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FOREWORD

For years, petroleum geologists, whether working for themselves, small or large companies, or
research, academic, or govemnmental institutions, have struggled to come up with a more reliable and
logical way to judge and describe the petroleum potential and attendant exploration risks of undrilled
prospects, plays, and basins. The volume you are holding, The Petroleum System—From Source to Trap,
finally solves this problem. In a collection of individually authored papers, including case studies and
analogs, it describes the petroleum system approach.

While not a panacea, this exciting, if not totally new, approach can significantly help geologists
evaluate and communicate the petroleum potential and exploration risks involved in an area of investi-
gation. Perhaps equally important, it can provide both the data and a logical basis for constructive
discussion among petroleum geologistsknowledgeable in that particular area.

As a petroleum geologist with over 40 years experience, I have seen this approach successfully
employed. It is my hope that more and more petroleum geologists around the world will not only
embrace and use the petroleum system approach but will build upon and improve it.

Jack C. Threet

Retired Vice President Exploration
Shell Oil Company, Houston, Texas
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PREFACE

Wallace G. Dow

e petroleum system concept was first

I developed in 1970 at the Amoco research

laboratory in Tulsa, Oklahoma. In my first

major geochemical study, I described three “oil

systems” in the Williston basin based on analytical

data generated by Jack Williams and the geochem-

ical research group, headed by Jim Momper. The

purpose was to reduce risk by predicting the most

likely places where oil would be found and where
it most likely would be absent.

After graduating from Rutgers University in
1959 with a B.A. in geology, three years in the
military, and receiving an M.S. in geology from the
University of North Dakota under Wilson Laird, I
took a job with the Pan American Petroleum
Corporation (now Amoco) in their Denver Division
office. I was an exploration geologist, alterating
between project and well site work in the northern
Rocky Mountain area. Jim Momper, a senior
geologist | knew in Denver, had been transferred to
the Tulsa geochemical research group and asked
me to collect crude oils whenever possible because
they needed samples to analyze. 1 collected over
250 oil samples between 1966 and 1969, about half
of which were from the Williston basin. Because of
my interest in geochemistry, Jim offered me a
transfer to the Tulsa Research Laboratory to help
him bring geologic insight into the then new
science of petroleum geochemistry. I accepted the
challenge and arrived in Tulsa with my family on a
snowy New Year’s Eve in 1969 with little idea of
what the future would bring. I have been involved
in geochemistry ever since.

Jack Williams analyzed the oils I had collected
using techniques that were far less sophisticated
than those in use today. The Williston basin oils
were clearly divided into three major genetic types
with several subtypes and mixtures. The oil
compositional differences indicated that three
separate source rocks were involved. Cores from
all available organic-rich rocks in the basin were
solvent extracted, and the extracts were analyzed
with the same techniques used on the oils. Ordovi-
cian rock extracts positively correlated with the oil
found in Ordovician and Silurian reservoirs rocks,
Bakken shale extracts were very similar to the oils
in Mississippian and Devonian reservoirs, and
extracts from Tyler shales compared favorably to
oils produced from Pennsylvanian Tyler reservoirs.
Extracts from other organic-rich rocks lacked simi-
larity to any of the oils I had collected. These
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analytical results and our interpretation demon-
strated that oils from different source rocks can be
different and that oil-source rock correlations are
geologically meaningful.

In the early 1970s, it was generally known, but
largely ignored, that traps, reservoirs, seals, and
source rocks were all required to make an oil accu-
mulation. Most geologists knew a lot about traps
and reservoirs, little about seals, and virtually
nothing about source rocks. A few source rock
papers had appeared in the 1960s by workers now
accepted as pioneers in the field—Hunt, Philippi,
Tissot, and Vassoyevich—which served as a foun-
dation for our work. We did the best we could in
an era before biomarkers, vitrinite reflectance,
Rock-Eval pyrolysis, capillary gas chromatog-
raphy, and most of the analytical techniques we
take for granted today. Despite these difficulties,
Jack’s oil-source rock correlations have survived
the test of time.

My job was to find ways to make this new
geochemical information useful to Amoco’s explo-
ration effort in the Williston basin and eventually
to all petroleum provinces around the world. I
reasoned that if we knew where the oils came from
and how they migrated, we could better predict
where they would be found in the future.
Geochemistry could then be used to high-grade
areas in which to concentrate exploration activity,
thereby reducing risk.

The first step was to map the stratigraphic and
areal distribution of each oil type. We were
fortunate to start with the Williston basin because
the three oil types are distinct here and the accumu-
lations of each type are isolated by evaporite seals. I
identified three source-reservoir packages that I
called “oil systems” and named them after their
principal source and reservoir rocks. Each oil
system had an area of mature source rock,
migration pathways, reservoirs, traps, and seals.
The concept depended on the ability to separate
oils into genetic types, correlate each type of a
specific source rock, estimate the quantity of oil
generated and expelled from the source rock, and
map the vertical and lateral migration pathways
through which the oil moved. This study led us to
conclude that the combination of geology and
geochemistry would become a powerful explo-
ration tool. We did not know it at the time, but our
work had predicted most of the successful
Williston basin oil plays of the 1970s and 1980s and
that little or no oil would be found in areas that we
considered high risk.



After presenting our work within Amoco, we
were granted permission to share our concept with
the petroleum industry. Jim Momper and I
organized a session on “New Ideas: Origin,
Migration, and Entrapment of Oil” for the 1972
AAPG Annual Convention in Denver, Colorado.
Jack Williams presented a paper on “Characteriza-
tion of oil types in the Williston basin” and I
followed with a paper on “The Application of oil
correlation and source rock data to exploration in
the Williston basin.” These papers were later
published in the July 1974 AAPG Bulletin. Our
approach of combining geochemical data into a
complete geological framework formed the basis
for the petroleum system concept. Subsequent
work by Perrodon, Meissner, and Ulmishek
developed these ideas further and set the stage for
Les Magoon'’s rigorous definition and application
of the petroleum system concept, beginning in
1986.

Don Mathews, vice-president of the Superior
Oil Company, heard my Williston basin paper in
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Denver and offered me the opportunity to start a
geochemical group at their research center in
Houston. Superior had just acquired a new
kerogen maturity technique called “vitrinite
reflectance” that was being used at the time only
by Shell and Tenneco. One of our biggest geochem-
ical limitations in those days was the lack of a
reliable way to measure thermal maturity of
organic matter independent of kerogen type. I
immediately recognized the potential of this new
and largely undeveloped technique, and after
considerable soul searching, I reluctantly left
Amoco in the fall of 1972 to begin a new adventure.

The petroleum system concept blends
petroleum geology and geochemistry together in a
way that can substantially increase exploration
success. It is a tool that has evolved during the past
25 years and will continue to be improved in the
future. This book makes our current state of
knowledge available to every company involved in
the search for oil and gas, and we hope many will
benefit from the ideas it contains.

Leslie B. Magoon

r the editors, this book has a two-fold
Eurpose—to describe the petroleum system
and to provide a mechanism for evaluating
migration from the active source rock to the trap.
Wally and I developed the petroleum system for
different reasons.

After graduation, I went to work for Shell Oil
Company in Los Angeles as an exploration
geologist with emphasis on petroleum geochem-
istry. Although I lacked previous experience,
because I had more chemistry than most geologists
I became immersed in source rock geochemistry to
carry out my assignment, which was to participate
in the evaluation of the offshore lease sale area in
the Santa Barbara Channel. When I entered Shell,
the company was taking the geochemical research
work of Phillippi from the laboratory to the field.
Since little published literature was available, I
relied mostly on company documents and a small
cadre of Shell geologists and geochemists who
understood source rock geochemistry, such as John
T. Smith, Adrian Maaskant, Marlan Downey,
Archie Hood, and John Castafio, all of whom
willingly shared their knowledge with me.

The source rock study of the Ventura basin-
Santa Barbara Channelarea was completed in 1968,
and [ was transferred to Farmington, New Mexico,
then on to Denver in 1971 where I carried out
similar source rock studies to support new plays in
both the southern and northern Rocky Mountain
states. In addition to getting well site experience, |
also had the opportunity to develop a play and
evaluate prospects that could be drilled. With

company training classes, my experience with
exploration tools and techniques, such as paleon-
tology, wireline logs, and geophysical data, grew
quickly. In 1972 while in Denver, I attended the
AAPG session on “New Ideas: Origin, Migration,
and Entrapment of Oil.” Wally Dow presented one
of two papers on source rock geochemistry of the
Williston basin. Afterward, my colleagues at Shell
and I commented on how similar our approaches
and interpretations were for understanding the
distribution of hydrocarbons in the Williston basin.
At the time, I was working a little farther west in
the Big Snowy trough so I could relate to their
interpretation in the Williston basin. In late 1973, I
was transferred to Shell Pectin and moved to
Houston.

In 1974, I took a job with the USGS in Menlo
Park, California, and had the opportunity to work
on the Cook Inlet area in Alaska. My first assign-
ment was to evaluate the Federal OCS of Lower
Cook Inlet in preparation for an offshore lease sale.
In 1977, I was assigned to work on the North Slope
in the newly named National Petroleum Reserve in
Alaska (NPRA) on an evaluation effort of the previ-
ously named Naval Petroleum Reserve no. 4
(NPR-4). With George Claypool, we carried out an
in-depth source rock and migration study. Around
1981, my involvement in the Arctic National
Wildlife Refuge (ANWR) began. During this time, [
was involved in both national resource assessments
and the third was being organized.

[ had the privilege of participating on Leg 77 of
the Deep Sea Drilling Project (DSDP) in the
Caribbean in December 1982. Here, I was able to
reflect and read a great deal about petroleum
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geochemistry. Because [ was involved in the national
resource assessments of undiscovered oil and gas
and because 1 realized how difficult it is to incorpo-
rate geologic information into the assessment
process, 1 felt it would be worthwhile to develop a
scheme that would better serve our purposes.
Because our organization was without reflection
seismic data that could map potential hydrocarbon
traps, we needed a method to evaluate the entire
country systematically without seismic data. In
addition, our geologic staff was much smaller and
less focused than in industry. Obviously, a different
approach than industry used was needed to get
science into the assessment process.

I began by reflecting on the way evaluations
were carried out while I was with Shell and the
way petroleum geology and geochemistry were
being presented in the literature. Through many
discussions with colleagues, it became apparent
that basin studies was a catch-all phrase for any
type of work relating to sedimentary rocks and
petroleum and that source rock and migration
studies were poorly defined. In addition, mass
balance calculations seemed to be the best
approach to determine the upper limit of
petroleum available to trap, but it was unclear
which factors should be included in the mass
balance equation. With the problem outlined, I
presented the solution in several ways

In 1986, I circulated internally a brochure about
the petroleum system and how it could be used to
set up the mass balance equation. That same year, 1
presented a poster session at the Gordon Confer-
ence on Organic Geochemistry where Wally Dow
reminded me that he had already defined such an
“o0il system” in 1972 in Denver and that he had
published it in the AAPG Bulletin in 1974. From

1987 to 1991, I developed the petroleum system
concept and presented these ideas as a poster
session during the 1987 AAPG Annual meeting in
Los Angeles, at the 28th International Geological
Congress in Washington, D.C., during 1989, and in
the 1990-1991 AAPG Distinguished Lecture tour.
Wally Dow and I teamed up to co-convene the
successful oral session (by the same name as this
volume) for the 1991 AAPG Annual meeting in
Dallas. Over this same time period, I have edited
three U.S. Geological Survey Bulletins on the
petroleum system. During 1992 and 1993, Wally
and I have visited many oil companies to acquaint
their staffs with the petroleum system concept.

The help and support of many people, those
mentioned above and others, are acknowledged.
Ken Bird and George Claypool have always been
open and direct in their suggestions and criticisms
during the development of the concept. I thank
Gary Hill and Don Gautier for approving the
USGS petroleum system project so that I could
develop the concept. The authors and co-authors of
every chapter ensured the success of this book by
allowing the editors sufficient latitude to incorpo-
rate the petroleum system concept. Zenon Valin is
gratefully acknowledged for his help on proof-
reading each chapter and with other duties as well.
The editors appreciate the reviewers, Gerard
Demaison, Miner Long, John T. Smith, and Peter
van de Kamp, who read and made valuable
suggestions that improved the volume. We thank
all those geoscientists who spoke up and criticized
the petroleum system concept and made it more
useful. Lastly, the petroleum system concept will
evolve as more case studies are published, which
will undoubtedly require that the concept be
continually improved.
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Chapter 1
The Petroleum System
Leslie B. Magoon Wallace G. Dow
Branch of Petroleum Geology DGSI
U.S. Geological Survey The Woodlands, Texas, U.S.A.
Menlo Park, California, U.S.A.
Abstract

Sedimentary basins, petroleum systems, plays, and prospects can be viewed as separate levels of
investigation, all of which are needed to better understand the genesis and habitat of hydrocarbons.
Sedimentary basin investigations emphasize the stratigraphic sequence and structural style of sedi-
mentary rocks. Petroleum system studies describe the genetic relationship between a pod of active
source rock and the resulting oil and gas accumulations. Investigations of plays describe the
present-day geologic similarity of a series of present-day traps, and studies of prospects describe the
individual present-day trap. Except for the petroleum system, these terms are widely used by
petroleum geologists. The procedure to identify, characterize, name, and determine its level of
certainty is discussed.

A petroleum system encompasses a pod of active source rock and all related oil and gas and
includes all the essential elements and processes needed for oil and gas accumulations to exist. The
essential elements are the source rock, reservoir rock, seal rock, and overburden rock, and the
processes include trap formation and the generation—migration-accumulation of petroleum. All
essential elements must be placed in time and space such that the processes required to form a
petroleum accumulation can occur.

The petroleum system has a stratigraphic, geographic, and temporal extent. Its name combines
the names of the source rock and the major reservoir rock and also expresses a level of certainty—
known, hypothetical, or speculative. Four figures and a table that best depict the geographic, strati-
graphic, and temporal evolution of a petroleum system include a burial history chart to establish
the age and critical moment of the system, a map and a cross section drawn at the critical moment,
an events chart to summarize the formation of the petroleum system, and a table of related accumu-
lations. The petroleum system can be used as an effective model to investigate discovered hydro-
carbon accumulations.

only in the past 10-15 years. Second, the petroleum
system approach is a way of organizing information that
uniquely lends itself to efficient investigations for
purposes of exploration, resource appraisal, and

INTRODUCTION

New ideas are constantly being developed and put to

use in oil and gas exploration. Even more common than
the development of new ideas is the revival of older
concepts, which are then put to use in new ways. The
concept of the petroleum system is one that many geolo-
gists are intuitively familiar with and may feel that they
have been using all along. There are several reasons why
we are now proposing to revive, expand, define, and
formalize this concept. First, the ability to identify a
petroleum system uniquely depends on geochemical
techniques needed to map organic facies, to understand
and map hydrocarbon shows, and to carry out
petroleum—petroleum and petroleum-source rock corre-
lations, some of which were put into widespread use

research. Third, the role of petroleum system investiga-
tions in basin analysis, play analysis, and prospect
appraisal has never been adequately clarified.

In addition to providing an introduction to this
volume, the purposes of this paper are as follows: (1) to
define, compare, and contrast the different levels of
petroleum investigations; (2) to describe the history of the
petroleum system model; (3) to identify, name, and
determine the level of certainty of a petroleum system; (4)
to describe those figures that best depict the geographic,
stratigraphic, and temporal extent of a petroleum system;
and (5) to describe how a petroleum system study is
implemented.
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Figure 1.1. Four levels of petroleum investigation.

LEVELS OF PETROLEUM
INVESTIGATIONS

Investigations of sedimentary basins, petroleum
systems, plays, and prospects can be viewed as separate
levels of hydrocarbon investigation, all of which are
needed to better understand the genesis and habitat of
hydrocarbons. Investigations of sedimentary basins
describe the stratigraphic sequence and structural style of
sedimentary rocks. Petroleum system studies describe
the genetic relation between a particular pod of gener-
ating source rock and the resulting petroleum. Investiga-
tions of plays describe a series of present-day traps, and
of prospects, an individual trap, and determine whether
they have economic value and are exploitable with
available technology and tools (Figure 1.1 and Table 1.1).

Economic considerations are unimportant in sedimen-
tary basin and petroleum system investigations, but are
essential in play or prospect evaluation. Whenever plays
or prospects are discussed, economically producible
hydrocarbons are implied or anticipated. Stated in
another way, without favorable economics, a commercial
petroleum play or prospect does not exist. In contrast, a
sedimentary basin and a petroleum system exist regard-
less of economic considerations because these
phenomena are based on natural processes. Proof of a
sedimentary basin is sedimentary rock; proof of a
petroleum system is the presence of hydrocarbons, even
a puff of gas or a drop of oil {(low volume but high
concentration).

Historical aspects have differing importance for each
level of investigation. Investigations of sedimentary
basins and petroleum systems are relative to the geologic
time when processes are occurring, that is, when
sediments are being deposited and when hydrocarbons
are migrating to their traps. In contrast, the present-day
existence of a play or prospect is the important factor.
There is little interest in a play or prospect that existed at
the end of the Paleozoic but has since been eroded or
destroyed. A prospect is conceptual because a successful
prospect turns into an oil or gas field when drilled or
disappears when the prospect is unsuccessful.

In addition, as the focus of investigation on hydro-
carbon occurrence moves from the sedimentary basin to
the prospect level, the cost of the investigation per unit
surface area generally increases. Investigation of sedi-
mentary basins requires a low-density information grid
that covers a large area, such as widely spaced seismic
lines, a few strategically placed exploratory wells, and
small-scale geologic maps. In contrast, prospect evalua-
tion requires a relatively high-density information grid
that covers a small area, such as closely spaced seismic
lines on a large-scale map. Eventually, the cost to acquire
drilling rights and to drill wells must also be included in
the economics of the prospect.

For the purpose of this volume, each level of
petroleum investigation has its own descriptive term,
such as basin analysis for the investigation of a sedimen-
tary basin. Also, modeling has a similar set of terms, such
as basin modeling. The difference between analysis and
modeling is that in analysis, an existing item is dissected
to determine how it functions, whereas in modeling, a
hypothetical item is dissected to determine how it should
function. For example, prospect modeling is used on a
prospect to justify drilling, whereas a prospect analysis is
carried out after drilling to understand why it lacked
commercial hydrocarbons.

A historical summary of geologic models relevant to
the different levels of petroleum investigations is
outlined in Table 1.2. A descriptive comment for each
reference is followed by eight items divided into two
broad categories: geologic factors and evaluation criteria.
These references discuss the eight items in the two cate-
gories at various levels of detail. Although this table is
incomplete, it is shown to contrast and demonstrate the
relationship of a petroleum system study with other
levels of investigation.

Table 1.1. Factor Comparison in the Four Levels of Petroleum Investigation

Sedimentary Petroleum
Factor Basin System Play Prospect
Investigation Sedimentary rocks Petroleum Traps Trap
Economics None None Essential Essential
Geologic time Time of deposition Critical moment Present-day Present-day
Existence Absolute Absolute Conditional Conditional
Cost Very low Low High Very high
Analysis and modeling Basin System Play Prospect
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Table 1.2. Summary of Geologic Models That Incorporate Sedimentary, Structural, and Organic Geochemical Processes
To Explain the Distribution of Petroleum in Nature2

Geologic Factorsb Evaluation Criteriac
Reference Description Geol Gen Mig Acc Tm Nom Cn Cls
Sedimentary basin analysis
Weeks (1952) Basin development ++ - - - - - - 44
Knebel and Rodriguez-Eraso (1956) QOil habitat + - - ++ - - - ++
Uspenskaya (1967) Accumulation categories + - - ++ - - - ++
Halbouty et al. (1970a,b) Basin classification ++ - - ++ - - - ++
Klemme (1971a,b, 1975, 1986) Basin classification ++ - - - - - - ++
Bally (1975) Geodynamic scenario ++ - - + - ++ - ++
Huff (1978, 1980) Basin type ++ - - - - - - ++
Zieglar and Spotts (1978) Reservoir and source bed + + + ++ - - - -
Bally and Snelson (1980) Realms of subsidence ++ - - - - - - ++
Welte and Yukler (1981) Deterministic model + ++ ++ ++ + - - -
Bois et al. (1982) Geotectonic classification ++ + - ++ + - - +
Kingston et al. (1983a) Global basin classification  ++ - - - ++ - - ++
Demaison (1984) Generative basin + ++ + + + - - -
Ungerer et al. (1984) Deterministic model + ++ ++ ++ ++ - - -
Tissot et al. (1987) Kinetic model + ++ + ++ ++ - - -
Petroleum system study
Dow (1974) Oil system + ++ + ++ + + - -
Perrodon (1980, 1983a,b) Petroleum system ++ - - - - - - -
Perrodon and Masse (1984) Petroleum system ++ - - - - - - -
Meissner et al. (1984) Hydrocarbon machine + ++ + + + - - -
Ulmishek (1986) Independent petroliferous
system + ++ + ++ + - - -
Magoon (1987, 1988, 1989a,b, 1992a,b) Petroleum system - + + + + ++ ++ ++
Demaison and Huizinga (1991) Petroleum system ++ ++ ++ ++ + - - ++
Perrodon (1992) Petroleum system ++ + + + + - - ++
Play evaluation
Bois (1975) Petroleum zone - + + ++ - - - -
White (1980) Facies cycle wedges ++ + + ++ + - - -
Kingston et al. (1983b) Hydrocarbon plays ++ - - - - - - ++
Dolton et al. (1987) Play + + + + + - - -
Bird (1988) Play appraisal method ++ + + + + + - -
Podruski et al. (1988) Resource endowment ++ + + ++ + + - -
White (1988) Play map ++ + + + + + - -
Prospect evaluation
Bishop et al. (1983) Trapped hydrocarbon - + + ++ - - - -
Sluijk and Nederlof (1984) Systematic appraisal + + + ++ - - - -
Callahan et al. (1987) PRESTO - - - ++ - - - -
Mackenzie and Quigley (1988) Geochemical appraisal + ++ ++ ++ ++ - - -

24+, discussed in detail, +, only mentioned; —, not mentioned.

bGeol = geology, including structure, stratigraphy, and geologic history of sedimentary rocks; Gen = generation, including the necessary organic matter richness, type, and
maturity to generate petroleum from a source rock; Mig = migration, including the movement of cil, gas, or other hydrocarbon through the country rock; Acc = accumulation,
including the presence of a reservoir rock, seal, trap, and high concentration of hydrocarbons; Tim = timing, meaning trap formation relative to hydrocarbon migration.

¢Nom = nomenclature or name; Cri = level of certainty; Cls = classfication scheme.
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Sedimentary Basin Investigations

Over the last several decades, investigations of sedi-
mentary basins have emphasized plate tectonics or struc-
tural evolution. Basin classification schemes evolved
from descriptive geology (Weeks, 1952; Knebel and
Rodriguez-Eraso, 1956) to genetic interpretations
(Halbouty et al., 1970a,b; Klemme, 1971a,b, 1975, 1986;
Bally, 1975; Huff, 1978, 1980; Bally and Snelson, 1980;
Bois et al,, 1982; Kingston et al., 1983a) with the advent of
plate tectonics theory. With increased understanding of
organic geochemistry, work on the occurrence of oil and
gas also has gone from the descriptive (Weeks, 1952;
Knebel and Rodriguez-Eraso, 1956) to the deterministic
(Tissot, 1969; Tissot and Pelet, 1971; Zieglar and Spotts,
1978; Welte and Yukler, 1981; Demaison, 1984; Ungerer
et al., 1984; Tissot et al., 1987).

Each new approach to the analysis of petroliferous
sedimentary basins becomes more focused on the
genesis of petroleum. Bally (1975) pointed out that sedi-
mentary basin type does little to improve our ability to
forecast the volume of petroleum from a particular type
of basin. However, as more petroleum geochemistry is
incorporated into the analysis of a sedimentary basin, the
success ratio goes up (Demaison, 1984) and the forecast
of petroleum occurrence becomes more certain (Tissot et
al., 1987).

When sedimentary basins with uncomplicated
geologic histories are studied, a basin analysis approach
that promotes organic geochemistry works well.
However, when similar studies are carried out in fold
and thrust belts (such as in Wyoming, U.S.A)), in areas of
complex geology (such as the Basin and Range of
Nevada and Utah, US.A.), orin areas of uncommon heat
source (such as in the mid-Pacific Ridge) (Kvenvolden et
al,, 1988), basin analysis techniques are more difficult to
apply because the original sedimentary basin is severely
deformed or incomplete. In fact, for maps that show oil
and gas fields and basin outlines together, the petroleum
accumulations occur within the basin outline as often as
they occur on the adjacent highs or arches that are
outside the basin outline (Vissides and Quirin, 1964;
Wilkerson and Reed, 1982). Oil and gas fields usually
(but not always) occur in sedimentary rocks, but not
necessarily within the boundary of basins. Therefore, to
understand the occurrence of these accumulations, at
least two items need clarification. First, a working defini-
tion is needed for the sedimentary basin and what is
being investigated, and second, a different type of inves-
tigation is needed that is separate from basin analysis
and deals only with oil and gas.

First, the term basin has different implications to
different specialties. A paleontologist uses the term in
reference to where in the water column fossils live, such
as benthic or planktonic. A petroleum geochemist visual-
izes the most anoxic part of a paleoocean or continental
basin where organic matter accumulates and refers to
that as the basin. Carbonate and siliciclastic stratigra-
phers refer to the sedimentary fill that was deposited
sometime in the past as the basin. Structural geologists
refer to the container that is created in response to a

tectonic process, such as rifting, as a basin. On inter-
preting a seismic profile, a geophysicist refers to a thick
package (measured in two-way time) of sedimentary
rocks as a basin. Geologists frequently use the term
geographically, that is, to name and locate a province,
such as the Williston basin, which is separate from the
genetic use of basin to mean any sedimentary basin. In
some cases, the water column is implied as the basin, in
others the sedimentary rock contents are the basin, and
in yet others, the container is the basin. None of these
meanings is incorrect, and specialists from different disci-
plines are usually aware that basin has more than one
meaning.

For this volume, the sedimentary basin is a depression
filled with sedimentary rocks. The depression, formed by
any tectonic process, is lined by basement rock, which
can be igneous, metamorphic, and/or sedimentary rock.
The basin includes the rock matter, organic matter, and
water deposited in this depression. In certain cases, such
as with coal and some carbonate deposits, the sedimen-
tary material is formed in situ. Basin used by itself refers
to the sedimentary basin.

The term basin used with a proper noun refers to a
petroleum province, such as the Williston basin.
Sometimes basin is capitalized, such as in the Green
River Basin, when it is a proper geographic name that
usually refers to the present-day river drainage. A
petroleum province is sometimes referred to as a
petroleum basin, which is different from a petroleum
system.

A sedimentary basin analysis investigates, in a myriad
of ways, the formation and contents of this depression.
Structural and stratigraphic studies are the most conven-
tional way to study a sedimentary basin. More recent
techniques include seismic stratigraphy and sequence
stratigraphy. Sequence stratigraphy, for example, can be
used to understand the distribution of sandstone and
shale in a particular area as a package of related sedi-
mentary rock. For the petroleum geologist, in certain
areas the reservoir properties of this sandstone can be
mapped as well as the organic facies of the shale. Sedi-
mentary basin analysis includes all aspects of basin
formation and the basin fill up to the time petroleum is
generated, at which time a petroleum system investiga-
tion is required. Because petroleum is mobile, fragile,
and responds to different physiochemical parameters
than does basin fill, this second type of investigation, the
petroleum system, is needed.

Petroleum System Investigations

Each investigative procedure has an appropriate
starting point. For the prospect analysis, the starting
point is the trap, for the play, a series of traps, and for a
basin analysis, a tectonic setting and sedimentary rocks.
Similarly, the investigative procedure for the petroleum
system starts with discovered hydrocarbon accumula-
tions, regardless of size. Because of this, shows or traces
of oil and gas take on new importance. Petroleum
geochemical analysis of oil and gas traces can provide
critical information as to the nature of the responsible



petroleum system. After the system is identified, the rest
of the investigation is devoted to determining the strati-
graphic, geographic, and temporal extent of the
petroleum system. The bigger the petroleum system, the
more likely it will have generated and accumulated
commercial quantities of hydrocarbons. As indicated
earlier, the petroleum system defines a level of investiga-
tion that usually lies between that of a sedimentary basin
and a play.

The term oil system was first introduced by Dow (1974)
and is based on the concept of oil-source rock correla-
tion. The term petroleum system was first used by
Perrodon (1980). Independently, Demaison (1984)
devised the generative basin, Meissner et al. (1984)
described their hydrocarbon machine, and Ulmishek (1986)
identified an independent petroliferous system. All of these
concepts are similar to Dow’s oil system. Expanding
upon previous work, Magoon (1987, 1988, 1989a,b)
attempted to formalize criteria for identifying, naming,
and determining the level of certainty for the petroleum
system. This volume further refines the petroleum
system concept and shows how the system is mapped
and used to evaluate exploration opportunities (see later
sections).

Play and Prospect Investigations

Beyond sedimentary basin and petroleum system
analysis, the remaining levels of investigation are play
and prospect analysis. Prospects were first used by explo-
ration geologists to describe present-day structural or
stratigraphic features that could be mapped and drilled.
A series of related prospects is a play. As information
about petroleum geochemistry increased, the definition
of a play became broader. For example, Bois (1975)
defined a petroleum zone, which he considered to be
similar to a play (Bois et al., 1982), to include hydro-
carbon mixtures of similar composition. More rigorous
definitions of a play and a prospect have included a
source rock as well as a migration path (White, 1980,
1988; Bishop et al., 1983; Sluijk and Nederlof, 1984;
Dolton et al., 1987; Bird, 1988). The use of quantitative
petroleum geochemistry (Mackenzie and Quigley, 1988)
with play and prospect evaluation provides important
volumetric information for economic analysis.

Plays and prospects are defined more traditionally in
this volume, that is, to include present-day exploration
potential for undiscovered commercial oil and gas accu-
mulations (Table 1.1). The play is one or more prospects,
and a prospect is a potential trap that must be evaluated
to see if it contains commercial quantities of hydrocar-
bons. The presence of reservoir rock, seal rock, trap
volume, hydrocarbon charge, and timing are usually
involved in this evaluation. For example, if the reservoir
rock in the play is eolian sandstone, then the distribution
and quality of this sandstone is mapped from outcrop
and well control so that it can be projected into the play
area using seismic information. The probability that this
eolian sandstone occurs in the play area can be evaluated
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in any aspect, e.g., thickness. Regardless of whether this
sandstone is penetrated when the prospect is drilled, the
existence of this eolian sandstone outside the play area is
still valid. In the same way, already discovered oil and
gas fields as well as other noncommercial quantities of
hydrocarbons that are genetically related can be mapped
as a petroleum system, which can then be projected into
the play area as hydrocarbon charge. This hydrocarbon
charge can then be evaluated with respect to the play or
prospect.

PETROLEUM SYSTEM HISTORY

Dow’s Oil System

The concept of an oil system was presented in 1972 at
the AAPG annual meeting in Denver (Dow, 1972) and
was later published (Dow, 1974). The oil system, as Dow
(1974, p. 1254) presented it, was based on oil-oil and
oil-source rock correlations

to develop an understanding of the distribution of the three
major oil types in the Williston basin . . ., and where each type is
most likely to be found in the future. The focus of the paper is
on geology and interpretation of geochemical data, not on the
presentation of new geochemical data.

Dow (1974, p. 1254-1255) goes on to state that because
the source rocks are isolated by evaporites,

The distribution of oil in the basin therefore can be described in
terms of three major source-reservoir oil systems. Each system
contains a source rock and a group of reservoir rocks and is
isolated from other oil systems by an evaporite seal.

He then names the oil systems. In Dow’s (1974, p. 1261)
summary section he states,

The model developed in the Williston basin depends on the
ability to (1) separate oils into genetic types, (2) relate each type
to a specific source sequence, (3) understand the quantity of
organic matter and the degree of thermal maturation required
for generation and expulsion of oil in commercial quantities,
and (4) map the distribution of both vertical and horizontal
migration pathways and seals. The most likely distribution of
each oil type in the subsurface can be mapped with the
foregoing approach. Plays then can be made in these high-grade
areas where the chance of finding oil is greatest.

Dow’s (1974) paper is important for the following
reasons: (1) oil-source rock correlation was the keystone
to identifying the system; (2) the name included the
source and reservoir rock separated by a hyphen; (3) the
term play was used as a distinct concept; (4) in each oil
system description, a mass balance comparison was
carried out on the theoretical amount of oil generated
and reserves (the calculations were left out of the paper);
(5) the use of the term oil system excluded gas and
condensate; and (6) the criteria for applying this concept
beyond the Williston basin was only implied, not stated.



8 Magoon and Dow

Perrodon’s Petroleum System

Perrodon (1980, 1983a,b) and Perrodon and Masse
(1984) first used the term petroleum system. Since
Perrodon (1980, 1983b) are in French, and the same
material is covered in a revised and updated version
(Perrodon, 1983a) and in Perrodon and Masse (1984),
whichare in English, we quote these latter publications.

Perrodon (1983a, p. 187) states that

The geologic criteria governing the distribution of pools, and in
particular, the combined presence of source rocks, reservoirs
and seals, generally exhibit a certain geographic extension
which is reflected by the formation of a family of pools, or even
better, a petroleum system, a structured set of natural elements
of the same species or having the same function. From the
geographic standpoint, and according to their dimensions and
complexity, these sets are reflected by the existence of a
petroleum zone or province.

In Perrodon and Masse (1984), petroleumn system is used
in the title and they define it (p. 5) as follows:

Therefore, a petroleum province can be considered as the final
result of an organized set of geologic events (in space and in
time) that can be called a petroleum system. In such a system,
the sequence of subsidence movement and associated flows is
just as decisive as lithologic and geometric factors in the
formation of a group of pools. This concept of the succession of
geodynamics and sedimentary processes which affect
petroleum potential is developed, and specific examples of
petroleum systems from the North Sea, the Arabian Platform
and the Congo Basin are presented.

Concerning basin geodynamics, Perrodon and Masse
(p. 5) go on to say that

In a sedimentary basin it is notonly the source rocks, reservoirs
and seals, but the whole sedimentary column which plays an
active and decisive role in the genesis, entrapment, and conser-
vation of hydrocarbons. The formation of a petroleum system is
the result of a succession of physical and chemical transforma-
tions (diagenesis, tectonic deformations, compaction, etc.) which
affect these sediments and closely control the genesis, concentra-
tion and dispersion of hydrocarbons. Important factors which
control these transformations and even initiate them are the
movements of uplift and subsidence. We will stress the condi-
tions which affect the genesis and growth of these movements,
and note that together they conform to a small number of basic
mechanisms: tectonics, heat flow and gravity.

Their paper then discusses thermotectonic areas,
subsidence, sedimentation rates, and sedimentary and
climatic factors. With regards to petroleum systems and
provinces, Perrodon and Masse (1984, p. 18) state the
following;

The petroleum potential of a basin (the formation and preserva-
tion of hydrocarbon pools) is the result of the organization of the
sedimentary volume and of its evolution in time. Furthermore,
special attention must be paid to the characteristics and relation-
ships of the flows passing through the sedimentary space: geo-
thermal flows rising from the mantle and the crust, and flows of
the different fluids circulating due to differences in pressure and
available pathways. In the final analysis, all these transfers of
energy and fluids themselves appear to be controlled by the
geodynamics of the basin, ie., by the characteristics of subsi-
dence, whose mechanisms are reflected by different types of
petroleumsystems. Some examples follow.

These examples include rift basins, platform basins,
passive margin basins, and pull-apart basins.

Demaison’s Generative Basin

In Demaison (1984, p. 1), the term generative basin is
defined as follows:

Areas underlain by mature source rocks are called “petroleum
generative depressions” or “hydrocarbon kitchens.” A “genera-
tive basin” is defined as a sedimentary basin that contains one
or more petroleum generative depressions. Mapping generative
depressions is achieved by integrating geochemical data
relevant to maturation and organic facies with structural and
stratigraphic information derived from seismic and deep wells.

Demaison (1984, p. 1) describes the success ratios in
exploration of petroleum provinces:

Locales of high success ratios in finding petroleum are called
“areas of high potential,” “plays,” or “petroleum zones.” A
rapid worldwide review of 12 sedimentary basins, described in
order of geotectonic style, reveals the following regularities:

1. The zones of concentrated petroleum occurrence (“areas
of high potential”) and high success ratios are genetically related
to oil generative depressions or basins. These depressions are
mappable by integrated methods (geology, geophysics, and
geochemistry).

2. The largest petroleum accumulations tend to be located
close to the center of the generative basins or on structurally
high trends neighboring deep generative depressions.

3. Migration distances commonly range in tens rather than
hundreds of miles and are limited by the drainage areas of indi-
vidual structures. Thus the outlines of generative depressions
commonly include most of the producible hydrocarbon accu-
mulations and the largest fields. Unusual cases of long distance
migration are documented on certain foreland basin plates
where stratigraphy and structure permitted uninterrupted
updip movement of oil.

These three regularities provide powerful analogs for fore-
casting areas of high petroleum potential in undrilled or
sparsely drilled basins.

Demaison (1984, p. 3) continues his discussion of the
generative basin concept by stating that

Recognition of generative depressions is achieved by overlaying
organic facies maps and maturation maps of each key
petroleum source horizon. Maturation maps are compiled from
seismic depth maps, near the potential source horizons, and
from maturation gradients derived from well data and cali-
brated time—temperature models. . . . Organic facies maps reflect
the stratigraphic distribution of organic matter types within a
given source rock unit. They are compiled by integrating
kerogen typedata in the known paleographic and paleooceano-
graphic context.

The geochemical approach, in prospect appraisal, begins by
investigating whether mature source beds are present in the
drainage area of a trap. A further step consists of mapping areas
of mature source beds and calculating both mature source rock
volumes and petroleum yield. Lastly, migration pathways can
be modeled between the mature source-rocks and the trap. This
type of geologic exercise permits a ranking of prospects by the
criterion of degree-of -access to mature source rocks.

The geochemical approach to basin evaluation consists of
mapping oil generative depressions or basins and erecting a
matrix of drilling success ratios, volumes of discovered hydro-
carbons and “kitchen” potential. When these correlations have
been established they may be used for comparative purposes
and for future evaluation of geologic risk. Application of the
“generative basin concept,” leading to recognition and predic-
tion of areas of high potential, is the object of this contribution.

Demaison (1984) makes the following poin. First, the



accumulated hydrocarbons whose provenance was the
mature source rock is shown to apply for generative
basins worldwide. Second, risk can be reduced by
staying close to the mature source rock where the drilling
success ratio is highest. Three, unlike the oil system, the
generative basin can have one or more petroleum gener-
ating depressions as well as one or more source rocks.

Meissner’s Hydrocarbon Machine

In Meissner et al. (1984, p. 1), the term hydrocarbon
machine is defined as follows:

Sequences which contain all of the elements involved in the
process of hydrocarbon generation from source rock to conse-
quent migration and accumulation constitute what may be
termed natural geologic hydrocarbon machines.

They go on tosay (1984, p. 1) that

Use of this conceptual framework will allow the prediction of
generation/ migration/accumulation cells or hydrocarbon
machines operative in certain portions of the stratigraphic
section. This predictive ability, when used in conjunction with
regional source rock distribution maps, will explain the distribu-
tion of hydrocarbon accumulations already found and lead to
the further delineation of prospective areas.

Meissner et al. (1984, p. 1-2) expand on their definition
of hydrocarbon machine in the explanation of a figure:

The starting point of the diagram concerns the existence of a
source rock from which the hydrocarbons originate, the factors
controlling its deposition and composition, and the types of
hydrocarbons it may generate under conditions of thermal
maturity. The following parts of the diagram concern the
controls that time, stratigraphy, structure, and fluid dynamics
exert on the processes of hydrocarbon migration and accumula-
tion.

All of the factors which affect the processes of hydrocarbon
generation, migration, and accumulation constitute elements of
a total system which may be described as a machine. These
elements are placed in their interdependent cause-and-effect
context in the schematic diagram of Figure 2. The illustration of
a plumbing system involving a typical hydrocarbon machine
depicts the movement of fluids outward from their site of gener-
ation within an area of thermal maturity to carrier/reservoir
beds in which they migrate and to sites of accumulation in traps.

Figure 2 of Meissner et al. (1984, p. 3) shows a
diagram of the hydrocarbon machine, which is captioned
as follows:

Diagrammatic model of a hydrocarbon machine showing
geometric arrangement of essential elements and fluid
migration patterns characterizing the internal “plumbing”
system. The function of such a machine is to turn organic matter
in a source rock (raw material) into a hydrocarbon accumulation
(finished product).

Meissner et al. (1984) make the following points. First,
the “generation/migration/accumulation cells or hydro-
carbon machines” are very similar to the oil systems of
Dow (1974) (although they fail to reference his work) and
to the petroleum system of Perrodon (1980, 1983a,b) and
Perrodon and Masse (1984). Second, the processes of
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hydrocarbon generation, migration, and accumulation
are distinguished from essential elements and are
expressed as a single process. Last, the essential elements
are shown in their figure 2 to be the source rock,
reservoir rock, seal rock, and trap.

Ulmishek’s Independent Petroliferous
System

In Ulmishek (1986), the term independent petroliferous
system (IPS) was used to describe the “stratigraphic
aspects of petroleum resource assessment.” In the
abstract (p. 59), they state that IPS is

... understood here as a body of rocks separated from
surrounding rocks by regional barriers to lateral and vertical
migration of fluids, including oil and gas. Stratigraphically, an
IPS is essentially homogeneous. It includes source rocks,
reservoir rocks, traps, and a regional seal, and thus, it is a
suitable unit for comparative analysis of the factors and
petroleum genetic studies. For oil and gas resource assessment
in poorly known regions, an IPS has certain advantages over a
basin or play as an assessment unit. The concept of an IPS can
also be used in statistical methods of resource appraisal and can
increase reliability of these results.

In expanding his definition, Ulmishek (1986, p. 61-62)
goes on tosay that

It is evident that three of the four major factors controlling a
region’s petroleum richness (source, reservoir, and seal) contain
much more stratigraphic than tectonic information. The fourth,
the trap factor, tends to reflect both stratigraphy and tectonics
depending on the type of trap. It seems reasonable, therefore,
that a unit chosen for comparative assessment of petroleum
resources should be more related to the stratigraphy of an area
than to the tectonics. The analysis of factors of richness in such a
unit will be an easier task than the analysis of these factors in
any tectonic unit that is “heterogeneous” from a stratigraphic
point of view. Because the four listed factors reflect the condi-
tions for successive processes of generation, accumulation, and
preservation of oil and gas, such a unit must meet two major
requirements: (1) it must be a confined system in which these
processes take place independently from surrounding rocks,
and (2) it must be the simplest of these systems, to provide
maximum internal geologic uniformity and to permit sufficient
depth of analysis. Such an assessment unit is here called an
independent petroliferous system (IPS), which is defined as a
continuous body of rocks separated from surrounding rocks by
regional barriers to lateral and vertical migration of liquids and
gases (including hydrocarbons) and within which the processes
of generation, accumulation, and preservation of oil and gas are
essentially independent from those occurring in surrounding
rocks.

At the end of this same section, he (1986, p. 62) states the
following:

The most important task in developing the proposed approach
is the determination, for analog purposes, of IPSs in well-
explored basins. At present, 40-50 well-explored basins
worldwide certainly contain not less than 150-200 IPSs. These
could provide an excellent file of analogs with most combina-
tions of factor types. Volumetric yields of the well-studied IPSs
could serve as a basis for the evaluation of undiscovered
resources of the forecast IPSs.
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In a discussion of an IPS as an assessment unit,
Ulmishek (1986, p. 62) states that

An IPS is purely an assessment unit; its application for other
purposes is limited. As an assessment unit, however, it has
significant advantages over two other such units that are widely
used in practice: the play, or petroleum zone, and the basin.

He later observes (1986, figure 3D, p. 66) that when an
analysis of drilling statistics is carried out by IPS, rather
than by drilling depth in a basin, it becomes clear that
poorly explored IPSs have potential for undiscovered
commerical oil and gas accumulations.

Ulmishek’s (1986) paper either states or implies
several points. (1) The IPS is similar to the oil system of
Dow (1974) and the hydrocarbon machine of Meissner et
al. (1984) (although neither is referenced). (2) The major
factors (source rock, trap, reservoir rock, and seal) are the
same as the essential elements of Meissner et al. (1984).
(3) All major factors are stratigraphic in nature except for
trap, which is mainly structural. (4) Major factors are
distinguished from processes (generation, accumulation,
and preservation) when referring to the assessment unit
(IPS). The process of migration is absent, and preserva-
tion is an addition when compared to Meissner et al.
(1984). (5) The IPS is only considered an assessment unit.
(6) The paper points to “two other such units that are
widely used in practice: the play, or petroleum zone, and
the basin.” (7) Breaking out the drilling statistics so that
new IPSs are more clearly identified is a sage observa-
tion.

Magoon'’s Petroleum System

Magoon (1987) first used the term elements to refer to
source rock, migration path, reservoir rock, seal, and trap
and explains that the elements “must be placed in time
and space such that a petroleum deposit can occur.” To
identify a petroleum system, Magoon (1987) relied on
oil-source rock correlation. The name of the petroleum
system included the name of the source rock and major
reservoir rock followed by the level of certainty. He clas-
sified the systems using certain criteria.

In Magoon (1988, table 1, p. 3), an attempt was made
to put the petroleum system into historical perspective
using a table that summarized the contribution of Dow
(1974), Bois (1975), White (1980), Bois et al. (1982),
Demaison (1984), Meissner et al. (1984), Ulmishek (1986),
and Magoon (1987). The table specified the geologic
parameters and evaluation criteria discussed by each
author. Magoon (1988, p. 2) states that

The petroleum system emphasizes the genetic relation between
a particular source rock and the resulting petroleum accumula-
tion; basin studies emphasize structural depressions and the
included sedimentary rocks regardless of the relation to any
petroleum deposits; and the play or prospect approach empha-
sizes whether the present-day trap is detectable with available
technology or tools.

The most recent definition of a petroleum system and
classification scheme can be found in Magoon (1989a).
The definition incorporates previous contributions and

adds new words where necessary to clarify a petroleum
system. The levels of petroleum investigation (Magoon,
1989b) are introduced to distinguish the petroleum
system from the sedimentary basin, play, and prospect.

Magoon and Dow’s Petroleum System

The petroleum system is predicated on the synthesis
of previous work (Table 1.2). The terms sedimentary basin,
play, and prospect have been informally used by
petroleum geologists prior to the advent of modern-day
organic geochemistry to explain the habitat of hydrocar-
bons. Early work in organic geochemistry by Trask and
Wu (1930), Triebs (1936), Hunt and Jamieson (1956), and
Phillipi (1957) provided ways to measure and map
source rocks and associated products. To understand a
petroleum system, a working knowledge of petroleum
geochemistry is essential.

Dow (1974) distinguished a play from the oil system
based on geochemistry. Ulmishek (1986) recognized the
(independent) petroliferous system as a separate unit
distinct from the sedimentary basin and play. Magoon
(1989b) identified the levels of petroleum investigation as
basin studies, petroleum systems, plays, and prospects.
The present volume refers to the sedimentary basin,
petroleum system, prospect, and play.

The term petroleum system was chosen because
petroleum includes all forms of hydrocarbons (solid,
liquid, or gaseous) (Levorsen, 1967) and system accounts
for the interdependence of the essential elements (source
rock, reservoir rock, seal rock, and overburden rock) and
processes (trap formation and generation—migration—
accumulation of petroleum). The term has been used
before by Perrodon (1980, 1983a,b) and Perrodon and
Masse (1984) in a way that is consistent with our use. The
term essential elements originates from Meissner et al.
(1984) and Ulmishek (1986), and processes are formalized
in Meissner et al. (1984) and Ulmishek (1986).

The uniqueness of a petroleum system is based on
petroleum-source rock correlation and is named
according to Dow (1974), whereas the level of certainty is
according to Magoon (1987, 1988, 1989a,b). The
geographic and stratigraphic distribution as well as the
preservation time of the petroleum system is specified by
Magoon (1988). The definition of the petroleum system
used in this volume is a refinement of previous work.

PETROLEUM SYSTEM DEFINITIONS
AND CHARACTERISTICS

A petroleum system is defined here as a natural system
that encompasses a pod of active source rock and all
related oil and gas and which includes all the geologic
elements and processes that are essential if a hydro-
carbon accumulation is to exist. This once-active source
rock may now be inactive or spent (depleted). Petroleum
here includes high concentrations of (1) thermal or
biogenic gas found in conventional reservoirs or in gas
hydrate, tight reservoirs, fractured shale, and coal; or (2)
condensates, crude oils, and asphalts found in nature.
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Table 1.3. Oiland Gas Fields in the Fictitious Deer-Boar(.) Petroleum System, or the Accumulations Related to

One Pod of Active Source Rock

Cumulative Remaining
Field Discovery Reservoir API gravity Oil Production Reserves
Name Date Rock (°API) (million bbl) (million bbl)
Big Oil 1954 Boar Ss 32 310 90
Raven 1956 Boar Ss 31 120 12
Owens 1959 Boar Ss 33 110 19
Just 1966 Boar Ss 34 160 36
Hardy 1989 Boar Ss 29 85 89
Lucky 1990 Boar Ss 15 5 70
Marginal 1990 Boar Ss 18 12 65
Teapot 1992 Boar Ss 21 9 34

The term system describes the interdependent elements
and processes that form the functional unit that creates
hydrocarbon accumulations. The essential elements
include a petroleum source rock, reservoir rock, seal
rock, and overburden rock, and the processes are trap
formation and the generation-migration-accumulation
of petroleum. These essential elements and processes
must occur in time and space so that organic matter
included in a source rock can be converted to a
petroleum accumulation. A petroleum system exists
wherever the essential elements and processes occur.

Characteristics and Limits

The geographic, stratigraphic, and temporal extent of
the petroleum system is specific and is best depicted
using a table (Table 1.3) and the following four figures
(Figures 1.2-1.5): (1) a burial history chart depicting the
critical moment, age, and essential elements at a specified
location; (2) a map and (3) a cross section drawn at the
critical moment depicting the spatial relationship of the
essential elements; and (4) a petroleum system events
chart showing the temporal relationship of the essential
elements and processes and the preservation time and
critical moment for the system. The table lists all the oil
and gas fields in the petroleum system.

The critical moment is that point in time selected by the
investigator that best depicts the generation-migration—
accumulation of most hydrocarbons in a petroleum
system. A map or cross section drawn at the critical
moment best shows the geographic and stratigraphic
extent of the system. If properly constructed, the burial
history chart shows that time when most of the
petroleum in the system is generated and accumulating
in its primary trap. For biogenic gas, the critical moment
is related to low temperatures (Whiticar, Chapter 16, this
volume). Geologically, generation, migration, and accu-
mulation of petroleum at one location usually occur over
a short time span (England, Chapter 12, this volume).
When included with the burial history curve, the
essential elements show the function of each rock unit
and lithology in the petroleum system. In the example of
Figure 1.2 (using fictitious rock units), the so-called Deer
Shale is the source rock, the Boar Sandstone is the

reservoir rock, the George Shale is the seal rock, and all
the rock units above the Deer Shale comprise the over-
burden rock. The burial history chart is located where the
overburden rock is thickest and indicates that the source
rock started through the oil window 260 Ma in Permian
time (time scale from Palmer, 1983) and was at its
maximum burial depth 255 Ma. The critical moment is
250 Ma, and the time of generation, migration, and accu-
mulation ranges from 260 to 240 Ma, which is also the
age of the petroleum system.

The geographic extent of the petroleum system at the
critical moment is defined by a line that circumscribes
the pod of active source rock and includes all the discov-
ered petroleum shows, seeps, and accumulations that
originated from that pod. A plan map, drawn at the end
of Paleozoic time in our example, includes a line that
circumscribes the pod of active source rock and all
related discovered hydrocarbons. This map best depicts
the geographic extent or known extent of the petroleum
system (Figure 1.3)

Stratigraphically, the petroleum system includes the
following rock units or essential elements within the
geographic extent: a petroleum source rock, reservoir
rock, seal rock, and overburden rock at the critical
moment. The functions of the first three rock units are
obvious. However, the function of the overburden rock is
more subtle because, in addition to providing the over-
burden necessary to thermally mature the source rock, it
can also have considerable impact on the geometry of the
underlying migration path and trap. The cross section of
Figure 1.4, drawn to represent the end of the Paleozoic
(250 Ma), shows the geometry of the essential elements at
the time of hydrocarbon accumulation and best depicts
the stratigraphic extent of the system.

The petroleum system events chart shows eight
different events (Figure 1.5). The top four events record
the time of deposition from stratigraphic studies of the
essential elements, and the next two events record the
time the petroleum system processes took place. The
formation of traps is investigated using geophysical data
and structural geologic analysis. The generation-
migration-accumulation of hydrocarbons, or age of the
petroleum system, is based on stratigraphic and
petroleum geochemical studies and on the burial history
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Figure 1.2. Burial history chart showing the critical moment (250 Ma) and the time of oil generation (260-240 Ma) for the ficti-
tious Deer-Boar(.) petroleum system. This information is used on the events chart (Figure 1.5). Neogene (N) includes the
Quaternary here. All rock unit names used here are fictitious. Location used for burial history chart is shown on Figures 1.3

and 1.4. (Time scale from Palmer, 1983.)

chart. These two processes are followed by the preserva-
tion time, which takes place after the generation-
migration-accumulation of hydrocarbons occur, and is
the time when hydrocarbons within that petroleum
system are preserved, modified, or destroyed. When the
generation-migration—accumulation of the petroleum
system extends to the present day, there is no preserva-
tion time, and it would be expected that most of the
petroleum is preserved and that comparatively little has
been biodegraded or destroyed. The last event is the
critical moment as determined by the investigator from
the burial history chart, and it shows the time repre-
sented on the map and cross section.

Table 1.3 shows all the discovered accumulations
included in the petroleum system, provides a basis for
mass balance equations, and is a basis for ranking a
system.

Level of Certainty

A petroleum system can be identified at three levels of
certainty: known, hypothetical, or speculative. The level

of certainty indicates the confidence for which a partic-
ular pod of active source rock has generated the hydro-
carbons in an accumulation. In a known petroleum
system, a good geochemical match exists between the
active source rock and the oil or gas accumulations. In a
hypothetical petroleum system, geochemical information
identifies a source rock, but no geochemical match exists
between the source rock and the petroleum accumula-
tion. In a speculative petroleum system, the existence of
either a source rock or petroleum is postulated entirely
on the basis of geologic or geophysical evidence. At the
end of the system’s name, the level of certainty is
indicated by (!) for known, (.) for hypothetical, and (?) for
speculative (Table 1.4).

Petroleum System Name

The name of the petroleum system includes the source
rock, followed by the name of the major reservoir rock,
and then the symbol expressing the level of certainty. For
example, the Deer-Boar(.) is a hypothetical petroleum
system consisting of the Devonian Deer Shale as the oil
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Figure 1.3. Plan map showing the geographic extent of the fictitious Deer-Boar(.) petroleum system at the critical moment
(250 Ma). Thermally immature source rock is outside the oil window. The pod of active source rock lies within the oil and gas
windows. (Present-day source rock maps and hydrocarbon shows are shown on Figures 5.12 and 5.13, Peters and Cassa,

Chapter 5, this volume.)

source rock and the Boar Sandstone as the major
reservoir rock. The major reservoir rock contains the
largest volume of hydrocarbons in the petroleum system
(see, e.g., La Luna-Misoa(!) petroleum system in
Talukdar and Marcano, Chapter 29, this volume).

Discussion

Because our description here of a petroleum system
attempts to incorporate previous work, it is written in a
way that gives some words specific meanings, so that all
petroleum types and occurrences are included in the
definition. These specific meanings are purposely chosen
to address the so-called exceptions in petroleum occur-
rence, such as biogenic gas and immature oil. The reader
is referred to other chapters in this volume and to the

glossary for clarification of terms. Here, terms important
to the petroleum system definition are discussed.

Pod of Active Source Rock

A pod of active source rock indicates that a contig-
uous volume of organic matter is creating petroleum,
either through biological activity or temperature, at a
specified time. The volume or pod of active source rock
is determined by mapping the organic facies (quantity,
quality, and thermal maturity) considered to be the
presently active, inactive, or spent source rock using
organic geochemical data displayed as geochemical logs
(Peters and Cassa, Chapter 5, this volume). Organic
matter generates petroleum either biologically (Whiticar,
Chapter 16, this volume) or thermally (Lewan, Chapter
11). From the time a petroleum phase is created, a
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petroleum system exists. A source rock is active when it
is generating this petroleum, whereas an inactive or
spent source rock was at some time in the past an active
source rock. For example, the Deer Shale source rock was
an active source rock in Late Paleozoic time, but is
presently an inactive source rock. The pod of active source
rock is that contiguous volume of source rock that is
generating gas biologically or oil and gas thermally. The
active time can be present day or any time in the past.

Petroleum Synonyms

As used in this volume, the terms petroleumn, hydrocar-
bons, and oif and gas are synonyms. Petroleum originally
referred to crude oil, but its definition was broadened by
Levorsen (1967) to include all naturally occurring hydro-
carbons, whether gaseous, liquid, or solid. Geochemi-
cally, hydrocarbon compounds are those containing only
hydrogen and carbon, such as aromatic or saturated
hydrocarbons. Hydrocarbon compounds are in contrast
to nonhydrocarbon compounds, or those containing
nitrogen, sulfur, and oxygen. Hydrocarbon and nonhy-
drocarbon compounds are both found in crude oil and
natural gas, but hydrocarbon compounds usually
predominate. Over the past 10-15 years, whenever the
term hydrocarbons has been used without modifiers, it is
usually meant to be synonymous with petroleum. When
oil and gas are used together as a term, it collectively
refers to crude oil and natural gas in any proportion.
Condensate is in a gas phase in the accumulation and in a
liquid phase at the surface, but either way it is consid-

ered petroleum, as are solid petroleum materials such as
natural bitumen, natural asphalt, and bituminous sands.

Major and Minor Reservoir Rocks

Major and minor reservoir rocks are determined from
the percentage of in-place petroleum that originated
from a particular pod of active source rock. If the volume
of in-place petroleum is unavailable, recoverable hydro-
carbons are the next best volume. All the discovered oil
and gas fields included in a petroleum system are listed
and the original in-place (recoverable) hydrocarbons are
determined by stratigraphic interval. The volumes of in-
place hydrocarbons for each stratigraphic interval are
added up, and the percentage for each is determined.
Reservoir rocks that contain minor amounts of in-place
hydrocarbons are the minor reservoir rocks. Usually one
stratigraphic interval contains most of the in-place
hydrocarbons, so this interval is the major reservoir rock.
The name of this unit is the one used in the second part
of the petroleum system name.

The major reservoir rock indicates the optimum
migration path for the petroleum between the pod of
active source rock and the traps that include the major
reservoir rock. The minor reservoir rock indicates the
least effective migration path or one that should be
studied for overlooked prospects. Major and minor
reservoir rocks should be included on the events chart.
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Table 1.4. Definitions of Levels of Certainty

Level of
Certainty Symbol Criteria
Known " Qil-source rock or gas—source

rock correlation

In absence of petroleum—source
rock correlation, geochemical
evidence indicates the origin of
the oil and gas

Hypothetical ()

Figure 1.5. The events chart showing the relationship
between the essential elements and processes as well as
the preservation time and critical moment for the fictitious
Deer—Boar(.) petroleum system. Neogene (N) includes the
Quaternary here. (Time scale from Palmer, 1983.)

Evolution of a Petroleum System

The time of hydrocarbon generation for a petroleum
system can span considerable time and cover a large
area. The time span over which petroleum generation
occurs can be determined for a series of locations to show
how the petroleum system evolves in time and space. At
given time increments within this time span, maps and
cross sections can be drawn to show the kinematic
evolution of the petroleum system. Knowing the age of
various horizons within the overburden rock is the key
to determining when and where a source rock first starts
generating petroleum and when and where it finishes
generating petroleum.

For example, for a petroleum system whose over-
burden rock has been deposited over a broad area (such
as a prograding deltaic sequence), the time span over
which petroleum generation-migration-accumulation
occurs is quite large. If this deltaic sequence, which is the
overburden rock, has prograded over a 50-m.y. period
from west to east, then the underlying source rock in this
petroleum system will generate petroleum first on the
west and last on the east. The geologist knows that it is
not always practical to show from start to finish the
kinematic development of this petroleum system in 5-
m.y. increments, as it would require up to 11 maps and
cross sections. However, one map and cross section can
be drawn to represent the time when the west end of the
cross section shows the source rock at maximum burial
depth, and an other map and cross section can be drawn
to represent the time when the east end of the cross
section shows the source rock at maximum burial depth.
If more detail is required to better understand how the
system evolved, then additional maps and cross sections
can be drawn. The critical moment is defined as a single
moment because, in most instances, the exploration
geologist has only enough time to construct and present
one map and cross section to depict a petroleum system.

Gereration-Migration- - Speculative (? Geologic or geophysical
: 7| Preservation Time evidence
]
Critical Moment
Preservation Time

The preservation time of a petroleum system starts
after oil and gas generation, migration, and accumulation
processes are complete. Processes that occur during the
preservation time are remigration, physical or biological
degradation, and/or complete destruction of the hydro-
carbons (Blanc and Connan, Chapter 14, this volume).
During the preservation time, remigrated petroleum can
accumulate in traps formed after hydrocarbon genera-
tion has ceased in the petroleum system. If insignificant
tectonic activity occurs during the preservation time,
accumulations will remain in their original position.
Remigration occurs during the preservation time only if
folding, faulting, uplift, or erosion occurs. If all accumu-
lations and essential elements are destroyed during the
preservation time, then the evidence that a petroleum
system existed is removed. An actively forming or just
completed petroleum system is without a preservation
time.

Comparison with Sedimentary Basin
and Play

Aspects of the petroleum system can also be
compared with the sedimentary basin and the play. If the
critical moment of 250 Ma used in our example (Figure
1.4) was instead present-day, then two sedimentary
basins, three plays, and one petroleum system would be
shown on the map and cross section. The interface
between the sedimentary rock and the basement rock on
the cross section would show two lenticular bodies of
sedimentary rock or two basins. The three plays that
would be shown on the map and cross section are (1) a
series of suspected traps along an anticlinal trend, (2) a
series of suspected traps along a stratigraphic pinch-out
trend, or (3) suspected traps within a stratigraphic
interval. However, if all these accumulations were
discovered, there would be only one petroleum system
on the cross section because one pod of active source
rock generated all the hydrocarbons in the discovered
accumulations.
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EXAMPLES OF PETROLEUM SYSTEMS

One way to better understand what is meant by a
petroleum system is to categorize or classify as many
systems as possible. Magoon (1989b) classified
petroleum systems in the United States based on the
complexity of the overburden rock (purebred versus
hybrid), reservoir lithology (siliciclastic versus
carbonate), and kerogen type (typel,II, and IIl kerogen).
Later, these same petroleum systems were classified
according to the age of their source rock (Magoon,
1992b). Demaison and Huizinga (1991; Chapter 4, this
volume) classified 38 petroleum systems found
throughout the world by hydrocarbon charge (super-
charged, normally charged, and undercharged),
migration drainage style (vertically versus laterally
drained), and entrapment style (high versus low
impedance).

Another way to classify petroleum systems is to
designate them as either typical or atypical. A typical
petroleum system is an oil system whose source rock is
thermally matured during deep burial by the over-
burden rock. Most the case studies in this volume are of
typical petroleum systems. An atypical petroleum system
is one in which hydrocarbons were generated in other
ways. For example, a petroleum system can occur when
an immature source rock within a thin sequence of sedi-
mentary rocks that overlays continental crust is intruded
by a dike (Figure 1.6). The dike’s heat thermally matures
the source rock and generates oil that seeps into the
adjacent sedimentary rock and river valley. Another
example is the oil generated from the heat related to the
ridge vent in the Escanaba trough (Kvenvolden et al.,
1988). Yet another example is biogenic gas generated at a
shallow depth through biological activity (Whiticar,
Chapter 16, this volume), such as the gas in the shallow
Tertiary sedimentary rock in the Cook Inlet, Alaska
(Claypool et. al, 1980; Chapter 22, this volume).

Typical petroleum systems are shown on Figures 1.7
and 1.8 using maps and cross sections that are each
drawn at the critical moment. Notice that the source rock
in each case has been deposited in a much larger sedi-
mentary basin than the overburden rock. Although all
the essential elements and a trap are included in Figure
1.7A, a petroleum system is absent because hydrocar-
bons have not been generated. Given the same situation
in Figure 1.7B but with a source rock now generating
hydrocarbons, you have one petroleum system
(Cornford, Chapter 33, this volume). If two or more
source rocks are superimposed on one another and are
both thermally mature by the same overburden rock
within the same basin fill (Figure 1.7C), then more than
one petroleum system occurs in the same basin fill (Dow,
1972; Talukdar and Marcano, Chapter 29, and Kockel et
al, Chapter 34, this volume). If each source rock expels
hydrocarbons with unique compositions, then an
analysis of these hydrocarbons from seeps or accumula-
tions will indicate how many systems are in the area. At
this point, the investigator should map the stratigraphic
and geographic extent of the seeps and accumulations of

IGNEOUS DIKE
(HEAT/SOl{RCE)

Ground

OIL SEEP

River

Cross section —
T Ground
MATURE SOURCE ;

ROCK Cro§s secthn

Figure 1.6. An atypical petroleum system whose oil origi-
nates from a source rock that is thermally matured by an
igneous dike.

the same composition as a halo of hydrocarbons that
encase a pod of active source rock, which also should be
mapped (Peters and Cassa, Chapter 5, this volume).

A corollary to thearea with stacked or multiple active
source rocks that form more than one petroleum system
is the one source rock that extends over a wide area and
has sufficient overburden rock in more than one area to
form pods of active source rock (Klemme, Chapter 3;
Buitrago, Chapter 30; and Mello et al., Chapter 31, this
volume).

Upper Devonian of United States

More than one petroleum system can form when a
source rock extends beyond one package of overburden
rock to another package (Figures 1.8B and 1.9). For
example, when the sedimentary basin of a source rock is
on the scale of a continent, such as the Upper Devonian
of the United States, that one organic-rich interval can be
the source rock for more than one petroleum system.
However, the stratigraphic nomenclature for this Upper
Devonian source rock is different depending on the
location (in parentheses): Ohio Shale and Devonian black
shale (Appalachian basin), Antrim Shale (Michigan
basin), New Albany Shale (Illinois basin), Woodford
Shale (mid-Continent provinces), Aneth Formation
(Paradox basin), Pilot Shale (Great Basin), Bakken
Formation (Williston basin), and Exshaw Formation
(Sweetgrass arch). Wherever this Upper Devonian
source rock is buried enough by overburden rock (basin)
to generate hydrocarbons, a petroleum system exists.

What eventually matures the Upper Devonian
organic-rich interval is increased heat from additional
burial by overburden rock deposited in smaller post-
Devonian sedimentary basins (successor basins) located
on or along the edge of the North American craton. Sedi-
mentary basins on the craton are sags or rifts, whereas
basins at the edge of the craton are foreland basins.
Unless the sediments are created in situ (e.g., carbonate
rocks, evaporites, and coals), the provenance for the
sediments deposited in all three basin types is the craton
(as well as the fold-and-thrust belt for the foreland basin).
The reservoir and seal rocks are either in the Upper
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Figure 1.7. Three examples of partial or complete petroleum systems at the critical moment. (A) The essential elements are
present, but the system is incomplete (thus no petroleum system); (B) one petroleum system; and (C) two petroleum
systems. Notice that the overburden rock creates the geometry of the most recent sedimentary basin and that the source
rock was deposited in a larger, older sedimentary basin.
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pods, or two petroleum systems; and (C) one pod, or one petroleum system.



1. The Petroleum System 19

Upper Devonian
source rock:

g QOutcrop
Subsurface
‘\Edge of thrust belt

AT

Organic facies type III & type 11

{ Geographic extent
of pefroleum system

Pod of active
source rock

Halo of hydrocarbons

Qil groups vs. organic facies Location of 7 petroleum systems
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petroleum systems where the overburden rock is thick enough to form a pod of active source rock. Using oil—oil and
oil-source rock correlations, geochemical logs, and petroleum accumulations and shows, seven petroleum systems can be

mapped.
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Devonian strata or are within the overburden rock. The
trap and petroleum forming processes occur during
deposition of the overburden rock.

Over the area of the North American continent, the
age of these petroleum systems that have Upper
Devonian source rocks varies with the location of the
system. Along the eastern and southern edge of the
North American craton, these late Paleozoic foreland
basins (including the Appalachian, Warrior, and
Anadarko basins) received only minor amounts of post-
Paleozoic sediments. Since the present-day petroleum
accumulations must have generated and migrated
around the end of Permian time or earlier (when
maximum burial was achieved), the age (generation—
migration-accumulation) of these petroleum systems
having Upper Devonian source rocks ranged from
Mississippian to Permian time. The preservation time
extended through the Mesozoic and Cenozoic. In
contrast, the western edge of the craton includes foreland
basin sedimentary rocks as young as Cretaceous or early
Tertiary, and one of the cratonic interior basin sags may
be as young as Tertiary. The age of these systems ranged
from the Cretaceous to Tertiary.

Miocene of California, U.S.A.

Another organic-rich interval that is involved in many
petroleum systems is the Miocene of California. In Cali-
fornia, numerous strike-slip basins formed in the
Miocene and continue to develop to the present day. At
first, conditions in the basins were conducive to the
formation and preservation of organic matter along with
abundant biogenic silica and relatively little siliciclastic
material. Deposition of coarser siliciclastic material
became progressively more rapid during Pliocene-Pleis-
tocene time. This sediment provided the necessary over-
burden that heated the source rock to generate hydrocar-
bons that formed petroleum systems within the Los
Angeles basin, Ventura basin (Santa Barbara offshore),
Santa Maria basin, San Joaquin basin, and several other
coastal basins. Again, what started out as organic-rich
deposits over a large area eventually developed into
smaller sedimentary basins that acquired sufficient over-
burden rock to generate hydrocarbons, thus forming
separate petroleum systems.

INVESTIGATIVE TECHNIQUE

A petroleum system investigation should begin with
hydrocarbons (Smith, Chapter 2, this volume), such as a
show of oil or gas. In the same way that sedimentary
rock requires a sedimentary basin, an oil or gas show
requires a petroleum system. With this line of investiga-
tion, it is necessary to understand the smallest accumula-
tions or shows because they are clues to whether
commercial accumulations are possible. In addition, the
petroleum system investigation approach requires that
the focus of work is on the stratigraphic and structural
studies of the essential elements and processes. If an
exploratory well penetrates and successfully tests the

plumbing of the petroleum system (within the strati-
graphic and geographic extent), the chance of finding
commercial hydrocarbons is improved.

Ideally, a petroleum system analysis begins with an
oil and gas (show) map. Geochemical analyses of those
hydrocarbon shows are needed to understand the origin
of the oil or gas (biogenic versus thermal). Comparing oil
to oil and gas to gas can indicate whether more than one
petroleum system is involved. The line of inquiry can be
expanded to include the type of organic matter respon-
sible for those shows and the overburden rock required
to thermally mature the source rock. To determine the
geographic, stratigraphic, and temporal extent of the
petroleum system, the investigator will need to acquire
specific information to make the burial history chart,
map, cross section, and events chart that define the
system (Figures 1.2-1.5) (see also Peters and Cassa,
Figures 5.12 and 5.13, Chapter 5, this volume).

Fictitious Example #1

To explain the investigative technique more graphi-
cally, two fictitious examples are provided (see also
Smith, Chapter 2, this volume).

From the United States and Canada, 300 oils were
collected and analyzed. The oils were collected from
rocks that range in age from Precambrian to Holocene,
from a depth range of 0-3000 m, and from many litholo-
gies, such as fractured granite and shale, sandstone, and
dolomite. Many different types of analyses were carried
out on the oils. Oil-oil correlations indicate two groups,
A and B, that form clusters in seven areas (Figure 1.9A).

A geochemical profile (Peters and Cassa, Chapter 5,
this volume) of a well in each area indicates that each
well penetrated more than one source rock and that an
Upper Devonian source rock was common to all seven
areas. Reexamining the vertical distribution of the oils
indicates that one-third of the oils are from Carbonif-
erous reservoirs. Using kerogen studies from the litera-
ture and other data, an organic facies map indicates two
kerogen types, type II and III, in the Upper Devonian
source rock (Figure 1.9B). In areas where the Upper
Devonian source rock was eroded across the transconti-
nental arch, regional mapping allowed the organic facies
to be mapped where it was absent or too deeply buried.

By use of hydrous pyrolysis (Lewan, Chapter 11, this
volume) on immature source rock samples, oil-source
rock correlations indicate that the two organic facies in
the Upper Devonian are responsible for the two oil
groups. Furthermore, the two clusters of group A oil are
within the type II kerogen, and the four clusters of group
B oil are within the type III kerogen (Figure 1.9C).

Additional well and outcrop control and burial
history diagrams can be used to map the the thermal
maturity of the Upper Devonian source rock. A pod of
active source rock occurs with each of the seven oil
clusters. Computerized exploratory well and field files
are used to map the distribution of oil, which is found to
be within the oil clusters, further confirming the
geographic and stratigraphic extent of these seven
petroleum systems.



This example shows the use and limitations of oil-oil
and oil-source rock correlations. First, if two oils are
identical, they may not necessarily be in the same
petroleum system even though the oil-source rock corre-
lations indicate that they are from the same source rock.
Second, if two oils are different, they can still be from the
same source rock. For example, if the organic facies
changes within a pod of active source rock, the oils may
be from the same petroleum system. Finally, to identify a
petroleum system uniquely, the extent of hydrocarbon
shows must be mapped relative to the pod of active
source rock. This example also shows why the distribu-
tion as well as the quality, quantity, and thermal
maturity of source rock should be mapped worldwide at
the time of deposition (Klemme, Chapter 3, this volume).

Fictitious Example #2

The previous example identified and mapped the
geographic and stratigraphic extent of seven petroleum
systems. The next example investigates and describes
one petroleum system (see Peters and Cassa, Chapter 5,
this volume).

To demonstrate how the four figures and one table
work together to characterize a petroleum system, we
illustrate a petroleum system study with a specific
example. Figures 1.2-1.5 and Table 1.3 depict a fictitious
petroleum system, the so-called Deer-Boar(.) petroleum
system. The oil accumulations and shows prove the
existence of at least one system, but if there is more than
one group of oils, there could be two or more systems
present. To identify and name each system, oil and
source rock samples were collected and analyzed for the
following reasons: (1) to establish oil families, (2) to
determine which family originated from which source
rock, (3) to map the quantity and type of organic matter
in the source rock, and (4) to map the thermal maturity of
the source rock. On a map, we have shown the present-
day location of each oil accumulation attributed to each
group (Table 1.3) and have indicated the pod of active
source rock. Much of this information is included in
Figures 1.3and 1.4.

In our fictitious example, sufficient information was
collected to identify and map the thermal maturity of the
Deer Shale as the most likely source for the oil accumula-
tions in the Boar Sandstone (Peters and Cassa, Chapter 5,
Figure 5.12, this volume). However, because of a lack of
thermally mature samples of the Deer Formation, an
oil-source rock correlation was inconclusive (see Lewan,
Chapter 11, this volume, for solution). Therefore, our
level of certainty is hypothetical because we are unable to
demonstrate geochemically that the oil originated from
the Deer Shale. However, geographic and stratigraphic
evidence is sufficient to assign a name and level of
certainty—the Deer-Boar(.) petroleum system.

At the location of the most thermally mature source
rock, a burial history chart has to be made to determine
the critical moment (Figure 1.2). The critical moment, in
this case, is when the source rock is at maximum burial
depth and is near the time when most hydrocarbons
migrated into primary traps. (If the critical moment were
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the present day, the source rock would presently be at
maximum burial depth; see Magoon, Chapter 22; Cole
and Drozd, Chapter 33, this volume.) Various articles
and computer programs exist to model petroleum gener-
ation and migration; most use the burial history curve or
geohistory chart (Waples, Chapter 17, this volume). The
essential elements of the system should be shown on the
burial history chart.

Next, a map and cross section are drawn for the
critical moment (Figures 1.3 and 1.4), and all accumula-
tions are itemized (Table 1.3). The critical moment is
important because the geometry of the migration paths
and traps are reconstructed for about the time the o1l and
gas accumulated. If the critical moment is prior to
present-day, then the location of present-day traps on a
play or prospect map (not shown) can be compared to
the location of traps at the critical moment to determine if
oil and gas have remigrated. If the traps have shifted
from the critical moment to the present day, the shifted
trap or prospect would have to be charged with remi-
grated oil or gas. These maps can also be compared to
determine if physical or microbial alteration (or destruc-
tion) occurred during the preservation time. A table of
accumulations for this petroleum system indicates its
size and is the basis for further calculations and compar-
isons carried out in the case studies.

Last, a petroleum system events chart is constructed
to summarnze the essential elements, processes, preserva-
tion time, and critical moment (Figure 1.5). In our ficti-
tious example, the description is as follows. The Deer
Shale, a Devonian (390-380 Ma) source rock is buried by
Devonian-Permian (380-250 Ma) rocks to its maximum
depth in the Late Permian (250 Ma). The process of
generation-migration-accumulation of hydrocarbons
occur during the Permian (260-240 Ma), and the critical
moment is 250 Ma. These hydrocarbons accumulated
under the George Shale (300-286 Ma) and in the Boar
Sandstone, reservoirs of Pennsylvanian age (315-300 Ma)
that formed into traps during the Late
Pennsylvanian-Early Permian (290-270 Ma). The preser-
vation time is 240 m.y. (Figures 1.3 and 1.4).

The events chart can be viewed as a team organiza-
tional tool. For example, geologic time is studied by the
paleontologist and stratigrapher, the reservoir by the
petrophysicist and stratigrapher, and trap formation by
the structural geologist and geophysicist.

These four figures and table are simplified to make
important points about a single petroleum system. Each
figure could be drawn to include additional information
unique to a particular petroleum system. Once a
petroleum system is named, mapped, and described, it
can be analyzed in many ways. For example, this volume
contains case studies that describe petroleum migration
from the pod of active source rock to a trap.

SUMMARY

Sedimentary basins, petroleum systems, plays, and
prospects can be viewed as separate levels of petroleum
investigations, all of which are needed to better under-
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stand the genesis and habitat of hydrocarbons. Investiga-
tions of sedimentary basins describe the stratigraphic
sequence and structural style of sedimentary rocks.
Petroleum system studies describe the genetic relation-
ship between a pod of active source rock and an accumu-
lation. Investigations of plays describe the present-day
geologic similarity of a series of traps, and of prospects,
describe individual traps. Except for the petroleum
system, these terms are widely used by petroleum geolo-
gists.

A petroleum system encompasses a pod of active
source rock and all generated oil and gas and includes all
the elements that are essential for an oil and gas accumu-
lation to exist: petroleum source rock, reservoir rock, seal
rock, and overburden rock. All essential elements must
be placed in time and space such that the processes
required to form a petroleum accumulation can occur.
These processes include trap formation and genera-
tion-migration-accumulation of hydrocarbons. The
petroleum system has a stratigraphic limit, geographic
extent, and an age. Its name combines the names of the
source rock and the major reservoir rock with a symbol
that expresses a level of certainty—known (), hypothet-
ical (), and speculative (?). Along with its name, four
figures and a table best depict the geographic, strati-
graphic, and temporal evolution of the petroleum
system: a burial history chart to establish the age and
critical moment for the system, a map and cross section
drawn at the critical moment, an events chart to
summarize the formation of the petroleum system,and a
table listing the accumulations in the system.

A petroleum system investigation is different from the
other three levels of investigation in at least three ways.
First, every petroleum system investigation commences
with hydrocarbons regardless of amount. Second, hydro-
carbons of a particular composition are related back to a
pod of active source rock. Third, the pod of active source
rock and related hydrocarbons are mapped. In addition,
investigating each essential element of a petroleum
system individually prevents the investigator from
overemphasizing basin, play, or prospect analysis before
the plumbing of the petroleum system has been
unraveled.

This chapter describes the petroleum system; how it is
used is limited only by the readers imagination. Some of
the ways to characterize and use the petroleum system
are shown in the remainder of this volume.
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Chapter 2

Petroleum System Logic as an
Exploration Tool in a Frontier Setting

John T. Smith

Shell Development Company
Houston, Texas, U.S.A.

Abstract

Petroleum system logic is the thought process required to develop an integrated interpretation of
the processes of petroleum generation, migration, and accumulation. It is illustrated here in frontier
area exploration with examples taken from three offshore sales. Details of the application of
petroleum system logic vary widely depending on the nature of the exploration problem and the
data available. The application of petroleum system logic often allows the explorer to reduce the
evaluation problem to the careful assessment of a single factor. The first two examples are of this
type. The third example is a comprehensive evaluation illustrating the quantitative treatment of the
processes of hydrocarbon generation, migration, and accumulation.

The critical problem in the first example (1986 Offshore Texas) was the prediction of petroleum
type in a new growth fault trend. The presence of gas in the new trend was correctly predicted using
petroleum system logic to extrapolate information bearing on hydrocarbon type from adjacent previ-
ously explored areas. In the second example (1976 Baltimore Canyon), the critical problem was
predicting a petroleum charge in a previously unexplored area. Reservoirs, seal, trap, and ease of
migration from a thick, mature stratigraphic section were ensured for the Schlee dome. An adequate
petroleum charge was predicted to be available because favorable environments for source rock
deposition were inferred from a geologic model derived from reflection seismic data. Postsale
drilling discovered no petroleum and demonstrated the risk inherent in this mode of prediction.

The third example was taken from the 1983 Norton Sound sale. In part I of this example, the
aitical problem was determining the likelihood of an oil charge in the area. A reliable answer was
anticipated because the determination was based on analyses of samples obtained from favorably
located wells that penetrated the whole sedimentary section at a thermally mature location. The
most useful evidence was Rock-Eval pyrolysis measurement of the amount of oil generated in the
thermally mature section and oil shows in porous rocks in the thermally mature section. These
indicated that a negligible volume of oil had migrated out of the mature section. This prediction has
been confirmed by drilling. Part II of this example is a comprehensive evaluation of the Stuart
subbasin, where the processes of hydrocarbon generation, migration, and accumulation were quanti-
fied using rock data from a COST well. The failure of five exploratory wells drilled on four prospecs
around the Stuart subbasin to find any gas accumulations is explained by this evaluation.

These examples demonstrate that all pertinent data should be considered and that proper inter-
pretation of hydrocarbon shows is often important. When there is a possibility of a limited
petroleum charge, quantitative evaluation of the processes of hydrocarbon generation, migration,
and accumulation should be considered to aid in prospect or play evaluation.

Sound. In each case, the conclusions drawn from the
application of petroleum system logic played a major

INTRODUCTION

This chapter illustrates the use of petroleum system
logic in frontier area exploration by describing three
examples taken from the author’s experience as a
geochemical consultant to Shell Oil Company. These
examples are from the following offshore sales: 1968
Offshore Texas, 1976 Baltimore Canyon, and 1983 Norton

role in Shell’s evaluation. The characteristics assigned to
each example and the ensuing interpretation based on
petroleum system logic were derived from Shell’s work
carried out in preparation for the particular offshore sale.
In each case, the postsale drilling results are compared to
the presale predictions.

25
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Petroleum systen logic as used in exploration means the
development of an integrated interpretation of the
processes of petroleum generation, migration, and accu-
mulation in order to evaluate an exploration opportunity
or prospect. In the ideal situation, this integrated inter-
pretation is developed from a geologic description that
includes the distribution in space and time of source
rocks, reservoir rocks, seal rocks, and overburden rocks.
In a frontier area, the geologic description is typically
derived from reflection seismic data calibrated to strati-
graphic control provided by outcrop or sea bottom
samples and to wells using a limited amount of rock
samples and wireline log data. Paleontologic evidence
from available samples and seismic stratigraphy are used
in the development of the geologic description of the
area.

In the ideal situation where the geologic description is
essentially complete, the first step in applying petroleum
system logic is to develop an understanding for the
particular frontier area of where and when hydrocarbons
are generated. This understanding leads directly to the
choice of possible migration paths for these hydrocar-
bons and then to reservoirs with access to petroleum.
Finally, for these particular reservoirs, entrapment situa-
tions having the proper timing are located. The Norton
Sound example illustrates two applications of petroleum
system logic in a situation where this approach could be
followed.

The explorer in a frontier area must often deal with an
incomplete geologic description. By applying petroleum
system logic to such a case, the explorer can identify the
critical unknown parameters and can set up a program
designed to make the necessary evaluation. Often the
critical unknown parameters arise in connection with the
hydrocarbon generation process. The examples taken
from the 1968 Offshore Texas sale and the 1976 Baltimore
Canyon sale are of this type.

CORSAIR TREND: 1968 OFFSHORE
TEXAS SALE

Geologic Setting

The Corsair trend is a major growth fault trend of late
Miocene age on the offshore Texas shelf. Figure 2.1
shows the location of the Corsair trend along with other
information pertinent to the 1968 Offshore Texas sale. No
wells had been drilled in the Corsair trend prior to the
1968 sale. Figure 2.2 shows the geologic characteristics
inferred for the Corsair trend from seismic data and well
control north and east of the trend. Seismic velocity data
indicated the presence of hydropressured conditions and
thus sandstone reservoir rock in the upper part of the
upper Miocene throughout the Corsair trend. It was
anticipated that traps would be created along growth
faults when upper Miocene reservoirs were faulted
against a shale seal. Structural closure occurs on the
down-dropped side where the reservoir rock, overlain
by a seal rock, rolls into an upper Miocene growth fault.
The Corsair trend area offered for sale encompassed

1968 TEXAS OFFSHORE SALE
AREA OFFERED

@ EXISTING FIELDS - ALL GAS
~—~— MAJOR FAULT TRENDS

| 20 MILES ,

Figure 2.1. Area offered in 1968 Offshore Texas sale.
Corsair trend indicated by brackets.

those prospects believed to have traps at depths less than
10,000 ft. Shell’s regional maps indicated the presence of
approximately 17 different structural features with
trapping potential in the Corsair trend within the 1968
sale area.

Prediction of Hydrocarbon Type

The two parameters having the greatest impact on the
value of a Corsair trend tract were the volume of hydro-
carbons trapped on the tract and the type of hydrocar-
bons in the traps. The economics of oil versus gas were
such that, for a given trap volume, oil was worth about
seven times as much as gas. Thus, our petroleum system
work focused on predicting the likelihood of oil versus
gas on Corsair trend tracts.

Notice from Figure 2.1 that the only field in the upper
Miocene trend in 1968 was a gas field. This field (Shell’s
Buccaneer gas field) has small oil rims in some reser-
voirs. The ultimate reserves were estimated to be 26
million bbl of oil and condensate and 736 bcf of gas for a
ratio of 34 bbl of liquids per million ft3 of gas. Also note
in Figure 2.1 that all the production from the lower
Miocene updip of Corsair along the coastline was gas.
The question we wished to answer given the presence of
gas along strike and updip was whether the source rock
or thermal maturity conditions could change enough to
create an oil province in the Corsair trend. Our work in
onshore Texas had identified mature, oil-prone source
rocks of Eocene, Cretaceous, and Jurassic ages. We had
been unable to find any oil-prone source rocks in the
interbedded sandstone and shale sequences deposited
during the Oligocene-Miocene. We inferred that the oil
present in Oligocene-Miocene reservoirs in the onshore
area of Texas had migrated vertically from Eocene or
older source rocks. We reasoned that the transition from
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Figure 2.2. Offshore Texas cross section from the shoreline across the Corsair trend showing major growth faults,

transgressive marine shales, and age markers.

an oily Oligocene province onshore to an all gas lower
Miocene province offshore and updip from of the
Corsair trend resulted from the fact that the oil-prone
source rocks were overmature and generating gas as the
lower Miocene traps were formed in offshore Texas.

From our seismic work, both reflection and refraction,
we expected the oil-prone Eocene source rocks to be
overmature and generating gas when the Corsair trend
reservoir rocks under consideration were being
deposited. Thus, the only way an oil province could have
been created in the Corsair trend was the local deposition
of a deep water Oligocene or Miocene oil-prone source
rock below the thick or expanded upper Miocene
sandstone section (Figure 2.2). We considered a deep
water Oligocene oil-prone source rock to be unlikely
because it would have provided oil to the offshore lower
Miocene trend which, as mentioned before, is gas.

Figure 2.2 shows that the upper Miocene sandstone
package is bounded by two major transgressive shales,
the M-11 shale and the Pliocene shale. Thus, the updip
upper Miocene sandstones are part of the same
petroleum system that includes the upper Miocene
growth fault system of the Corsair trend. Let us assume
that an oil charge entered the upper Miocene sandstones
of the Corsair trend. If the oil charge were large or
followed by gas, we would expect oil to be displaced
updip beneath the Pliocene shale beyond the Corsair
trend. Many wells had been drilled through this upper
Miocene sandstone package to reach the lower Miocene
objective. There were no oil accumulations beneath the
Pliocene shale, and our investigation did not reveal any
reports of oil shows beneath the Pliocene shale.

Based on these three lines of evidence—gas updip and
along strike, over maturity of inferred oil-prone source

rocks, and lack of oil shows in the updip extension of the
upper Miocene Corsair trend—Shell bid the Corsair
trend as a gas province.

Results

There had been some presale speculation that oil
productive belts might lie within the sale area (Wilson,
1968a). When the sale was held, many of those present
were surprised by the size of the winning bids. The
highest bid in the sale was $438 million, the highest bid
in Gulf Coast history at that time (Wilson, 1968b). This
tract and the next most expensive tract ($43.5 million)
were located in the Corsair trend. The winning bids on
the tracts in the Corsair trend were approximately seven
times larger than Shell’s bids. We assume that these
winning bids were based on an expectation of oil in the
Corsair trend. The postsale discoveries on tracts bought
in the 1968 Offshore Texas sale are shown in Figure 2.3.
Note that six discoveries, all gas, were made. Later
rounds of exploration and drlling have found only gas
inthe offshore Texas upper Miocene trend.

This example illustrates how, even without well
control, one can use petroleum system logic to aid in the
assignment of hydrocarbon type to a new trend in an
explored province. The evaluator can provide a sound
answer to the oil versus gas question by organizing
geologic and geophysical information around the
framework provided by petroleum system logic. In this
offshore Texas example, we were able to extrapolate
regional geologic and seismic information to arrive at a
correct prediction of hydrocarbon type in a new trend.
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Figure 2.3. Gas discoveries made on tracts purchased in
the 1968 Offshore Texas sale.

SCHLEE DOME: 1976 BALTIMORE
CANYON SALE

The Schlee dome s a large, deep feature located inthe
offshore Atlantic regionabout 70 mi from the New Jersey
coast. Overlying sedimentary rock layers are affected by
this feature. Presale evaluation showed excellent
reservoir rock, seal rock, and trap geometry over and
around the Schlee dome. One trap on the dome was a
simple domal closure with a capacity to store about 7
billion bb! of recoverable oil. Naturally a trap of this size
attracted much attention. The winning bids on the Schlee
dome tracts totaled $544 million (West, 1976). Here the
Schlee dome and the hydrocarbon generation and
migration system that feeds it are treated as a petroleum
system. No hard evidence could be developed to show
that mature oil- or gas-prone source rocks were present
in this petroleum system. Accordingly, a major task of
the Shell evaluation team was to assess the likelihood
that mature source rocks were indeed present in the
Schlee dome fetch area.

Geologic Setting

The geologic setting of the Schlee dome has been thor-
oughly described in the literature (Schlee et al., 1976;
Mattick, 1980; Prather, 1991). For purposes of this presen-
tation, we have included the following items: an index
map (Figure 2.4), a regional cross section (Figure 2.5), a
reflection seismic line across Schlee dome (Figure 2.6),
the stratigraphy of the COST-B-2 well (Figure 2.7), and
the Schlee dome structure at the top of the Lower Creta-
ceous (LK) sandstone package (Figure 2.8). Figure 2.7
shows the thick Upper Cretaceous shale seal above a
thick Lower Cretaceous sandstone package. Note the
large area of closure at the top of the Lower Cretaceous
shown in Figure 28, with a minimum structural closure

ATLANTIC OCEAN

BALTIMORE CANYON

0.CS., SALE 40 . oM
SEPT. 1, 1976

[] AREA OFFERED

Figure 2.4. Area offered in 1976 Baltimore Canyon sale on
the Atlantic coast.

of 650 ft from the crest to the spill point. We estimated
the total volume of this structural trap in the uppermost
600 ft of the Lower Cretaceous sandstone to be approxi-
mately 24 billion bbl. Such a trap, if full, can be expected
to hold a recoverable volume of approximately 7 billion
bbl of oil.

The Schlee dome was created by a Lower Cretaceous
igneous intrusive. The Jurassic and part of the Lower
Cretaceous were uplifted and eroded around the
intrusive (Figure 2.6). It was assumed that this structural
deformation caused extensive fracturing and allowed
vertical communication throughout the disturbed
interval. This assumption led to two conclusions. First, all
hydrocarbons that had migrated to the Schlee dome area
prior to the deposition of the Upper Cretaceous shale seal
would be lost during the period of uplift and erosion.
Second, all hydrocarbons that migrated to the Schlee
dome after the deposition of the Upper Cretaceous shale
seal would enter the trap in the thick Lower Cretaceous
sandstone below the Upper Cretaceous shale seal. Based
on these two conclusions, we have treated this trap and
the stratigraphic section capable of generating hydrocar-
bons within the Schlee dome fetch area after the shale
seal deposition as a single petroleum system.

The uncertain part of the evaluation of this petroleum
system was estimating the volume and type of hydrocar-
bons generated within the fetch area after deposition of
the shale seal. The COST-B-2 well penetrated 16,043 ft of
sedimentary rocks (Figure 2.5). Mature oil- or gas-prone
source rocks were not detected. The Jurassic-Lower
Cretaceous intervals contained coaly material. The
thermal maturity at total depth is only 0.90% R,,. Shell’s
estimate of the relationship between vitrinite reflectance
and gas expulsion from type Ill kerogen is shown in
Figure 2.9. Note that gas expulsion from type III kerogen
is expected to start at 1.0% R,. The problem was to
estimate the probability that, within the Schlee dome
fetch area, a mature oil- or gas-prone source rock exists
deeper than 16,043 ft that could have charged the trap
after the Upper Cretaceous shale seal was deposited.
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Figure 2.6. Reflection seismic line across Schlee dome, Baltimore canyon.

Maximum Depth for Effective Source
Rocks

To determine from the present-day burial depth when
a source rock could have contributed hydrocarbons to
the petroleum system in the Schlee dome area, we
estimated the relationship of thermal maturity and time

at the COST-B-2 well location for a series of stratigraphic
horizons using a Lopatin type maturity model. This
estimate took into account the decrease in heat flow with
time of crustal cooling (Figure 2.10). The contribution of
oil from oil-generating source rocks was assumed negli-
gible for a vitrinite reflectance above 0.9% R,, and the
contribution of gas from gas-prone source rocks was
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Figure 2.7. Baltimore Canyon stratigraphy from the
COST-B-2 well.

assumed negligible above 2.2% R,, (Figure 2.9). At the
time of trap formation, 0.9% R, was attained at the strati-
graphic horizon having a present depth of 22,500 ft and
that 2.2% R, was attained at the stratigraphic horizon
having a present depth of 31,500 ft (Figure 2.10).

The bottom 3000 ft of the COST-B-2 well is mature for
oil generation, but oil-prone source rocks are undetected
within this interval. The oil-prone source rocks that could
contribute to the Schlee dome petroleum system must lie
between 16,043 and 22,500 ft. Significant gas expulsion
from type III kerogen starts at 1.2% (Figure 2.9). A value
of 1.2% R, is reached at the stratigraphic horizon having
a present depth of 19,500 ft. Therefore, the gas-prone

...... - AREA OF MAXINUM CLOSURE

Figure 2.8. Structural map of Schlee dome on top of the
Lower Cretaceous (LK). Contours are depth (in ft)
converted from original seismic time maps. Postsale
exploratory wells are annotated with the depth to the top of
the Logan Canyon Formation equivalent (LK). (Modified
from Lippert, 1983; reproduced from Prather, 1991.)

source rocks that can contribute to the Schlee dome
petroleum system must lie between 19,500 and 31,500 ft.
The total interval within which a contributing oil- and
gas-prone source rock can lie is about 15,000 ft thick.

Source Rock Model

As just discussed, the source rock model must apply
to the interval 15,000 ft thick that lies directly beneath the
stratigraphic section penetrated by the COST-B-2 well.
The location of the Schlee dome relative to the inferred
carbonate shelf margin is shown is Figure 2.5. To develop
our source rock model, we used the Cretaceous stratig-
raphy of the Gulf of Mexico coast as an analog. Oil-prone
source rocks are found in three marine environments:
transgressive shale, slope shale, and back reef lagoon. In
addition, gas-prone coals and humic shales are found in
the fourth environment which is transitional between
marine and nonmarine. The COST-B-2 well penetrated
about 7000 ft of Jurassic-Lower Cretaceous sedimentary
rocks deposited in such a transitional environment.

Based on the location of the Schlee dome fetch area
relative to the inferred carbonate shelf margin and the
character of the seismic data, it was thought that all four
of the envirorunents favorable for source rock deposition
would be found in the Schlee dome fetch area at various
stratigraphic positions within the 15,000-ft thick interval
below total depth of the COST-B-2 well. Accordingly,
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Shell assigned a high probability to the presence of a
commercially significant volume of hydrocarbons in the
Lower Cretaceous reservoirs on the Schlee dome.

Results

It was a great surprise and disappointment when the
Schlee dome was drilled and found to be completely
water bearing. Five wells have tested the prime objective
below the Upper Cretaceous seal within the area of
closure without a show of hydrocarbons. The Schlee
dome petroleum system seemed to have all the ingredi-
ents required for economic success. There were
thousands of feet of sedimentary rock deposited under
conditions favorable for source rock development and
having a thermal maturation history compatible with the
timing of trap formation. There was a direct migration
route from this thick stratigraphic section to a seismically
well-defined structural trap having an excellent reservoir
and seal combination. The only significant risk was in the
existence of source rock within the fetch area. This risk
seemed minor because of the favorable depositional
setting and the thick package of sediments within which
the source rock could lie. To explain the absence of
hydrocarbons on the Schlee dome we must first assume
that none of the transgressive shales in the Upper
Jurassic were source rocks and, second, that the transi-
tion from carbonate reef to oxidized red beds occurred
over a short distance in the Upper-Middle Jurassic
section between 19,500 and 31,500 ft. When the presale
evaluation was underway, this latter condition was not
suspected because the COST-B-2 well had penetrated an
Upper Jurassic-Lower Cretaceous section with coaly
material distributed over an interval 7000 ft thick.
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Figure 2.10. Thermal maturity history atthe COST-B-2 well
location. Each solid line shows the percentage vitrinite
reflectance versus time relationship for a particular
horizon.

1983 NORTON BASIN SALE

The Norton basin is a complex of three sedimentary
subbasins located off the west coast of Alaska (Figure
2.11). Two aspects of the evaluation of the Norton basin
are presented here. Part I discusses the evaluation of the
likelihood of a commercial oil charge in the Norton
basin, and part II covers the Stuart subbasin petroleum
system. Both parts provide useful examples of the types
of problems encountered in applying petroleum system
logic.

gEconomic considerations led to the conclusion that
gas, if discovered, would be virtually worthless from
such a remote area. Accordingly, a critical aspect of the
presale evaluation effort was to assess the probability of
finding significant oil reserves in the basin. Shell
concluded that the important source rocks in the Norton
basin area were gas prone. The work leading to this
conclusion is described in part 1. Once this conclusion
was reached, Shell found it unnecessary to carefully
evaluate the processes of hydrocarbon generation,
migration, and entrapment required for rigorous applica-
tion of petroleum system logic.

Exxon and Elf reached a different conclusion from
that of Shell and estimated that there was a reasonable
chance of finding significant oil reserves in or adjacent to
the Stuart subbasin (Desautels, 1988). As a result, they



32 Smith

0

G
R

e

NORTON
SOUND
NOME
®

ST. LAWRENCE .
SUBBASIN ™~}

OCS SALE 57 AREA
& PROSPECTS
& LEADS

SEWARD PENINSULA :

CENTRAL
SUBBASIN  suBBASIN

STUART

™ BASIN OUTLINE
77 /AT 10 SEC

ARCO COST 2

|
0 24
[ ——
MILES

Figure 2.11. Map of Norton basin area offshore Alaska showing subbasins, prospects, COST wells, and OCS sale 57 acreage.

acquired a dominant lease position in the Stuart subbasin
and drilled five wells on four structures. No hydro-
carbon accumulations that merited a drill-stem test were
found in these five wells. The availability of stratigraphic
data and hydrocarbon indications from these wells gave
us the opportunity to test the value of using petroleum
system logic as an exploration tool in the Stuart subbasin.
Accordingly, using only data available before the sale,
we completed a “hypothetical” presale petroleum
system evaluation for the Stuart subbasin and compared
this evaluation to the drilling results. This material is
presented in part IL.

Geologic Setting

The Norton basin is located in Norton Sound under
the offshore continental shelf of Alaska between the
Seward Peninsula and the Yukon Delta (Figure 2.11). For
our purposes, the Norton basin outline is drawn where
the thickness of sedimentary rocks exceeds 1 sec on a
seismic reflection profile. A subbasin is formed wherever

a thicker stratigraphic section is separated by a thinner
section. Three subbasins are shown on Figure 2.11 along
with the many prospects and leads within and between
the subbasins. Also shown are the locations of the two
COST wells drilled prior to the sale and the acreage put
up in OCS Sale 57 that was held in March 1983.

Shell’s understanding of the geology of the Norton
basin at the time of the 1983 lease sale was derived from
five sources: (1) publications of Fisher and co-workers of
the US. Geologic Survey (Fisher et al. 1979, 1981, 1982;
Fisher, 1982), (2) Soviet publications, (3) the two COST
wells, (4) regional studies conducted by D. M. Worrall of
Shell Development Company, and (5) work carried out
in the Alaska Division of Shell Oil Company.

Worrall’s (1991) work was done on the tectonic
history of the Bering Sea and on the evolution of Tertiary
strike-slip basins of the Bering shelf. Much of his work
was done before the Norton basin sale. His interpretation
of the geologic history of the Norton basin was incorpo-
rated into the evaluation made by the Shell Oil Alaska
Division and is presented here. To avoid confusion, we
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Figure 2.12. Vitrinite reflectance (R,) and total organic
carbon (TOC) for the COST-1 well in the St. Lawrence
subbasin. See Figure 2.11 for well location.

have followed the nomenclature used by Worrall (1991).
The basement underlying the Norton basin consists of
Precambrian—Paleozoic metamorphics intruded by
Cretaceous granites. Worrall (1991) showed that there are
two distinct sedimentary rock packages above the
basement. The boundary between these two packages is
an unconformity that Worrall calls the “red event.” Here
we refer to the older of these two sedimentary rock
packages as the “pre-red sequence.” At the time of the
sale, the age of the red event was poorly established but
was thought to be Paleocene. The age of the red event is
now thought to be late middle Eocene (44-43 Ma)
(Worrall, 1991). We refer to the younger of the two sedi-
mentary rock packages as the “basin fill sequence.”
Infolded remnants of the pre-red sequence are locally
present at various spots in the Norton basin and were
found in both COST wells. Coals are present in the pre-
red sequence in both COST wells. An abrupt increase in
vitrinite reflectance to about 1.0% R, was observed at the
red event in both COST wells. We assumed that any
potential for significant oil generation in the pre-red
section was destroyed at the COST well locations prior to
deposition of the basin fill sediments.

Slow subsidence with some associated faulting started
in late Eocene and has continued to the present day.
Depositional environments in the basin fill sequence
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Figure 2.13. Kerogen type by visual analysis, hydrogen
index by Rock-Eval pyrolysis, and cuttings gas wetness for
the COST-1 well, St. Lawrence subbasin. See Figure 2.11
for well location. Abbreviations: AM, amorphous; EX,
exinite; VITR, vitrinite; INERT, inertinite.

include nonmarine coastal, deltaic, shallow marine, and
possibly lacustrine. This sedimentary rock package forms
an onlap sequence on paleobasement highs and basin
margins. Traps include sedimentary rock drape over
basement highs, faults, pinchouts, and onlaps.

Part I: Evaluation of Oil Charge
Initial Interpretation

Geochemical data for the COST-1 and COST-2 welis
are shown in Figures 2.12-2.15. Most of these data were
published by Turner et al. in 1986. The interval shallower
than 7000 ft can be ignored in both wells because it does
not attain the thermal maturity level required for signifi-
cant oil expulsion. Visual kerogen analysis by Shell
Development for COST-1 (Figure 2.13) and by Robertson
Research (U.S.) for COST-2 (Figure 2.15), with which
Shell concurred, suggested a large fraction of oil-prone
(lipid) kerogen from about 9000 ft to the unconformity at
about 12,000 ft in both wells. The vitrinite reflectance is
lower in this mixed lipid and humic system than would
be observed in a pure humic coal. To avoid this source of
error, the calculated trend of vitrinite reflectance versus
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Figure 2.14. Vitrinite reflectance (R,) and total organic
carbon (TOC) for the COST-2 well in the Stuart subbasin.
See Figure 2.11 for well location. (Data from Robertson
Research, U.S.)

depth based on the temperature gradient and burial
history was used to estimate thermal maturity (Figures
2.12 and 2.14). From these calculated R, trends, we
expect oil generation from amorphous kerogen and
exinite to start at a depth of about 9000 ft and be nearly
complete at a depth of about 12,000 ft.

A decrease in the hydrogen index (HI) was reported
in both wells over the depth interval from 9000 to 12,000
ft (Figures 2.13 and 2.15). We assumed that this decrease
reflected the expected conversion of the lipid fraction of
the kerogen to oil. The cuttings gas wetness level, partic-
ularly in the COST-1 well, indicated that a mature oil-
generating source rock was present throughout this
interval (Figures 2.13 and 2.15). The rock extracts at
depths greater than 10,000 ft in COST-1 and greater than
11,000 ft in COST-2 had compositions like those of
mature oils.

We estimated that this interval between 9000 ft and
the unconformity contained about 1000 ft of shale that
initially had about 50% type II kerogen and an average
total organic carbon (TOC) content of 1.5%. From these
characteristics, the initial interpretation was that the total
volume of oil generated in the mature regions of all the
Norton subbasins would be about 10 billion bbl.

HYDROGEN CUTTINGS

KEROGEN INDEX S
TYPE _HC_ (m) WETNESS
% TOC \ 9 %
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Figure 2.15. Kerogen type by visual analysis, hydrogen
index by Rock-Eval pyrolysis, and cuttings gas wetness for
the COST-2 well in the Stuart subbasin. See Figure 2.11 for
well location. Abbreviations: AM, amorphous; EX, exinite;
VITR, vitrinite; and INERT, inertinite. (Data from Robertson
Research, U.S.)

Oil Show Evidence

The stratigraphy of the two COST wells is shown in
Figure 2.16. Note the presence of many low-permeability
beds throughout the interval in which oil was presumed
to have been generated. In the COST-1 well, this interval
contained seven thin sandstones of reservoir quality as
well as the low-permeability beds. If the source rock
interpretations initially accepted were valid, then at
depths greater than 10,000 ft where significant oil
expulsion should have occurred, the low-permeability
beds should contain high saturations of oil and the sand-
stones should all have good oil shows.

Table 2.1 presents the results of a careful review of the
evidence for shows. The quality and number of shows in
the COST-1 well were judged to indicate only minor
volumes of expelled oil. The thickness of mature oil
generating source rock was far less than the 1000 ft
initially assumed. The absence of oil shows in the COST-
2 well above the red unconformity indicates that there
was negligible oil expulsion above about 11,800 ft.
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Figure 2.16. Stratigraphy of the COST-1 and COST-2 wells
ofthe Norton basin.

However, the observation of some free oil in the mud at
11,825-11,830 ft demonstrates that some oil was expelled
in the COST-2 well. The significance of this show is
discussed in the next section.

Robertson Research (U.S.) reported an oil show below
the red unconformity at 12,240 ft in the COST-2 well
based on a rock extract. This oil show occurred close to
the major gas show observed on the mud log (Table 2.1).
Both of these shows occurred below the red unconfor-
mity and are believed to be derived from coals. Shell’s
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Table 2.1. OCS Sale 57-Norton Basin COST Well Shows

Depth (ft) Shows

Cost-1

10,200 Streaming cut fluorescence
10,250 Cut fluorescence

10,910 Crush cut fluorescence

10,960-10,990 (core)  Patchy stain and cut fluorescence
Cost-2

11,825-11,830
12,210-12,220
12,190-14,500

Trace free oil in mud

Major gas show

Gas shows in several sandstones
indicated by mud gas unit and
by neutron-density wireline logs

concept was that even if these coals contained lipid
material, most of the oil would have been lost prior to
deposition of the basin fill sequence. Thus, this show did
not enhance the oil potential of the Stuart subbasin in
Shell’s interpretation.

Rock-Eval Pyrolysis Evidence

An indication of when enough oil has been generated
to allow oil expulsion can be derived from Rock-Eval
pyrolysis data. The Rock-Eval instrument measures the
amount of hydrocarbons evolved from a sample as the
sample temperature is increased from room temperature
to 500°C. The oil-like hydrocarbons evolved below 300°C
were present in the sample at the start of the analysis,
and their total amount is reported as the S; peak. The
magnitude of the S; peak is a measure of the oil content
of the sample. The hydrocarbons evolved above 300°C
are largely formed by pyrolysis of kerogen in the sample.
The total amount of these hydrocarbons formed by
pyrolysis is reported as the S; peak and represents the
remaining hydrocarbon-generating potential of the
sample.

While the thermal maturity of a source rock is
increasing and oil is being generated, the value of
S1/TOC increases until oil expulsion starts. After oil
expulsion begins, the value of S;/ TOC remains approxi-
mately constant over a limited depth interval and then
decreases with increasing depth and thermal maturity.
For the cases we have studied, S; /TOC must attain a
valuein the range of 0.1-0.2 for oil expulsion to start.

Figure 2.17 shows the plot of S5;/TOC versus depth
for samples from the two COST wells. Recall that in these
wells, oil generation is expected to be significant at a
depth of about 9000 ft and to continue to about 12,000 ft.
The values of S1/TOC for the COST-2 sidewall core
samples are low throughout. There is little indication of
significant oil generation from 9000 to 10,500 ft Even at
12,000 ft where oil generation is expected to be essen-
tially complete, S;/TOC is only about 0.04 compared to
about 0.1 required for the onset of oil expulsion. We
interpret these results to mean that the intervals sampled
in COST-2 below 9000 ft are not capable of expelling oil
at any thermal maturity level. At high thermal maturity
(in the gas window), some liquids might be expelled
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Figure 2.17. Oil content/TOC as indicated by S1/TOCfor the
Norton basin COST wells.

from the sampled intervals as condensate carried in gas.
A quantitative analysis leading to an estimate of the
volume of this gas is presented in part Il. The volume of
this gas is so small relative to the area over which it must
migrate to reach prospective traps on the prospects that
none of this gas and condensate is expected to be
observed in the exploratory wells drilled in the Stuart
subbasin.

The low values observed for S;/TOC demonstrate
that the amorphous kerogen observed in the samples
below 9000 ft in these Norton basin wells cannot be
normal type II kerogen. To reconcile the visual kerogen
observations with the Rock-Eval pyrolysis data, one can
postulate the presence of a kerogen with a low HI that
has a low capacity for oil generation. Subsequent to the
Norton basin work described here, L. M. Pratt (1984)
described the depositional conditions under which such
a kerogen can be formed. She found that the HI of the
marine kerogen present in the Upper Cretaceous
Greenhorn Formation in the Denver basin varied from
less than 100 to 600 mg HC/g TOC. The content of
terrigenous organic matter was less than 15% inall of her
samples. The low-HI samples were associated with
deposition in a sufficiently oxic environment to allow
some degree of bioturbation. We suspect that most of the
kerogen present in the basin fill sequence of the Norton
basin was an amorphous low-HI kerogen similar to the
marine low-HI kerogen described by Pratt (1984).

The value of 5;/TOC does not provide an indication
of lipid content above 9000 ft where the maturity level is
too low for oil generation. However, this stratigraphic
interval does not reach a high enough thermal maturity
anywhere in the Stuart subbasin to generate a significant
amount of oil.

The oil show at 11,825-11,830 ft in the COST-2 well
demonstrates that some oil was expelled. We interpret
this show to have originated from a thin lipid-rich zone
that was missed by the sidewall core program. Since the
presence of an oil-generating zone of appreciable
thickness is not supported by source rock data, this show
was judged to be insignificant. Several of the COST-1
source rock samples had S;/TOC values indicating some
oil generation. This is consistent with the scattered oil
shows observed in the COST-1 well. However, S;/TOC
remained below the level expected for an oil-expelling
source rock. Thus, the amount of oil expelled at the
COST-1 well location was thought to be too small to be
of commercial significance.

One sample from the COST-1 well (S;/TOC = 0.07 at
9730 £t) came close to reaching the value of S1/TOC that
previous experience showed was required for the onset
of oil expulsion. This sample was waxy shale picked
from the cuttings for the depth interval 9690--9750 ft. This
interval in the COST-1 well appeared to have the
potential for oil expulsion at a higher thermal maturity.
The next section describes a special study carried out to
evaluate this possibility.

Before leaving this subject, we must explain the
misleading decrease in HI from 9000 ft to the red uncon-
formity. From the HI versus depth trends in Figures 2.13
and 2.15, it is evident that low values are observed in
both wells in the thermally immature section. Therefore,
depositional conditions in both subbasins lead to the
deposition of kerogens with HI values of about 50 mg
HC/g TOC. We presume that the decreases in HI below
about 9000 ft were largely due to a change in the original
kerogen composition rather than to the generation of oil.

Oil Generation Potential in COST-1 Well

To determine the oil generation potential of the
interval from 9690 to 9750 ft in the COST-1 well, picked
cuttings were thermally “matured” in the laboratory and
the products were analyzed. The picked sample
contained only waxy brown shale. The sample was
heated with water in a sealed tube for 6 days at 300°C.
These conditions are estimated to produce a conversion
in the kerogen equal to that observed at 0.9% R, Figure
2.18 shows three normal paraffin distributions as follows:
the waxy shale as received at 0.7% R, the waxy shale
after heating for 6 days at 330°C, and a model also heated
for 6 days at 330°C. The model was created from the
results of laboratory maturation studies on various types
of kerogen. A kerogen composition of 70% vitrinite, 17%
liptinite, and 13% alginite was consistent with the
conversion and product composition observed for the
picked cuttings.

Visual kerogen analysis of the waxy shale indicated
that it was 70% lipid and 30% vitrinite. This direct
comparison of visual analysis to product generation
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Figure 2.18. Normal paraffin distributions expressed as
milligrams of each normal paraffin per grams TOC. Open
circles: the waxy shale sample as received (0.7% R;)
picked from cuttings at 9690-9750 ft depth. Closed circles:
the same sample after heating for 6 days at 330°C.
Triangles: model kerogen containing 70% vitrinite +

17% liptinite + 13% alginite.

confirms our conclusion from the S1/TOC data that the
oil generation potential of the macerals visually identi-
fied as lipid kerogen was much less than that of type II
kerogen. The final step in our evaluation of the oil
potential of the Norton basin was to calculate the volume
of oil that the waxy shale interval might supply to the
prospect judged to have access to the largest volume of
oil from this source. This prospect is identified by the
letter “A” in the St. Lawrence subbasin (Figure 2.11). The
measured pyrolysis yield on the picked cuttings was
0.9% by weight. Based on the model of 70% vitrinite, 17%
liptinite, and 13% alginite, we estimated the total oil yield
of the waxy shale at complete conversion to be 0.8% by
weight. To create the source rock thickness, this oil yield
was optimistically applied to the full 60-ft thickness from
which the waxy shale was derived. The prospect
receiving the maximum oil charge from this source was
estimated to acquire about 110 million bbl of oil.
Assuming favorable efficiency factors for migration to
and recovery from the trap, this best prospect for oil
might have a recoverable volume of 15-20 million bbl.
This volume is far below the minimum required for
development in the Norton basin.

Summary of the Oil Potential of the Stuart
Subbasin

The COST-2 well was favorably located to penetrate
any source rocks deposited above the red unconformity
in the Stuart subbasin. Thermal maturity for oil genera-
tion was reached at about 9000 ft, and the red unconfor-
mity was reached at about 11,950 ft subsea. Rock-Eval
pyrolysis S;/TOC observations on sidewall cores
indicated that oil had not been expelled from this mature
source rock interval. Absence of oil shows in samples
confirmed this interpretation. A trace of oil was observed
in the mud at 11,825-11,830 ft. There was insufficient
evidence for an oil source rock of significant thickness
near this depth. Accordingly, it was assumed that a thin
source rock of high lipid content had expelled an
insignificant amount of oil at this depth. A major gas
show was observed at about 12,200 ft in the section
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below the red unconformity. Other gas indications were
observed down to economic basement. This section
contains much coal and attains a thermal maturity suffi-
cient to generate significant volumes of gas. Shell’s inter-
pretation of these observations was that the probability
of finding commercially significant oil reserves in the
Stuart subbasin was very low. Thus, tracts in the area
were given speculative bids in case the COST-2 well was
unrepresentative or something was overlooked in the
interpretation.

Summary of the Oil Potential of the
St. Lawrence Subbasin

The COST-1 well was favorably located to penetrate
any source rocks deposited in the St. Lawrence subbasin.
Minor oil shows in samples were observed in the
thermally mature section, and Rock-Eval pyrolysis
S1/TOC observations suggested that minor amounts of
oilhad been generated. A model was set up for the most
favorable case for oil accumulation on a prospect. From
this model, the most favorable prospect (“A” in Figure
2.11) was estimated to have the potential for a recover-
able volume of approximately 20 million bbl of oil. This
volume is below the minimum needed for development.
This result, combined with the probability that there
would be an inadequate thickness of reservoir rocks in
the St. Lawrence subbasin, led Shell to make only specu-
lative bids in the area.

Results

A total of six exploratory wells were drilled by others
to evaluate Norton basin prospects. One well, Arco OCS-
Y-0435 No. 1, was drilled on a prospect for which the
hydrocarbon fetch area was near the well. Some oil
shows were reported from this well, but none were
worthy of a drill-stem test. Since the hydrocarbon
potential of this prospect could not be predicted from
either COST well, observations in the Arco OCS-Y-0435
well are not relevant to our evaluation and will receive
no further attention.

No exploratory wells were drilled on prospects in or
adjacent to the St. Lawrence subbasin so we lack results
to compare to our prediction that oil migration from the
basin fill sequence in this subbasin is quite small.

Five exploratory wells were drilled on four prospects
adjacent to the Stuart subbasin (Figure 2.19). The
locations of these exploratory wells are shown on the
structural contour map in Figure 2.20 drawn at the top of
an important reservoir rock unit. Reservoirs and seals
penetrated in each well are shown relative to sea level in
Figure 2.21. None of the wells found a hydrocarbon accu-
mulation, and all of the wells were plugged and
abandoned without drill-stem tests. We will go beyond
these two facts and look for evidence that oil migrated
out of the deep part of the Stuart subbasin to adjacent
prospects. All of the wells encountered sandstones above
basement overlain by a sealing rock interval (Figure
2.21). Three of the wells, Cascade OCS-Y-0398, Yellow
Pup OCS-Y-0497, and Chugach OCS-Y-0425, were
appropriately located to be on the migration path of
hydrocarbons moving updip from the area containing
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hydrocarbons moving updip from the area containing
mature source rocks in the basin fill sequence. Such
hydrocarbons would be expected to migrate updip in the
first sandstone above economic basement. According to
Desautels (1988), these wells lacked oil shows. This
absence of oil shows along expected migration pathsis in
agreement with Shell’s interpretation that there was a
low probability of finding comunercial oil reserves in the
prospects adjacent to the Stuart subbasin.

Part II: The Petroleum System of the Stuart
Subbasin

After Shell concluded that the probability of finding
commercial oil reserves anywhere in the Norton basin
was very small, little effort was devoted to a rigorous
evaluation of the migration and trapping characteristics
for prospects in or adjacent to the different subbasins.
Therefore, Shell's presale evaluation is an incomplete
example of the use of the petroleum system logic as a
tool in frontier exploration. However, the geology in and
around the Stuart subbasin and the exploration effort
expended on it (including the five wells drilled by Exxon
and Elf in partnership or alone) combine to make the
Stuart subbasin area an excellent place to illustrate the
application of petroleum system logic in a frontier area.

For this illustration, a quantitative evaluation was
completed using only data available at sale time. This
evaluation included the following items:

1. Source rock units and maturity levels were quanti-
tatively described.

2. Migration paths and expected reservoirs for gas
accumulations were identified.

3. Volumes of gas expelled into the prospect fetch
areas were estimated.

4. Losses along the migration path to the predicted
accumulation positions were estimated for each
prospect.

5. Volumes available for accumulation on each
prospect were estimated.

6. These volumes were assigned to specific accumula-
tions using the COST-2 well stratigraphy and
structure at selected levels derived from reflection
seismic data.

In addition to these items, which constitute a complete
hypothetical presale evaluation, we conclude with a
comparison of the drilling results to the predictions. To
make this comparison, the predictions were modified as
required by data on reservoir rock and seal rock distribu-
tion acquired from the exploratory wells.

General Characteristics of the Petroleum System
in the Stuart Subbasin

Figure 2.19 is a map view of the Stuart subbasin area
showing the locations of the six prospects adjacent to the
subbasin, the wells that have been drilled, the area from
which gas has been inferred to have migrated, and two
seismic lines that will be used to illustrate structural rela-
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tionships. The prospect names given by Exxon and Elf
(Desautels, 1988) were used for the four prospects they
drilled. For the other two prospects, Cold Duck and West
Cold Duck, we have used the names given by Shell. As
shown in Figure 2.19, gas expulsion is restricted to a rela-
tively small central portion of the Stuart subbasin,
whereas all the prospects expected to derive gas from the
Stuart subbasin are located outside the gas expulsion
region. Therefore, critical facets of this evaluation include
determining the migration paths of the gas, the limits of
the fetch areas for the various prospects, and the
volumes of gas retained along the migration paths.

Figures 2.22 and 2.23 present cross-sectional views
through the center of the Stuart subbasin. As indicated in
Figure 2.23, some gas is expelled from the basin fill
sequence. The primary source of gas is the coal in the
pre-red sequence, which will be called the pre-red source
rock.

The COST-2 wireline logs show the distribution of the
coals (Figure 2.24). Each coal bed is characterized by
increases in resistivity and sonic travel time and a
decrease in density. The coals are interbedded with
shales, siltstones, and low-permeability sandstones. The
coal-bearing section was deposited under fluvial and
paludal conditions. Under these conditions, each
sandstone is expected to have a relatively narrow width
and to follow a sinusoidal path providing many oppor-
tunities for stratigraphic trapping.

All of the prospects are on basement highs adjacent to
the Stuart subbasin. A thick seal rock rests on the red
unconformity and onlaps the basement highs (Figures

2.16, 2.22, and 2.23). To reach commercial reservoirs on
the prospects, the gas must migrate along the
sediment-basement contact. The gas expelled from the
pre-red coals must first migrate through the fluvial
sandstone either to the basement contact or to the red
unconformity. The gas that migrates to the red unconfor-
mity must then migrate along the unconformity to the
basement. There are migration losses along every part of
the migration path, particularly in the fluvial sandstones.

The deepest sandstone reservoirs of good quality are
expected to onlap the basement and be located near the
“blue horizon” (Figures 2.16 and 2.22). Figure 2.20
presents the structure at the blue horizon. Note the
possible onlap traps on South Teton and Chugach at this
structural level. From the COST-2 well stratigraphy and
the structural characteristics of these two prospects,
onlap traps in good quality reservoir sandstones are
possible over an interval about 1000 ft thick. Hydro-
carbon migration from one onlap trap to the next higher
trap would have occurred until a trap was reached
beneath a top seal that extends over the basement high.
Migration above this top seal may have occurred where
the displacement created by a fault juxtaposes the
sandstone reservoir below the seal against the sandstone
reservoir immediately above the seal. This concept of
hydrocarbon migration across a fault plane when two
reservoirs are juxtaposed was advanced by Allan (1989)
and has been used by Shell from about 1970.

The processes of generation, migration, and accumu-
lation of hydrocarbons in the Stuart subbasin area lead to
the use of a single petroleum system for evaluation of the
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thermally generated hydrocarbons. This petroleum
system has a relatively large volume of reservoir rock in
potential trapping configurations, particularly on
Chugach and South Teton. However, the volume of gas
available to the reservoirs may be limited because of the
small area within which gas is expelled and because of
losses along the migration path.

Basin Fill Source Rock Model

The section on the possibility of an oil charge in the
Norton Basin concluded that gas expelled from humic
(type III) kerogen would be the major product from the
basin fill sequence. For a quantitative evaluation, we
have used the gas expulsion curve for type III kerogen
(Figure 2.9). From this curve, gas expulsion starts at 1.0%
R, and increases rapidly above 1.6% R,,. From Figures
214 and 2.15, it is evident that organic matter capable of
generating hydrocarbons is distributed throughout the
basin fill sequence. However our concern is limited to
that part of the basin fill sequence having R, greater than
1.0%.

To make estimates of thermal maturity for the 1983
Norton basin sale, Shell used an in-house calibration of a
Lopatin type calculation. The COST-2 temperature
gradient of 2.3°F/100 ft was used throughout the Stuart
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subbasin area. For these conditions, we estimated that
1.0% R, would be reached at 13,000 ft, and since the base
of the basin fill was estimated to reach 14,500 ft, the
maximum thickness of the gas-expelling section of basin
fill rocks was 1500 ft.

We developed a source rock model for this lower 1500
ft of the basin fill sequence. The data in Figures 2.14, 2.15,
and 2.17 were used to derive the following quantities for
our model: an average TOC of 1.5 wt. % , an average HI
(S peak) of 120 mg HC/g TOC, and an average distill-
able yield (S; peak) of 20 mg HC/g TOC. From these
values, the total hydrocarbon yield on complete conver-
sion was found to be 2.1 x 10-3 g HC/g rock. If we
assume that this total yield is obtained as gas, the yield
would be 1.7 x 1011 SCF/mi2 for a 1000-ft-thick layer of
source rock. The maximum vitrinite reflectance reached
at the base of the basin fill sequence is estimated to be
1.2%. At 1.2% R, about 7% of the total potential gas yield
is expelled (Figure 2.9). Under these maximum condi-
tions, the average value of the gas yield over the entire
1500-ft sequence is about 3.5% of the total potential.
Thus, the estimated gas yield fromthe basin fill sequence
where it attains maximum burial depth and thus
maximum thermal maturity is only 9 x 109 SCF/mi2.

The total area over which the depth of the red event is
greater than 13,000 ft is approximately 42 mi2. We
estimate that the total volume of gas expelled from the
basin fill source rock in the Stuart subbasin is about 120 x
109 SCF, assuming the average yield from the gas-
expelling area is 3 x 109 SCF/mi?.

Pre-Red Source Rock Model

From the wireline logs on the COST-2 well (Figure
2.24), 24 coal layers with a total thickness of 161 ft were
identified in the 2500-ft-thick section of pre-red
sediments. We assumed that each of these coal layers
had the composition of a standard humic coal. On this
basis, the total gas yield at complete conversion of this
thickness of standard coal was estiamted to be 1.1 x 1012
SCF/mi2. In our Norton basin discussion, we pointed
out the abrupt increase in vitrinite reflectance to 1.0% R,
at the red unconformity. In addition, there was an
increase in the slope of log R, versus depth below the
unconformity. Dow (1982) also interpreted the abrupt
increase in R, at 12,100 ft to indicate the presence of an
unconformity. The abrupt increase in vitrinite reflectance
at the red unconformity means that gas was generated
during the burial but lost when subsequent uplift and
erosion created the red unconformity. To set up a quanti-
tative model for the pre-red source rock, we must
consider the distribution of coal within the gas-expelling
region and correct for the loss of gas during the period of
burial, uplift, and erosion that created the red unconfor-
mity.

In theory, the seismic data could be used to map the
distribution of coal. Unfortunately, the data quality was
inadequate for this application. We were able to use the
seismic data in a qualitative manner merely to recognize
the presence of coal. Coals were clearly present in the
pre-red sequence basinward of Yellow Pup, South Teton,
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Figure 2.25. Strike line along the west flank of the Stuart subbasin showing the coal reflections below the red unconformity.

and Chugach. However, evidence was lacking for coals
in the pre-red sequence in the northern and eastern
quadrants of the gas-expelling area.

The seismic data (Figures 2.22 and 2.25) show that the
dip and strike of the coal beds are approximately parallel
to the dip and strike of the basement surface and the red
unconformity on the western flank of the subbasin. The
gross thickness of the coal-bearing package increases
toward the thickest part of the subbasin. Given these
characteristics, a model was created for the pre-red
source rock using the COST-2 well and seismic line 81-
493-2513 (Figure 2.22). In this model, the amount of coal
was kept constant at 161 ft and was spread uniformly
over an interval whose thickness increased basinward as
inferred from line 81-493-2513. This source rock model
was used for the western and southwestern flanks of the
subbasin and included the fetch areas for the three
drilled prospects we wished to evaluate—Yellow Pup,
South Teton, and Chugach. A quantitative evaluation of
Cascade, the fourth drilled prospect, was unnecessary for
reasons that are discussed later.

Next, loss of gas during the first episode of burial for
the pre-red source rock sequence was estimated. For the
model, we assumed that just prior to basin fill deposi-
tion, the vitrinite reflectance was 1.0% at the red uncon-
formity and that the slope of log R, versus depth in the
pre-red sequence was equal to the slope observed in the
pre-red sequence in the COST-2 well. The slope of log R,
versus depth attained in the pre-red sequence during the
first episode of burial is greater than the slope of log R,
versus depth created during the final burial episode

when the basin fill sequence was deposited (Figure 2.14).
Assuming that these two conditions are constant over
the fetch areas of Yellow Pup, South Teton, and Chugach
seems reasonable because of the relatively simple struc-
tural relationships of the basement, the red unconfor-
mity, and the coal sequence in this area.

Under these assumptions, the thermal maturity at the
end of the first burial episode was estimated at selected
locations for the top, bottom, and (where necessary)
middle of the coal-bearing layer. From these thermal
maturity values and from Figure 2.9, we estimated the
percentage of the total gas yield that had been expelled
and thus lost prior to the start of the second episode of
burial.

The next step of the calculation procedure was the
estimation of the thermal maturity and thus the
percentage gas expulsion attained at the end of basin fill
deposition. We started with the structural map at the red
unconformity and calculated along selected dip profiles
the depths to the top, bottom, and middle of the coal-
bearing source rock layers. Vitrinite reflectance values
were then calculated at each of these positions assuming
a temperature gradient of 2.3°F/100 ft using Shell’s 1982
version of a Lopatin type calculation. In this case, the
calculations involved adding the effect of the
time-temperature increment produced by the basin fill
deposition to the initial thermal maturity.

The final goal was to create a map showing the
volume of gas expelled from the pre-red source rock per
unit area during basin fill deposition. At each location on
the map, we had available from the calculations just



described initial and final values for the percentage of
gas expulsion at either the top and bottom or the top,
middle, and bottom of the coal-bearing source rock layer.
The nonlinear relationship between log vitrinite
reflectance and percentage gas expulsion required the
use of three values to obtain a reasonable approximation
for the average of the whole layer when the percentage
gas expulsion at the bottom of the layer exceeded 20%.
An appropriate average was calculated for the differ-
ences between the final and initial percentage gas
expulsion values at each location. The resultant average
expulsion efficiency times 1.1 x 1012 SCF/mi2 gave the
volume of gas expelled from the pre-red source rock per
square mile during the basin fill deposition at the given
location.

As previously stated, the pre-red source rock model
described here is applicable to the western and south-
western flanks of the Stuart subbasin. However, to illus-
trate the relative importance of the pre-red and basin fill
source rocks, we have calculated a hypothetical total
Stuart subbasin pre-red gas charge assuming that the
model applied over the whole gas-expelling area. For this
hypothetical case, the total volume of gas expelled from
the pre-red source rock during the basin fill deposition
period is 9 x 1012 SCF. For comparison, the estimate for
the basin fill source rock was 0.12 x 1012 SCF for the total
Stuart subbasin. Therefore, where the pre-red source rock
is present, it will yield approximately 75 times as much
gas per unitarea as the basin fill source rock.

Gas Shows in the Pre-Red Sequence

Evidence for gas expulsion from the pre-red coals
during the basin fill period was provided by a strong gas
show in the COST-2 well in a sandstone at about 12,200 ft
and by a series of weak to moderate gas shows in sand-
stones between 12,800 and 14,200 ft. The strong gas show
was interpreted to come from a 4-ft-thick sandstone at
12,175-12,179 ft. In this show, the hydrocarbon content of
the mud gas reached a maximum value of about 30%.
All of the coal beds in the pre-red section gave mud gas
shows. These shows interfered with the recognition of
mud gas shows originating in the sandstones between
12,900 and 14,200 ft.

A careful review of the mud log along with the
wireline logs showed that the mud log gas content
increased during the drilling of ten sandstone intervals
between 12,800 and 14,200 ft. The presence of gas in six
of these sand intervals was confirmed by a lower
porosity reading on the neutron log than on the density
log. To make this interpretation, we used a grain density
of 2.71 g/cm3. Core data in two different pre-red sand-
stones had given grain density values of 2.68-2.78
g/cm3. Therefore, the use of a grain density of 2.71
g/cm3 may have underestimated the number of gas
shows in the pre-red sandstones. In addition, some
instances of gas in shaly sandstones may have been
missed because of the elevated porosity reading on the
neutron log.

Turner et al. (1983) made a similar interpretation
regarding the presence of gas in the pre-red section.
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Their comments regarding the presence of hydrocarbons
in this part of the COST-2 well are as follows:

During the drilling of this well, good gas shows consisting of
methane with lesser amounts of ethane, propane, and butane
were encountered between 12,190 and 14,460 ft. An examination
of the geophysical logs shows neutron-density gas anomalies
for much of the sandstone and interbedded coal between 12,880
and 13,942 ft. No tests were run to evaluate the degree of gas
saturation in the sandstone beds with neutron-density gas
anomalies. These anomalies probably represent partial satura-
tion of the sandstone with gas generated in adjacent coal beds
and unable to migrate further because of low permeability. This
sequence might conceivably be productive elsewhere in the
basin.

We have presented a detailed discussion of these pre-
red gas shows because their occurrence provides strong
support for the migration loss model presented next.

Migration Loss Model

Since we estimated that over 98% of the gas available
to the evaluated prospects originated in the pre-red
sequence, our major concern is to estimate the loss
during migration of gas generated in the pre-red
sequence. This gas must migrate through the fluvial
sandstones of the pre-red sequence, along the red uncon-
formity, and along the basement surface until a good
quality sandstone reservoir onlapping a basement high is
reached. There are losses due to the trapping of gas along
each of these parts of the migration path. The abandoned
oxbow sandstones and sinusoidal channel sandstones
comprising much of the fluvial sandstone system create
many stratigraphic traps. The migration paths along the
red unconformity and basement surface are visualized as
a series of stratigraphic traps connected by a patchy layer
of permeable sand deposited at the unconformity or on
the economic basement.

A reliable estimate of the volume of gas trapped along
the basement surface below the reservoir section and
along the red unconformity is not possible. However, per
unit area, the amounts of gas trapped in these settings is
probably far less than the amount trapped in the thick
pre-red fluvial sandstone sequence. Furthermore, the gas
show evidence provides a basis for estimating the
volume trapped inthe pre-red fluvial sandstones.

Because of the jump in vitrinite reflectance in the
COST-2 well at the red unconformity, the boundary for
the onset of gas expulsion was placed downdip from this
well. Therefore, the gas observed in the COST-2 well had
migrated updip. This means that some of the sandstones
in the well, such as abandoned river channel sandstones,
did not have access to gas. However, in the area where
gas was expelled from the coals, virtually every
sandstone bodyis charged with gas.

In the interval between 12,800 and 14,200 ft in the
COST-2 well, gas shows were observed on the mud log
in 10 out of a possible 20 sandstone reservoirs. These
shows are gas in stratigraphic traps whose sandstone
reservoir is connected to the downdip mature source
rock. It seems unlikely that the small amount of gas



44 Smith

present along a migration path would have produced a
detectable show in the presence of the large background
created by the coal layers in the COST-2 well.

For the pre-red sequence in the COST-2 well, Shell
estimated that there were 343 net-ft of sandstone with an
average porosity of 9% between the red unconformity
and 12,800 ft, and 400 net-ft of sandstone with an average
porosity of 11% between 12,800 and 14,200 ft. The
interval above 12,800 ft contains only one coal bed, which
could charge 40 net-ft of sandstone, 20 net ft-above the
coal and 20 net-ft below the coal. Thus, in the COST-2
well, we estimated that the pre-red sequence contained
440 net-ft of sandstone that was available for the strati-
graphic trapping of gas. If half of the sandstone traps gas,
as suggested by the gas show evidence, there would be
220 net-ft of gas. For the gas-expelling region, the model
thus assumes that 220 net-ft of sand contains trapped
gas. An average porosity of 9% and an average gas satu-
ration of 50% are also assumed for these accumulations.
Using an average depth of 15,000 ft and an average
pressure of 7500 psi for the accumulations trapped in the
pre-red gas-expelling region, these parameters lead to a
prediction of 60 x 109 SCF/mi2 of trapped gas. This
migration loss estimate may be conservative for the
following reasons: (1) the thickness of the pre-red coal-
bearing section increases in the gas-expelling region,
which probably leads to an increase in net-feet of
sandstone; and (2) the presence of disconnected
sandstone bodies may lead to more than 50% of the net-
feet of sandstone being included in the traps.

For the area updip of the gas-expelling region, we
assumed that on the average there were 70 net-ft of
sandstone with trapped gas. We reduced the average
net-feet of trapped gas to allow for the decreasing
thickness of the pre-red section and the tendency for the
migrating streams to occupy a smaller fraction of the
total area. For this updip area, we assumed an average
porosity of 11%, an average gas saturation of 50%, an
average depth of 12,000 ft and an average pressure of
6000 psi. For these conditions, the average migration loss
in the pre-red area updip of the gas-expelling area is 22 x
109 SCF/mi2.

For the evaluation of the prospects presented in the
next section, the total migration loss is based on the
losses in the pre-red sequence. As previously noted,
additional losses are possible in traps just under the red
unconformity and in onlap traps on the economic
basement. However, these additional losses are immate-
rial to our interpretation of the hydrocarbon potential for
the evaluated prospects.

Definition of Prospect Fetch Areas

Since the intent is to predict volumes of possible gas
accumulations on individual prospects, we must
determine the boundaries of the gas expulsion area for
each prospect. To make this determination, we must
decide how gas migration through the pre-red sand-
stones is affected by faults that displace the pre-red
sequence. Five faults cut the red event along the cross
section shown in Figures 2.22 and 2.23. These faults
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Figure 2.26. Fetch area map for Stuart subbasin showing
the gas-expelling region assigned to each prospect.

divide the pre-red sequence of the Stuart subbasin into a
series of fault blocks trending northwest-southeast. Our
concern is whether these faults create barriers to hydro-
carbon migration.

Shell estimated that there were 400 net-ft of sandstone
in the bottom 1800 ft of the pre-red sequence. Only one
core was taken of a sandstone in this sequence. Two
samples out of thirty had an air permeability above 1
md, and the median air permeability was 0.17 md.
Because of their low permeability, the gas-bearing pre-
red sandstones were considered to be noncommercial.
Hydrocarbon migration across a fault in this sort of
stratigraphy is unlikely for two reasons. First, permeable
sandstones make up less than 5% of the section and are
thus unlikely to be juxtaposed across the fault. Second,
even in the better sandstones the fault zone is expected to
have a low permeability because of the crushing and
smearing of clays, micas, and volcanic rock fragments.

For these reasons, we assumed that the faults that cut
the red event divided the pre-red sequence into a series
of fault blocks within each of which expelled gas is trans-
mitted updip toward the basin margin. Combining this
description of migration within the pre-red sequence
with our earlier description of migration along the red
unconformity and the basement, we developed the fetch
map shown in Figure 2.26 for the six prospects adjacent
to the Stuart subbasin. None of these prospects could
derive a significant amount of thermal gas from either of
the other two subbasins. Based on this fetch map,



Table 2.2. Volumes of Expelled Gas for Stuart Subbasin
Prospects

Gas Volumes (x109 SCF)

Basin Fill Pre-Red
Prospect Source Rock Source Rock
Yellow Pup 0.2 150
South Teton 3 820
Chugach 36 2070

thermally generated gas cannot migrate to the Cascade
prospect. This fetch map was used to make quantitative
estimates of the thermal gas available to the Yellow Pup,
South Teton, and Chugach prospects.

Since there may be some doubt as to the validity of
our concept that faults are barriers to hydrocarbon
migration in the pre-red sequence, some comments on
the impact of this concept are in order. First, if faults are
not barriers, Cascade might have access to a small gas
charge. Second, the fault barrier that forms the downdip
limit to the South Teton fetch area transfers gas to the
Chugach prospect which otherwise would have reached
South Teton. Yellow Pup is unaffected because the dip of
the gas-generating rocks reverses direction at the fault.

Prospect Summary

We have used the fetch map in Figure 2.26 along with
the models described in previous sections to calculate the
volumes of gas expelled into the fetch area for each
prospect. The results are summarized in Table 2.2.

These values represent our estimates of the amount of
gas expelled from the humic kerogen in the basin fill
source rock and the coals in the pre-red sequence. After
correction to subsurface conditions, the 36 bcf from the
basin fill source rock for the Chugach would create a gas
volume equivalent to that in a migration path approxi-
mately 4 ft thick in 10% porosity rock for the area
required to reach the basement contact. Since there are
other migration losses and several migration paths, we
believe all of the Chugach basin fill gas would be lost on
the migration path. The conditions for Yellow Pup and
South Teton are much less favorable. Therefore, we do
not believe the basin fill source could provide even a
show of either gas or liquids at the prospects.

The migration loss calculations for the pre-red fluvial
sandstone sequence are summarized in Table 2.3. Table
2.4 summarizes the totals from Tables 2.2 and 2.3 and
lists the predicted volumes of thermal gas that could be
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trapped in good quality reservoir sandstones.

The final step is to assign the gas volumes available to
good quality reservoir rocks to specific traps on South
Teton and Chugach. From the COST-2 well (Figure 2.16),
we expect to find the deepest good quality reservoir
rocks slightly deeper than the blue seismic event. Figure
2.20 shows the structure at the blue level, the locations of
the blue horizon onlap on the basement, and the
basement structure shallower than this onlap position.
Possible gas accumulations are also shown. In the presale
evaluation, the possibility of a series of onlap traps for
South Teton and Chugach that started below the blue
horizon and continued over a depth interval of 1000 ft or
more was recognized. If such traps allowed some gas to
pass through, then it was assumed that the closure below
the first good seal above economic basement would have
access to the gas. Thus, the presale evaluation would
have predicted about 130 bcf of gas on South Teton and
1000 bef on Chugach in some combination of onlap traps
and a trap above the basement high.

For the COST-2 well, Shell estimated that there were
491 net-ft of good quality reservoir sandstone with an
average porosity of 16% in an interval about 2000 ft thick
extending above and below the blue event. This interval
becomes thinner and is approximately 3000 ft shallower
at the predicted onlap position. A reasonable presale trap
model might have been to predict 100 net-ft of gas
trapped in two or possibly three onlapping sandstones
within a zone extending from about 500 ft below the blue
horizon to about 500 ft above this horizon. The cross-
hatched areas on South Teton and Chugach in Figure
2.20 represent such traps at the blue level. The trap
volume on South Teton in the untested cross-hatched
area, assuming 100 net-ft of gas with porosity of 20% and
gas saturation of 75%, would be 475 bcf, which is far
more than the 133 bcf estimated to be available. The
same reservoir and trap model indicate that for Chugach,
the untested cross-hatched area would hold the entire
987 bcf of gas estimated to be available. Thus, use of the
presale stratigraphic information allows a reasonable
explanation for the failure of the wells drilled on South
Teton and Chugach to find any gas.

Drilling Results Compared to Predictions

The locations of five wells that were drilled to
evaluate prospects in the Stuart subbasin are shown in
Figures 2.19, 2.20, and 2.26. All of the wells were plugged
and abandoned without drill-stem tests. The only signifi-
cant hydrocarbon show reported by Desautels (1988) was

Table 2.3. Volumes of Gas Trapped in the Pre-Red Sequence or Migration Loss to Prospects

Expelling Area Migration Area Volume Trapped on
Area Trapped Volume Area Trapped Volume Migration Path
Prospect (mi2) (x 108 SCF) (mi2) (x 109 SCF) (x 109 SCF)
Yellow Pup 1.9 114 44 97 211
South Teton 7.3 438 113 249 687
Chugach 9.9 594 224 493 1087
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Table 2.4. Volumes of Gas Available to Reservoirs or
Prospects

Gas Volumes (x 109 SCF)

Prospect Expelled Migration Loss  Available
Yellow Pup 150 211 0
South Teton 820 687 133
Chugach 2070 1087 983

oil in the mud circulated up from the basement rocks
during coring operations on OCS-Y-0430 #1 on Chugach.
Based on the composition of this oil, Elf inferred that it
was not generated in the nonmarine source material of
the Stuart subbasin area. The hydrocarbon accumulation
giving rise to the oil show was judged to be of small
volume and of no commerecial significance.

We reviewed the wireline logs and mud logs and
found no evidence for gas in any sandstones in any of
the five wells. All gas shows on the mud logs could be
correlated with coals.

The evaluation of the prospects using petroleum
system logic predicted that there would not be thermal
gas accumulations on Cascade or Yellow Pup. Therefore,
the failure of the wells on these two prospects was
predicted. However, accumulations of thermal gas were
predicted to exist on South Teton and Chugach. Unfortu-
nately, the structural and stratigraphic characteristics of
these prospects were such that the exact locations of
these accumulations could not be predicted. As we
showed in the preceding section, using the COST-2 well
stratigraphy, we could account for both the predicted gas
volumes (133 bcf on South Teton and 987 bcf on
Chugach) and the dry holes. Let us determine whether
we can still reconcile the predicted gas volumes with the
dry holes using the additional stratigraphic information
available from the wells drilled on the prospects.

The stratigraphic section penetrated by each of these
wells is shown in Figure 2.21. All of the wells bottomed
in economic basement rocks and penetrated a sandstone
reservoir above basement that was overlain by a seal
rock. The well on South Teton was drilled on a basement
high and did not penetrate the stratigraphic section
within which basement onlap traps might occur. We
chose the Yellow Pup well for our source of stratigraphic
information for estimating the potential capacity of onlap
traps on South Teton. This choice was based on the
proximity of the Yellow Pup well, the inferred direction
of sediment transport, and the seismic evidence for
interval thicknesses and bed character.

In the Yellow Pup well, numerous sandstones occur
in the interval from about 5000 to 6000 ft followed by a
400-ft-thick seal rock and a second interval with
numerous sandstones from 6420 ft to the basement rock.
Correcting for the elevation of the derrick floor and the
structural difference between the OCS-Y-0407 well on
Yellow Pup and the South Teton onlap, we would expect
to have onlap traps with elevations of about 700 ft below
the bluelevel and near the blue level.

In the Yellow Pup well, a 370-ft-thick interval across
the blue level contains 68 net-ft of sandstone with an

average porosity of 26%. Assuming one-half of this sand
forms onlap traps having a total area equal to that shown
in Figure 2.20 on South Teton, there could be 240 bef of
gas trapped at the blue level on South Teton.

We do not have a map showing the onlap at the
deeper level on basement, but the structure map on
basement suggests that onlap traps at the deeper level
are possible. There are 82 net-ft of sandstone in an
interval 170 ft thick near the top of this lower sand
section in the Yellow Pup well. The average porosity of
this sandstone is21%. A 6-mi? area of onlap trap incorpo-
rating one-half of this net sand interval could hold 160
bef of gas. We estimated that 133 bef of gas would reach
the reservoir interval on the South Teton prospect. This
quantity is much less than the 400 bcf of gas estimated to
be the amount that could be held in onlap traps in the
two reservoir intervals on the South Teton prospect.
Thus, the failure of gas to reach the crestal trap on South
Teton is considered to be consistent with the prediction
suggested by petroleum system logic.

The two wells drilled on the Chugach prospect
provided us with the stratigraphic information needed to
estimate the volume of both the crestal trap and an onlap
trap near the blue level. Well OCS-Y-0430 located
downdip of the crest penetrated a thick package of
mostly seal rocks above an interval that contains
numerous sandstones extending from 3952 ft to
economic basement. The crest of the shallow structure is
cut by a fault with a throw that decreases from about 350
ft near the crest to zero. This fault would limit the areas
of the accumulations in the lower sandstones because of
sand—-sand contact across the fault and would allow
vertical migration up to the first good seal that extends
from 3952 to 3625 ft. To estimate the volume that might
be trapped in this crestal trap updip of well OCS-Y-0430,
we assumed a common water level of 4252 ft in all the
sandstones between 4252 and 3952 ft. This places the
gas—water contact about 20 ft above the level at which
the hypothesized pay sandstone at 3952 ft is penetrated
in well OCS-Y-0430. There is 85 ft of sandstone in this
300-ft-thick interval with an average porosity of 35%. We
estimate that with a common water level this crestal trap
could hold 270 bcf without any gas extending downdip
to well OCS-Y-0430.

Well OCS-Y-0425 was drilled to test a potentially large
onlap trap on the Chugach prospect. The well penetrated
a sandstone-rich section extending from 5608 ft to the
basement beneath a good seal approximately 140 ft thick.
Thus, the conditions were excellent for an onlap trap.
The upper 113 ft of the sandstone section contained 97
net-ft of sandstone with an average porosity of 21%. We
estimate that an onlap trap that included this sandstone
with the area shown in Figure 2.20 could hold 1130 bcf of
gas. Thus, the total volume of trapped gas calculated
using the observed stratigraphy and the trap areas
proposed in Figure 2.20 is 1400 bcf compared to an
estimated available volume of 987 bcf. Again, we find
that the prediction made using the petroleum system
logic is consistent with the results observed upon
drilling.



It is evident from the nature of the problem and the
quality and quantity of data available for the presale
evaluation that our estimates of the volumes of expelled
gas and of the volumes of gas retained in the fluvial
sandstones are subject to large uncertainties. In partic-
ular, our values for the volumes of expelled gas should
be viewed as estimates of the median value, with about a
tenfold range from the 5% to 95% probability values.
Even given this uncertainty, these estimates made in
advance could provide a warning that there was a signif-
icant risk with the gas charge. These estimates could
have indicated that the prospects adjacent to the Stuart
subbasin were unlikely to have important gas reserves
even though there were two large structures in a
geologic setting that contained reservoir and seal rocks.

Summary of Norton Basin Example

The Norton basin is a complex consisting of three
subbasins. For the presale evaluation, two COST wells
were available, COST-1 in the St. Lawrence subbasin and
COST-2 in the Stuart subbasin. Our application of
petroleum system logic was restricted to the areas in and
around these two subbasins and started with an assess-
ment of the probability of finding significant oil reserves
in either area.

A major unconformity, the red unconformity,
occurred at approximately 12,000 ft in both wells. An
abrupt increase in R, to 1.0% occurred at this unconfor-
mity. The section below the red unconformity contained
coals. Because of this increase in R, to 1.0%, we
concluded that any potential for oil generation in the pre-
red section was used up and that the oil was lost prior to
the deposition of the post-red basin fill sequence. Where
the red unconformity was buried deeply enough under
the basin fill sequence to increase the R, above 1.0%, a
second episode of gas generation and expulsion was
assumed to have taken place.

Organic matter is present throughout the basin fill
sequence in both COST wells and is mature for oil gener-
ation at depths greater than about 9000 ft. In this mature
interval, the organic matter is a mixture of lipid and
humic kerogens. Rock-Eval pyrolysis data and the poor
quality of oil shows indicated that there had been an
insignificant amount of oil expelled from the kerogen in
the mature basin fill sediments in either well. We
estimated that a subcommercial volume of oil may have
been expelled from this sequence in the central part of
the St. Lawrence subbasin where the overburden rocks
are thickest. The COST-2 well lacked intervals with a
high enough lipid content to expel oil. Where the over-
burden rock is thickest in the Stuart subbasin, expulsion
of a minor amount of gas and condensate may have
occurred from the basin fill sequence. Because of the
small amount of this gas and condensate, it was most
likely lost along the migration path between the gas
expulsion region and the prospects.

Five wells have been drilled on four different
prospects adjacent to the Stuart subbasin. Three wells on
three different prospects were properly located and
provided a good stratigraphic section for observing the
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presence of migrating oil. However, oil shows were
lacking in all three wells. Therefore the evidence from the
postsale drilling of these prospects is in agreement with
Shell’s presale evaluation that a significant oil charge was
unlikely.

The second aspect of our application of petroleum
system logic to the Norton basin was the development of
a complete petroleum system analysis of the four drilled
prospects adjacent to the Stuart subbasin. Essentially all
of the hydrocarbon charge available to these prospects
was judged to be gas expelled from the pre-red coals
during the latter part of the basin fill period. These coals
are distributed throughout a thick sedimentary package
and are interbedded with fluvial sandstones and fluvial
plus paludal siltstones and shales. We assigned fetch
areas to each prospect so that the gas available to each
prospect and the losses along the migration path could
be estimated. From these estimates it was concluded
using presale data that gas accumulations were unlikely
to exist on two of the prospects and that the volumes of
gas available to the other two prospects were small
relative to the potential trapping capacity of the
prospects.

The results obtained in the five exploratory wells
drilled on these four prospects after the sale were in
agreement with these predictions made from the
petroleum system analysis. Gas accumulations were
undetected on any of the prospects. The possibility of
onlap traps on the flanks of the two prospects believed to
have received some gas was confirmed by the strati-
graphic information acquired during the drilling. Volu-
metric estimates made using the observed reservoir para-
meters indicated that, because of the locations chosen for
the three wells drilled on these two prospects, failure to
find accumulations of the estimated size was easily
explained. Therefore, the results obtained from the
postsale drilling of the five wells on four prospects are
consistent with predictions made from a petroleum
system logic using the COST-2 well and reflection
seismic data.

CONCLUSIONS

The use of petroleum system logic in exploration
means reliance on integrated interpretations of the
processes of petroleum generation, migration, and accu-
mulation for the evaluation of exploration opportunities.
The accuracy of such an interpretation increases when
the quality and amount of pertinent data increase.
However, even in a frontier area having little well
control, it is possible to make a reliable evaluation of an
exploration opportunity using petroleum system logic.
This conclusion was illustrated by the successful applica-
tion of petroleum system logic to two aspects of the eval-
uation of prospects in the Stuart subbasin area of the
Norton Sound in offshore Alaska. Using the COST well
in the Stuart subbasin for stratigraphic control and a grid
of reflection seismic lines, predictions were made that the
prospects would have little or no oil and that some
prospects would have gas accumulations of moderate
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size. Exploratory drilling confirmed these predictions.

Two kinds of evidence were particularly helpful in the
evaluation of oil potential. Rock-Eval pyrolysis measure-
ments of thermally mature samples indicated that a
negligible amount of oil had been expelled from the
potential source rocks. This interpretation was supported
by the weakness of the oil shows in porous rocks within
the thermally mature section.

Quantitative analyses of the processes of hydrocarbon
generation, migration, and accumulation were required
to determine which prospects might be gas productive
and to estimate the size of any gas accumulations. The
gas was generated in a sequence of coal beds
interbedded with paludal shales and siltstones and
fluvial sandstones. Significant migration losses were
estimated to occur in the fluvial sandstones. Supporting
evidence for these losses came from the observation of
gas shows in these fluvial sands in the COST well. The
Stuart subbasin example illustrates the importance of
making a quantitative evaluation whenever there is a
possibility that petroleum accumulation size will be
limited by the available charge.

The use of petroleum system logic in the evaluation of
an exploration opportunity often allows the explorer to
reduce the evaluation problem to the careful assessment
of a single factor. For example, often the presence of
adequate reservoir and seal rocks and a trapping config-
uration can be demonstrated with a high level of
certainty. To complete the evaluation using petroleum
system logic requires demonstrating that a source rock
attained maturity at the right time and expelled hydro-
carbons into a migration path leading to the accumula-
tion position. There are four factors in this part of the
evaluation: source rock existence and type, source rock
maturity, migration path, and timing. Study of the partic-
ular geologic characteristics may lead to the conclusion
that the probability of success is dominated by the
outcome of one of the factors. The final evaluation is then
reduced to the assembly and careful interpretation of the
evidence regarding this one factor.

Two of the examples presented in this chapter illus-
trate the use of petroleum system logic to reduce the
evaluation problem to the consideration of a single
factor. In both of these examples, the presence of
adequate reservoir rock, seal rock, and structural config-
uration for trapping was ensured, but in each case there
was an uncertainty regarding a facet of the hydrocarbon
generation process. The first example was taken from the
1968 Offshore Texas lease sale. The exploration opportu-
nity was a major growth fault trend with no previous
drilling. The major unknown was whether oil would be
present in the new trend as opposed to gas. The critical
factor thus became the type of source rock expected in
the depth intervals that could provide such an oil charge.
Examination of the evidence bearing on the question led
to the conclusion that oil should not be expected. Subse-
quent drilling proved the validity of this conclusion.

The second example was taken from the 1976
Baltimore Canyon sale. The problem was the estimation
of the amount and type of hydrocarbons that were
expected to accumulate in a well-defined large volume

structural trap on the Schlee dome. A review of the
available data showed that migration to this trap was
ensured from a thick, matured, undrilled stratigraphic
section. The critical remaining condition that needed to
be satisfied was the presence of either oil- or gas-prone
source rocks within this thick stratigraphic section. An
adequate petroleum charge was predicted to be available
because favorable environments for source rock deposi-
tion were inferred for this thick, undrilled interval from a
geologic model derived from reflection seismic data.
Postsale drilling discovered no petroleum. Although the
prediction was wrong in this case, this example provides
a good illustration of the use of petroleum system logic
to define the critical factor in an exploration evaluation
problem and of the approach used to assess the critical
factor.

Petroleum system logic follows from the fundamental
processes that control the creation of petroleum deposits.
Because of this fundamental basis, petroleum system
logic is applicable to all petroleum exploration problems.
The examples chosen for review in this chapter are
intended to illustrate how petroleum system logic can be
applied to a diverse set of problems encountered in
frontier area exploration.

Acknowledgments I thank Shell Oil Company for giving me
permission to publish this paper which was based on work
carried out in Shell Oil Company Exploration Divisions. A
large number of Shell Oil and Shell Development personnel, far
too numerous to list, contributed to the OCS sale preparations
described in this paper and to the research and development
work that preceded the applications described here. Of all these
people, T wish to single out four individuals for particular
credit. The leadership of R. E. McAdams, Vice President
Exploration, Shell Oil Company, 1957-1970, was instru-
mental in the creation of the environment in which organic
geochemical research could be effectively incorporated into the
exploration program. In addition, Mr. McAdams was an
inspiring personal leader to me and many others in the Shell
Oil exploration organization. The research contributions of G.
T. Phillippi, Archie Hood, and Pierre Mommessin provided a
sound technical foundation. Finally, I thank Vic Aipperspach
for his assistance in resurrecting the Alaska Division work on
the Norton basin, and I give special thanks to Karee Kimbro for
assuming the major responsibility for the graphics.

References Cited

Allan, U. S,, 1989, Model for hydrocarbon migration and
entrapment within faulted structures: AAPG Bulletin, v.
73,n.7, p. 803-811.

Desautels, D. A., 1988, Exploration evaluation of hydrocarbon
potential from Norton basin, Alaska: Bulletin des Centres
de Rescherches Exploration-Production Elf-Aquitaine, v.
12,n.2, p. 514-531.

Dow, W. G., 1982, Geochemical analysis of Norton Sound
COST No. 2 well, Alaska: Houston, TX, Robertson
Research (U.S.), 33 p.



Fisher, M. A., 1982, Petroleum geology of Norton basin,
Alaska: AAPG Bulletin, v. 66, n. 3, p. 286--301.

Fisher, M. A.,, W. W. Pattan, Jr., D. R. Thor, M. L. Holmes, E.
W. Scott, C. H. Nelson, and C. L. Wilson, 1979, Resource
report for proposed OCS lease sale 57: Norton basin,
Alaska: U.S.G.S. Open-File Report 79-720, 43 p.

Fisher, M. A, W. W. Patton, and M. L. Holmes, 1981, Geology
and petroleum potential of the Norton basin area, Alaska:
U.S.G.S. Open-File Report 81-1316, 51 p.

Fisher, M. A., W. W. Patton, and M. L. Holmes, 1982, Geology
of Norton basin and continental shelf beneath north-
western Bering Sea, Alaska: AAPG Bulletin, v. 66, n. 3, p.
255-285.

Lippert, R. H., 1983, The “Great Stone Dome”—a compaction
structure, in A. W. Bally, ed., Seismic expression of struc-
tural styles—a picture and work atlas: AAPG Studies in
Geology 15, v. 1, p. 1.3-1 to 1.3-4.

Mattick, R. E., 1980, Petroleum geology of Baltimore Canyon
trough: Society of Petroleum Engineers Eastern Regional
Meeting, SPE 9525, November, 11 p.

McIntyre, L. B., 1976, Interpretation of regional seismic line,
done in preparation of the Baltimore Canyon lease sale,
1976 (unpublished): Shell Oil Company.

Prather, B. E., 1991, Petroleum geology of the Upper Jurassic
and Lower Cretaceous, Baltimore Canyon trough, Western
North Atlantic: AAPG Bulletin, v. 75, n. 2. p. 258-277.

2. Petroleum System Logic as an Exploration Tool 49

Pratt, L. M., 1984, Influence of paleoenvironmental factors on
preservation of organic matter in middle Cretaceous
Greenhorn Formation, Pueblo, Colorado: AAPG Bulletin,
v.68,n.9, p. 1146-1159.

Schlee, J.S., ]. C. Behrendt, J. A. Grow, J. M.Robb, R. E.
Mattick, P. T. Taylor, and B. J. Lawson, 1976, Regional
geologic framework off the northeastern United States,
AAPG Bulletin, v. 60, p. 926-951.

Turner, R. F., J. G. Bolm, C. ]. McCarthy, D. A. Steffy, P.
Lowry, T. O. Flett, and D. Blunt, 1983, Geologic and opera-
tional summary Norton Sound COST No. 2 well, Norton
Sound, Alaska: U.S.G.S. Open-File Report 83-557, p. 98.

Turner, R. F., G. C. Martin, D. E Risley, D. A. Steffy, T. O. Flett,
and M. B. Lynch, 1986, Geologic report for the Norton
basin planning area, Bering Sea, Alaska: OCS Report MMS
86-0033, 179 p.

West, ], 1976, U.S. operators plunge big in Baltimore Canyon
sale: Oil and Gas Journal, v. 74, n. 34, August, p. 45-49.
Wilson, H. M., 1968a, Theory of oil-productive belts off Texas
due for a test: Oil and Gas Journal, v. 66, n. 12, March, p.

46-48.

Wilson, H. M., 1968b, Texas size bids push offshore lease sale
to near record $602.4 million: Oil and Gas Journal, v. 66, n.
22, May, p. 54-57.

Worrall, D. M., 1991, Tectonic history of the Bering Sea and
the evolution of Tertiary strike-slip basins of the Bering
Shelf: GSA Special Paper 257, 120 p.



Magoon, L. B, and W. G. Dow, eds., 1994, The petroleum
system—from source to trap: AAPG Memoir 60.

3

Chapter

H. Douglas Klemme
Bonduille, Vermont, U.S.A.

" Petroleum Systems of the World
Involving Upper Jurassic Source Rocks

Abstract

Fourteen “mega” petroleum systems with Upper Jurassic source rocks contain one-fourth of the
world’s discovered petroleum. These petroleum systems, their locations in space and time, and their
petroleum plumbing ingredients are reviewed, described, and tabulated. Each system’s recovery
efficiency is estimated. Plumbing ingredients are related to the relative magnitude of the petroleum
system'’s estimated recovery efficency. While the presence of a source rock is a requirement of all
petroleum systems—with source rock abundance and character of considerable influence on
recovery efficiency—other plumbing ingredients are capable of even more influence on the
magnitude of the systme’s recovery efficiency. These other plumbing factors include the quality and
quantity (extent) of reservoir and cap rock, trap evolution and size, and the dynamics and timing of
these factors along with source rock maturation and migration. The character, quality, and quantity
of these petroleum systems’ plumbing are related to their plate tectonic location, palelatitudinal
realms, and the structural (tectonostratigraphic) evolution of the basin or province.

INTRODUCTION

Fourteen petroleum systems with Upper Jurassic
source rocks contain one-fourth of the world’s discov-
ered petroleum. Eleven other systems with Lower and
Middle Jurassic source rocks presently have a minor but
significant amount of discovered petroleum. These
petroleum systems are geologically reviewed, their
location in space and time is described and mapped on a
continental scale, their relative petroleum system
recovery efficiencies are estimated, and the effect their
essential elements and processes have on their
“petroleum plumbing” is outlined. In addition, their
petroleum dynamics are discussed.

The information used to identify and map these
Jurassic petroleum systems come from many references,
the more important ones being Bedoes (1973), Beydoun
and Dunnington (1975), Jones (1975), Weeks (1975),
Nehring (1978, 1981), Kanstler et al. (1984), Carmolt and
St. John (1986), Masters et al. (1987, 1991), Ziegler (1988),
Creaney and Allan (1990), Hubbard et al. (1990), and
Zappaterra (1990).

In mapping the world’s petroleum systems that
involve Upper Jurassic source rocks, continental maps
(not including Antarctica) with currently accepted
Upper Jurassic paleolatitudes were used as a base. Three
“cut-off” margins or limits to those Upper Jurassic sedi-
mentary rocks that include source rocks generally
considered available for potential petroleum systems are
outlined (Figures 3.1-3.5). These cut-offs include (1) the
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updip zero edge from either nondeposition or truncation
of Upper Jurassic sedimentary rocks along the craton
margins, (2) positive areas of either nondeposition or
truncation within the Upper Jurassic depositional trend,
and (3) an orogenic cut-off zone behind which any
Upper Jurassic sedimentary rocks have usually been
destroyed by orogenic metamorphism, intrusion, or
truncation associated with Phanerozoic terrane accretion.
The latter is often considered a zone of petroleum
economic basement, although notable exceptions occur
where the Jurassic source rock is preserved in these
zones (see Cook Inletand Vienna basin).

Tables 3.1 and 3.2 attempt to organize the petroleum
plumbing ingredients, including source rock, reservoir
rock, cap (seal rock), trap type, and dynamic characteris-
tics, together with an estimate of the recovery efficiency
for the petroleum systems that involve Upper Jurassic
source rocks. An events chart for each of the 14
petroleum systems outlines the timing of essential
elements and processes in relation to the timing of the
system’s plumbing dynamics (Figure 3.6). The timing of
the initial development of a given trap was found to be
variable dependent on the type of trap being formed.
Different trap types and different ages and lithologies of
reservoir rocks are the departure point for the division of
petroleum systems into plays and prospects.

Difficulty in naming Upper Jurassic petroleum
systems by using major source rocks and reservoir rocks
was encountered in the following situations: (1) regions
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D Presence of Upper Jurassic

Zone of mature Upper Jurassic source rock (retated to production
or accumulations)

@D Positive areas (nondeposition or erosion)
W Rift with Upper Jurassic deposition (orpostdepositional ritting)

Orogenic "Cut Off" Zone, behind which any Upper Jurassic is most
often metamorphosed, intruded.or destroyed

\ Craton edge of Upper Jurassic
L)

C.' upper Jurassic volcanics
e

@ Petroleum System

f¢< Major iakes & drainage

°,gk:—,/ Upper Jurassic paleolatitude

(M Minor Accumulation

of the world where there is a lack of stratigraphic names,
requiring that the age of the rock units be used for source
and reservoir; (2) petroleum systems so large and
extensive that several stratigraphic names have been
applied to the same source rock; and (3) many Upper
Jurassic systems where a great deal of upward
petroleum leakage occurred so that many (multiple)
reservoirs, rather than one main reservoir, contain the
bulk of the accumulated petroleum.

The global scale of this study requires that petroleum
systems be lumped for brevity of discussion and because
of the lack of detailed information (see uncited references
by petroleum system at end of chapter). This is apparent
in that certain petroleum system case studies included in
this volume that involve Upper Jurassic source rocks do
not necessarily correspond to the petroleum systems

Figure 3.1. Australasia Upper Jurassic deposition areas,
petroleum systems, and Lower-Middle Jurassic source
facies (eastern Gondwana sector). Circled numbers are
keyed to Tables 3.1 and 3.2. Symbols: X, producing area
with a Lower—Middle Jurassic source; T, Tethyan facies;
subscripts with Tethyanfacies: C, carbonate and shales;
E, evaporites; —, <40° paleolatitude; +, >40° paleolatitude.
H, Humic facies (clastics); subscripts with Humic facies:
C, coaly; L, lacustrine, —, <40° paleolatitude; +, >40°
paleolatitude.

identified in this chapter. This occurs because the case
studies usually include sufficient information to map a
pod of active source rock, whereas the systems identified
in this chapter rely more on regional geology. It is
apparent that as more attention is given to mapping each
pod of active source rock and its related hydrocarbons,
the 25 petroleum systems described here will probably
increase in number. However, as global as this approach
may be, it demonstrates the usefulness of identifying all
those petroleum systems in the world that include one
source rock interval.

Estimates of the key factors used to derive a
petroleum system'’s recovery efficiency include (1) source
rock area and thickness, total organic carbon (TOC),
hydrogen index (HI), density, and kerogen type; (2)
present discovered barrels of oil equivalent recoverable
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Figure 3.2. North America Upper Jurassic deposition areas, petroleum systems, and Lower—Middle Jurassic source facies
(western Laurasia sector). (See Figure 3.1 for explanation of symbols.)

petroleum (BOE); and (3) the system’s estimated ultimate
conventionally recoverable BOE. These estimates have
been accomplished with published data and are subject
to more error in frontier basins. However, the calcula-
tions for the petroleum system recovery efficiency are
within a magnitude believed to provide the accuracy
needed for the general conclusions of this study.

Subsequent to the preparation of this paper, two other
areas of Upper Jurassic source rocks have been docu-
mented: the French Aquitaine basin (Espitalié and
Drouet, 1992) and the Algoa-Gamtoos basin of South
Africa (Malan, 1993).

UPPER JURASSIC SOURCE ROCKS
Present-Day Geography

About 80% of the BOE generated from Upper Jurassic
source rocks comes from sedimentary basins or
provinces located on or in the interior of continents,
while 20% of the BOE comes from basins or provinces
located along continental coastal areas (Table 3.3).
Interior basins or provinces contain an estimated 70% of
the Upper Jurassic mature source rock area and 56% of
the volume. Continental coastal areas contain 30% of the
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Figure 3.3. South America
Upper Jurassic deposition
areas, petroleum systems, and
Lower—Middle Jurassic source
facies (western Gondwana

sector). (See Figure 3.1 for
explanation of symbols.)

Upper Jurassic mature source rock area and 44% of the
volume. If source rock richness is similar in both
provinces, then by material balance, the continental
interior would appear to contain the more efficient
petroleum systems.

Plate Tectonic Location

Upper Jurassic source rocks were deposited on both
Precambrian cratons and their surrounding Phanerozoic
accretionary terranes. Over 50% of the BOE from Upper
Jurassic source rocks comes from those rocks deposited
on the Precambrian craton, mainly in northern
Gondwana (Figures 3.1, 3.3, and 3.4), along the south
Tethyan margin (including the Arabian-Iranian basin,

the Yemen rift province, the Papua basin, and the
northwest Australian shelf). The remaining BOE from
Upper Jurassic source rocks was deposited, about
equally, over Hercynian and Caledonian accreted
terranes around and on Laurasia (Figures 3.2 and 3.5).
The eastern West Siberian basin and northwest European
shelf (northern North Sea and Norwegian shelf) have
Upper Jurassic source rocks deposited over Caledonian
age orogenic—accreted terranes. The Gulf of Mexico,
Middle Caspian, Amu Darya, and Jeane d’Arc provinces,
as well as the Scotia shelf, western West Siberian basin,
and Vienna basin overlie Hercynian accreted terranes. A
minor amount of BOE from Upper Jurassic source rocks
occurs in the Neuquen basin, which was developed on
the Caledonian and Hercynian circum-Pangea and
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Figure 3.4. Africa Upper Jurassic deposition areas, petroleum systems, and Lower-Middle Jurassic source facies (central
Gondwana sector). (See Figure 3.1 for explanation of symbols.)

Kimmerian circum-Pacific orogenic-accreted zone Petroleum Geotectonic Realm Location
terranes. By material balance, the craton appears to be

the locale of the more prolific petroleum systems; Petroleum realms, as used here, consist of the Tethyan
however, when the Arabian-Iranian and West Siberian realm, which divides the southern Gondwana realm
super basins are excluded, the Hercynian and Cale- from the Boreal realm, and the Pacific realm (Klemme

donian terranes appear to underlie the more prolific and Ulmishek, 1991). The Tethyan realm is related to an
petroleum systems (Table 3.4). east-west equatorial seaway that opened and closed
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Figure 3.5. Eurasia Upper Jurassic deposition areas, petroleum systems, and Lower-Middle Jurassic source facies (eastern
Laurasia sector). (See Figure 3.1 for explanation of symbols.)
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Figure 3.5. (continued)
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Table 3.1. Petroleum Systems Involving Upper Jurassic (1-14) and Lower-Middle Jurassic (15-25) Source Rocks

Map Basin

No.2 Petroleum Systemt Province or Basin Evolutionc Location

1 Hanifa—Arab(!) Arabian/Iranian basin P-R-S-F Middle East

2 Bazhenov—Neocomian(!) West Siberia basin R-S Russia

3 Kimmeridgian “hot shale”-Brent(!) Northwest European Shelf R-S-R-S United Kingdom, Norway,
Denmark

4 Smackover—Tamman(!) Gulf of Mexico province R-S-HS USA (Texas, Alabama,
Florida), Mexico

5 Khodzipaik—Shatlyk(?) Amu Darya-Tadjik province R-S-F Uzbekistan, Tadjikistan,
Turkmenia, Kazakhstan

6 J3 “black shales”™J3 to K2(.) Middle Caspian—Sea of Azov province R-S-F Kazakhstan, Uzbekistan,
Russia, Azerbaijan,

7 Lam-Amla’ah(!) Yemen province P-R-S Yemen Arab Republic

8 Vaca Muerta—Sierras Blancas(?) Neuquen basin R-S-F Argentina

9 Maril-Toro(.) Greater Papua province R-S-F Papua New Guinea
and Irian Jaya

10  Dingo—Windalia(.) Barrow-Dampier subprovince

of Northwest Shelf R/S-R-S-HS  Australia
11 Kimmeridgian “hot shale"—
Hibernia(!) Jeane d'Arc subbasin, Grand Banks R-S-HS Canada

12 Verril Canyon-Mic Mac(!) Scotia Shelf subbasin, Grand Banks R-S-HS Canada

13  Obermaim-Badenian(!) Vienna basin Complex Austria

14  Flamingo—Plover(.) Vulcan Graben of Northwest Shelf R/S-R-S-HS  Australia

15  No name Cooper subbasin, Great Aretesian basin — Australia

16 No name Agulhas Bank offshore — South Africa

17 No name “Rift basin province” — N. China and S. Mongolia

18 No name Essaouria province — Morroco

19  No name Tanzania coastal — Tanzania

20 No name Morondava coastal basin — Malagasay

21 No name Perth basin _— Australia

22 No name Western Approaches province — United Kingdom

23 Nnoname Celtic sea province — Ireland

24  No name Sichuan basin — China

25  Tuxedni—Hemlock(!) Cook Inlet — Alaska

— —
2Map numbers correspond to numbers on Figures 3.1-3.5.
b(!), known;, (.), hypotheticat; (?), speculalive.

cF, foredeep; HS, half—sag; P, platiorm; R, rift; S, sag.

during the Hercynian, Kimmerian, and Alpine orogenic
events while microplates were rifted or drifted from
northern Gondwana and collided or docked on the
southern accretionary margin of Laurasia. The southern
Gondwana and Boreal realms represent the interior or
continental portions of Gondwana and Laurasia. The
Pacific realm was formed by the Hercynian circum-
Pangea accretionary margin followed by the
Kimmerian-Holocene circum-Pacific accretionary-
orogenic zone. Similar to the BOE recovery averages for
most of the world’s source rocks, the Upper Jurassic
Tethyan realm appears to have petroleum systems with
the greatest recovery per unit area of mature source rock,
while the Jurassic source rocks of the Boreal realm
indicate a BOE recovery per unit volume similar to
world total source rock recovery (Table 3.5).

Location by Type of Basin

Upper Jurassic source rocks were deposited in fold
belt and foreland basins, rift basins, and divergent
margin basins (Table 3.6). Fold belt and foreland basins
include the Arabian-Iranian, Papua, Neuquen, Middle
Caspian, and Amu Darya basins. Rifted basins include
the northwest European shelf and northern North Sea
province, the West Siberian basin, the Jeane d’Arc
subprovince, and the Yemen rift province, while the
divergent margin basins include the Gulf of Mexico, the
Dampier-Bowen and Browse subprovinces of the
Australian northwest shelf, and the Scotia shelf. Fold belt
and foreland basins have the highest recovery, but when
the super basins are excluded, the rifted basins rank
highest. In either case, the divergent margin basins have
lower recovery.
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The same source rocks were deposited on the
northwest Europe shelf as well as in the Jeane d’Arc
subprovince (Kimmeridgian “hot shales”) and both
include sectors with structural forms resembling both
rifted basins and divergent margin basins. These similar
source rocks sequences were probably part of a much
larger contiguous source rock sequence that extended
from the Arctic to the temperate Newfoundland-Grand
Banks to the Iberia sector of Laurasia, which was later
separated by the late Mesozoic drift opening of the
Atlantic Ocean. In the Jeane d’Arc subprovince, the
Kimmeridgian hot shale was deposited, as was the Verril
Canyon facies, in an anoxic environment as type I and II
kerogens in the half-sag phase of the Scotia shelf. The
Verril Canyon source rocks were deposited in response
to the opening (drift phase) of the Atlantic south of the
Newfoundland fracture zone, which eventually
separated central North America from North Africa. At
the same time, the area north of the fracture zone
remained in the rift (predrift) phase of tectonic develop-
ment (von der Dick, 1989; Foster and Rofenson, in press).

The Vienna basin contains an anomalous petroleum
system in that it, like the Tuxedni-Hemlock(!) petroleum
system of the Cook Inlet area (Magoon, Chapter 22, this
volume), has its source rocks in a terrane that is tectoni-
cally exotic to the reservoir rocks and traps. In the Vienna
basin, the Upper Jurassic source rocks were deposited in
arifted divergent margin that was later overthrust by the
Alpine collisional terrane in Late Cretaceous—early
Tertiary time. On this convergent margin, the collisional
terrane was then superposed by the transform rifted late
Tertiary movement to form the Vienna basin, which
contains the system’s Miocene traps and reservoir rocks
(Ladwein et al,, 1991). In the case of the Cook Inlet, the
Middle Jurassic source rocks are believed to have been
deposited in a forearc structural form which was then
incorporated into an accreted zone (Ott, 1992). In both of
these basins, the source rocks appear to be in what, for
many years, was considered basement rock.

All of the basin types in which Upper Jurassic source
rocks were deposited include in their structural
evolution a time when a rift or rifts were followed by a
sag, either linear or circular (Ulmishek and Klemme,
1990). The fold belt and foreland basins (of the Tethyan
realm) have a rift-sag followed by a foredeep structural
form. Those basins on the craton of northern Gondwana
also have a prerift platform structural form, which is
followed by a rift-sag—foredeep sequence of structural
forms. The Neuquen basin has a tectonic evolution in
which the preforedeep sequence has been labeled as
either a backarc or a passive margin. In its present fold
belt and foreland form, the foreland resembles a passive
margin, but the backarc nature of a rift-sag tectonic
sequence seems the most likely first stage for this basin’s
tectonic evolution. In the Papua and possibly the
Neuquen basins, the rift sequence may have been
partially or totally destroyed by cratonward thrusting
and either orogenic uplift or subduction of much of the
rift-sag sequence (a condition that might apply to the
Indian continent as opposed to the Arabian subconti-
nent). Divergent margins develop a rift or rifts followed

by a postrift—predrift sag, while with drift, a prograding
half-sag structural form is developed. Some rifts in
divergent margin shelf areas remain as rifts and sags, as
little drift has yet to occur in the vicinity of the rift (e.g,,
Jeane d’Arc subprovince and parts of the Norwegian
shelf). Generally, the source rocks are deposited in the
early stage of basin evolution, while the reservoir and
seal rocks, and especially the overburden rocks, are
deposited inthe later stages of basin evolution.

Location by Structural Form

Structural form reflects the evolutionary tectonic stage
of various basin types (Kingston et al., 1983; Klemme,
1983; Ulmishek and Klemme, 1990). Nearly all Upper
Jurassic source rocks were deposited in the structural
form of the rift-sag cycle of a basin’s tectonic evolution,
with 10% of the BOE coming from the source rocks
deposited in the rift stage and nearly 90% from the sag
stage. A minor amount of the BOE (Scotia shelf) came
from source rocks deposited in the prograding sequence
into a half-sag,

Other major world source rocks (Klemme and
Ulmishek, 1991) include Silurian source rocks deposited
only on platform structural forms, Upper Devonian
source rocks with only 12% deposited on the rift-sag of
Laurasia, and Pennsylvanian-Permian source rocks with
47% deposited on the rift-sag structural forms of
Laurasia. In contrast, 93% of middle Cretaceous source
rocks were deposited on rift-sag structural forms located
in Laurasia and northern Gondwana. It is likely that the
absence of the rift-sag as a depositional structural form
in the Silurian source rocks and its limited presence in
Devonian source rocks are due to both Caledonian and
Hercynian destruction of early and middle Phanerozoic
source rocks deposited in the structural forms of the
rift-sag cycle and to the progressive biologic evolution
from shallower to deeper water ecological niches as the
habitat of bottom scavengers evolved (Ulmishek and
Klemme, 1990).

Most of the Upper Jurassic source rocks occur strati-
graphically close to the interface of the rift where it
changes to a sag. The Bazhenov and Khodzipaik source
rocks of West Siberian and Amu Darya and the Upper
Dingo of the northwest shelf of Australia are generally at
the base of the sag. The Kimmeridgian hot shale source
rocks of the northwest European shelf, the North Sea,
and the Jeane d’Arc are in the rift immediately below
and in transition with the overlying sag. The
Hanifa-Sargelu source rocks in the Arabian-Iranian
basin are located at some stratigraphic distance above the
Permian-Triassic saglike rift or riftlike sag (Koop and
Stonely, 1982).

The linear nature of rifts and their overlying sags often
have structural cross warps that provide barriers or sills.
These barriers can cause euxinic basins where sapropelic
marine and lacustrine continental deposits can accumu-
late in anoxic environments at all paleolatitudes. In low
or equatorial paleolatitudes, type I and II kerogens,
salt-evaporite seal rocks, and carbonate reservoirs are
favored. High paleolatitudes tend to have more humic
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Table 3.2. Detailed Characteristics of Petroleum Systems with Upper Jurassic Source Rocks

Petroleum System Source Rock
Map Largest
No. Name Sized Fieldb Trap typec Aged Name(s)
1 Hanifa—Arab(!) SGS SGF Block, flowage, reef uJ Hanifa (Diyab)
SGS SGF Block, flowage, reef uJ Hanifa (Diyab)
SGS SGF Block, flowage, reef M-UJ Sargelu

2 Bazhenov-Neocomian(!) SGS SGF Block, strat UJ-LK  Bazhenov
3 Kimmeridgian “hot shale”-

Brent(!) SGS? SGF Block, flowage, strat uJ “Hot shale” (Local names: Draupne,

Tau, Spekk, Farsund)
4 Smackover—-Tamman(!) GS SGF Block, flowage, strat,  UJ Tamman-Smackover
reef

5 Khodzipaik—Shatlyk(?) LS SGF Block, reef, fold uJ Khodzipaik
6 J3“black shales"-J3to K2(.) LS GF Block, fold, strat uJ “J3
7 Lam-Amla’ah(!) LS LF? Block, flowage? uJ Lam (Madbi, Meem, Amla’ah)
8 Vaca Muerta-Sierras LS LF Strat, block, fold uJ Vaca Meurta (Quintuco and

Blancas(?) Berrisian)
9 Maril-Toro(.) ? LF Fold M-UJ Maril
10  Dingo—Windalia(.) LS? LF Fold, strat uJ Upper Dingo claystone
11 Kimmeridgian “hot shale™

Hibernia(!) SS? GF Growth, flowage uJ Egret member of Raulsin Formation
12 Verril Canyon—Mic Mac(!) ? LF? Growth, flowage uJ Verril Canyon facies
13  Obermalm-Badenian(!) SS GF Block, strat uJ Obermalm Beds
14  Flamingo-Plover(.) SS LF Block uJ Swan Formation or Flamingo Group

aSGS, super giant petroleum system, >100 x 108 BOE; GS, giant petroleum system, 20-100x 109 BOE; LS, large petroleum system, 5-20 x 108 BOE; SS, significant petroleum
system, 0.2-5 x 109 BOE.

bSGF, super giant field, >5000 x 106 BOE; GF, giant field, 500-5000 x 106 BOE; LF, largefield, 50-500 x 10° BOE; SF, significant field, 1-50 x 106 BOE.

cTrap type: Block, tensional anticline; flowage, upward flowing evaporite; fold, compressional anticline; growth, roll-over anticline; reef, depasitional environment; strat, purely strati
graphic.

di, Lower; M, Middle; U, Upper; J, Jurassic; K, Cretaceous.

eR, ft; S, sag; CS, circular sag; LS, linear sag; HS, half sag.

Table 3.2 (continued)
Major Reservoir Rock Cap Rock (Seal)

Map Structural Depositional Structural Depositional
No. Agef Lithologyd Formh Environment Agef Lithologygd Formh Environment
1 uJ carb LS Shallow water platform  UJ anhy LS Restricted, silled zone

K carb LS Shallow water platform K sh LS Shale platform-shelf

uJ carb LS Shallow water platform  UJ evap LS Restricted marine
2 UJ, K ss, ml CS Deltaic UJ, K sh CS Restricted marine and

deltaic
3 MJ, UJ, ss, chk, ml R.LS Continental to deltaic UJ,LK, T  sh R, LS Marine
K, P to marine
4 UJ K, P carb, ss, ml CS Marine shelf, reef, deltaic UJ, K, Mio sh CS,HS Coastal marine
5 UJ, K, P carb, ss LS, F Marine shelf, reef UJ, Palc sh LS, F Restricted, silled zone
6 UJ, K, P carb, ss LS Marine to deltaic UJ, Eoc sh LS, F Restricted, silled zone
7 UJ, K Ss R, LS Deltaic, marine shelf UJ, K Is R, LS Deep marine, shelf,
deltaic

8 UJ, LK carb, ss LS Coastal, shelf UJ, LK sh LS Deep shelf, deltaic

UJ, LK, ss, carb LS, F Platform, reef LK, Plio sh LS, F Marine, deltaic, shelf

Mio

10 Tr,J,LK  ss, ml R, LS Deltaic J, K sh R, LS Restricted—openmarine
11 UJ, K ss, ml R, LS Continental to marine Neoc sh R, LS Deltaic to open marine
12 UJ,K ss, mi LS Delatic UJ, K sh LS Deltaic to open marine
13  Tr, Mio ss, ml R Deltaic, marine Mio sh R Deltaic to estuarine
14 Tr,J ss, ml R Continental to marine LK sh LS, HS  Shelf to open marine

U, Upper; M, Middle; L, Lower; Tr, Triassic; J, Jurassic; K, Cretaceous; T, Tertiary; P, Paleogene; Palc, Paleocene; Eoc, Eocene; Mio, Miocene; Plio, Pliocene; Neoc, Neocomian.
9carb, carbonate; sh, shale; ss, sandstone; Is, limestone; chk, chalk; anhy, anhydrite; evap, evaporite; ml, multiple reservoirs.

hCS, circular sag; LS, linear sag; HS, half sag; F,foredeep; R, rft.

iEst, estimated, Dis, discovery; Rec, recovery; Eff, efficiency.
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Table 3.2 (continued)
Source Rock (continued)
Map Kerogen Structural Depositional
No. Type Paleolatitude Forme Environment Terrane
1 1] Equatorial LS Marine shelf Craton platform
Il Equatorial LS Marine shelf Craton platform
Il Equatorial LS Marine shelf Craton platform
2 Il Boreal Cs Lagoonal inland sea Caledonian and Hercynian accreted
3 Il Temperate to boreal R/S Lagoonal troughs Caledonian accreted
4 I, Equatorial to temperate  CS Marine shelf Hercynian accreted
5 I, Hl Temperate LS Marine shelf Hercynian accreted
6 I, 1 Temperate LS Marine shelf Hercynian