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ABSTRACT 

The goal of this project is to investigate the effectiveness of using Basement Heat 

Flow and Platte River Associates, Inc. (PRA) 2014 approach of finding the sediment-

water/air interface temperatures to estimate the thermal history. This was carried out by 

creating 1D wells models in the Williston, Uinta, Paradox, and Norwegian North Sea basins 

in the BasinMod® software. These models were also used to investigate the effects of 

different tectonic histories, erosion estimates, and thermal properties of kerogen on thermal 

indicators in the basin. Multiple scenarios with different settings were carried out on each 

well model until a model that matched the measured data was produced. A thermal history in 

each basin was successfully derived. 

The most reasonable models for the Williston Basin that matched the measured data 

included either a failed Tertiary rift or a basement conductivity anomaly in order to explain 

high maturities in the basin center although there is little to no evidence to support either 

theory. The models for both the Uinta and Paradox basins included thinning of the mantle lid 

followed by thickening of the crust during the Tertiary due to their location on the Colorado 

Plateau. Thinning the mantle lid during the Tertiary and having a thin present day mantle lid 

thickness of 60km was crucial for the maturation of the source rocks in the Uinta Basin 

model. The temperature histories in these two basins were slightly different because of their 

different locations on the Colorado Plateau and the deposition of highly conductive salt in the 

Paradox Basin. In these three basins (Williston, Uinta, Paradox), the rapid deposition of shale 

in the Cretaceous Western Interior Seaway created a thermal blanket that either enhanced or 

hindered maturation of source rocks. For the well models in the North Sea, a thinner mantle 

lid during the Tertiary was required to mature the source rocks; therefore the models that 
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included a rifting or thinning event later than the Permo-Triassic rift event best matched the 

measured data. 

Other conclusions made from the model 1) constrain the amount of erosion in the 

Williston, Uinta, and Paradox basins, and 2) determine that including the thermal properties 

of kerogen in the well models would not impact the thermal history especially in thin source 

rock with lower TOC content. 

The Basement Heat Flow tool and Platte River Associates, Inc. (PRA) 2014 approach 

of finding the sediment-water/air interface temperatures were effective in estimating the 

thermal history. This process of determining the tectonic history of the basin can be 

complicated by anomalies and hydrodynamic flow but the other factors included in the 

calculations of the subsurface temperatures and heat flux are valuable in determining the 

thermal history of the basin.  
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CHAPTER 1 

INTRODUCTION 

This project investigates the effectiveness of using Basement Heat Flow, and Platte River 

Associates, Inc. (PRA) 2014 approach of finding surface temperatures to estimate the thermal 

history in a one dimensional (1D) basin model. To test the repeatability of these methods, wells 

from the Williston, Uinta, Paradox, and Norwegian North Sea basins were modeled. These 

models were also used to look at the effects of different tectonic histories, erosion estimates, and 

thermal properties of kerogen on thermal indicators in the basin. 

While the module is called Basement Heat Flow and the parameter is called heat flow by 

most people, the correct terminology for rate of heat transfer is heat flux. Heat flux is used 

instead of heat flow in this thesis. Basement Heat Flow, when capitalized, refers to the name of 

the module used to estimate the thermal history in the modeling software. 

All vertical distances are in feet unless referring to the crust, mantle lid or lithosphere 

because most of the data (tops and thicknesses) were presented in feet. 

1.1 Purpose and Objectives 

The thermal conditions are important components of basin modeling because the 

maturation of kerogen depends mainly on temperature and time (Philippi, 1965). The thermal 

parameters determine the depth of the oil and gas windows and therefore predict the onset of 

hydrocarbon generation, thermal cracking, and expulsion. Additionally, other kinetic reactions 

during burial (such as clay mineral formation), which can influence porosity, permeability and 

other qualities crucial to creating a successful petroleum system, are driven by temperature. 

Basin modeling consists of simulating the evolution of a basin through time, therefore 

both present and past thermal conditions need to be considered, but estimating subsurface 
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temperatures through geologic time is a difficult task. There are a few techniques that can be 

used to estimate the thermal history such as using a constant heat flux with depth and time, or 

estimating a geothermal gradient. This paper focuses on using Basement Heat Flow, a tool that 

calculates the heat flux from the base of the lithosphere to estimate temperatures and heat flux in 

the sedimentary column. Basement Heat Flow can be used to estimate heat flux because heat flux 

is directly related to changes in the lithosphere’s thickness. As the tectonic setting changes over 

time, the heat flux varies mainly because changes in the thickness of crust and upper mantle can 

significantly alter: 

1. the amount of radiogenic heat produced in the basement layers, and 

2.  the depth to the hot asthenosphere. 

PRA’s BasinMod® modeling software was used to create the models and estimate the 

thermal history of the basins. To use Basement Heat Flow, the model needs both upper and lower 

boundary conditions throughout the basin’s burial history. The upper boundary condition is the 

sediment-water/air interface temperature and will be found using PRA’s 2014 Sediment-Water 

Interface Temperature (SWIT) tool. This approach of modeling surface temperature takes into 

account the factors that considerably impact the sediment-water/air interface temperature. These 

factors include climate, latitude, and water depth. The lower boundary condition can be either a 

basal heat flow or temperature. This project will use the 1330 degree Celsius (°C) isotherm at the 

base of the lithosphere as the lower boundary condition. The accuracy of the models will be 

determined by comparing the resulting model output with measured thermal and maturity 

indicators (such as temperature, and vitrinite reflectance data). 

In addition to testing the effectiveness of the Basement Heat Flow tool, the program was 

used to address other issues outlined below. 
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1. The tectonic history used for the models are commonly non-unique, as tectonic histories for 

all the basins remain subject for debate. In the Williston Basin, for example, the processes 

that initiated subsidence, and the causes of a thermal anomaly in the basin are disputed. 

There are many questions surrounding the structure and uplift of the Colorado Plateau where 

the Uinta and Paradox basin are located. In the North Sea, the number and timing of rifting 

episodes are also debated. 

2. The Uinta Basin model was used to examine the thermal effects of kerogen and how it 

contributes to the overall thermal properties in a basin. Thick organic rich formations, such as 

the Green River Formation, may contribute to the effect of thermal blanketing. Models may 

improve if users include kerogen and/or kerogen type in thermal calculations; however, this 

feature may be unique to thick rich source rock intervals like the Green River Formation, and 

therefore not applicable to modeling in most other basins. 

The models created were used to constrain recent erosion estimates in the Uinta and Williston 

basins where previously published estimates of the amount of erosion have varied. The thermal 

history determined should set appropriate limits for erosion estimates. 

1.2 Study Areas 

To investigate the effectiveness of Basement Heat Flow, 1-D models of wells in different 

basins were created. The basins in this project include the Williston Basin, the Paradox Basin, 

the Uinta Basin, and the Norwegian North Sea (Figure 1.1). These basins were chosen because 

they have different tectonic histories and therefore allow for a range of settings to be tested using 

the Basement Heat Flow tool. 

The Williston Basin is located in western North Dakota, northwestern South Dakota, 

eastern Montana, and southern Saskatchewan and Manitoba, Canada (Figure 1.1A). The basin 
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Figure 1.1 The location of the basins in this thesis; (a) the Williston Basin (after Carlson and 
Anderson, 1965), (b) the Uinta Basin (after Lillis et al., 2003), (c) the Paradox Basin (after 
Nuccio and Condon, 1996), and (d) the Norwegian North Sea (after Zanella and Coward, 2003). 
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Figure 1.1c, d: continued.  
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covers an area of about 240000 square miles (Barnes, 1953) and is an intracratonic basin. The 

Paleozoic section consists mostly of carbonate and evaporite sedimentary rocks whereas the 

Mesozoic section consists mainly of clastic sedimentary rocks. The Bakken Formation, the 

Lodgepole Formation and the Three Forks Formation make up the Bakken petroleum system 

(Williams, 1974). In deeper parts of the basin, the high pressure in the mature, organic-rich 

Bakken source rocks make the basin a large resource for oil production. Some of the other source 

rocks in the basin can be found in the Icebox Formation, the Red River Formation, the 

Winnipegosis Formation, the Madison Group, and the Tyler Formation. 

The Uinta Basin, located in northeast Utah, is an intermontane basin created during the Laramide 

orogeny in the late Cretaceous and Eocene. It is an asymmetric east-west trending basin which 

covers about 77000 square miles (Chapman et al., 1984). The basin is bounded by the Uinta 

Mountains in the north, the Wasatch Mountains in the west, the San Rafael swell and 

Uncompahgre Plateau in the south, and the Douglas Creek Arch in the east (Figure 1.1B). It is 

host to many energy resources including coal, natural gas, oil, oil shale, tar sands and gilsonite 

(Fouch et al., 1992). Source rocks in the Uinta Basin include the Green River Formation, the 

Mesaverde Group, the Mowry/Mancos Shale and the Phosphoria Formation.The Paradox Basin 

is located in southeast Utah and southwest Colorado. It extends 190 miles from the northwest to 

the southeast and 95 miles from the northeast to the southwest. It is bounded by the San Rafael 

Swell in the northwest, the Uinta Basin and the Book Cliffs in north, the Uncompahgre Plateau 

in the northeast, the San Juan Dome in the east, and the Hogback monocline in the south (Figure 

1.1C). The basin has been influenced by uplifts, including the ancestral Uncompahgre Plateau 

uplift, the Laramide orogeny, and the Colorado Plateau uplift, as well as salt tectonic activity. In 

the north of the basin, the formation and dissolution of salt structures formed the Paradox Fold 
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and Fault Belt which consists of a series of northwest trending faults, anticlines and synclines. 

South of this is the Blanding Basin and the Monument Upwarp, a north-trending anticline. In 

southwest Colorado is the Four Corners Platform which separates the Paradox Basin from the 

San Juan Basin. There are also late Cretaceous to Tertiary intrusive rocks which form domes 

within the basin. The main source rocks are the black shale in the Pennsylvanian Paradox 

Formation which consists of interbedded salt, anhydrite and dolomitic shale beds. 

The Norwegian North Sea is located between Norway and Great Britain (Figure 1.1D). 

The North Sea has been described as a failed rift basin. There are localized areas of uplift and 

subsidence, a product of several failed rifting phases, resulting in complex sedimentation. Salt 

movement has also further added to the geologic complexity in the central and southern North 

Sea. Oil and gas are produced from upper Cretaceous chalks, and Jurassic to lower Cretaceous 

marine sandstones (Campbell and Ormaasen, 1987). There are also Eocene and Paleogene 

marine sandstone reservoirs. The main source rocks are located in the upper Jurassic-lower 

Cretaceous Kimmeridge Clay Formation and its equivalents.
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CHAPTER 2 

PREVIOUS RESEARCH OF RECORD 

The first part of this chapter explains heat flux, and its use in thermal modeling. The 

factors that affect heat flux in a basin with depth and through time are briefly discussed, followed 

by a description of Basement Heat Flow and how this method includes many of these factors into 

its heat flux calculations. PRA’s 2014 SWIT tool in BasinMod® is also reviewed. The second 

part of this section includes summaries of the problems that were encountered in previous 

models of the selected basins when estimating the thermal history. 

2.1 Heat Flux 

Heat flux refers to the heat energy that flows from the mantle to the Earth’s surface. Heat 

transfer in the Earth is mainly by conduction. It typically increases with depth but it can change 

drastically through space and time. Armstrong and Chapman (1998) address the misconceptions 

behind the term "heat flow" which commonly refers to the surface heat flux. They state that most 

studies compile and analyze surface or near-surface heat flux data, which can mask important 

thermal processes due to tectonic effects. This problem carries over to basin modeling. 

When modeling the thermal history of a basin, one must generally choose a surface 

temperature value (the upper boundary condition) and a heat flux value (the lower boundary 

condition). Reliable present day surface temperatures can be obtained from meteorological data 

(Wygrala, 1989). Surface or near-surface heat flux values can be found in literature but the input 

required for basin modeling is the heat flux value at the base of the sediment column (basal heat 

flux). Surface and near surface heat flux values are likely to be affected by near-surface 

processes and consequently, may vary drastically from heat flux values at greater depths. The 
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surface heat flux is only the same as the basal heat flow for systems in equilibrium (steady-state 

system), which is rarely the case (Equation 2.0). 

                                (2.0) 

q = heat flux 

There are many aspects of the basin that can cause the surface heat flux to change 

significantly from the basal heat flux. Heat flux by conduction is calculated as the product of the 

thermal conductivity of the rocks and the thermal gradient (Fourier’s Law in Equation 2.1). 

 q = k x   
  

 (2.1) 

q = heat flux 

k = thermal conductivity 

T = temperature  

x = depth 

  
  

 = temperature gradient 

From equation 2.1, it is expected that heat flux (q) will change due to variations in rock 

properties in the sedimentary section and crystalline basement that affect the thermal 

conductivity and temperature gradient. The thermal conductivity (k) changes due to variations in 

rock type (mineralogy), temperature, fluid content and porosity. The temperature gradient 

( T/ x ) changes because of variations in the thermal conductivity, heat capacity, and radioactive 

decay heat contributed by the rocks. Erosion and deposition can also change subsurface 

temperatures, and surface temperature influences the thermal gradient at shallower depths. Fluid 

flow and changes in the underlying lithosphere thickness can significantly alter subsurface 

temperatures. These factors are in turn influenced by other features that change with depth and 

time, therefore making it difficult to estimate heat flux changes. 
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2.1.1 Rock Type and Mineralogy 

Rock type, controlled mainly by mineralogic variation, controls the thermal conductivity 

and heat capacity of the rock, as well as the amount of radiogenic heat produced. The grain size, 

shape, and arrangement influence the thermal conductivity due to their effect on pore size and 

porosity. Porosity also affects the thermal conductivity by determining the fluid content of the 

sedimentary rock. Additionally, rock properties determine the permeability of the rock and 

therefore control the flow of fluids through the rock. Pore size, porosity, and permeability change 

with depth and time due to burial, compaction, and the dissolution/crystallization of minerals. 

Radiogenic heat is generated by the decay of radioactive isotopes over time. The isotopes 

found in rocks that produce significant amounts of radiogenic heat are 238U, 232Th, and 40K. 

Minerals containing these elements can contribute significantly to the amount of heat produced 

by the rock. Birch (1950) showed that a linear relationship exists between surface heat flow and 

radioactivity in the basement rock of the Front Range in Colorado. The amount of radiogenic 

heat generated by basement rock varies depending on the rock type and its thickness (Birch, 

1950; Birch et al., 1968). Granitic rocks are more radioactive than mafic rocks due to their high 

potassium, uranium and thorium content (Birch, 1950). As a result, areas with thicker, and more 

felsic crusts produce more radiogenic heat that contributes to a higher heat flux. Although the 

amount of radiogenic heat decreases with depth due to the increase in mafic rocks and level of 

metamorphism, the thickness of the lithosphere is large enough to significantly contribute to the 

heat flux. 

2.1.2 Temperature, Thermal Conductivity and Heat capacity 

Temperature changes are driven by changes in the thermal conductivity and heat capacity 

of the rock, and thermal conductivity and heat capacity also change in response to temperature. 
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The error associated with this may be very small compared to other errors when estimating the 

thermal properties of a rock based on mineral composition (Andrews-Speed et al., 1984) but the 

correction is usually incorporated into modeling software. Temperature also drives many 

reactions that occur in the subsurface, such as the generation of clays, minerals and hydrocarbons 

that can change the mineralogy, porosity, and fluid content of the rock, and alter its thermal 

properties. 

2.1.3 Sediment-Water/Air Interface Temperature 

Surface temperature is mainly controlled by solar radiation. These temperatures can 

affect thermal gradients down to different depths depending on the thermal diffusivity of the 

surface sediments and the longevity of temperature (Kappelmeyer and Haenel, 1974). Diurnal 

changes can affect thermal gradients down to 1.6 feet (ft) whereas annual changes affect depths 

of 30-50 ft (Kappelmeyer and Haenel, 1974). Extreme surface temperature changes over long 

periods of time (such as glaciation for tens of thousands of years) can affect thermal gradients 

down to 3,300 ft (Kappelmeyer and Haenel, 1974). Surface temperature varies with latitude, 

elevation, proximity to water, water depth, climate, glaciation, and vegetation. For a particular 

location, these features change over time due to changes in climate, sea level, and tectonics. 

2.1.4 Erosion and Deposition 

Erosion exhumes previously buried rocks, consequently increasing the surface heat flux. 

The amount of sedimentary section eroded is crucial to know because this determines the 

maximum depth that the source rock was buried, the amount of compaction and resulting 

porosity of the previously buried sediment, and the changes in heat flux. In contrast, rapid 

deposition of sediment with low thermal conductivity can lower the surface heat flux by 

suppressing the thermal gradient. This effect, called thermal blanketing, can be recognized by 
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identifying deviations in the geothermal gradient. Identification and quantification of thermal 

anomalies due to erosion and deposition are challenging and solutions non-unique because the 

geothermal gradient is also affected by many factors, creating a high noise level (Kappelmeyer 

and Haenel, 1974). Thermal anomalies can persist for long periods of time but eventually, 

thermal equilibrium will be regained and the surface heat flux value will no longer be affected by 

one particular event. These kinds of events are examples of transient heat. This means that 

sudden changes in the subsurface are not immediately reflected in the temperature profile. 

2.1.5 Subsurface Fluid Flow 

Until now, this paper addressed heat transfer by conduction but the movement of fluids in 

the subsurface can also cause heat transfer. Fluid movement through rocks depends on 

permeability of the rock and a driving force for the fluid. Vertical water movement by means of 

compaction during burial also transfers heat but the amount of heat transferred is generally 

negligible because the movement of water is too slow even at high sedimentation rates (Wygrala, 

1989). Shallow ground water movement can form convection cells that cause a decrease in 

temperature (low surface heat flux) where there is recharge and an increase in temperature (high 

surface heat flux) where there is discharge (Figure 2.1a). Furthermore, circulation of fluids in 

convection cells formed within beds can change the heat flux laterally (Figure 2.1b). Areas with 

permeable beds, topography or pressure heads may have advection in the water aquifers that can 

also transfer heat. 

In the Williston Basin, aquifers at about 3300 ft have been postulated to produce 

temperature anomalies of 10-15 percent (%), and in the Alberta Basin, heat flux is altered by 

20% or more possibly as a result of water movement at depths of 30000 ft (Wygrala, 1989). 

Beaumont et al. (1985) did a heat flux study in the Alberta Basin and found that the geothermal  
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Figure 2.1 (a) Top diagram shows a circulation scheme in a shallow aquifer. Water flows from p 
to s. Graphs below show temperature-depth profiles at A and B. The depth of the aquifer is 
indicated by the blue section; solid line is temperature (T) ; broken line is heat flow (q). (b) Top 
diagram shows a circulation scheme where a permeable zone with cellular convection of pore 
fluid is bound by impermeable strata. Graphs below show temperature-depth profiles for 
temperature (T) (left) and heat flow (q) (right). Differences at X (broken line) and Y (solid line) 
is shown. After Andrews-Speed et al. (1984). 

gradient increases away from the foothills of the Rocky Mountains. They suggest that this occurs 

because water enters the basin at the foothills, is heated at depth and then travels updip away 

from the foothills thus increasing the thermal gradient (Figure 2.1a). 

2.1.6 Tectonic Setting and History 

Different tectonic settings have different surface heat flux ranges (Figure 2.2). Settings 

with thin crust, such as rift basins or those with active volcanism, tend to have a higher surface 

heat flux values than areas with thick crust, such as collision belts. The ocean floor has a thinner 

crust and exhibits a larger average surface heat flux than the thicker continental crust but some  
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Figure 2.2 Typical surface heat flows associated with different sedimentary basin types. Each 
setting covers a wide range of values due to local factors. After Allen and Allen (2005). 
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authors argue that this may be because heat flux in oceans is mostly measured around mid-ocean 

ridges (Gretener, 1981). In general, changes in the tectonic setting that cause crustal and/or 

mantle lid thickening or thinning can significantly influence the heat flux. 

2.2 Thermal Modeling and Basement Heat Flow in BasinMod® 

The features that influence the heat flux in a basin make measuring the present day basal 

heat flux difficult. In basin modeling, the basal heat flux needs to be estimated throughout 

geologic time. To take all the components discussed above into account when estimating the 

basal heat flux is a challenging task. Instead, present day values or a constant value through out 

basin history may be used, but this choice may lead to inaccurate results, as both the temperature 

and time of heating/cooling can be completely incorrect. The following section explains thermal 

modeling with Basement Heat Flow, and the sediment-air/water interface temperature. 

While the use of modern day heat flux can be used as a guide to estimate paleo-heat flux, 

there are some problems with this method. First, the approach requires information about the 

variation of heat flow in time and space for any given basin. The International Heat Flow 

Commission (IHFC) of the International Association of Seismology and Physics of the Earth's 

Interior (IASPEI) maintains the global heat flow database. The database was last updated by 

Hasterock in 2010 and consists of about 58000 measurements, 37807 of which were new at that 

time. To use these values for paleo-heat flux estimation, ideally they should be grouped by 

tectonic setting and age. The most recent sorting by tectonic setting was completed by Allen and 

Allen in 2005 (Figure 2.2). This study predates the addition of newer measurements by 

Hasterock. In 2010, Davies and Davies sorted heat flow values by the type of rock at the surface 

and age, which is not the best guide for paleo-heat flux. After investigating the heat flux 

database, it is clear that the data require proper sorting and refinement. Another obstacle is the 
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wide range of values found for each setting (Figure 2.2). These measured values differ depending 

on tectonic setting, the amount of tectonic activity that occurs and the amount of time the area 

has been in its current tectonic state (Allen and Allen, 2005). Furthermore, these values are 

surface or near-surface heat flux measurements that can be altered by local processes in the 

subsurface as previously discussed. This method may be used as a guide but may not be 

preferable as the main process of estimating basal heat flux. 

McKenzie (1978) proposed estimating temperatures based on a lithospheric stretching 

model to simulate the subsidence histories of rift basins and to predict subsurface temperatures. 

However, some assumptions made in the model caused significant flaws in subsurface 

temperature calculations. The lithosphere thins by a factor called the beta factor (β) causing 

initial subsidence and upwelling of hot asthenosphere (McKenzie, 1978). The resulting thermal 

perturbation steadily decays, causing the final thermal subsidence (McKenzie, 1978). The beta 

factor determines how much the crust has thinned and therefore, the increase in temperature. 

This process assumes instantaneous uniform stretching (both the crust and lithosphere thin by the 

same amount) under pure shear conditions (McKenzie, 1978). Other assumptions made are that 

heat transfer is only vertical by conduction, that there is no radiogenic heat produced, and that 

the temperature at the base of the lithosphere is uniform (McKenzie, 1978). This model has since 

been modified to include the effects of rifting over a period of time (Jarvis and McKenzie, 1980), 

radiogenic heat, and non-uniform lithospheric stretching (Royden and Keen, 1980). This 

temperature model is reasonably effective but it was designed specifically for rift basins where 

the crust thins. Van Wees et al. (2009) commented on using β>1 in these models for inverted 

basins where contraction occurs along the existing normal faults. In other shortening events, it is 
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unclear whether the equations will work effectively. Further investigation on this subject is 

beyond the scope of this project. 

Basement Heat Flow in BasinMod® uses an approach similar to McKenzie’s (1978) 

where the heat is calculated from the base of the lithosphere. Čermák and Bodri (1986) used a 

2D numerical solution of the Fourier’s conduction equation to determine lithospheric 

temperatures. They included radiogenic heat produced by the basement blocks and showed how 

it decreases with depth. Basement Heat Flow uses this concept to calculate the heat flux in the 

basement and provides the lower boundary condition (a basal heat flux value) for the model 

throughout the basin’s history. This value is unaffected by near surface processes and therefore 

more accurately estimates the basal heat flux. 

2.2.1 Modeling with Basement Heat Flow in BasinMod® 

When using Basement Heat Flow, the temperature or heat flux at the base of the 

lithosphere is assigned a set value. In this project, we enter a basal temperature as the lower 

boundary condition. The temperature at the base of the lithosphere is generally set at 1330 °C 

(Parsons and Sclater, 1977; McKenzie, 1978; Royden and Keen, 1980; Sclater et al., 1980; Van 

Wees et al., 2009). This value is based on an average of temperatures determined for the base of 

the lithosphere. The modeling software uses this lower boundary condition and the sediment-

air/water interface temperature in the heat flux equation. 

The present day thickness of the different basement layers needs to be determined. In this 

project, the basement is separated into an upper crust, a lower crust, and a lower lithosphere or 

mantle lid. The USGS has a global crustal database that contains the thickness of the crust based 

on seismic refraction data. Artemieva (2006) proposed a global thermal model (TC1) that 

includes the depth to the 1330 °C isotherm or the base of the lithosphere. Each basement layer 
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has its own thermal properties (thermal conductivity, heat capacity, and radiogenic heat 

produced) that contribute to the thermal profile. The thickness of the different layers in the 

lithosphere is varied during the basin’s history, based on what is known about the tectonic 

setting. This changes the depth to the hot asthenosphere, and the amount of radiogenic heat each 

layer contributes during the basin’s history. The thermal properties of the sediment column and 

transient heat are also incorporated into subsurface temperature estimates. The stratigraphic 

column is built from the surface to the basement so that the heat from the basement can vary the 

thermal profile through the entire rock column over time based on its thermal properties, 

compaction, and sedimentation rate. 

Including porosity changes due to compaction is important for thermal modeling. It can 

significantly alter the thermal history and affect the timing of maturation, generation, and 

expulsion. The BasinMod® software offers different methods for compacting the sediment as it is 

buried. Cementation and the smectite-illite reaction can also be used when estimating porosity 

changes. 

Heat capacity is varied with temperature using the equation (Equation 2.3) as follows: 

                  
          (2.3) 

        = calculated matrix heat capacity 

        
 = initial matrix heat capacity 

  = Correction factor 

 = calculated temperature 

  = standard temperature 

Matrix thermal conductivity is corrected for temperature with the following equation 

(Equation 2.4). 
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(2.4) 

  = calculated matrix conductivity 

  
 = initial matrix conductivity at    

T = calculated temperature 

  =standard temperature (273 Kelvin) 

  =correction factor 

There is another option available to calculate the matrix conductivity including the effects 

of pressure (Equation 2.5) 

       
                                (2.5) 

  = calculated matrix thermal conductivity 

  
 = initial matrix thermal conductivity  

  = Statoil matrix thermal conductivity temperature correction 

 = Statoil matrix thermal conductivity pressure correction 

Fluids have their own thermal properties that differ from those of their host rocks. 

BasinMod includes these fluids (water) to calculate total thermal conductivity. Equation 2.6 is 

used to calculate fluid conductivity. 

 
   

   

              
 

(2.6) 

  = fluid conductivity 

T= Temperature 

The program also offers Deming and Chapman (1989) solutions (Equations 2.7 and 2.8) 

for fluid conductivity. The constants were obtained from laboratory measurements from the 

Utah-Wyoming Thrust Belt. 
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If T<137 °C,  

                                          (2.7) 

A1 = -0.4879589697 

B1 = 0.0005829749   

C1 = -7.23e-6  

If T>137 °C, 

                                          (2.8) 

A2 = -0.13932664165 

B2 = 0.004117982   

C2 = -5.14e-6  

Using the porosity of the rock, the fluid thermal conductivity is combined with the matrix 

thermal conductivity to calculate a bulk value. There are different ways of averaging quantities: 

arithmetic, harmonic and geometric averaging. Bulk thermal conductivity is calculated using the 

geometric averaging method shown in Equation 2.9 (Hantschel and Kauerauf, 2009): 

               
  (2.9) 

Given the thermal properties of the rocks, thermal gradients and knowledge about the 

geology of the area, a heat flux value can be attained using the thermal resistance method 

(Bullard, 1939; Andrews-Speed et al., 1984; Chapman et al., 1984). This relationship comes 

from Fourier’s equation and can be used to calculate the heat flux at different depths (Equation 

2.10). 

 TB = T0 + q0   
  

 

 
     (2.10) 

TB = Temperature at depth z = B 

T0 = Surface temperature at z = 0 
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q0 = Surface heat flux 

  

 
 = The resistance, summed for all units between the surface and depth B 

BasinMod® uses a differential equation that follows the same principle and calculates the 

heat flow through space and time. The equation includes transient heat flow so it combines 

Fourier’s Law of conduction and the law of conservation of energy (Equation 2.11). 

 
  

  

  
 

 

  
  

  

  
      

(2.11) 

   = Volumetric heat capacity 

T = Temperature 

  = Thermal conductivity 

t = time 

Q = heat source 

The heat flux (Q) is calculated at different depths in the sediment column at different 

times. BasinMod varies heat flux with depth and time based on changes in thermal conductivity 

and thermal gradient. Their calculations account for rock type, compaction (porosity), 

temperature, deposition rate, erosion, radiogenic heat, fluid content, and transient heat. The use 

of transient heat (where rapid changes do not immediately affect the thermal profile) gives a 

more realistic account of temperature changes through time. 

Basement Heat Flow is a very useful tool and with all the knowledge that can be applied, 

it seems to be the best way to estimate basal heat flux through time. It can also be used in a 

variety of tectonic settings because it takes into account changes in lithospheric thickness. The 

Basement Heat Flow tool also allows for more variation as different layers of the lithosphere can 

change thicknesses independently of each other and any problems associated with using surface 

or near surface heat flow values are avoided as heat flux is calculated from the base of the 
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lithosphere. There are some flaws when creating a 1D model. It assumes only vertical heat 

transfer by conduction. When creating a 1D model, it is difficult to include lateral heat 

movement. Although heat mainly moves from the mantle to the surface, nearby intrusions and 

fluid flow can cause significant temperature changes in the sediment column that are not 

accounted for in a one-dimensional view. 

2.2.2 Sediment Water Interface (SWIT) in BasinMod® 

Platte River Associates’ 2014 approach for estimating the sediment-air/water interface 

temperature takes into consideration paleo-latitude, climate, and water depth. Latitude and 

climate determine how much heat from the sun reaches the Earth’s surface, the humidity, and the 

presence of glaciers. Offshore, water depths also play a large part in determining the sediment-

air/water interface temperature. Usually, deeper depths have cooler temperatures unless there is a 

heat source or warm currents on the ocean floor (Wygrala, 1989). 

PRA’s surface temperature map (Figure 2.3) is used to estimate surface temperatures 

throughout geological history. This diagram displays the surface temperature including the 

effects of climate (data from Frakes et al., 1992) over the past 550 million years (m.y). From the 

location’s present latitude, the paleo-latitude track is defined and the mean annual surface 

temperature is read from the chart (Figure 2.3). The temperature found can now be corrected for 

water depth. This correction is required because heat does not travel by conduction through 

water so a different method to calculate the temperature profile through the water would be 

needed. 

Paleo-water depth can be estimated by investigating the sedimentological and 

paleontological record in the basin. BasinMod uses Beardsmore and Cull (2001) equation 

(equation 2.12) to calculate the sediment-water interface temperature (SWIT). This equation was 
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Figure 2.3 This graph shows how the surface temperature changed at different latitudes for the 
past 550 m.y. 

derived by examining the relationship between the sediment-water interface temperature, latitude 

and water depth. The resulting temperature has an error of ±3.6 degrees Fahrenheit (°F) (2 °C). 

                                                             (2.12) 

     = Sediment-water interface temperature 

z = Water depth in meters 

L = Latitude 

A = 0.000884 

B = 0.000724 

C = 0.000104 

D = 0.000708 

If       is higher than the surface temperature (temperature at the top of the water 

column), the temperature at the top of the water column is used instead. This condition only 
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occurs in shallow water depths where the water column is homogeneous and has similar 

properties, such as temperature and salinity (Beardsmore and Cull, 2001). 

2.3 The Basins 

The basins used in this project were chosen to test the use of the basement heat flow 

approach in basins with different tectonic histories. The Williston Basin is an intracratonic basin 

with little structural history, the Uinta and Paradox Basins are intermontane basins situated on 

the Colorado Plateau, and the North Sea is a failed rift basin. The following section discusses 

issues encountered when trying to model the tectonic or thermal history of these basins. 

2.3.1 The Williston Basin 

There are a few features of the Williston Basin that are poorly understood that needed to 

be addressed when modeling. These include the cause of subsidence of the basin, the hydrogen 

index (HI) wall, (a zone where the maturity of the Bakken Formation source rocks changes 

dramatically over a short distance), and the amount of recent erosion in the basin. This section 

will discuss previous studies that addressed these topics. 

The Williston Basin is an intracratonic basin with over 4 kilometers (km) of sediment 

with no clear indication of what initiated subsidence. Basin subsidence began during the 

deposition of Tippecanoe sediments during Ordovician-Silurian times (Carlson and Anderson, 

1965; Ahern and MrKvicka, 1984; Gerhard et al. 1982). Ahern and Mrkvicka (1984) used 

mechanical and thermal modeling to suggest that cooling and thickening of the lithosphere were 

responsible for initiating subsidence. Crowley et al. (1985) used fission track analysis to show 

that there was uplift and erosion of the basement between 530-505 Mega-annum (Ma) due to 

heating followed by cooling and subsidence, supporting Ahern and Mrkvicka’s claims. The 

thermal anomaly suggested by Crowley et al. (1985) is thought to occur in the lower lithosphere 
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by dynamic upwelling of the asthenosphere, which subsequently increased the lithosphere's 

density. The upwelling is not associated with thinning because 1) there is no evidence of crustal 

thinning that can support the amount of subsidence in the basin, 2) the symmetrical nature of the 

basin suggests a more local event, and 3) there is evidence for thickening of the crust, rather than 

thinning (Crowley et al. 1985). 

Osadetz et al. (2002) also used fission track analysis to predict another thermal anomaly 

during the late Paleozoic (about 325 Ma), which they thought to be responsible for rapid 

deposition of the Kaskaskia sequence. Price et al. (1984) suggested that the Williston basin was 

formed in an area of crustal weakness that led to Cretaceous-Tertiary rifting and elevated 

temperatures (discussed later). Bond and Kominz (1991), and Pysklywec and Mitrovica (1997) 

proposed that dramatic mantle downwelling (mantle avalanche) in the Early Devonian-Late 

Carboniferious is the mechanism that started subsidence of the intracontinental basins in west 

Laurasia. Other structural studies identify wrench faults with shear movement in the basement 

blocks beneath the Williston Basin that are thought to have influenced the structures and 

consequent sedimentation in the basin (Thomas, 1974; Brown, 1978; Gerhard et al., 1982). There 

are many explanations for the Williston basin subsidence that suggest changes in the lithosphere 

thickness and should be reviewed for this study. 

The HI wall refers to a zone where there is a drastic change in the maturity of the Bakken 

over a short distance. In the basin center, around the Nesson Anticline area, the Bakken shale is 

mature to overmature (HI <300 milligrams per gram total organic carbon [mg/gTOC]), and to the 

east and northwest of this, the Bakken is immature (HI >600 mg/gTOC) (Figure 2.4) (Pollastro et 

al., 2013). This abrupt maturity change has been attributed to a region of higher temperatures in 

the basin center. Price et al. (1984) suggest these high temperatures are due to a failed rifting 
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Figure 2.4 Hydrogen index values for the Upper (a) and Lower (b) Bakken show the “HI wall” 
where the maturity rapidly increases in the basin center. The location of the North American 
Central Plains conductivity anomaly is also shown in B. (After Pollastro et al., 2013). 
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event during the Cretaceous and Paleocene, and fluid flow along the Nesson Anticline triggered 

by the subsequent hydrocarbon generation. Burrus et al. (1996) were able to use the Cretaceous-

Paleocene rift event to calibrate their model in wells near the Nesson Anticline (the HI<300 mg/g 

TOC zone). In addition to this, Burrus et al. (1996) lowered the thermal conductivity of thick 

Cretaceous shale units in their model to create a thermal blanketing effect in the basin. 

Majorowicz et al., (1986) suggested that elevated temperatures in the Williston basin were due to 

the thermal blanketing effects of the shale, hydrodynamic flow in the basin, and possibly a 

basement thermal anomaly. Many scientists propose that the high temperatures are due to the 

effects of the North American Central Plains Conductivity Anomaly (NACPCA) (Morel-A-

L'Huissier et al., 1990; Jones and Craven, 1990; Pollastro et al., 2013). The NACPCA is an 

anticline-shaped electric conductivity anomaly located in the crust about 10 km below the 

surface that extends from northern Canada to the Black Hills (Jones and Savage, 1986). Its 

location lines up precisely with the mature zone of the Bakken in North Dakota (Figure 2.4b). It 

is thought to be 1) a zone of conductive minerals in the basement (Camfield et al., 1970) or 2) an 

intrusive body that elevates subsurface temperatures due to increased thermal conductivity or 3) 

a high concentration of radiogenic heat producing minerals (Jones and Craven, 1990; Morel-A-

L'Huissier et al., 1990). Other authors suggest that the NACPCA is a result of remnant oceanic 

crust between the Churchill and Superior cratons that either still contains saline water (Handa 

and Camfield, 1984) or that has undergone a phase change to eclogite or serpentinite (Gupta et 

al., 1985; Green et al., 1985). Jones and Craven (1990) have put forward arguments against these 

last suggestions. The amount of trapped saline water to create the conductivity anomaly would 

require large porosities (12-20%) in the basement. Also, mid-crustal temperatures are too low for 
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phase changes in the oceanic crust, and it is unlikely that a mantle derived body would stretch 

from northern Canada to the Black Hills. 

Before Pleistocene glaciation in the Williston Basin area, there was an erosional event in the rock 

record. The amount of erosion in the basin at this time has been greatly increased in some models 

to help explain the HI anomaly in the basin. Pollastro et al., (2013) added up to 2400 ft of erosion 

in their models to account for the increased maturity in the basin center. Publications which 

describe the history and structural geology of the basin (Carlson and Anderson, 1965; Gerhard et 

al. 1982) do not indicate an amount of erosion at this time that issignificant enough to bury the 

Bakken source rocks into the oil window. Burrus et al. (1996) suggested about 330 ft (about 0.1 

km) of erosion in their model, which differs drastically from the estimate made by Pollastro et al. 

(2013). 

2.3.2 The Colorado Plateau 

The Uinta and Paradox Basin are located on the Colorado Plateau, a relatively 

undeformed block that has been uplifted in Colorado, Utah, Arizona and New Mexico. Uplift of 

the Colorado Plateau occurred during the Tertiary but the mechanisms which initiated the uplift 

are debated. Zandt et al. (1995) estimated the present crustal thickness of the Colorado Plateau at 

40-55 km, with a total lithospheric thickness of about 100 km. The thick crust is surrounded by 

the thin crust of the Basin and Range province to the west and south, and the Rio Grande Rift to 

the east. The northern part of the plateau, at the site of the Uinta Basin, does not have a 

significant crustal thickness change (Keller et al., 1979). 

During the Cretaceous, the Colorado Plateau site was a foreland basin where deposition 

of marine strata occurred below sea level and the crustal thickness was estimated to be about 30 

km (Zandt et al., 1995; McQuarrie and Chase, 2000). Although the exact steps leading to the 
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Colorado Plateau uplift are debated, many scientists agree that the crust thickened and/or the 

mantle lid thinned creating a buoyant lithospheric block which is now the Colorado Plateau 

(Morgan and Swanberg, 1985; Zandt et al., 1995; McQuarrie and Chase, 2000). Due to the uplift 

of the Rocky Mountains and Colorado Plateau, there has been significant Tertiary erosion in both 

basins. 

2.3.3 The Uinta Basin 

The amount of erosion in the Uinta Basin is not well constrained. The amount of Tertiary 

erosion in the basin is very important for the burial history and the maturation of the Green River 

source rocks in the Uinta Basin. The lower part of the Green River Formation is thought to be in 

the oil window only in the deepest part of the basin, but large amounts of erosion would indicate 

that in the past, more of the Green River source rocks in different parts of the basin were deeper 

and maybe in the oil window. This would affect its overall maturity, generation and expulsion. 

The following erosion estimates are summarized in Table 2-1. 

Narr and Currie (1982) estimated 1100-9500 ft of erosion in the Altamont Field using 

fluid inclusions. In the Pariette Bench field (in south central of the basin) no more than 3300 ft is 

thought to be eroded (Pitman et al., 1982). In the Natural Buttes field, Pitman et al. (1987) used 

3,300 ft of erosion to model the Blackhawk and Nelson Formations. 

Sweeny (1988) uses oil and maturation kinetic parameters to constrain temperature in the 

Uinta Basin. Starting with a constant heat flux of 55 milliwatts per square meter (mW/m2) 

(steady state heat condition), which is an average of Chapman et al.’s (1984) surface heat flux 

values for the select wells in the study, he created scenarios where he varied the heat flux and 

maximum burial depths. In the Dustin no. 1 well, he found that a heat flux of 57 mW/m2 for the 

past 58 m.y. with about 5900 ft of erosion in the last 10 million years matched measured kinetic  
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Table 2-1 Summary of erosion estimates made for the Uinta Basin in different studies. The table also shows the timing of burial and 
the geothermal gradient of heat flux used for the model. (NS = not specified) 
Wells and Field Names Time of 

subsidence 
Time at 

max burial 
Estimated 

Erosion (Ft) 
Thermal gradient 

Heat Flux 
Reference 

Altamont Field            
Brotherson 1-11-B4 
 

75-70Ma 30-0Ma 0 1.7°F/100ft Fouch et al. (1994) 
NS 37-10Ma 2100 1.4°F/100ft Anders et al. (1992) 

72Ma 20-10Ma 5893 1.4°F/100ft Nuccio and Roberts (2003) 
73.8Ma 37-10Ma 6200-11000  1.4°F/100ft Johnson and Nuccio (1993) 

Shell Brotherson 1-14-B4  NS NS 5770 low Tissot et al.(1978) 
Shell Brotherson 1-23-B4 NS NS 6000 low Tissot et al.(1978) 
Altamont Field  NS NS 1112-9482 1.4°F/100ft Narr and Currie (1982) 
Dustin no. 1  NS 30-10Ma 5900 55mW/m2 Sweeny (1988) 
Dustin no. 1  NS 30-10Ma 4900 61mW/m2 Sweeny (1988) 
MAPCO Fisher 1-12  NS NS 3700 low Tissot et al.(1978) 
Shell Murdock 1-26B5  NS NS 6200 low Tissot et al.(1978) 
Pariette Beach Field NS NS <3300  NS Pitman et al. (1982) 
Natural Buttes Field  72-58Ma 35?-10Ma 3300 1.59°F/100ft Pitman et al. (1987) 
Other           
Mounatin Fueld Island 3 (Island Field) NS 37-10Ma 1600 1.4°F/100ft Anders et al. (1992) 
Pan Am Broadhurst (Red Wash Field) NS 37-10Ma 1860 1.4°F/100ft Anders et al. (1992) 
Island Field 73.8Ma 37-10Ma 900-2300 NA Johnson and Nuccio (1993) 
Chevron/Blanchard (33-3) (Bluebell Field) NS 37-10Ma 2800 1.4°F/100ft Anders et al. (1992) 
Energy Reserve Indian Canyon 2 (Duchesne Co) 72Ma 20-10Ma 4500 1.4°F/100ft Nuccio and Roberts (2003) 
Mountain Fuel Keel Ranch 1 (Carbon Co) 72Ma 20-10Ma 5000 1.42°F/100ft Nuccio and Roberts (2003) 
Southern Part of Basin NS 30-?Ma 6000 NS Fouch et al. (1994) 
Conoco Federal 22-1 (Natural Buttes Field) 72Ma 20-10Ma 6500 1.59°F/100ft Nuccio and Roberts (2003) 
Pure Oil Washboard 1-A (Drunkards Wash 
Field) 

72Ma 20-10Ma 8500 1.53°F/100ft Nuccio and Roberts (2003) 

Mid America 1 Unit 73.8Ma 37-10Ma 4000-9000  NA Johnson and Nuccio (1993) 
Uinta Basin 70Ma 37-5Ma 8200-19700 1.4°F/100ft HaeHae (2001) 
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values (PI and HI) from core samples and cuttings. He also found that a heat flux of 61 mW/m2 

with about 4900 ft of erosion gave the same results, however this was out of Chapman et al.’s 

(1984) surface heat flux range. Sweeny also tried to apply these results to a few other wells but 

the results were inconsistent at different depths because of lateral heterogeneity (Sweeny, 1988). 

Furthermore, Sweeny (1988) points out that using kinetic parameters has its drawbacks as 

thesamples are not being measured under subsurface conditions. Alternatively, this study 

considered surface heat flux values so that a higher heat flux with increasing depth is possible. 

Anders et al. (1992), using a vitrinite reflectance of 0.7%-1.35% for the oil window and a 

constant geothermal gradient of 1.4 °F/100ft, found that oil generation began about 37 Ma and 

uplift/erosion at 10 Ma. For the Brotherson 1-11-B4 (Altamont field), the Chevron/Blanchard 

(33-3) (Bluebell field), the Pan Am Broadhurst (Red Wash field), and the Mountain Fuel Island 3 

(Island field) wells, oil generation occurred at depths of 10500, 11500, 10450 and 8700 ft 

respectively and was followed by 2100, 2800, 1860 and1600 ft of Tertiary erosion, in the same 

order (Anders et al., 1992). 

Johnson and Nuccio (1993) tried to estimate erosion by extrapolating measured vitrinite 

profiles to surface vitrinite values 0.20 and 0.30. They concluded that they got an “unacceptable” 

large range of erosion due to large gaps in their vitrinite profiles that made it hard to identify 

changes in the gradient. They also point out that changes in the gradient could occur in the 

eroded section. Johnson and Nuccio (1993) estimated 4000-9000 ft of erosion for the Mid-

America 1 Unit in the eastern part of the basin and 900-2300 ft in the Island field just to the west. 

They believe that a change in gradient for the Mid-American well went unnoticed, resulting in 

much higher values. For the Shell Brotherson 1-11-B4 well, they found 6200 ft to more than 

11000 ft of erosion, which they also consider unreasonably large. They also used burial charts to 
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reconstruct the history required to get the surface vitrintie values measured but again, ended up 

with too high estimates. 

Fouch et al. (1994) believe, based on the area’s geology, that there is little to no erosion 

in the Altamont-Bluebell field and northwards and about 6000 ft of erosion in the south. The 

paper discusses that there are no indications of a substantial uplift in the northern part of the 

basin and the thermal maturity level of the beds also parallels the topography strengthening their 

argument. Fouch et al. (1994) built a model of the Shell Brotherson 1-11-B4 well with no 

Tertiary erosion that shows oil generation in the Green River beginning at 40 Ma at 

approximately 11000 ft and reaching its maximum burial depth of 19000 ft at 30 Ma. Their 

model required a gradient of 1.7 °F/100ft which is slightly higher than those previously used 

(~1.4 °F/100ft) but they suggested a higher gradient in the past which then decreased to its 

present value. 

A study by Kevin HaeHae (2001) constrains the burial and thermal history of the Uinta 

Basin using apatite fission track analysis. HaeHae’s (2001) proposed rapid heating (subsidence) 

which ended in the south about 37 Ma and in the north about 30 Ma. Rapid heating was then 

followed by slower heating, which continued until 10 Ma in the south and 5 Ma in the north 

(HaeHae, 2001). The maximum burial depth HaeHae (2001) estimated varied depending on the 

geothermal gradient he used with a range between 8200 and 19700 ft using the present day 

geothermal gradient of 1.4 °F/100ft. 

In the 2003 USGS assessment of the Uinta and Piceance basins, Nuccio and Roberts 

created burial charts for five wells in the Uinta Basin. They are all rapidly buried at 72 Ma and 

are at maximum burial between 20-10 Ma. The Tertiary erosion in each well differs; Shell 
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Brotherson 1-11-B4 (5,893 ft), Energy Reserve Indian Canyon 2 (4500 ft), Mountain Fuel Keel 

Ranch 1 (5000 ft), Pure Oil Washboard 1-A (8500 ft) and Conoco Federal 22-1 (6500 ft). 

2.3.4 The Paradox Basin 

Even though erosion estimates in the Paradox Basin vary, there is general agreement that 

there was a great deal of erosion recently in the basin history. Pacheco (2013), through trial and 

error, used 6450 and 7845 ft of erosion for his well models in southwest Colorado where erosion 

began at 22 Ma. 

Rasmussen and Rasmussen (2009) estimated between 5000 and 6600 ft of erosion in 

southwest Colorado. They also estimated 2,500 ft of erosion in Emery County, Utah, between 

5000 and 8950 ft of erosion in Grand County, Utah, and, between 6000 and 8550 ft of erosion in 

San Juan County, Utah. The erosion in their models began at 7 Ma during the uplift of the 

Colorado Plateau. 

Nuccio and Condon (1996) estimated 12550 ft of erosion in southwest Colorado, 13350 ft 

of erosion in San Juan County, Utah, near Lisbon Valley, and about 10000 ft of erosion in San 

Juan County by the Monument Upwarp, and near Wayne County where the Green River and the 

Colorado River meet. These erosional events started at 25 Ma for their models. Nuccio and 

Condon (1996) also estimated that in the past 37 m.y., 11600 ft of erosion occurred in Moab of 

Grand County, Utah, and 8000 ft of erosion occurred in Green River of Emery County, Utah. 

The differences in the erosion estimates are mainly because of the different timing of 

uplift and erosion. Nuccio and Condon (1996) required their source rocks to be buried deeper in 

the past because their model uplifted and eroded them earlier than Rasmussen and Rasmussen 

(2009). 
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The Paradox Basin contains the Paradox Formation that consists of 29 salt beds 

interbedded with anhydrite, dolomitic siltstone and black shale deposited in a restricted shallow 

marine setting. The black shale in the Paradox Formation is the source rock for oil and gas in the 

basin. The Paradox Formation is divided into the Ismay, Desert Creek, Akah, Barker Creek, and 

Alkali Gulch members. The interbedded salt and shale are replaced in the section by shelf 

carbonate in the southwest and in the east; there is clastic material shed from the Uncompahgre 

Uplift mixed with carbonates (Nuccio and Condon, 1996). In the northeast, the Fold and Fault 

Belt is an area where considerable salt movement was initiated by the rapid deposition of the 

overlying Cutler Formation (Trudgill and Arbuckle, 2009). Salt movement could alter the burial 

history due to changes in deposition rate and salt thickness in any given area. The wells chosen 

for this project are to the east of the Fold and Fault Belt but they do contain salt beds so the 

possibility of some salt movement should be considered. 

2.3.5 The North Sea 

The North Sea is a rift basin that has undergone multiple episodes of rifting but the ages 

of rifting episodes and subsequent thermal subsidence have been debated (Giltner, 1987; 

Gabrielsen et al., 1990). 

A Permo-Triassic rifting episode is recognized, but the exact rifting dates are hard to 

pinpoint due to later tectonic activity (Gabrielson et al., 1990; Ziegler, 1975; Giltner, 1987; 

Beach et al., 1987; Frost, 1987; Badley et al, 1988; Balson et al., 2001; Thorne and Watts, 1989; 

Coward et al., 2003). This rift event is followed by a period of thermal cooling, and Late Jurassic 

to Early Cretaceous rifting (Jensen and Doré, 1993; Gabrielson et al., 1990; Ziegler, 1975; 

Giltner, 1987; Beach et al., 1987; Frost, 1987; Badley et al, 1988; Balson et al., 2001; Thorne 

and Watts, 1989; Coward et al., 2003; Justawan et al., 2006). The dates and number of rifting 
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episodes at this time vary between authors. Faerseth et al. (1976) identified three episodes of 

dyke intrusion in Sunnhordland, Norway during the late Permian, late Triassic to early Jurassic, 

and late Jurassic. Giltner (1987) and Gabrielsen et al. (1990) suggest that thermal equilibrium 

was not achieved between the rifting episodes so that the thermal subsidence following the 

Jurassic rift event is a combination of cooling from both rifting events. 

Beach et al. (1987) and Frost (1987) postulate another thinning event due to fault 

movement in the Late Cretaceous-Tertiary which may be associated with opening of the Atlantic, 

however others question if this fault movement is another extensional event or related to thermal 

subsidence from the previous rifting events (Badley et al., 1988). Coward et al. (2003) suggest 

that the opening if the Atlantic may have caused minor movements on the pre-existing faults. 

Thermal models for the North Sea where the basal heat flow is estimated based on the geologic 

history include an increase in heat flow during the Tertiary from volcanism related to the 

opening of the North Atlantic (Jensen and Doré, 1993; Dahl and Auguston, 1993). 

Models indicate that in some areas present day subsurface temperatures are warmer than 

that indicated by measured maturities and suggest a recent increase in heat flow (Jensen and 

Doré, 1993). In some studies, a Quaternary rise in heat flow is included to account for these high 

present day subsurface temperatures (Jensen and Doré, 1993; Dahl and Auguston, 1993; 

Justawan et al., 2006). Thorne and Watts (1989) identified "rift-like" subsidence and increased 

seismicity on the eastern flank of the Viking graben but, Andrews-Speed et al. (1984) and Jensen 

and Doré (1993) do not think that this thermal anomaly is related to changes in the lithosphere 

heat flux. Andrews-Speed et al. (1984) attribute the anomaly to heat transfer by fluid flow but 

Jensen and Doré (1993) explain that while this may be a contributing factor, it cannot be the sole 

cause of the anomaly because a great amount of fluid would have to be transferred through many 
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lithological and structural barriers to create such a prominent temperature anomaly. Dahl and 

Auguston (1993) attribute the anomaly to isostatic uplift following glacial retreat and the flow of 

fluids in the subsurface. Jensen and Doré (1993) agree that isostatic uplift could be a cause but 

the size of the anomaly observed would need about 250 meters (m) of uplift during the past 

250,000 years to create the anomaly. Jenson and Doré (1993) think that the anomaly can be 

explained with the overpressure seen in the subsurface and hydrocarbon generation. 

Overpressure leads to undercompacted sediment and lowers the rock’s thermal conductivity, and 

it can also drive migration of fluids (Jensen and Doré, 1993).
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CHAPTER 3 

METHOD AND DATA USED 

The models were created using PRA’s BasinMod® 2012. This program creates 1D 

models of a particular site. The model consists of a burial history which shows the deposition 

and erosion at the site through time. The burial history together with derived kinetic parameters 

and a thermal history can be used to predict the onset and extent of different reactions that occur 

in the subsurface. These models are usually used to predict the maturity of the rocks, the start of 

hydrocarbon generation, and how much hydrocarbons have been generated and expelled from a 

specific source rock. 

3.1 Creating the Model 

The first step to create the models was to create burial history charts for the selected 

wells. Constructing the burial history of a well requires specific inputs. These inputs include 

events, type of event, end age, thickness or top depth, and rock type. Each of these inputs and 

their importance is explained in the following paragraphs. Additional information on the kerogen 

type and kinetic data were required to model hydrocarbon generation in the source rocks. 

Measured data (such as temperature, Rock-Eval pyrolysis, and vitrinite reflectance data) were 

used to calibrate the model. 

An event is used to define an occurrence that is separated from other occurrences. 

BasinMod® defines four different types of events: formation, deposit, erosion, and hiatus. These 

different types of events affect the burial history in different ways. 

A formation event defines a section of rock that is currently present in the subsurface. 

Formation events bury older rock in the burial history chart. To separate events, geologic 

formations are commonly used as a basis but in some cases different members within formations 
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are composed of significantly different rock types, and these can be further separated as needed. 

Formation events can also be separated when there are changes in the rate of deposition or due to 

the presence of a source rock. The objective is to divide the stratigraphic column by rock type 

with sufficient detail for the model to adequately reflect the influence of each rock type on the 

model behavior. In some cases, geological formations with similar rock types, and therefore 

similar properties, can be grouped together to form one formation event. 

Deposit events describe a section of rock that was deposited in the past but was 

subsequently completely eroded and is no longer present in the well. Deposit events bury older 

rocks for a period in time but the buried rocks are later uplifted again due to the subsequent 

erosion. 

Erosion events are required to erode deposits but can also erode part of a formation event. 

These events uplift previously buried rocks in the burial history chart. Erosion can be identified 

by unconformities produced by uplifts or significant drops in sea level. The amount of sediment 

deposited and subsequently eroded is important for basin modeling but can be hard to determine 

because the rock is no longer present. Different methods can be used to estimate the amount of 

deposition and erosion that took place. These include measuring thickness variations laterally, 

using sonic transit time logs, assuming constant deposition rates, measuring breaks in downhole 

data, and calibrating the model. Johnson and Nuccio (1993) projected vitrinite data to surface 

values in an attempt to estimate erosion. Some of these techniques are limited to estimating only 

surface erosion and they do not always give reasonable estimates. 

The last type of event is a hiatus and it represents a time of nondeposition. The sediment 

in the model is neither uplifted nor buried during this time. It can be difficult to tell a hiatus event 

from an erosion event. A hiatus can be recognized by the presence of paleosols. Knowledge 
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about the history of the basin can also help to identify times of nondeposition. For this project, 

erosion was only entered if the erosion was apparent; otherwise the missing interval was 

assumed to reflect a hiatus. Small amounts of erosion would not affect the model and can be 

entered as either a hiatus event or an erosion event without affecting the model results. 

Each event in the well model was assigned an end age. The begin age of the model was 

specified and the last event had an end age of 0 Ma. This input dictates deposition and erosion 

rates, and the length of hiatus in the model. The timing of events is important in models because 

it influences transient heat, and determines when the source rock is buried and enters the oil/gas 

window. Timing of events can be found in literature and stratigraphic columns. Deposition rates 

can also be used to estimate timing of events within geological formations, where they are 

available. 

Each event was also assigned a present thickness and top depth, deposit amount, or 

eroded thickness depending on the type of event. This information can be obtained from well 

logs or in literature. When the well is not drilled to the basement, thicknesses and tops had to be 

estimated by either looking at structure or isopach maps, or by extrapolating top depth or 

thickness data from nearby wells or outcrops. 

Formation events and deposit events need to be assigned a rock type. The rock type was 

built by mixing together default rock types and/or minerals, or by creating new rock types. Rock 

types can be built using data from petrological and mineralogical data, or they can be 

approximated based on descriptions and depositional environment. The different properties of 

the rock type mix can then be edited to closely match those observed in the basin. 

The source rocks in the well need to be identified and allotted a kerogen type, with 

specific kinetic data for the kerogen type. There are default kerogen types available but they can 
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also be modified to create a kerogen with custom kinetic data that better suit the particular source 

rock. This information is important for the resulting maturation of the kerogen in the model as it 

determines the temperature at which oil/gas generation and cracking occurs, and the amount of 

oil or gas generated from the source rock. The initial total organic carbon (TOC) content and 

saturation threshold (the oil saturation at which expulsion occurs) are also required for 

volumetric calculations and for estimating timing of expulsion, respectively. By default, the 

initial TOC is 2 weight percent (wt.%), and the saturation threshold is 0.2 (expulsion occurs 

when 20% of the source rock is saturated with hydrocarbons). These defaults are used in the 

model unless otherwise stated. 

Present day measured data were entered into the project to compare with the modeled 

results. The model was adjusted until the modeled results closely matched the measured data. For 

each basin, different scenarios based on the tectonic history of the basin were modeled and the 

scenarios that produced a model that matched the measured data are presented in the results. The 

more measured and reliable data obtained and used in this process, the more dependable the 

model. A model lacking measured data or with few high quality data is still useful but can be 

improved when more data or more reliable data become available. For this project, no new 

measurements were obtained, therefore, the models were calibrated using published data or data 

from well logs and files. The data were used cautiously as anomalous points were expected. 

This thesis focuses on the thermal history of the basins so the measured data used to 

calibrate the model were bottom hole temperatures, vitrinite reflectance values, and Rock-Eval 

pyrolysis data when available. Bottom hole temperatures are usually lower than the true 

formation temperatures due to the circulation of cooler mud in the borehole. The bottom hole 

temperatures were corrected using the AAPG correction chart (Figure 3.1). These temperature  
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Figure 3.1 AAPG bottom hole temperature correction chart from the AAPG Geothermal 
Gradient Committee was used to correct bottom hole temperature in the well models.  
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measurements may not always be accurate so a range of temperatures between the bottom hole 

temperature measured and the corrected temperatures was used. The modeled temperature should 

be higher than the lowest temperature in the temperature range. Ideally the modeled temperature 

would be on the higher end of the temperature range. The vitrinite and Rock-Eval data are used 

to calibrate maturity because they act as thermal indicators by recording maximum temperatures. 

Vitrinite reflectance data can underestimate maturity by reworking or diluting the sediment. The 

data can also be unreliable if there is minimal amount of plant material (vitrinite) in the rock. In 

this project, T max values were converted to the vitrinite scale to also serve as a maturity 

indicator. Other pyrolysis values are also used to indicate the amount of hydrocarbons generated 

and the amount of hydrocarbons remaining in the rock to indicate the maturity. 

The wells chosen in each basin were chosen because 1) previous models existed and were 

used as templates, 2) there were abundant formation top or thickness data, and 3) they had 

measured data that can be used to calibrate the model. In order to edit the thermal history in each 

basin, the SWIT and the Basement Heat Flow tools were used. The surface temperature (the 

upper boundary condition) was obtained from the surface temperature graph by PRA (2014). 

Water depth changes were estimated based on what is known about the depositional 

environment; for example, carbonates deposited in a shallow marine setting would have water 

depths less than 656 ft (200 m). The water depth and latitude data (from Smith et al., 1981) were 

used with Beardsmore and Cull’s (2001) equation to figure out the sediment-water interface 

temperature. The lower boundary condition was obtained using the Basement Heat Flow tool 

which calculates heat flux and temperature due to changes in the lithosphere thickness during the 

basin’s history. Changes in the lithosphere thickness were estimated based on changes in the 

tectonic setting and published lithosphere thickness changes. Crust and mantle lid thickness of 
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past tectonic setting were estimated based on present day thicknesses of the tectonic settings 

from maps by Artimeiva (2006). These thicknesses were then modified to match the measured 

data. Each lithosphere model started with a base case scenario that was modified in subsequent 

scenarios to achieve models that better fit the measured data. 

The following numbers can be found in Table 3-1. For the upper crust, the thermal 

conductivity is set at 2.6 watts per meter Celcius (W/m°C), the volumetric heat capacity is 2500 

kilojoules per cubic meter Celcius (KJ/m3°C) and the radiogenic heat produced is 1.0 microwatts 

per cubic meter (W/m3). For the lower crust, the thermal conductivity is set at 2.6 W/m°C, the 

volumetric heat capacity is 2800 KJ/m3°C and the radiogenic heat produced is 0.1 W/m3. These 

values fall in range of the thermal properties of felsic igneous rocks that can be found in the crust 

(Hantschel and Kauerauf, 2009). The thermal conductivity of the mantle lid is set at 3.0 W/m°C, 

the volumetric heat capacity at 3014 KJ/m3°C, and the radiogenic heat produced is 0.01 W/m3. 

The thermal conductivity and the volumetric heat capacity values are higher due to the increased 

amount of mafic minerals found in the mantle lid (Hantschel and Kauerauf, 2009). These thermal 

properties were used for the lithosphere in all the models unless otherwise stated. 

Table 3-1 Thermal properties of the different layers in the lithosphere. 

Layer 
Thermal Conductivity 

W/m°C 

Volumetic Heat 

capacity 

KJ/m3°C 

Radiogenic Heat 

W/m3 

Upper crust 2.6 2500 1.0 

Lower crust 2.6 2800 0.1 

Mantle lid 3.0 3014 0.01 
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3.2 Williston Basin 

The Williston Basin model consists of 32 wells in western North Dakota (Figure 3.2). 

The wells were chosen because they were drilled deeper than the Ordovician Red River 

Formation and contained measured data. The main wells used for calibrating the model are the 

L.L. Chapin 1, the Mile Butte 36-42, the Lear Parshall SD1, and the Ficek 1wells. The L.L. 

Chapin 1 well is located in the Blue Buttes field in McKenzie County. The Mile Butte 36-42 well 

is also located in McKenzie County in the Pierre Creek field. The Bakken source rocks in both 

these wells have HI<300 mg/gTOC indicating they are mature to overmature. The Lear Parshall 

SD1 well is located east of the L.L. Chapin 1 well in Mountrail County. Ficek 1 is located further 

south in Dunn County. The Bakken source rocks in these wells have HI>500 mg/gTOC and are 

therefore, immature. 

3.2.1 Burial History for the Williston Basin 

The burial histories of the wells in the basin were created using data from a previous 

model built by PRA, the North Dakota Industrial Commission (NDIC), published stratigraphic 

columns, and formation thickness estimates by Carlson and Anderson (1965), Gerhard et al. 

(1982) and Gerhard and Anderson (1988). Descriptions of the basin’s history by Gerhard et al. 

(1982), Gerhard and Anderson (1988) and Anna et al. (2010) were also used to determine the 

timing of events. Isopach and top depth maps were also created in the Petra® software using top 

data and well logs from NDIC to estimate the depths and thicknesses of formations below the 

Red River when top depth data was unavailable. In the Petra project, 268 wells were drilled into 

the Cambrian Deadwood Formation, so that fairly good isopach maps were produced. The 

lithologic columns were built using descriptions of the rock type and depositional environment. 

Facies changes within formations were included from depositional facies maps by Anna (2010),
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Figure 3.2 The Williston Basin model consists of 32 wells in western North Dakota; Beaver Lodge-Devonian Unit G-301, Boeckel et 
al #1, Burbank BIA 23-8, Clifford Marmon 1, Dallas D. Moore 1, Erickson 1, Federal DG 1, Federal LB of St. Paul 1, Federal Land 
Bank 1-26, Ficek 1 (C), GPE-Alaq 19-146-95 BN1, Home Solomon St. 36-1, Home Tribal 1-1, Joseph M. Donahue 1, L. Texel 21-35, 
L. L. Chapin 1 (A), Lear Parashall DS1 (D), Louis Peterson 1, Mile Butte 36-42 (B), Mitchell Elberg 1-35, Nelson 1, Peterson FLB 
#24-33, Ross 36-32, Rough Creek Unit-Author Thorp 1, Roy Karey 1, Santa Fe Toung Bear 1, Shell Packineau BIA 12-17, Shell 
Young Bear 32-4RE, Socony A Kennedy F32-24-D, Sonsalla 1-15, Walter and Ingeberg Waswick 1, William Steckler 1.
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and Gaswirth et al. (2010). The wells initially had Tertiary erosion that ranges from 200 ft along 

the basin margins to 600 ft in the basin center. The tables used to build the burial history can be 

found in Appendix A supplemental documents. 

3.2.2 Source Rocks in the Williston Basin 

The source rocks included in this model are the Ordovician Winnipeg Icebox, the 

Ordovician Red River, the Devonian Winnipegosis, the Devonian Bakken and the Mississippian 

Madison. The Icebox Formation is a marine shale with type I and II kerogen and TOC values of 

1-11 wt.% (Anna, 2010). For the model, this source rock was built with 50% type I kerogen and 

50% type II kerogen and an initial TOC of 2 wt.%. The Red River source rocks contain type I 

kerogen with an average initial TOC of 9.07 wt.% and HI values of 728 mg/gTOC (Osadetz et 

al., 1992). In this model, the Red River source rocks were given a type I kerogen with an initial 

TOC of 9 wt.% and a primary oil potential of 800 mg/gTOC. There are few published data about 

the kinetic parameters of theWinnipegosis source rocks so in this model, they are assigned a type 

II kerogen and an initial TOC of 2 wt.%. Source rocks in the Madison Group have type II 

kerogen that is sulfur-rich with up to 14 wt.%TOC (Gaswirth et al., 2010). In the model, these 

source rocks are assigned a type II-S kerogen with an initial TOC of 10 wt.%. 

The main source rock unit in the Williston Basin is the Devonian Bakken shale. The 

Upper Bakken is assigned an initial TOC of 20 wt.% and the Lower Bakken, an initial TOC of 

18 wt.%. The kinetic data for the Upper and Lower Bakken were derived from PRA. The 

kerogen is a type II kerogen with the activation energy (Ea) distribution shown in Figure 3.3 

where at 51 kcal/mole most of the oil is produced. The primary hydrocarbon potential of the 

kerogen is 665 mg/gTOC. 
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Figure 3.3 Activation energy distribution (Ea) for the (a) Upper and (b) Lower Bakken shale 
where A0 = 1.0836x1017 h-1. 

3.2.3 Reservoirs in the Williston Basin 

Oil from the Bakken source rocks is produced from the Bakken shale, the middle Bakken 

member, the Sanish sand in the upper part of the Three Forks and the Waulsortian mounds of the 

Lodgepole Formation (Gaswirth et al., 2010). Oil from the Icebox source rock charges sandstone 

reservoirs found in the Deadwood and Winnipeg Formations (Anna, 2010). The Red River oils 

are found in laminated dolostone of the Red River Formation, and the overlying Stony Mountain 

(Stoughton and Gunton Members), Stonewall, and Interlake Formations (Anna, 2010). 

Hydrocarbons from the Winnipegosis are thought not to have been expelled, so the formation 

acts as both the source and reservoir (Anna, 2010). The Madison also sources itself and the 

overlying Spearfish Formation (Anna, 2010). 

3.2.4 Measured Data for the Williston Basin 

The measured data for the Williston Basin model were obtained from the USGS 

geochemical database, work done by PRA, and from log headers. The T max and vitrinite 

maturity data were either sparse or cover a very wide maturity range. The temperature data were 

sparse in most wells and abundant in others. For this basin model, it was better to rely on the 
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Rock-Eval pyrolysis data in the Bakken. The kinetic parameters for the Bakken were based on 

data specific to the formation (PRA data), and therefore should accurately predict maturity by 

observing the amount of hydrocarbons produced. This project focused specifically on the present 

day HI values. The aim was to get the modeled present day HI for the L.L. Chapin 1 and Mile 

Butte 36-42 wells below 300 mg/gTOC and the modeled HI for the Lear Parshall SD1 and the 

Ficek 1wells above 500 mg/gTOC. 

3.2.5 Williston Basin’s Sediment-Water/Air Interface Temperature 

The workflow of this tool in the Williston Basin is shown in Figure 3.4. The paleo-

latitude line for North America shows higher temperatures in the past when the continent was 

closer to the equator and at about 250 Ma, temperatures decreased for the Williston Basin as the 

continent moved north. The paleo-latitude curve ends at the current latitude of the Williston 

Basin (~48°) on the surface temperature chart. Throughout the Paleozoic, deposition occurred in 

a marine to coastal setting. The water depth was increased during deposition of the Ordovician 

Winnipeg Icebox and Red River Formations, and the Devonian Bakken Formation. During the 

early Mesozoic, the basin was a marginal marine to shallow marine environment with deposit ion 

of evaporitic, clastic, and carbonate sediment (Gerhard and Anderson, 1988) in shallow water. 

The water depth increased during the Jurassic and Cretaceous (Anna et al., 2010) and the water 

depth reached a maximum of about 500 ft during the late Cretaceous, when the Western Interior 

Seaway formed. These water depths are shown in Figure 3.5, along with the surface temperature 

curve and Beardsmore and Cull’s (2001) equation, the surface temperature is corrected for water 

depth (Figure 3.4). This is the upper boundary condition in the Williston Basin model. 
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Figure 3.4 Elements of the model for the sediment-water/air interface temperature for the 
Williston Basin model.  
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3.2.6 Present Day Lithosphere Structure for the Williston Basin 

The thicknesses for the present day lithosphere layers used in this model are derived from 

Artimeiva (2006). The crust is estimated to be 45 to 50 km thick and the mantle lid is about 112 

km thick (Figure 3.5) (Artimeiva, 2006). For this model, the present day thickness of the crust 

and the mantle lid are 48 km and 112 km, respectively. The thermal properties of the lithosphere 

were changed in different scenarios to account for the presence of a basement anomaly, but 

initially, the thermal properties previously stated were used. 

3.2.7 Tectonic History of the Williston Basin 

The Williston Basin has a fairly simple tectonic history. The basin started as a passive 

margin on the western side of the North American craton. Basin subsidence began in the 

Ordovician and between 300 and 230 Ma, the basin became an intracratonic basin. A decrease of 

the sedimentation rate in the burial history at about 300 Ma may mark this transition. 

Speculations of hot spots and mantle down-welling were also considered to explain basin 

subsidence and the HI wall, a steep gradient in organic richness near the center of the basin. 

3.2.8 Scenarios for the Williston Basin Model 

In the Williston Basin A scenarios, the lithosphere was thickened to its present day values 

at 300 Ma when the basin became an intracratonic basin and at 70 Ma during the Laramide 

Orogeny. In the B scenarios, Ordovician and Tertiary hot spot theories were tested. In the C 

scenarios, the amount of erosion in the wells was adjusted until the model matched the data. In 

the D scenarios, the thermal properties of the Cretaceous shale and basement rock were adjusted. 

The thermal conductivity of the Pierre Shale was lowered from 2.28 W/m°C to 1.19 W/m°C 

(Sass and Galanis, 1983) and 0.8 W/m°C (Gilliam and Morgan, 1987) in order to reflect 

measured values. The thermal conductivity and the amount of radiogenic heat in the lower crust  
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Figure 3.5 Lithosphere thickness from Artimeiva (2006); (a) thickness of the plain crust 
(excluding sediment thickness) under the Williston Basin and (b) thickness of the mantle lid 
under the Williston Basin (After Heine, 2007).  
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were increased to reflect the presence of the NACPCA in the lower crust. The E scenarios 

consist of combinations of the previous scenarios; the amount of erosion, the presence of a 

Tertiary hot spot, and the thermal properties of the Pierre Shale and lower crust were altered. 

3.3 Uinta Basin 

The wells modeled in the Uinta Basin are the Shell Brotherson 1-11-B4, the Conoco Federal 22-

1, and the Mountain Fuel Keel Ranch 1-16 wells (Figure 3.6). The Brotherson 1-11-B4 well is 

located in the northern part of the Uinta Basin in Duchesne County, Utah. It is situated in the 

deepest part of the basin where the Green River Formation is thought to be in the oil window. 

The Federal 22-1 well is located in Uintah County, Utah to the east of the Brotherson 1-11-B4 

well. The Keel Ranch 1-16 well is located on the southern border of the basin in Carbon County, 

Utah. In this area, the Green River formation is mostly eroded so only deeper source rocks are 

targeted. 

3.3.1 Burial History for the Uinta Basin 

The burial history for the Uinta Basin wells in the project was adapted from Nuccio and 

Condon (2003). None of the wells used penetrate the basement and Nuccio and Roberts (2003) 

models do not go deeper than the Weber sandstone, so thicknesses below the Weber sandstone 

are estimated based on thicknesses of the formations at the basin’s margin (Barker et al., 1949) 

and literature estimates (Osmond, 1965). These events are early in the basin’s history and should 

not affect the model significantly. 

The Green River formation was further divided into rich and lean sections using well logs 

and tops provided in the oil shale database and Johnson and Roberts (2003). The rich and lean 

zones can be picked using the interval transit time logs (Figure 3.7). Below L3 it was difficult to 

distinguish the rich zones from the lean zones so these were not differentiated. The depths of the  
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Figure 3.6 The wells in the Uinta Basin model are the Shell Brotherson 1-11-B4 well, the Conoco Federal 22-1 well, and the Mountain 
Fuel Keel Ranch 1-16 well.
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Figure 3.7 The Green River Formation in the Brotherson 1-11-B4 and Federal 22-1 wells was 
further divided into rich and lean sections using interval transit time logs. 
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Carbonate Marker and the base of the Long Point member were taken from Johnson and Roberts 

(2003). 

In this project, erosion began at 10 Ma but the majority of erosion takes place from 5 Ma 

to the present day. The amount of erosion used in each well was increased from Nuccio and 

Robert’s (2003) estimates. The Brotherson 1-11-B4 well has 500 ft of erosion from 10-5 Ma and 

7500 ft of erosion from 5-0 Ma. The Federal 22-1 well has 1000 ft of erosion from 10-5 Ma and 

7500 ft of erosion from 5-0 Ma. The Keel Ranch 1-16 well has 500 ft of erosion from 10-5 Ma 

and 4500 ft of erosion from 5-0 Ma. 

The tables used to build the burial history can be found in appendix A supplemental 

documents. 

3.3.2 Source Rocks in the Uinta Basin 

The Uinta Basin contains source rocks in the Permian Phosphoria Formation, the 

Cretaceous Mancos Shale, the Cretaceous Mesaverde Group, and the Tertiary Green River 

Formation (Lillis et al., 2003). The Phosphoria Formation was deposited in an open embayment 

(the Phosphoria Sea) surrounded by carbonate shelves of the Park City Formation (Johnson, 

2003). The Phosphoria is made up of chert and shale containing type II kerogen (Johnson, 2003). 

The Meade Peak Phosphatic Shale member has an average TOC of about 2.4 wt.%, but in the 

Uinta Basin area, on the southern margin of the Uinta Mountains, samples yield much lower 

TOC values because either the water depth may have been too shallow for organic matter 

preservation or the rocks may be overmature (Johnson, 2003). The Mancos Shale consists of type 

II and III kerogen in the marine shale of the Cretaceous Seaway with a TOC between 1.6 and 2.4 

wt.% (Burtner and Warner, 1984). On the Wasatch Plateau, there is also coal in the coastal 

Ferron Sandstone, which interfingers with the marine Mancos (Henry and Finn, 2003). The 
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Mesaverde Group mainly produces gas from coaly shale and siltstone deposited in deltaic coastal 

mires, swamps and marshes (Johnson and Roberts, 2003). The Nelson and Blackhawk 

Formations are the main source rocks in the Uinta Basin (Johnson and Roberts, 2003). The 

kinetic parameters used for the Mancos Shale and Phosphoria Formation are BasinMod®'s 

default type II kinetic parameters; therefore, they may not exactly portray the timing of 

generation and expulsion. Nevertheless, the models should provide a good approximation of the 

timing of these events as the kinetic parameters should be similar. 

The Green River Formation consists of lacustrine facies (type I kerogen) deposited during 

the Eocene. It consists of organic rich mudstone, marlstone and siltstone in the basin center, 

which grades laterally into marginal lacustrine and alluvial facies (Fouch et al., 1992). Only the 

deepest part of the Green River is in the oil window, but the Green River has TOC values up to 

60 wt.%, with an average of about 6.0 wt.% (Fouch et al., 1994) and 1.32 trillion barrels of shale 

oil in place (Johnson et al., 2010). Tissot et al. (1987) examined the evolution of different 

kerogen types and derived kinetic data for the Green River type I kerogen (Figure 3.8). 

They determined that the activation energy (Ea) is 56 kcal/mole. Lewan and Ruble (2002) 

came up with two different set of kinetic parameters for the Green River using hydrous pyrolysis 

and open-system pyrolysis. Using hydrous pyrolysis, the Arrhenius constant (A0) is determined 

to be 3.2002×1021 h-1 and the activation energy value is determined to be 66.63 kcal/mole. Using 

open-system hydrolysis, the Arrhenius constant is determined to be 4.3×1016 h-1 and the 

activation energy value is determined to be 51 kcal/mole. The default Green River type I kerogen 

kinetic parameters uses the activation energy derived by Tissot et al. (1987) and an Arrhenius 

constant of 3.6×1018 h-1. These different kinetic parameters were all tested with the final tectonic 

history. 
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Figure 3.8 Green River kinetic parameters by Tissot et al. (1987) shows the activation energy 
distribution with A0= 5.07009E13 h-1. 

Two models for each well in the Uinta Basin were made, one that includes minerals and 

kerogen and another that includes only the minerals in the Green River lithologic column. 

Baughman (1978) states that a very low-grade shale has a Fischer Assay of 10.5 gallons per ton 

(gal/ton), a medium-grade shale has a Fischer Assay of 26.7 gal/ton, and a high-grade shale has a 

Fischer Assay of 36.3 gal/ton. These values were used for the lean, undifferentiated, and rich 

zones, respectively. Using the graph in Figure 3.9 to convert to total organic matter (TOM), the 

lean zones have 6 wt.% TOM, and the rich zones have 17 wt.% TOM. The zones which could 

not be differentiated were given an average of 11 wt.% TOM. These values were converted to 

volume percent to be entered into the program. Table 3.2 shows the weight percent and volume 

percent used for the upper (Top Green River to L5), middle (R5 to L3), and lower (R3 to Uteland 

Butte) Green River for the different shale grades and their thermal properties. 

Palmer et al. (2010) studied the thermal properties of oil shale and found that the heat 

capacity for the mineral fraction of the oil shale was about 820 joule per kilogram kelvin      
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(JKg-1K-1) at about 80 °F. Baughman (1978) observed a value of 875 JKg-1K-1 at 150 °F for oil 

shale with a Fischer Assay of 1 gal/ton. The initial heat capacities calculated in the model for the 

mineral mix used for the upper, middle, and lower Green River excluding kerogen are 804.9, 

834.5, and 870.5 JKg-1K-1, respectively. As the amount of organic matter increases, the heat 

capacity also increases. Baughman (1978) reported values of 1004.8, 1050.9, 1147.2, 1201.6 

JKg-1K-1 at 150 °F for oil shale samples with a Fischer Assay of 27.5, 40.6, 57.8, 89.2 gal/ton, 

respectively. This range of values was expected as kerogen has a higher heat capacity of about 

1500 JKg-1K-1 at 80 °F (Hantschel and Kauerauf, 2009; Palmer et al., 2010). The initial heat 

capacity values for the Green River mixes including kerogen were slightly lower but similar to 

measured values reported in Baughman (1978) (Table 3-2). The initial heat capacities for the 

Green River lithologic mixtures were about 804-979 JKg-1K-1 and were corrected for increasing 

temperatures. 

The thermal conductivity also changes with grade. Lower shale grades have higher 

thermal conductivities (Baughman, 1978; Palmer et al., 2010). Furthermore, the thermal 

conductivity of different shale grades changes differently with increasing temperature 

(Baughman, 1978; Palmer et al., 2010). At about 200 °F, the thermal conductivity for oil shale 

below 30 gal/ton is about 2 W/m°C (Baughman, 1978). According to Palmer et al. (2010), at 

170.3 °F the vertical thermal conductivity for oil shale that is less than 30 gal/ton is between 1 

and 3.5 W/m°C. The initial thermal conductivity values used for the Green River mixes in the 

project were within this range (Table 3.2). The initial thermal conductivity values ranged 

between 2.2 and 4.0 W/m°C. The thermal conductivity values in the model were less than the 

initial value due to corrections for compaction and increasing temperatures during burial. 
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Figure 3.9 The graph used to convert Fisher Assay to total organic matter (TOM) derived from 
reported values (After Baughman, 1978).  
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Table 3-2 The estimated weight percent ( wt.%) and calculated volume percent (vol%) for the different minerals and organic matter in 
the upper, middle and lower Green River Formation and the calculated thermal properties. For each section, the composition is 
calculated with 0 wt.% organic matter, 6 wt.% organic matter, 11wt% organic matter, and 17 wt.% organic matter. (Otz= Quartz; Alb= 
Albite; Orth= Orthoclase; Ill= Illite; Dol= Dolomite; Cal= Calcite; Org= Organic matter; TC= Thermal Conductivity; HC= Heat 
Capacity). 

 
Qtz Alb Orth Ill Dol Cal Org TC 

W/m°C 
HC 

JKg
-1

K
-1

 

Upper Green River 

wt% 10 18 26 8 28 10 0 
3.33836 804.9 

vol% 10.13301 18.51895 27.16592 8.075931 26.19753 9.908661 0 

wt% 10 18 26 8 28 10 6 
2.8346 848.4 

vol% 8.711044 15.92018 23.35373 6.942636 22.52124 8.518179 14.03299 

wt% 10 18 26 8 28 10 11 
2.51128 881.2 

vol% 7.699383 14.07129 20.64154 6.136351 19.90572 7.528917 24.0168 

wt% 10 18 26 8 28 10 17 
2.22713 923.6 

vol% 6.649826 12.15313 17.82774 5.299862 17.19223 6.502598 34.3746 

Middle Green River 

wt% 23 10 29 3 34 1 0 
4.00901 834.5 

vol% 23.37011 10.31664 30.38392 3.036816 31.89891 0.993595  
wt% 23 10 29 3 34 1 6 

3.28493 872.2 
vol% 20.08283 8.865482 26.11005 2.609651 27.41195 0.853834 14.06621 
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Table 3-2: continued. 

 
Qtz Alb Orth Ill Dol Cal Org TC 

W/m°C 
HC 

JKg
-1

K
-1

 

Middle Green River (continued) 

wt% 23 10 29 3 34 1 11 
2.88065 906.9 

vol% 17.74562 7.833732 23.07141 2.305945 24.22179 0.754466 24.06704 

wt% 23 10 29 3 34 1 17 
2.49037 943.6 

vol% 15.32222 6.763933 19.9207 1.991037 20.91399 0.651434 34.43668 

Lower Green River 

wt% 25 6 9 32 21 7 0 
3.53539 870.5 

vol% 25.38404 6.185537 9.422715 32.36943 19.68811 6.95017 0 

wt% 25 6 9 32 21 7 6 
2.97172 910.5 

vol% 21.81568 5.316004 8.098115 27.81909 16.92045 5.973148 14.05752 

wt% 25 6 9 32 21 7 11 
2.60084 939.5 

vol% 19.27819 4.697674 7.156184 24.58332 14.95235 5.278383 24.0539 

wt% 25 6 9 32 21 7 17 
2.31508 979.3 

vol% 16.64674 4.056447 6.179373 21.22772 12.91137 4.55789 34.42045 
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3.3.3 Reservoirs in the Uinta Basin 

The Phosphoria source rocks charge the Weber Sandstone, the Park City Formation, the 

Chinle Formation, the Entrada Sandstone, the Sundance Formation, the Morrison Formation, the 

Dakota Sandstone and the Mancos Shale (Johnson, 2003). Gas in the Mesaverde Group, the 

Wasatch Formation, the North Horn Formation and the Colton Formation are sourced from 

Mesaverde coals (Johnson and Roberts, 2003). The Mancos/Mowry source rocks charge 

reservoirs in the Morrison Formation, the Cedar Mountains Formation, the Dakota Sandstone, 

the Castlegate Sandstone, the Sego Sandstone, and the Mancos Shale (Kirschbaum, 2003). The 

Green River oils can be found in the Green River and Wasatch Formations. The Green River 

formation serves as a reservoir where hydrocarbons are produced from the permeable fracture 

network developed during oil and gas generation in the tight rocks (Fouch et al., 1994) and from 

marginal lacustrine and fluvial deposits (Dubiel, 2003). 

3.3.4 Measured Data for the Uinta Basin 

Vitrinite reflectance data for the three wells in this project were acquired from the USGS 

geochemical database. Bottom hole temperatures were obtained from well log headers and 

corrected using the AAPG correction chart. There were also Rock-Eval pyrolysis data for the 

Federal 22-1 and the Keel Ranch 1-16 wells but the T max values varied over a large range and 

therefore do not pinpoint the maturity. The maturity data sets for the Brotherson 1-11B4 and 

Keel Ranch 1-16 wells were not the best in terms of quality and quantity but the data for the 

Federal 22-1 well contained a full vitrinite reflectance profile. The vitrinite reflectance data from 

the Green River Formation may not be trustworthy due to the lack of vitrinite in type I kerogen 

but there are vitrinite data in deeper rocks. The bottom hole temperature data for all the wells 

were taken from well log headers and were not heavily relied on for calibrating the model. 
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3.3.5 Uinta Basin’s Sediment-Water/Air Interface Temperature 

The workflow to determine the sediment-water/air interface temperature in the Uinta 

Basin is illustrated in Figure 3.10. The paleo-latitude curve for North America shows that there 

were higher temperatures in the past when the continent was closer to the equator and at about 

300 Ma, temperatures decreased as the continent moved north toward its current location. The 

curve ends at the current latitude of the Uinta Basin (~40°) on the surface temperature chart. 

Throughout the Paleozoic, deposition occurred on a shallow marine shelf setting so the water 

depth is set to about 500 ft. The Weber Sandstone was deposited in eolian or shallow marine 

environments, but Permian deposition occurred in deeper water. The water depth is uncertain due 

to the low TOC content, so the water depth is set at 700 ft during this time. During the late 

Cretaceous, the Western Interior Seaway deposited the Mancos Shale in deep-water settings. The 

water depth during this time was set to 800 ft. These water depths incorporated with the surface 

temperature curve using Beardsmore and Cull’s (2001) correction produces the temperature 

curve seen in Figure 3.10. This curve was used as the upper boundary condition in the Uinta 

Basin model. 

3.3.6 Present-day Lithosphere Structure for the Uinta Basin 

The present day thickness of the crust on the Colorado Plateau is about 40-55 km 

(Morgan and Swanberg, 1985; Zandt et al., 1995; McQuarrie and Chase, 2000). The thickness of 

the lower lithosphere or the mantle lid has been found to be about 55 km (Zandt et al., 1995; 

McQuarrie and Chase, 2000). Liu et al. (2011) estimated the lithosphere-asthenosphere boundary 

to be at a depth of 70-120 km at the site of the Uinta Basin (Figure 3.11). The TC1 model by 

Artimeiva (2006) does not show any thickness variations in the area of the Colorado Plateau 

(Figure 3.12). Artimeiva (2006) estimated the crust to be about 35 km thick and the lithosphere 
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Figure 3.10 Elements of the model for the sediment-water/air interface temperature for the Uinta 
Basin model. 
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to be 125-150 km thick. This estimates a mantle lid thickness of about 100 km thick. A thin 

(55km) and a thick (100 km) mantle lid thickness were tested. The Uinta Basin is located on the 

northern border of the Colorado Plateau where the border is not as well defined (Keller et al., 

1979; Morgan and Swanberg, 1985), so that initially, the present day thickness of the crust was 

estimated to be 38 km and the present day thickness of the mantle lid was estimated to be 97 km 

or 60 km. These estimates were altered in different scenarios. 

 
Figure 3.11 Liu et al. (2011) estimated the lithosphere-asthenosphere boundary to be at a depth 
of 70-120 km at the site of the Uinta Basin (After Lui et al., 2011) 

3.3.7 Tectonic History of the Uinta Basin 

The Uinta Basin site was on the western edge of the North American craton for the 

majority of the Phanerozoic. It was a passive margin where there were coastal, shelf, and deep 

water deposits. During the Cretaceous (about 90 Ma), the Sevier Orogeny occurred to the west as 

the Farallon plate collided with and was subducted under the North American plate, creating a   
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Figure 3.12 The TC1 model by Artimeiva (2006) does not show any thickness variations in the 
area of the Colorado Plateau (After Heine, 2007). 

foreland basin at the site of the Uinta Basin. High sea level in conjunction with this subsidence 

led to formation of the Western Interior Seaway and deposition of the Mancos Shale. At about 75 

Ma, the Western Interior Seaway retreated and western North America was starting to be 

affected by the Laramide Orogeny. As the uplift moved eastward, the Uinta Basin was uplifted 

and at the same time, the intermontane basin formed. Another pulse of sedimentation can be seen 

at about 65 Ma that represents this subsidence. The lithosphere changes due to the Colorado 
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Plateau uplift started between 90-70 Ma (Zandt et al., 1995; McQuarrie and Chase, 2000). This 

possibly involved thinning of the mantle lid between 90-70 Ma followed by thickening of the 

crust between 75-45 Ma (Figure 3.13) (Zandt et al., 1995; McQuarrie and Chase, 2000). 

3.3.8 Scenarios for the Uinta Basin 

These scenarios were performed on the wells using the Green River lithologic column 

made up of only the mineral components and on the wells using the Green River lithologic 

column that includes the kerogen. In the A scenarios, the thicker present day lithosphere of 135 

km was tested with different tectonic histories that thicken, then thin the crust and mantle lid 

together. The B scenarios used a thinner lithosphere thickness of 98 km that is tested with similar 

tectonic histories as the A scenarios where the crust and mantle lid were thickened then thinned. 

The C scenarios followed the Colorado Plateau thermal expansion theory put forth by Morgan 

and Swanberg (1985), Zandt et al. (1995) and McQuarrie and Chase (2000) where the mantle lid 

got thinner followed by crustal thickening. Within the scenarios, the timing of events was altered 

to produce a model that fit the measured data. 

3.4 Paradox Basin 

The wells modeled for the Paradox Basin are the Salt Wash 1, the Bow Knot 43-20, and 

the Hart Point 1 wells (Figure 3.14). The Salt Wash 1 and Bow Knot 43-20 wells are located 

west of Moab near the Green River and the Hart Point 1 well is located just southeast of where 

the Green River and Colorado River meet. All the wells are located to the west of the Paradox 

Fold and Fault Belt so that salt tectonics would not influence the model significantly. 

3.4.1 Burial History for the Paradox Basin 

The burial history for the wells in the Paradox Basin was built using tops found in the 

Utah Geological Survey (UGS) Oil and Gas database. The Paradox Formation consists of 29 salt   
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Figure 3.13 The development of the lithosphere during uplift of the Colorado Plateau. (a) The 
Sevier orogeny at 100-90 Ma had a thick lithosphere. (b) Possible instability in the mantle 
removes part of the mantle lid between 90-70 Ma. (c) Laramide orogeny moves eastward along 
mid crustal detachment starting to thicken crust in the Colorado Plateau region. (d) Change in 
subduction rate and thermal pulse causes extension in Basin and Range province. (e) End of 
Laramide and extension in the Basin and Range province (After Zandt et al., 1995). 
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Figure 3.13d, e: continued. 

cycles, but not all these cycles are found in the selected wells. Tops for the salt and the 

interbedded rock in the wells were taken from the UGS well database of salt cycles of the 

Paradox Basin (2011). The interbedded rock was further separated based on the description of 

the log character from Trudgill and Arbuckle (2009) (Figure 3.15). According to Trudgill and 

Arbuckle (2009), the salt is overlain by a transgressive sequence that consists of an anhydrite 

layer and a silty dolomite layer, a black shale that is both transgressive and regressive, and a
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Figure 3.14 wells in the Paradox Basin model are the Salt Wash 1 well, the Bow Knot 43-20 well, and the Hart Point 1 well.
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Figure 3.15 The interbedded rock in the well models (left) were further separated based on the 
description of the log character from Tudgill and Arbuckle (2009) (right). 

regressive sequence that consists of another silty dolomite layer and anhydrite layer, in that 

order. When the logs did not clearly show the specific log character, the interbedded layers were 

not separated. Trudgill and Arbuckle (2009) also did a QEMSCAN analysis on these different 

layers and these results were used to build the lithologic columns for the different layers. The 

wells were not drilled much deeper than the Pennsylvanian Paradox Formation so formation top 

depths deeper than this were estimated based on average thicknesses of the different formations 

found in literature, and stratigraphy studies by Baars (1958), and Neff and Brown (1958) that 

include thickness variation of the rocks in the Paradox Basin. The amount of Tertiary erosion in 

each well is estimated based on burial history charts by Rasmussen and Rasmussen (2009) and 

Nuccio and Condon (1996). The amount of Tertiary erosion in this model is 8150 ft for the Salt  

Wash 1 well, 9000 ft for the Bow Knot 43-20 well, and 9200 ft for the Hart Point 1 well. 
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The end dates for different events were estimated using Nuccio and Condon’s (1996) 

model, Rasmussen and Rasmussen’s (2009) model, and stratigraphic columns. Published rates of 

deposition for the salt, anhydrite, silty dolomite, and shale layers were used to estimate end dates 

of the different events within the Paradox Formation. Hite and Buckner (1981) estimated a 

sedimentation rate of 1.57 inches/year for the halite, 0.035 inches/year for the anhydrite, 0.0067-

0.0079 inches/year for the dolomite, and 0.027 or 0.082 inches/year for the black shale. Trudgill 

and Arbuckle (2009) stated that the total time for deposition of the Paradox Formation varies 

between 1.8 and 4.5 m.y., due to periods of non-deposition at the end of halite precipitation in 

each cycle. They came up with depositional rates for the different lithologic layers that are 

similar to those by Hite and Buckner (1981); 1.575 inches/year for the halite, 0.031 inches/year 

for the anhydrite, 0.007-0.008 inches/year for the dolomite, and 0.02-0.121 inches/year for the 

black shale. These depositional rates were used as a guide to assign dates to the different layers 

within the Paradox Formation but the deposition rates were decreased because the modeling 

program does not allow such high depositional rates with thin events and the short hiatus after 

each salt cycle was omitted. In this model, deposition of the salt and interbedded sediment 

started at 314 Ma and ended at 309 Ma, for a total deposition time of 5 m.y. for the Paradox 

Formation. Removal of the hiatus should not affect the model because the hiatus would represent 

only a short time in the burial history. 

The tables used to build the burial history can be found in appendix A supplemental 

documents. 

3.4.2 Source Rocks in the Paradox Basin 

The source rocks are located in the black shale between the salt cycles in the 

Pennsylvanian Paradox Formation. These were deposited in reducing conditions when sea level 
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was high (Trudgill and Arbuckle, 2009) and contain type II and type III kerogen (Hite et al., 

1984). The amount of type III kerogen increases to the east, towards the ancestral Uncompahgre 

Uplift, and upward in the section (Rasmussen and Rasmussen, 2009). The main source rocks are 

the Gothic Shale, the Chimney Rock, and the Cane Creek. The Gothic Shale, found in cycle 3, 

contains between 2-3 wt.%TOC, the Chimney Rock, found in cycle 5, contains about 1.46 

wt.%TOC (Hite et al., 1984), and the Cane Creek in cycle 23 has 0.42-3.96 wt.%TOC (Trudgill 

and Arbuckle, 2009). Shale in other intervals also has good source rock potential. According to 

Rasmussen and Rasmussen (2009), the original HI is 500 mg/gTOC. 

In this model, the Hovenweep, the Gothic Shale, the Desert Creek, the Chimney Rock, 

the A Marker, the B Marker, the C marker, and the Cane Creek are assigned as source 

rocks.Additional source rocks were added in some of the other cycles where the log signature 

indicated shale with high resistivity. All the source rocks are given a mixed kerogen that contains 

70% type II and 30% type III kerogen and an initial TOC of 2 wt.%. 

3.4.3 Reservoirs in the Paradox Basin 

Pennsylvanian carbonate mounds serve as reservoirs in shallower parts of the basin (Hite 

and Buckner, 1981). In deeper parts of the basin, thin fine-grained turbidite sandstone in the 

Paradox Formation may also serve as a reservoir (Trudgill and Arbuckle, 2009). 

3.4.4 Measured data for the Paradox Basin 

The measured data for the 3 wells used were obtained from Nuccio and Condon (2006). 

They provide both pyrolysis and vitrinite reflectance data for the wells. Trudgill and Arbuckle 

(2009) stated that vitrinite values in the Paradox Basin represent the minimum thermal maturity 

due to bacterial reworking of the organic matter. The vitrinite maturity data for all the wells were 

sparse, the quality is unknown, and the values varied from well to well. The T max data were 
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also sparse but were more consistent between wells when compared to the vitrinite data so the 

model was matched to the T max data. Bottom hole temperatures were found in well logs 

headers. The temperatures obtained varied from well to well therefore, their quality is also 

questionable. 

3.4.5 Paradox Basin’s Sediment-Water/Air Interface Temperature 

The work flow for the Paradox Basin is illustrated in Figure 3.16. The paleo-latitude 

curve is similar to that of the Uinta Basin but with slightly higher temperatures. There were 

higher temperatures early in the basin’s history when the continent was at the equator, and at 

about 300 Ma, temperatures began to decrease as the continent moved north. The paleo-latitude 

curve ended at the current latitude of the Paradox Basin (~38°) on the surface temperature chart. 

Throughout most of the Paleozoic era, deposition took place on a shallow marine shelf with 

water depths of no more than 500 ft. Pennsylvanian deposition was in a restricted marine 

environment. The water depth fluctuated rapidly throughout this time (salt and shale cycles) so 

no water depth was set during this time. During the Mesozoic, there were mostly fluvial and 

eolian deposits that indicated non-marine environments. The next significant increase in water 

depth was in the late Cretaceous, with the development of the Western Interior Seaway. This 

interval was assigned a water depth of 800 ft. These water depths were used to correct the 

surface temperature curve using Beardsmore and Cull’s (2001) correction and produce the 

temperature curve seen in Figure 3.16. This curve was used as the upper boundary condition in 

the Paradox Basin model. 

3.4.6 Present-day lithosphere structure for the Paradox Basin 

The present day lithosphere structure should be similar to that of the Uinta Basin. A thin 

present day mantle lid thickness worked best with the Uinta Basin, and a similar mantle lid   
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Figure 3.16 Elements of the model for the sediment-water/air interface temperature for the 
Paradox Basin model.  
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thickness was used for the Paradox Basin. The Paradox Basin is located towards the center of the 

Colorado Plateau and therefore the crust was made to be thicker for present day values when 

compared to the Uinta Basin. Using the estimated present day thickness range of the crust by 

Morgan and Swanberg (1985), Zandt et al. (1995) and McQuarrie and Chase (2000) (40-55 km) 

and the estimated present day thickness of the mantle lid by Zandt et al. (1995) and McQuarrie 

and Chase (2000) (55 km), the model started with a present day crustal thickness of 42 km and a 

present day mantle lid thickness of 55 km. 

3.4.7 Tectonic History of the Paradox Basin 

The Paradox Basin has a similar history to the Uinta Basin. The difference is that, during 

the Pennsylvanian, rapid subsidence and the deposition of the Paradox Formation occurred. 

Theories about the initiation of subsidence are debated and its effect on lithospheric thickness is 

unknown. Stevinson and Baars (1987) suggested that during this time the Paradox Basin area 

was a pull-apart basin due to rejuvenation of the Olympic-Wichita Lineament, a group of 

northwest trending basement fractures and faults. Barbeau (2003) proposes that the basin formed 

in response to tectonic loading of the Uncompagre Uplift and can be considered as a foreland 

flexural basin but Kluth and DuChene (2009), suggested that the Uncompagre Uplift formed 

later than previously thought and therefore, did not play a role in initiating basin subsidence. 

Trudgill and Arbuckle (2009) highlighted inconsistencies in these theories but suggest that they 

may all be accurate to some degree. For this model no changes are made to the lithosphere at this 

time. In the late Cretaceous (about 90 Ma), the area was a foreland basin with the Sevier 

Orogeny to the west. Even though the rocks are not currently present in the wells, rapid 

deposition of the Mancos Shale occurred in the Western Interior Seaway, and a Tertiary section, 

which may have included the Green River Formation, was also deposited. In the areas where the 
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wells are located, these formations were eroded and Jurassic rocks are at the surface. Nuccio and 

Condon (1996) started to erode their sediment at about 40 Ma. Rasmussen and Rasmussen 

(2009) started erosion at 7 Ma. This model used the timing of erosion from Nuccio and Condon 

(1996). Their estimate better suits the model for the uplift of the Colorado Plateau, where the 

lithosphere thins between 90-70 Ma and the crust thickens between 75-45 Ma (Zandt et al., 1995; 

McQuarrie and Chase, 2000) causing uplift and erosion. 

3.4.8 Scenarios for the Paradox Basin 

The scenarios in this model are similar to the C scenarios in the Uinta Basin that use the 

thermal expansion theory for the uplift of the Colorado Plateau. In the A scenarios, the present 

day thickness of the mantle lid was varied. In the B scenarios, the present day thickness of the 

crust was varied. In the C scenarios, the amount of Tertiary erosion in the wells was adjusted 

until the model matched the data. In the D scenarios, the timing of the tectonic events and the 

amount of erosion were adjusted. 

3.5 Norwegian North Sea 

The wells modeled in the Norwegian North Sea are the 25/10-2R well in the Balder Field 

on the Western flank of the Utsira High, the 31/6-1 well near the Troll Field on the Horda 

Platform, and the 35/10-2 well located on a down thrown block of the North Viking Graben 

(Figure 3.17). 

3.5.1 Burial History for the North Sea 

The burial history charts for the North Sea wells were built using data from the 

Norwegian Petroleum Directorate Factpages, Campbell and Ormaasen (1987) and Glennie and 

Underhill (1998). The timing of events was estimated from stratigraphic columns and 

descriptions of the tectonic history found in literature (Campbell and Ormaasen, 1987; Coward et 
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Figure 3.17 The wells in the Norwegian North Sea model are the 25/10-2R well, the 31/6-1 well and the 35/10-2 welll
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al., 2003; Glennie and Underhill, 1998). The burial history in each well is different because of 

the variations in timing of rifting, subsidence and therefore deposition in different areas in the 

North Sea. The 25/10-2R well is located on a basement high and therefore, does not have a very 

thick section. It is also located in the west of the Norwegian North Sea and was more influenced 

by the Jurassic rift. The 31/6-1 well is located to further the east on the Horda Platform and was 

consequently more influenced by the Permo-Triassic rift. The 35/10-2 well is located on a 

downthrown block in the Viking Graben and therefore consists of a thicker section compared to 

the other wells. This well was more influenced by the Jurassic rift. Lithologic columns were built 

using lithology descriptions in well files and literature. 

The tables used to build the burial history can be found in appendix A supplemental 

documents. 

3.5.2 Source Rocks in the North Sea 

The main source rocks in the North Sea are found in the Jurassic rocks. The middle 

Jurassic Ness and upper Jurassic Heather Formations produce mainly gas and were therefore 

given the default type III kerogen. The upper Jurassic Kimeridge Clay and Daupne Formations 

were assigned as the source rocks in the 35/10-2 and 31/6-1 wells respectively. The kerogen in 

these source rocks is type II, with kinetic data according to Espitalie et al. (1987). The Ea has a 

maximum at 56 kcal/mole and an A0 of 1.872x1018 h-1(Figure 3.18). In the 25/10-2R well, the 

Viking Group (upper Jurassic) is given a mixed type II and type III kerogen. In this well, the 

Permian Kupferschiefer Formation is also assigned as a source rock with the BasinMod® default 

type II kerogen. 
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3.5.3 Reservoirs in the North Sea 

The Jurassic source rocks are interbedded with coarse-grained reservoir rocks (Kubala et 

al., 2003). Hydrocarbon accumulations in the North Sea occur in closed structural highs formed 

by rotated fault blocks. The accumulations occur in Cretaceous chalk, and Paleocene and Eocene 

sandstone. 

 
Figure 3.18 The kinetic parameters used are the activation energy distribution according to 
Espitalie et al. (1988) with A0 of 1.872x1018 h-1 (After Espitalie et al., 1988). 

3.5.4 Measured Data for the North Sea 

The well data on the Norwegian Petroleum Directorate Factpages is very extensive. The 

wells chosen were picked because they contained maturity data that can be used to calibrate the 

well models. All the wells have measured Rock-Eval, and vitrinite data as well as bottom hole 

temperatures. The temperature data in the 25/10-2R well were sparse and the T max maturity 



 

81 
 

data cover a wide range but the vitrinite reflectance data span nearly the full length of the well, 

and agree with the majority of the T max maturity data. The temperature data in the 31/6-1 well 

showed a consistent trend but the maturity data may not be of high quality because the values 

cover a wide maturity range. The data in the 35/10-2 well were adequate for calibrating the 

model. There is a full vitrinite reflectance profile that includes error estimates for each 

measurement. In all the wells, the measured temperatures all seem to follow the same trend with 

some very high temperatures between 3-4000 ft. 

3.5.5 North Sea’s Sediment-Water/Air Interface Temperature 

The work flow for determining the sediment-water/air interface temperature in the North 

Sea is illustrated in Figure 3.19. There were higher temperatures early in the basin’s history 

when the continent was south of the equator. Europe moved north and at about 350 Ma the basin 

moved north of the equator and temperatures started to decrease as the continent continued 

moving north. The paleo-latitude curve ends at the current latitude of 60° on the surface 

temperature chart. Throughout most of the Paleozoic, there were mountain building events so the 

area is assumed to be above sea level. During the Permo-Triassic and Jurassic rifting events, the 

water level deepened. These water depth estimates are used to correct the surface temperature 

curve using Beardsmore and Cull’s (2001) correction to produce the temperature curve seen in 

Figure 3.19. This is used as the upper boundary condition in the North Sea model. 

3.5.6 Present Day Lithosphere Structure for the North Sea 

The thicknesses for the present day lithosphere layers used in this model were derived 

from Artimeiva (2006) (Figure 3.20). The crust was estimated to be 26 km thick (Artimeiva, 

2006) but the mantle lid thickness of offshore Norway where the wells are located was not 

specified. Nearby mantle lid estimates range from 75-100 km thick (Artimeiva, 2006). For this   
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Figure 3.19 Elements of the model for the sediment-water/air interface temperature (the upper 
boundary condition) for the North Sea model. 
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Figure 3.20 Lithosphere thickness from Artimeiva (2006); (a) thickness of the crust in Europe 
and (b) thickness of the mantle lid in Europe (After Heine, 2007). 
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model, the present day crustal thickness used was 26 km and different mantle lid thicknesses 

were tested in different scenarios. 

3.5.7 Tectonic History of the North Sea 

The tectonic history for the North Sea consists of three possible rifting events; one during 

Permo-Triassic time (about 255 Ma), one during Jurassic times (about 130 Ma), and one during 

the Cretaceous-Tertiary (about 70 Ma). During each rifting event, the mantle lid is thinned, 

followed by a period of thermal subsidence as the mantle lid cools and thickens. 

3.5.8 Scenarios for the North Sea 

The different scenarios for the North Sea project tested the possibility of the different rift events 

and different thicknesses of the present day mantle lid. While the wells were influenced to a 

different degree by the different rifts based on their location, in this model, the wells were 

assumed to be influenced to the same degree by the different rifts for simplicity. The A scenarios 

tested the presence of only a Permo-Triassic rift period followed by thermal cooling to different 

present day mantle lid thicknesses. The B scenarios included a Jurassic rift period and the present 

day thickness of the mantle lid was varied. The C scenarios included a Cretaceous to Tertiary 

rifting period and varied the present day thickness of the mantle lid. For the North Sea, Jarvis 

and McKenzie’s (1980) rifting heat flow method of estimating the thermal history was computed 

for comparison. Two models were created using this method; one with only a Permo-Triassic rift 

event and another with both a Permo-Triassic and Jurassic rift event.
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CHAPTER 4 

RESULTS 

This chapter presents the results of the well models in the different basins. The burial 

history for the wells and the results of the different scenarios performed in each basin are 

presented. The thermal history and subsequent hydrocarbon generation for select scenarios are 

also shown. The thermal history includes the basal heat flux and basal temperature in each well 

during the basin’s history. Additional thermal history results can be found in Appendix B. The 

hydrocarbon generation results are presented for select source rocks in the wells. Additional 

results on hydrocarbon generation can be found in Appendix C. 

4.1 Williston Basin Results 

The calculated present day HI results in the Upper Member of the Bakken Formation for 

the different scenarios are presented for the L.L. Chapin 1, the Mile Butte 36-42, the Lear 

Parshall SD1, and the Ficek 1wells. The evolution of HI was used here as a general indicator of 

the thermal evolution history, as the decrease in HI indicates the initiation of hydrocarbon 

generation, and the comparison to the actual value gives a good indication of whether the thermal 

history matches the actual maturity of the primary source rock. The aim was to have the modeled 

present day HI for the L.L. Chapin 1 and Mile Butte 36-42 wells below 300 mg/gTOC and the 

modeled HI for the Lear Parshall SD1 and the Ficek 1wells above 500 mg/gTOC. The burial 

histories for these wells can be found in Figure 4-1. A summary of the different scenarios for the 

Williston Basin model is presented in Table 4.1. 

4.1.1 Williston Basin A Scenarios 

In the A scenarios, the lithosphere (crust and mantle lid) was thickened during the basin’s 

history. The results for the Williston basin A scenarios are shown in Figure 4.2.
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Figure 4.1 The burial history for the (a) L. L. Chapin 1 well located in Blue Buttes field in McKenzie county, North Dakota, (b) the 
Mile Butte 36-42 well located in Pierre Creek field in McKenzie county, North Dakota, (c) the Ficek 1 well located in Dunn county, 
North Dakota, and (d) the Lear Parshall SD 1 well located in Mountrail county, North Dakota. 
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Figure 4.1b: continued. 
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Figure 4.1c: continued. 
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Figure 4.1d: continued.  
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Table 4-1 Summary of Williston Basin scenarios (ML= mantle lid; LC= lower crust; k= thermal conductivity in W/m°C; RGH= 
radiogenic heat generated in muW/m

3
; TE= Tertiary erosion in feet; Pierre= Pierre Shale; Ma= mega-annum) 

 A B C D E 

0 

Lithosphere thickens at 
300Ma; Initial ML= 

90km; k(Pierre)=2.28; 
RGH(LC)=0.1; 
k(LC)=2.6; TE= 

150-1400 

Same as WBA0 Same as WBA0 Same as WBA0 

Lithosphere thickens 
at 300Ma; Initial ML= 
90km; k(Pierre)=1.15; 

RGH(LC)=0.1; 
k(LC)=2.6;  

TE=150-1400 

1 Initial ML thickness 
reduced to 80km 

Ordovician hot spot 
added 

Increase TE to 
1000ft 

Lower k for Pierre 
shale 

k(Pierre)= 1.19 

LC anomaly 
RGH(LC)=0.17 

k(LC)=2.8 
TE=150-700 

2 Initial ML thickness 
reduced to 60km 

Tertiary rift event 
added (ML thins to 

40km) 

Increase TE to 
2000ft 

Lower k for Pierre 
shale 

k(Pierre)= 0.8 

Tertiary rift 
(ML thins to 80km) 

E=150-700ft 

3 
Lithosphere thickens in 
two phases at 300Ma 

and 70Ma 
- Increase TE to 

2600ft 

Basement (LC) 
anomaly added 

RGH(LC)= 0.35 
k(LC)= 3.2 

LC anomaly and 
Tertiary rift (ML thins 

to 85km); 
RGH(LC)=0.13; 

k(LC)=2.7; E=150-
500 

4 - - - 

Lower k in Pierre 
shale and LC anomaly 

k(Pierre)= 1.19 
RGH(LC)= 0.19 

k(LC)= 2.9 

- 
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Figure 4.2 The hydrogen index results for the Upper Member of the Bakken Formation for the A scenarios in the (a) L. L. Chapin 1, 
(b) the Mile Butte 36-42, (c) the Ficek 1, and (d) the Lear Parshall SD1 wells in the Williston Basin. 
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Figure 4.2b: continued. 
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Figure 4.2c: continued. 
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Figure 4.2d: continued.
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In scenario WBA0, starting at 300 Ma, the crust thickened from 30 km to 48 km, and the 

mantle lid thickened from 90 km to 112 km. In scenario WBA0, the modeled present day HI for 

the L.L. Chapin 1, the Mile Butte 36-42, the Lear Parshall SD1, and the Ficek 1 wells is 585, 

550, 656 and 624 mg/gTOC respectively. The modeled HI in the L.L. Chapin 1 and Mile Butte 

36-42 wells was much higher than the measured HI. 

In scenario WBA1, the initial thickness of the mantle lid was decreased from 90 km to 80 

km. In this scenario, the modeled present day HI for the L.L. Chapin 1, the Mile Butte 36-42, 

Lear Parshall SD1, and the Ficek 1 wells were 566, 546, 654 and 614 mg/gTOC in that order. 

The modeled HI was still higher than the measured HI, so in order to increase the 

temperature in the model, the initial mantle lid thickness was decreased again to 60 km in 

scenario WBA2. In this scenario, the modeled present day HI for the L.L. Chapin 1, the Mile 

Butte 36-42, Lear Parshall SD1, and the Ficek 1 wells were 527, 501, 649 and 593 mg/gTOC 

respectively. 

In scenario WBA3, the lithosphere was thickened at 2 different times; 300 Ma and 70 

Ma. The thickness of the crust, increased from 30 km to 40 km at 300 Ma and then to 48 km at 

70 Ma. The thickness of the mantle lid, increased from 80 km to 95 km from 300 Ma to 70 Ma 

and then to 112 km from 70 Ma to 0 Ma. In scenario WBA3, the modeled present day HI for the 

L.L. Chapin 1, the Mile Butte 36-42, Lear Parshall SD1, and the Ficek 1 wells were 580, 562, 

655 and 621 mg/gTOC respectively. 

4.1.2 Williston Basin B Scenarios 

In the B scenarios, the theory of hot spot occurrence during the basin’s history is tested. 

The results for the Williston Basin B scenarios are shown in Figure 4.3. Scenario WBB0 is the 

same as scenario WBA0 where the crust thickened from 30 km to 48 km, and the mantle lid from  
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Figure 4.3 The hydrogen index results for the Upper Member of the Bakken Formation for the B scenarios in the (a) L. L. Chapin 1, 
(b) the Mile Butte 36-42, (c) the Ficek 1, and (d) the Lear Parshall SD1 wells in the Williston Basin 



 

97 
 

 
Figure 4.3b: continued. 
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Figure 4.3c: continued. 
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Figure 4.3d: continued.
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90 km to 112 km from 300 to 0 Ma. 

In scenario WBB1, an Ordovician hot spot is added. At 470 Ma, the mantle lid was 

thinned to 50 km and then at 450 Ma, thickened to its present day value. In scenario WBB1, the 

modeled present day HI for the L.L. Chapin 1, the Mile Butte 36-42, Lear Parshall SD1, and the 

Ficek 1 wells is 611, 600, 659 and 636 mg/gTOC respectively. This model showed less 

maturation than the models in the A scenarios. 

In scenario WBB2, a Tertiary hot spot was added to decrease the modeled HI in the L.L. 

Chapin 1 and Mile Butte 36-42 wells. The lithosphere started to thicken at 300 Ma but between 

70 and 60 Ma, the mantle lid was thinned to 40 km. The mantle lid was then thickened to its 

present day value of 112 km. In scenario WBB2, the modeled present day HI for the L.L. Chapin 

1, and the Mile Butte 36-42 wells is 289, and 230 mg/gTOC in that order. 

4.1.3 Williston Basin C Scenarios 

In the C scenarios, the tectonic history is the same as scenario WBA0 (the lithosphere 

started to thicken at 300 Ma). The Williston Basin C scenarios were only performed on the L.L. 

Chapin 1 and Mile Butte 36-42 wells. The amount of erosion during the last 50m.y. was 

increased to reduce the modeled present day HI. The results for the Williston Basin C scenarios 

are shown in Figure 4.4. 

Scenario WBC0 has the same erosion as scenario WBA0 (600 ft of erosion in the L.L. 

Chapin 1 and Mile Butte 36-42 wells). In scenario WBC1, the erosion was increased to 1000 ft. 

The modeled HI in the L.L. Chapin 1 and Mile Butte 36-42 wells were 550 and 529 mg/gTOC 

respectively. The erosion is increased to 2000 ft in scenario WBC2 and the resulting HI values 

were 408 and 370 mg/gTOC in the L.L. Chapin 1 and Mile Butte 36-42 wells, respectively. In 

scenario WBC3, the amount of erosion was increased to 2600 ft. The modeled HI in the L.L.  
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Figure 4.4 The hydrogen index results for the Upper Member of the Bakken Formation for the C scenarios in the (a) L. L. Chapin 1, 
and (b) the Mile Butte 36-42 wells in the Williston Basin. 
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Figure 4.4b: continued.
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Chapin 1 and Mile Butte 36-42 wells was 295 and 257 mg/gTOC in that order. 

4.1.4 Williston Basin D Scenarios 

In the D scenarios, the tectonic history was the same as the tectonic history in scenario 

WBA0 and the thermal properties of the Pierre Shale and basement were varied. The results for 

the Williston Basin D scenarios are shown in Figure 4.5. Scenario WBD0 is the same as WBA0 

where the thermal conductivity of the Pierre Shale is 2.28 W/m°C, the thermal conductivity of 

the lower crust is 2.6 W/m°C and the amount of radiogenic heat produced in the lower crust is 

0.1 W/m3. 

In scenario WBD1, the thermal conductivity of the Pierre Shale was decreased to 1.19 

W/m°C (Sass and Galanis, 1983) to enhance the thermal blanketing effect. In scenario WBD1, 

the modeled present day HI for the L.L. Chapin 1, the Mile Butte 36-42, Lear Parshall SD1, and 

the Ficek 1 wells were 418, 320, 627 and 510 mg/gTOC in that order. 

The thermal conductivity of the Pierre Shale was further decreased to 0.8 W/m°C 

(Gilliam and Morgan, 1987) in scenario WBD2. In this scenario, the modeled present day HI for 

the L.L. Chapin 1, the Mile Butte 36-42, Lear Parshall SD1, and the Ficek 1 wells were 210, 108, 

557 and 321 mg/gTOC in that order. 

In scenario WBD3, the thermal conductivity of the Pierre Shale was set to its original 

value of 2.28 W/m°C, the thermal conductivity of the lower crust is increased to 3.2 W/m°C and 

the radiogenic heat in the lower crust was increased to 0.35 W/m3. This change simulates the 

North American Central Plains Conductivity Anomaly (NACPCA) and therefore was only 

performed on the wells that would be expected to be affected by the anomaly (L.L. Chapin 1 and 

Mile Butte 36-42 wells). In scenario WBD3, the modeled present day HI values were 252 and 

207 mg/gTOC for the L.L. Chapin 1, and the Mile Butte 36-42 respectively. 
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Figure 4.5 The hydrogen index results for the Upper Member of the Bakken Formation for the D scenarios in the (a) L. L. Chapin 1, 
(b) the Mile Butte 36-42, (c) the Ficek 1, and (d) the Lear Parshall SD1 wells in the Williston Basin. 
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Figure 4.5b: continued. 
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Figure 4.5c: continued. 
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Figure 4.5d: continued.
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In scenario WBD4, the thermal conductivity of the Pierre Shale was set to 1.19 W/m°C, 

the thermal conductivity of the lower crust was set to 2.9 W/m°C and the radiogenic heat in the 

lower crust was set to 0.19 W/m3. For this scenario, the modeled present day HI for the L.L. 

Chapin 1, and the Mile Butte 36-42 wells were 241 and 150 mg/gTOC respectively. 

4.1.5 Williston Basin E Scenarios 

The E scenarios combined aspects of the previous scenarios. The thermal conductivity of 

the Pierre Shale in all the wells in all the E scenarios was set to 1.15 W/m°C because this is the 

lowest the thermal conductivity can be without creating a model that is warmer than the 

measured data in the Ficek 1 well. The results for the Williston Basin E scenarios are shown in 

Figure 4.6. 

In scenario WBE0, the tectonic history is the same as that in scenario WBA0 and the 

amount of erosion was adjusted until the model HI matched the measured data. The erosion in 

the L.L. Chapin 1, the Mile Butte 36-42, Lear Parshall SD1, and the Ficek 1 wells was changed 

to 1400, 1000, 650, and 150 ft respectively. In this scenario, the modeled present day HI were 

242, 219, 598 and 505 mg/gTOC for the L.L. Chapin 1, the Mile Butte 36-42, Lear Parshall SD1, 

and the Ficek 1 wells in that order. This scenario created models that matched the measured HI 

for the Lear Parshall SD1, and the Ficek 1 wells, so the remaining scenarios were made to 

increase the maturity in the L.L. Chapin 1, and Mile Butte 36-42 wells with smaller erosion 

estimates. 

In scenario WBE1, the tectonic history in scenario WBA0 was used and the erosion, the 

thermal conductivity of the Pierre Shale and lower crust, and the radiogenic heat in the lower 

crust were changed. This model was made to simulate the presence of a basement anomaly in the 

lower crust. In the L.L. Chapin 1, and Mile Butte 36-42 wells, the erosion was 700, and 300 ft  
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Figure 4.6 The hydrogen index results for the Upper Member of the Bakken Formation for the D scenarios in the (a) L. L. Chapin 1, 
(b) the Mile Butte 36-42, (c) the Ficek 1, and (d) the Lear Parshall SD1 wells in the Williston Basin. 
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Figure 4.6b: continued. 
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Figure 4.6c: continued. 
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Figure 4.6d: continued.
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respectively. The thermal conductivity of the lower crust was 2.8 W/m°C and the amount of 

radiogenic heat generated in the lower crust was 0.17 W/m3. In scenario WBE1, the modeled 

present day HI for the L.L. Chapin 1, and Mile Butte 36-42 wells were 247, and 225 mg/gTOC. 

In scenario WBE2, the mantle lid was thinned to 80 km between 70 and 60 Ma. This 

model simulated a Tertiary hot spot without a basement anomaly. The amount of erosion in the 

L.L. Chapin 1, and Mile Butte 36-42 wells was 700 and 300 ft, respectively. The properties of 

the lower crust were not changed. In scenario WBE2, the modeled present day HI for the L.L. 

Chapin 1, and Mile Butte 36-42 wells were 249 and 224 mg/gTOC. 

Scenario WBE3 was created with both the Tertiary hot spot and the basement anomaly. 

The mantle lid thinned to 85 km between 70 and 60 Ma. The thermal conductivity of the lower 

crust was 2.7 W/m°C and the amount of radiogenic heat generated in the lower crust was 0.13 

W/m3. The amount of erosion in the L.L. Chapin 1, and Mile Butte 36-42 wells was 500 and 

150 ft, respectively. In scenario WBE3, the modeled present day HI for the L.L. Chapin 1, and 

Mile Butte 36-42 wells were 249, and 209 mg/gTOC, respectively. 

4.1.6 Results Summary for the HI Values of Williston Basin Scenarios 

The scenario results for the Williston Basin are summarized in Table 4-2. The scenarios 

that created models with an HI less than 300 mg/gTOC in the L.L. Chapin 1 and Mile Butte 36-

42 wells are WBB2, WBC3, WBD2, WBD3, WBD4, and the E scenarios. The scenarios that 

created models with an HI greater than 500 mg/gTOC in the Lear Parshall SD 1well are the A 

scenarios, WBB0, WBB1, WBD0, the D scenarios, and WBE0. The scenarios that created 

models with an HI greater than 500 mg/gTOC in the Ficek 1 well are the A scenarios, WBB0, 

WBB1, WBD0, WBD1, and WBE0. The E scenarios provided the most reasonable history so the 

remainder of Williston Basin results focuses on the E scenarios. 
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Table 4-2 Summary of HI values in mg/gTOC of the Williston Basin scenarios. Bold values 
matched the measured data. 

 L. L. Chapin 1  Mile Butte 36-42  Lear Parshall SD 1  Ficek 1  
Present Day HI  <300  <300  >500  >500  
WBA0  585  550  656  624  
WBA1  566  654  654  614  
WBA2  527  501  649  593  
WBA3  580  562  655  621  
WBB0  585  550  656  624  
WBB1  611  600  659  636  
WBB2  289  230    
WBC0  585  550    
WBC1  550  529    
WBC2  408  370    
WBC3  295  257    
WBD0  585  550  656  624  
WBD1  418  320  627  510  
WBD2  210  108  557  321  
WBD3  252  207    
WBD4  241  150    
WBE0  242  219  598  505  
WBE1  247  225    
WBE2  249  224    
WBE3  249  209    

4.1.7 Thermal History of the Williston Basin 

The resulting basal heat flux and temperature (at the base of the Deadwood Formation) 

for the L.L. Chapin 1 and Mile Butte 36-42 wells in scenarios WBE1, WBE2 and WBE3 is 

shown in Figures 4.7, 4.8 and 4.9 respectively. The thermal histories for the different scenarios 

and wells are similar. At 543 Ma until about 470 Ma, the heat flux was about 42 mW/m2 and the 

basal temperature increased during burial. From the mid-Ordovician, the deposition rate 

increased causing the heat flux to decrease to 39-40 mW/m2 and the basal temperature to 

increase. At about 300 Ma, the lithosphere thickened, and the deposition rate decreased. Heat 

flux remained at 39-40 mW/m2 and the basal temperature stayed fairly constant until 180 Ma. At 

180 Ma, as the deposition rate increased, the heat flux started to decrease and the basal   
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Figure 4.7 Thermal history for the (a) L. L. Chapin 1 and (b) Mile Butte 36-42 wells in scenario 
WBE1; the graph shows the calculated temperature and heat flux at the base of the Deadwood 
Formation. 



 

116 
 

 
Figure 4.8 Thermal history for the (a) L. L. Chapin 1 and (b) Mile Butte 36-42 wells in scenario 
WBE2; the graph shows the calculated temperature and heat flux at the base of the Deadwood 
Formation. 
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Figure 4.9 Thermal history for the (a) L. L. Chapin 1 and (b) Mile Butte 36-42 wells in scenario 
WBE3; the graph shows the calculated temperature and heat flux at the base of the Deadwood 
Formation. 
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temperature rose again. At 80 Ma, during rapid deposition of the Pierre Shale, the heat flux 

decreased and the basal temperature increased rapidly. The wells reached their maximum basal 

temperature of 301-324 °F between 41-47 Ma. The low conductivity of the Pierre Shale made it 

act as a thermal blanket, trapping heat in the rocks below it. This can be seen as an increase in 

number of isotherms in the shale as the heat cannot flow through it as quickly as it was being 

buried and heated (Figure B.1-B.6 in Appendix B supplemental documents). At this time, 

erosion began, increasing the heat flux and decreasing the temperature. In the last 5m.y., erosion 

uplifted the rocks causing subsurface temperatures to decrease. 

The resulting basal heat flux and temperature (at the base of the Deadwood Formation) 

for the Lear Parshall SD 1 and Ficek 1 wells in scenario WBE0 is shown in Figure 4.10. The 

thermal histories for the different wells are similar. At the start of the model, the basal heat flux 

was about 41 mW/m2 as the basal temperature increased during burial until about 470 Ma. From 

the mid Ordovician, deposition rates increased causing the heat flux to decrease to 38-39 mW/m2 

and the basal temperature to increase. At 300 Ma, the lithosphere thickened, and the deposition 

rate decreased. Heat flux remained at 38-39 mW/m2 and the basal temperature stayed fairly 

constant until 180 Ma. At 180 Ma, as the deposition rate increased, the heat flux started to 

decrease and the basal temperature increased again. At 80 Ma, during the rapid deposition of the 

Pierre Shale, the heat flux decreased and the basal temperature increased rapidly. The wells reach 

their maximum temperature of 292 and 283 °F at 48-47 Ma. The Pierre Shale acted as a thermal 

blanket during burial (Figure B.7 and B.8 in Appendix B supplemental documents). At this time, 

erosion began, increasing the heat flux and decreasing the temperature. In the last 5m.y., erosion 

uplifted the rocks causing subsurface temperatures to decrease.  
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Figure 4.10 Thermal history for the (a) Ficek 1 and (b) Lear Parshall SD 1 wells in scenario 
WBE0; the graph shows the calculated temperature and heat flux at the base of the Deadwood 
Formation.  
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4.1.8 Hydrocarbon Generation in the Williston Basin 

All the hydrocarbon generation and expulsion results for the selected scenarios in the 

upper and lower Bakken are shown in Appendix C. 

Scenarios WBE1, WBE2, and WBE3 produced similar results in the L.L. Chapin 1 and Mile 

Butte 36-42 wells. The results for the L. L. Chapin 1 well in the scenario WBE1 are shown in 

Figure 4.11. Main oil generation started between 64-59 Ma and, according to the model, is still 

occurring. In the L.L. Chapin 1, the upper Bakken has generated 417 mg/gTOC of hydrocarbons 

(TR [transformation ratio] = 0.63) and at 56 Ma started to expel hydrocarbons. A total of 334 

mg/gTOC of hydrocarbons were expelled. The Lower Bakken in the L.L. Chapin 1 well 

generated 444 mg/gTOC (TR = 0.67) and expelled 356 mg/gTOC of hydrocarbons starting at 57 

Ma. In the Mile Butte 36-42 well, the upper Bakken generated 447-457 mg/gTOC of 

hydrocarbons (TR = 0.67-0.69) and at 57 Ma, expelled 361-369 mg/gTOC of hydrocarbons. The 

Lower Bakken in the Mile Butte 36-42 well generated 457-463 mg/gTOC (TR = 0.69-0.7) and 

expelled 365-373 mg/gTOC of hydrocarbons starting at 57 Ma. 

In scenario WBE0, the Bakken shale in the Lear Parshall 1 and Ficek 1 well is immature. 

The results for the Ficek 1 well in the scenario WBE0 are shown in Figure 4.12. The Upper 

Bakken generated 66 mg/gTOC of hydrocarbons (TR = 0.1) in the Lear Parshall 1 well and 158 

mg/gTOC of hydrocarbons (TR =0.24) in the Ficek 1 well for this model. The Lower Bakken 

generated 82 mg/gTOC of hydrocarbons (TR =0.12) in the Lear Parshall 1 well and 177 

mg/gTOC of hydrocarbons (TR =0.26) in the Ficek 1 well. 

4.2 Uinta Basin Results 

The scenario results for the Uinta Basin compare the subsurface temperatures, and 

maturity (T max and vitrinite reflectance) data with the modeled outputs. The burial histories for   
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Figure 4.11 Hydrocarbon generation in the (a) upper Bakken and (b) lower Bakken shale in the 
L. L. Chapin 1 in scenario WBE1.  
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Figure 4.12 Hydrocarbon generation in the (a) upper Bakken and (b) lower Bakken shale in the 
Ficek 1 in scenario WBE0.  
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the Brotherson 1-11-B4, Federal 22-1 and Keel Ranch 1-16 wells can be found in Figure 4.13. A 

summary of the different scenarios for the Uinta Basin model is presented in Table 4-3. 

4.2.1 Thermal Properties of the Green River Oil Shale 

The wells that include the kerogen component in the Green River lithologic mix 

produced models that were more mature than those that did not include kerogen under identical 

conditions (see Appendix D). The wells that included the kerogen component created models 

that better matched the measured data with the least amount of erosion so the following results 

focus on the models that included kerogen in the Green River rock types. 

4.2.2 Uinta Basin A Scenarios 

In the A scenarios, the crust and mantle lid had present day thicknesses of 38 km and 97 

km respectively. The present day mantle lid thickness is greater than that of modern passive 

margin (about 90 km) so in these scenarios the mantle lid was thickened to its present day value 

of 97 km. The results for the Uinta Basin A scenarios are shown in Figure 4.14. 

In scenario UBA0, the crust started with a thickness of 30 km and the mantle lid with a 

thickness of 90 km. At 70 Ma, the thickness of both the crust and mantle lid began to increase to 

their present day values. The resulting present day basal temperature in the Brotherson 1-11-B4, 

Federal 22-1 and Keel Ranch 1-16 wells was 519, 368 and 392 °F respectively. The modeled 

maturity in the Brotherson 1-11-B4 and Federal 22-1 wells and the modeled temperature profile 

in the Brotherson 1-11-B4 well suggested that the model is not mature enough. In the Keel 

Ranch well, the modeled maturity agreeed with the vitrinite data but was below the T max data. 

The modeled subsurface temperatures in the Federal 22-1 and the Keel Ranch 1-16 wells were 

above the given temperature range. 

In scenario UBA1, more heat was added to the model by starting with an initial mantle  
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Figure 4.13 The burial history for (a) the Brotherson 1-11-B4, (b) the Federal 22-1, and (d) the Keel Ranch 1-16 wells in the Uinta 
Basin. 
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Figure 4.13b: continued. 
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Figure 4.13c: continued.  
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Table 4-3 Summary of Uinta Basin scenarios (ML= mantle lid; TE= Tertiary erosion in feet; P.d.= present day; Ma= mega-annum). 

 A B C 

0 

Lithosphere thickens at 70Ma 
Initial ML=90km 
P.d. crust=38km 
P.d. ML=97km 
TE=4500-8500 

Lithosphere thickens at 70Ma 
ML thins at 40Ma 
Initial ML=90km 
P.d. crust=38km 
P.d. ML=60km 
TE=4500-8500 

ML thins at 70Ma 
Crust thickens at 40Ma 

Initial ML=90km 
P.d. crust=38km 
P.d. ML=60km 
TE=4500-8500 

1 Initial ML=80km ML thins at a faster rate ML thins at 90Ma 

2 

ML thins at 70Ma 
Crust thickens at 40Ma 

Initial ML=110km 
P.d. crust=38km 
P.d. ML=97km 

Initial ML=80km ML thins at 90Ma 
Initial ML=80km 

3 UBA1 
TE=4500-13000 

UBB2 
TE=11000 (Brotherson 1-11-B4 only) 

UBC2 
TE=4000-9000 
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Figure 4.14 The (I) maturity and (II) temperature results for the A scenarios in the (a) Brotherson 
1-11-B4, the (b) Federal 22-1 and (c) theKeel Ranch 1-16 wells in the Uinta Basin 
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Figure 4.14b: continued. 
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Figure 4.14 (continued)  
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lid thickness of 80 km that started to increase at 70 Ma but at a slower pace than in scenario 

UBA0. In this scenario, present day basal temperatures increased by 12-20 °F. This change 

increased the modeled maturity in all the wells by a small amount but the resulting model was 

less mature than the measured data in the Brotherson 1-11-B4 well. In the Federal 22-1 well, this 

scenario provides a close match with the maturity data especially at greater depths. 

In scenario UBA2, the tectonic history was made to reflect the lithosphere thickness 

changes responsible for the uplift of the Colorado Plateau as proposed by Zandt et al. (1995) and 

McQuarrie and Chase (2000). The crust was initially 30 km thick, and the mantle lid, 110 km 

thick. At 70 Ma, the mantle lid started to thin, and at 40 Ma, the crust started to thicken. Present 

day basal temperatures decreased to 478, 338 and 361 °F in the Brotherson 1-11-B4, Federal 22-

1 and Keel Ranch 1-16 wells respectively. This scenario significantly decreased subsurface 

temperatures so that the modeled maturities were well below the measured values in all the 

wells. The modeled subsurface temperatures were below the given temperature range in the 

Brotherson 1-11-B4 well but within the given temperature range for the Federal 22-1 and Keel 

Ranch 22-1 wells. 

In scenario UBA3, the same tectonic history in scenario UBA1 was used and the amount 

of erosion in the burial history was altered so that the modeled maturity curves matched the 

measured vitrinite data. Increasing the amount of erosion would bury the sediment deeper and 

produce higher temperatures and maturities in the model. In the Brotherson 1-11-B4 well, the 

amount of erosion was increased from 8000 ft to 13,000 ft for a present day basal temperature of 

560 °F. In the Federal 22-1 well, the amount of erosion was increased from 8500 ft to 10,000 ft 

for a present day basal temperature of 384 °F. The amount of erosion in the Keel Ranch 1-16 
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well remained at 4500 ft because the modeled curves matched the measured vitrinite data and the 

modeled temperature was already above the given temperature range. 

4.2.3 Uinta Basin B Scenarios 

For the B scenarios, the crust had a present day thickness of 38 km and the mantle lid had 

a present day thickness of 60 km. In these scenarios, the lithosphere was thickened during the 

time of the Laramide orogeny and then thinned to its present day thickness. The results for the 

Uinta Basin B scenarios are shown in Figure 4.15. 

In scenario UBB0, during the Paleozoic, the crust and the mantle lid were estimated to be 

30 km and 90 km thick respectively. At 70 Ma, the crust and the mantle lid started to thicken and 

then at 40 Ma, the mantle lid started to thin. The mantle lid was thickened by 2 km between 70-

40 Ma. The resulting present day basal temperature in the Brotherson 1-11-B4, Federal 22-1 and 

Keel Ranch 1-16 wells were 540, 384 and 410 °F respectively. The modeled maturity in the 

Brotherson 1-11-B4 and Federal 22-1 wells indicate that the model was not mature enough. In 

the Keel Ranch well, the modeled maturity agreed with the vitrinite data but was below the T 

max data. In the Brotherson 1-11-B4 well, the modeled temperature was within the given 

temperature range but in the Federal 22-1 and the Keel Ranch 1-16 wells, the modeled 

temperatures were above the given temperature ranges. 

Scenario UBB1 was similar to scenario UBB0 but in order to increase the modeled 

maturity, the mantle lid was thinned at a faster rate. In all the wells, the basal temperature 

increased by about 10 °F and the modeled maturity increased by a small amount. The modeled 

maturity in the Brotherson 1-11-B4 well was below the measured data but the modeled 

temperature was within the given temperature range. The modeled maturity matched the 

measured data in the Federal 22-1 and Keel Ranch 1-16 wells even though the modeled   
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Figure 4.15 The (I) maturity and (II) temperature results for the B scenarios in the (a) Brotherson 
1-11-B4, the (b) Federal 22-1 and (c) theKeel Ranch 1-16 wells in the Uinta Basin. 
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Figure 4.15b: continued. 
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Figure 4.15c: continued.  
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temperatures were a lot higher than the given temperature ranges. 

In scenario UBB2, the mantle lithosphere started at a thickness of 80 km, thickened to 85 

km at 70 Ma and then started to thin at 40 Ma to its present day thickness. The basal temperature 

increased by another 10 °F and the maturity in all the wells increased a little more but not 

significantly. The modeled maturity still matched with the measured data in the Federal 22-1 and 

Keel Ranch wells but underestimated the maturity of the Brotherson 1-11-B4 well. The modeled 

temperature was within the given temperature range for only the Brotherson 1-11-B4 well. 

In scenario UBB3, the same tectonic history in scenario UBB2 was used and the erosion 

in the Brotherson 1-11-B4 well was adjusted so that the modeled maturity matches the measured 

data. The amount of erosion needed to be increased from 8000 ft to 11,000 ft to calibrate the 

model. The basal temperature increased again by 10 °F and the modeled temperature remained 

within the given temperature range. 

4.2.4 Uinta Basin C Scenarios 

In the C scenarios, the crust had a present day thickness of 38 km and the mantle lid had a 

present day thickness of 60 km. These scenarios follow the Colorado Plateau thermal expansion 

theory put forth by Morgan and Swanberg (1985), Zandt et al. (1995) and McQuarrie and Chase 

(2000) where the mantle lid thins followed by crustal thickening. The results for the Uinta Basin 

C scenarios are found in Figure 4.16. 

In scenario UBC0, the mantle lid was 90 km thick and at 70 Ma, started to thin to its 

present day thickness. The crust was 30 km thick and at 40 Ma started to thicken to its present 

day thickness. The resulting present day basal temperature in the Brotherson 1-11-B4, Federal 

22-1 and Keel Ranch 1-16 wells were 550, 390 and 416 °F respectively. In the Brotherson 1-11-

B4 well, the modeled maturity was lower than the measured data but the modeled temperature  
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Figure 4.16 The (I) maturity and (II) temperature results for the C scenarios in the (a) Brotherson 
1-11-B4, the (b) Federal 22-1 and (c) theKeel Ranch 1-16 wells in the Uinta Basin 
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Figure 4.16b: continued. 
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Figure 4.16c: continued.  
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was within the given temperature. The modeled maturity matched with the measured data and 

the modeled subsurface temperatures were higher than the given temperature range in the 

Federal 22-1 and Keel Ranch 1-16 wells. 

In scenario UBC1, the mantle lid started to thin earlier (at 90 Ma) so that heat was 

introduced into the model earlier. In this scenario, the basal temperature increased by about 5 °F. 

This only slightly increased the modeled maturity so that the model was still less mature than the 

measured data in the Brotherson 1-11-B4 well. In scenario UBC2, the initial mantle lid thickness 

was 80 km instead of 90 km. The basal temperature increased by 10 °F. In the Brotherson 1-11-

B4 well, the modeled maturity was still below the measured data but the modeled temperatures 

were within the given temperature range. The modeled maturity was also higher than the data in 

the Federal 22-1 and Keel Ranch 1-16 wells. 

In scenario UBC3, the same tectonic history in scenario UBC2 was used and the amount 

of erosion was adjusted in all the wells so that the models match the measured vitrinite data. 

Erosion in the Brotherson 1-11-B4 well was increased from 8000 ft to 9000 ft, and erosion in the 

Federal 22-1 and Keel Ranch 1-16 wells was decreased from 8500 ft to 6500 ft and 4500 ft to 

4000 ft, respectively. The modeled temperature in the Brotherson 1-11-B4 well increased slightly 

and was still within the given temperature range with a present day basal temperature of 581 °F. 

In the Federal 22-1 and Keel Ranch 1-16 wells, basal temperatures decreased by 3-10 °F but the 

temperature profiles remained higher than the temperature range. The present day basal 

temperatures were 398 and 431 °F in the Federal 22-1 and Keel Ranch 1-16 wells respectively. 

4.2.5 Results Summary for the Uinta Basin Scenarios 

The scenario results for the Uinta Basin are summarized in Table 4-4. The modeled 

maturity and temperature in the Brotherson 1-11-B4 well matched the data best in scenarios 
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UBA3, UBB3 and UBC3. The bottom hole temperatures and in the Federal 22-1 and Keel Ranch 

1-16 wells were lower than the modeled temperature in most of the scenarios. Disregarding the 

temperature data, scenarios UBA1, UBA3, UBB1, UBB2, UBC0, UBC1 and UBC3 created 

models that match with the measured maturity data in the Federal 22-1 well. The modeled 

maturity in the Keel Ranch 1-16 well matched the data best in scenarios UBA1, UBB0, UBB2, 

UBC0, UBC1, UBC2 and UBC3. Scenario UBC3 provided the most reasonable history for all 

the wells so the remainder of Uinta Basin results focuses on scenario UBC3. 

Table 4-4 Summary of present day basal temperatures in °F for the Uinta Basin scenarios. Bold 
values matched the measured data. 

 Brotherson 1-11-B4  Federal 22-1  Keel Ranch 1-16  
UBA0  519 (271°C) 368 (187°C) 392 (200°C) 
UBA1  538 (281°C) 379 (193°C) 406 (208°C) 
UBA2  478 (248°C) 338 (170°C) 361 (183°C) 
UBA3  560 (293°C) 384 (196°C)  
UBB0  540 (282°C) 384 (196°C) 410 (210°C) 
UBB1  552 (289°C) 392 (200°C) 418 (214°C) 
UBB2  567 (297°C) 400 (204°C) 428 (220°C) 
UBB3  579 (304°C)   
UBC0  550 (288°C) 390 (199°C) 416 (213°C) 
UBC1  560 (293°C) 396 (202°C) 423 (217°C) 
UBC2  577 (303°C) 406 (208°C) 432 (222°C) 
UBC3  580 (304°C) 397 (202°C) 430 (221°C) 

4.2.6 Thermal History of the Uinta Basin 

The resulting basal heat flux and temperature (at the base of the first event Ophir or 

Tintic) during each well’s history during scenario UBC3 is shown in Figure 4.17. From the start 

of the model until about 90 Ma, the heat flux decreased from 39 to 45 mW/m2. During this time, 

deposition buried cold sediment, decreasing the heat flux and increasing the temperature in the 

sediment. There were some fluctuations in the heat flux due to changes in the rate of burial and 

rock type causing variations in the basal temperature. During the late Cretaceous, a short erosion   
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Figure 4.17 Thermal history for the (a) Brotherson 1-11-B4, (b) Federal 22-1 and (c) Keel Ranch 
1-16 wells in scenario UBC3; the graph shows the calculated temperature and heat flux at the 
base of the sediment column.  
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Figure 4.17c: continued. 

event caused the temperature to decrease for a short time during uplift and then at 90 Ma, the 

rocks were buried and the heat flux decreased and the basal temperature increased rapidly. A 

thermal blanketing effect formed during the early Tertiary due to rapid burial of Mancos Shale 

(Appendix B supplemental documents) so at this time, the heat was being suppressed in the rocks 

below the Mancos Shale. At 20 Ma the rocks reached their maximum burial depth and the 

temperature profile started to equilibrate so that the heat previously trapped in the base of the 

sediment column started to flow to the surface so the heat flux started to increase again. During 

this time, the temperature in the rocks above the Green River did not increase as quickly as the 

rocks below because the Green River Formation acted as a thermal blanket that suppressed the 

heat that was flowing to the surface at that time (Appendix B). Before the Tertiary erosion event, 

the models reached their maximum basal temperatures of 601, 439, and 456 °F in the Brotherson 

1-11-B4, Federal 22-1, and Keel Ranch 1-16 wells respectively. Finally, uplift of the sediment 

brought the previously heated sediment to shallower depths decreasing subsurface temperatures. 
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4.2.7 Kinetic Parameters for the Green River Type I Kerogen 

Using scenario UBC3, the kinetic parameters for the Green River type I kerogen were 

adjusted based on estimates by previous authors in the Brotherson 1-11-B4 well that included 

kerogen in the Green River lithologic mix. The cumulative hydrocarbon generated for all the 

events within the Green River Formation are shown in Figure 4.18 for the different set of kinetic 

parameters. 

Lewan and Ruble’s (2002) hydrous pyrolysis kinetic parameters (Figure 4.18a) generated 

minimal amounts of hydrocarbon (about 49 mg/gTOC) with a transformation ratio of 0.057 in 

Flagstaff and Wasatch source rocks. With these kinetic parameters, the Green River Formation 

has not entered the oil window. 

Lewan’s and Ruble’s (2002) open system hydrolysis kinetic parameters (Figure 4.18b) 

generated the largest hydrocarbon volumes. The source rocks in the Colton, Flagstaff or North 

Horn are fully mature and generated about 800 mg/gTOC of hydrocarbons. The transformation 

ratio for the lower part of the Green River is between 0.6 and 0.8 and it generated 6-700 

mg/gTOC of hydrocarbons. The transformation ratio of the middle Green River is between 0.1-

0.2 but the upper Green River is immature and generated less than 100 mg/gTOC hydrocarbons. 

The kinetic parameters provided by Tissot et al. (1987) and the default BasinMod® A0 

(Figure 4.18c) produced hydrocarbon generation results that are between the two results obtained 

using Lewan and Ruble’s (2002) estimates. Source rocks in the Flagstaff and Wasatch are fully 

mature generating about 800 mg/gTOC of hydrocarbons. The lower Green River Formation has a 

transformation ratio of about 0.4 and generated 3-400 mg/gTOC of hydrocarbons. The upper   
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Figure 4.18 Hydrocarbon generation in the Green River Formation using (a) Lewan and Ruble’s 

(2002) hydrous pyrolysis kinetics, (b) Lewan’s and Ruble’s (2002) open system hydrolysis 

kinetics and (c) Tissot et al. (1987) Ea and the default BasinMod A0 in the Brotherson 1-11-B4 

well in scenario UBC3.
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Figure 4.18c: continued. 

Green River Formation has a transformation ratio less than 0.1. For this model, the kinetic data 

from Tissot et al. (1987) (Ea = 56 kcal/mole) with the default A0 (3.6E18 h-1) in BasinMod® will 

be used to present the hydrocarbon generation results. 

4.2.8 Hydrocarbon Generation in the Uinta Basin 

All the hydrocarbon generation and expulsion results for scenario UBC3 in the Uinta 

Basin source rocks are shown in Appendix C (Figure C15-C-20 and supplemental documents). 

The results are shown for the wells with the kerogen component in the Green River lithologic 

model using scenario UBC3 with Tissot et al.’s (1987) and BasinMod®’s kinetic parameters. The 

maturation and generation results are shown for the following source rocks; the Mahogany Bed, 

the Uteland Butte or the base of the Green River Formation, the Flagstaff/Colton/North Horn, the 

Mancos Shale and Phosphoria Formation. 

With the given kinetic parameters, burial history and thermal history determined for the 

Uinta Basin, the Green River Formation has generated oil only in the Brotherson 1-11-B4 well 

(Figure 4.18c). In the Uteland Butte, main oil generation started at 26 Ma, and was expelled from 



 

147 
 

15-0 Ma. At 0 Ma, 376 mg/gTOC of oil was generated (TR = 0.44) and 335 mg/gTOC of oil was 

expelled from the Uteland Butte. Below the Green River Formation, oil generation from oil shale 

in the Wasatch, Colton, Flagstaff or North Horn started at 35 Ma and between 30-1 Ma, 845 

mg/gTOC of hydrocarbons was expelled. In the Federal 22-1 well, the lower parts of the Green 

River Formation have a transformation ratio of 0.02 and did not expel any oil. The Green River 

Formation in the Keel Ranch 1-16 well was not buried deep enough and therefore is immature. 

The Mancos Shale is fully mature to over-mature in all three wells (TR = 1). In the 

Brotherson 1-11-B4 well, main oil and gas generation began at 70 Ma, and was expelled from 

the source rock at 60 Ma. In the Federal 22-1 well, oil and gas generation began at 71 Ma, and 

was expelled at 56 Ma. In the Keel Ranch 1-16 well, oil and gas generation began at about 58 

Ma, and was expelled at 51 Ma. In all the wells, some of the kerogen is over-mature, and is lost 

as residue. 

The Phosphoria and Mancos have the same kinetic parameters, therefore the Phosphoria 

Formation is also fully mature to over-mature in all the wells. Main oil and gas generation occurs 

at 84-87 Ma in the Brotherson 1-11-B4 well and at 79 Ma hydrocarbons were expelled. In the 

Federal 22-1 well, main oil and gas generation began at 80 Ma, and at 71 Ma hydrocarbons were 

expelled. In the Keel Ranch 1-16 well, main oil and gas generation began at 87 Ma, and at 83 

Ma, hydrocarbons were expelled. In each well, less oil and more gas is expelled than the Mancos 

Shale. Additionally, some of the highly mature kerogen has been lost as residue. These results 

are given assuming the Phosphoria Formation has some source rock potential in the basin. 

4.3 Paradox Basin Results 

The Paradox Basin scenario results compared the subsurface temperatures, and maturity 

(T max and vitrinite reflectance) data with the modeled outputs. The goal was to produce a 
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model that matched the T max data. The burial histories for the Salt Wash 1, the Bow Know 43-

20 and the Hart Point 1 wells can be found in Figure 4.19. A summary of the different scenarios 

for the Paradox Basin model is presented in Table 4-5. 

4.3.1 Paradox Basin A Scenarios 

The Paradox Basin A scenarios were similar to scenario UBC3. This is the scenario that 

produced a model that matched the measured data for all the wells in the Uinta Basin model. The 

results for the Paradox Basin A scenarios are shown in Figure 4.20. 

In scenario PBA0, at 90 Ma, the mantle lid started to thin from 90 to 55 km. Following 

this, at 40 Ma, the crust started to thicken from 30 to 42 km. The present day basal temperature 

for the Salt Wash 1, the Bow Know 43-20 and the Hart Point 1 wells were 169, 148 and 149 °F 

respectively. The modeled maturity was higher than the measured T max values for all the wells. 

The modeled temperature matched the given temperature ranges in the Salt Wash 1 wells and 

Bow Know 43-20 but was much lower than the given temperature range in the Hart Point 1 well.  

This model in scenario PBA0 was more mature than the measured data indicated so in 

order to make it cooler, the present day thickness of the mantle lid was increased to 60 km in 

scenario PBA1. This change decreased the basal temperature by 2 °F and therefore, the modeled 

maturity by a small amount. In scenario PBA2, the present day mantle lid thickness was 

increased to 70 km. In this scenario, the basal temperature decreased by an additional 3 °F and 

the modeled maturity again decreased slightly. 

4.3.2 Paradox Basin B Scenarios 

The B scenarios for the Paradox Basin varied the present day thickness of the crust, 

which ranges between 40 and 55 km. The results for the Paradox Basin B scenarios are shown in 

Figure 4.21. Scenario PBB0 was the same as scenario PBA0 (a 97 km thick lithosphere).
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Figure 4.19 The burial history for (a) the Salt Wash 1, (b) the Bow Knot 43-20, and (c) the Hart Point 1 wells in the Paradox Basin. 
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Figure 4.19b: continued. 
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Figure 4.19c: continued.  



 

152 
 

Table 4-5 Summary of Paradox Basin scenarios (ML= mantle lid; TE= Tertiary erosion in feet; P.d.= present day; Ma= mega-annum). 

 
A B C D 

0 

ML thins at 90Ma 
Crust thickens at 40Ma 

Initial ML=90km 
P.d. crust=42km 
P.d. ML=55km 
TE=8150-9200 

Same as PBA0 Same as PBA1 Same as PBA1 

1 Increase ML thickness 
P.d. ML=60km 

Increase crust thickness 
P.d. crust=45km 

Decrease Tertiary erosion 
TE=7150-8200 

ML thins at 90Ma 
Crust thickens at 70Ma 

2 Increase ML thickness 
P.d. ML=70km 

Increase crust thickness 
P.d. crust=50km 

Decrease Tertiary erosion 
TE=6150-7200 

ML thins at 90Ma 
Crust thickens at 70Ma 

Decrease Tertiary erosion 
TE=7150-8200 

3 - Increase crust thickness 
P.d. crust=55km 

Decrease Tertiary erosion 
TE=6500 

(only Bow Knot 43-20) 

ML thins at 90Ma 
Crust thickens at 70Ma 

Decrease Tertiary erosion 
TE=7000 

(only Bow Knot 43-20) 
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Figure 4.20 The (I) maturity and (II) temperature results for the A scenarios in (a) the Salt Wash 
1, (b) the Bow Knot 43-20, and (c) the Hart Point 1 wells in the Paradox Basin. 
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Figure 4.20b: continued. 
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Figure 4.20b: continued.  
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Figure 4.21 The (I) maturity and (II) temperature results for the B scenarios in (a) the Salt Wash 
1, (b) the Bow Knot 43-20, and (c) the Hart Point 1 wells in the Paradox Basin. 
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Figure 4.21b: continued. 
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Figure 4.21c: continued. 
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In order to lower the maturity, the present day crustal thickness was increased to 45 km in 

scenario PBB1, 50 km in scenario PBB2, and 55 km in scenario PBB3. Increasing the present 

day thickness of the crust had no visible effect on the modeled maturity. The basal temperature 

decreased by about 2 °F in scenario PBB1, and about 3 °F more for scenarios PBB2 and PBB3. 

The modeled temperatures are at the lower end of the given temperature range for the Salt Wash 

1 well, in the given temperature range for the Bow Know 43-20 well, and well below the given 

temperature range for the Hart Point 1 well. 

4.3.3 Paradox Basin C Scenarios 

The C scenarios were given the same tectonic history as scenario PBA1 and the amount 

of Tertiary erosion in each well was reduced. The initial amount of erosion in each well was 

8150, 9000, and 9200 ft of erosion in the Salt Wash 1, Bow Knot 43-20, and Hart Point 1 wells 

respectively. The Paradox Basin C scenario results are shown in Figure 4.22. 

Scenario PBC0 was exactly the same as scenario PBA1 (42 km thick crust and a 60 km 

thick mantle lid). The present day basal temperature for the Salt Wash 1, the Bow Know 43-20 

and the Hart Point 1 wells are 166, 146 and 147 °F respectively. 

In order to lower the modeled maturity in scenario PBC1, the amount of erosion in each 

well was reduced by 1000 ft, for 7150, 8000, and 8200 ft of erosion in the Salt Wash 1, Bow 

Know 43-20, and Hart Point 1 wells respectively. The present day basal temperature increased 

by 1-2 °F but the change significantly lowered the modeled maturity in each well. In all the wells 

the modeled maturity was higher than the measured T max data. The modeled subsurface 

temperature was in the given temperature range for the Salt Wash 1 and Bow knot 43-20 wells. 

In scenario PBC2 the erosion was decreased by another 1000 ft, for 6150, 7000, and 7200 

ft of erosion in the Salt Wash 1, Bow Know 43-20, and Hart Point 1 wells respectively. The   
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Figure 4.22 The (I) maturity and (II) temperature results for the C scenarios in a) the Salt Wash 
1, (b) the Bow Knot 43-20, and (c) the Hart Point 1 wells in the Paradox Basin. 
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Figure 4.22b: continued. 
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Figure 4.22c: continued.  
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present day basal temperature increased by another 1-2 °F from the previous scenario. The 

modeled maturity was within range of the T max values in the Salt Wash 1 and the Hart Point 1 

wells but was slightly higher than the T max values for the Bow Knot 43-20 well. The modeled 

temperature was in the given temperature range for the Salt Wash 1 and Bow knot 43-20 wells. 

Scenario PBC3 was only performed on the Bow Knot 43-20 well, where the amount of 

erosion was further reduced by 500 ft, for a total erosion amount of 6500 ft. This was adjusted to 

more closely match the erosion estimate in the nearby Salt Wash 1 well (6150 ft of erosion). The 

present day basal temperature increased by about 1 °F. The modeled maturity in this scenario 

matched the T max values in the Bow Knot 43-20 well and the modeled temperature was still 

within the given temperature range. 

4.3.4 Paradox Basin D Scenarios 

The time at which the crust was thickened and the mantle lid was thinned was altered in 

these scenarios. The amount of Tertiary erosion in the wells was also adjusted. The Paradox 

Basin C scenario results are shown in Figure 4.23. Scenario PBD0 was the same as scenario 

PBA1 and PBC0 with a 42 km thick crust and a 60 km thick mantle lid. The initial amount of 

Tertiary erosion in each well was restored for these scenarios (8150, 9000, and 9200 ft in the Salt 

Wash 1, Bow Know 43-20, and Hart Point 1 wells respectively). 

In order to decrease the modeled maturity in scenario PBD1, at 90 Ma, the mantle lid 

started to thin from 90 to 60 km and at 70 Ma, the crust started to thicken from 30 to 42 km. The 

present day basal temperature increased by approximately 8 °F. For this scenario, the modeled 

maturity was significantly lower than previous models in scenarios PBA1 and PBC0 but it was 

still higher than the measured T max values. The modeled temperature was within the given 

temperature range for the Salt Wash 1 and Bow knot 43-20 wells. In the Hart Point 1 well, the   
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Figure 4.23 The (I) maturity and (II) temperature results for the D scenarios in a) the Salt Wash 
1, (b) the Bow Knot 43-20, and (c) the Hart Point 1 wells in the Paradox Basin. 
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Figure 4.23b: continued. 
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Figure 4.23c: continued.  
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higher basal temperature made the modeled temperature closer to the temperature range but it 

was still just slightly below it. 

In scenario PBD2, the tectonic history was the same as that in scenario PBD1 and amount 

of erosion in each well was decreased by 1000 ft; the Salt Wash 1, Bow Know 43-20, and Hart 

Point 1 wells were assigned 7150, 8000, and 8200 ft of erosion, respectively. The present day 

basal temperature increased by about 2 °F. The modeled maturity matched the T max values in 

the Salt Wash 1 and Hart Point 1 wells but was higher than the T max values in the Bow Knot 

43-20 well. The modeled temperature was still within the given temperature range for the Bow 

Knot 43-20 and Salt Wash 1 wells, and slightly below the given temperature range in the Hart 

Point 1 well. 

Scenario PBD3 was only performed on the Bow Knot 43-20 well. The erosion was 

decreased again by 1000 ft for 7000 ft of erosion. This was adjusted again to more closely match 

the erosion estimate in the nearby Salt Wash 1 well (7150 ft of erosion). The present day basal 

temperature increased by about 2 °F and the modeled maturity in scenario PBD3 provided a 

better match with the T max values in the Bow Knot 43-20 well. The modeled temperature was 

just within the given temperature range. 

4.3.5 Results Summary for the Paradox Basin Scenarios 

The scenario results for the Paradox Basin are summarized in Table 4-6. Using the T max 

maturity and select given temperature ranges, the scenarios that provided the best match are 

PBC2 and PBD2 in the Salt Wash 1 and Hart Point 1 wells, and PBC3 and PBD3 in the Bow 

Knot 43-20 well. 
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Table 4-6 Summary of present day basal temperatures in °F for the Paradox Basin scenarios. 
Bold values matched the measured data. 

 Salt Wash 1  Bow Knot 43-20  Hart Point 1  
PBA0  169 (76°C) 148 (64°C) 149 (65°C) 
PBA1  166 (74°C) 146 (63°C) 147 (64°C) 
PBA2  162 (72°C) 143 (62°C) 144 (62°C) 
PBB0  169 (76°C) 148 (64°C) 149 (65°C) 
PBB1  166 (74°C) 145 (63°C) 147 (64°C) 
PBB2  162 (72°C) 142 (61°C) 144 (62°C) 
PBB3  158 (70°C) 139 (59°C) 140 (60°C) 
PBC0  166 (74°C) 146 (63°C) 147 (64°C) 
PBC1  167 (75°C) 147 (64°C) 148 (64°C) 
PBC2  168 (76°C) 149 (65°C) 150 (66°C) 
PBC3   150 (66°C)  
PBD0  166 (74°C) 146 (63°C) 147 (64°C) 
PBD1  174 (79°C) 154 (68°C) 155 (68°C) 
PBD2  176 (80°C) 155 (68°C) 156 (69°C) 
PBD3   157 (69°C)  

4.3.6 Thermal History of the Paradox Basin 

This section covers the thermal history for the PBC2, PBC3 (Figure 4.24), PBD2 and 

PBD3 (Figure 4.25) scenarios. The heat flux decreased slightly for most of the Paleozoic as the 

temperature generally increased during burial of the sediment. During the Pennsylvanian, salt 

precipitation caused the heat flux to increase and the temperature to decrease. 

Until 70 Ma, the thermal history is the same for the C and D scenarios. During the 

Mesozoic, the heat flux slightly increased and the temperature stayed relatively constant. As the 

rocks and salt were buried, the heat that is introduced into the base of the model quickly migrated 

through the salt causing higher heat flux and lower temperatures in the rocks below the salt. This 

is seen as an increase in the space between the isotherms in the salt and underlying rocks in 

Figure. At about 90 Ma, the mantle lid thinned but at the same time rapid deposition of sediment 

in the Late Cretaceous Western Interior Seaway began. As rapid burial of the rocks continued, 

the heat flux began to decrease and temperatures increased. At 75 Ma, the heat flux began to  
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Figure 4.24 Thermal history for the (a) Salt Wash 1, (b) Bow Knot 43-20 and (c) Hart Point 1 
wells in scenario PBC2-3 the graph shows the calculated temperature and heat flux at the base of 
the sediment column.  
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Figure 2.24c: continued. 

increase again and the rate of increasing temperature declined shortly after. At this time, the low 

conductivity of the Cretaceous shale was decreasing the flow of heat through the rock column to 

the surface creating a thermal blanketing effect (Appendix B supplemental documents). 

The differences between the C and D scenarios occur from about 70 Ma when the crust 

was thickened in scenario PBD2-3. Between 70 and 60 Ma, the heat flux in scenario D decreased 

rapidly and the maximum basal temperature reached by the sediment was 288, 267, and 274 °F 

in the Salt Wash 1, Bow Know 43-20, and Hart Point 1 wells respectively. In scenarios PBC2-3, 

the heat flux did not decrease as quickly and suppress the maximum basal temperatures which 

were 290, 271, 280 °F in the Salt Wash 1, Bow Know 43-20, and Hart Point 1 wells respectively. 

At 40 Ma, the crust was thickened and erosion of sediment began in both C and D scenarios. 

This increased the heat flux and decreased the basal temperature as the sediment was uplifted. At 

about 10 Ma, in the PBC2-3 scenario, the crust was thickened again so the heat flux decreased 

and the temperature continued to drop at a slower rate. While the salt was being uplifted, it was 

rapidly losing heat and cooling the underlying rocks but the overlying rocks could not lose heat   
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Figure 4.25 Thermal history for the (a) Salt Wash 1, (b) Bow Knot 43-20 and (c) Hart Point 1 
wells in scenario PBD2-3; the graph shows the calculated temperature and heat flux at the base 
of the sediment column.  
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Figure 4.25c: continued. 

as quickly as the salt. These overlying rocks acted as a thermal blanket reducing heat transfer to 

the surface even though the rocks were still being uplifted. In scenarios PBD2-3, this effect is 

more obvious because there was a higher erosion rate. The thermal blanketing effect occurred 

sooner and at higher temperatures (~160 °F) so that the present day basal temperature is higher in 

the PBD2-3 scenario. In the PBC2-3 scenario, the thermal blanketing effect occurred later and at 

a temperature of 150 °F. As a consequence, more heat escaped the system and subsurface 

temperatures are lower. 

4.3.7 Hydrocarbon generation in the Paradox Basin 

For the three wells, the hydrocarbons generated in the oldest and youngest source rocks 

in the Paradox Formation will be presented for scenarios PBC2, PBC3, PBD2 and PBD3. In all 

the wells, the youngest source rock is the Gothic Shale. In the Bow Knot 43-20 well, the oldest 

source rock is the C Marker shale, and in the Salt Wash 1 and Hart Point 1 wells, the oldest 

source rock is the Cane Creek shale. The hydrocarbon generation results for all the wells are 
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shown in Appendix C (Figure C.21-C.28 and supplemental documents). The kinetic parameters 

used for the kerogen were the BasinMod® default type II and type III so the actual amounts of 

hydrocarbons generated were based on the default values rather than measured values. Therefore 

the results will not be precise. 

In scenarios PBC2 and PBC3, the Paradox Formation entered the oil/gas window in the 

late Cretaceous. Figure 4.26 shows the hydrocarbon generation results for the Gothic Shale and 

the Cane Creek in the Salt Wash 1 well. Max oil generation in the Gothic Shale began between 

80 and 72 Ma and maximum gas generation began between 66 and 57 Ma. Between 42 and 31 

Ma, oil and gas generation started to wane and stopped at 24 to 6 Ma. No hydrocarbons were 

expelled from the Gothic Shale. The transformation ratio for the Gothic Shale is 0.56, 0.26, and 

0.45 for the Salt Wash 1, Bow Know 43-20, and Hart Point 1 wells respectively. Maximum 

generation in the C Marker in the Bow Knot 43-20 well started at about 75 Ma. Oil and gas 

generation ceased by18 Ma, with a final transformation ratio of 0.49. The hydrocarbons 

generated were not expelled in the model. For the Cane Creek shale in the Salt Wash 1 and Hart 

Point 1 wells, max oil generation began at 84 to 80 Ma and max gas generation started at 74 to 

72 Ma. Hydrocarbon generation stopped at 15 to 22 Ma. In the Salt Wash 1 well, oil and gas 

were expelled from the Cane Creek between 58 to 18 Ma and the present day transformation 

ratio of the shale is 0.86. In the Hart Point 1 well, oil and gas were expelled from the Cane Creek 

from 48 to 15 Ma and the present day transformation ratio of the shale is 0.77. 

In scenarios PBD2 and PBD3, the Paradox Formation also entered the oil/gas window in 

the late Cretaceous (Figure 4.27). Max oil generation in the Gothic Shale began at 79 to 74 Ma 

and max gas generation began at 48 Ma. Hydrocarbon generation in the Gothic Shale stopped 

completely between 21 and 11 Ma. The hydrocarbons generated were not expelled from   
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Figure 4.26 Hydrocarbon generation in the (a) Gothic Shale and (b) Cane Creek shale in the Salt 
Wash 1 well in scenarios PBC2.  
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Figure 4.27 Hydrocarbon generation in the (a) Gothic Shale and (b) Cane Creek shale in the Salt 
Wash 1 well in scenarios PBD2.  
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the Gothic Shale. The transformation ratio for the Gothic Shale is 0.63, 0.28, and 0.44 for the 

Salt Wash 1, Bow Know 43-20, and Hart Point 1 wells respectively. For the C Marker shale in 

the Bow Knot 43-20 well, max oil generation began at 80 Ma and max gas generation at 66 Ma. 

Hydrocarbon generation in the C Marker decreased at 42 to 32 Ma, and stopped completely 

between 22 and 17 Ma. No hydrocarbons are expelled from the C Marker in the Bow Knot 43-20 

well. The transformation ratio for the C Marker in this well is 0.5. Max oil generation for the 

Cane Creek shale in the Salt Wash 1 and Hart Point 1 wells started at 90 to 84 Ma and max gas 

generation began at 76 to 74 Ma. Hydrocarbon generation in the Cane Creek shale stopped 

between 24 and 16 Ma. In the Salt Wash 1 well, oil and gas were expelled from the Cane Creek 

between 72 to 18 Ma and the present day transformation ratio of the shale is 0.88. In the Hart 

Point 1 well, oil and gas were expelled from the Cane Creek from 54 to 18 Ma and the present 

day transformation ratio of the shale is 0.75. 

4.4 North Sea Results 

The scenario results show the subsurface temperatures, and maturity (T max and vitrinite 

reflectance) data. The burial histories for the 25/10-2R, 31/6-1 and 35/10-2 wells can be found in 

Figure 4.28. A summary of the different scenarios for the North Sea model is presented in Table 

4-7. 

4.4.1 North Sea A Scenarios 

The tectonic history in the A scenarios had only a Permo-Triassic rift event where the 

lithosphere thickness was decreased at 260 Ma. In these scenarios, starting at 260 Ma, the crust 

was thinned from 35 km to its present day thickness of 26 km. The North Sea A scenario results 

are shown in Figure 4.29. 
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Figure 4.28 The burial history for (a) the 25/10-2R, (b) the 31/6-1, and (c) the 35/10-2 wells in the Norwegian North Sea 
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Figure 4.28b: continued. 
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Figure 4.28c: continued.  



 

180 
 

Table 4-7 Summary of North Sea scenarios (ML= mantle lid; P.d.= present day; Ma= mega-annum). 

 
A B C 

0 
Permo-Triassic rift 

ML at 247Ma=40km 
ML at 180Ma=85km 

P.d. ML=90km 

Permo-Triassic and Jurassic rift 
ML at 247Ma=40km 
ML at 170Ma=50km 

P.d. ML=90km 

Permo-Triassic and Jurassic rift 
Tertiary event 

ML at 247Ma=40km 
ML at 170Ma=50km 
ML at 70Ma=50km 

P.d. ML=90km 

1 ML at 140Ma=85km P.d. ML=80km P.d. ML=80km 

2 ML at 50Ma=85km P.d. ML=70km P.d. ML=70km 

3 ML at 50Ma=85km 
P.d. ML=80km - - 

4 ML at 50Ma=85km 
P.d. ML=70km - - 
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Figure 4.29 The (I) maturity and (II) temperature results for the A scenarios in (a) the 25/10-2R, 
(b) the 31/6-1, and (c) the 35/10-2 wells in the North Sea. 



 

182 
 

 
Figure 4.29b: continued. 
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Figure 4.29c: continued.  



 

184 
 

In scenario NSA0, the mantle lid was thinned from an initial thickness of 90 km to 40 km 

from 260 to 255 Ma. The mantle lid remained at 40 km until 247 Ma when it started to thicken 

again. By 180 Ma, the mantle lid was 85 km thick, and continued to thicken to 90 km, the 

estimated present day thickness in this scenario. The present day basal temperatures were 184, 

204 and 260 °F for the 25/10-2R, 31/6-1 and 35/10-2 wells respectively. The modeled maturity 

was lower than the measured maturity in all the wells. For the 31/6-1 and 35/10-2 wells, the 

modeled temperature was below the given temperature range. For the 25/10-2R well, the 

modeled temperature was on the lower end of the given temperature range. This scenario 

produced a model that is not warm enough to match the measured maturity. 

In scenario NSA1, the mantle lid was thickened at a slower rate after the rift event so that 

it was 85 km thick by 140 Ma. Present day basal temperatures in all the wells increased by only 

1-2 °F. This change did not increase subsurface temperatures or maturity significantly. 

For scenario NSA2, the mantle lid was 85 km at 50 Ma. The present day basal 

temperatures in the well models increased by about 4 °F (from the basal temperatures in scenario 

NSA0). This change again did not increase subsurface temperatures and maturity significantly. 

In scenario NSA3, the timing of rifting and thermal cooling was the same as scenario 

NSA2 but the present day thickness of the mantle lid was decreased to 80 km. In this scenario, 

the present day basal temperature in the well models increased for present day basal temperatures 

of 197, 219, and 283 °F for the 25/10-2R, 31/6-1 and 35/10-2 wells respectively. The subsurface 

temperatures increased considerably but they were still on the lower end of the given temperature 

ranges. The modeled temperature in the 35/10-2 well was still below the given temperature 

range. The modeled maturity also increased but again not enough to match the measured 

maturity data. 
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In scenario NSA4, the timing of rifting and cooling was the same as scenario NSA2 and 

NSA3 but the present day thickness of the mantle lid was decreased to 70 km. The resulting 

present day basal temperatures increased to 210, 232, and 301 °F for the 25/10-2R, 31/6-1 and 

35/10-2 wells respectively. All the modeled temperature profiles were within the given 

temperature range towards the bottom of the well. The modeled maturity matched the measured 

maturity data reasonably. 

4.4.2 North Sea B Scenarios 

In the B scenarios, a Jurassic rift was included in the tectonic history. The mantle lid 

thickness was decreased to 50 km between 170 and 130 Ma. The mantle lid then thickened to its 

present day thickness. The present day thickness of the mantle lid was altered in the different 

scenarios. The North Sea B scenario results are shown in Figure 4.30. 

In scenario NSB0, the present day mantle lid thickness used was 90 km. The present day 

basal temperature is 198, 220 and 285 °F for the 25/10-2R, 31/6-1 and 35/10-2 wells 

respectively. The modeled maturity is lower than the measured maturity in all the wells. The 

modeled subsurface temperatures are on the lower end of the given present day temperature 

range in the 25/10-2R and 31/6-1 wells but below the present day temperature range in the 

35/10-2 well. 

In scenario NSB1, the present day mantle lid thickness was decreased to 80 km. The 

modeled present day basal temperature increased to 217, 240, and 312 °F in the 25/10-2R, 31/6-1 

and 35/10-2 wells respectively. In this scenario, the modeled subsurface temperatures and 

maturity matched the measured data for the most part. The modeled temperature was lower than 

the given temperature range at shallow depths. 

For scenario NSB2, the present day mantle lid thickness was further decreased to 70 km.  
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Figure 4.30 The (I) maturity and (II) temperature results for the B scenarios in (a) the 25/10-2R, 
(b) the 31/6-1, and (c) the 35/10-2 wells in the North Sea. 
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Figure 4.30b: continued. 
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Figure 4.30c: continued.  
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The modeled present day basal temperatures and maturity did not increase significantly from 

scenario NSB1. 

4.4.3 North Sea C Scenarios 

In the C scenarios, another thinning event was added at 70-50 Ma for a Cretaceous-

Tertiary event related to the opening of the Atlantic Ocean. The mantle lid was thinned to 50 km 

again during this time. The North Sea C scenario results are shown in Figure 4.31. 

In scenario NSC0, the mantle lid was thickened to a present day thickness of 90 km. The 

present day basal temperature was 198, 220 and 285 °F for the 25/10-2R, 31/6-1 and 35/10-2 

wells respectively. These were the same present day temperatures as scenario NSB0. The 

modeled maturity was lower than the measured maturity in all the wells. The modeled subsurface 

temperature was on the lower end of the given present day temperature range in the 25/10-2R 

and 31/6-1 wells, and below the given temperature range in the 35/10-2 well. 

In scenario NSC1, after the Cretaceous-Tertiary thinning event, the mantle lid was 

thickened to 80 km. The modeled present day basal temperature increased to 209, 231, and 300 

°F in the 25/10-2R, 31/6-1 and 35/10-2 wells respectively. In this scenario, the modeled 

temperature and maturity matched the measured data except at shallow depths where the 

modeled temperature was lower than the given temperature range. 

In scenario NSC2, the mantle lid present day thickness was set to 70 km thick. The 

present day basal temperature was 214, 237 and 308 °F for the 25/10-2R, 31/6-1 and 35/10-2 

wells respectively. The modeled subsurface temperature did not increase significantly in this 

scenario so at shallow depths, the modeled temperature was still lower than the given 

temperature range.  
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Figure 4.31 The (I) maturity and (II) temperature results for the C scenarios in (a) the 25/10-2R, 
(b) the 31/6-1, and (c) the 35/10-2 wells in the North Sea. 
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Figure 4.31b: continued. 



 

192 
 

 
Figure 4.31c: continued.  
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4.4.4 Results Summary for the North Sea Scenarios 

The scenario results for the North Sea are summarized in Table 4-8. Scenarios NSA4, 

NSB1, NSB2, NSC1 and NSC2 produced models that matched the measured data in all the 

wells. 

Table 4-8 Summary of present day basal temperatures in °F for the North Sea scenarios. Bold 
values matched the measured data. 

 25/10-2R  31/6-1  35/10-2  
NSA0  184 (84°C) 204 (96°C) 260 (127°C) 
NSA1  184 (84°C) 204 (96°C) 261 (127°C) 
NSA2  188 (87°C) 209 (98°C) 269 (132°C) 
NSA3  197 (92°C) 219 (104°C) 283 (139°C) 
NSA4  210 (99°C) 232 (111°C) 301 (149°C) 
NSB0  198 (92°C) 220 (104°C) 285 (141°C) 
NSB1  217 (103°C) 240 (116°C) 312 (156°C) 
NSB2  219 (104°C) 242 (117°C) 315 (157°C) 
NSC0  198 (92°C) 220 (104°C) 285 (141°C) 
NSC1  209 (98°C) 231 (111°C) 300 (149°C) 
NSC2  214 (101°C) 237 (114°C) 308 (153°C) 
Model 1 J+M  214 (101°C) 229 (109°C) 310 (154°C) 
Model 2 J+M  214 (101°C) 229 (109°C) 310 (154°C) 

4.4.5 Jarvis and McKenzie’s (1980) Rifting Heat Flux 

The first model had only a Permo-Triassic rift event. In order to get the model to fit the 

measured data, the lithosphere was thinned to 78 km from 260 to 255 Ma and then thickened to 

110 km. The present day heat flux used was 47.5 mW/m2. The present day basal temperature was 

214, 229, and 310 °F in the 25/10-2R, 31/6-1 and 35/10-2 wells respectively. 

The second model had a Permo-Triassic event where the lithosphere thinned to 84 km, 

followed by a period of lithosphere thickening and another rift event in the Jurassic where the 

lithosphere thinned to 90 km. The lithosphere then thickened to 110 km. The present day heat 

flux used was 47.5 mW/m2. The present day basal temperature was 214, 229, and 310 °F in the 

25/10-2R, 31/6-1 and 35/10-2 wells respectively. 
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4.4.6 Thermal History of the North Sea 

The basal heat flux through time looks different in each well because of the variations in 

the burial history. Scenario NSA4 consisted of only a Permo-Triassic rift event. Generally, the 

heat flux started at 58-61 mW/m2 in response to the rifting event, and decreased during thermal 

cooling to 45-47 mW/m2. 

In the 25/10-2R well (Figure 4.32a), at the start of the model, the heat flux steadily decreased as 

the temperature increased during burial. At 260 Ma, when the lithosphere began to thin, the basal 

heat flux and temperature increased. The basal temperature reached about 108 °F at 243 Ma 

before it started to decrease. The heat flux peaked to 59 mW/m2 at 210 Ma. As the lithosphere 

thickened during thermal cooling, the heat flux started to decrease. Low deposition rates between 

200 and 100 Ma caused subsurface temperatures to remain fairly constant during this time. At 

100 Ma, deposition rates increased burying the rocks rapidly. At this time, the basal heat flux 

continued to decrease to its present day value of 45 mW/m2 and the basal temperature increased 

and reached its maximum of 210 °F at 0 Ma. 

The model for the 31/6-1 well (Figure 4.32b) started after the Permo-Triassic rift so the 

basal heat flux started at a high of 61 mW/m2 and then decreased as the mantle lid thickened to 

its present day value of 47 mW/m2. The basal temperature increased rapidly during burial of the 

thick Triassic and early Jurassic rocks. Between 160 and 60 Ma, deposition rates were low and 

the lithosphere was thickening so the basal temperature decreased. At about 60 Ma, when 

deposition rates increased again, the basal temperature also increased and at 18 Ma, reached a 

maximum temperature of 241 °F. The temperature increase was also a result of thermal 

blanketing due to the deposition of sediment with low thermal conductivity. After 18 Ma, the 

basal temperature started to decrease again to its present day value of 232 °F.  
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Figure 4.32 Thermal history for the (a) 25/10-2R, (b) 31/6-1 and (c) 35/10-2 wells in scenario 
NSA4; the graph shows the calculated temperature and heat flux at the base of the sediment 
column.  
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Figure 4.32c: continued. 

For the 35/10-2 well (Figure 4.32c), the model also started after the Permo-Triassic rift 

event so the basal heat flux started at 59 mW/m2 and decreased. The basal temperature increased 

during rapid burial in the early-mid Jurassic. At 95 Ma, the heat flux increased for a short time 

because of the thermal blanketing effect and then decreased again to its present day value of 45 

mW/m2. The basal temperature continued to increase and at 22 Ma, reached a maximum of 306 

°F. There was a period of no deposition where the rocks were no longer being buried and heated 

and the temperature gradient started to equilibrate. During the last 6 million years, rapid 

deposition and burial occurred again increasing subsurface temperatures for a present basal 

temperature of 301 °F. 

Scenario NSB1 included a Jurassic rift after the Permo-Triassic rift. The basal heat flux 

in the wells shows two distinct peaks; one in the early Triassic and another in the Cretaceous. 

In the 25/10-2R well (Figure 4.33a), the heat flux increased to 55 mW/m2 at 228 Ma and 

then decreased. During this time, the basal temperature also increased to 106 °F at 243 Ma and  
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Figure 4.33 Thermal history for the (a) 25/10-2R, (b) 31/6-1 and (c) 35/10-2 wells in scenario 
NSB1; the graph shows the calculated temperature and heat flux at the base of the sediment 
column.  
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Figure 4.33c: continued. 

then started to decrease. At 160 Ma, the heat flux started to increase again and reached 59 

mW/m2 at 100 Ma before decreasing again to its present day value of 47 mW/m2. The basal 

temperature increased slightly during this time but started to increase rapidly at 100 Ma in 

response to rapid deposition of the late Cretaceous and Tertiary sediment. The maximum 

temperature of 217 °F was reached at 0 Ma. 

In the 31/6-1well (Figure 4.33b), the basal heat flux was decreasing and the basal 

temperature increasing at the start of the model. The rapid increase in temperature was due to the 

rapid deposition and burial of Triassic sediment at that time. When the deposition rate decreased 

at 210 Ma, the temperature started to decrease. At 160 Ma, the heat flux and basal temperature 

started to increase again due to the Jurassic rift event. The heat flux increased to 56 mW/m2 at 

100 Ma and then started to decrease during thermal cooling to its present day value of 49 

mW/m2. At about 71 Ma, the basal temperature increased due to the thermal blanketing effect 
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from deposition of Tertiary shale. At 18 Ma, the basal temperature reached a maximum of 251 

°F. After this, the basal temperature decreased again to its present day temperature of 231 °F. 

At the start of the model for the 35/10-2 well (Figure 4.33c), the basal heat flux was 

decreasing and the basal temperature increasing as sediment is deposited and buried. At 167 Ma, 

the heat flux and temperature increased in response to the Jurassic rift. The heat flux increased to 

56 mW/m2 at 100 Ma and started to decrease again. Between 92 and 83 Ma, rapid deposition and 

burial of the rocks caused heat flux to fall to its present day value (47 mW/m2). Rapid burial also 

caused the basal temperature to increase and at 22 Ma, it reached a maximum of 320 °F. 

Following this, the basal temperature decreased due to a hiatus and when deposition and burial 

began again, increased to its present value of 312 °F. 

In scenario NSC1, a thinning event in the Tertiary is added and as a result the basal heat 

flux shows three peaks. 

In the 25/10-2R well (Figure 4.34a), at 260 Ma, the basal heat flux started to increase and 

at about 230 Ma, reached a peak of 55 mW/m2 before decreasing again. The basal temperature 

also increased to 106 °F from 260 to 240 Ma and then decreased again. At 180 Ma, the basal 

temperature started to increase again and at 160 Ma, the heat flux also began to increase. The 

heat flux reached 52 mW/m2 at 120 Ma before decreasing again. At 100 Ma, the basal 

temperature started to increase rapidly due to deposition and burial. At about 64 Ma, the heat 

flux increased again to 49 mW/m2 and decreased again to its present day value of 45 mW/m2. 

The temperature continued to increase rapidly as a result of the rapid burial until a decrease in 

the deposition rate at 25 Ma caused the basal temperature to drop. Rapid burial began again at 

about 5 Ma increasing the basal temperature to it maximum value of 209 °F at 0 Ma. 
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For the 31/6-1 well (Figure 4.34b), the basal heat flux was decreasing and the basal temperature 

was increasing at the start of the model due to rapid deposition and burial of the Triassic 

sediment. At about 210 Ma when rapid deposition stopped, the basal temperature started to 

decrease as the lithosphere thickened. At about 160 Ma, the basal heat flux and temperature 

began to rise again as the Jurassic rift event occurred. The heat flux reached a maximum of 50 

mW/m2 at 114 Ma and the basal temperature reached a peak of 208 °F at about 120 Ma. At 60 

Ma, the basal temperature and heat flux increased again. This time, the heat flux reached a peak 

of 49 mW/m2 at 34 Ma and decreased again to its present day value of 47 mW/m2. At 60 Ma, the 

basal temperature increased rapidly because of the lithosphere thinning, an increase in deposition 

and burial rate and the consequent thermal blanketing effect. At 22 Ma, the basal temperature 

reached a maximum of 244 °F. As the temperatures equilibrated, the basal temperature decreased 

to its present day value of 229 °F. 

In the model for the 35/10-2well (Figure 4.34c), the basal heat flux was decreasing and 

basal temperature was increasing at the start of the model. As the lithosphere thinned and the 

rocks were being buried, the basal temperature rose. At 168 Ma, the basal heat flux and 

temperature were both rising and at about 114 Ma, the basal heat flux reached a peak of 49 

mW/m2. After this, due to thermal cooling the heat flux decreased again but the basal 

temperature continued to rise due to deposition and burial. Between 92 and 83 Ma, rapid 

deposition and burial of the rocks caused heat flux to decrease to 40 mW/m2 and the basal 

temperature to increase rapidly. At 83 Ma, the basal temperature continued to rise and the heat 

flux also began to increase. At 33 Ma, the heat flux peaks at 47 mW/m2 and then decreased again 

to its present day value of 44 mW/m2. The basal temperature reached its maximum value of 310 

°F at 22 Ma before it decreased to its present value of 300 °F.  
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Figure 4.34 Thermal history for the (a) 25/10-2R, (b) 31/6-1 and (c) 35/10-2 wells in scenario 
NSC1; the graph shows the calculated temperature and heat flux at the base of the sediment 
column.  
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Figure 4.34c: continued. 

Figure 4.35a shows the resulting basal heat flux and temperature for a Permo-Triassic rift 

event using Jarvis and McKenzie’s (1980) heat flux method. For all the well models, the heat 

flux increased at 255 Ma to 66 mW/m2. The heat flux remained at 66 mW/m2 until 230 Ma and 

decreased to the set present day value of 47.5 mW/m2. In the 25/10-2R and 35/10-2 wells, the 

resulting basal temperatures are only slightly higher than the basal temperatures in scenario 

NSA4. In the 31/6-1 well, the resulting basal temperature is slightly lower than the basal 

temperatures in scenario NSA4. 

Figure 4.35b shows the resulting basal heat flux and temperature for both a Triassic and 

Jurassic rift event using Jarvis and McKenzie’s (1980) heat flux method. For all the well models, 

the heat flux increased at 255 Ma to 57 mW/m2. The heat flux remained at 57 mW/m2 until 230 

Ma and decreased to 47 mW/m2 at 166 Ma. The heat flux increased again to 56 mW/m2 at 130 

Ma and then decreased again to the set present day value of 47.5 mW/m2. In all the wells, the 

resulting basal temperatures are slightly lower than the basal temperatures in scenario NSB1.  



 

203 
 

 
Figure 4.35 Thermal history for the 25/10-2R well using Jarvis and McKenzie’s (1980) heat flux 
method with (a) a Permo-Triassic rift and (b) a Permo-Triassic and Jurassic rift; the graph shows 
the calculated temperature and heat flux at the base of the sediment column. 
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4.4.7 Hydrocarbon Generation in the North Sea 

The results will be presented for the Jurassic source rocks and the Ness Formation. All 

the hydrocarbon generation and expulsion results for the selected scenarios are shown in 

Appendix C (Figure C.29-C.43 and supplemental documents). The Jurassic shale is oil prone 

while the Ness Formation is gas prone. 

In scenario NSA4, there is no significant hydrocarbon generation in the 25/10-2R and 

31/6-1 wells. The Draupne Formation in the 35/10-2 well (Figure 4.36a) started generating oil at 

87 Ma and gas at 80 Ma. Main oil generation started at 60 Ma and 174 mg/gTOC of oil was 

generated. There was no significant gas generation. The transformation ratio of the Draupne 

Formation is 0.33 for this scenario. The Ness Formation (Figure 4.36b) started generating oil at 

87 Ma and generated 29 mg/gTOC of oil. Gas generation also began at 87 Ma and 65 mg/gTOC 

of gas was generated. The overall transformation ratio for the Ness Formation is 0.59 in this 

scenario. 

In scenario NSB1, there is no significant hydrocarbon generation in the 25/10-2R and 

31/6-1 wells. In the 35/10-2 well, the Draupne Formation (Figure 4.37a) started producing oil at 

88 Ma and gas at 82 Ma. Main oil generation started at 76 Ma and 327 mg/gTOC of oil was 

generated. There was no significant gas generation. The transformation ratio of the Draupne 

Formation is 0.62 for this scenario. At 87 Ma, the Ness Formation (Figure 4.37b) started 

generating oil and overall generated 33 mg/gTOC of oil. Gas generation began at 88 Ma and 

overall 75 mg/gTOC of gas was generated. The transformation ratio for the Ness Formation is 

0.67 in this scenario. 

In scenario NSC1, there is no significant hydrocarbon generation in the 25/10-2R and 

31/6-1 wells. The Draupne Formation in the 35/10-2 well (Figure 4.38a) started generating oil at   
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Figure 4.36 Hydrocarbon generation in the (a) Draupne Formation and (b) Ness Formation in the 
35/10-2 well in scenarios NSA4.  



 

206 
 

 
Figure 4.37 Hydrocarbon generation in the (a) Draupne Formation and (b) Ness Formation in the 
35/10-2 well in scenarios NSB1. 
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Figure 4.38 Hydrocarbon generation in the (a) Draupne Formation and (b) Ness Formation in the 
35/10-2 well in scenarios NSC1.  
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87 Ma and gas at 76 Ma. Main oil generation started at 53 Ma and 190 mg/gTOC of oil was 

generated. There was no significant gas generation. The transformation ratio of the Draupne 

Formation is 0.36 for this scenario. Oil generation in the Ness Formation (Figure 4.38b) started 

at 86 Ma and 30 mg/gTOC of oil was generated. Gas generation also began at 86 Ma and 66 

mg/gTOC of gas was generated. The transformation ratio for the Ness Formation is 0.59 in this 

scenario. 

When using Jarvis and McKenzie’s (1980) heat flux method for a Permo-Triassic rift, 

there is no significant hydrocarbon generation in the 25/10-2R and 31/6-1 wells. In the 35/10-2 

well, the Draupne Formation (Figure 4.39a) started generating oil at 87 Ma and gas at 82 Ma. 

Main oil generation started at 58 Ma and 185 mg/gTOC of oil was generated. There was no 

significant gas generation and the transformation ratio of the Draupne Formation is 0.35. At 87 

Ma, the Ness Formation (Figure 4.39b) started generating oil and gas. Overall, 30 mg/gTOC of 

oil and 66 mg/gTOC of gas were generated. The transformation ratio for the Ness Formation is 

0.59. 

When using Jarvis and McKenzie’s (1980) heat flux method for both a Permo-Triassic 

and Jurassic rift, there is no significant hydrocarbon generation in the 25/10-2R and 31/6-1 wells. 

The Draupne Formation (Figure 4.40a) in the 35/10-2 well started generating oil at 88 Ma and 

gas at 83 Ma. Main oil generation started at 78 Ma and 226 mg/gTOC of oil was generated. 

There was no significant gas generation and the transformation ratio of the Draupne Formation is 

0.43. In the Ness Formation (Figure 4.40b), oil generation began at 88 Ma and 31 mg/gTOC of 

oil was generated. Gas generation also began at 88 Ma and 69 mg/gTOC of gas was produced. 

The transformation ratio for the Ness Formation is 0.62. 
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Figure 4.39 Hydrocarbon generation in the (a) Draupne Formation and (b) Ness Formation in the 
35/10-2 well using Jarvis and McKenzie’s (1980) heat flux method with a Permo-Triassic rift. 
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Figure 4.40 Hydrocarbon generation in the (a) Draupne Formation and (b) Ness Formation in the 
35/10-2 well using Jarvis and McKenzie’s (1980) heat flux method with a Permo-Triassic and 
Jurassic rift.
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CHAPTER 5 

DISSCUSSION 

This section explains the outcomes of the scenarios in each basin and attempts to clarify 

the complications found in different models. The use of basement heat flow as a means of 

estimating the thermal history in each basin is also discussed. 

5.1 Williston Basin 

The models in the A scenarios did not provide enough heat for the Bakken source rocks 

in the L.L. Chapin 1 and Mile Butte 36-42 wells to mature. The attempt to change the thickness 

of the lithosphere earlier in the basin’s history did not increase the modeled temperatures enough 

during burial of the Bakken source rocks. The present day thickness of the lithosphere is too 

thick to account for the amount of heat the source rocks in the L.L. Chapin 1 and Mile Butte 36-

42 wells have been exposed to in order to gain such high levels of maturity. 

The Ordovician hot spot was also too early in the basin’s history to contribute to the 

maturity of the Bakken source rocks. The scenario with a Tertiary rift created a model that 

matched the measured data. This scenario provides an explanation for the linear shape of the 

mature region in the Williston Basin (Price et al., 1984) but there needed to be significant 

amounts of lithospheric thinning that cannot be accounted for in the basin’s present day structure 

and sedimentary profile. It is therefore unlikely that this scenario is correct as it stands. 

In the C scenarios, the amount of erosion needed to be increased significantly to decrease 

the HI in the L.L. Chapin 1 and Mile Butte 36-42 wells. The L.L. Chapin 1 well is approximately 

35 miles west of the Lear Parshall SD 1 well and there is no evidence that would suggest that the 

amount of erosion changes drastically between the two wells (650 ft of erosion in the Lear 

Parshall SD 1 well versus 2600 ft of erosion in the L.L. Chapin 1). The Williston Basin is an 
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intracratonic basin and there is no significant uplift and erosion documented in the basin’s 

history in the last 40 m.y. that can would 2600ft of erosion. 

In the D scenarios, the thermal properties of the Pierre Shale and the lower crust were 

adjusted. The difficulty involved with changing the thermal properties (decreasing the thermal 

conductivity) of the Pierre Shale is that the formation is located throughout the basin. The 

thermal conductivity needs to be decreased in all the wells. The effect that the Pierre Shale has 

on the thermal history will also depend on its thickness in the well; the thicker the formation the 

more it will enhance the thermal blanketing effect. The thickness of Cretaceous shale increases 

to the west (Carlson and Anderson, 1965) towards the foredeep of the Western Interior Seaway 

foreland basin and consequently the thermal blanketing effect should increase to the west. 

A single value was used for the thermal conductivity of the shale in the different wells. 

Sass and Galanis’ (1983) measurement of the thermal conductivity of the Pierre Shale (1.19 

W/m°C) was not low enough to create a thermal blanketing effect that would account for the 

high maturity in the L.L. Chapin 1 and Mile Butte 36-42 wells. Gilliam and Morgan’s (1987) 

measurement of the thermal conductivity (0.8 W/m°C) was too low, enhancing the thermal 

blanketing effect and making the model too mature in the Ficek 1 well where the Pierre shale is 

thicker. It would be helpful to assign different values to the thermal conductivity of the Pierre 

Shale especially because there is such a wide range in the measurements but there was no good 

rational to change the thermal properties of the shale only in the area where the HI is low. There 

is no work that suggests that the Pierre Shale is different in that area and further investigation is 

beyond the scope of this project. 

The presence of a basement anomaly has also been used to explain the increased maturity 

in the basin center. In the model, the thermal conductivity and the amount of radiogenic heat 
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generated in the lower crust was increased. The anomaly is only present where the HI is low 

(Figure 2.4) so these changes only take place in the wells where the Bakken shale is mature. In 

order to increase the maturity, the thermal conductivity and the amount of radiogenic heat 

generated needed to be increased significantly. The problem that arises is that not much is known 

about the anomaly and its effects on the thermal properties of the crust, so extreme changes to 

the thermal properties of the crust seem unreasonable. When Sass and Galanis’ (1983) 

measurement of the thermal conductivity of the shale (1.19 W/m°C) and the basement anomaly 

were combined in scenario WBD4, the thermal conductivity and the amount of radiogenic heat 

generated in the lower crust did not need to be increased as much due to the extra heat from the 

increased thermal blanketing effect of the shale. 

In scenario WBD4, the thermal conductivity of the Pierre Shale was decreased which 

reduced the amount that each parameter had to be changed, so in the E scenarios, the previous 

scenarios that seemed too extreme to be realistic but worked the best were combined. Scenarios 

WBB2 (with the Tertiary hot spot) and the D scenarios (altering the thermal properties of the 

Cretaceous shale and lower crust) were combined. The thermal conductivity of the Pierre Shale 

is decreased to 1.15 mW/m2. This value is within range of measured values and does not make 

the low maturity wells too warm. This value only holds for the wells present in this project and 

may have to be higher for wells further to the west with a thicker section of Cretaceous shale. 

The erosion is then adjusted to make the HI match measured values in the low maturity wells. In 

the high maturity wells, either a basement anomaly or a Tertiary rift is required to add the 

additional heat to increase the maturity. Together with the low conductivity of the shale, the 

additional heat added to the wells does not have to be large, none of the individual parameters 

had to be changed drastically, and the amount of erosion (150-700 ft) is more consistent between 
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wells. Furthermore, the amount of rock eroded in this model is less than previous estimates and 

therefore agrees with the simple tectonic history of the basin. As a result, the E scenarios 

provided the most reasonable scenarios for the Williston Basin. Scenario WBE0 created models 

that match the immature wells in the basin. There also needs to be an extra heat source in the 

middle of the basin that causes the Bakken shale in that area to get into the oil window so 

scenarios WBE1, WBE2, and WBE3 created models that match the mature wells. 

5.1.1 Subsidence of the Williston Basin 

The burial history for the wells in the Williston Basin shows different phases of basin 

subsidence (Figure 4.1). The first increase in deposition rate occurs in the Ordovician indicating 

the onset of basin subsidence. In the model from scenario WBB1, the hot spot cooling during the 

early Paleozoic initiating basin subsidence could not be observed because subsidence started 

before burial of the source rock and paleo-temperatures can be recorded. Any event that 

happened that early would not be recorded in the Devonian Bakken in which all the 

measurements of maturity were taken. 

5.1.2 HI Wall 

The theories previously put forth for the increased maturity in the basin center were 

tested. The Tertiary rift (Price et al., 1984) modeled in WBB2 will explain the linear shape of the 

area with increased maturity and takes into account the presence of the Nesson anticline. Price et 

al. (1984) also indicated that convection along the Nesson Anticline may also play a part in 

heating the rocks.In BasinMod®, the models are limited to vertical heat transfer by conduction so 

a Tertiary rift alone was modeled. In scenario WBB2, the mantle lid thickness was decreased to 

40 km during the Tertiary which, for an intracratonic basin that shows very little structural 

complexity, is excessive. In the E scenarios where the thermal conductivity of the Pierre Shale 
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was lowered, the mantle lid thickness decreased to 80 km in scenario WBE2 and 85 km in 

scenario WBE3. These estimates exclude the heat transfer due to hydrodynamic flow in the basin 

which would also make subsurface temperatures warmer. These scenarios seem rational because 

there is no evidence for rifting in the basin that may be due to the minimum amount of thinning 

of the mantle lid. The inclusion of the basement anomaly also created a reasonable model, but 

the uncertainty surrounding the source and size of the basement anomaly makes this 

interpretation tentative. The NACPCA is an electrical anomaly and work surrounding the 

thermal properties of the lower crust has not been done. 

Overall, the low thermal conductivity of the Pierre Shale aids in maturing the source 

rocks but there appears to be an additional heat source in the middle of the basin that pushes the 

Bakken shales into the oil window. The most practical explanation based on this study is 

scenario WBE2 until more work can be done to verify the thermal properties of the crust in this 

area. This model required minimal thinning of the mantle lid which, with hydrodynamic flow, 

can be even less and the Tertiary erosion is more consistent between wells (150-700 ft) so that 

there is no requirement to explain large differences in the erosion across the basin. This 

interpretation is also still tentative. 

5.1.3 Thermal Evolution of the Williston Basin 

The thermal histories for the different E scenarios are all similar and show that main 

hydrocarbon generation and expulsion in the Bakken Shale occurred after rapid burial in the late 

Cretaceous (Figure 4.11). This shows that the main control on generation and expulsion in the 

model was the rapid deposition of the Pierre Shale, which quickly buried the rocks and created 

the thermal blanketing effect. Tertiary erosion and uplift have caused subsurface temperatures to 

drop slightly but the temperature is still high enough, due to the continued thermal blanketing 
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effect of the shale that generation and expulsion is still occurring. 

5.2 Uinta Basin 

The Uinta Basin A scenarios had a thicker present day mantle lid thickness (97 km) than 

the other scenarios. In the model, the maturity was generally less than the measured data unless a 

large amount of Tertiary erosion was included. Decreasing the initial thickness of the lithosphere 

(scenario UBA1) seemed to increase the subsurface temperatures and maturity but did not 

provide a match for the Brotherson 1-11-B4 well. In the Federal 22-1 well, the modeled maturity 

from scenario UBA1 was close to the measured maturity data but still just below it. The amount 

of Tertiary erosion required to match the models with the measured data was unreasonably high 

especially in the Brotherson 1-11-B4 well (13000 ft). A present day mantle lid thickness of 97 

km was too thick to match the modeled results with the measured data. 

In the Uinta Basin B scenarios, the lithosphere was thickened for a short time during the 

Laramide uplift before thinning to a present day mantle lid thickness of 60 km. The amount of 

Tertiary erosion required to calibrate the Brotherson 1-11-B4 well was still fairly large (11000ft). 

During rapid burial in the late Cretaceous, thickening the crust decreased subsurface 

temperatures and inhibited maturation of the rocks. The late Cretaceous is a critical time for 

maturation of the source rocks, as this is the period in which rapid burial occurred. Therefore, it 

is important to initiate thinning of the mantle lid earlier. 

In the Uinta Basin C scenarios, the mantle lid thinned as the crust thickened. In order to 

appropriately match the maturity data in all the wells, the mantle lid had to start thinning at 90 

Ma (which is the earliest age estimated by Zandt et al. (1995) and McQuarrie and Chase (2000)). 

In addition, the initial mantle lid thickness was decreased, and the Tertiary erosion had to be 

increased in the Brotherson 1-11-B4 well. The erosion used in scenario UBC3 (9000 ft) is lower 
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and more reasonable than the estimates in previous scenarios, but is still fairly high. The data in 

the Brotherson 1-11-B4 well suggests that the maturity is relatively high and significant erosion 

is required to increase subsurface temperatures and maturity. In summary, when the temperature 

data are not strongly considered, scenario UBC3 created the best model because it provided a fit 

to all the well maturity data with the least amount of Tertiary erosion. 

Scenario UBA2 is the only model that produced temperatures that were in the 

temperature range for the Federal 22-1 and Keel Ranch 1-16 wells, but the modeled maturity in 

this scenario was too low. The measured temperature values in these wells are very low and 

could be due to incorrect measurements or cooling due to subsurface processes such as 

hydrodynamic flow. For this project, these values were taken to be anomalously low and were 

ignored when trying to refine the model. For the modeled maturity to match the measured 

vitrinite data, the modeled temperatures produced in the Federal 22-1 and Keel Ranch wells 

needed to be higher than the present day measured temperature range. 

5.2.1 Tertiary Erosion in the Uinta Basin 

In scenario UBC3, the amount of erosion in the Brotherson 1-11-B4 well had to be 

increased to 9000 ft in order to calibrate the model. The amount of erosion in the Federal 22-1 

and Keel Ranch 1-16 wells had to be reduced. This difference implies that there is a significant 

amount of erosion in the northern part of the basin. The erosion estimate in the Brotherson 1-11-

B4 well model is higher than expected but necessary to match the available data. 

The estimated erosion can be decreased if there is an event in the deepest part of the basin 

that could have contributed to the high maturity but no such event is documented. In fact, 

Chapman et al. (1984) calculated low surface heat flux values in the northern part of the basin 

(Figure 5.1) and suggested that cold meteoric waters may enter the subsurface at the southern 



 

218 
 

flank of the Uinta Mountains reducing surface heat flux in the area and the Green River is at 

fairly shallow depths. If this is true, the model would need to be even warmer (more erosion) 

because subsurface water flow is not included in the model to reduce subsurface temperatures. 

One possible explanation for the large amounts of erosion required in the model is that 

the data in the Brotherson 1-11-B4 well are unreliable and overestimate the maturity in the well. 

If the Brotherson 1-11-B4 well is not considered in the analysis, any of the scenarios that match 

the Federal 22-1 well (UBA1, UBA3, UBB1, UBB2, UBC0, UBC1 and UBC3) can be used to 

match the maturity data. Further work would need to be done to verify the maturity data in the 

northern part of the basin. 

 
Figure 5.1 Surface heat flux data in the Uinta Basin by Chapman et al. 1984 (After Chapman et 
al. 1984). 
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Another possible explanation is that the amount of heat being retained by the Mancos 

Shale in the model has been overestimated. If the thermal conductivity is increased in the model, 

more heat would pass through to the overlying rocks and make them more mature. However, this 

change would have to be done in all the wells because there is no evidence that the Mancos Shale 

properties vary systematically across the basin. In that case the amount of erosion in all the wells 

would have to be reduced. This is unlikely because the modeled maturity matches the maturity 

profile in the Federal 22-1 and suggests that the thermal properties of the rocks in the model are 

approximately correct. Furthermore the Henrikson and Chapman (2002) estimate of the thermal 

conductivity of the Mancos shale in Utah is 1-2.8 W/m°C. The value used in the model is within 

this range at 1.5 W/m°C. However, given the wide range in the estimate of the thermal 

conductivity, a systematic variation cannot be ruled out. The situation is similar to that noted for 

the Williston Basin. Determining whether such regional variation could account for the 

differences in thermal history is beyond the scope of this work. 

5.2.2 Thermal effects of kerogen 

For the Brotherson 1-11-B4 and Federal 22-1 wells, the well models in which the Green 

River Formation lithologic properties were derived from only the mineral components were 

noticeably cooler and therefore less mature than the well models in which the properties were 

derived including kerogen (see Appendix D). In the Keel Ranch 1-16 well only a small 

difference is observed because the Green River Formation is thinner, at least in part due to 

erosion. In the other wells, due to the low conductivity of kerogen, the thermal blanketing effect 

is enhanced and the rocks retained heat for a longer time, resulting in increased temperatures and 

maturity. The increase in temperatures and maturity in each model was not very large but for 

these particular models where the Green River is right on the border of the oil window and the 
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modeled maturity curves are lower than the data, the extra heat is important to hydrocarbon 

generation. The well models that include the kerogen component in the Green River Formation, 

therefore, provided better results for this model. 

The thickness of the Green River Formation and the amount of kerogen added to the rock 

types contributed to the overall thermal history of the Uinta Basin. The degree to which it 

contributed was fairly small given how thick and organic rich the formation is. In other basins, 

the inclusion of smaller amounts of organic matter in thinner source rocks should not influence 

the thermal history of the model significantly. 

5.2.3 Burial and Thermal History of the Uinta Basin 

The burial history plays a large part in the maturation of the Uinta Basin source rocks. 

The Mancos Shale and Phosphoria Formation both matured quickly between 80-50 Ma during 

rapid burial of the sediment. It is not until about 20 Ma that the Green River Formation started to 

mature and get significant oil generation. The large gap in the timing of maturation is because of 

the timing of deposition and because the Mancos Shale acted as a thermal blanket. As the shale 

was buried rapidly, it prevented much of the heat from flowing through it due to its low 

conductivity. It is not until rapid burial of the Mancos Shale ceased at 20 Ma that the heat started 

to flow up to the surface and heat the overlying Green River Formation. The resulting maturity 

indicates that the source rocks above the Mancos Shale are significantly less mature than those 

below it. This relationship is seen in the measured data for the Federal 22-1 well. The vitrinite 

profile shows a decrease in the maturity above the Mancos Shale (Figure 4.16B). 

In UBC3, despite having the most erosion, the Brotherson 1-11-B4 well has a lower 

present day surface heat flux (~46.5 mW/m2) than the Federal 22-1 well (48.4 mW/m2). The 

present day surface heat flux of the Keel Ranch 1-16 wells is 46.1 mW/m2. This is similar to the 
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pattern observed by Chapman et al. (1984) (Figure 5.1), but the explanation for the pattern in this 

model cannot include water flow because hydrodynamic effects are not included. This may be 

explained by looking at the burial and thermal history of the wells. The Green River rocks may 

also act as a thermal blanket where the Upper Green River Formation source rocks are shielded 

by those lower in the formation. Together with the shale of the Mancos, these low conductivity 

rocks decreased the amount of heat flowing to the surface. This may lower surface heat flux 

values despite large amounts of erosion. In the deepest part of the basin, the shale and oil shale 

thermal blankets are thicker than they are along the margin and can therefore reduce the surface 

heat flux values more. The oil shale is also richer in the basin center and so the increased 

kerogen matter content may aid in the thermal blanketing effect. However, it is possible that the 

Green River Formation properties in the deepest part of the basin are affected by high sediment 

influx shed from the nearby Uinta Mountains in this strongly asymmetric basin. 

5.2.4 Green River Kinetic Properties 

It is generally agreed that the Green River Formation is in the oil window in the north of 

the basin where it is the deepest. The published kinetic properties for the Green River Formation 

vary significantly, giving different generation histories of the Green River kerogen. Lewan and 

Ruble (2002) preferred their hydrous pyrolysis kinetic results to their open-system hydrolysis 

results. For this model, the hydrous pyrolysis kinetics required much higher subsurface 

temperatures for any oil generation to occur (Figure 4.18A). These higher temperatures not only 

cause the calculated vitrinite reflectance maturity to exceed the measured data but the amount of 

erosion will need to be increased or the lithosphere would have to have been thinner. The open-

system hydrolysis kinetics provided results in which most of the Green River Formation was 

generating oil (Figure 4.18B). The lower activation energy allows oil generation to occur earlier 
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and most of the Green River Formation sits comfortably in the oil window, generating 

substantial amounts of oil before uplift and erosion. However these kinetic parameters may be 

overly optimistic because most of the oil generated in the Green River Formation is thought to 

come from the Uteland Butte and the lowermost Green River Formation. 

Tissot et al.’s (1987) activation energy and the default A0 in BasinMod are situated in the middle 

of the two Lewan and Ruble (2002) estimates (Figure 4.18C) and are consistent with the oil 

windows set by Tissot et al. (1978) in the model. The maturity windows on the burial history for 

the Brotherson 1-11-B4 well in Figure 5.2 shows the main oil generation occurs at vitrinite 

values between 0.7-1.2% as estimated by Tissot et al. (1978). The time at which the source rocks 

entered this window is about the time of main oil generation in the models. Even though the 

amount of oil generated does not seem as high (~400 mg/gTOC in the Uteland Butte and ~200 

mg/gTOC in the L3 zone), the Green River Formation is so organic rich (up to 60%TOC) that 

the actual amount of oil generated can be significant. 

The reliability of the maturity data for the Brotherson 1-11-B4 was previously questioned 

but with these kinetic parameters, the thermal history indicated by the maturity data is required to 

generate oil in the lowermost Green River Formation. 

5.3 Paradox Basin 

The Paradox Basin A scenarios started with a similar tectonic history as the scenario that 

fit all the wells in the Uinta Basin (scenario UBC3). The basins are close to one another, located 

on the Colorado Plateau, and therefore had a similar history. The modeled maturity in scenario 

PBA0, however indicated that the model was more mature than the measured data. In the 

remainder of the A scenarios, the present day thickness of the mantle lid was increased because 

this value ranged from 55-100 km in this area. Increasing the present day mantle lid thickness 
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Figure 5.2 The oil shales (Colton/Flagstaff/North Horn and Green River Formation events) start generating oil at 20 Ma when the 
vitrinite values are between 0.7 and 1.2% when using Tissot et al.’s (1987) activation energy and the default A0 in BasinMod as 
predicted by Tissot et al. (1978).
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did not decrease the maturity considerably. Furthermore, scenario PBA2 required a total present 

day lithosphere thickness of 112 km, which is much higher than previous estimates and does not 

fit well with the model for the nearby Uinta Basin. 

In the B scenarios, the present day thickness of the crust was increased. Even though 

subsurface temperatures decreased, there was no noticeable change in the modeled maturity. In 

the model, the crust only started to thicken at 40 Ma, that is, at the same time uplift and erosion 

began. Thickening the crust after maximum burial and while the rocks are cooling due to uplift, 

therefore, does not seem to have an effect on the maturity. 

In the C scenarios, the amount of Tertiary erosion was reduced by about 2000 ft in order 

to match the modeled maturity with the measured data. This approach was successful but the 

amount of erosion had to be decreased drastically. In the D scenarios, the crust started to thicken 

at an earlier time (70 Ma). This decreased subsurface temperatures during the time of maximum 

burial, lowering the maturity. The amount of Tertiary erosion was then adjusted so that the 

modeled maturity matched the measured data. In this scenario, the erosion was reduced by about 

1000ft. Whereas the erosion estimated did not have to change as much as in the C scenarios, it is 

difficult to explain why the time at which the crust’s thickness changed in the Paradox Basin is 

30 m.y. earlier than the time in the Uinta Basin. 

In the Bow Knot 43-20 well, none of the modeled temperature profiles in the different 

scenarios were within the temperature range at 4000 ft so this measurement was determined to be 

anomalously low because all the modeled temperatures are within the temperature range, 118-

144 °F, at 7000 ft. All the modeled temperatures were lower than the given temperature range in 

the Hart Point 1 well but these data contain only one data point that may be incorrect. If all the 

vitrinite and T max data were considered when calibrating the model, the modeled maturity 
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would match the measured data in any scenario for the Salt Wash 1 and Bow Knot 43-20 wells 

because the measured maturity covers a wide range but the measured data would indicate much 

lower maturities in the Hart Point 1 well. 

5.3.1 Comparison with Previous Paradox Basin Models 

The C scenario models, PBC2 and PBC3, matched the measured data in the Paradox 

Basin. In these scenarios the amount of Tertiary erosion in the Salt Wash 1, Bow Knot 43-20, 

and Hart Point 1 wells was lowered to 6150, 6500, and 7200 ft respectively. The D scenario 

models, PBD2 and PBD3, were also able to match the Paradox Basin data. In these scenarios, the 

amount of Tertiary erosion in the Salt Wash 1, Bow Knot 43-20, and Hart Point 1 wells was 

reduced to 7150, 7000, and 8200 ft respectively. All these values are within Rasmussen and 

Rasmussen’s (2009) estimates of 5000-8950 ft for the Grand County (Salt Wash 1 and Bow Knot 

43-20 wells) and 6000-8550 ft for the San Juan County (Hart Point 1 well). On the other hand, 

these values are well below Nuccio and Condon’s (1996) estimates which are all at or above 

10000 ft. This is interesting because the burial history used in this project more closely followed 

Nuccio and Condon’s (1996) model for the timing of events. 

Nuccio and Condon’s (1996) burial history was simplified by creating pseudo wells with 

many of the formations grouped together by period. The Paradox Formation was divided into the 

Honaker Trail, Ismay-Desert Creek, middle Permian and lower Permian. Nuccio and Condon 

(1996) used heat flux values for their well models in Utah that range between 40-53 mW/m2 and 

they do not state if they used a steady-state model or transient heat. With a constant heat flux of 

40 mW/m2 and using transient heat, the model in this thesis matched the T max maturity data but 

the amount of Tertiary erosion in each well needed to be similar to the erosion amount in 

scenario PBC2 and PBC3. When a steady-state model was used instead of transient heat, then the 
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modeled maturity and temperatures dropped drastically and the Tertiary erosion needed to be 

increased by about 2000 ft for about 9000 ft of erosion. It is possible that Nuccio and Condon’s 

(1996) model used a steady-state system when modeling the thermal history. 

Nuccio and Condon (1996) also calibrated their model using production index and 

vitrinite reflectance data. For this model with the given wells, it appeared better to calibrate the 

modeled maturity with the T max values because they were more consistent between wells. 

Calibrating the model with the vitrinite data would have made the model in the Salt Wash 1 and 

Bow Knot 43-20 wells more mature and the same tectonic history used in the Uinta Basin could 

possibly have been used. That tectonic history however, would not have been able to produce a 

maturity curve to match the measured data in the Hart Point 1 well because the vitrinite values 

indicate even lower maturities than the T max data. The measured maturity data in the Salt Wash 

1 and Bow Knot 43-20 wells covered a wide range and therefore there are many models that can 

fit the data. With more consistent and reliable data, a more accurate model can be made. 

5.3.2 Pennsylvanian Subsidence 

The mechanism by which subsidence of the Paradox Basin was initiated during 

Pennsylvanian times is debated. This project could not validate or refute any of the theories 

related to the Paradox Basin Pennsylvanian subsidence. This event occurred during deposition of 

the source rock early in the basin’s history so the thermal indicators in this project were too 

shallow to record maximum temperatures at this time. 

The mechanism that initiated subsidence is not extremely significant in the basin model 

because the source rocks were either at very shallow depths or not yet deposited so the event 

would not play a huge part in maturing the kerogen. It would only aid in determining an initial 
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lithosphere thickness and a thicker lithosphere early in the basin’s history may help reduce 

subsurface temperatures later in the Paradox Basin history. 

5.4 The Uinta and Paradox Basins 

The burial history for the Paradox Basin was kept similar to that of the Uinta Basin, 

because of their close proximity. The attempt to keep the tectonic history exactly the same was 

difficult because in the Paradox Basin, a similar history creates a model that indicates much 

warmer temperatures than the measured data recorded. 

The measured maturity data for the Uinta and Paradox basins is similar; at depths 

between 4000 and 6000 ft, they are both at about 0.7%Ro but this maturity is found in older 

Pennsylvanian strata in the Paradox Basin and in younger Tertiary strata in the Uinta Basin. To 

achieve this maturity in Pennsylvanian rocks, the Paradox Basin well models have reached a 

maximum burial depth less than 20000 ft and require basal temperatures of 150-180 °F (PBD2 

and PBD3). For the same maturity in Tertiary rocks, the Uinta Basin well models have been 

buried to over 25000 ft and have basal temperatures of 400-570 °F (UBC3). The sediment in the 

Paradox Basin required less heat in the model because the majority of sediment is less mature. 

The overall lower maturity in the Paradox Basin is a result of the erosion of the Tertiary 

section before it could be buried as deeply as the sediment in the Uinta Basin (Figure 4.19). The 

most evident explanation for the different tectonic histories in the Paradox and Uinta Basins 

during the Tertiary is the location of the basins on the Colorado Plateau, where the Paradox 

Basin is located in the center of the Colorado Plateau whereas the Uinta Basin is located along 

the northern margins where the Colorado Plateau structure is less pronounced. As a consequence 

of this, the Paradox Basin is located on thicker and more stable crust that was uplifted during the 

Tertiary period, eroding most of the sediment. Alternatively, the Uinta Basin was influenced 
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more by the Laramide uplift and formed an intermontane basin that created accommodation 

space for more deposition and burial of the sediment during the Tertiary. 

Another reason for the differences between the basins could be related to the tectonic 

event that caused subsidence in the Paradox Basin during the Pennsylvanian, but a similar 

sediment pulse is observed in the Uinta Basin (Figure 4.13). The pulse of sedimentation in the 

Uinta Basin during the Pennsylvanian is attributed to the uplift of the Ancestral Rocky 

Mountains, even though subsidence precedes uplift (Osmond, 1965). There are not many studies 

about the Pennsylvanian subsidence in the Uinta Basin. 

Another factor that may contribute to lower maturity in the Paradox Basin is the very 

high conductivity of the salt precipitated during the Pennsylvanian. In the Paradox Basin the salt 

allowed the heat to pass through the rock column quickly to the surface whereas in the Uinta 

Basin, the rapid burial of the rocks to great depths under lower conductivity clastic sedimentary 

rock created thermal blankets that aided in the retention of heat, resulting in higher maturities. 

5.4.1 The Colorado Plateau 

The Uinta Basin source rocks are too mature for the present day mantle lid thickness to 

be 100 km. In the Paradox Basin, even though the rocks are less mature, a model using a tectonic 

history with a present day mantle lid thickness of 60 km was achieved. The thermal expansion 

theory was successfully used in both basins to produce a model that matched the measured data 

in all the wells. Thinning the mantle lid during the Tertiary works well in the Uinta Basin model 

because that is the time of deposition and burial of the source rocks. This is not definitive 

evidence that the thermal expansion theory is the cause of the Colorado Plateau uplift but it 

supports the argument for a thinner mantle lid. If the Brotherson 1-11-B4 well is excluded, the 

Uinta Basin B or C scenarios can also be used to calibrate the remaining well models. These 
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scenarios still require the thickness of the mantle lid to decrease during the Tertairy when there is 

rapid burial. Maybe some of these scenarios would have matched the Paradox Basin’s measured 

data without having to reduce the amount of Tertiary erosion in the wells. 

Uplift and erosion of the wells in the Uinta and Paradox well models occurred at 10Ma 

and 40Ma respectively. The most reasonable explanation is that uplift began at about 40Ma but 

(as previously stated) affected the basins differently; creating accommodation space in the Uinta 

Basin and eroding the rocks in the Paradox Basin. Erosion in the Uinta Basin occurred later 

when uplift became more significant than subsidence. This time also agrees better with the time 

that the suggested changes in the lithosphere that facilitated the Colorado Plateau uplift began 

(90-40Ma) according to Zandt et al. (1995) and McQuarrie and Chase (2000). 

5.5 North Sea 

The size and timing of the Permo-Triassic rift event in the North Sea does not affect the 

modeled maturity significantly as this event is early in the model’s history, when the source 

rocks have not even been deposited. Instead in these scenarios, the maturity was affected by the 

thickness of the mantle lid later in the basin’s evolution. Consequently, there needed to be a long 

time period of thermal cooling after rifting and a thin mantle lid present day thickness. In 

scenario NSA4, the present day mantle lid thickness used to match the model with the measured 

data was 70 km. The mantle lid just to the east of the wells is estimated to be just less than 100 

km (Figure 3.24) so the 70 km estimate may be a little too thin. 

In scenario NSB1 and NSC1, when earlier thinning events are added, the present day 

mantle lid thickness used was 80 km. The Jurassic event makes the model significantly warmer 

and increased the amount of hydrocarbons generated in the model. An even thinner mantle lid 

does not make the model warmer as is seen with scenario NSB2 that has a present day mantle lid 
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thickness of 70 km. The Jurassic rift event was necessary in all the wells to achieve a reasonable 

match of the model with the data without having a thin present day mantle lid or a very long 

thermal cooling time after the Permo-Triassic rift. The addition of a Cretaceous-Tertiary thinning 

event in the C scenarios did not seem to contribute to the maturity in the wells so this event does 

not seem as crucial to the maturation of the rocks. 

In all the scenarios, the mantle lid needed to be fairly thin until about 10 Ma in order to 

get the model mature enough to match the measured data. The thickness of the mantle lid needs 

to be decreased during burial in the late Cretaceous-Tertiary. Events earlier than this time are not 

as critical to the maturation of source rock, therefore it is hard to determine the size and timing of 

the both the Permo-Triassic and Jurassic rift events. 

5.5.1 Rifting Heat Flow by Jarvis and McKenzie (1980) 

The rifting heat flow method by Jarvis and McKenzie (1980) was successfully used to 

create a successful match of the model with the data. The resulting heat flux due to rifting is 

similar to the heat flux determined using the Basement Heat Flow module. The difference is 

mainly during the Tertiary where the heat flux, when using Basement Heat Flow, drops 

significantly due to increased deposition rate and burial. The heat flux during the Permo-Triassic 

rift event is also higher when using Jarvis and McKenzie’s (1980) method. Other than this, the 

overall maturity and hydrocarbon generation in the source rocks is similar. This shows that 

Basement Heat Flow can provide similar results to Jarvis and McKenzie’s (1980) method. They 

both use similar concepts (heat transfer by conduction through a thickness of lithosphere) so the 

results were expected to be similar. 
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5.5.2 Thermal Anomaly at Shallow Depths 

The modeled present day temperature profile is below the measured bottom hole 

temperatures at shallow depths (~4000 ft) in all the North Sea wells. It is possible that the 

Nordland and Hordaland Groups act as thermal blankets making the rocks under them warmer 

than they should be. This difference can also be a result of lateral movement of heat by fluid 

movement. As mentioned in section 2.2.5, there is much debate about the source of elevated 

subsurface temperatures. This effect may be important because these high temperatures occur 

where the Jurassic source rocks are located in the 31/6-1 well and it may increase the maturity of 

the rocks in this model. If there is a thermal blanketing effect, this may increase subsurface 

temperatures and maturity in all the wells. On the other hand, the temperatures and maturity data 

at the bottom of the wells do not show the temperature anomaly near the base of the well so the 

deeper source rocks may not be affected by it. 

5.6 Basement Heat Flow 

In the Williston Basin, the use of the Basement Heat Flow module worked well because 

of its simple tectonic history; however modeling became complicated when the thermal anomaly 

was encountered, because not much is known about the source of the thermal anomaly. This 

made it more difficult to model because it was hard to know which parameter in the model 

needed to be changed; however, similar result were achieved in the end (Figures 4.7, 4.8 and 

4.9). The Uinta and Paradox basins were difficult to model because of the uncertainty 

surrounding the present day structure of the lithosphere for the Colorado Plateau. The Basement 

Heat Flow tool gave a lot of flexibility to change the tectonic history and the thickness of the 

mantle lid and crust independently of each other but due to the scatter in the measured data in the 

modeled wells it was hard to pinpoint the actual maturity and decide on the timing of tectonic 
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events. Again similar results were achieved even if the timing of events were slightly different 

(Figures 4.24 and 4.25). Using Basement Heat Flow in the North Sea was complicated because it 

is difficult to decide how thin the lithosphere should be during rifting and how long it takes to 

thicken the mantle lid during thermal cooling. The addition of rift events into the model made a 

difference in the maturation and hydrocarbon generated, but using Jarvis and McKenzie’s (1980) 

method gave comparable results.
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CHAPTER 6 

CONCLUSIONS AND FURTURE WORK 

This chapter lists the conclusions drawn from the outcomes of each basin model and what 

can be done to improve the model. Lastly, the review of using the Basement Heat Flow method 

and PRA’s 2014 approach of finding surface temperatures to estimate the thermal history in a 1D 

basin model is presented. 

6.1 Williston Basin Conclusions 

 In order to model the thermal history of the Williston Basin without making any extreme 

assumptions, the thermal conductivity of the Cretaceous Pierre Shale had to be decreased 

in order to enhance the thermal blanketing effect in the basin. An additional heat source 

needs to be included where the HI is anomalously low. Two conceptual sources of the 

additional heat were explored: 1) a failed Tertiary rift and hydrodynamic flow and heat 

transport, and 2) a basement conductivity anomaly (the NACPCA), possibly reflecting 

different thermal and or hydrodynamic state. In the end, the failed rift seemed most 

plausible because the degree of rifting required, especially when paired with 

hydrodynamic effects, is so small that it may not be noticeable in the basin’s structure. 

Furthermore, there is substantial uncertainty surrounding the thermal properties of the 

basement anomaly. Only speculations have been made relating the basement anomaly to 

the maturity anomaly because their locations overlap. 

 Any mechanisms that may have initiated subsidence in the Williston Basin could not be 

observed in the model because the event is too early in the basin’s evolution to have been 

recorded in the thermal indicators used in this model. 
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 A thermal history for the Williston Basin was successfully derived. The model had 

minimal erosion and the estimated erosion was more consistent between wells, which 

better suits the simple structure of the basin. The low thermal conductivity of the Pierre 

Shale and rapid burial of rocks during the late Cretaceous-Tertiary played a major role in 

driving generation and expulsion of oil from the source rocks in the basin. The generation 

results show that the Bakken source rocks are still presently maturing, and generating and 

expelling hydrocarbons. 

6.1.1 Future Work Suggested for the Williston Basin Model 

The additional source of heat that has caused the HI wall could not be confirmed. 

Additional work can be done on the NACPCA and how it affects the thermal properties of the 

lower crust and therefore what kind of influence it would have on the thermal history of the 

Williston Basin. The NACPCA extends north into Canada and while the maturity of the 

Williston Basin’s source rocks cannot be used as a proxy thermal indicator (because they become 

shallower towards the basin’s margins); there should be a thermal anomaly associated with the 

NACPCA in Canada as well. On the other hand, supplementary work can be done to find more 

evidence of a failed Tertiary rift (besides the presence of the Nesson Anticline). 

The model can be improved by investigating the thermal properties of the Pierre Shale 

across the basin. It has been crucial to the thermal history of the basin by acting as a thermal 

blanket but the thermal conductivity should not be too low as to make the Bakken source rocks 

mature everywhere in the basin. The model can be expanded to include wells in Montana and 

Canada to observe what kind of thermal conductivity values work in those areas. Furthermore, 

additional measurements of thermal conductivity of the Pierre Shale could be directed at 

determining whether there are any lateral variations that would change its thermal properties 
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systematically across the basin. The model can also be improved by including heat transfer due 

to hydrodynamic effects. This would help determine how much each parameter really needed to 

be altered to get the Bakken shale mature only in the center of the basin. 

6.2 Uinta Basin Conclusions 

 Including kerogen in the Green River lithology mix influenced the thermal history by 

enhancing the thermal blanketing effect which made the model more mature. The change 

in maturity when kerogen was included is significant but relatively small and may not 

apply to thinner and less rich source rocks in other basins. 

 Deposition and burial of the Cretaceous Mancos Shale created a thermal blanketing effect 

in the Uinta Basin. This made the source rocks older than the Cretaceous more mature but 

it also worked against the maturation of the Tertiary Green River Formation. In order to 

get the model’s maturity to match the measured data in the northern part of the basin 

(where it is the deepest), the amount of Tertiary erosion had to be increased to 9000 ft 

which is a high estimate. 

 The thermal blanketing effect in the Uinta Basin is very prominent due to the rapid 

deposition and burial of the Cretaceous shale and the rich, thick Green River Formation. 

This combined effect reduced heat flow to the surface and may be stronger in middle of 

basin, where oil shale is thickest and richest. 

 A thermal history was successfully derived for the Uinta Basin. The tectonic history used 

included the thermal expansion theory in which the mantle lid thinned and the crust 

thickened during the Tertiary. Thinning the mantle lid at this time was crucial for the 

maturation of the source rocks in the Uinta Basin because it was during the time of 

maximum burial. It was at this time that the source rocks started generating 
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hydrocarbons. The Mancos and the Phosphoria source rocks are fully mature whereas 

only the oil shale found in the deepest part of the basin lies in the oil window. This oil 

shale has generated and expelled considerable amounts of oil. 

6.2.1 Future Work Suggested for the Uinta Basin Model 

The additional source of heat that has caused the HI wall could not be confirmed. 

Additional work can be done on the NACPCA and how it affects the thermal properties of the 

lower crust and therefore what kind of influence it would have on the thermal history of the 

Williston Basin. The NACPCA extends north into Canada and while the maturity of the 

Williston Basin’s source rocks cannot be used as a proxy thermal indicator (because they become 

shallower towards the basin’s margins); there should be a thermal anomaly associated with the 

NACPCA in Canada as well. On the other hand, supplementary work can be done to find more 

evidence of a failed Tertiary rift (besides the presence of the Nesson Anticline). 

The model can be improved by investigating the thermal properties of the Pierre Shale 

across the basin. It has been crucial to the thermal history of the basin by acting as a thermal 

blanket but the thermal conductivity should not be too low as to make the Bakken source rocks 

mature everywhere in the basin. The model can be expanded to include wells in Montana and 

Canada to observe what kind of thermal conductivity values work in those areas. Furthermore, 

additional measurements of thermal conductivity of the Pierre Shale could be directed at 

determining whether there are any lateral variations that would change its thermal properties 

systematically across the basin. The model can also be improved by including heat transfer due 

to hydrodynamic effects. This would help determine how much each parameter really needed to 

be altered to get the Bakken shale mature only in the center of the basin. 
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6.3 Paradox Basin Conclusions 

 The thermal history in the Paradox Basin is different from the thermal history in the 

Uinta Basin because of salt precipitation and Tertiary uplift and erosion. The salt is a 

good thermal conductor so that the source rocks at the top of the Paradox Formation were 

matured rapidly during burial in the late Cretaceous and early Tertiary. The Cretaceous 

shale also acted as a thermal blanket and could not transfer the heat to the surface as 

quickly as the underlying salt. The rocks were not buried as deeply as those in the Uinta 

Basin due to the uplift of the Colorado Plateau and the subsequent erosion. 

 The thermal history was successfully modeled for the Paradox Basin with reasonable 

amounts of Tertiary deposition and erosion. The tectonic history used again included the 

thermal expansion theory where the mantle lid thinned and the crust thickened during the 

Tertiary. Thinning the mantle lid at this time introduced a lot of heat into the model and 

quickly matured the source rocks in the Paradox Basin. Like the Uinta Basin, this was 

during the time of maximum burial. At this time (late Cretaceous-early Tertiary), 

hydrocarbon generation started in the Pennsylvanian source rocks. Expulsion of the 

hydrocarbons from the older source rocks occurred in the early Tertiary. 

 The Paradox Basin model can also be correlated with a tectonic history similar to the B 

scenarios in the Uinta Basin or scenario UBC0. These models had lower temperatures 

and therefore lower maturities. These scenarios, however, did not match the measured 

data in the Brotherson 1-11-B4 well in the Uinta Basin. If the measured data in the 

Brotherson 1-11-B4 well are proven to be anomalously high, then one of these scenarios 

may be more accurate. 
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6.3.1 Future Work Suggested for the Paradox Basin Model 

The Paradox Basin model can be improved with more measured data and more wells. 

The measured data were inconsistent between the wells in the model and were therefore not the 

best to pinpoint the maturity. The model may also be improved if the mechanism that initiated 

subsidence during the Pennsylvanian is identified. Although this was early in the basin’s history 

and does not directly impact the thermal history, changes to the lithosphere thickness at that time 

may influence subsurface temperatures at the beginning of the rapid burial episode in the late 

Cretaceous before the mantle lid thickness was decreased. 

6.4 The Colorado Plateau 

 For the basins on the Colorado Plateau, a present day mantle lid thickness of 60 km was 

necessary to match the measured data. 

 Thinning the mantle lid during the late Cretaceous when the rocks were being buried to 

their maximum depth, aided in maturation of the source rocks and subsequent 

hydrocarbon generation. The mantle lid started to thin at 90 Ma and crust started to 

thicken between 70-40 Ma initiating the uplift of the Colorado Plateau. 

6.5 Cretaceous Shale 

 The Cretaceous shale deposited in the Western Interior Seaway has played a vital role in 

the thermal history of the Williston Uinta and Paradox Basins by creating a prominent 

thermal blanket. This effect is due to its low thermal conductivity, fast deposition rate and 

thickness. The thermal blanketing effect from these rocks have either assisted in the 

maturation of older source rocks (such as the Devonian Bakken shale in the Williston 

Basin) or delayed the maturation of younger source rocks (such as the Tertiary Green 

River Formation in the Uinta Basin). The Cretaceous shale was deposited in other basins 
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throughout the west of North America and may contribute significantly to the thermal 

history in these basins. Further work can be done to map the thermal properties and 

lateral variations of this shale and figure out how it affects the maturity of the source 

rocks in these basins. 

6.6 North Sea Conclusions 

 The thermal history was successfully modeled for the North Sea with a reasonable 

estimate for the mantle lid present day thickness. The model with a Jurassic rift or a 

Tertiary thinning event required a present day mantle lid thickness of 80 km to match the 

measured data. The Permo-Triassic rift is too early in the basin’s history to contribute 

heat to the maturation of the source rocks. There needs to be another thinning (and 

heating) event later in the basin’s evolution to mature the source rocks. 

 The mantle lid thickness during the Tertiary is critical to the thermal history in the North 

Sea because this is when the rocks are at their maximum burial depths. Generation of 

hydrocarbons started in late Cretaceous-early Tertiary due to the increased burial rate and 

the thin mantle lid at the time. 

 There is a factor not accounted for in the model that is causing elevated subsurface 

temperatures at shallow depths. It may be caused by heat transfer due to hydrodynamic 

effects or a thermal blanketing effect from the Tertiary Nordland and Hordaland Group. 

 The rifting heat flow method proposed by Jarvis and McKenzie (1980) produced results 

that are similar to those achieved using the Basement Heat Flow method. Either method 

would be acceptable to find the basal heat flux for a rifting model. 
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6.6.1 Future Work Suggested for the North Sea Model 

More work should be done to determine the cause of the elevated measured temperatures 

at about 4000 ft and if this is related to the elevated subsurface temperatures discussed by 

previous authors. Lateral heat transfer due to hydrodynamic flow may provide the necessary heat 

in just those beds so the addition of hydrodynamic heat transfer would improve the North Sea 

model. 

In this model, the wells were all modeled in the same way for simplicity but in reality 

they have been influenced differently by the different rift events. The model can be improved by 

making the 31/6-1 well be more influenced by the Permo-Triassic rift and the 25/10-2R and 

35/10-2 wells be more influenced by the Jurassic rift. 

6.7 Basement Heat Flow 

The use of Basement Heat Flow to estimate the thermal history has its disadvantages and 

advantages. The use of this tool requires a great amount of knowledge about the tectonic 

evolution of the study area. Gaining this knowledge can be a lengthy process especially if the 

basin’s structural history is complex or there are anomalies or other subsurface processes (for 

example, hydrodynamic heat transfer) that contribute significantly to the thermal history. 

Furthermore, there are still some uncertainties regarding the thickness and properties of the 

lithosphere in particular settings. These setbacks may improve if multiple wells are modeled or a 

3D component that includes fluid flow is added. 

Alternatively, the lithosphere thickness is a more familiar parameter that can be varied 

rather than estimating heat flux changes through time. There are studies that include the 

thickness of the crust and mantle lid in different places around the world and these can be used as 

guides to determine the lithosphere thickness under different tectonic settings. When using 
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Basement Heat Flow, determining the tectonic history is also only critical during the time of 

maximum burial of the rocks. The early tectonic history in the basin does not seem to be crucial 

for the model as the source rocks have generally not been deposited or deeply buried during that 

time. When the rocks get buried, the tectonic evolution becomes critical for the thermal 

maturation of the rocks and present day subsurface temperatures. Transient heat also plays a 

large role in the thermal history at this time due to the thermal blanketing effect produced if 

rocks with a low thermal conductivity are being buried rapidly. Basement Heat Flow also allows 

for more variability in the tectonic history used because the lithosphere can be divided into many 

layers and each layer can be altered independently of each other. 

PRA’s 2014 approach of finding surface temperatures provided reasonable surface 

temperature estimates and Basement Heat Flow provided an easier way to estimate subsurface 

temperatures and basal heat flux. Overall, these methods are effective for finding the thermal 

history of a 1-D basin model. These methods should be utilized more so that rather than using a 

constant basal heat flux value through time, which is unrealistic, the program can calculate the 

temperature and consequent heat flux through space and time based on more consistent data.
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APPENDIX A  

BURIAL HISTORY 

The supplemental file for Appendix A contains the tables used to build the burial charts 

for the wells in the models; the L. L. Chapin 1, the Mile Butte 36-42, the Ficek 1, and the Lear 

Parshall SD1 wells in the Williston Basin, the Brotherson 1-11-B4, the Federal 22-1, and the 

Keel Ranch 1-16 wells in the Uinta Basin, the Salt Wash 1, Bow Knot 43-20, and Hart Point 1 

wells in the Paradox Basin, and the 25/10-2R, 31/6-1, and the 35/10-2 wells in the Norwegian 

North Sea. The table includes the events, the type of events, the age of events, the thickness 

deposited during formation events, and deposit events, and the thickness eroded for erosion 

events. 

In the tables, depths are subsurface depths in ft, thicknesses and erosion are in ft, and the 

types of event are described as follows: 

F= formation event 

E= erosion event 

H= hiatus event 

D= deposit event. 

Appendix_A_Burial_History_Tables Burial history tables of the wells modeled in this 

thesis; L. L. Chapin 1, Mile Butte 36-42, Ficek 1, 

Lear Parshall SD1, Brotherson 1-11-B4, Federal 

22-1, Keel Ranch 1-16, Salt Wash 1, Bow Knot 43-

20, Hart Point 1, 25/10-2R, 31/6-1, and 35/10-2. 



 

255 
 

APPENDIX B  

THERMAL HISTORY 

The supplemental file for Appendix B contains figures for the thermal history results. 

This includes burial charts showing isotherms through time for select scenarios. The following 

temperature history charts are presented. 

Appendix_B_Isotherm_Burial_History The following are presented: 

 The L. L. Chapin 1 and the Mile Butte 36-42 

wells in the WBE1, WBE2, and WBE3 

scenarios. 

 The Ficek 1 and the Lear Parshall SD1 wells in 

the WBE0 scenario. 

 The Brotherson 1-11-B4, the Federal 22-1, and 

the Keel Ranch 1-16 wells in the UBC3 

scenario. 

 The Salt Wash 1 and the Hart Point 1 wells in 

the PBC2 and PBD2 scenarios. 

 The Bow Knot 43-20 well in the PBD3 and 

PBD3 scenarios. 

 The 25/10-2R, the 31/6-1 and the 35/10-2 wells 

in the NSA4, NSB1 and NSC1 scenarios. 

 The 25/10-2R, the 31/6-1 and the 35/10-2 wells 

in the scenarios using Jarvis and McKenzie’s 

(1980) rifting heat flux method. 
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APPENDIX C  

HYDROCARBON GENERATION 

This section shows the hydrocarbon generation results for certain source rocks in select 

scenarios. The results are shown for: 

 The Bakken Formation in the Williston Basin. 

 The Mahogany Bed, the base of the Green River Formation, the Uteland Butte, the 

Colton/North Horn/Flagstaff (Brotherson 1-11-B4 well), the Mancos Shale and the 

Phosphoria Formation in the Uinta Basin. 

 The Gothic Shale, the C Marker and the Cane Creek shale in the Paradox Basin. 

 The Jurassic source rocks and the Ness Formation in the Norwegian North Sea. 

The hydrocarbon generation results are also shown in tables in the supplemental 

documents for Appendix C. 

Appendix_C_Hydrocarbon_Generation_Results Hydrocarbon generation results for the 

Bakken Formation, the Mahogany Bed, the 

base of the Green River Formation, the 

Uteland Butte, the Colton/North 

Horn/Flagstaff, Mancos Shale, the 

Phosphoria Formation, the Gothic Shale, the 

C Marker, the Cane Creek shale, Jurassic 

source rocks and the Ness Formations. 
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Figure C.1 Hydrocarbon generation in the Upper Bakken in the Mile Butte 36-42 well in 
scenario WBE1. 
 

 
Figure C.2 Hydrocarbon generation in the Lower Bakken in the Mile Butte 36-42 well in 
scenario WBE1. 
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Figure C.3 Hydrocarbon generation in the Upper Bakken in the L. L. Chapin 1 well in scenario 
WBE2. 
 

 
Figure C.4 Hydrocarbon generation in the Lower Bakken in the L. L. Chapin 1 well in scenario 
WBE2. 
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Figure C.5 Hydrocarbon generation in the Upper Bakken in the Mile Butte 36-42 well in 
scenario WBE2. 
 

 
Figure C.6 Hydrocarbon generation in the Lower Bakken in the Mile Butte 36-42 well in 
scenario WBE2. 
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Figure C.7 Hydrocarbon generation in the Upper Bakken in the L. L. Chapin 1 well in scenario 
WBE3. 
 

 
Figure C.8 Hydrocarbon generation in the Lower Bakken in the L. L. Chapin 1 well in scenario 
WBE3. 
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Figure C.9 Hydrocarbon generation in the Upper Bakken in the Mile Butte 36-42 well in 
scenario WBE3. 
 

 
Figure C.10 Hydrocarbon generation in the Lower Bakken in the Mile Butte 36-42 well in 
scenario WBE3. 
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Figure C.11 Hydrocarbon generation in the Upper Bakken in the Ficek 1 well in scenario WBE0. 
 

 
Figure C.12 Hydrocarbon generation in the Lower Bakken in the Ficek 1 well in scenario WBE0. 
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Figure C.13 Hydrocarbon generation in the Upper Bakken in the Lear Parshall SD1 well in 
scenario WBE0. 
 

 
Figure C.14 Hydrocarbon generation in the Lower Bakken in the Lear Parshall SD1 well in 
scenario WBE0. 



 

264 
 

 
Figure C.15 Hydrocarbon generation in the Mancos Shale in the Brotherson 1-11-B4 well in 
scenario UBC3. 
 

 
Figure C.16 Hydrocarbon generation in the Phosphoria Formation in the Brotherson 1-11-B4 
well in scenario UBC3. 
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Figure C.17 Hydrocarbon generation in the Mancos Shale in the Federal 22-1 well in scenario 
UBC3. 
 

 
Figure C.18 Hydrocarbon generation in the Phosphoria Formation in the Brotherson 1-11-B4 
well in scenario UBC3. 
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Figure C.19 Hydrocarbon generation in the Mancos Shale in the Keel Ranch 1-16 well in 
scenario UBC3. 
 

 
Figure C.20 Hydrocarbon generation in the Phosphoria Formation in the Keel Ranch 1-16 well in 
scenario UBC3.
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Figure C.21 Hydrocarbon generation in the Gothic Shale in the Bow Knot 43-20 well in scenario 
PBC3. 
 

 
Figure C.22 Hydrocarbon generation in the C Marker in the Bow Knot 43-20 well in scenario 
PBC3. 
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Figure C.23 Hydrocarbon generation in the Gothic Shale in the Hart Point 1 well in scenario 
PBC2. 
 

 
Figure C.24 Hydrocarbon generation in the Cane Creek shale in the Hart Point 1 well in scenario 
PBC2. 
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Figure C.25 Hydrocarbon generation in the Gothic Shale in the Bow Knot 43-20 well in scenario 
PBD3. 
 

 
Figure C.26 Hydrocarbon generation in the C Marker in the Bow Knot 43-20 well in scenario 
PBD3. 
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Figure C.27 Hydrocarbon generation in the Gothic Shale in the Hart Point 1 well in scenario 
PBD2. 
 

 
Figure C.28 Hydrocarbon generation in the Cane Creek shale in the Hart Point 1 well in scenario 
PBD2. 
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Figure C.29 Hydrocarbon generation in the Jurassic source rocks in the 25/10-2R well in 
scenario NSA4. 
 

 
Figure C.30 Hydrocarbon generation in the Jurassic source rocks in the 31/6-1well in scenario 
NSA4. 
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Figure C.31 Hydrocarbon generation in the Ness Formation in the 31/6-1well in scenario NSA4. 
 

 
Figure C.32 Hydrocarbon generation in the Jurassic source rocks in the 25/10-2R well in 
scenario NSB1. 
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Figure C.33 Hydrocarbon generation in the Jurassic source rocks in the 31/6-1well in scenario 
NSB1. 
 

 
Figure C.34 Hydrocarbon generation in the Ness Formation in the 31/6-1well in scenario NSB1. 
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Figure C.35 Hydrocarbon generation in the Jurassic source rocks in the 25/10-2R well in 
scenario NSC1. 
 

 
Figure C.36 Hydrocarbon generation in the Jurassic source rocks in the 31/6-1well in scenario 
NSC1. 
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Figure C.37 Hydrocarbon generation in the Ness Formation in the 31/6-1well in scenario NSC1. 
 

 
Figure C.38 Hydrocarbon generation in the Jurassic source rocks in the 25/10-2R well when 
using Jarvis and McKenzie’s (1980) heat flux rifting method with only a Triassic rift. 
 



 

276 
 

 
Figure C.39 Hydrocarbon generation in the Jurassic source rocks in the 31/6-1 well when using 
Jarvis and McKenzie’s (1980) heat flux rifting method with only a Triassic rift. 
 

 
Figure C.40 Hydrocarbon generation in the Jurassic source rocks in the 31/6-1 well when using 
Jarvis and McKenzie’s (1980) heat flux rifting method with only a Triassic rift. 
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Figure C.41 Hydrocarbon generation in the Jurassic source rocks in the 25/10-2R well when 
using Jarvis and McKenzie’s (1980) heat flux rifting method with a Triassic and Jurassic rift. 
 

 
Figure C.42 Hydrocarbon generation in the Jurassic source rocks in the 31/6-1 well when using 
Jarvis and McKenzie’s (1980) heat flux rifting method with a Triassic and Jurassic rift. 
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Figure C.43 Hydrocarbon generation in the Jurassic source rocks in the 31/6-1 well when using 
Jarvis and McKenzie’s (1980) heat flux rifting method with a Triassic and Jurassic rift.  
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APPENDIX D  

THE EFFECT OF KEROGEN ON THE THERMAL HISTORY 

This section shows the Uinta Basin scenarios with and without the kerogen component 

included in the rock type mix. The figures show the present day temperature and maturity 

profiles for the A, B and C scenarios. The basal temperature and heat flux through time in the 

UBC3 scenarios is also presented. 

Overall, the difference between the models with and without the kerogen component 

included in the rock type mix is small. The basal temperature increased by about 10°F when 

kerogen was included and the resulting maturity increased very slightly. Excluding kerogen from 

models with thinner and less rich source rocks would not significantly impact the thermal history 

of a model.



 

280 
 

 
Figure D.1 The present day temperature in the Brotherson 1-11-B4 well without the kerogen 
component for the A scenarios. 
 

 
Figure D.2 The present day temperature in the Brotherson 1-11-B4 well with the kerogen 
component for the A scenarios. 
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Figure D.3 The present day maturity in the Brotherson 1-11-B4 well without the kerogen 
component for the A scenarios. 
 

 
Figure D.4 The present day maturity in the Brotherson 1-11-B4 well with the kerogen 
component for the A scenarios. 
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Figure D.5 The present day temperature in the Federal 22-1 well without the kerogen component 
for the A scenarios. 
 

 
Figure D.6 The present day temperature in the Federal 22-1 well with the kerogen component for 
the A scenarios. 
 



 

283 
 

 
Figure D.7 The present day maturity in the Federal 22-1 well without the kerogen component for 
the A scenarios. 
 

 
Figure D.8 The present day maturity in the Federal 22-1 well with the kerogen component for the 
A scenarios. 
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Figure D.9 The present day temperature in the Keel Ranch 1-16 well without the kerogen 
component for the A scenarios. 
 

 
Figure D.10 The present day temperature in the Keel Ranch 1-16 well with the kerogen 
component for the A scenarios. 
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Figure D.11 The present day maturity in the Keel Ranch 1-16 well without the kerogen 
component for the A scenarios. 
 

 
Figure D.12 The present day maturity in the Keel Ranch 1-16 well with the kerogen component 
for the A scenarios. 
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Figure D.13 The present day temperature in the Brotherson 1-11-B4 well without the kerogen 
component for the B scenarios. 
 

 
Figure D.14 The present day temperature in the Brotherson 1-11-B4 well with the kerogen 
component for the B scenarios. 
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Figure D.15 The present day maturity in the Brotherson 1-11-B4 well without the kerogen 
component for the B scenarios. 
 

 
Figure D.16 The present day maturity in the Brotherson 1-11-B4 well with the kerogen 
component for the B scenarios. 
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Figure D.17 The present day temperature in the Federal 22-1 well without the kerogen 
component for the B scenarios. 
 

 
Figure D.18 The present day temperature in the Federal 22-1 well with the kerogen component 
for the B scenarios. 
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Figure D.19 The present day maturity in the Federal 22-1 well without the kerogen component 
for the B scenarios. 
 

 
Figure D.20 The present day maturity in the Federal 22-1 well without the kerogen component 
for the B scenarios. 
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Figure D.21 The present day temperature in the Keel Ranch 1-16 well without the kerogen 
component for the B scenarios. 
 

 
Figure D.22 The present day temperature in the Keel Ranch 1-16 well with the kerogen 
component for the B scenarios. 
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Figure D.23 The present day maturity in the Keel Ranch 1-16 well without the kerogen 
component for the B scenarios. 
 

 
Figure D.24 The present day maturity in the Keel Ranch 1-16 well with the kerogen component 
for the B scenarios. 
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Figure D.25 The present day temperature in the Brotherson 1-11-B4 well without the kerogen 
component for the C scenarios. 
 

 
Figure D.26 The present day temperature in the Brotherson 1-11-B4 well with the kerogen 
component for the A scenarios. 
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Figure D.27 The present day maturity in the Brotherson 1-11-B4 well without the kerogen 
component for the C scenarios. 
 

 
Figure D.28 The present day maturity in the Brotherson 1-11-B4 well with the kerogen 
component for the C scenarios. 
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Figure D.29 The present day temperature in the Federal 22-1 well without the kerogen 
component for the C scenarios. 
 

 
Figure D.30 The present day temperature in the Federal 22-1 well with the kerogen component 
for the C scenarios. 
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Figure D.31 The present day maturity in the Federal 22-1 well without the kerogen component 
for the C scenarios. 
 

 
Figure D.32 The present day maturity in the Federal 22-1 well with the kerogen component for 
the C scenarios. 
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Figure D.33 The present day temperature in the Keel Ranch 1-16 well without the kerogen 
component for the C scenarios. 
 

 
Figure D.34 The present day temperature in the Keel Ranch 1-16 well with the kerogen 
component for the C scenarios. 
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Figure D.35 The present day maturity in the Keel Ranch 1-16 well without the kerogen 
component for the C scenarios. 
 

 
Figure D.36 The present day maturity in the Keel Ranch 1-16 well with the kerogen component 
for the C scenarios. 
 



 

298 
 

 
Figure D.37 The thermal history of the Brotherson 1-11-B4 well without the kerogen component 
for scenario UBC3. 
 

 
Figure D.38 The thermal history of the Brotherson 1-11-B4 well with the kerogen component for 
scenario UBC3. 
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Figure D.39 The thermal history of the Federal 22-1 well without the kerogen component for 
scenario UBC3. 
 

 
Figure D.40 The thermal history of the Federal 22-1 well with the kerogen component for 
scenario UBC3. 
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Figure D.41 The thermal history of the Keel Ranch 1-16 well without the kerogen component for 
scenario UBC3. 
 

 
Figure D.42 The thermal history of the Brotherson 1-11-B4 well with the kerogen component for 
scenario UBC3. 
 


