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ABSTRACT

Fifty (50) crude oils and nineteen (19) source rock samples from strata ranging in age
from Ordovician to Middle Permian, and distributed widely over the Permian Basin, were
studied geochemically and chemometrically to identify the petroleum systems within the
greater Permian Basin. Variations in the stable carbon isotope and biomarker
compositions of the oils, together with chemometric correlations of oils and source rocks,
revealed the existence of at least five petroleum systems, involving organic-rich, type Il-
[1/111 source rocks of the Simpson Group Shale, the Woodford Shale, the Barnett Shale,
the Wolfcamp Shale, and the Bone Spring Marls. The Spraberry source rock is mostly
immature with respect to petroleum generation. Geochemical evidence strongly suggests
source-rock deposition under suboxic and anoxic-suboxic conditions for all but the Bone
Spring and Simpson source beds, in which case the geochemical evidence suggests

deposition under anoxic conditions.

Geochemical thermal modeling indicates adequate to advanced maturity for all the source
rocks, except for the Spraberry, which is barely entering into the optimum maturation
window near the southern end of the Midland Basin. Generation and expulsion from the
Wolfcamp Shale begun in Early Triassic, with hydrocarbons migrating laterally, and
getting trapped within carbonate aprons encased within the shales of the same
stratigraphic age in slope and basinal areas in both the Midland and Delaware basins.
Expulsion from the Barnett Shale occurred during Early to Mid-Permian. Migration
occurred radially updip from the two depocenters in the Delaware and Midland basins to

Pennsylvanian sandstone reservoirs in the Eastern Shelf and Permian carbonate reservoirs
Vv



in the Central Basin Platform and the Northwest Shelf. The Woodford shale began
expelling petroleum during Early to Late Permian. Migration occurred along vertical
pathways to underlying Devonian through Ordovician reservoirs. Expulsion from the
Simpson occurred during Early Triassic. Migration followed vertical pathways
downwards to Simpson sandstones and Ellenberger carbonates. For all the petroleum
systems, traps formed well in advance of generation and expulsion. The petroleum
systems are segregated with very limited cross-stratigraphic migration because of
alternating reservoir-seal (source rock) facies. This study has established a detailed
understanding of the petroleum systems in the Permian Basin and documented the
geographic and stratigraphic framework for the inter-relationships between the crude oils

and their most likely source rocks in the Permian.
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1.0 GENERAL INTRODUCTION

The Permian Basin of West Texas and Southeastern New Mexico is one of the most
prolific petroleum provinces in the United States. It is structurally defined by the Matador
Arch to the north, the Marathon-Ouachita Fold belt to the south, the Diablo Platform to
the west and the Eastern shelf to the east (Figure 1.1). During its 90+ years exploration
history, it has supplied over 35 billion barrels (Bbbl) of oil out of its stock tank original
oil in place (STOOIP) of 105 Bbbl (Tyler and Banta, 1989), and several trillion cubic feet
of gas, mainly from conventional plays (e.g. Galloway et al., 1983; Dutton et al., 2004;

2005).

In spite of the long production history, the petroleum systems of the Permian Basin
remain poorly constrained. The current poor understanding of the Permian Basin
petroleum systems is largely due to inadequate geochemical investigation, as most studies
have mainly focused on traps/plays, ignoring the shared risk factor, the source rock(s).
Stressing the importance of play analysis, Dutton et al. (2004; 2005) urged that
exploitation methods which have been proven to be effective in one play set can also be
extended to plays of similar type elsewhere. This approach, however, limits other creative
ideas on other potential play types (Peters et al., 2005). Demaison and Huizinga (1991)
emphasized that volumes of hydrocarbons actually trapped depend on key elements
including source, reservoir, and seal rock, and adequate generation, migration, and
accumulation factors such as entrapment. This recognition is the backbone to the

development and successful utility of the petroleum system as an exploration concept.
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Figure 1.1: Map of the Permian Basin highlighting the study area (red outline) and structural features, and
locations of oil and source rock samples used in the study. Base map from Dutton et al. (2004) and Tobosa
outline from Frenzel et al. (1988). Srk is an abbreviation for source rock.

Although production has been declining since the late 1970s, the current trend of
increasing activity in the Permian Basin, as reflected by the increasing number of
operators and new drilling permits as published on the Texas Railroad Commission
(Railroad Commission, 2012) website, emphasizes the renewed importance of this
petroleum province. A study conducted by the USGS in 2007 (Schenk et al., 2008),
indicates that at least 1.3 billion barrels of oil and up to 41 trillion cubic feet (tcf) of
natural gas, representing both conventional and continuous (unconventional) gas, remain

undiscovered in the Permian Basin. This is an enormous resource by any standard.
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Despite the poor understanding of the petroleum systems in this area, the large
hydrocarbon endowment suggests the operation of very efficient petroleum system
processes such as supercharging, lateral drainage, and high impedance entrapment as
described in Demaison and Huizinga (1991). The endowment also suggests parallelism
with extremely high quality source rocks and high expulsion and migration efficiencies,
as typically observed in source rock-reservoir associated systems. These projections can

only be confirmed through geochemical analysis of oils or source rocks where available.

Geochemical analytical data for oils and source rocks are a weak link in the complete
understanding of the petroleum systems in the Permian Basin. Even where geochemical
analyses have been done on source rocks, such as for the Woodford Shale (e.g. Comer,
1991) and the Barnett Shale (e.g. Kinley, 2008), only screening data are usually available.
Although these types of data are adequate enough to confirm a source rock, it is not
amenable to oil-source rock correlations, thus cannot identify or define a petroleum
system. Although source rocks are known in the Permian Basin, as summarized in Jarvie
and Hill (2011), no concerted attempt has been made to put these source rocks in the
geological context that allows for determination of stratigraphic and geographic relations
with their oils. A few of the Permian Basin petroleum systems reported in the literature
are generalized national-grid mentions (e.g. Magoon, 1988a, 1988b, 1992), while others
are abstracts (Pawlewicz and Mitchell, 2006; Dow et al., 1990; Jarvie et al., 2001; Corby
and Cook, 2003; Hill et al., 2004, Jarvie and Hill, 2011), which only give insight no
comprehensive evaluations or detailed discussions, however, can be made, as most of

them are either based on geochemistry or modeling independently without the required



integration. A comprehensive petroleum system study by Katz et al. (1994) only covers

one petroleum system (the Simpson-Ellenberger) in the Permian Basin.

As discussed by Peters and Cassa (1994), a better understanding of prospects is
incomplete without an understanding of types and distribution of effective source rocks
and hence the geographic extent of petroleum systems (Magoon and Dow, 1994). The
poor understanding of petroleum systems in the Permian Basin provided the impetus to
undertake this project with the idea that, understanding the intrinsic geological and
geochemical attributes of the petroleum systems of this prolific basin would help: (1) aid
exploration in analogous basins by invoking its expulsion/generation and migration
models, (2) provide an opportunity to compare and potentially calibrate geochemical data
with geological observations, and (3) provide a review of the existing petroleum systems
models and develop alternative models for generation, expulsion, and migration in the

area.

1.1. The Petroleum System Concept

A petroleum system is a natural geologic system that encompasses a pod of active source
rock and all related petroleum and includes all the essential elements and processes
necessary for a petroleum accumulation to exist (Magoon and Dow, 1994). Essential
geological elements include the source rock, overburden, reservoir rock, migration route,
traps, and seals. For a petroleum system to exist, these elements and accompanied

processes must be placed in a sequence that allows for an oil/gas accumulation to exist.



Magoon and Beaumont (1999) provide an approach and requirements for defining a
petroleum system. The approach essentially includes an identification of elements:
source rock, reservoir rock, seal, and overburden rock, and the process of trap formation,
generation, migration, and accumulation of hydrocarbons. Of critical importance is the
formation of traps prior generation and expulsion of hydrocarbons; otherwise,
hydrocarbons will be lost. According to Magoon and Beaumont (1999), a well-defined
petroleum system comprises the name of the source rock followed by a hyphen and the
principal reservoir formation followed by symbols in parenthesis indicating the degree of
certainty of the geochemical correlation; (?), (.) and (!) representing speculative,
hypothetical and known genetic relationships, respectively. The exploration advantage of
petroleum system studies is its ability to reveal untapped potential in the form of
bypassed or unconventional resources (Peters et al., 2013), thus an essential concept in

basins considered mature for exploration, such as the Permian Basin.

1.2 The Conceptual Model

As shown above, a source rock is a shared risk factor, whose availability or absence
dictates the availability of hydrocarbons in traps. Apart from providing a source of
hydrocarbons to the migration route and therefore traps, the source rock, especially its
quality and level of thermal maturity plays an important role in determining how
reservoirs will actually be charged by controlling expulsion and migration (e.g. Cooles et
al, 1986; Quigley et al., 1987; Leythaeuser et al., 1987; Mackenzie and Quigley, 1988;
Mackenzie and Quigley, 1988; Leythaeuser et al, 1984; 1987). Expulsion is an important

aspect of petroleum system development as it controls how much is expelled by a source
5



rock, and therefore how much is available for secondary migration, the latter efficient in
short migration scenarios as losses are minimized (e,g. Magoon and Valin, 1994,

England, 1994).

Despite the potential effects of source rock permeability on expulsion efficiency (Burrus
et al., 1993), several geochemical investigations and discussions on expulsion efficiency
of source rocks (e.g. Leythaeuser et al, 1984; Cooles et al, 1986; Quigley et al., 1987,
Leythaeuser et al., 1987; Mackenzie and Quigley, 1988) indicate a strong relationship
between source rock type and expulsion efficiency, with high quality source rocks being
generally more efficient than their poorer quality counterparts. The level of thermal
maturity and the mechanism of primary migration also exert a strong impact on the
expulsion efficiency (e.g. Leythaeuser et al., 1984; 1987). Most workers note in general,
that expulsion efficiency depends on initial generation potential; with type | higher, that

type Il which in turn is higher than type III.

It is hypothesized that, in the Permian Basin, multiple high quality (type 1l marine) source
rocks matured, generated, and expelled hydrocarbons at various times, getting trapped in
reservoirs that define short migration distances from candidate source rocks. The
adequately mature high quality source rocks are responsible for the rich hydrocarbon
endowment because of their favorable generation and expulsion kinetics, with attendant
positive impacts on expulsion and migration efficiencies. Generation and expulsion from
these source rocks was favorably synchronized with trap formation in such a way that the

latter formed well in advance of the former.



1.3 Principal Objectives

The principal objectives include: (1) identify genetically related oils and reconstruct the
nature of the depositional environments and organic matter type of their source rocks, (2)
characterize the nature, quality, and maturity of potential source rocks in the Permian
Basin and undertake correlation of oils to source rocks in order to establish petroleum
systems, (3) develop petroleum generation and expulsion models for all identified
petroleum systems and put in the timing context that defines probability of entrapment
and accumulation and preservation, and (4) map the geographic and stratigraphic extents
of the active petroleum systems in Permian Basin to establish a stratigraphic relationship

between oils (reservoirs) and their source rocks as a basis to infer migration pathways.

1.4 Project Scope

The project area includes the areas geographically in the eastern Delaware Basin, the
Central Basin Platfrom, the Midland Basin and the Eastern Shelf (Figure 1.1).

Stratigraphically, the study covers the Cambrian to Lower section of the Upper Permian.

The investigations contains the following components: (1) oil-oil correlations and
geochemical inversion, (2) oil-source rock correlations, (3) burial and thermal history
modeling, (4) source rock volumetric modeling, (5) petroleum systems maps, (5)
petroleum systems events charts, including the critical moment, and (6) an overall

petroleum system cross-section for all petroleum systems.



1.5  General Geological Overview- Development of the Permian Basin

15.1 General

The structural and stratigraphic development of the Permian Basin is well described in
the literature (e.g. Galley, 1958; Adams, 1965; Wright, 1979; Hills, 1984; Hills and
Galley, 1988; and Frenzel et al., 1988). An overview is presented below. The generalized

west-east cross-section, the tectonic history and stratigraphy are summarized in Figures

1.2, 1.3, 1.4, and 1.5 respectively.
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Figure 1.2: Generalized west-east cross-section through the Permian Basin (line of section in Figure 1.1).
The Permian Basin achieved this shape by Early Permian. (Redrawn from Lindsay 2012; after Matchus and
Jones, 1984).
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Figure 1.3: Tectonic history of the Permian Basin (Redrawn from Hills and Galley, 1988). The Maroon
box highlights a period of major tectonic activity that transformed the Tobosa basin to the current Permian
Basin with three major structural subdivisions; the Delaware Basin, Central Basin Platform and Midland
Basin (See Figure 1.1). Most structural traps in the Permian Basin also formed during this period.
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1.5.2 Pre-Tobosa Stage; Proterozoic to Early Ordovician

During the Proterozoic, the area currently known as the Permian Basin was a passive
margin, characterized by weak crustal extension and low subsidence rate with only a
veneer of sediments (Hills and Galley, 1988). The low subsidence rate gave birth to a
broad, shallow, gently dipping depression, the Tobosa Basin (Galley, 1958). The collapse
of the transcontinental arch as a negative feature during the Ordovician caused the
transgression of the Early Ordovician Sea, consequently marking the beginning of the
sedimentary history in the basin. By the end of this period, only a veneer of sediment
existed atop the faulted basement (Galley, 1958; Adams, 1965). The creation of the

Tobosa Basin was a major landmark of this period (Figure 1.4A).

1.5.3 The Tobosa Stage; Middle Ordovician to Late Mississippian

The Tobosa basin filled with relatively uniform and widespread shelf carbonates,
alternating with thin siliciclastics (Hills, 1984). The associated high subsidence rates
during the Late Ordovician to Devonian deepened the axial areas of the Tobosa Basin,
causing sediment starvation. Dolomite and chert flourished in the shelves as black shales
developed in deeper sections during late Devonian and continuing to the Mississippian
(Wright, 1979; Hills and Galley, 1988). Uplift during the Late Devonian exposed the
marginal Silurian-Devonian and Upper Ordovician shelf deposits causing their truncation
and erosion. This continued until the Late Devonian/Early Mississippian transgression,
during which the Woodford black shale was deposited (Adams, 1965; Wright, 1979;

Hills, 1984).

10



ff Arc-continent-

f/‘“v"—lcglys_gon

shotf-derived turbidites and

and prodeltaic
clastics

Ancestral

evaporites :’ remnant ocean basin

carbonate platform E exposed and/or uplifted areas

deltaic clastics : Ordovician-Silurian

: Late Mississippian
- Early Pennsylvanian

: Mid- to Late Pennsylvanian
(Atokan-Desmoinesian)

: Early Permian

[=E]
[aas]
- basinal areas w mixed carbs/clastics
==
=i

shallow-marine sand/mud

black shales
I__—I deep-water clastics

Figure 1.4A-D: The tectonic cycle (A-D) describing the development of the Permian Basin (circled red)
from Ordovician to Early Permian (Adapted from Miall, 2008). See also Figure 1.3.
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During the Mississippian, the Hercynian/Variscan orogeny, which was initiated by the
collision of North America with Gondwana land/South America (Figure 1.4B), gave birth
to Ouachita-Marathon fold belt (Figure 1.4C). At this time, compression from the

southwest caused the central basin ridge to rise along rejuvenated steeply dipping reverse
11



faults. The faulting and folding involved the basement and began to deform the basin,
creating the central basin uplift, which split the Tobosa Basin into Delaware Basin to the
west and the Midland Basin to the East (Figure 1.4D). This tectonic compression also
created the Ozona arch and the Val Verde Basin (Figure 1.1). At that point the Permian
Basin began to form (Adams, 1965; Wright, 1979; Hills, 1984 and Frenzel et. al., 1988).
Vertical movements along Proterozoic weaknesses deepened the eastern portion of the
incipient Delaware Basin and tilted it to the east. Shelf margins developed during the
Mississippian, and continued to the Pennsylvanian, a period of extensive subsidence.

Basins starved and were later buried under shallow carbonates (Hills, 1984).
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Figure 1.5: Generalized stratigraphy of the Permian Basin of West Texas and Southeast New Mexico
(Modified from Galloway et al., 1983). The dark grey shades are siliciclastics, accounting for 25% of the
stratigraphy, 75% being carbonates. The green stars represent reservoirs where oil samples were recovered
for this study. See Figure 1.1 for basin and sample locations.
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1.5.4 The Permian Basin Stage; Late Mississippian to Present

At the beginning of this stage, rapid subsidence continued, albeit at different relative
rates; the Central Basin Platform was at its highest ascent during this period as its
counterpart, the Diablo Platform on the extreme west was raised to mountainous heights.
The uplifting of the Central Basin Platform during the Pennsylvanian and Wolfcamp
times were conducive for the growth of reefs and building of shelf margins on the edges
of the Delaware and Midland basins, with their respective centers being filled with deep
water deposits, mainly siliciclastics while erosion and non-deposition prevailed in the
positive features such as the Central Basin Platform (e.g. Hills, 1984). Other than the
tilting of the Permian Basin along its edge, the Permian through Early Triassic was a
period of general tectonic and structural stability during which the basin fragments filled

with enormous amounts of sediments (e.g. Galley, 1958; Ward et al., 1986).

In the Delaware Basin, the associated tectonics during the Early Pennsylvanian supplied
clastics into the basin. The clastics were derived mainly from the highland areas in the
northwest in central New Mexico and perhaps from the advancing Marathon fold belt.
However, due to rapid subsidence then, carbonate banks quickly grew along the basin
margins (Hills, 1984). When tectonic activity peaked during Early Permian, the Marathon
fold belt provided enormous amounts of clastic sediments into the basin from the
southern end and is responsible for the thick shales and minor sandstones in the Delaware
Basin. The tectonic quiescence at the end of the Wolfcampian resulted in decreased
clastic supply and consequently, carbonate sedimentation returned, but mainly on the

basin margins (Hills, 1984). Deposition of clastics (clays and thinner sandstone beds)
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continued into Middle Permian (Leonardian), albeit with interruption by numerous
carbonate wedges on the basin margins and extending into the basin center as thin
limestone (Hills, 1984). The Leonardian is represented by the Bone Spring and Spraberry
Formations in the Delaware and Midland basins, respectively. In the Late Permian
(Guadalupian) clastics, mainly silts and sands continued to fill the basin as long as
accommodation space was constantly being created by compaction and slow tilting of the
basin. By the end of the Guadalupian, carbonate reefs and banks on the basin margin
substantially reduced the rate of sedimentation in the basin center and restricted
circulation, thus the sediments that accumulated (Brushy, Cherry, and Bell Canyons)
were rich in organic matter (Hills, 1984). This restriction continued into Latest Permian
(Ochoan) resulting in the deposition of Castile evaporite and later Salado and Rustler, all

predominantly evaporitic (Hills, 1984).

In the Central Basin Platform, the uplift continued and climaxed during the
Pennsylvanian. As a result, Pennsylvanian strata (Morrow, Atokan, Strawn, Canyon, and
Cisco) are absent in many places within Central Basin Platform. Within the flanks,
interbedded limestone, reef, green/gray shales and scattered conglomerates are reported
(Frenzel et al., 1988). The true systematic filling of the central basin uplift with sediment
begun during Early Permian. Even then, most of it remained emergent throughout the
Wolfcampian, with carbonates developing mainly within its margins (Wright, 1979;
Frenzel et al., 1988). Wolfcamp carbonate was deposited during the Early Permian,
Abo/Wichita and Clear Fork Group during Leonardian, San Andres, and Artesia Group

during the Guadalupian and capped by Salado and Rustler evaporates of Ochoan age.
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Apparently, the structural and stratigraphic development, essentially the packaging of the
petroleum system elements in the Permian Basin was well synchronized in time and
space, making the Permian Basin one of the most classic petroleum provinces in the

world.

1.6 Structure of the Dissertation

This dissertation is organized into five major chapters including: Chapter 1 (General
Introduction), Chapter 2 (Geochemistry of Oils and Geochemical Inversion), Chapter 2
(Source rock Characterization and Oil-Source Rock Correlations), Chapter 4 (Generation
and Expulsion modeling and Migration Analysis), and Chapter 5 (General Conclusions).
Chapters 2 through 4 are stand-alone pieces of work, containing abstract through

conclusions and ready for publication in peer-reviewed journals.

Chapter 1 covers introductory aspects to the research project and describes the research
problem and the overall objectives. This chapter also covers an overview of the structural

and stratigraphic development of the Permian Basin.

Chapter 2 describes the geochemistry of oils, chemometric (multivariate statistical
analysis) correlations of oils, and geological inferences therefrom. This chapter provided
the opportunity to scan through the nature of all the possible contributing source rocks
prior to their sampling. The results of this part of the study established play combinations
which embrace geochemically similar oils in the Permian Basin. It also provided a
fundamental basis for defining potential source rocks to be sampled for further

geochemical characterization. At least five potential source rocks were inferred from
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these studies, including shales of Ordovician, Devonian, Mississippian, Early Permian
(Wolfcampian), and a marl source of Permian Age. This chapter was submitted to the
AAPG Bulletin for review and has been accepted for publication under the title
“Geochemical characterization and chemometric classification of crude oils of the

Permian Basin, West Texas and Southeast New Mexico, USA”.

Chapter 3 describes the organic geochemistry of the sampled source rocks and
chemometric and stable carbon isotope correlation of oils and source rocks, essentially an
identification of petroleum systems. At least four petroleum systems were identified and
their stratigraphic extents mapped both geographically and stratigraphically. The
identified petroleum systems include; the Simpson petroleum system, the Woodford
petroleum system, the Barnett petroleum system and the Wolfcampian petroleum system.
The fifth petroleum system, the Bond Spring was inferred from the geochemistry of oils
alone. This chapter has been submitted to the AAPG Bulletin for review and publication
under the title “Geochemical characteristics of oils and source rocks from the Permian

Basin of West Texas and Southeast New Mexico: Implications for petroleum systems”.

Chapter 4 contains the results and interpretations from thermal maturity modeling of
identified source rocks and describes the process of petroleum generation and expulsion
in the Permian Basin. An integration of petroleum systems elements and process was
undertaken for each petroleum system identified, including the timing of petroleum
generation with respect to trap formation. Distribution of maturity among the source
rocks was also mapped for the five source rocks, constraining pods of active source rocks

for the petroleum systems identified.
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Chapter 5 contains the summary and conclusions from the entire study and includes some

recommendations for future work.
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20  OIL-OIL CORRELATIONS AND GEOCHEMICAL INVERSION

Abstract

Fifty (50) crude oils from reservoirs ranging in age from Camb-Ordovician to Late
Permian, distributed widely over the Permian Basin, were studied geochemically and
chemometrically to assess their stratigraphic, regional interrelationships, and provenance.
The detailed characterization using stable carbon isotopic composition and biomarker
characteristics resulted in recognition of five major genetic groups or petroleum systems.
Group 1 oils originate from Ordovician marine shale (Simpson Group) source rocks
having type 11 kerogen deposited under anoxic conditions. Groups Il and Il oils are
similar in all respects except for a significant terrigenous organic matter input in the
latter. This hybrid group (group 1I/111) oils, sourced from two kitchens, are derived from
Devonian marine shale (Woodford) and Mississippian (Barnett) source rocks having type
[1/111 kerogen deposited under sub-oxic environments. Oils of Group 1V, sourced from
two kitchens, are generated from Early Permian shale (Wolfcamp) source rocks having
type 11/111 kerogen deposited under anoxic-suboxic environments. Group V oils are
derived from carbonate-rich shales (marls) of the Middle Permian Bone Spring

Formation having type Il kerogen deposited under anoxic environments.

Except for Devonian- and Mississippian-sourced oils which occur within a thick
stratigraphic interval (Camb-Ordovician to Permian), there is clear reservoir segregation,
such that Ordovician-sourced oils are hosted within Ordovician reservoirs, Early
Permian-sourced oils are found within Early Permian and underlying Pennsylvanian

reservoirs, and Middle-Upper Permian-sourced oils are reservoired within the Middle-
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Upper Permian reservoirs. This detailed geochemical study of oils has provided an
understanding of the stratigraphic relationships between oils and their source rocks, and

thus useful insights into hydrocarbon migration in the Permian Basin.

2.1 Introduction

The Permian Basin of West Texas and Southeastern New Mexico is one of the most
prolific petroleum provinces in the United States. It is structurally defined by the Matador
Arch to the north, the Marathon-Ouachita Fold belt to the south, the Diablo Platform to
the west, and the Eastern shelf to the east (Figure 2.1). During its 90+ years exploration
and production history, it has supplied over 35 billion barrels of oil and several trillion
cubic feet of gas, mainly from conventional plays (e.g. Galloway et al., 1983; Dutton et
al., 2004; 2005). In spite of the long production history, the petroleum systems of the
Permian Basin remain poorly constrained. The current poor understanding of the Permian
Basin petroleum systems is largely due to inadequate geochemical investigation, as most
studies have mainly focused on traps/plays, ignoring the shared risk factor, the source
rock(s). Stressing the importance of play analysis, Dutton et al. (2004; 2005) urged that
exploitation methods which have been proven to be effective in one play set can also be
extended to plays of similar type elsewhere. However, a complete play risk analysis must
incorporate all the elements of the petroleum system for without an understanding of the

source rocks, prospect evaluation is incomplete (e.g. Peters et al. 1994).

A petroleum system encompasses a pod of active source rock and all related petroleum
and includes all the essential geological elements and processes necessary for a petroleum

accumulation to exist (Magoon and Dow, 1994). The exploration advantage of petroleum
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system studies is its ability to reveal untapped potential in form of bypassed or
unconventional resources (Peters et al., 2013). In basins considered mature for
exploration, such as the Permian Basin, undertaking petroleum system investigations will
undoubtedly add value to the exploration effort. A few of the geochemical investigations
of petroleum systems of the Permian Basin (Jarvie et al., 2001, and Hill, et al., 2004) are

only available as abstracts.
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Figure 2.1: Map of the Permian Basin showing stratigraphic and geographic locations of oils used in the
study. The green outline is the Tobosa basin from which the Permian basin was derived through large scale
structural deformation that eventually formed the Delaware and Midland basins separated by the central
basin platform (Modified from Frenzel et al. 1988; Dutton et al., 2004; 2005). The lower image is the
generalized East-West cross section of the Permian Basin (Redrawn from Lindsay 2012; after Matchus and
Jones, 1984).
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Although production has been declining since the late 1970s, the current trend of
increasing activity in the Permian Basin, as reflected by the increasing number of
operators/new drilling permits as published by the Rail Road Commission (Rail Road
Commission, 2012) emphasizes the renewed importance of this petroleum province. A
study conducted by the USGS in 2007 (Schenk et al., 2008), indicates that at least 1.3
billion barrels of oil and up to 41 trillion cubic feet (tcf) of natural gas, representing both
conventional and continuous (unconventional) gas remain undiscovered in the Permian

Basin. This is an enormous resource by any standard.

Despite the poor understanding of the petroleum systems, the large hydrocarbon
endowment suggests the operation of very efficient petroleum system processes such as
supercharging, lateral drainage and high impedance entrapment as described in Demaison
& Huizinga (1991). The endowment also suggests parallelism with extremely high
quality source rocks and high expulsion and migration efficiencies, as typically observed
in source-rock-reservoir associated or juxtaposed systems. These projections can only be
confirmed through geochemical analysis of stratigraphically and geographically well-
constrained oils or source rocks where available. Geochemical characteristics of oils
provide insights on the nature, genetic character, including organic matter make-up,
lithology and maturity of candidate source rocks responsible for the oils, including
inferences about the depositional environment and age of source rocks (e.g. Moldowan et

al., 1985; Bissada et al., 1993; Dahl et al., 1994).

The objective of this study is, to correlate and infer the provenance of the Permian Basin
oils based on their molecular and isotopic compositions focusing on aspects including:
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source rock depositional environment, organic matter type, age, and lithology. The results
of the study will establish a fundamental basis for defining potential source rocks to be
sampled for further geochemical characterization, and develop play combinations which
embraces geochemically similar oils, here refered to as hybrid plays. These play hybrids,

are assentially petroleum systems.

2.2  Geological Background

The structural and stratigraphic development of the Permian Basin is well outlined in the
literature (e.g. Galley, 1958; Adams, 1965; Wright, 1979; Hills et. al., 1984; Hills and
Galley, 1988; and Frenzel et al., 1988). The structure and stratigraphy are illustrated in

Figures 2.1 and 2.2, respectively.

2.2.1 Pre-Tobosa Stage; Proterozoic to Early Ordovician

During the Proterozoic, the area currently known as the Permian Basin was a passive
margin, characterized by weak crustal extension and low subsidence rate with only a
veneer of sediments (Hills and Galley, 1988). The low subsidence rate gave birth to a
broad, shallow, gently dipping depression, the Tobosa Basin (Galley, 1958). The collapse
of the transcontinental arch as a negative feature during the Ordovician caused the
transgression of the Early Ordovician Sea, consequently marking the beginning of the
sedimentary history in the basin. By the end of this period, only a veneer of sediment

existed atop the faulted basement (Galley, 1958; Adams, 1965).
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2.2.2 The Tobosa Stage; Middle Ordovician to Late Mississippian

The Tobosa basin filled with relatively uniform and widespread shelf carbonates,
alternating with thin siliciclastics (Hills, 1984). The associated high subsidence rates
during the Late Ordovician to Devonian deepened the axial areas of the Tobosa basin,
causing sediment starvation. Dolomite and chert flourished on the shelves as black shales
developed in deeper sections during late Devonian and continuing to the Mississippian
(Wright, 1979; Hills and Galley, 1988). Uplifts during the Late Devonian exposed the
marginal Silurian-Devonian and Upper Ordovician shelf deposits, causing their
truncation and erosion. This continued until the Late Devonian/Early Mississippian
transgression, during which the Woodford black shale was deposited (Adams, 1965;

Wright, 1979; Hills, 1984).
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Figure 2.2: Locations of oils samples within the Permian Basin stratigraphic framework (Modified from Galloway et
al., 1983). The colors represent inferred petroleum systems from oil-oil correlations by chemometrics and geochemical

inversion.
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During the Mississippian, the Hercynian/Variscan orogeny, which was initiated by the
collision of North America with Gondwana/South America, gave birth to Ouachita-
Marathon fold belt. At this time, compression from the southwest caused the central basin
ridge to rise along rejuvenated steeply dipping reverse faults. The faulting and folding
began to deform the basin, creating the central basin uplift, which split the Tobosa basin
into the Delaware Basin to the west and the Midland Basin to the East. This tectonic
compression also created the Ozona Arch and the Val Verde basin (Figure 2.1). Since
then, the Permian Basin was born (Adams, 1965; Wright, 1979; Hills, 1984 and Frenzel
et al., 1988). Vertical movements along Proterozoic weaknesses deepened the eastern
portion of the incipient Delaware Basin and tilted it to the east. Shelf margins developed
during the Mississippian and continued to the Pennsylvanian, a period of extensive
subsidence. Basins starved and were later buried under shallow evaporites and carbonates

(Hills, 1984).

2.2.3 The Permian Basin Stage; Late Mississippian to Present

At the beginning of this stage, rapid subsidence continued, albeit at different relative
rates; the Central Basin Platform was at its highest ascent during this period, as the
Diablo Platform on the extreme west was raised to mountain heights. The uplifting of the
Central Basin Platform during the Pennsylvanian and Wolfcamp times was conducive for
the growth of reefs and building of shelf margins on the edges of the Delaware and
Midland Basins, with their respective centers being filled with deep water siliciclastic
deposits, while erosion and non-deposition prevailed in the positive features such as the

Central Basin Platform (e.g. Hills, 1984). The structural and stratigraphic development
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was well synchronized in time and space, making the Permian Basin one of the most

classic petroleum provinces in the world.

2.3 Samples and Methods

The study includes a total of fifty samples (40 crude oil and 10 condensates), sampled
from the Texas portion of the Permian Basin, principally the Central Basin Platform,
Central Basin Platform, Midland Basin, and Eastern Shelf (Figure 2.1), covering
reservoirs ranging from Cambrian (single sample) to Permian and representing a large
portion of the Permian Basin play framework. The oil samples were analyzed for API
gravity, saturates-aromatics-resins-asphaltenes (SARA) group separation by high
performance liquid chromatography (HPLC), hydrocarbon component distribution by gas
chromatography (GC), biomarker distribution by gas chromatography-mass spectrometry
(GC-MS), and isotopic composition by isotope ratio mass spectrometry (IRMS), as

summarized in Figure 2.3 and described in detail below.
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Figure 2.3: Workflow summarizing analyses (after Bissada et al., 1993) and the general research
methodology used in this study.

Chemometric techniques of data analyses were utilized to group the oils according to
their biomarker and stable carbon isotope compositions. Chemometrics is a collection of
multivariate statistical methods for recognizing patterns in large data sets (e.g. @ygard et
al., 1984; Zumberge, 1987). For this study, hierarchical cluster analysis (HCA) and
principal component analysis (PCA) were used. Thirteen genetically oriented

geochemical parameters were selected for use in chemometrics which was executed using
XLSTAT software (Addinsoft, 2012).

A detailed analysis of genetic groupings to infer their candidate source rocks was
undertaken, mainly utilizing geochemical interpretive charts/plots to arrive at geological
inferences from the chemistry of oils (geochemical inversion), including, source

lithology, source age, source organic matter type, and source depositional environmental
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conditions. Oils were then located within the stratigraphic/play framework of the Permian

Basin to establish their stratigraphic relationships with inferred source rocks.

2.3.1 API Gravity

API gravity was determined using a DMA 48 density meter at 60°F according to the

specifications defined by ASTM standard method D4052-86.

2.3.2 High Performance Liquid Chromatography, HPLC

Oils were subjected to liquid chromatography using the University of Houston Center for
Petroleum Geochemistry HPLC system custom-designed for saturate, aromatics, resins,
and asphaltenes (SARA) determinations. The system is a fully automated
multidimensional process comprising use of two columns in series through which four
solvents are pumped sequentially, in both forward and reverse mode at pre-set times. The
four solvents are (i) hexane, (ii) hexane-chloroform (94%:6%), (iii) methanol-acetone-
chloroform (15%:15%:70%), and (iv) chloroform. They are used to sequentially elute
saturates, resins, asphaltenes, and aromatics, respectively. The column chromatographic
process is somewhat similar to other HPLC methods, except for the ability to separate
whole oil into its four SARA components without the need to first exclude asphaltenes by
precipitation prior to injection. Samples were recovered from the solvents by vacuum-

rotary-evaporation.
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2.3.3 Gas Chromatography, GC

Gas chromatography of saturated hydrocarbon fractions were run using a Hewlett
Packard 6890 ™ Gas Chromatograph equipped with a flame ionization detector (FID) set
at 350°C and a 60m HP-1 capillary GC column, 0.25 mm i.d. with a 0.5 um coating of
methyl siloxane. The oven temperature program comprised: Initial temperature 145°C,
hold of 3 minutes; ramp to 250°C at 10°C/min; immediately ramp from 250°C to 310°C
@ 2.5°C/min; and hold at 310°C for 42minutes. The total run time was 75.5minutes. Inlet

was operated at 325°C with a split mode at a split ratio of 50:1.

2.3.4 Gas Chromatography-Mass Spectrometry, GC-MS

Analysis of the sterane and triterpane biomarkers in the C;s. saturated hydrocarbon

0™ Series 11 Gas

fraction was accomplished using a Hewlett Packard 589
Chromatograph coupled to a Hewlett Packard 5971 series mass spectrometer.
Biomarkers in the C;s: aromatic fraction were analyzed by the same system. The GC
column used was a 60m long x 250um diameter x 0.25um methyl siloxane film coat
(HP-1). For the saturate fraction, the GC temperature program comprised: initial
temperature 145°C, hold time 3 minutes; ramped to 205°C at 6°C/min; final ramp at
2.5°C/min to 320°C; hold for 17 minute for a total run time of 76 minutes. Injection inlet
in split mode, set at 325°C with a split ratio of 100:1. For the aromatic fraction, the
column temperature program comprised an initial temperature of 70°C, with hold for 4

minutes; ramp to 145°C at 3°C/minute, no hold time; increase to 320°C at 2°C/minute

for a total run time of 116.5minutes. The GC output for both saturate and aromatic
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fractions were directed to the mass spectrometer (SIM mode) where the following ions
were monitored: m/z 83, 85, 97, 123, 125, 177, 191, 205, 217, 218, 231, and 259 for the
saturate fraction, and 92, 128, 133, 142, 154, 156, 166, 168, 170, 178, 180, 182, 184,
191, 192, 198, 206, 212, 230, 231, 234, 245, and 253 for the aromatic fraction. Only

selected samples were subjected to aromatics GC-MS.

2.3.5 Isotope Ratio Mass Spectrometry, IRMS

Stable carbon isotope analysis (hydrocarbon fractions) was accomplished using a
Finnegan MAT 252 isotope-ratio mass spectrometer (IRMS) system, where the 83C is
internally calculated according to the equation;

83C (%o0) = [[(**C/**C)sample-(*CI**C)sa]/(*CI**C) 1] relative to the PDB standard.

NBS 22 standard first prepared by Silverman (1964), supplied by the United States
Geological Survey, Reston Stable Isotope Laboratory, was used as a calibration standard.
Samples for isotopic analyses were prepared according to the method described by Sofer

(1980).
2.3.6 Chemometric (Multivariate Statistics) Analysis

Multivariate statistical analysis of geochemical data to achieve oil-oil correlations
(Dygard et al., 1984; Zumberge, 1987) was undertaken using XLSTAT software
(Addinsoft, 2012). Owing to the varying maturity amongst samples, only biomarker and
stable carbon isotope parameters related to source and depositional environment were

selected as input data. At least 13 source and depositional environment parameters
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including; "*C whole oil, 5'*C saturates, 5'°C aromatics, canonical variable, % tricyclics,
% C,7-Cy9 Steranes, Csp Sterane index, carbon preference index (CPI), Pristane/Phytane
ratio, and odd-over even predominance (OEP) were used in the statistical analysis (Table
2.1). Exploratory data analysis, computation and graphical display of patterns were
completed by chemometric analysis (@ygard, 1984; Zumberge, 1987) using both
agglomerative hierarchical clustering (AHC) and principal component analysis (PCA).

In AHC, similarity was based on single linkage and automatic truncation options
embedded in XLSTAT version 2012.4 (Addinsoft, 2012). In both cases, the Pearson

correlation coefficient was used in auto scaling mode.

2.3.7 Geographic Information Systems, GIS

Maps for combined plays having geochemically related oils were completed using
ArcGIS mapping software (ESRI, 2012) and were isolated from a pool of plays as

defined in Permian Basin play portfolio (Dutton et al., 2004; 2005).

2.4 Results and Discussion

2.4.1 Bulk Geochemical Characteristics of Qils

The API gravities of the sampled oils range from 25.8° to 69.8°, with majority of the oils
between 35° and 55°API. A group of oils reservoired in the Middle-Upper Permian are,
however, distinct from the rest by having the lowest API gravities, attributable to either
low maturity or possible carbonate sourcing. Moreover, these oils are neither water-
washed nor biodegraded, as evidenced by the SARA distribution (Figure 2.4) and n-

alkane distribution (Figure 2.5, bottom most), respectively. The majority of the oils are
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enriched in saturated hydrocarbons relative to aromatics and non-hydrocarbons fractions
(Figure 2.4a & b). These observations suggest high thermal maturity, and may explain the
occurrence of condensates (API° >50°). Moreover, in general, Permian Basin oils have
relatively low biomarker concentrations, a characteristic frequently associated with high

levels of maturity (e.g. Van Graas, 1990).

Among the hydrocarbon components, the SARA group separation (Table 2.1 and Figure
2.4a) shows the majority of the Permian Basin oils to be enriched in saturates relative to
aromatics, typifying generation from siliciclastic source rocks (e.g. Hughes, 1984;
Palacas et al., 1984) and possible accentuation by high maturity. However, as in the API
gravity distribution, a sub-group of Permian oils separates from the rest of the oils. These
Middle-Upper Permian reservoired oils are relatively enriched in non-hydrocarbons,
perhaps explaining their low API gravities. Given that the n-alkane distributions of this
subgroup of Middle-Upper Permian reservoired oils do not show any evidence of
biodegradation, the observed low API gravities and high proportions of non-
hydrocarbons could be due to sourcing from carbonate source rocks. Compared to
siliciclastic source rocks, which are surface active because of the presence of clay
minerals and iron species, carbonate source rocks are not surface active and, therefore,
expel hydrocarbon fractions equally. This equal expulsion makes the SARA distribution
relatively equal in carbonate-sourced oils compared to siliciclastic sourced oils, where
highly polar components of the crude oil (resins and asphaltenes) are preferentially

retained due to surface activity (Hughes, 1984; Palacas et al., 1984).
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Figure 2.4: Bulk parameters; (a) ternary diagram showing the distribution of crude oil components;
saturates, aromatic and non-hydrocarbons (Connan, 1984; Peters et al., 2005), (b) plot of saturate/aromatic
ratio versus API gravity potentially indicating Permian Basin oils, except a sub-group from the Permian
reservoirs, are derived from silicilastic (shale) source rock (saturate/aromatics line from Palacas et al.,
1984; Hughes, 1984).

2.4.2 Gas Chromatographic Fingerprinting and GC-MS Mass Fragmentograms
GC and GC-MS chromatograms for represenetative group samples are shown in Figures
2.5 and 2.6 and their groupings shown in Figure 2.7. Group representative normal alkane
distributions (Figure 2.5) show a skew in favor of lighter components, with higher
molecular weight n-alkanes diminishing rapidly after nC,o. This distribution is a
characteristic of oils derived from mature marine source rocks (e.g. Bissada et al., 1993;
Peters et al., 2005). Oils in Camb-Ordovician reservoirs (group | oils), and some from
Devonian, Silurian, and Mississippian reservoirs, however, display a significantly strong
odd-over-even predominance (OEP) in the range nCys to nCyg (Table 2.1). OEP, which is
a measure of abundance of odd relative to even numbered paraffins, in general reflects
maturity (Scalan and Smith, 1970). OEP values greater than one are usually attributed to
low maturity as values less than 1 suggest, but do not confirm high maturity due to

effects of source lithofacies (Peters et al., 2005). However, given that all the oils show
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high levels of maturity as indicated (Figure 2.4), and coupled with the isolated OEP

range, it is suggested that this OEP may be genetic rather than maturity controlled.

According to Longman & Palmer (1987) oils derived from source rocks of Ordovician
age display a significant OEP within the C15-C;9 range as exemplified by group I oil
samples 1339 and 1345. A number of workers investigating Ordovician oils, especially
within North America midcontinent basins have reported significant OEP (e.g. Hatch et
al., 1987; Jacobson, 1988). The unusual chemistry of these Ordovician sourced oils is
caused by their derivation from Gloeocapsamorpha prisca, a unicellular prokaryote
(Reed et al., 1986), which until recently was only known in Ordovician strata. Although
a cautious interpretation of Ordovician derivation based on OEP is advised following a
recent discovery of G. Prisca in Devonian strata (Fowler et al., 2004), the significant
depletion in **C-isotopes among the group | oils (Table 2.1) supports the interpretation
that these oils are Ordovician sourced. This interpretation is supported by empirical
observations of significant **C-isotope depletion among Ordovician-sourced oils (e.g.

Reed, 1986; Hatch et al., 1987; Longman and Palmer, 1987).

The Middle-Upper Permian reservoired oils earlier inferred to be derived from carbonate
source rocks based on SARA distribution are observed to have low pristane/phytane
(Pr/Ph) ratios (Tables 2.1 and 2.2) compared to the rest of the oils. The low Pr/Ph ratio
that characterize these oils are consistent with derivation from anoxic depositional
environments or carbonate source rocks (e.g. Seifert, 1975; Connan, 1981; Hughes, 1984;
Palacas et al., 1984), reinforcing the argument in favor of carbonate sourcing for this sub-
group of Permian age oils (group V oils).
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Table 2.1: Oils Sample Identities, locations, and geochemical data for the Permian Basin oils studied (1381,
1382, 1363, 1370- group I1/111 leaning and 1558, 1473, & 1475-group 1V leaning excluded). Table
continues to next page.

Spl Top “AFI Sat/ %e %e %e Can.

ID. Dep.ft) Latimde Longitude County Crp Aro Oil Sat Aro Var. CPFI OEFP
1336 31.7688 -103.0591 Winkler I 3726 329 3330 3365 -328% 052 111 115
1338 13200 316802 -1022108 DMidland 1 5129 TeT7T 3328 3340 -3221 138 117 117
1339 320624 -102.7074  Eetor I 3825 261 3323 3300 3368 062 103 183
1345 31.7680 -102.5333 Ector I 4767 423 3241 3288 3232 018 128 176
1354 12800 322232 -1022452 Andrews 4965 838 3335 3344 3210 172 111 116
1334 B100 330642 -1013080  Garza II 3805 143 3044 3065 2000 045 110 110
1346 8110 33.0804 -101.2849  Garza II 39952 148 3060 -3074 3022 054 115 1.13
1331 5835 321755 -100.2713  Nolan IIr 5112 501 -2997 -30.11 29353 -1.00 111 120
1333 6305 32,1296 -100.2984  Nolan I 5129 629 -2002 -30.04 2882 040 118 1.14
1352 10381 329099 -101.7968  Dawsem II 3957 123 30356 -3069 -2002 040 114 108
1369 12237 32.419% -102.2007  Martin II 4553 581 -30.04 -3012 -29351 4053 118 1.10
1374 12510 323973 -1023809 Andrews II 4158 246 -3148 3170 -3085 009 113 1.09
1377 31.9342  -102.7413 Ector II 3688 174 -31.1% -3131 3045 000 111 109
1379 313222 -1024310  Crane I 4109 236 -3165 -318% 3083 032 112 112
1480 6630 331769 -100.8303 Kent II 3915 182 2056 -21986 2032 -116 115 110
1497 7759 308470 -102.1635  Pscos II 3460 177 -30.82 3104 3061 -104 108 120
1499 8036 320769 -102.5554  Ecter II 39950 286 -3031 23064 3048 177 120 110
1512 9012  31.6328 -102.4261 Crans II 3574 273 -31.10 -3146 3109 -105 131 109
1591 8274 329808 -102.8974 Yoakum II 42324 181 -2043 2061 -2030 -1.73 113 109
1361 11630 314021 -102.1182 Uptem III 5437 927 20083 .3061 -2886 175 109 1.19
1360 12450 31.8849 -102.1420  Iidlaed IIT 3330 502 -30.10 -3060 -288% 16% 119 133
1364 8651 316486 -1010820 Steling IIT 4584 215 2990 -3029 289% 074 116 109
1367 11600 32.0384 -1019680 IMMidland IIT 3427 980 3015 3080 -2910 170 115 1.15

1372 11200 314091 -102.1205  Upten 1 5016 882 2963 -2091 2863 049 109 123
1511 6131 314963 -103.1938 Ward IV, 4002 284 2820 28534 2801 160 114 107
1331 8126 316394 -101.7025 Reazan TV 3884 316 -2791 -2818% -2794 233 124 108
1350 9322 313201 -102.0599  Upton IV 4412 395 273 -2793 2765 -234 126 108
1355 11227 316073 -103.2514 Ward IV 4325 225 2788 2797 2781 -139 124 107
1540 9010  32497% -102.543% Andrews IV 3897 3358 2760 -2806 2733 -130 129 103
1581 7033 326763 -101.7480  Dawsen IV 4023 229 2842 28380 2837 218 124 110
1588 7933 324436 -1019429  Metim IV 3372 2119 28096 28396 2969 426 124 113
1469 8195 326861 -101.7758  Dawsen IV 3674 293 2846 -285 2788 121 126 108
1486 4795 331018 -100.1646 Stemewal TV 4130 218 -21928 .-2987 -203 -161 116 1.10
1487 6790 329700 -100.8364 Eant IV 3785 483 2939 3006 -2994 204 113 109
1495 6900 329692 -100.8228 Esnt IV, 3992 201 3030 3039 -2991 -113 120 108

1502 9000 312743 -1019669  Upton IV, 4386 349 2773 2814 2731 130 127 106

1496 6250 324680 -1004756  Nolam IV 4582 308 -2057 -2088 2907 4036 121 112
1337 59051 325821 -102.7062  Gaines Voo 2968 067 -284% 2000 -2823 092 110 103
1585 4335 323687 -1012777 Howard WV 2579 061 -2882 .2007 2836 -148 104 102
1386 5052 317669 -101.1985 Sterime V3237 083 27352 2803 2726 -1.17 111 102
1593 5340 327785 -102.5126  Gaines Vo 3513 118 2895 2010 2873 -17% 108 104
1538 0219 326003 -1025734  Gainss AY 3173 076 2776 -2B03 2740 -148 109 100
1594 7178 335000 -1024068  Heeklsy VvV 2828 0359 2844 2801 2861 -199 109 102

**Not measured. °API = API gravity; Sat = Saturated hydrocarbon fraction; Aro = Aromatic hydrocarbons fraction; %o
0il = 83C of whole oil (bitumen) relative to PDB standard; %oSat = 313C of Sat relative to PDB standard; %oAro = 8*°C
of Aro relative to PDB standard; Can. Var. = Canonical Variable (Sofer, 1984) = -2.53 §**Cgy + 2.22 §*3Cpro — 11.65;
CPI = carbon preference index = %*{(C,5+Cy7 + Cyg + Ca; + C33)/(Cpy + Cpg + Cpg + Cqp + C3p) + (Cy5+Cy7 + Cog + Cyg
+ C33)/(Cye + Cyg + C3g + Cay + Cay); OEP = 0dd-over-even predominance = 2(C15+C17+C19)/3(C16+C18); Ts =
18a(H)-22, 29, 30-trisnorhopane = trisnorneohopane; Tm = 17a(H)-22, 29, 30 trisnorhopane; Ste.= sterane; Hop
=17a(H), 21B(H)-hopane; BNH = Bisnorhopane Index = bisnorhopane/bisnorhopane+hopane;
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Ph/ Pr/ Pr/ Ts' BENH Mor Ste.)  Dia/ L L %  Ca Ste. DBT/ 208/ 225/
aCl8 =Cl7 Ph Tm HHI Index Ratio Hop Ste Car Cas Ca Index Phen  20(3=R) 11(5-R)

038 040 174 233 047 001 009 021 134 408 156 437 024 e 0.54 0.60
022 019 176 085 010 003 026 048 090 415 187 401 036 0.03 042 0.82
027 012 148 112 053 001 008 031 131 309 194 4907 012 0.03 0.49 032
028 014 171 125 045 001 014 016 1536 304 293 401 011 wE 0.46 057
030 040 204 09 010 001 017 023 141 665 91 244 009 *E 0.41 0.66
033 031 132 075 039 001 008 019 131 336 166 499 007 *E 0.44 0.38
046 044 147 077 061 001 006 023 144 3635 194 443 006 *E 047 0.38
023 030 215 337 040 001 001 032 158 449 200 331 011 0.16 0353 061
022 032 228 667 010 001 007 037 136 431 230 319 0.10 *E 0.37 0.61
039 067 140 071 036 001 009 027 163 348 191 462 002 *E 048 0.63
026 041 213 238 036 001 013 034 1356 445 127 428 017 *E 0.53 0.56
047 032 142 556 045 006 017 034 142 280 184 528 007 wE 0.43 0.74
036 044 168 104 010 001 001 014 185 404 102 494 010 *E 0.52 0.75
034 030 208 337 025 001 013 032 136 312 202 486 006 *E 0.44 0.66
044 033 162 097 060 003 006 033 133 368 190 442 006 *E 048 0.66
033 030 135 067 010 001 003 034 132 329 162 509 002 *E 0.52 0.63
064 099 189 278 0335 001 060 030 133 389 208 403 009 0.03 054 0.39

078 116 170 323 010 001 001 0290 1536 340 111 3549 010 *E 0.49 0.76
043 039 187 196 0535 002 008 030 139 402 173 415 008 *E 0.43 0.58
013 022 262 069 063 001 003 026 136 345 197 438 007 *E 0.49 0.36
018 022 266 172 065 001 008 025 169 342 238 420 012 *E 0.53 0.56
021 035 2219 313 010 001 011 028 166 298 204 407 003 *E 0.49 0.81
031 047 234 217 037 001 009 023 174 332 244 404 010 *E 048 057
014 020 249 077 073 001 004 038 138 326 259 415 007 *E 0.47 043
090 108 139 088 0535 002 011 01% 121 378 209 412 010 *E 0.50 0.61
074 089 143 200 044 002 011 019 138 375 252 374 012 *E 052 0.60
060 076 132 088 010 012 026 028 173 306 140 3535 003 *E 0.49 0.55
067 083 134 102 060 001 O00B 013 161 385 173 444 009 036 0.46 0.61
048 0820 183 200 050 001 023 038 1335 431 170 308 013 024 0.53 0.77
084 108 135 169 021 001 010 015 139 366 239 3035 006 *E 0.49 037
127 140 131 09% 045 001 009 0135 133 386 2153 401 006 *E 0.44 057
063 108 185 145 015 001 013 015 1350 424 196 381 010 *E 0.47 0.61

073 096 161 106 034 005 016 027 102 4835 173 342 007 0.19 0.40 0.39
036 065 144 010 060 003 011 026 142 415 194 394 007 023 0.44 067
066 075 133 093 036 002 010 026 106 445 206 349 008 02 0.47 067
041 067 189 337 048 001 009 028 148 425 111 464 013 0.07 0.53 0.70

052 072 182 120 036 001 007 039 132 453 220 327 009 0.06 053 0.71
073 030 077 036 063 001 007 009 194 397 157 446 003 3.43 0.44 0.38
096 042 030 088 069 001 007 008 217 392 175 434 003 355 0.44 055
081 033 073 114 063 001 006 007 230 409 137 434 004 T7.04 0.44 0.36
033 049 110 035 064 001 006 011 176 366 161 474 003 222 0.43 0.38
077 039 036 066 067 001 006 007 223 395 128 479 004 6.01 0.44 055
073 031 030 085 063 001 007 008 216 366 143 489 003 479 0.44 0.57

Mor.= Moretane = 173(H), 210(H)-hopane; DBT = Dibenzothiophene; Phen=Phenanthrene; %C,; =
Co7000R/(Co7000R+ CogaataR+ CogaaoR); %Cog = CogaaaR/(Cor000R+ CogtictoR+ CoguiaaR; %6Cog =
Cag000R/(Cor000R+ CogaaaR+ CogaaaR; Cao Ste. Index = CapaaaR/( Cor000R+ CogaoaR+ CogaoaR); HH =
Homohopanes = Cs;-Css hopanes; HHI = Homohopane Index = CzsHop/(CssHop + Cs4Hop); Norhop. = Norhopane =
C,9-hopane; Mor. Ratio = Mor./(Mor. + Hop + Norhop.); Ste./Hop = C7+Cyg + Cyg (app R +S) Ste./(Norhop. + Hop +
HH). Group | = Simpson PS; Group Il = Barnett-Woodford PS; Group Il = Barnett-Woodoford PS; Group IV =
Wolfcamp PS and Group V = Bone Spring PS; PS = petroleum system.
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Figure 2.5: Group I-V representative gas chromatograms. Note the OEP within nC4s5 to nCyg range and the
near absence of isoprenoids (pristane and phytane) in Group I.
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Figure 2.6: Groups | through V oils representative GC-MS ions (m/z 191 for Terpanes and m/z 217 for
Steranes) chromatograms for Permian Basin oils studied. Nomenclature as annotated in group 11/111 apply
to the rest of the groups. Note the elevated norhopane (Hyg) and Css homohopanes (H35S&R) among group
V oils. High norhopane and homohopane are typical in highly reducing environments associated with
carbonate sourced oils (e.g. Fan Pu et al., 1988; ten Haven et al., 1988).
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2.4.3 Chemometrics and Oil-Oil Correlations

One of the most striking characteristics revealed by chemometrics is the high degree of
similarity among the Permian Basin oils (Figure 2.7), an artifact that is attributable to
significant reduction of biomarkers with increasing maturity (e.g. Peters and Moldowan,
1993). Despite this potential encumbrance, chemometric analysis using source related
biomarker and stable carbon isotope data (agglomerative hierarchical clustering (AHC)
and principal component analysis (PCA)) discerned five genetic groups (Figure 2.7).
and are characterized by an extremely negative stable carbon isotopic compositions

(Table 2.1).

Oils in the “spurious” category (Figure 2.7i) are interpreted to represent mixed or highly
influenced oils. Such evidence is provided, for example, by oils having significant OEP
but with heavy isotopic signature. Examples include oil samples 1381, 1382, 1363, and
1370 which share characteristics with groups I, I, and Il (note the wandering

within well-established groupings as discussed in the following sections. Overall, the
groupings suggest, origin of oils from at least five distinct source rocks, suggesting five
independent petroleum systems. Observed subgroupings, are interpreted to be due to
inherent source rock facies variations, possible oil mixing, and potential imprints

associated with varying migration routes.

Besides the mixing possibility, most of the oils in this “spurious” category are
condensates. The biomarker signature of condensates is generally low, and may explain
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their apparent “unrealistic” correlations. This is also the case of group III oils (all
condensates except one, 1364). A low level of confidence is therefore assigned to this

genetic group inference.

Conventional geochemical correlations, based on sound understanding of geochemical
principles were useful in discerning “accidental” associations in chemometrics. For
example, oils 1550 and 1502 appearing within subgroup 2A in Figure 2.7i are actually
group IV oils. As discussed in the following section, though all other parameters are
consistent with group 11, these oils are isotopically too heavy to be part of group II. It
would be very difficult to account for 4%, carbon isotope difference among oils of a
single source or genetic group unless these latter oils are cracked. These can only be

understood upon thermal modeling.
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Figure 2.7: Dendrogram (left, i) showing the clustering of oils into genetic groups based on 13 genetically
oriented geochemical parameters. Groupings and sub-groupings agree with principal component analyses,
youngest. Filled circles in PCAs represent spurious oils in the dendrogram. Note the wandering
associations of the spurious oils in the PCAs. In general however, Mississippian reservoired oils 1381 &
1382 and Devonian reservoired oil 1370 are generally associated with group I11 while 1473 and 1475 are,
in general associated with the Pennsylvanian reservoired oils of group IV.
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2.4.4 Source Age and Organic Matter Type

Underpinning the geochemical utility of stable carbon isotope composition is the
realization of its systematic variation over geologic time (e.g. Degens, 1969; Chung et al.
1992; Andrusevich et al., 1998; Riebesell et al., 2000) and the consistent observation of
stable carbon isotope ratios of saturated and aromatic hydrocarbons among terrigenous
(waxy oils) and marine sourced oils (Sofer, 1984). Applying these fundamental
observations to the Permian oils data set (Table 2.1), we were able to decipher the
possible ages and organic matter types responsible for the oils (Figures 2.8 & 2.9). The

data depict the oils to be derived from marine Paleozoic source rocks.

Although age interpretation of stable carbon isotope data is not without ambiguities, such
as may be caused by stable carbon isotope fractionation during maturation (e.g. Chung et
al., 1981, Peters et al., 2005) and fractionation during primary productivity or changes
associated with variations in water circulation patterns (e.g. Hayes, et al., 1983; Hatch et
al., 1987), the general consistence of groupings as observed in the stable carbon isotope
plots (Figures 2.8 and 2.9) versus that in chemometrics (Figure 2.7) suggests minor
effects, if any. The oils are sourced from source rocks that range in age from Ordovician
to Permian. This inference is also supported by C,q > C,7 steranes (Grantham and
Wakefield, 1988). Except group 11 oils, which show a strong terrigenous affinity as
reflected by their relatively high Pr/Ph ratios, and most importantly their positive

canonical variable (Table 2.1), the rest of the oils are derived from marine source rocks.

Group 1 oils (1336, 1338, 1339, 1345 and 1354), hosted in Ordovician and Cambrian
reservoirs are characterized by extreme *3C-isotope depletion. Although these oils do not
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form a distinct group in the dendrogram in Figure 2.7(i), they plot in distinct regions in
the principal component analysis plots (Figures 2.7ii-iv). Their high OEP, low biomarker
abundance (Figure 2.6) and the associated extreme **C isotope depletion are consistent
with derivation from Ordovician source rocks (e.g. Longman and Palmer, 1987; Hatch et

al., 1987; Jacobson et al., 1988), represented in the Permian Basin by the Simpson Group

(Figure 2.2).
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Figure 2.8: Stable carbon isotope ratios in %o relative to PDB standard for saturated versus aromatic
hydrocarbons. The line separating the terrigenous from marine derived oils is based on statistical analysis
of hundreds of known oils (Sofer, 1984). Note the subgroupings among groups Il and IV oils.

Groups Il and 11 oils, reservoired in a large stratigraphic extent from Ordovician to
Permian have stable carbon isotope compositions from -31.65 t0 -29.99%o., a range

consistent with Devonian-Mississippian age sources (e.g. Mook, 2001; reported in Peters
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et al., 2005). Moreover, the Upper Devonian-Lower Mississippian Woodford Shale in the
Anardako Basin, Oklahoma is reported to have typical S Caaurate Values of -30%o and
813Car0matic between -29%o and -30%o (Denison, 1990; reported in Wang and Philp, 1997).
Closer scrutiny however, indicates that group 111 oils are different from group 1l by
having higher Pr/Ph ratios and more positive canonical variables. Although Pr/Ph can
significantly be affected by maturity, in general, these parameters suggest a significant
input of terrigenous organic matter (e.g. Sofer, 1984; Moldowan et al., 1985). Group I
oils that are isotopically associated with group Il are either due to extreme maturities e.g.
1331, 1333, and 1369 or potentially influenced (1489 & 1591) by the younger group 1V
oils as indicated in the chemometric projections (Figure 2.7). High maturity levels
isotopically displace oils in a positive direction while early generated oils from younger
sources have lighter isotopic signatures. However, given that all group 111 oils and most
of group Il associated with them are condensates, establishing unambiguous genetic
identification based on biomarkers can only be possible upon a thorough study of the
source rocks. Until a detailed understanding of source rocks is obtained, group Il and

group 111 remain indistinguishable at this point.

Group 1V oils are reservoired in Permian and Pennsylvanian reservoirs. Isotopically, the
Pennsylvanian reservoired oils are closely associated with group Il oils (Table 2.1 and
Figure 2.8). However, their lower maturity compared to group Il oils (see Section 2.4.6)
suggests this as a pseudo association, caused by potential mixing as explained by such a
large isotope range of 2.8%o (Tables 2.1 & 2.2). Despite having a similar group maturity,

this subgroup of Pennsylvanian oils is enriched in tricyclics relative to diasteranes. This

50



relative enrichment is here interpreted to be due to geochromatography (e.g. Seifert et
al., 1979) associated with long distance migration, implying that Permian reservoired oils
are closer to the source rock than their Pennsylvanian counterparts. This interpretation
suggests the Lower Permian (Wolfcamp) as a likely source rock, expelling hydrocarbons
to reservoirs within the Permian, as well as the underlying Pennsylvanian reservoirs. As
noted earlier, because of having a biomarker semblance with group Il oils and stable
carbon isotope composition range of 4%o, source rock analysis and thermal modeling is
required to understand the actual character of the Wolfcamp, so as to validate the
migration interpretation and the possible origin of 1550 and 1502 oils. In particular, it is

important to know if some of the source rocks and oils are cracked.

Group V oils, located in the Middle and Upper Permian reservoirs are characterized by
isotopic signatures that suggest sourcing from Permian age source rocks (Mook, 2001;
reported in Peters et al., 2005). The relative *C-isotope depletion compared to a majority
of other Permian sourced oils, for example, group 1V oils, is consistent with their lowest
maturity as predicted and confirmed in the maturity section (see Section 2.4.6). The
relative *C-isotope depletion may also be explained by a relatively deeper depositional
environment, where limited utilization of atmospheric carbondioxide for photosynthesis
was involved (e.g. Holmden et al., 1988; Sigman and Boyle, 2000; Young et al., 2005).
The deeper depositional environment for these oils is supported by their low Pr/Ph ratios
(Table 2.1). Because, these oils display similar maturities, the observed **C-isotope

enrichment displayed by 1586 and 1538, may suggest possible mixing with group 1V.
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Figure 2.9: Plot of acyclic isoprenoids ratio versus stable carbon isotope (whole oil), illustrating the age of
the source rocks responsible for the oils (divisions after Chung et al., 1992). Pr = Pristane; Ph = Phytane.

2.4.5 Source Depositional Environments and Lithology

Since the early recognition of the role of acyclic isoprenoids (pristane and phytane),
particularly the Pr/Ph ratio as a proxy for the redox of depositional environments (Powell
and McKirdy, 1973), and follow up studies (e.g. Didyk et al., 1978; McKirdy, 1983; ten
Haven et al., 1987), Pr/Ph ratio less than one is generally interpreted to mean deposition
under anoxia while greater than one implies relative oxicity. Ratios above three represent
significant terrestrial organic matter input, typically in proximal, often paludal
environments (e.g. Hughes, 1984; Palacas et al., 1984; Tissot & Welte, 1984; Peters et
al., 2005). Furthermore, the relative thermal stability of corresponding normal alkane
relative to acyclic isoprenoids (ten Haven et al., 1987) and the converse response to
biodegradation, due to preferential removal of n-alkanes (e.g. Connan, 1984), makes
ratios Pr/nC,7 and Ph/nCyg useful proxies for maturity and biodegradation as summarized

in the Figure 2.10.
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Figure 2.10: Prediction of source organic matter type, redox of depositional environment using a plot of
Pristane/nC,; versus Phytane/nC,g ratios derived from gas chromatograms of saturated hydrocarbon
fractions (Template from Peters et al., 1999).

Acyclic isoprenoids and corresponding n-alkanes data for oils from the Permian Basin
(Figure 2.10), indicates that, except for group | and group V oils which depict derivation
from a purely marine type Il organic matter, in highly reducing conditions, a majority of
the oils are derived from mixed organic matter type I1l/111. These inferences are also
supported by a number of parameters including the homohopane index, pristane/phytane
ratios and sterane/hopane ratios (Table 2.1), where group | and, especially group V oils
have significant homohopane index accompanied by low Pr/Ph ratios (Figures 2.10 &
2.11), typical ratios found in anoxic marine settings (e.g. Seifert, 1975; Chappe et al.,

1980; Peters and Moldowan, 1991).
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Demaison and Bourgeois (1985) further noted that such extreme anoxia as reflected by
very low pristane/phytane ratio may be associated with carbonate sourcing. Such
conditions as well, predict sulfate reduction (e.g. Barbat, 1967) and may result in sulfur-

rich oils if the source lithology is carbonate (Peters and Moldowan, 1993).

Plots involving isoprenoids (Figures 2.9, 2.10, 2.11, & 2.12) provide fairly good
separation amongst the oil groups. In general, a marine depositional environment for all
oils is implied, in agreement with inference from stable carbon isotope data (Figure 2.8).
A majority of the oils plot in fields depicting derivation from Paleozoic shale source
rocks based on the stable carbon isotope compositions (Figure 2.9). Group V oils stand
out from the rest, with highly reducing signatures that suggest possible carbonate
sourcing (Figure 2.11). Group V oils also have elevated norhopane as well as an elevated
homohopane index (Table 2.1 & Figure 2.6), features typical of carbonate sourced oils
(e.g. Hughes, 1984; Fan Pu et al., 1988; ten Haven et al., 1988). Using the
dibenzothiophene/phenanthrene ratio as a proxy for sulfur content (Hughes et al., 1995), |

was able to further corroborate the carbonate sourcing of group V oils.
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Figure 2.11: Canonical variable, CV (Sofer, 1984) versus acyclic isoprenoids (Pristane/Phytane) ratio,
illustrating the depositional conditions, organic Matter type and source lithology. Most of the oils are
sourced from marine shale source rocks at sub-oxic conditions. Pr = Pristane; Ph = Phytane.

This additional support for carbonate sourcing also created more questions. For example,
in Figure 2.12, the group V oils do not plot in the carbonate zone. The oils have relatively
high diasterane/sterane ratios, contrary to expectations from carbonate sourced oils.
Moreover, this group is the least mature among the groups. The thermal stability of
diasteranes relative to regular steranes may cause high diasterane/sterane ratios in both
carbonates and siliciclastics. Clay minerals are required to catalyze the transformation of
steranes to diasteranes (Peters and Moldowan, 1993), as such are often enriched in
siliciclastic sourced oils or in highly mature oils. The evidence is consistent with the
group V oils having originated from source rocks of mixed carbonate-shale facies or
possibly having undergone long distance migration or both. Preferential enrichment in
diasterane relative to steranes is a documented phenomenon in hydrocarbon migration
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(e.g. Peters et al. 1990; Lewan et al., 1986). This interpretation suggests a possible origin
of group V oils from the Bone Spring Formation in the Delaware as indicated in Jarvie
and Hill (2011), where Pr/Ph and stable carbon isotope ratios are comparable to the
findings here. The groups I, 111 and IV are composed of oils sourced from marine

suboxic shale source rocks, with group 11 oils also containing some non-marine input.
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Figure 2.12: The sum ratio of Cyg and C,q acyclic isoprenoids versus the sum ratio of diasteranes and
regular steranes indicating the lithology of source rocks responsible for the oils. The line indicates
approximate correlation and the arrow indicates direction of change associated with increasing maturity
(after Moldowan et al. 1986). Dia = Diasterane; Ste = Steranes as identified and measured in m/z 217 mass
fragmentograms (see Figure 2.8).

2.4.6 Source Maturity

A plot of common conventional biomarker maturity parameters, 20S/20[S+R] versus
22S/22[S+R] (Figure 2.13) indicates that nearly all the oils were generated at peak
maturity, with a majority currently plotting beyond the bounds for which these

isomerization parameters are reliable as maturity indicators (e.g. Mackenzie, 1984;
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Moldowan et al., 1992; Waples & Machihara, 1991; Peters et al., 1999). To circumvent
this limitation, we chose to use more thermally resilient parameters to decipher maturity
variations among the oils and within the oil groups. Specifically we used the percentages
of diasteranes and tricyclics (e.g. Van Graas, 1990). Although both tricyclics and
diasteranes can be significantly affected by migration, the general consistency of maturity
groups (Figure 2.14) with groupings established by chemometrics (Figure 2.7) suggests
that, migration and lithology effects, if any, are very minimal. Moreover, there is a
general maturity consistency as shown by both CPI and to some extent Ts/Tm data
(Tables 2.1 and 2.2) except for group V oils, where there is interference due to carbonate

sourcing.

As shown in Figure 2.14, the oils and oil groups show a range of maturities, reflecting the
different thermal zonation associated with the structural make-up of the Permian Basin.
Groups V and Il represent extreme maturities, the least mature Group V on one end and
the most mature group Il on the other; with groups 1V, I, and 111, in order of increasing
maturity lying in between. Except for oils projected to be sourced from Ordovician age,
the rest of the oil groups show maturities consistent with the projected ages of their
source rocks. The deviation of group I oils is deemed to be a consequence of the
structural make-up of the Permian Basin. The data suggest that, the Ordovician-sourced
oils may have originated from the uplifted portion of the Permian Basin, where, thermal

stress is significantly lower due to its shallow depth (Figure 2.1).
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Figure 2.13: Sterane (20S/(20S+20R)) and Hopane (22S/(22S5+22R)) biomarker isomerization type
maturity parameters showing maturity of the oils. Oils generally show peak maturity, with most of the oils
plotting in the shaded region where further maturation does not significantly increase ratios or are
unreliable (e.g. Peters et al. 1999).
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Figure 2.14: Percent diasteranes (measured as percentage of total components in the m/z 217 ‘sterane’
fragmentogram) versus percent tricyclics (C,q through Cy tricyclis as percent of total identified m/z 191
fragmentogram). Both diasteranes and tricyclics increase with maturity (Seifert and Moldowan, 1978; Peters et
al., 1986; Peters and Moldowan, 1991) as indicated by the arrowed line. Transverse dotted lines are maturity
demarcations suggested by the data.
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The two maturity clusters displayed by groups Il and 111 oils can also be explained by
evoking the structure of the Permian Basin. In general, the high maturity cluster (1331,
1333, 1352, 1369, 1374, 1379, 1499, & 1512) is geographically associated with the
Midland Basin while the lower maturity cluster (1377, 1346, 1497, 1499, 1591, & 1489)
is geographically in close proximity with the shallower Central Basin Platform and
Eastern shelf. These observations are consistent with generation from two major kitchens
for which the deeper Delaware Basin on the west is not represented, implying effectively

sealing platform boundary faults.

Excluding the oils influenced by group Il (1550 & 1502), group 1V oils cluster into two
thermal regimes, represented by 1555 on one end and 1581, 1588, 1540, 1511, 1531,
1487, 1469, 1495, & 1486 on the other end. An apparent third thermal regime,
represented by 1496, is likely an artifact of enrichment of both diasteranes and tricyclics
during migration. The two kitchens responsible for the group IV oils are in the Delaware
and Midland basins. The absence of a third thermal regime is consistent with the
geological development of the Permian Basin, which dictated the absence by non-
deposition and erosion in the Central Basin Platform during the Early Permian (Wright,
1979; Hills and Galley, 1988), supporting the Early Permian as the source rock for group

IV oils. Group V oils represent one thermal regime, thus a single source kitchen.
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Table 2.2: Inferred source rock characteristics from oil properties

Group I Group I Group IIT Groop IV Group V

Range Avg, Range Avg, Range Avg, Range Avg, Range Avg,
JAPT 37.3-3513 44 8 46-313 4122 438-344 316 337-438 40.55 23.8-351 3035
OEP 12-1.8 1.4 1.1-12 1.12 1.1-1.3 1.2 1.1 1.1 1.0 1.0
CPI 1.1-13 1.1 1.1-13 1.15 1.1-1.2 1.14 1.2-13 1.23 1.0-11 1.09
Pr/ 1.5-2.0 1.8 14-23 1.74 23-17 148 1.3-19 1.59 0.5-1.1 0.69
Ph
aC  -33.4--324 3135 -316--295 -30.5 -30.8-299 299 -303--273 -28.6 28.0--27.5 28.3
Can. -06-17 0.36 -1.8-0.32 -0.68 049 1.75 1.28 43--08 -1.92 S10-08 -1.47
Var.,
Siel 0.16-048 0.28 0.14 - 054 0.12 023-038 028 013-039 0.24 0.07-0.11 0.08
Hop.
Ts/ 09-23 13 0.7-6.7 25 07-31 1.7 01-36 14 06-1.1 0.8
Tm
Inferred Source Rocks Characteristics
Kerogen Twpa Il Twpe ILTIT Twpe ILTIT Twpall Twpa Il
Type
Source Lithology Mar. Shala Mar. Shala Mar. Shals Mar. shals Mar. Marl

(Hi. Terr. 0.m)

Dep. Env. Redox Anoxic Sub-oxic Sub-oxic Sub-oxic Anoxic
Somrce Age Ordovician Devonian Mississippian L-M Permian M-1T Permian
Somree Maturity Paak Past Peak Past peak Paak 0il-Window

Mar. = Marine; Dep. Env. = Depositional Enviornment

2.5 Inferred Petroleum Systems

2.5.1 Petroleum System |

This petroleum system comprises Ordovician-sourced group | oils; 1336, 1338, 1339,

1345, and 1354. According to depth and geographic locations of these oils vis-a-vis the

Permian Basin play framework (Dutton et al., 2004; 2005), the Cambrian-Ordovician

reservoired oils of this group belong to two plays; the Simpson cratonic sandstone play

and Ellenberger karst modified restricted ramp carbonate play, both geographically

located within the Central Basin Platform. The Ellenberger play extends to the Midland
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Basin (Figure 2.15). The Silurian oil (sample 1354) resides in the lowest part of Silurian
Fusselman shallow platform carbonate play in Midland Basin. However, we believe that
this accumulation actually belongs to Ordovician Simpson cratonic sandstone play. This
re-assignment considers three likely scenarios, including; possible poor constraint on the
upper limits of Ordovician strata, potential poor sealing, and the likelihood of the

Ordovician seal being an effective source rock.
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Figure 2.15: Geographic extent of Petroleum System | in the Permian Basin as defined by two plays; the
Simpson cratonic sandstone play and Ellenberger karst modified restricted ramp carbonate play.
Stratigraphic extent of this petroleum system is Cambrian to Upper Ordovician. (Modified from Permian
Basin Play framework of Dutton et al., 2004; 2005). Top and bottom labels represent sample I1d and API
gravity respectively. See Appendix 1 for detailed play combinations.
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2.5.2 Hybrid Petroleum System I1/111

The oils belonging to this hybrid petroleum system are listed in Table 2.1. These two
groups occur in reservoirs of similar plays, perhaps explaining the high number of
spurious (mixed) oils closely related to these two groups. Consequently, the concept of a
hybrid petroleum system as defined by Cao et al. (2005) was evoked to combine the two

groups as one hybrid petroleum system.
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Figure 2.16: Geographic extent of Hybrid Petroleum System 1I/111 in the Permian Basin. Stratigraphic
extent of this hybrid petroleum system ranges from Ordovician to Upper Pennsylvanian (Modified from
Permian Basin Play framework of Dutton et al., 2004; 2005). See Appendix 1 for detailed play
combinations.
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According to the Permian Basin play framework (Dutton et al., 2004; 2005), oils 1331,
1333 1334, 1352, and 1346 are hosted in Ordovician reservoirs located in Ellenberger
selectively dolomitized ramp carbonate play; Silurian oils 1360, 1361, 1363, 1364, 1369,
and 1374 are hosted by reservoirs belonging to Fusselman shallow platform carbonate
play. Devonian oils 1367 and 1370 belong to the Devonian Thirtyone deep-water chert
play while 1372, 1377, and 1379 are hosted by Devonian Thirtyone ramp carbonate play.
All these plays are largely located in the Central Basin Platform and partly in Midland
Basin. The only two Mississippian oils, 1381 and 1382, are hosted in the Mississippian
Platform carbonate play, the only play in the Mississippian. Pennsylvanian oils 1497,
1499 and 1512 are hosted in the Pennsylvanian platform carbonate play located mainly in
the Central Basin Platform, while 1489 and 1591 are hosted in the Upper Pennsylvanian-
Lower Permian slope basinal sandstone play, located mainly on the Eastern shelf and

Wolfcamp platform carbonate located mainly in the Northern Shelf (Figure 2.16).

2.5.3 Petroleum System IV

This petroleum system comprises a total of sixteen (16) Early Permian-sourced oils
geochemically designated as group 1V oils (Table 2.1). According to the Permian Basin
play framework of Dutton et al. (2004; 2005), group IV oils are reservoired in
Pennsylvanian play in Midland Basin, Wolfcampian Platform play and Wolfcamp-

Leonardian play in Midland and Delaware basins (Figure 2.17).
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Figure 2.17: Geographic extent of the Petroleum System IV in the Permian Basin. Stratigraphic extent of
this play hybrid ranges from Pennsylvanian to Leonardian/Permian (Modified from Permian Basin Play
framework of Dutton et al., 2004; 2005). See Appendix 1 for detailed play combinations.

2.5.4 Petroleum System V

This petroleum system comprises Permian-sourced oils geochemically designated as
genetic group V oils, which are located mainly in the Upper Permian Reservoirs. These
include oil samples 1537, 1538, 1585, 1586, 1593, and 1594 (Figure 2.18). According to
the play framework of Dutton et al. (2004; 2005), the plays include San Andres/Grayburg
Lowstand carbonate play, Eastern Shelf San Andres platform carbonate play, Northwest
Shelf San Andres Platform carbonate play, Queen tidal flat sandstone play and and San

Andres platform carbonate (See Appendix 1).
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Figure 2.18: Geographic extent of the Petroleum System V in the Permian Basin. Stratigraphic extent of
this play hybrid ranges from Leonardian to Upper Permian. Top and bottom labels represent sample Id and
API gravity respectively (Modified from Permian Basin Play framework of Dutton et al., 2004; 2005). See
Appendix 1 for detailed play combinations.

2.6 Conclusions

A comprehensive study of oils located in the Texas portion of the Permian Basin, mainly
the Central Basin Platform, Midland Basin, and Eastern Shelf (Figure 2.1), using
geochemical, and chemometric approaches provide insights into the petroleum systems
operating within the Permian Basin. Despite the high level of maturity and wide-spread
mixing, analysis of biomarker and isotopic data for 50 samples indicates the presence of

at least five petroleum systems, ranging from Ordovician to Permian and reservoired in
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the Cambrian to Permian. With the exceptions of low maturity group V, whose oils show
evidence of a strong carbonate affinity and deposition under anoxia, the rest of the oils
were generated at peak maturities from predominantly marine type Il, and I1/111 shale
source rocks deposited under predominantly sub-oxic environments. Group I11 with
overwhelming evidence of terrestrial input is strongly related to group Il and thus group

[1/111 hybrid petroleum system.

Petroleum System | (group 1 oils) is geochemically characterized by high OEP, extreme
isoprenoids deficiency, high *3C-isotope depletion and very low biomarker
concentrations; characteristics associated with Ordovician-sourced oils, represented in the
Permian Basin stratigraphy by the Simpson Group. This Ordovician petroleum system is
constituted from the amalgamation of the Simpson cratonic sandstone play and
Ellenberger karst modified restricted ramp carbonate play, both Ordovician in age and
geographically located within the Central Basin Platform. The Ellenberger play extends

to the Midland Basin.

Hybrid Petroleum System 11/111 comprises groups Il & 111 oils. Except for the elevated
Pr/Ph ratios, highly positive canonical variable and high API gravities among group 11l
oils, the two groups are generally geochemically similar. Their stable carbon signatures
range from -31.6 to -29.9%., a Devonian-Mississippian age bracket. The Devonian and
Mississippian-sourced oils occupy shared plays, and represent not only the most mixed
oils but also occupy the largest stratigraphic and geographic extents in the Permian Basin.
The hybrid petroleum system is constituted from the amalgamation of eight plays; from

Cambrian to Permian.
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Petroleum System IV (group IV oils) is characterized by average Pr/Ph ratios and
intermediate isotopic signatures (-30.3 to -27.5%o). These Early Permian (Wolfcamp)-
sourced oils are highly influenced (especially the Pennsylvanian reservoired oils) by the
underlying Devonian-Mississippian oils. The oils are hosted in amalgamated plays

comprising one Wolfcamp/Leonardian play and three Pennsylvanian plays.

Petroleum System V (group V oils) is characterized by a complete absence of OEP,
lowest APl among the oils, very low CPI, extremely low Pr/Ph and sterane/hopane ratios
and average stable carbon isotope signatures in the range -28.9 t0 -27.5%o. These
characteristics make this youngest petroleum system unique. These Permian, marl-
sourced oils are located mainly in the four plays of Upper Permian, including, San
Andres/Grayburg Lowstand carbonate play, Eastern Shelf San Andres platform carbonate
play, Northwest Shelf San Andres Platform carbonate play, Queen tidal flat sandstone

play, and and San Andres platform carbonate (See Appendix 1).

Within the context of the Permian Basin play framework, in all projected petroleum
systems, the oils are generally located in close proximity to their source rocks, for
example, Ordovician-sourced oils are found within Ordovician reservoirs and Early
Permian oils are found within Early Permian and underlying Pennsylvanian reservoirs.
Such systems depict relatively short migration distances, are highly efficient with very
limited migration loses, and could explain the petroleum endowment in the Permian

Basin.
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3.0 SOURCE-ROCK CHARACTERIZATION AND OIL-SOURCE ROCK
CORRELATIONS

Abstract

Chemometric analysis and an independent stable carbon isotope correlation constrained
by thermal maturity analysis were undertaken on data for 50 oils and 19 source rock
samples from strata ranging from Ordovician to Mid-Permian and distributed over much
of the Permian Basin. Biomarker maturity indicates very high maturity for most of the
oils while individual organic-rich, marine type I1-11/111 source rocks: Simpson, Woodford,
Barnett, Wolfcamp, and Spraberry shales are markedly varied in organofacies.
Geochemical evidence suggests deposition under suboxic and anoxic-suboxic conditions,

except Bone Spring- and Simpson-derived oils where deposition under anoxia is inferred.

Correlations demonstrate the existence of five petroleum systems involving the shales of
the Simpson, Woodford, Barnett, Wolfcamp, and Bone Spring marl. The petroleum
systems are segregated with very limited cross-stratigraphic migration due to the
presence of pervasive seals/source rocks. Entrapment in the Pre-Pennsylvanian systems is
dominantly structural and migration is vertical, both upwards (Barnett) and downwards
(Woodford and Simpson) against buoyancy. To the contrary, entrapment in the Post-
Pennsylvanian systems is dominantly stratigraphic and lateral migration is a norm. This
study has established a detailed understanding of the petroleum systems in the Permian
Basin, documenting the geographic and stratigraphic relationships between oils and their
candidate source rocks and providing useful insights into hydrocarbon migration in the

basin.
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3.1 Introduction

The Permian Basin of west Texas and Southeast New Mexico, structurally defined by the
Matador Arch to the north, the Marathon-Ouachita fold belt to the south, the Diablo
platform to the west and the Eastern shelf to the east (Figure 3.1), is one of the most
endowed petroleum provinces in the United States. Over 35 billion barrels of oil and
several trillion cubic feet of gas have come from this province since 1920s, mainly from
conventional plays (Galloway et al., 1983; Dutton et al., 2004; 2005). Despite the long
history, however, the petroleum systems studies are not widely published, and therefore
are not available in the public domain. A few of the Permian Basin petroleum systems
reported in literature are generalized national-grid mentions (e.g. Magoon, 1988a & b;
Magoon, 1992) while others are abstracts (Dow et al., 1990; Jarvie et al., 2001; Corby
and Cook, 2003; Hill et al., 2004; Jarvie and Hill, 2011), which only give insight but no
evaluations or detailed discussions can be made. A comprehensive petroleum system
study by Katz et al. (1994) only covers one petroleum system (the Simpson-Ellenberger)

in the Permian Basin.

A petroleum system is a natural geologic system that encompasses an active source rock
and all related petroleum and includes all the essential elements and processes necessary
for a petroleum accumulation to exist (Magoon and Dow, 1994; Magoon and Beaumont,
1999). Essential geological elements include the source rock, overburden, reservoir rock,
migration route, traps and seals. As discussed by Peters and Cassa (1994), a better

evaluation of prospects is incomplete without an understanding of types and distribution
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of effective source rocks and hence the geographic extent of petroleum systems (Magoon

and Dow, 1994).

Oil-source rock correlation is an established geochemical methodology used to identify
candidate source rocks for oil accumulations (Curiale, 1994; Waples and Curiale, 1999;
Peters et al., 2005). A positive correlation between an oil and source rock implies and
defines the existence of a petroleum system (e.g. Magoon and Dow, 1994; Magoon and
Beaumont, 1999). The fundamental basis for the utility of oil-source rock correlations to
define petroleum systems is premised on the understanding that certain compositional
parameters of migrated oils, especially biomarkers and stable carbon isotope ratios, do
not differ substantially from that of extractable bitumen remaining in the source rock (e.g.

Peters et al., 2005).
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Figure 3.1: The Permian Basin of West Texas and Southeast New Mexico showing the location of oil and
source rock samples used in the study. Sm, W, B, WF, Sp represent samples from Simpson Group,
Woodford, Barnett, Wolfcamp and Spraberry respectively. Permian Basin outline and definition from
Dutton et al. (2004; 2005 and references therein). Red outline indicates the actual focus area of study.

In a bid to understand the petroleum systems operative in the Permian Basin, 50 oil
samples stratigraphically recovered from Ordovician to Middle Permian (Leonardian),
covering a large extent of the Permian Basin play framework were geochemically
characterized and classified (Chapter 2). Five petroleum systems were inferred. The
inferred source rocks included the Simpson shales, the Woodford-Barnett shales, the
Wolfcamp shales and a marl, which, according to literature points to the Bone Spring
Formation (e.g. Jarvie and Hill, 2011). In this part of the study, in addition to the oils
used in Chapter 2, inferred potential source rocks were sampled, geochemically analyzed
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for biomarker and stable carbon isotopes, and then correlated with oils. The principal
objective is to verify the petroleum systems inferred in Chapter 2 so as to accurately

delineate them geographically and stratigraphically.

3.2 Structure and Stratigraphy

A detailed structural and stratigraphic development of the Permian Basin is outlined in

Chapter 1.

3.3  Samples and Methods

Samples used in this study encompassed oils and source rocks. The source rock samples
are mainly cuttings, including the Ordovician Simpson Group shales, the Upper
Devonian Woodford shale, the Mississippian Barnett shale, the Early Permian
(Wolfcampian) shale, and the Middle Permian (Leonardian) Spraberry shale. However,
due to extremely limited amount of sample size, Ordovician Simpson Group shales were
not extracted and therefore not part of the biomarker and stable carbon isotope
correlations. In defining the petroleum systems however, oils constrained in Chapter 2 to
be derived from Ordovician source rocks were considered to be sourced from the

Simpson Group shales, the only shale of Ordovician age in the Permian Basin.

Because of low biomarker concentrations inherent in condensates, they were not included
in chemometric correlations but were constrained using stable carbon isotopic
compositions. Source rock extracts were subjected to analytical approaches similar to

oils. Detailed analytical (experimental) procedures for oils are described in Chapter 2. Oil
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samples are presented within a stratigraphic framework in Figure 3.12 and summarized in
Table 3.2. Detailed oil sample identification and locations are contained in Appendix 2

and shown in Figure 3.1. Source rock sample locations are listed in Appendices 3 through

5.
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Figure 3.2: Analytical work program undertaken on potential source rock samples and oils. TOC=total
organic carbon; RE = Rock-Eval; GC=gas chromatography; HPLC=high performance liquid
chromatography; GC-MS=gas chromatography-mass spectrometry; and IRMS=isotope ratio mass
spectrometry as described in Bissada et al. (1993). Saturated biomarkers and stable carbon isotopes were
mainly used in correlations.

Source rock samples from the Simpson, the Woodford, the Barnett, the Wolfcamp, and
the Spraberry were crushed and pulverized to 60-mesh. Approximately 100g of
pulverized rock sample was weighed into porous crucibles placed on a glass tray. Any
inorganic carbon in the samples was neutralized with excess hydrochloric acid (3N)

poured onto a tray containing the crucibles with their samples. After an overnight
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reaction, the acid was drained from the tray and the crucibles by aspiration. The acid was
then washed away from the samples by repeated flood-drain cycles with distilled water.
Washed samples were then dried in an oven at 70°C overnight before subjecting to

carbon analysis using Leco® CS Analyzer to measure total organic carbon content (TOC).

Rock Eval pyrolysis was accomplished using Rock-Eval 2 equipment. Approximately
100mg of sample was weighed into the crucibles and directly subjected to pyrolysis in
Rock-Eval 2. The pyrolysis oven temperature program comprised an initial temperature
of 300°C with a hold of 3 minutes. The temperature was then ramped to 550°C at a rate
of 25°C per minute for a total run time, including CO; trapping, of about 20 minutes. At
300°C, hydrocarbons already generated by the source rock and trapped within the mineral
surfaces are released and registered by equipment as S1. Between 300°C and 550°C,
cracking of the kerogen in the source rock sample takes place, generating hydrocarbons,
registered by the equipment as S2. The equipment also registers a temperature at which
maximum evolution of S2 occurs and displays it as Tuax. During the entire cycle from
0°C to 550°C, any carbondioxide produced is trapped and measured at the end of the
cycle. This is registered as S3. From these TOC and Rock-Eval pyrolysis parameters,
secondary parameters are derived, including Hydrogen Index (HI) and Transformation

Ratio (TR) as described in detail in Peters and Cassa (1994) and shown in Figure 3.3.

Petroleum systems were defined using oil-source rock associations in two steps. The first
step involved use of chemometric analysis (dygard, 1984; Zumberge, 1987) using
agglomerative hierarchical clustering, AHC. Similarity was based on the Pearson

correlation coefficient utilizing complete linkage and automatic truncation options
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embedded in XLSTAT version 2012.4 (Addinsoft, 2012). However, because of potential
effects of varying maturity on stable carbons isotope compositions, with source rocks
usually heavier than their oils (e.g. Chung et al., 1981, Peters et al., 2005), a second
approach using stable carbon isotope compositions in conjunction with maturity
assessment was used to confirm oil-source rock correlations established by
chemometrics. In addition to validating correlations, maturity analysis was used to
confirm if a source rock truly generated oils and to also determine the source area
(Delaware, Central Basin Platform or Midland sub basins) of an oil for a given
established petroleum system. Oil-source rock correlations were further supported by

modeling thermal maturity and hydrocarbon generation modeling in a later chapter.

As reported in Chapter 2, oils from the Permian Basin are geochemically closely related,
an artifact they attributed to high maturity, possible oil cracking associated with
downward migration, and charge integration over a long period of time. Therefore, in
order to get a clear understanding of the petroleum systems, source rock extracts were
geochemically characterized separately prior to oil-source rock correlations by
chemometrics. Because not all reservoirs in the Permian Basin were sampled, unsampled
reservoirs were assumed to have formed at the same time, as sampled reservoirs in the
same play and therefore must have received charge from a similar source rock. This
assumption is supported by the play definition of White (1980) and depends to a large
extent on the amount of charge from the source rock as determined by its TOC, HI, and

level of maturity.
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34 Results and Discussion

3.4.1. Source Rock Screening

TOC and Rock-Eval data for all source rock samples studied are presented in Appendix 5
and for composite source rock samples presented in Figure 3.3a-c and in Table 3.1. This
selection was obtained by combining and homogenizing cuttings samples of a given
source rock recovered from the same well. This was necessitated in order to get adequate
amount for stable carbon isotope and biomarker characterizations. The average TOCs for
these source rocks puts Woodford shale on top with 3.05%, Barnett shale 2.47%,
Wolfcamp 2.32% while Simpson and Spraberry tie at 1.6%.

A comprehensive TOC distribution for the Woodford shale (Comer, 1991) indicates that
it is up to 6%, with an average of 2-4%. The TOC values for Barnett correspond as well
to those measured by Kinley (2008) in the Barnett in Delaware Basin. Jarvie and Hill
(2011) indicate average TOC value of about 1.5%, a little lower than the average
measured here. However, the number and location of samples is not provided in Jarvie
and Hill (2011), therefore, no comparative evaluation can be made. This applies to all the
source rock samples listed by Jarvie and Hill (2011). The differences in TOCs between
those presented here and those for example in Kinley (2008) and Comer (1991) for the
Barnett and the Woodford respectively, could be attributed to many factors including
differences in maturities of the samples, and also the varying nature of the organofacies
among the source rocks. The effect of maturity on TOC and Rock-Eval pyrolysis S1 and

S2 is demonstrated by the immature Barnett shale sample, B5 which plots in a distinct
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region of high S2, TOC and HI compared to its mature counterparts B2 and B3 (Figure
3.3a).

Based on the grading guidelines of Peters and Cassa (1994), the Woodford, the Barnett,
and the Wolfcamp shales are considered excellent source rocks, while the Simpson, and
the Spraberry are good source rocks, based on their total organic carbon contents (TOCs)
which are greater than 1% (Figure 3.3a).

Table 3.1: TOC and Rock-Eval pyrolysis data for selected representative potential source rock

samples
Sample TOC S1 S2 S3 Twmax S1+S2 S2/ TRor
d % (mgg) (mg) (mglg) (C) (mglg) ss NOC HE Ol Hlo

Spl 1.56 1.04 2.49 0.12 443 3.53 21 67 160 8 0.29 202
Sp2 1.06 0.20 2.98 0.01 427 3.18 298 19 281 1 0.06 n.c.
Sp3 2.15 0.44 6.14 0.33 427 6.58 19 20 286 15 0.07 n.c
WF1 3.63 1.95 5.81 0.20 438 7.76 30 54 160 5 0.25 176
WF2 0.91 0.09 0.30 0.04 469 0.39 9 10 33 4 0.23 71
WF3 5.65 1.92 13.77 0.16 436 15.69 84 34 244 3 0.12 252
WF4 0.94 0.13 0.21 0.02 414 0.34 14 14 22 2 0.38 n.c
WF5 1.61 1.20 2.00 0.08 439 3.20 26 74 124 5 0.37 139
WF6 2.03 0.52 4.97 0.09 434 5.49 58 26 244 4 0.10 238
WF7 1.50 0.29 0.69 0.02 456 0.98 35 19 46 1 0.29 78

B2 1.52 0.18 0.83 0.16 438 1.02 5 12 47 14 0.21 51

B3 1.56 0.28 1.43 0.10 437 1.71 14 16 80 7 0.16 85
B5 5.92 2.32 28.24 0.45 431 30.56 63 39 477 8 0.08 n.c
w1 3.12 1.38 7.01 0.03 448 8.39 280 44 225 1 0.16 322
W2 1.57 0.09 2.22 0.06 441 231 37 6 141 4 0.04 170
W3 3.10 1.02 6.13 0.09 440 7.15 71 33 198 3 0.14 233
W4 2.93 0.81 8.63 0.12 434 9.43 72 27 294 4 0.09 286
W5 2.52 1.07 1.68 0.10 448 2.75 17 42 67 4 0.39 95
W6 5.09 0.63 1.44 0.01 470 2.07 144 12 28 0 0.30 62
Sml 1.58 0.54 1.69 0.08 442 2.23 23 33 104 5 0.24 127
Sm2 1.60 0.53 1.12 0.14 456 1.65 8 34 70 9 0.33 118

Sm3 1.98 1.04 1.84 0.11 435 2.88 15 49 85 6 0.37 85

Sp = Spraberry; BS = Bone Spring; WF = Wolfcamp; B = Barnett; W = Woodford; and Sm = Simpson). TOC =
total organic carbon content; S1 = free hydrocarbons already generated by source rock; S2 = hydrocarbons from
source rock cracking during pyrolysis or remaining potential; S3 = organic carbon dioxide released from source
rock; Tyax = temperature at peak evolution of S2 hydrocarbons; HI (Hydrogen Index) = (S2/TOC)*100; Ol
(Oxygen Index) = (S3/TOC)*100; (S1/TOC)*100 = normalized oil content (NOC); PI (Production Index) =
S1/(S1+S2), also called Transformation Ratio (TR); HI, as defined in the text. n.c = not calculated.
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Kerogen type was assessed based on hydrogen indices (HIs) as obtained from the relation
HI = (S2/TOC)*100. The HI data is indicated in Table 3.1 and Figure 3.3a. However,
because most samples are adequately mature, measured HI values could be lower than the
original. Corrected HI, was obtained using the relationship established by Barnejee et al.

(1998; 2000), thus,
Hlp= 1/[a{b(Tmax-435)}+1/HI,

where Hl, and HI, are measured and original HI respectively, a and b are constants that
relate to the kerogen type. Type Il values, a = 1.91*10™ and b = 0.1925 were used in this
study. Hl, values as averaged for each source rock are the basis for volumetric
calculations in Chapter 4. The averaged values are; Simpson Shale, 110; Woodford
Shale, 195; Barnett, 201; Wolfcamp, 140; and Spraberry, 256. The data for all the five
source rocks (HI and Hl,) suggest mixed oil/gas-prone, predominantly type 11 to I1/111
(Figures 3.3a and b), essentially, good quality source rocks according to grading

guidelines of Peters and Cassa (1994).
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Figure 3.3: (a). S2 versus TOC defining Hydrogen Index (HI) and kerogen types for selected representative
potential source rocks. Maturity shifts the samples towards the bottom-left corner (Jarvie and Hill, 2011).
The slopes of the demarcating dashed black lines represent hydrogen indices 600, 300, 200 and 50 (after
Peters and Cassa, 1994). (b) Kerogen typing based on HI and T .y and (c) Maturity of source rock based
on Tyax and TR (see Table 3.1 for definition of terms).

A majority of the samples are within the oil window except for a couple of samples from
the Spraberry and one sample each from Wolfcamp and Barnett shales which are

approaching oil window maturity. One Woodford shale and one Wolfcamp shale are well

beyond the beyond oil-window maturity.
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3.4.2. Source Rocks Stable Carbon Isotope Data

Stable carbon isotope compositions of source rock samples are listed together with oils in
Table 3.2 and plotted in Figure 3.10. Jarvie and Hill (2011) reported stable carbon isotope
compositions of §*Cgy, -30.5 t0 -29.5%0 and §*Caro -29.9 to -28.5%o for oils sourced
from the Woodford shale. These values are isotopically heavier than the Woodford-
sourced oils from this study and overlap with the Woodford-sourced condensates (Figure
3.10). For oils from the Barnett of the Permian Basin, Jarvie and Hill (2011) reported
stable isotope compositions of 813C33t -30.0 to -29.0%o and 813CAm -28.5 10 -29.5%0 which
overlap with the Barnett-sourced oils in this study (Figure 3.10). This overlap supports
the source rock correlation for these oils. Jarvie and Hills (2011) Woodford oils 5*C are
heavier than both the Woodford oil samples and source rock §*3C from this study. This is
questionable as source rock 8*3C should be isotopically heavier than its oils (e.g. Peters et
al. 2005). Even though the condensates under study are isotopically heavier than
Woodford oils and source rocks, the three are correlative, with condensates acceptably

isotopically heavier by virtue of their higher maturity.

The average stable carbon isotopic compositions for the Wolfcamp are 53Csx-28.19 and
8"Caro-27.89 while that for the Spraberry are §°*Csa. -28.83 and 8*3Cayo, -27.53. The
results suggest a general isotopic change in a positive direction from Devonian Woodford
to Permian Wolfcamp and Spraberry samples. This trend of change in stable carbon
isotope composition over time is extensively discussed in the literature (e.g. Degens,
1969; Chung et al. 1992; Andrusevich et al., 1998; Riebesell et al., 2000) and is thought

to be linked to changes in carbon dioxide concentration over time (e.g. Andrusevich,
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1998), though some variation may be due to fractionation during maturation (e.g. Chung
et al., 1981; Peters et al., 2005) and primary productivity or associated with water
circulation patterns (e.g. Hayes, et al., 1983; Hatch et al., 1987). Based on stable carbon
isotope data, specifically with reference to the negative canonical variables (Sofer, 1984),
marine organic matter is dominant in all the source rocks studied as indicated in Figure
3.10. The highly positive canonical variable exhibited by the Spraberry (Sp2), the Barnett
(B5), and Woodford (W6) however, suggests terrigenous organic matter input in these
samples, signifying variability in depositional conditions during the deposition of these

source rocks.

3.4.3 N-Alkanes and Acyclic Biomarker Distributions of Source Rocks

The n-alkane distributions in gas chromatograms for representative source rock extracts
are shown in Figure 3.4 and measured data depicted in Table 3.2. Despite the differences
among the source rock extracts, the abundance of higher homologs above nCys is
significantly diminished in all the samples, suggesting non-waxiness (e.g. Bissada et al.,
1993) and therefore promoting a marine origin for all the shale samples studied, in
conformity with their stable carbon isotope compositions as discussed under stable

carbon isotope compositions above.
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Figure 3.4: Gas chromatograms showing n-alkane and isoprenoid distributions among selected
representative samples from Spraberry (Sp1 and Sp3), Wolfcamp (WF3 and WF7), Barnett (B5) and
Woodford (W1, W2 and W6) shale source rocks. Each regularly spaced peak represents a normal paraffin,
where pristane (Pr) and phytane (Ph) stand immediately (almost co-eluting) after nC;; and nCyg
respectively. Note the abundance of pristane and phytane isoprenoids relative to corresponding n-alkanes in
sample B5, a reflection of its low maturity.
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Figure 3.5: Plot of ratio of isoprenoids (represented by pristane and phytane) to the corresponding n-alkane
ratios, defining the kerogen type, redox of depositional environments and maturities for potential source
rocks. Template from Peters et al. (1999). Throughout this manuscript, n-alkanes and n-paraffins are used
synonymously. Srks = source rocks.

3.4.3.1 The Spraberry

The n-paraffin distributions exhibited by the three Spraberry source rock extracts indicate
that Sp1 is slightly different from both Sp2 (not shown) and Sp3 which appear similar. In
Sp1, the n-alkane distribution can best be described as unimodal (Figure 3.4) while both
Sp2 and Sp3 show slight bimodal distributions with maxima at nC;7 and nCp,. Bimodal
n-paraffin distribution essentially represents contribution of organic matter from two
dominant source organisms, frequently observed in environments where more than one
type of algae are involved (e.g. Bissada et al., 1993) or where wax-rich organic matter is
involved (e.g. McKirdy et al., 1983; Peters et al., 2005). Both OEP (Scalan and Smith,
1970) and CPI (Bray and Evans, 1961) are generally low for the Spraberry samples

(Table 3.2), with differences attributed to maturity contrasts among the samples as
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reflected in the Pr/nCy7 and Ph/nCyg plot (Figure 3.5). Spl depicts high maturity, mixed
type I1/111 organic matter deposited under sub-oxic conditions, while Sp2 and Sp3 depict
relatively less mature marine algal type Il organic matter deposited under anoxic
environments. These interpretations of organic matter type, redox of depositional
environments, and maturity are consistent with inferences from source rock screening

data and suggest varied geological settings (e.g. Shanmugan, 1985) for the Spraberry.

3.4.3.2 The Wolfcamp

Based on the n-paraffin distributions, the Wolfcamp source rocks can be divided into two
subgroups. Subgroup I shows unimodal distribution and comprises WF1, WF2, and WF3.
Subgroup Il shows bimodal distribution and comprises WF4, WF5, WF6, and WF7.
Similar interpretations, where involvement of algae is suggested for bimodal distributions
apply as discussed under Spraberry above. Despite the visual differences in the
chromatograms (Figure 3.4), CPI, OEP, and pr/ph ratio for all Wolfcamp shale samples
are virtually identical, and may suggest similarity in organofacies. CP1 and OEP are
approximately 1, indicating mature samples except WF6 which has a high OEP,
commensurate with inference from source rock screening data. As seen in Figure 3.5,
Pr/Ph ratio for the Wolfcamp samples are within a range that suggest anoxic to sub-oxic
depositional conditions. Samples WF1, WF2, WF4, and WF5 plot in the zone that depicts
marine algal type 11 organic matter deposited under anoxic conditions while the second
category, comprising WF3, WF6, and WF7 infer a mixed type 11/111 organic matter

deposited under sub-oxic conditions. This divide in redox of depositional environment
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suggests variability in depositional conditions ranging from deep and shallow waters

during the Wolfcampian.

3.4.3.3 The Barnett shale

All the Barnett shale samples studied display a unimodal n-paraffin distribution with
maxima around nC,;-nCy4 (Figure 3.4). This suggests contribution of organic matter
predominantly from one type organic matter precursor. CPI for the Barnett shale samples
is slightly higher than one. Although this could be attributed to relatively low maturity
(e.g. Bray and Evans, 1961), the least mature sample B5 has a lower CPlI, thus dispelling
the maturity interpretation or suggesting factors other than maturity control. The low
maturity of the Barnett, B5 sample is clearly manifested in Ph/nCig versus Pr/nCy; plot
(Figure 3.5) where it plots against the direction of increasing maturity. Pr/Ph ratios for
all these samples are less than one, suggesting deposition under anoxic conditions (e.g.
ten Haven et al., 1987). However, with the exception of sample B5, Pr/nCy7, and Ph/nCg
for the Barnett source rock extracts infer mature mixed type II/111 organic matter

deposited under sub-oxic conditions.

3.4.3.4 The Woodford shale

Three typical n-alkane envelopes of the Woodford shale samples are displayed in Figure
3.4. The Woodford shale samples have CPI values typical of thermally mature

siliciclastic source rocks (e.g. Bray and Evans, 1961). The pristane/phytane ratios (Table
3.2) for all Woodford samples, with the exception of W5 are greater than one. The Pr/Ph

ratios together with Pr/nCy7 and Ph/nC,g (Figure 3.5), suggest that the Woodford shale
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kerogen is enriched in mixed type 1I/111 organic matter deposited under predominantly

sub-oxic conditions and thus imply deposition under relatively shallow waters.
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Table 3.2: Geochemical data for oils and source rocks; parameters used in chemometrics are indicated with
an asterisk. For a given petroleum system, oils and source rocks samples are enclosed. There are no oils
associated with the Spraberry source rock samples. Oil samples 1475, 1502 and 1550 have abnormal
maturities and stable carbon isotopes and are apparently interpreted as to be cracked oils of the Woodford.
These three oils are separated from the rest of Woodford by a dotted line in the Table (Table splits to the
next page).

Ps Spl 35l FPhs Pry Prf % % %0 Mor.
Name No. Tyvpe OEP nCl8 nCl7T Ph* Sat* Ar* CV* Tri* HHI* BNI* Ratio

1337 O 103 075 0350 077 -2000 2823 092 1466 0463 0.01 0.07

1383 O 102 0% 042 030 -2007 2836 -148 1532 069 0.01 0.07

Eone 1386 O 102 081 033 073 -2805 -2726 -117 1390 065 0.01 0.06
Sprmg 1393 O 104 033 049 110 -2000 2873 -178 1541 064 0.01 0.06
1338 0 1o0 077 03% 0356 -2805 2740 -148 1337 047 0.01 .06

1594 O 102 0735 031 050 -2391 2861 -199 1150 0463 0.01 0.07

WF1 5 119 0462 049 114 2732 2720 289 247% 040 012 020

WE2 3 110 032 038 106 -2764 -2735 -241 2420 000 0.03 0.20

WE3 5 118 042 071 173 2740 -2689 -198 32, 030 0.05 012

WE4 5 11 032 048 168 2805 -2720 -103 6442 0352 0.0 0.08

WE3 5 114 082 066 089 2861 -2805 -150 2091 055 0.04 0.07

WEé 5 130 135 119 110 2835 -2770 -137 3643 054 0.04 012

Welf-  WEF7 3 101 036 038 119 -2649 -2591 -211 8123 020 0.16 0.20
camp 1511 O 107 0% 108 139 2854 -2801 -160 2684 035 0.02 011
1581 O 1.1 034 108 155 -28.80 -2857 218 2100 021 0.0 0.10

1588 O 113 127 140 131 28096 -2060 426 1820 045 0.0 0.00

146¢ O 108 065 108 185 28358 -2788 -121 3446 015 0.0 0.13

1531 O 108 074 089 143 2818 -2794 235 2756 044 0.02 011

1540 O 107 0467 083 154 2797 2781 2359 2407 060 0.0 0.08

1555 O 108 060 076 1352 2793 2765 -234 3937 010 012 026

E2 5 188 058 073 093 -3000 2877 040 7207 037 0.03 0.13

B3 5 123 073 072 087 3016 2831 083 4724 1mm 0.04 013

B3 3 112 205 162 090 -3033 28352 236 6971 036 0.02 0.14

1473 O 111 0%z 142 171 -2031 28466 -108 3838 010 0.03 0.07

Barnett 143¢ O 110 044 053 162 -2086 -2932 -116 4549 060 0.03 .06
1486 O 110 073 0% 161 -2087 2033 -161 3692 034 0.03 0.16

1487 O 10% 036 063 144 3006 2994 204 3111 060 0.03 (.11

1493 O 108 066 073 133 -3039 2091 -113 3747 0356 0.02 0.10

14%6 O 112 032 072 182 -2088 2207 0356 4615 056 0.01 0.07

1391 O 109 043 039 187 -2061 -2030 -1735 4371 035 0.02 0.08

Wi 5 116 021 033 226 -3080 -3055 -128 8113 050 0.06 039

W2 5 108 043 031 131 5132 -3019 061 4971 032 0.02 0.1¢

W3 5 114 086 086 143 3100 -3001 019 4516 040 0.02 011

. W4 5 108 113 082 118 3034 -2073 038 3631 041 0.0 0.10
‘};:id_ W3 3 113 03¢ 062 095 3117 -3017 0235 5720 043 0.02 0.15
We 5 112 0358 074 168 -30.86 -2811 404 3198 nm 0.07 0.14

1346 O 113 046 044 147 3074 -3022 09 4061 061 0.0 0.06

1352 O 108 0359 067 140 -3060 -2092 040 5642 036 0.0 0.09

136¢ O 11 026 041 213 3012 -2951 093 52384 036 0.0 0.13

* Data used for chemometrics; - nm = not measurable; O = Qil; C = Condensate; S = Source rock; OEP =
odd-over-even predominance = 2(C15+C17+C19)/3(C16+C18); Pr = Pristane; Ph = Phytane; %oSat = §'*C
of Saturated hydrocarbon fraction relative to PDB standard; %.Aro = 5*°C of Aromatic hydrocarbon
fraction relative to PDB standard; C.V = canonical variable = -2.53 §"*Cgy + 2.22 §**Cpro — 11.65; Tri =
Tricyclic terpanes; HHI = Homohopane index = C35/(Cas+ Css); BNI = Bisnorhopane Index =
bisnorhopane/bisnorhopane+hopane; Mor = Moretane;
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Ster/ Yo Steramnes C30 S¢e. €27/ CI8/ Ts Hop/ Pr/ Cl1% Tri' Norho!
Hop* Diaste 27: (a3 ¢10% Index® C29% C29% Tm  Ste* (Pr+Ph) C23Tri* Hop.*

000 4417 3070 1366 4464 005 089 033 036 1111 044 mm nm
003 4596 3916 1746 4338 003 090 040 08 1250 033 mm nm
0.07 4666 4091 1374 4335 004 090 030 114 1429 042 mm nm
0.11 4756 3655 1608 4737 005 077 034 0355 909 052 mm nm
007 3057 30928 1279 4793 004 082 027 066 1429 036 mm nm
008 4516 3663 1445 4392 005 075 030 085 1250 033 mm nm
0.50 4807 3807 2263 3931 005 097 058 126 200 053 069 044
020 4463 2099 2149 4852 000 062 044 130 345 051 050 0.59
046 4703 3050 2320 4620 010 066 0350 128 217 063 012 0.5
031 5778 4399 1721 3880 006 113 044 089 323 063  0.03 111
017 4012 3608 1301 5091 007 071 026 094 58 047 009 1.40
062 5323 4624 1950 3426 002 135 057 073 161 052  0.08 0.52
0.86 4726 4586 2408 3006 017 153 080 063 116 054 023 0.81
019 4811 3783 2093 4124 010 092 051 088 526 058 mm nm
015 5914 3659 2393 3948 006 093 061 169 667 061 mm nm
0.15 5148 3860 2131 4009 006 096 0353 098 667 057 mm nm
0.15 4935 42390 1955 3806 010 111 051 145 667 065 mm nm
019 5217 3745 2517 3738 012 100 067 200 526 059 mm nm
013 4037 3826 1734 4440 009 08 039 102 769 061 mm nm
028 5938 3056 1396 3548 003 055 025 088 357 060 mm nm
055 5673 5084 3016 1000 006 508 392 100 182 030 032 0.79
053 5573 4042 2755 3203 000 126 08 085 18 046 022 0.66
125 3466 4731 826 4443 002 106 019 036 080 047 001 0.73
0.16 3600 5348 1857 2795 019 191 066 018 625 065 mm nm
033 5786 3682 1897 4421 006 083 043 097 303 062 mm nm
027 4853 4826 1750 3424 007 141 051 106 370 062 mm nm
026 5366 4126 1933 3039 007 105 049 010 385 039 mm nm
026 4737 4454 2060 348 008 128 039 093 38 057 mm nm
039 6106 4526 2203 3271 009 138 067 120 236 065 mm nm
030 6447 4017 1729 4254 008 094 041 196 333 065 mm nm
150 5490 5481 1529 2090 008 183 051 056 067 060 011 nm
133 66290 4927 2201 2782 006 177 082 08 075 057 017 0.62
052 5592 4593 2096 3311 004 139 063 081 192 059 038 0.73
042 4293 4689 1869 3443 003 136 054 053 238 054 021 0.66
053 5149 4019 3140 2841 006 141 111 100 189 049 268 091
066 5503 3400 2275 4325 010 079 053 076 152 063 027 0.81
023 5178 3633 1939 4428 006 082 044 077 435 059 mm nm
027 6147 3478 1007 4615 002 075 041 071 370 058 mm nm
0.34 7226 4445 1274 4281 017 104 030 238 294 068 mm nm
0.54 5001 2888 1835 5277 007 055 035 556 18 059 mm nm
052 7444 3124 2017 4859 006 064 042 357 192 067 mm nm
034 4854 3288 1623 5089 002 065 032 067 294 058 mm nm

Ste.= sterane; Hop =17a(H), 21B(H)-hopane; Dia = Diasteranes; Ts = 18a(H)-22, 29, 30-trisnorhopane =
trisnorneohopane; Tm = 17a(H)-22, 29, 30 trisnorhopane ; Norhop. = Norhopane = C29 Hopane; Mor.
Ratio = Mor./(Mor. + Hop + Norhop.); %C,; = Cya00R/(Co7000R+ CogaaaR+ CogoaaR); %Cog =
C5000R/(Co7000R+ CogaoaR+ Cog0i00R; %Cog = CogaoaR/(Cor000R+ CogaoaR+ CogaaaR; Cao Ste. Index
= Czpa00R/( Cyra00R+ CogaaaR+ CyoaaoR).
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Table 3.2 Continued (Table splits to the next page)

PS  Spl  Spl P/ P P % % % Mor.
NchariAresl Tvpe OEP  nCl8 nCl7 Ph*  Sat*  Are* CV* Tri* HHI* BNI*  Ratio
TS% O 112 034 050 208 318 3083 052 5214 025 001 013
1497 O 120 035 030 135 -3104 -3061 -104 4948 010 001 0.3
1499 O 110 064 099 189 -3064 -3048 -177 5443 035 001 060
1512 O 109 078 116 170 3146 31090 -105 35668 010 001 001
134 O 109 021 0335 229 -3029 -2895 074 5249 010 001 011
1334 O 110 033 051 132 3065 2000 045 3616 039 001 008
1377 O 109 036 044 168 -3131 -3045 000 3826 010 001 001
1381 O 109 030 040 172 -3086 -2088 012 6681 010 014 024
1331 € 120 023 030 215 3011 2053 100 5733 040 001 001
1333 € 114 022 032 228 -3004 -2882 040 6073 010 001 047
131 C 119 015 022 262 3061 2886 175 4232 065 001 005
130 C 135 018 022 266 -3060 -2888 168 4780 065 001 0.8
1367 € 115 031 047 234 -3080 -2010 170 4867 037 001 009
1372 € 123 014 020 249 2991 2863 049 5319 073 001 004
1370 € 138 042 061 295 -3041 2889 118 3671 010 001 001
1382 C 138 036 038 000 3155 3010 138 3435 061 001 009
133 € 115 038 040 174 -3365 -3288 0352 4165 047 001 009
1338 € 117 022 019 176 -3340 -3221 138 4794 010 003 026
1339 O 18 027 012 148 3390 3368 062 4196 033 001 0.8
1345 O 176 028 014 171 -328 -3232 018 3367 045 001 014
1354 O 116 030 040 204 3344 3210 172 5791 010 001 017
1558 O 105 037 049 169 2980 2058 -167 2224 045 001 014
1475 O 110 042 064 200 2849 2800 -170 6871 010 001 001
1502 O 106 041 067 18 2814 2751 -150 4996 048 001 009
1550 O 105 048 080 183 2806 -2733 -130 4936 0350 001 023
SP1 S 1038 067 072 124 2880 2756 007 578 031 002 010
P2 S 111 160 110 098 2924 -2726 184 3406 045 003 011
SP3 8 112 226 184 127 2845 2776 -128 2113 024 003 016
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Ster/ Yo Sterames C30 S5te. C27/ CI8/ Ts Hop/ Pr/ C1% Tri'’ Norho!
Hop* Diaste a7+ (g 302 Index® CI%% CI9% Tm  Ste* (Pr+Ph) C213Tri* Hop*
02¢ 6177 3398 1111 35491 010 062 020 323 345 0463 nm nm
028 6600 2083 2044 4073 005 073F 072 313 3357 070 nm nm
019 4922 3358 1657 4985 007 067 033 075 326 037 nm nm
014 33359 4043 1021 4936 010 082 021 104 714 0463 nm nm
067 3739 4054 4000 1946 010 208 206 076 149 0463 nm nm
032 6449 4480 2001 3510 o011 128 057 357 313 0468 nm nm
037 6367 4500 2300 3191 010 141 072 667 270 070 nm nm
026 6618 3445 1974 4581 007 075 043 04690 385 072 nm nm
025 6017 3415 2383 4202 012 081 057 172 400 073 nm nm
023 6332 3317 2440 4043 010 087 060 217 435 070 nm nm
038 6030 3263 2591 4146 007 079 062 077 263 071 nm nm
025 7234 2389 2546 35065 005 047 030 278 400 073 nm nm
021 35268 3632 1817 4551 004 030 040 068 476 100 nm nm
021 5728 4076 1555 4360 024 093 036 233 476 0461 nm nm
048 5150 4126 1865 4009 036 103 047 085 208 066 nm nm
031 3340 3088 1944 4063 012 062 030 112 323 060 nm nm
016 4346 3043 2045 4012 011 076 073 125 623 0463 nm nm
023 6290 6648 913 2439 000 273 037 0% 433 047 nm nm
019 3910 1728 4940 3332 001 0352 148 09 3526 0463 nm nm
052 6493 4258 1096 3746 018 114 053 180 1092 047 nm nm
028 7936 4240 1110 4641 013 092 024 357 337 0463 nm nm
038 7109 4312 1704 3084 015 108 043 200 263 0463 nm nm
031 4627 39535 2246 379 008 104 039 104 323 0.35 0.03 0.4%
193 4931 35919 2266 1815 008 326 125 043 032 030 0.07 0.39
108 4782 4383 14463 4155 004 105 035 023 082 0356 0.13 0.87

3.4.4 Cyclic Biomarker Characteristics of Source Rocks

Cyclic biomarkers, mainly steranes and terpanes determined by GC-MS through single

ion monitoring of molecular ions with m/z 217 and m/z 191, respectively, were used in

this study to characterize organic matter in source rock extracts and oils. Peak

identification in steranes and terpanes fragmentograms is illustrated by Woodford sample

W3 (Figure 3.6). The data for all source rock samples are listed together with oils in

Table 3.2.
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Figure 3.6: GC-MS m/z 191 (Terpanes) and m/z 217 (Steranes) mass fragmentograms for Woodford (W3)
source rock sample. D, S, Tr, and H represents Diasterane, Sterane, Tricyclic terpane, and Hopane
respectively.

3.4.4.1 Organic Matter Type

The occurence of Csq steranes, a marine marker (Moldowan et al., 1985), sterane/hopane
ratios (Moldowan et al., 1985), C19/Cys tricyclic ratios and pristane/phytane ratios
(McKirdy et al., 1983) were used to constrain the nature and type of organic matter in

source rocks. The use of sterane/hopane ratios in inferring organic matter type in
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sediment extracts and oils is premised on the realization that hopanes are derived from
prokaryotic bacteria while steranes are derived from eukaryotes, including plankton and
benthic algae. Consequently, in environments where organic matter reworking by
bacteria does occur, such as in most non-marine environments, hopanes will be more

abundant compared to steranes (Moldowan et al., 1985; Mello et al., 1988).
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Figure 3.7: Depiction of organic matter type among the source rocks studied. (a) Plot of steranes/hopanes
versus Cyg sterane index inferring the nature of organic matter in source rocks. The arrow indicates
direction of increasing marineness (Moldowan et al., 1985). (b). Plot of C4/C,3 tricyclic ratio versus
hopane/sterane ratio illustrating the organic matter type. Note the variance in organic matter among the
samples of a given source rock. See Table 3.2 for data and definition of terms

Some of the biomarker parameters that depict the nature of organic matter are plotted in
Figure 3.7. Like their oils (Chapter 2), there are no clear-cut contrasts within the
biomarker data of the different source rock extracts. Although all the source rocks are
comprised of marine organic matter, there is a high variance among the samples of an
individual source rock. These observations of marine and varied organic matter are also

supported by the distribution of C,7, Czg and Cyg Steranes (Table 3.2), which generally

show higher C,7 compared to Cy9. High Cy relative Cyg Steranes is an attribute consistent
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with autochthonous organic matter, predominantly marine algal/phytoplankton/bacterial
precursors as opposed to higher plant organic matter which is usually associated with
enrichment in Cyg Steranes (Huang and Meinschein, 1979; Shanmugam, 1985; Moldowan
et al., 1985; Volkman, 1986). A C,7-Cys-Cyg sterane ternary plot (not included) did not

uniquely differentiate samples.

The Wolfcamp source rock extracts, however, show special characteristic in that they are
mostly enriched in enriched in Cyg steranes relative to C,7 steranes (Table 3.2).
Exceptions to this are Wolfcamp extract samples WF4 and WF7. Although these
observations suggest enrichment in higher plant organic matter, n-alkanes, and
isoprenoids data (Figures 3.4 and 3.5), stable carbon isotope compositions (Figure 3.10),
and other biomarker data (Figure 3.7a & b) suggest dominance of marine
algal/phytoplankton organic matter. The dominance in Cyg steranes relative to C,; and Cog
steranes in contradiction with abundant evidence of algal and phytoplankton organic
matter may imply contribution of Cyq Steranes from a specific type (red and green) of

algae (e.g Volkman, 2003; Schwark and Empt, 2005; Kodner et al., 2008).

Although not significantly rich in Cs steranes (Figure 3.7a), a marker of marine organic
matter (Moldowan et al., 1985; Mello et al., 1988), their sterane/hopane ratios, Pr/Ph and
C19/Cyps tricyclic ratios (Figure 3.7b and Table 3.2) support a predominance of marine
algal/phytoplankton/bacterial organic matter for all source rocks studied. The observed
variance among extracts from individual source rocks is interpreted as a reflection of

variability in organic matter, and by default depositional environments. Although this
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variability could be enhanced by the scale of the sampling, it gives an idea of how

variable shales can be.

3.4.4.2 Depositional Environmental Conditions

The redox conditions during the deposition of organic matter in the source rocks were
inferred using established biomarker redox parameters including bisnorhopane,
gammacerane, homohopane, norhopane (C,9 hopane), and Pr/Ph among others.
Bisnorhopane is a known biomarker in anoxic environments (Tornabene et al., 1979;
Katz and Elrod, 1983; Moldowan et al., 1984) while gammacerane is known in
hypersaline/stratified, usually anoxic water columns where Pr/Ph ratio is usually less than
0.5 due to contribution of phytane from halophilic bacteria (ten Haven et al., 1987; 1988;
Moldowan et al., 1985; Sinninghe Damsté et al., 1995). Both Bisnorhopane and
gammacerane are extremely low in the source rock extracts as well as in the oils under
study. Although this could be interpreted to be associated with deposition under non-
reducing conditions, these biomarkers are not universally available in all reducing
environments in marine settings. For example bisnorhopane is generally known to be low
in marine siliciclastics (Mello, 1988). Moreover, it is highly affected by maturity,
significantly reducing at high maturities (Moldowan et al., 1984; McDade et al., 1993).
As for gammacerane, not all highly reducing environments have gammacerane (ten
Haven et al., 1987; 1988; Sinninghe Damsté et al., 1995). Because of these limitations,
most of the redox interpretations discussed here are based mostly on acyclic biomarkers

(isoprenoids), homohopanes (Peters and Moldowan, 1991; Dahl, 1994) and norhopanes,
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the latter also a known biomarker in carbonate source rocks (Fan Pu et al., 1988 and ten

Haven et al., 1988).

(a) B Spraberry A Wolfcamp X Barnett x Woodford
0.8 -
— 0.7 - . Highly Anoxic
I 06 - Anoxic
T 0
5 0.5 Ay ﬁ{;?
204 - K
g 0.3 - A &
8 0.2 Dysoxic to g Anoxic
- Suboxic
3] i
£ 0.1
£ o0 . K s |
0.7 0.5 0.3
Pr/(Pr+Ph)

(b) W Spraberry A Wolfcamp X Barnett X Woodford

1.5
A

1.3 A . . .
o Anoxic/Carbonate in matrix
&1.1 - A
Q.
2
0.9 - X
g T
S O 7 .
z° X‘XX

X
gxic

o
"
1
>
5
S
)
4]
o
o
x
)

o
w

Pr/Ph

Figure 3.8: Depiction of redox of the depositional environment during the deposition of source rocks
studied. (a). Plot of Homohopane index versus the sum ratio of pristane and phytane. (b).
Norhopane/Hopane versus Pristane/Phytane ratio illustrating the redox of the depositional environment,
potential lithology and organic matter type. Note the anoxic and potentially carbonate presence in the
Barnett samples. See Table 3.2 for definition of terms. HHI line from Dahl et al. (1994),
Norhopane/Hopane line from Fan Pu et al. (1988); Pr/Ph and Pr/(Pr+Ph) lines from several sources (e.g.
Hughes et al., 1984; Palacas et al., 1984).

Apart from the Barnett extract samples which consistently plot in area indicating
deposition under marginally anoxic conditions, the rest of the studied source rocks plot in

regions that indicate deposition under sub-oxic conditions (Figures 3.5, 3.8a & b). The
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scatter among the samples of a given source rock is consistent with varied depositional

conditions as discussed earlier.

The stable carbon isotopes ratios, the C,7-Cog-Cog Sterane distributions and
sterane/hopane ratios for all these source rock extracts support a marine organic matter
and or depositional setting. The homohopane index, Pr/Ph, Pr/nC,7, Ph/nCyg, (Table 3.2
and Figure 3.5) all suggest predominance of sub-oxic or shallow water depositional
conditions for all these source rocks. The Barnett shale is however an exception, with
Pr/Ph ratios depicting anoxia. Deep-water conditions for the Barnett are also supported
by geological investigations of Loucks and Ruppel (2007). Shallow water conditions
during the deposition of the Woodford shale is consistent with geological interpretations
of Johnson et al. (1985) in which they report several regressions and transgressions

episodes during the Devonian.

3.5. Qil-Source Rock Correlations

3.5.1 Chemometrics

The biomarker and stable carbon isotope data used in chemometrics are listed in Table
3.2. The choice of chemometric approach was based of its aptness in handling large data
(Dygard, 1987; Zumberge, 1987; Peters et al., 2007; Peters et al., 2013) compared to
forensic-type correlation approaches. In fact, correlation attempts using x/y-type plots did
not yield unambiguous results. Although several reasons for non-correlation could be
enumerated (e.g Curiale, 2002; 2008), for this data set, individual source rock samples

are highly varied in organofacies. Secondly, most of the oils are highly mature, and are
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likely to be cracked based on the definitions of Dahl et al. (1999) and Schoell and
Carlson (1999). It could as well be due to the fact that oil is a composite fluid generated
from various horizons of the source rock (Peters et al., 2005; Curiale, 2008). A multi-
variate statistical correlation or chemometric approach using biomarker however resulted
in the identification of reliable oil-source rock associations or probable petroleum

systems (Figure 3.9).
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Figure 3.9: Chemometric correlation using source related biomarker and stable carbon isotope data. Calculated using
Pearson correlation, auto truncation and complete linkage options embedded in XLSAT (Addinsoft, 2012).
Condensates, Simpson oils, and obviously immature source rock samples; Sp2, Sp3, WF4 and B5 excluded. This
classification leaves the oils inferred as Bone Spring sourced (Chapter 2) intact, implying no source rock association in
the data set. The correlation divides the samples into pre-Pennsylvanian and Post-Pennsylvanian systems. Group 2
cluster of one sample (1558) is certainly highly mixed. Simpson oils were separated from the Barnett-Woodford-
Simpson by virtue of their extremely low stable carbon isotopic compositions and strong OEP within nC;5-nCy4 range
as discussed in detail in Chapter 2.
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3.5.1.1 Analysis of Chemometric Groupings (oils and source rocks)

A striking observation is that oils and source rocks are generally closely related as
reflected by the division into only two major clusters in all the dendrograms (Figure 3.9).
Oil sample 1558 which forms an independent group or “cluster of one” is interpreted as
highly mixed oil. The two major clusters appear to separate the samples into pre-
Pennsylvanian and Post-Pennsylvanian. Increasing the degree of similarity to 95%
resulted into 4 major distinct groupings of oils and source rocks (Figure 3.9). The new
clustering (enhanced by color boxes) allows for definition of Wolfcamp and the Bone
Spring (marl) petroleum systems. The remaining oils associate with the Barnett,
Woodford, and Spraberry in two clusters and therefore imply a mixed Barnett-Woodford-
Spraberry petroleum system. These latter oils were inferred by geochemical inversion

(Chapter 2) to be sourced from Woodford-Barnett source rocks.

Oil sample 1499 located in the Pennsylvanian platform carbonate play in the Central
Basin Platform is intimately related to the Spraberry source rock sample Spl. Stable
carbon isotope data indicate that oil sample 1499 has 813C5at of -30.64 and 813CAro of -
30.48. As discussed earlier, this range is typical of Woodford and/or Barnett extracts. In
addition, Ts/Tm ratio for this oil is 2.78, which is too high for the maturity of the
Spraberry even at its deepest occurrence based on thermal modeling (Chapter 4). Finally,
it would be hard to explain the Spraberry-generated oil in the Pennsylvanian carbonate
reservoirs at Central Basin Platform. This is premised on the fact that the Spraberry

started generating, long after generation from Woodford, Barnett, and Wolfcamp
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(Chapter 4), all of which have pathways into this play and are still actively generating.

This association is therefore considered spurious.

Of the remaining oils, most of which were interpreted to be sourced from either the
Barnett or the Woodford, only oil samples 1473, 1475, 1381, 1486, 1495, and 1496
intimately cluster with Barnett and Woodford shale samples at a similarity degree of 96%
(Figure 3.9). These oils are therefore considered genuine for the Barnett-Woodford
system while oil samples 1512, 1374, 1497, 1379, 1369, 1502, 1499, 1352, 1364, 1334,
1346, 1591, 1489, 1364, and 1377 with only one Woodford sample, may be genuine for
Woodford as further explained under section 3.5.2 below. The apparent hazy relationship
of these oils with the Woodford-Barnett source rock samples is attributed to maturity
contrasts between oils and source rocks. The oils are higher in maturity than most of the
source rock samples used in this study. Moreover, the source rock samples are highly
varied in organofacies. This does not however rule out the possibility of influence by
other oils sourced from other systems as well. This is especially likely in oils hosted in
the Central Basin Platform reservoirs, where, because of the Pennsylvanian uplift and
erosion that affected as deep as Ordovician (Wright, 1979; Hills, 1984), all the pre-

Pennsylvanian source rocks have a potential pathway to reservoirs there.

3.5.2 Stable Carbon Isotope Compositions

Utilization of stable carbon isotopes in correlations, including associated limitations is
widely discussed in the geochemical literature (e.g. Chung et al., 1981; Hatch et al., 1987,

Riebesell et al. 2000). Peters et al. (2005) indicated that for equivalent levels of maturity,
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bitumens are approximately 0.5-1.5%o depleted in **C compared to their kerogens. In
addition to differences caused by generation fractionation, maturity contrast between the
source rocks and oils also cause differences in isotopic compositions, where source rocks
are generally heavier than their oils (Chung et al., 1981; Peters et al., 2005). §°C data

were used to refine the oil-source rock associations established by chemometrics above.
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Figure 3.10: Stable carbon isotope ratios in %o relative to Pee Dee Belemnite (PDB) standard for saturated
versus aromatic hydrocarbons showing relationship between oils and source rock extracts. The line
separating the terrigenous from marine derived oils is based on statistical analysis of hundreds of known
oils (Sofer, 1984). Srks = Source rocks; PS = petroleum system.

As seen from Figure 3.10, the Simpson oils are distinct with **C-stable carbon isotope
depletion, a characteristic that is associated with Ordovician sourcing (e.g. Reed et al.,

1986; Longman and Palmer, 1987; Hatch et al., 1987; Jacobson et al., 1988). Although
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source rocks for these oils were not included in the correlations due to extremely low
amount of sample size, the characteristic nature of Ordovician sourcing, especially **C
depletion is clearly evident. This group of oils was discussed in detail in Chapter 2,
where, it was noted that, in addition to isotopic depletion and very low isoprenoid (Pr and
Ph) abundance, these oils also have significant odd-over-even predominance (OEP), a
characteristic which, for mature oils, typify Ordovician sourcing (e.g. Longman and
Palmer, 1987; Hatch et al., 1987; Jacobson et al., 1988). This uniqueness, establishes a
justification for an Ordovician petroleum system, which according to their geochemical
characteristics (Chapter 2), points to shales of the Simpson Group, an already established
petroleum system (Simpson-Ellenberger) in the Permian Basin (Katz et al., 1994). For
this study, because of the presence of oils in both Simpson and Ellenberger reservoirs, the

descriptive name Simpson-Simpson-Ellenberger is deemed desirable.

Although the Barnett and Woodford systems couldn’t be separated in the dendrogram
(Figure 3.9), isotopically, oil samples; 1475, 1486, 1489, 1495, 1496, 1591, and all but
one condensate, 1382 are closely associated with the Barnett. The condensates in this
category include samples 1331, 1333, 1360, 1361, 1367, 1370, and 1372. Oil samples
1334, 1352, 1377, 1364, 1369, 1374, 1379, 1381, 1497, and 1512 are isotopically closely
associated with Woodford and include one condensate sample 1382. Excluding the
condensates, the most striking distinction created by this isotopic divide is that oils
isotopically associated with the Woodford are found in reservoirs which are
stratgraphically in the Mississippian and below while the oils isotopically associated with

the Barnett are stratigraphically in reservoirs above the Mississippian. This divide also
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separates the oils in such a way that Mississippian sourced oils are lower in maturity than
the higher maturity Woodford oils (Figure 3.11). A limitation of this distinction is that
stable carbon isotope values for Woodford and Barnett are very close and therefore
difficult to distinguish unequivocally. This is especially so, considering the phenomenon
of “migration of stable carbon isotope composition values with maturity” as discussed
earlier. In other words, the stable carbon isotope data migration associated with maturity

contrasts is such that Woodford and Barnett would be indistinguishable isotopically.

However, although the data do not unambiguously separate the two petroleum systems,
maturity contrasts between the oils from the two supposedly petroleum systems, together
with the distinction in stratigraphic locations of the respective oils suggest that the
difference could be geologically realistic. The geological explanation for this occurrence
is that the Mississippian acted as a perfect seal, preventing upward migration of
Woodford generated oils. This is supported by the observation of Woodford-generated
oils (1499, 1497, and 1512) in the Pennsylvanian in the Central Basin Platform where the

Barnett is absent by erosion.

Except for one, the condensates are isotopically associated with the Barnett and
reservoired in stratigraphically lower reservoirs of the Devonian, Silurian, and
Ordovician and are actually more mature than the Barnett source rocks analyzed (Figure
3.11). The observed isotopic association with the Barnett is therefore interpreted to be
due to enrichment with increasing maturity of the condensates, implying an origin other
than the Barnett. One condensate, sample 1382, which is relatively low in maturity, is
isotopically associated with the Woodford source rock samples and is reservoired in the
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Lower Mississippian. This insinuates a possibility of the Woodford being a source for all
condensates. The relatively low maturity of condensate sample 1382 associated with
Woodford source rock samples, suggests that some condensates may be genetic rather
than due to thermal alteration, further supporting a strongly varied organofacies for the
Woodford. These sub types of condensates are distinguishable based on their stable
carbon isotope compositions, with thermally generated condensates isotopically heavier

than their genetically derived counterparts.

The assignment of the condensates to Woodford sourcing is also supported by the work
of Broadhead (2005; 2010) where he tracked changes in the gas-oil-ratio (GOR) of oils in
the underlying Wristen reservoirs of New Mexico and found it to be related to changes in
Woodford organofacies (kerogen types) and maturity. In his observations, he noted a
change in Woodford organofacies from marine in the center of the basin to terrestrial in
the northern reaches in New Mexico where he also observed a corresponding increase in
the GOR and API gravity of the oils, depicting sourcing from terrestrial organic matter

sources. This also explains the observed terrestrial affinity in Figure 3.10.

3.5.3 Biomarker Maturity of Oils and Source Rocks

Attempts to evaluate maturity using common conventional biomarker maturity
parameters 20S/[20(S+R)] and 22S/[22(S+R)] showed that nearly all the oils and source
rocks are at advanced maturities. A majority of the samples plotted beyond the bounds
for which these isomerization parameters are reliable as maturity indicators (e.g.

Mackenzie, 1984; Moldowan et al., 1992; Waples & Machihara, 1991; Peters et al.,
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1999). Only the low maturity Spraberry source rock samples, and the oils inferred to be
sourced from the Bone Spring marl source rock, could adequately be interpreted using
these conventional biomarker maturity parameters. Therefore, thermally more resilient
maturity parameters, specifically the percentages of diasteranes and tricyclics (e.g. Van
Graas, 1990), were opted to evaluate the maturities of oils and source rocks to validate
correlations or petroleum systems assignments. As indicated in Figure 3.11, oils and
source rock samples show a range of maturities. Of particular significance is the
separation of samples into four maturity clusters (Figure 3.11). Oils inferred to be
sourced from the Bone Spring source rock are extremely low in maturity and define a

separate cluster on their own (<1.0% Ry).

The next cluster in the maturity ladder comprises mainly Spraberry source rock and
Wolfcamp petroleum system samples, both oil and source rocks. One Ordovician
reservoired oil, inferred to be derived from the Simpson by virtue of its extremely low
isotope signatures, and one condensate sample also belong to this maturity cluster. In
addition, four oils from the Barnett petroleum system are part of this maturity cluster. The
next higher maturity cluster includes the remaining three oil samples from the Barnett
petroleum system, three samples from the Simpson petroleum system, six samples
including condensates from the Woodford petroleum system, one oil sample from the
Wolfcamp petroleum system, three Woodford source rock samples, one Spraberry source
rock sample, and two Barnett source rock sample all belong to this maturity cluster. The
most mature cluster comprises oil samples derived from the Woodford shale and includes

most of the condensates. One oil sample from the Simpson petroleum system, two source
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rock samples from the Woodford and one from the Barnett belong here. Despite the
varied maturity, the presence of oils of a given inferred petroleum system together with
their source rocks is an indication for the existence of that petroleum system as supported
by modeling (Chapter 4). In general, high maturity, especially of the oils, is a major

constraint in the clear definition of petroleum systems within the Permian Basin.
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Figure 3.11: Percent diasteranes (measured as percentage of total components in the m/z 217 ‘sterane’
fragmentogram) versus percent tricyclics (C1q through Cyg tricyclis as percent of total identified m/z 191
fragmentogram. Both Diasteranes and tricyclics increase with maturity (Seifert and Moldowan, 1978;
Peters et al., 1986; Peters and Moldowan, 1991) as indicated by the arrowed line. Transverse dotted lines
are approximate %R, maturity equivalents (Peters et al., 2005). Again, oils inferred to be sourced from the
Bone Spring (Chapter 2) stand alone, without any source rock associations. Srks = Source rocks; PS =
petroleum system.

113



3.6.  Petroleum Systems Distributions

Based on chemometrics, stable carbon isotope compositions and maturity of oils and
source rock samples, as well as the inference from geochemical inversion (Chapter 2),
five stratigraphically segregated petroleum systems (Figure 3.12) are recognizable within
the scope of the study. Oils are listed in association with their respective source rocks in
Table 3.2. A detailed description of the petroleum systems elements and process,
including trap formation, generation, and expulsion timing and migration are contained in

Chapter 4.
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Table 3.3: Oil Samples within a stratigraphic/Play framework. The dominant entrapment style is indicated in
parenthesis-most structural traps formed during the Mississippian-Pennsylvanian tectonism. Sample colors
correspond with the petroleum system colors as used in Figure 3.12). Based on several sources (Frenzel et.
al., 1988; Dutton et al., 2004). See Chapter 4 for a detailed listing of sources.

Reservoir
Age/Entrapment

Play Name and Associated Oil Samples

Location

Upper Permian

San Andres Platform Carbonate Play: 1593

Eastern CBP

Early/Middle
Permian
(Stratigraphic)

Leonardian Restricted Carbonate Play: 1537, 1538, 1594 & 1585

CBP and Shelf
areas

Wolfcamp/Leonardian Slope & Basinal Carbonate Play: 1511, 1531,
(1550), 1555, 1581, 1586 & 1588

Slope and basin
areas of MLD &
DLW

Pennsylvanian
(Stratigraphic &

Wolfcamp Platform Carbonate Play: 1540, {1558} & CBP edges &
NWS
Pennsylvanian Platform Carbonate Play: 1497, 1499 (1502) & 1512 | cBP and MLD

The Horseshoe Atoll: 1469, &

Northern MLD

Structural) U P Ivanian/L Permian Slope/Basinal Sand Play:
pper Pennsylvanian/Lower Permian Slope/Basinal Sandstone Play: Eastern Shelf
(1475), &
Mississippian The Mississippian Platform Carbonate Play: 1381 & 1382 Most of the
(Structural) northern PB
Thirtyone Deep-water Chert: 1377 & 1379 South and
Devonian Central CBP
(Structural) i
Thirtyone Ramp Carbonate Play: 1367, 1370 & 1372 Central CBP
Fussellman Shallow Platform Carbonate Play: 1360, 1361, 1363 & CBP, NW Shelf
1364 & MLD
Silurian
(Structural)
Wristen Buildups and Platform Carbonate Play: 1369 & 1374 North of Central
Basin Platform &
NW Shelf
Ordovician Eélggberger Selectively Dolomitized Ramp Carbonate Play: 1331 & Eastern Shelf
(Structural)
Simpson Cratonic Sandstone Play: 1336, 1339 & 1354 CBP
Ellenberger Karst-modified Play: 1334, 1338, 1345, 1346 & 1352 CBP/MLD

DLW = Delaware, CBP = Central Basin Platform, MLD = Midland and PB= Permian Basin; NWS =

Northwest Shelf.
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Figure 3.12: Stratigraphic distribution of petroleum systems in the Permian Basin based on oil-source rock
correlations. Stratigraphy as modified from Galloway et al. (1983).
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3.7 Conclusions

Despite the high thermal maturity of the oils and the internal organofacies variability
among individual source rocks, geochemical correlations by chemometrics and
independently using stable carbon isotope compositions constrained by thermal maturity
analysis, reveal the existence of at least five petroleum systems between Ordovician and
Leonardian in the Permian Basin. An apparent geochemical divide exists among the
petroleum systems; the PrePennsylvanian-Post Pennsylvanian systems, coinciding with
the structural evolution of the Permian Basin; Pre-Pennsylvanian Tabosa and the Post-

Pennsylvanian Permian Basin.

The Post-Pennsylvanian petroleum systems include the Wolfcamp and the Bone Spring
source rocks. Most of the Spraberry is thermally immature and is not considered
significant in the petroleum systems dynamics of the Permian Basin. These petroleum
systems are characterized by relatively low maturity oils deposited in anoxic (Bone
Spring) and anoxic-suboxic (Wolfcamp) depositional settings. Although not overly rich
in organic matter, their present TOCs and Hls are sufficient enough to characterize them
as good to very good source rocks (Wolfcamp and Spraberry). The Bone Spring source
rock was not geochemically analyzed but could be richer given the inferred highly
reducing conditions during its deposition. Based on the stratigraphic relationship between
the source rocks and reservoirs, these petroleum systems are inferred to be dominantly

laterally drained.

The Pre-Pennsylvanian petroleum systems include the Barnett, the Woodford, and the

Simpson source rocks. These petroleum systems have experienced vertical movement of
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their oils in both upwards (Barnett) and downwards against buoyancy (Simpson and
Woodford). In terms of entrapment of hydrocarbons, these Pre-Pennsylvanian petroleum
systems are dominantly structurally controlled. This structural control created by the
Pennsylvanian tectonics could potentially have control on migration as well, in these
petroleum systems. With TOCs mostly above 3%, and HI above 300, the Woodford and

Barnett shale source rocks are exceptionally rich in good quality organic matter.

The petroleum systems are, in general, stratigraphically segregated except in areas around
the Central Basin Platform where seals are not interlayered with reservoirs. This
stratigraphic segregation strongly suggests high integrity seals and short distance
migration, which by default implies minimum migration losses. Together with high
organic richness, high quality source rocks and adequate thermal maturity and well-timed
generation/expulsion relative to trap formation, these factors, are responsible in part for

the high hydrocarbon endowment of the Permian Basin.
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4.0 ONE-DIMENSIONAL THERMAL MATURITY AND PETROLEUM
GENERATION MODELING

Abstract

Thermal maturity, petroleum generation, and source rock volumetrics have been modeled
for five organic-rich, high-quality (type Il and 11/111) oil-prone source rocks from the
Permian Basin. The source rocks include the shales of the Spraberry, Wolfcamp, Barnett,
Woodford, and Simpson. Calibrated numerical 1-D models indicate that, for each of these
source rocks, burial history, thermal maturity, and timing of petroleum generation vary
within the basin. With maturity increasing from south to north, the Simpson, the
Woodford, and Barnett have reached maximum generation in most parts. The Wolfcamp
in the Delaware Basin is at condensate to dry gas generation and is immature to oil-
window in the Midland Basin. The Spraberry is mostly immature with respect to
petroleum generation.

Generation and expulsion from the Wolfcamp shale began in the Early Triassic, with
hydrocarbons migrating laterally, and then trapped within carbonate aprons encased
within the shales of the same stratigraphic interval. Expulsion from the Barnett shale
occurred during Early to Mid-Permian, where migration occurred radially updip from the
two depocenters in the Delaware and Midland basins to Pennsylvanian sandstone
reservoirs in the Eastern Shelf and Permian carbonate reservoirs in Central Basin
Platform and Northwest Shelf. The Woodford shale started expelling during Early-Late
Permian, where migration occurred along vertical pathways against buoyancy to
underlying reservoirs, Devonian through Ordovician. Expulsion from the Simpson

occurred during Early Triassic and migration, followed vertical pathways downwards to
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Simpson sandstones and Ellenberger carbonates. This study has provided a detailed
delineation of areas of petroleum generation and an assessment of petroleum resource
potential for the source rocks in the Permian Basin. Adequate thermal maturity coupled
with organic-rich high-quality relatively thick source rocks, are key factors in the

hydrocarbon endowment in the basin.

4.1 Introduction

The principal constraint to the petroleum endowment of any basin is the adequacy of the
charge factor, defined by Sluijk and Nederlof (1984) as hydrocarbons available for
entrapment. Generation of petroleum from source rocks occurs when a source rock
reaches a maturity threshold, usually above vitrinite reflectance (R,) 0.55% with the oil
window achieved at 0.68%, varying with kerogen type. For example, type | kerogen
usually begins at %R, of 0.50 (Dow, 1977). For type Il kerogen source rocks, Waples
(1985) indicated that the onset of petroleum generation occurs at %R, between 0.45- 0.50
and 0.60 for sulphur-rich kerogen. Inspite of the variations with kerogen types, and R,
scales, in general, < 0.55% R, 0.55-0.70%, 0.7-1.3%, and 1.3-2.0%R, for immature,
early mature, mature (also known as oil-window), and over mature (also known as
condensate and gas generation zones), respectively. This scale is used throughout in this
chapter.

Once hydrocarbon generation has begun, expulsion follows upon satisfaction of two
fundamental conditions: (1) generation of enough hydrocarbons to exceed the retention
capacity of source rocks, and (2) development of adequate pore pressure to exceed the

lithostatic pressure to induce fracturing in the otherwise impermeable source rocks (e.g.
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du Rouchet, 1981; Littke et al., 1988; England, 1994). The implications of this is that at
late stages of generation, when generation is no longer able to adequately increase pore
pressure, expulsion and hence migration will stop (e.g. England, 1994), with the remnant
hydrocarbons only removable as unconventional resource.

A source rock is a rock with adequate organic matter and capable of generating
hydrocarbons under adequate thermal maturity (Tissot and Welte, 1984). The amount of
organic matter, referred as organic richness, is usually expressed by its total organic
carbon content (TOC) and sometimes expressed as genetic potential (S1+ S2) obtained
from total organic carbon analyzer and Rock-Eval pyrolysis, respectively. Organic matter
type on the other hand is expressed using hydrogen index (HI) obtained from the
expression (S2/TOC*100). Guidelines for assessment of source rock richness, source
rock type, and source rock maturity are discussed in detail in Peters and Cassa (1994) and
Jarvie (2001). These parameters of source rocks are linked together through a series of
reactions, collectively referred to as source rock kinetics (e.g. Cooles et al., 1986; Tissot
et al., 1987; Mackenzie and Quingley, 1988, Welte et al., 1997; Behar, 1997). The source
rock kinetics is controlled by the kerogen type and determines the timing of petroleum
generation, the volumes of hydrocarbons generated from the source rock at a given level
of maturity, and hence the expulsion and migration rates (e.g. England et al., 1987). The
kinetic basis for volumetric estimation is the change in HI immature (initial (Hl,) and
mature (present (HIp) as a direct measure of volume of hydrocarbons generated (e.g.
Schmoker, 1994). As important as thermal maturity, petroleum generation and volumetric
modeling is, only one comprehensive study is adequately described in the literature for

the Permian Basin. This is the Simpson—Ellenberger petroleum system (Katz et al., 1994).
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Other modeling works are only available as abstracts (Dow et al., 1990; Corby and Cook,
2003; and Pawlewicz and Mitchell, 2006). Though insightful, no adequate evaluations
and discussions can be made based on these abstracts.

The principal objectives of this part of the study include, but not limited to; (1) delineate
thermal maturity or pods of active source rocks, (2) determine the timing of petroleum
generation for each petroleum system identified, (3) estimate amount of hydrocarbon
charge from each of the source rocks, and, together with information obtained from
geochemical correlations (Chapters 2 and 3), and (4) infer migration pathways for each of
the petroleum systems. The overall outcome is generation of petroleum systems maps and
events charts that define the relationship between petroleum systems elements and

processes.

4.2  One-Dimensional Models Development Methodology

Thermal maturation, petroleum generation and expulsion modeling was undertaken using
PetroMod® software (Schlumberger, 2012). Because most of the source rocks span a
wide geographic extent, from Delaware to Midland, with a potential for varying thermal
regimes, models were created in locations such that potential variability associated with
the three sub divisions of the Permian Basin are captured. Prior to modeling, potential
source rock samples were screened by TOC and Rock-Eval pyrolysis techniques as

described in Chapter 3.
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1. MODEL INPUT
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Figure 4.1: 1-D Modeling Workflow used in this study (Adapted from Introduction to PetroMod® training
and exercise guide, Schlumberger, 2012).

4.2.1 Model(s) Input Parameters

Input parameters used in building the models included chronostratigraphic units, and
boundary conditions including paleobathymetry or paleo-water depth (PWD), sediment-
water interface temperature (SWIT) and Heat Flow (HF). Chronostratigraphic age
assignment was based on published dates from AAPG-Correlation of Stratigraphic Units
of North America, COSUNA, 1983 chart for the Southwest/Southwest-Midcontinent
described in Salvador (1985). Thickness of strata was based on isopachs maps from
several sources including Galley (1958), Wright (1979), Comer (1991) and Frenzel
(1988). Assignment of unconformities (erosional and hiatuses) was also based on the
COSUNA (1983) chart. Section of strata lost to erosion was estimated using the method

suggested by Dow (1977), which is based on displacement of vitrinite reflectance
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profiles. Despite potential effects of vitrinite annealing with time (e.g. Katz, 1988), the
observed displacements in R, profiles in Central Basin Platform and Midland basins
meant that annealing was minimal if any.

Due to lack of adequately published sources for paleobathymetry based on benthic
foraminifera within the Permian Basin, PWD was estimated from the sea-level curves of
Haqg et al. (1987) and Haqg and Schutter, (2008) together with the global palaeogeographic
reconstructions of the earth by Blakely (2008) available through Google Earth. The
SWIT through time was calculated using Wygrala’s (1989) approach which relates
geologic age and mean surface paleo-temperature based on plate tectonic reconstructions
to present-day latitudes (Figure 4.2), available as a select-option in PetroMod®

(Schlumberger, 2012).

Time [ha]

Figure 4.2: Determination of sediment-water interface temperature (SWIT) using Wygrala (1989) curve
embedded in PetroMod (Schlumberger, 2012). In this example for model location in the Central Basin
Platform at latitude 31°, the black line indicates variation in SWIT over geologic time.

Modeling was based on assumed constant heat flow over geological time. Present heat
flow was obtained from a database from which the regional geothermal map of North

America (Blackwell and Richards, 2004) is published. The data were also compared with
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the geothermal gradient (Ruppel et al., 2005) as indicated in the Southeast portion (Figure

4.3). Thermal history was constrained using measured R, data.
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Figure 4.3: Present-day heat-flow (mW/m?) map and geothermal gradient (°C/100ft) map of the Permian
Basin. Heat flow from Blackwell and Richards (2004) and geothermal gradient from Ruppel et al. (2005).
Base map from Dutton et al. (2004).

4.2.2 Petroleum Generation Kinetics

Source rock kerogen type was used to assign appropriate petroleum generation kinetics
from a list of kinetics embedded in PetroMod® Software (Schlumberger, 2012). All
model calculations employed type 11 kerogen kinetics of Behar et al. (1997). Calibration
was accomplished by comparing measured vitrinite reflectance data with modeled
vitrinite reflectance determined using Easy %R, method of Sweeney and Burnham (1990)
embedded in the PetroMod® (Schlumberger, 2012). For this purpose, measured vitrinite
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reflectance (Pawlewicz, 2005) was used. Volumes of hydrocarbons generated by source
rocks were calculated based on modeled results that indicates bulk yield of hydrocarbons
expelled by a volume of source rock under one square kilometer. This value was then
multiplied by the volume of the pod of active source rock to get the total bulk
hydrocarbons expelled by the source rock. Source rock volumes were calculated using
the spatial analyst statistical tools available in ArcGIS (ESRI, 2012). Original (immature)
HI was used in the estimation of expelled hydrocarbons and was based on the method

Barnejee (1998; 2000) as discussed in Chapter 3.

4.3 Results and Discussions

4.3.1 Thermal Maturity Modeling

Thermal maturity was modeled in 14 locations spread over the Permian Basin, producing
R, profiles (Figures 4.5-4.7) and R, distribution atop source rocks of interest: the
Leonardian Spraberry, the Lower Permian Wolfcamp, the Mississippian Barnett, the
Upper Devonian Woodford, and the Ordovician Simpson shales (Figures 4.8-4.12,

respectively).

4.3.2.1 Delaware Basin

Burial and thermal history of the Permian Basin in the Delaware is illustrated in Figure
4.5. Three candidate source rocks under investigation in this model location are
Woodford, Barnett, and Wolfcamp. The Simpson was excluded as its TOC and HI data
indicated non-source facies in Delaware and Midland. The burial curve and calibrated

maturity profile indicate that the base and top of Woodford is currently at maturity zone
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five (%R, above 2.0%) where organic matter has completely been metamorphosed. This
also applies to the Barnett shale. The top of Wolfcamp shale is at maturity 1.28% R,, just
shy of 1.3%, the limit for liquid hydrocarbon generation. Its base is at 2.0% R,, the
beginning of maturity zone five or the end of the dry gas zone. The geochemical
implications of these observations are that, Barnett and Woodford shales at this location
are overcooked (reached maximum generation) as far as hydrocarbon potential is
concerned. The Wolfcamp on the other hand is at a level which makes it a favorable
target for unconventional gas as discussed in detail in section 4.3.3.2. The model also

suggests abundant condensate generation from the Wolfcamp in the Delaware.
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Figure 4.5: Selected burial and maturation history for Permian Basin strata in the Delaware as calculated
using PetroMod (Schlumberger, 2012). Left is the calibrated %R, profile at the same location. Thickness of
strata from Galley (1958), Wright (1979) and Frenzel et al. (1988). Measured %R, used for calibration
from Pawlewicz (2005). Detailed model parameters used are listed in Appendix 6.

4.3.2.2 Central Basin Platform

The burial and thermal history through the Central Basin Platform is displayed in Figure

4.6. The candidate source rocks under investigation at this location are the Simpson and
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the Woodford shales. The Wolfcamp in the Central Basin Platform is non-source facies
while the Barnett is missing by erosion (e.g. Wright, 1979). Both the top and base of
Woodford are currently at the oil-window. The top of Simpson shale is currently at %R,

= 1.5 and the base at %R, = 1.7, all passed the oil window.
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Figure 4.6: Selected burial and maturation history for Permian Basin strata in the Central Basin Platform as
calculated using PetroMod (Schlumberger, 2012). Left is the calibrated %R, profile. Thickness of strata
from Galley (1958), Wright (1979) and Frenzel et al. (1988). Measured R, used for calibration from
Pawlewicz (2005). Detailed model parameters used are listed in Appendix 6.

4.3.2.3 Midland Basin

The burial and thermal histories through two locations in the Midland are illustrated in
Figure 4.7a and b. The candidate source rocks in the path of model MLD-2 include the
Spraberry, the Wolfcamp, the Barnett, and the Woodford shales. The source rocks in the
MLD-3 model path are Woodford, Barnett, and Wolfcamp. The burial curve at MLD-2
indicates that the base of Spraberry is at 1.2% R, and the top is at approximately 0.55%
Ro. The base of Wolfcamp is at the oil window and its top is at %R, of 0.7). Top of

Barnett is currently at %R, of 1.4 while the base is at %R, of 1.5. This suggests that the
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entire Barnett at the model location is within the condensate zone. The Woodford is

currently at %R, of 1.5, a zone of intense condensate generation.
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Figure 4.7a-b: Selected burial and maturation histories for Permian Basin strata in two locations in the
Midland Basin illustrating variation in depositional and erosional conditions as calculated using PetroMod
(Schlumberger, 2012). Left is the calibrated %R, profile in respective locations. Thickness of strata from
Galley (1958), Wright (1979) and Frenzel et al. (1988). Measured R, used for calibration from Pawlewicz
(2005). Detailed model parameters used are listed in Appendix 6.

Based on the modeled maturity profiles, the top of the Spraberry in most part is

considered generally immature with respect to petroleum generation (Figure 4.8). This
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observation is in agreement with actual measured maturity based on Tvax and TR (Figure
4.4c) where the Spraberry samples Sp2 and Sp3 plot in the region of low kerogen
conversion or low thermal maturity compared to Spl. The implications of these maturity
distribution as confirmed by measured maturities is that, any hydrocarbons related to the
Spraberry source rocks, must come from the south, where it is thermally mature for
hydrocarbon generation. However, it is likely to be volumetrically insignificant given the

thin nature of the shales as discussed in Handford (1981).
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Figure 4.8: Distribution of the modelled thermal maturity atop Spraberry in the Permian Basin as calculated
by interpolation using IDW option available in ArcGIS (ESRI, 2012). Spraberry outline from USGS
Permian Basin geospatial data (USGS, 2012).

Unlike the Spraberry, modeled thermal maturity and overburden distributions atop

Wolfcamp, Barnett, Woodford, and Simpson source rocks (Figures 4.9-4.12) indicate

adequate thermal maturity for hydrocarbon generation. The Wolfcamp shale is however,
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immature with respect to petroleum generation in the northeast and northern Midland

Basin. The northeast is generally a low maturity area for all the source rocks under study.

105'?‘0"?{ 104‘0.'0“W 103‘?‘0"W 102‘(:'0"W 101 °9'o'w 100'(2'0"\”
z z
z H
o | | &
‘4 54
3 3
N

£ £
o | -2
=] o
a 2

A SRK Samples

- = Permian Structure

Permian Basin

[ Study Area
£ Ro, Top Wolfcamp g
& B 03-055 £
Ll -

[C1055-07

BN 0.7-13

CJ113-14

15 30 60 90 120
£ $ g
2 m ik
5 s
T T T T \J ) |
105°0'0"W 104°0'0"W 103°0'0"W 102°0'0"W 101°0'0"W 100°0'0"W

Figure 4.9: Distribution of the overburden and modelled thermal maturity atop Wolfcamp shale in the
Permian Basin as calculated by interpolation using IDW option available in ArcGIS (ESRI, 2012).
Wolfcamp Shale outline from USGS Permian Basin geospatial data (USGS, 2012).
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Figure 4.10: Distribution of the overburden and modelled thermal maturity atop Barnett shale in the
Permian Basin as calculated by interpolation using IDW option available in ArcGIS (ESRI, 2012). The
Barnett is adequately mature for hydrocarbon generation throughout the Permian Basin, except small
patches in northern Midland Basin where it is below the oil window. Barnett outline digitized from Frenzel
et al. (1988).
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Figure 4.11: Distribution of the overburden and modelled thermal maturity atop Woodford shale in the
Permian Basin as calculated by interpolation using IDW option available in ArcGIS (ESRI, 2012). The
Woodford is adequately mature for hydrocarbon generation throughout the Permian Basin, except small
patches in northern Midland Basin where it is below the oil window. Woodford outline and depth to

digitized from Comer (1991).
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Figure 4.12: Distribution of the overburden and modelled thermal maturity atop Simpson shale in the
Permian Basin as calculated by interpolation using IDW option available in ArcGIS (ESRI, 2012). The
Simpson is adequately mature for hydrocarbon generation throughout the Permian Basin, except small
patches in the south where it is below the oil window. Depth to Simpson calculated using the raster
calculator in ArcGIS by addition of Simpson isopach (Galley, 1958; Wright, 1979; Frenzel et al., 1988) to
the Ellenberger structure digitized from Frenzel et al. (1988).

4.3.3 Petroleum Generation and Expulsion Timing

4.3.3.1 The Spraberry

Modeling indicates that incipient generation from the Spraberry, mainly from the
southern portion started during Early Triassic. However, only 6% kerogen conversion has
occurred in the deepest part of the Spraberry (Figure 4.13a). Given the requirement to

first satisfy the retention capacity (equivalent to 10% TR in PetroMod) of the source rock
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before any expulsion can begin (e.g. du Rouchet, 1981, Littke et al., 1988; England,
1994) the 6% kerogen conversion translates to no expulsion as indicated in Figure 4.13b.
This inference contradicts findings of Guevara and Mukhopadhyay (1987) which
indicated adequate thermal maturities for hydrocarbon generation for the Spraberry

shales. However, no tangible discussions can be made based on an abstract.
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Figure 4.13: (a) Timing of generation and expulsion from upper (bottom curve) and lower (top curve)
portions of the Spraberry. (b) Bulk petroleum mass spread for the Spraberry-based on total thickness of the
Spraberry which includes sandstones and siltstones (Handford, 1981). TR = Transformation Ratio =
percentage of kerogen transformed into hydrocarbons. Mass spread is hydrocartbons in metric tonnes/km?
generated over time. Calculated using PetroMod (Schulumbeger, 2012). Model parameters in Appendix 6.

Galloway et al. (1983) described the Spraberry as a self-contained system by virtue of the
presence of shales (source rocks) juxtaposed with sandstones (reservoirs). Assuming
effective sourcing, secondary migration in this “petroleum system” is inferred to be
largely through lateral and vertical pathways by virtue of the juxtaposed nature of the
source and reservoirs. The natural fractures in the Spraberry trend (e.g. Lorenz, 2002)
justify the existence of vertical migration pathways. However, considering the thin nature

of the shales within the Spraberry (Hanford, 1981), together with the generation and
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expulsion modeling results (Figures 4.8 and 4.13), there is virtually no expulsion from
Spraberry. Moreover, geochemical correlations (Chapter 4) did not show any oils related
to the Spraberry source rocks. Based on this observations, the “Spraberry petroleum
system” is not considered a quantitatively significant petroleum system in the Permian

Basin and is not discussed any further.

4.3.3.2 The Wolfcamp

Petroleum generation and onset of expulsion from the Wolfcamp shale occurred in Early
Triassic, about the same time in both the Delaware and the Midland basins (Figure 4.14
a-c). As indicated by maturity distribution (Figure 4.9) and generation profiles (Figure
4.14a-c), a big portion of the Wolfcamp is still at early stages of generation, and therefore
suggests an ongoing process, especially on the stratigraphically upper portions of the
Wolfcamp in the Midland Basin. To illustrate this, at the location where model MLD-3
was taken in the Midland Basin (Figure 4.14c), present kerogen conversion is as low as
2%, indicating no expulsion. In the Delaware Basin however, the Wolfcamp is at late
generation (65-90% kerogen conversion) where expulsion is inefficient leading to a lot of
hydrocarbons remaining within the source rock, implying significant unconventional gas

potential for the Wolfcamp strata in the Delaware Basin.
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Figure 4.14 a-c: The timing and levels of generation and expulsion from the Wolfcamp shale in the
Permian Basin; top curve represents the lower portion while bottom curve represents top portion of the
shale. TR = Transformation Ratio = percentage of kerogen transformed into hydrocarbons. Calculated
using PetroMod (Schulumbeger, 2012). Model parameters in Appendix 4. 1. The Wolfcamp is currently at
main phase or peak generation in some parts of the Midland (MLD-2 and MLD-3) and at late generation in
the Delaware (DLW-1). In some parts of the Midland, the Wolfcamp is thermally immature, and
consequently, there is no generation at all. Model parameters in Appendix 6.

4.3.3.3 The Barnett Shale

Modeling indicates that petroleum generation from the Barnett shale, in both Delaware
and Midland basins begun from Early- to Mid-Permian. Expulsion did not occur until the
Leonardian, peaking during the Early Triassic. The Barnett in the Delaware and some
parts of the Midland basins is currently beyond the maturity stage for oil generation
(Figure 4.15a & c). In some parts of the Midland Basin however, as represented by model
at location MLD-2 in the Midland Basin, the Barnett is at late generation, implying
possible unconventional gas potential as discussed under the Wolfcamp in Delaware
Basin above. At location of model MLD-3, generation occurred during the

Pennsylvanian, peaking and ending in Late Pennsylvanian.
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Figure 4.15 a-c: The timing and levels of generation and expulsion from the Barnett shale in the Permian
Basin; Midland (MLD-2 and MLD-3) and Delaware (DLW-1), basins respectively. TR = Transformation
Ratio = percentage of kerogen transformed into hydrocarbons. Calculated using PetroMod (Schulumbeger,
2012). Model parameters in Appendix 6. Barnett is absent in the Central Basin Platform. The Barnett has
reached maximum generation in all these modal locations.

4.3.3.4 The Woodford

Generation from this source rock occurred at various times in the Delaware, Central

Basin Platform, and Midland Basins (Figure 4.16a-d). In the Delaware, generation

occurred during the Early-Mid Permian, peaking at Early Gudalupian. In the Central

Basin Platform, generation from the Woodford Shale begun during Early Triassic and

peaked in Mid-Triassic. In the Midland Basin, as indicated by model MLD-2, generation
begun during Mid-Permian and peaked by Late Leonardian. However, at MLD-3, also in
the Midland Basin, generation occurred rapidly, starting by Mid-Pennsylvanian and
ending in Late Pennsylvanian. Except in the Central Basin Platform where the Woodford
is actively expelling, there is currently no active generation and expulsion from the
Woodford in the Delaware and Midland basins. In these basins, the Woodford is coked or

reached maximum generation, except in some areas in the Midland Basin where the
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Woodford is at late generation and where unconventional gas potential is implied. Having
said that, there are, however, some patches in the northeast where the Woodford is

actually immature with respect to petroleum generation (Figure 4.11).
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Figure 4.16 a-d: The timing and levels of generation and expulsion from Woodford shale in the Permian
Basin; from top to bottom, Delaware (DLW-1), Central Basin Platform (CBP-1) and Midland (MLD-2 and
MLD-3) basins respectively. TR = Transformation Ratio = percentage of kerogen transformed into
hydrocarbons. Calculated using PetroMod (Schulumbeger, 2012). Model parameters in Appendix 6. The
Woodford shale has reached maximum generation in Midland and Delaware basins.
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4.3.3.5 The Simpson

The distribution of the overburden and maturity atop Simpson source rock over the
Central Basin Platform is shown in Figure 4.12. Simpson shales begun generating
hydrocarbons in Early Triassic and peaked at Mid-Triassic (Figure 4.17a). At this model
location, the Simpson has just ended generation/expulsion and has therefore exhausted its

hydrocarbon potential.
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Figure 4.17: (a) The timing and levels of generation and expulsion from Simpson shale in the Central Basin
Platform (CBP-1) in Permian Basin. TR = Transformation Ratio = percentage of kerogen transformed into
hydrocarbons. TR = Transformation Ratio = percentage of kerogen transformed into hydrocarbons. Mass
spread is hydrocartbons in metric tonnes/km?® generated over time. Calculated using PetroMod
(Schulumbeger, 2012). The Simpson has reached maximum generation in the Central Basin Platform. (b)
Volumes of hydrocarbons under one square kilometer, generated by the upper (red) and lower (gray)
Simpson Shales in the Central Basin Platform.

4.3.4 Source Rock Volumetrics

Source rock isopach maps highlighting pods of active source rocks as well as modeled

bulk mass of hydrocarbons expelled by a volume of source rock under a square kilometer
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based on the thickness at the location of the model are presented in Figures 5.18 through
5.21 and final volumetrics summarized in Table 4.1. As discussed in Chapter 3, all source
rocks are of high quality (type Il and 11/111), organic-rich (TOC > 1.0%) and adequately
mature (> 0.75R,) as confirmed by the modeling above. Generated or expelled
hydrocarbons from source rocks vary depending on the size of the source rock, with the
Wolfcamp and Barnett having the highest hydrocarbons expelled. However, because of
poor sample coverage especially for the Barnett, where the actual effective source facies
hasn’t been constrained, and the volume could be lower. Effective source rock coverage
is a major source of uncertainty in the Barnett petroleum system volumetrics. For the
Wolfcamp, uncertainties are associated with the sedimentation cyclicity involving shale
and carbonates (e.g. Silver and Todd, 1969; Mazzullo, 1998) and complete cyclicity
involving shale, carbonate and sandstone reported in the southern regions in the Val
Verde Basin (e.g. Hamlin, 2009). The resedimented carbonate facies encased in the shale
(e.g. Frenzel et al., 1988; Dutton et al., 2004) which define major reservoirs for this
petroleum system is a manifestation of this phenomenon and could significantly reduce

the actual volumetrics of the source facies.
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Table 4.1: Summary of modeled source rock volumetrics

Thick- H/C Thickness Pod Expelle

Model ness Mtons/ Vol. Vol. H/C Mass/ d Avg. Expelled
Loc. (m) Km2) (Km3) (Km3) Metric tons Bbbl (Bbbl)
WOLFCAMP* (HI, =140 TOC2.3)
DLW-1 549 4.579 0.549 14908.2 1.2E+10 91.1439 73.9
MLD-2 610 3.166 0.61 14908.2 7.7E49 56.7166
BARNETT* (HlI,=201 TOC 3.0)
DLW-1 198 2.791 0.198 6058.48 8.5E+9 62.5983 80.9
MLD-2 90 2.413 0.09 6058.48 1.6E+10 119.064
MLD-3 150 2.06 0.15 6058.48 8.3E+9 60.9879
TOC =

WOODFORD (HI, =195 2.6)
DLW-1 61 0.724 0.061 1627.8 1.9E+9 14.1613 13.3
MLD-2 22 0.233 0.022 1627.8 1.7E49 12.6365
MLD-3 30 0.332 0.03 1627.8 1.8E+9 13.2042
CBP-1 80 0.575 0.08 1627.8 1.16E+9 857.58"
SIMPSON (HlI, =110 TOC1.73)
CBP-1 150 0.623 0.15 396.0 1.6E+8 1.20 1.20

CBP, MLD, DLW represent model location in the Central Basin Platform, Midland and Delaware
respectively. *Source poorly constrained. HI, determined using the method of Barnejee et al., 1998; 2000)
as described in Chapter 3. ¥ Not included in average.

Given the entire Permian Basin STOOIP of only 105Bbbl (Tyler and Banta, 1989), the

conservative volumetrics from the source rocks suggest that generation and expulsion

from the source rocks is not a constraint to hydrocarbon endowment in the Permian

Basin. Moreover, the source rocks considered here are just a fraction of the source rock

pool of the Permian Basin (Chapter 3, Figure 3.12).
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Figure 4.18 (a) Wolfcamp shale isopach in the Permian Basin (from Galley, 1958, Frenzel et al., 1988).
Immature portions of the Wolfcamp shaded. Modeled volumetric in Delaware, DLW-1 (b) and Midland,
MLD-2 (c). Calculated using PetroMod (Schulumbeger, 2012). Model parameters are listed in Appendix 6
(See Table 4.1 for summary of volumetrics). Base map from Dutton et al. (2004).
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Figure 4.19 a-d: Barnett Shale Isopach in the Permian Basin, includes the carbonate (from Galley, 1958,
Frenzel et al., 1988). Immature portions of the Barnett source rock shaded. The lower Figures indicate
modeled volumetrics in two locations. Mass spread is hydrocartbons in metric tonnes/km? generated over
time. Calculated using PetroMod (Schulumbeger, 2012). Model parameters are listed in Appendix 6 (See
Table 4.1 for summary of volumetrics). Base map from Dutton et al. (2004).
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Figure 4.20 a-e: Woodford Shale isopach in the Permian Basin (from Galley, 1958, Frenzel et al., 1988 and Comer,
1991). b-e indicate modeled volumetrics in two locations. Mass spread is hydrocartbons in metric tonnes/km? generated
over time. Immature portions of the Woodford shaded. Calculated using PetroMod (Schulumbeger, 2012). Model
parameters are listed in Appendix 6 (See Table 4.1 for summary of volumetrics). Base map from Dutton et al. (2004).
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Figure 4.21: Simpson shale isopach in the Permian Basin (from Galley, 1958, Frenzel et al., 1988). Net
shale obtained by subtracting the Simpson carbonate and sandstone units using raster calculator available in
ArcGIS. Modeled volumetrics is shown in Figure 4.19 (b). Model parameters are listed in Appendix 6 (See
Table 4.1 for summary of volumetrics). Base map from Dutton et al. (2004).

Because of the uncertainties discussed above, and the poor constraints on the actual
stratigraphic limits of the petroleum systems, especially occasioned by migration and
possible mixing over the Central Basin Platform as discussed in detail in Section 4.4
below, estimation of generation-accumulation efficiency for petroleum systems was
deemed untenable so it was not done. In all, the large volumetrics suggest that the
petroleum systems are supercharged according to the definition of Demaison and
Huizinga (1991), thus generation from source rocks is not a constraint to hydrocarbon

endowment in the Permian Basin.
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4.4  Migration and Entrapment

4.4.1 The Wolfcamp Petroleum System

The geographic extent of the Wolfcamp petroleum system is depicted in Figure 4.22. The
petroleum systems elements and processes for this petroleum system are summarized in
the events chart in Figure 4.23 and migration illustrated in Figure 4.30. According to
geochemical correlations (Chapters 2 and 3), the oils generated from the Wolfcamp shale
are found in reservoirs that collectively define the Wolfcamp/Leonardian slope and
basinal carbonate play and in reservoirs that define the Wolfcamp platform carbonate
play located in the Central Basin Platform (Dutton et al., 2004; 2005). Reservoirs of
these plays are variously described (e.g. Loucks, 1999; Mazzullo, 1997; Mazzullo, 1998).
Traps are largely stratigraphic, with reservoirs encased in dark-gray to black basinal
Wolfcampian shales, which acts both as seal and source rock (e.g. Frenzel et. al., 1988;

Dutton et al., 2004).

Evoking Pratsch (1983) and Hindle (1997) models of expulsion and primary migration,
where hydrocarbons begin migration from the zone of highest maturity and pushing
hydrocarbons to zones of low maturity where pressure is low, the area of focusing of
petroleum from the Wolfcampian source rocks are the Central Basin Platform and the
northern reaches of the Midland Basin including the Horseshoe Atoll (Figure 4.22). This
is in agreement with the distribution of oils geochemically constrained to be sourced from
the Wolfcamp source rock. From the stratigraphic framework view point, oils generated

from the Wolfcamp source rock, could potentially be within the Upper Permian
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reservoirs as well. This is because of lack of seal rocks until the Ochoan evaporite

stratigraphic horizon (Chapter 3, Figure 3.12).
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Figure 4.22: The geographic extent of the Wolfcamp petroleum system showing the potential migration
paths based on the basin configuration. Oils and source rock samples used to constrain this petroleum
system are indicated. Shaded area are places were top Wolfcamp is immature.

Given the juxtaposed source-reservoir relationship, secondary migration in this petroleum
system is inferred to be dominantly lateral (Figure 4.30), with short migration distances.
This petroleum system presents a unique scenario in the petroleum system elements
context. The Wolfcamp is a source rock as well as a seal. The re-sedimented or detrital
carbonates, which are reservoirs, are encased within the Wolfcamp shales. This means

that the source rock, the reservoirs, and the seals are all Wolfcampian.
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Wolfcamp PS Events Chart, MLD-2
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Figure 4.23: Events chart for the Wolfcamp Petroleum Systems in the Permian Basin. Timing of expulsion
relative to trap formation not a constraint. Reservoirs, traps, seals from several sources (Dutton et al., 2004;
2005; Loucks, 1999; Mazzullo, 1997; Mazzullo, 1998). See text for detailed listing of sources. Calculated
using PetroMod (Schulumbeger, 2012). Model parameters in Appendix 6. PS = Petroleum System.
Although there are slight variations, depending on the location of the model location, in
general, generation from the Wolfcamp begun during Leonardian but only became
significant during the Triassic. By the time of generation and expulsion, the reservoirs,

traps, and seals had already formed, thus justifying the existence of the Wolfcamp

petroleum system.

4.4.2 The Barnett Petroleum System

The geographic extent of the Barnett petroleum system is depicted in Figure 4.24. The
events chart in Figure 4.25 summarizes the elements and process related to this petroleum
system. Migration from the Barnett shale is illustrated in Figure 4.30. Geochemical
correlations (Chapters 2 and 3) indicate that oils from the Barnett shale source rock are
hosted, mainly in reservoirs that define the Pennsylvanian plays and the Permian platform
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carbonate play located in the Central Basin Platform and Northwest Shelf regions. These
reservoirs are summarized in Dutton et al., (2004) and Galloway et al. (1983) and
discussed in detail in primary sources, including Heckel (1986), Saller et al. (1999), and
Dickson and Saller (1995). Entrapment in these reservoirs is derived from updip pinch-
outs of sandstone bodies, low relief anticlines and a combination of traps formed by
facies change and partial structural closure (Galloway et al., 1983). Though no oil
samples were recovered from the Pennsylvanian platform carbonate reservoirs located in
the Central Basin Platform, the occurrence of oils, interpreted to be sourced from the
Barnett shale in the Permian reservoirs above this play implies that Barnett oils could be
present in the Permian plays as well. The reservoirs of this play are discussed under

Woodford petroleum system.
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Figure 4.24: The geographic extent of the Barnett petroleum system showing potential migration pathways based on the
basin geometry as discussed using the migration models of Pratsch (1983 and Hindle (1997). Shaded area are places
were top Barnett is immature. Oils and source rock samples used to constrain this petroleum system are indicated.
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Barnett PS Events Chart, DLW-1
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Barnett PS Events Chart, MLD-3
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Figure 4.25a-b: Events chart for the Barnett petroleum system in the Permian Basin: from top to bottom;
Delaware (DLW-1) and Midland (MLD-3) basins respectively. Timing of expulsion relative to trap
formation not a constraint. Reservoirs, traps and seals from several sources (Heckel (1986; Saller et al.
(1999; Dickson and Saller, 1995). See text for detailed listing of sources. Calculated using PetroMod
(Schulumbeger, 2012). Model parameters in Appendix 6. PS = Petroleum System.

The reservoirs hosting the Barnett oils are largely controlled by the Pennsylvanian
structural deformation that transformed the Tobosa Basin into the Permian Basin (e.g
Galloway et al., 1983). These vertical structures or discontinuities inevitably distort the
migration pattern associated with the basin geometry as suggested by Pratsch (1983) and
Hindle (1997) models. These vertical fractures could be potential avenues for vertical

migration. In additional to the Pennsylvanian vertical faults, a distortion of migration
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associated with basin geometry can be visualized in areas around the Central Basin
Platform where the Barnett is completely eroded (Figure 4.24). Given that the
Pennsylvanian erosion affected the entire stratigraphy including the Ordovician
Ellenberger (Galley, 1958; Wright, 1979), this region of the Central Basin Platform is a
potential mixing chamber, not only for the Barnett-derived oils but all source rocks active
in the intervening Delaware and Midland basins and thus a degree of uncertainty on the

stratigraphic limits of this petroleum system.

4.4.3 The Woodford Petroleum System

The geographic extent of the Woodford petroleum system is depicted in Figure 4.26. The
events chart for the Woodford petroleum system is shown in Figure 4.27 and migration
illustrated in a model in Figure 4.30. Geochemical correlations (chapters 2 and 3) indicate
that oil from the Woodford shale migrated mainly to the underlying carbonate and cherty-
carbonate reservoirs of the Devonian, Silurian, and Ordovician. This observation suggests
effective sealing by the overlying Barnett Formation. The only exception to this are the
oils reservoired in the Pennsylvanian platform carbonate in the Central Basin Platform
where upward migration is depicted.

The Devonian, Silurian, and Ordovician reservoirs are described in detail by various
workers including Saller et al. (1991; 2001), Ruppel and Hovorka (1995), Ruppel and
Barnaby (2001), Ruppel and Holtz (2001), and Mazzullo (1997). Traps are dominantly
anticlinal, mainly simple and faulted anticlines (Galloway et al., 1983) associated with

structural uplifts as evidenced by bounding by basement reverse faults that formed during
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the Pennsylvanian (Montgomery, 1998). Woodford shale acts as a source rock and, where

it directly overlies the Silurian, it acts as a seal (Comer, 1991).

Reservoirs belonging to the Pennsylvanian platform carbonate play are described by

Saller et al. (1999), Dickson and Saller (1995), and Heckel (1986) and generally comprise

simple anticlinal closures. As discussed under Barnett and Wolfcamp petroleum systems

above, the oils from the Woodford shale could be present in Permian reservoirs over the

Central Basin Platform, thus a degree of uncertainty on the stratigraphic limits of this

petroleum system.
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Figure 4.26: Geographic extent of the Woodford petroleum system in the Permian Basin. Migration from
the Woodford source rock took a downward direction against buoyancy, to underlying reservoirs ranging in

age from Devonian to Ordovician. Shaded area are places were top Woodford is immature.
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As discussed above, migration from the Woodford predominantly took a downward
direction against buoyancy, to the underlying Devonian, Silurian, and Ellenberger
reservoirs. Although not a common phenomenon, downward migration is possible under
high pressure conditions (e.g. Mann et al., 1997). For the Woodford Shale, it is
suggested that high pressures must have been occasioned by enormous generation of
hydrocarbons. This interpretation is arrived at based on its high TOC and HI as well as
high maturity and is premised on the fundamental observations of Meissner (1978), Hunt
(1990), and du Rouchet (1981). It could as well be due to the fact that the buoyancy
force was thwarted by the presence of a thick Barnett shale Formation atop the Woodford
which prevented the buoyant advance of Woodford generated hydrocarbons. This is
supported by the presence of Woodford generated hydrocarbons in the Pennsylvanian in
the Central Basin Platform where the Barnett is absent due to Pennsylvanian uplift and

erosion.
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Figure 4.27a-b: Events chart for the Woodford petroleum system in the Permian Basin: from top to bottom,
Delaware, Central Basin Platform and Midland basins respectively. Timing of expulsion relative to trap
formation is not a constraint. Reservoirs, Traps and seals from several sources (Saller et al. (1991; 2001; Ruppel
and Hovorka, 1995; Ruppel and Barnaby, 2001; Ruppel and Holtz, 2001; Mazzullo, 1997; Galloway et al., 1983;
Montgomery, 1998; Comer, 1991). See text for detailed listing of sources. Calculated using PetroMod
(Schulumbeger, 2012). Model parameters in Appendix 6. PS = Petroleum System.

Although no direct evidence exists to decipher whether migration occurred through
faults, or unconformities, or through tortuous networks, the definition of traps by the
Pennsylvanian vertical structures which traverse both the source rocks (Barnett,
Woodford and Simpson) and their reservoirs may suggest involvement of faults in the
migration process. Migration through faults is a documented process (e.g. Price, 1980;

Sluijk and Nederlof, 1984; Karlsen et al. 2004).
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4.4.4 The Simpson Petroleum System

The geographic extent of the Simpson petroleum system is depicted in Figure 4.28.
Petroleum systems and process events chart for this system is summarized in Figure 4.29
and migration illustrated in Figure 4.30. Geochemical correlations (Chapters 2 and 3)
indicate that oils from the Simpson shales are hosted in reservoirs segregated into two
plays, Ellenberger karst-modified restricted ramp carbonate play and the Simpson
cratonic sandstone plays where entrapment is mainly by simple and faulted anticlines
(Galloway et al., 1983; Kerans, 1988; Dutton et al., 2004). The relationship between the

source and reservoirs suggests vertical migration in a downward direction for this system.
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Figure 4.28: Geographic extent of the Simpson petroleum system in the Permian Basin. Migration from the
Simpson took a downward direction against buoyancy to the underlying Ordovician Ellenberger and
internally within the Simpson sandstones. Shaded area are places were top Simpson is immature.
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Like in the Woodford, vertical faults could have provided feeder routes to traps in both
the underlying Ellenberger and the intra-Simpson sandstones. However, direct contact
between the source rocks and the reservoirs could be a major factor in the accumulations
in this petroleum system. The hydrocarbon generation must have caused overpressure to

overcome buoyancy and therefore allow for downward migration.

Simpson PS Events Chart, CBP-1
: ' Jurassic | Cretaceous | Po. Geologic

Time

Lca. I I I I PS Events

[l ] Overburden Rock
[ Seal Rock

Reszervoir Rock
. Source Rock
Trap Formation
GenMig/Acocum

Preservation
Critical Moment

4

L S B S e B B L B B S B B B LN L e e

500 400 300 200 100 0
Time [Ma]

Figure 4.29: Events chart for the Simpson petroleum system in the Central Basin Platform of the Permian
Basin. Timing of expulsion relative to trap formation not a constraint in the Simpson petroleum system.
Reservoirs, traps and seals from several sources (Galloway et al., 1983; Kerans, 1988; Dutton et al., 2004).
See text for detailed listing of sources. Calculated using PetroMod (Schulumbeger, 2012). Model

parameters in Appendix 4. 1. PS = Petroleum System.
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Figure 4.30: A model illustrating generation, expulsion and migration from the five major source
rocks/petroleum systems investigated. Cross-section from Shumaker (1992). The Bone Spring petroleum system
is inferred. Note how the Central Basin Platform is a potential mixing chamber for all oils from all the source
rocks. The absence of potential sealing rocks above the Central Basin Platform until Ochoan (Salado, Rustler and
Dewey) could imply mixed oils from all the source rocks except Simpson, in the Upper Permian reservoirs of the
Grayburg, Queen, Seven Rivers and Tansill. Apart from the Central Basin Platform where oils show potential
extensive vertical migration, in the Midland and possibly in the Delaware, because of extensive lateral seals,
which also double as source rocks, the petroleum systems are in general stratigraphically segregated. This
stratigraphic segregation is also interpreted to imply exceptional seal integrity in the Permian Basin.

45 Conclusions

Maturation, hydrocarbon generation, and expulsion modeling indicates that most of the
source rocks suggested by geochemical correlations are adequately mature for
hydrocarbon generation and therefore confirm petroleum systems. The petroleum systems
involve the Simpson, the Woodford, the Barnett, and the Wolfcamp shales. The
Spraberry source rock is thermally immature in most part and considered insignificant in

the petroleum dynamics of the Permian Basin. Besides the fairly thick source strata as is
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the case in the Wolfcamp, Simpson and to some extent the Barnett, kerogen type, organic
richness, and maturity of source rocks were important factors in the development of the
Permian Basin as a rich petroleum province. The high maturity and quality of the
kerogen meant high expulsion and migration efficiencies for all these petroleum systems.
In addition, stratigraphic segregation of petroleum systems illustrates the importance of
seal integrity and relatively short migration distances for most of the petroleum systems
in the basin. This also implies limited loses enroute the traps. The unusual downward
migration as noted in the Woodford and Simpson petroleum systems is particularly
worthy of note in this regard. Based on these two scenarios, it appears that downward
hydrocarbon migration might be a more common phenomenon in geological systems than
previously thought. Perhaps, the last and most important, timing of trap formation
relative to petroleum generation for all petroleum systems was well synchronized, with

former happening well in advance of the former.
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5.0 GENERAL CONCLUSIONS

Using geochemical inversion, chemometric analysis of oils, and source rocks and thermal
maturity analysis/modeling in the Permian Basin, it is demonstrated that five petroleum
systems exist between Ordovician and Leonardian in the Permian Basin. The petroleum
systems involve the organic-rich, type Il to 11/111 shales of the Simpson, Woodford,
Barnett, Wolfcamp, and a marl, inferred to be of Bone Spring. Of significance is the
geological segregation of petroleum systems, with very limited cross-stratigraphic
migration due to the presence of pervasive seals, which also double as source rocks
between reservoirs. The five petroleum systems can conveniently be divided into two
broad categories, that is, the pre-Pennsylvanian and the post-Pennsylvanian. Entrapment
in the Pre-Pennsylvanian systems is dominantly structural and migration is vertical, both
up and downwards against buoyancy. Qils in these petroleum systems are highly
thermally mature, and are enhanced by in-reservoir maturation due to downward
migration (Woodford and Simpson). Post-Pennsylvanian petroleum systems are relatively

low in maturity, and migration and entrapment is lateral and largely stratigraphic.

The key aspects of the Permian Basin petroleum systems studied include good to
excellent organic richness, high-quality kerogen, and adequate thermal maturity (large
pods of active source rocks). These factors played important roles in making large
volumes of oil available for expulsion and migration to reservoirs. The segregation of
petroleum systems, especially the areas of the Midland and Delaware Basins occasioned
by pervasive seals/source rocks implies short distance migration with minimum migration

loses and by inference excellent seal integrity, keeping the oils trapped for long periods
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of time. Timing of petroleum generation and expulsion relative to trap formation for all
the petroleum systems was such that traps formed well in advance of
generation/expulsion, ensuring a perfect accumulation of most of the generated

hydrocarbons.

The oils of the Simpson petroleum system, sourced from the Simpson shales, migrated
downwards and are reservoired in the Simpson sandstones and Ellenberger carbonates in
the Central Basin Platform and in the western margins of the Midland Basin. Thermal
and generation modeling indicates adequate thermal maturity, beyond the oil window for
most of the Simpson shales in the Central Basin Platform and that generation begun
during the Triassic, after traps had long formed. Adequate organic richness, good to
excellent quality source rock character and the well packaged petroleum systems
elements that provided high seal integrity and allowed for short distance migration are
key features of this petroleum system. There is currently no active generation from a
large portion of the Simpson in the Central Basin Platform. Depending on the physical
attributes of the shales, unconventional gas may be recoverable from this source rock.
The Simpson petroleum system is geographically located within the Central Basin
Platform and stratigraphically covers the Simpson Group cratonic sandstones (reservoirs)
and shale, and the underlying karst-modified dolomite of the Ellenberger (reservoir).
Generation and expulsion from the Simpson source rock is up to 1.2 Bbbl. Most of the

Simpson in the Central Basin Platform is within late oil-window to condensate zone.

Oils from the Woodford Shale migrated and are reservoired in a large stratigraphic extent

ranging from Ordovician to Pennsylvanian, with a possibility of oils being in the Permian
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reservoirs as well, especially over the Central Basin Platform. The Woodford petroleum
system is geographically distributed throughout the Permian Basin. Excellent organic
richness, excellent kerogen quality and adequate thermal maturity through most of the
Woodford Shale, are the key features of the Woodford source rock that spell extreme
expulsion and migration efficiencies for this petroleum system. In addition, downward
migration, occasioned by the well-packaged petroleum system elements that allowed for
short distance migration, largely occasioned by the high integrity of the overlying
seals/source rock. Generation and expulsion, which occurred in Early-Mid Permian in
most parts, occurred after traps had long formed during the Pennsylvanian. The
Woodford in the Delaware Basin is coked, and there is no exploration significance. In the
Central Basin Platform and Midland Basin however, there is active hydrocarbon
generation, with some patched thermally immature zones. This will still provide adequate
conventional oils to reservoirs. Within the study area, the Woodford shale has generated

and expelled 13.3 Bbbl, which is far beyond the STOOIP of the entire Permian.

The Barnett petroleum system oils are reservoired mainly in the Pennsylvanian and
Permian strata in the Central Basin Platform, demonstrating true buoyancy unlike its pre-
Pennsylvanian counterparts where migration took a downward direction against
buoyancy. Despite the poor constraint due to a limited number of samples, excellent
organic richness, excellent kerogen quality and adequate thermal maturity are attributes
of the Barnett shale source rock. With a large portion of the shale at adequate maturity
beyond the oil window, and generation and expulsion occurring during Mid-Permian to

Late Permian, most of the hydrocarbons from this source rock must have been trapped as
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traps had long formed by this time. The Barnett shale is coked in the Delaware Basin, and
therefore has no exploration significance. In the Central Basin Platform and Midland
Basin however, there is active hydrocarbon generation, with thermally immature zones.
This will still provide adequate conventional oil to reservoirs. To date, it has generated

and expelled up to 80.9 Bbbl of bulk petroleum.

The Wolfcamp (Early Permian) shale generated oils are reservoired within the
Wolfcampian, mainly in carbonate aprons encased in the Wolfcamp shale in slope and
basin areas and in adjoining Wolfcampian carbonates in the shelf regions. In essence, the
source, the reservoir, migration route and the seal are all Wolfcampian, a juxtaposition,
which, without doubt, implies shorter migration distances. The Wolfcampian is
adequately thermally mature in the Delaware Basin and the southern Midland Basin.
Although not overly organic-rich as the superior Woodford, its thickness, together with
the source-reservoir juxtaposition makes it one of the most important petroleum systems
in the Permian Basin. The Wolfcamp in the Delaware Basin is between the floor of liquid
hydrocarbon generation and the dry gas zone, indicating significant unconventional
potential in the form of shale gas if other physical parameters allow. In most of the
Midland Basin, the Wolfcamp is actually immature to early mature, especially in the
northern portions. This will provide the adjoining reservoirs with adequate hydrocarbons
for a long time to come. Generation and expulsion from this system begun during Late
Permian to Triassic and is still actively generating throughout the Permian Basin. Todate,

up to 73.9 Bbbl has been generated and expelled by this source rock.
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The Spraberry source rock is at incipient stages of hydrocarbon generation in the south,
with most of it actually still immature with respect to petroleum generation.
Volumetrically, this is the least important petroleum systems among the petroleum

systems studied.

The oils inferred to be from the Bone Spring marl source rock are located mainly in
Central Basin Platform and Midland Basin, and denote lateral migration albeit with
vertical component due to the incline associated with the major structural make-up of the
Delaware Basin relative to the Central Basin Platform and Midland Basins. The source
rock of this petroleum is inferred to have been deposited under extremely reducing or
anoxic conditions and could imply adequate organic richness and kerogen quality. The
maturity is however; low, just about the mid-oil window, approximately 1%R,.
Therefore, much of the generation potential hasn’t been realized, consequently only

limited oil has charged reservoirs.

As revealed by this study, the source rocks are highly variable in organofacies, and the
oils are extremely mature. Characterization and especially correlation of such oils with
source rocks using biomarker data alone is extremely challenging. It is recommended that
adequate approaches compatible with high thermal maturity be sought to adequately

evaluate oils.

Adequate source rock characterization (source rock screening) of individual source rocks
throughout the basin is recommended, especially the Wolfcamp, Barnett, and Simpson

(especially in areas outside the Central Basin Platform). A need to sample immature
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source rocks wherever possible. Wherever possible, sampling should be as close as

possible to circumvent the highly varied organofacies.
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APPENDICES

Appendix 1: Petroleum systems play combinations based on similar genetic
geochemical characteristics. Play definitions from Dutton et al. (2004; 2005)
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Appendix 2: Oil sample identification and locations

Sample Reservoir To Well Api - .

| dF.) Age Deptr?(ft) Name NurrFl)ber Latitude Longitude County
1336 Ordovician SM Halley #165  42-495- 31.76881 -103.05913 Winkler
1338 Ordovician 13200 Midland R Fee 42-329- 31.68022 -102.21075 Midland
1339 Ordovician JE Cowden #8 42-135- 32.0624 -102.7074 Ector
1345 Ordovician Ector Fee Unit#4  42-135- 31.76799 -102.53526 Ector
1354 Ordovician 12800 Mabee ANCT-1  42-003- 32.22315 -102.24524 Andrews
1334 Ordovician 8100 Kirkpatrick #1 42-169- 33.06418 -101.30804 Garza
1346 Ordovician 8110 Stoker K939 Dp  42-169- 33.0804 -101.2849 Garza
1331 Ordovician 5835 B Hanks #20 42-353- 32.17547 -100.27128 Nolan
1333 Ordovician 6305 CM Whitaker #5  42-353- 32.12956 -100.29835 Nolan
1352 Ordovician 10381 CL Rodgers #1 42-115- 32.90987 -101.79684 Dawson
1360 Silurian 12450 Scharbauer 42-329- 31.88492 -102.14201 Midland
1361 Silurian 11650 J H Graf #1 42-461- 31.40209 -102.11819 Upton
1363 Silurian 8664 McGill AB 42-235- 31.48724 -101.09019 Irion
1364 Silurian 8651 Foster, Ethyl #2 42-431- 31.64864 -101.0829 Sterling
1369 Silurian 12237 State of Tx AH 42-317- 32.41983 -102.20066 Martin
1374 Silurian 12510 State of Tx AE 42-003- 32.3973 -102.38092 Andrews
1367 Devonian 11600 RJ Sandefur #1 42-329- 32.03836 -101.96799 Midland
1370 Devonian 11850 Bryant G Unit#7  42-329- 31.87507 -102.1475 Midland
1372 Devonian 11200 JH Graf NCT-1 42-461- 31.40914 -102.12051 Upton
1377 Devonian Thomas ANCT-  42-135- 31.93423 -102.74127 Ector
1379 Devonian State of Tx DV 42-103- 31.52215 -102.43104 Crane
1381 Mississippian 8640 Howard F Fee #3  42-227- 32.30667 -101.25321 Howard
1382 Mississippian 11200 Mabee ANCT1 42-003- 32.22474 -102.27292 Andrews
1469 Pennsylvanian 8195 LB Vaughn #1 42-115- 32.68609 -101.77578 Dawson
1473 Pennsylvanian 8080 MJ Peterson #2 42-115- 32.67784 -101.79664 Dawson
1475 Pennsylvanian 6327 M 42-235- 31.17952 -100.71849 Irion
1486 Pennsylvanian 4795 TA Upshaw A 42-433- 33.1918 -100.16457 Stonewa
1487 Pennsylvanian 6790 Fuller NCT1 42-263- 32.96996 -100.83641 Kent
1495 Pennsylvanian 6900 Fuller NCT3 42-263- 32.96922 -100.8228 Kent
1496 Pennsylvanian 6250 Rowan & Hope 42-353- 32.468 -100.47564 Nolan
1499 Pennsylvanian 8936 Holt OB TB 1 42-135- 32.07693 -102.55539 Andrews
1502 Pennsylvanian 9999 Christy JD #1 42-461- 31.27425 -101.96692 Upton
1489 Pennsylvanian 6630 Atkins Unit #1 42-263- 33.17689 -100.85033 Kent
1497 Pennsylvanian 7759 Zimmerman AB 42-371- 30.84701 -102.16349 Pecos
1512 Pennsylvanian 9012 Crane Fee H #1 42-103- 31.63282 -102.42612 Crane
1511 Permian 6151 Avary GQ #2 42-475- 31.49647 -103.19581 Ward
1531 Permian 8126 Wilde EG #7 42-383- 31.63935 -101.70249 Reagan
1550 Permian 9522 Mann AT #1 42-461- 31.32013 -102.0599 Upton
1555 Permian 11227 Univ. 11-18-A#2  42-475- 31.60731 -103.25141 Ward
1540 Permian 9010 Westbrook oil 42-003- 32.49775 -102.54375 Andrews
1558 Permian 5112 Seth Campbell 42-495- 31.87724 -103.06803 Winkler
1581 Permian 7033 CW Shafer #12 42-115- 32.67633 -101.74802 Dawson
1591 Permian 8274 Annie Miller A 42-501- 32.9808 -102.8974 Yoakum
1588 Permian 7953 Slaughter Elma 42-317- 32.44563 -101.94288 Martin
1537 Permian 5951 Robertson JB #67  42-165- 32.58213 -102.70617 Gaines
1585 Permian 4555 Read HN F #1 42-227- 32.36872 -101.27766 Horward
1586 Permian 5052 Sterling E Fee #4  42-431- 31.76687 -101.19854 Sterling
1593 Permian 5540 GMK Unit #702  42-165- 32.7785013 -102.5126305 Gaines
1538 Permian 9219 Foster T NCT-2 42-165- 32.60027 -102.57544 Gaines
1594 Permian 7178 Pace CT #2 42-219- 33.49998 -102.40679 Hockley
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Appendix 3: Location of wells from which source rock samples were recovered.
Sample Id represents composite samples of one source rock from a given well as
detailed in Appendices 4.3 and 4.4.

Id Source Well Name County Api Longitude Lati-
Rock tude

Spl Spraberry  Proctor #1 Reagan -101.66758 31.5135
Sp2 Bedwell, R.T JR #1 Dawson 4211530575  -102.03127 32.7389
Sp3 Dean Ranch #1-A Dawson 4211530450 -101.76363 32.7795
WF1  Wolfcamp Robinson, Walter #1 Howard 4222732622  -101.38191 32.2778
WF2 Thompson Thad Estate #1 ~ Scheileche 4241300837  -100.72200 30.8903
WF3 Hughes#1-E Reagan -101.54500 31.4604
WF4 Fasken David #1 Andrews 4200332474  -102.26188 32.1214
WF5 Means, J.S #1-E Andrews 4200335611  -102.52027 32.3847
WF6 McDowell Estate #1 Borden -102.16798 33.3594
WF7 Garupa #1 Pecos 4237131816  -103.01081 31.0474
B2 Barnett Burleson #1 Gaines -102.47200 32.6839
B3 Midland Farms #1 Midland -101.94700 31.6839
B5 Elwood, W.L. Estate #1 Mitchell -102.11500 32.4220
w1 Woodford Walker Paul #1 Cochran 4207910254  -102.82100 33.5168
W2 Porter #1 Borden -101.60300 32.8301
W3 Butler L.L #2 Andrews -101.29200 32.6034
W4 Good Clara E #1 Borden 4203310054  -102.62700 32.2535
W5 Scharbauer C. NCT-1#7-B  Midland -102.05000 31.8000
W6 Federal Elliot #1 Lea 3002501885  -103.26800 32.6293
Smil Simpson University #1 Andrews -102.84400 32.1844
Sm2 Fasken, Inez #1 Midland -102.24100 31.9879
Sm3 Fasken, Inez #1 Midland -102.24100 31.9879
Sm4 Mccrea, Celia A #1 Andrews -102.87800 32.3675
Sm5 Canon C.C #17 Pecos -103.14900 30.9802
Sm6 Moore Wayne #6 Pecos -103.05400 31.2042
Sm7 Trigg Mary #1 Reagan -101.71700 31.2449
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Appendix 4: Listing of all source rock samples showing the composite sample
combinations

Lab. Composite Long- Lati-

Id Id County Well Name itude tude Api Depth (ft)

Spl Spl Reagan Proctor #1 -101.6676  31.5136 7,705

Sp2 Sp2 Dawson Bedwell, R.T JR #1 -102.0313 32.7389 4211530575 7,950

Sp3 Sp3 Dawson  Dean Ranch #1-A -101.7636  32.7796 4211530450 7,550.5

Wf1l WF1 Howard Robinson, Walter #1 -101.3819  32.2779 4222732622 7,531

W12 Howard Robinson, Walter #1 7,587

W13 WF2 Scheilec  Thompson Thad -100.7220 30.8903 4241300837 6,215
her Estate #1

Wf4 Scheilec ~ Thompson Thad 6,235
her Estate #1

Wf5 WF3 Reagan Hughes#1-E -101.5450 31.4604 7,704

Wf6 Reagan Hughes#1-E 7,822

Wf7 Reagan Hughes#1-E 7,870

W8 Reagan Hughes#1-E 7,899

Wf9 WF4 Andrews  Fasken David #1 -102.2619 32.1214 4200332474 10,900

Wifl Andrews  Fasken David #1 11,042

0

Wf1

1 Andrews  Fasken David #1 11,092

Wrfc WF5 Andrews  Means, J.S #1-E -102.5203 32.3847 4200335611 8,000-8,010

1

Wric Andrews  Means, J.S #1-E 8,090-8,130

2

Wric Andrews  Means, J.S #1-E 8,150-8,190

3

Wfc Andrews  Means, J.S #1-E 8,210-8,220

4

Wfc Andrews  Means, J.S #1-E 8,450-8,460

5

Wrfc WF6 Borden McDowell Estate #1 -102.1680 33.3595 4,500-4,710

6

Wric Borden McDowell Estate #1 4,810-5,010

7

Wfc Borden McDowell Estate #1 5,600-5,610

8

Wfc Borden McDowell Estate #1 6,000-6,010

9

Wrfc Borden McDowell Estate #1 6,500-6,510

10

WF7 WF7 Pecos Garupa #1 -103.0108 31.0475 4237131816 11,623

A

WF7 Pecos Garupa #1 11639

B

WF7 Pecos Garupa #1 11,654

C

B5A B2 Gaines Burleson #1 -102.4720 32.6839 8,425

B5B Gaines Burleson #1 11,057

B5C Gaines Burleson #1 11,057
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Bc8 B3 Midland  Midland Farms #1 -101.9470 31.6839 6,610-6,620

Bc9 Midland  Midland Farms #1 6,390-6,400

Bc10 Midland  Midland Farms #1 6,790-6,800

Bcl1l Midland  Midland Farms #1 6,900-7,035

Bcl2 Midland Midland Farms #1 7,120-7,125

Bc3 B5 Mitchell Elwood, W.L. Estate -102.1150 32.4220 4,810-4,820
#1

Bc4 Mitchell  Elwood, W.L. Estate 5,030-5,040
#1

Bc5 Mitchell Elwood, W.L. Estate 5,220-5,230
#1

Bc6 Mitchell Elwood, W.L. Estate 5,570-5,730
#1

Bc7 Mitchell Elwood, W.L. Estate 5,860-5,870
#1

wl Cochran ~ Walker Paul #1 -102.8210 33.5168 4207910254 11,609

w2 Walker Paul #1 11,631

w3 W1 Walker Paul #1 11,639

w4 Walker Paul #1 11,674

w5 Walker Paul #1 11,685

w6 W2 Borden Porter #1 -101.603 32.8301 9,793

w7 Porter #1 9,800

w8 Porter #1 9,820

Wcl Andrews  Butler L.L #2 -101.2920 32.6034 12,250-12260

Wc2 W3 Butler L.L #2 12,335-12340

Wc3 Andrews  Butler L.L #2 12,400-12405

Wc4 Butler L.L #2 12,465-12470

Wc5 W4 Good Clara E #1 -102.6270 32.2535 4203310054 5,400-5410

Wc6 Good Clara E #1 5,500-5510

Wc7 Good Clara E #1 5,600-5610

Wc8 Borden Good Clara E #1 5,700-5710

Wc9 Good Clara E #1 5,800-5810

Wecl Good Clara E #1 5,900-5910

0

Wcl W5 Scharbauer C. NCT-1  -102.0500 31.8000 11,600-11610

1 #7-B

Wecl Scharbauer C. NCT-1 11,700-11710

2 #7-B

Wcel Midland  Scharbauer C. NCT-1 11,900-11910

3 #7-B

Wcl Scharbauer C. NCT-1 12,000-12010

4 #7-B

Wecl Scharbauer C. NCT-1 12,400-12410

5 #7-B

Wecl Scharbauer C. NCT-1 12,900-12910

6 #7-B

W6 W6 Federal Elliot #1 -103.2680 32.6293 3002501885 14,613

A

W6B Lea Federal Elliot #1 14,631
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W6C Federal Elliot #1 14,632
Sc7 Smil Andrews  University #1 -102.8440 32.1844 12380-12500
(Sh.)
Sc8 12380-12500
(Carb.)
Sc9 12620-12630
Sc10 12740-12750
Sclil 12980-12990
Scl2 13000-13010
Sc13 Midland  Fasken, Inez #1 -102.2410 31.9879 12460-12470
Scl4 Sm2 12260-12270
(Sh)
Scl5 12260-12270
(Carb.)
Scl6 12320-12330
(Sh)
Scl7 12320-12330
(Carb.)
Scl8 12360-12370
(Sh.)
12360-12370
Sc19 (Carbonate)
Sc20 Sm3 12580-12590
(Sh)
Sc21 12580-12590
(Carb.)
Sc22 12690-12700
(Sh.)
Sc23 12690-12700
(Carb.)
Sc24 12810-12820
Sc25 12930-12940
Sc2 Sm4 Andrews  Mccrea, Celia A #1 -102.8780 32.3675 9,920-9,925
Sc3 10,040-
10,125
Sc4 10,225-
10,310
Sc5 10,380-
10,385
Sc6 10,456-
10,457
S5A Smb5 Pecos Canon C.C #17 -103.1490 30.9802 8,480
S5B 8,498
S5C 8,503
sl Smé6 Pecos Moore Wayne #6 -103.054 31.2042 16,865
s2 16,897
s3 16,906
s4 16,910
s5 16,920
s6 13,840-

13,890




S4A Sm7 Reagan Trigg Mary #1 -101.7170  31.2449 10,253
S4B 10,256
S4C 10,259
S4D 10,261

Sh. = Shale; Carb. Carbonate. All carbonate samples from the Simpson had less than 1% total organic

carbon content, therefore not part of the composite.
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MLD-2, MLD-3 and

in modeling (DLW-1;

Detailed listing of parameters used i
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Boundary Conditions used in all the models as illustrated by MLD-2

Boundary Conditions for Midland_Galley_South

} SortTables W & Auto SWIT ] McKenzie HF ... | B PWD ’V

¥ | o | 290.00 x| *. | + || 275.00

Age PWD Age SWIT Age HF

[Ma] [m] Ma] [=C] Ma] | [mWmZ]
n 0.00 o] 0.00 20.00 | | 0.00 46.00
|| 23500 0| | 23500 30.00 | | 235.00 46.00
|| 2s5.00 o || 2ss.00 2584 | | 255.00 45.00
| 26400 40 || 28400 2383 | | 264.00 46.00
| 2m.00 50 | | 270.00 22.05 270.00 45.00
| 27500 60 | | 275.00 21.54 275.00° 46.00
|| 280.00 50 | | 290.00 2161 | | 290.00 45.00
| 31w0.00 50 | | 310.00 23.00 | | 310,00 45.00
| 31s5.00 o || 31500 25.00 | | 31500 46.00
|| 35700 100 | | 357.00 22.00 | | 357.00 46.00
| 380.00 160 | | 380.00 2200 | | 380.00 45.00
|| 4800 120 | | 428.00 2200 | | 428.00 46.00
|| 50700 60 | | 507.00 23.00 | | 507.00 45.00
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