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ABSTRACT 

 

A combination of basic-analytical, experimental and applied-observational research 

studies were conducted on a variety of organic-rich shales to investigate petroleum-expulsion 

fracturing and its role in unconventional pervasive petroleum systems. In unconventional 

organic-rich shale plays, pervasive petroleum accumulations exist where the units are thermally 

mature and actively generating hydrocarbons. These organic-rich shales are typically 

overpressured with no matrix porosity in evidence and permeability in the micro Darcy scale. 

High production rates from these organic-rich shales are assumed to come from micro-scale 

fractures. Earlier speculative conclusions are that these micro-scale fractures are bedding-parallel 

and related to source-rock maturity, petroleum generation and overpressuring. High differential 

pressure caused by petroleum generation is the dominant force in initiating these petroleum-

expulsion fractures, facilitating primary migration of petroleum and forming pervasive petroleum 

systems.  

The applied-observational study includes data observations that were made on six 

organic-rich shales: 1) Green River, 2) Niobrara, 3) Bakken, 4) Vaca Muerta, 5) Eagle Ford and 

6) Haynesville. These observations provided explanations of the associations of petroleum-

expulsion fracturing with shale organic and geomechanical facies, shale resistivity and 

productivity. Also, they resulted in recognizing five distinctive attributes as being associated 

with the existence of pervasive bedding-parallel, calcite-filled “Beef” fractures in shales: (1) 

organic-rich, (2) thermally mature, (3) overpressured, (4) mechanically anisotropic and (5) 

calcareous. 

The basic-analytical study resulted in deriving new equations as mathematical 

relationships that describe pressure increase due to petroleum generation. These equations were 

utilized to calculate the petroleum-generation pressure during the stages of petroleum generation 

(kerogen to bitumen to oil), and to investigate the factors controlling the initiation of petroleum-

expulsion fractures. The governing variables in these equations are the fractional conversion, 

organic richness, water solubility, rock and fluid compressibilities. The study also revealed that 

geometric shape of the organic matter, tensile strength anisotropy and poroelastic behavior 

control petroleum-expulsion fracturing. A high aspect ratio, namely thin flakes of kerogen or 
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bitumen-filled voids, favors horizontal fracturing. A low aspect ratio favors vertical fracturing. 

The effect of tensile strength anisotropy in fracture initiation and propagation is manifested by 

the change of rock tensile strength with angle (with respect to bedding). The anisotropic 

poroelastic behavior depends on the anisotropy of the elastic moduli (Young's modulus and 

Poisson’s ratio). The derived petroleum-generation pressure equations were extended to include 

time and temperature which can be utilized to be able to simulate pressure increase in both lab 

and nature. Consequently, hydrous pyrolysis experiments were conducted to provide means of 

assessing petroleum-generation pressure calculations. The experimental study concluded that the 

preferred direction of expulsion fracturing is along bedding due to significant vertical expansion.  

The basic-analytical study introduced one-dimension petroleum-generation pressure 

diffusion models to investigate the factors controlling the role of petroleum-expulsion fracturing 

in forming the unconventional pervasive petroleum systems. The investigation implied that 

buoyancy forces should have no effect on forming the unconventional pervasive petroleum 

accumulation. High differential pressures caused by petroleum generation appear to be the 

dominant force through the initiation of expulsion fractures. The study also introduced a map 

denoted as “petroleum-expulsion fracture map.” This map was shown to be a promising tool to 

theoretically define the limits of the unconventional pervasive petroleum system. 

This integrated research proposes a recipe for forming unconventional pervasive 

petroleum systems: (1) active petroleum source (organic-rich, thermally-matured, hydrocarbon-

generating source rock), (2) dynamic petroleum seal (low permeability reservoir rock in a close 

proximity to source rock) and (3) efficient petroleum expulsion (charging the system at rates 

exceeds the rates of leakage out of it). Thus, petroleum accumulations that are pervasive must be 

differentiated from the buoyant, discrete conventional petroleum accumulations. The factors 

controlling the nature of the petroleum system can lead directly toward defining the term 

“unconventional petroleum systems.” It is defined here according to: (1) proximity to source 

rock, (2) permeability of reservoir rock, (3) viscosity, (4) level of technology challenge. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introductory Statements 

The outlook for the occurrences of global energy resources has been transformed by the 

rapid rise of successful unconventional oil and gas plays. Importing countries are shifting toward 

being exporters. Demand growth in major exporters is significantly increasing. In the United 

States, production of oil and gas is now mostly driven by unconventional resources. The U.S. is 

currently the fastest-growing producer that is globally ranked third in oil production and now 

exceeds Russia’s gas production (Ratner and Tiemann, 2014). The U.S. poised to pass Saudi 

Arabia and Russia as the world’s leading oil producer. Unconventional oil and gas production is 

anticipated to continue to dominate in the future (Figure 1.1).  

 
 

Figure 1.1: Percentage of U.S. Oil and Natural Gas from Tight Oil and Shale Gas from 2005-

2040. No reports on tight oil and shale gas data prior to 2007 by Energy Information 

Administration (EIA) (modified from Ratner and Tiemann, 2014, which was sourced from 

Energy Information Administration [EIA])  
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The Barnett Shale, located in the Fort Worth Basin of Texas, typifies the commercial 

success in shale gas plays after the utilization of horizontal well drilling and multi-stage 

hydraulic fracturing. As confidence increased to make profitable gas production from the Barnett 

Shale, development of other shale plays (Figure 1.2) took place to account for 40% of U.S. gas 

production in 2012 (Energy Information Administration [EIA], 2013). The significant growth in 

tight oil production due to the development of the Bakken Formation in North Dakota and Eagle 

Ford in South Texas, currently accounts for 45% of U.S. oil production. 

 
Figure 1.2: Unconventional Shale Plays (dark brown), basins (light brown) and federal lands 

(green). This is generated by Congressional Research Services (CRS), which compiled it from 

the U.S. Energy Information Administration (EIA) (modified from Ratner and Tiemann, 2014). 

 

Though advancements in the technologies of horizontal well drilling and multi-stage 

hydraulic fracturing have impacted production from shale plays, geological factors have also 

made significant contributions to production performance. These unconventional shale plays 

involve shale formations that are extremely low in permeability and rich in organic content. 
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Therefore, naturally fractured and organic-rich prospects are actually targeted for the 

contribution of significant production of hydrocarbons through fracture permeability pathways. It 

may seem that hydrocarbons flow through pores and pore throats of the shale matrix to the 

hydraulic fractures of producing wells. However, this initial perception fails to take into account 

that measured shale matrix permeabilities are in the micro Darcy range (Figure 1.3). Mass 

transfer is extremely difficult for hydrocarbon compounds with effective molecular diameters 

larger than those of matrix pores and pore throats. Higher permeability pathways, in the form of 

micro-scale natural fractures, seem necessary for the hydrocarbons to flow from the shale matrix 

into hydraulic fractures. The mechanism by which these high permeability pathways originate is 

believed to be related to petroleum expulsion. Petroleum expulsion may control the 

morphologies, orientations and roles in controlling hydrocarbon flow. Apaydin et al. (2012) 

conducted an analytical study that demonstrated how micro-scale fractures may significantly 

contribute to the production of multiple fractured horizontal wells in shale formations (Figure 

1.4).  

 

 
Figure 1.3: Gas filled porosity versus permeability as measured shale properties using GRI 

method. Notice the extremely low permeabilities nature of all these rocks (modified from Cluff 

et al., 2007). 
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Figure 1.4: Analytical models showing the effect of micro-scale fractures on production 

performance of a hydraulically fractured horizontal well. Comparison is between homogeneous 

and dual porosity models of organic-rich shales (Apaydin et al., 2012). 

   

1.2 Research Background and Significance 

Petroleum exploration concepts have a fascinating history that parallels advancements in 

the science of petroleum geology. New scientific insights about the origin, movement, 

accumulation, and exploration of petroleum have been observed to significantly impact 

petroleum exploration. In fact, petroleum exploration concepts are fundamentally tentative. As 

they are continuously developed through more scientific insights, and are iteratively tested in 

different ways, we become increasingly confident in them. Through this iterative process, 

petroleum exploration concepts are modified, expanded, and combined into more powerful 
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explanations. For example, in the 1800s, Sterry Hunt, of the Geological Survey of Canada, 

observed that a large number of oil wells occur along a line of a low broad anticlinal axes 

(Adams, 1932). Sterry Hunt concluded that oil, being lighter than water, saturates the same 

reservoir as water does, migrates to the higher portion of the reservoir at the crest of the 

anticlinal axis. This conclusion established the anticlinal theory of oil entrapment. This 

petroleum exploration concept revolutionized the process of petroleum exploration so that 

instead of simply wild-guessing well placements, well-defined structural oil traps could be 

mapped. It is perhaps the most successful concept in the history of petroleum exploration. As 

more anticlines have been extensively explored, the search for petroleum has been extended 

beyond these structures to establish the concept of fault and stratigraphic entrapments of 

petroleum. During the same period of the 1800s, Henry Rogers, the first State Geologist of 

Pennsylvania, thought that oil, which was found in porous and permeable reservoirs of 

Pennsylvania, was sourced from organic-rich shales (Bluemle and Manz, 2004). This conclusion 

signified the fact that petroleum is of organic origin and provided the basis for the modern 

petroleum system approach.  

Since the establishment of the anticlinal theory, petroleum exploration concepts have 

been focused around a philosophy of looking at the ending stage in the cycle of petroleum 

generation, migration and accumulation. This ending stage is the search for trapped and sealed 

petroleum within porous and permeable reservoirs. Not until Meissner (1978) and Momper 

(1978) linked petroleum expulsion to a direct consequence of petroleum generation, 

overpressuring and fracturing did we realize how significant petroleum accumulations may occur 

in unconventional basin-bottom areas of regional extent. Price (1999) noted the speculative 

conclusions of Meissner (1978) and Momper (1978), stating that fracturing of mature source 

rocks is indispensable prior to significant petroleum expulsion. Based on that, Price (1999) 

implied that most of the petroleum generated by mature source rocks in basin-center areas has 

remained in, or adjacent to, those source rocks. These scientific insights established the concept 

of unconventional pervasive petroleum accumulations existing in extremely low permeability, 

self-sourced, fractured, organic-rich shales in the deep parts of basins where they are mature.  

It appears that as much as petroleum geological insights allow us to develop new 

exploration approaches and make informed exploration decisions, new technological advances 
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may lead to new exploration discoveries. For example, horizontal drilling and multi-stage 

hydraulic fracturing have led to breakthroughs in exploiting these unconventional pervasive oil 

and gas plays and have also increased our understanding of these plays. Practical observations 

may motivate scientific investigations. For example, the existence of petroleum expulsion-related 

fractures to significantly impact production from shales motivates many researchers to continue 

their studies of petroleum expulsion. 

Although significant advancement has been made throughout the years in petroleum 

geology, petroleum expulsion from organic-rich shale source rocks has always been thought of 

as the most poorly understood and least measurable stage in the cycle of petroleum generation, 

migration and accumulation. For many years, earth scientists have debated the processes of 

petroleum expulsion and primary migration. Organic-rich shales are very impermeable, thus 

inhibiting petroleum migration. However, many studies have concluded that petroleum 

generation from kerogen can cause a volume expansion followed by a significant increase in 

pressure. This, it is suggested, initiates forces of petroleum expulsion, driving hydrocarbons to 

migrate initially along pressure-induced, bedding-parallel fractures. In general, horizontal 

fractures have been observed in cores, thin sections and samples undergoing hydrous pyrolysis, 

and as fibrous mineral veins in cores and outcrops. These observations have promoted questions 

related to the mechanisms responsible for initiating these horizontal fractures which would 

appear to be perpendicular to the maximum principle stress (𝑆𝑣). If we believe that bedding-

parallel fracturing is produced by forces of petroleum expulsion, a question is raised: how can 

they possibly open against overburden stress when it is the maximum principle stress (𝑆𝑣)? 

Adequate knowledge of the origin of fracture systems is critical prior to developing 

organic-rich shale plays. If all fracture systems in organic-rich shales are assumed to be tectonic-

induced, an inefficient exploration model will be employed. Therefore, rethinking the whole 

process of petroleum-expulsion fracturing in organic-rich shales is needed. 

So in summary, the industry started with conventional plays where forces of buoyancy 

were the driver and are now involved with pervasive unconventional plays where forces of 

petroleum expulsion are the main driver. That is a big change and requires some significant shifts 

in our exploration thinking  
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1.3 Statement of Problem and Objectives 

Bedding-parallel fractures have been observed in mature, organic-rich shales. There is 

debate as to their natural origin within a tectonic setting in which overburden stress is typically 

the maximum principle stress. Early speculative studies suggest these bedding-parallel fractures 

were related to petroleum expulsion. There is no integrated study that combines basic and 

applied research to actually theorize the process of the petroleum-expulsion fracturing 

phenomenon and highlight its impact on unconventional pervasive petroleum systems. 

Rethinking the whole process that produces this phenomenon can enhance our ways of 

predicting this type of fracturing in the subsurface. The theorizing approach taken in this work 

followed a four-step process. First, the term “Unconventional Petroleum System” was re-defined 

along with a description for the unconventional “pervasive” petroleum system. This was done by 

observing the natural factors controlling these petroleum systems. Second, the relationships and 

impacts of petroleum-expulsion fracturing on multiple shale formations were observed by 

conducting core descriptions and well data interpretation to formulate a central concept based on 

the observation. Then, the force of petroleum expulsion was conceptualized by describing it as a 

rock natural internal force that can control rock deformation. Finally, petroleum-expulsion 

fracturing was theorized by conducting analytical and experimental studies to derive the 

theoretical relationships between the natural factors controlling petroleum-expulsion fracturing. 

Questions addressed during this process included: 

1. How can bedding-parallel fractures in organic-rich shales possibly open against 

overburden stress when it is the maximum principle stress? 

2. What is the relationship between petroleum-expulsion fractures and petroleum 

primary migration? 

3. What is the role of force of petroleum expulsion in forming the unconventional 

pervasive petroleum systems? 

 

1.4 Research Scientific Contributions 

While this dissertation includes investigations on many aspects of petroleum-expulsion 

fracturing in organic-rich shales, the main contribution is deriving new mathematical expressions 

to calculate pressure increase due to petroleum generation in organic-rich shales. These 



8 

 

mathematical expressions were verified by experimental studies through conducting hydrous 

pyrolysis experiments on organic-rich shale samples. The derived mathematical expressions 

were also extended to include natural factors (i.e. time and temperature) controlling petroleum-

expulsion pressure. 

The new mathematical expressions presented in the dissertation contributed to our 

understanding of the genesis, distribution and impact of petroleum-expulsion fractures on 

organic-rich shales. 

The research scientific contributions are briefly outlined below: 

1. Derive new mathematical relationships that describe pressure increase due to 

petroleum generation. Equations were derived to calculate the petroleum-

generation pressure during the stages of petroleum generation (kerogen to 

bitumen to oil). The governing variables in these equations are the fractional 

conversion, organic richness, water solubility, rock and fluid compressibilities. 

These equations can predict pressure increase during hydrous pyrolysis 

experiments in the lab. 

2. Extend the derived equations to include time and temperature as factors 

controlling pressure increase during petroleum generation in nature.  

3. Provide explanations of the associations of petroleum-expulsion fracturing with 

shale organic and geomechanical facies, shale resistivity and productivity. 

4. Introduce one-dimension pressure diffusion simulation models that imply that 

buoyancy forces should have no effect on forming the unconventional pervasive 

petroleum accumulation. High differential pressures caused by petroleum 

generation appear to be the dominant force through the initiation of expulsion 

fractures. 

5. Introduce a map that is denoted in this dissertation as “petroleum-expulsion 

fracture map” as a tool to theoretically define the limits of the unconventional 

pervasive petroleum system as related to the occurrence of these fractures. 

6. Propose a recipe for forming unconventional pervasive petroleum systems that 

assisted in working toward defining the unconventional petroleum systems. 
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1.5 Dissertation Structure 

This study is an integrated study that combines observing and defining the origin and 

impact of petroleum-expulsion fractures on the unconventional pervasive petroleum system. The 

study is closely linked to the basis of observation that can simulate a full view of the 

phenomenon of petroleum-expulsion fracturing. Formulating the central concept of force of 

petroleum expulsion and outlining the nature of the subject phenomenon are the basis for 

building models that explain the genesis and impact of petroleum-expulsion fractures. This 

dissertation uniquely combines observational with theoretical, experimental and applied studies 

to shed light on the origin, occurrences and impact of petroleum-expulsion fractures. It starts 

with observations of petroleum-expulsion fractures in organic-rich shales to layout the issues and 

natural factors. The observations would help in formulating the questions needed to be answered. 

Following the observational studies, a study of the forces exerted on the rocks in the subsurface 

is presented to formulate the central concept of force of petroleum expulsion. This can lead 

toward developing the theoretical model incorporating the observed factors controlling 

petroleum-expulsion fracturing. 

This dissertation consists of six chapters. Chapter 1 presents an introduction to the 

dissertation by describing a general review of the main concepts. Also, the purpose and 

significance of the work are reviewed. Chapter 2 reviews a definition of the term 

“Unconventional Petroleum System” by observations. Chapter 3 discusses observational studies 

of the relationships between petroleum-expulsion fractures and shale organic and mechanical 

facies, shale petrophysical properties and shale productivity. In Chapter 4, the genesis of 

petroleum-expulsion fractures is reviewed through a combination of basic analytical and 

experimental studies. The impact of petroleum-expulsion fracturing in forming the 

unconventional pervasive petroleum system is presented in Chapter 5. Chapter 6 and 7 provide 

conclusions and recommended future work, respectively. 
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CHAPTER 2 

OBSERVATIONS OF UNCONVENTIONAL PETROLEUM SYSTEMS  

 

2.1 Unconventional Petroleum Systems 

The remarkable increase in exploration activity and production from unconventional oil 

and gas systems has resulted in a variety of names being given to these types of oil and gas 

systems (Figure 2.1). This has led to loosely describing unconventional petroleum systems 

according to criteria that are subject to change through time and place (e.g., economics, matrix-

permeability standards, special regulations, engineering techniques and practices, and difficulty 

of access) (Law and Curtis, 2002; Schmoker, 2002). The targeted unconventional oil systems 

are: heavy oil and tar sand, pervasive tight oil, shale oil, coal to liquid and oil shale. The targeted 

unconventional gas systems are: pervasive tight gas, shale gas, coal bed methane and gas 

hydrate. 

 

 
 

Figure 2.1: Schematic section showing representations of the various unconventional oil and gas 

plays as compared to conventional oil and gas traps. 
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Exploring for, and producing from, unconventional oil and gas systems are commonly 

considered to be costly and very risky compared to conventional oil and gas systems. These 

unconventional plays have generally been unpopular with petroleum explorationists because 

traditional technologies do not provide an effective way for producing them. Exploration efforts 

that concentrated on developing these resources have been based on thoughts describing them as 

low grade resources that occupy the base of what is called “The Resource Triangle” (Masters, 

1979). This triangle explains how the relatively small, good quality petroleum resources, which 

are conventionally accumulated and explored, occupy the peak of that triangle. As the resource 

quality degrades, the amount of petroleum resources gets larger, the level of technology 

challenge increases, and the cost significantly rises. This eventually leads to a shift in 

considering these petroleum resources from conventional to unconventional. 

There are three factors that control whether projects that explore and develop 

unconventional petroleum resources are pursued. These factors are denoted here as “The Driving 

Trio" and are described in (Kuuskraa, 2007) as “The Good, The Bad and The Ugly” (Figure 2.2): 

 Resource size “The Good”: Exploring for exciting huge petroleum resources with 

impressive accomplishments 

 Technology challenge “The Bad”: Keeping up with challenging technologies 

 Cost “The Ugly”: Facing a difficult-to-control sharp rise in costs and economic 

risk 

Government or some form of tax incentives can significantly overcome the challenges 

driven by cost. Developing new technologies and approaches can maximize petroleum recovery.  

Increasing our understanding of the cause and effect on these huge petroleum resource 

accumulations based on identification of physical relationships, behaviors and phenomena within 

unconventional petroleum systems is truly the motivation behind our pursuit of exploration of 

unconventional petroleum resources. This leads to a critical step in which the unconventional 

petroleum system must be fundamentally defined from the petroleum system perspective 

(Magoon and Dow, 1994). It is crucial to describe the system according to the genetic 

relationship between a pod of active source rock and the resulting petroleum accumulations. 
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Figure 2.2: Illustration of the resource triangle or pyramid. Conventional resources occupy the 

peak and unconventional resources occupy the base. The driving trio are the resource size, 

technology challenge and cost, which increase toward the base of the pyramid. 

 

2.1.1 The Petroleum System 

The task of petroleum exploration is not a simple one. It is typically described by the 

search and recovery of petroleum accumulations from Earth's surface or subsurface.  The nature 

of these accumulations is governed by natural systems, denoted by “petroleum systems.” The 

term “petroleum systems” describes the elements and processes involved in the generation, 
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migration and accumulation of petroleum. Our understanding of these petroleum systems is the 

ingredient for success in defining, exploring and producing petroleum resources. 

The petroleum system starts with a “source rock” containing organic matter. The source 

rock must have been buried deeply enough so that temperature and time transform the organic 

matter into petroleum. A sedimentary basin is required to accomplish this. The search for 

sedimentary basins is the initial step in petroleum exploration. A petroleum expulsion from the 

source rock is vital to accumulate within a host rock, or “reservoir” A trapping-sealing 

mechanism is required, to prevent the petroleum from migrating and leaking out to the surface. 

Earth scientists have long studied these petroleum. Magoon and Dow (1994) provided an 

excellent review of the history of the definition of the petroleum system. The following summary 

shows the evolution of the definition: 

 Dow’s Oil System: A source-reservoir oil system (Dow, 1974); 

 Perrodon’s Petroleum System: A system defined on the basis of geologic criteria 

governing the combined presence of source rocks, reservoirs, and seals (Perrodon, 

1983a); 

 Demaison’s Generative Basin: A sedimentary basin that contains one or more 

petroleum generative depressions (Demaison, 1984); 

 Meissner’s Hydrocarbon Machine: The elements involved in the process of 

hydrocarbon generation from source rock to consequent migration and 

accumulation (Meissner, 1984); 

 Ulmishek’s Independent Petroliferous System (IPS): A body of rocks separated 

from surrounding rocks by regional barriers to lateral and vertical migration of 

fluids (Magoon and Dow, 1994); 

 Magoon and Dow’s Petroleum System: A natural system that encompasses a pod 

of active source rock and all related oil and gas and which includes all the 

geologic elements and processes that are essential if a hydrocarbon accumulation 

is to exist (Magoon and Dow, 1994). 

By combining all of these definitions, the petroleum system can be defined as: natural 

system of interdependent elements and processes that must occur timely in a specific space and 
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interplay in a way so that organic matter can evolve to petroleum accumulation. These 

interdependent elements and processes are: 

 Elements: Trap, source rock, reservoir rock and seal; 

 Processes: Trap formation, maturation, generation and migration, accumulation 

and preservation. 

Terms such as “conventional” or “unconventional” petroleum systems have been used to 

describe petroleum resources according to conditions that are either ordinary or out of the 

ordinary, respectfully. This work suggests that the term should not necessarily describe 

reservoirs that produce small amounts of petroleum. The definition of unconventional petroleum 

systems should not also be limited only to reservoirs that require use of technology to alter the 

reservoir properties (e.g., either the rock permeability or the fluid viscosity). Instead, the term 

“unconventional” should also include a description of the nature of the accumulation itself 

whether it is a rock-fluid system that is static or dynamic in holding the petroleum. The 

definition must be within the context of the petroleum system itself and must be attributed to the 

way that petroleum system elements and processes interplay. This is what differentiates between 

conventional and unconventional petroleum systems. For example, the conventional system 

requires an interplay of a source rock generating and expelling petroleum to a high permeability 

carrier rock. This is followed by a migration by buoyancy and accumulation within a porous and 

permeable host reservoir. The reservoir must be trapped and sealed within a low potentiometric 

area at the reservoir-seal boundary. However, for example, if the source and the host are the 

same rock, or in close proximity and with low porosity and permeability, the interplay of the 

elements in the process of migration, accumulation and entrapment is different. The responsible 

forces acting on petroleum are different as well. 

Fundamentally, two properties are involved in physically controlling petroleum 

accumulations: 1) rock property and 2) fluid property. Depending on proximity to the generating 

source rock unit, two petroleum systems can distinctively form that are driven by either a 

buoyancy force or an expulsion force: 1) discrete (buoyancy-driven) petroleum systems and 2) 

pervasive (expulsion-driven) petroleum systems. 
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2.1.1.1 Discrete (Buoyancy-Driven) Petroleum Systems 

Buoyancy-driven petroleum systems, occurring in discrete accumulations in structural 

and or/stratigraphic traps (conventional oil and gas in Figure 2.1), are formed due to relatively 

high-porosity/high-permeability reservoir rocks being far in proximity to the source rock. Long 

distance migration takes place because of the buoyancy force. What can make these systems 

unconventional is the fluid property. High-viscosity to solid petroleum can form the 

unconventional petroleum system of the heavy oil and tar sand and the gas hydrate. Essential 

petroleum system elements (mature source rock, porous reservoir rock, well defined trap, and 

efficient seal) and processes (generation, trap formation, migration, accumulation and 

preservation) must be known to occur in order to pursue exploration for the existence of such 

discrete petroleum systems. Technological challenges significantly increase because the 

viscosities of heavy oil and solid petroleum need to be reduced to make production possible.   

Heavy Oil and Tar Sand 

More than six trillion barrels in place have been estimated for heavy oil resources (Hinkle 

and Batzle, 2006). This amount is triple the estimated conventional oil and gas reserves in the 

world. Canada and Venezuela host at least 55% of these resources. Heavy oils are classified 

according to their measured API (American Petroleum Institute) gravities that define oil density 

in terms of degrees. Oils with API gravities less than 22.3° have been called heavy oils. Extra-

heavy oils are those with API gravities less than 10°. Heavy oils are also distinguished by their 

high viscosities.  While factors such as porosity, permeability, and pressure control a reservoir’s 

behavior, it is the oil density and viscosity that decisively affect the operating company’s 

production approach. Dense and viscous oils present special production challenges and 

characterize heavy oil and tar sand as unconventional petroleum system.  

Gas Hydrate 

By most estimates, gas hydrate is globally the largest unconventional gas resource. 

Estimates are speculative, ranging from 3114 to 7,634,000 trillion cubic meters (Collett, 2002).  

Several energy consumers around the world are interested in gas hydrate. The greatest interest 

arises from the fact that limited domestic conventional hydrocarbon resources are in countries 

such as Japan, USA, and India, which are countries concerned about the security of their energy 
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supply. This factor motivates these countries to provide incentives and develop national gas 

hydrate research programs.   

Most natural gas hydrates are biogenic in origin. However, thermogenic origin has been 

indicated by isotope analysis. Commonly, gas hydrates fill sediment pore spaces, although 

massive, nodular, layered hydrate has been observed. Gas hydrate reservoir models are based on 

a complex system of rock matrix, water and gas. Collett (2002) described gas hydrate as 

occurring when gas is encaged in a water molecule forming a compound called clathrate. The 

formation of gas hydrate is governed by subsurface temperature and pressure, gas chemistry, 

water salinity, availability of gas and water, and migration of gas from a source rock to a 

reservoir rock capped with impermeable seal. Areas where geothermal gradient does not exceed 

the gas hydrate stability are considered areas of potential gas hydrate accumulations.  

The technology challenge in deploying an efficient production method is what dictates 

achieving economic development and makes this petroleum resource unconventional. 

 

2.1.1.2 Pervasive (Expulsion-Driven) Petroleum Systems 

Pervasive petroleum systems embrace geologic conditions that typically exist in the deeper 

parts of sedimentary basins. A rich source rock that exists in the thermal maturity window and in 

proximity to extremely low porosity/low permeability reservoirs is the essential element for the 

development of expulsion forces and eventual formation of the pervasive petroleum system. The 

process of artificially maturing either oil shale or coal to liquid petroleum systems is similar to that 

for the natural pervasive tight oil/gas and shale oil/gas. This is due to the fact that they are 

petroleum systems driven by artificially driven expulsion after heating immature, solid organic 

matter. The low permeability nature, pervasive nature, technology challenge and fluid viscosity 

are what dictate these petroleum systems to be unconventional.   

Pervasive Tight Oil 

Lucas and Drexler (1976) provide a description of a unique accumulation in the Tertiary 

section (Altamont-Bluebell oil field trend), Uinta basin, Utah. Several factors related to reservoir 

characteristics, fluid properties, and the nature of accumulation itself are presented. These factors 

contribute to challenging engineering and assessment practices.  
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The Altamont-Bluebell oil field trend was not discovered until the 1970s. The exploration 

for oil in the Uinta basin had been focused on the shallow Tertiary section. Few wells, drilled 

deeper in the central part of the basin, had encountered oil shows with increasing fluid pressures. 

These observations had led to believing in the potential for oil accumulations at greater depths. 

Consequently, deep drilling had commenced, proving the presence of pervasive oil-bearing, 

abnormally pressured, continuous lacustrine facies in the Green River Formation. Structural 

closure exists but has no effect on oil entrapment.  

Commercial oil production in the field is attributed to the existence of open, vertical 

fractures. Petroleum-filled fractures are observed as veins or dikes at the surface throughout the 

basin. It is noted that these dikes might represent pressure-induced fractures generated by 

petroleum expulsion. There is no formation water encountered, and oil is the only movable fluid. 

Water is produced gradually as pressure is drawn down from the partially water saturated 

sandstones. The pervasive nature of the accumulation is what characterizes this petroleum 

system as unconventional. 

Shale oil 

Meissner (1978) related a relationship between source rock maturity pattern and 

associated rock/fluid physical changes to a pervasive oil system within organic-rich shales 

(Bakken Formation). The Bakken is recognized as the main proven source-rock within several 

thousand feet of a vertical section with a pervasive oil system. Significant production comes 

from zones where extensive fracture systems exist in either the organic-rich shales or the leaner 

carbonate dominated mudstones.  Little formation water has been recovered, and hydrocarbons 

are the dominant produced fluids within the deeper, abnormally overpressured, part of the basin.  

Pervasive Tight Gas 

In 1979, it was recognized that the three largest gas fields in North America had low 

porosity reservoirs (Masters, 1979). Masters (1979) examined proven resources according to 

their porosity. He also observed that the distribution of sandstone gas reserves in Alberta, Canada 

was no less than 13% porosity. Similarly, the distribution in one of the largest fields in the 

United States was within porosity less than 13%. Thus, the implication was that there were 

untested and extraordinary large deep basin-centered gas accumulations in western Canada. It 

was believed that the accumulation was so large that it would be difficult to comprehend, 
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particularly because the accumulation is made up of possibly a hundred individual accumulations 

that are parallel and stacked on top of each other in the center of the basin. Even more difficult to 

digest is that these accumulations are located down dip from water-saturated reservoirs. 

Basically, Masters' (1979) work led to a paradigmatic change in gas exploration philosophy. 

Throughout the years, this basin-centered gas concept has been further developed and 

characterized (Law, 2002; Meckel and Thomson, 2008).  

Cumella and Scheevel (2008) reviewed the nature of the gas accumulations in the 

Piceance basin, Colorado. It is typically described as a basin-centered gas accumulation that is 

characterized as regionally pervasive, thickly gas saturated (~3500 ft.), abnormally pressured 

(0.6–0.8 psi/ft.), and within very low permeability rocks enhanced by natural fractures.  

Shale Gas 

Since the early 1800s, more than 28,000 wells have been drilled targeting fractured shale-

gas systems in the US. Shale-gas production increased significantly between 1979 and 1999 and 

contributed 1.6% to total U.S. dry gas production (Curtis, 2002). These systems comprise gas-

productive, organic-rich, shale formations that range in age from Paleozoic to Mesozoic. 

According to Curtis (2002), they host continuous-type, regional accumulations that are gas 

saturated, biogenic or thermogenic in origin, and have migrated short distances. The gas exists as 

free gas in fractures and pores, as sorbed gas onto kerogen and clay surfaces, or as dissolved gas 

in kerogen and bitumen.       

Besides the regional extent of the accumulations, there is another common attribute with 

which Curtis (2002) characterized these shale-gas systems. It is related to the rock low 

permeability (<0.001 Darcy). Economical production requires enhancement of the low 

permeability by either intersecting natural fractures or implementing hydraulic fracturing 

technology. It is evident that technology improvement by employing stimulation methods 

contributes to the success of these plays. High gas prices and operation cost are major drivers in 

the success of shale-gas plays in the US and the world in general. 

According to Curtis (2002), shale-gas systems differ in five key parameters: 1) thermal 

maturity (%Ro), 2) sorbed-gas fraction, 3) reservoir thickness, 4) TOC, and 5) gas in place. 

There are biogenic gas systems with a significant amount of water production. Other shale-gas 
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systems produce little or no water. They also contain the richest shales in organic carbon content 

(TOC ~25%). 

Coalbed Gas 

Coalbed gas has been produced commercially from the northern Appalachian basin since 

the 1930s and from the San Juan basin since the early 1950s (Ayres, 2002). In the 1970s and 

early 1980s, the scale and economic significance of coalbed gas resources were realized due to 

technology development and government incentives. 

Ayers (2002) describes coal beds as self-sourcing reservoirs that can contain 

thermogenic, or biogenic gas.  Gas is stored within micropores of the coal matrix, micro- and 

macro-cleats. The key parameters controlling the gas accumulation and production are thermal 

maturity, maceral composition, gas content, coal thickness and cleat density.  

Coal-to-Liquid 

As many as 160,000 barrels of oil a day can be generated from 120,000 metric tons of 

coal through a process called “coal-to-liquids” (Barta, 2006). Although coal-to-liquids 

technology can have a significant impact on meeting future energy demand, it is challenged 

economically and environmentally. Since the 1920s, coal-to-liquids technology has had an 

impact as a process of converting coal into synthetic fuel. The process follows a workflow of 

heating the coal to more than 2,000° F, adding steam and oxygen, increasing the pressure, and 

eventually leading the coal to undergo chemical reactions. International oil companies have 

always downgraded the use of this process because of the fact that it is extremely expensive 

compared to conventional oil exploration. What makes this petroleum system unconventional is 

the level of technology responsible for maturing the coal and generating petroleum. 

Oil Shale 

Recently, the U.S. Geological Survey (USGS) completed an oil shale resource 

assessment that resulted in striking numbers with a total of 4.285 trillion barrels of oil shale in 

place throughout shale country, which is the region that overlaps the border between Colorado, 

Utah, and Wyoming, USA (Birdwell, 2013). Despite the technical, economic, environmental, 

and political challenges associated with developing oil shale resources, large energy companies 

are investing in these unconventional resources with the anticipation of a bright future (Hanson 

and Limerick, 2009).  
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Hanson and Limerick (2009) reviewed the compelling and often contentious issues 

surrounding oil shale. By issuing commercial and research, development, and demonstration 

(RD&D) leases, large energy companies (e.g., Shell, American Shale Oil (AMSO), Chevron and 

Exxon) have been encouraged to pursue oil shale development in the Green River Formation. 

Developing oil shale extracting technologies is the focus of these companies. Two extraction 

methods have been implemented: “in situ” and “ex situ”.  “Ex situ” refers to retorting the shale 

through a process of mining, crushing, and heating. The “in situ” method relies on recovering the 

oil by heating the shale rock in place underground using wells.  

 

2.2 Defining the Unconventional Petroleum System 

To define the term “unconventional petroleum system”, a few points need to be reviewed, 

related to how exploration for unconventional petroleum systems has evolved. In conventional 

petroleum systems, buoyancy forces dominate and exert upward forces that result in long 

distance (secondary) migration of petroleum. Secondary migration of petroleum continues 

through interconnected pores and fractures (high permeability pathways) until reaching a trap 

sealed by rocks of low permeability that stops petroleum migration and produces well-defined 

petroleum accumulations that are static. Economically viable, well-defined petroleum 

accumulations depend on producing petroleum at profitable rates and volumes. Produced 

volumes are of low viscosity petroleum and from porous and permeable reservoirs requiring a 

low level of production technology challenge. If small rates and volumes are produced from low 

porosity and low permeability reservoirs, the petroleum accumulation is regarded as uneconomic 

and no investments will be made. 

In 1980, tax incentives were created by the United States Congress to help in 

compensating low-permeability reservoir drilling and producing cost (Coleman, 2008). This led 

the creation of new exploration strategies for uneconomic tight reservoirs. Coleman (2008) 

pointed out that as part of this tax credit legislation, legal definitions were created for tight 

reservoirs. A permeability of less than 0.1 md and porosity of 10% or less have been given as a 

definition of tight reservoirs. The definition has evolved to include any exploration play 

involving these unconventional tight reservoirs that require artificial stimulation to produce at 

commercial rates. The tax incentive prompted unconventional petroleum exploration in the 
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United States. Success in the United States promoted exploring for these unconventional plays in 

other parts of the world. The key to unconventional exploration success in the United States is 

the technically competent management teams that include explorationists, petroleum geologists, 

geochemists, petrophysicists, geophysicists and petroleum engineers who are able to analyze and 

integrate different kinds of datasets to properly evaluate theses petroleum systems. 

Collaborations between different disciplines have created a controversial look at these petroleum 

systems. Currently, the definition of “unconventional petroleum systems” is debated. It differs 

from discipline to discipline: 

Petroleum Geologist/Explorationist: (Pervasive vs. discrete): The type of trap is 

dynamic, regionally pervasive, abnormally pressured, hydrocarbon-saturated, in low-

permeability reservoirs lacking a down-dip water contact (Law, 2002). 

Geologist/Petrophysicist: (Porosity & Permeability): Discrete accumulations in low 

permeability rocks with the possibility of the lack of water production due to unique relative 

permeability behavior (Shanley, 2004).  

Petroleum Engineer: (Technology required for extraction): Hydrocarbons that cannot be 

produced at economic flow rates nor in economic volumes unless the well is stimulated by a 

large hydraulic fracture treatment, a horizontal wellbore, or by using multilateral wellbores or 

some other technique to expose more of the reservoir to the wellbore (Holditch, 2006). 

In this study, the term “unconventional petroleum systems” is defined according to four 

attributes: 

1 Proximity to source rock 

2 Permeability of reservoir rock 

3 Viscosity 

4 Level of technology challenge 

 

Figure 2.3 uses all four of these attributes and divides the petroleum systems into four 

categories. 
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Figure 2.3: Plot combining the four attributes and dividing petroleum systems into four 

quadrants. 

 

2.3 Discussion and Conclusion 

Our understanding of the various petroleum systems and what makes them different is an 

important part in successfully defining, exploring and producing petroleum resources. Methods 

of exploration and assessment for unconventional resources are greatly dependent on our 

assumptions and understanding of the essential geological principles controlling petroleum 

accumulations. For example, the development of cell-based resource assessment method for 

pervasive petroleum accumulations lacking well-defined water contacts. Successful investment 
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can only be achieved if we know what petroleum system we are dealing with. Currently, the 

unconventional petroleum systems have been loosely defined according to criteria that do not 

incorporate factors controlling the nature of the petroleum system itself. Conventional petroleum 

systems are driven by differences in density (i.e. forces of buoyancy). They therefore require 

seals and are static. Unconventional tight pervasive petroleum systems are driven by differences 

in pressure (i.e. forces of petroleum expulsion). They are dynamic and relate to source rock 

thermal maturity in the basin and rock quality (tight so the hydrocarbons cannot easily escape). 

Forces of petroleum expulsion are responsible for forming unconventional pervasive 

petroleum systems. Petroleum accumulations that are pervasive must be differentiated from the 

buoyant, discrete conventional petroleum accumulations. The factors controlling the nature of 

the petroleum system can lead directly toward defining the term “unconventional petroleum 

systems.” It is defined here according to: (1) proximity to source rock, (2) permeability of 

reservoir rock, (3) viscosity, (4) level of technology challenge.  
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CHAPTER 3 

OBSERVATIONS OF PETROLEUM-EXPULSION FRACTURES IN ORGANIC-RICH 

SHALES 

 

By definition, rocks consisting of at least fifty percent mud-sized particles are called 

mudrocks. They contain mostly clay minerals (smectite, illite, and kaolinite), quartz, feldspars, 

carbonates, silica and alumina, and organic matter (Rieke and Chilingrian, 1974). There are 

various synonyms for these fine-grained rocks. Argillite (argillaceous sediment) is a common 

umbrella-term. The term “mudrock” has increasingly become the terminology of choice by 

geologists. 

Further subdivisions of mudrocks can be made (O’Brien and Slatt, 1990):  

Shale: A fine-grained detrital sedimentary rock (particle size < 0.063 mm) formed by the 

consolidation of clay, silt or mud. It is characterized by fine laminations and fissility, which 

implies an ability to part easily or break parallel to stratification.  

Mudstone: A fine-grained detrital sedimentary rock having the texture and composition 

of shale (particle size < 0.063 mm) but lacking its fine lamination or fissility.  

Siltstone: A fine-grained detrital sedimentary rock, non-fissile containing detrital particle 

smaller than a very fine sand grain and larger than coarse clay (0.004 < Particle size < 0.063 

mm). 

Claystone: A fine-grained detrital sedimentary rock, non-fissile containing mineral 

fragment smaller than a very fine silt grain (particle size < 0.004 mm). 

Overall, "mudrock" seems to be the best term by which to refer to this category of rock. 

Clay microfabrics, fine laminations and strength anisotropy differentiate between the individual 

mudrock subdivisions. The presence of a high percentage of organic matter in mudrocks during 

consolidation controls the microfabrics and can eventually affect their mechanical properties 

(Bennett et al., 2012; O’Brien and Slatt, 1990). A preferred clay particle orientation is promoted 

by the presence of organic matter. In relatively organic-lean or bioturbated mudrocks, randomly 
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oriented clay particles are promoted. Figure 3.1 shows four SEM photomicrographs of clay 

particles associated with preferred and random orientation. 

 

 
Figure 3.1: SEM photomicrographs of clay particles associated with preferred orientation (A, B). 

Bioturbation can cause randomly oriented particles (large arrows in C, D). Notice the silt grains 

can also generate some randomly oriented particles (small arrows in D) (modified from Bennett 

et al., 2012). 

 

This dissertation uses the term “shale” to represent the currently targeted mudrocks for 

oil and gas. Although the mudrocks discussed here are characterized by different lithofacies, they 

are all organic-rich, finely laminated and show significant mechanical anisotropy. Thus, they can 

be referred to with the term “organic-rich shale.” There are important fundamental 

interrelationships of organic-rich shales’ properties and petroleum-expulsion fracturing during 

maturation and generation of petroleum. Observing these interrelationships can lead to better 
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analysis of petroleum-expulsion fracture genesis and its impact on unconventional petroleum 

systems. 

Observations of core, well log and well test data were conducted to investigate the 

interrelationship between petroleum-expulsion fracturing and organic-rich shales. The main 

objective was to develop a means of reasoning to provide explanations of the association of 

petroleum-expulsion fracturing with shale organic and geomechanical facies, petrophysical 

properties and productivity. Six organic-rich shales were utilized: 1) Green River, 2) Niobrara, 3) 

Bakken, 4) Vaca Muerta, 5) Eagle Ford and 6) Haynesville. They all differ in age, depositional 

environments, maturity and pressure. Table 3.1 is a comparison summary of these shales. 

 

Table 3.1: Comparison of organic-rich shales studied in this dissertation. 

 
 

These organic-rich shales are all either mixed mudstones, mixed carbonate or mixed 

siliceous mudstones with different thermal maturities creating different ranges of overpressures. 

Figure 3.2 is a ternary diagram highlighting the differences based on mineralogy. The six 

organic-rich shales fall within different lithofacies. The Eagle Ford and Niobrara are more 

carbonate dominated. The Bakken is more siliceous. Generally, all six organic-rich shales 

contain mixed mudstone facies and none of them are rich in clay minerals. This diagram 

importantly highlights this mineralogical differences which are crucial in associating with the 

petroleum-expulsion fractures. 
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Figure 3.2: Ternary diagram highlighting the six organic-rich shales falling within different 

lithofacies. Notice the Eagle Ford and Niobrara are more carbonate dominated. The Bakken is 

more siliceous. Generally, all six organic-rich shales contain mixed mudstone facies and none of 

them are rich in clay minerals (Ternary diagram modified from Diaz et al., 2012).  

 

3.1 Petroleum-expulsion Fractures and Shale Facies 

The interplay between the existence of petroleum-expulsion fractures and different shale 

organic and geomechanical facies has been examined by interpreting the concentration of 

bedding-parallel, calcite-filled fractures denoted “Beef fractures” across the different facies. Five 

distinctive attributes were recognized as being associated with the existence of pervasive Beef 

fractures in shales: 1) organic-rich, 2) thermally mature, 3) overpressured, 4) mechanically 

anisotropic and 5) calcareous. Almost all Beef fractures host abundant liquid hydrocarbon and 

bitumen inclusions that indicate repeated episodes of petroleum expulsion through the shale.  
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Since the 1800s, bedding-parallel, calcite-filled fractures have been known among 

quarrymen as Beef fractures resembling the fibrous steak (Cobbold and Rodrigues, 2007). 

Organic-rich, calcareous shales are commonly the host of these structures. Early geologists of 

southwest England have named the stratigraphic unit containing Beef fractures “Shales-with-

Beef” (Rodrigues et. al., 2009). Many petrologic examinations of Beef fractures in the literature 

(Jochum et al., 1995; Suchy et al., 2002; Marshall, 1982; Al-Aasm et al., 1992) indicate that they 

usually exist as thin veins of fibrous calcite, parallel to bedding, and with fibers normal to 

bedding. Cobbold and Rodrigues (2007) suggested that the term Beef fracture should include all 

fibrous bedding-parallel veins and not only calcite.  

The fibrous nature within the vein only suggests the slow growth of the vein. Generally, 

veins exist with many forms and different morphologies. Bons (2000) grouped the morphology 

of veins according to structural configuration and symmetry into the following: 1) macroscopic 

morphology; 2) microscopic morphology; 3) growth morphology. For the macroscopic 

morphology, veins with different flat, spherical or lenticular shapes are mostly related to either 

some hard objects as in pressure fringes, faults, fractures or bedding partings. The microscopic 

morphology deals with the crystal texture, shape and arrangement inside the vein. There are four 

main kinds of microscopic morphology: 1) blocky; 2) elongate blocky; 3) fibrous; 4) stretched. 

Growth morphology is associated with growth sites in the vein. It is a way of determining the 

crystal growth direction in the vein. In syntaxial veins, crystals grow on a thin fracture plane on 

both sides towards the fracture wall. The younger crystal growth is at the median fracture plane. 

Two growth surfaces in the case of antitaxial veins exist between the outer part of the vein and 

wall rock. Therefore, younger growth is located at the outer part of the vein.   

In this study, the term “bedding-parallel, calcite-filled fracture” is used to denote the term 

Beef fracture. Genesis and relationship with shale facies are the focus rather than the vein 

morphologies. Figure 3.3 and 3.4 are photos of core pieces from the Vaca Muerta and Niobrara 

showing a comparison between a Beef and a vertical calcite fracture cut at an angle.  

In the following sections, examples and data analysis from Green River (Mahogany), 

Vaca Muerta, and Haynesville shales are presented. They highlights the association of shale 

organic and geomechanical facies with the existence of bedding-parallel, calcite-filled fractures 

“Beef.” 
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Figure 3.3: Core slab pieces from the Vaca Muerta showing Beef fractures (left) and sub-vertical 

calcite-filled fracture. Notice how easily the sub-vertical fracture can be misinterpreted as Beef 

fracture when looking perpendicular at the core slab piece. 
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Figure 3.4: Beef fracture in Niobrara core slab piece.  

 

3.1.1 Petroleum-Expulsion Fractures and Green River Shale facies 

As a classic example of a Type-I lacustrine source rock, the Green River Formation hosts 

most of the oil shale resources in shale country, that region surrounding the border between 

Colorado, Utah, and Wyoming, USA (Figure 3.5).  The Uinta Basin, which is the focus of recent 

exploration for Green River shale oil, is a topographic and structural trough thickly filled with as 

much as 17,000 ft. of Late Cretaceous and Tertiary age lacustrine and fluvial sedimentary rocks 

(Fouch et al., 1994). It is an asymmetrical basin with a steep northern flank. Figure 3.6 is a cross 

section showing the structural and stratigraphic configuration of the basin. The Green River 

shales are brown, laminated, dolomitic marlstones containing hydrogen-rich kerogen. The zone 

of the richest in organic content of the open-lacustrine facies preserved under anoxic conditions 

that existed at the lake bottom during deposition is called “Mahogany zone.” 

A geological analysis was performed on three cores from the “Mahogany zone” of the 

Green River Formation in the Bill Barrett Corporation’s 16X-23D-36 well (2010). Cores were 

collected between 4495 ft and 4646 ft. The well is located in Section 23, Township 4S, Range 

6W, Duchesne County, Utah. Figure 3.7 shows a log suite over the cored interval. Geochemistry 

data suggest that the Mahogany zone in this well has generated oil. Tmax ranges from 430 to 

460°C. Figure 3.8 plots the hydrogen index versus Tmax. 



31 

 

 

 
 

Figure 3.5: The four basins in Colorado, Wyoming and Utah that are called “shale country” 

(modified after Johnson et al., 2011). 

 

 
 

Figure 3.6: A north-south cross section across the Uinta Basin. Location of section is shown in 

Figure 3.5 above (modified after Fouch, 1975) 
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The recovered cores include facies that characterize stages of deposition related to the 

evolution of Lake Uinta (Figure 3.9): 1) over-filled, dominated by shoreline progradation with 

the deposition of primarily clastic mudstones and typically lower quality oil shale, 2) balanced-

filled, mixed progradation and aggradation with the deposition of primarily calcareous and 

dolomitic mudstones and typically high quality oil shale. A third stage of under-filled, 

evaporative lake system was not observed in the cores interval. The richest oil shale zones were 

deposited during the second depositional stage. Figure 3.10 is a plot correlating gamma ray, 

shale facies and percentage of total organic carbon (TOC %). The plot shows the excellent 

correlation between the organic-rich calcareous mudstones with the highest TOC %. When 

gamma ray is correlated to interpreted shale facies, the interval where the highest gamma values 

corresponds to the interval of clastic mudstone facies (e.g., depth interval 4603-4646 ft). 

However, the lowest gamma values interval corresponds to the interval of the calcareous 

mudstone facies (e.g., depth interval 4495-4603 ft). Therefore, the gamma log can be considered 

as a direct measure of the relative abundance of clastic versus calcareous mudstones. This 

relationship, in turn, reflects the interplay of lake-level, water-depth, and lake stratification. The 

relative abundance of clastic versus calcareous mudstones can indicate a wet climate or a fall in 

lake-level favorable for delivering detrital-rich sediments (with K-feldspar, U, and Th) to the 

lake by surface runoff. During dry climate or rising lake levels, more of the calcareous 

mudstones are favored for deposition. Appendix 1a includes core description logs for all three 

cores. 

While the studied interval is generally highly fractured, this bed-by-bed investigation 

revealed that fracture orientation has a relationship with the identified facies. This observed 

relationship has significant impact on analyzing petroleum-expulsion fracturing. 

Balanced-filled facies of dark reddish brown, organic-rich, calcareous mudstone with 

planar laminations contain fractures that are mostly bedding-parallel filled with hydrocarbon or 

mineral cements. No bedding-parallel fractures were observed in the overfilled facies of greenish 

to greyish brown, lean, massive clastic mudstones. This implies that bedding-parallel fractures 

are tied to the organic-rich, generating source rock unit. Petroleum expulsion causes fracturing 

which favors the weak zones along bedding.     
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Figure 3.7: 16X-23D-36 well log suite showing gamma ray, resistivity, density, mud gas and 

total organic content over the Green River Formation. Notice the high TOC interval over the 

Mahogany Zone. 
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Figure 3.8: Hydrogen Index (HI) versus Tmax plot showing that the cored Mahogany Zone in the 

well has generated oil. 
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Figure 3.9: Three stages of deposition related to the evolution of Lake Uinta: 1) overfilled, 

dominated by shoreline progradation with the deposition of primarily clastic mudstones and 

typically lower quality oil shale, 2) balanced-filled, mixed progradation and aggradation with the 

deposition of primarily calcareous and dolomitic mudstones and typically high quality oil shale, 

and 3) underfilled, evaporative lake system with nahcolite precipitation and variable oil shale 

quality (Carroll and Bohacs, 1999). 
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Figure 3.10: A plot correlating gamma ray, shale facies and percentage of total organic carbon 

(TOC %). Notice the excellent correlation between the organic-rich calcareous mudstones with 

the highest TOC %. High gamma is associated with the clastic mudstone facies while the lowest 

gamma corresponds to the interval of the calcareous mudstone facies. 

 

Bedding-parallel fractures appear as thin (mm to cm scale) veins of possibly calcite or 

nahoclite (NaHCO3). Figure 3.11 is a photo example of some of the observed bedding-parallel 

fractures in the core. The lamination nature of the mudstone provides a favorable tensile strength 

anisotropy for bedding-parallel fractures to exist.  

The observed relationship between the bedding-parallel, petroleum-expulsion fracturing 

and the balanced-filled, planar laminated, organic-rich, generating source rock facies in the 

Green River Formation point out some natural factors controlling their initiation: 1) organic-rich 

and thermally matured shale and 2) tensile strength anisotropic shale. 
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Figure 3.11: Bedding-parallel mineral filled fractures (white) in the Mahogany zone of the Green 

River Formation. 

 

3.1.2 Petroleum-Expulsion Fractures and Vaca Muerta Shale Geomechanical Facies 

The Neuquén Basin of west Argentina embraces one of the largest shale oil and gas plays 

in South America: the Vaca Muerta play (Newman, 2014). The Late Jurassic/Early Cretaceous 

Vaca Muerta covers approximately 8,500 sq. miles, and is characterized as a marine deposit 

consisting of organic-rich, mixed mudstone that ranges from mixed siliceous to calcareous 

mudstone lithologies. Depths range from 8000 to 10,000 ft with a gross thickness range of 98–

1476 ft (Newman, 2014). Total organic carbon (dominantly Type II kerogen) averages 4% by 

weight. Vaca Muerta is in the oil window across most of the basin. In the foothills, it has reached 

the gas window (Rodrigues et al., 2009). Petroleum generation has been identified as a 
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contributing cause of overpressuring in the Neuquén Basin (Cobbold and Rodrigues, 2007). The 

pressure gradient in the Vaca Muerta ranges from 0.5 to 0.9 psi/ft (Wren, 2011). 

Beef fractures are common in Vaca Muerta shales. Several authors have concluded that 

these Beef fractures are evidence for fluid overpressuring due to petroleum generation (Cobbold 

and Rodrigues, 2007; Parnell and Carey, 1995). Bitumen is extensive in such veins, indicating 

pathways for petroleum migration. 

An observational study was conducted on one Vaca Muerta core (Figure 3.12) to 

investigate the existence of these Beef fractures. Specifically, the impact of the mechanical 

anisotropy on the intensity of Beef fractures. The Vaca Muerta at the location of the cored well is 

within the oil maturity window as shown in Figure 3.13. A core description of the cored interval 

revealed three different facies: 1) high organic-rich calcareous mudstone, 2) moderate organic-

rich calcareous mudstone, and 3) low organic-rich calcareous mudstone. Core description logs 

are included in Appendix 1b and a plot of TOC % versus depths is shown in Figure 3.14. Three 

types of bedding-parallel fractures were observed in the core: 1) non-mineralized, closed 

bedding-parallel fractures, 2) bitumen-filled, bedding-parallel fractures and 3) bedding-parallel, 

calcite-filled fractures. Figure 3.15 shows the three fracture types in core. The Beef fractures in 

particular have some bitumen inclusions that match the previous observations by Cobbold and 

Rodrigues (2007) and Parnell and Carey (1995) (Figure 3.16).  

 
Figure 3.12: Vaca Muerta core studied. Depths are in meters. 
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Figure 3.13: Hydrogen Index versus Tmax plot showing the Vaca Muerta at the location of the 

cored well is within the oil maturity window. 

 
Figure 3.14: A plot of TOC % versus depths in meters. Notice the relatively organic-rich 

intervals from 3094 to 3097 m and from 3102 to 3108 m compared to the interval from 3109 to 

3113 m. 
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Figure 3.15: Core slab piece showing the three fracture types: 1) non-mineralized, closed 

bedding-parallel fractures (light brown lineaments), 2) bitumen-filled, bedding-parallel fractures 

(black) and 3) bedding-parallel, calcite-filled fractures (white).  

2 

1 

3 
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Figure 3.16: Beef fractures having bitumen inclusions within the calcite fibers. 

 

This observational study included three basic work phases: 1) mapping Beef fracture 

intensity, 2) measuring geomechanical anisotropy and identifying geomechanical facies and 3) 

correlating Beef fracture intensity with geomechanical organic facies. Mapping the Beef fracture 

intensity was done by counting the number of Beef fractures at every foot interval (30 cm). 

Fracture apertures and lengths were also measured to map the Beef fracture aspect ratio across 

the cored interval. Calcite-filled vertical fractures were mapped for comparing intensities 

between the vertical and bedding parallel fractures. Figure 3.17 and 3.18 highlight the 

relationship between fracture intensity and core depths in meters. 
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High Beef fracture intensity is concentrated within the intervals between 3094 – 3097 m 

and 3102 – 3108 m. A schematic of the observed Beefs and calcite-filled vertical fractures in the 

core is sketched and shown in Figure 3.19. These intervals correspond to the highest measured 

percentages of total organic carbon TOC %.  

 

 
Figure 3.17: Vertical fracture intensity aspect ratio versus depth. 

 

Willis (2013) studied the anisotropic geomechanical properties in the Vaca Muerta core.  

Horizontal and vertical Young’s modulus were measured on samples taken from the core.  He 

concluded that Vaca Muerta exhibits a behavior for a vertical transverse isotropy (VTI) system. 

Anisotropy in shales is caused by preferred orientation of anisotropic mineral grains and thin 

bedding of isotropic or anisotropic layers (Thomsen, 1986). The values for static horizontal 
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Young’s modulus are greater than the values for vertical Young’s modulus in the core, which 

indicates a VTI system (Willis, 2013). Also, horizontal compressional wave velocity is higher 

than the vertical compressional wave velocity, indicating a VTI system. The ratio of horizontal 

Young’s modulus to the vertical was calculated. Epsilon of Thomsen’s parameters was plotted 

versus depth to map the geomechanical anisotropy across the cored interval. Figure 3.20 is a plot 

correlating the Beef fracture intensity with compressional wave velocity, Young’s modulus ratio 

and anisotropy. Two distinct geomechanical facies were observed representing the relatively 

high anisotropic and low anisotropic layers within the core. 

 

 
 

Figure 3.18: Beef fracture intensity and aspect ratio versus depth. 
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Figure 3.19: A sketched schematic of the observed Beef fractures and calcite-filled vertical 

fractures in the core. Red shaded intervals are those with the highest Beef fracture intensities. 

 

 
 

Figure 3.20: A plot correlating the Beef fracture intensity with compressional wave velocity, 

Young’s modulus ratio and anisotropy. Geomechanical Facies A represents the relatively high 

anisotropic layer within the core. 
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The Vaca Muerta core observations suggests that bedding-parallel veins of calcite 

directly relate to the following: 

1. The most organic rich intervals 

2. Calcareous intervals 

3. The most anisotropic intervals 

 

3.1.3 Petroleum-Expulsion Fractures and Haynesville Shale Facies 

The Late Jurassic Haynesville Shale is a target pervasive petroleum system in 

northwestern Louisiana and eastern Texas (Figure 3.21). Its depositional environment is shallow 

marine (Mancini et al., 2005). The Haynesville Shale is typically found at depths between 10,000 

and 13,500 ft and ranges in thickness from 200 to 350 ft. Prolific gas production is attributed to a 

very high pressure gradient, commonly greater than 0.9 psi/ft. (Wang and Hammes, 2010). 

Disequilibrium compaction from rapid sedimentation in the low permeability (Nano Darcy) 

Haynesville Shale coupled with hydrocarbon generation has resulted in high pore pressures 

ranging from about 7000 psi to 12000 psi (Torsch, 2010).  

Most natural fractures in the Haynesville occur as bedding-parallel veins of fibrous 

calcite (Beef fractures). Figure 3.22 is a core photo showing the abundance of Beef fractures in 

the Haynesville. An increase in pressure due to petroleum generation causes an initiation of force 

of petroleum expulsion within the Haynesville, and allow petroleum to migrate laterally and 

vertically into overlying and underlying formations, thereby creating the Haynesville pervasive 

petroleum system (Torsch, 2010).  

According to Younes et al. (2010), some areas of the Haynesville shale do not contain 

vertical fractures. Small bedding-parallel veins of fibrous calcite (Beef fractures) appear to be 

pervasive. Conversely, the interval above the Haynesville contains high angle vertical fractures. 

This observation indicates that Beef fracture distribution is controlled by the differences in 

geomechanical properties between the two intervals. Variations in organic richness, clay content, 

and carbonate between the Haynesville shale and the interval above are factors controlling the 

geomechanical anisotropy and calcite precipitation in mudrocks. 
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Figure 3.21: Bedding-parallel veins of fibrous calcite (Beef’s) in the Haynesville in Sample 10H 

#1 Core, Louisiana (Courtesy of Mark Longman). 

 

According to Younes et al. (2010), some areas of the Haynesville shale do not contain 

vertical fractures. Small bedding-parallel veins of fibrous calcite (Beef fractures) appear to be 

pervasive. Conversely, the interval above the Haynesville contains high angle vertical fractures. 

This observation indicates that Beef fracture distribution is controlled by the differences in 

geomechanical properties between the two intervals. Variations in organic richness, clay content, 

and carbonate between the Haynesville shale and the interval above are factors controlling the 

geomechanical anisotropy and calcite precipitation in mudrocks. 

The relationship between petroleum expulsion and Beef fractures becomes intriguing 

when observing oil inclusions within calcite veins. This observation is indicative of episodes of 
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petroleum expulsion re-fracturing preexisting Beef fractures. Figure 3.22 is a photomicrograph 

showing Beef fractures with oil inclusions within them from the Haynesville. 

 

 

 

Figure 3.22: A photomicrograph from the Haynesville showing bedding-parallel, bladed ferroan 

calcite filled fractures with oil inclusions. The lower photomicrograph is a zoom-in of the area 

highlighted by the rectangle in the upper photomicrograph and shows a line of oil inclusions in 

the calcite (Courtesy of Mark Longman). 
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Commonly, Beef fractures are misinterpreted as Inoceramus fragments in the Haynesville 

shale. They look different in thin sections. Inoceramus fragments appear in thin sections as 

blocky with sharp squared edges. They sometimes curve, but they do not tip as Beef fractures do. 

Figure 3.23 shows two photomicrographs showing a comparison between Inoceramus fragments 

and Beef fractures. 

 

 
 

Figure 3.23: Photomicrographs from the Haynesville showing Inoceramus fragments (upper 

photomicrograph) and bedding-parallel calcite veins (Beef) (lower photomicrograph). The 

difference to be noted is the blocky shape of the Inoceramus as oppose to a tapering fracture 

shape (Courtesy of Mark Longman). 
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More examples of shales with Beef fractures were observed with less abundance. In the 

Bakken shales, the nature of shales being predominantly siliceous explains the low concentration 

of observed Beef fractures. Kreis (2006) observed Beef fractures intersected by a vertical calcite-

filled fracture in the Bakken shale and attributed them to be related to overpressuring due to 

petroleum generation (Figure 3.24). 

Another interesting relationship between petroleum-expulsion fractures’ shale facies was 

observed in Eagle Ford shale. Observations from one thin section prepared from foraminifera-

mixed carbonate mudstone facies within the Eagle Ford revealed the control of the foraminifera 

shapes on the propagation of bedding-parallel, bitumen-filled fractures Figure 3.25, 3.26 and 

3.27. 

 

 
 

Figure 3.24: Beef fractures intersected by a vertical calcite-filled fracture in the Bakken shale. 

This sample was observed by Kreis (2006) within the Bakken shale in the Canadian side of the 

Williston Basin. 
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Figure 3.25: A photomicrograph of foraminifera-mixed carbonate mudstone facies within the 

Eagle Ford showing a bedding-parallel, bitumen-filled fracture across the middle of the thin 

section. 

 
 

Figure 3.26: A bedding-parallel, bitumen-filled fracture propagated around the edges of the 

foraminifera. 
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Figure 3.27: A foraminifera appears to be fractured. A bedding-parallel, bitumen-filled fracture 

extending along the upper part of the foraminifera. 

 

3.2 Petroleum-Expulsion Fracturing and Shale Resistivity 

The organic-rich shales resistivity is directly associated with those constituents that are 

electrically conductive. In immature shales, the conductivity of clay minerals combined with 

water-filled porosity produce low resistivity values. With an increase thermal maturity, non-

conductive oil fills petroleum-expulsion fractures in addition to replacing conductive water-filled 

porosity to produce high resistivities. Meissner (1978) noted this relationship of resistivity and 

organic-rich shale maturity. Smagala et al. (1984) presented an empirical technique using log-

derived resistivity of the Niobrara Formation in the Denver Basin to predict the Niobrara thermal 

maturity. The technique proved to be useful in mapping maturity patterns related to stages of 

petroleum generation. Johnson and Bartshe (1991) also related the presence of oil-filled fractures 

in the Niobrara to the observed anomalous high resistivity values. However, Passey et al. (2010) 

pointed out that in some organic-rich shales with high maturities, resistivity is significantly less 

than that observed in the same shale at lower thermal maturities.  It was suggested that a 

conductive graphite or a precursor pyrobitumen caused these low resistivity values.  
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The Cretaceous Niobrara Formation is a prolific organic-rich shale with a pervasive 

petroleum system throughout the greater U.S. Rocky Mountain region. Resistivity mapping is a 

common tool used for maturity mapping of the Niobrara because a good correlation exists 

between increased resistivity and increased thermal maturity. Niobrara resistivity values are low 

in the thermally immature areas along the basin margins. Resistivity progressively increases as 

maturity increases from the oil window into the wet-gas window. However, this trend of 

increasing resistivity with increasing maturity is reversed as maturity increases from the wet-gas 

to dry-gas window at a vitrinite reflectance range between 1.2–1.4 percent. Examples of this 

anomalous resistivity reversal from the Piceance and Denver basins are presented later in 

Chapter 5. 

 

3.2.1 Niobrara Pervasive Petroleum System 

The Niobrara pervasive petroleum system of the U.S. Rocky Mountain Region (Figure 

3.28) constitutes the Niobrara self-sourced-reservoir system of low-permeability chalks, shales, 

and sandstones. Total organic carbon contents range from two to eight weight percent 

(Sonnenberg, 2013). The Niobrara is dominantly a Type II (sapropelic) source rock. In the 

Denver Basin, biogenic gas occurs in shallow chalk reservoirs on the eastern flank. The 

thermogenic window progresses westward from where the pervasive oil system occurs to where 

it becomes pervasive gas at greater depths in the Niobrara (e.g., Wattenberg Field). The 

pervasive gas system also occurs in the Piceance Basin where the overpressured zone of the 

Niobrara is interpreted to be part of a basin-centered gas system with gas matured source rock 

surrounded by an outer zone of less thermally mature, subnormally pressured, gas saturated 

strata and up dip zone of thermally immature, water-saturated rocks (Wilson et al., 1998).  

The Niobrara is divided into two members: 1) the Fort Hays Limestone and 2) Smoky 

Hill Member. The target for horizontal drilling is the Smoky Hill section. It consists of three 

chalk benches (A, B, and C) interbedded with calcareous shales and marl beds (Collins, 2012) 

(Figure 3.29). The chalk benches and marl gradually change as they interbed. Intervals are 

defined as: chalk (> 90% carbonate), argillaceous chalk (70-90% carbonate), marl (30–70% 

carbonate), calcareous shale (10–30% carbonate) and shale (<10% carbonate) (Figure 3.30).  
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The organic-rich marls are the hydrocarbon generating source beds and the chalk benches 

are the reservoirs. However, in the Piceance Basin, the carbonate-rich members of the Niobrara 

(chalk benches) are organically richer relative to the interlaying marl equivalents. The direct 

relationship of carbonate and organic content provides an increase in brittleness due to the 

carbonate content which can cause significant petroleum-expulsion fracturing within these chalk 

benches. Figure 3.31 shows a correlation between fractures and fracture frequency interpreted 

from image logs with total organic carbon (TOC %). It appears that the highest percentage of 

fracture frequency corresponds to the highest percentages of TOC. With the very low 

permeability of the Niobrara, the fractures are the mechanism for transporting liquids. The 

petroleum generating potential in the chalk benches, or the close proximity of the chalk benches 

to the marls makes it easier for the petroleum to migrate utilizing the existing micro- and macro-

fractures including petroleum-expulsion fractures. Figure 3.32 is a photomicrograph example of 

petroleum-expulsion fractures within the B chalk bench in the Denver Basin. The fractures 

appear as bedding-parallel fractures mimicking the wispy stylolitic laminations. 

 
 

Figure 3.28: Map of the Rocky Mountain region extending from southern Montana to northern 

New Mexico showing the locations of the Denver and Piceance basins (in red). Modified from 

Finn (2010), which is modified from Dickinson et al. (1988). 
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Figure 3.29: Cretaceous stratigraphic column for the Denver basin highlighting the three chalk 

benches (Niobrara A, B, and C) interbedded with the marl source beds. (modified from 

Sonnenberg, 2013). 
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Figure 3.30: Niobrara Consortium classification of intervals of the Niobrara Formation (from 

Collins, 2012). 
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Figure 3.31: A correlation between fractures and fracture frequency interpreted from image logs 

with total organic carbon (TOC %) (Well name: Fletcher Gulch Federal 4-24-2H, Rio Blanco, 

CO, Sec. 4 T1N R100W). 

 

 
 

Figure 3.32: Photomicrographs showing an example of petroleum-expulsion fractures within the 

B chalk bench in the Denver Basin. The fractures appear as bedding-parallel fractures mimicking 

the wispy stylolitic laminations (Well name: Champlin Lee 41-5). 
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3.2.2 Petroleum-Expulsion Fracturing and Niobrara Resistivity 

The compiled resistivity data by Smagala et al. (1984) was re-plotted in a semi-log plot 

with vitrinite reflectance. The semi-log plot is useful when one of the variables being plotted 

covers a large range of values and the other has only a restricted range. The advantage is that it 

can bring out features in the data that would not easily be seen if both variables had been plotted 

linearly or in a log-log plot as shown in Figure 3.33. The decrease in Niobrara resistivity with 

increasing maturity occurs approximately at the wet gas to dry gas transition at the vitrinite 

reflectance range between 1.2–1.4 percent. This is significantly lower than thermal maturity 

responsible for transformation into graphite or abundant pyrobitumen. It is postulated that the 

development of petroleum-expulsion fractures combined with changes in wettability in the 

Niobrara can be responsible for the process of decreasing resistivity with higher thermal 

maturity. 

Resistivity mapping of the Niobrara Formation was done to investigate the relationship 

between resistivity and Niobrara maturity. This can establish a basis for theorizing the impact of 

petroleum-expulsion fracturing on changes in the resistivity of organic-rich shales.  

 
Figure 3.33: Vitrinite reflectance versus resistivity showing the fallback of the resistivity values. 
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In Piceance Basin, average Niobrara resistivity is low in the shallow, relatively immature 

area on the left side of the map in Figure 3.34. Resistivity increases with depth and increasing 

maturity toward the center of the map. There is an anomalous decrease in resistivity with even 

greater depth and higher maturity in the northeast part of the map. This anomalous resistivity 

reversal can be seen in the cross section in Figure 3.35. 

 

 
 

Figure 3.34: A map of average Niobrara resistivity over Piceance Basin (Cumella and Scheevel, 

2012). 

 

The decrease in Niobrara resistivity with increasing maturity occurs approximately at the 

wet gas to dry gas transition at vitrinite reflectance range between 1.2–1.4 percent. Several 

mechanisms have been postulated to explain the decreasing resistivity with increasing maturity. 

These mechanisms include (1) the existence of a conductive petroleum phase (pyrobitumen) and 

(2) the increase in residual water salinity driven by water vapor solubility in the produced gas. 
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However, the development of petroleum-expulsion fractures, combined with changes in 

wettability in the Niobrara, can also provide an explanation for the decreasing resistivity with 

higher thermal maturity. Low-maturity Niobrara is water-wet and has low resistivity. Resistivity 

peaks when the Niobrara becomes oil-wet during the late-stage oil to gas maturity windows. As 

thermal maturity increases into the dry-gas window, wettability changes to mixed-wettability, 

causing resistivity to decrease. 

 

 
 

Figure 3.35: The anomalous resistivity reversal can be seen in the cross section that is projected 

on the map in Figure 3.34 in blue (Cumella and Scheevel, 2012). 

 

3.3 Petroleum-Expulsion Fracturing and Shale Productivity 

Early exploration with vertical wells in shale oil and gas plays show both (1) drilling 

breaks and (2) mud gas increases over the organic-rich shale interval. Initial well tests (DST) in 

these shales typically report average production rates of several tens of barrels per day (Figure 

3.36). Early drilling operations typically reported that the shales contain some oil show in the 

black carbonaceous pieces, and displayed slow to moderate streaming cuts. No matrix porosity 

was in evidence in the black shales, and the cuts were assumed to have come out of 

microfractures or off of fracture planes (Figure 3.37). This has created motives to conduct an 

A A’ 
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observational study that is based on a geological interpretation of Bakken pressure transient 

behaviors. The study is focused on combining qualitative pressure transient analysis and 

epifluorescence petrography to investigate the impact of petroleum-expulsion fracturing on 

forming the unconventional Bakken pervasive petroleum system. 

 

 

 

Figure 3.36: An example of a typical early vertical exploration well over the Bakken. Through 

the upper and lower Bakken, drilling break (DT) is observed as well as oil shows and mud gas 

increase. Drill Stem Tests (DST) were reported with tens of barrels per day. The first and second 

track are lithology and Gamma Ray log, respectively. High Gamma (increase to the right) 

indicates the upper and lower Bakken shale intervals. 
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Figure 3.37: Photomicrograph from the lower Bakken Shale containing abundant radiolaria and 

bedding-parallel fractures. 

 

3.3.1 Bakken Pervasive Petroleum System 

The Bakken Formation in Williston Basin is a thin, hydrocarbon-productive and isolated 

unit that is divided into three members: an organic-rich upper and lower shale member with TOC 

ranges from 0.65 to 10.33 weight percent and a middle carbonate-rich member (Meissner, 1978) 

(Figure 3.38). Pronounced structures within the semicircular structural configuration of the 

Williston Basin are the Nesson, Billings, and Cedar Creek anticlines (Figure 3.39). Figure 3.39 

also includes an isopach map of the Bakken showing an average thickness of more than 140 ft in 

the center part of the basin. The isopach map shows the Bakken truncation along the flanks of the 

basin (Sonnenberg, 2009). It has been recognized as the only proven source-rock within several 

thousand feet of a vertical section. A pervasive oil system exists in the Bakken. Significant 
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production has come from zones where an extensive fracture system exists.  The production rates 

have far exceeded what is theoretically possible from an extremely low matrix porosity and 

permeability. No formation water has been recovered. The Bakken produces only oil and gas 

from fractures within the deeper, abnormally overpressured part of the basin. 

An abrupt increase in resistivity has been reported at depth ranges that coincide with the 

top of thermal maturity (Figure 3.40) (Meissner, 1978). This change in resistivity uniquely marks 

the onset of hydrocarbon generation. It also coincides with the top overpressured cell. This 

introduces an important relationship between petroleum generation, physical changes and fluid 

pressure. Abnormal pressures in the Bakken are interpreted as being maintained by both 

petroleum generation and the Bakken being isolated by tight rocks. Horizontal expulsion 

fractures have been proven to exist in the Bakken organic-rich intervals and are attributed to 

petroleum generation (Sonnenberg, 2011). 

A key contribution by Meissner (1978) was the description of petroleum-expulsion 

fractures that are associated with oil-generating source rocks. As a direct “cause-and-effect” 

relationship, oil generation in the Bakken causes an increase in fluid pressure and subsequently 

forms tensile fractures. Meissner’s (1978) conclusion concerning the relationship between 

maturation, generation, overpressuring and fracturing implies that exploration opportunities exist 

for regional hydrocarbon accumulations (pervasive oil system) in the Bakken. A quote from 

(Meissner, 1978) is included here:  

Speculative conclusions regarding the relationship between source-rock maturity, 

hydrocarbon generation, geopressuring and fracturing suggest an opportunity in 

exploration for unrecognized and unlooked-for “unconventional” accumulations of 

potentially very large regional extent. 

Another significant contribution of Meissner (1978) is the suggested exploration strategy 

in the Bakken. Exploration leads should be naturally within the source rock itself. Stronger leads 

should be within those active petroleum-expelling source rocks that have led to temporary or 

permanent overpressuring. Drillable prospects should be within those areas of overpressure-

induced porosity and permeability in the form of a system of petroleum-expulsion fractures. 
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Meissner’s basic research problems concerning petroleum origin, migration and 

accumulation have created significant motives to work toward theorizing petroleum-expulsion 

fracturing. This can significantly contribute to our understanding of their impact, and enables us 

to actually predict their existence within the Bakken pervasive petroleum system.   

 

 
 

Figure 3.38: Stratigraphic column for the Upper Devonian/Lower Mississippian Bakken 

Formation. It consists of three members: (1) organic-rich upper shale member, (2) middle 

carbonate-rich member and (3) organic-rich lower shale member (modified from Sonnenberg, 

2009 which is modified from Webster, 1984). 
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Figure 3.39: A map of the semicircular Williston Basin (upper left). The east-west cross section 

which is projected on the Bakken isopach map (upper right) shows how the Bakken truncates 

along the flanks of the basin (modified from Sonnenberg, 2009 which is modified from Webster, 

1984 and Meissner, 1978). 

 
 

Figure 3.40: The interpreted relationship between petroleum generation and resistivity increase 

in the Bakken shale. This mapped relationship is extended in the current study to include the 

relationship between petroleum generation, petroleum-expulsion pressure and fractures 

(Meissner, 1978). 
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3.3.2 Petroleum-Expulsion Fracturing and Bakken Shales productivity 

The impact of petroleum-expulsion fractures on productivity in the Bakken shales was 

investigated by integrating epifluorescence petrography and pressure transient analysis. An 

integrated geological interpretation for the Bakken pressure transient behaviors was 

accomplished by utilizing resistivity logs, cores, and thin sections. 

 

3.3.2.1 Qualitative Pressure Transient Analysis 

Qualitative Pressure transient analysis was done on 64 Drill Stem Tests (DST) in the 

Bakken (Figure 3.41). Due to no flow or not enough build-up time, 30 percent of the DSTs could 

not be analyzed. It was observed that 49 percent of the DSTs that could be analyzed imply 

naturally fractured Bakken (Figure 3.41). 

The analysis is based on gathering the pressures from Drill Stem Tests (DST) reports and 

focusing on a period of interest, generally a shut-in period (pressure build-up) (Figure 3.42) to 

perform diagnostic analyses. The diagnostics can lead to the choice of a model that can provide a 

description of reservoir shape, continuity, and heterogeneity. It is a way of describing the 

reservoir around the wellbore (Mattar, 2008). The analysis was intended to describe the reservoir 

qualitatively with no actual values extracted from the pressure transient analysis.  

The steps required to conduct a qualitative pressure transient analysis include: 

1. Gathering pressures (∆𝑷) and shut-in time (∆𝒕) in a spread sheet; 

2. Plotting ∆𝑷 versus ∆𝒕 on log-log scale; 

3. Calculating the natural log of ∆𝒕; 

4. Calculating pressure derivatives by finding the slope of ∆𝑷 versus the natural log 

of ∆𝒕; 

5. Plotting pressure derivatives versus shut-in time on a log-log scale; 

6. Observing the shape of the derivative curves and correlating them with models in 

published derivative diagnostic libraries; 

7. Characterizing the Bakken pressure transient behavior by integrating supporting 

data. 
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Figure 3.41: DSTs from 64 wells projected on the map and distributed between North Dakota 

and Montana. The map shows the limit of the lower and upper Bakken shales overlain by the 

structure contour map of the top of the upper Bakken shales. 49 percent of the DSTs that could 

be analyzed imply naturally fractured Bakken. 
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Figure 3.42: Opening or shutting a well creates a transient change in pressure with time (left 

plot). The longer the shut-in time, the further into the reservoir we investigate. Pressure 

derivative (log-log) plots with time enable us to investigate near wellbore effects, reservoir 

effects and boundary effects. Interpreted effects represent an average area around the wellbore. 

Here, the focus is on the shape of pressure derivative rather than extracting actual reservoir 

parameters. 

 

In pressure transient analysis, reservoir features can be detected after the wellbore effects 

and the before boundary effects (Figure 3.42). Homogeneous behaviors represent a model of 

infinite acting radial flow appearing as a horizontal line in the pressure derivative (Houze et al., 

2007). Double-porosity behaviors are considered heterogeneous and represent models of rock 

matrix (high storativity and low permeability) and natural fractures (low storativity and high 

permeability). Two variables describe the double-porosity model: 1) storativity ratio 𝝎 which is 

the fraction of fluids stored in the fractures, and 2) interporosity flow coefficient 𝝀 that describes 

how fast the matrix gives up fluids to the fracture system (Houze et al., 2007). Figure 3.43 

compares pressure derivative shape for homogeneous behaviors and for double-porosity 

behaviors. A characteristic transitional dip (valley) in the pressure derivative curve differentiates 

the double-porosity behaviors from the homogeneous. The figure also shows the effect of 

storativity and interporosity flow on how low and how soon this transitional dip appears.  
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The Bakken pressure transient was observed as a double-porosity behavior with low 

transitional dip that appeared very quickly during shut-in time. This is an implication for low 

storativity 𝝎 and high interporosity flow 𝝀 (Figure 3.44). When the well is flowing, the first 

behavior to appear represents the fracture system that diminishes very quickly. When the matrix 

starts to pressure support the fracture system, the transitional dip appears in the derivative. The 

low storativity 𝝎 implies that a very high proportion of the hydrocarbon is stored in the matrix 

system, and significant pressure support is highlighted by the deep transitional dip. The high 

interporosity flow 𝝀 implies that the matrix system gives up its fluid immediately after the 

fracture system starts to produce. If low interporosity flow 𝝀 exists, it suggests a very tight 

matrix. The fracture system will have more drawdown before getting support from the matrix. 

Hence, transitional dip appears later. 

The fast contribution of the Bakken matrix to the fracture porosity system is attributed 

here to the existence of bedding-parallel petroleum-expulsion fractures. These are micro scale 

fractures that provide permeability pathways and create high interporosity flow between the two 

porosity systems. 

This interpretation of pressure transient behavior is integrated with other data sets such as 

resistivity (separation between deep and micro-spherical), sonic (significant increase in 

slowness) and sonic waveform (zone of significant amplitude attenuation). All of these, in 

conjunction with the pressure derivative, support the existence of a fracture system. 

Pressure transient analysis was extended to investigate some of the pressure transient 

behaviors in wells of perforated Three Forks and Middle Bakken. Negative half slope usually 

develops in the derivative curve. The negative half slope indicates vertical contribution from 

within or beyond the Three Forks and Middle Bakken. This is as if there is a partial completion 

of limited entry within the perforated reservoir interval. These Three Forks and Middle Bakken 

pressure transient behaviors represent spherical flow regimes. They imply that there is always 

contribution from the Bakken Shales, which were observed as fractured intervals from the 

resistivity separation.in these wells.  

The correlative nature of these different data sets in these analyses leads to a conclusion 

that petroleum-expulsion fractures contribute to the Bakken shale's productivity. 
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Figure 3.43: A comparison between pressure derivative shapes for homogeneous behaviors and 

double-porosity behaviors. A characteristic transitional dip (valley) in the pressure derivative 

curve differentiates the double-porosity behaviors from the homogeneous. The figure also shows 

the effect of storativity and interporosity flow on how low and how soon this transitional dip 

appears. 

 

 

Figure 3.44: An example of a qualitative pressure transient analysis for one well. It highlights the 

correlative nature of these different data sets leading to a conclusion that petroleum-expulsion 

fractures contribute to the Bakken shale's productivity.  
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3.3.2.2 Epifluorescence Petrography 

A 23-feet interval within the lower Bakken shale was sampled (every foot) from a cored 

well in McKenzie County, North Dakota. The lower Bakken was described by Cobb (2013) as 

organic-rich fissile black shale, which contains pyrite nodules, pyrite laminations, and rare thin 

silty laminations. The samples were sent for 20-micron thin section preparation. They were 

impregnated with red fluorescent epoxy dye for epifluorescence petrographic examination. 

Overall, the samples resemble radiolaria-bearing mudstone, laminated to massive facies with 

abundant lenses of pyrite and pyrite concretions. Bedding-parallel fecal pellets and window-

screen-like skeletal fragments exist occasionally (Figure 3.45). The fractures appear to mimic the 

shape and orientation of the skeletal fragments. Bedding-parallel fractures are pervasive 

throughout the whole sampled interval. Bitumen-filled and non-mineralized fractures are observed 

in the samples. Organic richness, the laminated nature and the existence of such bedding-parallel 

fecal pellets and skeletal fragments appear to be factors controlling the initiation and propagation 

of these bedding-parallel fractures (Figure 3.46). 

The observed high interporosity flow from the Bakken pressure transient behavior can be 

supported by evidence from epifluorescence petrography as shown in Figure 3.47. Generally, 

bedding-parallel fracture was observed through the sample intervals. However, the most striking 

example of how these bedding-parallel fractures can act as permeability pathways and increase the 

interporosity flow from the matrix system to the macrofractures is represented by Figure 3.47. It 

shows photomicrographs viewed under both normal and UV lights. A mineralized vertical fracture 

exists within an organic-rich low permeability and low porosity matrix when viewed under normal 

light. When viewed under UV lights, bedding-parallel fractures were observed intersecting the 

vertical fractures providing the permeability pathways and increase the interporosity flow between 

the matrix and the fracture system.  

Permeability pathways along the edge of the vertical fractures with the rock matrix wall 

can also be observed.  

This example signifies the role of the epifluorescence petrography in identifying small 

scale fractures that cannot be seen either by the naked eye or the normal light. 
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Figure 3.45: Photomicrographs of bedding-parallel, window-screen-like skeletal fragments in the 

lower Bakken shale (A and C). Bedding-parallel fractures appear to mimic the shape and 

orientation of the skeletal fragments as seen under UV light (B and D). 
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Figure 3.46: Photomicrograph of bedding-parallel fractures in the lower Bakken shale. A) 

Bitumen-filled bedding parallel fractures along the shape of a fecal pellet. B) The same 

photomicrograph under UV light showing more bedding-parallel fractures. C and D) Examples 

of bitumen-filled bedding-parallel fractures seen under normal and UV lights. These fractures tip 

from both direction and do not extend across the thin section as observed on some of the induced 

fractures. 
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Figure 3.47: Photomicrograph of the lower Bakken shale showing a mineralized vertical fracture 

within extremely tight matrix as seen in the normal light (A). When viewed under UV light (B), 

bedding-parallel fractures appear to extend across the matrix and intersect the vertical fracture 

providing the high permeability pathways and increase the interporosity flow between the matrix 

and the fracture system. In C and D, bedding-parallel fractures appear to be filled with bitumen 

as they can strikingly be seen under the UV light (D).  

 

3.4 Discussion and Conclusion 

Observations of the important fundamental interrelationships between organic-rich shale 

properties and petroleum-expulsion fracturing can lead to better analysis of petroleum-expulsion 

fracture genesis and its impact on unconventional petroleum systems. 

Data observations were made on six organic-rich shales: 1) Green River, 2) Niobrara, 3) 

Bakken, 4) Vaca Muerta, 5) Eagle Ford and 6) Haynesville. The results provided explanations of 
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the associations of petroleum-expulsion fracturing with shale organic and geomechanical facies, 

shale resistivity, and productivity.  

Five distinctive attributes were recognized as being associated with the existence of 

pervasive Beef fractures in shales: 1) organic-rich, 2) thermally mature, 3) overpressured, 4) 

mechanically anisotropic and 5) calcareous. Almost all Beef fractures host abundant liquid 

hydrocarbon and bitumen inclusions that indicate repeated episodes of petroleum expulsion 

through the shale.  

The development of petroleum-expulsion fractures in the Niobrara may provide an 

explanation for the observation of decreasing resistivity with higher thermal maturity. 

A review of a total of 64 Drill Stem Tests (DST) over different intervals that include the 

Bakken Formation and/or the underlying three Forks Formation was conducted. Resistivity logs, 

cores and thin sections highlight that the Bakken shales are naturally fractured and can be 

interpreted from the resistivity curves separation. The Bakken pressure transient behavior shows 

double porosity flow (naturally fractured) with low fracture system’s storativity (𝜔), implying 

that fluid is mostly stored in the matrix. The study also suggests that the physical explanation of 

low storativity and high interporosity flow is the presence of petroleum-expulsion fractures. 

The significance of petroleum-expulsion fractures resides in their ability to provide 

higher permeability pathways through the Bakken shales and explains their high deliverability. 

The volume expansion due to petroleum generation is invoked as a mechanism to increase 

pressures to levels of inducing expulsion fractures responsible for primary migration of 

petroleum. 
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CHAPTER 4 

GENESIS OF PETROLEUM-EXPULSION FRACTURING IN ORGANIC-RICH SHALES 

 

There is a tendency to consider natural fractures as only being tectonically formed. 

However, they can also be initiated by several non-tectonic forces acting on the rocks. Each one 

of these forces initiates different types of natural fractures. Factors controlling fracture initiation 

are discussed in this chapter in light of what these natural non-tectonic forces have caused 

concerning rock structural deformations. This chapter reviews analyses to quantitatively evaluate 

combinations of physical and chemical factors that control what is referred to here as natural 

pressure-induced fracturing. In particular, the genesis of petroleum-expulsion fracturing is 

discussed in detail.  

There are essentially three important types of fractures in different scales addressed in 

this chapter: 

 Diagenetic polygonal fractures 

 Mineral-crystallization fractures  

 Petroleum-expulsion fractures 

Diagenetic polygonal fracture systems have been observed in layer-bound mudrock 

sequences. Many models have been created to explain the formation of the polygonal fracture 

systems, such as density inversions, overpressure, and volumetric contraction during compaction, 

diagenesis and dehydration processes (Cartwright, 2011). The impact of diagenetic polygonal 

fracture systems on fluid conductivity has been the focus in recent years. Although there has 

been a great effort to understand polygonal fracture systems, there is an incomplete 

understanding of their origin at this point in time. 

For years, earth scientists have debated the nature of the processes of petroleum 

expulsion and primary migration. This is because these organic-rich shales are very 

impermeable, which inhibits petroleum migration. Many studies have concluded that petroleum 

expulsion from kerogen can cause a volume expansion followed by a significant increase in 

pressure. Consequently, a force of petroleum expulsion is initiated. It forces petroleum to migrate 

initially along pressure-induced, bedding-parallel fractures. These fractures have been observed 
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and examples were shown in Chapter 3.  The observations have raised questions related to the 

mechanisms responsible for initiating bedding-parallel fractures. Furthermore, many petrologists 

studying bedding-parallel, calcite-filled fractures in organic-rich shales have debated whether (1) 

calcite crystals inertly infill preexisting fractures (Ramsay, 1980) or (2) the force of 

crystallization can cause the vein to dynamically grow and propagate by fracturing (Taber, 

1918); (Means & Li, 2001). In either case, the bedding-parallel fracture orientation has always 

been perplexing. If bedding-parallel fractures are produced by force of petroleum expulsion 

and/or subsequently propagated by force of crystallization, a question is raised: how can they 

possibly open against overburden stress when it is normally the maximum principle stress? 

Adequate knowledge of the origin of fracture systems is critical prior to developing 

organic-rich shale plays. If all fracture systems in organic-rich shales are assumed to be tectonic-

induced, an inefficient exploration model will be employed. Characterizing the fractures’ 

network is crucial to explaining the high deliverability of shales. Examining the natural factors 

controlling these natural pressure-induced fractures will significantly enhance our way of 

predicting their existence in the subsurface.  

Three hypothesized models were analytically studied. Each model is related to a different 

phenomenon: (1) force of clay inter-layer reactions, (2) force of petroleum expulsion and (3) 

force of crystallization. These three forces are responsible for different types of fracturing, and 

the hypothesized processes are numbered in sequence below: 

 

Force of clay inter-layer reactions: 

1. Early diagenesis during interaction of swelling clay with saline water; 

2. Volume contraction, water expulsion and horizontal stress decrease; 

3. 1st generation of diagenetic polygonal fracturing; 

4. Late diagenesis during transformation of swelling clays to non-swelling clays;  

5. More volume contraction, more water expulsion and horizontal stress decrease; 

6. 2nd generation of diagenetic polygonal fracturing. 
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Force of crystallization: 

1. Existence of sites of precipitation; 

2. Supersaturated solution; 

3. Mineral crystallization and volume expansion; 

4. Pressure increase; 

5. Fracturing. 

 

Force of petroleum expulsion: 

1. Thermally matured and organic-rich shale; 

2. Petroleum generation and volume expansion; 

3. Pressure increase; 

4. Fracturing. 

 

4.1 Natural External Forces vs. Natural Internal Forces 

Natural forces acting in a sedimentary basin can be grouped into two categories: (1) 

external forces and (2) internal forces. Both forces start to act on a sedimentary sequence once 

the burial process starts. External forces, which are created by sediment load and tectonics, are 

dominant during early burial. Continuous pressure release exists, creating equilibrium with a 

hydrostatic pressure. With subsequent burial, both temperature and pressure increase. However, 

porosity and permeability decrease. Pressure release is limited because of the limitations of 

decreasing porosity and permeability. At that point, internal forces, which are caused by clay 

inter-layer reactions, mineral crystallization or petroleum generation, will dominate. Rocks will 

deform differently, invalidating their normal response to the natural external forces, which are 

subordinate at this stage.  Figure 4.1 shows a schematic demonstrating a comparison between 

natural external forces and natural internal forces. The intention here is to focus on the 

mechanisms that lead to rock deformation due to natural internal forces. 

Natural external forces, such as local stress field concentration, control propagation, 

orientation, and distribution of fractures. For example, tectonic fractures associated with a 

particular structure share the same stress field regime responsible for forming that particular 

structure. Aguilera (1995) summarized four sets associated with four stress field regimes having 
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the three principle stresses (𝜎1, 𝜎2 and 𝜎3). They were thought to be related to folding. However, 

the sets can be initiated as long as the local stress field concentration dominates (Figure 4.2).  

Predicting fracture systems is always linked to knowledge of stress field concentration, which 

can be easily accomplished when a certain basin is studied. 

 

 
 

Figure 4.1: Schematic demonstrating the natural external and internal forces acting in a mudrock 

sequence.  

 

Natural internal forces acting on the rock, due to either rock volume expansion or 

contraction, produce pressure-induced fracturing. Knowledge of the external stress field provides 

no direct help in predicting their existence in the subsurface. Three natural internal forces, the 

focus in this chapter, are identified 
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Force of clay inter-layer reactions:  

Interaction between swelling clay and water can generate forces that cause rock volume 

contraction and water expulsion during both early and late diagenesis (Figure 4.3). 

Force of crystallization: 

The mineral crystallization-generated force is a consequence of precipitation from 

supersaturated solution and crystal growth causing a rock volume expansion (Figure 4.4). 

Force of petroleum expulsion: 

The petroleum expulsion-generated force is a consequence of kerogen maturation and 

petroleum generation causing rock volume expansion (Figure 4.5). 

 

 
Figure 4.2: The role of stress field concentration (as a natural external force) in the initiation of 

different sets of fractures (modified after Aguilera, 1995). 
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Figure 4.3: Force of clay inter layer reactions is a consequence of A) early diagenesis causing 

shrinkage of smectite and interlayer water expulsion during saturation of saline water followed 

by B) late diagenesis causing shrinkage and more interlayer water expulsion due to 

transformation of smectite to illite.  

b

) 
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Figure 4.4: Force of mineral crystallization as a consequence of mineral precipitation and crystal 

growth.  

 
Figure 4.5: Force of petroleum expulsion as a consequence of kerogen maturation and petroleum 

generation exerting pressure after volume expansion. 
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4.1.1 Geologic Classification of Fracture Systems 

According to Nelson (2001), natural fractures are geologically divided into: (1) tectonic 

fractures; (2) regional fractures; (3) contractional fractures; and (4) surface-related fractures. 

When viewed according to natural external forces and natural internal forces, the following 

classification is suggested, which includes the addition of one new group: 

 

Natural external forces-related fractures only 

 Tectonic fractures 

o Fault-related fractures 

o Fold-related fractures 

 Surface-related fractures (unloading fractures) 

Natural internal forces-related fractures only 

 Pressure/volume expansion-induced fractures 

o Petroleum-expulsion fractures 

o Mineral-crystallization fractures 

 Pressure/volume contraction-induced fractures 

o Diagenetic polygonal fractures 

o Thermal contractional fractures 

Combined natural internal/external forces-related fractures 

 Regional fractures (coal cleats) 

 

Stearns and Friedman (1972) classified fracture systems that have uniform orientations 

and distribution throughout a regional area into two comprehensive classes: fractures related to 

particular structures and fractures that belong to regional fracture systems. The regional fractures 

are generally related to the regional stress field orientations. Fractures that are related to a 

specific structure, such as fault and fold related fractures, can frequently be explained in terms of 

the way the structure was deformed. Fault-related fractures are interpreted based on the 
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knowledge of the attitude of the fault (Figure 4.6). Fold-related fractures can be divided in 

relation to two geometric planes with three axes (a, b, c) where the a-axis is perpendicular to the 

fold’s axial plane, the b-axis is parallel to the fold’s axial plane and both of them are normal to 

the c-axis. Two patterns, which both consist of two conjugate fractures and one extensional 

fracture, separate the fold-related fracture systems into: systems that have extensional fractures 

parallel to the “a-c plane” and systems that have extensional fractures parallel to the “b-c plane”. 

These two patterns are often referred to as Type 1 and Type 2 fold-related fracture patterns. 

Figure 4.7 is a schematic diagram of a fold that has the two patterns and shows their relative 

geometric axes. The highest fracture density is focused around the fold hinge area. In the case of 

folding that is associated with faulting, identifying or predicting fracture systems becomes more 

complex. 

Unloading fractures are those described in Nelson (2001) as surface-related fractures. The 

cause of this type of fracture is the release of load near the surface due to, for example, erosion. 

Fractures will propagate perpendicular to the direction of the load release. This is similar to the 

coring-induced fractures. This type has minimal importance in petroleum production, except for 

those unloading fractures that may develop underneath angular unconformities within a sub-crop 

setting.  

 

 
 

Figure 4.6: Normal fault with its associated fractures on the foot wall (Sinai, Egypt).  
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Figure 4.7: Diagram of a fold that has the two patterns, with orthogonal axes. 

 

Pressure-induced fractures are those fractures initiated when pore fluid pressure opposes 

a rock stress with a force sufficient to create an in-situ net tensile stress. This type of fracture is 

known as a hydraulic fracture during well stimulations. Engelder and Lacazette (1990) consider 

this type to be natural hydraulic fractures when initiated naturally in overpressured 

environments.  

During a bulk volume reduction in the rock, contraction fractures may form. This type of 

fracture is overlooked despite their importance to petroleum production. They are caused by in-

situ stresses related to rock internal forces (force of clay inter layer reactions). They are 

independent of any external forces (e.g., tectonics). Contraction fractures are those fractures with 

a polygonal pattern (Nelson, 2001). Due to dehydration-related shrinkage in volume upon 

interaction with saline water or clay mineral transformation (smectite to illite), 45° angle dips 

may form. They generally develop in mudrocks. These fractures have been thought to have no 

impact on petroleum production because the focus of this type has been on the subaerial-drying 

mud cracks. In the subsurface, these polygonal fractures have been observed in mudrock 
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intervals in a wide range of scales and are believed to have a role in petroleum migration and 

production (Cartwright, 1996; Sonnenberg and Underwood, 2013). Columnar jointing, in basalts 

for instance, is an example of contractional fractures. These are the thermally induced fractures 

related to the reduction in volume due to cooling of hot rocks (e.g., igneous rocks). They have 

minimal importance in petroleum production.  

In the curious case of coal cleat systems, a combined effect of natural internal and 

external forces may exist. A cleat system is characterized by small naturally occurring, 

orthogonal, systematically spaced fractures that are perpendicular to bedding. The cleat system is 

interpreted to have originated during a combined effect of the coalification process, causing 

volume contraction and tectonic stresses (Laubach, 1998). There are two systematic sets of 

cleats, the dominant “Face” and the subordinate “Butt” cleats. The “Face” cleats are those which 

run continuously straight and along the maximum horizontal tectonic stress (Ayers, 2002). 

“Butt” cleats are usually discontinuous and orthogonal, and they terminate against “Face” cleats.  

If the origin of vertical cleats (face and butt) is related to early combined cause of shrinkage and 

tectonics during coalification, any expulsion pressures might prefer those cleat systems for 

releasing the pent up pressure rather than initiating new bedding-parallel fractures.  

 

4.1.2 Analysis of Force of Clay Inter Layer Reactions 

Polygonal fracture systems have been observed in layer-bound organic-rich mudrock 

sequences. Cartwright (2011) reviews the different models that have been created to explain the 

formation of the polygonal fracture systems. Dehydration processes have been attributed for 

being responsible for their creation. According to Power (1967), most of the free pore water is 

expelled at shallow depths during compaction and porosity reduction. Nearly 50% of deposit 

volume is bound water and cannot be squeezed out by overburden pressure. Transformation of 

smectite to illite offers a mechanism for desorbing the bound water, producing porosity, 

permeability, and overpressures as an initial stage followed by volume reduction and water 

expulsion. 

Porosity changes during compaction can be described as a normal exponential decay 

function (Rieke and Chilingrian, 1974). Wong et al. (1997) developed a theoretical model that 

incorporates porosity production during the dehydration process.  
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It was postulated by Burst (1969) that mudrock systems undergo four stages during 

compaction and diagenesis (Figure 4.8): 1) Recently-buried Stage, 2) Stable Hydrated Stage, 3) 

Water-Expelling Dehydrating Stage, and 4) Dehydrated Stage. The important part in these stages 

is that dehydration will first cause an increase of pore-water volume by expelling the interlayer-

water into a free pore-water. This will cause an increase in pressure. Compaction will 

subsequently force the free pore-water out followed by solid volume reduction.  

 

 

Figure 4.8: Stages that a mudrock system undergoes during compaction and diagenesis: 1) 

Recently-buried system, 2) Stable Hydrated System, 3) Water-Expelling Dehydrating System, 

and 4) Dehydrated System (modified from Burst, 1969). 

 

Shrinkage cracking (polygonal fractures) was described by Burst (1965) to be related to 

contraction of swelling clay (bentonite) lattices in response to a large change in the salinity of the 

surrounding liquid phase. This process usually happens at very shallow depths, bringing another 

insight on possible mechanisms for creating polygonal fracture systems. 

Bentonite is a swelling clay originating from weathered and transformed volcanic ash 

deposits.  During up taking of water molecule layers, interaction between the repulsive forces 
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and the attractive forces between the clay mineral platelets occurs. Depending on the 

concentration of anions in the solution, the clay particles undergo a swelling-shrinkage process. 

The stability of clay particles in solution is described by a theory widely applied in 

physical chemistry and specifically colloidal particle interaction. The theory is called the DLVO 

theory, which has been referenced by many authors in many disciplines including environment 

protection engineering (Shirazi et al., 2011). Figure 4.9 is a representation of this theory. 

 
 

Figure 4.9: Plot of forces between colloidal particles versus distance between colloidal particles. 

It shows the interactions forces according to the DLVO theory, which suggests the dependency 

of the stability of a particle in solution on a balance of attractive (dashed curve) and repulsive 

forces. (dashed curve A and B). The difference between the resultant forces in low (solid curve 

A) and high (solid curve B) salinity solution is highlighted (Szilvásszy, 1984).  

 

The governing equation has been simplified utilizing the work of Gosh (2009) as follows: 

𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 = 𝑅𝑒𝑝𝑢𝑙𝑠𝑖𝑣𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 + 𝐴𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 

𝜔𝑛𝑒𝑡 = 𝜔𝑅 + 𝜔𝐴     (4.1) 
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𝜔𝑛𝑒𝑡 = (2.72 × 10−2 𝐶

√𝐶
𝑒−3.29√𝐶𝐷) − (

2.33×10−3

𝐷2
 )    (4.2) 

𝐶 = 𝑆𝑎𝑙𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑀) 

𝐷 = 𝐶𝑙𝑎𝑦 𝑝𝑙𝑎𝑡𝑒𝑠 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 (𝑛𝑚) 

 

The attractive energy at the surfaces of clay platelets stays constant, but repulsive energy 

is dependent on the salt concentration. Lower concentrations induce greater repulsive energy and 

finally hold sufficiently repulsive force. In contrast, higher concentrations induce lower repulsive 

energy and result in attractive force at the clay platelets' surfaces. Therefore, in cases of low salt 

concentrations, the clay platelets will have sufficiently high repulsion, the dispersion will resist 

flocculation and the colloidal system will be stable. However, the repulsion mechanism does not 

exist in solutions of high salt concentrations. Instead, an attractive mechanism dominates and 

flocculation eventually takes place (Figure 4.10). When flocculation is favored, dehydration and 

volume reduction occur, adjusting the in-situ stress concentration (Figure 4.11) (e.g., lowering 

minimum horizontal stress). Lowering the minimum horizontal stress will promote shear failure 

(Dewhurst et al., 1999). 

 
 

Figure 4.10: Interactive energy relationship with salt concentration. As salt concentration 

increases, Interactive energy becomes more attractive and promote shrinkage and flocculation 

between clay platelets. 
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Figure 4.11: A representation of a Mohr circle of a clay with low friction angle showing how 

lowering minimum horizontal stress can promote shear failure. 

 

4.1.3 Analysis of Force of Crystallization 

The mechanism of forming veins, in general, has always been debated. Do vein crystals 

inertly infill preexisting fractures or dynamically grow and propagate the vein by fracturing? The 

concept of crack-seal (Ramsay, 1980) has been widely accepted and used to explain the 

mechanism of forming veins. On the other hand, alternative mechanisms for the formation of 

veins within fractures have been presented. Taber (1918) demonstrated that crystals have the 

ability to grow by precipitation and employ a stress. Means & Li (2001) discussed through 

physical experiments the possibility that fractures of finite width might open and then be filled 

with fibrous crystals growing from the two fracture walls after opening ceased. The motivating 

aspect in understanding the formation of, specifically, beef fractures is explaining how the 

bedding planes were forced apart against the overburden stress, creating precipitation sites. 

The fact that crystals can grow by precipitation exerting a stress is a phenomenon called 

“force of crystallization” (Weyl, 1959). It is the opposite of the “pressure solution” phenomenon 

where tectonic stress is responsible for the solution of the crystal. The primary factor enabling 

precipitation is the existence of a supersaturated solution trapped within any sites of opportunity 

(e.g., fractures).  
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Petroleum-expulsion, bedding-parallel fractures, which are common in mature organic-

rich mudrocks, have been inferred to be caused by volume expansion followed by a significant 

increase in pressure due to hydrocarbons expulsion from kerogen (Momper, 1978; Meissner, 

1978; Lewan, 1987). Observing the relationship between mudrock facies and beef fractures gives 

insight into the analysis of petroleum-expulsion fracturing in organic-rich shales. 

The forces of expulsion are complimented with the forces of crystallization to explain a 

possible mechanism of generating mudrock beefs.  

Fibrous mineral veins generally grow by precipitation from supersaturated aqueous 

solutions (Cobbold and Rodrigues, 2007).  Mineral growth can exert a force on its surroundings. 

This force is termed “force of crystallization” and is defined by Weyl (1959) as the pressure 

generated by growing crystals in a supersaturated solution under the condition of having thin 

solution film concentrated in a site of opportunity. Correns (1949), Maliva and Siever (1988), 

Dewers and Ortoleva (1990), and Wiltschko and Morse (2001) analyzed the force of 

crystallization as a function of the degree of solution supersaturation (ratio of the actual 

concentration to the concentration in a normal saturated solution) and the partial molar volume 

change of the precipitated mineral: 

𝑃𝑓𝑐 = (
𝑅𝑇𝑡𝑒𝑚𝑝

Δ𝑉
) ln Ω      (4.3) 

 

𝑃𝑓𝑐 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑒𝑥𝑒𝑟𝑡𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑓𝑜𝑟𝑐𝑒 𝑜𝑓 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

Δ𝑉 = 𝑇ℎ𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑚𝑜𝑙𝑎𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠 𝑎𝑛𝑑  𝑠𝑜𝑙𝑢𝑡𝑒𝑠 (𝑐𝑚3 𝑚𝑜𝑙⁄ ) 

Ω = Degree of supersaturation (concentration ratio) 

𝑇𝑡𝑒𝑚𝑝 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝐾𝑒𝑙𝑣𝑖𝑛) 

𝑅 = 𝐺𝑎𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (𝑐𝑚3𝑀𝑃𝑎 𝐾𝑚𝑜𝑙⁄ ) 

 

In Chapter 3, examples of bedding-parallel calcite/nahcolite-filled fractures in the Green 

River shale were discussed. Pressures exerted by the force of crystallization of calcite and 

nahcolite have been calculated and compared in Figure 4.12. Molar volume calculations have 

been done based on the following chemical reaction for both calcite and nahcolite: 
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(Calcite)   𝐶𝑎𝐶𝑂3 = 𝐶𝑎2+ + 𝐶𝑂3
2−     (4.4) 

(𝑁𝑎ℎ𝑐𝑜𝑙𝑖𝑡𝑒)    2𝑁𝑎𝐻𝐶𝑂3 = 𝑁𝑎2𝐶𝑂3 + 𝐻2𝑂 + 𝐶𝑂2  (4.5) 

 

Calculating values for Δ𝑉 (difference between molar volume of solids and solutes) are 

those described in Maliva and Siever (1988) for calcite in two conditions of water chemistry 

(pure water = 59.1 𝑐𝑚3 𝑚𝑜𝑙⁄  and seawater = 39.4 𝑐𝑚3 𝑚𝑜𝑙⁄ ) at 25˚C.  The difference between 

molar volume of nahcolite solids and solutes has been calculated using values from (Marion 

et.al., 2004; Zen, 1956) at the same temperature (𝑁𝑎𝐻𝐶𝑂3= 23.64 𝑐𝑚3 𝑚𝑜𝑙⁄  , 𝑁𝑎2𝐶𝑂3= -

6.0 𝑐𝑚3 𝑚𝑜𝑙⁄ , 𝐻2𝑂 = 18.07 𝑐𝑚3 𝑚𝑜𝑙⁄ , 𝐶𝑂2= 31.3 𝑐𝑚3 𝑚𝑜𝑙⁄ ).  

 

 
 

Figure 4.12: Pressure exerted by the force of crystallization as a function of the degree of 

supersaturation. 

 

What can be observed from Figure 4.12 is that the pressure generated from crystal growth 

of nahcolite is significantly higher than what calcite crystal growth can generate. Although the 

degree of supersaturation is a factor controlling pressure increases, the difference in molar 

volume between solids and solutes has an impact on the amount of pressure generated. The 
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smaller the difference is, the higher the pressure that can be generated. Obviously, water 

chemistry also has an effect on this difference in molar volume as it is observed between calcite 

in pure water versus seawater. 

Due to the observed significant increase in pressure due to nahcolite crystallization, it can 

be postulated that the force of nahcolite crystallization can easily exceed the in-situ stress 

condition and create large sizes of nodules. Bedding-parallel fractures will probably not be able 

to contain the nahcolite as veins. This compliments the widely observed nahcolite nodules within 

the Green River shale. Calcite is usually observed as veins, implying that the forces of calcite 

crystallization are probably contained within the bedding-parallel fractures forming the widely 

observed Beef fractures.      

As discussed in Chapter 3, hydrocarbon-filled, bedding-parallel fractures were observed 

to propagate along weak zones within the Beef fractures. It is suggested that during subsequent 

cycles of petroleum-expulsion fracturing, the weak zones are favored for fracture propagation.  

Core samples from the Mahogany zone of the Green River Formation in the Uinta basin, 

Utah have been examined. Mudrock beefs were observed throughout the cored interval within 

the organic-rich, calcareous mudstone facies. They appear as thin (mm to cm scale) bedding-

parallel, lenticular veins of possibly calcite (CaCO3) or nahcolite (NaHCO3). This dissertation 

work recommends that thin section be prepared and studied to investigate the microstructural 

configuration of the beefs. 

Analysis of the force of crystallization for both calcite and nahcolite was presented as a 

function of the degree of solution supersaturation and the partial molar volume change of the 

precipitated mineral. The pressure generated from crystal growth of nahcolite is significantly 

higher than what calcite crystal growth can generate. This implies that crystallization forces 

significantly exceeding the in-situ stress condition (i.e., the crystals cannot be contained within 

the vein) create the widely observed large sizes of nahcolite nodules. However, calcite is usually 

observed as veins, implying that the forces of calcite crystallization are probably contained with 

the bedding-parallel fractures forming the widely observed beef fractures. 
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The impact of beef fractures in organic-rich shale plays can be highlighted by the 

observation that the enhanced area around the beefs in the study cores can provide permeability 

pathways for hydrocarbon migration. This creates motivation to further study the subject. 

The mechanism of forming veins, in general, has always been debated. The question to 

be answered is whether vein crystals infill preexisting fractures or grow and propagate the vein 

by fracturing. The study concludes with a suggested process of forming beef fractures in organic-

rich shales as follows: 

1. Force of petroleum expulsion creates sites of opportunities in the form of 

bedding-parallel fractures; 

2. Thin film of supersaturated solution in-fills these sites of opportunities; 

3. Mineral crystals utilize the site opportunities and use them as sites of 

precipitation; 

4. Crystal growth exerts pressure creating force of crystallization; 

5. Under the control of the aspect ratio of the preexisting fracture, the force of 

crystallization extends the fracture forming the Beef. 

 

4.2 Genesis of Petroleum-Expulsion Fractures 

Petroleum-expulsion fractures in organic-rich shales are envisaged to result from a 

process of volume expansion due to petroleum generation, pressure increase and fracturing. A 

combination of analytical and experimental studies were conducted to study the process of 

petroleum-expulsion fracturing including factors controlling fracture initiation. 

 

4.2.1 Analysis of Force of Petroleum Expulsion 

Substantial volume fractions of kerogen in organic-rich shales transform to petroleum 

upon reaching certain thermal maturity levels. During the primary migration process within these 

extremely low-permeability rocks, petroleum is expelled, causing a volume expansion followed 

by a significant increase in pressure. Consequently, the force of petroleum expulsion is initiated, 

driving fluids to migrate initially along pressure-induced, bedding-parallel fractures until 

reaching near-vertical fractures. This volume expansion, which has been invoked as a 
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mechanism to increase pressures and fracture, has been documented by several authors 

(Momper, 1978; Meissner, 1978; Swarbrick and Osborne, 1998).  

Lewan (1987) preformed a petrographic study of primary petroleum migration in the 

Woodford shale. He documented that oil expulsion is caused by a net increase in organic 

components’ volume, which is attributed to the thermal cracking reactions and thermal 

expansion of generated oil products. He also pointed out that submicron fractures are generated 

to accommodate the net increase in volume. 

The objective here is to analytically investigate the factors controlling the increase in 

pressure due to volume expansion of generated petroleum products and the initiation fractures 

(Figure 4.13).  

 

 

 

Figure 4.13: Stages of hydrocarbon-generation microfracturing. The study focuses on 

investigating factors controlling pressure increase due to volume expansion and factors 

controlling fracturing.  

 

The process of fracturing in organic-rich shales due to petroleum generation involves 

three main stages: 1) volume expansion, 2) pressure increase and 3) fracturing (Figure 4.13). 
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Berg and Gangi (1999) undertook a study based on quantifying the nature of excess pressure 

caused by oil generation. They derived a simple equation to calculate the pressure change due to 

oil generation as an application to the Austin Chalk Formation in Texas. With the assumption 

that non-mineral volume contains only kerogen and water, they observed that the relationship 

between pressure increase and fraction of converted kerogen differs depending on whether the 

rock is stiff or compliant. The derived equation describes the pressure increase with no 

consideration to an intermediate generation phase of bitumen.  

Initiation of petroleum-expulsion fractures can be explained as a result of local stress 

concentration around kerogen particles. Özkaya (1988) performed a simple analysis of stresses 

around a kerogen particle and pointed out the effect of kerogen shape on the orientation of the 

fracture initiated in extremely low permeability organic-rich shales.  Lash and Engelder (2005) 

observed horizontal, layer-parallel fracture initiation around kerogen particles in finely laminated 

organic-rich Dunkrik shales in western New York. The orientation of flat kerogen particles 

parallel to the bedding and strength anisotropy of the finely laminated organic-rich Dunkrik 

shales was suggested as being responsible for horizontal fracturing.  

Utilizing the concept of poroelastic deformation and the role of pressure in fracturing 

(Secor, 1965; Engelder and Lacazette, 1990), conditions that may drive horizontal, layer-parallel 

crack propagation were highlighted by Lash and Engelder (2005).  

In this dissertation's analytical study, the governing equations for pressure increase are 

derived with the consideration of the full stages of oil generation (kerogen-to-bitumen-to-oil). It 

is an extension based on the work of Berg and Gangi (1999). In the fracturing stage, the 

methodology was to derive an equation combining the relationships between the kerogen aspect 

ratio, rock tensile strength anisotropy and rock poroelastic behavior.  

 

4.2.1.1 Volume expansion  

Hydrous pyrolysis experiments provide insight into the stages of petroleum generation: 1) 

pre-oil generation, 2) initial oil generation, 3) primary oil generation, and 4) post-oil generation 

(Lewan, 1985). These stages are reflected by the conversion reactions (kerogen-to-bitumen-to-

oil-to-gas) (Figure 4.14).  
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Figure 4.14: Schematic showing the stages of volume expansion (not to scale). During the initial 

oil generation stage, initial kerogen volume 𝑉𝑘𝑖 decompose to bitumen 𝑉𝐵1. Bitumen will 

impregnate the available void spaces solubilizing the available free pore water and forming a 

bitumen with dissolved water 𝑉𝑤𝑑1 + 𝑉𝐵1. Water is utilized to generate oil 𝑉𝑜 during primary oil 

generation. 

 

During the process of kerogen decomposition to bitumen, the volume expansion can be 

described as: 

Before bitumen generation:  𝑉𝑃(𝑃𝑖) = 𝑉𝑃𝑖
= 𝑉𝑤𝑖 + 𝑉𝑘𝑖    (4.6) 

After bitumen generation:  𝑉𝑃(𝑃) = 𝑉𝑃 = 𝑉𝑤𝑓 + 𝑉𝑤𝑑1 + 𝑉𝐵1 + 𝑉𝑘  (4.7)    

𝑉𝑃(𝑃𝑖) = 𝑉𝑃𝑖
= 𝑃𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑡 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑏𝑒𝑓𝑜𝑟𝑒 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑃(𝑃) = 𝑉𝑃 = 𝑃𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑡 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑤𝑖 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑤𝑓 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑤𝑑1 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑘𝑖 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑘 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝐵1 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 
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During the process of bitumen decomposition to oil, however, the volume expansion can 

be described as: 

Before oil generation:   𝑉𝑃(𝑃𝑖) = 𝑉𝑃𝑖
= 𝑉𝑤𝑑1 + 𝑉𝐵1   (4.8)  

After oil generation:   𝑉𝑃(𝑃) = 𝑉𝑃 = 𝑉𝑤𝑑2 + 𝑉𝐵2 + 𝑉𝑜   (4.9)    

𝑉𝑃(𝑃𝑖) = 𝑉𝑃𝑖
= 𝑃𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑡 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑏𝑒𝑓𝑜𝑟𝑒 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑃(𝑃) = 𝑉𝑃 = 𝑃𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑡 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑤𝑑1 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑤𝑑2 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑎𝑓𝑡𝑒𝑟 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 − 𝑡𝑜 − 𝑜𝑖𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝐵1 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝐵2 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 − 𝑡𝑜 − 𝑜𝑖𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

 

During the initial oil generation stage, bitumen is generated due to the thermal 

decomposition of kerogen. As a result, there is a contraction in the volume of kerogen and an 

expansion in the volume of bitumen due to bitumen generation. The development of 

nanoporosity within kerogen particles has been documented (Jarvie et al., 2007; Chalmers and 

Bustin, 2007; Loucks et al., 2009). Nanoporosity has been attributed to the kerogen conversion 

during thermal maturation.  Based on the mass balance approach described on Appendix 2, and 

with 100% of kerogen converted to bitumen, only 4% volume expansion occurs. However, 

conversion of 100% of the generated bitumen can cause as much as 30% volume expansion to 

the original volumetric kerogen content in the rock. In Lewan and Roy's (2011) experiment, 

there were differences in the generated petroleum products between hydrous and anhydrous 

experiments. Only bitumen extract resulted from the anhydrous experiment, while significant oil 

was generated from the hydrous. This implies that in the anhydrous experiment, the primary oil 

generation stage was not reached. By considering the four stages of petroleum generation, one 

can postulate that kerogen nanoporosity may be formed during the early initial oil generation 

stage. However, petroleum-expulsion fractures could be initiated during the primary oil 

generation stage.   
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4.2.1.2 Pressure increase 

In this section, the factors controlling pressure increases due to volume expansion are 

investigated, specifically, the roles of water, organic richness, and porosity.  

The study of the nature of excess pressure caused by oil generation was undertaken with 

the assumption that: 1) organic-rich shale is present with a negligibly, extremely low 

permeability; 2) compressibility is independent of pressure and temperature; 3) volume change 

due to thermal expansion is neglected; 4) non-mineral volume contains only water and kerogen; 

and 5) petroleum generation follows the process of kerogen-to-bitumen-to-oil. 

Table 4.1 shows the input parameters used in the analysis. The data inputs are 

hypothetical estimates adapted generally from known organic-rich shales. 

By using the mass balance approach and compressibility relationship with volume 

expansion and pressure increase, the increase in pressure due to kerogen-bitumen conversion can 

be derived as: 

𝛥𝑃𝑘𝐵 =
𝐹(𝐷𝑘𝐵−1)

𝑉𝑅(
3(1−2𝑣)

𝐸
+𝐶𝑤)+𝐹(𝐷𝑘𝐵𝐶𝑂−𝐶𝑘)+(

3(1−2𝑣)

𝐸
+𝐶𝑘)

  (4.10) 

𝐹 = 𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 

𝐷𝑘𝐵 = 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 − 𝐵𝑖𝑡𝑢𝑚𝑒𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 

𝐸 = 𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 

𝑣 = 𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑟𝑎𝑡𝑖𝑜 

𝑉𝑅 =
𝑉𝑤𝑖[𝐷𝑘𝑟+𝑎(𝑇𝑂𝐶)(1−𝜙)(1−𝐷𝑘𝑟)]

𝑎(𝑇𝑂𝐶)(1−𝜙)×100
 (Vernik, 1994) 

𝑉𝑤𝑖 =
𝜙

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 ×(1−𝜙)
  (Rieke and Chilingrian, 1974) 

𝑎 = 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑡𝑜 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟 ≈ 1.3 (Vernik, 1994) 

𝑇𝑂𝐶 = 𝑇𝑜𝑡𝑙𝑎 𝑂𝑟𝑔𝑎𝑛𝑐𝑖 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 

𝜙 = 𝑚𝑎𝑡𝑟𝑖𝑥 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 

𝐷𝑘𝑟 = 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑟𝑜𝑐𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

𝐶𝑤 , 𝐶𝑂  𝑎𝑛𝑑 𝐶𝑘 = 𝑤𝑎𝑡𝑒𝑟, 𝑜𝑖𝑙 𝑎𝑛𝑑 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑎𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠  
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Derivation of the equation is found in Appendix 2a. The factor controlling pressure 

increases during kerogen to bitumen conversion appears to be the volumetric ratio term 𝑉𝑅. It 

includes the organic richness, porosity and density of the rock. Density and compressibility of 

the generated products as well as the rock elastic moduli are also included as factors. 

For the role of organic richness and porosity of the rock, a comparison of rich (25% 

TOC), lean (2.5% TOC), high porosity (30%) and low porosity (5%) was performed. The 

difference in pressure increases for different organic richnesses and porosities can be observed 

(Figure 4.15). The role of organic richness and porosity becomes significant in the case of either 

lean or high-porosity shale. When comparing organic richness (0.5% vs. 25% TOC) for 10% 

porosity (Figure 4.16), only a pressure of 4000 psi can be reached in the case of 0.5% TOC. This 

might give some insight into what would be the minimum organic richness required to generate a 

bitumen network.  

 

Table 4.1: Inputs used in the analysis 

 

Controlling Factors 

Volume Expansion & Pressure Increase 

Role or Water Role of Organic Richness 

Hydrous Anhydrous Rich Mid Lean 

TOC% 25.00 25.00 25.00 6.00 2.50 

Vw % for 5% porosity 2.35 0 2.35 2.35 2.35 

Vw % for 30% porosity - - 19.13 19.13 19.13 

Vkr % in 5% porosity 45.47 45.47 45.47 13.00 5.61 

Vkr % in 30% porosity - - 35.47 9.73 4.16 

VR for 5% porosity 0.05 0 0.05 0.18 0.42 

VR for 30% porosity - - 0.54 1.97 4.59 
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DKB 1.09 1.09 1.09 1.09 1.09 

Dkr 0.54 0.54 0.54 0.54 0.54 

DBO 1.38 1.39    

Cw (1/psi) 2.8×10-8 0.00 2.8×10-8 2.8×10-8 2.8×10-8 

Ck (1/psi) 1.0×10-5 1.0×10-5 1.0×10-5 1.0×10-5 1.0×10-5 

CB (1/psi) 1.5×10-5 1.5×10-5 1.5×10-5 1.5×10-5 1.5× 0-5 

CO (1/psi) 2.0×10-5 6.0×10-5 - - - 

Xw (%) 15 0 - - - 

E (psi) 2.4×106 2.4×106 2.4×106 2.4×106 2.4×106 

v 0.20 0.20 0.20 0.20 0.20 

a 1.30 1.30 1.30 1.30 1.30 

φ % 5 & 30 5 & 30 5 & 30 5 & 30 5 & 30 

 
 

Figure 4.15: Comparison between rich (25% TOC), lean (2.5% TOC), high porosity (30%) and 

low porosity (5%). The difference in pressure increases for different organic richnesses and 

porosities can be observed. The role of organic richness and porosity becomes significant in the 

case of either lean or high-porosity shale.  
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Figure 4.16: Comparison between rich (25% TOC), lean (0.5% TOC), for 10% porosity.  

 

Pressure increase due to bitumen-oil conversion: 

 

𝛥𝑃𝐵𝑂 =
𝐹[𝐷𝐵𝑜(

𝑥𝑤
1−𝑥𝑤

+1)−(
𝑥𝑤

1−𝑥𝑤
−1)]

(
𝑥𝑤

1−𝑥𝑤
)(

3(1−2𝑣)

𝐸
+𝐶𝑤−𝐹𝐶𝑤+𝐹𝐷𝐵𝑜𝐶𝑜)+𝐹(𝐷𝐵𝑜𝐶𝑂−𝐶𝐵)+(

3(1−2𝑣)

𝐸
+𝐶𝐵)

  (4.11) 

 

𝐹 = 𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 

𝐷𝑘𝐵 = 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 − 𝐵𝑖𝑡𝑢𝑚𝑒𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 

𝐷𝐵𝑜 = 𝐵𝑖𝑡𝑢𝑚𝑒𝑛 − 𝑂𝑖𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 

𝑥𝑤 = 𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 

𝐸 = 𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 

𝑣 = 𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑟𝑎𝑡𝑖𝑜 

𝐶𝑤, 𝐶𝑂 𝑎𝑛𝑑 𝐶𝐵 = 𝑤𝑎𝑡𝑒𝑟, 𝑜𝑖𝑙 𝑎𝑛𝑑 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑎𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠  

 

Derivation work is included in Appendix 2b. For the role of water in volume expansion 

and the pressure increase during bitumen to oil conversion, the solubility term gets into the 
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governing equation. The volume increase resulting from bitumen generation causes an 

impregnation of the bitumen to voids and partings available in the rock and creates a continuous 

bitumen network. The impregnated bitumen solubilizes the pore water available in the rock, and 

the rock becomes bitumen wet.  The solubility of water in bitumen can reach 15% (Amani et al., 

2013). Therefore, instead of displacing all water out of the source rock, some water is dissolved 

in the bitumen. Oil generation becomes live where the dissolved water in bitumen acts as a 

source of hydrogen. Therefore, beside the density contrast, compressibility of the generated 

products and rock properties, the solubility of water in bitumen plays a role in controlling 

pressure increase (Figure 4.17). 

The results of pressure calculations show that there is a significant increase in pressure in 

the hydrous case compared to the anhydrous in the process of bitumen to oil conversion (Figure 

4.18). Pressure increase in the hydrous case (e.g. 𝑥𝑤 = 15 %) can reach as much as three times the 

pressure increase in the anhydrous (e.g. 𝑥𝑤 = 0%). However, pressure increases in the process of 

kerogen to bitumen conversion are identical. The key factors are the compressibility and density 

of the generated product. During kerogen to bitumen conversion, bitumen is generated in both 

hydrous and anhydrous experiments. However, during bitumen to oil conversion, oil generation 

is the difference between the two pyrolysis experiments. Volatile oil has been generated in 

anhydrous pyrolysis (Lewan and Roy, 2011), which should have higher compressibility than the 

oil generated in hydrous pyrolysis. Compressibility of the volatile oil is higher than 

compressibility of the lower molecular weight-oils generated in the hydrous experiment. This 

resulted in a higher pressure increase due to volume expansion in the hydrous experiment. 

The equation for pressure increase due to bitumen to oil conversion was extended to 

include the time and temperature factors. An expression of the Arrhenius equation from Ruble et 

al. (2001) was used to estimate the fractional conversion 𝐹 as a function of time, temperature and 

reaction kinetics. Also, the solubility of water 𝑥𝑤was rewritten as a function of temperature and 

some constants from Amani et al. (2013). The equation of pressure increase due to bitumen to oil 

conversion including the time and temperature is included in Appendix 2b. Figure 4.19 shows 

the relationship between pressure and temperature for a source rock actively generating for 72 

hours in labs. This extension is significant when comparing lab and natural systems. 
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Figure 4.17: Role of water-in-bitumen solubility as pressure increases. Notice that pressure 

increase is proportional to the increase in solubility.  

 

 
 

Figure 4.18: Comparison between the role of water in kerogen-to-bitumen conversion and the 

role of water in bitumen-to-oil conversion. 
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Figure 4.19: The relationship between pressure and temperature for a source rock actively 

generating for 72 hours. 

 

4.2.1.3 Fracturing 

In the Earth’s subsurface natural system, three main stresses are responsible for 

developing three different stress regimes (Anderson’s theory) that are mainly derived by 

different tectonic stress states: 
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 Vertical principle stress (Sv) 

 Maximum horizontal principle stress (SH) 

 Minimum horizontal principle stress (Sh)  

In a sedimentary basin where normal stress regime is dominant (e.g., normal faulting), 

the vertical principle stress is greater than both the maximum horizontal principle stress and the 

minimum horizontal principle stress (Sv > SH > Sh). In a strike-slip regime (e.g., strike slip 

faults) the relationship becomes (SH > Sv > Sh). When it is (SH > Sh > Sv), the stress regime 

becomes reverse, developing reverse faults (Zoback, 2007).  The variation in stress magnitudes 

(Sv, SH and Sh) with depth is shown in Figure 3. Figure 3 addresses rock failure according to the 

variation in horizontal stress magnitudes that is related to the frictional strength. The frictional 

strength increases with depth and decreases with elevated pore pressure.  

According to Zoback (2007) and considering Anderson’s theory, the upper and lower 

limits for the magnitudes of principal stresses in situ is governed by the frictional strength of 

previously faulted rocks. Hypothetically, reverse faults should form at dips around 30°. Normal 

faults should form at 60° and strike slip faults should form at 90°. However, low angle thrusts, 

low angle normal faults, bedding parallel fractures and veins are exceptions and cannot be 

explained by purely external natural forces derived by tectonics. With subsequent burial, both 

temperature and pressure increase. However, porosity and permeability decrease. Pressure 

release is limited because of the limitations of decreasing porosity and permeability. At that 

point, local internal forces will dominate. Rocks will deform differently, invalidating their 

normal response to the natural external forces, which are subordinate at this stage. 

Engelder and Fischer (1994) proposed that another mechanism controls the horizontal 

minimum stress lower limits. This is the poroelastic behavior of the rock. In Figure 4.20, Zoback 

(2007) showed that in a normal stress regime, an increase in pressure would be the cause for the 

horizontal stresses to move closer to rock failure. However, pore pressures can also create 

macroscopic elastic deformation of the rock. Many analyses are conducted under the assumption 

that the pore pressures can be independent of the mechanical deformation. This assumption is 

acceptable, but there are conditions in which the coupling between mechanical deformation and 

pore pressure must be considered (e.g., the curious case of hydrocarbon-expulsion fracturing). 
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Figure 4.20: The variation in stress magnitudes (Sv, SH and Sh) with depth. It addresses rock 

failure according to the variation in horizontal stress magnitudes that is related to the frictional 

strength. The frictional strength increases with depth and decreases with elevated pore pressure 

(Zoback, 2007).  
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By combining the relationships between the bitumen-filled aspect ratio, rock tensile 

strength anisotropy and rock poroelastic behavior, it was concluded that this combination is a 

critical factor controlling the orientation of expulsion fractures. Stress concentration around a 

bitumen-filled void strongly depends on its shape. A fracture can be initiated only when the total 

stress concentration is higher than the tensile strength of the rock: 

−𝑆𝑡 > 𝑇     (4.12)  

Considering a bitumen-filled void cross section projected along the principle vertical (Sv) 

and the least horizontal (Sh) stresses plane (Figure 4.21), the bitumen-filled void is measured 

with an aspect ratio (𝜓) having width (w) and height (h). At point x and y, the total stress 

concentration 𝑆𝑡 is equal to the internal stress concentration 𝑆𝑖𝑛 within the bitumen-filled void 

(due to a pressure increase) plus the external stress concentration 𝑆𝑜𝑢𝑡 outside the bitumen (due 

to Sv and Sh).  

After Modifying from Özkaya (1987):  

𝑆𝑡 = 𝑆𝑜𝑢𝑡 + 𝑆𝑖𝑛        (4.13) 

At x: 𝑆𝑜𝑢𝑡 = 𝑆ℎ (1 + 2
𝜓⁄ ) − 𝑆𝑣       (4.14) 

At y: 𝑆𝑜𝑢𝑡 = 𝑆𝑣(1 + 2𝜓) − 𝑆ℎ       (4.15) 

 

At x: 𝑆𝑖𝑛 = 𝑃 (1 − 2
𝜓⁄ )        (4.16) 

At y: 𝑆𝑖𝑛 = 𝑃(1 − 2𝜓)        (4.17) 

 

𝑆𝑡𝑥
=  𝑆ℎ (1 + 2

𝜓⁄ ) − 𝑆𝑣 + 𝑃 (1 − 2
𝜓⁄ )      (4.18) 

𝑆𝑡𝑦
= 𝑆𝑣(1 + 2𝜓) − 𝑆ℎ + 𝑃(1 − 2𝜓)      (4.19) 
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Strength anisotropy is the change of rock tensile strength with angle measured with 

respect to bedding. From Kwasniewski (2009): 

 

𝑇(𝜃) = 𝑇𝑣
2

(
2

𝑇𝑟𝑎𝑡𝑖𝑜
) sin(90−𝜃)+(1+sin 𝜃) sin2 𝜃

   (4.20) 

𝑇𝑟𝑎𝑡𝑖𝑜 =
𝑇ℎ

𝑇𝑣
          (4.21) 

𝑇𝑣 =
𝑇ℎ

𝑇𝑟𝑎𝑡𝑖𝑜
          (4.22) 

𝑇ℎ = 𝑇𝑣𝑇𝑟𝑎𝑡𝑖𝑜          (4.23) 

 

From Engelder and Fischer (1994), the horizontal minimum stress can be calculated 

considering anisotropic elastic moduli: 

𝑆ℎ =
𝐸ℎ

𝐸𝑣

𝑣𝑣

1−𝑣ℎ
(𝑆𝑣 − 𝛼𝑃𝑤𝑎𝑡𝑒𝑟) + 𝛼𝑃𝑤𝑎𝑡𝑒𝑟   (4.24) 

 

For minimum pressure required for horizontal fracturing considering strength anisotropy 

and anisotropic poroelastic behavior: 

 

∆𝑃 >
𝑆𝑣(1+2𝜓)−

𝐸ℎ
𝐸𝑣

𝑣𝑣
1−𝑣ℎ

(𝑆𝑣−𝛼𝑃𝑤𝑎𝑡𝑒𝑟)+𝛼𝑃𝑤𝑎𝑡𝑒𝑟+
𝑇ℎ

𝑇𝑟𝑎𝑡𝑖𝑜

2𝜓−1
  (4.25) 

 

For minimum pressure required for vertical fracturing considering strength anisotropy 

and anisotropic poroelastic behavior: 

∆𝑃 >
[

𝐸ℎ
𝐸𝑣

𝑣𝑣
1−𝑣ℎ

(𝑆𝑣−𝛼𝑃𝑤𝑎𝑡𝑒𝑟)+𝛼𝑃𝑤𝑎𝑡𝑒𝑟](1+2/𝜓)−𝑆𝑣+𝑇𝑣𝑇𝑟𝑎𝑡𝑖𝑜

2/𝜓−1
  (4.26) 
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Figure 4.21: a Schematic of a bitumen-filled void cross section projected along the principle 

vertical (Sv) and the least horizontal (Sh) stresses plane. The total tangential stress at x and y is a 

combination of internal tangential stresses 𝑆𝑖𝑛 caused by volume expansion due to hydrocarbon 

generation, and external tangential stresses 𝑆𝑜𝑢𝑡 caused by vertical and horizontal stresses. 

 

Figures 4.22, 4.23 and 4.24 show the relationships between the calculated minimum 

pressures required for fracturing versus aspect ratio. Parameters were chosen to represent the 

Bakken shale in the natural system. It appears that the initiation of expulsion fracture is strongly 

controlled by the aspect ratio of the bitumen-filled voids. Tensile strength in the vertical 

direction with respect to bedding is fixed at 1000 psi to investigate changes in fracturing pressure 

with different degrees of tensile strength anisotropy (𝑇𝑟𝑎𝑡𝑖𝑜 = 1 𝑎𝑛𝑑 3) (Figure 4.23). Horizontal 
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fracturing is still favored with increasing aspect ratio. Elevated minimum horizontal stress by 

coupling with pore water pressure appears to enhance the chance for horizontal fracturing 

(Figure 4.24). It can be concluded that it is extremely difficult to initiate vertical tensile 

expulsion fractures due to petroleum generation. Horizontal tensile expulsion fracturing is 

always favored in such tensile-strength-anisotropic, organic-rich shales (High aspect ratio/tensile 

strength anisotropy). In the normal stress regime, vertical stress is the major controlling factor 

inhibiting the initiation of horizontal fractures. Higher vertical stress magnitude would increase 

the minimum pressure required for horizontal fracturing. As long as the levels of pressure that 

increase due to oil generation exceed the minimum pressure required for horizontal fracturing, 

tensile horizontal expulsion fractures are favored. If pressure increases do not reach the 

minimum pressure required due to either very high vertical stress or low conversion fraction, 

efficient internal primary migration is not expected. 

 
 

Figure 4.22: The effect of the bitumen-filled void aspect ratio on minimum fracturing pressure 

favoring either vertical or horizontal fracturing. A higher aspect ratio favors horizontal 

fracturing. The relationship includes effects of the tensile strength anisotropy and the anisotropic 

poroelastic behavior. ( 𝑇𝑟𝑎𝑡𝑖𝑜 = 3, 𝑆𝑣 = 8500 𝑝𝑠𝑖, 𝐸𝑣 = 8.0 × 106 𝑝𝑠𝑖, 𝐸ℎ = 8.44 × 106 𝑝𝑠𝑖, 
𝑣𝑣 = 0.26, 𝑣ℎ = 0.24, 𝑃𝑤𝑎𝑡𝑒𝑟 = 3000 𝑝𝑠𝑖, 𝛼 = 1). 
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Figure 4.23: The effect of the tensile strength anisotropy on favoring vertical fracturing. The 

minimum tensile strength (vertical with bedding) is fixed at 1000 psi. Notice that expulsion is 

still strongly controlled by the aspect ratio. ( 𝑆𝑣 = 8500 𝑝𝑠𝑖, 𝐸𝑣 = 8.0 × 106 𝑝𝑠𝑖, 𝐸ℎ = 8.44 ×
106 𝑝𝑠𝑖, 𝑣𝑣 = 0.26, 𝑣ℎ = 0.24, 𝑃𝑤𝑎𝑡𝑒𝑟 = 3000 𝑝𝑠𝑖, 𝛼 = 1). 

 
Figure 4.24: The effect of the poroelastic behavior on expulsion fracturing. The calculated 

minimum horizontal stress 𝑆ℎ = 4985 𝑝𝑠𝑖 𝑓𝑜𝑟 𝑃𝑤𝑎𝑡𝑒𝑟 = 3000 and 𝑆ℎ = 7541 𝑝𝑠𝑖 𝑓𝑜𝑟 𝑃𝑤𝑎𝑡𝑒𝑟 =
7000. However, differences in 𝑆ℎ do not significantly affect minimum pressure required for 

horizontal microfracturing. ( 𝑆𝑣 = 8500 𝑝𝑠𝑖, 𝐸𝑣 = 8.0 × 106 𝑝𝑠𝑖, 𝐸ℎ = 8.44 × 106 𝑝𝑠𝑖, 𝑣𝑣 =
0.26, 𝑣ℎ = 0.24, 𝛼 = 1). 
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4.2.2 Petroleum-Expulsion Experimental Study 

Factors controlling petroleum-expulsion fracturing were analyzed physically by 

conducting laboratory pyrolysis of immature source rock samples. Generation and expulsion of 

oil from organic-rich shales have been accomplished in the laboratory by a technique known as 

hydrous pyrolysis (Lewan, 1985). Hydrous pyrolysis sustains a liquid water phase in contact 

with the organic-rich shale during heating at water temperatures between 300 to 360˚C for 72 

hours.  An accumulation of expelled oil happens to be on the surface of water provided the rock 

is an effective source rock at the time/temperature condition employed. This technique offers a 

close simulation of petroleum generation in the natural system (Lewan, 1985).  

Experimental studies on petroleum expulsion can provide valuable insight into the factors 

controlling petroleum-expulsion fracturing. They can explain the factors of organic matter aspect 

ratio/tensile strength anisotropy and poroelastic behavior. The calculated pressure increase due to 

petroleum generation can be evaluated. Also, the calculated minimum pressure increase that is 

required for initiating bedding-parallel expulsion fractures can be assessed. Specifically, the 

following questions can be answered: 

1. Can the factor of aspect ratio/tensile strength anisotropy be proven physically? 

2. Can the vertical tensile expulsion fractures be generated during hydrocarbon 

generation? 

3. Can the calculated minimum pressure increase that is required for horizontal 

fracturing be assessed physically? 

4. Can it be related to the efficiency of internal primary migration within the 

source rock? 

Examining the organic matter, tensile strength anisotropy factors requires conducting 

hydrous pyrolysis on different samples with relatively different mechanical properties under 

different stresses. The poroelastic behavior factor can be examined on samples at different 

temperatures under a specific vertical stress. The calculated pressure increase can be indirectly 

assessed by using various kinds of stress indicator of compressive strength. 
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4.2.2.1 Previous Experimental Work 

While hydrous pyrolysis simulates petroleum generation in the natural system, to achieve 

vertical stress that simulates overburden is a challenging aspect in mimicking the natural system. 

Bedding-parallel expulsion fractures have been observed by conducting hydrous pyrolysis on 

composite rock chips from the Mahogany oil shale from the Eocene Green River Formation with 

no vertical stress applied (Lewan and Roy, 2012).  Figure 4.25 shows photomicrographs of rock-

chip surfaces perpendicular to bedding fabric that are recovered from these pyrolysis 

experiments. The intriguing part of Lewan and Roy's (2012) experiment is the difference in the 

rock chip deformation between the anhydrous and hydrous experiments. Bedding-parallel 

expulsion fractures were observed in the hydrous case, while there was no fracturing in the 

anhydrous. This implies that no, or very minimal, volume expansion and pressure increase 

causing fracturing occurred in the anhydrous case. Bitumen generation in the anhydrous case did 

not generate enough pressure to exceed the minimum pressure required for creating bedding-

parallel fractures. The bedding-parallel expulsion fractures confirm the preference of the organic-

rich shale to expand vertically and create horizontal fractures upon petroleum expulsion. This 

supports the conclusion from the analytical study that a high organic matter aspect ratio and the 

tensile strength anisotropy play a major role in having the organic-rich shale favoring vertical 

expansion rather than lateral expansion.  

 
 

Figure 4.25: Photomicrographs of rock-chip surfaces perpendicular to bedding fabric of 

recovered rock from anhydrous and from hydrous experiments (Lewan and Roy, 2011). 
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Lewan and Birdwell (2013) extended the experimental work on petroleum expulsion by 

using a uniaxial confinement clamp that simulates vertical stress during hydrous pyrolysis. The 

confinement clamp experiment was conducted on 1.7-inch diameter cores taken perpendicular to 

the bedding fabric of a 2.3- to 2.4-inch thick slab of Mahogany oil shale.  Unconfined hydrous 

pyrolysis at 360 °C for 72 h resulted in the initiation of bedding-parallel expulsion fractures 

representing a 38% vertical expansion of the core.  The confined core experienced lateral 

expansion with some discontinuous vertical fractures (Figure 4.26). Results from the unconfined 

core case in Lewan and Birdwell (2013) confirms previously observed bedding-parallel fractures 

within the rock chips (Lewan and Roy, 2012). The discontinuous vertical fractures, which were 

observed in the confined core, suggest that the rock is failing by compression and not by tension 

due to petroleum expulsion. 

 
Figure 4.26: Core samples recovered from unconfined hydrous pyrolysis at 360 °C for 72 h 

compared to confined hydrous pyrolysis. Vertical expansion with bedding parallel fractures was 

observed in the unconfined experiment, but the core experienced lateral expansion with some 

discontinuous vertical fractures in the confined experiment (Lewan and Birdwell, 2013). 
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4.2.2.2 Method 

Petroleum-expulsion experimental work was conducted at the USGS Organic 

Geochemical Laboratories, Lakewood, Colorado, USA. The method and approach for the 

hydrous pyrolysis was very similar to Lewan and Birdwell (2013). The results form Lewan and 

Birdwell (2013) created motivations to extend the experimental work and include some form of a 

pressure indicator. This pressure indicator can be of any material with known compressive 

strength that can simulate the vertical stress. A concrete core plug of 1.18 inch in length and 1.5 

inch in diameter was used as a pressure indicator.  

Concrete sample preparation 

Concrete sample preparation was done by hand-mixing Portland cement with the addition 

of coarse aggregate and water. The ratio of cement-to-sand-to-water was 1.00: 2.00: 0.55, 

respectively. A six by six inch cube was generated and cured for seven months. Different sizes of 

cylindrical plugs were cored from the six by six cube. The 1.5 inch diameter concrete plug was 

tested for unconfined compressive strength at the Unconventional Natural Gas and Oil Institute 

(UNGI) lab at Colorado School of Mines. Its strength came to be 7698 psi (Figure 4.27).  

 
Figure 4.27: Unconfined compressive strength test for the concrete plug. Failure happened at 

7698 psi. 

 

Hydrous pyrolysis-3736 (Concrete core confinement)   

Three stainless steel disks with a thickness of 0.5 inches and a diameter of 2.4 inches 

were used as clamps. Three threaded stainless-steel rods were connected to the disks, placed 
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around the outer edge of the disks and spaced equally. A 1.7-inch diameter core sample from the 

Mahogany oil shale slab in Lewan and Birdwell (2013) was used in the hydrous pyrolysis and 

placed with the orientation of the bedding fabric parallel to the top and middle disks. The 

concrete core plug was placed below the oil shale core and set on the third bottom disk. The 

setup is shown in Figure 4.28. The reason for the concrete being below the core sample was to 

avoid any expelled oil saturation due to upward migration into the concrete. Hex nuts were used 

to tightly hold both the core and the concrete. The nuts were placed on top of the upper and 

below the lower disks. The middle disk, between the core sample and concrete, was left freely 

moving, allowing stress to be exerted on the concrete by the expected vertical expansion of the 

core sample.  

Lewan (1993) described how critical the amount of water calculations for a specified 

experimental temperature are made to insure that the rock core is in contact with liquid water 

before, during, and after the experiment. As a result, the amount of added rock sample and 

distilled water in the HP experiments had to be determined first to ensure the submergence of all 

rock fragments in the liquid phase of distilled water throughout the experiment and to prevent 

violent rupture of the reactor at the experimental temperature, which would potentially happen if 

too much water was added. 

As described by Lewan (1993), the reactor was sealed, leak-checked with helium, and 

heated isothermally in an electric heater at the specified temperature for 72 h (Figure 4.29).  In 

this capacity, the uniaxial confinement clamp in this experiment prevents the core from 

expanding perpendicular to the bedding fabric.  The headspace gas (steam and generated gases) 

determines the confining water pressure on the exposed core parallel to the bedding fabric.  This 

pressure can be increased with the addition of helium pressure in the headspace prior to the 

experiment. 

Once the reactor cools to room temperature at the end of the experiment, headspace-gas 

pressure and temperature are measured and a sample of the gas collected for molecular 

composition.  Using the ideal gas law, the moles and mass of generated gases are calculated 

based on the measured headspace volume and gas composition analyses. Expelled oil floating on 

the water surface is collected with a Pasteur pipette and transferred to a tarred vial.  Expelled oil 

remaining on the reactor walls, collection pipette, core surface, and confinement clamp were 
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rinsed with benzene.  The oil-benzene solution was filtered through a 0.45μm hydrophobic PTFE 

filter to remove water or rock dust that may have been entrained during the benzene rinse.  The 

rinsed oil was concentrated by evaporation of the benzene under a fume hood.  Mass of oil from 

the equipment rinse and that from the water surface was collectively the total mass of expelled 

oil. 

 

 
Figure 4.28: Experiment setup of three-stainless-steel-disks clamps, three threaded stainless-steel 

rods connected to the disks, core sample from the Mahogany oil shale slab and the concrete core 

plug placed below the oil shale core and set on the third bottom disk. 

Fixed 

Fixed 

Movable 



118 

 

 
Figure 4.29: General purpose reactor with uniaxial confining-core clamp and concrete plug 

submerged in sufficient liquid water. Then placed in electrical heater with thermocouples to 

monitor and control temperature and a gauge block assembly to monitor pressure (modified from 

Lewan and Birdwell, 2013). 

 

Hydrous pyrolysis-3737 (Concrete only) 

The behavior of Portland cement-mixed materials exposed to increasing temperature is 

very complicated and difficult to characterize (Naus, 2010). The complexity of its thermal 

properties is much higher than most materials. This is because of its variant constituents and 

dependence on moisture and porosity. Mechanical and physical properties of concretes are 
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affected by increasing temperature exposure. At elevated temperatures, three processes can take 

place that change in concrete properties (Naus, 2010): (1) phase transformations (e.g., loss of 

free water at about 100˚C, decomposition of calcium hydroxide at about 450˚C, and crystal 

transformation of quartz at 573˚C),  (2) pore structure evolution (e.g., volume and surfaces of 

pores increase up to a temperature of about 500˚C and then decrease with further temperature 

increases), and (3) coupled thermo-hygro-chemo-mechancial processes (e.g., temperature 

gradients leading to thermal stresses, multiphase transport of water, and chemical changes that 

affect pore pressure and structure). Figure 4.30 summarizes the evolution of Portland cement 

concrete with increasing temperature.  

Hydrous pyrolysis was conducted on concrete only with the objective of investigating the 

behavior of the concrete. The goal was to narrow down the factors controlling any deformation 

on the concrete. This experiment was also conducted to determine whether the concrete plug 

would expand enough under confinement to induce vertical fractures. Figure 4.31 demonstrates 

the experimental design including the setup of the concrete within the confinement clamp.  

 
 

Figure 4.30: A summary of the evolution of Portland cement concrete at elevated temperatures 

(modified from Naus, 2010). 
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Figure 4.31: Confinement clamp and the concrete only  

 

4.2.2.3 Data results and analysis 

HP-3736 at 360°C for 72 hours with a confining pressure of about 3200 psi was 

conducted on a core sample from the Green River and a concrete plug (UCS is 7,698 psi). The 

objective was to investigate if the generation pressure would exceed the concrete compressive 

strength (7,698 psi), causing vertical expansion and bedding parallel expulsion fractures.  
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The behavior of the concrete under the HP was not known. The hypothesis was that the 

concrete would be stable during the HP. What was observed after conducting the HP is shown in 

Figure 4.32. Lateral expansion was observed in the Green River core. More bulging and 

horizontal fracturing and healing were observed along the high TOC laminations as oil was 

probably forced out. Vertical extensional fractures were observed (Figure 4.33). The concrete 

was cracked, and it appeared that it was stable during the HP (Figure 4.34). 

 
 

Figure 4.32: The core sample after the HP-3736.
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Figure 4.33: Panoramic view of the core sample after HP 
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Figure 4.34: Cracked concrete. 

 

It appeared that petroleum-generation pressure exceeded the compressive strength of the 

concrete. This means that the pressure was higher than 7,698 psi. Although there was no 

significant vertical expansion, healed horizontal fractures along the highest TOC laminae imply 

that vertical expansion was severely constrained. Also, the core shows lateral expansion with 

some vertical fractures. This implies that the core sample is approaching failure by compression, 

causing bulging and lateral expansion. This can be considered to be an early stage of structural 

failure. Radial vertical extensional fractures (not tensional) open along the direction of the lateral 

expansion and trend parallel to the vertical stress that is created by the combined effect of 
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generation pressure and clamp confinement. Figure 4.35 is a plot of stress-strain curve 

highlighting the different stages of rock failure. If the Green River core sample is failing by 

compression, it means that it is reaching at least 60% of its compressive strength.  

 
Figure 4.35: Stages of rock failure (Jaeger et al., 2007). The deformation of our Green River 

sample during the HP is thought to be within region B in the plot. 

 

The next objective was to estimate pressure values obtained during the HP by estimating 

both the compressive strengths of the Green River shale core and of the concrete. Theoretically, 

petroleum-generation pressures can reach as high as around 12,000 psi, but what was responsible 

for cracking the concrete and getting the shale core into structural deformation is the pressure in 

question. Closmann and Bradley (1979) conducted several experiments to study the effect of 

temperature on tensile, compressive strengths and Young's modulus of Oil Shale. They 
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developed a mathematical relationship between temperature, confining pressure and Fischer 

assay oil yield of the Green River oil shales: 

 

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ = 3.48 × 105𝑻−0.615𝑒{3.99×10−4𝑷−0.0214𝑨}  (4.27) 

 

𝑇 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (℉) 

𝑃 = 𝐶𝑜𝑛𝑓𝑖𝑛𝑖𝑛𝑔 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑝𝑠𝑖) 

𝐴 = 𝐹𝑖𝑠𝑐ℎ𝑒𝑟 𝑎𝑠𝑠𝑎𝑦 𝑜𝑖𝑙 𝑦𝑖𝑒𝑙𝑑 (𝑔𝑎𝑙𝑙𝑜𝑛𝑠/𝑡𝑜𝑛) 

 

By using this equation, the compressive strength of the Green River at room temperature 

(72°F or 21.5°C) is estimated to be 44,470 psi. With 32.7 gallons/ton oil yield, 680°F (360°C), 

and 3200 psi confining pressure, the compressive strength of the Green River core can be 11,206 

psi. This means that the generation pressure might not have exceeded 11,206 psi, but it is 

approaching this number. Thus, the generation pressure must be between 7,698 psi and 11,206 

psi. A sample of the 1-inch Green River core was sent to Weatherford labs for confined 

compressive strength testing. It is a way to validate the estimation from equation (4.27). The 

compressive strength came to be 20,553 psi. Figure 4.36 and 4.37 are a stress-strain plot for the 

sample during the test, and photos of the sample before and after the test, respectively. This is 

way below the estimated compressive strength by equation (4.27). This discrepancy implies that 

equation (4.27) exaggerates compressive strength at low temperatures and high confinement 

pressures. However, by looking at the stress-strain plot, the curve did not reach that drop in 

stress, and the sample probably did not reach complete rupture. The curve does look slightly 

stabilized which indicates that the maximum loading pressure was reached, but the ductile 

behavior of the rock can create long slightly increasing curves representing the plastic 

deformation. Can stress during plastic deformation slightly increase to around 44,470 psi? It 

probably cannot.  
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Figure 4.36: Stress-strain plot for the confined compressive test at room temperature. 

 
Figure 4.37: Core sample before testing (A) and after testing (B). 
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The relationship developed by Closmann and Bradley (1979) was then analyzed to 

confirm this possible exaggeration. Data from Closmann and Bradley (1979) is plotted in Figure 

4.38. The data represents two groups of tests on two different groups of Green River shale cores: 

1) 19.2 gallons/ton oil yield tested at 72°F with 500 psi confinement and 2) 49.1 gallons/ton oil 

yield tested at 72°F with 500 psi confinement. The objective was to estimate the relationship 

between compressive strength and temperature for the sample used in the HP (32.7 gallons/ton 

oil yield) at 72°F with 500 psi confinement. The differences between the decay of the strength 

and the scaling factor in the power functions that represent the relationships for the 19.2 and 49.1 

gallons/ton oil yield were used. Once the relationship was established for the 32.7 gallons/ton oil 

yield at 500 psi confinement, the confined compressive strength could be extrapolated using the 

measured compressive strength on the HP sample (20,553 psi) confined with 3200 psi. It appears 

from the plot in Figure 4.39 that Closmann and Bradley (1979) exaggerate only at high 

confinement pressure and low temperatures (e.g., room temperature). At elevated temperature, 

the estimation from equation (4.27) and the extrapolation from the 500 psi confinement case 

converge. This implies that the compressive strength of the 32.7 gallons/ton oil yield core sample 

at 360°C and 3200 psi confinement ranges from 9379 psi to 11,206 psi. After correction for the 

shape factor using the relationship according to ASTM 1986 from Thuro et al. (2001): 

 

𝐶𝐶𝑆𝐿
𝐷⁄ = [0.88 + (0.24)(𝐷

𝐿⁄ )]𝐶𝐶𝑆   (4.28)  

𝐶𝐶𝑆𝐿
𝐷⁄ = 𝐶𝑜𝑛𝑓𝑖𝑛𝑒𝑑 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑓𝑜𝑟 𝑎 𝑠𝑝𝑐𝑖𝑓𝑖𝑐 𝐿

𝐷⁄  𝑟𝑎𝑡𝑖𝑜 (𝑝𝑠𝑖) 

𝐶𝐶𝑆 = 𝐶𝑜𝑛𝑓𝑖𝑛𝑖𝑛𝑔 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑓𝑜𝑟 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 (2: 1)  𝐿 𝐷⁄  𝑟𝑎𝑡𝑖𝑜 (𝑝𝑠𝑖) 

𝐷 = 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 

𝐿 = 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 

 

The compressive strength for the sample that was used during the HP is estimated to 

range from 9784 psi to 11,690 psi. This implies that petroleum-generation pressure did not 

exceed this range.  
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Figure 4.38: A plot of the relationship between confined compressive strength and temperature. 
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The estimated petroleum-generation pressures generated during the HP can be narrowed 

by investigating what Confined Compressive Strength (CCS) the concrete could have had during 

the experiment. A sample of the 1-inch concrete plug was sent to Weatherford labs for confined 

compressive strength testing. The concrete contains some air pocket/bubble. It was 

recommended by Weatherford labs to open up the air bubble and fill it with spackling paste to 

avoid a most likely collapse leading to a confining pressure jacket failure. If the jacket fails, 

confining pressure will leak into the sample and testing will be terminated. The compressive 

strength of the concrete came to be 22,560 psi with confinement pressure of 3200 psi and at 

room temperature. The tested strength is higher than the tested strength of the Green River core 

(20,553 psi), which was not expected considering that the concrete plug failed during the 

experiment. The strength is still high even if we consider the temperature effect on the plug 

during the experiment. Thus, tested strength of the concrete is questionable. From Zoback 

(2007), the CCS can be calculated if the Unconfined Compressive Strength (UCS) is known 

along with the concrete internal angle of friction (∅) and the confining pressure: 

 

𝐶𝐶𝑆 = 𝑈𝐶𝑆 + 𝑃 tan2 (45 +
∅

2
)    (4.29) 

 

𝑈𝐶𝑆 = 𝑈𝑛𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑑 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑝𝑠𝑖) 

𝑃 = 𝐶𝑜𝑛𝑓𝑖𝑛𝑖𝑛𝑔 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑝𝑠𝑖) 

∅ = 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝐴𝑛𝑔𝑙𝑒 𝑜𝑓 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 (𝑑𝑒𝑔𝑟𝑒𝑒) 

 

According to Zhang (1997), a good estimate for the internal angle of friction for our 

concrete sample (7,698 psi UCS) can range from 26° to 28°. Figure 4.39 shows a relationship 

between friction angle and concrete strength. 
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Figure 4.39: Internal angle of friction can be estimated to range from 26° to 28° for a range 

between 53 MPa and 63 compressive-strength concretes (Zhang, 1997). 

 

The confining compressive strength of the concrete with 3200 psi confining pressure at 

room temperature can be estimated to range from 15,893 psi to 16,561 psi. The concrete strength 

is definitely lower than that during the HP because of the increase in temperature. Naus (2005) 

conducted a literature review of the effect of elevated temperature on concrete. Figure 4.40 

shows the strength ratio versus temperature for concrete that is exposed to high temperatures for 

days. It appears that if the concrete is exposed to temperatures around 450°F and higher for 3 

days, it should have 60% of its original strength. Therefore, a confined compressive strength of 

under 680°F could have a compressive strength ranging between 9536 psi and 9936 psi. 
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Figure 4.40: Relationship of strength ratio and temperature of concrete exposed for different time 

duration (Naus, 2005). 

 

From the estimation above, we can say that the generation pressure during HP-3736 

could have reached the range of 9536 psi to 9936 psi. This pressure was able to crack the 

concrete sample and take the Green River into an early stage structural failure. 

The concrete only was tested under HP (360°C/72 hours) and 3200 psi confinement. This 

experiment was conducted to investigate the stability of the concrete under HP environment. The 

experiment helped in concluding if the concrete sample in HP-3736 was cracked because of the 

Green River oil generation pressure or an expansion in the concrete due to increase in 

temperature. Figure 4.41 is a photo of the concrete after conducting HP-3737 (Concrete only). 
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The concrete was not deformed at all, indicating that it is stable under the hydrous pyrolysis 

experiment. 

 
 

Figure 4.41: Concrete plug recovered after HP-3737 showing no apparent deformation. 

 

4.3 Discussion and Conclusion 

Observational-analytical studies were conducted to explore the natural factors controlling 

pressure-induced fracturing in organic-rich shales. The relationships between several factors 

controlling petroleum-expulsion, clay-water interaction and mineral crystallization fracturing 

were investigated. These factors include the role of water, organic richness, organic matter aspect 
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ratio, strength anisotropy, degree of mineral supersaturation, diagenetic interaction with saline 

water and dehydration. 

Hypothesized models for three natural pressure-induced fracturing processes were 

proposed. They are related to: 1) force of clay inter layer reactions, 2) force of mineral 

crystallization and 3) force of petroleum expulsion.  

The significance of petroleum-expulsion fractures resides in their ability to provide 

higher permeability pathways through organic-rich shales that may explain their high 

deliverability. The volume expansion due to petroleum generation has been invoked as a 

mechanism to increase pressures to levels of inducing bedding-parallel microfractures 

responsible for primary migration of oil. The process of expulsion fracturing in organic-rich 

shales due to petroleum generation involves three main stages: 1) volume expansion, 2) pressure 

increase, and 3) microfracturing. 

Despite the widespread observed evidence for the existence of petroleum-expulsion 

fracturing, a comprehensive description of this phenomenon has proven to be extraordinarily 

difficult to develop. However, as a result of an understanding which currently is evolving 

concerning the factors controlling volume expansion, pressure increase, initiation and 

propagation of microfractures, it appears that the existence of water and the level of richness play 

a major role in controlling pressure increase due to volume expansion.   

The geometric shape of the kerogen controls hydrocarbon-generation microfracturing if 

the tensile strength of the rock is exceeded during the initial oil generation stage. A high aspect 

ratio, which indicates thin flakes of kerogen, favors horizontal microfracturing. If the aspect ratio 

is not high enough, vertical microfracturing is favored (Figure 4.42). The in-situ stress state 

completely governs the initiation and propagation of microfractures. The effect of strength 

anisotropy and poroelastic behavior in microfracture initiation and propagation is manifested by 

the change of rock tensile strength with angle (with respect to bedding).  The anisotropic 

poroelastic behavior depends on the anisotropy of the elastic moduli (Young's modulus and 

Poisson’s ratio). For kerogen aspect ratio  𝜓 = 1  , the difference between 𝑆𝑣 and 𝑆ℎ should be 

four times greater than 𝑇𝑎𝑛𝑖 in order to generate vertical fractures. Otherwise, horizontal 

microfracturing is favored 
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Figure 4.42: Diagram of kerogen particles (micro-scale) with aspect ratio of 1 (less common) and 

4 (most common). The higher the aspect ratio, the more horizontal microfracturing is favored. 

Vertical microfracturing is favored in the case of a low aspect ratio. It is important to note that 

the factor of kerogen aspect ratio is more pronounced if the rock tensile strength is exceeded 

during kerogen to bitumen conversion.  

 

Hydrous pyrolysis (HP) at 360°C for 72 hours has been conducted several times in the 

USGS organic geochemistry lab. The HP was conducted on immature Green River cores under 

different settings: 1) unconfined, 2) confined with a clamp and 3) confined with concrete. 

Settings 1 and 2 have been previously conducted by USGS (Lewan and Birdwell, 2013), and the 

contribution from the current research is the extension to include setting 3. Significant vertical 

expansion was observed on the unconfined, highlighting the preferred form of expulsion 

fracturing (horizontal). During the confined setting (clamp and concrete), lateral expansion was 

observed on the Green River core. More bulging and fracturing/healing were observed along the 

high TOC laminations as oil was probably forced out. Vertical extensional fractures were 

observed because the Green River core was approaching compressional failure. The concrete 

was cracked due to the force of petroleum expulsion favoring the vertical direction and 

exceeding the compressive strength of the concrete.   
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CHAPTER 5 

IMPACT ON PRIMARY MIGRATION AND FORMATION OF UNCONVENTIONAL 

PERVASIVE PETROLEUM SYSTEMS 

 

Interpreting mechanisms and paths for petroleum migration in the subsurface, as well as 

the formation of pervasive petroleum systems has been an important part of our understanding of 

these systems. Studying the “cause-effect” relationship between petroleum generation, expulsion 

and accumulation has been an interest of many researchers (Momper, 1978; Jones, 1979; 

Meissner, 1982; Lewan, 1987; Price, 1999). Variations and combinations of rock and fluid 

properties are sufficient to create a challenging task for studying the phenomena of primary 

migration and the pervasive petroleum system. Possible processes responsible for these 

phenomena are constrained by ability to document physical and chemical factors impacting the 

subsurface movement of petroleum. It might be expected that the observed abundance and 

distribution of petroleum-expulsion fractures in organic-rich shales play an important role in the 

primary migration of petroleum and formation of these unconventional pervasive petroleum 

systems. These phenomena are addressed in this chapter, namely: 1) the primary migration of 

petroleum and 2) the formation of the unconventional pervasive petroleum system.  

 

5.1 Primary Migration of Petroleum 

The mechanism of primary migration of petroleum is inevitably related to the mechanism 

of petroleum generation. Insight into the generation of petroleum during thermal maturation of, 

for example, a Type-II kerogen, can be gained by reviewing the work of Lewan (1985, 1997). 

His evaluation of petroleum generation by hydrous pyrolysis experimentation provided a 

significant understanding of the process of petroleum generation. The role of water is the most 

striking part in the process. It is believed that everything in nature becomes “alive” because of 

the existence of water. Organic matter becomes liquid hydrocarbon when water exists to provide 

the hydrogen. No hydrocarbons can be generated if there is no water: no water, no hydrogen, no 

hydrocarbons.  

Two published papers (Momper, 1978; and Lewan, 1987) can be considered the most 

important papers published on the subject of primary migration. These two papers conclude that 
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petroleum migrates out of the source bed in three stages: 1) initial migration, 2) internal 

migration and 3) external migration. The initial migration stage takes place during the bitumen 

generation stage. Kerogen volume reduction creates void space within the kerogen particle, 

around the kerogen particle and along bedding planes (Figure 5.1). Bitumen occupies the created 

void space with a minimum quantity of bitumen needed before expulsion can begin. 

Impregnation of bitumen in the available void space does not create a significant overpressure. 

Once hydrocarbons are generated (e.g., oil), the internal migration stage starts as a consequence 

of significant volume increase followed by pressure increase (Figure 5.2). Pressure increase due 

to volume expansion can cause fracturing and can locally open existing ones. Considering the 

tensile strength anisotropy of the source bed, fracturing favors the horizontal direction for 

internal migration mimicking the horizontal laminations. Bedding parallel fractures may 

interconnect with near vertical or vertical pressure induced fractures acting as migration 

pathways allowing upward and/or downward external migration into carrier beds (Figure 5.3 and 

Figure 5.4). After the external migration stage, the transient pressure decreases, causing the 

bedding parallel partings and fractures to heal. This can generate episodic pressure build-

up/release cycles as more generation and fracturing occur. This also can be repeated until it 

declines to a level where pressure does not increase sufficiently to re-open or create fractures. 

Several petrographic examples show that porosity can develop around fractures facilitating 

migration even if the fracture heals after pressure release (Figure 5.5).  

After primary migration of petroleum from the source bed to a carrier system adjacent to 

the source rock, longer, secondary migration occurs by buoyancy. Primary migration is initiated, 

however, by a strong fluid potential gradient centering on a highly overpressured source 

sequence (forces of petroleum expulsion). Buoyancy forces act on migrating the hydrocarbon 

within the high permeability carrier bed as a secondary migration of petroleum. Upward and 

lateral secondary migration takes place until encountering a hosting reservoir (good porosity and 

permeability) that is trapped and sealed to make the accumulation. This is a reasonable way of 

forming conventional hydrocarbon accumulations because it explains the well-defined 

conventional fields within well-defined structural or stratigraphic traps with seals (top, lateral 

and bottom) statically sealing the accumulations. 
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Figure 5.1: SEM photomicrographs of organic matter with organic porosity (Strasen, 2012). 

 

 
 

Figure 5.2: Calculated pressure increase due to volume expansion after hydrocarbon generation. 

Notice the significant difference between pressure increase during kerogen to bitumen and 

bitumen to oil. The actual path for typical source rocks is shown in the dotted curve. 
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Figure 5.3: A Green River core slab photo (A) and its sketch (B) showing oil-filled fractures. 

Bedding-parallel fractures appear to be concentrated in finely laminated mudstone. Vertical 

fractures appear to be focused in the fine sandstone bed. This is an example of external primary 

migration from the source rock (organic-rich mudstone) to carrier bed (fine sandstone). 

Expulsion, upward and downward migration appears to be facilitated through those vertical 

fractures. 
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Figure 5.4: Example from a Niobrara core photo showing bedding parallel fractures 

interconnecting with near vertical or vertical pressure induced fractures acting as migration 

pathways allowing upward and/or downward external migration into carrier beds. Notice the 

vertical fractures are concentrated within the more isotropic carbonate-rich beds. 
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Figure 5.5: Photomicrograph of a Niobrara sample showing microporosity closely associated 

with the small discontinuous bedding-parallel fractures and along zones that connect separate 

fractures (B). The red arrow in (A) and (B) indicates highly fluorescing compacted Tasmanites. 
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5.2 Formation of Unconventional Pervasive Petroleum Systems 

The close proximity of the petroleum-generating source bed to extremely low 

permeability reservoirs (either within or adjacent to the source rock unit), is essential to develop 

a pervasive petroleum system. Petroleum migrates from the source bed at the thermally mature 

part of the basin, due to the forces of expulsion and charges the adjacent low permeability 

reservoirs (Figure 5.6). Within the low permeability reservoirs, the petroleum migrates very 

slowly. These reservoirs become filled with a continuous phase of petroleum, forming an 

unconventional pervasive petroleum accumulation. As more petroleum is charged, pore pressure 

increases at rates that exceed the normal gradients, and the reservoirs become overpressured. 

Migration continues until reaching higher permeability reservoirs, where migration occurs at 

faster rates. The migration of petroleum at faster rates breaks the continuity of the pervasive 

petroleum system, and the system reverts to a conventional petroleum system.  

In essence, the rapid petroleum charge exceeds the ability of the tight rock to leak it out. 

A term “dynamic seal” is used here to describe the low permeability sequence that is in close 

proximity to the source rock. It is denoted as “dynamic” because the low permeability sequence 

leak off petroleum at rates lower than what it is charged with. Momper (1978) has used this term 

to describe the incremental seals associated with laminations of organic matter within a closed 

source system confining local pressure build-ups. 

Price (1999) proposed that petroleum basin-centers are closed-fluid systems where 

movement of fluids is difficult. Petroleum expulsion from source rocks is rare unless the source 

rock is physically forced to be structurally disrupted. This implies that most of the generated 

petroleum pervasively remains in or adjacent to its source rock. 

Meissner (1978) introduced the direct relationship between volume expansion during 

petroleum generation, overpressuring and petroleum expulsion from source rocks. His 

speculative conclusion suggested opportunities to explore for unconventional pervasive 

petroleum systems. 

The main elements required for the formation of the unconventional pervasive petroleum 

system are proposed here: 



142 

 

1. Active Source Rock: Organic-rich, thermally-matured, hydrocarbon-generating 

source rock 

2. Dynamic seal: Low permeability sequence in close proximity to source rock  

3. Force of petroleum expulsion: Charging the dynamic seal system at rates exceeds 

the rates of leakage out of it 

 
 

Figure 5.6: Hypothetical schematic of a basin where the development of a pervasive petroleum 

system can exist. A source rock deeply buried and thermally matured generating hydrocarbon 

and initiating force of hydrocarbon expulsion. The force acts as a mechanism of charging a low 

permeability sequence (dynamic seal system) that is in close proximity to the source rock.  

 

5.2.1 One-Dimension Petroleum Generation Pressure Diffusion  

The role of force of petroleum expulsion in the formation of an unconventional pervasive 

petroleum system is emphasized by conducting an analytical study to simulate pressure diffusion 

due to petroleum generation. The existence of the force of petroleum expulsion in the source 

rock is dependent on: 1) time, temperature and converted fractions of kerogen to petroleum, and 

2) the relative isolation of the source rock with respect to regionally extensive high permeability 

rocks.  

Petroleum is expelled by the conversion of organic matter during thermal maturation. 

Inadequate elastic deformation (porosity dilation) of pore space, offering storage for all the 
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expelled petroleum, causes pressure to increase. This pressure increase can initiate storage in the 

form of fractures (expulsion porosity), which can be explained as a result of poroelastic behavior 

and local stress concentration around organic-filled voids that exceed the tensile strength of the 

rock (Özkaya, 1988; Engelder and Fischer, 1994). Thus, pore space can be changed reversibly by 

dilation and irreversibly by petroleum expulsion.  

This analytical study was conducted by generalizing Walder and Nur’s (1984) 

formulation to include the contribution of petroleum-expulsion, and following the approach of 

Wong et al. (1997) on formulating the equations including what was attributed as the irreversible 

porosity due to mineral dehydration. 

A model of an organic-rich shale isolated by carrier beds in close proximity was used to 

simulate pressure diffusion due to petroleum generation (Figure 5.7).  

 
 

Figure 5.7: A model of an organic-rich shale isolated by carrier beds in close proximity was used 

to simulate pressure diffusion due to petroleum generation. 
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Start with the 1-D pressure diffusion equation due to force of petroleum expulsion as a 

partial deferential equation (PDE) that has two independent variables (space 𝑧 and time 𝑡). The 

dependent variable is the pressure 𝑃(𝑧, 𝑡): 

The 1-D pressure diffusion equation due to force of petroleum expulsion represents a 

balance between three components: 

1. Time rate of change of petroleum system pressure due to petroleum charge 
𝜕𝑃

𝜕𝑡
 

2. Spatial rate of change of petroleum system diffusive pressure due to petroleum 

leakage 𝐷
𝜕2𝑃

𝜕𝑧2
 

3. The change of active generating-source rock storage due to petroleum expulsion 

Φ𝑆𝑅−𝑆𝑡𝑜𝑟𝑎𝑔𝑒 

𝑇𝑖𝑚𝑒 (𝑡) 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

= 𝑆𝑝𝑎𝑡𝑖𝑎𝑙 (𝑧) 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑒 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 + 𝑆𝑜𝑢𝑟𝑐𝑒 𝑟𝑎𝑡𝑒  

 

𝜕𝑃

𝜕𝑡
= 𝐷

𝜕2𝑃

𝜕𝑧2 + Φ𝑆𝑅−𝑆𝑡𝑜𝑟𝑎𝑔𝑒    (5.1) 

 

𝐷 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑡𝑣𝑖𝑡𝑦 =
𝐾

𝜇∅0(𝐶𝑝 + 𝐶𝑜)
 

𝐾 = 𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 

𝜇 = 𝑃𝑒𝑡𝑟𝑜𝑙𝑒𝑢𝑚 𝑣𝑖𝑠𝑜𝑠𝑖𝑡𝑦 

∅0 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 

𝐶𝑝 = 𝑅𝑜𝑐𝑘 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑎𝑏𝑖𝑙𝑖𝑡𝑦 

𝐶𝑜 = 𝑃𝑒𝑡𝑟𝑜𝑙𝑒𝑢𝑚 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑎𝑏𝑖𝑙𝑖𝑡𝑦 

Φ𝑆𝑅−𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = 𝑇ℎ𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑆𝑜𝑢𝑟𝑐𝑒 𝑅𝑜𝑐𝑘 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑑𝑢𝑒 𝑡𝑜 𝑝𝑒𝑡𝑟𝑜𝑙𝑒𝑢𝑚 𝑒𝑥𝑝𝑢𝑙𝑠𝑖𝑜𝑛 
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This theoretical relationship describes the origin of overpressure, fracture generation and 

the movement of petroleum represented by the diffusion of pressure as similarly described by 

Bredehoeft et al. (1994). The pressure increase results from the trade-off between the rate of 

petroleum charge and petroleum leakage. 

The change of source rock storage is simply the initial porosity available added to the rate 

of change of porosity generated due to expulsion in the form of expulsion fractures: 

Φ𝑆𝑅−𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = ∅0 +
𝜕Φ𝐸𝑥𝑝𝑢𝑙𝑠𝑖𝑜𝑛

𝜕𝑡
   (5.2) 

𝜕Φ𝐸𝑥𝑝𝑢𝑙𝑠𝑖𝑜𝑛

𝜕𝑡
= 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑒𝑥𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 𝑜𝑣𝑒𝑟 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑒𝑥𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 

 

The rate of change of expulsion fracture porosity over change in expulsion time is equal 

to the difference between the rate of change in fractional conversion and the rate of change of 

porosity dilation. The higher the difference, the higher the expulsion fracture porosity is. 

 

𝜕Φ𝐸𝑥𝑝𝑢𝑙𝑠𝑖𝑜𝑛

𝜕𝑡
=

𝜕𝐹

𝜕𝑡
−

𝜕Φ𝐷𝑖𝑙𝑎𝑡𝑖𝑜𝑛

𝜕𝑡
   (5.3) 

 

𝜕𝐹

𝜕𝑡
= 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (𝐵 − 𝑡𝑜 − 𝑜𝑖𝑙) 𝑜𝑣𝑒𝑟 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑒𝑥𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 

𝜕Φ𝐷𝑖𝑙𝑎𝑡𝑖𝑜𝑛

𝜕𝑡
= 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 𝑑𝑖𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑣𝑒𝑟 𝑒𝑥𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 

 

This rate of change of porosity dilation over expulsion time can be referred to as the 

reversible porosity change from Walder and Nur (1984). This porosity change represents the 

elastic change in porosity as pressure changes due to expulsion: 
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𝜕Φ𝐷𝑖𝑙𝑎𝑡𝑖𝑜𝑛

𝜕𝑡
=

𝜕𝑃

𝜕𝑡
∅0(𝐶𝑝 + 𝐶𝑜)   (5.4) 

 

Therefore, the time rate of change of an actively generating-source rock storage due to 

petroleum expulsion is: 

 

Φ𝑆𝑅−𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = ∅0 +
𝜕𝐹

𝜕𝑡
−

𝜕𝑃

𝜕𝑡
∅0(𝐶𝑝 + 𝐶𝑜)   (5.5) 

 

The term can be rewritten including the elastic moduli of the rock if (𝐶𝑃 =
3(1−2𝑣)

𝐸
). 

Therefore, the rate of change of source rock storage becomes: 

 

Φ𝑆𝑅−𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = ∅0 +
𝜕𝐹

𝜕𝑡
−

𝜕𝑃

𝜕𝑡
∅0 (

3(1−2𝑣)

𝐸
+ 𝐶𝑜)  (5.6) 

 

In the simulation of the process of petroleum generation by hydrous pyrolysis (Lewan, 

1992), the calculated chemical reaction kinetic parameters provide useful extrapolations into 

natural systems (Hunt et al., 1991). By utilizing the following Arrhenius equation as expressed in 

Ruble et al. (2001): 

 

 𝐹 = 1 − 𝑒
(−𝑡𝐴𝑜𝑒

(
−𝐸𝑎
𝑅𝑇

)
)
    (5.7) 

 

Where 𝐹 is the fractional conversion, 𝑡  is the expulsion time, 𝐴𝑜 is the frequency factor, 

𝑇 is the absolute temperature, 𝐸𝑎 is the activation energy and 𝑅 is the gas constant. For a Type 

II kerogen,  𝐸𝑎 = 52.16 and 𝐴𝑜 = 5.707 × 1026.  
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The objective is to simulate the change of source rock porosity storage over a fixed 

expulsion time of 50 m.y.; this change will be a function of fractional conversion which in turn is 

a function of temperature. Formulating a time-rate of change rather than a temperature-rate of 

change in the equations above is significant if the diffusion of pressure is to be simulated through 

time at a fixed temperature by solving the 1-D partial differential equation of pressure diffusion. 

If the change of source rock porosity storage is simulated at fixed temperature with increasing 

expulsion time, the temperature needs to be fixed at high fractional conversion. This would 

simulate only the portion of the decreasing rate of change during expulsion.  A spreadsheet was 

generated in Excel for the calculation, and the input parameters were set to simulate, as much as 

possible, the Niobrara. Figure 5.1 shows the relationship between fractional conversion and 

temperature.  

 
Figure 5.8: Fractional conversion versus temperature showing increasing fractions of kerogen 

converted to petroleum with increasing temperature. For example, petroleum expulsion for 50 

million years at a temperature of 125˚C corresponds to around 50% fractional conversion. 

 

By finding the slope of the linear regression line through the data points in the fractional 

conversion vs. temperature plot, we can calculate the rate of change of fractional conversion with 
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temperature (Figure 5.9). The rate of fractional conversion appears to reach its maximum at 

approximately 130˚C. That can also be noted from the plot in Figure 5.8, which shows a concave 

down curve at 130˚C. 

 
Figure 5.9: Rate of fractional conversion per 50 million years versus temperature. The rate of 

fractional conversion appears to reach its maximum at approximately 130˚C. 

 

From equation (4.11), pressure increases due to petroleum expulsion. It is assumed that 

only the solubility of water in bitumen and fractional conversion are the parameters effected by 

temperature. Amani et al. (2013) reported the solubility of water in bitumen as a direct 

relationship with increasing temperature and according to the following: 

𝑥𝑤 = 𝐴𝑥𝑒𝐵𝑥𝑇     (5.8) 

𝐴𝑥 = 2.019 × 10−7 (
1

𝐾𝑒𝑙𝑣𝑖𝑛°
) 

𝐵𝑥 = 2.155 × 10−2 (
1

𝐾𝑒𝑙𝑣𝑖𝑛°
) 

𝑇 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝐾𝑒𝑙𝑣𝑖𝑛°) 
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The density contrast between bitumen and oil 𝐷𝐵𝑜 is 1.38. Compressibility of water 𝐶𝑤 

is  2.8×10-8 , bitumen 𝐶𝐵 is  1.5×10-5 and oil  𝐶𝑂 is 2.0×10-5 (1/psi). Young’s modulus 𝐸 is 

2.4×106 and Poisson’s ratio 𝑣 is 0.2.  The relationship between a pressure increase due to 

petroleum expulsion and temperature for 50 m.y. is shown in Figure 5.10. The rate of change in 

pressure versus temperature is shown in Figure 5.11. Porosity dilation can be calculated using the 

rate of pressure increase. The relationship between porosity dilation and temperature is shown in 

Figure 5.12. By comparing the rate of fractional conversion and the rate of porosity dilation as a 

function of temperature, an imbalance can be observed (Figure 5.13). This implies that the 

porosity dilation is inadequate to provide storage for the expelled petroleum. The rate of porosity 

dilation is much less than the rate of fractional conversion. 

 

        
Figure 5.10: The calculated pressure increase as a function of temperature. 
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Figure 5.11: The rate of pressure increase per 50 million years reaches its maximum around 

130˚C. 

 
Figure 5.12: Rate of porosity dilation per 50 million years as a function of temperature. The 

calculated rate of porosity dilation depends on the rate of pressure increase and the 

compressibilities of rock and generated petroleum. 
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Figure 5.13: A comparison between rate of porosity dilation and rate of fractional conversion. 

The significant imbalance can be observed in the plot. This indicates that the pores provide 

inadequate space for the generated petroleum. 

 

Quantifying the imbalance between the rate of fractional conversion and the rate of 

porosity dilation can estimate the rate of change of expulsion fracture porosity over 50 m.y. with 

increasing temperature (Figure 5.14). It appears that the rate of porosity production during oil-

expulsion fracturing can reach 5 percent per 50 m.y. The change in source rock storage due to 

petroleum expulsion is calculated using 5 percent as an initial porosity added to the rate of 

change in expulsion fracture porosity over 50 m.y. (Figure 5.15). As maturity increases into the 

gas window, more volume expansion during gas generation is assumed to increase available 

porosity by 10 percent as highlighted in Figure 5.15. 
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Figure 5.14: Rate of petroleum-expulsion fracture porosity generation per 50 million years. The 

plot shows that the rate of porosity production during petroleum-expulsion fracturing can reach 5 

percent. 

 
Figure 5.15: The calculated change in source rock storage due to petroleum expulsion. It is 

calculated using the 5% as an initial porosity added to the rate of change in expulsion fracture 

porosity over 50 million years. 
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The final 1-D pressure equation: 

 

𝜕𝑃

𝜕𝑡
(𝑧, 𝑡) = 𝐷

𝜕2𝑃

𝜕𝑧2
(𝑧, 𝑡) + ∅0 +

𝜕𝐹

𝜕𝑡
−

𝜕𝑃

𝜕𝑡
∅0(𝐶𝑝 + 𝐶𝑜) (5.9) 

 

Solving this PDE equation can be done by utilizing Excel. Khan (2011) explored how the 

1-D Heat Equation can be transformed into a format that can be implemented in Excel using finite 

difference approximations. Here, this method is applied to solve the 1-D pressure diffusion 

equation for the model in Figure 5.7. 

An active generating source rock expels petroleum into low porosity/low permeability 

rocks that is in close proximity. These rocks are denoted “Dynamic Seal Rocks,” implying that 

they do not completely seal off petroleum, but they impede petroleum migration providing an 

imbalanced system of petroleum charge being greater than petroleum leakage. By studying how 

pressure, which is generated due to petroleum expulsion, diffuses throughout these dynamic seal 

rocks, this imbalanced system can be inferred.   

The central and forward difference approximations for the first derivative with respect to 

time and the second derivative with respect to space are: 

𝜕𝑃

𝜕𝑡
(𝑧, 𝑡) = 𝐷

𝜕2𝑃

𝜕𝑧2
(𝑧, 𝑡)        (5.10) 

 

𝜕𝑃

𝜕𝑡
(𝑧, 𝑡) =

𝑃(𝑧,𝑡+∆𝑡)−𝑃(𝑧,𝑡)

∆𝑡
        (5.11) 

 

𝜕2𝑃

𝜕𝑧2
(𝑧, 𝑡) =

𝑃(𝑧+∆𝑧,𝑡)−2𝑃(𝑧,𝑡)+𝑃(𝑧−∆𝑧,𝑡)

∆𝑧2       (5.12) 
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Substituting these relationships into the 1-D pressure equation and rearranging gives an 

equation that describes the pressure at depth z and time 𝑡 + ∆𝑡: 

 

𝑃(𝑧,𝑡+∆𝑡)−𝑃(𝑧,𝑡)

∆𝑡
=  𝐷 𝑃(𝑧+∆𝑧,𝑡)−2𝑃(𝑧,𝑡)+𝑃(𝑧−∆𝑧,𝑡)

∆𝑧2     (5.13) 

 

𝑃(𝑧, 𝑡 + ∆𝑡) =  𝑃(𝑧, 𝑡) + 𝐷
∆𝑡

∆𝑧2
 [𝑃(𝑧 + ∆𝑧, 𝑡) − 2𝑃(𝑧, 𝑡) + 𝑃(𝑧 − ∆𝑧, 𝑡)] (5.14) 

 

Now let’s define the initial and boundary conditions. Pressure as a function of time at 

zero depth is equal to zero. Pressure as a function of depth at zero expulsion time is equal to the 

hydrostatic pressure: 

 

𝑃(0, 𝑡) = 0 

𝑃(𝑧, 0) = 𝐻𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 

 

The source rock storage term can be simply solved by calculating the pressure increase 

due to petroleum expulsion as shown earlier in this chapter. The diffusivity term is a function of 

permeability, porosity and compressibilities of rock and fluids.  

Pressure as a function of expulsion time for the model in Figure 5.7 is plotted in Figure 

5.16. The plot highlights that pressure increases with expulsion time, but the increase is different 

between cases with different dynamic seal rock porosities. This is attributed to the differences in 

pressure diffusion through the dynamic seal rocks. The higher the porosity, the more pressure 

diffusion. This causes less pressure increase due to petroleum expulsion. For a one-dimension 

pressure depth plot, Figure 5.17 shows the same pressure changing behavior for different 

dynamic seal rock porosities. 
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Figure 5.16: Petroleum-expulsion pressure versus petroleum expulsion time for different 

porosities of dynamic seal rocks. Notice the decrease of generated pressure with increasing 

porosity. 

 
Figure 5.17: Petroleum-expulsion pressure versus depth for a source rock expulsion time of 80 

million years. With increasing porosity of the dynamic seal, expulsion pressure decreases. 
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Combining both the elements of active source rock and dynamic seal rock, the pressure 

increase due to petroleum expulsion is shown in Figure 5.18. This points out that more expulsion 

time and tighter rocks generate more pressure. Dynamic seal rocks in close proximity to the 

active generating source rock unit can have a force of petroleum expulsion controlling the 

accumulation by a significant pressure differential. This force can charge the system at rates 

exceeding the rate of leakage out of it. Figure 5.19 shows the differences in the percentages of 

pressure diffusion for the four cases of dynamic seal rocks. It is a representation of the rate of 

charge versus the rate of leakage out of the system. In the case of low porosity (5%), petroleum 

charge exceeds the upward and downward leakage out of the system, suggesting a creation of a 

pervasive system. When the charge is less than the leakage, force of petroleum expulsion has no 

effect in creating a pervasive system. Buoyancy forces are suggested as the primary driver in 

migrating petroleum. 

 

 
 

Figure 5.18: A comparison between different models of different dynamic seal rock porosities 

highlighting the factor of changing the source rock expulsion time. With less active petroleum 

expulsion time of source rock, less pressure is generated. 
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Figure 5.19: The differences in the percentages of pressure diffusion for the four cases of 

dynamic seal rocks (5%, 10%, 15% and 20% porosity). It is a representation of the rate of charge 

versus the rate of leakage out of the system. In the case of low porosity (5%) (case 1), petroleum 

charge exceeds the upward and downward leakage out of the system, suggesting a creation of a 

pervasive system. When the charge is less than the leakage (cases 2, 3 and 4), the force of 

petroleum expulsion has no effect in creating a pervasive system. At this point, buoyancy forces 

are suggested as the primary driver in migrating petroleum. 
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5.2.2 Two-Dimension Petroleum Generation Pressure 

The calculation of petroleum generation pressures was translated into maps. This can 

help in predicting petroleum generation pressures throughout a basin. The Williston Basin was 

picked as an example. Jin (2013) calculated the original Hydrogen index and Productivity index 

for the Upper and Lower Bakken shales. Fractional conversion of kerogen to petroleum was 

calculated for Bakken shales based on the (Equation 3.1) (Peters et al., 2005).  

 

𝐹 = 1 −
𝐻𝐼{1200−(

𝐻𝐼0
1−𝑃𝐼0

)}

𝐻𝐼0{1200−(
𝐻𝐼

1−𝑃𝐼
)}

    (5.15) 

Where,  

𝐹 = 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝐻𝐼 = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 − 𝑑𝑎𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑖𝑛𝑑𝑒𝑥 

𝐻𝐼0 = 𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑖𝑛𝑑𝑒𝑥 

𝑃𝐼 = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 − 𝑑𝑎𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥  

𝑃𝐼0 = 𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 ≈ 0.03 (𝐽𝑖𝑛, 2013) 

 

By calculating Fractional conversion 𝐹, a map of the Fractional conversion can be 

generated for any basin (Figure 5.20). This can be used to establish two-dimension petroleum-

generation pressure maps for the Upper and Lower Bakken shales throughout the Williston 

Basin. Petroleum generation pressure can be calculated using equation (4.11), which was 

discussed in Chapter 4. Figure 5.21 shows the petroleum generation pressures for the Upper and 

Lower Bakken Shales in the Williston Basin. These generation pressure maps represent the 

pressures generated during petroleum generation within the Bakken Shales. Upward and 

downward pressure diffusion throughout the adjacent rock units is not included in the 

calculation. 
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Figure 5.20: Fractional conversion maps of the Upper Lower Bakken shales. 
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Figure 5.21: Petroleum-generation pressure maps of Upper and Lower Bakken shales (pressure 

scale in psi). 

 

5.2.3 Petroleum-Expulsion Fracture Map 

Petroleum-expulsion fracturing was discussed in Chapter 4. It was shown that horizontal 

fracturing is always favored. The organic matter aspect ratio, tensile strength anisotropy and 

poroelastic behavior of the shales are the main factors causing this preference in fracturing. In 
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this work, bedding-parallel, calcite-filled fractures (Beefs) were observed in the Vaca Muerta 

core. The zone of intense fracturing was observed to correspond to the most mechanically 

anisotropic. Here, minimum pressure required for horizontal fracturing is calculated using the 

measured elastic moduli (equation 4.25). The calculated pressure was plotted and correlated with 

fracture intensity and mechanical anisotropy (Figure 5.22). Good correlation was observed 

between the minimum pressure required for horizontal fracturing and the most mechanically 

anisotropic and the highest intensity of Beef fractures. This suggests that the zone of lowest 

calculated minimum pressure required for horizontal fracturing should be the easiest to contain 

Beef fractures. This has increased the reliability of using the derived equation for calculating 

minimum pressure required for horizontal fracturing in predicting petroleum-expulsion fractures. 

The derived equation that calculates the minimum pressure required for horizontal 

fracturing was utilized to generate maps that would predict the existence of expulsion fractures 

throughout any basin. For the Bakken shales in the Williston Basin, petroleum-expulsion fracture 

maps can be generated by finding the difference between petroleum generation pressure maps 

shown in Figure 5.21 and the minimum pressure required for horizontal fracturing (Figure 5.23). 

To validate this predictive tool, these maps were compared to the observed resistivity separations 

that were discussed in Chapter 3 for the Bakken shales. A remarkable correlation was observed 

and implies a promising technique that can improve our ways of predicting theses fractures in the 

subsurface (Figure 5.24). These maps can also define the limit of the Bakken pervasive 

petroleum system. It appears to prove Meissner's (1978) speculative conclusion about the 

Bakken pervasive petroleum system. 

 

Figure 5.22: Correlation between observed Beef fracture intensity, minimum pressure required 

for horizontal fracturing and the most mechanically anisotropic layer.  
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Figure 5.23: Petroleum-expulsion fracture maps of the Upper and Lower Bakken shales are 

derived from the difference between petroleum generation pressure maps shown in Figure 5.14 

and the minimum pressure required for horizontal fracturing (equation 4.25) (pressure scale in 

psi).
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Figure 5.24: Maps of predicted petroleum-expulsion fractures for the lower Bakken shale (left) and the upper Bakken shale (right). 

These maps were generated by finding the difference between calculated petroleum-generation pressure and the minimum pressure 

required for horizontal fracturing (equation 4.11 and 4.25). High pressure difference (psi) highlighted in worm colors and low pressure 

difference in cold colors. The cross section (A-A’) highlights the resistivity separations between the deep and micro-spherical logs 

(red fill in second track). The first track is the Gamma Ray log. This mapped separations correlate very well with petroleum-expulsion 

fracture maps. 
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This technique can also have implications for analyzing the impact of petroleum-

expulsion fracturing on electrical resistivity of organic-rich shales as was observed in the 

Niobrara.  

The electrical resistivity is the reciprocal of conductivity, which can be described as an 

index of the ability to conduct an electrical current.  It is the electrical analog of permeability.  Of 

the fluids of interest in petroleum geology (oil, gas and water), only water with dissolved salts 

conducts electricity.  The most fundamental relationships in considering electrical resistivity of 

rocks are Archie’s equations. Resistivity index is related to water saturation as follows: 

𝐼 = 𝑆𝑤
−𝑛          (5.16) 

𝐼 =
𝑅𝑡

𝑅𝑜
           (5.17) 

𝑆𝑤
𝑛 =

𝑅𝑜

𝑅𝑡
=

𝑅𝑤

∅𝑚𝑅𝑡
         (5.18) 

𝑅𝑡 =
𝑅𝑤

∅𝑚𝑆𝑤
𝑛          (5.19) 

𝐼 =
∅𝑚𝑅𝑡

𝑅𝑤
          (5.20) 

 

Where, 

𝐼 = 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 

𝑆𝑊 = 𝑊𝑎𝑡𝑒𝑟 𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 

𝑅𝑡 = 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑟𝑜𝑐𝑘 𝑎𝑡 𝑆𝑊 

𝑅𝑜 = 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 𝑎𝑡 100% 𝑆𝑊  

𝑅𝑤 = 𝑊𝑎𝑡𝑒𝑟 𝑅𝑒𝑠𝑖𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 

∅ = 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 

𝑚 = 𝐶𝑒𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 = 1 

𝑛 = 𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 
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Several factors can directly and indirectly affect electrical resistivity. The most 

pronounced factor, that has a significant impact on the electrical resistivity of organic-rich shales 

during maturation, is the Archie saturation component 𝑛. It is a dimensionless empirical 

parameter, which is experimentally determined from core plugs (Anderson, 1986). The value of 

2 is usually used in water-wet systems. However, the value can change due to several factors 

(Anderson, 1986; Sharma, 1991). The focus here is to show how petroleum-expulsion fracturing 

and maturity-dependent wettability can significantly change the saturation component. 

Wettability is defined as the tendency of one fluid (wetting) to spread on or adhere to a 

solid surface in the presence of other fluids (non-wetting) (Anderson, 1986). The non-wetting 

fluids form globules and minimize contact with the solid. The concept of contact angle can be 

used for characterizing the tendency of fluids to adhere to a solid surface. For this purpose, the 

contact angle of a water drop can be measured, and depending on its value, a classification of 

“water-wet”, “oil-wet” is given. Anderson (1986) attributed heterogeneous forms of wettability 

as “fractional wettability.” When organic matter is strongly adsorbed only in certain areas of the 

rock, fractional wettability can be created. The areas with organic matter strongly adsorbed are 

strongly oil-wet, while other areas are strongly water-wet. Anderson also described how 

wettability (i.e., water-wet) can be altered if a layer of oil-wet polar organic compounds is 

deposited on accessed grain surfaces. Alternatively, oil invading a water-wet pore can cause the 

thin layer of water to rupture and thus the oil will be in contact with grain surface. This can either 

create a strong oil-wet system or possibly isolate water-wet pores and create mixed or fractional 

wetting 

In the context of maturation, low-maturity source rocks are water-wet. In the oil-

generation window, petroleum-expulsion fracturing generates more surface areas on which the 

generated polar organic compounds (resins and asphaltenes) would be deposited. The preference 

of these organic compound covering the surface areas will then be oil-wetting. With progressive 

thermal maturation, more petroleum-expulsion fracturing occurs as more volume expansion and 

pressure increases take place due to liquid and solid hydrocarbons cracking to gas. This can 

increase the connectivity of the pore system, which is petrophysically denoted as the 

coordination number 𝑍 according to Wang and Sharma (1988) and Sharma (1991). The resins 

and asphaltenes become cannibalized, releasing grain surfaces, allowing the previously trapped 
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water-wet system to reconnect. The oil-wetting system either weakens or becomes a mixed-

wetting system. 

Mokhtari et al. (2013) investigated the effect of source rock thermal maturity on 

wettability. Contact angles were measured for a collection of Eagle Ford samples with different 

levels of maturity. A relationship between maturity and contact angle was observed (Figure 

5.25). Figure 5.25 shows that water contact angle increases with a decrease in hydrogen index 

(HI), which is indicative of thermal maturation. This implies that the wetting system changes 

from water-wet system (low contact angles) into an oil-wet system (high contact angles). 

 

 
Figure 5.25: Water contact angle versus Hydrogen Index (HI). This plot represents the 

relationship between wettability and thermal maturity. The plot shows that an increase in thermal 

maturity can alter the wettability observed here by the increase in water contact angle (Mokhtari 

et al., 2013).  
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In low-maturity source rocks, 𝑛 does not change even at low water saturation. The 

initiation of petroleum-expulsion fractures in the oil maturity window introduces continuous oil 

filled fracture porosity. Water saturation is lowered as the fractional conversion of organic matter 

to petroleum progresses. In this study, water saturation is estimated from the fractional 

conversion (𝑆𝑊 = 1 − 𝐹). The change of source rock storage due to petroleum expulsion 

substitutes the porosity term in Archie’s. The Archie equation for calculating resistivity is 

modified as follows: 

 

𝑅𝑡 =
𝑅𝑤

(Φ𝑆𝑅−𝑆𝑡𝑜𝑟𝑎𝑔𝑒)𝑚𝑆𝑤
𝑛    (5.21) 

 

Wettability is altered even though an increase in the connectivity within the pore 

system 𝑍 takes place. The water-wet pores are isolated from contributing to electrical 

conductivity. The saturation component 𝑛 increases, causing resistivity to increase. Sharma 

(1991) estimated 1.96 and 4.41 as mean values for 𝑛 in water-wet and oil-wet systems, 

respectively.  

The increase in coordination number 𝑍 can significantly affect resistivity as it causes 𝑛 

and resistivity to decrease (Figure 5.26). This can be pronounced within the gas maturity 

window. Also, the effect of the increase of the coordination number is coupled with the 

weakening of the oil-wetting system by initiating a mixed-wetting system (discussed above).  

The electrical behavior of mixed-wettability is different from the behavior in the strongly 

oil-wet system. The saturation component 𝑛 is decreased, and an average value of 3.0 (maximum 

water-wet and minimum oil-wet) was taken from the statistical data of Sharma (1991). Figure 27 

shows a 𝐼 − 𝑆𝑊 plot for immature source rock within a water-wet system versus oil-mature 

within an oil-wet system and gas-mature in a mixed-wet system. The plot shows that the 

difference in resistivity between the oil-wet and the mixed-wet system exceeds 80%. 
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Figure 5.26: Relationship between resistivity index and water saturation for different 

coordination numbers. The increase in coordination number Z can significantly affect resistivity 

as it causes n to decrease and subsequently causes a decrease in resistivity (Sharma, 1991).   
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Figure 5.27: Resistivity index-water saturation relationship for immature source rock within a 

water-wet system, oil-mature within an oil-wet system and gas-mature in a mixed-wet system. 

The plot shows that the difference in resistivity between the oil-wet and the mixed-wet system 

exceeds 80%. 

 

5.3 Discussion and Conclusion 

The role of force of petroleum expulsion in the formation of the Bakken pervasive 

petroleum system was analyzed. The existence of the force of petroleum expulsion in the Bakken 

is dependent on: 1) time, temperature and fractional conversion of kerogen to petroleum, and 2) 

the relative isolation of the Bakken with respect to regionally extensive high permeability rocks. 

Simple one-dimensional models were used to simulate the diffusion of pressure generated by 

petroleum generation. The simulations imply that buoyancy forces should have no effect on 

forming a pervasive petroleum accumulation in the Bakken. High differential pressures caused 

by petroleum generation appear to be the dominant force through the initiation of expulsion 

fractures.  

Maps of petroleum-expulsion fractures for the Upper and Lower Bakken Shales in the 

Williston Basin were generated. A remarkable correlation was observed between petroleum-
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expulsion maps and fractures interpreted from resistivity separations. These maps can 

significantly impact our way of defining the limits of a pervasive petroleum system.  

An example of the anomalous resistivity reversals in the Niobrara was presented in 

Chapter 3. Possible mechanisms for this anomalous reversal were reviewed in this chapter. The 

study concludes that the development of petroleum-expulsion fractures combined with changes 

in wettability in the Niobrara provides the best explanation for the process of decreasing 

resistivity with higher thermal maturity. It reveals that the rate of porosity creation during oil-

expulsion fracturing can reach 5.0 percent per 50 m.y. More volume expansion during gas 

generation is assumed to increase total porosity by an additional 1.0 percent. This can lead to an 

increase in the coordination number Z and an increase in pore system connectivity, readjusting 

the wettability system. Changing the wettability system and pore system connectivity can 

directly affect the Archie saturation component n that is a significant factor in changing the 

electrical resistivity. 

The study proposes a recipe for forming unconventional pervasive petroleum systems. It 

is a combination of: 1) an active petroleum source (organic-rich, thermally-matured, 

hydrocarbon-generating source rock), 2) a dynamic petroleum seal (low permeability reservoir in 

a close proximity to source rock), and 3) the process of an efficient petroleum expulsion 

(charging the system at rates exceeding the rates of leakage out of it). The causality here is the 

relation between the set of causes (the combination of the two elements and the force of 

petroleum expulsion) and the effect (the formation of the pervasive petroleum system 

phenomenon). 
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CHAPTER 6 

CONCLUSIONS 

 

Bedding-parallel fractures have been observed in mature, organic-rich shales. There 

exists a resistance to regard their origin as natural within a tectonic setting in which overburden 

stress is the maximum principle stress. Given the early speculative conclusions about petroleum-

expulsion fracturing and the formation of unconventional pervasive petroleum systems, with the 

current observations being made regarding the impact of petroleum expulsion-fractures on 

organic-rich shale plays, our focus should be on rethinking the whole process that may produce 

the observed phenomenon of petroleum-expulsion fracturing. This can enhance our way of 

predicting this type of fracturing in the subsurface and exploring for unconventional pervasive 

petroleum resources. This study combines basic and applied research to investigate the process 

of the petroleum-expulsion fracturing phenomenon and highlight its impact on unconventional 

pervasive petroleum systems. The main conclusions to highlight are: 

 New mathematical relationships describing pressure increase due to petroleum generation 

were derived and evaluated by an experimental study: 

o Mathematical relationships were based on formulating the concept of natural internal 

forces acting on rocks. Models for three natural internal forces have been proposed. 

They are related to: 1) force of clay inter layer reactions, 2) force of mineral 

crystallization and 3) force of petroleum expulsion (see Figure 4.3, 4.4 and 4.5); 

o Pressure increase due to petroleum generation were analyzed to calculate the 

petroleum-generation pressure during the stages of petroleum generation (kerogen to 

bitumen to oil). The governing variables in these equations are the fractional 

conversion, organic richness, water solubility, rock and fluid compressibilities (see 

equations 4.10 and 4.11); 

o The geometric shape of the organic matter controls petroleum-expulsion fracturing if 

the tensile strength of the rock is exceeded during the initial oil generation stage. A 

high aspect ratio, namely thin flakes of kerogen or bitumen-filled voids, favors 

horizontal fracturing. A low aspect ratio favors vertical fracturing (see Figure 4.42); 
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o The effect of strength anisotropy and poroelastic behavior in fracture initiation and 

propagation is manifested by the change of rock tensile strength with angle (with 

respect to bedding). The anisotropic poroelastic behavior depends on the anisotropy 

of the elastic moduli (Young's modulus and Poisson’s ratio) (see Figure 4.22, 4.23 

and 4.24); 

o The derived equations can predict pressure increase during hydrous pyrolysis 

experiments in the lab. Significant vertical expansion was observed on unconfined 

hydrous pyrolysis highlighting the preferred form of expulsion fracturing (horizontal). 

During the confined setting (clamp and concrete), lateral expansion was observed on 

the Green River core. More bulging and fracturing/healing were observed along the 

high TOC laminations as oil was probably forced out. Vertical extensional fractures 

were observed because the Green River core was approaching compressional failure. 

The concrete was cracked due to the force of petroleum expulsion favoring the 

vertical direction and exceeding the compressive strength of the concrete (see Figure 

4.32, 4.33 and 4.34). Results from the hydrous pyrolysis experiments provided means 

of assessing petroleum-generation pressure calculations by the derived equations; 

 The derived petroleum-generation pressure equations were extended to include time and 

temperature. This extension is significant when comparing lab and natural systems (see 

Appendix 2b); 

 Associations of petroleum-expulsion fracturing with different organic-rich shales were 

identified: 

o Examples and data observations were made on six organic-rich shales: 1) Green 

River, 2) Niobrara, 3) Bakken, 4) Vaca Muerta, 5) Eagle Ford and 6) Haynesville. 

These provided explanations of the associations of petroleum-expulsion fracturing 

with shale organic and geomechanical facies, shale resistivity and productivity. These 

data observations resulted in recognizing five distinctive attributes as being associated 

with the existence of pervasive bedding-parallel, calcite-filled “Beef” fractures in 

shales: 1) organic-rich, 2) thermally mature, 3) overpressured, 4) mechanically 

anisotropic and 5) calcareous. 

o The review of a total of 64 Drill Stem Tests (DST) over different intervals that 

include the Bakken Formation and/or the underlying three Forks Formation. 
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Resistivity logs, cores and thin sections highlight that the Bakken shales are naturally 

fractured and can be interpreted on resistivity curves separation. The Bakken pressure 

transient behavior shows dual porosity flow (naturally fractured) with low fracture 

system’s storativity (𝜔), implying that fluid is mostly stored in the matrix. The study 

has also suggested that the matrix gives up its fluid rapidly to the fracture system, 

indicating high interporosity flow (𝜆) and implying that petroleum-expulsion fractures 

contribution is present; 

 One-dimension petroleum-generation pressure diffusion models were introduced: 

o Pressure diffusion due to petroleum generation was studied to investigate the factors 

controlling the formation of unconventional pervasive petroleum systems. The study 

implied that buoyancy forces should have no effect on forming the unconventional 

pervasive petroleum accumulation. High differential pressures caused by petroleum 

generation appear to be the dominant force through the initiation of expulsion 

fractures (see Figure 5.16, 5.17, 5.18 and 5.19); 

 Concept of “Petroleum-Expulsion Fracture Map” was introduced: 

o The derived petroleum-generation pressure equations were utilized to generate a map 

that is denoted in this dissertation as “petroleum-expulsion fracture map.” This map 

can be used as a tool to theoretically define the limits of the unconventional pervasive 

petroleum system. This tool was applied to the Bakken unconventional pervasive 

petroleum system that was proved promising in defining the pervasive system (see 

Figure 5.23 and 5.24).  

 A recipe for forming unconventional pervasive petroleum systems were introduced: 

o A recipe is proposed for forming unconventional pervasive petroleum systems:  (1) 

active petroleum source (organic-rich, thermally-matured, hydrocarbon-generating 

source rock), (2) dynamic petroleum seal (low permeability reservoir rock in a close 

proximity to source rock) and (3) efficient petroleum expulsion (charging the system 

at rates exceeds the rates of leakage out of it). Thus, petroleum accumulations that are 

pervasive must be differentiated from the buoyant, discrete conventional petroleum 

accumulations. Considering factors controlling the nature of the petroleum system 

itself can lead toward defining the term “unconventional petroleum systems.” It is 
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defined here according to: (1) proximity to source rock, (2) permeability of reservoir 

rock, (3) viscosity, (4) level of technology challenge. 
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CHAPTER 7 

RECOMMENDATIONS FOR FUTURE WORK 

 

Further research is recommended in the following areas: 

 Investigating the growth morphology of bedding-parallel calcite filled fractures for further 

investigations on the nature of the propagation of Beef fractures in organic-rich shales. 

Further explanation is needed to highlight how supersaturated solutions are formed 

considering dehydrated organic-rich shales upon thermal maturity. 

 

 Studying other possible effects of petroleum-expulsion fractures on the resistivity reversal 

anomaly in organic-rich shales (e.g., effects of petroleum-expulsion fracturing on changes in 

cementation factor “m” in Archie’s equation); 

 

 Extending the analysis of pressure increase due to petroleum generation to include oil-to-gas 

volume expansion (e.g., deriving the equation to calculate pressure increase during oil 

cracking to gas); 

 

 Extending the one-dimension pressure diffusion modeling to a three-dimension modeling to 

include the effect of thickness and mechanical property variations of the dynamic seal rocks 

throughout a basin. This is for further investigations of the impact on the formation of 

unconventional pervasive petroleum systems. 
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APPENDIX 1B VACA MUERTA CORE 

 



194 

 



195 

 



196 

 



197 

 

 
  



198 

 

APPENDIX 2A KEROGEN-TO-BITUMEN 

 

Before HC generation:   𝑽𝑷(𝑷𝒊) = 𝑽𝑷𝒊
= 𝑽𝒘𝒊 + 𝑽𝒌𝒊   

After HC generation:   𝑽𝑷(𝑷) = 𝑽𝑷 = 𝑽𝒘𝒇 + 𝑽𝒘𝒅𝟏 + 𝑽𝑩𝟏 + 𝑽𝒌     

 

𝑉𝑃(𝑃𝑖) = 𝑉𝑃𝑖
= 𝑃𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑡 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑏𝑒𝑓𝑜𝑟𝑒 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑃(𝑃) = 𝑉𝑃 = 𝑃𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑡 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑤𝑖 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑤𝑓 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑤𝑑1 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑘𝑖 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑘 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝐵1 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

 

Mass Balance Approach: 

𝑽𝑷(𝑷𝒊) = 𝑽𝑷(𝑷) 

𝑽𝑷𝒊
= 𝑽𝑷 

𝑽𝒌 = 𝑽𝒌𝒊 − 𝑭𝑽𝒌𝒊 

𝑽𝑩𝟏 = 𝑭 (
𝝆𝒌

𝝆𝑩
) 𝑽𝒌𝒊  (

𝝆𝒌

𝝆𝑩
= 𝑫𝒌𝑩) 

𝑽𝒘𝒇 = 𝑽𝒘𝒊 − 𝑽𝒘𝒅𝟏    

𝐹 = 𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 

𝜌𝑘 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 

𝜌𝐵 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐵𝑖𝑡𝑢𝑚𝑒𝑛 

𝐷𝑘𝐵 = 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 − 𝐵𝑖𝑡𝑢𝑚𝑒𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 

 
 

Compressibility and relationship with volume and pressure: 

𝑪𝑷 = +
𝟏

𝑽

𝝏𝑽

𝝏𝑷𝒊
 

𝑽𝑷(𝑷𝒊) = 𝑽𝑷𝒊
(𝟏 + 𝑪𝑷𝜟𝑷) 

               = (𝑽𝒘𝒊 + 𝑽𝒌𝒊)(𝟏 + 𝑪𝑷𝜟𝑷) 

 

𝑪𝒘,𝒌,𝒐 = −
𝟏

𝑽

𝝏𝑽

𝝏𝑷
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𝑽𝑷(𝑷) = 𝑽𝒘𝒇,𝒘𝒅𝟏,𝒌,𝑩(𝟏 − 𝑪𝒘,𝒌,𝑩𝜟𝑷) 

 

Solving for 𝜟𝑷 using mass balance approach: 

𝑽𝑷𝒊
= 𝑽𝑷 

(𝑽𝒘𝒊 + 𝑽𝒌𝒊)(𝟏 + 𝑪𝑷𝜟𝑷) = 𝑽𝒘𝒇(𝟏 − 𝑪𝒘𝜟𝑷) + 𝑽𝒘𝒅𝟏(𝟏 − 𝑪𝒘𝜟𝑷) + 𝑽𝒌(𝟏 − 𝑪𝒌𝜟𝑷) + 𝑽𝑩𝟏(𝟏 − 𝑪𝑩𝜟𝑷) 

 

(𝑽𝒘𝒊 + 𝑽𝒌𝒊)(𝟏 + 𝑪𝑷𝜟𝑷)

= (𝑽𝒘𝒊 − 𝑽𝒘𝒅𝟏)(𝟏 − 𝑪𝒘𝜟𝑷) + 𝑽𝒘𝒅𝟏(𝟏 − 𝑪𝒘𝜟𝑷) + 𝑽𝒌𝒊(𝟏 − 𝑪𝒌𝜟𝑷) − 𝑭𝑽𝒌𝒊(𝟏 − 𝑪𝒌𝜟𝑷)

+ 𝑭𝑫𝒌𝑩𝑽𝒌𝒊(𝟏 − 𝑪𝑩𝜟𝑷) 

Expand: 

𝑽𝒘𝒊 + 𝑽𝒘𝒊𝑪𝑷𝜟𝑷 + 𝑽𝒌𝒊 + 𝑽𝒌𝒊𝑪𝑷𝜟𝑷

= 𝑽𝒘𝒊 + 𝑽𝒘𝒊𝑪𝒘𝜟𝑷 − 𝑽𝒘𝒅𝟏 + 𝑽𝒘𝒅𝟏𝑪𝒘𝜟𝑷 + 𝑽𝒘𝒅𝟏 − 𝑽𝒘𝒅𝟏𝑪𝒘𝜟𝑷 + 𝑽𝒌𝒊 − 𝑽𝒌𝒊𝑪𝒌𝜟𝑷 − 𝑭𝑽𝒌𝒊 + 𝑭𝑽𝒌𝒊𝑪𝒌𝜟𝑷

+ 𝑭𝑫𝒌𝑩𝑽𝒌𝒊 − 𝑭𝑫𝒌𝑩𝑽𝒌𝒊𝑪𝑩𝜟𝑷 

Eliminating, rearranging and dividing by 𝑽𝒌𝒊 : 

𝑽𝒘𝒊 + 𝑽𝒘𝒊𝑪𝑷𝜟𝑷 + 𝑽𝒌𝒊 + 𝑽𝒌𝒊𝑪𝑷𝜟𝑷

= 𝑽𝒘𝒊 + 𝑽𝒘𝒊𝑪𝒘𝜟𝑷 − 𝑽𝒘𝒅𝟏 + 𝑽𝒘𝒅𝟏𝑪𝒘𝜟𝑷 + 𝑽𝒘𝒅𝟏 − 𝑽𝒘𝒅𝟏𝑪𝒘𝜟𝑷 + 𝑽𝒌𝒊 − 𝑽𝒌𝒊𝑪𝒌𝜟𝑷 − 𝑭𝑽𝒌𝒊 + 𝑭𝑽𝒌𝒊𝑪𝒌𝜟𝑷

+ 𝑭𝑫𝒌𝑩𝑽𝒌𝒊 − 𝑭𝑫𝒌𝑩𝑽𝒌𝒊𝑪𝑩𝜟𝑷 

(
𝑽𝒘𝒊

𝑽𝒌𝒊
) 𝑪𝑷𝜟𝑷 + 𝑪𝑷𝜟𝑷 + (

𝑽𝒘𝒊

𝑽𝒌𝒊
) 𝑪𝒘𝜟𝑷 + 𝑪𝒌𝜟𝑷 − 𝑭𝑪𝒌𝜟𝑷 + 𝑭𝑫𝒌𝑩𝑪𝑩𝜟𝑷 = 𝑭(𝑫𝒌𝑩 − 𝟏) 

𝜟𝑷 ((
𝑽𝒘𝒊

𝑽𝒌𝒊
) 𝑪𝑷 + 𝑪𝑷 + (

𝑽𝒘𝒊

𝑽𝒌𝒊
) 𝑪𝒘 + 𝑪𝒌 − 𝑭𝑪𝒌 + 𝑭𝑫𝒌𝑩𝑪𝑩) = 𝑭(𝑫𝒌𝑩 − 𝟏) 

(
𝑉𝑤𝑖

𝑉𝑘𝑖

) = 𝑉𝑅 

 

𝜟𝑷 =
𝑭(𝑫𝒌𝑩 − 𝟏)

𝑽𝑹(𝑪𝑷 + 𝑪𝒘) + 𝑭(𝑫𝒌𝑩𝑪𝑶 − 𝑪𝒌) + (𝑪𝑷 + 𝑪𝒌)
 

 

Volumetric Kerogen content in terms of TOC and porosity: 

Vernic (1994): 

𝑽𝒌𝒊 =
𝒂(𝑻𝑶𝑪)(𝟏 − 𝝓)𝝆𝒎

𝝆𝒌 + 𝒂(𝑻𝑶𝑪)(𝟏 − 𝝓)(𝝆𝒎 − 𝝆𝒌)
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Dividing by𝝆𝒎: 

𝑽𝒌𝒊 =
𝒂(𝑻𝑶𝑪)(𝟏 − 𝝓)

𝑫𝒌𝒓 + 𝒂(𝑻𝑶𝑪)(𝟏 − 𝝓)(𝟏 − 𝑫𝒌𝒓)
× 𝟏𝟎𝟎 

 

Substituting into 𝑉𝑅 

𝑽𝑹 =
𝑽𝒘𝒊[𝑫𝒌𝒓 + 𝒂(𝑻𝑶𝑪)(𝟏 − 𝝓)(𝟏 − 𝑫𝒌𝒓)]

𝒂(𝑻𝑶𝑪)(𝟏 − 𝝓) × 𝟏𝟎𝟎
 

𝑎 = 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑡𝑜 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟 ≈ 1.33 

𝜌𝑚 = 𝑚𝑎𝑡𝑟𝑖𝑥 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

𝜙 = 𝑚𝑎𝑡𝑟𝑖𝑥 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 
𝐷𝑘𝑟 = 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑟𝑜𝑐𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 
 

 

Brittleness effect in pressure increase: 

(Rickman et.al. 2008) 

𝚩 =
𝑬𝑩 + 𝒗𝑩

𝟐
 

𝑬𝑩 = (
𝑬 − 𝟏

𝟖 − 𝟏
) × 𝟏𝟎𝟎 

𝒗𝑩 = (
𝒗 − 𝟎. 𝟒

𝟎. 𝟏𝟓 − 𝟎. 𝟒
) × 𝟏𝟎𝟎 

Brittleness can be calculated separately to avoid making a complicated term. 

High Young’s modulus, Low Poisson’s ratio  more brittleness   

 

𝑪𝑷 =
𝟏

𝑲
 

𝑲 =
𝑬

𝟑(𝟏 − 𝟐𝒗)
 

𝑪𝑷 =
𝟑(𝟏 − 𝟐𝒗)

𝑬
 

Substituting back into ΔP: 
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𝜟𝑷𝒌𝑩 =
𝑭(𝑫𝒌𝑩 − 𝟏)

𝑽𝑹 (
𝟑(𝟏 − 𝟐𝒗)

𝑬
+ 𝑪𝒘) + 𝑭(𝑫𝒌𝑩𝑪𝑶 − 𝑪𝒌) + (

𝟑(𝟏 − 𝟐𝒗)
𝑬

+ 𝑪𝒌)
 

𝐾 = 𝐵𝑢𝑙𝑘 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 

𝐸 = 𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 

𝑣 = 𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑟𝑎𝑡𝑖𝑜 

𝐵 = 𝐵𝑟𝑖𝑡𝑡𝑙𝑒𝑛𝑒𝑠𝑠 
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APPENDIX 2B BITUMEN-TO-OIL 

 

Before HC generation:   𝑽𝑷(𝑷𝒊) = 𝑽𝑷𝒊
= 𝑽𝒘𝒅𝟏 + 𝑽𝑩𝟏   

After HC generation:   𝑽𝑷(𝑷) = 𝑽𝑷 = 𝑽𝒘𝒅𝟐 + 𝑽𝑩𝟐 + 𝑽𝒐     

 

𝑉𝑃(𝑃𝑖) = 𝑉𝑃𝑖
= 𝑃𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑡 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑏𝑒𝑓𝑜𝑟𝑒 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑃(𝑃) = 𝑉𝑃 = 𝑃𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑡 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑤𝑑1 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝑤𝑑2 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑎𝑓𝑡𝑒𝑟 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 − 𝑡𝑜 − 𝑜𝑖𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝐵1 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑘𝑒𝑟𝑜𝑔𝑒𝑛 − 𝑡𝑜 − 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

𝑉𝐵2 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 − 𝑡𝑜 − 𝑜𝑖𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

 

 

Mass Balance Approach: 

𝑽𝑷(𝑷𝒊) = 𝑽𝑷(𝑷) 

𝑽𝑷𝒊
= 𝑽𝑷 

𝑽𝑩𝟏 = 𝑭 (
𝝆𝒌

𝝆𝑩
) 𝑽𝒌𝒊  (

𝝆𝒌

𝝆𝑩
= 𝑫𝒌𝑩) 

𝑽𝑩𝟐 = 𝑽𝑩𝟏 − 𝑭𝑽𝑩𝟏 

𝑽𝒘𝒅𝟏 = (
𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏 

𝑽𝒘𝒅𝟐 = (
𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟐 

𝑽𝒘𝒅𝟐 = (
𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏 − 𝑭 (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏 

𝑽𝒐 = 𝑭 (
𝝆𝑩

𝝆𝒐
) (𝑽𝒘𝒅𝟏 + 𝑽𝑩𝟏)  (

𝝆𝑩

𝝆𝒐
= 𝑫𝑩𝒐) 

𝑽𝒐 = 𝑭𝑫𝑩𝒐(𝑽𝒘𝒅𝟏 + 𝑽𝑩𝟏) 

𝑽𝒐 = 𝑭𝑫𝑩𝒐 [(
𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏 + 𝑽𝑩𝟏] 

𝑽𝒐 = 𝑭𝑫𝑩𝒐 (
𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏 + 𝑭𝑫𝑩𝒐𝑽𝑩𝟏 

𝐹 = 𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 

𝜌𝑘 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 
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𝜌𝐵 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐵𝑖𝑡𝑢𝑚𝑒𝑛 

𝜌𝑜 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑂𝑖𝑙 

𝐷𝑘𝐵 = 𝐾𝑒𝑟𝑜𝑔𝑒𝑛 − 𝐵𝑖𝑡𝑢𝑚𝑒𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 

𝐷𝐵𝑜 = 𝐵𝑖𝑡𝑢𝑚𝑒𝑛 − 𝑂𝑖𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 

𝑥𝑤 = 𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑏𝑖𝑡𝑢𝑚𝑒𝑛 

 

Compressibility and relationship with volume and pressure: 

𝑪𝑷 = +
𝟏

𝑽

𝝏𝑽

𝝏𝑷𝒊
 

𝑪𝑷𝝏𝑷 = +
𝟏

𝑽
𝝏𝑽 

𝑪𝑷 ∫ 𝑷
𝑷

𝑷𝒊

= ∫
𝟏

𝑽

𝑽𝑷

𝑽𝑷𝒊

 

𝑪𝑷∆𝑷 = 𝐥𝐧 𝑽𝑷 − 𝐥𝐧 𝑽𝑷𝒊 

𝒆𝑪𝑷∆𝑷 = 𝒆𝐥𝐧 𝑽𝑷−𝐥𝐧 𝑽𝑷𝒊  

𝒆𝑪𝑷∆𝑷 =
𝒆𝐥𝐧 𝑽𝑷

𝒆𝐥𝐧 𝑽𝑷𝒊
 

𝒆𝑪𝑷∆𝑷 =
𝑽𝑷

𝑽𝑷𝒊
 

𝑽𝑷𝒊 𝒆𝑪𝑷∆𝑷 = 𝑽𝑷 

𝒇𝒐𝒓 𝒙 < 𝟏 

𝒆𝒙 = 𝟏 + 𝒙 

 

∴  𝑽𝑷 = 𝑽𝑷𝒊 (𝟏 + 𝑪𝑷∆𝑷)  

 

 

 

𝑽𝑷(𝑷𝒊) = 𝑽𝑷𝒊
(𝟏 + 𝑪𝑷𝜟𝑷) 

               = (𝑽𝒘𝒅𝟏 + 𝑽𝑩𝟏)(𝟏 + 𝑪𝑷𝜟𝑷) 

 

𝑪𝒘,𝑩,𝒐 = −
𝟏

𝑽

𝝏𝑽

𝝏𝑷
 

𝑽𝑷(𝑷) = 𝑽 𝒘𝒅𝟏,𝑩,𝒐(𝟏 − 𝑪𝒘,𝑩,𝒐𝜟𝑷) 

 

Solving for 𝜟𝑷 using mass balance approach: 

𝑽𝑷𝒊
= 𝑽𝑷 

(𝑽𝒘𝒅𝟏 + 𝑽𝑩𝟏)(𝟏 + 𝑪𝑷𝜟𝑷) = 𝑽𝒘𝒅𝟐(𝟏 − 𝑪𝒘𝜟𝑷) + 𝑽𝑩𝟐(𝟏 − 𝑪𝑩𝜟𝑷) + 𝑽𝒐(𝟏 − 𝑪𝒐𝜟𝑷) 
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(𝑽𝒘𝒅𝟏 + 𝑽𝑩𝟏)(𝟏 + 𝑪𝑷𝜟𝑷)

= [(
𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏 − 𝑭 (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏] (𝟏 − 𝑪𝒘𝜟𝑷) + (𝑽𝑩𝟏 − 𝑭𝑽𝑩𝟏)(𝟏 − 𝑪𝑩𝜟𝑷)

+ [𝑭𝑫𝑩𝒐 (
𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏 + 𝑭𝑫𝑩𝒐𝑽𝑩𝟏] (𝟏 − 𝑪𝒐𝜟𝑷) 

Expand: 

(
𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏 + (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏𝑪𝑷𝜟𝑷 + 𝑽𝑩𝟏 + 𝑽𝑩𝟏𝑪𝑷𝜟𝑷

= (
𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏 − (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏𝑪𝒘𝜟𝑷 − 𝑭 (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏 + 𝑭 (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏𝑪𝒘𝜟𝑷 + 𝑽𝑩𝟏 − 𝑽𝑩𝟏𝑪𝑩𝜟𝑷

− 𝑭𝑽𝑩𝟏 + 𝑭𝑽𝑩𝟏𝑪𝑩𝜟𝑷 + 𝑭𝑫𝑩𝒐 (
𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏 − 𝑭𝑫𝑩𝒐 (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏𝑪𝒐𝜟𝑷 + 𝑭𝑫𝑩𝒐𝑽𝑩𝟏 − 𝑭𝑫𝑩𝒐𝑽𝑩𝟏𝑪𝒐𝜟𝑷 

Eliminating, rearranging and dividing by 𝑽𝒌𝒊 : 

(
𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏 + (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏𝑪𝑷𝜟𝑷 + 𝑽𝑩𝟏 + 𝑽𝑩𝟏𝑪𝑷𝜟𝑷

= (
𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏 − (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏𝑪𝒘𝜟𝑷 − 𝑭 (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏 + 𝑭 (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏𝑪𝒘𝜟𝑷 + 𝑽𝑩𝟏 − 𝑽𝑩𝟏𝑪𝑩𝜟𝑷

− 𝑭𝑽𝑩𝟏 + 𝑭𝑽𝑩𝟏𝑪𝑩𝜟𝑷 + 𝑭𝑫𝑩𝒐 (
𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏 − 𝑭𝑫𝑩𝒐 (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑽𝑩𝟏𝑪𝒐𝜟𝑷 + 𝑭𝑫𝑩𝒐𝑽𝑩𝟏 − 𝑭𝑫𝑩𝒐𝑽𝑩𝟏𝑪𝒐𝜟𝑷 

 

(
𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑪𝑷𝜟𝑷 + 𝑪𝑷𝜟𝑷 + (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑪𝒘𝜟𝑷 − 𝑭 (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑪𝒘𝜟𝑷 + 𝑪𝑩𝜟𝑷 − 𝑭𝑪𝑩𝜟𝑷 + 𝑭𝑫𝑩𝒐 (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑪𝒐𝜟𝑷 + 𝑭𝑫𝑩𝒐𝑪𝒐𝜟𝑷

= 𝑭𝑫𝑩𝒐 (
𝒙𝒘

𝟏 − 𝒙𝒘
) + 𝑭𝑫𝑩𝒐 −  𝑭 (

𝒙𝒘

𝟏 − 𝒙𝒘
) − 𝑭 

𝜟𝑷 [(
𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑪𝑷 + 𝑪𝑷 + (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑪𝒘 − 𝑭 (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑪𝒘 + 𝑪𝑩 − 𝑭𝑪𝑩 + 𝑭𝑫𝑩𝒐 (

𝒙𝒘

𝟏 − 𝒙𝒘
) 𝑪𝒐 + 𝑭𝑫𝑩𝒐𝑪𝒐]

= 𝑭 [𝑫𝒌𝑩 (
𝒙𝒘

𝟏 − 𝒙𝒘
+ 𝟏) − (

𝒙𝒘

𝟏 − 𝒙𝒘
− 𝟏)] 

 

𝜟𝑷𝑩𝑶 =
𝑭 [𝑫𝑩𝒐 (

𝒙𝒘

𝟏 − 𝒙𝒘
+ 𝟏) − (

𝒙𝒘

𝟏 − 𝒙𝒘
− 𝟏)]

(
𝒙𝒘

𝟏 − 𝒙𝒘
) (𝑪𝑷 + 𝑪𝒘 − 𝑭𝑪𝒘 + 𝑭𝑫𝑩𝒐𝑪𝒐) + 𝑭(𝑫𝑩𝒐𝑪𝑶 − 𝑪𝑩) + (𝑪𝑷 + 𝑪𝑩)

 

 

Solubility: 

𝒙𝒘 =
𝒎𝒂𝒔𝒔 𝒐𝒇 𝒔𝒐𝒍𝒖𝒕𝒆

𝒎𝒂𝒔𝒔 𝒐𝒇 𝒔𝒐𝒍𝒖𝒕𝒆 + 𝒎𝒂𝒔𝒔 𝒐𝒇 𝒔𝒐𝒍𝒗𝒆𝒏𝒕
 

𝒙𝒘 =
𝝆𝒘𝒂𝒕𝒆𝒓𝑽𝒘𝒅𝟏

𝝆𝒘𝒂𝒕𝒆𝒓𝑽𝒘𝒅𝟏 + 𝝆𝑩𝑽𝑩

 

With water and bitumen density ≈ 1 
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𝒙𝒘 =
𝑽𝒘𝒅𝟏

𝑽𝒘𝒅𝟏 + 𝑽𝑩

 

𝒙𝒘𝑽𝒘𝒅𝟏 + 𝒙𝒘𝑽𝑩 = 𝑽𝒘𝒅𝟏 

𝒙𝒘𝑽𝑩 = 𝑽𝒘𝒅𝟏 − 𝒙𝒘𝑽𝒘𝒅𝟏 

𝒙𝒘𝑽𝑩 = 𝑽𝒘𝒅𝟏(𝟏 − 𝒙𝒘) 

𝒙𝒘𝑽𝑩

𝟏 − 𝒙𝒘

= 𝑽𝒘𝒅𝟏 

 

𝒙𝒘 = 𝑨𝒙𝒆𝑩𝒙𝑻 (Amani et al., 2013) 

𝑨𝒙 = 𝟐. 𝟎𝟏𝟗 × 𝟏𝟎−𝟕 (
𝟏

𝑲
) 

𝑩𝒙 = 𝟐. 𝟏𝟓𝟓 × 𝟏𝟎−𝟐 (
𝟏

𝑲
) 

𝑻 = 𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 (𝑲𝒆𝒍𝒗𝒊𝒏°) 

𝑻 = 𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 − 𝟐𝟕𝟑. 𝟏𝟓 (𝑪°) 

 

 

Brittleness effect in pressure increase: 

(Rickman et.al. 2008) 

𝚩 =
𝑬𝑩 + 𝒗𝑩

𝟐
 

𝑬𝑩 = (
𝑬 − 𝟏

𝟖 − 𝟏
) × 𝟏𝟎𝟎 

𝒗𝑩 = (
𝒗 − 𝟎. 𝟒

𝟎. 𝟏𝟓 − 𝟎. 𝟒
) × 𝟏𝟎𝟎 

Brittleness can be calculated separately to avoid making a complicated term. 

High Young’s’ modulus, Low Poisson’s ratio  more brittleness   

𝑪𝑷 =
𝟏

𝑲
 

𝑲 =
𝑬

𝟑(𝟏 − 𝟐𝒗)
 

𝑪𝑷 =
𝟑(𝟏 − 𝟐𝒗)

𝑬
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Substituting back into ΔP: 

𝜟𝑷𝑩𝑶 =
𝑭 [𝑫𝑩𝒐 (

𝒙𝒘
𝟏 − 𝒙𝒘

+ 𝟏) − (
𝒙𝒘

𝟏 − 𝒙𝒘
− 𝟏)]

(
𝒙𝒘

𝟏 − 𝒙𝒘
) (

𝟑(𝟏 − 𝟐𝒗)
𝑬 + 𝑪𝒘 − 𝑭𝑪𝒘 + 𝑭𝑫𝑩𝒐𝑪𝒐) + 𝑭(𝑫𝑩𝒐𝑪𝑶 − 𝑪𝑩) + (

𝟑(𝟏 − 𝟐𝒗)
𝑬 + 𝑪𝑩)

 

 

𝐾 = 𝐵𝑢𝑙𝑘 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 

𝐸 = 𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 

𝑣 = 𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑟𝑎𝑡𝑖𝑜 

𝐵 = 𝐵𝑟𝑖𝑡𝑡𝑙𝑒𝑛𝑒𝑠𝑠 

 

 

For pressure increase with solubility as a function of temperature: 

 

𝜟𝑷𝑩𝑶 =
𝑭 [𝑫𝑩𝒐 (

𝑨𝒙𝒆𝑩𝒙𝑻

𝟏 − 𝑨𝒙𝒆𝑩𝒙𝑻 + 𝟏) − (
𝑨𝒙𝒆𝑩𝒙𝑻

𝟏 − 𝑨𝒙𝒆𝑩𝒙𝑻 − 𝟏)]

(
𝑨𝒙𝒆𝑩𝒙𝑻

𝟏 − 𝑨𝒙𝒆𝑩𝒙𝑻) (
𝟑(𝟏 − 𝟐𝒗)

𝑬 + 𝑪𝒘 − 𝑭𝑪𝒘 + 𝑭𝑫𝑩𝒐𝑪𝒐) + 𝑭(𝑫𝑩𝒐𝑪𝑶 − 𝑪𝑩) + (
𝟑(𝟏 − 𝟐𝒗)

𝑬 + 𝑪𝑩)
 

 

 

CONVERSION FRACTION: 

From Ruble et al. (2001): 

𝑭 = 𝟏 − 𝒆
(−𝒕𝑨𝒐𝒆

(
−𝑬𝒂
𝑹𝑻

)
)

 

 

Substituting back to pressure increase: 

𝜟𝑷𝑩𝑶 =

(𝟏 − 𝒆
(−𝒕𝑨𝒐𝒆

(
−𝑬𝒂
𝑹𝑻

)
)

) [𝑫𝑩𝒐 (
𝑨𝒙𝒆𝑩𝒙𝑻

𝟏 − 𝑨𝒙𝒆𝑩𝒙𝑻 + 𝟏) − (
𝑨𝒙𝒆𝑩𝒙𝑻

𝟏 − 𝑨𝒙𝒆𝑩𝒙𝑻 − 𝟏)]

(
𝑨𝒙𝒆𝑩𝒙𝑻

𝟏 − 𝑨𝒙𝒆𝑩𝒙𝑻) (
𝟑(𝟏 − 𝟐𝒗)

𝑬
+ 𝑪𝒘 − (𝟏 − 𝒆

(−𝒕𝑨𝒐𝒆
(

−𝑬𝒂
𝑹𝑻

)
)

) 𝑪𝒘 + (𝟏 − 𝒆
(−𝒕𝑨𝒐𝒆

(
−𝑬𝒂
𝑹𝑻

)
)

) 𝑫𝑩𝒐𝑪𝒐) + (𝟏 − 𝒆
(−𝒕𝑨𝒐𝒆

(
−𝑬𝒂
𝑹𝑻

)
)

) (𝑫𝑩𝒐𝑪𝑶 − 𝑪𝑩) + (
𝟑(𝟏 − 𝟐𝒗)

𝑬
+ 𝑪𝑩)

 

 

 


