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ABSTRACT 

The Permian Basin has been a critical source of oil and gas in the United States since its 

discovery in the early 1900’s. Recent developments in unconventional resource extraction have 

driven the United States to reach milestones in its domestic energy industry, including becoming 

a net energy exporter for the first time in decades, as well as becoming the largest oil producer in 

world. In 2019, US production exceeded 13 million barrels of oil per day (BPD) with nearly 5 

million bpd coming from the Permian Basin alone. Natural gas produced from the Permian also 

exceeded 20 billion cubic feet per day (BCFD) in 2019, propping up Texas to produce more 

natural gas than any other state and establishing domestic energy security for the US. The 

geologic complexity of the prolific hydrocarbon reservoirs require unconventional, integrated 

geologic and engineering solutions to successfully extract hydrocarbons from the stacked, 

heterolithic source-reservoir systems. Continued research and development in the Permian Basin 

will be necessary for the basin to continue to be America’s most prolific petroleum basin. 

Within the Permian Basin, the Delaware Basin resides as the westernmost structural 

component of the greater Permian Basin. The stratigraphy of the Delaware Basin contains 

multiple intervals of organic-rich source rocks with varying degrees of thermal maturity. 

Multiple publications have identified a trend in the gas-oil ratio in the Delaware Basin, 

characterizing the western side of the basin with a significantly higher gas production on the 

shallower, gently dipping flank of the basin. Varying levels of uplift and erosion, as well as 

variable spatial and temporal geothermal gradient are both leading explanations for the 

anomalous spatial change in gas-oil-ratios. 

In order to increase understanding of the geologic controls on hydrocarbon generation in 

the basin, examination and modeling the geologic history identified critical moments in 

formation of the petroleum system and illuminated areas that require further investigation. The 

geohistory integrate thermal and structural history of the basin, eustatic sea-level change, and 

tectonic subsidence to interrogate timing and magnitude of hydrocarbon generation from the 

organic-rich intervals. Measured thermal, geochemical, and mechanical well data were used as 

constraints to calibrate 1D basin models across the basin. Vitrinite reflectance, rock-eval 

pyrolysis, and bottom-hole temperatures (BHT’s) are all sources for calibration of models by 

fitting calculated curves to measured well data. Geohistory analysis and sensitivity analysis 

were used to characterize geologic variability across the basin, followed by uncertainty analysis 
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of the results with respect to Wolfcamp maturation and hydrocarbon generation. 

Results from the models identify that Wolfcamp peak rates of oil and gas generation 

occurred in the late Permian to Triassic. The Wolfcamp experienced compaction by the end of 

the Permian due to rapid tectonic subsidence, resulting in maximum mechanical porosity and 

permeability reduction prior to the onset of hydrocarbon generation. Testing the models’ 

sensitivity with respect to the key geologic and geochemical uncertainties identified paleo heat 

flow and initial TOC of the Wolfcamp as influential parameters in calculating both thermal 

maturity and hydrocarbon generation. Results from the thermal models show present day 

geothermal conditions are not capable creating the thermal and geochemical signatures preserved 

in the sediments in the western side of the basin. The western Delaware Basin experienced a 

higher paleo geothermal gradient following the Permian basin phase that contributed to higher 

thermal maturity of the Wolfcamp, converting in-situ hydrocarbons to a more gaseous phase. 

The geologic history of the western basin is a separate heat flow province from the eastern basin, 

with hydrocarbon generation controlled by Cenozoic tectonism.  
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CHAPTER 1 INTRODUCTION 

1.1 Overview and Motivation 

Abundance of natural resources and particularly energy resources are important drivers for 

the quality of life in society. Oil and gas provide substantial amounts of energy for our nation as 

well as others, and provides the necessary materials to create important petrochemicals, materials 

for infrastructure, and vital components for our way of life. The United State (US) continues to 

revolutionize natural resource extraction with its ability to innovate and integrate new 

technology, making great strides ahead of any other nation with safer, cleaner, and more efficient 

hydrocarbon production. The resulting increase in domestic production provides benefits in 

energy security and reduction in CO2 emissions. As the US moves toward cleaner sources of 

energy, natural gas production is essential for continuing to reduce rates of CO2 emissions by 

replacing coal as our primary energy source. Furthermore, the US’s increasing natural gas and 

LNG exports support cleaner energy on a global scale.  

Unconventional resources in oil and gas have unlocked vast reserves in areas previously 

considered non-producible and uneconomic, paving the way for the US to become the top 

producer of oil and a net exporter of crude, while relying much less on imported oil (Dunn and 

Hess, 2018; Olson, 2018; DOE, 2017). The Permian Basin and particularly the Delaware Basin 

contain substantial amounts of unconventional oil and gas accumulations; their existing 

production and future potential are both impressive and motivating for further study and 

continued oil and gas extraction. Texas leads the nation in natural gas production, and continued 

production will be vital for the US to continue reducing the rate of CO2 emissions by replacing 

coal with natural gas  

The greater Permian Basin consists of three primary structural elements: the structurally high 

Central Basin Platform and the two basins it sits between; the Delaware Basin to the west, and 

Midland Basin to the east. During the deposition of many of the prolific hydrocarbon bearing 

units of Permian age, west Texas and southeast New Mexico were covered by a shallow sea 

bounded by structural highs including the Marathon fold-thrust belt to the south (Figure 1.1). The 

emplacement of the organic-rich rocks that source the unconventional hydrocarbons of the 

Permian Basin originate from Permian aged sediment gravity flows and sedimentation into a 
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basinal marine setting. Sea-level transgressions and high-stands were associated with high-stand 

debrites from proximal shelves, while low-stands were associated with channelized turbidites 

and fan systems. Sediment starvation and reduced clastic influx allowed for the concentration of 

organic matter in multiple, world-class source rocks including the Woodford and Barnett (Jarvie, 

et al., 2017). Low clastic influx allowed for substantial organic matter to accumulate in both 

platform and basinal settings, creating the deposits rich in organic carbon in both proximal and 

distal environments.  

.

 

Figure 1.1: A geohistory highlighting the primary structural phases outlined in Sinclair (2007). 

Note during the stable platform phase the modern geometry of the Permian basin is formed. A) 

The geohistory of the basin shows the 1-dimensional formation of the Delaware basin with age 

on the x-axis and depth on the y-axis. The plot represents the geologic history of stratigraphy 

encountered in a single well bore. B)  2-dimensional representation of the basin formation from 

Blakey maps for the first three phases. These maps display time slices of the paleogeography of 

the Delaware and Greater Permian basin (Blakey, 2019). 

Present day production trends observed in the Delaware Basin exhibit gas-rich production 

in the western flank of the basin and are recognized by multiple publications (Figure 1.2). The 

basin shallows to the west, and the increasing geochemical signatures suggest the oil and gas 

window shallows to the west also (Pawlewicz et al., 2005; Manos and Perez, 2018).  
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Figure 1.2: Production trends identified in the Delaware Basin display a lower gas-oil-ratio in the 

eastern basin closer the depocenter and Central Basin Platform, with increasing gas content to 

the western flank of the basin. Note the data used horizontal wells only and used an initial 6-

month average. Courtesy of TGS. 
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1.2 Purpose and Objectives 

The purpose of this study is to develop a precise understanding of the geologic history 

and formation of the Delaware Basin, exploring major geologic mechanisms influenced the 

thermal maturation, expulsion, and cracking of hydrocarbons. Successfully identifying primary 

controls on the liquids distribution in the basin have direct implications for reducing risk in 

future exploration and production within the Delaware Basin. The objective was to build 

geologically defensible models to test which parameters in the basin’s history affected the source 

rocks the most, with an emphasis on the Wolfcamp. Building basin models with accurate thermal 

conditions will help to constrain the timing, magnitude, and location of the oil-window and allow 

for quantitative testing of hypotheses for the production trends observed today. 

1.3 Study Area 

In order to establish an adequate regional basin model, input models from across the entire 

Delaware Basin were constructed based on the presence of digital logs for geologic mapping, 

and calibration data for basin modeling. Well logs from across the Delaware Basin, including 

both Texas and New Mexico, within Culberson, Jeff Davis, Reeves, Loving, Ward, Winkler, 

Lea, and Edward Counties were necessary to accurately model the extent of the Delaware Basin. 

Regional coverage with digital logs was necessary to establish a regional control on the structure 

of geologic surfaces and thickness distributions across the Delaware Basin. Deep, vertical wells 

were to constrain the structure and thickness of deeper units, as most wells do not penetrate 

below the reservoir intervals. The Bureau of Economic Geology (Ruppel, 2009) published an 

integrated study providing wells and surfaces created from the wells for deeper units (Figure 

1.3). Models from shallow wells extrapolated to the Ellenburger dolomite using regional 

thickness and structure maps from Ruppel (2009).  

1.4 Dataset and Methods 

This study required an integrated approach beginning with geologic mapping and 

geochemical data analysis, followed by building a series of geologic models using the geologic 

maps and geochemical data as inputs. A database of geochemical data in the Delaware Basin 

used for thermal calibration of models included vitrinite reflectance, rock-eval pyrolysis, and 

bottom-hole temperatures was assembled using both public domain data and data provided by 
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sponsors of the MudTOC research consortium. Geologic mapping and well log correlation of key 

units was performed using well-to-well correlation with suites of digital and raster logs in the 

Kingdom Suite software.  

 

Figure 1.3: Purple and black points represent wells that penetrated the Ellenburger and 

Precambrian respectively. These points display well control used in generation of geologic 

surfaces in the Delaware Basin. (Ruppel, 2009). 

 

Basin modeling was conducted in Platte River Associates’ BasinMod 1D software. Inputs 

for the models were taken directly from the geologic mapping. Key wells most suitable for 1D 

model building were identified based on breadth of data and complete stratigraphic control, 

ideally having digital well logs and containing one or more of the listed geochemical calibration 

data sets. 
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Steps to build a 1D basin model are briefly described below and covered in more detail in 

Chapter 3. 1) Create lithostratigraphic model for 1D model inputs, including depths and 

constrained ages for all units in the basin, ideally encompassing the surface to basement. 2) 

Quantify tectonic influences in the basin with constrained timing and magnitude of major 

structural events. 3) Repeat these steps on multiple 1D models across the Delaware Basin to 

achieve a regional coverage of the basin. 4) Calibrate the basin models using geochemical data 

sets so the modeled parameters match observed, measured data. This step includes detailed 

analysis on timing and magnitude of uplift and erosion and its spatial distribution in the basin. 5) 

Finally, test the sensitivity of the models to the various parameters used in modeling to identify 

key uncertainties with respect to Wolfcamp hydrocarbon generation. 

1.4.1 Geologic Mapping 

Compilation of digital logs was necessary to create an accurate control on thicknesses of 

units and key surfaces. Correlation and analysis of well logs assisted in mapping depths of each 

key lithostratigraphic units and unconformities in the basin. Depths of formations across the 

basin were used to create a series of surface models to create a complete stratigraphic layer 

model for the basin. Deeper units were mapped using deep wells that penetrate the Ellenburger 

dolomite or Precambrian basement. The database of logs contained hundreds of wells, including 

a substantial amount of public domain digital and raster logs, as well as logs provided by TGS. 

Areas without well control spatially or deep enough utilized published geologic maps for 

constraint, primarily the Bureau of Economic Geology’s Permian Basin Geologic Synthesis 

(Ruppel, 2009). 

1.4.2 Geochemical Data 

Multiple forms of geochemical data were used to constrain the thermal modeling of source 

rocks. Using an accurate thermal model that reflects measured data is essential to identify the 

timing and depth of hydrocarbon generation (Beardsmore and Cull, 2001). Bottom-hole 

temperatures (BHT’s) were recorded from raster and digital logs where possible. Multiple wells 

with geochemical analysis, including vitrinite reflectance and rock-eval pyrolysis used as key 

wells were generously donated to the MudTOC Consortium by sponsors. The nature of each 

thermal calibrant is briefly described below. 
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Vitrinite Reflectance 

Vitrinite reflectance (%Ro) is a relatively cheap and effective way to establish a level of 

thermal maturity (Allen and Allen, 2005) and regarded as the most widely accepted indicator of 

maximum paleotemperature (Beardsmore and Cull, 2001). Vitrinite is one of three types of 

organic constituents in kerogens termed macerals. The three classes of microscopic herbaceous, 

woody material are vitrinite, liptinite, and inertinite. Measuring of the reflectance of vitrinite 

entails measuring the percentage of polarized white light reflected off a polished sample of rock 

containing correctly identified vitrinite (Beardsmore and Cull, 2001). The vitrinite reflectance 

equivalent of the oil and gas window is widely regarded at or close to 0.6 and 1.0 %Ro, 

respectively. Methods using vitrinite reflectance contain pitfalls, including misidentified vitrinite, 

anisotropic reflectance, and recycling of vitrinite from older rocks reflecting erroneously higher 

maximum paleotemperatures. Most practices today, including this study, utilize a mean of 

several measurements of %Ro. MudTOC sponsors donated vitrinite reflectance data used in this 

study, and Pawlewicz et al. (2005) published a comprehensive data set of vitrinite reflectance 

data in the Delaware Basin. The combination of these data sets were used in the modeling 

process. 

 

Rock-eval Pyrolysis 

 Rock-eval pyrolysis is a data set derived from the controlled heating a sample of rock 

sample in an inert gas chamber at a controlled rate of temperature increase. A gas chromatograph 

records the volume of hydrocarbons produced through the duration of heating. The goal of this 

test is to simulate temperature conditions achieved through geologic time in a matter of minutes, 

using substantial temperatures. The rock samples of interest will expel first the naturally 

generated hydrocarbons within the pore space between 100 - 200° C, then proceed to expel 

potential hydrocarbons in the 400 – 500° C range (Beardsmore and Cull, 2001). The peak 

temperature associated with potential hydrocarbons recorded by the chromatograph is termed 

Tmax. Higher Tmax values reflect higher activation energies required for pyrolysis of potential 

hydrocarbon, and thus the sample’s higher thermal maturities can be inferred (Beardsmore and 

Cull, 2001).  
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Bottom-hole Temperatures  

Subsurface temperature measurements in sedimentary basins are typically taken at the 

base of wells or at points along the well bore. These measurements are taken on the borehole 

fluid and reflect the borehole fluid temperature to measure the underground ambient temperature. 

The activity of drilling causes a cooling effect on the subsurface temperatures near the borehole, 

and as a result, any measurement taken soon after drilling will underestimate the subsurface 

temperature. The borehole fluid must be in thermal equilibrium with the subsurface for an 

accurate measurement of subsurface temperature (Beardsmore and Cull, 2001). Most wells 

measure bottom-hole temperatures (BHT’s) soon after drilling, requiring a correction applied to 

the measurement for an accurate estimation. These typically are a function of the time since 

circulation of fluids in the bore hole. This study utilized an empirically derived time-since-

circulation correction in BasinMod to correct reported bottom-hole temperatures (Figure 1.4). 

Headers on rasters and digital logs recorded temperatures, depth of reading, and time since 

circulation; all of which were used in the modeling of the thermal gradient.  

 

Figure 1.4: A depth plot from a 1D model in the southeastern Delaware Basin with the 

temperature and bulk thermal conductivity plotted with respect to the depth in elevation. The 

measured temperature pulled from a log was corrected. The various bulk thermal conductivity 

changes between lithological breaks and with depth due to compaction effects.   
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1.3.3 Basin Modeling Inputs 

Wells with suites of calibration data were used to create defensible basin models in the 

Delaware Basin. Standard inputs for basin models are the representative stratigraphy in a well 

bore or stratigraphic section. This includes lithostratigraphy, specifically lithologies and ages of 

deposition. Lithologies were gathered from mud logs, logs, and publications where necessary. 

Ages of deposition were taken from literature of stratigraphy in the extensively studied Permian 

Basin, which is validated by extensive biostratigraphic and chemostratigraphic data. Paleowater 

depths utilized 2nd and 3rd order sea-level changes interpreted from depositional environments 

and incorporated eustatic sea level. Eustatic sea-level was taken from curves from Haq and 

Schutter (2008) and discussed in detail in Sarg (1991) and Comer (1992). Paleowater depths for 

the Mesozoic and Cenozoic were taken from Haq et al. (1986). The model’s boundary conditions 

for thermal conditions require a basal heat flux and surface temperature for the thermal model. 

The tectonic model of the basin closely followed Sinclair’s (2007) analysis of multiple 

references and obtained new data to constrain magnitude of uplift and erosion associated with 

two key events: Triassic uplift/erosion, and Cretaceous deposition, uplift, and erosion. 

Identification of major unconformities and quantifying their associated geologic time span and 

magnitude was performed through calibration of models covered in section 3.1.3. 

This study’s 1D models were built in Platte River Associates, Inc.’s BasinMod© 

software. The models contain stratigraphic inputs for tops and thicknesses of each unit mapped 

down to the Ordovician Ellenburger. Tops and thicknesses were either mapped or inferred from 

regional structure or isopach maps. Heat flows were calculated from corrected BHT’s to 

calculate the present-day basal heat flux in each model. The upper thermal boundary condition 

will use a surface temperature using BasinMod’s SWIT tool (Figure 1.5). Models are simulated 

and iteratively adjusted such that the models predicted thermal and geochemical conditions 

match the measured data in each well. 
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Figure 1.5: BasinMod’s SWIT tool calculates the model’s surface temperature through time as a function of paleo-latitude 

from Smith et al. (1981) and paleo water depth correction from Beardsmore and Cull (2001). A) Surface temperature model 

using a latitude of 32°. B) Both surface temperature and sediment water interface (SWIT) plotted. Not accounting for paleo 

water depths of the Permian sea and Western Interior Seaway cause the model to over-calculate the upper thermal boundary 

condition.  
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CHAPTER 2 REGIONAL GEOLOGY 

2.1 Overview 

The geologic history of the Delaware Basin begins with the formation and existence of 

larger sedimentary basins that lead to the formation of the Delaware Basin. The Delaware Basin 

is the western sub-basin of the Permian Basin, and prior to the Permian Basin’s formation, the 

area was part of the early Precambrian to late Paleozoic Tobosa Basin. Key tectonic and 

structural events throughout the formation of these three separate basins are outlined in detail in 

section 2.2 and illustrated with a geohistory in Figure 1.1. The general stratigraphy (Figure 2.1) 

shows the key nomenclature for the units discussed in the paper, and detailed descriptions of 

these units are discussed in section 2.3. A type log of the basin is included to show the 

correlatable well log signatures in the Paleozoic and late Permian, while displaying the more 

complex Leonardian and Wolfcampian section in between (Figure 2.2). 

 

Figure 2.1:  Generalized stratigraphic column of the Delaware Basin with the Wolfcamp circled 

in red and other important hydrocarbon rich intervals labeled. Modified from Sinclair (2007). 
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Figure 2.2: Simplified Type log of the Permian showing primary lithologic breaks and key 

markers in well-log correlation. The Ochoan’s primary evaporites can be interpreted with 

acoustic logs using contrasting acoustic properties in anhydrite and halite. The Leonardian 

through Wolfcampian are difficult to correlate without GR, RT, Acoustic, and Porosity. 
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2.2 Structural Framework 

2.2.1 Tobosa Basin Phase 

During the Late Proterozoic to Early Phanerozoic, the present-day Delaware Basin region 

was welded to the southwestern portion of the North American craton (Sinclair, 2007). Pre-

existing basement faults related the Grenville orogeny established northwest-southeast trending 

faults that would become reactivated to form the Tobosa Basin in the Cambrian (Hills, 1984). 

This tectonic activity was characterized by broad, moderate subsidence and accompanied by the 

transgression of the Tobosa Sea (Adams, 1964; Hills, 1984). The Tethys Sea existed to the south, 

and broad shallow marine conditions during a period of little tectonic activity (Hills, 1984). 

Extent of the Tobosa Basin covered the entire present area of the Permian Basin and contained 

series of local structural sags separated by arches (Adams, 1964). These are supported by the 

thickness changes in the Ellenburger Isopach (Figure 2.3) showing thickness changes across 

existing basement faults. The Carboniferous to Ordovician structural and paleogeographic setting 

resulted in deposition of the Ellenburger, observed today as a continuous thickness across the 

Permian-aged structures (Adams, 1964). 

 

Figure 2.3:  Thickness of the Ellenburger formation across the greater Permian basin from 

Ruppel (2009) highlights primary active basement faults (Frenzel et al., 1988) during time of 

deposition in the Ordovician. 
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Moderate to low subsidence of the marine Tobosa Basin continued throughout the 

Ordovician and into the Devonian, during which relative tectonic quiescence was accompanied 

by fluctuating sea-levels. Compression from the west occurred in the Late Devonian, creating 

bounding arches that exist presently as the Diablo Arch to the west and Texas Arch to the east.  

2.2.2 Permian Basin Phase 

Tectonic quiescence ended in the Pennsylvanian, when the collision of Laurasia and 

Gondwana and resulting tectonic subsidence increased due to thrusting and loading from the 

southern Marathon-Ouachita Thrust Belt. Major WNW-ESE compressive stress reactivated the 

Precambrian basement faults in the Tobosa region (Adams, 1964). Crustal shortening responded 

through displacement of basement blocks below the Tobosa basin. Trans-tensional stresses 

resulted in present-day structural highs including the central basin platform were uplifted while 

the adjacent Delaware and Midland basins were downfaulted (Sinclair, 2007) creating the 

geometry of the Permian Basin today. During this time, the basin likely experienced higher heat 

flows characteristic of continental collision (Allen and Allen, 2005; Sinclair, 2007).  

Tectonic subsidence associated with flexure from the continental collision continued into 

the Permian, creating accommodation for sequences of thick Permian sediments in marine 

conditions, primarily sourced from the active margin to the southeast (Sinclair, 2007). At this 

time, development of prolific reef systems on the structural highs began to develop, responsible 

for multiple fossilized reefs including Capitan Reef. In the basinal deep marine setting, the 

Wolfcamp and Bone Spring intervals were deposited in multiple cycles of sea-level fluctuation 

(Sarg et al., 2012). Continued subsidence accompanied by restriction of the seas resulted in Late 

Permian increased clastics in the Guadalupian aged units. The Permian phase ended as restriction 

to the ocean continued, and combined with ongoing subsidence, deposition of thick evaporite 

and thin red bed sequences of the Castile, Salado, Rustler and Dewey Lake occurred as the 

marine conditions in the Delaware Basin ceased. Subsequent tilting of the basin in the early 

Triassic, combined with the structural uplift in the west was responsible for the angular 

unconformity capping the Dewey Lake unit (Sinclair, 2007).   

2.2.3 Stable Platform  

 Tectonic activity largely ceased in the basin around 250 Ma associated with the end of 

the Permian basin phase. Following this phase, the region was tectonically quiescent during the 
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stable platform phase in the basin’s history. Minor Mesozoic sedimentation occurred in the form 

of thin, coarse red beds of the Triassic Chinle and Dockum formations, however these are poorly 

preserved across the basin. There are no records of any Jurassic aged rocks in the Delaware 

Basin as this period is described in literature as both erosive and largely tectonically quiescent 

(Sinclair, 2007; Adams, 1964).  

2.2.4 Cenozoic Deposition and Tectonism 

The Cenozoic time began with the onset of minor subsidence across the Delaware Basin 

as the North American craton saw the incursion of the Western Interior Seaway to the Gulf of 

Mexico. During this time, the Diablo Platform and Marathon Uplift supplied clastic sediment 

while fluctuating sea-level allowed for development of carbonate sedimentation in the seaway 

(Sinclair, 2007; Roberts and Kirschbaum, 1999). Most of these sediments are not preserved in 

the Delaware Basin due to the tectonic activity that would follow.  

Laramide compression from the west increased tectonic activity in the basin. The 

Farallon plate collided with the North American plate at approximately 80 Ma and began a 

period of broad subsidence and deposition along central North America (Dickinson, 1981). 

Immediately following this period of tectonism, Cretaceous deposition and subsequent uplift and 

erosion affected the Delaware Basin. Estimates of the magnitude of this event are disputed. 

Sinclair (2007) used Apatite-Fission track analysis to estimate 3890 feet of missing section 

occurred in wells sampled. Roberts and Kirschbaum (1999) used correlatable biostratigraphic 

sections along the Cretaceous units preserved from North America to the Gulf of Mexico, using 

multiple points to the east and west of the Permian Basin. These estimates conclude a total of 

nearly 3,500 feet of missing Cretaceous section in the basin. The deposition and subsequent 

erosion through the Late Cretaceous is illustrated in Figure 2.4 as a geohistory for the Mesozoic 

and Cenozoic. 

 The final tectonic episode in the basin occurred as rifting to the west of the Delaware 

Basin along the Rio Grande Rift. The Basin and Range province experienced rifting and crustal 

thinning at approximately 30 Ma. This tectonism in the Basin and Range province likely also 

caused uplift and erosion in the western Delaware Basin (Sinclair, 2007; Barker and Pawlewicz, 

1987), while also causing igneous intrusions in the deep basin (Manos and Perez, 2018; Barker 

and Pawlewicz, 1987). Thinning of the crust likely caused higher heat flow in the western 
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Delaware Basin (Barker and Pawlewicz, 1987) and was responsible for the volcanism observed 

across the rift zone. Continued uplift and erosion are attributed to the thermal doming resulting 

from the rifting (Hill, 1996). Sinclair (2007) estimated this tectonic episode removed 3,600 feet 

of sediment using apatite fission track analysis. Tertiary tectonism from both the Laramide 

Orogeny and Basin and Range create complex, asymmetric, and overprinted relationships in the 

thermal and geologic history of the basin. 

 

Figure 2.4: Geohistory curve for the missing Cretaceous section based on Roberts and 

Kirschbaum (1999). Using correlatable biostratigraphic sections across the continental U.S., 

thicknesses and lithologies of missing sections were contoured in the area the Western Interior 

Seaway deposition was not preserved including the Delaware Basin. Note there is an estimated 

missing thickness of 3,600 ft of marginal to marine sediment deposited and subsequently eroded 

in the late Cretaceous (Roberts and Kirschbaum, 1999). Note this is substantially less than the 

6,000 ft. estimated by Sinclair (2007). 

2.2 Stratigraphic Framework 

2.2.1 Tobosa Basin Stratigraphy 

The present-day combined thickness of the stratigraphy of the Delaware reaches 

maximum thickness of over 29,000 feet. The stratigraphic preservation of sediments began with 

the formation of the Tobosa basin and existed as an extensive carbonate on a passive margin 

(Sinclair, 2007) subject to eustatic sea-level change. The eustatic sea-level change created the 

primary breaks in lithologic character in the Paleozoic (Sarg, 1991). The Precambrian basement 



 

17 
 

is overlain by the Ellenburger dolomite and in rare places, the basal surface preserves pre-

Ordovician weathered conglomerates. The Ellenburger was deposited in a shallow marine 

carbonate ramp setting as part of the Ellenburger Sea, containing predominantly carbonate shelf 

deposits and minor near-shore clastics that range in thickness up to 2,000 ft of rock (Adams, 

1964, Hill, 1984; Kerans, 1988). Widespread sea-level fall in the Ordovician resulted in the 

widespread dolomitization observed in the Ellenburger that serves as an important process for 

porosity in modern hydrocarbon production. Above the unconformable regressive surface, the 

Middle Ordovician aged Simpson group consists of more clastic rich shales and the decreasing 

presence of carbonates reflecting deeper marine conditions in the Tobosa Basin. This 

transgression reached a high stand in the end of the Ordovician, where the sea-level high stand 

deposited the thin, fine grained Montoya Formation (Sinclair, 2007 and Ruppel, 2009).  

The early Silurian through Devonian are characterized by multiple units with 

unconformable surfaces caused by transgressive and regressive cycles of sea-level (Sinclair, 

2007). Post-depositional sea-level fall caused diagenetic alteration in many of the shallow water 

carbonate facies (Ruppel, 2009). The Fusselman Formation is a massive limestone 

unconformably overlying the Montoya reflecting sea-level rise in the Tobosa Basin capped with 

a regressive surface at the top and ranges between 100 – 300 feet in thickness (Hill, 1996 and 

Ruppel, 2009). The Wristen Formation is a shallow water platform carbonate facies also 

characterized by bounding sea-level cyclicity and the upper surface represents the end of the 

Silurian (Ruppel, 2009).  

The Devonian marked widespread increase in sea-level, and as a result, increasing 

siliceous input into the Tobosa Basin (Hill, 1984). Reduced clastic input into the shallow sea 

caused widespread deposition of organic-rich mudstones and black shales that are considered 

world class source rocks, including the Woodford and Barnett. Sea-level transgression leading 

into the Devonian deposited the Woodford, a world class source rock and up to 600 feet thick 

and up to 10% TOC (Comer, 1992). The basal surface marks a regressive erosional surface, 

while subsequent Woodford deposition represents a widespread flooding through sea-level 

transgression. The Woodford is unconformably overlain by the Mississippi Limestone and the 

Barnett Shale, a similar cycle of platform flooding depositing carbonates and organic-rich 

siliceous shales. The Barnett is also a world-class source rock, reaching 2,000 feet in thickness in 

the Delaware Basin (Ruppel, 2009) The Woodford and Barnett interval offer characteristic log 
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characters due to the high radioactive content and contrast with low radioactivity of the 

“Mississippi lime” that stratigraphically separates them. The increased thickness observed in 

Early Pennsylvanian stratigraphy was a response to the compressional tectonics and the division 

of the Delaware Basin within the greater Permian Basin. 

2.2.2 Permian Basin Stratigraphy 

Late Pennsylvanian tectonic activity increased from the southern Marathon-Ouachita fold 

belt. Rapid tectonic subsidence ensued in the Late Pennsylvanian and into the Permian, where 

thickness of sedimentation was greatest near steep faults that were accommodating the 

compressional forces from the southeast. Variable sea-level and subsidence caused fluctuations 

in depositional conditions throughout the Pennsylvanian, causing intermittent organic-rich shales 

and clastic deposits of mixed carbonate and siliciclastic units. Early Pennsylvanian strata include 

the clastic and organic-rich Morrow, carbonate rich Atoka, Strawn, Canyon, and Cisco. The 

combination of poor circulation, sediment starvation, and prolific organic activity in the shelf 

margins and photic zone provided favorable conditions for the preservation of organic matter. 

The organic-rich shales deposited at this time served as important source rocks in the 

Pennsylvanian and Permian aged reservoirs (Hill, 1984). 

Wolfcampian age structural deformation of the basin caused the lithologies to shift to 

more clastic influenced successions of carbonate mudstones and shales sourced from the 

surrounding carbonate shelves (Hills, 1984). Wolfcampian deposition consisted of organic-rich 

shales, silts, and carbonate mudstones in the form of sediment gravity flows and suspension 

sedimentation. The Wolfcamp is commonly split into four separate sections A through D, 

however the delineation of these units and others are not consistent across literature and 

operators vary on stratigraphic division of the formation.  

The Wolfcamp is characterized by rapid changes in lithology with depth due to the 

multiple processes interacting simultaneously. The heterolithic deposits are primarily interpreted 

as turbidites and debrites sourced from the surrounding structural highs in the basin. Sediment 

sources include the central basin platform to the east, as well as the highlands to the western 

Diablo Platform and the Northwest Shelf. The various sediment sources were also affected by 

variable sea-levels during time of deposition, creating complex carbonate debrites from multiple 

directions deep in the basin, while low stands brought in more aeolian, clastic-rich deposits as 
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channelized sediment gravity flows (Sarg, 2019). Simultaneously, substantial organic matter 

accumulated through widespread deposition of organic-rich carbonate muds and shales. As a 

result of the complexity of sediment sources and variable sea-level throughout the time of 

deposition, the basinal accumulations have extreme reservoir complexities that vary across the 

basin.  

The Leonardian Bone Spring Formation was deposited as the Delaware continued to 

rapidly subside through the Permian. The Bone Spring conformably overlies the Wolfcamp and 

has similar lithologic composition to the Wolfcamp. Primarily clastic deposition from both 

carbonate and siliciclastic packages from sediment gravity flows form the multiple benches of 

the Bone Spring, commonly labeled as the 1st through 3rd, however like the Wolfcamp, these 

benches are not widely agreed upon across operators and literature.  

The Guadalupian strata conformably overlie the Leonardian, represented by the Brushy 

Canyon, Cherry Canyon, and Bell Canyon. Sea-level regression created prolific reefs rimming 

the basin during the Guadalupian time, while the basinal setting contained clastics in the form of 

sandstones, siltstones, and shales carried into the basin through erosional channels (Sinclair, 

2007). Guadalupian age units in the basinal and reef conditions are prolific conventional 

reservoirs for production.  

As sea-level continued to regress and salinity increased in the now isolated sea, thick 

evaporite deposits and thin red beds. This time preserved the end of the Permian Sea and 

termination of marine conditions in the basin. The resulting formations of the Castile, Salado, 

Rustler, and Dewey Lake record a thick succession of anhydrite with characteristic cyclic 

laminae interpreted as varves (Figure 2.5). The Salado contains bedded anhydrite and halite with 

occasional solution collapse breccia. The Rustler is predominantly a dolomite and is capped by 

the continental red beds of the Dewey Lake. The Ochoan units are only preserved on the eastern 

side of the basin due to uplift and erosion. They serve as important economic deposits serving as 

both an efficient hydrocarbon seal, as well as a source of potash that is mined extensively 

(Sinclair, 2007; Lee and Williams, 2000). The remaining sedimentation in the basin is minor and 

makes up a small fraction of the total stratigraphic column. Due to little economic value, the 

shallow stratigraphy in Ochoan and shallower is poorly understood and not extensively mapped. 

Much of the public domain log data does not contain the shallow units adding to the difficulty in 

mapping it.  
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Figure 2.5: Bedded anhydrite sample with the distinct varves of the late Permian Castile 

formation. The dark layers separating the bedded anhydrite are calcite. Courtesy of Dr. Doug 

Neese. 

 

Continental deposits unconformably overlie the Ochoan age rocks due to eastward tilting 

of the basin, and minor amounts of deltaic and fluvial Chinle Formation are preserved. Following 

a hiatus in sedimentation, mid to Late Cretaceous subsidence and formation of the Western 

Interior Seaway deposited roughly 3,000 feet of mixed sands, silts, shales, and carbonates as the 

seaway as affected by episodic transgressions and regressions (Roberts and Kirschbaum, 1999). 

Cretaceous sediments are poorly preserved in the Delaware Basin, restricted to minor amounts in 

the southern counties (Figure 2.6). The magnitude of uplift was more significant in the western 

portion of the basin, resulting in the removal of much of the late Mesozoic sediments (Figure 

2.7). As a result, older rock units outcrop toward the western edge and outside the Delaware 

Basin. More recent tectonism in the Basin and Range province likely also caused uplift and 

erosion in the western Delaware Basin (Sinclair, 2007 and Barker and Pawlewicz, 1987), while 

also causing igneous intrusions in the deep basin (Manos and Perez, 2018; Barker and 
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Pawlewicz, 1987). Many wells noted igneous intrusions encountered in wells through various 

strata in the Delaware Basin and around it (Austin et al., 1977; Manos and Perez, 2018). The 

Tertiary tectonism from both the Laramide Orogeny and Basin and Range create complex, 

overprinted relationships in the thermal and geologic history of the basin, while leaving behind 

few stratigraphic signatures to piece together the geologic history.  

 

Figure 2.6: 2D Section highlighting the amount of eroded Ochoan and Guadalupian rock during 

Triassic eastward tilting of the basin and Laramide uplift and erosion. Modified from Keller, et 

al., (1980). 
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2.3 Crustal Geology/Basement 

 The depth to Precambrian basement beneath the phanerozoic stratigraphy in the Delaware 

Basin reaches over 25,000 ft. below sea-level (Figure 2.7). The geometry of the basement 

reflects a gently dipping western portion, while the eastern edge dips steeply up to the structural 

high associated with the Central Basin Platform. Precambrian basement composition has been 

analyzed and discussed extensively using gravity, magnetics, and lithologic analysis of both 

borehole data and outcrop. Proterozoic formation of the Delaware Basin is important for 

understanding major structural controls on younger sedimentation. The age of the basement in 

the tectonic province of the greater Permian basin ranges from 1.7 to 1.0 Ga, younging to the 

south (Adams and Keller, 1996). The Delaware Basin itself is underlain by granitic-rhyolitic 

rocks dated at 1.40 – 1.34 Ga of which the southern extent is interpreted as both the Grenville 

Orogeny’s orogenic front and residing north of the front (Adams and Keller, 1996).  

 

 

Figure 2.7: Ruppel (2009) published the depth to basement in the Delaware basin, showing the 

basin reaching depths of over 20,000 ft below sea level. The Western flank of the basin dips 

gently, while the eastern flank is steeply dipping due to the presence of major basement faults. 
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In the subsurface, a substantial gravity minimum shows a northeast-southwest trending 

gravity low called the Abilene gravity minimum (Figure 2.8). Slightly younger basement exists 

to the south of this province, where basement composition transitions into metasedimentary 

gneisses that are observed in outcrop at the Llano uplift to the east. Middle Proterozoic rifting 

created the Delaware aulacogen, including the basement below the central basin platform and 

Roosevelt uplift. This is supported by the 1.1 Ga layered mafic bodies below the central basin 

platform. This rifting established an important structural geometry in the Delaware Basin by 

establishing faults that would later be inverted to raise the Central Basin Platform (Adams and 

Keller, 1996). Adams and Keller (1996) combined data from outcrop, subsurface, and gravity 

modeling to characterize the composition underlying the Delaware Basin. A model of 

Precambrian granite matching the composition of rocks encountered from wells could generate 

the gravity low observed in the basin after removing effects of the sediment column.  

 

 

The location of Major Precambrian faults interpreted by Ewing (1990) and Frenzel et al. 

(1988) and are shown in Figure 2.10. While the geometry of the greater Permian basin is largely 

controlled by northwest-southeast trending faults bounding the central basin platform from the 

Figure 2.8: Location of seismicity recorded by Texnet since 2017 in the Delaware Basin on a 

map containing Precambrian faults from Ewing (1990) and Frenzel et al. (1988). Note the 

absence of seismicity north of the Grisham Fault. 
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Delaware Basin, other important faults have been identified trending east-west in the basin. The 

most prominent feature is the Grisham Fault trending east-west through Loving County, where 

the horizontal maximum stress field has a major contrast north and south of the fault (Snee and 

Zoback, 2018). North of the fault, maximum horizontal stress trends east-west and south of the 

fault, maximum horizontal stress is oriented northwest-southeast. Seismicity is largely absent 

north of the fault also (Figure 2.9). 

The recent Tertiary volcanism has been observed as intrusives penetrated in wells and 

observed in mines across the Delaware Basin (Manos and Perez, 2018; Barker and Pawlewicz, 

1987; Barker and Hodges, 1977). Multiple wells and mines in the Ochoan sediments have 

encountered various types of volcanics that have been dated from 40 Ma to 13 Ma (Figure 2.10). 

The crustal composition of the Delaware Basin is therefore complex and consists of various 

types of igneous material that overprinted older basement and sedimentary rocks alike.  
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Figure 2.9: Twenty-five wells with intrusions and four mines with intrusions were observed 

across the Delaware Basin. Dating of the intrusions yielded results from 40 Ma to 18 Ma. 

Modified from Calzia and Hiss (1978) and Manos and Perez (2018). 
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2.4 Heat Flow and Subsurface Temperature 

 Heat flow and temperature data were gathered and mapped based on availability in the 

Delaware Basin for analysis of potential surface and subsurface trends. Subsurface temperature 

data was gathered for the Delaware basin using regional Texas and New Mexico temperature 

datasets from the AASG Geothermal Data Repository (AASG, 2020). Both bottom hole 

temperatures and drill stem tests from each state were compiled and mapped based on 

temperature and measurement depth to produce a geothermal gradient. Regional heat flow data 

from the SMU Heat Flow database (2011). Heat flow within the Delaware ranges between 30 – 

60 mW/m2 with minor variation in the basin interior and high heat flow along the Rio Grande 

Rift corridor (Figure 2.12). 

 

 

 

 

 

Figure 2.10: Heat flow and basement data for the Delaware Basin. A) Regional Heat flow map of 

west Texas and the four corners region showing the high heat flow trend along the Rio Grande 

Rift corridor and the lower heat flows in the Delaware Basin interior. B) The La Ristra Seismic 

array was used to map thicknesses of basement layers. Heat flow map was modified from 

Blackwell et al. (2011). Cross-sectional view modified from Wilson et al. (2005). 

 

 
Regional geothermal gradients in the Delaware show moderate increases to the south and 

southwest. Localized hotspots are observed in geothermal gradient from well data. Seismicity in 

the basin shows an abrupt termination of activity north of the Grisham Fault (Figure 2.13). 

 

 

Cross-section – La Ristra Seismic Array Cross-section – La Ristra Seismic Array 

A B 
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Figure 2.11: Geothermal gradient and seismicity data for the Delaware Basin. A) The geothermal 

data shows localized hotspots that correlate moderately well with major basement faults. B) 

Induced seismicity from TexNet shows little to no seismicity north of the Grisham fault.

A B 
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CHAPTER 3 BASIN MODELING 

3.1 1-Dimensional Basin Modeling 

3.1.1 Subsidence Analysis 

Tectonic subsidence is defined as the magnitude of tectonic forces driving the formation 

of a basin (Allen and Allen, 2005). In order to analyze tectonic subsidence, basin models must 

separate forces from the sediment-water column through geologic time. Back-stripping is a 

method that is used to remove the effects of sediment loading and the water column as a 

lithostatic load. In order to remove the effects of the sediment load and water column, modeling 

mechanical decompaction is necessary to incorporate the effects of sediment compaction through 

time (Allen and Allen, 2005). Models must account for increasing sediment density through 

compaction, fluid expulsion, as well as paleo water depths above the sediment surface. Models 

begin with present-day conditions observed in the well bore and simulate back through geologic 

time. The model simulates in steps, accounting for sediment decompaction and paleobathymetry 

at every step using the previous step’s as initial conditions. Individual geologic ages and depths 

are simulated back through the beginning of the basin formation (Figure 3.1).  

 

 

Figure 3.1: Geohistory plot showing the discrete time and depths the 1D model will simulate 

using the previous time or depth step as initial conditions. Lithologic breaks and tectonic events 

have their own steps for detailed results during changes in the basin. 
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3.1.2 Paleobathymetry  

 Subsidence analysis requires correction for paleobathymetry. Subsidence will be 

overestimated if the effects of eustatic sea-level change are not accounted for (Allen and Allen, 

2005; Beardsmore and Cull, 2001). This study aimed to quantify tectonic subsidence in the 

basin, focusing on 1st and 2nd order depositional sequences resulting from tectonic plate 

movement, reorganization, and collision (Table 3.1). 

 

 

Table 3.1: Depositional sequences are categorized by scale, rate of cyclicity, and their associated 

processes. This study analyzed focused on 1st and 2nd order cycles for subsidence analysis 

related to large-scale tectonic plate movement. Lower order cycles are well documented in the 

basin (Sarg, 1999), and are likely a result of Milankovitch cycles in Earth’s orbital precession, 

eccentricity, and obliquity (Sarg, 2019). Note that below 3rd order cycles, the frequency in sea-

level change is not million-year scale and is not captured by the basin models. Modified from 

Sarg, 2019. 

 

 Emphasis was placed on basin geometry, subsidence patterns, sediment supply, and 

long-term sea-level changes due to their primary influence 2nd order architecture (Sarg, 1999). 

2nd and 3rd order sea-level fluctuations were accounted for in the 1D models using sea-level 

curves created by Haq and Schutter (2015) and using BasinMod’s Haq curve for the Mesozoic 

onward (Haq and Schutter, 2008). Haq and Schutter (2015) published an extensive Paleozoic 

sea-level curve based on pericratonic and cratonic basins capturing varying eustatic conditions 

with magnitudes of up to 125 meters. Time and depth steps in simulated nearly every million 

years, and as a result, and cyclicity below the frequency of 3rd-order cycles is not captured in this 

analysis (Table 3.1).  
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3.1.3 Calibration 

Calibration of basin models is an iterative process with the end goal of making calculated 

models match observed thermal, mechanical, and geochemical data points. Vitrinite reflectance, 

rock-eval pyrolysis, and bottom-hole temperatures (BHT’s) are all sources for calibration of 

models by fitting calculated curves to existing conditions. Matching calculated temperature and 

maturity with depth is one example of a thermal calibration (Figure 3.3). BHT’s are useful in 

constraining the present-day geothermal gradient; however, the basin likely experienced variable 

geothermal gradients throughout the formation of the basin (Sinclair, 2007). Varying amounts of 

uplift and erosion and variable basal heat flow are also important to consider in the Delaware 

Basin, considering the lack of Paleocene and Eocene rocks as well as arc-volcanism in the late 

Eocene to Mid-Oligocene (Sinclair, 2007). 
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Figure 3.2: Thermal conditions modeled in Loving County had multiple thermal measurements in the borehole. Note the corrected 

temperatures were used to calculate the basal heat flow in the model. Time since circulation method taken from Beardsmore and Cull 

(2001).  A) Depth vs. temperature and bulk vertical thermal conductivity show the variations in thermal conductivity due to 

lithological changes with depth. Note the very high thermal conductivity of the evaporite sequences in Ochoan aged rocks. B) Depth 

vs. temperature and heat flow show the present-day heat flow is not linear in the model. The high heat flow in the shallow subsurface 

is due to the high thermal conductivity of evaporite.
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The models were calibrated to the present-day thermal conditions. Subsequent analysis of 

vitrinite reflectance and pyrolysis data was necessary to calibrate models to the current 

geothermal conditions. Existing studies on missing section estimated from biostratigraphic 

mapping (Roberts and Kirschbaum, 1999), apatite fission track analysis, and vitrinite reflectance 

(Sinclair, 2007; Barker and Pawlewicz, 1987) were used to constrain amount of eroded 

sediments. The stratigraphic and structural mapping provided regional thickness distributions of 

units that can be used to infer when major structural events shifted the geometry of the basin 

(Ruppel, 2009). All aspects of these models affect the thermal maturation of the organic-rich 

rocks, requiring accuracy to aid in understanding timing and magnitude of hydrocarbon 

generation.  

The following sections describe the mechanical, thermal, and geochemical aspects of 

calibration. While they are separate sections, the thermal, mechanical and geochemical properties 

of rocks are closely related and must be considered in tandem. The process of calibration is, 

therefore, not a linear process but an iterative one. 

3.1.4 Thermal Calibration 

 In order to establish the transfer of heat in a basin, the thermal gradient and thermal 

conductivity must be known in order to calculate the vertical basal heat flux. This relationship is 

known as Fourier’s Law and is described below: 

 

Q = - λ x ∂ T / ∂ z                                                        (3.1) 

Q = Heat flow (mW/m2) 

λ = Thermal Conductivity (W/m*°C) 

∂ T / ∂ z = Thermal gradient (°C/ft.) 

 

The thermal gradient is an essential part of modeling in order to constrain the magnitude 

and direction of heat flow in a sedimentary column. Thermal gradient in a 1D model is assumed 

to be vertical and modeled with ideally multiple temperature points in a well bore. Direct 

measurements of borehole temperatures are typically sparse and only at the bottom of a well 

(bottom-hole temperatures). These measurements are fraught with error and are typically lower 

than the true thermal gradient. Direct temperature measurement tools measure the borehole fluid 
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temperature. Given the many sources of thermal disturbance that occur in drilling or logging 

wells, temperatures will measure borehole fluid that is partially cooled and not in thermal 

equilibrium (Beardsmore and Cull, 2001). In order to model the true thermal gradient, correcting 

measured data points is necessary.  

 This study utilized an empirical method in correcting the borehole temperature 

measurements for the lower thermal boundary condition and an average present-day surface 

temperature for the upper boundary condition. BasinMod uses the time since circulation to 

correct measured data points (Figure 3.3). Figure 3.3 shows the thermal calibration in Loving 

County, where using three separate corrected borehole measurements established a high degree 

of confidence. BasinMod provides a robust lithology library for bulk thermal conductivities. The 

resulting thermal model calculated a present-day basal heat flow of 39.5 mW/m2. The results of 

the present-day heat flow calibration and subsequent calculation are shown in Figure 3.4. The 

present-day thermal conditions did not vary significantly across the basin models, and as a result, 

the calculated present-day heat flows did not exhibit significant spatial variation across the 

Delaware Basin (Figure 3.4). The models used a constant heat flow based on the calculated 

present-day value unless otherwise stated. An in-depth analysis and model of heat flow variation 

through time in the basin are discussed in Chapter 4.  

 

Figure 3.3: Thermal calibration of the 1D models resulted in present-day calculated heat flows 

ranging from 39 to 42 mW/m2. This data implies the present-day geothermal gradient moderately 

increases towards the western edge of the basin. The models without BHT’s used 42 mW/m2. 
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3.1.5 Mechanical Calibration 

 Porosity is a major variable in basin modeling due to its substantial impact on bulk 

thermal conductivity (Beardsmore and Cull, 2001). Water has a low thermal conductivity 

compared to conductivity in typical sedimentary rocks. The reduction of porosity due to 

compaction will then increase the bulk thermal conductivity of the rock through forcing the 

water out. Porosity models have been modeled as functions of depth historically (Figure 3.5). 

Depth plot of porosity reduction curves), however these equations fail to account for fluid flow, 

effects of anomalous pore pressures, and variable depth/bulk thermal conductivity relationships 

observed in basins (Beardsmore and Cull, 2001; Allen and Allen, 2005). To account for effects 

of potential overpressure, BasinMod calculates porosity as a function of effective stress instead 

of depth. This approach utilizes a fluid flow model, accounting for potential overpressure that 

may increase porosity with depth. 

 

Figure 3.4: Sandstone, siltstone, and limestone porosity curves plotted with depth show the 

variable compaction that occurs based on lithology. Note the exponential shape of the shale 

compaction curve.  Multiple methods exist for calculating porosity reduction as a function of 

depth. These methods are insufficient in accounting for effects of excess pore pressure 

(overpressure) and may fail to model overpressured systems. Courtesy of Platte River 

Associates, Inc. 
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Figure 3.5: Depth plots showing modeled porosity as a line and measured porosity as points. A) A 1D model from Lea County that 

used neutron porosity log data to calibrate the mechanical compaction of the Leonardian and Wolfcampian sections. B) A model in 

Reeves County that used log porosity to calibrate the mechanical compaction in the model.
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Multiple models had data used for calibrating the modeled porosity of the subsurface 

from wells. Emphasis was placed on accurately modeling the porosity of the Wolfcampian and 

Leonardian interval. To ensure the model matched observed data, both neutron porosity logs and 

core porosity measurements were used to calibrate the models where possible (Figure 3.5). The 

heterolithic nature of the Leonardian and Wolfcampian section had significant variability in log 

porosity, displaying high frequency in log signatures with depth. As a result, there are measured 

data points above and below modeled curves (Figure 3.5). These variations are interpreted as 

influences from episodic sedimentation in the form of sediment-gravity flows that created rapid 

lithologic breaks in the Wolfcampian section and is supported by core studies on the 

Wolfcampian and Leonardian aged units (Colburne, 2019; Blake, 2019).  

Amount of uplift and erosion was well constrained due to the abundance of studies on the 

subject (Sinclair, 2007; Manos and Perez, 2018; Roberts and Kirschbaum, 1999). Sinclair (2007) 

used apatite fission track analysis to analyze total amount of missing section, concluding over 

6,000 ft of sediment was removed across Late Paleozoic, Late Cretaceous, and Tertiary uplift. 

The tilting and erosion of the basin in the Late Paleozoic had more uncertainty due to the spatial 

variability across the basin. The angular unconformity that resides near surface shows erosion in 

the western basin eroding down into the Permian Ochoan age sediments, while further east there 

are Triassic sediments preserved. Models to the eastern portion of the basin used between 500 

and 1,000 ft of missing sediment while western most models used up to 2,500 ft of sediment. 

These values were adjusted iteratively in accordance with porosity and vitrinite reflectance data 

trends. The pitfalls of using vitrinite reflectance for estimating erosion in the Delaware Basin are 

covered in the following section. 

3.1.6 Kinetics and Geochemical Calibration 

 Thermal maturation of organic matter is a gradual process described as metamorphism of 

organic material involving expulsion of fluid hydrocarbons as a response to chemical alteration 

(Beardsmore and Cull, 2001). The process is modeled through a series of first order, 

unidirectional parallel chemical reactions described by the Arrhenius equation. The process of 

modeling geochemical reactions involves determining a rate of reaction as a function of 

temperature and reactant (Beardsmore and Cull, 2001). The name for this analysis is termed 

Chemical Kinetics, and the function is described below: 
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k(T) = A * exp (-E / RT)                                                  (3.2) 

Where: 

k = Reaction rate (s-1) 

A = Frequency Factor (s-1) 

E = Activation Energy (J/mol-1) 

R = Gas Constant (JK-1mol-1)  

T = Temperature (K) 

 

Organic matter is divided into two categories: bitumen and kerogen. Bitumen is soluble 

in organic solvents, while Kerogen is not. Kerogen is responsible for the generation of 

hydrocarbons through thermal degradation of the organic matter. Kerogens contain variable 

geochemistry related to their depositional environment and are classified into types based on 

atomic ratios of hydrogen and oxygen to carbon (Figure 3.7). Measurements of these atomic 

rations can be derived from the previously described rock-eval pyrolysis method. These data can 

then be used to create more accurate chemical kinetics models of source rocks and their 

associated generation of hydrocarbons. These plots indicate remaining hydrocarbon potential, 

and as a result, thermally mature samples may not be accurate representations of the primary 

potential.  
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Figure 3.6: Colburne (2019) used six wells across the Delaware basin to analyze the kerogen 

quality and type of the Wolfcamp A interval. The results plotted on a modified van-krevelen 

diagram showed a mixture of type II and III kerogen. Detrital, terrigenous organic matter was 

also observed in the core analysis. Modified from Colburne (2019).  

 

Rock-eval Pyrolysis Calibration 

 The Wolfcamp has been described as both type II and type III kerogen. Colburne (2019) 

conducted an extensive analysis of six cores across the Delaware Basin finding the predominant 

source of organic matter to be type II, marine kerogen. Terrestrial organic matter was observed 

in the form of plant fragments in minor amounts, and the rock-eval pyrolysis data indicated 

mixed type II-type III kerogen across the wells (Colburne, 2019). These observations were 

consistent with other studies of the Wolfcamp kerogen type and the presence of type III organic 

matter (Kvale and Rahman, 2016; Gupta et al., 2017). Figure 3.8 shows the results of the rock-
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eval pyrolysis on samples used from wells that were modeled plotted on modified Van Krevelin 

diagrams with their associated location in the basin.  

 

Figure 3.7: Modified Van Krevelen diagrams plot oxygen index on the x axis and hydrogen 

index on the y-axis. Models across the basin show mixed type II - type III. In all wells plotted, 

the Wolfcamp had been thermally degraded based on modeling results and vitrinite reflectance. 

As a result, the hydrocarbon potential here may indicate more type III kerogen than a thermally 

immature sample. 
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Figure 3.8: Depth plots of geochemical calibrants used in southern Reeves County honored multiple forms of measured data. A) 

Modeled depth of temperature and maturity plotted with measured data. Note the slope of the maturity model is steeper than the trend 

in the data, implying the vitrinite experienced a higher geothermal gradient than present day. B) Modeled depth of kinetic Tmax and 

hydrogen index plotted with measured rock-eval pyrolysis. Note the wide range of data from rock-eval pyrolysis with significantly 

higher values in Wolfcamp A.  
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These wells also exhibited type II-type III kerogen; however, the accuracy may be 

questionable due to the thermal maturity inferred from the models and vitrinite reflectance data 

(Figure 3.9). The observed data served as justification for using mixed type II-type III kinetic in 

the Wolfcamp interval. The present-day geochemical data also serve as maturity calibrants in 

models that have rock-eval pyrolysis. Hydrogen index and kinetic Tmax values were used as 

another form of calibration (Figure 3.9). Not all models were constrained with rock-eval 

pyrolysis, resulting in more defensible models that contained rock-eval. The southern Reeves 

County model had multiple types of geochemical data, resulting in very high confidence in the 

thermal calibration (Figure 3.9).  

 

Vitrinite Reflectance Calibration 

 Vitrinite reflectance data were the most abundant source of geochemical data due to 

multiple public domain data sets published by the USGS and others (Pawlewicz, et al., 2005: 

Kinley et al., 2008). Every model that contained vitrinite reflectance was calibrated to closely 

match the measured data. However, in multiple models, the slope of the maturity model did not 

match the measured data or had different slopes in maturity (Figure 3.9).  

The western Delaware Basin thermal maturity anomaly was of interest. As a result, 

emphasis was placed on the westernmost data sets. The three westernmost vitrinite reflectance 

depth profiles exhibited high thermal maturity close to the surface and much shallower depth to 

the oil window compared to the eastern basin (Pawlewicz, 2005). Overall, modeled maturities in 

the eastern basin matched measured vitrinite reflectance values with minor differences in slope 

of the profiles. A single model in was constructed Culberson County based on public domain 

data and did not contain vitrinite reflectance analysis from the well. The BHT was pulled from 

the log header and used as a basis for the thermal model. The nearest vitrinite reflectance data 

from multiple wells nearby from in Pawlewicz et al. (2005) were used to calibrate the thermal 

maturity. After thermal calibration with the corrected BHT’s, the maturity model was 

substantially under calculating the thermal maturity based on the vitrinite reflectance values. As 

a result, this model likely undercalculated the thermal maturity of the Wolfcamp. The 

implications for this effect on hydrocarbon generation are further described in Chapter 4. To get 

an estimate of the amount of missing section that would be necessary to achieve the thermal 

maturity profiles observed in these wells, a logarithmic equation was fit to the data and 
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extrapolated to 0.0 %Ro. The results indicate a geologically unreasonable value of nearly 20,000 

ft for missing section required to model the maturity given a constant geothermal gradient 

(Figure 3.13). These results imply there was a substantial change in the geothermal gradient. 
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Figure 3.9: A) Depth plot from the Culberson County model with temperature and maturity shown against the measured data. The 

vitrinite reflectance data here is taken from the nearest datasets published by Pawlewicz et al., (2005). Those data sources are circled 

in red. 
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Figure 3.10: The same vitrinite reflectance data from figure 3.10 shown with a logarithmic curve 

fit extrapolated to a %Ro of 0.0. This value is used as an estimate of amount of missing thickness 

of rock from the surface assuming a constant geothermal gradient. The amount of missing 

section from this estimate is a geologically unreasonable value of 20,000 ft. supporting a higher 

geothermal gradient scenario.



 

45 
 

CHAPTER 4 RESULTS OF BASIN MODELING 

4.1 Hydrocarbon Generation 

 Results of modeling hydrocarbon generation identify the geologic age of potential peak 

hydrocarbon generation. Individual models will compare timing and magnitude of generation 

based on their proximity to the longitudinal basin axis. The burial history of the various organic-

rich intervals ranging in age from the Pennsylvanian to Late Permian from Loving County show 

the depth and age relationships of hydrocarbon generation that will be discussed (Figure 4.1). 

Below the geohistory in Figure 4.1, an age plot of hydrocarbon generation shows the peak oil 

and gas generation occurring in the Triassic. Hydrocarbon generation with depth is plotted to the 

right of the geohistory showing multiple intervals generated and expelled hydrocarbons at 

different magnitudes. The multiple intervals will be discussed in detail in the following section 

by formations. This study’s emphasis on the Wolfcamp included detailed descriptions by county 

of hydrocarbon generation. Brief descriptions also cover the generation of both the Barnett and 

Woodford in the basin. 

4.1.1 Wolfcamp  

Results from the 1D models generally show the Wolfcamp entering the oil window 

(0.56% Ro) in the Mid to Late Triassic as the Delaware Basin entered a time of tectonic 

quiescence. Tectonic uplift and erosion that followed in the Triassic and Cretaceous had little to 

no effect on the generation, as indicated by minimal change in hydrocarbon generation rates 

following the main window of generation in the Late Permian to Triassic (Figure 4.2). 

Results from each model of hydrocarbon generation are summarized by county. Peak oil 

generation is considered when the source rock reaches a transformation ratio of 0.6. Each 

model’s peak generation rates and associated ages are also listed. Peak generation is an age 

associated with a certain TR, while the age of peak generation rate is the age of the highest 

magnitude generation. As such, the time of peak oil and peak generation rate are not the always 

the same age. Plots for each model are given in order of description at the end of this section. 
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: Results from Loving County displayed with time and depth. A) Geohistory with source rock intervals colored black and kinetic 

windows displayed. B) Age plot of oil and gas generation rate peaking in the Triassic. C) Depth plot of cumulative HC generation 

and expulsion.  

Figure 4.1: Results from Loving County displayed with time and depth. A) Geohistory with source rock intervals colored black and 

kinetic windows displayed. B) Age plot of oil and gas generation rate peaking in the Triassic. C) Depth plot of cumulative HC 

generation and expulsion.  
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Figure 4.2: Wolfcamp hydrocarbon generation plotted for all models highlights the Late Permian 

to Triassic generation window. A) Oil generation with age shows minor variations across a 

Permian to Triassic window. Models showed a minor increase in rates during the late 

Cretaceous. B) Gas generation rates show a similar geometry with a slightly higher magnitude 

increase in the late Cretaceous compared with oil generation rate. Note the green curve 

represents a model with no calibration data and is likely erroneously high.  
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Loving County 

The Loving County model was calibrated with multiple corrected BHT values as well as 

a large depth interval analysis of vitrinite reflectance. Results for hydrocarbon generation and 

rate are shown in figure 4.3. These calibration data resulted in a high degree of confidence in the 

calibrated model results. The results show the Wolfcamp reached a transformation ratio of 1.0. 

Peak oil generation occurred at 220 Ma. The peak oil and gas generation rate occurred at 210 Ma 

associated with oil and gas generation rates of 9.76 mg/g*TOC and 1.8 mg/g*TOC respectively. 

The geometry of the generation rate curves displays a broad window of generation occurring 

across 260 to 200 Ma. 

 

Figure 4.3: Wolfcamp hydrocarbon generation age plot for Loving County. A) Oil and gas 

generation with age. B) Cumulative Hydrocarbon Generation with age expressed as a volume 

ratio. 

 

 



 

49 
 

Culberson County 

 Culberson County contained one model that represents the westernmost extent of 

modeling for this study. Results for hydrocarbon generation and rate are shown in Figure 4.4. 

The calibration of the model accurately fit the corrected BHT recorded from the mudlog. 

However, the calculated maturity was substantially lower than the measured data used to 

calibrate the model. This resulted in the model undercalculating the Wolfcamp thermal maturity 

and hydrocarbon generation. This model was analyzed further with crustal modeling to enhance 

the understanding of paleo heat flux in the model. The results are discussed in section 6.3.2. 

 

Figure 4.4: Wolfcamp hydrocarbon generation age plot for Culberson County. A) Oil and gas 

generation with age. B) Cumulative Hydrocarbon Generation with age expressed as a volume 

ratio. Note this model was unable to be calibrated to the thermal maturity data and these results 

are likely undercalculating the true hydrocarbon generation that occurred in the Western 

Delaware Basin.  
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Reeves County 

 Reeves County contained three models including one in the north, center, and south. 

Results for hydrocarbon generation and rate for the northern model are shown in Figure 4.5. The 

northern model has a transformation ratio of 0.9. The Wolfcamp achieved peak oil generation at 

226 Ma. The peak oil and gas generation rates were bimodal. The first peak in generation rate 

was at 249 Ma with oil and gas generation rates of 7.3 mg/g*TOC and 2.0 mg/g*TOC 

respectively. The second peak in occurred at 210 Ma with oil and gas generation rates of 4.7 

mg/g*TOC and 2.8 mg/g*TOC, respectively.  

 

Figure 4.5: Wolfcamp hydrocarbon generation age plot for northern Reeves County. A) Oil and 

gas generation with age. B) Cumulative Hydrocarbon Generation with age expressed as a volume 

ratio. 
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 Results for hydrocarbon generation and rate for central Reeves County are shown in 

Figure 4.6. The central Reeves County model did not have calibration data and the results are 

considered with low confidence compared to other well-constrained models. The Wolfcamp 

transformation ratio is 1.0. The peak oil generation occurred at 245 Ma. The peak oil and gas 

generation rates occurred at 250 Ma, with 34.4 and 6.1 mg/g*TOC, respectively. The model also 

showed a minor amount of gas generation occurring in the Late Cretaceous to Early Tertiary.  

 

Figure 4.6: Wolfcamp hydrocarbon generation age plot for central Reeves County. A) Oil and 

gas generation with age. B) Cumulative Hydrocarbon Generation with age expressed as a volume 

ratio. This model had no poor calibration data set and is considered with low confidence. 

 

 Results for hydrocarbon generation and rate for southern Reeves County are shown in 

Figure 4.7. The southern Reeves County model had a BHT and multiple forms of geochemical 
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calibration data and is considered a high confidence model. The Wolfcamp transformation ratio 

is 0.84. The peak oil generation occurred at 255 Ma. The peak oil and gas generation rates 

showed a bimodal shape with an initial lower magnitude peak at 254 Ma associated with oil and 

gas generation rates of 3.45 and 1.1 mg/g*TOC, respectively. The second higher magnitude peak 

oil and gas generation rates occurred at 210 Ma, associated with oil and gas generation rates of 

4.2 and 1.2 mg/g*TOC, respectively.  This model showed oil and gas generation occurring in the 

Late Cretaceous in minor amounts also. 

 

Figure 4.7: Wolfcamp hydrocarbon generation age plot for southern Reeves County. A) Oil and 

gas generation with age. B) Cumulative Hydrocarbon Generation with age expressed as a volume 

ratio.  

Ward County 

 Two Ward County models were constructed both calibrated with BHT’s, and the western 

model also utilized vitrinite reflectance data for calibration. As a result, the western model is 
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considered with more confidence. Results for hydrocarbon generation and rate for the western 

model are shown in Figure 4.8. The western model calculated the transformation ratio of the 

Wolfcamp A of 0.73. The Wolfcamp age of peak oil is 137 Ma. The peak generation oil and gas 

rates occurred at 205 Ma associated with rates of 5.7 and 1.5 mg/g*TOC, respectively. There is a 

secondary minor peak in the Cretaceous implying the burial and subsequent erosion had a minor 

effect on the Wolfcamp thermal maturity. 

 

Figure 4.8: Wolfcamp hydrocarbon generation age plot for west central Ward County. A) Oil and 

gas generation with age. B) Cumulative Hydrocarbon Generation with age expressed as a volume 

ratio. 

Results for hydrocarbon generation and rate for the eastern model are shown in Figure 

4.9. The eastern model results in a transformation ratio of 1.0. The age of peak oil is 225 Ma. 

The age of peak rate of hydrocarbon generation is 250 Ma associated with oil and gas generation 

rates of 20 and 3.75 mg/g*TOC, respectively.   
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Figure 4.9: Wolfcamp hydrocarbon generation age plot for east central Ward County. A) Oil and 

gas generation with age. B) Cumulative Hydrocarbon Generation with age expressed as a volume 

ratio. 

 

 

Lea County 

 The model calibration used a single corrected BHT measurement and rock-eval pyrolysis. 

The calculated heat flux was 27 mW/m2. This heat flux value was the lowest across all models 

and considered suspiciously low. Results for hydrocarbon generation and rate for Lea County are 

shown in figure 4.10. The results of the Lea County model calculated a Wolfcamp 

transformation ratio of 0.5. The Wolfcamp did not reach peak oil in this model. The peak 

hydrocarbon generation rates occurred at 251 Ma associated with oil and gas generation rates of 
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2.3 and 0.6 mg/g*TOC respectively. Generation rates increased only slightly during Late 

Cretaceous deposition.  

 

Figure 4.10: Wolfcamp hydrocarbon generation age plot for Lea County. A) Oil and gas 

generation with age. B) Cumulative Hydrocarbon Generation with age expressed as a volume 

ratio. Note the overall low magnitude generation that occurred in the Wolfcamp in the model due 

to insufficient thermal maturity. 

 

4.1.2 Barnett 

 The results of hydrocarbon generation rates of all models are shown in figure 4.11. The 

Barnett reached a complete transformation ratio of 1.0 in all models except the Lea County 

model. Hydrocarbon generation rates primarily accelerated in the Mid to Late Permian with 

minor secondary peaks in the Late Triassic. The oil generation rates had a maximum of nearly 80 

mg/g*TOC with most models having peaks around 40 mg/g*TOC. Gas generation rates peaked 
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in the Late Permian with the maximum rate exceeding 14 mg/g*TOC with most models 

calculating around 8 mg/g*TOC. Rates of gas generation were slightly affected by Late 

Cretaceous deposition. The models with the highest generation rates had no calibration data and 

are taken as lower confidence results.  

 

Figure 4.11: Barnett hydrocarbon generation plotted for all models highlights the Late Permian 

to Triassic generation window. A) Oil generation with age shows minor variations across a 

Permian to Triassic window, with most models calculating late Permian as the peak generation 

rates. B) Gas generation rates show a similar geometry with a small perturbation in the Late 

Cretaceous.  

 

4.1.3 Woodford 

 Results for hydrocarbon generation rate in for all models are shown in Figure 4.12. The 

Woodford reached a complete transformation ratio of 1.0 in all models except for the Lea County 

model. The oil generation across all models occurred within the Permian to Triassic. Most 

models resulted in peak generation rates in the Late Permian with a maximum rate of over 80 

mg/g*TOC. The gas generation rates had a maximum of 15 mg/g*TOC with most models 
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calculating around 4 to 8 mg/g*TOC. The Woodford was less affected by Late Cretaceous 

deposition compared to the Barnett. 

 

 

Figure 4.12: Woodford hydrocarbon generation plotted for all models highlights the Late 

Permian to Triassic generation window. A) Oil generation with age shows minor variations 

across a Permian to Triassic window, with most models calculating late Permian as the peak 

generation rates. B) Gas generation rates show a similar geometry with a minimal perturbation in 

the Late Cretaceous.  

 

4.2 Tectonic Subsidence 

 Tectonic subsidence curves were generated for all models and used to quantify amount of 

tectonic subsidence across the basin for key tectonic episodes in the models. The tectonic events 

are observed as large changes in slope in the subsidence curves (Figure 4.13). These events 

characterize the rates of sedimentation as a result of tectonic subsidence occurring in the basin.  
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The initial Tobosa Basin phase experienced initial low rates of subsidence that increased 

towards the end of the Devonian. By the end of the Tobosa Basin phase, the eastern basin 

experienced 4,500 ft of cumulative tectonic subsidence. The Tobosa sea shoreline existed to the 

southeast, with the basin deepening to the southeast.  As a result, the tectonic subsidence 

associated with this phase decreased landward to the northwest. 

During the Permian Basin phase, the basin experienced the highest tectonic subsidence 

rates and resulting sedimentation beginning in the Pennsylvanian and ending in the Triassic 

following the evaporation of the Permian sea. The maximum cumulative subsidence modeled by 

the end of the Permian Basin phase resulted in 10,000 ft of tectonic subsidence with rates 

exceeding 150 ft per million years. Incorporating the eustatic sea-level changes caused negative 

spikes in tectonic subsidence rates primarily by the complete regression of the Permian sea 260 

Ma (Figure 4.13 and Figure 4.14). 

 

Figure 4.13: Tectonic subsidence curves labeled with major tectonic events in the basin. Note the 

cumulative maximum of nearly 10,000 ft of tectonic subsidence by the end of the Permian phase. 

Variations in modeled uplift cause varying amounts of uplift in the Cretaceous and Tertiary.  

The Mesozoic is characterized by a period of broad-scale, low magnitude tectonic uplift 

and resulting low magnitude, negative rates. This uplift and erosion created the angular 

unconformity observed in the basin today. Low magnitude uplift continued until Laramide 

related tectonics caused increased subsidence in the basin, resulting in the western interior 

seaway in central North America in the Late Cretaceous. This time saw tectonic subsidence 

increase from 110 Ma to 55 Ma, when the eastern edge experienced 1,600 ft of tectonic 
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subsidence. From 55 Ma onward, two periods of tectonic uplift occurred resulting in negative 

subsidence rates. The first occurred as a result of Laramide compression from the east ending at 

40 Ma, followed by Basin and Range uplift ending at 10 Ma. From 40 to 25 Ma, a brief episode 

of Tertiary deposition was incorporated to address eroded tertiary sediments. 

 Results from a representative eastern and western model were compared to show the 

contrasts in subsidence experienced close to the basin axis in the east versus the more distal 

setting to the west. These results are discussed in the following sections. 

4.2.1 Eastern Delaware Basin 

 The Loving County model was used for the representative eastern model due to the 

robust calibration data set and complete stratigraphic section. The results are shown in image A 

of Figure 4.14. The model results had the highest tectonic subsidence across all the models. The 

initial Tobosa Basin phase experienced a cumulative 4,500 ft of tectonic subsidence by the end 

of the Tobosa basin phase at 310 Ma. The onset of the Pennsylvanian shows a sharp increase in 

slope of the subsidence curve. By the end of the Permian phase, the eastern model resulted in 

cumulative tectonic subsidence of 8,500 ft. In this time, the highest subsidence rates occurred 

with subsidence rates experiencing subsidence rates over 150 ft per million years. The regression 

of the Permian sea and subsequent deposition of thick salts of the Ochoan units show a negative 

spike in tectonic subsidence resulting from the sharp decrease in sea-level (Figure 4.13). The rate 

of subsidence decrease as moderate Mesozoic sedimentation continued until the local maximum 

of 9,500 ft of cumulative tectonic subsidence occurred at 210 Ma. The stable platform phase 

tectonic uplift through 115 Ma caused low magnitude negative subsidence rates until the onset of 

the Western Interior Seaway. 1,500 ft of tectonic subsidence occurred during this time, ending 

with maximum burial at 55 Ma. Cumulative tectonic subsidence at this age was 10,800 

feet, marking the maximum across all models in the basin. Subsequent Tertiary uplift episodes 

reduced the present-day cumulative subsidence to 9,600 ft. 
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Figure 4.14: Tectonic subsidence curves and tectonic subsidence rates plotted for the eastern and 

western models representing maximum and minimums, respectively, for the Delaware Basin. A) 

Tectonic subsidence results plotted for the eastern Loving County model shows maximum 

subsidence of 10,800 ft. with peak rates in the Permian phase exceeding 150 ft/Ma. B) Tectonic 

subsidence results plotted for the western Culberson County model shows maximum subsidence 

of 8,800 ft. with increased uplift in the basin and range episode in the Tertiary.  

 

4.2.2 Western Delaware Basin 

 The Culberson County model was used for the representative western model due to the 

proximity to the western edge of the basin. The results are shown in image B of figure 4.14.  The 

model results had the highest tectonic subsidence across all the models. The initial Tobosa Basin 
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phase experienced a cumulative 3,900 ft of tectonic subsidence by the end of the phase at 310 

Ma. By the end of the Permian phase, the western model resulted in cumulative tectonic 

subsidence of 6,600 ft. This value is much lower than the east due to the proximity to the 

deformation front to the southeast, and active Precambrian fault lines that created 

accommodation near the central basin platform. Mesozoic sedimentation continued until the 

local maximum of 7,600 ft of cumulative tectonic subsidence occurred at 210 Ma. The stable 

platform phase tectonic uplift through 115 Ma experienced higher magnitude uplift due to the 

proximity to the westward compression. This episode of tectonic uplift resulted in 1,700 ft of 

tectonic uplift. The onset of the Western Interior Seaway resulted in 3,000 ft of tectonic 

subsidence reaching the maximum cumulative subsidence of 8,800 ft at 55 Ma. Subsequent 

tertiary uplift episodes reduced the present-day cumulative subsidence to 5,700 ft following 

higher magnitude basin and range tectonic uplift due to the proximity to the Rio Grande Rift 

zone. 
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CHAPTER 5 UNCERTAINTY ANALYSIS 

 Multiple inputs in the models maintained significant uncertainty when building the 

models. Magnitude of uplift and erosion, variable geothermal gradient, and source rock quality 

and quantity are all examples. In order to test which inputs had the largest effect on the 

calculated results, these values were run through Latin Hypercube models in order to test a range 

of realistic inputs instead of a discrete value. This analysis was conducted in BasinMod’s Risk© 

tool. Two separate models were run: one for analysis of geologic events focusing on 

unconformities, and one for geochemical variability in the Wolfcamp’s source rock 

geochemistry. The two Latin Hypercube models were run on the Loving County model. The 

results are summarized in Table 1 showing the P10, P50, and P90 values for oil generation, gas 

generation, and transformation ratio. The inputs and results for each model are described in the 

following sections.  

 

Table 5.1: Results from the Latin Hypercube simulation using variable initial TOC, initial HI, 

and initial porosity for the Wolfcamp. Black outline of transformation ratio results indicate the 

geologic inputs for testing vs. geochemical for hydrocarbon generation.   

5.1 Uncertainty in Geologic Events 

 Variable inputs for the major unconformities in the basin were used in a stochastic 

simulation to capture uncertainty in the amount of deposition and erosion that is not preserved in 

the Delaware Basin. The model utilized a Latin Hypercube with 1000 realizations. The three 

unconformities analyzed are associated with the Late Triassic, Late Cretaceous (Laramide), and 

Tertiary (Basin and Range). All Late Cretaceous events were combined into one single deposit 

and subsequent erosion for modeling one single value. Beta pert distributions were constructed 

for each unconformity (Figure 5.1). Uncertainty related to higher geothermal gradient was 

included by sampling a range of heat flow values throughout the geologic history. Probabilities 

of heat flows were assigned and inversely related to the difference to present day observed heat 

flow. These inputs are shown in Figure 1 and Table 5.2, respectively. These inputs were run 
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through the 1D model with 1000 realizations and results were analyzed with respect to 

transformation ratio.   

 

Figure 5.1: Distributions of parameters used for Latin Hypercube sampling with 1000 

realizations to test parameters related to transformation ratio. Values are based on estimates of 

missing section from cross-sections (Keller et al., 1980), apatite fission track data (Sinclair, 

2007), and biostratigraphic analysis of cretaceous sediments (Roberts and Kirschbaum, 1999).  

 

 The results expressed as a reverse cumulative probability and a tornado plot are shown in 

Figure 5.2. The tornado plot shows that heat flux is the most sensitive input with respect to 

impact on thermal maturity of the Wolfcamp. The Late Cretaceous uplift had the largest effect 

out of the unconformities, but still was substantially less impactful than the heat flux. The basin 

and range uplift has been considered important event with respect to hydrocarbons in the 

Delaware Basin, however based on these results, the amount of uplift and erosion from this 

tectonic event has a minimal effect on the Wolfcamp thermal maturity.  

 

Table 5.2: Distributions of parameters used for Latin Hypercube sampling with 1000 realizations 

to test parameters related to transformation ratio. Heat flux valuables were sampled through 

geologic time with probabilities assigned based on difference between observed present day heat 

flux. The further away from the observed data, the less probable the heat flux scenario.  
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Figure 5.2: Results for the geologic events Latin Hypercube sampling for transformation ratio of 

the Wolfcamp’s sensitivity to geologic events. The varied inputs analyzed which unconformities 

had the largest effect on source rock thermal maturity. Variable heat flow accounted for higher 

geothermal gradient. Note that all variables positively affect TR, resulting in most likely 

scenarios equaling the initial model’s thermal maturity or higher.  

5.2 Uncertainty in Source Rock Geochemistry 

 Inputs for source rock geochemistry were analyzed to capture uncertainty in the geologic 

variability in quality and quantity of the Wolfcamp as a source rock. Beta-pert distributions of 

initial hydrogen index, initial TOC, and initial porosity were used to test the most impactful 

parameter with respect to oil generation (Figure 5.3).  

 



 

65 
 

: 

Figure 5.3: Distributions of parameters used for Latin Hypercube sampling with 1000 

realizations to test parameters related to hydrocarbon generation. A) Wolfcamp initial TOC is 

based on observed TOC in the basin (EIA, 2019). B) Initial hydrogen index for source rock 

quality. C) Initial TOC for variable source rock facies quantity.  

  

The model used a Latin Hypercube simulation with 1000 realizations. The results are 

shown as reverse cumulative probability plots (Figure 5.4) and tornado plots (Figure 5.5). The 

highest magnitude effect in the tornado plots for both oil and gas generation show the most 

sensitive input in the calculation is initial TOC. The range of values tested were between 1 – 8% 

TOC based on sampling conducted across the basin (EIA, 2019; Colburne, 2019). 
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Figure 5.4: Results for the source rock geochemistry Latin Hypercube sampling for oil and gas 

generation in the Wolfcamp.  
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Figure 5.5: Tornado plots for the Latin Hypercube sampling of source rock geochemical inputs. 

The results show the modeled oil and gas generation are most sensitive to the initial TOC input. 

A) Sensitivity of oil generation. B) Sensitivity of gas generation. Given the self-sourcing nature 

of the Wolfcamp, spatial distribution of preserved organic matter has strong implications for 

sufficient charge and reservoir. 
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CHAPTER 6 CRUSTAL MODELING 

6.1 Crustal Modeling 

 BasinMod provides a tool for modeling the crust in the form of layers with unique 

thickness, thermal conductivity, thermal heat capacity, and radiogenic heat factors. An attempt to 

model the tectonic evolution of the basin using changes in crustal thickness was made using two 

1D models. The present-day heat flux calculated from BHT measurements does not account for 

variable heat flux through geologic time. Modeling thickness changes in the crust is one method 

used to model that uncertainty.  

Basement heat flux is constrained by geophysical studies of the crust that constrain the 

thickness of individual layers. Furthermore, mantle xenoliths and exposed crust has been 

thoroughly tested to measure thermal properties, adding constraint to the thermal conductivity 

and heat capacity of the crust (Hanschel and Kaueraur, 2009; Artemieva, 2006; Pasyano, 2014; 

Beardsmore and Cull, 2001). These properties help constrain the total heat flux from the 

basement. The temperature at the base of the lithosphere is used as the basal boundary condition 

in the model. The temperature at the base is of a crustal model is at the 1330° C/2426 °F 

isotherm representing where mantle rocks below no longer maintain rigidity (McKenzie, 1978).  

Most of the geothermal heat comes from decay of single isotopes of Uranium, Thorium, 

and Potassium in the form of radiogenic heat (Beardsmore and Cull, 2001). The shallow crust 

provides substantial amounts of radiogenic heat to basins based on crustal composition, mainly 

the abundance of the above listed isotopes. The amount of radiogenic heat from the crust 

decreases exponentially with depth due to the depletion of radioactive elements but may vary 

depending on crustal type and age (Mareschal, et al., 2013; Jaupart, et al., 2016). Average heat 

production is measured in μW/m3 and various measured crustal ages have been measured. The 

results are plotted as a function of crustal age, showing an inverse relationship due to natural 

decay of radioactive elements (Table 6.1).  

The amount of heat generation from the crustal composition a have direct implications on 

thermal maturation of sediments. This study aimed to create a crustal model for the Delaware 

Basin using previously described calibration methods with measured thermal and geochemical 

data. Crustal models remove the uncertainty of heat flow through time by instead modeling to the 

boundary between the lithosphere and asthenosphere, an isotherm boundary defined at 
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1330°C/2426°F (Hantchel and Kauerauf, 2009). Tectonic subsidence identified in the previously 

described backstripping method can be applied to quantify thickness changes in the crust that 

illicit thermal perturbations in overlying sedimentary basins. These geologic constraints affect 

timing and magnitude of hydrocarbon generation and reduce uncertainty from assumptions of 

paleo heat flow in a basin.  

 

Table 6.1: Radiogenic heat in the crust varies as a function of age. Older crust has been depleted 

in radioactive elements and exudes less radiogenic heat. Modified from Jaupart et al. (2013).  

6.2 Delaware Basin Crustal Models 

Two models were constructed representing the east and west sides of the basin, in Loving 

and Culberson counties, respectively. The well with the most robust thermal and geochemical 

data set containing both multiple BHT measurements and a complete Vitrinite Reflectance 

profile was used for the basement modeling in the eastern side of the basin in Loving County. 

Creation of the western Culberson County model was constructed using a BHT. Lack of 

geochemical data in the well required using nearby vitrinite reflectance data from three 

surrounding wells. The models were constructed using unique geologic and geothermal 

signatures to each side of the basin.  

Geophysical models from Artemieva (2006) and Lawrence Livermore National Labs 

(Laske et al, 2013; Pasyanos, 2014) of crustal thickness based on receiver functions were used 

for thicknesses of individual crustal layers. These studies found the base of the 

lithosphere/boundary to the asthenosphere beneath the Delaware Basin to be 120 – 125 km deep 

in the east, and shallows to the west (Artemieva, 2006; Pasyanos, 2014). The location of the 

moho has been studied extensively in the Delaware Basin also, with a consensus that the Moho is 

at a depth of between 40 and 45 km and shallows to the west to 37 km (Laske et al, 2013; Wilson 

et al., 2005; Artemieva, 2006; Pasyanos, 2014). Between the base of the sedimentary section and 
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moho, the crust was separated into three layers based on crustal thicknesses from Laske et al. 

(2013). Three separate layers of crust were modeled defined as upper, middle, and lower. The 

thickness and thermal properties used in each model are shown in table 6.3. Thermal properties 

of the crust utilized libraries of thermal data for various crustal provinces. There is no widely 

accepted value for crustal properties, requiring this value be adjusted within geologically 

reasonable values. Basement thermal conductivity of crustal lithologies range between 2 and 3 

3.0 W/m*°C (Laske et al., 2013) and show variability with increasing temperature. 

Table 6.2: Summary of inputs used for crustal thickness models in the eastern and western 

Delaware basin. The base of the lower crust represents the Moho and the base of the lithosphere 

represents the thermal lithosphere asthenosphere boundary (Artemieva, 2006). Note the 

exponentially decreasing radiogenic heat with increasing depth and overall thinner crust in the 

western basin (Laske et al., 2013).  

 Thermal heat capacities used values found within the range of igneous rocks in the crust 

ranging between 2500 and 3000 KJ/m3 * °C (Hantschel and Kaueraur, 2009). Both thermal 

properties generally increase into deeper crust due to the increasing presence of mafic minerals. 

Radiogenic heat generation varies based on crustal type and age, with radiogenic heat 

contribution decreasing exponentially with depth into the crust (Jaupart et al., 2016). Average 

continental crust radiogenic heat is estimated around 0.75 to 0.93 mW//m3 (Jaupart et al., 2016). 

This value is an estimate of the average radiogenic heat of continental sediments, however there 

is significant variability in different heat flow provinces throughout the world above and below 

basin scale (Table 6.2). This uncertainty is noted as a point of uncertainty in the models. 

Furthermore, age of the crust is considered a more reliable estimate of radiogenic heat (Figure 

6.2) due to radioactive decay of enriched crust occurring at measurable rates (Jaupart et al., 

2016). 
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Similar to the process of calibration described previously, calibrating the basement layer 

is an iterative process of adjusting the thermal properties to fit measured data. Values were 

modified within the observable ranges of occurrence. Once the present-day condition is 

calibrated to an adequate temperature and matches the BHT data, calibration to geochemical data 

is necessary. The basement model was applied to the Loving and Reeves County models also due 

to the abundant thermal and geochemical calibration data. 

Tectonic subsidence quantified the amount of subsidence due to tectonic forces, 

specifically crustal thinning and shortening. These values were used as the basis for crustal 

thinning or shortening in the crust. Thickness changes that occur across Precambrian faults 

during the formation of the Delaware Basin support that accommodation was created in the 

upper crust. The upper crustal layer thickness was modified at the onset of major slope changes 

in the subsidence curve to account for the tectonic subsidence or uplift. Crustal thickness 

changes result in variable heat flux through time due to thermal perturbations in the model.   

 

 

Figure 6.1: Jaupart et al., (2016) identified an inverse relationship between crustal age and 

radiogenic heat production due to decay of radioactive elements in the crust. Adams and Keller 

(1999) identified the age of the crust below the Delaware basin to be 1.1 - 1.7 Ga. Based on the 

above relationship, this would imply the RHP in the shallow crust would be between 0.9 and 0.7 

µW/m3. Modified from Jaupart et al. (2016) 

Relationships between crustal thinning and heat flow are often assumed to have a positive 

relationship, however this is not a consistent relationship as shown by Jaupart et al. (2016). The 
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calibration steps for the basement models noted that the largest driver of both thermal and 

geochemical maturity was shallow crustal radiogenic heat. In order to fit the measured data in the 

1D model, the upper crustal layer required a radiogenic heat below that of average continental 

crust. Radiogenic heat is considered the most important contributor to geothermal heat 

(Beardsmore and Cull, 2001). While crustal thickening may create a series of thermal barriers for 

heat to be travel, the increased amount of radioactivity and resulting radiogenic heat contribution 

can cause net increases in heat flux. The upper crust’s radiogenic heat parameter was identified 

as the most influential in calibration of the crustal models.  

6.3 Results of the Crustal Models 

6.3.1 Eastern Delaware Crustal Model 

The geometry and thermal properties of the Loving County crustal model are shown in 

Figure 6.3 and listed in Table 6.3. The process of calibration was conducted to ensure the model 

matched measured temperature and vitrinite reflectance data from the well (Figure 6.3).  

 

Figure 6.2: Calibration of the Loving County model with the crustal model applied. Modeled 

temperature and thermal maturity matched measured data extremely well. The shallow vitrinite 

reflectance values are likely suppressed and not representative of the true thermal maturity 

(Sinclair, 2007). Given this interpretation, the model was calibrated to the lower trend.  
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The crustal model shows the largest source of heat flux coming from the upper crust with 

decreasing contribution from the underlying layers (Figure 6.4). Heat flux from the lower 

lithosphere was 27 mW/m2. The heat contribution from the lower lithosphere through to the crust 

is unchanged, consistent with existing heat contribution studies of the crust (Jaupart, et al, 2016). 

The temperature profile shows distinct changes in slope at boundaries of layers due to changing 

thermal conductivity, heat capacity, and radiogenic heat. Furthermore, the depth to the base of 

the lithosphere is likely closer 100 – 125 km (Laske et al., 2013; Liu and Gao, 2018).  

 

Figure 6.3: Depth plot showing the thermal properties of the crustal model. The base of the 

lithosphere is a minor source of heat flux, while the upper crust has the highest heat flux. Note 

the slope changes in the temperature profile at major lithologic breaks caused by varying thermal 

properties of the crust. 
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Figure 6.4: Age plot of tectonic subsidence and subsidence rate from the Reeves County model highlights the Permian basin phase 

with high magnitude spikes in tectonic subsidence (black line), while the late Cretaceous and onward is characterized by broad, low 

magnitude tectonic uplift. The magnitude of the subsidence was compensated by crustal thinning in periods of subsidence, and crustal 

thickening during tectonic uplift. High-frequency changes in sea-level are removed to highlight large-scale tectonic trends.
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Figure 6.5: Age plot of tectonic subsidence (black line) and heat flux (pink line) of the sedimentary column in Reeves County using a 

crustal model. The Permian basin phase’ high magnitude tectonic subsidence corresponds with decreasing heat flow, while Mesozoic 

tectonic uplift has generally increasing heat flow. The inverse relationship is related to the presence of radiogenic heat from the 

shallow crust increasing during crustal shortening and decreasing during crustal thinning.  High-frequency changes in sea-level are 

removed to highlight large-scale tectonic trends.
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6.3.2 Comparison of Eastern Crustal Model with Constant Heat Flux Model 

Comparison of the Reeves County model with and without the basement model showed 

differences in thermal history and hydrocarbon generation. Both models matched present day 

thermal data and vitrinite reflectance but showed small differences in calculated hydrogen index 

and Tmax values; the crustal model calculating slightly lower thermal maturity (Figure 6.7).  

More significant differences emerge when analyzing timing of thermal maturity due to 

differences in the paleo heat flow and temporal changes in thermal maturity (Figure 6.8; Figure 

6.9; Figure 6.10). The formation of the basin was characterized by high magnitude subsidence 

and decreasing heat flux. The stable platform and Cenozoic phase are characterized by broad 

increase in heat flux to a maximum at present day (Figure 6.8). The initial model with constant 

heat flux shows thermal disturbances in the sedimentary column due to eustatic sea-level change 

most notably when the Permian sea receded (Figure 6.8). The difference in thermal history affect 

source rock generation in both magnitude and timing when applying the crustal model to the 

Loving model (Figure 6.8) and Reeves County model (Figure 6.9).  

In the crustal model results, onset of hydrocarbon generation in the Wolfcamp begins in 

the Late Permian as the basin entered the Permian Basin phase and peaks in Late Triassic. Peak 

generation occurred in the Late Triassic followed by a secondary peak in the Late Cretaceous. 

Minor disturbances from tectonic events are observed in the Late Cretaceous in the form of low 

magnitude increase in hydrocarbon generation and lower rate of transformation. The generation 

rate shows a bimodal peak in the Triassic, followed by minimal change in later burial or uplift to 

present day for the initial model (Figure 6.9). Without the crustal model, thermal maturation and 

hydrocarbon generation occur over a shorter window in the Late Triassic with minimal 

subsequent change. The generation rates peak in the Triassic, followed by minimal change 

during subsequent burial and uplift to present day (Figure 6.9). Similar relationships between the 

initial and crustal model are observed in the Reeves County model also (Figure 6.10). The timing 

of generation differing between using a crustal model and assumed heat flux through time are on 

the order of 10’s of millions of years. This difference has strong implications for modeling a 

window of timing of migration and trap. While the Wolfcamp hydrocarbons were likely self-

sourced and generated in-situ, the usage of this type of model in conventional plays could 

drastically alter conventional petroleum systems analysis with respect to timing of trap formation 

and migration.  
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Figure 6.6: Comparison of the Reeves County model with and without the eastern crustal model 

shows that basin models can be calibrated with multiple geologic conditions. A) Thermal and 

geochemical calibration data for the initial model. B) The same calibration data for the crustal 

model. Note both temperature and thermal maturity depth plots are nearly identical, while the 

hydrogen index and Tmax show subtle differences in maturity. 
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Figure 6.7: Comparison of the same Reeves County model the crustal model. A) The initial 

model using a constant heat flux of 39 mW/m2 plotted for each formation boundary (pink line). 

The constant heat flux model is only thermally disturbed by 2nd-order eustatic sea level changes 

and Cretaceous tectonic events. B) The same model with the crustal model used captures the 

relationship between heat flux and crustal thickness changes. Heat flux in every formation is 

plotted as an individual line.  



 

79 
 

 

Figure 6.8: Age plots of Wolfcamp transformation ratio and hydrocarbon generation rate for the 

Loving County model showing both initial model and crustal model. A) The initial model shows 

a smaller age window of hydrocarbon generation abruptly ending in the late Triassic little change 

thereafter. B) The crustal model shows a generation window spanning a much larger window of 

time with notable perturbations in the Cretaceous.  
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Figure 6.9: Age plots of Wolfcamp transformation ratio and hydrocarbon generation rate for the 

Reeves County model showing both initial model and crustal model. A) The initial model shows 

a smaller age window of hydrocarbon generation abruptly ending in the late Triassic little change 

thereafter. B) The crustal model shows a generation window spanning a much larger window of 

time with notable perturbations in the Cretaceous.  
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6.3.3 Western Delaware Basin Crustal Model 

The geometry and thermal properties of the western model are listed in Table 6.3. 

Calibration used a corrected BHT value and vitrinite reflectance data. The 1D model lacked any 

geochemical data from the well and required using vitrinite reflectance from three nearby wells 

to capture the high thermal maturity trend (Figure 6.11). The western side of the basin also 

experienced substantially less tectonic subsidence through time (Figure 4.13) and resulted in less 

variation in heat flux due to crustal thickness change. Finally, the depth to the moho is shallower 

than the east, as well as the depth to the mantle is likely closer to 60 - 70 km directly below the 

Rio Grande Rift (Laske et al., 2013; Liu and Gao, 2018; Gao et al., 2004). 

 

Figure 6.10: Location of USGS vitrinite reflectance values (Pawlewicz et al., 2005) with the 

location of the western crustal model highlighted in red. Note the three green circles representing 

the vitrinite datasets used to test thermal calibration parameters.  
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 The resulting thermal calibration to BHT was inadequate to match the western Delaware 

Basin thermal maturity trend observed in the vitrinite reflectance (Figure 6.13). Multiple 

publications have offered suggestions to explain the high thermal maturity observed in 

geochemical data that is not explainable with the present geothermal gradient. Scenarios were 

constructed to test individual hypotheses and the results are discussed in the following sections. 

The temperature and maturity results from the initial constant heat flux model, as well as each 

scenario are shown in figure 6.14. 

 

Figure 6.11: Incorporating a crustal model in the western Delaware model still could not account 

for the thermal maturity observed in the geochemical data resulting in the calculated maturity 

lower than the observed data. The depth plot above shows thermal calibration to BHT, and the 

calculated %Ro curve below the observed data within the Western Delaware Thermal Maturity 

Trend.  

 



 

83 
 

 

Figure 6.12: Depth plots of modeled results for the western Delaware Basin model are shown to 

compare different geologic scenarios that may account for the western Delaware thermal 

maturity trend. A) Initial model with constant heat flux. B) Crustal model with changing crustal 

thickness based on tectonic subsidence. C) Radiogenic heat increased to 3.0 µW/m3 . D) 50% 

Thinning of lower lithosphere at 30 Ma.  
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6.3.4 Heat Flux Scenarios in the Western Delaware Basin 

Radiogenic Heat  

 Adams and Keller (2017) suggested the crust beneath the basin experience higher 

radiogenic heat capable of causing higher temperatures. This hypothesis was tested by increasing 

the radiogenic heat in the model until the thermal maturity model fell within the trend in the 

western Delaware Basin. The radiogenic heat in the shallow crust required to match the thermal 

maturity trend was increased to 3.0 µW/m3. The result caused the present geothermal gradient to 

overcalculate the temperature by 155° F. Given this value is roughly three times the average 

continental radiogenic heat (Jaupart et al., 2016) and the substantial overcalculation of 

temperature, this explanation was not considered viable. Furthermore, the rate of radiogenic 

decay observed in the crust would have to decay much more rapidly than the rate of decay 

established by Jaupart et al. (2016) to match the present-day geothermal gradient (Figure 6.13).  

 

McKenzie-Type Rifting 

 Proximity to the Rio Grande Rift has been explored as a potential heat source, using 

spikes in heat flux as a result of crustal thinning from the nearby Rio Grande Rift and resulting 

asthenospheric upwelling (Manos and Perez, 2018). Manos and Perez (2018) described a 

maximum of 50% thinning for the center of the Rio Grande Rift, and a likely value of 10% for 

the western Delaware Basin (Henry, 1998). Manos and Perez (2018) utilized a 1D model to test 

both scenarios, finding the maximum heat flux generated from rifting heat flow was insufficient 

to explain the thermal maturity, requiring a maximum heat flux of 90 mW/m2. This value 

exceeds the calculated heat flux based on the maximum of 50% thinning based on the McKenzie 

type model and cannot adequately explain the western Delaware Basin thermal maturity trend. 

The results of this study agree with that conclusion.  

The maximum thinning of 50% was applied to the basement model by thinning the lower 

lithosphere during the onset of the Rio Grande Rift. The result was inadequate in generating heat 

required to match the observed thermal maturity trend (Figure 6.13). McKenzie (1978) also 

concluded the McKenzie type model was derived for epeirogenic subsidence and cannot 

adequately explain the uplifted Colorado Plateau using his rifting and asthenospheric upwelling 

model.  
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Synthetic Heat Flux Model 

 In order to quantify the heat required to accurately model the western Delaware Basin, a 

model was constructed to test what maximum paleo heat flux was necessary to create the thermal 

maturity trend. The model used a 20 Ma heat pulse modeled during the Late Miocene associated 

with the Rio Grande Rift using geometry of a McKenzie-type rift based on a heat flux spike and 

exponential decline (Figure 6.14) based on the timing of emplacement of large-scale intrusives in 

the region (Manos and Perez, 2018; Calzia and Hiss, 1978; Barker and Hodges, 1977).  

 

Figure 6.13: Age plot of heat flux modeled to calibrate the western Delaware crustal model using 

a heat pulse beginning in the late Miocene. The peak heat flux reaches 75 mW/m2 associated with 

a maximum geothermal gradient of 3.0℉ /100 ft. The exponential decay of the heat pulse allows 

for thermal calibration of the present-day geothermal gradient. 

 

Manos and Perez (2018) modeled peak temperatures in the basin using both 

temperature/time dependent vitrinite reflectance; and temperature/time-independent peak 

temperatures associated with Raman spectroscopy to index heating duration. Results suggest the 

heating of the western Delaware was likely a rapid event with a short heating duration. This was 

used as a basis for a short duration heat pulse. The peak heat flux was increased until the thermal 

maturity data was calibrated and decayed exponentially to present day geothermal gradient 

similar to a McKenzie-type rift model. A peak heat flux of 76 mW/m2. This value is lower than 

the value calculated by Manos and Perez (2018) used to explain the thermal maturity in the 

western Delaware Basin. This scenario adequately models the observed and measured thermal 
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and geochemical data in the western Delaware Basin and results in a calibrated model (Figure 

6.15). 

 

Figure 6.14: Depth plot of model utilizing a heat flux at 30 Ma associated with a peak heat flux 

of 76 mW/m2 and exponential decay to present day resulted in adequate thermal calibration. The 

heat signature that created the observed thermal maturity trends cannot be modeled accurately 

using only the present geothermal gradient.  

 

 Based on this model, timing and magnitude of hydrocarbon generation are drastically 

different in timing and magnitude. The calibrated model results have little to no hydrocarbon 

generation occurring until rapid maturation in the Tertiary (Figures 6.16).  
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Figure 6.15: Age plot of hydrocarbon generation rates for both oil and gas based on the calibrated model plotted for the Woodford, 

Barnett, and Wolfcamp show the Tertiary heat pulse controlling the primary window of generation. Little to no hydrocarbon 

generation occurs prior to the Late Cretaceous.  
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Figure 6.16: Based on the calibrated model for the western Delaware, the geohistory shows no significant hydrocarbon generation 

until Tertiary time where rapid maturation occurs driving most of the hydrocarbons into and beyond the gas window.    
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CHAPTER 7 DISCUSSION, CONCLUSION, AND RECOMMENDATIONS 

7.1 Discussion 

 The results of this study aimed to refine understanding of hydrocarbon generation in the 

Delaware Basin with emphasis on the Wolfcamp. Modeling the basin required accounting for 

highly variable geologic conditions to capture trends in both the temperature and thermal 

maturity of the source rocks. The eastern Delaware Basin was adequately modeled and calibrated 

using multiple 1D models and a single crustal model without implementation of supplemental 

heat. The western Delaware Basin was not adequately modeled and calibrated without 

implementing excess heat in the heat flux of the model. 

Analysis of the thermal maturity data indicates the basin experienced much higher 

geothermal gradients in the past in the western basin. While there is a modest increase in 

geothermal gradient to the west today, the present-day geothermal gradient is not capable of 

producing the thermal maturity observed in vitrinite reflectance and other geochemical data. 

Comparing the crustal model and initial model calibration data also revealed the rock-eval HI 

and Tmax models were slightly different across the two models, while the modeled vitrinite 

reflectance was equal. The rock-eval models were more sensitive and may be more valuable for 

evaluating areas with higher accuracy of thermal maturity as opposed to vitrinite reflectance.  

Modeling the thermal maturation history of the western basin required implementing a 

heat pulse to accurately model the thermal maturity. A synthetic heat flux model associated with 

a heat pulse in the Tertiary related to the Rio Grande Rift was created to model the western 

basin. While the synthetic heat flux model resulted in a thermally calibrated model, multiple 

geologically possible scenarios may exist that adequately calibrate the model. Other geologically 

possible and defendable scenarios that satisfy the thermal and geochemical calibration data 

would have substantially different geohistories and associated hydrocarbon generation histories. 

Given the complex geologic and tectonic history of the western Delaware Basin, it is important 

to recognize the difficulty in isolating a single explanation for the higher paleo geothermal 

gradient. 1D models are restricted to vertical heat flux through thermal conduction. Given this 

restriction, the 1D models may not be able to adequately capture mechanisms of lateral heat flow 

or hot geothermal fluids that have been considered responsible for the thermal maturity.  
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 The thermal maturation history of the Wolfcamp was modeled using multiple methods 

and illustrated the fact that multiple geologic histories can satisfy observed conditions. Individual 

methods have their own strengths and weaknesses related to necessary assumptions in the model 

building process. Using a constant heat flux model based on present-day geothermal gradient 

resulted in peak hydrocarbon generation rates occurring in the Permian to Triassic with low 

magnitude fluctuations in hydrocarbon generation rates caused by sea-level changes. 

Incorporating a crustal model and calculating heat flux through time results in hydrocarbon 

generation rates calculating similar timing and magnitudes but have a single peak in hydrocarbon 

generation rate. This suggests that basin models without crustal models are more sensitive to sea-

level changes incorporated into the geohistory. Results indicate the Wolfcamp resides near major 

hydrocarbon phase boundaries across the basin based on the calculated transformation ratios. 

This implies that modeled results with margins of error on the order of 10% can substantially 

affect predictions for presence of oil vs. gas composition of the in-situ hydrocarbons.  

The calibration of the crustal models required adjusting thermal parameters until the 

modeled temperatures fit measured data. The modeled temperature responded severely to 

adjustments of the radiogenic heat in the shallow upper crustal layer. Radiogenic heat from the 

upper crust was identified as a sensitive parameter in the model building process. Evaluation of 

the potential crustal compositional variation in a basin may be important to consider in 

evaluation of large-scale thermal maturity trends.  

 While using a crustal model has the advantage of not requiring an assumed or synthetic 

heat flux, uncertainty in geospatial and temporal changes in crustal composition are a source of 

uncertainty. Shallow crust has been penetrated in wells in the Delaware, however the 

composition of the shallowest layer is not necessarily representative of the bulk composition of 

the shallowest layer. Uncertainty in crustal composition is present in the thermal conductivity 

and heat capacity. Previous work (Adams and Keller, 1996) has identified deep geophysical 

changes across the basin suggesting variable crustal composition. Furthermore, the thickness of 

the crustal layers is derived from geophysical models that are limited in precision due to data 

reliability and transitional boundaries. As a result, estimates of thicknesses based on crustal 

boundaries vary on the order of 10’s of km’s (Rychert et al., 2020). As technology and 

geophysical understanding of the earth’s interior continue, this uncertainty is expected to 

continue to be reduced.  
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7.2 Conclusions 

 Most of the hydrocarbon generation in the Wolfcamp occurred in the Permian to Late 

Triassic associated with substantial tectonic subsidence during the formation of the greater 

Permian Basin. Primary geologic controls on the eastern basin are related to plate collision in the 

late Paleozoic with minor tectonic elements from Mesozoic and Tertiary affecting hydrocarbon 

generation. Primary geologic controls in the western basin are related to spatial and temporal 

geothermal conditions associated with Cenozoic tectonism. The western basin experienced 

abnormal thermal conditions during this time in its geohistory.  

 With respect to building basin models of the Delaware Basin, the eastern basin has a less 

complex geothermal history and is capable of thermal and geochemical calibration using 

standard basin modeling methods. The western basin experienced abnormal thermal conditions 

during the Cenozoic, and the resulting thermal conditions that requires further analysis to 

accurately model. The results of this study indicate the western Delaware Basin requires a 

substantial increase in heat flux beyond the present-day geothermal gradient to explain the 

thermal maturity of sediments. Using a Tertiary heat pulse at 30 Ma with a peak heat flux of 76 

mW/m2 accurately models the western Delaware Basin. While the exact source of heat is 

unclear, the results from this study suggest that radiogenic heat in the crust is not the source.  

Given the separate geohistories proposed in this study, the western Delaware Basin is a separate 

heat flow province (Blackwell and Birch, 1968) from the eastern basin, with hydrocarbon 

generation controlled by Cenozoic tectonics.  

 Sensitivity analysis identified initial TOC and heat flux as two extremely influential 

inputs for modeling thermal maturity and hydrocarbon generation. Given adequate thermal 

maturity, geospatial analysis of controls on organic richness may be effective for targeting 

unconventional reservoirs in the Wolfcamp. Furthermore, rock-eval pyrolysis captured more 

subtle changes in thermal maturity and are likely more reliable than using vitrinite reflectance 

data.  

Calibration of the crustal models identified radiogenic heat from the shallow crust as the 

most influential input. Radiogenic heat from the shallow crust served as a substantial heat source 

for the thermal maturation of the Wolfcamp. Modeling crustal thickness changes show the 

geothermal gradient in the basin had higher heat flux associated with crustal thickening. The 

relationship between crustal thickness change and heat flux showed an inverse relationship due 
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to radiogenic heat contribution from the shallow crust. Other factors including 1st and 2nd order 

sea-level changes have low magnitude effects on thermal history in crustal models, and higher 

magnitude effects on constant heat flux models that do not account for crustal thickness change.  

The Wolfcamp resides close to major boundaries in phase in Delaware Basin and small 

changes in basin models may have large implications for hydrocarbon phase and ultimately well 

economics. Future studies on Wolfcamp thermal maturity should emphasize changes in heat flux 

that occurred in the basin with respect to geothermal controls and crustal geology. 

7.3 Recommendations 

 1D basin models are limited to modeling basins with a vertical, conduction heat-flux. 

Using multidimensional basin models to incorporate later heat flow may illuminate a geologic 

explanation for the western Delaware Basin. The complex Tertiary history and presence of 

magmatic intrusions in the basin and hot thermal fluid circulation suggest elements of thermal 

convection (Fisher, 1979; Manos and Perez; 2018). This study as well as others have worked 

towards quantifying the amount of heat not accounted for by easily modeled processes. However 

significant uncertainty remains in the mechanism responsible. Further research on convective 

heat transfer models analyzing the Cenozoic history of the western Delaware Basin are 

recommended. Utilizing 2D or 3D models may be necessary to model processes that a 1D 

vertical heat flux model cannot capture.  

 Common sources of geochemical calibration data used in this study included rock eval 

pyrolysis and vitrinite reflectance. Manos and Perez (2018) utilized a less common method of 

peak temperatures in wells using Raman spectroscopy of carbonaceous material and was able to 

derive peak temperatures not observable in vitrinite reflectance data. This is an example of a new 

approach to deriving geothermal history from a different source of data than the current standard 

approaches. Utilizing new methods with higher accuracy than vitrinite reflectance may be 

necessary to use to decipher the geothermal and geologic history of the western Delaware Basin.  

 This study highlighted the contrast between paleo geothermal gradient and present-day 

geothermal gradient that exists in the Delaware Basin. Exploration efforts in the basin and other 

basins must rely on both thermal and geochemical data for identification of unconventional 

resources. The western Delaware Basin is an example of where using the present geologic 
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conditions for modeling may have economic consequences on developing hydrocarbon 

production.  
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