitization process occurred over a tight window, where the amount of expandable 

interlayers drops from 80% to 20% within a depth range of 1682 feet at a SSTVD depth 

between -3,736 feet and -5,418 feet, and Tmax maturity of 439°C and 449°C. As a result, 

silica, aluminum, iron and magnesium likely were released and formed diagenetic 

minerals. 

10. The mineral matrix pores are predominately interparticle pores and intraparticle pores 

between clay minerals. In the Alcova Reservoir samples, mineral matrix pores are 

abundant, possibly due to the exhumation that occurred in the Powder River Basin and 

the release of overburden pressure. With increasing depth, the abundance of mineral 

matrix pores decreases and are not common in the deepest analyzed well. 
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11. Organic matter hosted pores are absent in the Alcova Reservoir well and begin to appear 

in the more mature TCF well. In the higher maturity Well 1, the organic matter pores are 

abundant and the dominate type of pore versus mineral matrix pores. 

12. The average TOC in the Mowry is 2.71 wt.% with the middle Mowry averaging 3.03 

wt.%. S1 is 33% higher in the middle Mowry compared to the upper and lower Mowry, 

whereas S2 is 42% higher in the middle Mowry compared to the upper and lower Mowry. 

13. Based on visual kerogen analysis, the Mowry’s average organic matter in the study wells 

is 82% liptinite, 10% vitrinite, and 8% inertinite. 

14. Thermal maturity trends indicate the Mowry in the Alcova Reservoir well is immature 

with an average Tmax value of 426°C. At the TCF well, the Mowry is in the early oil 

window with a Tmax of 439°C. The Mowry in wells 4, 5 and 6 is in the peak oil maturity 

window with Tmax values of 450°C. The Mowry in wells 1, 2 and 3 is in the late oil 

maturity window.  

15. Hydrocarbon generation trends are consistent with maturity. The deepest, most mature 

wells have had the greatest volume of hydrocarbons generated. The wells in the peak oil 

window have the highest estimated oil, whereas the deeper wells in the late oil window 

have experienced a reduction in the available hydrocarbons due to oil cracking to gas. 

16. The Mowry in the Powder River Basin displays a maturity trend consistent with depth, 

such that the Mowry is the most mature along the basin axis and becomes more immature 

up the basin flanks. However, three hotspots can be identified. The Amos Draw hotspot, 

the Crossbow hotspot, and the Chesapeake hotspot are heat anomalies that have resulted 

in higher source rock thermal maturity values.  
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17. In the Powder River basin, there is an inconsistency in the volume of hydrocarbons 

generated between the north and the south at equivalent depths and maturities indicating 

different burial histories. This could be the result of the southern Powder River Basin 

spending a longer period of time buried at depth than the northern Powder River Basin.  

18. The highest available hydrocarbons occur up the southeastern flank, corresponding to 

where the Mowry has reached the peak oil maturity.   

 

6.2 Recommendations for Future Work  

1. The regional mapping of the generated hydrocarbons indicated that different burial 

histories may have occurred between the north and the south in the Powder River Basin. 

In order to better understanding these results, detailed basin modeling should be 

performed at locations all over the basin. This work may elucidate why the south appears 

to have generated more hydrocarbons compared to the north. This work also may further 

constrain the temperatures and depths the different diagenetic processes occurred and be 

used to calibrate the paragenetic sequence.  

2. There are three hotspots in the Powder River Basin that have resulted in higher 

temperatures and source rock maturities. Currently, most of the best producing Mowry 

wells were drilled on top of, or on the flanks of these hotspots. Research into these 

hotspots and the production results may provide insights as to why these Mowry wells are 

more successful and economical than other wells not drilled near the hotspots. 

3. The middle Mowry is characterized by higher rates of productivity. Understanding the 

depositional rates between the upper, middle and lower Mowry may indicate whether the 

middle Mowry was deposited under sediment starved conditions or elevated primary 
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productivity conditions relative to the upper and lower Mowry. Regional correlations of 

bentonite markers and radiometric dating may help calculate the deposition rates. 
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