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PREFACE

This report provides an assessment of the ultimate conventional petroleum
resources of the United States. The agsessment is based primarily on an analysis
of the discovery and development of significant oil and gas fields in the United
States, covering both past discoveries and the potential for future discoveries. The
subject is one of immediate interest and great controversy. The project was under-
taken to contribute to the ongoing task of U.8. petroleum resource assessment,
specifically by organizing the available information on significant U.S. oil and gas
fields and by applying it to the problems of resource assessment. To facilitate public
discussion, most of the data used in drawing the conclusions are provided in the
appendixes to this report (R-2654/2-USGS/DOE).

This research is part of The Rand Corporation’s program of energy policy
studies. Two related reports have been published previously as part of this program
of studies; Giagnt Oil Fields and World Oil Resources, R-2284-CIA, and Mexico’s
Petroleum and U.S. Policy: Implications for the 1980s, R-2510-DOE. The section on
the United States in a forthcoming report, The Future of North American Oil
Production, R-2674-DOE, draws heavily from the conclusions of this report.

The study was funded by the Geologic Division of the U.S. Geological Survey,
U.5, Department of the Interior, under Contract No. 14-08-06001-16593. Additional
support was subsequently provided by the U.8. Department of Energy under Con-
tract No. DE-ACO1-79-PE70078.

This report should be of primary interest to those concerned with the question
of ultimate conventional petroleum resources in the nation and their significance
for energy policy. It is also designed to provide a basic reference work on U.S. 0il
and gas resources for those engaged in petroleum exploration and production, and
to contribute to the literature on petroleum resource assessment.
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SUMMARY

The purpose of this report is to provide a quantitative assessment of the ulti-
mate conventional petroleum resources of the United States. Our primary innova-
tions, as compared with earlier national petroleum resource assessments, are to
create a consistently constructed and systematically organized data base listing all
of the significant oil and gas fields in the United States outside of the Appalachian
region and to use this data base to describe what has already been discovered and
when these discoveries occurred. From these descriptions, we interpret why these
discoveries happened when they did and evaluate the remaining geologic prospects
to assess future possibilities. We also present extensive supporting data in the six
appendixes forming the supplementary volume to this report.

The petroleum resources of the United States are highly concentrated in a few
major provinces and in a relatively small number of giant and large fields. The
discoveries of these fields reached their peak only after exploration had extended
throughout the country, geological concepts and exploration and drilling technol-
ogy had developed sufficiently to identify and reach most prospects, and petroleum
markets had grown substantially. Oil discoveries peaked about 1930, and natural
gas discoveries about 1950. Since these peaks, both the number of discoveries and
the amounts discovered have declined substantially.

From our interpretation of the reasons behind this decline and our evaluation
of the remaining geological possibilities, we conclude that most of the conventional
petroleum that will ultimately be produced in the United States has already been
discovered and made recoverable. We estimate that ultimate recovery of conven-
tional petroleum liquids (crude oil and natural gas liquids} at a cost of $40 (1980
dollars) per barrel will most likely be between 210 and 285 billion barrels, as
compared with a known recovery of 175 billion barrels. Most of the increase in
petroleum liquids will come from reserve growth in known fields, not from new
discoveries. Ultimate recovery of conventional natural gas at the same per barrel
equivalent cost will most likely be between 920 and 1090 trillion cubic feet, as
compared with a known recovery of 750 trillion cubic feet. Most of the increase in
natural gas will come from new discoveries.

THE SIGNIFICANT OIL AND GAS FIELDS DATA BASE

Qur principal research task was to construct according to a common set of
defining characteristics a data base, including all of the significant oil and gas fields
of the United States, that was organized to facilitate resource assessment. Section
I1 describes this data base (provided in its entirety in App. A), the procedures that
we followed in developing it, and its potential limitations.

The data are arganized into 12 geographic regions: (1) Alaska, (2) California
(Pacific Coast), (3) Rocky Mountain, (4) Permian Basin, (5) North Central Texas, (6)
Mid-Continent, (7) Western Gulf, (8) Central Gulf, (9) Northern Gulf, {10} Eastern
Gulf, (11) Illinois-Michigan basins, and {12} Appalachian. Because of a lack of



systematic field data for the Appalachian region, the data base does not include
fields from that region.

The basic unit of data and analysis in this report is the petroleum field. A field
iz generally defined as a single accumulation of petroleum or a set of closely related
accumulations of pecroleum. The field data are organized by field size category. We
define significant fields as all fields with 10 million barrels or more of known recov-
ery in liguid and liquid equivalents (L&LE}). Significant fields are divided into six
size categories: Class C—10 to 25 million barrels’ L&LE, Class B—25 to 50 millicn
barrels’ L&LE, Class A—50 to 100 million barrels’ L&LE, Class AA—100 to 200
million barrels’ L&LE, Class AAA—200 to 500 million barrels’ L&LE, and Class
AAAA—500 million barrels or more of L&LE. Class AAAA fields are also referred
to as giant fields, and Class A to AAA fields are considered to be large fields. Using
a variety of procedures to estimate field size and thoroughly reviewing the avail-
able data, we compiled a list of 2471 significant oil and gas fields discovered before
1976 in the United States excluding Appalachia. Assuming current estimates of
recovery, we estimate that our list of significant oil and gas fields is at least 99
percent complete.

Our list of gignificant oil and gas fields provides a comprehensive, well-orga-
nized, consistently constructed, and detailed data base for national petroleum re-
source assessment. Geographically, it includes all of the 12 regions of the United
States except the Appalachian region, which has only 3.6 percent of U.S. petroleum
resources. The fields in the data base contain more than 92 percent of the petroleum
discovered before 1976 outside of the Appalachian region. Thus, although the data
base includes only 10 to 15 percent of all the oil and gas fields that have been
discovered. it contains nearly all of the fields that have been and are most important
for U.8. petroleum production and reserves. The data are or can be readily grouped
by region, state or area, geologic province, and field size classification. Other group-
ings, such as by year of discovery or trap type, can be easily constructed. We used
a common field definition throughout, providing conceptually similar units of analy-
sis. We defined the variables describing each field rigorously and employed them
as consistently as possible, within the limits of data availability. The data base
provides a substantial amount of detailed information for evaluating the explora-
tion process, It gives the year of discovery, the discovery method, the trap type, the
geologic age of the reservoir rocks, the reservoir lithology, and the spatial location
and dimensions of each field. Although minor omissions were unavoidable, these
data are essentially complete.

The limitations of the significant oil and gas fields data base are principally
limitations in its potential uses. We designed it for national and regional analyses
of the distribution of petroleum resources by field size and of broad discovery
patterns. The data base is also a useful tool for analysis of individual geologic
pravinces, both for identifying major exploratory plays within each province and
for assessing the significance of those plays. Provided that use of the significant oil
and gas fields data base is limited to purposes for which it was designed and is
suitable, we believe that it provides a useful, reliable tool for analysis.
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THE DISTRIBUTION OF U.S. PETROLEUM RESOURCES
BY REGION AND FIELD SIZE

Section 11 presents the basic facts of the distribution of known, conventional
U.S. petroleum resources by region and by field size category. Using our data base,
we outline the amounts of known recoverable crude oil, natural gas, and natura!
gas liquids in each of our 12 regions, indicate the relative importance of each region
as a source of petroleum, list the producing provinces of each region, summarize
the distribution of crude oil and natural gas resources by field size category in each
region, and conclude with 2 national summary of the regional data. This section is
thus a prerequisite to understanding the significance of the regional and national
discovery patterns examined in Sec. IV.

The United States, with 151 billion barrels of recoverable crude oil, 751 trillion
cubic feet of natural gas, and 24 billion barrels of natural gas liquids in fields
discovered before 1976, is either the leading source of petroleum for the world or
a close second. However, more than 75 percent of the petroleum discovered and
made recoverable in the United States has already been produced.

Most of the producing regions of the United States have substantial amounts
of crude oil resources. Natural gas resources are highly concentrated in the Mid-
Continent, Central Gulf, and Western Gulf regions. The nation’s petroleum re-
sources are, however, highly concentrated in a few major geologic provinces. Nine
of the 66 productive provinces have more than 80 percent of the known total
recovery of petroleum. The four largest (Gulf Coast, Permian, Anadarko-Amarillo,
and East Texas-Arkla) have more than 60 percent of the total.

The petroleum resources of the United States are highly concentrated in giant
and large fields. The 81 known giant fields have about 40 percent of the known
recoverable petroleum resources. More than 80 percent of the total are in the 873
giant and large fields. Only 6 to 8 percent of the totals for petroleum liquids and
natural gas are in the thousands of very small fields (those with less than 10 million
barrels’ L&LE) that have been discovered. In nearly every province where large
amounts of petroleum have been found, giant and large fields predominate.

The giant and large fields are largely structurally trapped. Anticlinal traps
alone account for 70 percent of the total number. However, only 8 percent of the
giant and large fields can be characterized as subtle stratigraphic traps. Differences
in the distribution of petroleum resources by field size category and trap type are,
moreover, the result of systematic differences in the geologic characteristics among
the major producing provinces. Very small fields, that is, the nonsignificant ones
that are Class D or smaller, are highly concentrated in one area—the stable interior
between the Rocky Mountains and the Appalachians. This region is characterized
by relatively thin total sedimentary sections, thinner individual formations, and
little structural deformation. In comparison, provinces in which the petroleum
resources are concentrated in giant and large fields are characterized by thick
sedimentary sections, thick individual formations, and moderate to substantial
deformation,
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THE DISTRIBUTION OF SIGNIFICANT OIL AND GAS DISCOVERIES
IN THE UNITED STATES BY SIZE OVER TIME

Section IV describes the statistical history of G.8. petroleum exploration. Using
our data on the year of discovery and other sources of information, we summarize
the patterns of discovery (1} of significant fields by size and (2) of the amounts of
crude oll and natural gas discovered over ten-year periods up to 1975 for our 12
regions and the nation as a whole. We particularly emphasize the peaks in discover-
les, changes over time in the composition of discoveries, and the influence, if any,
of developments in exploratory technology and geological concepts on discoveries.
Our focus is on the results of exploration. We also show the relationshi ps between
resuits and efforts, as measured by the number of exploratory wells drilied. These
descriptions provide an essential bridge between knowing what has been discov-
ered and estimating what remains to be discovered.

Although the first significant discovery in the United States occurred in 1862,
both the number of discoveries and the amounts of crude oil and natural gas
discovered did not peak for another 65 to 100 years. Discoveries reached their peak
only after exploration had extended throughout the country, geological concepts
and exploration and drilling technology had developed sufficiently to identify and
reach most prospects, and petroleum markets had grown substantially.

The amount of crude oil discovered peaked in the decade from 1926 to 1935,
coinciding with the peak in the number of giant oil discoveries. Since that peak, the
amount discovered in the onshore lower 48 states has been declining at an ac-
celerating rate. The number of significant oil discoveries has dropped drastically
since its peak from 1935 to 1955, almost disappearing in most of the important
oil-producing regions. The amount of natural gas discovered peaked in the decade
around 1940 and declined slowly thereafter until 1960 as the natural gas market
expanded and several new frontiers, primarily the offshore Gulf of Mexico, were
opened to exploration. Except for a major flurry of activity in the offshore Gulf of
Mexico in the early 1970s, the number of significant natural gas discoveries has
declined steadily since its peak during the 1950s.

The average size of significant oil and gas discoveries has been declining for
several decades, as glant and large discoveries have nearly ceased in the mature
areas of the country. During the past 25 years, the discoveries of large and giant
fields have become increasingly concentrated in the frontier areas, particularly the
offshore provinces. In the early 1970s, offshore discoveries accounted for nearly 60
percent of all significant discoveries.

A common pattern over time in the number of discoveries by field size classifica-
tion can be discerned both nationally and regionally. The largest fields tend to be
discovered first. The average size of discoveries declines over time. As the number
of larger discoveries declines, the total number of significant discoveries remains
stable or even increases as the number of smaller significant discoveries continues
to increase. Eventually, as exploration proceeds, the number of smaller significant
discoveries also declines.

These discovery patterns suggest that the U.S. petroleum industry is gradually
running out of ideas as to where oil and gas may still be found. This is not because
of a lack of creativity and imagination, but because of the increasing exhaustion
of the geological possibilities region by region. Increased drilling efforts are unlike-
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ly to reverse this trend. Historically, intensive drilling activity has followed the
peaks in the amount discovered and in the number of significant discoveries by
several yvears, if not decades.

DISCOVERY PATTERNS AND RESQURCE ASSESSMENT

The historical data do not suggest a promising future for U.S. petroleum ex-
ploration. Nearly all of the petroleumn discovered to date is in significant fields,
particularly in giant and large fields. The number of discoveries of these flelds,
especially the larger ones, peaked several decades ago. Since then, both the number
of discoveries and the amount discovered have been declining steadily nationwide,
particularly onshore in the lower 48 states.

As a counter to this pessimistic outlook, four hypotheses about where substan-
tial amounts of petroleum may still be found in the United States have been
propounded. These hypotheses contend that there are still substantial amounts of
petroleum to be found {1} at depths below 15,000 feet, (2) in subtle stratigraphic
traps, (3)in very small fields, and (4) in frontier regions. These four general hypoth-
eses exhaust the scientifically plausible possibilities for substantial future pe-
troleum discoveries in the nation. We conclude that each of these hypotheses is
gualitatively valid, but that each is subject to quantitative limitations that in some
cases are quite severe.

These hypotheses are more explicitly evaluated in our assessment of the ulti-
mate conventional petroleum resources of the United States. In Sec. V, we provide
regional assessments of U.S. petroleum potential, summarized into a concluding
national assessment. The assessment is limited to the conventional resources of
crude oil, natural gas, and natural gas liquids that will ultimately be discovered and
produced in U 8. territory and adjacent offshore areas out to a water depth of 1000
meters up to a resource cost of $40 per barrel {or per barrel equivalent) in constant
1980 dollars.

Each regional assessment and the national summary assessment provide a
single estimate of known recovery (cumulative production and demonstrated re-
serves) in all fields discovered before 1976 as estimated in 1979. Each gives a range
of estimates for reserve growth after 1978 in fields discovered before 1976, including
reserves added from the development of previously discovered but undeveloped
fields, extensions and new pool discoveries in known fields, more intensive develop-
ment, and enhanced oil recovery. Each also provides a range of estimates for
undiscovered petroleum resources, defined as all future reserve additions from
fields discovered after 1975. We give a range of estimates for both reserve growth
and undiscovered resources because of the inescapable uncertainties in estimating
these quantities. The three values included in each estimate are the values for
which we estimate a 90-percent, 50-percent, and 10-percent probability, respective-
ly, that future reserve growth or discoveries will be greater than the amount
indicated. The arithmetic summation of our estimates of known recovery, reserve
growth, and future discoveries constitutes our estimate of uliimate recovery.

Our subjective cumulative probability distributions by region for both reserve
growth and future discoveries were developed with several methods of assessment.
Our choice depended on the particular component of reserve growth or future



discoveries that we were considering and the extent of available information. In
general, our methodological emphasis was on the particular engineering, economic,
and geological characteristics of specific fields and plays combined with an apprecia-
tion of the relevant historical trends in reserve appreciation and discoveries.

Qur outlook for conventional petroleum resources in the United States can at
best be characterized as only moderately promising. We estimate that there is a
90-percent probability that ultimate recovery will be greater than 180 billion bar-
rels of crude oil, 920 trillion cubic feet of natural gas, and 28 billion barrels of
natural gas liquids; a 50-percent probability that it will be greater than 210 billion
barrels of crude oil, 990 trillion cubic feet of natural gas, and 30 billion barrels of
natural gas liquids; and a 10-percent probability that it will be greater than 250
billion barrels of crude oil, 1090 trillion cubic feet of natural gas, and 33 billion
barrels of natural gas liquids.

At these levels of ultimate resources, it is likely that more than half of the
conventional petroleum resources that will ultimately be produced have already
been produced. We estimate about a 10-percent probability that ultimate recovery
of petroleum liquids and natural gas will at least double cumulative production at
the end of 1979. Current demonstrated reserves, plus our most likely ranges of
future reserve growth and discoveries, total only 20 to 40 years of production of
petroleum liquids and 17 to 26 years of production of natural gas at 1979 rates of
production,

Taking into account the combined effects of reserve growth and new discover-
ies, we estimate that 3200 significant fields, plus or minus 200, will ultimately be
discovered and developed in the United States. Approximately 100 of these, plus
or minus 10, will be giant fields. Another 900, plus or minus 40, will be large fields.

We consider Alaska and secondarily the Rocky Mountain region, offshore Cali-
fornia, and the offshore Central Gulf to have the best potential for future discover-
ies of crude oil. The potential for major reserve growth in known cil fields is
concentrated in the Permian Basin, onshore California, the Mid-Continent, and
Alaska. We consider Alaska, the Rocky Mountain region, the onshore and offshore
Central and Western Gulf regions, and the Mid-Continent to have the best potential
for the discovery of substantial amounts of natural gas. The potential for reserve
growth in known natural gas fields is best in the Mid-Continent, the onshore and
offshore Central Gulf, and the Rocky Mountain region.

Our estimates of the ultimate petroleum potential of the United States are
considerably lower than most other recent estimates. Nearly all of the differences
between our estimates and others relate to what remains to be discovered, not to
reserve growth. Qur estimates of undiscovered potential differ from those by Exxon
and Mobil primarily because of differences over the potential of the frontier areas
offshore and in Alaska. We believe that the primary reasons for these differences
can be traced to the fact that these oil companies’ estimates were made before and
our estimates were made after the many exploratory disappointments that have
occurred in frontier areas during the past five years. Qur estimates of undiscovered
potential differ from those of Circular 725, the National Petroleum Council, the
Potential Gas Committee, and presumably the National Academy of Sciences over
the potential of both the frontier areas and the onshore lower 48. Their estimates
for the onshore lower 48 are an order of magnitude larger than ours for the
undiscovered crude oil potential and a factor of three to five larger than ours for
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the natural gas potential. We believe that such large estimates for the lower 48
onshore are implausible in view of the extent of petroleum exploration in this area,
the historic discovery patterns, and the number of discoveries required to reach the
amounts they estimate.






ACKNOWLEDGMENTS

First and foremost, we would like to thank Marjorie Schubert for her skill and
patience in converting our hundreds of pages of drafts into finished tables.

For their assistance in providing data for or reviewing early drafts of App. A
(the significant oil and gas fields data base}, we are grateful to Jerlene Bright and
her colleagues in the Information Systems Program, University of Oklahoma; the
staffs of the various state geological surveys and oil and gas commissions, the staffs
of the Geology Library, University of California at Los Angeles, and of the corpo-
rate libraries of the Atlantic Richfield Company and McCulloch Oil Company; and
dozens of individuals in the oil industry.

We appreciated the careful review of the draft report and the numerous com-
ments, criticisms, and suggestions made by Walter Baer, Robert Bell, and Richard
Solomon of The Rand Corporation, and, outside Rand, by Larry Drew, Richard
Meyver, James Momper, Roger Naill, Richard Procter, Roy Roadifer, David Root,
and David White. As is customary, we take sole responsibility for the interpreta-
tions and cenclusions of the report.

Finally, we would like to thank Roy Danchick of Rand for writing the program
used in the respurce assessments, and Eleanor Gernert and her colleagues in the
Publications Department for editing the report, preparing the artwork, and other-
wise guiding the report to press.

xiii






CONTENTS

PREFACE . .ot e

S MM A R Y .. i e e

ACKNOWLEDGMEN TS . o i et e e e

FIG U R E S . oot e e e

TABLE S ..o et e
Section

I INTRODU T O N . ittt e e e et

iI. THE SIGNIFICANT OIL AND GAS FIELDS DATA BASE .........

Regional Organization...........c.vevnioniinenreniionananns

Field Definition .. ..o e e

Field Size Classification. ... e

Field Size Determination ... ..ot ae s

Geologic Province ... ... .o i

DiSCOVETY YT + i et it e e e

Discovery Method. ......... ...

A T e ottt te ettt ettt e e e

Geologic Age of the Reservoir Rock ..................oooiin

Reservelr Lithology .. v vv oo

Spatial Location and Dimension. ..o

Production and Reserves ... ...

13800113 1V b AP R

III. THE DISTRIBUTION OF U.S. PETROLEUM RESOURCES
BY REGION AND FIELD BIZE. .. ...........cooiiiinnt

Cali Or A . o e e e et e e e e
Rocky MOUREAINS ..\ i'v vttt ee e
Permian Basin .. ..o e
North Central Texas ... ..o oo e i
A7/ Ts LI s) 4130 2T »1 AU
Western Gulf ... o e e
Central GulE . . e
Northern Gulf ... e e
Fastern GUI . ...t e e
Minois-Michigan . ... ... o e
Appalachian ... .o o
National Overview .. ... e et

Regional Distribution ...

Distribution by Province ... ..o e

XV



xvi

Distribution by Field Size ... ..o 68
Distribution by Geologic Characteristics....................... 73
1100411 1T:1 i RPN T 76
Excursus: The Distribution of Petroleum Resources by Field
Size in the Geologic Provinces of the United States .......... 78
Petroleumn Provinees by Type .. oo ooie i 80
National Overview ... rr it e e e s a2

1V. THE DISTRIBUTION OF SIGNIFICANT OIL AND GAS
DISCOVERIES IN TilE UNITED STATES BY SIZE

OVER TIME . o ettt 95
ALEBKA. . e e e 97
Al O R . o ot ettt et e e 98
Rocky Mountaing ... ..ottt 100
Pearmian Basill .o uv et e e 103
NOrth Central TeXas .o e e im e aiinaanene 105
Mid-Continent, - .. oo oot e e 107
Weastern GUlf oo e e e 110
Central Gul ... e 112
Northern Gull ... o e e e e 114
Eastern Gulf. . et e e e 117
Nlinois-Michigan ... ..ot 119
Appalachian ... ... i 121
National OVervIOwW & vt e et e e 122

1] DiSCOVETIES + v vt ve s e v et e e et ier s ia et naam i 125
Natural Gas DiSCOVETIES .. .vurrn e craa e iannns 126
Composite 0il and Gas Discoveries ................cooiains 127
Amounts Discovered ... ... e 128
Drilling and Discoveries. .. .........oiiiviriiii i 131
Recent Giant and Large Discoveries .........co-coviiiniiens 132
21D 241 7= oy O R 135
V. DISCOVERY PATTERNS AND RESOURCE ASSESSMENT........ 136
IOt OGUCTION « v ot e e 136
Deep DISCOVETIES « ..o\t 136
Stratigraphic Traps . ... ovore et e iie e 137
Very Small Fields. ... oo 138
NeWw Frontiers. ..ot ettt it i eae b 139
Methods and Definitions. . ... .. e ia i e 140
Reserve Growth . ... .o e e e 141
NeW DIBCOVEIIOS . oot ottt et e 143
Comparative Estimates ... i 145
Regional Resource ASSessments.......covoeeiiiioinnnioaan s 146
ATRSKA e s 146
L7038 7023 111 P PR 149
Rocky Mountains. . ......oouoiiiiiiiiii i 151
Permian Basin. .. ... e s 153

North Central TeXas ...ttt r e iia e 154



xvii

Mid-Continent ..ot e 155
Weatern Gulf . .o e e e 157
Central Gulf. . .. e 159
Northern Gulf . .. o e e 161
Easternn Gulf. ..o e 163
Iinois-Michigan .. oo oo oo e 163
Appalachian-Atlantic. ... .. oo i 165
National Summary .. oo 167
Comparisons with Other Estimates....................oiviion 174

BIBLIOGRAPHY ... 179






2.1.
3.1

3.2,

33

3.4.

3.6.

3.7.

38.

3.8

3.1G.

3.11.

3.12.

3.13.

3.14.

4.1

4.2.

4.3.

4.4.

FIGURES

Petroleum Regions of the United States . .. ......................
Distribution of Crude Oil and Natural Gas by Field Size Category
InAlaska . . ...
Distribution of Crude Qil and Natural Gas by Field Size Category
InCalifornia ... ... o e e
Distribution of Crude Qil and Natural Gas by Field Size Category
in the Rocky Mountain Region.......... .. ... ... . .o it
Distribution of Crude Oil and Natural Gas by Field Size Category
inthe Permian Basin. ... ... .. i e
Distribution of Crude Oil and Natural Gas by Field Size Category
in North Central Texas......... ...ttt
Distribution of Crude Oil and Natural Gas by Field Size Category
in the Mid-Continent ...... ... ... .. .. i i i
Distribution of Crude Qil and Natural Gas by Field Size Category
inthe Western Gulf . ...... ... . i s
Distribution of Crude Oil and Natural Gas by Field Size Category
inthe Central Gulf.. ... ... . . .. . . . s
Distribution of Crude Oi] and Natural Gas by Field Size Category
in the Northern Gulf .. ... ... ... . . . . .
Distribution of Crude Qil and Natural Gas by Field Size Category
inthe Eastern Guif. . ... ... . e
Distribution of Crude Qil and Natural Gas by Field Size Category
in the Illinoig-Michigan Basins .......... ... ... . .o ..
Distribution of Crude Qil by Field Size Category in the United
States {ex-Appalachia) .. ... .. ..
Distribution of Natural Gas by Field Size Category in the United
States {ex-Appalachial .. ... e
Distribution of Natural Gas Liquids by Field Size Category in the
United States (ex-Appalachia). .. ...t
Number of Significant Oil and Gas Discoveries by Field Size
Category over Ten-Year Perieds In Alaska.......................
Significant Discoveries, the Amounts of Crude Qil and Natural
Gas Discovered, and Exploratory Drilling over Ten-Year Periods
im Alaska . ..o e
Number of Significant Qil and Gas Discoveries by Field Size
Category over Ten-Year Periods in California....................
Significant Discoveries, the Amounts of Crude Qil and Natural
Gas Discovered, and Exploratory Drilling over Ten-Year Periods
1N Cali ormIa v e e e e s
Number of Significant Qil and Gas Discoveries by Field Size
Category over Ten-Year Periods in the Rocky Mountain Region ..

xix



4.6.

4.7,

48.

49,

4.10.

4.11.

4,12,

4.13.

4.14.

4.15.

4.14.

4.17.

4.18,

4.19.

4.20.

4.21.

4.22.

4.23.

4.24,

XX

Significant Discoveries, the Amounts of Crude Oil and Natural
Gas Discovered, and Exploratory Drilling over Ten-Year Periods
in the Rocky Mountain Region............... ... ... ... 0o
Number of Significant OGil and Gas Discoveries by Field Size
Category over Ten-Year Periods in the Permian Basin ...........
Significant Discoveries, the Amounts of Crude Qil and Natural
Gas Discovered, and Exploratory Drilling over Ten-Year Periods
in the Permian Basin......... oo ittt i
Number of Significant Oil and Gas Discoveries by Field Size
Category over Ten-Year Periods in North Central Texas .........
Significant Discoveries, the Amounts of Crude Qil and Natural
Gas Discovered, and Exploratory Drilling over Ten-Year Periods
in North Central Texas. ... i s
Number of Significant Oil and Gas Discoveries by Field Size
Category over Ten-Year Periods in the Mid-Continent............
Significant Discoveries, the Amounts of Crude Oil and Natural
Gas Discovered, and Exploratory Drilling over Ten-Year Periods
in the Mid-Continent ..., .. i ivi i e ee
Number of Significant Oil and Gas Discaveries by Field Size
Category over Ten-Year Periods in the Western Gulf.............
Significant Discoveries, the Amounts of Crude QGil and Natural
Gas Discovered, and Exploratory Drilling over Ten-Year Periods
inthe Western Gulf. ... ... . . e
Number of Significant il and Gas Discoveries by Field Size
Category over Ten-Year Periods in the Central Gulf .............
Significant Discoveries, the Amounts of Crude Qil and Natural
Gas Discovered, and Exploratory Drilling over Ten-Year Periods
inthe Central Gulf. ... ... . . .. . . . .
Number of Significant Oil and Gas Discoveries by Field Size
Category over Ten-Year Periods in the Northern Gulf. ...........
Significant Discoveries, the Amounts of Crude Oil and Natural
Gas Discovered, and Exploratory Drilling over Ten-Year Periods
inthe Northern Gulf ... ... ... . ... .. . . . i,
Number of Significant Oil and Gas Discoveries by Field Size
Category over Ten-Year Periods in the Eastern Gulf.............
Significant Discoveries, the Amounts of Crude Oil and Natural
Gas Discovered, and Exploratory Drilling over Ten-Year Periods
inthe Bastern Gulf. ....... ..o e
Number of Significant (il and Gas Discoveries by Field Size
Category over Ten-Year Periods in the Illinois-Michigan Basins. ..
Significant Discoveries, the Amounts of Crude Oil and Natural
Gas Discovered, and Exploratory Drilling over Ten-Year Periods
in the Illincis-Michigan Basins .. ......... .. .o ity
The Amounts of Oi] and Gas Discovered and Exploratory Drilling
over Ten-Year Periods in the Appalachian Region................
Number of Significant Oil and Gas Discoveries by Field Size
Category over Ten-Year Periods in the United States
{ex-Appalachia). ... ... e

111

119

120



4.25.

4.26,

4.27.

4.28.

4.20.

4.30.

5.1.

xxi

Number of Significant Oil Discoveries by Field Size Category over

Ten-Year Periods in the United States {ex-Appalachia} ........... 125
Number of Significant Gas Discoveries by Field Size Category
over Ten-Year Periods in the United States (ex-Appalachia) ...... 127

Number of Significant Composite Oil and Gas Discoveries by Field

Size Category over Ten-Year Periods in the United States
(ex-Appalachia). . ..o vvr i 128
Significant Qil and Composite Discoveries, the Amount of Crude

0il Discovered, and Exploratory Drilling over Ten-Year Periods in

the United States (ex-Appalachia) ... ... ... ... . it 129
Significant Gas and Composite Discoveries, the Amount of

Natural Gas Discovered, and Exploratory Drilling over Ten-Year
Periods in the United States {ex-Appalachia}. .................... 130
Number of Large and Giant Oil and Gas Field Discoveries in the

Mature and Frontier Areas of the United States by Type,

L3 R i - T 134
Estimated Ultimate Recovery of Conventional Petroleum Liquids
inthe United States. ....ovi it e 172

Estimated Ultimate Recovery of Conventional Natural Gas in the
United States . ..ot 173






2.1.
2.2
2.3.
24.
2.5,
2.6,
3.1

3.2
3.3.

3.4.

5.10.

5.11.

5.12,

5.13.

TABLES

Petroleum Regions of the United States and Their Composition. . .
Field Size Classification System .................................
Productive Geologic Provinces of the United States by Region. ...
Field Discovery Methods ... .............. ... ... 0 . . . . . ... ...
General and Specific Trap TVPeS .. .....vovoveee e
Time-Stratigraphic Nomenclature .......................... ... ..
The Known Recoverable Petroleum Resources of the United
States by Region and Type . .........o.oo e
The Major Petroleum Provinces of the United States.. . ..........
Trap Types of the Giant and Large Oil and Gas Fields in the
United States by Reglon................... .. ... ... ...... ...
The Distribution of Petroleum Resources by Field Size Category
m the Geologic Provinces of the United States...................
The Number of Exploratory Wells per Significant Discovery in the
United States (ex-Appalachia) by Region, 1936-1975 . .............
Estimates of Ultimately Recoverable Amounts of Crude Oil and
Natural Gasin Alaska.............. ... ... ... . ... .. . .. ... . .
Estimates of Ultimately Recoverable Amounts of Crude Oil and
Natural Gas in California (Pacific Coast). . ...ovvovovneenr .
Estimates of Ultimately Recoverable Amounts of Crude Oil and
Natural Gas in the Rocky Mountain Region .....................
Estimates of Ultimately Recoverable Amounts of Crude Oil and
Natural Gas in the Permian Basin ..............................
Estimates, of Ultimately Recoverable Amounts of Crude il and
Natural Gas in North Central Texas .............ooooivno ..
Estimates of Ultimately Recoverable Amounts of Crude Oil and
Natural Gas in the Mid-Continent................... ... ... ...
Estimates of Ultimately Recoverable Amounts of Crude Oil and
Natural Gas in the Western Gulf Region ........................
Estimates of Ultimately Recoverable Amounts of Crude Oil and
Natural Gas in the Central Guif Region .........................
Estimates of Ultimately Recoverable Amounts of Crude Oil and
Natural Gas in the Northern Gulf Region .......................
Estimates of Ultimately Recoverable Amounts of Crude Qil and
Natural Gas in the Eastern Gulf Region.... .....................
Estimates of Ultimately Recoverable Amounts of Crude Oil and
Natural Gas in the Illinois-Michigan Region .....................
Estimates of Ultimately Recoverable Amounts of Crude Oil and
Natural Gas in the Appalachian-Atlantic Region .................
Estimated Ultimate Recoverable Amounts of Crude Qil in the
United States ...

XxXil

15
20
24
26
28

66
67



5.14.

5.15.

5.18.

5.17.

xxiv

Estimated Ultimate Recoverable Amounts of Natural Gas in the

United SEates ... ..ottt e e e 169
Estimated Ultimate Recoverable Amounts of Natural Gas Liguids
in the United States. ..ot et e e irr e 170
Recent Comparative Estimates of Ultimate Recovery of Crude Oil
inthe United States. ..ottt e et 175

Recent Comparative Estimates of Ultimate Recovery of Natural
Gas in the United States. ... ..o e 176



I. INTRODUCTION

“01l is first sought in our minds.” This aphorism, attributed to Wallace Pratt,
a prominent figure in the development of petroleum geology in the United States,
expresses a fundamental axiom of petroleum exploration.! Exploration begins with
hypotheses about where petroleum may be found? As exploration proceeds and
geological, geophysical, geochemical, and drilling data accumulate, those hypothe-
ses may be developed, revised, or totally discarded in favor of better ones. But the
role of these hypotheses in guiding the exploratory effort remains essential.

Creativity in the formulation of hypotheses about where petroleum may be
found is necessary to overcome the prejudices that inhibit the search for petroleum.
The history of petroleum exploration is filled with dozens of once firmly held
assertions about where oil could not be found that have proved to be dramatically
wrong. Examples include: “There is no sand in northeast Texas” {asserted before
the discovery of the super-giant East Texas field in the Woodbine sandstone;
“There is no oil west of the Pecos” (asserted before the discovery of Yates, one of
the five largest oil fields in the United States, on the west bank of the Pecos River);
“There is little 0il in carbonate rocks” (asserted before major discoveries in carbon-
ate reservoirs in the Mid-Continent and Permian Basin); “There is no oil in non-
marine sediments” (asserted before major discoveries in continental sediments in
the Cook Inlet and the Chinese basins); and even “There is no oil in Arabia” {no
explanation required).®

The mental barriers to oil exploration and the imaginative leaps that hurdled
them are not merely relics of the early decades of exploration. Within the past
decade, there have been several major discoveries in the United States in areas that
were generally thought to have been thoroughly explored (e.g., Tule Elk and Yow!-
umne in the San Joaquin Basin and Hartzog Draw in the Powder River Basin} or
were thought to be unfavorable for major accumulations (the deep Tuscaloosa
trend in southern Louisiana). Even with all the technological and conceptual ad-
vances in petroleum exploration over the past half-century, the need for creativity
and daring in exploration has not disappeared.

Creativity in exploration is indispensable, yet it is not sufficient. The other side
of the picture is best expressed by an even older aphorism from the oil patch: “Qil

YW, E. Pratt, Oil in the Earth, University of Kansas Press, Lawrence, 1942, p. 49. Unfortunately,
beginning with Pratt himself, an alternative version of the aphorism has also been used: "0il is first
found in our minds" {emphasis ours). The change, although only one word. is nonetheless profound.
Ideas are indispensable in guiding the search for petroleum; that search, however, wifl enly be successful
if the petroleum is already there, waiting to be found. If it is not there to begin with, all the human
ingenuity that can be mustered into the service of exploration cannot put it there. If oil is indeed found
in our minds. the literature of the past decade suggests that the best place to look for oil would be in
the economics departments of American universilies and research institutes (or in the geography
departments of Dutch universities), not in sedimentary rocks.

2 By petroleum we mean ¢rude oil, natural gas, and natural gas liguids.

? For these and other historie prejudices, see E. B. Noble, “Geological Masks and Prejudices,” The
Amerivan Association of Petroleum Geologists Bulletin, Vol 31, No. 7, July 1947, pp. 1109-1117; E.
DeGolyer, “Plea for Loose Thinking,” The American Association of Petroleum Geolugists Bulletin, Vol,
34, No. 7, July 1960, pp. 1607-1611; W. E. Pratt, “Toward a Philosophy of Oil-Finding.” The Amertcan
Association of Petroleum Geologists Bulletin, Vol. 36, No. 12, Decernber 1952, pp. 2231-2236; and A. L
Levorsen, "Big Geology for Big Needs,” The American Assaciation of Petroleum Geologists Bulletin,
Vol. 48, No. 2, February 1964, pp. 141-156.



is where you find it.” Once used to deride the early and often unsuccessful attempts
at scientific exploration, the statement still makes a valid point now that scientific
methods have clearly proved their value. The only petroleum that we know exists
is the petroleum that we have found, not the petroleum that we think we may find
or that we hope we can find. Moreover, the petreleum that exists in commercially
available accumulations does so only because several geologic processes have oe-
curred in an appropriate temporal and spatial relationship with each other. Suffi-
clent organic material must have been produced, accumulated, and preserved. This
material must be buried to a depth where sufficient temperature and pressure exist
to generate petroleum. After the petroleum is generated, it must be expelled from
the source rock into permeable carrier or reservoir rocks. Traps with porous and
permeable reservoir rocks must exist where the migrating petroleum can accumu-
late. These traps must not be breached after accumulation occurs.®

Because of the complexity of this process, there are many conditions or combi-
nations of conditions that can prevent petroleum from accumulating. The produe-
tion of organic material may be insufficient. The organic material that was pro-
duced may be oxidized. Unoxidized organic material may be buried to an insuffi-
cient depth for thermal maturation. No channels may exist for petroleum to mi-
grate from thermally mature source rocks. Migration may occur before the forma-
tion of effective traps. Reservoir rocks may be poor or nonexistent. The reservoir
rocks may lack effective seals. Traps with petroleum accumulations may be de-
stroyed by erosion or tectonic activity or flushed by ground water.

These potential deficiencies need to be emphasized because, unlike prejudices,
they cannot be overcome by leaps of the imagination. Several large and expensive
exploratory efforts during the past decade in the United States—the eastern Gulf
of Mexico, the Quter Banks offshore California, and the Gulf of Alaska—have
failed, simply because one or more of the essential conditions of petroleum accumus-
lation were largely or wholly absent. Exploratory ingenuity must wrestle seriously
with potential limitations on petroleum accumulation. If it does not, it quickly
descends from the level of creative thinking to the level of wishful thinking, given
the inherent capabilities of the human mind to drift once cast free from the moor-
ings of reality. Although one may postulate a definite figurative relationship be-
tween wishful thinking and some varieties of organic material, wishful thinking
has vet to be established as an effective source of petroleum. The craft of petroleum
exploration requires an appropriate blend of human creativity and known geologic
reality, not an emphasis on one to the exclusion of the other.

These two views of petroleum exploration are reflected in the history of pe-
troleum resource assessment in the United States. The most commonly used meth-
od of assessment has been the volumetric yield approach. Using geologic analogies
to known productive basins or formations, resource estimators have attempted to
calculate the potential of unexplored or lightly explored potentially productive
basins or formations. These estimators have emphasized the geologic possibilities
of the areas they assessed, flexing their imagination to consider what still might
be found {even though this emphasis is not inherent in the use of geologic analogy).

* A. A Meyerhoff. “Economic Impact and Geopolitical Implications of Giant Petroleum Fields.”
American Scientist, September-October 1976, pp. 536-541; B. P. Tissot and D. H. Welte, Petroleum
Formation and Occurrence, Springer-Verlag, Berlin, 1978; J. M. Hunt, Petroleum Geochemistry and
Geology, W. H. Freeman and Company, San Francisco, 1979



In sharp contrast to this approach is the method of predicting future discoveries
by extrapolating historical discovery rates. Users of this approach have empha-
sized the decreasing amounts that are being found, stressing the necessity to con-
sider seriously the implications of the historic decline in discovery rates in the
United States.®

Each approach has been used with little regard for the merits of the other. The
volumetric method has almost always been applied with an oblivious attitude
toward the realities of past exploration results. The extrapolation of discovery rates
has lacked an appreciation of the potential role of new hypotheses, improved
technology and economics, and geologic surprises. Consequently, estimates of ulti-
mate U.S. petroleum resources have differed markedly, depending on which ap-
proach was employed. Because both approaches have tended to be high] y aggrega-
tive, the evidence enabling a detailed evaluation of their comparative validity has
often been unavailable.

During the past decade, several new approaches to resource assessment have
been developed that attempt to blend various insights from both the volumetric
method and the extrapolation of discovery rates. These approaches are essentiall y
disaggregative in nature, focusing on specific prospects (or fieids}), exploration plays
{a collection of prospects with several common geological characteristics), and geo-
logic provinces (basins). Emphasis has been placed on looking at the whole by
means of a detailed analysis of the parts, using the information gained from past
exploration—both favorable and unfavorable—to speculate about future possibili-
ties. The actual analysis may employ a variety of methods, the specific method
applied depending on the component of the ultimate resource being estimated and
the extent of information available to the estimators. Accompanying this approach
has been an appreciation of the importance of incorporating geologic uncertainty
and risk within the assessment.

Our purpose in this report is to contribute to the ongoing task of U.S. petroleum
resource assessment within the tradition of these disaggregative prospect, play,
and province analyses. Qur principal innovations are (1) to create a consistently
constructed and systematically organized data base that itemizes all of the signifi-
cant o1l and gas fields in the United States outside of the Appalachian region and
{2} to use this data base to describe what has already been discovered and when
these discoveries occurred. From these descriptions, we interpret why these discov-
eries occurred when they did and evaluate the remaining geologic prospects to
assess future possibilities.

We use our data base to demonstrate that the petroleum resources of the
United States are highly concentrated in a few major provinces and in a relatively
small number of giant and large fields. The discoveries of these fields reached their
peak only after exploration had extended throughout the country, geological con-
cepts and exploration and drilling technology had developed sufficiently to identify
and reach most prospects, and petroleum markets had grown substantially. Qil
discoveries peaked about 1930, and natural gas discoveries peaked about 1950.
Since these peaks, both the number of discoveries and the amounts discovered have
declined substantially.

* For a survey of methods of petroleum resource assessment, see D. A. White and H. M. Gehman,
“Methods of Estimating 0il and Gas Resources,” The American Association of Petrofeum Geologists
Bulletin, Vol. 63, No. 12, December 1379, pp. 21832192,



From our interpretation of the reasons behind this decline and our evaluation
of the remaining geological possibilities, we conclude that most of the conventional
petroleum that will ultimately be produced in the United States has already been
discovered and made recoverable. We estimate that ultimate recovery of conven-
tional petroleum liquids {crude oil and natural gas liquids) will most likely be
between 210 and 285 billion barrels, as compared with a known recovery of 175
billion barrels. Most of the increase in petroleum liquids will come from reserve
growth in known fields, not from new discoveries. Ultimate recovery of convention-
al natural gas will most likely be between 920 and 1090 trillion cubic feet, as
compared with a known recovery of 750 trillion cubic feet. Most of the increase in
natural gas will come from new discoveries.

Following this introduction, Sec. IT describes the significant oil and gas fields
data base, the procedures that we followed in developing it, and its potential limita-
tions. The data base itselfis provided in its entirety in App. A of the supplementary
volume to this report. In Sec. I11, we discuss the distribution of known conventional
U.S. petroleum resources by type, region, basin, and field size category. The fourth
section describes the historic patterns of discovery by field size category and by the
amount of oil and natural gas in each region in the United States as a whole. Using
the information summarized in the preceding two sections and supplementary
geological information, in the concluding section we provide an assessment of
ultimate conventional U.S. petroleum resources,

We present additional statistical detail behind the descriptions, analyses, and
arguments of the last three sections in the six appendixes of the supplementary
volume to this report. Appendix A consists of the significant oil and gas fields data
base. Appendix B provides cumulative and current (1975) production data for crude
oil and natural gas by field size class for each state or statistical area and region.
Appendix C lists the number of significant oil and gas field discoveries in the United
States by field size class over five-year periods by region and type of field. Appen-
dix D gives data on the amounts of crude oil and natural gas discovered in the
United States by five-year periods up to and including 1975. Appendix E presents
data on exploratory drilling by region in the United States from 1936 to 1975.
Appendix F provides our estimates of future significant discoveries in the lower
48 states by field size and region.

This report is best read in its entirety frem beginning to end. The second section
provides the basic organization and definitions used throughout the report. Each
succeeding section proceeds to build on the sections that preceded it. The national
overviews concluding each of the last three sections are developed from the region-
by-region descriptions and analyses that preceded them in each section. Most of the
key arguments, however, can be obtained through a more selective reading of the
report. Those readers who wish to survey the main points first can do so by reading
the introductory sections and concluding national overviews of Secs. IT1, IV, and
V before reading Sec. IT and the more detailed regional discussions. The appendixes
are provided both as a basic reference tool and for those readers who may wish to
explore the subject in greater detail than provided in the text.



II. THE SIGNIFICANT OIL AND GAS FIELDS DATA BASE

The analysis of field size distributions and discovery patterns requires an appro-
priate data base. Such a data base should ideally be comprehensive or near-compre-
hensive, well-organized, consistently constructed according to a common set of
defining characteristics, and detailed enough to permit sophisticated analysis.
When this project began, no such data base existed for oil and gas fields in the
United States. Several of the components of such a data base did exist, such as the
field and pool records of the Petroleum Data System (PDS), the field file developed
for the LORENDAS project at Virginia Polytechnic Institute, and the list of na-
tional-class giant oil fields published annually by the Oil and Gas Journal. How-
ever, these were either inconsistently constructed (such as the PDS and LOREN-
DAS), were too limited in their scope (such as the OGY), or were lacking in
accompanying descriptive data (such as the LORENDAS and OGY). Our principal
task in preparing this report was to construct such a data base. This section de-
scribes our data base (which is provided in its entirety in App. A), the procedures
we followed in developing it, and its potential limitations. An expanded version
of our data base is also accessible through the Petroleum Data System of the In-
formation Systems Program of the University of Oklahoma.

We describe the means of organizing the data base, supply the items of informa-
tion included for each field, and provide definitions of each of these items. In this
report and in the data base, the basic unit of data and analysis is the petroleum
field. The field data are organized by region and stafe or statistical area and by field
size. We also give information necessary to organize the field data by geologic
province. Because we developed the data base to provide a means of analyzing
discovery patterns and of assessing the potential for future discoveries, we included
several basic items of information that are relevant to the discovery process: (1) the
vear in which the field was discovered; (2} the methods used to discover the field;
{3) the general and specific type of trap; (4) the major system and series of the
reservoir rocks; (5) the major reservoir lithologies in the field; and (6} the spatial
location and dimensions of the field {the depth to the top of major reservoirs, the
average net reservoir thickness, and the productive acreage of the field}. These
variables provide a means of answering questions about the discovery of significant
fields: When?, How? in Which circumstances?, and Where? A great variety of
analyses are possible using these variables. In the analyses that follow in Secs. I1I
to V, we emphasize the year of discovery and the trap type, although we use all
of the variables to some extent.

Because we designed the data base for practical use, we kept both the organiz-
ing principles and the categorization of the variables as broad and simple as possi-
ble. The data base could have been expanded to incorporate variables more rele-
vant to questions of production engineering and additional recovery, However, we
chose not te include such variables because they were not germane to our purposes.

Field size, expressed in volumes of recoverable petroleum liquids and natural
gases, is the most impaortant variable used in this report. The data base of App. A
provides the following information pertaining to field size: namely, for crude oil,

5



original oil-in-place, cumulative production to December 31, 1975, demonstrated
reserves (proved reserves and indicated additions to reserves), and 1975 produc-
tion; and for natural gas and natural gas liquids, cumulative production, proved
reserves, and 1975 production, Qur estimates of total field sizes, expressed in bar-
rels of petroleum liquids and natural gas expressed in liquid equivalents, are not
given in the data base of App. A. However, they are included for each field in the
PDS file developed from the data base of App. A.

We describe the procedures that we followed and the problems that we encoun-
tered in developing the data base. Our description of the procedures includes a brief
review of current or potential alternative procedures and our reasons for following
the procedures that we used. The review of the problems we encountered in acquir-
ing and determining information entries in the dasa base is presented to provide
users of both this report and the data base with a complete picture of the strengths
and limitations of the data and thus of the conclusions that might be drawn from
further analysis.

We consulted many scurces of information to acquire and to determine the
information entries in the data base. Because there are more than 40,000 separate
items of information and multiple sources for many items, we concluded that citing
the source or sources for every item of information would be impractical. We
therefore chose the alternative of listing the sources in the Bibliography, which is
organized by region and area.

REGIONAL ORGANIZATION

The primary basis for organizing the data and derivative analyses of this report
is geographical. We organized the lists of significant oil and gas fields and the
subsequent data summaries and analyses into 12 geographic regions. The criteria
used to define these regions were that (1) they be geographically contiguous; (2}
they approximate geologic boundaries as much as possible, permitting the high-
lighting of geologically significant differences; (3) they be as consistent as possible
with existing aggregations of 0il and gas data in order to facilitate a broad variety
of analyses; and (4) they avoid unduly high or low concentrations of significant
flelds. The 12 regions and their components are listed in Table 2.1. Figure 2.1
delineates the regions on a map of the United States.

The components of the regions are either states or traditional statistical areas
within states. The regions as mapped include all of the states except Hawaii, which
is generally regarded as having no petroleum potential of commercial significance.

The definition of statistical areas within states corresponds to that used by the
American Petroleum Institute, the American Gas Association, and the Internation-
al Qil Scouts Association, with only two exceptions: (1) in California the fields of the
Cuyama Basin are included in this report in the Central Coast area instead of the
Central and Northern area, and (2) the fields of the Santa Cruz Basin are inciuded
in the Central and Northern area instead of the Central Coast area. In both cases,
the usage here follows that of the California Division of Oil and Gas.

The states or statistical areas within states listed in Table 2.1 are only those
areas that have gignificant fields discovered before January 1, 1976, The Trap
Springs field, discovered in 1976, may prove to be a significant field, resulting in the
inclusion of Nevada (Region 3) in subsequent compilations. The other states with



some oil and gas production but no significant fields are Oregon and Washington
{Region 2), South Dakota (Region 3}, lowa, Minnesota, and Missouri {(Region 6}, and
Maryland and Tennessee (Region 12}, South Dakota is the only one of these eight
states in which the total amount of recoverable petroleum discovered to date in all
fields exceeds our minimum level of significance for a single field. The numbering
and lettering of Table 2.1 are continued in the tables of Apps. A, B, and C to
facilitate use of the data. For example, Table B.4c indicates cumulative and current
production of crude oil and natural gas {the subject of App. B) for Texas R.R.C.
District 8 in the Permian Basin (area 4c).

Most of the fields in Region 12 (Appalachian) were discovered before 1900.
Because of a lack of nineteenth-century records, comprehensive data on field sizes
in this region are unavailable.! As a result, tables for the six areas of Region 12 are
nat included in Apps. A, B, and C, even though data on the sizes of some fields in
this area are available. This exclusion omits areas from the data base containing
2.5 percent of the recoverable crude oil (3.82 of 151.0 billion barrels), 5.2 percent
of the natural gas (39.3 of 751.0 trillion cubic feet}, and 2.0 percent of the naturai
gas liguids (0.48 of 24.1 billion barrels) in fields discovered in the United States to
the end of 1975,

The 12 regions used here are similar to the 11 petroleum regions of the United
States defined by the National Petroleum Council (NPC).2 The regions of this report
differ from those defined by the NPC to facilitate statistical analyses. Region 3
(Rocky Mountains) combines NPC Regions 3 and 4 because of the relatively small
number of significant oil and gas fields in the two regions and the general geologic
and geographic continuity between them. Regions 4 (Permian Basin) and 5 (North
Central Texas) divide NPC Region 5 because the two areas have substantially
different field size distributions and because we encountered major problems in
determining field sizes in Texas R.R.C. Districts 7B and 9. We separated the two
areas to highlight these differences in the regional analyses. Regions 7 {Western
Gulf), 8 {Central Gulf), 9 {(Northern Gulf), and i0 (Eastern Gulf} were created out
of NPC Region 6 to reduce the concentration of significant fieids in any one region.
(The Gulf Coast Geosyncline as defined by the NPC contains approximately half of
the significant oil and gas fields in the United States.) The division into four areas
uses a generally coinciding combination of geological and political/statistical
boundaries. Region 11 {Illinois-Michigan} combines NPC Regions 8 and 9 because
of the small number of significant fields in the two NPC regions. Region 12 (Appala-
chian) combines NPC Regions 10 and 11 (excluding Florida) because the absence
of significant fields in Region 11 makes its separate designation superfluous. In all
cases where the NPC divided states in ways other than the traditional separations
in California, Louisiana, New Mexico, and Texas, we modified the NPC definition
to have the entire state in one region. Thus, all of Nebraska is included in the Rocky
Mountain region, all of Arkansas in the Northern Gulf region, and all of Kentucky
in the Appalachian region. This division does minor violence to geologic bound-
aries, splitting the Cambridge-Chadron Arch, Arkoma Basin, and Illinois Basin,
respectively, between two regions, but we judged that this deficiency was offset by
the gain in ease of statistical manipulation.

! The Committees on Reserves of the American Petroleum Institute and the American Gas Assacia-
tion mav have such comprehensive field data for Region 12, but the confidentiality rules of these
committees preciude their release.

? Future Petroleum Provinces of the United States, Washington, D.C., July 1970.
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The regions used here present few problems of data analysis. Only five signifi-
cant fields cross regional boundaries: Greenwood {CO and KS), Sivells Bend (TX 9
and OK), Burkburnett-Red River Bed (TX 9 and OK}, Phoenix Lake {TX 3 and SW
LA), and Angie (SE LA and MS). The first three would also cross vegional bound-
aries if we had followed the NPC regional definitions.

FIELD DEFINITION

The basic unit of data and analysis used in this report is the petroleum field.
We use fields rather than pools or reservoirs for two reasons: (1) From the view-
point of the exploration process, fields are more important, and they are generally
svnonymous with exploration prospects. Conversely, a prospect may prove to con-
tain several pools. (2) Comprehensive data on pools are not available for all states.
Of the 38 areas listed in Table 2.1 for which comprehensive data on significant fields
are available, only 24, with approximately 55 percent of the significant fields, have
comprehensive data on individual pools. Because field data can be readily derived
from pool data, but pool data cannot be easily inferred where only field data are
available, the use of the field as the basic unit of analysis is also preferable from
the standpeint of data acquisition.

The choice of field as the basic unit of analysis does pose problems of definition
and application. Whereas all states have field designations, no consistent field
definition is applied among or even within states. However, without a consistent
definition, the use of field data for analytical purposes creates major methodological
problems. If the traditional field designations are employed exclusively, dissimilar
units would be treated as if they were similar. Thus, if the petroleum field is to be
used as the basic unit of analysis, we need to construct a common definition and
apply it consistently.

Consistency in the application of any definition is not the only relevant crite-
rion. The definition itself should be unbiased, particularly when it will be used to
determine the composition of units for an analysis in which the size of the individ-
ual units is an important variable. If the definition is overly conservative, field sizes
will be systematically understated. If the definition is overly liberal, field sizes will
be systematically overstated.

A third problem is that geologic variability does not permit the wholly unam-
biguous application of any possible field definition. The term field is commonly used
to refer to a single accumnlation (in which case it is synonymous with a pool or
reservoir or to a set of closely related accumulations of petroleum}.* However, even
when there is definitional agreement as to what constitutes a closely related set of
accumulations, there will always be marginal cases on which legitimate disagree-
ment may exist as to which accumulations belong in the closely related set.

Qur approach in dealing with these three problems is (1} to use a field definition
that is consonant with contemporary usage to avoid introducing bias from any
preconceptions that we might have on the relative importance of fields of various
sizes; (2) to apply this definition as consistently as possible to all areas, combining

*Gee A, I. Levoraen, Geology of Petroleum, 2d ed., W. H. Freeman and Company, San Francisco, 1967,
p. 30; and G. ). Hobson and E. N. Tiratsoo, Introduction to Petroleum Geology, Scientific Press, Beacons-
ficld, England, 1975, p. 6.
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or dividing traditionally designated fields wherever necessary; and (3} to list the
components of a field where traditionally separately designated fields are combined
into a single field as defined in this report, thus permitting alternative analyses of
the data based on different judgments than those we employed on what constitutes
a closely related set of petroleum accumulations.

We define a field as a producing area containing in the subsurface (1) a single
pool uninterrupted by permeability barriers; (2) multiple overlapping pools trapped
by a common geologic feature; (3} laterally distinct multiple pools within & common
formation and trapped by the same type of geologic feature where the lateral
separation between pools does not exceed one-half mile; or (4) stratigraphically
trapped multiple overlapping pools where the vertical separation between pools
does not exceed 1000 feet. This definition is based on a concept of a single field from
the viewpoint of a completed exploration process. After a new field discovery is
made, any other pools discovered in the course of determining the lateral and
vertical limits of that discovery and testing the effective lateral and vertical limits
of its trapping mechanism are considered to be part of the same field.

Most fields in the United States are of the first two types. The first type includes
both single pools known by one name, the classic example being the East Texas field
of Texas R.R.C. District 6, and single pools that have several field designations for
administrative purposes, two examples being the South Cowden field (South Cowd-
en-Foster-Johnson) of Texas R.R.C. District 8 and the Scurry field {(Kelly-Snyder-
Diamond-M-) of Texas R.R.C. District 8A.* The second type includes {1) sets of
overlapping pools of the same or different geologic ages within a single geologic
feature such as an anticline, for example, the Elk Basin field in Wyoming and
Montana and the Sligo field in northern Louisiana; (2) sets of tangential pools
where the pools are separated by impermeable faults, such as the Wilmington
Trend field (Wilmington-Torrance-Belmont Offshore} of the Los Angeles Basin, and
the Ventura-Rincon field of the California Central Coast; and (3} sets of adjacent
pools around and above the same salt dome, such as the Timbalier Bay® complex
(Timbalier Bay-Timbalier Bay Block 21} of southeastern Louisiana and the Hull-
Merchant field of Texas R.R.C. District 3. A variant of the second type is a field
containing one large structural or stratigraphic pool and one or more smaller
overlying stratigraphic pools discovered during the process of developing the larg-
er pool, for example, the Mocane-Laverne field in Oklahoma and the Yates field
(including Toborg) in Texas R.R.C. District 8. Examples of the third type include
the Round Mountain: Main, Coffee Canyon, Pyramid field in Central California and
the Cedar Creek Anticline in Montana and North Dakota. An example of the fourth
type is the Hansford field in Texas R.R.C. District 10.

The definition of field excludes sets of laterally distinct adjacent pools that (1)
are combined as a single field for administrative purposes, such as McKittrick:

4 Neither of these fields is a perfect example of the first type (single reservoir fields), as both have
several minor pools. But because the major pool in both fields contains more than 99 percent of the
known recoverable petroleum resources in each field, the field essentially consists of a single reservoir.

* The Timbalier Bay salt dome is on the same salt ridge as the Cgillou Islond and Bay Marchand
Biock 2 domes. However, the vertical and lateral separations between the three domes are of such
magnitude to justify a separate field designation for each dome. See M. G. Frey and W. H. Grimes. "Bay
Marchand-Timbalier Bay-Caillou Island Salt Complex, Louisiana,” in M. T. Halbouty ted.). Geology of
Giarzzt P;troleum Fields, American Association of Petroleum Geologists Memoir 14, Tulsa, Okla., 1970,
pp. 277-291.
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Main and McKittrick: Northeast in Central California; (2) share a common regional
geological feature but are more than one-half mile apart, such as the Pine and
Cedar Creek Anticline fields in Montana; or (3) are separated hy a distinctive
geologic feature, such as the erosion channel separating Cogdell and Scurry fields
in the Horseshoe Atoll of Texas R.R.C. District 8A. The definition also excludes
combining sets of overlapping pools that have substantial vertical separation and
different trap types; for example, we separate the shallower, stratigraphically
trapped Waha: Delaware and Waha, West: Delaware fields from the deeper, struc-
turally trapped Waha: Deep and Waha, West: Ellenburger fields of Texas R.R.C.
District 8.

We derived the field lists of App. A by applying these definitional criteria to
existing field data, combining an extensive examination of field and pool maps with
a consideration of trap type and pool depths. In so doing, we encountered two
problems—ambiguity and lack of data. Ambiguity in field composition was a major
problem in defining the fields of the Central Basin Platform in southeastern New
Mexico and Texas R.R.C. District 8 and a minor problem in the Arkoma Basin of
northwestern Arkansas and southeastern Oklahoma and in the Gulf Coast Prov-
ince. For the Central Basin Platform, we followed a moderately conservative ap-
proach, choosing not to combine all of the overlapping pools that form a continuous
productive area as seen in plane view but differentiating among fields by dominant
trapping features.

In the San Juan Basin of southwestern Colorado and northwestern New Mex-
ico, a natural ambiguity existed that convinced us to resort to an anomalous field
designation. The gas fields of the northeastern corner of the basin in northwestern
New Mexico are overlapping stratigraphically trapped pools with more than 1000
feet of vertical separation among pools, a difference that clearly merits the separate
field designations used here for the Blanco: Mese Verde, Basin: Dakota, and the
various Pictured Cliffs formation fields. However, the continuations of the Mesa
Verde and Dakota pools inte Colorado are primarily located on the Ignacio Anti-
cline and thus constitute one field following common usage (designated as the
Ignacio-Blanco field in this report). Because both the Blanco: Mesa Verde and
Basin: Dakota fields are in our largest field size category, we decided to let this
anomaly stand as it did not affect aggregations by field size.

We encountered two definitional problems because of a lack of pool data in
several areas. First, in QOklahoma, we were constrained to define fields according
to accepted usage although a few appear to be common administrative designations
for sets of laterally distinct pools, such as the Golden Trend and Sooner Trend fields.
Second, in North Central Texas, where most of the oi! and gas is in the so-called
County Regular fields, we may have omitted several significant flelds because we
included only those parts of the County Regular fields where we could determine
positively approximate field sizes for a set of closely related pools, for example, the
Breckenridge and Ranger fields of Texas R.R.C. District 7B and the Burkburnett
and Electra fields of Texas R.R.C. District 9. Because of these problems, there is a
slight understatement of the total amount in significant fields and a slight overstate-
ment of the amount in the larger significant fields.

We use traditional field names in the lists wherever possible, When two or more
traditional fields are combined, we usually designate the combined field either by
the name of the largest traditionally designated field, for example, Wilmington
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Trend, Yates, and Bayou Sale, or in a hyphenated name, combining (1) the names
of the largest traditional field designations, for example, Blinebry-Drinkard and
Means-McFarland; (2} the names of all the components, for example, Brea-Olinda-
Sansinena and MeElroy-Dune; or (3} the names of the two components on opposite
ends of a continuous producing trend, for example, Ventura-Rincon and Penwell-
Waddell. We identify some combinations by the name of the largest component
with a descriptive modifier, for example, Eunice Areq, Big Piney-La Barge Complex,
and Greater Red Wash. Fields consisting of a combination of pools with a central
pool or pools and additional pools of the same name plus a compass direction (e.g.,
east, southwest) are designated as, for example, Magnet Withers (all}. Where a
traditionally designated field of several pools is divided into several fields in this
report, we list the new field by the old name plus (1) the pocl name, for exampie,
Empire: Abo, (2} a designation combining several pools sharing a common char-
acteristic, for example, Weha: Deep, or (3} the name of a productive area, for
example, Honor Rancho: Main and Honor Rancho: Southeast. Wherever possible,
we use the field designations of the Conservation Division of the U.S. Geological
Survey for offshore fields in the Gulf of Mexico. When a Conservation Division
designation does not exist, a category limited to fields that had not begun produc-
tion by the end of 1979, we designate the field by the number of the most important
block in the field.

FIELD SIZE CLASSIFICATION

The second method we used to organize data is by field size, as expressed in
volumes of recoverable petroleum. A field size classification system provides a
means of aggregating sets of similarly sized fields for a variety of analytical pur-
poses. Currently, one existing system of field size classification and two fleld size
designations are commonly used in the United States. The existing system of field
size classification is that of the American Association of Petroleum Geologists
{AAPG), as shown below:

Class A .. ... Over 50 million barrels or 300 billion cubic feet

Class B .. ... 25 to H0 million barrels or 150 to 300 hillion cubic feet
Class C .. ... 10 to 25 million barrels or 60 to 150 billion cubic feet
Class D ... .. 1 to 10 million barrels or 6 to 60 billion cubic feet
Class ® .. ... Less than 1 million barrels or 6 billion cubic feet

Class F .. ... Noncommercial

The two field size designations commonly in use in the United States are those
of world-class giant fields (500 million barrels or more)® and national-class giant
fields {100 million barrels or more).”

¥ For representative samples of the use of the world-class designation, see J. D. Moody, J. W. Mooney,
and J. Spivak, "Giant Oil Fields of North America,” in Halhouty (ed.), Genlogy of Giant Petroleum
Fields. pp. 8-27; M. T. Halbouty et al., "World’s Giant Qi) and Gas Fields: Geologic Factors Affecting
Their Formation and Basin Clagsification,” in Halbouty (ed.), pp. B02-555; A. A. Meverhoff, "Feonomic
Impact and Geopolitical Implications of Giant Petroleum Fields,” American Scientist, Vol. 84, No. 5,
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The AAPG classification system was inadequate for the purpose of analyzing
the distribution of oil and gas resources by size of field. Our preliminary analysis
indicated that more than 75 percent of the oil and gas discovered to date in the
United States was in AAPG Class A fields, a concentration that did not permit
analysis with a high degree of discrimination. Moreover, the AAPQG system appears
to apply only to amounts of crude oil or only to amounts of natural gas, not to the
combined amounts of recoverable petroleum in a field. Nonetheless, the system did
provide a useful starting point. The field size classification system we used (see
Table 2.2) essentially combines the AAPG classification system with the two com-
monly used field size designations.

We expanded the AAPG field size classification system by making the size limits
of Class A fields double that of Class B fields, creating a new classification of Class
AA fields with size limits twice that of Class A fields, making world-class giant fields
the largest category (Class AAAA), and designating fields between the limits of
Class AA and Class AAAA as Class AAA, Further division of the giant fields
category (Class AAAA) was considered unnecessary because of the small number
of fields in this category.® We limit the designation of a giant field to world-class
giants (Class AAAA fields). Large fields are Class AAA, Class AA, and Class A fields.
Small fields are Class B and C fields. Very small fields are Class D and E fields.

The AAPG considers fields of Class D or larger to be significant. Here we limit
significant fields to fields of Class C or larger. Our preliminary analysis indicated
that fields of Class C or larger had more than 90 percent of the known recoverable
oil and natural gas resources of the United States. Including Class D fields in the
analvsis would add no more than 8 percent of known recoverable amounts of oil
and gas at a cost of doubling to quadrupling the task of data collection. The margin-
al benefit of additional data was not considered to be worth this additional cost. In
a few cases, we included Class D components of a field combined from several
traditionally designated separate fields in the data base.

As Table 2.2 shows, our size classification system refers to the combined total
of recoverable petroleum—crude oil, natural gas, and natural gas liguids—from a
field. To use a common denominator of field size, we converted natural gas to liquid
equivalents at the standard rate of 6000 cubic feet per barrel.

FIELD SIZE DETERMINATION

The fields listed in the tables of App. A are organized by field size classes and
ranked in approximate order of decreasing field size. We estimated original field

September-Qctober 1976, pp. 536-541; H. D. Klemme, “Giant Fields Contain Less Than 19 of World's
Fislds But 76% of Reserves,” Qil and Gas Journal, Vol. 75, No. 10, March 7, 1977, and R. Nehring. Giant
Oil Fields and World Oil Resources, The Rand Corporation, R-2284-CIA, June 1978

7 For representative samples of the use of the nationalclass designation, see M. T. Halbouty, “Giant
Oil and Gas Figlds in the United States,” in Halbouty (ed.), Geolagy of Giant Petroleum Fields. pp- 81-127;
and the listing of U.S. giant oil fields published annually in the Forecast/ Review jssue of the Uil and
Guas Journal (generally the last issue in January}.

% In Giant Oil Fields and World Oil Resources, p. 30, Nehring proposed a classification system
consisting of super-giants (5 billlon barrels or more), large giants (2t0 5 billion barrels), medium giants
{1 to 2 billion barrels), and small giants (500 to 1000 million barrelsl. Because the United States has only
three super-giant, three large glant, and twenty-one medium giant fields, applying this system here
would be an unnecessary proliferation of categories.
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Table 2.2

FieLp Size CLASSIFICATION SYSTEM

Field Gize Category Field 8ize

Class AAAA 500 million barrels or more of petroleum
liquids and natural gas expressed in
liquid equivalents?®

Class AAA 200 to 500 million barrels
Class AA 100 to 200 million barrels
Class 4 50 to 100 million barrels
Class B 253 to 50 million barrels
Class C 10 to 25 million barrels
Class T 1 te 10 millien barrels

e use a conversion rate of 6000 cubic feet per barrel.
For example, 500 million barrels is egquivalent to 3.0 tril-
lion cuhic feet, 200 million barrels to 1,2 trillion cubic
feet, 100 million barrels to 600 billion cubic feet, and
S0 on,

size from data available as of the end of 1978 for all significant fields discovered by
the end of 1975. We used the three-year difference between the year of field size
determination and the last vear of discovery for fields included in the data base to
permit more accurate assessments of the size of recent discoveries, particularly
those offshore in the Gulf of Mexico. To maintain consistent treatment of all fields,
the sizes of earlier discoveries were also determined as of the end of 1978.

The estimates of field size we used to classify and rank fields in the tables of
App. A are strictly estimates of current known total recovery in these fields. Known
total recavery is the sum of cumulative production, proved reserves, and indicated
additions to reserves, The estimates used do not necessarily indicate ultimate
recovery from each field. Field size may increase from extensions of known pools,
new pool discoveries, infill drilling, implementation of additional recovery oper-
ations, and better-than-anticipated reservoir performance. Field size may also de-
crease because of poorer-than-anticipated reservoir performance. Because all of
these factors are fundamentally uncertain, we made no attempt in determining
field sizes to predict their combined effect on ultimate recovery. The effect of this
procedure is to make our field size determinations conservative. Some fieids are
placed in smaller categories than their ultimate production will eventually justify.
We excluded other fields from the data base altogether, the estimate of their
current known size not being large enough to justify inclusion now, even though
some evidence exists that points to ultimate inclusion in a list of significant fields.

Field size is based on the combined total of known recoverable petroleumn—
crude oil, natural gas liquids, and natural (hydrocarbon) gas expressed in liquid
equivalents—in each field. In determining field size, we used the same definitions
of crude oil, natural gas, and natural gas liquids that are used by the American
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Petroleum Institute (API)} and the American Gas Association (AGA).® Volumes of
crude o1l are as measured in stock tank barrels of 42 U.S. galions, excluding water
and bottom sediment and including condensate from casinghead gas recovered in
lease separators with crude oil. Natural gas consists of methane, ethane, small
proportions of natural gas liquids, and small proportions of nonhydrocarbens such
as carbon dioxide, helium, hydrogen sulfide, and nitrogen. The volumes are as
measured in cubic feet at 14.73 pounds per square inch absolute pressure and 60°
¥ temperature. Natural gas volumes are also as measured after shrinkage of the
reserveir gas volume that results from removal of its liquifiable portions and any
reduction in volume caused by the exclusion of nonhydrocarbon gases existing in
sufficient quantity to render the gas unmarketable. Natural gas volumes include
produced gas that was vented or flared. In estimating field size, we use a single
estimate for natural gas, combining natural gas associated with or dissolved in
crude oil and nonassociated natural gas. Natural gas liquids are those hydrocar-
bons in the reservoir natural gas that are separated from the natural gas as liquids
in the reservoir through retrograde condensation or at the surface through conden-
sation, absorption, or adsorption. Generally, natural gas liquids consist of propane
and heavier hydrocarbons. When ethane is recovered as a liquid, it is also included.

We determined field sizes primarily using data on cumulative production and
proved reserves plus indicated additions to reserves or, when reserve data were not
available, estimates of reserves based on recent decline rates and inferred reserve-
to-production ratios. Preliminary estimates of field size were compared with and
adjusted to the data of the API and AGA tables of known recovery by year of
discovery. We supplemented this basic information where necessary with state-
ments of production plans, time series of annual production data, gas-oil ratios, gas
analyses, liquid-gas ratios, shrinkage factors, and natural gas plant production
data. After we made initial estimates of field size, we compared the sum totals of
crude oil, natural gas, and natural gas liquids in the significant fields of each state
and statistical area and an estimate of the amounts in nonsignificant fields with the
API and AGA estimates of known total recovery in each state and statistical area.
These supplemental data sources and data checks were essential to overcome major
gaps in the usual sources of published data on current cumulative production,
recent annual production, and reserves.

In some cases, no current estimate of cumulative production by field as defined
in this report was available. Where sufficient information existed—such as historic
cumulative production data from a larger unit (e.g., 2 county), time series of annual
production from a field for some portion of its history, or a past estimate of cumula-
tive production or reservoir data—that would enable us to make an estimate with
a probable error no greater than + 10 percent, we included the field in the list. After
extensive research of historic production data, we identified 20 fields that compose
part of the so-called County Regular fields of North Central Texas: Breckenridge,
Ranger, Desdemona, Cooke, Curry, Strawn, Noodle Creek, Stover, Fry, Bluff Creek,
Cross-Cut, and Pioneer in Texas R.R.C. District 7B, and Burkburnett, Electra, No-
cona, Anarene, Landreth, Peirolia, lowa Park, and South Bend in Texas R.R.C.

® American Petroleum Institute, American (as Association, and Canadian Petroleum Association,
Reserves of Crude Oil, Notural Gas Liguids, and Naturel Gas in the United Stuies and Canada as of
December 31, 1878, Washington, D.C., June 1979, pp. 13, 99-104.
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District 9; and 37 fields in the Mid-Continent: Humboldi-Chanute, Peru-Sedan,
Jefferson-Sycamore, Wayside-Havanna, Coffeyville-Cherryvale, Iola, Neodesha,
Buffalo-Vilas, and Bush City in Kansas, Red River Bed, Bartlesville-Dewey, Bird
Creek-Flat Rock, Coodv’s Bluff-Alluwe-Chelsea, Delaware-Childers, Osage City,
Slick, Duncan West, Hogshooter, Bristow, Depew, Canary-Caney, Empire-Coman-
che, Loco District, Iron Post, Osage-Hominy, Mannford District, Kellyville, Collins-
ville, Oscar, Beggs District, Boston, California Creek, Bristow North, Hubbard,
Olive, Avant West, and Nowata-Claggett in Oklahoma, These 57 fields include all
of the prominent early discoveries mentioned in the literature about these two
regions. We would not be surprised, however, if a few other fields in these two
regions could be shown to belong in our list of significant fields, particularly if they
were Class C fields that were predominantly natural gas producers.

Obtaining complete information on natural gas recovery was a major problem
in some areas. Information on cumulative production of casinghead gas does not
exist for most fields in Illinois, Indiana, Kansas, New Mexico, Oklahoma, and Texas.
We based our estimates for these fields on available information on gas-oil ratios,
production time series, and a judicious use of the API and AGA tables on known
recovery by year of discovery. This approach produced consistent and generally
satisfactory results, except for oil fields in Oklahoma with substantial gas caps. We
estimated that there was approximately 6.3 trillion cubic feet of gas cap or associat-
ed gas in Oklahoma that belonged in significant fields but that we were unable to
allocate among individual fields. Information on cumulative production of nonas-
sociated gas does not exist for most of the fields in Texas. However, because annual
production data are available for the past 30 to 40 years, we estimated current
cumulative production by assembling time series of the annual production data. In
all areas, we used supplemental data to adjust estimated cumulative production
data for shrinkage, removal of nonhydrocarbon gases, and reinjection of produced
gas.

In nearly every area, readily available comprehensive data on natural gas
liquids by field are lacking. In many states, good information on lease condensate
production can be found. Plant liquids data are only rarely available in comprehen-
sive form. As a result, our estimates of natural gas liquids by field were pieced
together using gas analyses, liquid-gas ratios, fragmentary plant production data,
the available lease condensate data, and AGA information on cumulative produc-
tion and reserves by area. As a result, our estimates in significant fields are slightly
conservative on average.

Estimating the size of recent discoveries, most of which are only now beginning
production, poses its own particular problems. Because published estimates of peak
production are available for most recent discoveries, we generally used peak pro-
duction times a conservative reserves-to-production ratio to determine field size.
For some of the recent discoveries in the Gulf of Mexico, our estimate of field size
is based on information from field operators, such as their estimates of field size
class, peak production, and field life. When we could make only rough estimates of
ficld size, as is the case for most of the recent offshore discoveries, we placed the
field in its approximate position in its size class. Where information was very
sketchy, we listed fields at the bottom of the size class in which we judged them to
fit.

Except for many of the recent discoveries and a few cases of marginal informa-
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tion, we believe that our field size estimations are accurate as current estimates of
known recovery within a range of +5 percent. Because of this estimated error
factor, we did not differentiate field sizes by more than one-half million barrels of
liquids or gas in liquid equivalents except for Class C fields that were nearly or
totally depleted. Fields estimated to be of roughly the same size are listed in
alphabetical order in the tables. Because we deliberately employed several conser-
vative biases in estimating field size, fields that were on the borderline between two
size categories were always placed in the higher of the two categories, partially
offsetting the bias in estimation.

Qur first list of significant oil and gas fields, compiled after several thorough
reviews of the available data, contains 2471 fields. In arriving at this number of
significant fields, we also determined field sizes for more than 500 fields between
6.25 and 10.0 million barrels’ liquid and liquid equivalents to examine thoroughly
all borderline possibilities. Assuming current estimates of recovery, we estimate
that our list is at least 99 percent complete for the United States, excluding the
Appalachian region. In other words, there is a high probability that additional
research would add no more than 25 fields to the list of significant fields discovered
before 1976 (excluding fields added from reserve growth after 1978). Because of the
varied quality of information among regions, any fields inadvertently omitted from
our list are most likely to be Class C fields in North Central Texas {(components of
the County Regular fields), the Mid-Continent (pre-1920 discoveries}, the Western
Gulf (pre-1940 gas discoveries), and the Gulf of Mexico {recent discoveries that are
not vet producingh.

Qur estimates of the amount of petroleum in these 2471 significant fields are
slightly conservative. Qur individual field estimates total 134,880 million barrels of
crude oil, 850,467 billion cubic feet of natural gas, and 20,309 million barrels of
natural gas liquids. However, on the basis of the cross-checking procedures that we
used, we estimate that there are at least another 150 million barrels of crude oii,
12,978 billion cubic feet of natural gas, and 1920 million barrels of natural liguids
in significant fields that we were unable to allocate to specific significant fields. On
average, this represents an underestimate of 1.8 percent of the total recoverable
petroleum in significant fields. The largest absolute underestimate was in the Mid-
Continent region (150 million barrels of crude oil, 6300 billion cubic feet of natural
gas, and 300 million barrels of natural gas liquids, or an average underestimate of
3.3 percent). The largest proportional underestimate was in North Central Texas
{600 billion cubic feet and 80 million barrels of natural gas liquids, or an average
underestimate of 4.5 percent}.

GEOLOGIC PROVINCE

A producing petroleum province is defined as a set of oil and gas fields that are
geographically contiguous and that occur in a similar or related geologic environ-
ment.'® Petroleum exploration in an area generally begins with an overall evalu-
ation of a known or potential province before focusing on specific plays and pros-
pects within that province. Including the geologic province in which each signifi-

i Levorsen, Geology of Petrolewm, p. 31; and Hobson and Tiratsoo, Introduction fo Petroleum
Geology, p. 6.
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cant field is located within the data base permits aggregation of the data by a basic
geologic unit in addition to the political-statistical units that we use to organize the
tables of significant field data in App. A.

Table 2.3 breaks down the productive petroleum provinces of the United States
by region. The left-hand column lists those provinces containing significant oil and
gas fields as given in the tables of App. A. The abbreviation of the state or statistical
unit containing the significant oil and gas fields in each province is included in
parentheses following the province name. Because our listing in the left-hand col-
umn is derived with minor modifications from the list of provinces developed by the
American Association of Petroleum Geologists—Committee on Statistics of Drilling
(AAPG-CSD),*! we include the AAPG-CSD list of provinces with their appropriate
code numbers in the right-hand column. The AAPG-CSD provinces listed in brack-
ets at the end of the regional listings are productive provinces that lack significant
oil and gas fields in that region. The indented provinces in the left-hand column that
have no counterparts in the right-hand column are distinct geologic subunits of five
larger provinces: the Coastal basins of California, the Powder River Basin, the
Creater Green River Basin, the Permian Basin, and the Pale Duro Basin. In par-
ticular, the Permian and Green River basins are divided into their individual
components because of their large area and complex geology. The subdivisions are
from K. K. Landes.*?

Qur listing and boundaries of the provinces differ from the AAPG-CSD listing
and boundaries in only two respects: (1) The AAPG-CSD list has separate designa-
tions for offshore areas. Our listing combines onshore provinces (Ventura, Los
Angeles, and Gulf Coast basins) with their offshore continuations because the two
constitute one geologic unit. The AAPG-CSD approach imposes an additional geo-
graphical-political distinction on the geologic boundaries. In the tables of App. A,
fields that are partially offshore are designated by a single asterisk and fields that
are wholly offshore are designated by a double asterisk. (Z) The AAPG-CSD listing
adjusts province boundaries to county boundaries to avoid potential reporting
problems. Generally, this poses no problem, because county houndaries closely
approximate geologic boundaries in nearly all cases. However, in a few instances,
the two diverge noticeably. To conform with geologic boundaries, we made the
following adjustments to the AAPG-CSD boundaries: (1) combined the southern
part of Santa Barbara County and the northwest part of Los Angeles County (CA}
with the Ventura Basin; (2} included Blaine County (MT} in the Sweetgrass Arch;
(8} added the eastern half of Natrona County (WY) to the Powder River Basin; (4)
split off the Laramie Basin from the Greater Green River Basin, the former consist-
ing of Albany County and the eastern half of Carbon County {(WY); (5) added the
western third of Carbon County {UT) to the Wasatch Uplift; and (6) included the
Matador Arch, that is, the southern part of Lamb and Hale counties {TX 8A), in the
Permian Basin.

DISCOVERY YEAR

We include the discovery year of each significant field in the data of App. Ato

1 R. F. Meyer, "Geologic Provinces Code Map for Computer Use,” The American Association of
Petroleum Geologists Bulletin. Vol. 54, No. 7, July 1970, pp. 1301-1305.

12 Potroleum Geolugy of the United States, Wiley-Interscience, New York, 1970.
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Table 2.3

ProoucTtive GeoLogic Provinces oF THE UNITED STaTES BY REGION

This Report

AAPC-LED

Cook Inlet (AR)

arctic Toothills (AK)

820:  Cook Tnlet Basin

EBS: Arcric Foothills Frovince

Arctic Slupe (AK}

Ba0:  Arctir Slape Haszin

fEL: Gulf el Alaska Baslal

Eul River ([a-C%)

720: #el River Basin

Sacramente (CA-CX)

Ceasral (Ca-C0

730: Sacramento Razin

F43r  Coastal Basios

Cuvama (DA-T0)

Balinas (Ca-CU

San Joaguin (CA-DN)

Santa Mzrin (Ca-Go

745:  San Joaquin Basin

730 Santa Yaria Basirn

Ventura (CA-CC)

Los angeles (£A=-140

755: Ventura Basino

TRl Les Angeles Dasin

Anadarke (0]

g95%: (Califcrnia Paciiic Cifstore--Ceperal
458: (alifsrnia Facific Cifshore--State
$5%: (alifornia Pacific Oflshore--Federal
[7i0:  Western Columbiz Basic]

[72%:  Horihern Unast Haape Provices)

331 Santa Orue Basis)

360:  aAnzdarko Baszin

Chadron-Cambridge [(NE}

390:  Chadrar Arch

Williston (MT + N0

3953: Williston Basin

Las Animas Arch (200

Sweebgrass arch (MT)

453 Las Animas Arch

300 Swestwrass Arch

Central Mentzna Upllift (MI)T—

Fawder Hiwver (¥T + Wy}

210 {entral Mantana Upliit

313: pPowder Eiver Basin

Cazgper Arch (WY)

Big Horn {¥T + WY)

Wind Rdver (Wi

(freater OCreen River ({7
Great [Mwvide (WY}
Overthruse Belt (1T + WY)
kawlins LUplift (WY}
Focx Springs Uplift (W)
Sand Wash (CO-WTh
wamsutter Arch [WY)
WashaklIc (WI)

Laramic (WY}

520: BRip Horm Basin

530 Wind River Sasino

%35: Cfrecn River Basin

570: Ulinta Lplilt

Creen River hasin

i
o
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Table 2.3—continued

Tenver 40

Uinta (7T

San Juan {00 4+ NW WM

Paradox {C0 + 1Th

Blacx Mera {AX)

Ficeanoe (L0)

Wasatehk I'plifc {171}

Flarcau: FHalparow

Permian (&7 Nv-T% 70, &, + Ba)

Contral sasin Placform (5% ¥w=13 7C, B, 8a)
Delaware Basin (S5 WH-TX &)

Eastern Shell (TR &2, &, + £4)

atall (TN 8 + &M

Eorseshu

Matader Arch (TN Ba)

widiand Basin (TX 7C, d, + 5a)

Nortth Baszin ¥latform (58 3N + TR §a)
Worthwest Shell (5% 8]

Dguna Flatforz (TX 70)

far Simom Channcl (87 XM)

shef7ield Channel (1X ¥)
Tatwrm Bagin (ST M)

Val Verde Hasin (TX 7C, &)

S40:
375:
FLHH
aB5:
REIVH
3%95:
630
f35:
|335:
| 380
[545:

[b2%:

430

435,

Denver Basin
Uinta Basin

San Juan Basin
Favadox Zasin
Black Mesa Basin
Ficeance Basin

Wasateh ¥plift

Platesu Sedimentary Province

Forest Cily dasin;
Salira Dasing
Nirrt™ Tark Basin:

Great Basin Trovinoe]

Formisn Basin

¥alo Duro Rasin

South Oklahoma (TX %)

Strawi [(TX 73)

Fort Wortk (TX 9%

Beng [TX 73, %)

Permian (T¥ 78, 2)

Ezstern Shell (TX 7E, 2}

Pala Dure (TX 93

KHardeman Bazin (T3 %)

Red River Arcn (TX 9)

433

i Folded Sel:

South Oklal

Strawn Basin
Yort Worth Swvacling
Fend Arch

Ternian Basin

Falzs Durs Jasin

Forest City (RH)

arkoma (OK)

South Oxlatoma {0K)

Chautaugua (0

Anadarko (5-OK-T% 1)

Cherokeo (X5)

Nemaba {KS)

Sedgwlck [¥S)

Forest City Basin

Arkoma Basin

South NDilahema Feoldod Relit
Chautaugua Platiorm
Avnadarke Basin

Chervkes Basin

Nemaha fAaticline

Sedgwick Basin

Erovineo

Pravinoo
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Table 2.3——continued

Contra® Hansas (RE) 33 Central Kansas

Fala duro (R} 43%: TPalo Duro Besin

lo (1% L0) 4405  Amarille Arch

[3253; Ilowa Shelf)

[and:  Guarkhira Tectonic Beit Frovinee]

[530: Tas Animas Arcl]

culi Toast (7Y 1, 2, 3, +4) a0 nulf Coast 3asino

TTT—— g A - 5 oaro -
Mﬁﬁﬁahmﬁﬁﬁhhhhh9)u: Texas fulfl of Mexico Offsberc—-General
©35: Texas Gulf of Mexizce Offshore—-Stars

ar

Texas Gulf of Mexico OfZshare--Federal

ilaieitina

fuachita Teatenis Belt Proviccoe

Forcian {1% L% Terrian Basin

;ulf Coast Basin

nore--Genetal

Louisignz Sull of Mexlieo OFFf

93%: Louisiana Culf of Mowxico Dffshore--State

y33: iouisiana Guli of Mewico Oifshore--Federal

Arale (Aa-N 1A4) —x 230:  Arkla Hasin
Lo Texas £TH 5 + &) 260:  Fast Iexas Hazin
ArRama {AR) Arkoma Basin
Seut™ Florida {71y 140:  Souvth Florida Prevince
W ar (M3 0 Warrioy dasin
wWid-Gulf feasr (AL, TL, M5} 2101 Mid-Gul? Coast B3asin
Cincinneri {147 an: Cincinnati Arch
[N} - a053:  Michigan Basin
(I + IX) 313: Tllinois Rasin
.
Arpalachian (KY, ¥V, OH, P&, VA, WV) e A0 Appalachizn Basin
cinnati {0E) e a00: Cincimmati Areh

illinels (KY) 315; Illinois Basin
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indicate when the field was first known to contain a commercial accumulation of
petroleum. The inclusion of this variable is a necessary prerequisite for the analysis
of discovery patterns by size of field over time found in Sec. IV.

There are several ways of conceiving the discovery year. It could be (1} the year
in which the first well was completed that indicated the presence of recoverable
petroleum, (2) the year in which the first producing well was completed and tested,
{3} the vear in which the first well was completed in the first significant pool, or (4)
the year in which the first well was completed in the largest significant pool. In
constructing the data base of App. A, we used the first concept for two reasons.
First, this concept is the one that is most consistent with our theoretical approach
emphasizing the exploration process. In comparison, the other three concepts also
can incorporate development considerations, such as the state of the domestic oil
market or the state of drilling technology. The difference between the first two
concepts is a subtle but important one, particularly for offshore fields. Typically,
exploratory wells in offshore fields are drilled, tested, and abandoned using mobile
drilling rigs. The producing wells are only drilled after a fixed platform is installed.
However, it is the successful exploratory wells that indicate that a fixed platform
is worth installing; hence, the first of these exploratory wells merits the designation
of the discovery well. Second, data are more readily available and more complete
for the first concept than they are for the other three.

We encountered two problems in determining the discovery vear of the signifi-
cant fields listed in App. A: a lack of data and disagreements among sources. Several
of the offshore fields discovered in the Gulf of Mexico since 1965 have no discovery
vear listed in the literature because successful discoveries are frequently not an-
nounced when there are one or more unleased tracts adjacent to the discovery tract.
In such cases, we inferred the discovery year by considering the year in which the
tract was leased, the year{s) in which exploratery wells were drilled, and the year(s}
in which production platforms were ordered and installed.

For approximately 5 to 10 percent of the fields listed in App. A, the various
sources that we consulted gave different discovery years for the same field. For
most of these fields, the difference was only one or two years. For a few, nearly all
of which were discovered before 1920, the differences among sources exceeded ten
years, Because it was impossible in most cases to verify the sources to ascertain the
“true” discovery year, we adopted the policy of relying first on the official state oil
and gas commission determinations; second, on the International Qil Scouts As-
sociation determinations; and finally, on whatever other sources existed. We made
exceptions to this general rule when other sources provided a description of the
discovery well or of the exploratory history of the field that satisfied the criterion
of the discovery year and was deemed sufficiently detailed to override conflicting
designations by the state oil and gas commission or the International Oil Scouts.

Some fields cross state or statistical area boundaries, and they are listed in two
or more of the tables of App. A. Because we generally use the official state determi-
nation of the discovery year, the discovery year of the separate areas of the field
may differ, reflecting the year in which the field was discovered in each state. In
such cases, the earlier of the separate discovery years is also given in parentheses
below the year in which the discovery was made. In the analyses by region of
discovery patterns over time, we use the earliest year exclusively. When a field is
combined from several components, each with different names, and data for the
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components are listed as well, the discovery year for each component indicates
when that component was discovered; the discovery year for the entire field indi-
cates when the first component was discovered.

DISCOVERY METHOD

The method(s) used to discover each significant field are included in the data
of App. A to show how the field was discovered, that is, the means that were used
to determine the location of the discovery well. The analysis of discovery methods
reveals the interplay over time among the geologic characteristics of fields, the
state of exploration technology, and the state of general geological knowledge.

Table 2.4 lists the discovery method designations used in App. A and a brief
description of each. The ten methods are grouped here into three general catego-
ries: pre-scientific methods, methods using a scientific evaluation of surface evi-
dence, and methods using a scientific evaluation of subsurface evidence.

Qur principal problem in determining discovery methods for the fields listed in
App. A was a lack of data, particularly for recent offshore discoveries. Although we
used a wide selection of sources to obtain field information, the data were not
always complete. Sources included the Petroleum Data System, the International
0il Scouts Annual Report, the annual surveys of exploration in the United States

Table 2.4

FieLp DiscoveEry METHODS

Method Deseription of Means of Leocatico

Fre=Saientific

Random Random or “wildcat' location} mo scientific evidence used

Trend Perceived geographic or physiographic relationship to
a known adjacent field or fields

Surface Evidence

Surface Structural mapping and other evaluations of surface geology

Seepage Presence of oil and/or gas scepages or oil-impregnated
rocks on the surface

Geo-chemistry Soil analysis for microseeps

Photo=-geology

Geologic interpretation of aerial or satellite photograchs

Subgurfoee Fvidence

Seismic Interpretation of reflection or refraction seismic survevs

Geophysics Interpretation of geophysical surveys othér than seismic,
namely, gravity and magnetic Surveys

Core~driiling | Core-drilling for subsurface structural and stratigraphic
information

Subsurface Mapping and evaluation of subsurface geology
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published in the American Association of Petroleum Geologists Bulletin, guide-
books, and journal and symposia articles. In some cases where no information was
available, the discovery method(s} could be inferred with a high degree of accuracy.
For example, the discovery methods for fields found offshore in the Gulf of Mexico
since 1960 (the area where published data were most incomplete} are almost invari-
ably seismic or seismic and subsurface geology. However, we chose to give the
discovery method(s} only when we could locate a definite source, as we found that
conjectures were sometimes only partially correct.

In nearly every case, all of the methods used to discover a field that are listed
in the various sources that we consulted are included in App. A. We adopted this
general practice because the sources are not sufficiently detailed to permit us to
make our own determinations of which discovery methods were emploved and
which were most important. There were two exceptions to this rule: (1) When the
sources conflicted, listing the discovery as both random and based on a positive
method of location, we excluded the “random” location on the grounds that it was
logically incompatible with a positive method of location. {2} In a few cases, where
a detailed history of the exploration process hefore the discovery of the field was
available, we used it to make our own determinations of the methods used to
discover the field.

TRAP TYPE

We include the type of trap in which the petroleum has accumulated in each
field to indicate the information that could have been available to explorationists
before drilling. The evidence pointing to the existence of some traps is highly
obvious, making them easy to discover. For others, it is extremely subtle, making
them very difficult to discover. The evidence that in fact was available and was used
to determine the location of the discovery well depends to a large degree on the
state of geological knowledge and exploratory technology at the time of location,
Traps that were unrecognized as a distinct type 50 to 75 vears ago and that were
impossible to locate with the exploratory technology of that period can be a basic
objective of the geologist’s search today and are moderately "obvious” to the full
array of technologies used in the exploration process. Correlation of trap type with
discovery patterns thus permits the formulation and testing of hypotheses about
the role of knowledge and technology in the exploration process.

Table 2.5 presents the classification system of trap types used here and in the
data of App. A. The system is a broad and simple one, reflecting the purposes of
this report. The terminology follows standard American usage.'® In App. A we give

' There are many classification systems of traps. The one used here generally follows that of
Levorsen {Geology of Petroleum, Chaps. 6, 7, and 8), but also reflects the treatment in K. K. Landes,
Petroleum Geology, 2d ed.. John Wiley & Sons Inc., New York, 1959, Chaps. 10-14; Hobson and Tiratsoa,
Introduction to Petroleum Geology. Chap. 4; and the usage of the PDS. The Levorsen system of classifica-
tion lacks precision, particularly with respect to all the trap types lumped together as stratigraphic
traps. The system of trap classification used in the Soviet Union is more precise because it distinguishes
among stratigraphic, unconformity, diagenetic, and paleogeomorphic traps. (See A. A. Meverhoft, Pe-
troleum Exploration in the Soviet Union and Ching, Canadian Society of Petroleum Geologists and the
University of Calgary, 9th Annual C.S.P.G. Seminar, Calgary, 1978, pp. 149-156.) We used the Levorsen
system because it is the basis of nearly all U.S. field data and the Soviet classification system is
unfamiliar to many.
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Table 2.5

(GENERAL AND SPECIFIC TRAP TyYPES

General Specific

Structural Anticline
Nose
Fault
Fracturing
Salt dome

Stratigraphic Facles change
Porosity-permeability
pinchout
Organic reef
Unconformity
Tar saal

Hvdrodynamic Hydrodynamic

Combination

both the general and specific trap type of each field. The general types are structur-
al traps, stratigraphic traps, hydrodynamic traps, and any combination of two or
more of these general types. Structural traps are traps formed by deformation of
the reservoir rock and are differentiated by the type of deformation. Anticlines,
which in the system used here include buried hills and deep-seated salt domes, are
traps caused by folding of the reservoir rocks. Anticlinal noses are typically found
in conjunction with other trap types, and we have listed them separately. Faul{ and
fracturetraps, as the name indicates, result, respectively, from faulting and fractur-
ing of the reservoir rock. Salt dome traps are formed by an intrusion of evaporites
under and through the reservoir rocks. Stratigraphic traps are created by a lateral
variation in the reservoir lithology or by a break in its continuity. In this report,
a facies change refers to a relatively sharp variation in lithology, such as is found
in bar, channel, deltaic or dune sandstones, or in productive igneous lenses. A
porosity-permeability pinchout signifies 2 more gradual change, including post-
depositional changes resulting from differential cementation and dolomitization.™
Organic reefs or bioherms indicate local (as opposed to blanket) organic carbonate
deposits, usually steep-sided deposits of substantial thickness. Unconformity traps
are created by a break in the geologic sequence, sedimentation being followed by
uplift and erosion or at least a period of nondeposition. Where the erosion surface
is the present surface and the seal to the reservoir is formed by solid petroleum
fractions such as asphalt, we denote the trap as a tar seal trap. Hydrodynamic
influences, generally found in association with anticlines, occur when water flowing
through the reservoir rock displaces the petroleum from its normal crestal position
in the trap.

'+ In nature, fucies change and porosity-permeability pinchout traps are not sharply divided from
each other. We maintain the distinction between them in the data base, following differences in field
descriptions encountered in the literature. However, in our subsequent analyses we combine these two
categories.
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Each of these general and specific trap types is a pure type, indicating the
essence of a single characteristic. Natural conditions, however, can be both highly
complex and immensely variable. Our primary problem in determining trap type
was dealing with this natural variability, because of the uneven quantity and
quality of information available about the fields in the data base. Wherever possi-
ble, we based our determinations of trap type on subsurface field maps and detailed
fleld descriptions. However, these were not always available, and we were forced
to rely on the determinations of others without being able to judge whether they
were correct and consistent with our own usage. The result is probably an over-
statement of the number of structural and stratigraphic traps and an understate-
ment of the number of combination traps. For example, obvious structural elements
are present in most of the fields of the Gulf Coast. But important stratigraphic
factors may also exist, even though they may have been overlooked in the early
development of the field. On the other hand, subtle structural controls could be
present in many of the stratigraphic traps of the Mid-Continent but may have been
overlooked in the early years of development. The information in nearly all cases
was sufficient to identify the dominant trapping feature. In some cases, it did not
indicate secondary, but nonetheless important, trapping features. The only signifi-
cant omissions in the data on trap type are those for some recent discoveries in the
Gulf of Mexico.

GEOLOGIC AGE OF THE RESERVOIR ROCK

The geclogic age of the reservoir rocks within each field listed in App. A serves
two purposes of classification and aggregation for analyses of the exploration pro-
cess. First, together with the trap type, geologic age helps us identify fields within
the same exploration play—a subset of fields and prospects within a province with
a common productive formation and the same type of trap. Second, geologic age
provides a means of determining the relative importance of different geologic
periods both within and among regions for petroleum accumulation. The geclogic
age of the reservoir rock is limited in two ways: It does not necessarily indicate the
unit of geologic time during which the petroleum in the reservoir originated, and
it does not necessarily indicate the unit of geologic time during which the petroleum
migrated into the reservoir. Comprehensive, authoritative information about both
the time of origination and the time of migration of petroleum in significant fields
in the United States is lacking, primarily because the evidence for both is not
always conclusive.

The geologic ages of the reservoir rocks of each significant field are given in the
time-stratigraphic units of system and series, corresponding to the geclogic time
units of period and epoch. We decided that including the era was unnecessary
because it is indicated unambiguously by the system. Geclogic age could be broken
down in even finer units, such as stages or even individual formations. We chose
not to do so because as useful as this may be in elaborate analyses of individual
provinees, such a level of detail was not germane to the broad-brush approach of
this report. Moreover, because no common system exists for finer divisions than the
series, the use of a finer system complicates comparisons among regions. The
system and series names we used are those of the common North American system
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of the geologic time scale as codified by the American Association of Petroleum
Geologists. Nomenclature for the various eras, systems, and series is listed in Table
2.8, together with code numbers for geologic age.

The major system and series of the reservoir rocks are provided for each
significant field listed in App. A. We considered twe ways of providing system and
series data: (1) The system and series of all reservoirs within the field could be listed
in declining order of importance of each system and series. (2) The system and
series of individual reservoirs within the field could be listed in the declining order
of importance of each reservoir. In the vast majority of cases, there is no difference
between these two criteria. However, for those cases where there is a difference,
we decided to use the first criterion. It was more in accord with our emphasis on

Table 2.6

TiIME-STRATIGRAPHIC NOMENCLATURE

For=mal and

Fra Svstern Provingial Sweries AAPC Code
Cennzoic 100
Quaternary i1
Holpeene 111
Pleistocenc 112
Tertiary 120
Fliocene 121
Miocenc 122
0ligocens 123
Eocene 124
Taleocens 125
Musoroic 200
Cretaceous 210
lippet 211
Gulf 212
T.iower 217
Comanche 218
Coaghuila 219
Jurassic 220
Ypoer 221
Middle 224
Lower 227
Triassic 230
Upper 23
Hiddle 234
Lower 237
Faleoznic aon
Permian 3
Usper ENg!
Ochoa 317
Guadalupe 313
lower 317
Leonard 318
Wolfcamp 10
Pennsvlvanian 320
Tpper 321
Virgll 322
Missoutri 323
Middle 324
Des Moines 323
Atoka 326
Lower . 327

Morrow 328
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Table 2.6—continued

Formal and

Era Svatem Provincial Sories AATE Code
Mississipzian 330
Upoper 33
Chester 332
My amac 333
Lower 337
Usage 338
Kinderhook 133
Devonilan 340
Upper 341
Chautaugien 342
Senccdn 343
Middle 304
Eriarm 345
[Lower 347
Ulsterian 348
Silurian 330
Upner 351
Cavugan 352
Middle 354
Niagaran 353
Lowst 3.7
Alexandrian 458
Ordovician 3606
Lppetr J6l
(imcinnatian iz
Middle 364
Champlainlan KL
Lowrer KL
Canadian 36E
Cambrian 370
Upper EXDS
Crojixian 372
¥iddle aT4
Albertan 375
Lowet 377
waucchan a78
Precazbrian 400

total field size and it avoided problems of geologic age designation in fields with
many pools, none of which contained a major proportion of the field’s total recovera-
ble resources.

We define a major system and series of a single reservoir or a set of reservoirs
as one containing at least 10 percent of the total recoverable petroleum liquids and
gas in liquid equivalents within the field. For each significant field, no more than
three different series are Jisted to avoid occasionally unwieldy listings. (Only a few
oil and gas fields have been found in the United States in which more than three
major series are represented in the reservoir rocks of the field.} The system and
series are both listed in order of decreasing importance. In a few cases, this results
in the smaller of two series in the more important system being listed ahead of a
series in another system that is more important for total field resources. Here
again, we considered that avoiding a cumbersome designation was worth a small
lack of accuracy.

In determining the major systems and series of the reservoir rocks in individual
fields, we were hampered by the lack of complete pool data for individual fields in
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Illinois, Indiana, Kansas, Louisiana, Oklahoma, and Wyoming. Complete informa-
tion does exist about which systems and series are represented in each field in these
six states. The question is how to determine which of these are major and the
relative importance of the major systems and series. We used existing information
on pool thickness and area and whatever information we could glean from the
literature on the absolute and relative importance of specific systems and series in
an individual field. We believe the resulting determinations provide a reasonably
accurate estimate of the most important system and series in each field and a
somewhat less accurate estimate of the other major systems and series and their
relative order of importance.

RESERVOIR LITHOLOGY

The lithology of the reservoir rock within each field, when combined with the
geologic age of the reservoir rock, can provide an additional indicator of the impor-
tant stratigraphic units for petroleum accumulation within an area or region.
Conceptually, reservoir lithology could be treated in either of two ways. It could
be indicated only by the primary constituent of the reservoir rock (e.g., “sand-
stone’, or it could be indicated by the primary constituent as modified by second-
ary constituents (e.g., “sandy limestone”). Because the first alternative is more
consistent with our objective of avoiding unnecessary complications in the data
base and because existing information does not permit nationwide consistency in
applying the second zlternative, we conform to the first alternative in describing
the reservoir lithology in the tables of App. A.

The lithologies of the reservoir rocks in significant U.S, petroleum fields can be
organized into three general categories:'® (1) Fragmental or clastic rocks, aggre-
gates of minerals and rock particles washed from areas that have been eroded,
include sandstone, siltstone, and shale. In keeping with our practice of using broad,
simple categories for our variables, sandstones include conglomerates, arkose, and
granite wash. (2) Chemical reservoir rocks, formed from chemical or biochemical
precipitates, include limestone, dolomite, anhydrite, chalk, and chert. (3) The few
miscellaneous reservoir rocks are predominantly fractured or weathered igneous
rock. Sandstone, limestone, and dolomite clearly predominate among the reservoir
rocks in the significant fields of both the United States and other countries of the
world.

Reservoir lithology is given by field in the tables of App. A in order of decreas-
Ing importance within the field as a whole. We list only the major litholegies, that
is, those containing at least 10 percent of the total recoverable petroleum liquids
and gas in liquid equivalents within each field. For each significant field, no more
than three lithologies are listed. Where one lithology grades into another within
the same reservoir or reservoirs in a field, we list both in estimated order of
decreasing importance.

Generally, information on reservoir lithology by field is readily available.
Again, our major problem was the lack of complete pool data for individual fields
in Illinois, Indiana, Kansas, Louisiana, Oklahoma, and Wyoming. In southern Loui-

'* For a more detailed discussion, see Levorsen, Geology of Petroleum, Chap. 3.
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siana, where the reservoirs are all sandstone, this omission could easily be sur-
meounted. In the other areas, we approached the problem in the same way as we
did in determining geologic age in these areas. The results were similar, with
reasonably accurate estimates of the major lithology in each field and somewhat
less accurate estimates of other major lithologies and their relative order of impor-
tance.

SPATIAL LLOCATION AND DIMENSION

One measure of spatial location (the depth to the top of major reservoirs} and
two measures of spatial dimension (average net reservoir thickness and field acre-
age) are also provided by field in the data base. The depth to the top of major
reservoirs and field acreage are particularly important for analyses of the discovery
process. Depth is important because the petroleum industry only gradually ac-
quired the ability to locate potential traps at depth and to drill to them. Reecord
drilling depths did not exceed 5000 feet until 1909, 10,000 feet until 1931, 15,000 feet
until 1938, 20,000 feet until 1949, and 25,000 feet until 1958. The ability to locate
structural traps at such depths followed by several years the development of the
ability to drill to them. Deeper discoveries have clearly been dependent on these
advances in drilling and exploration technology. Field acreage is an important
variable because it indicates the size of the exploratory target. Even when we
assume the limiting case of random drilling without the use of scientific approaches
to determine exploratory well locations, the fields that cover a larger surface area
will tend to be discovered first. Rational approaches to exploration that emphasize
the drilling of the largest structures first are likely to be even more efficient than
the “random” approach in discovering the largest flelds first.

Appendix A provides the average depth to the top of major reservoirs in each
field. We define a major reservoir as one containing at least 10 percent of the total
recoverable petroleum liquids and gas in liquid equivalents within the field. Our
attempt to apply this concept uniformly nationwide was thwarted by the geological
complexities of the Louisiana and Texas Gulf Coast, where many of the fields
contain large numbers of small reservoirs. In such cases, we give the depth ranges
of the important concentrations of reservoirs. For each significant field, we list the
deoths to the top of the major reservoirs or the depth ranges of the important
concentrations of reservoirs in decreasing order of importance, with no more than
three depths or depth ranges. The depths are rounded off to the nearest 100 feet,
because closer accuracy is neither necessary nor uniformly attainable.

Again, our major problem in determining depth to the top of major reservoirs
was the lack of complete pool data for individual fields in [Ninois, Indiana, Kansas,
Louisiana, Oklahoma, and Wyoming. We were plagued by the same problem in
determining geologic age and reservoir lithology, and we tackled it in the same
manner, using a broad variety of sources to identify the more important reservoirs.
In the case of depth, the resnlting determinations provide a reasonably accurate
list of the depths of the more important reservoirs. The relative order of importance
is probably less accurate. In some cases, particularly recent discoveries offshore, we
could not obtain any information on depths to the tops of major reservoirs.

The average net reservoir thickness of the major reservoir in each field is also
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given in App. A. This variable can be usefully correlated with trap tvpe, providing
an indication of the range of thickness associated with various types of traps. It
may in some cases provide a rough indicator of effective reservoir volume in the
field when multiplied by field acreage. (It does not always do so because the area
of individual reservoirs is not always coextensive with the area of the entire field.}
We used average net thickness rather than gross thickness or total oii column to
provide a more meaningful indicator of effective reservoir porosity in each ficld.
Here also a major reservoir is defined as one with 10 percent or more of the total
recoverable resources. We rounded off the numbers to the nearest five feet because
closer accuracy was not uniformly attainable and not necessary.

There were several major problems in determining average net reservoir thick-
ness. The information in most of the major sources is not always consistent, oc-
casionally showing only gross thickness (thus overstating net thickness} or the
thickness of perforated intervals (thus understating net thickness). Because verify-
ing information in the sources was always difficult, and often impossible, some of
the thicknesses given are probably not accurate. For some Gulf Coast fields with
large numbers of relatively small reservoirs, no meaningful estimates were avail-
able. The lack of individual pool data for fields in Illinois, Indiana, Kansas, Louisi-
ana, Oklahoma, and Wyoming also had adverse effects on accuracy. Data for recent
offshore discoveries were rarely available,

We give the surface area of each significant field to the nearest 20 acres.
Because well spacing is rarely less than 20 acres and because of uncertainties in
measurement resulting from extrapolations from well-bore information, we
thought that any attempt to be more precise would only provide a spurious sense
of accuracy. The surface area for each field includes all known productive acreage,
past and present. The main problem in determining surface area was a lack of
information, particularly for more recent discoveries. For recent discoveries that
are still being developed, either no published estimates exist or the ones that do are
likely to have been rendered totally obsolete by further development since the
estimate was published. The same problem applies to older fields that have recently
been extended. To supplement published data on area, we used well counts, infor-
mation on spacing, and recent field maps. When a field in this listing is a combina-
tion of two or more overlapping productive units but the extent of overlapping is
unknown, we could not give an estimate for the total area.

PRODUCTION AND RESERVES

Appendix A provides information by field on cumulative and 1975 preduction
and reserves of crude oil, natural gas, and natural gas liquids. These are included
as rough indicators of field size. The estimates of cumulative and annual production
of erude oil and natural gas are of welthead production less reinjected amounts and,
in the case of natural gas, less significant amounts of nonhvdrocarbon gases. Conse-
quently, a few of the estimates of cumulative and 1975 production of natural gas
are negative numbers, more having been injected than produced. The estimates of
natural gas production do not deduct subsequent shrinkage from the extraction of
plant liquids. These estimates include volumes of produced gas that were vented
or flared. The estimates of cumulative and annual production of natural gas liguids
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are specified as lease condensate, plant liquids, or both, depending on the extent of
available information. The estimates of reserves of crude oil include additions to
reserves as defined by the APL.

The numbers in App. A are taken primarily from official or semiofficial sources
such as the annual reports of state and federal oil and gas regulatory agencies, the
annual reports on reserves of the API and AGA, and the annual review of the
International Oil Scouts Association. They thus reflect both the strengths and the
omissions of those sources. The 1975 production data for crude oil, natural gas, and
lease condensate are complete because they are reported for all areas by field
(except for casinghead gas in Illinois, Indiana, Kansas, and Oklahoma). Because
production of natural gas liquids from plants frequently combines production from
several fields, data by field for production of plant liquids are generally not avail-
able. Cumulative production data for crude oil are also complete. In some cases,
namely, many old discoveries in the Mid-Continent and the fields composing part
of the County Regular fields in North Central Texas, the cumulative production
data are our own estimates. Their approximate character is indicated by a “c.” for
“circa.” Cumulative production data for casinghead gas do not exist for most fields
in Illinois, Indiana, Kansas, New Mexico, Oklahoma, and Texas. Published esti-
mates of cumulative production data for nonassociated gas are not available for
most fields in Texas. However, for some post-1945 discoveries, we were able to
ascertain cumulative production of natural gas with confidence by constructing and
summing annual time series of production.

Only the Alaska, California, Florida, and Montana agencies provide estimates
of erude oil reserves by field. The API provides reserve estimates for the 100 fields
with the largest amounts of reserves, and reserve and original oil-in-place data
often can be reliably inferred from its tables on oil in place and total recovery by
vear of discovery. We supplemented these data with our own analysis of decline
curves to provide nearly complete oil reserve data. Alaska and California are the
only states that provide estimates of natural gas reserves by field. When the natural
gas contains no appreciable liquids, reserve data can occasionally be inferred from
the AGA tables on total recovery by year of discovery or estimated from decline
curves. However, App. A does not contain many estimates of natural gas reserves
because most gas fields do contain natural gas liquids, our information on gas
liquids was often questionable, and the cumulative production data for gas do not
exclude subsequent shrinkage from the extraction of plant liquids. Estimates of
natural gas liquids reserves are only rarely available.

SUMMARY

We have shown that the significant oil and gas fields data base largely satisfies
the criteria for an adequate data base stated at the beginning of this section, It is
nearly comprehensive. Geographically, it includes all of the regions of the United
States except the Appalachian region, which has only 3.6 percent of U.8. petroleum
resources. The fields in the data base contain more than 92 percent of the petroleum
discovered before 1976 in the United States outside of the Appalachian region.
Thus, although the data base includes only 10 to 15 percent of all the oil and gas
fields that have been discavered in the United States, it contains nearly all of the



34

fields that have been and are most important for U.S. petroleum production and
reserves. The data base is well organized. The data are or can be readily grouped
by region, state or area, geologic province, and field size classification. Other group-
ings, such as by year of discovery or trap type, can be easily constructed. The data
base is consistently constructed. We used a common field definition throughout,
providing conceptually similar units of analysis. In constructing the data base, we
defined the variables describing each field rigorously and employed them as consis-
tently as possible, in view of the problems of data availability. The significant oil
and gas fields data base provides a substantial amount of detailed information for
evaluating the exploration process. The data base gives information on the year of
discovery, the discovery method, the trap type, the geologic age of the reservoir
rocks, the reservoir lithology, and the spatial location and dimensions of each field.
Although minor omissions are unavoidable, these data are complete. Except for
potential reporting errors in the primary sources from which the data base was
derived, these data are also highly accurate and have been extensively researched,
reviewed, and revised.

The limitations of the significant oil and gas fields data base are principally
limitations in its potential uses. We designed it for national and regional analyses
of the distribution of petroleum resources by field size classifications and of broad
discovery patterns. The data base is also a useful tool for analysis of individual
geologic provinces, both for identifving major exploratory plays within each prov-
ince, and, to a large extent, assessing the significance of those plays. It is not
sufficiently detailed for complete analyses of all plays in all provinees or for compre-
hensive studies of the importance of individual formations or lithologies. Such
analyses would require that the data base be expanded to include smaller fields and
more detailed field information. The data base also lacks the appropriate variables
for detailed engineering studies of significant fields. Provided that use of the signifi-
cant oil and gas fields data base is limited to purpeses for which it was designed
and is suitable, we believe that it provides a useful, reliable tool for analysis.



III. THE DISTRIBUTION OF U.S. PETROLEUM RESOURCES
BY REGION AND FIELD SIZE

The primary purpose of this report is to demonstrate the utility of an analysis
of the patterns of discovery of U.S. oil and gas fields by size of field over time for
U.S. oil and gas resource assessment. However, understanding the significance of
various regional and national discovery patterns requires some knowledge of the
distribution of U.S. petroleum resources, both by region and by fleld size category.
This knowledge is indispensable to the task of distinguishing between those discov-
eries that make a difference and those that are basically insignificant with respect
to national petroleum resource assessment.

The purpose of this section is to present the basic facts of the distribution of
known conventional U.S. petroleumn resources by region and by field size category.
Using the significant oil and gas fields data base (App. A) and other supplementary
sources of information (including App. B), we outline the amounts of known recov-
erable crude oil, natural gas, and natural gas liquids in each of our 12 regions,
indicate the relative importance of each region as a source of petroleum, identify
the producing provinces of each region and estimate their absolute importance as
sources of petroleum, summarize the distribution of crude oil and natural gas
resources by field size category, and briefly indicate several key geologic character-
istics of the significant fields in each region. We conclude with a national summary
of the regional data. In an Excursus, we also examine several aspects of the distri-
bution of petroleum resources by field size category in the productive petroleum
provinees of the United States.

The petroleum resources of each region are stated in billions of barrels of
recoverable crude oil and natural gas liquids and trillions of cubic feet of natural
gas in all fields, significant or otherwise, discovered before 1976. The amounts are
as determined in 1979, in order to allow sufficient time to establish the size of
discoveries made in the early 1970s. The sizes of earlier discoveries are calculated
on the same basis in order to include recent reserve changes. In general, our
estimates of regional petroleum resources are closely comparable to the estimates
of the American Petroleum Institute {cumulative production, proved reserves, and
indicated additions to reserves of crude oil) and the American Gas Association
{camulative production and proved reserves of natural gas and natural gas liquids}.
We estimated slightly more crude oil in the Permian Basin (subsequently included
by the API in its 1980 report), slightly more crude oil and natural gas in recent
offshore discoveries in the Ventura Basin of California, and slightly more natural
oas in the 1972 to 1975 discoveries in the Gulf of Mexico (because of API and AGA
policy not to include reserves unti] a platform is being installed or a field has begun
production). Each regional summary gives the absolute importance of that region,
its proportional share of national petroleum resources, and its relative rank among
regions. We indicate the overall importance of each region in terms of its total
amount of known recoverable petroleum resources (cumulative production and
demonstrated reserves) expressed in billions of barrels of hquids and liquid-equiva-
lent (L&LE) resources. These estimates use a conversion factor of 6000 cubic feet
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of natural gas per barrel of petroleum liquids. We also show the relative composi-
tion by type of hydrocarbon (liquid or gas) of each region. The composition of each
region is as defined in Sec. II.

For each region, we list the number of significant fields discovered before 1976,
We also name fields in each region discovered before 1976 that are not included in
the significant oil and gas fields data base, but nevertheless have a high probability
of eventually being recognized as significant fields, including all fields between 9
and 10 million barrels’ L&LE.

For each region, we summarize the distribution of known recoverable crude oil
and natural gas resources by field size category. Estimation errors, especially the
possible underestimation of the amount of natural gas in significant fields, are
indicated as well. We do not include regional summaries of the distribution of
natural gas liquids by field size category. because the lack of comprehensive natural
gas liquids data and our conservative procedures for estimating field size led to
numerous underestimates of the amount in significant fields. In general, the distri-
bution of natural gas liguids by field size category in each region correlates closely
with the distribution of natural gas by field size category.

We illustrate the distribution within each region in a series of figures showing
the absolute amount in each field size category (the scale on the left), the propor-
tional share of each size category in the regional total (the scale on the right), and
the number of fields containing crude oil or natural gas in each significant field size
category (the numbers in parentheses}, Underestimates of the amounts in signifi-
cant fields are indicated by cross-hatching on the amounts in nonsi gnificant (other)
fields. Because both the total amounts and the distribution by size category vary
substantially among regions, these figures do not use the same scales. We empha-
size three points in our discussion of the distributien by field size: (1} the amount
in giant fields (Class AAAA), (2) the amount in large and giant fields {Class A and
larger), and (3} the amount in all significant felds. The distribution by field size in
each major province of the region is briefly described in this section and subse-
quently elaborated in the Excursus.

For each region, we discuss briefly the dominant trap type or types in the
significant fields of the region, the geologic age and lithology of the major reservoirs
in these fields, the average net thickness of these reservoirs, and the average range
of recoverable resources per acre. We also point out differences among the prov-
inces of a region, if any.

ALASEKA

According to data available as of 1979, the oil and gas fields of Alaska discov-
ered before 1976 contained, when discovered, 10.73 billion barrels of recoverable
crude oil (7.1 percent of the national total), 33.9 trillion cubic feet of natural gas (4.5
percent of the national total), and 0.41 billion barrels of natural gas liquids (1.7
percent of the national total). Despite its recent prominence following the discovery
and development of the Prudhoe Bay field, Alaska only ranks eighth overall among
the 12 regions of the United States as a source of conventional petrolenm (seventh
for crude oil, eighth for natural gas, and ninth for natural gas liquids). The total
known recoverable liquid and liquid-equivalent petroleum resources of Alaska in
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fields discovered before 1976 are 16.78 billion barrels, 5.6 percent of the national
total. The petroleum resources of Alaska are predominantly liquids, approximately
two-thirds {(66.4 percent) of the total being either crude oil or natural gas liquids.
Of the amounts that have been discovered and made recoverable, 1.36 billion
barrels of crude oil (12.7 percent of the total), 1.6 trillion cubic feet of natural gas
{4.8 percent of the total), and 0.004 billicn barrels of natural gas (1.0 percent of the
total} had been produced by the end of 1978,

0il and gas fields have been discovered in four different provinces of Alaska to
date: the Arctic Slope, the Arctic Foothills, the Cook Inlet, and the Guif of Alaska
Basin. The productive areas of the Cook Inlet Basin extend offshore. The Arctic
Slope predominates with 14.39 billion barrels’ L&LE (85.7 percent of the total), the
Cook Inlet ranks second with 2.30 billion barrels’ L&LE (13.7 percent}, and the
Arctic Foothills ranks third with 0.10 billion barrels’ L&LE (0.6 percent}, Only
negligible amounts have been found in the Gulf of Alagka Basin.

At least 15 significant oil and gas fields had been discovered in Alaska before
1976 (Table A.1). At least four more may be added to this list with further develop-
ment, including Umiat (Class A-AA), Simpson Seeps (Class C), and Gubik (Class A)
in the Arctic Slope Province, and Moguawkie (Class C) in the Cook Inlet Basin.
There are several more pre-1976 discoveries in both of these provincesthat may also
prove to be marginally significant.

Almost all of the known petroleum resources of Alaska are in significant fields
(see Fig. 3.1). More than 99.9 percent of the crude oil and 99.6 percent of the natural
gas discovered before 1976 are located in these 15 significant fields.! Because Alas-
ka’s petroleum resources are predominantly in the Prudhoe Bay fleld (14.13 billion
barrels’ L&LE), one of only three super-giant oil and gas fields in the United States,
both the crude oil and the natural gas of Alaska are heavily concentrated in the
three giant {(Class AAAA) fields. The 13 Class A or larger fields contain 99.9 percent
of the crude oil and 98.7 percent of the natural gas.

The dominant trap type in the significant fields of Alaska is the anticline.
Unconformities are also of major importance in the Prudhoe Bay and Kuparuk
River fields. Triassic and Jurassic sandstone reservoirs predominate in the Arctic
Slope and Aretic Foothills provinces, while the reservoirs of the Cook Inlet fields
are all Tertiary sandstones. The combined net thicknesses of the significant fields
in all three provinces typically exceed 100 feet. Because the reservoirs are generally
thick and of good quality, the areas of the significant fields of Alaska are small
relative to the valumes of petroleum they contain. Most of the fields contain be-
tween 20,000 and 60,000 barrels’ L&LE per surface acre.

CALIFORNIA

According to data available as of 1979, the oil and gas fields of California
discovered before 1376 contained, when discovered, 23.66 billion barrels of recover-
able crude oil (15,7 percent of the national total), 33.2 trillion cubic feet of natural

' The number of fields in each significant field size category is given in parentheses on the figures.
Because some fields do not contain crude oil or natural gas in more than negligible quantities. the total
number of significant fields indicated on the figures may not necessarily add up to the total number of
significant fields in the region, as indicated in the tables of Apps. A, B, and C.
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gas (4.4 percent of the national total), and 1.20 billion barrels of natural gas lquids
(5.0 percent of the national total). As a region, California ranks fifth overall as a
source of conventional petroleum, with 30.39 billion barrels’ L&LE (10.1 percent of
the total). California is the second most important source of erude oil, but its overall
importance is reduced by its ranking ninth as a source of natural gas and seventh
as a source of natural gas liquids. As the difference among rankings indicates, the
petroleum resources of California are predominantly liquids, 81.9 percent being
either crude oil or natural gas liquids. Of the amounts that have been discovered
and made recoverable, 18.10 billion barrels of crude o1l (76.5 percent of the total},
28.2 trillion cubic feet of natural gas (84.9 percent of the total), and 1.13 billion
parrels of natural gas liquids (94.2 percent of the total) had been produced as of the
end of 1978.

Petroleum has been discovered in eight different provinces in California to
date: the San Joaquin, Sacramento, and Eel River basins in central and northern
California; the Salinas, Cuyama, Santa Maria, and Ventura basins in coastal Cali-
fornia, and the Los Angeles Basin in southern California. The productive areas of
the Los Angeles and Ventura basins extend offshore. The San Joaguin Basin with
13.97 billion barrels’ L&LE (43.7 percent of the state total} and the Los Angeles
Basin with 9.84 billion barrels’ L&LE (32.4 percent of the total) contain most of the
petroleum resources of the region. The Ventura Basin {3.96 billion barrels’ L&LE),
the Sacramento Basin (1.34 billion barrels’ L&LE), and the Santa Maria Basin (1.05
hillion barrels’ L&LE) contain most of the rest. The Salinas Basin (0.57 billion
barrels’ L&LE) and the Cuyama Basin (0.35 billion barrels’ L&LE) are only of minor
importance, while the Eel River Basin (0.01 billion barrels’ L&LE) is a negligible
source. The Sacramento and Eel River basins are almost entirely nonassociated
(dry) gas provinces. All of the rest are overwhelmingly crude oil provinces.

At least 155 significant oil and gas fields had been discovered in California
before 1976 (Tables A.2a, A.2b, and A.2c}. There are another five fields containing
hetween @ and 10 million barrels’ L&LE (Kettleman Middle Dome in the San
Joaquin Valley, Kirby Hills and Thornton in the Sacramento Valley, Timber Can-
yon in the Ventura Basin, and East Los Angeles in the Los Angeles Basin). Three
undeveloped pre-1976 discoveries in the Ventura Basin may also prove to be signifi-
cant: Pacoima in the San Fernando Embayment, the offshore Pitas Point field, and
an unnamed offshore field in the Santa Clara unit.

Nearly all of the known recoverable cil and gas resources of California are in
significant fields (see Fig. 3.2). These 155 fields contain 98.9 percent of California’s
crude oil and 95.9 percent of its natural gas. The 15 giant (Class AAAA) fields have
63.4 percent of the crude oil and 52.6 percent of the natural gas. The 79 fields that
are Class A or larger contain 94.5 percent of California’s crude oil and 82.6 percent
of its natural gas. The distribution of both crude oil and natural gas resources by
field size category is a uniformly decreasing one, each category having Jess than the
next larger one. The petroleum resources of each of the major California provinces
are highly concentrated in Class AAAA and AAA fields. Except for the Sacramento
Province, 60 to 90 percent of the recoverable oil and gas resources in each province
are in the two largest field size categories. Nearly half of the natural gas In the
Sacramento Province is in one Class AAAA field (Rio Vista). Most of the rest is in
Class C and D fields.
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Antickines are the dominant trap type of the significant ofl and gas fields of
California. Nearly all the significant fields of the Los Angeles Basin are anticlines
or faulted anticlines. Anticlines predominate in the coastal California basins; how-
ever, these also contain some fault and combination traps. Combination traps,
typically stratigraphic variations on an anticline, are common in the San Joaquin
Valley, along with pure structural traps, while faulting and unconformities are the
major source of trapping in the Sacramento Valley. Except for some Cretaceous
sandstone reservoirs in the Sacramento Valley fields, all of the reservoir rocks of
the significant oil and gas fields of California are Tertiary clastics (predominantly
sandstone). The combined net thicknesses of the reservoirs in these fields are
typically between 100 and 500 feet, with only a few less than 50 feet thick and with
some more than 1000 feet thick. Because these reservoirs generally have good
porosity as well, the significant oil and gas fields are small in area relative to the
volumes of petroleum they contain. Most of the fields contain between 20,000 and
100,000 barrels’ L&LE per surface acre. Only a few fields in the Sacramento and
San Joaquin basins are significantly below this range. At the other extreme, the
Santa Fe Springs field in the Los Angeles Basin contains more than 500,000 barrels’'
L&LE per surface acre.

ROCKY MOUNTAINS

According to data available as of 1979, the oil and gas fields of the Rocky
Mountain region discovered before 1976 contained, when discovered, 10.06 billion
barrels of recoverable crude oil (8.7 percent of the national total), 44.0 trillion cubic
feet of natural gas (5.9 percent of the national total), and 1.24 billion barrels of
natural gas liquids (5.1 percent of the national total). As a region, the Rocky
Mountain area ranks seventh overall, with 18.63 billion barrels’ L&LE (6.2 percent
of the total). The Rocky Mountain area ranks eighth overall as a source of crude
oil and sixth as a source of natural gas and natural gas liquids. The distribution by
type of the petroleum resources of the Rocky Mountain region closely approxi-
mates the national average. Petroleum liquids predominate, but only moderately
so, constituting 60.7 percent of the total. Of the amounts that have been discovered
and made recoverable, 8.39 billion barrels of crude oil (83.4 percent of the total),
270 trillion cubic feet of natural gas (61.3 percent of the total), and 0.74 billion
barrels of natural gas liquids (59.7 percent of the total) had been produced as of the
end of 1978.

There are 18 geologic provinces in the Rocky Mountain region that have at
least one significant field (from southwest to northeast): Black Mesa (AZ), San Juan
(CO, NM), Paradox (CO, UT), Plateau (UT), Wasatch Uplift (UT), Uinta (CT1, Pi-
ceance (CO), Greater Green River (CO, UT, WY), Wind River (WY), Laramie {(WY),
Las Animas Arch (CQ), Denver (CO, NB), the Cambridge-Chadron Arch {NB),
Powder River (MT, WY), Big Horn (MT, WY), Sweetgrass Arch (MT), Central
Montana Uplift (MT), and Williston (MT, ND}. The Williston Province is also a
significant producing area in Canada. The North Park (CO) Province has one field
almost of significant size {McCallum). The northwest corner of the Anadarkoe Basin,
with a small fraction of the Class AAA Greenwood field, extends into southeastern
Colorado. The discovery of the Trap Springs field in 1376 may add the Great Basin
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{NV, UT) Province to the list of provinces with significant fields. Commercial but
nonsignificant fields have also been discovered in the Forest City (NB) and Eagle
(CQ) basins.

No one province contains a predominant share of the petroleum resources of
the Rocky Mountain region. The S8an Juan Province is the most important with 4.46
billion barrels’ L&LE (23.9 percent of the regional total). Other major provinces are
the Big Horn (2.68 billion barrels’ L&LE), the Powder River (2.65 billion barrels’
L&LE), the Greater Green River (2.01 billion barrels’ L&LE}, the Williston {1.60
billion barrels’ L&LE), the Denver {1.37 billion barrels’ L&LE), and the Ficeance
(1,06 billion barrels’ L&LE). Provinces of minor importance include the Wind River
{0.82 billion barrels’ L&LE), the Paradox (0.66 billion barrels’ L&LE), the Sweet-
grass Arch (0.52 billion barrels’ L&LE}), and the Uinta {0.46 billion barrels’ L&LE}
The remainder make only negligibie contributions to the total resource. Most of the
Rocky Mountain provinces are predominantly oil provinces. The San Juan Prov-
ince, with half the gas resources of the entire region, is overwhelmingly a dry gas
province. The Greater Green River Province is also predominantly a gas province.
Other than in the Denver and Sweetgrass Arch provinces, natural gas in the other
Rocky Mountain provinces is predominantly gas in association with or dissolved in
crude oil.

At least 205 significant 0il and gas fields were discovered in the Rocky Mountain
region before 1976 {Tables A.3a, A.3b, A.3c, A3d, A3e, ASf, Aldg, and A.3h).
Another nine fields— Roggen (CO}, Goose Lake and Keith Block (MT}, Enders (NB),
Black Slough (ND), and South Ash Creek, Happy Springs, Lake Creek, and Little
Mitchell Creek (WY)—are within 1 million barrels’ L&LE of being significant.

Significant fields contain 86.2 percent of the crude oil resources and at least 88.5
percent of the natural gas resources of the Rocky Mountain region (see Fig. 3.3).
We estimate that there is probably another 348 billion cubic feet (0.8 percent of the
regional total) in significant fields in the Greater Green River Basin, but we were
unable to allocate this amount to individual fields. The five giant fields contain only
20.5 percent of the crude oil, but 40.0 percent of the natural gas. The 59 fields that
are Class A or larger contain two-thirds {67.0 percent) of the crude oil and at least
three-fourths (74.9 percent) of the natural gas. The distribution of crude oil re-
sources among the different field size categories is more uniform than it is in any
other region of the country. This distribution is the result of two factors: the large
number of Class C and D fields in the Denver {and to a lesser extent) the Powder
River and the Williston provinces and the large number of small provinces in the
Recky Mountain region. Because most of the provinces contain between 0.50 and
2.50 billion barrels’ L&LE, the largest field in each province, even though it has
from 20 to 80 percent of the total recoverable petroleum resource of the province,
is typically only a Class AA to small Class AAAA field.

The distribution of petroleum resources by field size category varies sharply
among the various Rocky Mountain provinces. In the major western Rocky Moun-
tain provinces (Paradox, Piceance, San Juan, and Uinta), large and giant fields
predominate, the three Class AAAA fields containing 62.6 percent of the total
petroleum resource (4.15 of 6.63 billion barrels’ L&LE) and the 12 Class A or larger
fields containing 89.5 percent of the total {5.31 billion barrels’ L&LE). In the major
provinces of the central and northern Rocky Mountains (Greater Green River,
Wind River, Big Horn, and Sweetgrass Arch), large fields predominate, the 28 Class
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A or larger fields containing 74.5 percent of the total (4.62 of 6.02 billion barrels’
L&LE). In both groups, more than 95 percent of the total resource is in significant
fields. In the major provinces of the eastern Rocky Mountain region (Denver,
Powder River, and Williston), the 18 Class A or larger fields have only 50.0 percent
of the total petroleum resources (2.81 of 5.62 billion barrels’ L&LE). Class Band C
fields contain another 23.7 percent, and Class D and E fields (which are particularly
prominent in the Denver Basin) contain the remaining 26.3 percent.

The geologic characteristics and productivity of significant fields vary substan-
tially among the major producing provinces of the Rocky Mountain region. The
major fields of the San Juan Basin are predominantly stratigraphic (facies change)
traps with Cretaceous sandstone reservoirs averaging 50 to 100 feet thick. Because
the porosity and permeability of these reservoirs are very low, recovery per surface
acre averages only 500 to 2000 barrels’ L&LE. The significant fields of the Big Horn
Basin are predominantly anticlines with multiple sandstone and carbonate reser-
voirs of Mississippian, Pennsylvanian, Permian, and Cretaceous age with a com-
bined average thickness of 50 to 250 feet. Recovery per surface acre averages
25,000 to 75,000 barrels' L&LE. Except for some anticlines on the western and
southeastern fringes of the basin, the major fields of the Powder River Basin are
predominantly stratigraphic traps with Cretaceous sandstone reservoirs averaging
10 to 30 feet thick. Recovery per surface acre in these fields averages 2500 to 10,000
barrels’ L&LE.

The larger fields of the Greater Green River Basin are predominantly anticlines
or anticlinal combination traps. Reservoirs of Paleozoic, Mesozoic, and Cenozoic
age are found in the basin, with Cretaceous and Tertiary sandstones averaging 20
to 100 feet thick being the most important ones. Recovery ranges from more than
100,000 barrels per surface acre in a few anticlines to less than 5000 in poorer
quality, thinner sands. Median recovery is about 5000 to 10,000 barrels’ L&LE per
acre, The larger fields in the Williston Basin are all anticlines; stratigraphic trap-
ping is widespread in the smaller significant fields. Reservoirs are predominantly
Paleozoic carbonates 10 to 100 feet thick, the Mississippian and Ordovician being
most important. Recovery per surface acre averages 1000 to 5000 barrels’ L&LE.
The significant fields of the Denver Basin are predominantly stratigraphic (facies
change) traps with reservoirs 5 to 25 feet thick in Cretaceous sandstones. Recovery
averages 1000 to 10,000 barrels’ L& LE per surface acre. The significant fields in the
Wind River Basin are predominantly anticlinal with Permian carbonate and Penn-
sylvanian sandstone reservoirs averaging 100 to 300 feet in combined net thickness
and recoveries of 10,000 to 50,000 barrels’ L&LE per surface acre. Because none
of the other provinces have more than five significant fields each. generalizations
about them are not very meaningful and are thus not included here.

PERMIAN BASIN

According to data available as of 1979, the oil and gas fields of the Permian
Rasin (southeastern New Mexico and Texas R.R.C. Districts 7C, 8, and 8A) con-
tained, when discovered, 26.61 billion barrels of recoverable crude oil (17.6 percent
of the national total}, 73.4 trillion cubic feet of natural gas (9.8 percent of the
national total), and 3.81 billion barrels of natural gas liquids (15.8 percent of the
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national total). As a region, the Permian Basin ranks third overall nationally, with
49 65 billion barrels’ L&LE (14.2 percent of the total). It is the single most important
source of crude oil, but ranks only fourth in natural gas and natural gas liquids
resources. As the difference in rankings suggests, the Permian Basin is predomi-
nantly an oil province, with 71.3 percent of the total petroleum resources being
petroleum liquids. Of the amounts that have been discovered and made recovera-
ble, 19.97 billion barrels of crude oil (74.9 percent of the total), 59.3 trillion cubic
feet of natural gas (80.8 percent of the total), and 2.97 billion barrels of natural gas
liquids (78.0 percent of the total) had been produced as of the end of 1978,

The Permian Basin region is essentially coextensive with the province of the
same name. However, the eastern fringes of the province also extend inte Texas
R.R.C. Districts 1, 7B, and 9. The southeastern corner of the region forms the
western part of the Llano Uplift. The province has been divided into 13 subprov-
inces: the Central Basin Platform in the center; the Delaware Basin to the south-
west; the Val Verde Basin and Sheffield Channel to the south; the Qzona Platform
to the southeast; the Midland Basin and Eastern Shelf to the east; the Horseshoe
Atoll superimposed on the Midland Basin and Eastern Shelf: the North Basin
Platform, Matador Arch, San Simon Channel, and Tatum Basin to the north; and
the Northwest Shelf to the northwest. The Central Basin Platform clearly domi-
nates, containing nearly half of the total recoverable resources of the province. The
North Basin Platform contains more than 10 percent, while the Midland Basin,
Horseshoe Atoll, Delaware Basin, Eastern Shelf, and Northwest Shelf contain be-
tween 5 and 10 percent of the province total. The Val Verde and Tatum basins each
contain approximately 1 billion barrels’ L&LE. None of the other four subprovinces
have more than 1.0 percent each of the regional total. Like the region itself, the
subprovinces are predominantly oil regions. However, the petroleum resources of
the four southernmost subprovinces—the Delaware Basin, the Val Verde Basin,
the Sheffield Channel between the two preceding basins, and the Ozona Platform—
are, however, almost entirely nonassociated natural gas.

At least 293 significant oil and gas fields were discovered in the Permian Basin
before 1976 (Tables A.4a, A.4b, A.4c, and A.4d). Another 11 pre-1976 discoveries are
within 1 million barrels’ L&LE of being significant: Dean and East Hobbs in south-
eastern New Mexico; Beall, Parker, Putnam, Roberdeau-Lyles (all}, and West Rojo
Caballos in Texas R.R.C. District 8; and Brown, Scuthwest Fluvanna, South G-M-
K, and Rocker -A- in Texas R.R.C. District 8A.

The oil and natural gas resources of the Permian Basin are highly concentrated
in significant fields (see Fig. 3.4). The 18 giant fields, the most in any region, contain
53.8 percent of the crude oil resources and at least 47.3 percent of the natural gas
resources of the region. The 107 fields that are Class A or larger contain 85.2 percent
of the erude oil and at least 78.0 percent of the natural gas. Together, all the
significant fields contain 84.6 percent of the crude oil and at least 90.7 percent of
the natural gas. We estimate that another 2910 billion cubic feet (4.0 percent of the
regional total} is likely to be in significant fields, but we were unable to allocate this
amount to individual fields. The distribution by field size category among the
significant categories is a uniformly decreasing one. Class D and E fields together
are more important than Class C fields.

The distribution by field size among subprovinces varies considerably. Giant
fields account for nearly two-thirds of the petroleum resources of the Central Basin
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Platform and the Horseshoe Atoll and more than 85 percent of the total of the
North Basin Platform. If we had used a more liberal field definition, the concentra-
tion in giant fields on the Central Basin Platform would be even more pronounced,
The major fields on both the eastern and western flanks of the Central Basin
Platform can be considered as two super-giant fields. Together, these two sets of
fields contain more than 25 percent of the crude oil in the entire region and more
than 35 percent of the natural gas and natural gas liquids. The two sets consist of
Eunice Area, Blinebry-Drinkard, Keystone, South Sand Belt, and South Ward on
the western flank, with more than 2.5 billion barrels of crude oil, 21 trillion cubic
feet of natura! gas, and 900 million barrels of natural gas liquids; and McElroy-
Dune, Penwell-Waddell, Harper-Moss, South Cowden, Goldsmith-Andector, North
Goldsmith-Block 11, TXL, North Cowden, Emma-Triple N, Fuhrman-Mascho,
Shafter Lake-Deep Rock, Fullerton, and Means-McFarland-Nolley on the eastern
flank, with more than 4.5 billion barrels of crude oil, 5.4 trillion cubic feet of natural
gas, and 450 million barrels of natural gas liquids. At the other extreme, the
distribution of oil and gas resources in the Delaware Basin, the Midland Basin, the
Eastern Shelf, and the Tatum Basin tends more toward uniformity among size
classes. A few fields of Class A size or larger contain approximately three-fourths
of the petroleum resources of the Val Verde Basin and Northwest Shelf.

The significant fields of the Permian Basin vary widely by trap type among the
subprovinces. The fields of the Central Basin Platform are predominantly combina-
tion traps (anticlines with facies changes or porosity-permeability pinchouts) with
sandstone and carbonate reservoirs of Permian age {predominantly Guadalupe and
secondarily Leonard) with combined net thicknesses averaging 200 to 300 feet.
Because the porosity of these thick reservoirs is poor, recovery per surface acre
typically ranges only between 10,000 and 30,000 barrels’ L&LE. The major fields
of the North Basin Platform are either anticlines or stratigraphic traps {porosity-
permeability pinchouts) with Permian/Guadalupe dolomitic reserveirs 100 to 300
feet thick and reservoir characteristics and recovery per surface acre similar to
that of the Central Basin Platform fields. Both faulted anticline and porasity-perme-
ability pinchouts are common in the Midland Basin. The reservoirs are predomi-
nantly Permian and Ordovician carbonates with combined net thicknesses of 40 to
200 feet, Recoveries per surface acre range between 10,000 and 20,000 barrels’
L&LE. The fields of the Horseshoe Atoll are all Pennsylvanian limestone reefs 50
to 240 feet thick with recoveries per surface acre between 10,000 and 50,000 barrels’
L&LE. The larger significant fields in the Delaware Basin are all faulted anticlines
with carbonate reservoirs of Ordovician, Silurian, or Devonian age 100 to 800 feet
thick. Because the porosity of these reservoirs is very low, recovery per surface
acre normally ranges between 5000 and 20,000 barrels’ L&LE. Most of the signifi-
cant fields on the Eastern Shelf are either organic reefs and other stratigraphic
traps with carbonate reservoirs of Pennsylvanian age or anticlines with carbonate
reservoirs of Permian age. Most of the larger fields on the Northwest Shelf are
combination traps (anticlines with stratigraphic variations) with dolomitic reser-
voirs of Permian/Guadalupe age 50 to 300 feet thick. The smaller significant fields
of the province are predominantly Pennsylvanian sandstone stratigraphic traps
with reservoirs 20 to 80 feet thick, Recovery per surface acre averages 10,000 to
50,000 barrels’ L&LE for the larger fields on the Northwest Shelf and 2000 to 10,060
barrels’ L&LE for the smaller fields.
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NORTH CENTRAL TEXAS

According to data available as of 1979, the oil and gas fields of North Central
Texas discovered before 1976 contained, when discovered, 4.89 billion barrels of
recoverable crude oil (3.2 percent of the national total), 10.8 trillion cubic feet of
natural gas {1.4 percent of the national total}, and 0.70 billion barrels of natural gas
liguids (2.9 percent of the national total). Because the total petroleum resources of
the region are so small {7.39 billion barrels’ L&LE or 2.5 percent of the national
total), the region is often combined with the Permian Basin to the southwest or the
Mid-Continent region to the north, both of which are geologically related to North
Central Texas. However, because the distribution of petroleum resources in the
region is unique when compared with any other region, we chose to treat it sepa-
rately to highlight this uniqueness. The petroleum resources of the region are
predominantly liquids, with 75.6 percent of the total being either crude oil or
natural gas liquids. Of the amounts that have been discovered and made recovera-
ble, 4.52 billion barrels of crude oil (92.4 percent of the total), 9.2 trillion cubic feet
of natural gas {84.9 percent of the total), and 0.58 billion barrels of natural gas
liquids (82.9 percent of the total) had been produced as of the end of 1978.

North Central Texas comprises all or part of six different producing provinces:
the Bend Arch, the Fort Worth Syncline, the Strawn Basin, the South Oklahoma
Folded Belt, part of the Eastern Shelf of the Permian Basin, and the Hardeman
Basin and Red River Arch of the Palo Duro Basin. Because a large proportion of
the petroleum resources of the region is not in significant fields, the amount of
petroleum resources in each province is not easy to determine. However, the Bend
Arch is clearly the most important province with about 43 percent of the total
petroleum resources. The Fort Worth Syncline has about 18 percent of the total,
the Red River Arch 16 percent of the total, and the Eastern Shelf about 13 percent
of the total, The South Qklahoma Folded Belt has approximately 8 percent of the
total while the Hardeman and Strawn basins have only negligible amounts of
petroleum. Except for the Fort Worth Syncline, which has one Class AAA nonas-
sociated gas field, all of these provinces are preponderantly oil provinces.

North Central Texas has at least 85 significant oil and gas fields (Tables A.5a
and A.5b). Three more fields—Meeker in Texas R.R.C. District 7B and Ringgold and
Seymour in Texas R.R.C. District 9—have between 9 and 10 million barrels’ L&LE.
One unusual characteristic of the region is the large amount of the total oil and gas
resources in the so-called County Regular fields, an administrative designation that
encompasses many fields within a single county. We separated 20 significant fields
from this catchall designation. There could easily be several more, especially natu-
ral gas fields, that we were unable te distinguish.

North Central Texas is the only region of the country in which petroleum re-
sources are not concentrated in significant fields (see Fig. 3.5). There are no giant
fields in the region. The 17 fields of Class A size or larger contain only 32.1 percent
of the crude oil and 38.7 percent of the natural gas of the region. All the significant
fields contain only a bare majority of the petroleum resources of the region (51.4
percent of the crude oil and at least 52.5 percent of the natural gas). We estimate
that there is probably another 600 billion cubic feet (5.6 percent of the regional
total) in significant fields that we were unable to allocate to individual fields. The
County Regular fields clearly contribute to the underestimation here, but this is
unlikely to add more than another 10 percent to the proportion in significant fields.
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The distribution of crude oil and natural gas resources by field size category
differs markedly among the various provinces of North Central Texas. On the Bend
Arch, Class C and D fields contain more than three-fourths of the total. At the other
extreme, three Class AAA fields contain more than 70 percent of the total on the
Red River Arch. Significant fields from Class C to Class AA in size contain most of
the oil and gas in the South Oklahoma Folded Belt and the Eastern Shelf. Except
for the Class AAA Boonsuille gas field that has 20 percent of the natural gas
respurces of the region, the resources of the Fort Worth Syncline are predominant-
ly in Class D fields.

The significant fields in all the provinces of North Central Texas have Pennsyl-
vanian limestone and sandstone reservoirs with combined net thicknesses of 20 to
100 feet. The trap types of the larger significant fields are predominantly anticlines
or anticlines with stratigraphic variations. Class C and D fields tend to be either
combination or stratigraphic traps. Recovery per surface acre is generally between
5000 and 20,000 barrels’ L&LE.

MID-CONTINENT

According to data available as of 1979, the oil and gas fields of the Mid-Conti-
nent region contained, when discovered, 19.66 billion barrels of recoverable crude
oil {13.0 percent of the national total), 152.0 trillion cubic feet of natural gas (20.3
percent of the national total), and 4.78 billion barrels of natural gas Hquids (19.8
percent of the national total). The Mid-Continent ranks second overall as a source
of petroleum with 49,77 billion barrels’ L&LE (16.66 percent of the national total).
The region is 2 major source of all types of petroleum, ranking third as a source
of crude oil and second as a source of natural gas and natural gas liquids. The
petroleum resources of the region are nearly balanced by type, natural gas being
slightly more important with 50.9 percent of the total. Of the amounts that have
been discovered and made recoverable, 17.92 billion barrels of crude oil {91.1 per-
cent of the total), 122.0 trillion cubic feet of natural gas (80.2 percent of the total),
and 3.78 billion barrels of natural gas liquids (79.1 percent of the total) had been
produced as of the end of 1978.

There are 10 provinces with significant fields in the Mid-Continent region (from
southwest to northeast): the Palo Duro Basin (OK, TX 10}, the Anadarko Basin-
Amarillo Arch (KS,0X, TX 10}, the South Oklahoma Folded Belt {OK}, the Arkoma
Basin (OK), the Chautauqua Platform (OK), the Sedgwick Basin (KS), the Central
Kansag Uplift {(KS), the Nemaha Anticline {KS), the Cherokee Basin (KS), and the
Forest City Basin (KS). The Palo Duro and South Oklahoma provinces also extend
into North Central Texas; the Arkoma Basin extends into west central Arkansas,
and the Forest City Basin extends into southeastern Nebraska. The Anadarko
Basin-Amarilio Arch clearly predominates with slightly more than half of the total
petroleum resources of the region (approximately 26.3 biilion barrels’ L&LE).
Three other provinces are of national significance; the Chautauqua Platform with
approximately 11.0 billion barrels’ L&LE, the South Oklahoma Folded Belt with
approximately 5.7 billion barrels’ L&LE, and the Central Kansas Uplift with ap-
proximately 2.9 billion barrels’ L&LE. Other provinces that are important to the
total resources of the region are the Arkoma Basin (roughly 1.4 billion barrels’
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L&LE), the Sedgwick Basin (1.2 billion barrels’ L&LE), the Cherokee Basin (0.8
billion barrels’ L&LE), and the Nemaha Anticline (0.8 billion barrels’ L&LE). Only
the Palo Duro and Forest City provinces contain modest amounts of petroleum
resources. The Anadarko Basin-Amarillo Arch, the Arkoma Basin, and the Palo
Duro Basin are predominantly nonassociated gas provinces; the other provinces
are largely oil provinces.

At least 399 significant oil and gas fields were discovered in the Mid-Continent
region before 1976 (Tables A.6a, A.6b, and A.6¢). Another 30 fields have between
9 and 10 million barrels’ L&LE: Arkalon, Davis Ranch, Dopita, Drach, Florence,
and Novinger NW in Kansas; East Ada, Burnsdall, Southwest Cheyenne, Coalton,
Northeast Dauvis, Garr, North Hitchland, Southwest Hope, South Kaw, Southeast
Laffoon, Scuth Logan, Norfolk, Orlando, Red Fork, Southwest Rush Springs,
North Searight, East Sparks, Spring, Stone Bluff, Tangier, and West Wellston in
Oklahoma; and Cree-Flowers, Howe Ranch, and Parnell in Texas R.R.C. District 10.
Because production records, particularly for natural gas, are incomplete for the
region, several significant fields discovered before 1920 probably were inadvertent-
ly excluded in our data base of significant oil and gas fields.

The distribution of petroleum resources by field size category in the Mid-Conti-
nent differs markedly by type (see Fig. 3.6). Natural gas resources are highly
concentrated in giant fields (61.4 percent of the total), primarily in the super-giant
Hugoton-Panhandle field (80 trillion cubic feet plus liquids}, which is the largest oil
and gas field in North America and the largest gas field in the Western Hemisphere.
The 105 Class A or larger fields contain at least 80.5 percent of the total. All
significant fields contain at least 90.6 percent of the natural gas. We estimate that
another 6.3 trillion cubic feet of gascap (associated) gas in Oklahoma (4.1 percent
of the regional total) was in significant flelds, but we lacked the information to
allocate it among individual fields. With the appropriate adjustments for this esti-
mation error, the amount of natural gas in each of the five smaller fleld size
categories is remarkably similar, each having about 5 percent of the regional total.
The eight giant fields contain 27.5 percent of the crude oil resources of the region;
the Class A or larger fields contain at least 65.4 percent of the crude oil total; all
of the significant fields contain at least 82.5 percent of the total. We estimated that
another 150 million barrels of crude oil were in significant fields, but we were
unable to allocate them to individual fields. Except for the Class D and E fields, the
amounts of crude oil in the smaller field size categories are also quite uniform, each
about & to 10 percent of the total.

The distribution of petrolenm resources by field size category varies considera-
bly among the different producing provinces of the Mid-Continent region. In the
Anadarko Basin-Amarillo Arch, more than 70 percent of the total is in giant fields,
nearly 90 percent is in Class A or larger fields, and more than 95 percent is in
significant fields. The petroleum resources of the South Oklahoma Folded Belt are
also concentrated in the largest fields, with more than 50 percent in giant fields, 80
percent in Class A or larger fields, and more than 90 percent in significant fields.
Petroleum resources are more evenly distributed in the fields of the Chautauqua
Platform, only 25 percent being in giant fields, about 60 to 65 percent in Class A
or larger fields, and approximately 85 percent in significant fields. Five Class AA
and AAA fields in the Oklahoma portion of the Arkoma Basin have 80 percent of
its petroleum resources. The distribution by field size in the Central Kansas Uplift
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is bimodal and is concentrated in Class AAA and D fields. The distribution in both
the Cherokee and Sedgwick basins is relatively uniform across field size categories,
each category from Class A to D having between 20 and 35 percent of the total
resources of Cherokee and each category from Class AA to D having between 15
and 25 percent of the total resources of Sedgwick.

The significant fields of the Mid-Continent consist predominantly of combina-
tion traps, typically low-relief anticlines combined with facies changes, porosity-
permeability pinchouts, or unconformities. Faulting is also common in the more
southerly provinces (Arkoma, South Oklahoma, and Chautauqua). Stratigraphic
traps {facies changes) are alsc important, particularly in the Anadarko Basin. The
reservoir rocks are all of Paleozoic age. Pennsylvanian sandstones and carbonates
are prominent in nearly every province. The reservoir rocks of the Hugoton-Pan-
handie field are Permian carbonates. Mississippian limestones provide major reser-
voirs in the South Oklahoma and Sedgwick provinces. Silurian carbonates are of
some importance in the Anadarko and Chautauqua provinces. Ordovician carbon-
ates play a similar role in the Central Kansas, Chautauqua, and South Oklahoma
provinces. The normal range of combined average net thicknesses varies substan-
tially from province to province, ranging from very thick in the South Oklahoma
Province (60 to 600 feet) to moderately thick in the Chautauqua (30 to 300 feet} and
Arkoma (50 to 200 feet) provinces. Because of differences in reservoir gquality
among provinces, the average range of recovery per surface acre is only partially
correlated with the differences in thickness. Heading the list is the South Oklahoma
Province {10,000 to 50,000 barrels’ L&LE). The Arkoma and Chautauqua provinces
have a similar range (5000 to 25,000 barrels’ L&LE). Recovery in the Central
Kansas fields is 5000 to 10,000 barrels’ L&LE, while the poorer quality Anadarko
Basin reservoirs range between 1000 and 10,000 barrels’ L&LE.

WESTERN GULF

According to data available as of 1879, the oil and gas fields of the Western Gulf
region contained, when discovered, 14.26 billion barrels of recoverable crude oil (9.4
percent of the national total), 130.4 trillion cubic feet of natural gas (17.4 percent
of the national total), and 3.89 billion barrels of natural gas liquids {16.1 percent of
the national total). The region ranks fourth overall as a source of petroleum, with
39.88 billion barrels’ L&LE (13.3 percent of the national total). The Western Gulf
ranks third as a source of natural gas and natural gas liquids, but only fifth as a
source of crude oil. As the relative difference among rankings suggests, natural gas
is the predominant petroleum type in the region, constituting 54.5 percent of the
total. Of the amounts that have been discovered and made recoverable, 12.70 billion
barrels of crude oil (88.7 percent of the total), 101.5 trillion cubic feet of natural gas
(77.8 percent of the total), and 3.20 billion barrels of natural gas liquids (82.3 percent
of the total) had been produced as of the end of 1978.

The region consists predominantly of the western part of the Gulf Province. The
western edge of the province forms the southern part of the Quachita Tectonic Belt.
A small southwestern corner forms the southeastern corner of the Permian Basin
Province.

At least 481 significant oil and gas fields were discovered in the Western Gulf
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region before 1976 (Tables A.7a, A.7b, A.7c, and A.7d). Another 20 fields are within
1 million barrels’ L&LE of being significant: Imogene in Texas R.R.C. District 1;
Pawnee, Poesta Creek, Sherman Offshore, and South Tuleta-Wilcox in Texas R.R.C.
District 2; Cleveland Cecil, Noble, Devillier, Fostoria, Hortense, South Matagorda
Bay, Mykawa (all), North Silsbee, and Sugar Creek in Texas R.R.C. District 3; and
South Davis, Headquarters, Petrox, Sum Fordyce, South Santellana, and Scuth
Weslaco in Texas R.R.C. District 4. Several offshore fields (not listed in App. A)
discovered before 1976 on the Texas outer continental shelf may also prove to be
significant.

The 13 giant fields in the Western Gulf region are the most important source
of oil and gas in the area, but their importance is not as great as in other regions
with a sizable number of giant fields {see Fig. 3.7). Class AAAA fields provide 33.7
percent of the crude oil and 26.9 percent of the natural gas. Large fields are more
important; the 140 fields that are Class A or larger have 77.5 percent of the crude
oil and at least 65.4 percent of the natural gas of the region. The significant fields
of the region contain 91.5 percent of its crude oil and at least 86.3 percent of its
natural gas. We estimated that another 2.0 trillion cubie feet (1.5 percent of the
regional total) were in significant fields, but we were unable to allocate this amount
among specific fields. Excluding giant fields, the distribution of the natural gas
resources by region among field size categories is remarkably uniform, each catego-
ry having between 10 and 14 percent of the total amount.

Trapping in the significant fields of the Western Gulfis predominantly structur-
al. Most of the major fields are faulted anticlines. Salt domes are alsc important,
particularly in Texas R.R.C. District 3. Stratigraphic variations associated with
structural traps are common. Except for Texas R.R.C. District 1, where the reser-
voirs of the major fields are primarily Cretaceous, and the far offshore felds in the
High Island and High Island East areas, where the reservoirs are predominantly
Pleistocene sandstones, the reservoirs of the significant fields of the Western Gulf
are Tertiary sandstones, primarily of Oligocene and Eocene ages. Combined net
thicknesses vary widely, ranging from 5 to more than 500 feet in some fields with
numerous reservoirs. For most fields, the range is 25 to 100 feet thick. Recovery
per surface acre is between 10,000 and 50,000 barrels’ L&LE, although in some of
the larger fields it reaches 100,000 barrels per acre and in some of the fields near
the margins of the region it is as low as 1000 barrels per acre.

CENTRAL GULF

According to data available as of 1979, the oil and gas fields of the Central Gulf
region discovered before 1976 contained, when discovered, 17.17 billion barrels of
recoverable crude oil (11.4 percent of the national total), 169.3 trillion cubic feet of
natural gas (22.6 percent of the national total), and 4.83 biliion barrels of natural
gas liquids {(20.0 percent of the national total). The Central Gulf region is the leading
source of petroleum for the nation, with 50.22 billion barrels’ L&LE (16.7 percent
of the national total). It is also the principal source of natural gas and natural gas
liquids, but ranks only fourth as a source of crude oil. As the difference in relative
rankings suggests, the Central Guif is predominantly a natural gas region, with
natural gas constituting 56.2 percent of the recoverable petroleum in the region.
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Of the amounts that have been discovered and made recoverable, 13.87 billion
barrels of crude oil (80.8 percent of the total), 122.2 trillion cubic feet of natural gas
(72.2 percent of the total), and 3.61 billion barrels of natural gas liquids (74.6 percent
of the total} had been produced as of the end of 1978.

The region is in the central portion of the Gulf Coast, and, using the AAPG-CSD
province definitions, it consists of the eastern half of the Gulf Coast Province. Some
geologists consider southern Louisiana as a separate province and designate it as
the Mississippi Delta.

The Central Gulf has more significant fields than any other region. Af least 530
significant fields were discovered before 1976 (Tables A.8a, A.8b, and A.8c), Another
15 fields are between 9 and 10 million barrels apiece: Eugene Island Block 327, Ship
Shoal Block 40, Ship Shoa! Block 271, South Timbalier Block 8 Vermilion Block
164, and Vermilion Block 340 offshore Louisiana; Bayou Perot, East Golden Mead-
ow, Southwest Lake Boeuf, Lake Campo, Lake Gero, and Livonia in southeastern
Louisiana; and East Holly Beach, Oberlin, and Richie in southwestern Louisiana.
Several other offshore discoveries of the early 1970s probably merit desighation as
significant fields, but we omitted them from the data base of significant oil and gas
fields because we could not obtain sufficient information.

The distribution of crude oil and natural gas resources by field size category in
the Central Gulf region is unique (see Fig. 3.8). It is the only region in the country
with a substantial number of giant fields (13 in all} that does not have Class AAAA
fields as the most important field size category. Both Class AAA and AA fields
contain more petroleum than Class AAAA fields in the Central Gulf region, partly
because the region has 30 percent of all the Class AAA and AA fields in the country.
Giant fields contain 21.2 percent of the crude oil and 14.7 percent of the natural gas.
However, the 257 Class A or larger fields contain 87.4 percent of the crude oil and
82.3 percent of the natural gas. Significant fields contain nearly all of the petroleum
resources of the region—988 .4 percent of the crude il and 97.1 percent of the natural
gas. After the peak in Class AAA fields, the declines in amounts through successive-
ly smaller field size categories are remarkably uniform for both crude oil and
natural gas.

Trapping in the Central Gulf is predominantly structural, even more so than
in the Western Gulf region. Most of the significant fields are either faulted anti-
clines or faulted salt domes. Some combination traps occur as well, the distribution
of petroleumn within a structure also being determined by facies change. Except for
a good number of Pleistocene sandstone reservoirs in the far offshore fields and a
few deep Cretaceous reservoirs, the reservoir rocks of the Central Gulf are Tertiary
sandstones. Miocene reservoirs predominate, although Pliccene reservoirs are
common offshore and Eocene and Oligocene reservoirs have been found in the
onshore fields. Thick multiple reservoirs are commonplace, combined net thick-
nesses ranging from 50 to 1000 feet. (Lesser thicknesses listed in the tables of App.
A typically indicate either the thickness of only one reservoir in a field or only the
perforated interval within that reservoir.) Because of these thick, good-quality
reservoirs, recovery per surface acre in the significant fields is between 20,000 and
106,000 barrels’ L&LE.
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NORTHERN GULF

According to data available as of 1979, the oil and gas fields of the Northern
Gulf region discovered before 1976 contained, when discovered, 12.95 billion bar-
rels of recoverable crude oil (8.6 percent of the national total), 53.4 trillion cubic feet
of natural gas (7.1 percent of the national total), and 2.24 billion barrels of natural
gas liquids (9.3 percent of the national total). The region ranks sixth overall, with
24.10 billion barrels’ L&LE, 8.0 percent of the national total. It is also the sixth most
important source of crude oil, and it ranks fifth as a source of natural gas and
natural gas liquids. The petroleum resources of the region are predominantly
liquids, 63.0 percent of the total being crude oil and natural gas liquids. Of the
amounts that have been discovered and made recoverable, 10.94 billion barrels of
crude oil (84.5 percent of the total), 45.2 trillion cubic feet of natural gas {84.6
percent of the total), and 1.81 billion barrels of natural gas liquids (80.8 percent of
the total) had been produced as of the end of 1978.

The region is essentially coextensive with the East Texas-Arkla Province. The
East Texas Province consists of Texag R.R.C. Districts 5 and 6; the Arkla Province
consists of northern Louisiana and southern Arkansas. Because several major fields
straddle the Texas-Louisiana boundary and because of the clear geologic continuity
between the two provinces, we consider them as a single province. The Northern
Gulf region, as we define it, also includes the eastern part of the Arkoma Province,
with slightly more than 3 trillion cubic feet of dry gas resources.

At least 177 significant oil and gas fields were discovered in the Northern Gulf
region before 1976 (Tables A 9a, A.9b, A.9c, and A.8d). Another 10 fields are within
1 million barrels’ L&LE of being significant: Caspiana, Cheniere Creek, Converse,
Epps (all), Hodge, Killen’s Ferry, Patton Church, and Roseland in northern Louisi-
ana; and Boggy Creek and Pone in Texas R.R.C. District 6.

Giant fields contain most of the petroleum in the Northern Gulf region, being
particularly prominent as a source of crude oil (see Fig. 3.9). The East Texas field,
one of three super-giant fields in the United States, is the primary factor shaping
this distribution. The six giant fields contain 59.8 percent of the crude oil of the
region and 31.9 percent of the natural gas. The 61 Class A or larger fields contain
87.6 percent of the crude oil and 79.4 percent of the natural gas. Significant fields
contain 95.7 percent of the crude oil and 93.8 percent of the natural gas. As Fig. 3.9
shows, none of the field size categories from Class A on down are particularly
important in the region, each having only between 3 and 5 percent of the crude oil
and 5 and 8 percent of the natural gas in the region.

Trapping in the Northern Gulf region is predominantly structural, although
stratigraphic trapping is very evident. Most of the significant fields are either
faulted anticlines or anticlines combined with various stratigraphic elements, in-
cluding unconformities, facies changes, and porosity-permeability pinchouts. There
are also some major stratigraphically trapped fields including East Texas {(uncon-
formity), Fairway (organic reef), and Delhi (unconformity). The East Texas-Arkla
Province is of Mesozoic age, the reservoirs consisting primarily of Cretaceous
sandstones and carbonates. Jurassic reservoirs have also been found. Reservoirs in
the anticlinal or combination anticlinal fields of the eastern Arkoma Basin are
predominantly Paleozoic Pennsylvanian sandstones. The combined net thickness of
the reservoirs in most of the fields in the East Texas-Arkla Province is between 20
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and 100 feet. Recovery in most of the fields ranges between 5000 and 30,000 barrels
per acre, although in a few of the thickest fields {e.g., Hawkins and Van) it reaches
100,00G barrels’ L&LE per acre.

EASTERN GULF

According to data available as of 1979, the oil and gas fields of the Eastern Gulf
region discovered before 1976 contained, when discovered, 2.55 billion barrels of
recoverable crude oil (1.7 percent of the national total), 7.8 billion cubic feet of
natural gas (1.0 percent of the national total), and 0.35 billion barrels of natural gas
liquids (1.4 percent of the national total). As these small proportional shares sug-
gest, the region is the least important of any of our 12 regions, with only 4.20 billion
barrels’ L&LE (1.4 percent of the national total). It ranks last as a source of crude
oil and eleventh as a source of both natural gas and natural gas liquids. The region
is predominantly an oil region, with 69.0 percent of its petroleum resources consist-
ing of petroleum liquids. Of the amounts that have been discovered and made
recoverable, 2.12 billion barrels of crude oil (83.1 percent of the total), 5.8 trilion
cubic feet of natural gas (74.0 percent of the total), and 0.14 billion barrels of natural
gas liquids {40.0 percent of the total) had been produced as of the end of 1978,

There are three provinces with significant oil and gas fields in the region: the
Mid-Gulf Coast Basin, the South Florida Province, and the Warrior Basin. How-
ever, the Mid-Gulf Coast Basin contains nearly all of the petroleum in the region,
with 4.09 billion barrels’ L&LE. The South Florida Province has only 0.08 billion
barrels’ L&LE while the Warrior Basin has a modest (.04 billion barrels’ L&LE.
The South Florida Province is almost entirely an oil province; the Warrior Basin
is almost entirely a gas province. The Mid-Gulf Coast Basin, like the region as a
whole, is predominantly an oil province.

At least 67 significant oil and gas fields were discovered in the Eastern Gulf
region before 1976 (Tables A.10a, A.10b, and A.10c). Another four fields in Missis-
sippi (Lake Como, Magee, Reedy Creek, and Smithdale) contain between 9 and 10
million barrels’ L&LE.

The distribution of crude oil and natural gas resources by field size category in
the Eastern Gulf region is similar to that in other regions or provinces with rela-
tively small amounts of petroleum (see Fig. 3.10}. There are no giant fields in the
region. The 21 Class A or larger fields contain 58.7 percent of the crude oil and 72.5
percent of the natural gas. The significant fields of the region contain 83.0 percent
of the crude il and 93.4 percent of the natural gas. Because of the relatively small
number of significant gas fields, the distribution of natural gas resources by field
size i3 rather uneven.

The significant fields of the Eastern Gulf region are primarily structural traps
{anticlines, faults, salt domes) or combination traps (anticlines with stratigraphic
variations). The Mid-Gulf Coast Province is largely of Mesozoic age, the reservoir
rocks being predominantly Cretaceous sandstones or Jurassic carbonates. The
Warrior Basin, on the other hand, is of Paleozoic age. Combined net thicknesses in
the significant fields of the Mid-Gulf Coast Province are between 30 and 130 feet
thick. Recovery per surface acre is between 5000 and 30,000 barrels’ L&LE.
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ILLINOIS-MICHIGAN

According to data available as of 1979, the oil and gas fields of the Illinois-
Michigan region contained, when discovered, 4.67 billion barrels of recoverable
crude oil (3.1 percent of the national total), 3.5 trillion cubic feet of natural gas (0.5
percent of the national total), and 0.22 billion barrels of natural gas liguids (0.9
percent of the national total). Overall, the region ranks eleventh among our 12
regions, with 5.47 billion barrels’ L&LE. It is the tenth most important as a source
of crude oil, but ranks last as a source of natural gas and natural gas liquids. The
region is overwhelmingly an oil region, with petroleum liquids constituting 89
percent of the petroleum resources. Of the amounts that have been discovered and
made recoverable, 4.33 billion barrels of crude oil (92.7 percent of the total), 2.7
trillion cubic feet of natural gas (77.7 percent of the total), and 0.16 billion barrels
of natural gas liquids (72.7 percent of the total) had been produced as of the end
of 1978.

The region contains all or part of three provinces with significant oil and gas
fields: the Illinois Basin, the Michigan Basin, and that part of the Cincinnati Arch
between these two basins, The Illinois Basin is the predominant province in the
region, the portion of the basin in Illinois and Indiana containing 4.G2 billion
barrels’ L&LE. The Michigan Basin contains 1.35 billion barrels’ L&LE, while the
Indiana part of the Cincinnati Arch contains 0.11 billion barrels’ L&LE. All three
are predominantly oil provinces.

At least 69 significant oil and gas fields had been discovered in the Illinois-
Michigan region before 1976 (Tables A.11a, A.11b, and A.1le}. Another nine fields
in the region contain between 9 and 10 million barrels’ L&LE: Boulder, Concord
Consolidated, South Maunie Consolidated, and Olney Cansolidaied in Illinois; Wel-
born Consolidated in Indiana; and North Adams, Crystal-Shaver, Hamilton &
North, and Marion-Winterfield in Michigan. A few of the larger Silurian pinnacle
reef fields discovered in Michigan in the early 1970s may also prove to be significant
oil and gas fields once secondary recovery begins.

The distribution of crude oil and natural gas resources by field size category in
the [llinois-Michigan region is markedly bimodal (see Fig. 3.11}. There are no giant
fields. Class A or larger fields contain 65 percent of the total petroleum in the Illinois
Basin, but only 23 percent of the total in the Michigan Basin. All significant fields
contain 84 percent of the total petroleum in the Illinois Basin, but only 46 percent
of the total in the Michigan Basin.

The petroleum resources of the significant fields of both the Illinois and Michi-
gan basins are predominantly trapped in anticlines or anticlines with some strati-
graphic variations. Some of the smaller fields are stratigraphically trapped, partic-
ularly in the Michigan Basin where pinnacle reefs are common. Both basins are of
Paleozoic age. In the llinois Basin, multiple Mississippian and Pennsylvanian sand-
stone and carbonate reservoirs 25 to 100 feet thick predominate. In the Michigan
Basin, petroleum has been found primarily in Devonian and Silurian reservoirs 5
to 50 feet thick. Recovery per surface acre is between 3000 and 20,000 barrels’
L&LE in most of the Illinois Basin fields and between 2000 and 10,000 barrels’
L&LE in most of the Michigan Basin fields.
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APPALACHIAN

According to data available as of 1979, the oil and gas fields of the Appalachian
region contained, when discovered, 3.82 billion barrels of recoverable crude oil (2.5
percent of the national total}, 39.3 trillion cubic feet of natural gas (5.3 percent of
the national total), and 0.48 billion barrels of natural gas liquids (2.0 percent of the
national total). Overall, the region ranks ninth in importance, with 10.85 billion
barrels’ L&LE. The region is predominantly a natural gas region, gas accounting
for 60.4 percent of its total known petroleum resources. It thus ranks seventh
among the 12 regions as a source of natural gas, but only eleventh as a source of
crude cil and tenth as a source of natural gas liquids. Of the amounts that have been
discovered and made recoverable, 3.55 billion barrels of crude oil (92.9 percent of
the total), 33.9 trillion cubic feet of natural gas (86.2 percent of the total), and 0.35
billion barrels of natural gas liquids (72.9 percent of the total) had been produced
as of the end of 1978.

The region consists primarily of the Appalachian Province. However, parts of
two other producing provinces—the Cincinnati Arch in western Ohio and central
Kentucky and the Illinois Basin in western Kentucky—are also in the region.
Because we lack comprehensive data on significant fields, the distribution of pe-
troleum resources by province is somewhat uncertain. The best available data
indicate that the Appalachian Province has approximately 10.1 billion barrels’
L&LE and that the portions of the Cincinnati Arch and the Illinois Basin in the
region each have about 0.41 and 0.34 billion barrels’ L&LE, respectively.

Because we lack comprehensive field data on most of the oil and gas fields of
the Appalachian region, the number of significant fields is unknown, and the distri-
bution of petroleum resources among the various field size categories can only be
crudely estimated., The one clearly recognized giant oil field in the region, the
Bradford field, with nearly 700 million barrels’ estimated ultimate recovery, con-
tains nearly 20 percent of the total amount of recoverable crude oil discovered to
date in the region. All Class A or larger fields, including Big Sinking (KY), possibly
Bustt and Richburg (NY), Lima and Canton East (OH), Allegheny (PA), and
Griffithsville (WV) contain at least 1.6 billion barrels and possibly as much as 2.0
billion barrels, slightly more than 50 percent of the total. Because field size data for
gas fields are even less available and because field definition for most of these fields
is an extremely murky area, even the crudest estimates of the distribution of
natural gas resources by field size are little more than conjecture. There may be one
or two giant gas flelds in Pennsylvania and West Virginia. The Big Sandy field in
eastern Kentucky contains at least 1 trillion cubic feet.

The lack of field data for the Appalachian region also precludes any systematic
overview of predominant field characteristics. The region is entirely of Paleozoic
age, with reservoirs ranging in age from Pennsylvanian to Ordovician. A wide
range of lithologies has also been encountered in these reservoirs. Most of the
major fields appear to be either combination traps (anticlines with stratigraphic
variations) or stratigraphic traps. The typical range of reservoir thickness and of
recovery per surface acre is unknown.
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NATIONAL OVERVIEW

According to data available as of 1979, we estimate that 151 billion barrels of
crude oil, 751 trillion cubic feet of natural gas, and 24 billion barrels of natural gas
hqguids had been discovered and made recoverable in all of the oil and gas fields
discovered throughout the United States before 1976 {see Table 3.1). The total
known recoverable conventional petroleum resource in these fields was 300 billion
barrels' L&LE, 17.5 percent of the known recoverable conventional petroleum
resources in the world as of the end of 1978.2 The United States is thus either the
leading source of petroleum for the world to date or a close second, depending on
which estimates of the oil and gas reserves of the Soviet Union are correct. Only
Saudi Arabia—with an estimated 218 billion barrels’ known total recovery—is
known to have more petroleum liquids. And only the Soviet Union—with an esti-
mated 1100 to 1200 trillion cubie feet of known total recovery——is known to have
more natural gas.

Of these amounts, 117.77 billion barrels of erude oil {78.1 percent of the total},
558.4 trillion cubic feet of natural gas (74.4 percent of the total), and 18.46 billion
barrels of natural gas liquids {76.3 percent of the total) had been produced by the
end of 1978, Thus, less than one-fourth of the total amount discovered and made
recoverable to date remains to be produced and consumed.

The proportion remaining to be discovered and produced varies substantially
by region. Alaska is at one extreme; by the end of 1978, only 10 percent of the
amount of petroleum in fields discovered before 1976 had been produced. At the
other extreme—the Illinois-Michigan basins and the Appalachian region—nearly
90 percent of the amount of petroleum in fields discovered before 1976 had been
produced by the end of 1978.

Regional Distribution

Most of the producing regions of the United States have substantial amounts
of erude oil resources {see Table 3.1). No region dominates the national total. Only
California and the Permian Basin have more than 15 percent of the total. In
contrast, natural gas resources are highly concentrated in only three regions. The
Mid-Continent and the Central Guif regions each have more than 20 percent of the
known recoverable natural gas resources of the nation. The Western Gulf region
is also prominent, with 17.4 percent of the total. Together, these three regions
contain more than 60 percent of the known recoverable natural gas resources of
the United States. No other region has more than 10 percent of the total. The
picturc for natural gas liquids is similar to that of natural gas, with the addition
of the Permian Basin to the three major natural gas regions. Together, these four
regions have more than 70 percent of the national total. Individually, each has
between 15 and 20 percent of the total.

Distribution by Province
According to the province designations of Sec. II {Table 2.3}, there are 66

2R. Nehring, The Qutlook for Conventional Petroleum Resources, The Rand Corporation, P-6413,
November 1279,
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Table 3.1

Tue KNOoWN RECOVERABLE PETROLEUM RESOURCES OF THE UNITED STATES
rY REGION AND TYPE
{In pre-1976 discoveries as determined in 1979}

Crude Katural | Natural Gas
ail Gas liquids Petroleum
Region @o® w13 | (rer) | o’ bbly | (107 bl Laly)
I, alaska 10.73 33.9 0.41 16.79
2. falifommia 23,66 33.2 1.20 30,39
3. Raciy Mountains 1G.06 44.0 1.24 18.63
4. Permian Basin 26,61 73.4 3.81 42.66
5. North Central Texas 4,89 i0.8 0.70 7.38
&, Mid-Continent 19,66 152.0 4.78 49,76
7. Western Gulf 14.26 130.4 3.89 39,88
8. Central Gulf 17.17 169.3 4,83 50.20
%, NKorthern Gulf 12.595 53.4 2.24 24.09
10. Eastern GCulf 2.55 7.8 0.35 4,21
11, TIliinois-Michigan 4,67 3.5 0.22 2.4
12. Appalachiarn 3.82 39.3 0.45 10.85
United States® 151.04 751.0 24,14 300,35

“Numbers in this row do not total because of rounding.

productive geologic provinces in the United States. In 55 of these, at least one
significant field had been discovered before 1976. This could suggest that significant
amounts of petroleum are common. However, the distribution of petroleum re-
sources tells a different story, Table 3.2 shows the major petroleum provinces of the
United States. The standard for inclusion is whether a province has at least 2.5
billion barrels’ L&LE known recovery, a level equivalent to three months of current
national consumption of petroleum products and natural gas.

Only 18 of the 66 productive provinces are currently known to have had at least
2.5 billion barrels’ L&LE. Together they contain 276.3 billion barrels’ L&LE, 92.0
percent of total known recovery in the nation from fields discovered before 1976.
This concentration holds for both petroleum liquids and natura] gas. The 18 largest
provinces contain 91.3 percent of national petroleum liquids and 92.9 percent of
national natural gas resources. The four largest provinces, those with a level of
known recovery greater than two years’ current national consumption, contain 61.1
percent of the total known recovery of petroleum nationwide (53.3 percent of the
petroleum liquids and 72.2 percent of the natural gas). The nine largest provinces,
those with a level of known recovery equal to or greater than one year’s current
national consumption, contain 80.7 percent of the total known recovery (V7.4 per-
cent of the petroleum liquids and 85.3 percent of the natural gas). There are another
18 provinces with a known total recovery between 0.5 and 2.5 billion barrels’ L&LE.
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Together these 18 contain 22.1 billion barrels’ L&LE (7.4 percent of the national
total). The other 28 known productive provinces contain only 1.9 billion barrels’
L&LE (0.6 percent of the national total). The petroleum resources of the United
States are thus highly concentrated in a handful of productive provinces.

The four largest provinces in terms of amounts of known recoverable pe-
troleum resources are also among the largest in terms of area. But the correlation
between surface area and productivity, while positive, is not very robust. Several
areally small provinces are significant in terms of their resources (e.g., the Los
Angeles, Ventura, South Oklahoma, and Big Horn provinces). Several areally large
provinces are not yet significant in terms of their resources (e.g., the Basin and
Range, Denver, Greater Green River, and Williston provinces). The largest prov-
ince in area, the Appalachian Province, has less than one-tenth the known recovery
per unit of area of the Gulf Coast Province, the largest province in terms of known
recoOvery.

The geologic history and characteristics of these provinces are more important
in explaining the amounts of recoverable petroleum within them than their surface
area, or even their sedimentary volume. As we stated earlier in Sec. I, if large
accumulations of petroleum are to exist, several conditions must have existed in an
appropriate temporal and spatial relationship with each other. Sufficient organic
material must have been produced and preserved. This material must be buried to
a depth where sufficient temperature and pressure exist to generate petroleum,
Following generation, the petroleum must be expelled into permeable carrier or
reservoir rocks, Traps with porous and permeable reservoir rocks covered by im-
permeable sealing rocks must exist where the migrating petroleum can accumu-
late. These traps must not be breached or flushed after accumulation occurs. As a
general rule, the significant provinces are those provinces where these conditions
have been met to a sufficient degree.

Distribution by Field Size

The petroleum resources of the United States are not only concentrated in a
small number of significant provinces but are also located in a relatively smali
number of significant fields. Figures 3.12 and 3.13 show the distribution by field size
category of known recoverable resources of crude oil and natural gas, respectively,
in all fields discovered hefore 1976 in the United States excluding the Appalachian
region. The figures also show the number of fields in each field size category. The
numbers of fields differ between the two figures because we included only those
fields with some crude oil or some natural gas in the count on each figure.

Crude oil resources are highly concentrated in the largest fields. The 72 Class
AAAA fields with crude oil have 62.89 billion barrels of the 147.22 billion barrels
in the United States ex-Appalachia, 42.7 percent of the total. The ten largest fields—
Prudhoe Bay, East Texas, Wilmington Trend, Yates, Midway-Sunset, Wasson, Kern
River, Scurry, Slaughter-Levelland, and Sho-Vel-Tum—contain 30.29 billion bar-
rels, 20.1 percent of the national total including Appalachia. The 158 Class AAA
fields add another 18.1 percent; the 212 Class AA fields provide 11.4 percent of the
national total ex-Appalachia; and the 327 Class A fields contribute 8.3 percent of the
total. Together, the 769 giant and large fields with crude oil have 118.58 billion
barrels, 80.5 percent of the national total ex-Appalachia. Assuming that roughly
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half of the crude oil resources in Appalachia are in Class A or larger fields, the
proportion of crude oil resources in giant and large fields nationwide is only margin-
ally less than 80 percent. With the amount in the 1193 Class B and C fields added
to the Class A or larger fields, the total amount in the 1962 significant fields with
crude oil is 134.81 billion barrels, 1.6 percent of the national total ex-Appalachia.
The amount in Class D and E fields, which are probably in excess of 10,000 in
number, is only 12.41 billion barrels, 8.4 percent of the national total ex-Appalachia.

Natural gas resources are only slightly less concentrated in the largest fields.
The 81 Class AAAA fields with natural gas have 270.1 billion cubic feet of the 711.7
trillion cubic feet in the United States ex-Appalachia, 38.0 percent of the total. The
ten largest fields—Hugoton-Panhandle, Prudhoe Bay, Blanco: Mesa Verde, Eunice
Area. Borregos-Seeligson-T.C.B., Monroe, Carthage, Aqua Dulce-Stratton, Basin,
and Katy—contain 165.0 trillion cubic feet, 22.0 percent of the national total includ-
ing Appalachia. Hugoton-Panhandle dominates the other natural gas fields. Its 79.9
trillion cubic feet constitute 10.6 percent of the national total, equaling as much as
the total of the next eight largest fields. The 166 Class AAA fields add another 17.3
percent to the national {otal ex-Appalachia; the 244 Class AA fields provide 12.5
percent of the total; and the 376 Class A fields contribute 9.8 percent of the total.
Together, the 867 giant and large fields with natural gas have at least 551.5 trillion
cubic feet, 77.5 percent of the national total ex-Appalachia. With the amount in the
1533 Class B and C fields added to the Class A or larger fields, the total amount in
the 2400 significant fields with natural gas is at least 650.5 trillion cubic feet, 91.4
percent of the naticnal total ex-Appalachia. We estimate that another 13.0 trillion
cubic feet of the amount shown in other fields is also in significant fields, even
though we were unable to allocate it to specific fields. This amount adds another
1.8 percent to the total in significant fields. With this adjustment, the proportion of
known natural gas resources in significant fields appears to be slightly greater than
the proportion of crude oil resources in significant fields.

Qur estimates of the distribution of natural gas liquids by field size category are
not as accurate as those for crude oil and natural gas. However, the data for natural
gas liquids, when adjusted for probable errors in estimation, show a distribution
similar to that for crude oil and natural gas (see Fig. 3.14). Class AAAA fields have
at least 9.61 hillion barrels, 40.6 percent of the total of 23.66 billion barrels for the
United States ex-Appalachia. Class AAA, AA, and A fields contribute at least an-
other 8.58 billion barrels. Together, giant and large fields have at least 18.19 billion
barrels, 76.9 percent of the national total. Class B and C fields together add at least
another 2.12 billion barrels. At a minimum, the significant fields have 20.31 billion
barrels, 85.8 percent of the national total ex-Appalachia. However, because of the
lack of published data on natural gas liquids by field and because of the conserva-
tive procedures we used to estimate natural gas liquids by field, we believe that at
least another 1.92 billion barrels of the remaining 3.35 billion barrels belong in
significant fields, even though we could not allocate this amount with confidence to
specific fields. With this adjustment, we get a total of 22.23 billion barrels in signifi-
cant fields, 94.0 percent of the total amount in the United States ex-Appalachia.

The preceding distributions of petroleum resources by field size category are
strictly distributions of current estimates of recovery. They do not indicate the
ultimate distribution of resources by field size, even for those fields discovered
before 1976. In the future, we can expect that estimates of total recovery from many
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Fig. 3.12 —Distribution of crude oil by field size category
in the United States {ex-Appalachia)

of these fields will increase. Additional amounts of oil and gas will be recovered
from known pools with more intensive development in response to higher prices.
The productive limits of known pools will be extended, and new pools will be
discovered and developed in known fields. Better data will make possible more
accurate estimates of field size, reducing or eliminating many of the underestimates
inour own data. In a few cases, estimates of total recovery could be reduced because
of poorer than anticipated reservoir performance (e.g., Hawkins in Texas R.R.C.
District 6). But, because cumulative production is already such a substantial pro-
portion of total recovery in most significant fields and because current reserve-to-
production ratios in most significant fields are already quite low, we conclude that
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Fig. 3.13 —Distribution of natural gas by field size category
in the United States (ex-Appalachia}

any downward revisions that may occur cannot appreciably affect the overall distri-
bution of oil and gas resources by field size category nationwide.

To assess some of the implications of reserve growth for the distribution of
petroleum resources by field size category, we examined three possible changes: (1}
the effect of elevating all fields between 450 and 500 million barrels' L&LE and all
other Class AAA fields with a reasonable prabability of sufficient additional recov-
ery and field expansion into the Class AAAA category; (2) the effect of elevating all
Class B fields between 45 and 50 million barreis’ L&LE inte the Class A category;
and (3) the effect of elevating all Class D fields between 9 and 10 million barrels’
L&LE into the Class C category. Only the first change has an appreciable effect on
the distribution of petreleum resources by field size category.
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Fig. 3.14—Distribution of natural gas liquids by field size category
in the United States (ex-Appalachia)

We identified 23 Class AAA fields with a strong probability of becoming giants
in the future: Kuparuk River (Alaska); South Belridge {(California); Aneth, Big
Piney-LaBarge, and Oregon Basin (Rocky Mountains); Artesia-Maljamar, Hobbs,
Howard Glasscock, Penwell-Waddell, Puckett, and TXL (Permian Basin}; Glenn
and Healdton (Mid-Continent); Grand Isle Block 43, Lake Arthur, Lake Barre, and
West Delta Block 27 (Central Gulf); Rodessa and Sligo (Northern Gulf); Jay (Eastern
Gulf); and Lawrence, Louden, and Salem (Ilinois-Michigan). The inclusion of these
fields in the Class AAAA category would add, without any adjustments for the
reserve growth that would merit such a change, another 6.24 billion barrels of
crude oil, 19.0 trillion cubic feet of natural gas, and 0.68 hillion barrels of natural
gas liquids. With this inclusion, giant fields would have 47.0 percent of the crude
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oil, 40.6 percent of the natural gas, and at least 43.5 percent of the natural gas
liquids in the United States ex-Appalachia. The 71 fields between 45 and 50 million
barrels each would add another 1.33 billion barrels of crude oil, 10.4 trillion cubic
feet of natural gas, and 0.27 billion barrels of natural gas liquids to Class A and
larger fields. The 116 fields between 9 and 10 million barrels’ L& LE would add only
0.55 billion barrels of erude oil, 3.0 trillion cubic feet of natural gas, and 0.05 billion
barrels of natural gas liquids to the total amount in significant fields. The combined
effect of adjustments for reserve growth and for potential estimation errors puts
nearly 50 percent of the crude oil and slightly more than 40 percent of the natural
gas and natural gas liquids in the United States ex-Appalachia in Class AAAA
{giant} fields, 80 percent or more of all three types of petroleum in Class A or larger
{giant and large) fields, and 92 to 94 percent of all three types of petroleum in
significant fields.

Distribution by Geologic Characteristics

Because giant and large fields contain the vast majority of U.S. oil and gas
resources, any serious attempt to evaluate future possibilities must take into ac-
count the geologic characteristics of these fields. One of the most important char-
acteristics is the type of trap in which petroleum has accumulated. It is a major
indicator of the information that could have been available to explorationists be-
fore drilling, assuming recent technology. Some types of traps are obvious, that is,
they are readily detected by surface geology or seismic investigation. Other types
of traps are more subtle, their possibility being indicated largely by piecing to-
gether subsurface information.

Table 3.3 summarizes by region the trap types of all giant and large oil fields
discovered in the United States ex-Appalachia before 1976. We have simplified the
categorization from Table 2.5 to highlight several key points. Traps are divided into
three general categories: structural, combination, and stratigraphic. We have divid-
ed structural traps into three specific categories: anticlines or faulted anticlines, salt
domes or faulted salt domes, and other (faults, fracturing, noging); combination
traps into two categories: those that include anticlines or faulted anticlines and
those that do not; and stratigraphic traps into two categories: facies changes or
porosity-permeability pinchouts and other {unconformities or organic reefs). In a
few cases where the trap type was more complex {e.g., a stratigraphic trap with
both facies changes and unconformities), we placed the field in the category that
we judged to be more important.

The giant and large fields of the United States are predominantly structural
traps. Of the 873 fields discovered before 1976 in these size categories, 568 (65.1
percent) are structural traps. These traps are predominantly anticlines or faulted
anticlines (427 or 48.9 percent of the total). Anticlinal traps, either by themselves
or in combination with other types of traps, account for 607 (69.5 percent} of the
total number of giant and large fields. This predominance extends across all regions.
Anticlines or combination anticlinal traps account for at least 58 percent of giant
and large fields in each of the 12 regions. Salt domes, whether by themselves or in
combination with stratigraphic trapping, are the only other major category, ac-
counting for 131 (13.0 percent) of the total. Nearly all of the giant or large fields
associated with salt domes are in southern Louisiana or Texas R.R.C. District 3.
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Stratigraphic traps comprise only 8.0 percent of the total. Most are located in the
Rocky Mountain region, the Permian Basin, or the Mid-Continent.

As an upper bound, subtle traps can be defined as all stratigraphic traps formed
by facies changes or porosity-permeability pinchouts and all such traps in combina-
tion with hydrodynamic trapping, fracturing, or nosing. This definition is an upper
bound because some nosing may be obvious to seismic investigations and some
shallow stratigraphic traps may have surface seepages. By this definition, at most
only 72 (8.2 percent) of the 873 giant and large fields of the United States may be
characterized as subtle traps. This proportion is not appreciably different from the
proportion of subtle traps in giant fields worldwide, despite the major differences
in drilling density between the United States and the rest of the world. H. D.
Klemme, using a definition slightly more restrictive than the one we used, found
that only 5.6 percent of giant fields worldwide could be considered to be nonvisible
or subtle traps.®

Although stratigraphic traps are a small proportion of the total number of giant
and large fields, they constitute a major proportion of the largest fields. Four of the
ten largest crude oil fields—East Texas, Kern River, Scurry, and Slaughter-Level-
land—are generally recognized as pure stratigraphic traps.* Four of the other six
are anticlines modified by stratigraphic variations, Two of the ten largest gas
fields—Blanco: Mesa Verde and Basin—are also pure stratigraphic traps, while
Hugoton-Panhandle and Carthage are combination traps with prominent strati-
graphic variations. While most of these largest fields may be considered subtle
traps, it is important to note that they also cover immense areas. Hugoton-Panhan-
dle extends over 7000 square miles, an area greater than that of Connecticut and
Rhode Island combined. Blanco: Mesa Verde covers aver 2300 square miles, an area
greater than Delaware. Excluding Kern River (located by seepage at the surface)
and Scurry {a prominent reef), the other fields cover between 200 and 1200 square
miles each. Although their trap types may be relatively nonvisible to conventional
exploration techniques, at any appreciable density of exploratory drilling (e.g., one
well in every two townships} fields of this size cover such a large area that they are
almost impossible to miss once exploration begins in earnest.

The concentration of the oil and gas resources of the United States in signifi-
cant, and particularly giant and large, fields appears to be the result of systematic
geologic factors. There are only two regions—North Central Texas and the Illinois-
Michigan basins—in which the proportion of the total known petroleum resource
in very small (Class D and E) fields exceeds 20 percent. Because the known pe-
troleum resource in both regions is relatively small, the amount in very small fields
in each is still not absolutely large. In almost every place where large amounts of
petroleum have been found, giant and large fields predominate.

More important, very small fields are highly concentrated in one area of the
United States—the stable interior between the Rocky Mountains and the Appala-
chians. The five regions within this area—Rocky Mountain, Permian Basin, North
Central Texas, Mid-Continent, and Illinois-Michigan—contain 44.8 percent of the

? “Structure-Related Traps Expected To Dominate World-Reserve Statistics,” The Oil and Gas
Journal. Vol. 71, No. 53, December 31, 1973, and Vol. 72, No. 1, Janunary 7, 1974
*The East Texas field could, however, be considered to be formed in part by a broad regional nose

an the west flank of the Sahine Uplift. The Carthage field is aiso related to structural aspects of the
Sabine Uplift.
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crude oil and 39.9 percent of the natural gas in the United States ex-Appalachia.
The very small fields in these five regions, after adjustments for overestimates,
contain 77.6 percent of the crude oil and 47.6 percent of the natural gas in very
small fields in the United States ex-Appalachia. With the addition of the amounts
in very small fields in the highly faulted Western Gulf to the amount in these five
regions, 87.5 percent of the crude oil and 80.6 percent of the natural gas in very
small fields are found in regions that account for only 54.4 percent of the crude oil
and 58.2 percent of the natural gas in the United States ex-Appalachia.

The stable interior area of the United States has several characteristics that are
not conducive to the occurrence of large and giant deposits of petroleum. The
sedimentary cover of the region is relatively thin, often being only 5000 to 10,000
feet thick. In the more shallow areas, organic material is not likely to be buried to
a sufficient depth for petroleum generation to occur, even over the hundreds of
millions of yvears from the Paleozoic era. Individual formations in the area are
typically thin, indicating relatively low gross rates of deposition. Thinner reservoirs
are generally associated with lower rates of recovery per surface acre. Slow rates
of sedimentary deposition may mean that organic material is less likely to be
preserved. Because most of the area is characterized by great geologic stability
since Paleozoic time, there has been little or no deformation of the sediments. This
stability contributes to the preservation of whatever petroleum has accumulated
in traps. However, it does not contribute to the formation of large, high-relief
anticlines, by far the most common trap type in giant and large fields. The strength
of these generalizations is supported by the exceptions to the typical distribution
of petroleum resources by field size among the provinces of the stable interior. The
petroleum resources of the Permian Basin (excepting the Midland Basin and East-
ern Shelf), the Anadarko-Amarille Province, and the South Oklahoma Folded Belt
Province are highly concentrated in giant and large fields (Table 3.2). These three
provinces either have thick sedimentary sections {(Permian and Anadarko-Amaril-
lo), thick reservoirs (all three), or have undergone substantial deformation (Permi-
an and South Oklahoma). Because their geologic characteristics differ from the
other provinces in the area, their field size distributions differ as well.

In comparison with the majority of the provinces in the stable interior, the
major provinces outside the stable interior are characterized by thick sedimentary
sections, typically exceeding 15,000 feet. Individual formations are thick, indicating
rapid rates of deposition. Substantial deformation has occurred, creating a multi-
tude of structura) traps. Such structural deformation is not always conducive to the
formation of giant fields—witness the concentration of resources in numerous large
fields in the Central Gulf region. In the Western Gulf region, intense faulting
combined with some thinner reservoirs has even created a large number of smail
and very small traps. Generally, however, the combination of structural traps with
moderate to high relief and thick reservoirs is closely associated with fields of
significant size, even when the surface area of the field is only several hundred
acres in size.

SUMMARY
The United States, which had 151.04 billion barrels of recoverable crude oil,
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751.0 trillion cubic feet of natural gas, and 24.14 billion barrels of natural gas liquids
in fields discovered before 1976, is either the leading source of petroleum for the
world or a close second. However, more than 75 percent of the petroleum discov-
ered and made recoverable in the United States has aiready been produced. The
petroleum resources of the United States are highly concentrated in a few major
provinces. Nine of the 66 productive provinces have more than 80 percent of known
total recovery of petroleum in the nation. The petroleum resources of the United
States are highly concentrated in giant and large fields. More than 80 percent of
the total are in the 873 known fields having 50 million barrels’ L&LE or more
known total recovery. Only 6 to 8 percent of the totals for petroleum liquids and
natural gas are in the thousands of very small fields (those with less than 10 million
barrels’ L&LE} that have been discovered. In nearly every province where large
amounts of petroleum have been found, giant and large fields predominate. The
giant and large flelds are largely structurally trapped. Anticlinal traps alone ae-
count for 70 percent of the total number. On the other hand, only 8 percent of the
giant and large fields can be characterized as subtle stratigraphic traps. Differences
in the distribution of petroleumn resources by field size category and trap type are,
moreover, the result of svstematic differences in the geologic characteristics among
the major producing provinces.
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Excursus

The Distribution of Petroleum Resources by Field Size
in the Geologic Provinces of the United States

In Sec. 11, we describe the distribution of U.S. petroleum resources by geo-
graphic region, our principal unit of organization for the data discussed and
analyzed in this report. The distribution by geologic province is alse considered, but
only as a secondary theme. In this Excursus to Sec. II1, we focus on the distribution
of petroleum resources by field size in the productive geologic provinces of the
Chnited States, examining our two basic geologic units of analysis in one systematie,
unified treatment. Using the significant oil and gas fields data base (App. A) and
other supplementary sources of information, we summarize the number of fields
and amounts of petroleum by field size category in each productive province and
provide some basic supplemental information about each province: its AAPG-CSD
province code number(s}, the region(s) in which it is located, its province type, the
geologic age(s) of the reservoir rocks in each, and the years in which the first and
latest (before 1976) significant discoveries were made in each province. (See Table
3.4, p. 82.) Using this summary data, we discuss key similarities and differences
among the major petroleum provinces by type.

With a few minor exceptions, the provinces listed in Table 3.4 are the same as
those described in Sec. II and listed in Table 2.3. For Table 3.4, we combined the
Anadarke Basin and Amarillo Arch into the Anadarko-Amarillo Province and the
East Texas and Arkla provinces into the East Texas-Arkla Province because in each
case one or more major fields cross the province boundaries as defined by the
AAPG-C8D. We also combined the Arctic Slope and Arctic Foothills provinces into
one because of a lack of clear geologic separation between the two. We separated
the Gulf Coast Province into the Texas Gulf Coast and Mississippi Delta provinces
because each exemplifies a different province type. Two provinces with significant
fields—the Appalachian Basin and the Cincinnati Arch—were excluded from Table
3.4 because we lacked comprehensive field data for them. Five other productive
provinces—Gulf of Alaska, Western Columbia, Northern Coast Range, Santa Cruz.,
and Iowa Shelf-—were excluded from our list because none had as much as 5 million
barrels” L&LE known recaverable resources in fields discovered before 1976. With
these combinations, divisions, and exclusions, Table 3.4 lists 55 productive prov-
inces.

Our analysis of the productive provinces includes a grouping and analvsis of
these provinces by type. Such groupings facilitate comparisons of provinces with
similar geologic characteristics and of groups of provinces with different geologic
characteristics. Several province classification systems have been proposed. We use
the one proposed and developed by Klemme,! because it is the best developed and
most widely used of any of the classification systems proposed to date.

' This classification system has been developed in a number of articles over the past decade. For the
most recent description of the system, see H. D. Klemme, "“Petroleum Basins: Classifications and Char-
acteristics,” Journal of Petroleum Geology, Vol. 3, No. 2, 1980, pp. 187-207.
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Klemme's classification system employs two basic categories and eight province
types. The three intracontinental types {interior, composite/complex, and rift prov-
inces) are those found within cratonic plates. The five extracontinental types (down-
warp, pull-apart, subduction, median, and delta) are those found on the boundaries
of eratonic plates. We will refer to interior provinces as craton center provinces and
composite/complex provinces as craton margin provinces, because we believe these
two substitute terms provide a more descriptive name for each of the two types.?
Six of Klemme's types are represented in the productive petroleum provinces of the
United States: craton center, craton margin, rift, downwarp, subduction, and delta.
The two rift provinces are very minor. There is at least one major province exempli-
fying each of the other five types. The other two types (pull-apart and median}
characterize several geologic provinces of the United States, none of which were
productive before 1976. Because 32 of the 55 provinces listed in Table 3.4 are
classified as craton margin provinces, we have divided them into three groups:

1. Those in the interior of the United States between the Rocky Mountains
and Appalachians where the maximum depth of the sedimentary rocks is
less than 15,000 feet {interior shallow).

2. Those in the interior of the United States where the maximum depth
exceeds 15,000 feet (interior deep).

3. Those in the northern and western Rocky Mountains.

Our assignment of types to specific provinces follows those of Klemme.

We describe the distribution of petroleum resources by field size in Table 3.4
using a geometric field size classification system based on the one provided in Table
2.2. The size boundaries for Class B (25-50 million barrels’ L&LE), Class A (50-100},
and Class AA fields (100-200) remain the same as they were in Table 2.2. The
boundaries of the size categories greater than this range are double those of the
next smaller category {e.g., 200-400, 400-800, etc.). The boundaries of the size catego-
ries less than this range are half those of the next larger category {e.g., 25-12.5,
12.56.25). We did not separate fields less than 6.25 million barrels” L&LE into
different categories because we did not estimate sizes for flelds having less than
that ameunt. Table 3.4 provides both the number of fields in each size category
beginning with 6.25 million barrels’ L&LE (the upper number} and the amount of
known recoverable petroleum in millions of barrels’ L&LE in each size category
{the lower number}. The total number of fields with at least 6.25 miliion barreis’
L&LE and the amount of known recoverable petroleum in each province is indi-
cated as well. The percentage of the petroleum resocurces of each province in fields
containing at least 400 million barrels’ L&LE (giant fields), between 50 and 4G0
million barrels’ L&LE (large fields), at least 50 million barrels’ L&LE (giant and
large fields), and less than 6.25 million barrels’ L&LE (very small fields) is also
provided. These definitions differ slightly from those for giant, large, and very small
fields used elsewhere in the report. Because many of the fields between 400 and 500
million barrels’ L&LE are likely to become Class AAAA (giant) fields and many of

2 The terms craton center and c¢rafon margin are from the modification of an early version of the
Klemme classification system by R. G. MeCrossan and J. W. Porter, "The Geology and Petroleum
Potential of the Canadian Sedimentary Basins: A Synthesis,” in Canadian Society of Petroleum Geolo-
gistsi.sf; ur;ore Petroleum Provinees of Canada: Their Geology and Potentiaf, Memoir One, Calgary, 1973,
pp. 589-720,
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the fields between 6.25 and 10.0 million barrels’ L&LE are likely to become Class
C fields, we do not consider these differences to affect our analysis seriously.

A geometric {or logarithmic with a base 2) field size scale readily lends itself to
an analysis of possible distributions of the number of fields by fleld size. It is
commonly asserted that the underlying distribution in nature of fields by size forms
a regular pattern. Several such patterns are possible, the leading candidates being
those (1) where the number of fields increases steadily, generally at a constant
percentage rate, as field size decreases; and (2) where the number of fields first
increases, then decreases as field size decreases, forming various unimodal distribu-
tions. The differences between the observed distribution of numbers of fields by size
and a postulated distribution have been used to estimate the number and size of
fields that remain to be discovered. Because we did not make estimates of the
numbers of fields by size below 6.25 million barrels’ L&LE, Table 3.4 does not
provide all of the data necessary to evaluate the possible relevance of various
theoretic distributions for prediction. However, it is sufficient to justify a number
of pertinent preliminary observations about this problem.

in the following pages, we describe each group of provinces by type, using
Klemme’s basic descriptions. We indicate the geographic location of each type
within the United States and its overall importance to national peiroleum re-
sources. The field size distribution characteristic of each type is emphasized in the
discussion, particularly the proportion in giant, giant and large, and very small
flelds. In our analysis, we concentrate on the 37 provinces of significant size (those
with 0.5 billion barrels or more of L&LE). We conclude the Excursus with a brief
overview of key similarities and differences among the provinces by type.

PETROLEUM PROVINCES BY TYPE

Craton center (interior) provinces are simple, areally large, roughly circular
basins with a symmetrical profile. They are generally areas of Paleozoic platform
deposition located in the central portion of cratons near or upon Precambrian shield
areas. They are found in the north-central United States, the southern edge of the
North American Precambrian shield. They tend to be relatively shallow, the max-
imum thickness in any of these provinces barely exceeding 12,500 feet. Despite
their large area, they do not provide a substantial proportion of U.S. petroleum
resources. The five producing craton center provinces contain only 2.5 percent of
the known recoverable petroleum resources of the United States. Three of these
provinces (fllinois, Michigan, and Williston) are significant, exceeding 500 million
barrels’ L&LE total recovery, Only one {the Illinois Basin} is a major province,
exceeding 2.5 billion barrels’ total recovery.

Unlike those of the country as a whole, the petroleum rescurces of the craton
center provinces are not highly concentrated in giant and large fields. Only 17.4
percent of the known recoverable resources of these five provinces is in giant flelds
(>400 million barrels’ L&LE), and only 50.9 percent is in giant and large fields.
Nearly one-fourth {23.0 percent) is in very small fields (less than 6.25 miilion bar-
rels). The proportions in giant and large fields and in very small fields vary greatly
among the three major craton center provinces. Where one or more regional arches
exist within the province (e.g., the La Salle, Clay City, and Louden-Salem anticlines
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in the Tllinois Basin and the Cedar Creek and Nesson anticlines in the Williston
Basin), 50 to 60 percent of the petroleum resources of the province is in giant and
large fields and about 15 percent is in very small fields. Where there are no regional
arches (e.g., the Michigan Basin), less than 25 percent of the petroleum resources
is in giant and large fields and nearly 50 percent is in very smali fields.

Craton margin {(composite/complex) provinces are generally areally large, lin-
ear to elliptical basins with an asymmetric profile. Most are areas that were initially
sites of Paleozoic platform deposition and in late Paleozoic or Mesozoic time subse-
quently underwent a second cycle of sedimentation derived from an uplift on the
exterior margin of the craton. The 32 craton margin provinces are the dominant
source of U.S. petroleum resources. Together, they contain 117.3 billion barrels,
39.0 percent of the known recoverable petroleum resources of the United States.
(The Appalachian Basin and the Cincinnati Arch, the two substantial producing
provinces not included in Table 3.4, add another 10.6 billion barrels to this total.)
Geographically, they occupy most of the country north of the Gulf Coast from the
Appalachian Mountains to the Great Basin, excluding the north-central region
occupied by the five craton center provinces. As indicated earlier, we have divided
the craton margin provinces into three groups: the interior shallow, the interior
deep, and the northern and western Rocky Mountain provinces.

Half of the craton margin provinces are interior shallow provinces. Ten of these
are significant (Chautauqua, Bend Arch, Central Kansas, Powder River, Palo Duro,
Denver, Fort Worth Syncline, Sedgwick, Nemaha, and Cherokee), but only the first
four are major provinces. Thus, despite the large area that they cover, the interior
shallow provinces provide only 9.0 percent of U.S. petroleum resources. Only three
of the interior shallow provinees have giant fields, and in these three the proportion
of the total petroleum resource in giant fields is only about 30 percent. Overall, only
15.1 percent of the petroleum resources of the interior shallow provinces is in giant
fields, and only about 50 percent (after adjustments for underestimates) is in giant
and large fields. Nearly one-fourth (23.0 percent) is in very small fields. Within the
significant interior shallow provinces, there is a considerable variability in the
distribution of known recoverable resources by field size categories, the result
primarily of differences in the degree of structural deformation among these prov-
inces and secondarily of differences in the amount of petroleum in each province.
The proportion in giant and large fields varies from 20 to 65 percent, and the
proportion in very small fields varies from 10 to 60 percent of the total petroleum
resources of the province.

There are only four interior deep craton margin provinces (Permian, Anadarko-
Amarillo, South Oklahoma, and Arkoma). Yet all are significant, and all but the
Arkoma Province are major provinces. Together, these four provinces contain 77.6
billion barrels’ L&LE, more than a quarter of known U.S. petroleum resources.
{The Appalachian Province would also be classified as an interior deep craton
margin province, adding another 10.1 billion barrels to this amount.} Most of the
petroleum resources of these four provinces are in giant fields (60.8 percent of the
total). Giant and large fields account for 82.8 percent of the total, while very small
fields provide only 4.2 percent. Except for the Arkoma Province, which has no giant
fields, the distribution of petroleum resources by field size in each of these four
provinces is similar to the average for the subtype. About 55 to 70 percent is in giant
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Table 3.4

THE DISTRIBUTION OF PETROLEUM RESOURCES BY FiELD SizE CATEGORY
IN THE GEOLOGIC PrROVINCES OF THE UNITED STATES

e D e R i i )
! First
Ceclapic Sigai
Ape of cane ie-
_ Tieaorvairs COVETY
- ? Sokdnction Cengeole
t
| !
| :
| :
i
Alages ! St wIwaTy : THRHE urd U iﬁg.? L
| | :
i : .
i :
. [ . . ; TGaT Yy I4
(SN I Aubducciaon Cenpzonic 1437 ¥ 1 o
veodarrum ! il Caliiornia | duccion Cenczoin 1952 1972 AL AT [
i . ;
. .
| i
| !
| i i
ER H ! California | Subduction Cenczeic C ag. 1] 99,1 HO]
i i !
i i i
i i
P N ) . ! . .
LI 7al i arnia g Subducsion Cenoaaiy 1957 i LT Y [
! {
i i
| | : !
TooHanr Joagulin LY ' faliforuia i Subductios Cenozoi LEg7 ; 137:° TULE L T ..
! : E
{ | i
i ! i
7R 7 Subduction lenczoic 1993 | 1545 i
; .__ '
g i -r : i = ‘ A= o5 g 2
o VItLra Cajlinrnia | Subduction 1887 [ 43,6 | 37.5 i a1.1 1.7
. H
) i
i
Lo Lus oangnies ! Califarsia Subduction Lenozolc 1830 J96% G981 27719705 [
i
.- T B , . . . , P
11, Chad larteidee L Orzvor Margin Taieczoic ] 146 ] 0 | {1
: H i
f
| { |
- ! - : . - .
170 williston : 95 Rocky Cracos: Cencer | Palenzeic, 0 1912 J BN i
! Mountaia Mpsoeoic i
H H
I '-
I i . _ . . e . , - S
| 4530 {raton Marpin | Faleozoin 1us52 79%9 G i 8 [
I
I {oobinent
i . - . - M .
I =] Rocky (razon Marein | Mesozpic, 1518 19575 0 PR R S
! Mountain leozole
!
L i
: Craian Margin Taleoaoic, 1925 1958 [ G 0 i
i Mesoroic
; 5% Rocky fraton Mar Megsornic, 1 LHAY 1975 9.7 £2.5 R
i Mountalo Paleazcie
| ! I i
I 1 | . o
7 : His ey Oraton Margin | Yaaneroroic 0 1383 1#hE gy . 3.0
i Muountaln : I
: H |
' i !
' 1 H
: 0




83

Table 3.4—continued
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Table 3.4—continued
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Table 3. 4—continued
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Table 3.4—continued
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Table 3.4—continued
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Table 3.4—continued
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Table 3.4—continued
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NOTES TO TABLE 34

fUnited States portion oniy.
Py 348 Bef (58 x 10° bbl, L&LE} for 2007 total.

“Ex 2910 Bef and 300 x 108 bbl, WGL (785 x 106 bbl, L&LE) for 43,683
total.

dEx 600 Bcf and 80 x 10°F bbl, XCL (180 x 10° bbl, L&LE) for 3149 rotal.
®Ex 210 Bef (35 x 10¢ bbl, LE&LE)} for 1878 total.

fEx 150 % 10% bbl, crude oil, 6300 Bcf, and 300 x 10F bvbl, BGL (13500 x 10%
bbl, LALE) for totals of approximately 5700 and 10,985, respectively.

®Ex 1980 Bef and 360 % 10% bbl, NGL (890 x 10° bbl, L&LE) for 39,807
total.

By 400 x 108 bbl, X¥GL for 53,204 total.
“Ex 630 Bef and 280 x 10° bbl, NGL (385 x 10% bbl, L&LE) for 23,578 roral.

_jEx 150 % 12° bbl, crude oil, 12,378 Bef, and 1920 x 10% bbl, NCL (4233 x
107 bbl, L&LE) for 289,761 total plus approximatelw 10,100 in the Appa-
lachian Basin and 490 on the Cincinnati Arch for 300,351 total.

kEx 110 x 10% bbl, ecrude oil, 5220 Bef, and 300 x 10% hbl, NGL
1280 % 10% bbl, L&LE) for 26,898 total.

PlFx 0 x 10% bbl, crude oil, 4800 Bef, and 380 x 10% bBbl, NGL (1220 x
10°% bbl, LELE) for 77,365 total.

"Ex 348 Bef (38 x 10° bbl, L&LE) for 12,823 total.

JEx 2610 Bef and 840 x 10° bbl, NGL (1275 = 10% bbl, L&L3) for 82,100
total.

“gx 400 x 10% bbl, XCL for 50,204 total.
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fields, 70 to 85 percent in giant and large fields, and 3 to 5 percent in very small
fields.

The other twelve craton margin provinces are in the northern and western
Rocky Mountain region. Eight of these are significant (San Juan, Big Horn, Greater
Green River, Piceance, Wind River, Paradox, Sweetgrass Arch, and Uinta), but only
the first two have attained major province status. The subtype is not very important
nationally, accounting for only 12.8 billion barrels’ L&LE (4.3 percent of the na-
tional total). Because maost of these provinces are not major provinces, there are
only seven giant fields in all twelve, but these seven account for 47.6 percent of the
petroleum resources of the subtype. Giant and large fields account for 82.1 percent
of the total, while very small fields contain only 3.1 percent. The proportion in giant
and large fields and in very small fields in each significant province of the subtype
is tightly clustered around the subtype averages. The former ranges from 70 to 90
percent of the total, while the latter is only about 2 to 4 percent. In the four western
Rocky Mountain provinces {San Juan, Piceance, Paradox, and Uinta}, the distribu-
tion is extremely close, each having 87 to 90 percent in Jarge and giant fields, and
all but the Uinta Province having 74 to 78 percent in giant fields.

Rift provinces are small, linear basins with an irregular profile. They are
primarily Upper Paleozoic, Mesozoic, and Tertiary in age and are located on or near
cratonic areas. Worldwide, they are important sources of petroleum. In the United
States, their contribution is negligible as they provide only 0.01 percent of the total.
There are two productive rift basins in the United States, both of which are located
between the Rocky Mountains and the Sierra Nevada. Because each is so small, we
omit discussion of the distribution of their petroleum resources by field size catego-
ries.

Downwarp provinces in the United States are areally large, linear basins open-
ing up into small ocean basins. They are asymmetric seaward, having received their
sediments from the landward side. The sedimentary rocks in downwarp provinces
are of Mesozoic and Cenozoic age. In each of the four major downwarp provinces,
the maximum thickness of the sedimentary section exceeds 15,000 feet. There are
six downwarp provinces in the United States, either opening into the Gulf of Mexico
or the Arctic Ocean. Four are major provinces (Texas Gulf Coast, East Texas-Arkla,
Arctic Slope and Foothills, and Mid-Gulf Coast). Altogether, the six account for 82.1
billion barrels of known U.S. petroleum resources, 27.3 percent of the national total.

The distribution of petroleum resources by field size categories in the down-
warp provinces is very similar to the distribution nationwide. Slightly more than
50 percent is in giant fields (compared with slightly more than 49 percent nation-
wide), and slightly more than 79 percent is in giant and large fields (compared with
slightly more than 82 percent nationwide). Only 5.7 percent of the known petroleum
resources in downwarp provinces is in very small fields. Among the downwarp
provinces, the proportion in giant fields varies greatly. Excluding the lightly ex-
plored Arctic Slope and Foothills, the range in giant and large fields is about €5 to
85 percent, and the proportion in very small fields is about 5 to 10 percent, 2 much
tighter spread.

Subduction provinces are small, linear basins with an irregular profile. Their
sedimentary rocks are generally Tertiary in age and can reach substantia} depths.
They are located along subducting, that is, convergent plate margins. In the United
States, they are found along the Pacific Coast. There are nine productive subduc-
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tion provinces in the United States, seven of which are significant (San Joaquin, Los
Angeles, Ventura, Cook Inlet, Sacramento, Santa Maria, and Salinas). The first
three of these also qualify as major provinces. Together, these nine provinces
account for 32.7 billion barrels' L&LE, 10.9 percent of the national total.

The petroleum resources of subduction provinces are highly concentrated in
giant and large fields. The 17 giant fields in these provinces contain 62.0 percent of
their total petroleum resources. Giant and large fields contain 92.6 percent of the
total, while very small fields account for only 1.0 percent of the total. Except for the
Sacramento Province, this concentration of petroleum resources in a few giant and
large fields is typical of the significant subduction provinces. Generally, more than
90 percent of the total is in giant and large fields and less than 1 percent is in very
small fields. In the two largest provinces (San Joaquin and Los Angeles}, about 70
percent of the petroleum resources is in giant fields.

Delta provinces are generally areally small to medium size, circular-shaped
depocenters with a very thick sedimentary wedge prograding seaward. They are
predominantly Upper Tertiary in age. Their sedimentary fill is derived from major
continental drainage areas. The only productive one in the United States, the
Mississippi Delta, has developed over an earlier downwarp basin. Although there
is only one producing delta province in the United States, it is the largest province
in the country, by itself accounting for 50.2 billion barrels’ L&LE, 16.7 percent of
the national total.

The Mississippi Delta has a unique field size distribution when compared with
the other largest productive provinces of the United States. Despite its size, only
about 24 percent of its known resources is in giant fields. In only two of the other
nine provinces with more than 5 billion barrels’ L&LE is this proportion less than
50 percent. However, about 60 percent of its total resources is in large fields,
compared with no more than 35 percent in any of the other nine provinces. Only
1.6 percent of the total is in very small fields.

NATIONAL OVERVIEW

The Klemme system of classifying petroleum provinces by type, based on such
geologic characteristics as basin architecture and evolution, also provides a useful
means of predicting the distribution of petroleum resources by gross field size
groups. Each type (taking our three craton margin subtypes as distinct types} tends
to have its own particular distribution of petroleum resources in giant, giant and
large, and very small fields. Generally, the differences among types are greater
than the differences among provinces within a single type, particularly when we
control for differences in provinee size. Subduction and delta provinces are particu-
larly distinct. The interior deep, northern and western Rocky Mountain, and down-
warp provinces form a group with basically similar average distributions by type,
but with still noticeable differences, particularly when adjusted for province size.
The craton center and interior shallow provinces are the only two types between
which there are no discernible differences in field size distributions.

These differences in gross field size distributions are the result of basic geologic
differences among the province types. As we pointed out earlier in Sec. III, very
small fields are only proportionally important in provinces that are relatively shal-



93

low, have thin individual formations, and little structural deformation. These char-
acteristics also serve to describe the eraton center and interior shallow provinces
of the interior United States. Where the sedimentary section is thick, individual
formations are thick, and there ig substantial structural deformation, most of the
petroleum resources are highly concentrated in giant and large fields. These char-
acteristics are typical of the other province types. Generally speaking, the greater
the degree of these characteristics in a province, the greater will be the proportion
in giant and large fields, and the less will be the proportion in very small fields.

The distribution of the number of fields by field size categories is closely related
to the distribution of the amount of petroleum by broad field size categories in each
province type and individual province. No one distribution of the number of fields
is characteristic of all of the significant provinces and province types. In Table 3.4,
four different distributions are apparent in the geometric field size scale that we
use. Craton center and interior shallow craton margin provinces are characterized
by 2 monotonically increasing number of fields as field size decreases, the number
of fields increasing at a rate of 40 to 70 percent from one category to the next
smaller one from Class A fields downward. Interior deep craton margin and down-
warp provinces are characterized by a monotonically increasing number of fields
as field size decreases, the number of fields increasing at a rate of 20 to 40 percent
from one category to the next smaller one. Northern and western Rocky Mountain
craton margin provinces are characterized by an irregular but basically unimodal
distribution peaking about 6.25 million barrels. Subduction and delta provinces are
characterized by a distribution that essentially levels out about the Class A or B
level after a rapid proportional increase from the largest field sizes.

These four different distributions in the number of fields closely coincides with
differences in the proportion of petroleum resources in giant, large, and very small
fields among the province types. When the proportion in very small fields is itself
very small, we would not expect that the number of fields would increase steadily
as field size decreases. However, if this proportion is relatively significant, the
number of fields has to be increasing steadily as field size decreases. The differences
among distributions are predominantly geologic differences, not differences in the
intensity of exploration or the result of economic truncations. Nearly all of the
provinces listed in Table 3.4 have been explored extensively for decades. The main
inflection points in the distribution of the number of fields in subduction and delta
provinces occur at a field size level well above any historic minimum economic field
size for exploration and development.

The differences in distributions by type and the many irregularities in the
distributions of individual provinces would lead us to recommend caution in the use
of postulated distributions to predict the number and size of future discoveries.
First, the postulated distribution used should be appropriate to the type of province
being examined. Second, geologic factors that may make a specific province a
typical or an atypical representative of its province type need to be considered.
Third, irregularities in an observed distribution are not necessarily indicators of
fields remaining to be discovered. They may instead be indicators of the peculiar
geologic characteristics of the provinee, such as multiple productive plays, concen-
trations on regional uplifts, and the like.

Province type is a strong predictor of both the distribution of petroleum re-
sources and of the number of fields by field size category. It is a much weaker
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predictor of the timing of discovery. The size of the province (in terms of the
amount of petroleum) is a stronger predictor of the timing of the first and latest
significant discoveries. Excluding the North Slope, at least one significant field had
been discovered by 1920 in each of the largest provinces of the country (i.e,, the nine
listed in Table 3.4 with more than 7.5 billion barrels’ L&LE). In each of the nine
provinces between 2.5 and 7.5 billion barrels' L&LE, a significant field had been
discovered by 1930. In six of the other 19 significant provinces, the first significant
field was not found until after 1920. In other words, the largest petroleum provinces
in the United States were recognized as petroliferous early in the history of domes-
tic petroleum exploration. By 1905, there had been at least one significant discovery
in one province characteristic of each of our seven types or subtypes.

Discoveries also stretch across a longer period of time in the largest provinces.
Since 1970, at least one significant field has been discovered in every one of the nine
largest provinces except the Chautauqua Province. In only three of the nine be-
tween 2.5 and 7.5 billion barrels’ L&LE and in only five of the other 19 significant
provinces has there been a significant discovery since 1970. Province type appears
to have some value as a predictor of the cessation of discovery. No significant
discovery has occurred in 10 of the 37 provinces since 1960. Five of these were
interior shallow provinces that could have been extensively explored with earlier
drilling technology. Four of the other five were western Rocky Mountain or subduc-
tion provinces in which nearly all of the known petroleum resources are concentrat-
ed in less than ten fields.



IV. THE DISTRIBUTION OF SIGNIFICANT OIL AND GAS
DISCOVERIES IN THE UNITED STATES
BY SIZE OVER TIME

The preceding section addressed the questions how much petroleum has been
discovered where and in which circumstances in the United States. By itself, this
information is only a necessary preliminary to the problem of resource assessment.
What is lacking is an understanding of how our knowledge of known domestic
petroleum resources has developed over time. A region may have substantial
amounts of petroleum, but if the fields containing them were discovered decades
ago, it may have only minimal potential for future discoveries. On the other hand,
the known resources in another region may be small, but exploration in the region
could be just beginning and there may be substantial areas with great promise
remaining to be explored. A description and an analysis of the patterns of discovery
for significant fields and for amounts of petroleum provide an essential bridge
between knowing what has been discovered and estimating what remains to be
discovered.

The purpose of this section is to deseribe statistically the history of U.S. pe-
troleum exploration by region and for the nation as a whole. Using the data on year
of discovery and field size from the significant oil and gas fields data base {App. A)
and data from other supplementary sources of information, we summarize the
patterns of discovery of significant fields by size and the amounts of crude oil and
natural gas discovered over ten-year periods up to 1975 for our 12 regions. In
particular, we single out the peak of discoveries, changes in the composition of
discoveries, and the influence, if any, of developments in exploratory technology
and geological concepts on the pattern of discoveries. Although our focus is on the
results of exploration, we also show the relationships between the number of discov-
eries and the amounts discovered on one hand, and the number of exploratory wells
drilled between 1936 and 1975 on the other hand.

We have simplified the data shown in the figures of this section in three key
ways to permit a visually clearer presentation. All of the discoveries of Class A and
larger fields are aggregated into a single category to avoid nearly invisible dis-
tinctions in many instances. All discoveries are combined intc a single type,
whether they are predominantly oil fields, predominantly natural gas fields, or in
between. All of the information given on the number of discoveries, the amounts
discovered, and the number of wells drilled are aggregated into ten-year periods.
The tables in Apps. C, D, and E provide data with finer aggregations. Appendix C
lists the number of discoveries of significant oil and natural gas fields by region over
five-year periods broken down by field size category and by the predominant type
of hydrocarbon in each field. We include four tables of discovery data for each
region and for the nation: one for all significant fields, one for predominantly oil
fields, one for predominantly natural gas fields, and one for composite oil and gas
fields in which neither petroleum liquids nor natural gas predominates, that 1s,
neither provides more than two-thirds of the total L&LE recoverable resource of
the field. In App. D we list the amounts of crude oil and natural gas discovered in
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Fig. 4.1—-Number of significant oil and gas discoveries by field size category
over ten-year periods in Alaska

the United States by region over five-year periods. Appendix E gives the number
of exploratory wells drilled and the amount of exploratory footage drilled by vear
and by region between 1936 and 1975, We use the data from these three appendixes
in the text to identify finer points that are only partially illustrated in the figures.
The introductions to Apps. C., D, and E describe the sources of our data.

Two points of clarification are in order. (1) Wherever possible, we backdated the
data on the amounts of crude oil and natural gas discovered to the year of discovery
of the field containing them, not the year in which a field was first recognized to
be of a certain size and not the year in which major pools in the field were subse-
quently discovered. The amounts discovered by time-period thus indicate what was
known in 1979 about the sizes of past discoveries. (2} The drilling data are for all
exploratory wells drilled, including new field wildcats, new pool wildeats, and exten-
sions. A series incorporating new field wildcats alone would be more appropriate
for comparison with the number of significant discoveries. However, because such
data are not available for any substantial period of time, we used the total number
of exploratory wells drilled as a2 second-best solution.
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ALASKA

Because of the harsh environmental challenges that had to be overcome, con-
certed petroleum exploration in Alaska is a recent phenomenon. The first signifi-
cani discovery, Swanson River, did not occur until 1957 {excluding the discoveries
in the National Petroleum Reserve in the late 1940s}). This discovery initiated a
relatively active drilling play lasting for a decade in the Cook Inlet Province during
which at least 10 other significant flelds were discovered. In 1968, Prudhoe Bay was
discovered in the Arctic Slope Province, setting off a modest burst of exploratory
drilling there and in the Arctic Foothills that resulted in three more significant
discoveries between 1969 and 1972. Alaska is thus one of the few regions of the
country in which discoveries were at or near their all-time peaks in the decade from
1966 to 1975. (See Fig. 4.1 and Tables C.1, C.1a, and C.1b.)

Petroleum exploration in Alaska does, however, exhibit a few of the indicators
characteristic of more mature regions. Exploration in the upper Cock Inlet Prov-
ince located the largest fields first, and the size of discoveries declined as explora-
tion progressed. Because so much acreage in the Arctic Slope Province onshore and
offshore has yet to be opened to exploratory drilling and because the number of
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Fig. 4.3—Number of significant oil and gas discoveries by field size category
over ten-year periods in California

discoveries to date is so small, no meaningful exploration trends have appeared in
that area.

Because the Prudhoe Bay field dominates the known petroleum resources of
Alaska, there is no normal relationship between the number of significant discover-
ies or even the number of giant and large discoveries and the amount discovered.
(See Fig. 4.2.) Most of the oil and gas discovered to date was found with the
discovery of Prudhoe Bay, the largest oil field in the United States. Exploratory
drilling peaked in the late 1960s. However, most of the drilling followed, rather
than preceded, the discovery of Prudhoe Bay. Despite the major amounts discov-
ered, exploratory drilling effort in Alaska was by far lower than in any other region
of the nation in the decades from 1956 to 1975.

CALIFORNIA

Petroleum exploration in California spans most of the history of the petroleum
industry. The first significant discoveries occurred in all three major provinces in
the 1880s, beginning with Brea-Olinda-Sansinena (1880) in the Los Angeles Basin,
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Sespe (18871 in the Ventura Basin, and McKittrick: Main (1887) in the San Joaquin
Basin. The earliest discoveries, based primarily on drilling near surface seeps of oil,
nonetheless managed to locate 4 of the 15 known giant fields in the state. Shortly
after 1900, surface geologic investigations began, culminating in a flurry of major
discoveries around 1920, particularly in the Los Angeles Basin. During the decade
from 1916 to 1925, six giant oil fields and eight other large oil fields were discovered,
the largest number of giant and large fields discovered in California in any ten-year
period.

By 1930, most of the major fields had already been discovered in the Los
Angeles Basin, and the focus of exploration shifted to deeper or more elusive
structures in the San Joaquin Basin. Seismic methods and electric well-logging
were first used in California in the early 1930s. Their application in the San Joaquin
and Sacramento provinces created the peak in significant discoveries in the decade
around 1940, a list, however, comprised primarily of Class B and C fields. In the next
decade, the number of discoveries declined by nearly 50 percent. The focus of
exploration shifted to the coastal provinces, resulting in a few giant and large
discoveries in the Salinas and Cuyama basins and in numerous smaller discoveries
in the Ventura Basin. The number of significant discoveries increased in the decade
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around 1960, buoyed up by a peak in the number of natural gas discoveries in the
Sacramento Basin, the beginning of offshore exploration in the Ventura Basin, and
a minor resurgence of exploration in the Los Angeles Basin. However, only the
offshore discoveries could be sustained, and the number of significant discoveries
declined again about 1970. {See Fig. 4.3 and Tables C.2, C.2a, C.2b, and C.2¢))

Because of the variety in the techniques that could be employed and because
of the variety of plays, the number of significant discoveries in California shows the
greatest uniformity of any region in the nation over the eight time-perieds we
survey. Underlying this uniformity is an orderly progression in the size of discover-
ies: The number of Class AAAA and A-AAAA discoveries peaked about 1920; the
number of Class A-AAA (large) discoveries peaked about 1930; the total number of
significant discoveries and the number of Class B discoveries peaked about 1940;
and the number of Class C discoveries did not peak until about 1960. The most
recent giant discovery—San Ardo (1948)—was discovered more than 30 years ago.

Because giant fields contain most of the oi] and gas resources of California, the
peaks in the amount discovered correlate closely with the peaks in giant discover-
ies. (See Fig. 4.4.) The initial peak in the amount of ¢il discovered before 1906 is
primarily the result of the discovery of only three giant fields: Midway-Sunset,
Kern River. and Coalinga. The historic peaks in the amount of oil and natural gas
discovered about 1920 coincide with the peak in the number of glant discoveries.
The secondary peak in the amount of natural gas discovered coincides with the
discovery of the Rio Vista field, the only giant gas field in the state. Since these
peaks occurred, the amount discovered, particularly of crude oil, has declined to
relatively low levels despite a greater exploratory effort, the opening up of a sizable
offshore frontier, and the application of substantially improved technology and
geologic knowledge.

The exploratory drilling effort in California has clearly lagged behind the peaks
in the amount of oil and natural gas discovered and in the number of significant
discoveries. The peak period in exploratory drilling activity from the late 1940s to
the early 1960s coincides only with the peak in small (Class C} discoveries. The
decline in exploratory drilling beginning in the late 1960s coincides with an upturn
in significant oil discoveries associated with leasing in the offshore Ventura Basin.

ROCKY MOUNTAINS

The first significant discovery in the Rocky Mountain region—the Florence-
Carnon City field (1862)—occurred only three years after the first oil discovery in
the United States. However, because of the distance of the Rocky Mountain prov-
inces from major markets and from the centers of petroleum development in the
United States, a sizable exploration effort did not begin until 40 years later. The
peaks in exploration did not occur until 90 to 100 years after the discovery of
Florence-Canon City, the first significant fleld discovered in the United States out-
side of the Appalachian region. (See Fig. 4.5 and Tables C.3, C.3a, C.3b, and C.3c.}

Intensive mapping of surface structures in the Rocky Mountain region began
about 1910 and resulted in the discovery of the major anticlines in the Big Horn,
Powder River, and Wind River basins of Wyoming. By 1930, the use of surface
geology and exploratory drilling had spread throughout the Rocky Mountain re-
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Fig. 4.5—Number of significant oil and gas discoveries by field size category
over ten-year periods in the Rocky Mountain region

gion, resulting in the initial discoveries in Montana and the western Colorado
provinces. By this vear, 4 of the 5 Class AAAA fields, 6 of the 12 Class AAA fields,
and 9 of the 22 Class AA fields discovered before 1976 in the Rocky Mountain region
had already been discovered.

After a pronounced lull in exploration during the Great Depression, the number
of significant discoveries began to rise again in the early 1940s with the use of
seismic surveys in the several Wyoming provinces. The total number of discoveries
peaked in the decade around 1950 as exploration spread throughout the region,
particularly into the Denver and Williston basins. Although the total number of
significant discoveries did not decline appreciably into the decade around 1960, the
size composition changed sharply. The number of Class A or larger discoveries
dropped from 15 to 5; the number of Class C discoveries peaked, increasing from
29 10 36. This presaged a 50-percent decline in the total number of discoveries in
the decade around 1970. Only exploration for stratigraphic traps in the Denver and
Powder River basins and a few isolated discoveries in the several provinces of Utah
managed to keep the number from declining even more sharply. The end of the
period surveyed here marked the beginning of two significant Rocky Mountain
exploration plays: the initial discoveries in the Overthrust Belt and exploration for
deeper fields in the Williston Basin.
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in the Rocky Mountain region

The distribution of crude oil resources by field size category in the Rocky
Mountain region is the most even of any region in the country. The distribution
over time of the amount discovered is also the most even of any region. (See Fig.
4.6.) The early peaks in the amount of oil discovered coincide with discoveries of
the only giant oil fields in the region—=Salt Creek, Rangely, and Elk Basin—and
most of the large oil fields in Colorado, Montana, and Wyeming. After the Depres-
sion low, the subsequent peaks about 1950 and 1960 correlate closely with the peak
in the total number of significant discoveries. The subsequent decline in the amount
of crude oil discovered closely follows the decline in the total number of significant
discoveries. Because the San Juan Basin contains more than half of the natural gas
discovered to date in the Rocky Mountain region, the peaks in the amount of
natural gas discovered coincide with the discoveries of the giant Blanco: Mesa
Verde (1927) and Basin: Dakota {1947) fields in that province.

Exploratory drilling in the Rocky Mountain region has lagged behind the num-
ber of significant discoveries and the amount discovered. As the number of signifi-
cant discoveries and the amount discovered rose sharply during the 1940s, explora-
tory drilling increased as well. But while the amount of natural gas discovered
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peaked in the late 1940s and the amount of crude oil discovered and the number
of significant discoveries peaked in the early 1950s, exploratory drilling in the
Rocky Mountain region did not peak until the late 1950s. Since then, drilling effort
has undergone only a small decline, while the number of significant discoveries and
the amounts of crude oil and natural gas discovered have declined sharply. The
principal reason for this discrepancy is that since 1955 the bulk of exploratory
drilling in the Rocky Mountain region has been directed toward finding small
stratigraphic traps in the Denver and Powder River basins, an endeavor that is not
conducive to finding significant discoveries or appreciable amounts of crude oil and
natural gas.

PERMIAN BASIN

As a region, the Permian Basin is a relative latecomer to petroleum exploration
in the United States. The first significant discovery in the region— Westbrook in
Texas R.R.C. District 8—did not occur until 1920. Although there were a few
scattered discoveries throughout the region during the early 1920s, exploration
began in earnest with a series of giant discoveries in reservoirs of Permian age on
the Central Basin Platform during the decade from 1926 to 1935. During this
period, 11 of the 18 giant oil and gas fields found to date in the Permian Basin were
discovered. As extensive exploration spread throughout the region, the number of
significant discoveries increased. The decade around 1940 was marked by the dis-
covery of most of the larger fields on the North Basin Platform and the beginning
of deeper Devonian and Ordovician discoveries on the Central Basin Platform. At
the peak of significant discoveries about 1950, the most noticeable single explorato-
ry play was in the reefs of the Horseshoe Atoll. However, during this period
significant discoveries were still being made throughout the Permian Basin. (See
Fig. 4.7 and Tables C.4, C.4a, C.4b, and C.4c.)

Since the early 1950s, the number of significant discoveries in the Permian
Basin has declined sharply. This has been accompanied by a pronounced change in
the compoesition of discoveries by type of hydrocarbon. Since that time, the number
of significant oil discoveries has declined roughly 50 percent every five-year period.
(Beginning with the 1951-1955 period, significant discoveries in the Permian Basin
that were predominantly oil fields numbered 40, 21, 9, 5, and 3, respectively.) In
sharp contrast, significant discoveries that were predominantly gas fields did not
peak until the decade around 1970. The boom in recent natural gas discoveries
consisted primarily of deep Ordovician, Silurian, and Devonian anticlines in the
Delaware and Val Verde basins and, to a lesser degree, of Pennsylvanian strati-
graphic traps on the Northwest Shelf and in Texas R.R.C. District 7C. Even though
the total number of natural gas discoveries remained at peak levels in the early
1970s, the size of discoveries had dropped dramatically since the early 1960s when
deep gas exploration began. Since the deep natural gas play began, 21 significant
discoveries with major reservoirs more than 15,000 feet deep have been made.

The amounts of ol and natural gas discovered in the Permian Basin peaked in
the decade around 1930 with the discovery of most of the giant oil and gas fields
in the region. (See Fig. 4.8.) The amount of oil discovered during the next two
decades declined slowly as a sharp increase in the total number of significant and
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Fig. 4.7—Number of significant oil and gas discoveries by field size category
over ten-year periods in the Permian Basin

large discoveries compensated for the decline in giant discoveries. Once significant
discoveries declined as well, the amount of crude oil discovered dropped sharply.
By the early 1970s, the amount discovered had declined to only 3 percent of the
amount discovered during the late 1940s, the last period of major oil discoveries in
the Permian Basin. The amount of natura! gas discovered remained relatively
stable over four decades as predominantly gas fields followed the discovery of large
amounts of associated-dissolved gas in the major oil discoveries. Once the size of
gas discoveries began to decline, the amount of natural gas discovered began to
decline as well.

Increases in the number of exploratory wells drilled during the decade around
1940 continued through the decade around 1950 and paralleled the increase in the
number of significant discoveries. However, exploratory drilling continued to in-
crease into the late 1950s despite sharp declines in both the number of significant
discoveries and in the amount of oil discovered. The subsequent decline of explora-
tory drilling that began in the 1960s was in belated recognition of the decrease of
major prospects.
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Fig. 4,8—Significant discoveries, the amounts of crude oil and natural gas
discovered, and exploratory drilling over ten-year periods
in the Permian Basin

NORTH CENTRAL TEXAS

Petrolia (1902), the first discovery in North Central Texas, was the result of
exploration spilling over into northern Texas from Oklahoma. As serious explora-
tion began in the late 1910s, a small oil boom developed following the discovery of
most of the largest oil fields in the region. This continued into the 1920s as surface
geology was used to locate several smaller anticlines. Because of depressed oil
prices during the Depression, there were no significant discoveries in the region
during the early 1930s. Significant discoveries resumed in the late 1930s, growing
to a peak in the decade around 1950. Immediately following this peak, significant
discoveries practically disappeared, plunging from 17 in the early 1950s to a lonely
1 in the late 1950s. Since the late 1950s, the number of significant discoveries in
North Central Texas has persisted at negligible levels. (See Fig. 4.9 and Tables C.3,
C.ha, C.5b, and C.5¢c.)

The distribution over time of the amount of crude oil discovered in North
Central Texas is strongly bimodal. (See Fig. 4.10.) The two peaks about 1920 and
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over ten-year periods in North Central Texas

1950 in the amount discovered coincide with the peaks in the number of large
discoveries in the region. The markedly larger number of significant discoveries
about 1950 offsets the effect of the concentration of the largest oil discoveries about
1920. The amount of gas discovered peaked in the decade about 1950 with the
discovery of the Class AAA Boonsuille field in Fort Worth Basin. The sharp declines
in the amounts of crude oil and natural gas discovered since the early 1950s closely
parallel the decline in the number of significant discoveries.

North Central Texas has been the region par excellence of the independent
wildcatter. During the early 1950s, 9704 exploratory wells were drilled, a total that
has been exceeded by only one region over any five-year period (the Mid-Continent
in both the early and late 1950s). But even the most successful wildcatter eventually
has to concede to the harsh reality of sharp declines in discoveries. After an 18-
percent decline from the early to the late 1950s, the number of exploratory wells
drilled in North Central Texas fell 55 percent between the late 1850s and the early
1960s. Although the decline in exploratory drilling lagged slightly behind the de-
cline in the number of significant discoveries and in the amount discovered, North
Central Texas has the distinction of being the only region of the nation in which
the peaks in the number of significant discoveries, the amounts of crude oil and
natural gas discovered, and the number of exploratory wells drilled coincide.
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Fig. 4.10—Significant discoveries, the amounts of crude oil and natural gas
discovered, and exploratory drilling over ten-year periods

in North Central Texas

MID-CONTINENT

The Mid-Continent region is notable in that the number of significant discover-
ies both increased quickly and persisted at high levels for more than 60 years.
Although Jola, the first significant discovery in the region, was found in Kansas in
1873, there were only nine other discoveries by 1900. The beginning of the century
also marked the beginning of major exploration in the region. Most of the discover-
ies in the first 25 years following 1900 occurred in the Chautauqua Province of
north central Oklahoma, nearly all of the rest being in the adjacent South Okla-
homa Province and the provinces of central and eastern Kansas. Only one signifi-
cant discovery was made in the Anadarko-Amarillo Province during this period,
but because that discovery was the super-giant Hugoton-Panhandle field, it was a
significant one indeed. (See Fig. 4.11 and Tables C.6, C.6a, C.6b, and C.6¢.}

After a steady series of increases, the number of significant discoveries reached
their initial peak in the late 1920s, buoyed upward by the discovery of most of the
significant fields on the Seminole Platform covering the southern part of the
Chautaugua Province. During the decade around 1930, the number of giant and
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Fig. 4.11—Number of significant oil and gas discoveries by field size category
over ten-year periods in the Mid-Continent

large discoveries in the Mid-Continent reached its historic peak. The total num-
ber of significant discoveries declined only modestly during the next decades. How-
ever, as the possibilities in the provinces of central and eastern Kansas and Okla-
homa were continually subject to the tests of exploratory drilling, the number of
giant and large discoveries dwindled.

Beginning about 1950, the number of significant discoveries surged upward
with the intensive exploration of the Anadarko Basin and reached its historic peak.
The number of large discoveries also increased substantially. After being highly
rewarding for the 15 years from 1951 to 1965, this exploratory play also lost
momentum, and the number of significant discoveries dropped sharply despite the
initiation of deep drilling in the basin. Nonetheless, the Anadarko-Amarillo Prov-
ince still remains the center of Mid-Continent exploration. Since 1961, all but one
of the significant discoveries in the region have been in this province. These include
seven new field or new pool discoveries more than 15,000 feet deep.

The uniformity in the total number of significant discoveries in the Mid-Conti-
nent masks major changes in the composition of discoveries in the region by type
of hydrocarbon. Discoveries of predominantly crude oil fields rose steadily to their
peak in the 1920s and declined continuously thereafter until their near disappear-
ance in the early 1970s. Discoveries of predominantly natural gas fields remained
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Fig. 4.12—S8ignificant discoveries, the amounts of crude oil and natural gas
discovered, and exploratory drilling over ten-year periods
in the Mid-Continent

at a uniformly low level until the late 1940s, then rose quickly to 2 peak about 1960
before declining in the late 1960s.

Unlike the number of significant discoveries, discoveries of large amounts of
crude oil and natural gas did not persist beyond 1930. Substantial amounts of crude
oil were discovered in each of the first four periods shown in Fig. 4.12, reaching
their peak with the discovery of the Oklahoma City field and the fields of the
Seminole Platform in the late 1920s. However, as the number of significant erude
oil discoveries declined, particulariy Class A or larger fields, the amount discovered
dropped sharply as well, Because the Hugoton-Panhandle field had more than half
of the natural gas resources discovered to date in the Mid-Continent region, the
period of its discovery was also the peak period for the amount of natural gas
discovered. Its dominance is such that the amount discovered from 1906 to 1915 is
nearly four times as great as that discovered from 1956 to 1965, the peak of
significant gas field discoveries in the Anadarko Basin.

The peak in exploratory drilling in the Mid-Continent region coincides with the
peak of Anadarko Basin discoveries during the 1950s and early 1960s, and thus
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with the peak in significant Mid-Continent discoveries. However, it lags several
decades behind the peak in giant and large discoveries and thus in the amounts of
crude oil and natural gas discovered. Since the peak in exploratory driiling during
the late 1950s, the number of wells drilled in the Mid-Continent region has declined
by slightly more than 50 percent. But this follows a more than 80-percent decline
in the number of significant discoveries, During the 40 years between 1936 and
1975, nearly 63,000 exploratory wells were drilled in the Mid-Continent region, the
most of any region in the country.

WESTERN GULF

Although the first significant discovery in the Western Gulf region was made
in 1896 {Saratoga), subsequent discoveries over the next three decades aceurred at
a slow pace, hampered by a lack of surface expression of the many structures of
the region. Most of the discoveries that were made were based either on evidence
of surface seepage or the identification of minor surface mounds over buried salt
domes. Probably because of their more obvious nature, 19 of the 32 significant
discoveries made during this period were large fields. (See Fig. 4.13 and Tables C.7,
C.7a, C.7b, and C.7¢.)

With the introduction of seismic technology and other geophysical methods in
Texas Gulf Coast exploration, the number of discoveries leapt to record heights. In
the decade around 1940, more significant fields were discovered in the Western Gulf
region than have been discovered in any decade in any other region of the country.
Early geophysical technology was particularly effective in locating the largest fields
in the region. Between 1928 and 1940, all of the Class AAAA fields wholly in the
region and 10 of the 17 Class AAA fields were discovered.

In the decade from 1946 to 1955, the total number of discoveries declined by
a third, primarily because of a more than 60-percent decline in the number of giant
and large discoveries. As the exploration effort became more intensive, the number
of Class C discoveries remained relatively stable. By the decade around 1960, Class
C discoveries also joined the continued decline of the larger discoveries, producing
a nearly 50-percent decline in the total number of significant discoveries. This
decline was stabilized in the decade around 1970, the number of significant discov-
eries rising sharply in the early 1970s.

The recent aggregate trends in the number of discoveries mask two important
changes in the composition of significant discoveries in the Western Gulf region.
The first is the substantial shift from onshore to offshore discoveries, Significant
onshore discoveries have declined severely since the decade around 1950, dropping
from 101 in that period to 42 in the decade around 1960 and subsequently to only
19 in the decade around 1970. The increase in significant discoveries in the decade
around 1970 is entirely the result of a sharp upturn in the early 1970s in offshore
discoveries, mostly in the High Island area off Texas R.R.C. District 3.

The second major change is the growing dominance of natural gas discoveries.
More than twice as many fields containing predominantly natural gas have been
discovered in the Western Gulf than fields containing mainly crude oil. Before 1935,
these proportions were more than reversed. More than two-thirds of the early
discoveries were predominantly oil fields. After reaching their peak in the late
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Fig. 4.13—Number of significant oil and gas discoveries by field size category
over ten-year periods in the Western Gulf

1930s, significant oil discoveries in the Western Gulf quickly dwindled away. Only
five significant oil fields have been discovered in the region since 1955, Discoveries
of significant natural gas fields in the Western Gulf remained on a high plateau
from the late 1930s to the early 1950s. After declining steadily from this plateau
until 1970, they reached their peak in the early 1970s in company with the peak
in offshore discoveries.

The trends in the amounts of 0il and natural gas discovered in the Western Gulf
region parallel the trends in the number of significant discoveries. (See Fig. 4.14.)
The amount of crude oil discovered peaked in the decade around 1930, coinciding
with the peak in the number of giant and large oil fields discovered in the region
in the early 1930s. As both the number and size of oil discoveries have dwindled
to minimal amounts, the amount of crude oil discovered has also dwindled. The
amount discovered in the early 1970s was only slightly more than 1 percent of the
amount discovered in the early 1930s. The amount of natural gas discovered
peaked in the decade around 1940, coinciding with the peak in large natural gas
discoveries in the late 1930s. Because the number of significant gas discoveries
remained high, even though their sizes were declining, the amount of natural gas
discovered did not decline as rapidly as the amount of crude oil. The peak in natural
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Fig. 4.14—Significant discoveries, the amounts of crude oil and natural gas
discovered, and exploratory drilling over ten-year periods
in the Western Gulf

gas discoveries in the early 1970s reversed the decline in the amount of gas discov-
ered during the 1960s, but because most of these discoveries were Class Band C
fields, less natural gas was discovered in the Western Gulf region in the early 1970s
than in the late 1950s.

The trend in exploratory drilling in the Western Gulf region appears to be a
reverse mirror image of the aggregate trend in significant discoveries. As the
number of discoveries declined, exploratory drilling increased sharply to its peak
during the 1950s. As the number of discoveries jumped sharply in the early 1970s,
total exploratory drilling remained constant. The aggregate data do, however, hide
a noticeable increase in exploratory drilling after 1972, coinciding with the rise of
discoveries.

CENTRAL GULF

Like the Western Gulf, discoveries in the Central Gulf region have depended
heavily on the use of seismic and other geophysical exploration technologices. The
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first discovery—dJennings—was made in 1901, Only nine more had occurred by
1925. The combined effect of the Depression and the discovery of the super-giant
East Texas field on the Gulf Coast oil market restrained the pace of discoveries
briefly during the early 1930s. But by the late 1930s, the number of significant
discoveries reached the high levels at which they were to persist until the early
1970s. Underlying this gross trend, the five-year aggregations for the number of
discoveries in the region indicate a peak during both halves of the 1950s, followed
by a substantial decline during the 1960s and a resurgence to near peak levels in
the early 1970s. (See Fig. 4.15 and Tables C.8, C.8a, C.8b, and C.8c.)

The slow decline in the total number of discoveries camouflages a sharp change
in the location of significant discoveries in the Central Gulf region. In the decade
around 1850, onshore discoveries outnumbered offshore discoveries by 94 to 48. As
offshore discoveries increased and onshore discoveries declined, this relationship
was sharply reversed by the decade around 1970, offshore discoveries outnumber-
ing onshore discoveries by 92 to 15. By the early 1970s, onshore discoveries had
dwindled to 5, their lowest level since the introduction of geophysical methods in
Central Gulf Coast exploration. In contrast, significant offshore discoveries reached
a peak of 67 with the intensive exploration of the Pleistocene trend during the early
1970s.

One unique characteristic of the pattern of discoveries in the Central Gulf
region is the persistence of substantial numbers of discoveries of Class A or larger
fields over the last four decades. Unlike other regions, the Central Gulfincorporates
a sizable frontier area with many major prospects that was only gradually opened
up to exploration with the development of offshore technology and the progression
of government lease offerings. The number of large discoveries finally did decline
substantially during the decade around 1970, accounting for nearly all of the drop
in the total number of discoveries, but it still reached a healthy total of 38, an
amount exceeded only once in any other region (the Western Gulf during its peak
decade of discovery about 1940).

Like the Western Gulf, the number of significant discoveries in the Central Gulf
region that are predominantly natural gas are more than double the number of
discoveries that are largely crude oil. The peak in significant natural gas discover-
ies also did not occur until the early 1970s. But unlike the Western Gulf, significant
crude oil discoveries have only declined moderately in the Central Gulf region,
Significant discoveries of composite oil and gas fields are also prominent in the
Central Gulf, with a total of 114 by the end of 1975. Their pattern of discovery
almost coincides with that of predominantly oil fields, both peaking in the decade
around 195C.

The trends in the amounts of crude oil and natural gas discovered in the Central
Gulf are closely related to the trends in the number of significant discoveries of oil
and gas fields. (See Fig. 4.16.) The amount of oil discovered peaked in the decade
around 1950, the same period in which the number of significant oil discoveries
reached its peak. The subsequent decline in the amount discovered is only moder-
ately greater than the decline in the number of discoveries, the result of the slow
decline in the average size of discoveries. The amount of natural gas discovered
peaked in the decade around 1960, the same period in which the number of signifi-
cant gas discoveries reached its peak. Because of a sharp decline in both the number
of discoveries and the average size of discoveries during the 1960s, the amount
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Fig. 4.15—Number of significant oil and gas discoveries by field size category
over ten-vear periods in the Central Gulf

discovered in the decade around 1970 dropped 50 percent from this peak, despite
the resurgence in discoveries during the early 1970s.

As in most other regions, exploratory drilling peaked in the Central Gulf in the
decade around 1960 and declined slowly inte the 1970s. It lagged behind both the
peaks in the total number of significant discoveries and in the amount of crude oil
discovered, but coincided with the peak in the amount of natural gas discovered.

NORTHERN GULF

Corsicana, the first significant discovery in the Northern Gulf region, was found
in 1895, but discoveries in any appreciable number did not occur for another two
decades. The round of discoveries in the decade around 1920, concentrated in
northern Louisiana and southern Arkansas, depended on drilling anticlines visible
on the surface, on drilling seepages, and on sheer wildcatting. The latter recorded
its greatest achievement in U.S. petroleum exploration with the discovery of the
super-giant East Texas field in 1930. (See Fig. 4.17 and Tables C.9, C.9a, C.9b, and
C.9c.)
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Fig. 4.16—S8ignificant discoveries, the amounts of crude oil and natural gas
discovered, and exploratory drilling over ten-year periods
in the Central Gulf

The discovery and development of the East Texas field exercised a temporary
depressing effect on exploration in the Northern Gulf region. Only four significant
discoveries were made in the region during the early 1930s. Once East Texas
production was brought under control, the speculation it encouraged about the
possibility of more major discoveries in the region, coupled with the widespread use
of seismic and other geophysical techniques, quickly pushed the number of signifi-
cant discoveries in the Northern Gulf region to its historic peak. During the decade
around 1940, one-third of all the significant fields and nearly half of the Class A or
larger fields discovered before 1976 in the Northern Gulf region were discovered.

This flurry of activity came close to exhausting the larger possibilities in the
region. In the subsequent three decades, only 8 Class A or larger fields {(compared
with 27 in the decade around 1940} and only 9 Class B fields (compared with 17 in
the decade around 1940) were discovered. The total number of significant discover-
ies did not decline as rapidly, as Class C discoveries did not reach their peak until
the decades around 1950 and 1960, However, once these smaller prospects were
picked over, the total number of significant discoveries plunged to its lowest level
since the introduction of surface geology in Northern Gulf exploration.
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Fig. 4.17—Number of significant oil and gas discoveries by field size category
over ten-year periods in the Northern Gulf

Unlike most other regions with sizable numbers of both oil and natural gas
discoveries, in which natural gas discoveries lag behind oil discoveries, the patterns
of discovery for the two types of fields in the Northern Gulf region reasonably
coincide. Both first became prominent in the decade around 1920, both peaked in
the decade around 1940, and both have declined at roughly similar rates, although
natural gas discoveries have suffered less of a decline since 1960.

Because the crude oil and natural gas resources of the Northern Gulf region
are highly concentrated in a few Class AAAA, Class AAA, and Class AA fields, the
peaks in the amounts discovered coincide with the timing of those discoveries. (See
Fig. 4.18.) The initial peak in the amount of natural gas discovered in the decade
around 1920 is primarily the result of the discovery of the giant Monroe field. The
discovery of the super-giant East Texas field produced the obvious peak in the
amount of oil discovered in the decade arcund 1930. The discovery of the giant
Carthage field together with several more Class AAA and Class AA fields produced
the peak in the amount of natural gas discovered in the decade around 1940. The
subsequent sharp drops in the amounts discovered are primarily the result of the
substantial decline in the average size of significant discoveries and secondarily of
the decline in the total number of significant discoveries.
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discovered, and exploratory drilling over ten-year periods
in the Northern Gulf

The trend in exploratory drilling in the Northern Gulf region from the late
1930s to the early 1960s is the reverse of the trends in the number of significant
discoveries and in the amounts discovered, both of which declined at a relatively
steady pace. In contrast, drilling grew steadily, not peaking until the late 1950s and
lagging behind the peak in discoveries by two decades. The subsequent decline in
drilling during the 1960s and early 1970s is a belated recognition of the diminishing
possibilities of the region.

EASTERN GULF

The Eastern Gulf is the last region in the lower 48 states to see a significant
discovery. Jackson, the first significant discovery in the region, was not found unti!
1930. Since that discovery, three distinct waves of exploration have occurred in the
Mid-Gulf Coast Province. (See Fig. 4.19 and Tables C.10, C.10a, C.10b, and C.10¢.)
The first, occurring primarily in the early 1940s, concentrated on moderate depth
Cretaceous objectives. During this period, all of the largest fields in Mississippi
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Fig. 4.19—Number of significant oil and gas discoveries by field size category
over ten-year periods in the Eastern Gulf

were discovered, creating the historic peak in the discovery of large fields in the
Eastern Gulf. After a gradual diminishing of these shallower discoveries, the sec-
ond major exploratory play, that for deeper Cretaceous objectives, occurred
primarily in the late 1950s. This was quickly followed by the search for deep
Jurassic objectives in the decade around 1970. This third play ylelded 17 discover-
ies from 1965 to 1974, 11 of which were deeper than 15,000 feet. This play also
produced a resurgence in large discoveries in the region, including Jay, the largest
field found to date in the Eastern Gulf. The six significant discoveries that have
been made in the South Florida and Warrior provinces have occurred sporadically
over a period of 30 vears.

Because of the concentration of the largest discoveries in the first exploration
play to occur in the Eastern Gulf, the amounts of both crude oil and natural gas
discovered in the region reached their peaks in the decade around 1940. (See Fig.
4,20.) With the subsequent decline in the size of discoveries in the decades arcund
1950 and 1960, the amounts discovered declined as well. The second peak in the
amounts discovered, associated with the wave of Jurassic exploration, may eventu-
ally prove to be as high as the initial peak. The possibility exists for moderate
reserve growth in both the amounts of crude oil and natural gas discovered in this
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Fig. 4.20—S8ignificant discoveries, the amounts of crude oil and natural gas
discovered, and exploratory drilling over ten-year periods
in the Eastern Gulf

play. Much of the natural gas liquids discovered in the region were also in these
deep Jurassic fields,

The number of exploratory wells drilled in the Eastern Gulf region does not
exhibit a close relationship to either the number of significant discoveries or the
amounts of crude oil and natural gas discovered, which fluctuate substantially,
particularly over five-year periods. Exploratory drilling shows only a pattern of
steady growth.

ILLINOIS-MICHIGAN

No region in the United States provides as good an illustration as Ilinois-
Michigan of how efficient petroleum exploration can be in locating the significant
flelds within a province once the appropriate technology is available. Although the
first significant field in this region was discovered in 1886 (Trenton), the number
of significant discoveries in both the Illinois and Michigan basins sputtered along
at negligible levels until the late 1930s. Because of the geologically recent glacial
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Fig. 4.21—Number of significant oil and gas discoveries by field size category
over ten-year periods in the Illinois-Michigan basins

debris covering most of the region, it was not possible to locate fields by surface
geology—the most widely used scientific exploration technique between 1910 and
1930. Once seismic methods were employved in the Illinois Basin, this situation
changed dramatically. (See Fig. 4.21 and Tables C.11, C.11a, and C.11c¢.)

Between 1937 and 1948, 42 of the 47 significant fields discovered to date in the
Illinois and Indiana portions of the Illinois Basin were discovered. Since 1948,
despite extensive exploratory drilling, not one significant field has been found in
this area. (Two were found in the Kentucky portion of the basin in 1956 and 1962}
Exploration in the Michigan Basin proved to be slightly more difficult because early
seismic technology was not particularly useful there. Nonetheless, using core-drill-
ing and subsurface geology, explorationists were able to locate 12 of the 21 signifi-
cant fields discovered to date in only six years from 1937 to 1942. Although only
two significant discoveries have been made in egploration for Silurian pinnacle
reefs in the Michigan Basin during the 1970s, impressive numbers of Class D
discoveries have occurred.

Because such a large proportion of the total number of significant discoveries
in the Hlinois-Michigan basins occurred in the decade around 1940, the amount of
crude oil discovered also shows a marked peak during this period. {(See Fig. 4.22.)
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Fig. 4.22—S8ignificant discoveries, the amounts of crude oil and natural gas
discovered, and exploratory drilling over ten-year periods
in the Hlinois-Michigan basins

The Illinois Basin contains little natural gas and the amount discovered in the
region has two peaks: one for associated-dissolved gas about 1940 and one for
nonassociated gas in the pinnacle reefs of the Michigan Basin in the early 1970s.
In both cases, the amounts discovered were low.

Exploratory drilling in the region lagged behind the peak in discoveries by a
decade. The late 1940s and 1950s were the peak period of drilling effort following
the successes of the late 1930s and early 1940s. Because of the high success rates
that resulted from employing advanced seismic exploration, the intensive explora-
tion effort for pinnacle reefs in the Michigan Basin has not reversed the decline
since 1960 in the number of exploratory wells drilled in the region.

APPALACHIAN

The first oil well drilled in the United States was drilled in Pennsylvania in 1859.
Although data do not exist to enable us to describe precisely the history of pe-
troleum exploration in the Appalachian region since that first discovery, it is obvi-
ous that most of the significant fields in the region were discovered in the nine-
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Fig 4,23—The amounts of oil and gas discovered and exploratory drilling
over ten-year periods in the Appalachian region

teenth century. (See Fig. 4.23.) Nearly three-fourths of the crude oil and nearly half
of the natural gas discovered to date were in fields discovered bhefore 1900. Since
then, there were a few significant oil discoveries in eastern Kentucky in the late
1910s, western Kentucky during the 1940s, and eastern Ohio during the 1960s. The
amounts of natural gas discovered have remained stable over the past six decades
from 1916 to 1975, averaging about 300 to 400 billion cubic feet per year. In all
probability, there are a number of significant discoveries buried in this trend, but
the meager data on natural gas fields in the region (other than a few deep gas
discoveries in Pennsyivania} do not permit their identification. The data on explora-
tory drilling in the region only go back to the mid-1940s. They indicate the most
stable pattern of drilling activity of any of the 12 regions, with a mild peak in the
early 1960s.

NATIONAL OVERVIEW

Following the first significant discovery outside the Appalachian region-—Flor-
ence-Canon City in Colorado in 1862—petroleum exploration in the United States
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proceeded at a slow pace for the next four decades. The reasons for this slow
advance are clear. Petroleum geology was still in its primitive stages, and, even in
those situations where it could have conceivably provided some positive guidance
te exploration, it was largely ignored. Other scientific exploration techniques, such
as geochemistry and geophysics, did not even exist. Drilling technology was alsc
primitive, its capability being limited to reaching shallow targets (less than 2500
feet deep). Petroleum exploration before 1990 was also restricted geographically to
the Appalachian region and to a few other areas with prominent surface indications
of oil, such as California and the Rocky Mountain region.

With the application of surface geology on a systematic basis and the gradual
development of drilling capabilities, the number of significant discoveries began to
grow at a steady pace after 1900. (See Fig. 4.24 and Table C (Summary).) The peak
in the number of significant discoveries did not, however, occur until the introduc-
tion and widespread use of geophysical techniques during the 1930s. In only five
years, from the early 1930s to the late 19303, the number of significant discoveries
nearly tripled, reaching a peak plateau that was to be maintained into the early
1950s. During the 20 years between 1936 and 1955, nearly half of the significant
fields discovered before 1976 in the United States were found. Since this peak, the
number of significant discoveries has been declining at an increasing rate, dropping
19 percent from the decade around 1950 to the decade around 1960 and 33 percent
from the decade around 1960 to the decade around 1970.

The asymmeiric pattern of discoveries reflects the interaction among technol-
ogy, the regional distribution and characteristics of significant fields, the petroleum
market, and governmental regulation. More than 84 percent of the significant fields
in the United States discovered before 1976 have been in six regions: the Central
Gulf, Western Gulf, Mid-Continent, Permian Basin, Rocky Mountains, and North-
ern Gulf (listed in decreasing order of importance). The number of significant
discoveries reached its peak in the Western Gulf and Northern Gulf regions in the
decade around 1940 following the systematic use of early seismic technology. The
number of significant discoveries in the Rocky Mountain and Permian Basin re-
gions peaked in the decade around 1950 as the consumption of petroleum grew and
oil prices rose after World War II. The peak in discoveries in the Central Gulf
region during this same period coincided with large-scale leasing of the offshore
Gulf of Mexico for petroleum exploration and development. The peak in gignificant
discoveries in the Mid-Continent during the decade around 19680 came with the
extensive exploration of the gas-prone Anadarko Basin to meet the rapidly growing
demands of the national natural gas market. As the number of discoveries in these
regions has declined, the national total has tailed off as well.

During the past 40 years, the composition of discoveries by location has
changed in another important way. Offshore discoveries have grown from insignifi-
cance {6 of 561 in the decade around 1940) to more than half of total discoveries
{144 of 309 in the decade around 1970, and 105 of 179 {59 percent) during the early
19703}, The sharp growth in offshore discoveries in the early 1970s was even suffi-
cient to create a temporary reversal in the decline of significant discoveries. With-
out offshore discoveries, the number of significant discoveries in the United States
would have declined at a rapidly inereasing rate from the decade around 1940 to
the decade around 1970. The number of significant discoveries onshore declined 8
percent from the decade around 1940 to the decade around 1950, followed by a
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Fig. 4.24—Number of significant oil and gas discoveries by field size category
over ten-year periods in the United States {ex-Appalachia)

30-percent decline during the next decade and a 54-percent decline from the decade
around 1960 to the decade around 1870.

The temporal pattern nationwide of the number of discoveries by size classifica-
tion shows a common pattern. Giant (Class AAAA) discoveries peak first, 40 of the
81 being found from the late 1920s to the late 1930s. Since the decade around 1940,
the number of giant fields discovered has dropped on average 50 percent every
decade. The number of large discoveries (Class A-AAA) peaked in the decade
around 1940. Since then, they have declined steadily at a rate of about 25 percent
per decade. The peak in Class B discoveries stretched from the late 1830s to the
early 1950s. Since the decade around 1950, they have declined at a rate of about
20 to 25 percent per decade. The number of Class C discoveries did not peak until
the early 1950s, then underwent a sharp decline during the 1960s that was tem-
porarily reversed by a large number of Class C discoveries offshore in the Gulf of
Mexico during the early 1970s. The national pattern thus duplicates the regional
patterns. The largest fields tend to be discovered first. The average size of discover-
ies declines over time. As the number of larger discoveries declines, the total
number of significant discoveries remains stable or even increases as the number
of smaller significant discoveries continues to increase. But eventually the number
of smaller discoveries also declines as exploration proceeds.
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Fig. 4.25—Number of significant oil discoveries by field size category
over ten-year periods in the United States (ex-Appalachia)

Qil Discoveries

Because of an earlyv peak in the number of oil discoveries in the Mid-Continent
region during the decades around 1920 and 1930, the number of significant discov-
eries that are predominantly liquids (i.e., those with crude oil and natural gas
liquids providing at least two-thirds of total recoverable resources in L&LE} riges
more gradually to a peak in the decade around 1940, {See Fig. 4.25 and Table C.a
{Summary).) This peak was essentially maintained into the early 1950s. Since that
period, the number of significant oil discoveries in the United States has dropped
rapidly, declining 45 to 50 percent every decade. Adjustments for future reserve
growth in discovered fields are not likely to alter this rapid decline to any apprecia-
hle degree.

The peak periods in the number of significant oil discoveries nationwide coin-
cide with most of the peak discovery periods in the major oil-producing regions. The
number of significant discoveries in California, the Western Gulf, the Northern
Gulf, and the Illinois-Michigan basins peaked in the decade around 1940. The
number of significant discoveries in the Rocky Mountains, the Permian Basin, and
the Central Gulf peaked in the decade around 1950. In most of these regions, the
decline in the number of significant oil discoveries since their peaks has been very
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pronounced. During the decade around 1940, eight regions had 19 or more signifi-
cant oil discoveries. During the decade around 1950, eight regions had 15 or more
significant oil discoveries. During the decade around 1970, there were only three
regions with 10 or more significant discoveries: the Central Gulf (17), Rocky Moun-
tains (16), and Eastern Gulf {12). In the Permian Basin, the Mid-Continent, the -
Western Gulf, and Northern Gulf regions, four of the six most important oil regions
in the country, the number of significant oil discoveries during the decade around
1970 had declined 90 to 95 percent from the number in the peak decade in each
region.

The peaks in the number of significant oil discoveries by field size class slightly
precede the peaks for all fields by size class. Giant fields peaked from the late 1920s
to the late 1930s. Large fields peaked in the late 1930s. Class B fields peaked from
the late 1930s to the late 1940s. Class C fields peaked in the decade around 1950.
From the decade around 1940, the number of giant oil discoveries has dropped
about 50 percent every decade. The number of Class B and C discoveries has
declined by a similar rate since the decade around 1950. The number of large oil
discoveries declined steadily from the late 1930s to the early 1960s until a tempo-
rary and shortlived resurgence during the late 1960s.

Natural Gas Discoveries

The peak in the number of significant natural gas discoveries (fields in which
at least two-thirds of the L&LE recoverable resources are natural gas} lags two
decades behind the peak in the number of significant oil discoveries. The pattern
of natural gas discoveries reflects the high concentration of gas fields in the West-
ern Gulf and Central Gulf regions, the slow development of the natural gas market
in the United States before 1950, and the gradual development of deep drilling
capabilities. Until the decade around 1940, when large numbers of discoveries were
made in the Gulf Coast regions, the number of significant gas discoveries was
relatively minor. Since the decade around 1960, natural gas discoveries have cansti-
tuted the majority of all significant discoveries in the United States. The number
of significant natural gas discoveries began to decline about one-third every five-
year period after the peak in the late 1950s. The large number of offshore discover-
ies in the Plio-Pleistocene trend offshore Texas and Louisiana temporarily reversed
this pattern during the early 1970s. (See Fig. 4.26 and Table C.b {Summary).)

The high plateau in the number of significant natural gas discoveries reflects
a succession of peaks in the number of discoveries in the major gas-producing
regions. The number of significant gas discoveries peaked in the Western Gulf and
the Northern Gulf regions in the decade around 1940, in the Rocky Mountain
region in the decade around 1950, in the Mid-Continent and Central Gulf regions
in the decade around 1960, and in the Permian Basin in the decade around 1970.
Most of the decline from the decade around 1960 to the decade around 1970 oc-
carred in the Mid-Continent region. Significant natural gas discoverjes in the West-
ern Guif and Central Gulf regions remained at high levels throughout the decade
around 1970 because of peaks in the number of offshore gas discoveries.

The discovery patterns of the larger size classes of natural gas fields show no
pronounced peaks. Most of the giant natural gas fields were discovered from the
late 1920s to the late 1940s. The peak period of large natural gas discoveries spans
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Fig. 4.26—Number of significant gas discoveries by field size category
over ten-year periods in the United States (ex-Appalachia)

the quarter-century between the late 1330s and the late 1850s. Class B discoveries
did not peak until the early 1970s after a steady plateau throughout the 1940s and
1950s. Class C discoveries peaked in the late 1950s and again in the early 1970s.
These prolonged peaks in the number of discoveries stem from the gradual replace-
ment of onshore gas discoveries nationwide by offshore gas discoveries in the Gulf
of Mexico.

Composite Oil and Gas Discoveries

The pattern of discoveries before 1926 for significant composite oil and gas
fields (those that are neither predominantly petroleum liguids or natural gas) is
similar to that of natural gas fields. Both were at low levels. Beginning in the decade
around 1930, the pattern closely parallels that of discoveries of significant oil fields,
peaking in the decade around 1940, declining modestly in the next decade, followed
by a steady, sharp decline to the present. (See Fig. 4.27 and Table C.¢ {(Summary).)

This temporal pattern of discovery reflects the regional concentration of signifi-
cant composite oil and gas fields in the Central Gulf and Western Gulf regions and.
to a lesser extent, in the Mid-Continent and Permian Basin. Western Gulf composite
discoveries peaked in the decade around 1940. Central Gulf and Permian Basin
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Fig. 4.27—Number of significant composite oil and gas discoveries by field size
category over ten-year periods in the United States (ex-Appalachia)

composite discoveries peaked in the decade around 1950. Mid-Continent composite
discoveries peaked in the decade around 1960. Only Central Gulf composite discov-
eries were maintained into the decade around 1970. In the other three regions, the
number of significant composite discoveries had declined to negligible Jevels by this
period.

The temporal pattern of significant composite discoveries by ficld size class is
the usual one. The number of giant composite discoveries peaked in the decade
around 1930. The number of large composite discoveries peaked in the decade
around 1940. Class B and C composite discoveries peaked during the 1950s. There
has been only one giant composite discovery since the decade around 1940. The
number of large composite discoveries has been declining by more than 40 percent
per decade since the decade around 1950. In the late 1960s and early 1970s, the

number of Class B and C discoveries was only a third of what it was in the late
1950s.

Amounts Discovered

Because of the concentration of oil resources in a relatively small number of
giant and large fields, the peak in the amount of crude oil discovered precedes the
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Fig. 4.28—Significant cil and composite discoveries, the amount of crude oil
discovered, and exploratory drilling over ten-year periods
in the United States (ex-Appalachia)

peek in the number of significant oil and composite oil and gas discoveries. {See Fig.
4.28 and Tables D.1 and E.1.) The total peaked in the decade around 1930, coincid-
ing with the peaks in the amount discovered in the Permian Basin, Mid-Continent,
Western Gulf, and Northern Gulf regions. If it had not been for the discovery of
the Prudhoe Bay field in 1968, the amount discovered would have declined continu-
ously since that peak. Even if one permits current estimates of recoverable il
resources from discoveries of the early 1970s to nearly double from future reserve
growth, the amount of crude oil discovered in the early 1970s in the entire United
States is the least discovered in any five-vear period in this century.

Excluding the amounts discovered offshore and in Alaska, the amount of crude
oil discovered in the onshore lower 48 states has declined at an accelerating rate
since the peak in the decade around 1930. From this decade to the decade around
1940, it dropped 15 percent, another 34 percent in the decade around 1950, and 59
percent in the decade around 1360. Because of some major discoveries in the Rocky
Mountain and Eastern Gulf regions, the decline was only 51 percent from the
decade around 1960 to the decade around 1970. Except for the two tails, the pattern
by decade in the amount discovered in the onshore lower 48 states is neariy sym-
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Fig. 4.29- - Bignificant gas and composite discoveries, the amount of natural gas
discovered, and exploratory drilling over ten-year periods
in the United States (ex-Appalachia)

metric. The amount discovered in the decade around 1950 is nearly equal to that
discovered in the decade around 1920. The amount discovered in the decade arcund
1960 is only slightly below that discovered in the decade around 19210,

The peak in the amount discovered coincides with the peak in the number of
giant oil and composite discoveries. The peaks in the total numbers of significant
discoveries and of large discoveries follow this peak by a decade. The peak in the
number of small significant oil and composite discoveries occurs a decade later. The
peak in the number of exploratory wells drilled does not occur until the decade
around 1960. The lag between the amount of crude oil discovered and the number
of exploratory wells drilled is thus a full three decades.

The amount of natural gas discovered in the United States exhibits a more even
temporal distribution than the amount of crude oil discovered. (See Fig. 4.29 and
Tables D.2 and ¥.1.) After an initial peak in the decade around 1910 (the discovery
period of Hugoton-Panhandle}, the amount of natural gas discovered reached its
peak in the decade around 1940. In the subsequent two decades, it declined very
slowly, if at all, considering the potential for future reserve growth. Only in the
decade around 1970 did it finally begin to decline.
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The stability over time in the amount discovered has depended primarily on the
opening up of new frontiers, particularly the offshore lower 48 and Alaska and, to
a lesser extent, areas more than 15,000 feet deep. In the onshore lower 48, which
includes the deep discoveries made since 1960, the amount of natural gas discov-
ered has been declining at an Increasing rate since its peak in the decade arcund
1940. It fell 19 percent in the decade around 1950, another 25 percent in the decade
around 1960, and 49 percent in the decade arcund 1970.

The sharp declines in the amount discovered onshore over the past three
decades indicate that the correlation among the aggregate amounts discovered, the
total number of significant discoveries, and the total number of exploratory wells
drilled {as shown in Fig. 4.29) are spurious. Less than 5 percent of the exploratory
wells drilled in the decade around 1970 were in Alaska or offshore. Yet more than
half of the significant gas and composite discoveries and of the amount of natural
gas discovered in this decade were in these two areas. The peak in exploratory
drilling in the onshore lower 48 lags behind the peak in the amount of natural gas
discovered by two decades. As one would expect, the peak in the amount discovered
coincides with the peak in the number of large and giant natural gas and composite
discoveries.

Drilling and Discoveries

From the relationships among the number of exploratory wells drilled, the
number of significant discoveries, and the amounts of crude oil and natural gas
discovered in the onshore lower 48 states, and in the various regions of the United
States, it should be clear that historically, and in the aggregate, drilling follows
discovery. Although this is the exact opposite of how the relationship between the
two is usually conceived, a little reflection should make it apparent that such a
relationship is a normal consequence of a typical exploration process. Until major
discoveries are made in a province, relatively little drilling occurs, as the risk does
not justify a major drilling effort. If substantial amounts of crude oil or natural gas
are discovered in a province, these will generally be concentrated in a small number
of large and giant fields. Because these fields are either obvious to modern explora-
tion techniques or cover large areas, most will be discovered early, along with much
of the petroleum in the province. These discoveries whet the interest of the indus-
try, and a drilling boom begins. But by the time a major effort can be mounted, most
of the remaining prospects are the smaller fields. Because of their smaller area and
greater subtlety, these fields require a more intensive drilling effort if they are to
be found. The peak in drilling effort will either coincide with the peak in the number
of smaller significant discoveries or will lag behind it by five to ten years—the time
it takes the more optimistic explorationists, promoters, and investors torealize that
the promise of the province has already been fulfilled.

This pattern suggests a useful indicator of the stage of exploration, namely, the
number of exploratory wells per significant discovery. The common indicator of the
relationship between exploratory efforts and exploratory results is the average
amount discovered per foot of exploratory drilling. Although this is a very helpful
indicator when used properly, that is, dynamically, it is all too often used statically
to argue that, with more drilling, declines in the amount discovered can be over-
come, The plausibility of this argument is severely undercut if we take the number
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of wells per significant discovery as an indicator. As the number of significant
discoveries declines, the number of wells per significant discovery soars, eventually
reaching infinity. Therefore, this indicator clearly shows that once the good pros-
pects that can be conceived in a province have been tested, additional drilling
cannot be expected to discover substantial amounts of petroleum.

Table 4.1 shows the number of exploratory wells per significant discovery in the
United States (ex-Appalachia) by region over five-year periods from 1936 to 1875.
The typical pattern in each region is a steady increase during this period, generally
appreaching one order of magnitude. This change is so great that it overwhelms
any inadequacies in the drilling data, particularly a potential underreporting of up
to 25 percent in the total number of exploratory wells in the late 1930s. Except for
the early 1970s, the number of exploratory wells per significant discovery in the
United States as a whole increases steadily throughout the period. The decline in
the index from the late 1960s to the early 1970s is entirely the result of the high
exploration efficiency achieved in the offshore Gulf of Mexico during the explora-
tion of the Plio-Pleistocene trend.

The numbers in Table 4.1, when compared with regional trends in the amounts
of petroleum discovered and in the number of significant discoveries, suggest the
following rules of thumb: As long as the number of wells per significant discovery
is less than 100, both the amounts discovered and the number of significant discov-
eries are likely to be substantial. When the number of wells per significant discov-
ery is between 100 and 500 in a provinee, the province is either small to begin with
or is on the decline. Once this index exceeds 500, the remaining prospects are likely
to be highly marginal, unless there are a large number of Class D prospects (e.g.,
as in the Denver and Powder River basins in the decade around 1970 and in the
Michigan Basin in the early 1970s). These numbers hold for all exploratory weils
mew field wildeats, new pool wildcats, and extensions). If only new field wildcats are
used, the numbers should he halved tc less than 50, 50 to 250, and more than 250,
respectively.

Recent Giant and Large Discoveries

Large and giant fields contain approximately 83 percent of all the conventional
petroleum discovered in the United States before 1976. Their importance to total
recovery justifies a closer look at recent discovery patterns of large and giant fields.
Figure 4.30 shows the number of large and giant oil and gas discoveries in the
United States by location over five-year periods during the third quarter of the
century. The number of discoveries is broken down into two primary categories:
those in frontier areas and those in mature areas. The frontier areas are defined
as of 1950. Frontier discoveries include (1) all in Alaska, onshore and offshore; (2)
all in the offshore lower 48, specifically California and the Gulf of Mexico; (3) all in
the Rocky Mountain region; and (4) all with major reservoirs more than 15,000 feet
deep in the mature regions. Mature area discoveries are defined as all those with
reservoirs less than 15,000 feet in the onshore lower 48 excluding the Rocky Moun-
tain region. They are divided into three categories: (1) all discoveries with reser-
voirs 10,000 to 15,000 feet deep, (2) all stratigraphically trapped discoveries with
reservoirs less than 10,000 feet deep, and (3} all other discoveries.

During the 1950s, most of the large and giant discoveries in the United States
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Fig. 4.30—Number of large and giant cil and gas field discoveries in the mature
and frontier areas of the United States by type, 1951-1975

were occurring in the mature areas, primarily of fields with reservoirs between
10,000 and 15,000 feet deep. During the 1960s, large and giant discoveries in the
mature areas fell drastically, almost disappearing by the early 1970s. Of the four
made between 1971 and 1975, one— Yowlumne in the San Joaquin Basin—is a
subtle combination oil and gas trap 11,000 feet deep; the other three could be
considered semi-frontier discoveries: Laredoand J. C. Martin in a corner of Texas
R.R.C. District 4 just across the Rio Grande from Mexico and Tule Elk straddling
the boundary of the Eik Hills Petroleum Reserve where no exploration had oc-
curred for decades. The decline in large discoveries in the mature areas began with
other discoveries in the late 1950s, but the drop-off in deeper and stratigraphically
trapped discoveries lagged behind by only five years.

Discoveries of large and giant fields in the frontier areas became predominant
in the early 1960s after a steady rise during the 1950s. Since then, they have
averaged about seven or eight per year. Among the various frontier areas, the
offshore has ciearly been most important, with more than double the number of
large and giant discoveries in the other three areas combined. Although the num-
ber of large and giant discoveries in Alaska has been limited, the amount discov-
ered has been very substantial because of the Prudhoe Bay discovery. Large and
giant discoveries in the Rocky Mountain region and in deep basins around the
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country have not been significant either in the number or the amount. Qur prelimi-
nary analysis of 1976-1980 discoveries indicates that large and giant discoveries in
frontier regions could decline by more than 50 percent from the early to the late
1970s. Very deep large discoveries, primarily in the Tuscaloosa trend, apparently
remained about the same level as they were in the early 1970s. Large discoveries
in the Rocky Mountain region, primarily in the Overthrust Belt, have increased
slightly. Large discoveries in Alaska have been small in number, primarily because
of drilling constraints. Large and giant offshore discoveries, however, have dropped
drastically from 29 in the early 1970s to less than one-third that number in the late
1970s. Qur overview of 1976-1980 discoveries offshore California, the Gulf of Mex-
jco, and the Atlantic indicates at least five but no more than ten large discoveries
offshore since 1975.

SUMMARY

Although the first significant discovery in the United States occurred in 1862,
both the number of discoveries and the amounts of crude oil and natural gas
discovered did not peak for another 65 to 100 years. Discoveries reached their peak
only after exploration had extended throughout the country, geological concepts
and exploration and drilling technology had developed sufficiently to identify and
reach most prospects, and petroleum markets had grown substantially. The amount
of crude oil discovered peaked in the decade from 1926 to 1935, coinciding with the
peak in the number of giant oil discoveries. Since that peak, the amount discovered
in the onshore lower 48 states has been declining at an accelerating rate. The
number of significant oil discoveries has dropped drastically since its peak about
1950, almost disappearing in most of the important oil-producing regions. The
amount of natural gas discovered peaked in the decade around 1940 and declined
slowly thereafter until 1960 as the natural gas market expanded and several new
frontiers, primarily the offshore Gulf of Mexico, were opened to exploration. Except
for a major flurry of activity in the offshore Gulf of Mexico in the early 1970s, the
number of significant natural gas discoveries has declined steadily since its peak
in the late 1950s. The average size of significant oil and gas discoveries has also been
declining for several decades, as giant and large discoveries have nearly ceased in
the mature areas of the country.

These discovery patterns suggest that the U.S. petroleum industry is gradually
running out of ideas as to where oil and gas may still be found. This is not because
of a lack of creativity and imagination, but because of the increasing exhaustion
of the geological possibilities region by region. Increased drilling efforts are unlike-
I¥ to reverse this trend. Historically, intensive drilling activity has signaled a sharp
decline in remaining possibilities, lagging behind the peaks in the amount discov-
ered and the number of significant discoveries by several years, if not decades.



V. DISCOVERY PATTERNS AND RESOURCE
ASSESSMENT

INTRODUCTION

The historical data presented and summarized in the preceding two sections do
not suggest a promising future for U.S. petroleum exploration. Nearly all of the
conventional petroleum (both liquids and natural gas) discovered to date in the
United States has been found in significant fields. More than 80 percent has been
found in less than 900 giant and large fields (fields that contained at least 50 million
barrels’ L&LE). The number of discoveries of these fields, particularly of the larger
fields, peaked several decades ago. The amount of crude oil discovered peaked 50
vears ago. The amount of natural gas discovered peaked 40 years ago. Since those
peaks, both the number of discoveries and the amount discovered have been declin-
ing steadily nationwide, particularly onshore in the lower 48 states. None of the
many advances in geological knowledge or in exploration technology made during
the past 40 years succeeded in preventing these declines, although they clearly
precluded a more rapid drop-off.

These patterns have been apparent for at least two decades. As a counter to the
pessimistic prognosis suggested by the trends in the number of significant discover-
ies and in the amounts discovered, four hypotheses about where substantial
amounts of petroleum may still be found in the United States have been propound-
ed. These hypotheses contend that substantial amounts of petroleum remain to be
found in the United States (1) at depths below 15,000 feet, (2) in subtle stratigraphic
traps, (3) in very small fields, and (4) in frontier regions, such as Alaska, offshore
areas, and onshore areas that are geologically complex. These four general pos-
sibilities exhaust the scientifically plausible arguments for substantial future pe-
troleum discoveries in the nation. Because they are exhaustive, we will summarize
and review these general ideas about where petroleum remains to be found as an
appropriate introduction to our assessment of ultimately recoverable conventional
petroleum resources of the United States.

Deep Discoveries

The argument that substantial amounts of petroleum remain to be discovered
in sedimentary rocks deeper than 15,000 feet acknowledges that nearly all of the
shallower prospective sedimentary regions onshore in the lower 48 states have
been extensively explored. Hence, few large or giant discoveries can be expected
to oceur in these regions in the future. However, because of the high costs of deep
drilling and the Jow prices that prevailed before the mid-1970s, relatively few
exporatory wells have been drilled to date deeper than 15,000 feet. The few that
were drilled scored major successes in the Delaware Basin, the Anadarko Basin, the
Qulf Coast Basin, and the Mid-Gulf Coast Basin. Similar successes in these and
other provinces are assumed to be possible with additional drifling.

This hypothesis is qualitatively correct. However, the potential of deep sedi-
mentary rocks is subject to several stringent conditions that place major quantita-
tive constraints on the amounts of petroleurn that may exist at depths greater than
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15,000 feet. Because increasing temperatures at depth cause thermal cracking,
converting liquids to gases, substantial amounts of crude oil and natural gas liquids
are likely to be preserved between 15,000 and 20,000 feet only in basins with low
thermal gradients or with a recent sedimentary fill. Elemental sulfur, sulfate ions,
and polysulfides are common at depths below 15,000 feet, and they readily convert
methane to carbon dioxide at the temperatures encountered at those depths, pos-
sibly creating a floor for the occurrence of natural gas as well. Reservoir porosity
may be lacking in many areas because of increasing compaction and cementation
with depth of burial, Porosity in carbonate reservoirs can occur at great depths only
with preservation of secondary porosity or, more commonly, because of fracturing
associated with structural uplift. Porosity in sandstones generally decreases linear-
ly with depth of burial, unless compaction and cementation are inhibited by early
migration, overpressure, the development of secondary porosity, or the precipita-
tion of chloride coatings on the sand grains.

The area covered by deep sedimentary rocks is a relatively small fraction of the
total prospective sedimentary area of the United States. Onshore in the lower 48
states, sedimentary rocks appreciably thicker than 15,000 feet are found in only 15
provinces, including 9 of the major ones. Only in the Gulf Coast and Appalachian
areas are large volumes of sedimentary rocks found at these depths. The relatively
small area of the deep basins and the general requirement of geologic structure to
provide adequate reservoir and trapping conditions at these depths suggest that
exploratory plays in any deep basin are not likely to exceed more than a few dozen
significant fields. Despite the relatively small number of deep exploratory wells
drilled, most of the potentially productive significant structures in several of the
deep basins of the United States have already been tested, particularly in the
Delaware Basin, Val Verde Basin, and Mid-Gulf Coast. Thus, although we believe
that a substantial number of significant deep discoveries remain to be made in the
United States, their total contribution to U.S. petroleum resources will be only a
small fraction of the overall total.

Stratigraphic Traps

The second hypothesis is that substantial amounts of petraleum remain to be
found in stratigraphic traps. Advocates of this position argue that both the number
of significant discoveries and the amounts of petroleum discovered have declined
because explorationists have continued to look only for structural traps. Because
most structures, except for deep or complex ones, were located decades ago, the
observed declines in discoveries were inevitable without a redirection of explorato-
ry effort. With a thorough, systematic search for subtle stratigraphic traps, propo-
nents of this theory assert that many discoveries can still be made.

This hypothesis is only partially correct. During the past three decades, several
major exploration plays have focused entirely on stratigraphic traps in the Anadar-
ko, Permian, Denver, and Powder River basins and in much of the rest of the Rocky
Mountain region. The peak in the number of significant discoveries in subtle strati-
graphic traps may have already occurred during the 1950s and 1960s when these
plays were most intense. Moreover, it is questionable whether large numbers of
significant subtle stratigraphic traps remain to be discovered. The ones found to
date are highly concentrated in the stable interior provinces of the United States
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between the Rocky Mountains and the Appalachians. Provinces elsewhere, such as
the Gulf Coast or the California basins, typically have so many structural trapping
possibilities with effective migration routes from the likely source rocks that it is
improbable that a large number of pure stratigraphic traps could exist in them.

Generally, subtle stratigraphic traps have single, thin reservoirs; thus, if they
are to constitute large fields, they must cover large areas. The drilling density and
depths of penetration to date in most onshore provinces of the United States,
particularly the shallower interior provinces, make it unlikelyv that more than a few
fields covering more than 10,000 acres (roughly half a township) could have been
missed. Moreover, preservation of petroleum in very large stratigraphic traps is
highly problematic. Because such traps require huge gathering areas, they are
usually located on the flanks of basins. As such, they are vulnerable to breaching,
flushing, bacterial attack, and other causes of degradation or dissipation.! We
consider it probable that hundreds, if not thousands, of subtle stratigraphic traps
remain to be discovered in the United States. But because of the number and nature
of those already discovered and the existing drilling density in most basins, we
believe that nearly all of these discoveries will be only Class D and E fields, covering
100 to 2000 acres each. '

Very Small Fields

The third hypothesis is that substantial amounts of petroleum remain to be
discovered in very small fields. Advocates of this position agree that discoveries of
significant fields are declining, particularly in the onshore lower 48 states. But they
argue that because of past economics, the search for petroleum has essentially
ignored Class D and E flelds. With an intensive exploration effort, many very small
fields could be discovered, sizably augmenting known U.S. petroleum resources.

This hypothesis is only partially correct and faces substantial quantitative
limitations as well. About 20,000 very small fields have already been discovered in
the United States. In some provinces, major exploration plays have occurred during
the past several decades that were essentially directed at finding large numbers of
Class D fields, for example, in the central Kansas and Oklahoma provinees, on the
Bend Arch, and in the Denver, Michigan, Powder River, and Williston basins.
Moreover, both the historic record and a modest amount of geologic theorizing
strongly suggest that very small fields are likely to be proportionately important
only in some provinces of the United States, namely, those provinces in the stable
interior with thin sedimentary sections, thin reservoirs, and minor structura! defor-
mation. In those provinces with thick sedimentary sections, thick reservoirs, and
moderate to extensive structural development, very small fields contribute an insig-
nificant amount to the total resource.

The argument that large numbers of very small fields remain to be discovered
in the provinces in which they are liable to occur is, moreover, highly theoretical.
It is based on statistical inferences from the number and size distribution of fields
that have already been discovered. These inferences depend on the assumptions
made about both the characteristics of the exploratory process (i.e., the means by

! Most of the tar sand or heavy oil deposits of the world were found in such circumstances. G. J.
Demaison, "Tar Sands and Supergiant Gil Fields,” The American Association of Petroleum Geologists
Bulletin, Vol. 61, No. 11, November 1977, pp. 1950-1961.
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which the known number of fields were discovered or sampled} and the eventual
distribution of fields in the province. Depending on which assumptions are used,
one can infer possibilities ranging from a relatively small number to a very large
number of very small fields remaining to be discovered. The optimistic assumption
lacks a geclogic rationale and is increasingly subject to criticism on statistical
grounds.

Although thousands of very small fields have been discovered in the United
States, they still provide only a small proportion of total U.S. petroleum resources.
The two largest fields discovered to date in the United States, Hugoton-Panhandle
and Prudhoe Buy, contain 45 percent more petrolenm in liquids and liquid equiva-
lents than has been found in all of the very small (Class D and E} fields. This
indicates another key point ahout very small fields: A very large number have to
be discovered to provide even a modest amount of petroleum resources. If we find
5000 fields with 200,000 barrels each, we have still found only a billion barrels of
oil.

We do not doubt that there are stiil several thousand very small fields remain-
ing to be discovered. However, because most will be Class E fields (less than 1
million barrels’ L&LE), we believe the amount remaining to be discovered in very
small fields is unlikely to exceed a few hillion barrels’ L&LE.

New Frontiers

The fourth hypothesis is that there are substantial amounts of petroleum re-
maining to be discovered in frontier areas. This argument acknowledges that the
observed declines in both the number of significant discoveries and the amount
discovered in the onshore lower 48 states are what one would expect to occur in
a heavily explored region. However, this decline has not yet occcurred in Alaska,
in the offshore lower 48 states, or in onshore areas of complex geology such as the
Overthrust Belt, none of which has yet been extensively explored. These frontier
regions offer the promise of many giant and large discoveries and correspondingly
the potential for substantial additions to known U.S. petroleum resources.

We agree that the frontier regions of the United States offer the greatest
potential for major discoveries. As Fig. 4.30 indicated, maost of the recent large and
giant discoveries in the United States have come from applying old ideas in new
areas, not from new ideas in old areas. Nevertheless, this enthusiasm needs to be
qualified by several key considerations. Some of our frontier regions. particularly
the Gulf of Mexico out to water depths of 200 meters, should now be classed as
mature areas, with most of the major prospects having been tested. Furthermore,
the petroleum industry has not been successful in opening up new major provinces.
Only two of the 31 provinces in the United States with known recoverable reserves
greater than 1 billion barrels’ L&LE have been opened up {(i.e,, seen their first
significant discovery) since 1932, Both of these two provinces (the Cook Inlet and
the Arctic Slope} were recognized as highly prospective decades before their first
significant discovery,

Other frontier provinces that have been tested have proved to be expensive
disappointments, for example, the Guif of Alaska, the Outer Banks of California,
the eastern Gulf of Mexico, the Southeast Georgia Embayment, and the Baltimore
Canyon. The relatively small number of exploratory wells drilled in each of these
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areas was sufficient to establish that each suffered from one or more fundamental
deficiencies, principally a lack of either rich, thermally mature source rocks or good
reservoir rocks or inadequate protection and preservation. There is no guarantee
that the remaining frontier provinces will not suffer similar shortcomings. Some
unexplored to lightly explored provinces, however, do have high promise, specifical-
ly the Arctic Slope and the adjacent offshore Beaufort Sea, the offshore Ventura
Basin, the deepwater Gulf of Mexico, the Overthrust Belt, and possibly the Bering
Sea and Chukchi Sea provinces,

As general propositions, each of these four hypotheses about where petroleum
remains to be discovered makes a valid point. Each, however, is also subject to
guantitative limitations that in a few cases are severe. In the remainder of this
section, we will examine these ideas in greater detail within the context of our
overall assessment of conventional U.8. petroleum resources.

In our assessment, we conclude that most of the conventional petroleum that
will ultimately be produced in the United States has already been discovered and
made recoverable. We estimate that ultimate recovery of conventional petroleum
liquids (crude oil and natural gas liquids) will most likely be between 210 and 285
billion barrels, as compared with a known recovery of 175 billien barrels. Ultimate
recovery of conventional natural gas will probably be between 920 and 1090 trillion
cubic feet, as compared with a known recovery of 750 trillion cubic feet. Most of
the increase in crude oil will come from reserve growth in known fields, not from
new discoveries. Only the frontier areas—primarily Alaska, and secondarily the
Rocky Mountains, California offshore, and Central Gulf offshore—have any realis-
tic promise of substantial oil discoveries. Most of the increase in natural gas and
natural gas liquids will come from new discoveries. Both the frontier areas (Alaska,
Rocky Mountains, and Gulf Coast offshore) and deep areas {Central Gulf onshore
and Mid-Continent) offer promise of substantial future discoveries of natural gas.

METHODS AND DEFINITIONS

This section summarizes our assessment of the ultimate conventional pe-
troleum resources of the United States. We provide individual assessments for each
region and then combine these assessments into a concluding national summary.
The area covered by the assessment is all of the territory of the United States,
including the adjacent offshore areas out to a water depth of 1000 meters. The
assessment thus includes all of the continental shelf and much of the continental
slope.

We limited the assessment to conventional petroleum resources: crude oil,
natural gas, and natural gas liquids. Crude oil includes heavy oil from currently or
historically producing fields, but excludes heavy oil from discovered fields that have
vet to produce. The assessment excludes petroleum liquids produced from tar sands
or oil shale. Natural gas includes natural gas from currently producing fields with
low permeability (“tight” sandstone) reservoirs or with Devonian shale reservoirs,
but otherwise excludes natural gas from these two nonconventional sources. The
assessment excludes natural gas occluded in coal or contained in geopressured
brine reservoirs. The assessment includes those conventional petroleum resources
that can be discovered and produced up to a resource cost of $40 per barrel (or per
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barrel equivalent) in constant 1980 dollars. These resource costs exclude all transfer
payments such as lease costs, royalties, and taxes.

Each regional assessment and the national summary assessment provide a
single estimate of known recovery and a range of estimates for reserve growth in
known fields and recoverable amounts in fields that are yet to be discovered. The
arithmetic summation of these three quantities provides a range of estimates for
ultimate recovery of crude oil and natural gas in each region and in the nation as
a whole. Known recovery is the sum of cumulative production and demonstrated
reserves (proved reserves plus indicated additions to reserves) in all fields discov-
ered before 1976, as estimated in 1979. Reserve growth includes all petroleum
added to known recovery after 1978 in all fields discovered before 1976. This in-
cludes reserves added as a result of development of previously discovered but
undeveloped fields, extensions to known fields, new pool discoveries in known fields,
more intensive development of existing fields {(e.g., infill drilling, well stimulation,
and a shift from peripheral to pattern water floods}, and enhanced oil recovery. The
range of estimates for undiscovered petroleum includes reserve additiens from al}
fields discovered after 1975.

Because of the inherent uncertainties in any resource assessment, we provide
a range of estimates for both reserve growth and the undiscovered potential. Our
current knowledge ahout the petroleum potential of any region is not sufficient to
justify any single estimate for that region. The three values provided in each
estimate are, respectively, the 90-percent, 50-percent, and 10-percent values on the
subjective cumulative probability distributions we developed for each region.
These levels express our subjective cumulative probabilities that ultimate reserve
growth or future discoveries will be “greater than” the amount indicated. A tight
spread among the three values indicates a very narrow range in the possibilities
(a steep curve when graphed). A wide spread indicates a substantial range of
uncertainty (a flatter curve when graphed). The range of each distribution and its
corresponding shape thus provide useful indicators of our judgments concerning
the current degree of knowledge about the resource base. As exploration and
development proceed, the ranges shown here should be progressively reduced.
However, we do not exclude the possibility that major surprises in one or two
regions may increase our estimates of undiscovered resources.

As is true of any resource assessment, our conclusions are ultimately a matter
of judgment. We have attempted to make our judgments both informed and rea-
soned. In each regional discussion, we have tried to state in sufficient detail the
more important facts and reasoning from which these judgments were made to
enable the reader to reach similar conclusions with some level of confidence, or, at
least, to know why we reached the conclusions that we did.

Reserve Growth

Estimating reserve growth, which incorporates several disparate elements, is
a complex problem for which no single method is wholly appropriate. In particular,
because of the radical changes that have occurred in petroleum markets and eco-
nomics since 1973, we believe that the use of historic appreciation factors to esti-
mate future reserve growth is no longer very useful for this task. Most of the
potential reserve growth has little historic precedent. We thus used a number of
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methods, our choice of methods depending on the particular component of reserve
growth that we were estimating.

We estimated the amount of crude oil and natural gas in fields that were
discovered before 1976, but that have not been developed or have only been partial-
1y developed, using available information on reservoir volume, planned and poten-
tial production rates, and production practices. Most of these fields are either in the
offshore Gulf of Mexico or offshore California. In estimating reserve growth from
extensions to known pools in known fields, we concentrated primarily on potential
extensions to {1) post-1965 significant discoveries and (2) pools whose historic
boundaries have been determined more by economic than by geclogic limitations
{e.g., the gas fields of the San Juan Basin}. For the first, we used historic apprecia-
tion factors adjusted by our knowledge of field development to date. For the second,
we used available subsurface geologic information to estimate potential geologic
limits. Because historical data indicate that recent new pool discoveries have been
heavily concentrated in the highly faulted Gulf Coast regions or in areas of large
numbers of multiple reservoirs such as the Mid-Continent, our estimates of future
new pool discoveries are concentrated in these regions. In most other regions, both
the horizontal and vertical limits of significant fields generally appear to be well
established. To estimate future new pool discoveries, we primarily used extrapola-
tions of adjusted historic new pool discoveries and secondarily considered the
potential sizes of deep new pool discoveries.

To estimate reserve growth from intensive development and enhanced oil
recovery, we examined the current state of development in all Class AA or larger
fields (which contain two-thirds to three-fourths of known recovery), the basic
reservoir and fluid characteristics in each of these fields, and the general economic
and technical feasibility of various patterns of intensive development and of known
and potential methods of enhanced oil recovery. For the large oil flelds, we also
considered their residual oil saturations after secondary recovery and the en-
hanced oil recovery method that appeared most promising in each field. We then
used these in conjunction with field operator interview data, recent studies on
enhanced oil recovery potential nationwide, and current reports on the degree of
success in enhanced oil recovery projects to develop estimates by field of future
reserve growth. We next extrapolated these results to other fields in each region,
generally by considering all other fields in individual plays of similar reservoir and
fluid characteristics. The studies of national enhanced oil recovery potential® were
particularly useful as informed estimates of the middie range of enhanced oil
recovery possibilities.

Most of future reserve growth nationwide is estimated to come from new pool
discoveries (gas), more intensive development (oil and gas), and enhanced oil recov-
ery {oil). The relative importance of each component of reserve growth is indicated
in each regional discussion. In our discussions, we also state the changes we esti-
mate for the recovery factor of crude oil. Both statistical independence (particularly
in new pool discoveries) and statistical dependence {particularly in intensive devel-

*'The three major studies that we used were Lewin and Assoctates, Inc., The Potential and Econaomics
of Enhanced Oii Recovery, Washington, D.C., April 1876; National Petroleum Council, Enhanced Otl
Recorerv, Washington, D.C., December 1976; and Office of Technology Assessment, Enhanced (i Recot-
ery Potentinl in the United States, Washington, 1.C., January 1978. We also had access to the data base
used by the Office of Technology Assessment in making their estimates.
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opment and enhanced oil recovery} are present in our estimates. Because the latter
strongly predominate, the nationwide estimates we show are the arithmetic sum-
mations of the regional estimates. '

Each of the three estimates of reserve growth shown has roughly the same
conceptual meaning across regions. The estimates at the 90-percent probability
level indicate a conservative rate of new development, extensions, and new pool
discoveries, moderate success from a moderate rate of additional intensive develop-
ment, and a conservative assessment of the potential of the known and less costiy
methods of enhanced oil recovery. The estimates at the 50-percent probability level
indicate a moderate rate of new development, extensions, and new pool discoveries,
moderate success from a high rate of additional intensive development, and a
moderate assessment of the potential of all the known methods of enhanced oil
recovery. The estimates at the 10-percent probability level indicate a high rate of
new development, extensions, and new pool discoveries, high success from a high
rate of additional intensive development, and a high assessment of the potential of
both known and eventual methods of enhanced oil recovery. Our estimates of
reserve growth at the lower probability levels thus explicitly incorporate amounts
that will only be added to existing reserves if innovations in stimulation and recov-
ery technology cccur.

Our estimates of reserve growth, particularly in the lower half of the probabili-
ty levels, are sensitive to the economic limits we assumed for production costs. A
higher resource cost limit supports higher estimates, principally for reserve growth
from more intensive develepment and enhanced oil recovery. The extent of the
possible increase is highly speculative, primarily because of the total lack of historic
experience for assessing the impetus that a substantially higher cost limit would
give to recovery efforts and technology, given known geologic and engineering
constraints on recovery.

New Discoveries

Qur approach to estimating as yet undiscovered amounts of petroleum depend-
ed on whether we were estimating undiscovered amounts in regions or provinces
that have been explored to a reasonable degree or in regions or provinces in which
little or no exploratory drilling has occurred. We limit the latter (the true frontier
provinces) to most of the Alaskan provinces, the Atlantic offshore previnces, the
Pacific offshore provinces north of the Ventura Basin, and the areas of the remain-
ing offshore provinces with water depths greater than 200 meters.

Three key presuppositions underlie our approach to estimating the undiscov-
ered potential of provinces that have been explored to a reasonable degree. The first
is that petroleum exploration is an intentional process. Serious petroleum explora-
tion, as opposed to some of the dubious promotional ventures that masquerade
under the same label, is directed by specific ideas as to where petroleum may be
found. It is not random. Moreover, it is nonrandom both in intent and in result.

In the language of our second presupposition, petroleum exploration is an
efficient process. The historic efficiency of petroleum exploration is, however, a
constrained efficiency. At any given time, petroleum explorationists are efficient in
locating oil and gas fields within the limits of existing geological concepts, existing
exploratory and drilling technology, and existing economics, provided that explora-
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tion within any particular geographic area is not legally constrained. By an efficient
process, we mean that if oil and gas fields exist and fall within the constraints that
apply at any given time, the existence of those fields will be hypothesized, the
potential prospects will be drilled within a few years, and exploratory drilling of
these prospects will enjoy high success rates.

Qur third presupposition is that petroleum exploration is a highly advanced
pracess. Our knowledge of petroleum geology is such that all trap types containing
appreciable amounts of petroleum have been known for decades. The state of
geological knowledge, exploration technology, and drilling technology is sufficient-
1y advanced that nearly all possible traps can now be located and reached with the
drill bit. With current domestic market conditions, everything that can be found
can also be produced and sold. Current prices are high enough to pursue all major
prospects. This does not mean that further developments will not occur in our
understanding and technology. It only means that past developments were sufli-
cient to remove the major conceptual and technological constraints on earlier ex-
ploration efforts and bring recent exploration efforts to a high level of uncon-
strained efficiency.

These three presuppositions are supported by the historical patterns of discov-
ery as outlined in Sec. IV. They also provide an efficient, powerful means for using
those patterns as a guide to predicting further discoveries. In using them to predict
the undiscovered potential of the explored regions, we first reviewed and con-
sidered possible extrapolations of the discovery patterns of significant fields by size
and type over time {App. C) and the trends in the amounts of crude oil and natural
gas over time (App. D). Qur review incorporated both the aggregate trends and a
disaggregative analysis of the various plays comprising the aggregate patterns and
the developments in understanding, technology, and economics that made each
play possible. Using this historical review of the successful exploratory hypotheses
that had been pursued in each region, we then estimated the likely range of
amounts remaining to be discovered in the known producing plays in the light of
drilling densities and depths of penetration, past legal or economic restrictions on
exploration activity, possible geologic complexity or subtlety, and available geologi-
cal information on source rock potential, migration paths, extent of reserveir rock,
trapping mechanisms, and preservation conditions associated with each play.

We next assessed the possibilities for amounts remaining to be discovered in
new exploratory plays or in plays that were only beginning in the mid-1970s. This
involved identifying undrilled or lightly drilled formations with reservoir potential;
possible source rocks for these reservoirs and the likely type of h ydrocarbons from
each; the number, type, and volume of potential traps; the potential areal extent
of new plays; and notable exploratory failures within each region or province.
Because there can be reasonable doubts as to any petroleum occurrence within a
possible new play, all major new play estimates were risked according to the
available information on the probability of the existence of adegquate mature source
rocks, reservoirs, traps, and preservation over time. The key factors in each of
these assessment processes are summarized in the regional discussions. For all of
the mature regions, we also state our range of estimates of the number of significant
fields remaining to be discovered. Appendix F lists these estimates at the B0-per-
cent, 50-percent, and 10-percent prebability levels.

Our procedures for estimating the potential of the true frontier regions depend-
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ed on the amount of information available to us. For some areas, such as the
deepwater Central Gulf offshore, the deepwater Ventura Basin, and most of the
onshore Arctic Slope and Arctic Foothills, suficient information was available to
estimate a range of the number and size distribution of potential prospects and the
likelihood that they might contain petroleum. For other areas and provinces, we
focused primarily on the fragmentary information available on basic geologic
parameters such as source rock volume, quality, and maturation; the volume and
quality of potential reservoir rocks; the types and sizes of traps; and conditions of
preservation. We checked the most recent resource estimates available for these
areas prepared by geologists using proprietary data unavailable to us against both
these factors and the most likely province analogs and adjusted them accordingly.
In particular, for our estimates of the petroleum potential of Alaska, we relied
heavily on the descriptions and evaluations in the recent Open-File Reports of the
U.S. Geological Survey {as listed in the Bibliography). For these areas, our esti-
mates are thus largely derived from those of other estimators. Like the other
estimates, the key factors in our assessments are summarized in the discussion of
the petroleum resource potential of each region.

Our estimates of the undiscovered potential of a specific region or province are
independent of our estimates of the potential of the other regions or provinces. Qur
estimates of the undiscovered potential nationwide for the lower 48 onshore and
offshore and for several of the regions are thus the statistical summations of our
subjective cumulative probability distributions for smaller areas, To develop the
summary estimates, we used a Monte Carlo technique to select randomly and sum
a value from each relevant regional cumulative probability distribution. The sum-
mary probability distributions are the statistical distributions of 5000 repetitions
of this process.

Like the estimates of reserve growth, the three estimates provided for undis-
covered petroleum resources have roughly the same conceptual meaning across
regions. The estimates at the 90-percent probability level indicate conservative
expectations of what remains to be discovered at the tail end of exploration of old
plays and in recently developed plays. The estimates at the 50-percent probability
level incorporate moderate expectations of what remains at the tail end of old plays,
the potential of recently developed plays, and conservative expectations for wholly
new exploration plays, if any. The estimates at the 10-percent probability level
indicate optimistic expectations of the ultimate potential of both old and recently
developed plays and moderate expectations for wholly new plays, if any. Because
of the risk factors we assign to new plays, optimistic expectations of their potential
are considered to have less than a 10-percent probability of occurrence. In the last
10 percent of our range, we also include amounts to account for major surprises
bevond the possibilities that we could positively identify.

Comparative Estimates

QOur estimates of the ultimate petroleum potential of each region and of the
nation as a whole are explicitly compared with other well-known estimates pub-
lished during the 1970s. Three of these studies have provided regionally disaggre-
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gated estimates: the National Petroleum Council (NPC)},® the Resource Appraisal
Group of the U.S. Geological Survey (Circular 725},* and the Potential Gas Commit-
tee (PGC).> We provide the estimates of each of these studies in our regional
assessments and discuss the key differences between them and our own estimates.
They are also listed, along with other national estimates, and discussed in the
concluding national summary.

In comparing these estimates with our own, we have tried to exhibit them in
ways that are conceptually similar, if not equivalent, to our own estimates. Because
each study followed its own procedures, this was not always possible. Key similari-
ties and differences are as follows: The estimates of all of the studies shown here
refer to conventional petroleum resources only, excluding nonconventional sources
of petroleum, just as we do. Occasionally they use different regional boundaries.
These are indicated in the subsequent tables showing regional resource potentials.
Circular 725 includes rescurces offshore to a water depth of 200 meters; the PGC
specifies a water depth limit of 1500 feet; and the NPC does not specify a water
depth limit. Circular 725 assumes price-cost relationships as of 1974 and the then
prevailing technological trends; the PGC assumes an unspecified adeguate price
and normal technological improvement; and the price and technology assumptions
of the NPC pertaining te resource assessment {as opposed to the finding rate} are
unclear. Circular 725's concept of inferred reserves is a subset of our concept of
reserve growth, excluding most enhanced oil recovery and intensive development
resulting from higher prices. Its estimates for undiscovered resources specify 95-
percent, mean, and 5-percent probability levels. We assume that the PGC’s single-
point estimate of probable resources is conceptually equivalent to our maximum
estimate of reserve growth. We compare the PGC’s single-point estimate of possible
resources with our 50-percent probability level and the sum of its estimates of
possible and speculative resources with our 10-percent probability level, although
it is probably conceptually equivalent to a 25- to 50-percent probability level and
a 1.0- to 0.1-percent probability level, respectively. The NPC only estimates reserve
growth for oil for the period 1971 to 1985. We assume that its single-point estimate
of the undiscovered potential is conceptually equivalent to our maximum estimate
of the undiscovered potential.

REGIONAL RESOURCE ASSESSMENTS

Alaska

Alaska is the last great frontier for petroleum exploration in the United States.
Substantial areas of moderate to great promise still have yet to be drilled because

3 I78 Energy Qutlook: Oil and Gas Availubilit Washington, D.C., July 1970; and . H. Cram fed .
Fuiur-  troleum I--rvinces of the Unijed States— Their Geology and Poter.. .. Avs o can Association
of Petroieum Geologsts, Tuisa, Okla., 1971,

*B. M. Miller et al., Geological Estimates of Undiscovered Recoverable 04l and Ges Resources in the
United States, Geological Survey Circular 725, Washington, D.C., 1975.

* Potenticl Supply of Natural Gas in the United States {as of December 31, 1976), Potential Gas
Agency, Colorado School of Mines, Golden, 1977. Updated estimates as of December 31, 1978, are
available from the PGC, We chose to use the earlier estimates because of their closer lempora? compura
hility with our own.
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of a variety of economic, political, and technological constraints. But this promise
does not mean that future exploration in Alaska is likely to transform radically the
outlook for future discoveries in the United States as a whole.

We foresee a moderate potential for future reserve growth in Alaska, particu-
larly for crude oil. (S8ee Table 5.1.) Most of the potential for additions to crude oil
reserves in known fields comes from waterflooding the Sadlerochit reservoir in the
Prudhoe Bay field, further development of the Kuparuk River field (which could
become one of the ten largest oil fields in the country}, and development of the
deeper Lisburne reservoirs in each of these fields. The Cook Inlet fields have only
a small potential for future reserve growth. Overall, we project that the recovery
factor will increase from its present level of about 37.5 percent of oil in place to
about 40 percent (at 90-percent probability), about 45 percent (at 50-percent proba-
bility), and about 50 percent (at 10-percent probability). Most of the future reserve
growth in natural gas resources will be from additions to associated-dissolved gas
reserves in the major oil reservoirs on the North Slope. There is also some potential
from extensions and further development in some of the nonassociated gas fields
in the Cock Inlet Province.

The potential for future discoveries in Alaska is heavily concentrated in the
provinces north of the Brooks Range and in the Bering Sea. The various arcas of
the Gulf of Alaska appear to lack good reservoir rocks, sufficiently rich source
rocks, or both. However, there is a low probability of a few medium-size discoveries
{most likely natural gas) in the eastern part of the Gulf. The Alaskan interior and
the lower Cook Inlet also appear to be relatively unpromising. The upper Cook Inlet
has already been explored. However, a few Class A to C gas discoveries still appear
possible. Preliminary investigations of the Bering Sea provinces have indicated
promising reservoirs and traps. The primary remaining uncertainty is the quality
of source rock in the various gas source rocks in the several basins. Preliminary
indications are that source rocks are at best only moderately favorable and are
more conducive to natural gas than to oil accumulations. We consider the Bering
Sea provinces to have substantial potential (a maximum of about 16 billion barrels’
L&LE}). However, the uncertainties about petroleum source rocks make their po-
tential moderately risky.

The North Slope has already demonstrated substantial potential with respect
to good reservoirs, large traps, and rich, mature source rocks. The major uncertain-
ties relate to the extent and characteristics of future discoveries along the Barrow
Arch and the possibilities for new plays in the Beaufort Sea north of the arch and
in the Colville Geosyncline south of the arch. We estimate a good probability of a
few substantial {Class AA to smaller Class AAAA) oil discoveries with substantial
amounts of associated-dissolved gas in combination traps along the Barrow Arch,
particularly east of Prudhoe Bay. The Cretaceous and Tertiary formations of the
Beaufort Sea appear to have substantial petroleum potential, because of the exis-
tence of rich, mature source rocks, at least adequate reservoirs, and several trap-
ping possibilities. The lesser degree of subsurface information makes these a slight-
ly more risky play than the onshore. Onshore south of the Barrow Arch, there are
several structurally trapped Class A to AAA prospects. Preliminary seismic infor-
mation about the Chukchi Sea indicates a sedimentary fill similar to that in the
Beaufort Sea with several potentially large and giant traps. This area is promising,
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Table 5.1

oF ULTIMATELY RECOVERABLE AMOUNTS OF CrUDE OIL
AND NATURAL GAS IN ALASKA

Known ReseTve Uleimate
Fostimate Recovery Growth Undiscovered Recovery
Crude 0i1 (biilien barrels) L
Tris Feport 10.7 1.8-3.5-6.0 6.5-11.2-323.4 18- 253- 40
{12-31-73)
Ciwnmuigr 755 i, 7 6.2 12-27- 49 29— 44~ 66
(12=-31-74)
10.5 1.¢% 54.8 67
(12-31-70)
warural Gas {trillion cubic fee*)
33.9 2.1-4.0-6.6 11.3-49.0-83.8 67~ B7-124
Zir 32,8 14.8 29-76-132 77-124-180
froN 31.4 n.E.b 327 358
(12=31=70)
. 13.0 PR w452 ~101-258
{(12=-31-76)
t —_

MOTE: The range of numhers shown for this repowt is for the 90—, 50-, and
I0-percent probahility levels of our estimates.
Circular 723 is
estimates.

The range of numhers shown for
the 95—, wweap, and S-percent probability levels of their

a P,
To 1933 only,

b,
No aestimate.

but with a moderate degree of risk because of the low level of information about
its characteristics.

From our combined appraisal of these areas, we estimate that there is a 90-
percent probability that the ultimate recovery of crude oil in Alaska will exceed 19
billion barrels, a 50-percent probability that it will exceed 25 billion barrels, and a
10-percent probability that it will exceed 40 billion barrels. We estimate a 90-
percent probability that ultimate recovery of natural gas in Alaska will exceed 67
trillion cubic feet, a 50-percent probability that it will exceed 87 trillion cubic feet,
and a 10-percent probability that it will exceed 124 trillion cubic feet. These esti-
mates are substantially lower than those of Circular 725, the NPC, and the PGC for
several reasons. Since these three estimates were made, unsuccessful exploratory
drilling and further geological investigations in some areas of Alaska such as the
Gulf of Alaska and the National Petroleum Reserve have resulted in downward
revisions. The Circular 725 and PGC estimates of future reserve growth in existing
natural gas fields are clearly too high, a fact acknowledged by a more than 40-
percent downward revision of the PGC estimate in its most recent study. None of
the three appear to have applied geologic risk factors to their estimates as we did.
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Finally, the NPC and PGC estimates for undiscovered natural gas seem to have
overestimated source rock potential and the volume of effective reservoir rocks in
likely traps in Alaska.

California

The known petroleum resources of California are highly concentrated in giant
and large fields. Except for the offshore areas, nearly all of these fields were discov-
ered by 1950. However, California has substantial potential for crude oil reserve
growth. Other than the offshore, the outlock for future discoveries is not promising.
{See Table 5.2

The best prospects for reserve growth in California oil fields lie in the use of
thermal recovery methods in the heavy oil fields, particularly in the San Joaquin
Valley. Application of these methods has already resulted in substantial reserve
additions during the 1970s. We foresee that this process will confinue through the
remainder of the century. Enhanced oil recovery in the medium-gravity California
fields will be both more costly and technologically more difficult. The potential is
there, but realizing it may require some innovations in recovery technology be-
cause of the poor gquality of the reservoirs. Full development of the offshore fields
discovered about 1970 in the offshore Ventura Basin should also contribute to
future reserve growth. Overall, we project that the recovery factor will increase
from its present level of about 27.5 percent of oil in place to about 31 percent
{90-percent probability), about 34 percent (50-percent probability), and 38 percent
{(10-percent probability). The potential for future reserve growth in natural gas is
limited primarily to new pool discoveries in the Sacramento Valley gas fields, full
development of the offshore fields, and more dissolved gas from medium-gravity oil
fields.

Onshore, the best prospects for future oil discoveries appear to be medium-
depth combination or stratigraphic Yowlumne-type traps along the flanks of the
major arches in the San Joaquin Province. We also estimate that a few smaller
significant discoveries can be made along the Santa Monica fault zone in the Los
Angeles Basin. There is a lesser probability of a few combination or stratigraphical-
ly trapped oil discoveries in the center of the Los Angeles Basin. Prospects else-
where are most likely to be nonsignificant Class D and E fields. Offshore, the best
possibilities for both oil and gas occur on the known structural trends in the Santa
Barbara Channel. South of the Channel Islands, the only good potential is found
in the seaward extensions of existing structural trends and a possible new trend or
two in the Los Angeles Basin. The Quter Banks area appears to lack sufficiently rich
source rock for major accumulations, although we estimate a low probability that
some significant discoveries may still be made there. Other than a few small pros-
pects in the offshore extensions of the Santa Maria and Salinas basins. the pe-
troleum potential of the Pacific offshore basins north of Point Arguello appears to
be very limited. Onshore, the praspects for natural gas appear to be limited primari-
ly to future Class C and D discoveries in the Sacramento Valley and in the basins
of the Pacific Northwest. If any substantial surprises occur in Pacific Coast explora-
tion, they will most likely be significant gas discoveries in Oregon and Washington.
Because of the near disappearance of porosity and permeability below 15,000 feet
in typical California sandstone reservoirs, major deep gas discoveries are unlikely.
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Table 5.2

ESTIMATES OF ULTIMATELY RECOVERABLE AMOUNTS GF CRUDE OIL
AND NATURAL Gas IN CALIFORNIA (PaciFic CoasT)

Known ReseTve Tltimate
. Fmtimate Revovery Growth Uadiseovered Recovery
Crude 01l {b{lllomn barrcls)
12.8 3.1-6.7-12.9 0.2-0.5--0.8 26=30-37
19.0 0.3 4-7-11 23-2p-30
5]
18.6 3.8% il.2 34
= b : -
Thig s o,y L D60 u-L.4 1.0-3.7-3,2 Ao by
(l2-31-75)
S i Ih G.2 2-3=5 Gmmf==f
(12-31-743
el 0.8 4.1 12 1%
{12-31-700 B
feet}
) vl 31.8 1.2-3.3-8.5 G.?-1.6-3.4 2g=3T -2
(12-31-7%)
Tdwen g TID 0.2 [ B-13-24 424754
(12-31-74 1
N 31.1 N.E. 22,5 54
(12-31-707
{12-31-742 31.0 4.0 -9-26 -44-61
S e L4 0.7-1.4-2.6 2.3-3,3-5.1 4mmfpend
[12-31-75)
T o FAF 1.9 0.4, 2-3-0 4-5-8
(12-31-74)
1.0 W.E. 23 14
(12-30-703
R, 1.0 0 - 7-10 -8=11
_ {13-31-74; 1 N

%70 1983 only.
“Excludes 0il and gas in fields that are only partiallv offshore.

c - . . . -
Patential Gas Committese Area L, which Includes ldaho and Kevada.

We estimate a 90-percent probability that ultimate recovery onshore California
will exceed 26 billion barrels and 34 trillion cubic feet, a 50-percent probability that
it will exceed 30 billion barrels and 37 trillion cubic feet, and a 10-percent probabili-
ty that it will exceed 37 billion barrels and 42 trillion cubic feet. Offshore, we
estimate a 90-percent probability that ultimate recovery will exceed 3 billion bar-
rels and 4 trillion cubic feet, a 50-percent probability that it will exceed 4 billion
barrels and 6 trillion cubic feet, and a 10-percent probability that it will exceed 6
billion barrels and 9 trillion cubic feet. We estimate that future significant discover-
ies will most likely be between 9 and 32 fields onshore and 22 and 51 fields offshore.
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The primary real difference (other than conceptual ones) between our estimates
and the other three shown in Table 5.2 is the assessment of onshore potential. The
much higher estimates of Circular 725, the NPC, and the PGC have to imply either
a substantial number of large and giant discoveries or a very large number of small
and very small discoveries onshore. We consider either possibility to be extremely
implausible because of the limited areal extent of the onshore basins, their long
exploration histories, and, subsequently, their well-known geology.

Rocky Mountains

The Rocky Mountain region has the best potential for major significant discov-
eries of any onshore region in the lower 48 states. However, because this potential
is limited to a handful of new exploratory plays, we do not foresee more than a
doubling of ultimate recovery within the region. (See Table 5.3.)

Infill drilling and more intensive waterflooding provide much of the high-proba-
bility potential for reserve growth in the oil fields of the region. The achievement
of higher levels will depend on the successful application of enhanced oil recovery
methods in the large and glant oil fields. Overall, we project that the recovery factor
will increase from its present level of about 29.5 percent of oil in place to about 32
percent (90-percent probability), about 34.5 percent (50-percent probability}, and
about 38 percent (10-percent probability). Infill drilling in the gas fields of the San
Juan Basin will be the major source of reserve growth for natural gas. Deep new
pool discoveries in the Big Horn, Green River, and Wind River provinces and
extensions to Piceance Basin fields also promise to provide some growth in natural
gas reserves.

The best potential for major new discoveries in the region is the portion of the
Overthrust Belt where Idahe, Utah, and Wyoming meet. This area has numerous
structures with thick, multiple Paleozoic and Mesozoic reservoirs adjacent to rich,
mature source rocks. Its potential is limited to some degree by the small area of
most of the fraps and the poor quality of most of the productive reservoirs. Also,
the productive trend may not cover an area much larger than its current limits. The
area appears to be primarily a natural gas/natural gas liquids play. Since 1975
several large discoveries and at least one giant discovery have been made in the
Overthrust Belt.

Another good play has developed since 1975 in moderately deep Mississippian,
Devonian, and Ordovician formations in the Williston Basin. However, because
reservoir quality in these formations is very poor and structures are generally
fairly small in area, most of the discoveries in this play are Class D prospects. Some
sighificant discoveries, such as Little Knife and Mondak, are being made, however,
the latter having the potential to be a Class AA or AAA field. There also appear
to be reasonable prospects for future significant gas discoveries in the deeper
portions of the Big Horn, Green River, and Wind River basins and in parts of the
Overthrust Belt in Montana immediately south of the Canadian border. Otherwise,
we estimate that there will be only a few isolated significant discoveries in the other
Rocky Mountain provinces together with a substantial number of Class D and E
discoveries.

Overall, we estimate that there will most likely be another 80 to 128 significant
discoveries in the Rocky Mountain region. About 60 percent will be Class B and C
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Table 5.3

ESTIMATES OF ULTIMATELY RECOVERABLE AMOUNTS OF CRUDE OIL
AND NaTURAL Gas IN THE Rocky MoOUNTAIN REGION

Known Rezerve Ultimate
Estimateo Recovely - Growth Undiscovered Recovery

Crude 0il (billjon barruls)

The Hepore 6.1 ©p.9-2.0- 2.4 | 1.e-2.1-2. 13-4~ 16
(12-31-75)

imenlap 70E0 9.3 1.9 7-11-19d 18-22- 30
(12-31-74)

o 8.3 0.9° 25,2 3
(12-31-700 -

Natural Gas {frillion cubic feet)

Tila Fepore 44.0 1.4.0,9-16.0 | 22.7-31.7=64.7 | 71-86-105
(12-31-75)

~ . crpad a d

Cipenilan TES 38,0 8.2 24-43-72 70-89-118
(12-31-74)

R 34,4 K.F. 6.8 121
(12-31-70)

p? 40.0 17.0 ~34=34 -51-111
{12-31-76)

a .

NFC Regions 3 and 4, which exclude central and eastern ebraska.
Potential €as Committee aveas H and I, which exclude Idaho and Nevada,
“To 1985 only.

d, . ) - : . -
The arithmetic sums of Cireular 7235 estimates for Regions 3 and 4.

fields, there being numerous large discoveries in the Overthrust Belt and the deep-
er prospects. With these future discoveries, we estimate a 90-percent probability
that ultimate recovery in the Rocky Mountain region will exceed 13 billion harrels
and 71 trillion cubic feet, a 50-percent probability that it will exceed 14 billion
barrels and 86 trillion cubic feet, and a 10-percent probability that it will exceed 16
billion barrels and 105 trillion cubic feet. We also estimate substantial amounts of
undiscovered natural gas liquids, primarily in the Overthrust Belt.

Our estimates of the undiscovered potential for crude oil are substantially
lower than the other two estimates shown in Table 5.3. Both implicitly overestimate
the number of significant oil prospects remaining in the Rocky Mountain region.
Because of the extent of exploration to date in most of the Rocky Mountain basins,
the indicated field sizes and hydrocarbon content of the new plays in the Overthrust
Belt and Williston Basin, and the lack of very rich source rocks or good preserva-
tion in many of the Rocky Mountain basins, the other two estimates lack plausibili-
ty, even if one counts likely natural gas liquids in the Overthrust Belt as crude oil.
Their estimates for natural gas are similar to our own, although their estimates of
undiscovered potential tend to be slightly higher.



153

Permian Basin

During the 50 years of petroleum exploration in the Permian Basin since 1925,
most of the sedimentary section to basement rocks has been thoroughly tested. As
a result, crude oil discoveries had dropped off to minor levels by the 1960s and
natural gas discoveries were declining sharply in the 1970s. Because of the lateral
and vertical extent of exploratory drilling in the region, these trends will not be
reversed, Future reserve additions, particularly for crude oil, in the Permian Basin
will come primarily from reserve growth in pre-1976 discoveries. {See Table 5.4.)

The potential for reserve growth in the giant and large oil fields of the Permian
Basin is substantial. Reserves are already being added through major infill drilling
programs, the effects of which should continue to show up for several more years.
Enhanced oil recovery through carbon dioxide miscible flooding should substantial-
ly augment Permian Basin oil reserves over the next several decades. Overall, we
estimate that the recovery factor will increase from its present level of about 29
percent of oi} in place t¢ about 32 percent (90-percent probability}, about 35.5
percent (50-percent probability), and about 40.5 percent {10-percent probability).
Proportionately, the potential for reserve growth for natural gas is much less, but
we foresee some potential from infill drilling, extensions, and more well stimulation.

The possible exploratory plays of the Permian Basin are close to exhausting
their potential. Future discoveries in the deep gas play for Ordovician, Silurian,
and Devonian structures in the Delaware Basin that began in the 1960s are most
likely limited to a few Class C and D fields. Future stratigraphic trap possibilities
in the Pennsylvanian formations for gas also appear to be limited to Class C and
D fields. Future significant oil discoveries, if any, are likely to be isolated accumula-
tions rather than the forerunners of major new plays. Overall, we estimate that
significant discoveries in the Permian Basin after 1975 will most likely be between
13 and 44 fields, 80 to 90 percent of which will be Class C in size. Most of these
discoveries will be natural gas fields. We also foresee hundreds of Class D and E
discoveries in the basin.

Overall, we estimate a 90-percent probability that ultimate recovery in the
Permian Basin will exceed 30 billion barrels and 78 trillion cubic feet, a 50-percent
probability that it will exceed 34 billion barrels and 83 trillion cubic feet, and a
10-percent probability that it will exceed 40 billion barrels and 93 trillion cubic feet.
Qur estimates of potential differ only modestly from the recent ones of the Intera-
gency Qil and Gas Supply Project,® an assessment effort using approaches similar
to our own. Its estimate includes a few Class A deep gas discoveries, more future
discoveries in very small fields, and more gas recovery through massive hydraulic
fracturing than we do. By comparison, the other estimates tend to be around an
order of magnitude higher than our own for both undiscovered crude oil and
natural gas resources. If such estimates were to be true, they would require a
massive reversal in the historie discovery trends. The extent of exploratory drilling
in the basin and the geological limits it has indicated to the known producing plays
make such a reversal impossible.

i Future Supply of Oil and Gas from the Permian Basin of West Texos and Southeast New Mexiro,
Geological Survey Circular 828, 1.8, Geological Survev, Washington, D.C., 1980.
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Table 5.4

EstiMATES OF ULTIMATELY RECOVERABLE AMOUNTS OF CRUDE OIL
AND NATURAL GAS IN THE PERMIAN BaSIN

E Known ReseTve Uitimate
o . Estimate i Recovoery Crowth Undiscovered Recoverv
Crude 0il (hillicn barrals)

e Tarews 2406 3.2-7.2-13.0 0.2-0.4-0.7 30- 34~ 40
(12-31-7%)
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®farludes Noreh Central Texas {Texax R.R.C. districts 7B and 9).
Fre 1985 only.

< = . = a-
AL 340 per barrel and 2 5-peTrcent discount rate,

North Central Texas

Significant fields are of lesser importance in North Central Texas than in any
other region of the nation. Future exploration will not alter this situation. Future
discoveries in the region will be almost entirely Class D and E fields, primarily on
the Bend Arch and in the Fort Worth Syncline. We estimate that at best only one
or two more significant discoveries are likely to be made. Future discoveries will
be predominantly gas fields. Some reserve growth is likely from infill drilling,
extensions, and new poo! discoveries {both crude oil and natural gas} and from
enhanced oil recovery. We estimate that the recovery factor will increase from its
present level of about 24.5 percent of oil in place to about 26.5 percent (90-percent
probability), about 29 percent (50-percent probability), and about 32 percent {I1G-
percent probability). Overall, we estimate a 90-percent probability that ultimate
recovery in North Central Texas will be at least 5.7 billion barrels and 12 trillion
cubic feet, a 50-percent probability that it will be at least 6.4 billion barrels and 13
trillion cubic feet, and a 10-percent probability that it will be at least 7.6 billiop
barrels and 15 trillion cubic feet. {See Table 5.5.)
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Table 5.5

EsTiMAaTES OF ULTIMATELY RECOVERABLE AMOUNTS oF CrUDE OIL
AND NATURAL Gas IN NorTH CENTRAL TEXAS

Known Regerve Ultimate
Estimate Becovery Crowth Ungiscovered Recovery

Crude 0il {billion barrels)

TRele Reroamd 4.4 G.7-1.3-2.3 0,1-0.2-0.4 6- 6= 8
12-31-73)

L}izﬁ;ﬁf?giﬁ I [Included ij Table 3.4) |

N {ITnciuded in Table 5.47%
(12=-31-761 | ‘ '

Naturzal Gas (trillist cuhic Teet)

.8 G.3-C.e-1.8 0.8-1.6-2.8 12-13-15

{ITnctuded in Table 5.4)

| | I

e {Included in Tahle 3.43
{12 31-73) r ‘ |

R

(Included in Table 5.9)

T 112-31-76) i

Mid-Continent

The Mid-Continent is the second most important source of known petroleum
resources in the United States. It has also been asserted to have substantial future
potential, particularly for natural gas in the deep Anadarko Basin. We consider this
potential to be highly overrated. There is a substantial potential for future reserve
additions in the region, but it will come primarily from reserve growth in existing
fields, not from new discoveries. Most of the significant discoveries in the region
have already been made. (See Table 5.6.)

The major initial impetus to reserve growth in the Mid-Continent region will
come from infill drilling in existing fields, increasing the proportion of reservoir
volume that has been effectively swept. Some extensions and new pool discoveries
are also possible, particularly in gas fields in the Anadarko Basin. The potential for
enhanced oil recovery is substantial; however, the enhanced oil recovery methods
that can be used are also likely to be quite expensive. Therefore, we consider that
major reserve additions from enhanced oil recovery in the Mid-Continent have only
a medium to low probability of occurrence. Overall, we estimate that the recovery
factor will increase from its present level of about 32 percent of oil in place to about
34 percent (90-percent probability), about 37 percent (50-percent probability), and
about 40 percent (10-percent probability).

Most of the shallower provinces in the region have been explored extensively
down to the basement rocks. We therefore think that nearly all future significant
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Table 5.6

EstimMaTES oF ULTIMATELY RECOVERABLE AMOUNTS oF Crubpe OIL
AND NATURAL Gas 1N THE MIn-CONTINENT

Enown [ Rosorve ! Ultimare
Egrimate herowvery 1 Crowth | Undismcovered | Recovery
Crude 0i1 ()11‘10 barrels)
|
Tote Menowd 19.7 .9~ 5.2= 9.2 ‘ 22- 23— 30
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discoveries are likely to occur in the Anadarko Basin, with the possibility of a few
in the South Qklahoma and Arkoma provinces. These will be predominantly natu-
ral gas fields. We estimate that there will most likely be 22 to 70 significant discover-
ies in the region after 1975. About two-thirds of these will be Class C in size. The
few larger significant discoveries will most likely be medium-depth to deep gas
discoveries within the Anadarko Basin.

Overall, we estimate that there is a 90-percent probability that ultimate recov-
ery in the Mid-Continent region will exceed 22 billion barrels and 163 trillion cubic
feet, a 50-percent probability that it will exceed 25 billion barrels and 178 trillion
cubic feet, and a 10-percent probability that it will exceed 30 billion barrels and 200
trillion cubic feet. Qur estimates for the crude oil potential of the region do not
differ appreciably from the total Circular 725 and NPC estimates, given the concep-
tual differences among the three. The Circular 725 estimate for undiscovered oil
resources is implausibly high, because of the trend in oil discoveries in the region
since 1960 and the density of exploratory drilling.

Our estimates of the amount of natural gas remaining to be discovered are
substantially lower than the other estimates, primarily because of the lower poten-
tial we place on the deep Anadarko Basin. We have downgraded the region princi-
pally because of its exploratory history. In the 15 years of exploration of the basin
area below 15,000 feet between 1961 and 1975, only seven significant fields with
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major reservoirs below 15,000 feet were discovered, the largest of which was only
a Class AA fleld. If a basin of the same type as the Anadarko Basin were to have
very large volumes of natural gas, all of the relevant basin analogies suggest that
they would be concentrated in Class AAA and AAAA fields. Assuming that deep
fields of this size will be limited to structural traps and that the productivity of
future discoveries would equal the known deep Hunton formation average of about
20 billion cubic feet of reserves per well on 640-acre spacing, estimates of 50 to 100
trillion cubic feet of natural gas in the deep Anadarko Basin would imply several
fields covering two to ten townships each. Both the current deep drilling density in
the basin and its basic geologic structure preclude this theoretical possibility.

Western Gulf

The potential for future discoveries in the Western Gulf region is primarily
offshore. Onshore sighificant discoveries have been declining rapidly since the
decade around 1950. Most of the recent significant discoveries that have occurred
onshore have been in the peripheral, less explored areas of the reglon.

Unlike most of the other major petroleum-producing regions of the country, the
potential for reserve growth in the Western Gulf is relatively limited. Because
reservoir quality is generally good to excellent, recovery rates in the major oil fields
are already high. Selective infill drilling promises minor improvements in sweep
efficiency. Extensions to the Austin Chalk fields have some potential as well. There
will also be additions from new pool discoveries. Because of low residual oil satura-
tions in the swept portions of known fields, enhanced oil recovery is not highly
promising, Overall, we estimate that the recovery factor will increase from its
present level of about 42 percent to about 43.5 percent (90-percent probability),
about 45 percent (50-percent probability), and about 48 percent (10-percent proba-
bility}. The potential for reserve growth in the natural gas fields should be assessed
cautiously because of the large negative revisions that have occurred in the natural
gas reserves of the region over the past decade. We believe that nearly all of the
negative revisions that had to be made have already been made, and therefore see
a minor potential for some net reserve growth from new pool discoveries onshore
and extensions and full field development offshore. (See Table 5.7.)

Onshore and offshore, the potential for new discoveries in the Western Guif
region is practically limited to natural gas. Future discoveries of crude oil onshore
will be almost entirely in Class D and E fields with a possibility of only a few Class
C discoveries. The offshore is overwhelmingly a gas-prone region as well, although
a few modest oil discoveries are possible. Many of the significant natural gas
discoveries that were expected to be made offshore Texas were made during the
peak of exploration in the High Island and High Island East Addition areas from
1973 to 1977. However, a few still remain to be made to the southwest and beyond
the 200-meter water depth contour. We estimate that there will most likely be
hetween 28 and 60 significant discoveries in the offshore Western Gulf after 1975.
We also see a possibility of several hundred Class D discoveries. Onshore, we
estimate that the majority of natural gas reserve additions from new discoveries
will come from Class D and E fields. However, we estimate that between 7 and 32
significant fields will be discovered, primarily in the peripheries of the region
outside of the major productive trends.
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Table 5.7

EsTIMATES OF ULTIMATELY RECOVERABLE AMOUNTS OF CrUDE OIL
AND NATURAL Gas IN THE WESTERN GULF REGION

Known Reserve Ultimate
Estimate Recovery Growth Lndiscovered Recovery
Crude 0i1 {billion barrels) o
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122-127-134

—-164-168
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dizcovered) or 0.5 {ulrimate discovery) billion harrels.

Overall, we estimate a 90-percent probability that ultimate recovery onshore
in the Western Gulf will exceed 15 billion barrels and 122 trillion cubic feet, a
50-percent probability that it will exceed 17 billion barrels and 127 trillion cubic
feet, and a 10-percent probability that it will exceed 18 billion barrels and 134
trillion cubic feet. Offshore, we estimate a 90-percent probability that ultimate
recovery will be at least 19 trillion cubic feet, a 50-percent probability that it will
exceed 24 trillion cubic feet, and a 10-percent probability that it will exceed 30
trillion cubic feet. We do not foresee that ultimate recovery offshore will exceed 1

billion barrels.
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Central Gulf

Since 1950, the Central Gulf region has been the principal location for major
new discoveries of both crude oil and natural gas in the United States outside of
Alaska and a comparatively steady source of significant discoveries. Although
there is still substantial potential for future discoveries in the region, it appears
that it will soon relinquish its leading role.

The potential for reserve growth in the oil fields is limited. Because the major
oll fields typically have reservoirs with good porosity and permeability and with
natural water drives, the recovery factor in the region already exceeds 50 percent.
With some selective infill drilling to get better reservoir drainage and improve
sweep efliciency, this can be improved slightly. Some potential also exists for new
pool discoveries and extensions, particularly offshore, because of the complex geolo-
gy of many of the fields. Applications of enhanced oil recovery methods will be
expensive and should increase ultimate recovery by only modest proportions. Over-
all, we estimate that the recovery factor will increase from its present level of about
52.5 percent to about 54.5 percent (90-percent probability), about 57 percent (50-
percent probability}, and about 60 percent {10-percent probability}. Future growth
in natural gas reserves in existing fields will come primarily from new pool discov-
eries, extensions, and full development of some of the more recent offshore discov-
eries. {See Table 5.8.)

Since 1950, significant discoveries onshore in the Central Gulf region have been
rapidly diminishing. The exploration of the deep Tuscaloosa trend should reverse
this decline, but the reversal will only be temporary. We estimate that there will
most likely be between 24 and 58 significant discoveries onshore in the Central Gulf
region after 1975, most of which will be natural gas discoveries below 15,000 feet
deep. However, the deep gas potential onshore appears to be limited by streaky
porosity and permeability within the substantial gross thickness of the Tuscaloosa
sandstone. With indicated average reserves per well on 1280-acre spacing of 20 to
40 billion cubic feet and structures that typically will take three to twelve wells to
develop, most of the fields within the trend will be Class C to A in size, with a
possibility of a few Class AA or AAA fields on the largest structures with better
porosity.

Offshore, the potential for major significant discoveries is heavily concentrated
in water depths greater than 200 meters. Nearly all of the larger anticlines and salt
domes have been drilled in lesser water depths. Future discoveries within the
200-meter contour will be largely limited to Class C and D fields. We estimate that
there will most likely be between 65 and 121 significant discoveries offshore after
1975. However, unlike previous offshore discoveries in the Central Gulf, only about
10 to 20 percent of these will be Class A or larger fields.

Overall, we estimate a 90-percent probability that ultimate recovery onshore
in the Central Gulf will be greater than 11 billion barrels and 99 trillion cubic feet,
a 50-percent probability that it will be greater than 12 billion barrels and 107 trillion
cubic feet, and a 10-percent probability that it will be greater than 13 billion barrels
and 119 trillion cubic feet. Offshore, we estimate a 90-percent probability that it will
exceed 9 billion barrels and 91 trillion cubic feet, a 50-percent probability that it will
exceed 10 billion barrels and 102 trillion cubic feet, and a 10-percent probability that
it will exceed 13 billion barrels and 118 trillion cubic feet.
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Table 5.8

EsTIMATES OoF ULTIMATELY RECOVERABLE AMOUNTS oF CRUDE OIL

AND NATURAL Gas 1N THE CENTRAL GULF REGION

Known
Recovary

Eosarve
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9.7 0.8= 1,7-3.0 0.1-0 11--12--1%

350 4.6 Smm 53--56-—50
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and the Bastern Gulf excluding southern Florida.
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Defined as all Ffields,

leuiviana.

significant or otherwise, in the Louislana offshore area,
theresy excluding vffshore ficlds in the havs of southeastern and suuthwestern
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Because the Circular 725 and NPC estimates combine all of the Gulf regions
into one, comparisons among the estimates are not as straightforward as they are
for other regions. But for the region as a whole, several points are clear. The
Circular 725 and NPC estimates {or reserve growth in oil fields onshore are within
the same range as our own. Their estimates of the undiscovered oil potential
onshore are an order of magnitude higher than ours. Their estimates are totally
inconsistent with the sharp declines since 1950 in the amount of crude oil discov-
ered onshore in the Gulf Coast region, the drilling density within the region, and
the high concentration of the region’s known oil resources in large fields, Offshore,
their estimates of the undiscovered crude oil potential are also an order of magni-
tude higher, adjusting for the limitation of Circular 725’s estimate to the potential
within the 200-meter depth contour. With the exploration of the larger structures
in the Pleistocene irend now being essentially complete, it is difficult to conceive
where the large discoveries could be made that are necessary to justify their
estimates.

Both the Circular 725 and the PGC estimates for natural gas reserve growth
offshore in the Gulf region are substantially higher than our own. Although some
uncertainty exists about the areal and vertical limits of the region’s gas fields, we
cannot believe that it is so great as to justify future upward revisions of 50 to 100
percent offshore, particularly because of the good to excellent seismic control that
the operating companies have over known fields in the offshore Gulf of Mexico.
Onshore, the estimates of Circular 725 and the NPC for the undiscovered natural
gas potential are nearly an order of magnitude larger than our own. Again, we
consider these estimates to be totally inconsistent with the amounts of natural gas
discovered onshore in the Gulf Coast since 1960, the drilling density within the
region, the high concentration of the region’s natural gas resources in large fields,
and the characteristics of the major remaining prospects. Offshore, the three differ-
ent estimates of the undiscovered potential for natural gas are two to four times
our own. Because of the concentration of natural gas resources offshore in signifi-
cant fields, particularly those Class A or larger, and the great extent to which the
larger structures have already been drilled offshore, realizing the higher range of
their estimates would require hundreds of Class C discoveries and a thousand or
more Class D discoveries. This number of prospects appears to be beyond the
imagination of even the most optimistic operator in the Gulf of Mexico.

Northern Gulf

The Northern Gulf has historically been one of the more important petroleum
regions of the United States. Its importance will, however, be increasingly of his-
torical interest. The potential for both reserve growth and future discoveries in the
region is but a small fraction of what has already been discovered. (See Table 5.9.)

Qil recovery factors in Texas R.R.C. Districts 5 and 6 already exceed 60 percent.
Additional infill drilling in the major fields is likely to increase this figure by only
a small fraction. Partially offsetting this potential increase are some recent major
negative revisions in estimated recovery for the giant Hawkins field. Because of the
high degree of recovery achieved from waterfiooding in most of the major fields in
Texas R.R.C. Districts 5 and 6, the potential for enhanced oil recovery in the region
is primarily limited to a few large and giant fields in northern Louisiana and
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Table 5.9

ESTIMATES OF ULTIMATELY RECOVERABLE AMOUNTS oF CRUDE Q1L
AND NATURAL Gas IN THE NorTHERN GULF REGION

¥nown Resorve Uitimate
_ Estimatc L. Recovary Crowtlh Undiscovered Recovery
_ Crude Qi (pillien harrels)
1
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a
Inciudes Horrth Central Texas.

southern Arkansas. Overall, we estimate that the recovery factor will increase from
its present level of about 48.5 percent of oil in place to about 49 percent (90-percent
probability), about 50.5 percent (50-percent probability), and about 53 percent {10-
percent probability). The best potential for natural gas reserve growth in the North-
ern Gulf lies in additional discoveries and development of deeper Jurassic gas pools
in the East Texas-Arkla Province. Some potential also exists for deeper pool discov-
eries in the Arkoma Basin and from infill drilling in known pocls in some of the
larger gas fields of the region.

Both the number of significant discoveries and the amount of crude oil and
natural gas discovered in the Northern Gulf have declined to minor levels during
the past 20 years. Because of the drilling density within the region and its lack of
a large very deep sedimentary section, we foresee no possibility that this trend
could be substantially reversed. Few significant oil fields remain undiscovered. We
estimate that there will most likely be between 10 and 29 significant discoveries in
the region after 1975. Most of these discoveries will be in Jurassic and Lower
Cretaceous reservoirs 7500 to 15,000 feet deep and will be Class Cin size. However.
a few Class B and A gas discoveries are also possible.

Overall, we estimate a 90-percent probability that ultimate recovery in the
Northern Guif region will exceed 13 billion barrels and 57 trillion cubic feet, a
50-percent probability that it will exceed 14 billion barrels and 60 trillion cubic feet,
and a 10-percent probability that it will exceed 15 billion barrels and 64 trillion
cubic feet.
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Eastern Gulf

The Eastern Gulf is the least important of any of the 12 petroleum regions in
the United States. Future exploration and development will not alter its relative
ranking. The potential for future reserve growth is limited in an absolute sense by
the size of the known recoverable petroleum resource base. Some potential for
enhanced oil recovery exists in the larger oil fields of the region. However, we
estimate that the recovery factor will only increase from its present level of about
38 percent of oil in place to about 40 percent {90-percent probability), about 41.5
percent (50-percent probability), and about 44 percent (10-percent probability). Infill
drilling will also add to known reserves of both crude oil and natural gas. There 1s
a lesser, but still real probability of new pool discoveries for natural gas. (See Table
5.10.)

Onshore, the Mid-Gulf Coast Province has already gone through three major
waves of exploration. The last two, the search for deep lower Cretaceous and
Jurassic objectives, still have some potential, particularly for natural gas. A few
small significant fields may be discovered in the South Florida and Warricr basins.
We estimate that there will probably be between 2 and 31 significant discoveries
in the region after 1975 and most will be predominantly gas fields. Most of these
discoveries will also be Class C fields, although there will also be a few Class B and
A discoveries. One or two deep gas prospects could have the reservoir volume to
be a Class AA field, but because a substantial fraction of this velume is likely to be
occupied by nonhydrocarbon gases, the realized field size will be smaller.

After the major exploratory failures in the eastern Gulf of Mexico in the mid-
1970s, expectations for the region have had to be severely reduced. We still envision
some nearshore potential, such as in a modest offshore continuation of the Creta-
ceous oil-producing trend in the South Florida basins and deep Jurassic gas in the
Mobile Bay area. Other possibilities cannot be summarily excluded, but they must
be assigned a high risk factor because of the exploratory failures to date. We
estimate that there will most likely be between 4 and 14 significant discoveries
offshore in the region after 1975,

Overall, we estimate a 90-percent probability that ultimate recovery onshore
in the Eastern Gulf will be at least 2.9 billion barrels and 9 trillion cubic feet, a
50-percent probability that it will be at least 3.2 billion barrels and 11 trillion cubic
feet, and a 10-percent probability that it will be at least 3.7 billion barrels and 13
trillion cubic feet. Offshore, we estimate a 90-percent probability that it will be at
least 800 billion cubic feet, a 50-percent probability that it will be at least 100 million
barrels and 1.4 trillion cubie feet, and a 10-percent probability that it will be at least
400 million barrels and 2.7 trillion cubic feet.

Tlinois-Michigan

The potential for future reserve additions in the Illinois-Michigan region is split
sharply by type between the two basins. The Illinois Basin has most of the potential
for future crude oil reserve growth. The potential for future oil discoveries and all
reserve additions for natura! gas is highly concentrated in the Michigan Basin. In
either case, the potential is not substantial. {See Table 5.11.}

The combination of infill drilling and the use of some of the more expensive
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Table 5.10

EsTiMaTes oF ULTiMATELY RECOVERABLE AMOUNTS OF CrRUDE OIL
AND NATURAL Gas 1N THE EASTERN GULF ReEG1ON

i 1 !
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means of enhanced oil recovery should increase oil recovery in the Illinois Basin
by a respectable percentage. If the application of these methods is highly successful,
the largest Class AAA fields in the basin are likely to become giant fields. Further
development, including secondary recovery, of the discoveries of the early 1970s in
Michigan, should result in small increases in the recoverable oil and gas resources.
Overall, we estimate that the recovery factor will increase from its present level
of about 34.5 percent of oil in place to about 37 percent {90-percent probability),
ahout 40 percent (50-percent probability}, and about 44.5 percent {1G-percent proba-
bility).

Neither basin is likely to see many significant discoveries in the future. There
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Table 5.11

EstimaTes oF ULTIMATELY RECOVERABLE AMOUNTS oF CRUDE OiL
AND NATURAL GaAS IN THE ILLINOIS-MICHIGAN REGION
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should be a substantial number of Class D discoveries in Michigan when previously
off-limits areas onshore and offshore are explored for Niagaran pinnacle reefs, A
few Class C discoveries may occur in the remainder of this play. Most of the future
discoveries in the Ilinois Basin will be no larger than Class E fields.

Overall, we estimate a 90-percent probability that ultimate recovery in the
Illinois-Michigan region will be at least 5.2 billion barrels and 4.7 trillion cubic feet,
a 50-percent probability that it will be at least 5.9 billion barrels and 5.4 trillion
cubic feet, and a 10-percent probability that it will be at least 7 billion barrels and
6.5 trillion cubic feet. Adjusting for variations in the area covered by the different
estimates, the other three estimates are slightly above our own. Each appears to
assign a slightly higher oil potential to the Michigan Basin and a slightly higher
gas potential to the Illinois Basin.

Appalachian-Atlantic

The Appalachian-Atlantic region contains both the oldest and the newest pe-
troleum province in the nation. The former, the Appalachian Province, still has
some potential for reserve growth and new discoveries, particularly for natural gas.
The Atlantic offshore basins have modest potential, because of their high explorato-
ry risks. (See Table 5.12.)

The recovery factor in the oil fields of the Appalachian Province is the poorest
of any region in the nation, averaging about 19.5 percent. This is partly because
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Table 5.12

EstiMaTes oF ULTIMATELY RECOVERABLE AMoUNTS oF CRUDE OIL
AND NATURAL GAS IN THE APPALACHIAN-ATLANTIC REGION
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reservoir quality in many of the fields is poor and partly because most of the major
fields were discovered and developed in the earliest years of the petroleum industry
when production practices were appallingly inefficient. We estimate a high proba-
bility of very modest improvements in the recovery factor from infill drilling and
well stimulation. With major technological improvements in recovery methods, we
estimate a 10-percent probability that the recovery factor may eventually exceed
28 percent, still the lowest of any region in the nation. Infill drilling, extensions, and
new pool discoveries should augment reserves in the region’s known gas fields.
Future major oil discoveries in the Appalachian region are extremely unlikely.
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Its shallow sedimentary rocks have been extensively explored for over a century.
Deeper hydrocarbon reservoirs have contained natural gas exclusively. We esti-
mate that substantial amounts of natural gas may be discovered, primarily in early
Paleozoic reservoirs in deep or subtle structural traps, such as in the Kastern
Overthrust Belt, but the potential of such traps is likely to be limited by both
reservolr and source rock considerations.

The Atlantic offshore provinces have been considered to have substantial pe-
troleum potential, primarily because they have both the traps and reservoir rocks
necessary for major petroleum accumulations. However, because of shortcomings
in the accumulation, maturation, and preservation of petroleum source material,
we estimate that the potential of the region within the 1000-meter water depth
contour is limited. Because of low to moderate rates of deposition and moderate
wave action, it is unlikely that high concentrations of organic material were ever
buried except in localized protected environments. Because of the low thermal
gradient, late Cretaceous and Tertiary source rocks are immature and thus have
not generated petroleum. Moreover, some of the petroleum that has been trapped
is likely to have been destroyed as some reservoirs were flushed. Because of the
predominant type of effective source material indicated by drilling, we estimate
that the petroleum potential of the Atlantic provinces will be primarily Jurassic
and early Cretaceous natural gas located in one or more narrow trends parallel to
ihe coastline around the transition from the continental shelf to the continental
slope. We also see a low probability of a few major oil deposits, most likely in a
Hibernia-type “pocket.”

Overall, we estimate a 90-percent probability that ultimate recovery onshore
will exceed 4 billion barrels and 46 trillion cubic feet, a 50-percent probability that
it will exceed 5 billion barrels and 52 trillion cubic feet, and a 10-percent probability
that it will exceed 6 billion barrels and 59 trillion cubic feet. Offshore, we estimate
a 90-percent probability of no oil and 2 trillion cubic feet of hatural gas, a 50-percent
probability of 200 million barrels and 6 trillion cubic feet, and a 10-percent probabil-
ity of 600 million barrels and 11 trillion cubic feet. Qur estimates of onshore oil
potential are similar to those of Circular 725 and the NPC, except for the anoma-
lously high estimate of undiscovered potential in the former. Both the NPC and
PGC appear to overstate substantially the onshore gas potential, given the limited
success of deep exploration in the region to date. The other estimates of offshore
potential, having been made before recent exploratory drilling, appear to have
insufficiently risked the source rock potential of the area.

NATIONAL SUMMARY

Our regional assessments of ultimately recoverable amounts of crude oil and
natural gas in the United States are summarized in Tables 5.13 and 5.14. We
organize the regions into three broad areas: (1) the onshore lower 48, (2} the
offshore lower 48, and {3) Alaska, both onshore and offshore. The subtotal and total
amounts are the arithmetic summations of the different ranges of the regional
reserve growth estimates and the statistica) summations of the regional cumulative
probability distributions for undiscovered recoverable resources, We have rounded
off the estimates for known recovery, reserve growth, and undiscovered recovera-



168

Table 5.13

EstiMATED ULTIMATE RECOVERABLE AMOUNTS 0F CRUDE OIL

In THE UNITED STATES
(In billions of barrels)

Eniown Begerve Cltimate
Region __BRecovery o Growti® Undisgpveredc Recovery

+
Z. fislifornia 22.8 3.1-6.7-12.9 G.2-0.5-0.8 26-30-37
3. Rocky Mountaeins 10,1 0,0-2,0--3.4 1.6-2.1-2.4 15=14=16
4. Permian Basin 26.6 3,2-7,2-13.0 0.2=-0.4~0.7 - 34=40
5. Notth Centrzl Texas 4.9 0.7=-1.3--2.13 0.1-0.2-0.4 b—-f-—8
6. Mid-Continent 19.7 1.5-5.2--9.2 0.2-0.4-C.8 2I-25=30
7. Western Guli 14.4 1.1-2.3==4.1 0.1-0,2-C.3 15-17-18
8. Central Gulf 9.7 0,8-1.7--3.0 0.1-0,2-0.4 11-33-13
9. Werthern Gull 12.9 0,3-1.1--2.2 0.1-0.2-G.3 13-14-15
10, Eastern Gulf 2.8 0,2-0,4--0.7 0.1-0.2-0.4 3-3--4
11, illinois-#ichnigan 4,7 0,4-1.0--1.9 0.1-0.2-0.4 S—=fi——=7
12, Appalschizu 3.8 0.3-1.06--2,2 e, 1-001 h-rB—-f
Subtaotz] 1531.7 14.n-29 9-53%.9 4.0-4.F5.5 148-166-192

2. Lalifornia 0.

z 9 0.6=0.9=--1.4 1.0-1.7-3,2
7. Western Culf 0.3 0.0-0.0--0.1 0.1=-0.2-0.13
&, Central CGalr Fad I.0-1,9--304 (E&-1.0-1i.6
10. zZastern (ualf o G O-— 0.1-0.4
li, Atiantic ¥ O 0=-- 0.2-0.8&
Suhtoca 8.7 1.i5=2.8-4,9 1.3-3.3-5.] 13-153-19
1. alaska 10.7 1.68-3.3-6.0 f,5-11.2-23.4 19-23-401
U.5. total 1523.0 16.,4-36.2-65.3 I4.4-19.6-32.0 I8Z-207-24%
NOTZ: An asterisk %) Inédicates that the amount 25 either less than .05 (undis-

coveredr or 0.3 {ultimase tecoverv) bBillion harrcls.

%411 crude nil in fields discovered before 1976 produced or known teo he recoverable
as of 1979,

bAnt[cipated additions to recoverable amounts in all fields discovercd before 1974,
CAnLicipath regovery from all flelds discovered after 1975,

d - .
The sum of known renovery, reserve growth, and undiscovered.

ble resources to the nearest 100 million barrels or 100 billion cubic feet. The esti-
mates for ultimate recovery are rounded off to the nearest billion barrels or trillion
cubic feet.

Our regional assessments of ultimately recoverable amounts of natural gas
liquids in the United States are summarized in Table 5.15. To estimate future
reserve growth in natural gas liquids, we generally assumed that the amount of
natura! gas liquids per million cubic feet of natural gas would be approximately the
same in future reserve additions to known fields within a region as the historic ratio
between the two (the historic national average is approximately 32 barrels per
million cubic feet, as calculated from Table 3.1). In a few regions, we assumed that
this proportion will grow, continuing recent trends. The estimates of the undiscov-
ered potential were made using our judgments about the probable characteristics
of future natural gas discoveries by region. Because we foresee relatively little
associated-dissolved natural gas, which generally is rich in liguids, and substantial
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Table 5.14

Estivaten ULTIMATE RECOVERABLE AMOUNTS OF NATURAL GAS
IN THE UUNITED STATES
(In trillions of cubic feet)

U
Fnown Reserve Ulcimate
Hegion Recovery® | Growth’ Lndiscoverec® Recovery®

2, Galifornia 31.8 1.2-3,3—8.5 0,7—-1.8--3.4 34—-37-=42
3. Roecky Mountalng 44,0 3.9-9.9-16.0} 22.7-31.7-44.7 71--26-103
4. Permian Basin T34 1.8=4.4==9.0 2. 4-=5,2--9.8 TB--33--03
5. Nerth Qenzral Texas 10,8 0.3-0.9-~1.8 E t.8—-1.6--2.8 12--13-- 13
. Mid-Continent 15200 6, 1-15.4-30.7 4.8-10.1-17.6 163-178=-200
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4, Central Gulf Q0. % 3.0-8.0-16.0 53,2--7.8-1%.4 G9-107-11%
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Anticipated recovery from all flelds dlscovered after 1975,

d.. . _ .
The sum of known recovery, reserve growth, and undiscovered,

amounts of deep gas, which generally has little or no liquids, we estimate that the
average liquids content in the undiscovered recoverable amounts of natural gas
will be about 22 to 23 barrels per million cubic feet. We estimate that the liquids
content in most regions will be between 10 and 25 barrels per million cubic feet. The
national average is increased substantially by our estimate of rich gas-condensate
discoveries in the Overthrust Belt. Because of the relatively small amounts in-
volved, all of the estimates are rounded off to the nearest 100 million barrels.
The outlook for conventional petroleum resources in the United States can at
best be characterized as only moderately promising. We estimate that there is a
90-percent probability that ultimate recovery will be greater than 180 billion bar-
rels of crude oil, 920 trillion cubic feet of hatural gas, and 28 billion barrels of
natural gas liquids, a 50-percent probability that it will be greater than 210 billion
barrels of crude oil, 990 trillion cubic feet of natural gas, and 30 billion barrels of
natural gas liquids, a 10-percent probability that it will be greater than 250 billion
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Table 5.15

EsTIMATED ULTIMATE RECOVERABLE AMOUNTS OF NATURAL GAs LiQuips

IN THE UNITED STATES
(In billions of barrels)

Known Reserve Ultimats
Reglon Recovorv“q“ . Growtiy U'ndiscovered® Recovery
2. California 1.2 *-0.1-0.3 k= % 0] 1.3-1.4-1.%
3. Recky Mountains 1.2 G,1-0,3-0.4 1.1-1.4-1.8 2,5-2.9=-3.4
4. Pernian Basin 3.8 9.1-0.2-0.5 * -0, I-0.1 3.9-4.1=4.5
5. North Central Texas 0,7 *-0,1-0.1 -k R 0,7-0,8-0.9
£. Mid=~Continent 4.8 0.2-0.5-1.2 * -0.1-0.2 5.1-%.4-H.2
7. Western Guif 3.8 ® -0.1-0,2 0,1-0.1-6.2 3.9-4,0-4.1
#. Central Gulf 3.0 0.1-0.3-9.6 0.,1-0.2-0.3 3.2-3,4-3.8
4. Rorthern Gulf 2.2 *=0.1-0.2 G.1-0.1-0.1 2.3-2.h=2.5
0. Easrera Sulf 6.3 2 — % =0.1 * ~0.1-0.1 0.4-0.4-0.5
11, illinois-Michiga: 0.2 * - k% — K # =0,1-0.1 0,3-0.3-0.4
12, Appalachiern 0.z * —0,i-0.1 % -0.1-0.1 0,6-0.8-C.7
Subrotal 21.9 0.7=~1.8=-3.7 1.9-2.3-2.8 24.5=-36,0-28,3
Lifeanye louer 47
2, Lalifarnia * * -3.1-0.1 * —0.1-0.2 G.1-0,2-0,3
7. Western Gulf 0.1 * - % 0.1-0.1-0.2 0.1-0.1-0.2
&. Centtal Gulf 1.8 0.1-3.2-0.5 O.1-0.2-0.73 2.0-2.3~7.48
1. Lasrern Gulf o] o] * - # -, 1 LA A |
12. Atlantic ] ] -0, 1-0,2 * -1, 1-0,2
Subtectal 1.9 0.2-3.3-0.4 0.4-0.6-0.8 2,5-2.8-5.3
1. Alaska 0.4 # =0.1-0.1 U.6-1.0-1.7 1.0-7.5-2.2
r.S. tetal 24.2 0.9-2.2-%.4 3.2-3.9=4.8 28.3-30,7-33.4

X0TF:  An asterisk (#*) indicates that the amount is less than 0.05 billicn barrels.

2411 natural gas liquids in fields discoversd before 1976 produced or known to ke
recoverable as of 1979,

aAnticipated additions to recoverable amounts in all fields discovered before 1576,
“Anticipated recovery from all fields discovered afrer 1975.

d.. s .
The sum of koown recovery, reserve growth, and undiscovered.

barrels of crude oil, 1090 trillion cubic feet of natural gas, and 33 billion barrels of
natural gas liquids, and a l-percent probability that it will be greater than 290
billion barrels of crude cil, 1180 trillion cubic feet of natural gas, and 35 billion
barrels of natural gas liquids.”

At these levels of ultimate resources, it is likely that more than half of the
conventional petreoleum resources that will be ultimately produced in the United
States has already been produced. At the end of 1979, cumulative production
totaled 120.7 billion barrels of erude oil, 578 trillion cubic feet of natural gas, and
19.1 billion barrels of natural gas liguids. We estimate only about a 10-percent
probability that ultimate recovery of petroleum liquids (crude oil and natural gas
liquids) and natural gas will be at least double cumulative production. At the
90-percent probability level, nearly two-thirds of the petroleum liquids and natural

" These and subsequent national estimates used in the text are rounded off from the tables to avoid
conveying a false sense of precision about our estimates.
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gas that will ultimately be produced have already been produced. (See Figs. 5.1 and
5.2.) Moreover, taking the range between the 96- and 10-percent probability levels
as the most likely set of possibilities, we estimate that the amounts that will be
produced after 1972 vary between only 20 and 44 years of crude oil production, 17
and 26 years of hatural gas production, and 13 and 21 years of natural gas liquids
production at 1979 levels.

The large majority of conventional petroleum that will ultimately be produced
is in fields that were discovered before 1976. At our median estimates of ultimate
recovery, nearly 90 percent of the crude oil, nearly 83 percent of the natural gas,
and nearly 87 percent of the natural gas liquids are in fields discovered before 1976.
In most regions, the amounts that remain to be discovered are an even smaller
proportion of ultimate recovery, Nationwide, we estimate that more natural gas
remains to be discovered {most likely 140 te 210 trillion cubic feet) than will prob-
ably be added to reserves in known fields {most likely 30 to 130 trillion cubic feet).
However, the majority of future additions to crude oil reserves will come from
reserve growth in known fields {most likely 16 to 66 billion barrels), not new
discoveries (most likely 15 to 32 billion barrels). Overall, the recovery factor in
known flelds nationwide should increase from its present level of about 33.5 percent
of oil in place to about 35.5 percent (90-percent probability), about 38.5 percent
{50-percent probability), about 42.5 percent (10-percent probability). and about 46
percent (1-percent probability). Significantly higher prices beyond our $40 resource
cost limit could raise the recovery factor even more. However, the effect of higher
prices at this range would be primarily an indirect one, the result of the long-term
impetus higher prices would provide to major innovations in recovery technology.
Because it is difficult to conceive the characteristics and economics of future major
innovations in recovery technology, estimating their potential effects is too specula-
tive to be included in this report.

There are fundamental reasons for this assessment, Put simply, large amounts
of petroleum will be discovered only if giant and large fields are discovered. There
is only one major producing province—the Bend Arch—in the United States for
which this generalization does not hold, and it is both one of the smallest of the
major provinces and a type of province that is not encountered in the frontier
regions. Moreover, once a province or an area within a province is open to explora-
tion, these giant and large fields are discovered relatively early, either because they
are obvious to modern exploration techniques or because they cover large areas.
If new exploration plays are conceived later in the exploration process, they are
likely to consist of smaller fields, unless they were technologically, economically, or
politically inaccessible to earlier exploratory drilling.

The United States, particularly the lower 48 onshore area, is the most intensive-
ly explored country in the world. Despite this intensity of exploratory drilling, a
good number of attractive prospects are yet to be drilled. But these remain primari-
ly because they are in areas (1) where the complex geclogy frustrated early explora-
tionists, (2} which were inaccessible to earlier exploration and drilling technologies,
(3} which were closed to exploration by political decisions, or {4) which were uneco-
nomic. Very few giant and large accumulations remain undiscovered in the lower
48 onshore United States that do not belong in at least one of the first three
categories. Giant and large discoveries are more probable both offshore and in
Alaska. Nonetheless, the exploratory drilling that has occurred in the provinces of
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Fig. 5.1—Estimated ultimate recovery of conventional petroleum liguids
in the United States (cumulative percent prohability distribution)

these regions has indicated that many of these frontier provinces suffer from basic
geological deficiencies.

Our most likely range of remaining undiscovered petroleum resources in the
United States assumes that approximately 250 to 370 more significant oil and gas
fields will be discovered onshore in the lower 48 states after 1976. Approximately
55 to 60 percent will be Class C fields. Our most likely range for the offshore Jower
48 states assumes approximately 170 to 230 more significant oil and gas discoveries,
about 40 percent of which will be Class C fields in the Gulf of Mexico. At an average
size of 3.0 million barrels’' L&LE for a Class D field and 0.25 million barrels’' L&LE
for a Class E field, approximately 1100 to 1500 Class D fields and 13,000 to 18,000
Class E fields will most likely be discovered in the lower 48 states after 19786.

The size distribution of future discoveries will thus be substantially different
from that of past discoveries. In the lower 48 states, small {Class B and ) and very
small (Class D and E) fields should account for slightly more than half the amount
remaining to be discovered (compared with less than 20 percent of past discoveries).
Giant fields will account for less than 10 percent of the amount discovered. Nation-
wide, the North Slope and Beaufort Sea of Alaska offer the best probability of
future giant field discoveries. Both the Chukchi Sea and the Bering Sea provinces
may also have giant fields. The Rocky Mountain region has the best probability of
one or more giant discoveries in the lower 48 states. The Atlantic and California
offshore regions have a very low probability, when risked, of more giant discover-
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ies. The only other regions of the country in which giant discoveries have any
meaningful possibility are the Mid-Continent, Central Gulf onshore, Appalachian
{deep giant gas discoveries}, and the deepwater offshore Central Gulf.

Taking into account the combined effects of reserve growth and new discover-
ies, we estimate that 3200 significant fields, plus or minus 200, will be ultimately
discovered and developed in the United States. Approximately 80 percent of these
fields will have been discovered before 1976. Approximately 100 of these, plus or
minus 10, will be giant fields. These giant fields will account for nearly 50 percent
of ultimate production of crude oil and slightly more than 40 percent of ultimate
recovery of natural gas and natural gas liquids, Another 900 of these significant
fields, plus or minus 40, will be large fields. The remaining 2200, pius or minus 150,

will be Class B and C flelds.

Beyond making Alaska and the Rocky Mountain region more important, future
discoveries and reserve growth are unlikely to alter the relative rank of the regions
of the United States as sources of petroleum. We consider Alaska and secondarily
the Rocky Mountain region, offshore California, and the offshore Central Gulf to
have the greatest potential for the discovery of substantial amounts of crude oil.
The potential for major reserve growth in crude oil fields is concentrated in the
Permian Basin, onshore California, the Mid-Continent, and Alaska. We consider
Alaska, the Rocky Mountain region, the onshore and offshore Central and Western
Gulf regions, and the Mid-Continent to have the best potential for the discovery of
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substantial amounts of natural gas. The potential for reserve growth in known
natural gas fields is best in the Mid-Continent, the onshore and offshore Central
Gulf, and the Rocky Mountain region. Because the potential for new reserves,
whether from reserve growth or new discoveries, is spread throughout the major
petroleum-producing regions, most are likely to retain their current relative na-
tional importance.

COMPARISONS WITH OTHER ESTIMATES

Because many estimates of the petroleum potential of the United States have
been made, comparisons between our estimates and others are unavoidable. Such
comparisons can play a valuable part in the process of resource estimation, high-
lighting key differences in method, logic, evidence, and attitude toward risk among
estimators. But if comparisons are to assist the process of resource estimation, they
must be made carefully. Comparing estimates of ultimate recovery is only the
beginning of the tagk of comparison. Proper comparisons should also include con-
sideration of the composition of the estimates, the conceptual boundaries of each
estimate, and the time when each estimate was made. Numerical estimates of
ultimate recovery can be very similar and vet in reality quite different, incorporat-
ing dissimilar assumptions about geographic extent, economic limits, and technol-
ogy. Conversely, numerical estimates of ultimate recovery may differ substantially,
but enly because they have different assumptions about geographic extent, econom-
ics, and technology. One estimate may differ from another primarily because it was
made at a later date, benefiting from access to better information. Moreover, small
differences among estimates should not be overemphasized. Because of the many
uncertainties inherent in the task of resource estimation, differences as great as 50
percent more or 33 percent less in estimates (at the same probability level} of
undiscovered potential are generally within the range of legitimate differences in
professional opinion. Only differences of 100 percent more or 50 percent less be-
tween conceptually similar estimates of undiscovered potential can be considered
serious differences.

Qur estimates of the ultimate petroleum potential of the United States are
considerably lower than most other recent estimates. In most cases, these differ-
ences are real, not conceptual. Tables 5.16 and 5.17 show our estimates of ultimate
recovery of crude oil and natural gas compared with the more prominent estimates
made during the past decade. Besides the three estimates we considered in our
regional agsessments by the National Petroleum Council, the U.S. Geological Sur-
vey, and the Potential Gas Committee, we show five other estimates, two by major
oil companies (Exxon® and Mobil®}, one by the National Academy of Sciences
(NAS),'® and two by King Hubbert,'* possibly the best-known estimator of U.S.

&1 D. Langston, "A New Look at the 11.S. Oil and Gas Potential,” paper presenied at the Sixteenth
Annual Institute on Petroleum Exploration and Economics, Dallas, March 10, 1978,

* Asreported in J. West, "U.S. Oil-Policy Riddle: How Much Left To Find?" The Oil and {ius Journal,
September 16, 1974, pp. 25-28.

9 AMineral Resources and the Environment, Washington, D.C., 1975,

11 M. K. Hubbert, *Techniques of Prediction as Applied to the Production of Oil and Gas,” paper
presented before the Symposium on Oil and Gas Supply Modeling, Washington, D.C., June 1980; idem,
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Table 5.16

RECENT COMPARATIVE EstiMATES oF ULTiMATE RECOVERY OF CrUDE OIL
IN THE UNITED STATES
(In billions of barrels)

Known Beserve Ultimate
Estimate Recovery Growih __Undiscovered Eecovery
Lower 42 mekore
raparl (12-31-75) 132 13-31-36 4-5-6 149-166-192
§12-31-72) 119 N.E. -13- ~132+-
Far TR O(12-31-74) 1235 14 20-44-h4 164-184-204
(12-31- 72 i 116 25 76 217
Lowar 47 Tozal
Fproere (12-31-73) 140 13-34-61 7-8-10 162-182-211
pr (12-31-7%) 137 H.E. 24-25-28" 161-163-1G3
(12-31-72% 126 7 20 172
woFii (R2-31-F4) 134 17 3R-55-81 187-206-232
e Y E-31-700 122 I 26 106 254
Uit SnaTen Tosal
Rerzrn (12-31-73) 131 16-3h-65 14-20=-32 182-207-249
(12-31-72) 1ih N.E. -H5- -214-
(12-31-72) 136 24 33 215
r P85 (12-31-72) 14% 23 5(-82-127 218-250-295
(12-31-74) 140 37 32-55-9%0 229-232-187
7 (12=31~70) 132 28 161 321
HAE (12-31-72) 136 105 113 334

Ay s X . - - L
This estimete is moat likely the sum of some traditicnal reserve growth and new
discoverics.

petroleum resources over the past 20 years. The tables give estimates for the lower
48 onshore, the entire lower 48, and the entire United States. The estimates are
listed after our own in order of increasing amount.

Our estimates differ significantly from most of those shown in the two tables
with respect to what remains to be discovered. Except for some estimates of future
reserve growth in known natural gas fields, our range of estimates for reserve
growth generally encompasses the point estimates of the others, particularly when
considering the conceptual differences among the estimates. The apparent differ-
ences in reserve growth between the others and ours are because we include and
they exclude enhanced oil recovery. If we exclude enhanced oil recovery potential
from our estimate of future crude oil reserve growth at the 10-percent probability
level, our estimate for the United States would be about 15 to 20 billion barrels, a
level only slightly less than the estimates of Hubbert and Circular 725. The high
estimates of reserve growth in natural gas are primarily the result of applying
historic appreciation factors to recent discoveries in the Gulf Coast regions. We
consider these factors to be inapplicable, not only because today’'s market condi-

s Energy‘Resaurces: A Revtew as of 1972, Senate Committee on Interior and Insular Affairs, Washing-
ton, D.C., June 1974; and idem, “Energy Resources,” in National Academy of Sciences, Resources and
Man, W. H. Freeman and Company, San Francisce, 196%.
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Table 5.17

RECENT COMPARATIVE ESTIMATES OF ULTIMATE RECOVERY OF NATURAL GAS
IN THE UNITED STATES
(In trillions of cubic feet)

I o l Reserve 1 Cltimate
stimate i Recovery 1 Growth | Undisvevered FECOVETY
Tomsgr 2E Dmanvre
12-31-75 i BE25 i 21-55-101 63-83-9% T14=-702-825
B! ' ale | L.E. ~65- ~671+-
. 619 ) 141 =233-410 | -9395-1170
fho(12-31-74} 1 al6 ! 1t 24B-345-43] 981-1080-11A8%
~31-70% ‘ 91 ; N.E 605 1156+
Toser GF Toral
: I
SEm [(12-31-75) ! 717 26-67-124 102-119-138 | $22-992-1091
(12-31-79} i 734 : LR 106-136-162" B40-B70-896
ri [(12-31-66) | 04 ' 222 218 1044
(12-31-7%} I 698 : 132 -318-33¢ ~1206-1444
Lope MPEO{13-31-74y 0 0 B85 ; 187 2BA-40B-329 1158-1780-1401
31-70) I 6u7 N.E. 831 1458
Fedsed States Uowns’
1
; 751 : 25-71-131 143-170-20% 1 §22-992-1091
14 ! 111 190=-287=-405 i 1015-13112-3230
i 699 H.E. —443- f =143+
! BOG ; N.E. 530 ; 1220
i 731 ' 215 ~3:3-738 i -1276-1671
| 718 i 202 322-4B4-655 1242=-1604-1375
! 679 ! K.E. 1178 1857
i !

A, . . iy .
This estimate is most likely the sum of sowe traditional reserve growth and new
discoverics.

tions are different from those that prevailed at the time of discovery but also
because the geology of the more recent discoveries is simpler, on average.

On undiscovered resources, we differ with some estimates primarily over the
potential of frontier areas (offshore and Alaska). For other estimates, the differ-
ences are profound for both the frontier areas and the lower 48 onshore. The
differences between our estimates and those of Exxon and Mobil are almost entirely
of the former type. We believe this is primarily the result of differences in the time
each estimate was magde. We could discount the high hopes once held for these
regions because we had the advantage of information gained from a substantial
number of dry holes offshore and in Alaska that occurred after the Exxon and Mobil
estimates were made. With similar adjustments, their range of estimates of uiti-
mate recovery in the United States for both crude oil and natural gas are likely to
overlap most of our own range of estimates.

The differences between our estimates and those of Circular 723, the NPC, the
PGC, and, presumably, the NAS are not amenable to a similar reconciliation. There
are fundamental differences between their estimates and our owh regarding the
potential of the onshore lower 48. The Circular 725 and NPC estimates of the
undiscovered crude oil potential of the onshore lower 48 are an order of magnitude
larger than ours. Their estimates, and those of the PGC and NAS, for the undiscov-



177

ered natural gas potential of this area are roughly three to five times larger than
ours. Moreover, their estimates are substantially higher than ours even though
their economic, geographic, and technological assumptions are considerably more
conservative than our own.

We do not believe that anyone could develop a plausible list of geologic pros-
pects (including probahle trap types, depth, formation, and fleld size} in the lower
48 onshore containing an amount of petroleum even approaching the estimates of
Circular 725, the NPC, and the PGC. The number of fields involved is staggering.
For example, assuming the same proportional distribution of undiscovered re-
sources among field sizes as we do in our median estimate of lower 48 onshore
potential, the mean estimates alone of Circular 725 for undiscovered resources of
crude oil, natural gas, and natural gas liquids for the lower 48 onshore would
require nearly 1700 more significant discoveries {including almost as many Class
C fields as have already been discovered in the entire United States), about 60600
Class D discoveries, and over 70,000 Class E discoveries. By comparison, we count-
ed only 57 significant discoveries in the onshore lower 48 from 1971 to 1975. Fur-
ther, the Committee on Statistics of Drilling of the American Association of Pe-
troleum Geologists estimates, after a three-year review, that there were 455 Class
D discoveries and 3041 Class E discoveries in the entire United States between 1972
and 1976.

If such large numbers of significant fields are to be discovered, a wholesale
reversal of historic discovery patterns by field size would be required. Such a
reversal has no historic precedent. It could occur only if one assumed that every
exploration geologist, geophysicist, and geochemist working in the United States
over the past 40 years had been operating with massive mental blinders, which
rendered them oblivious to such a great and lucrative potential.’® This is most
unlikely given the wealth of subsurface geological information available from the
intensive drilling that has occurred in the United States, the great variety of
exploratory hypotheses that have been pursued over the past several decades, and
the major advances in exploratory technology and geological understanding that
have occurred during this same period.

The differences among the estimates of Tables 5.16 and 5.17 are attributable
primarily to differences in method. The estimates of Circular 725, the NPC, and the
PGC were developed using a basin-by-basin volumetric yield approach, emphasiz-
ing the potential of the total volume of sedimentary rocks within each basin. The
Exxon and Mobil estimates were developed using a more focused volumetric ap-
proach, emphasizing the effective volume of reservoir rocks trapped in specific
plays and prospects fed by effective source materials. Qur approach cambines such
specific geologic analyses with an analysis and extrapolation of disaggregated dis-
covery trends and patterns. The estimates of King Hubbert, those closest to our own
for undiscovered resources, are based on various extrapolations of aggregate dis-
covery trends. Adjusting for conceptual differences in reserve growth (Hubbert's
estimate of ultimate recovery of crude oil does not include enhanced oil recovery
to any appreciable degree), Hubbert’s estimates are closest to our own. Despite his

'# There is an important asymmetry at work here. If'a field is to be found, enly one person or company
with the right idea 15 needed to find it. However, if a field is to be missed, all of the peaple and cormnpanies
exploring an area must miss it.
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widespread reputation for pessimism about the petroleum resource outlook, in our
judgment Hubbert was, if anything, too optimistic about future discoveries.

We began this report with the aphorism “0il is first sought in our minds.”
Although coined four decades ago, this aphorism remains relevant today. Finding
what oil is left to be discovered in the United States will require substantial explora-
tory creativity. The continuing relevance of exploratory creativity, however,
should not obscure the fact that the need for creativity in petroleum exploration
is now of less importance than the need for creativity in petroleum production.
Whether we are speaking of conventional or of unconventional petroleum re-
sources, we have already found the large majority of what we will ultimately find.
The biggest challenge today is to develop economic means of producing more of
what we have found. To rephrase our original aphorism, looking toward the future
we need to remember that “Petroleum is first produced in our minds.”
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