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FOREWORD

Philippe de Seynes1

The topic of energy is so central to the world predicament
that no institution looking at the future or at the complex in-
teractions of global problems can fail to deal with it in one or
the other of its aspects. IIASA, as a major exponent of systems
dynamics, an approach to problem solving which seeks to broaden
the traditional information base and to delve into the complex
structure of the policy-making process, and UNITAR, as an arm of
the United Nations, which has.recently initiated a Programme of
Future Studies, largely oriented toward the creation of a New
International Economic Order, are currently devoting to energy a
substantial part of their efforts. The papers reproduced in this
volume were presented at a conference jbintly organized by these
two institutions and held in Laxenburg from July 5 to July 1le,
1976.

During the early 1970's, the attention of the world was
focused, as never before, on the problems of natural resources
and energy. Both the new:strategy of OPEC countries and the
dramatic warnings of the Club of Rome, induced governments and
private institutions to take a hard look at the long-term avail-
ability of natural resources. As the world awakened to the
notion of "physical limits" and the "carrying capacity of the
planet,." many took a big leap toward sweeping conclusions on the
basis of scanty data and inadequate understanding of empirical
relationships between various phenomena. Thus, hasty generaliza-
tions may already have been translated, at least marginally, into
public policies or investment decisions.

Yet, in the context of the high level of controversy which
accompanied the launching of Limits to Growth2 in 1972, it be-

came clear that the findings of global computerized models could

hardly be invoked for policy guidance unless the empirical

lDirector, Programme of Future Studies, UNITAR.

2Meadows, Dennis L., and Donella H., Limits to Growth. Re-
port to the Club of Rome (MIT, Cambridge, Mass., 1972).




knowledge on which they were built was significantly improved.
It appears at this stage essential to probe current hypotheses
and evaluations regarding supplies of depletable resources, and
to make a serious attempt to come closer to a consensus in this
regard. It seems particularly timely to look at Nature-Made
Petroleum and Gas, as the recent sharp increase in prices could
not fail to enlarge significantly the volume of resources re-
coverable under the new economic conditions. Oil and gas are
unique resources which alone among energy sources can be used
for all purposes, and there was a certain confidence on the part
of the two organizations sponsoring the Conference, that its
future is brighter than is currently admitted in most of the pro-
nouncements about the future of energy.

With the availability of a variety of unconventional sources
of petroleum and gas, the "age of petroleum" may be considerably
extended--nature-made hydrocarbons may play a most important role
in the difficult transition to a new energy economy, hopefully
based on renewable resources. The conditions under which such a
transition will be managed are today raising momentous issues:
For almost a quarter of a century nuclear energy had been seen
in many circles as the natural successor to petroleum and gas.
But the perspective of the proliferation of atomic reactors is
now generating a widespread and deep "malaise" as the assumptions
in regard to safety and costs on the basis of which the nuclear
option had been so widely supported, are increasingly challenged.

The Conference was conceived and convened as a technological
encounter, bringing together outstanding experts to compare their
experience and knowledge and to explore the present "state of the
art," in relation to the totality of known petroleum and gas re-
sources and their future availability in the light of new technol-
ogies, as well as time and cost constraints. While the Conference
did not answer all questions involved in the search for alterna-
tive energy sources, it was able to draw a comprehensive picture
in regard to petroleum and gas, and it represents a useful "build-
ing block" in the vast effort on which mankind is now embarked.

Furthermore, the discussions revealed a number of broader

problems which directly condition the development of new resources
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and which policy makers should now begin to tackle vigorously.
The institutional frameworks within which new endeavors in the
field on energy resources are taking place do not appear to
afford the optimum context in which early breakthroughs can be
expected. One striking aspect of the present situation, which
became obvious at the very outset of the Conference and was
confirmed during its 2 weeks of deliberations, is the lack of
communication in regard to Research and Development. Experts in
some 20 types of 0il and gas resources were apparently meeting
for the first time in an international gathering. This state of
affairs is not solely due to a certain inertia or to the natural
compartmentalization of Research and Development activities. The
principle of confidentiality conditions public as well as private
enterprises when new and innovative technologies are at stake.
Its importance must be recognized, and in the light of the
achievements of the last quarter century, it could hardly be said
that it has thwarted technological progress. Yet, in the face

of possible scarcities, it must also be acknowledged that a
strict application of the principle results in a needless multi-
plication of inherently large expenditures and in the inevitable
lengthening of the lead time necessary for the maturation of new
technologies. New ways of combining cooperation and competition
seem to be called for. 1Indeed, the institutional system for
Research and Development is already visibly changing and becoming
more diversified. The rapid build-up of the Energy Research and
Development Administration in the United States, for example, may
epitomize a new trend.

This is only one aspect of the broader question anxiously
asked today in so many quarters: whether and how Research and
Development should be more efficiently oriented toward the basic
needs of mankind. The market does not give reliable signals when
there is great uncertainty about available resources and when
environmental considerations significantly influence the decision-
making process. One may then well wonder what there is in the
past and present institutional arrangements, or in the behavior

of the techno-structures which has caused, for so long, a serious
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imbalance in Research and Development programs, with their heavy
concentration on nuclear power.

The international aspects of the energy problem must also be
faced. Those nations best equipped financially and technically
to conduct Research and Development on new types of resources are
not those most in need of them. They have other cards to play.
Yet the rise in energy prices imposes an increasing burden on
the already strained balance-of-payments of many small and less
developed countries. The case for international programs of Re-
search and Development, as well as training on a broad scale,
would appear to be overwhelming.

New dimensions and complexities are constantly being im-
parted to the ancient effort of mankind to elicit from this
planet the means of survival and the achievement of steady
progress. In the field of resources, as in many others, one of
the answers is to explore and delineate alternative paths. It
is important for many countries at various stages of development,
and it is fundamental for those of the Third World nations which
live on a dismally small and precarious margin of resources, that
the range of options open to them be widened and that the tech-
nologies appropriaté to their conditions be developed.

This is the vast problem to which the UNITAR/IIASA Confer-
ence on Nature-Made Petroleum and Gas attempted to give a very
partial answer. In so doing it may hopefully have laid the
ground for future encounters designed to assist in the advance-
ment of knowledge and understanding. The two sponsoring organi-
zations are deeply indebted to all the participants, whose contri-
butions were of very high quality, and to the academic and
governmental institutions which greatly assisted in making the
Conference a success. A special word of gratitude is due to
Dr. Richard F. Meyer of the U.S. Geological Survey who undertook
the formidable task of editing an impressive number of difficult

technical papers in a very short period of time.
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PREFACE

Michel Grenonl

Looking at long-term energy perspectives--say 50 years or
more--we must hope that energy consumption will continue to grow
on a global basis to match a growing world population as well as
provide a more equitable distribution between the various indi-
viduals within the nations and the world. Although forecasting
this energy demand is essentially a difficult task, reasonable
projections arrive at a possible global consumption of maybe
20 or 40 x 109 tons of 0il equivalent per year at equilibrium in

a few decades, compared to about 5.5 x 109

tons of o0il equivalent
today. At such levels, present known reserves of o0il and gas
would hardly last more than a very few years and known coal re-
serves, although much greater than hydrocarbon reserves, would,
at best, last for a few decades. Hence, in such a long-term
perspective, it will be mandatory to shift some day to non-
fossil resources. Four of these have been identified: nuclear
fission, nuclear fusion, solar energy, and possibly geothermal
energy. But none of these new energy resources is fully ready
to be applied on such a broad scale, and the transition will
necessarily take time.

One of the characteristics of these new energy resources
will be to impose enormous changes on all our energy industries,
not only at the primary production level but at all levels, from
the conversion to the transportation and to the final utiliza-
tion. In this connection, a very important question is: How
long, in fact, could or must the transition period last, and
what is the potential of being able to rely for as long as
possible on oil and gas resources during this transition period
because of their astounding adaptability to our industrial
societies as well as for new developing societies?

One possibility to so extend the "oil era" is to utilize

"unconventional"” o0il and gas resources, which are indeed

lIIASA, Laxenburg, Austria.
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plentiful, from enhanced recovery of o0il to o0il shales or tar
sands, from gas in tight formations to geopressured zones or the
"mysterious" gas hydrates. The few studies--mostly in the
United States, where the o0il and gas situation is becoming more
and more severe, but also where the most expensive technological
know-how is capitalized--already published previously to the
IIASA-UNITAR Conference have shown that these additional re-
sources have a very attractive potential. But unfortunately,
they are, up to now, very badly known, a statement which is

also true, generally, for many, if not all the energy resources.

The Energy Program of the IIASA is devoted to such a study
of long-term energy alternatives. The Resources group, in the
Energy Program, is especially concerned with the assessment of
energy resources, and with the systems aspects of their harvest-
ing. It was natural, therefore, within the framework of annual
conferences,2 to devote this second IIASA Conference on Energy Re-
sources to the possible future supply of nature-made oil and gas,
and to organize it jointly with UNITAR, which has similar
interests.

The various contributions and the.extensive discussions
during the IIASA-UNITAR Conference confirmed the high potential
of the numerous additional hydrocarbon resources, but also high-
lighted the difficult problems which have to be resolved before
their possible harvesting. The most urgent problems are probably
posed by the requirements for much more exploration and a true
assessment of the resources on a global scale. It is doubtful
whether these resources are exclusively concentrated in North
America and in the Soviet Union, where they have been generally
identified. But confidence in this fact is not sufficient for
us to be able to speak of them as valuable global energy options
for the future. Many of these resources have been geologically

"surmised" or found--but not really identified and measured, and

2The first IIASA Conference on Energy Resources was held in
May 1975 in Laxenburg, Austria, and was concerned with models and
methods for assessing energy resources (Proceedings available
from IIASA). The third Conference, on coal resources, is planned
for the end of 1977 and will probably be held in the Soviet
Union.



Xv

considerable work remains to be done. Their potential and their
prospects, their possible role on the energy scene, together with
the availability of more and more sophisticated exploration tools
(such as remote sensing by means of earth satellites) are impor-
tant factors which, hopefully, will positively and decisively
influence future exploration programs.

But the problems of harvesting such resources are also so
considerable that they almost lend a new dimension to the energy
situation. Many of these resources, such as some oil shales or
gas in geopressured zones, are, at the same time, scattered and
known to exist in giant, even supergiant, deposits of the size
of the "Ghawar" fields. This means that their extraction will
interfere on a major scale with the other natural resources,
surface water and underground water resources, land and other
mineral resources (through various materials requirements) and,
of course, will also require large amounts of manpower. Let us
just mention that in order to explore these problems in detail,
an analytical method of analysis of the impacts on natural re-
sources has been developed at IIASA and is called the WELMM
approach (standing for Water, Energy, Land, Materials, and Man-
power analysis). Such a method seems well suited to a comparison
between these various additional oil and gas resources, or to
such other resources as coal, uranium, and solar. In this re-
spect, the IIASA-UNITAR Conference provided some highly valuable
pieces of information.

It is somewhat paradoxical, during a period of energy
crisis, to speak of abundance, possibly over-abundance of energy
resources (and even of oil and gas resources. . .). But we are
convinced that the bottleneck lies not at the level of the oc-
currence of the resources in the ground, but more and more in
their institutional aspects, whether economical, environmental,
or political.

One obvious conclusion of the ITASA-UNITAR Conference was
the growing awareness of the necessity to deal with these energy
matters, and especially with these so very promising additional
0il and gas resources, on an international basis. The wish to

develop one or another on a purely national scale could fairly
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well result in the fact that none of them will be finally

developed, and will thus remain in the ground forever.



LIST OF SYMBOLS, ABBREVIATIONS, AND CONVERSION FACTORS

Atmospheres at
British thermal unit Btu
Centimetre cm
Cubic centimetre cm3
Cubic foot ft3
Cubic foot x 1,000 MCF
Cubic inch in3
Cubic kilometre km3
Cubic mile m13
Degrees o
Celsius . oC
Fahrenheit F
Feet, foot ft
Hectare ha
Inch in
Kilometre km
Metre m
Mile mi
Number No.
Parts per million ppm
Pound 1b
Pounds per square inch psi
Specific gravity sS.g.
Square foot ft2
Square inch in2
Square metre m2
Square mile mi2
Square kilometre km2
1,000,000,000,000
1,000,000,000
1,000,000
1,000
100

10
1

10
10
10
10
10
10
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xvii

in x 2.540 = cm
cm x 0.394 = in
ft x 0.305 = m
m x 3.281 = ft
£t2 x 0.093 = m?
m? x 10.764 = f£t2
ft3 x 0.028 = m3
m3 x 35.315 = f£t3
mi x 1.609 = km
km x 0.621 = mi
mi2 X 2.590 = km2
km? x 0.386 = miZ
mid x 4.166 = km®
km3 x 0.239 = mi3
acres x 0.405 = ha
ha x 2.471 = acres
barrels x 0.159 = m3
m3 X 6.290 = barrels
barrels x 0.134 = tonnes of
oil
(36° API)
tonnes x 7.454 = barrels of
oil
(36° API)
at x 14.696 = psi
2 (trillion)
(billion)
(million)
(thousand)
(hundred)
(ten)

unity
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SUMMARY

R. F. Meyer and C. R. Hocott

INTRODUCTION

In studying the papers in this volume on nature-made pe-
troleum and gas it is evident that the emphasis is on exploration
and extraction. This points the way to certain broad conclusions:

1. There is no dearth of petroleum and natural gas resources
remaining in the earth. As a matter of fact, there is no foreseen
shortage of available supplies by present technology until well
into the next century. Such supplies exist in every portion of
the globe. There are distribution and dislocation shortfalls in
numerous places, however, brought on by economic, institutional,
and political forces. It is anticipated that these forces will
lessen over the short- or mid-term.

2. There are on the horizon new emerging technologies in
various stages of readiness which can bring about a major ex-
pansion of the potential resource base of the naturally occurring
hydrocarbons from conventional sources. Also, there are vast un-
tapped basins around the globe which, by reason of geologic his-
tory, should be petroliferous and can likewise extend the poten-
tial petroleum resource base.

3. Further, there is a huge potential for additional re-
sources of these hydrocarbons in unconventional sources widely
distributed over the face of the earth. At the present time,
these sources contribute very little to world production and are
best known in intensely explored countries. Examples include the
heavy-0il sands of Canada and Venezuela, the tight gas sands of
the United States, and the oil shales of France, the USSR, and
the USA. There is, however, nothing to suggest that similar de-
posits will not be found in less explored areas in the future.
All nature-made oil and gas deposits are the result of geological
processes and are'not geographically unique.

4. Petroleum extraction technology, like that of every
other natural raw material, has always recovered, first, the

easiest to reach and least expensive. However, as with other



resources, advancing technology has kept pace with the supply-
demand forces except where nontechnological barriers have
interfered.

Having stated these conclusions it is essential to bear in
mind that a great many things are not considered in detail in
this publication. These include the following.

Only a few of the papers develop the economics of explora-
tion, production, and competitive energy sources. Thus, nature-
made petroleum economics will be included with the publication
of the Proceedings of the Conference at which the papers in the
present volume were given.

A further deterrent to full commercial application of high
technology resource development in meeting future requirements
will be the lack of adequate expert professional manpower.
Skilled labor supply will also be short, but technical manpower
availability promises to be acute. This is a problem for all
concerned but must receive particular attention from both in-
dustry and the universities, probably cooperatively.

Additional constraints to nature-made petroleum development
will arise from shortages of equipment and chemicals. The latter
constraint is mainly applicable to o0il recovery and is treated
for the U.S. example in Chapter 35. Equipment shortages result
from equipment being mislocated geographically, in short supply
by type required, and inadequately engineered for new technolo-
gies. In all cases equipment and chemical shortages are exac-
erbated in developing countries.

Although most of the papers devoted to unconventional types
of deposits essay attempts to estimate resource levels, this is
not true for conventional oil and gas deposits. Estimates are
available world-wide for proved reserves and past production but
only rarely for subeconomic and undiscovered resources. This is
a matter of great importance that deserves a much higher level
of priority among petroleum scientists.

The question of environmental constraints was not the subject
of any particular paper, although it is considered in some chap-
ters. Such constraints are real and require the strictest at-

tention but perhaps could best be addressed at a separate



conference. Few scientists in any country denigrate the impor-
tance of environmental concern for petroleum and gas operations
but all too often this concern does not find proper expression in
presentations to the lay reader. It is evident that the con-
clusion of the nature-made petroleum and gas energy economy lies
at most a half-century away; great care must be exercised not to
leave a legacy of environmental disruption for future generations
to repair.

At the same time it is evident that nature-made petroleum
resources are large--sufficient to permit the world a smooth
transition to alternative energy sources. This time must be
used to best advantage and not squandered for short-term
objectives.

A final consideration must be borne in mind when studying
the deposits described for convenience as unconventional. 1In
most cases it will be noted that they are not unconventional in
occurrence but present special reservoir-engineering problems re-
lated to recovery. The special consideration with respect to
these deposits is that of producing capacity. Thus, the total
amount of potentially recoverable methane in coal seams in the

12 ft3 but this gas 1is

United States may be as much as 800 x 10
at low pressure and will not yield flow rates per well comparable
to conventional gas fields. Similarly, the great oil sand oc-

12 barrels of oil but

currences in Canada contain about 1 x 10
this 0il cannot be produced at rates at all comparable to con-
ventional oil fields because the sands must be mined and retorted,
except where in situ extraction is feasible, in order to extract
the bitumen content. Therefore, caution must be exercised in
equating the quantity of resource known to be in place with the

available supply of resource.

CONVENTIONAL OIL AND GAS

This volume is comprised of 57 chapters arranged in nine
sections, plus one appendix. Section I, five chapters, deals
with world perspectives on the exploration for conventional pe-
troleum deposits and their occurrence. A significant point is
raised in Chapter 2 with respect to the relative paucity of
drilling in the world outside of the United States. It is, after



all, only by drilling wells that the presence or absence of pe-
troleum and natural gas can be proved. An interesting perspective
on the cost of drilling for gas relative to the cost of obtaining
it as synthetic gas from coal can be gained if the common estimate
of $1 x lO9 is taken for an SNG plant (including mine). It should
be considered that this operation, which would yield 250 x lO6 ft3
of gas per day, is both labor- and materials-intensive. The plant
would be equivalent to recoverable reserves of 2.7 x lO12 ft3 of
gas, given a 30-year plant life. This in turn would be equivalent
to 3.7 x lO12 ft3 of recoverable conventional gas reserves, at
250 x lO6 ft3 per day over 40 years (l0-year remaining supply
after the same 30-year period). Thus, 1,000 gas wells could be
drilled at $1 x lO6 each to find the amount of gas equivalent to
the SNG plant; allowing for dry holes and for risk, as well as
credit for any oil found. This is obviously a viable alternative
in most areas of the world, including the USA. )

Section II and the appendix are devoted to discussions of
resource appraisal methods and classifications of reserves and
resources. Only the classification scheme used in the USSR is
presented in detail (see also Modelevsky and Pominov, 1976, for
greater detail). This classification appears not to differ
fundamentally from those used in other countries but is rendered
difficult to correlate because (1) terms used are not explicitly
defined; (2) the differences between the terms reserves and
resources are unclear; and (3) only in the table headings
(Table 7-3; Modelevsky and Pominov, p. 126) are resources and
reserves expressly stated as recoverable. A current U.S. classi-
fication is given in Figure S-1, from U.S. Federal Power Com-
mission (1977). This classification is essentially identical with
that adopted by the Definitions Committee of the Petroleum Re-
source Estimation Project of the American Association of Petro-
leum Geologists, a project still in progress.

It appears that the most likely reconciliation of the two
schemes would be as follows. Proved reserves: the recoverable
parts of A plus B (step outs); indicated reserves: the recoverable

part of C, (extension wells plus deeper reservoirs tested by at

1

least one well) plus C the parts of the deeper reservoir in Cl

2’
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as yet untested by wells, and parts of a structure separated
from the drilled part by a saddle; hypothetical resources: Dl;
and speculative resources: D2.
The category of Subeconomic Resources would include the non-

commercial reserves of A, B, and C the Soviets do not single

i
out noncommercial reserves for othér categories. The Soviet
scheme does not take into account the U.S. category of Other
Occurrences, which, in the case of conventional o0il and gas
fields, includes the balance oil-in-place not placed in the
categories of Economic and Subeconomic. Furthermore, the system
of the USSR does not allow a separate category for the additional
0il to be recovered by enhanced recovery methods, presumably be-
cause the Soviet engineers institute such methods from the be-
ginning of production and do not distinguish the production.

The 11 chapters in Section III all are devoted to aspects of
conventional oil and gas deposits--those recoverable by techniques
in common use world-wide. Chapter 15 is concerned with the im-
portance of small deposits, a concern also expressed in Chap-
ters 4 and 6. In more maturely developed areas it is becoming
increasingly difficult to locate giant fields but the aggregate
contribution of small deposits must not be overlooked as a worthy
target for future exploitation. Chapter 19 describes possible
future technologies for developing production of oil and gas in
water deeper than the usual 200 m depth. If the important off-
shore areas described in Chapters 5 and 12 are to be exploited,
then adequate production technologies must be evolved.

Section IV, on enhanced o0il recovery, is comprised of 13
chapters, the most devoted to a single subject. One of these,
Chapter 35, describes constraints on future recovery because of
materials requirements--sulfonates, CO2 gas, polymers, alcohols,
and the like. Two chapters attempt to clarify the terminology
of enhanced recovery operations, and the others describe sec-
ondary and tertiary recovery techniques and thus possibilities
for increasing future crude oil supplies. One chapter, 27, ex-
plains enhanced oil recovery techniques and procedures in the

Soviet Union.



The following discussion describes the general conclusions

of the sections related to conventional oil and gas deposits.

The Nature and Origin of Petroleum

Although small gquantities of a few hydrocarbons of obvious
inorganic origin are found in nature, there seems to be little
doubt that the bulk of the huge guantities of complex hydro-
carbon mixtures found in the petroleum accumulations of the
earth are of organic genesis. Most of the petroleum consists of
complex mixtures of molecules containing only carbon and hydrogen
and existing in two homologous series of hydrocarbons: aliphatic,
with a basic straight chain structure, and aromatic, with a
closed ring structure. The aliphatics are present in all crude
0il, with molecular structures ranging all the way from methane
(along with other lower-boiling components existing as dissolved
gases) to the high molecular weight, heavily branched paraffins
(which are dissolved waxes). When these compounds predominate,
the crude is referred to as paraffin-base and has a maximum con-
tent of hydrogen.

The crude is referred to as asphalt-base when aromatic
constituents are present in a high proportion of the crude volume.
The components include saturated ring compounds, starting with
cyclopentane, and, usually, unsaturated rings, starting with the
familiar benzene and going up to very high-boiling naphthenes.
The chemistry of these components determines the physical prop-
erties of the petroleum and therefore must be considered in their
recovery from the reservoir as well as during later refining into
a variety of petroleum products.

Of course, when the low-boiling petroleum hydrocarbons,
particularly methane, predominate, petroleum exists in the earth
not as crude o0il but as natural gas. Existing at high pressures
and temperatures in the reservoir, these natural gases may con-
tain sigﬁificant quantities of the higher-boiling components
commonly referred to during production as condensate. When the
low-boiling hydrocarbons are essentially absent, crude petroleum
may exist as such extremely viscous liquids or solids as natural

tar and asphalt.



Organic compounds usually present in crude oil in varying
amounts contain within their molecular structures sulfur, oxygen,
or nitrogen and metal atoms such as vanadium, iron, or nickel.
These provide fingerprints which serve to confirm the organic
genesis of petroleum. Nonhydrocarbons such as carbon dioxide,
hydrogen sulfide, and ammonia are also frequently included in the
petroleum mass.

Most organisms generate small quantities of petroleum in
their metabolic processes. Certainly enough such hydrocarbons
have been generated in this fashion throughout the earth's his-
tory to account for all the petroleum found today and more.
However, most of these hydrocarbons, together with other organic
matter, are destroyed by aerobic bacterial action; only a small
fraction of this organic debris is deposited and buried with
sediment in the bays, marshes, and seas of marine or shore-line
environments. It seems most plausible that some of this vast
supply of organic matter--the lipid fractions--is there trans-
formed, by subsurface heat and pressure under anaerobic condi-
tions, into petroleum, to become available for later migration
into petroleum accumulations. Generally, petroleum is postulated
to have formed almost exclusively from the lipid fractions of the

organic debris.

The Migration and Accumulation of Petroleum

The preponderance of the evidence leads to the conclusion
that the organic progenitors of petroleum, together with the fine-
grained inorganic debris of the continents, form the shales and
mudstones which are the source beds of o0il and gas. Although a
small fraction of petroleum may have been generated in the more
porous or nonclastic rock, most seems to have been formed in
these fine-grained source beds following deeper burial and matura-
tion. Heat is thought to be the major source of energy responsi-
ble for the transformation of the lipids into petroleum:

Under the pressure attendant deeper burial and consequent
compaction, the hydrocarbons are expressed from the source beds
into adjacent porous sandstones and limestones, where they are

free to migrate under the forces of gravity and thermal diffusion



into the geologic traps formed during the sedimentary and
structural geologic history of the subsurface rocks. This per-
mits the classification of the traps as stratigraphic, structural,
or a combination of the two.

Although there is no reason why petroleum cannot migrate
over long distances prior to entrapment, such movement is not
required and most gas and oil are thought to have been formed in
close proximity to their present location. Similarly, most
accumulations are thought to have been transformed from organic
matter to petroleum within the adjacent source beds. However,
classic examples are known in which o0il has migrated along faults
associated with the subsequent tectonic history of the area into
beds of much younger age. The most striking of these are cases
of mixed accumulations of both younger and older o0il within the

same present-day reservoir.

Assessment of Petroleum Resource Potential

Although all marine deposits of the sedimentary basins of
the world must be considered as prime targets for petroleum de-
velopment, determination of the quantity and quality of source
beds is considered essential to the classification of these
basins with respect to resource potential. The presence of
source beds, even with the uncertainties of their identification,
is still one of the most reliable indicators of the resource po-
tential of frontier areas, when coupled with identification of
the presence and nature of reservoir rocks.

When these factors are known to be favorable, basin potential
may be defined by numerous parametric and analogue techniques
whereby unexplored areas are analyzed by comparison with ex-
plored and productive areas of similar character. These studies
may be further refined by probabilistic methodologies, which
necessitate studies of field-size distributions. Basin assess-
ment and comparison have generally suffered from the lack of a
commonly accepted methodology and a consistent terminology.
Ideally one would like to construct a model based on quantifiable
factors; and yet in many vast areas of the earth, knowledge of

most of the necessary parameters does not exist in sufficient
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detail to permit precise assessment. Where geological and geo-
physical exploration has not been conducted and at least a few
stratigraphic wells drilled, quantification of the required
parameters for analysis is not possible and attempts at assess-
ment of resource potential are highly speculative. There is a
pressing need for a minimum of reconnaissance evaluation of the
many readily accessible, potentially productive petroleum basins
of the world, as well as some standardization of procedures. 1In
any event, a dynamic model for resource assessment would seem to
be indispensable for continual upgrading and revision, as addi-
tional facts become known and quantified data become available.
Although statistics suffer badly from lack of common defi-
nition and a consistent terminology, the amount of cumulative
reserves developed to date, of the order of 1.5-1.8 x lO12
barrels (Btu equivalent) of petroleum, is an adequate estimate
for assessment purposes. Furthermore, the more speculative
estimate that an equal amount may remain to be discovered is of
sufficient magnitude to provide all the incentive that industry,
nations, or society at large should need to stimulate exploration.
Compared with the vast untouched basins on the continents,
the marine basins are in the infancy of development. The con-
tinental shelves have actually been tested in few areas--the
continental slopes not at all. Sufficient work has been done
to prove that favorable sediments and structures exist world-
wide in these marine environments and already have yielded vast
quantities of o0il and gas. The future looks bright, challenging,

and exciting.

Exploration for Petroleum Resources

The first step in exploration is that of basin identifica-
tion. 1In the past this has been done by surface geologic mapping,
including especially the search for surface manifestations of
hydrocarbons. These signs include oil and gas seeps and natural
asphalt or oil sand deposits. Next is is common to use recon-
naissance geophysics--the airborne magnetometer and the
gravimeter--to delineate broad geologic features of interest.

In the past all these techniques were enhanced by the use of
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aerial photographs, both vertical and oblique, to find linea-
ment and fracture zones not apparent on the ground. Now such
surveys are enhanced or supplanted by various sorts of imagery
obtained from earth-orbiting satellites, which show features, by
color contrast, in a detail and on a scale never before believed
possible.

When one approaches the problem of exploration in a pro-
spective area, several avenues are available. The identification
of structure in the subsurface has been the objective historically
of much of the petroleum-exploration effort around the world.
Since geologic traps are usually associated with structure, and
both geological and geophysical methods are directly applicable
for their detection, they remain the explorationists' basic pre-
liminary tools. Where surface expression does not permit de-
finitive geologic surveys, geophysics forms the sole basis for
exploratory drilling.

In any event, penetration of the geologic column with the
drill bit is the ultimate tool available for exploration. Maxi-
mum coring and core analysis, logging and log interpretation,
along with correlation with geophysical records and geologic
studies are prerequisite to optimal exploration in any frontier
area. Even so, one must always be prepared for the unexpected.
Some regions thought to be highly prospective have proved to be
failures and, happily, the other way around. Success comes in
0il finding from perseverance, as in others of life's
endeavors.

Frequently, man has been phenomenally successful in finding
major oil deposits early in an exploratory effort. The statement
is often made that the giant fields are always found first, but
this generalization will not stand up to careful study. Notable
examples of the late finding of major reserves are the North Sea
and Western Canada.

The apparent phenomenally early discovery of major fields
seems actually to stem from the philosophy and policy of explora-
tion in a frontier area. A commercial beginning in a new area
strategically requires a certain minimum operation in order to

justify moving in production materials, facilities, manpower,
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and the like: Consequently, the tactic of initially seeking only
giant traps is the one adopted.

It seems reasonable to assume that, as the price of oil in-
creases, the size of the minimal accumulation to justify moving
into an area will decrease. In any event, once the base for
production operations is established, the more numerous but
smaller accumulations become economically attractive and these
can add significantly to reserves. This leads to the conclusiorn
that early exploration should be conducted so as to identify the
smaller accumulations, even though they may not be developed in
the absence of a major discovery and consequent establishment of

gathering facilities.

Estimation of Petroleum Reserves

A vital function in a complete exploration program is the
calculation of the quantity and distribution of the original
oil-in-place in a newly discovered reservoir. It is true his-
torically that the petroleum industry has been remarkably close
in its estimates of reserves recoverable by conventional tech-
nology, but as recovery methodology moves into the realm of en-
hanced techniques it becomes doubly important to know not only
that a significant quantity of oil remains in the reservoir after
conventional recovery but where this o0il resides in the reservoir.
Much of this residual oil is geologically controlled and is con-
fined to areas not accessible to the displacing fluids currently
used and recovery patterns employed. Unfortunately, most of
the world's fields are developed on the basis of geography and
not geology. 1If, however, developmental wells are to be located
and drilled to provide optimum access to the in-place o0il, the
subsurface geologic mapping of reservoirs must be improved. The
stratigraphy, lithology, and structure must be finely delineated.
Coring and logging of uniformly drilled, widely spaced wells
alone will not provide the needed reservoir description. De-
tailed, quantified, three-dimensional reservoir maps must be
prepared, based on information inferred from reconstruction of
depositional environments, facies analysis, core analysis, 1log

interpretation, detailed analysis of geophysical (primarily
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high-resolution seismic) records, and pressure discontinuities
between wells, as determined by pulse and interference tests.

When this is done early in the development of a field with

widely spaced wells, in-fill wells may be placed for more complete
displacement of the reservoir fluids. When this is done, not

only should enhanced recovery techniques do a better job but con-
ventional recovery should be improved.

Most of the reserve estimates in the United States today
are based on average conventional recovery of 30-35 percent of
the oil-in-place. Enhanced recovery technology now in the ad-
vanced research stage offers promise of increasing this recovery
to 40-45 percent. Speculation on future enhanced recovery methods
places recovery as high as 50-60 percent of the original oil-in-
place. Such an accomplishment not only promises to increase the
reserves of currently known fields, but greatly increases the
reserve potential of o0il from undiscovered deposits around the
globe.

In the USSR there is little effort to distinguish primary
and secondary recovery, so that average cumulative recovery tends
to be in the range of 40-45 percent. It is therefore of greatest
importance, when describing levels of recoverable reserves, to
state the average recovery factor on which the estimates are
based.

With present world crude o0il reserves estimated at about
560-590 x 109 barrels, increasing the percentage recovery by
10 percent would add about 175 x 109 barrels of crude oil to
world reserves. The reserves from future discoverable and re-

coverable resources would be similarly increased.

Status of Petroleum Recovery

Since the early 1930's reservoir engineering has been a
mature though, of course, improving engineering science. 0il
reservoirs discovered and developed during that period, with rare
exceptions, have been produced by the most efficient known
technology in a single-stage recovery operation. Where suffi-
cient reservoir energy was not naturally available, it has been

supplied by the injection of gas, water, or both to insure
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maximum efficiency of oil recovery. 1In the United States, how-
ever, most secondary recovery operations commenced after about
1941 and truly widespread application began about 1948.

Where the characteristics of the reservoir rock permit,
there is no reason to presume that any significant future reserve
will be produced without reservoir energy being augmented or
assisted when sufficient energy is not naturally available for
efficient recovery. Consequently, additional recovery in the
future, beyond water flooding and pressure maintenance, will be
confined to the more advanced, sophisticated, or exotic tech-

nologies commonly known today as tertiary or enhanced recovery.

Enhanced Recovery

0f the enhanced recovery technologies for oil, only thermal
already has been developed to the stage of routine application.
Steam injection by both cyclic and continuous-drive methods is
commercially applied to the recovery of heavy oils. This tech-
nology alone has added significantly to world reserves and vastly
expanded potential resources; it should find widespread applica-
tion around the globe. 1In Venezuela alone about 4 x 1012 barrels
of heavy oil are known to exist in the sandbelt of the Orinoco
basin. In situ combustion technology is not so advanced as steam
injection and still is hampered by such problems as corrosion and
emulsion formation; however, it is well understood and should
find ready application where reservoir characteristics are
favorable.

The other enhanced recovery technologies now mature enough
for commercial application are carbon dioxide and mobility-
controlled (polymer-augmented) water flooding. Although much
research needs to be done on the phase behavior and displacement
characteristics of C02—crude 0il systems, the method was applied
as long as a quarter-century ago; and at least one major field
in the United States is today under commercial CO2 flood. The
main hindrance to the application of either method is the

availability of ample supplies of necessary materials.
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Another widely publicized and intensely researched enhanced
recovery technology relies on reduction of interfacial tension
between residual crude oils and a surfactant displacing solution.
Numerous variations of this physico-chemical technique have been
proposed and tested and several are known to move o0il and dis-
place it effectively from those portions of the reservoir which
are contacted. The results of field tests conducted to date
would seem to show that a significant portion of the residual
0il remaining after water flood is geologically controlled and
resides in the nonconformance areas of the displacement pattern.
Low-tension flood undoubtedly attains a lower pattern efficiency
than other floods due to the lack of capillary forces and conse-
quently, the technique still lacks full development for commercial
application.

A significant problem in the commercial application of sur-
factant technology will undoubtedly be the availability of raw ma-
terial. A figure of 10 pounds of surfactant per barrel of oil
produced is commonly cited by those who have conducted field
tests and manpower, material, and construction delays all pose
serious problems. Production costs attributed to published
surfactant field-test results range from $15 to $25 per barrel

of crude oil.

UNCONVENTIONAL OIL AND GAS RESERVOIRS

Sections V through VIII are concerned with oil and gas oc-
curring in what are termed, as a matter of convenience, uncon-
ventional deposits. In most cases the deposits differ from those
in conventional reservoirs only in requiring special reservoir-
engineering techniques to permit recovery.

The five chapters in Section V discuss the resources believed
to be present in tight sandstones and shales, and the techniques
to recover these resources. The permeabilities of tight sand-
stones are in the range of .00l to 1 md and of shales, less than
.00l md. The exploitation of such tight formations becomes a
matter of developing means for accurate resource assessment, lo-
cating areas within the strata where permeability and other

reservoir conditions are appropriate, and then successfully
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fracturing the strata to permit production. The use of nuclear
fracturing was tried and then abandoned in the United States for
a variety of technological, cost, environmental, and sociological
reasons. However, this technology has also been studied in the
USSR, and experiments conducted are apparently large scale but
the present status of this effort is not known. In the United
States present efforts are now directed at a magnified version

of conventional hydraulic fracturing known as Massive Hydraulic
Fracturing (MHF). Very encouraging results have been obtained

in at least one field, where it was found that large treatments--
500 x lO3 gallons of polymer emulsion and 1 x lO6 pounds of sand
proppant--yield a payout time for drilling and MHF costs only

3 gallons) treatment

one-fifth as long as for small (50 x 10
(Fast, et al., 1977).
Estimates of total resources of recoverable gas in the

United States in tight sandstones are as large as 600 x 1012 ft3

and in shales, 500 x lO12 ft3. There are no available estimates
of resources in other countries; it is obvious the U.S. occur-
rences are not unique because of the efforts at extraction under-
taken by Soviet engineers. Furthermore, the tight formations
represent a reservoir engineering problem in rocks of a type that
are found in sedimentary basins everywhere.

In Section VI, three chapters are devoted to o0il sands (tar
sands), two to heavy crude oils in the United States, and three
to 0il shale. 1In all cases, the resources are very large indeed,
amounting to trillions of barrels of oil, but the recovery tech-
nologies are almost equally imposing in their difficulty. These
difficulties will be eased where in situ and surface-mining
extraction can be applied, but in any case capital and environ-
mental constraints will be severe and water availability may be.

Separating oil (tar) sands from heavy crude oils is an un-
resolved problem. Ideally the definitions should be based upon
specific gravity (stated as degrees gravity API) and viscosity.
Information on viscosity is not always readily available so that
a convenient definition might consider crude oil heavier than 25°
gravity API as Heavy Crude and oil heaver than 7° or perhaps 10°

as 0il Sand. Such a definition has the advantage of objectivity
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and therefore forms a basis for world-wide heavy crude oil and
0il sand resocurce assessments.

Regardless, the heavy crude oil and oil sand deposits of
Alberta, Canada, and Venezuela dwarf in magnitude other known
deposits of this sort. The o0il sand deposits of the United
States in total amount to only a fraction of the resources of
the giant occurrences and have been exploited only to a limited
extent, mostly as road material. The only large-scale attempts
to produce the crude o0il content are associated with the Albertan
0oil sands. The resource potential world-wide, however, is
enormous and probably not well known even today outside of the
few areas listed in Chapter 41l.

On the other hand, many heavy crude oil deposits are being
developed today, especially by means of thermal recovery methods—--
steam, hot water, or in situ combustion. Examples are perhaps
better known in the United States, as described in Chapters 33,
44, and 45, but obviously heavy-gravity crude oil reservoirs
exist wherever o0il is being exploited. Because of the indistinct
boundary between normally produced and heavy crude oils, precise
statistics are impossible to derive. A good indication of heavy
0il possibilities can be seen in the fact that oil-in-place in
identified reservoirs in the United States amounts to more than
400 x lO9 barrels, yet this does not include as much as 150 x lO9
barrels of known heavy crude o0il deposits.

0il shales were retorted in Scotland for many years to
capture their contained oil. The technology has never been
developed, however, to permit large-scale exploitation and the
resultant necessary high producing capacity. There is hope that
recent research advances in the area of in situ production will
overcome many of the obstacles in the way of a viable industry.
Such obstacles may include water requirements, mining and re-
torting technology, environmental concerns, and excessive capital
investments. The oil shale resources are well defined in such
countries as the United States, Brazil, France, and the western
USSR. Large resources may and probably do exist elsewhere but

have yet to be described.
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Section VII is comprised of two chapters on the possibili-
ties for exploitation of the natural gas resource of geopressured
reservoirs. Such zones have long been known from conventional
drilling experience. The amount of the natural gas resource
appears to be staggering, with estimates as high as 49,000 x lO12
ft3, or about 200 times U.S. presently proved reserves alone. It
is also estimated that the gas is dissolved in the water in the
amount of about 30 ft3 per barrel, so that producing the gas will
entail producing very large quantities of hot salt water. Pro-
duction will also necessitate the cost of the water disposal,
resolution of thermal pollution effects, and avoidance or miti-
gation of land subsidence. On the other hand, it may be possible
to utilize the water for electric-power generation. The resource
target is large, by any estimate, and research may yield ways to
attain production of the gas and, perhaps, power generation, while
overcoming the environmental concerns.

Section VIII is made up of five chapters directed to other
possible sources of nature-made petroleum and gas. These include
marsh and landfill gas (Chapters 51, 54, and 55) and methane oc-
curring in the form of hydrates in permafrost areas and on the
sea floor (Chapters 52 and 53).

Although large quantities of gas are generated in marsh
areas, the means to exploit the gas resource are not obvious. It
is not likely to contribute to energy supplies in the near future.
Large quantities of gas also are generated in landfills and this
sort of occurrence may be of local importance in the near future.

The occurrence of methane hydrates in cold climates and in
the deep sea floor is well documented (Chapters 5, 52, and 53).
The amount of the resource is not yet determined. The hydrates
are crystalline, ice-like solids formed when certain light hydro-
carbons and other low-molecular-weight, nonpolar substances are
contacted with water (Verma, et al., 1975). The latticework of
the hydrate consists of one gas molecule for each six water
molecules and molecules larger than isobutane cannot fit in the
lattice structure. The earliest work on gas hydrates was con-
cerned with the build-up of such deposits in industrial gas-

processing units. Soviet scientists described natural gas
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hydrates in Arctic areas in 1970 and speculated on their oc-
currence in oceanic basins earlier. Gas hydrates are commonly
found in deep sea cores (Emery, Chapter 5). The fact of their
occurrence therefore is no longer in doubt and their significance
to exploitation in the Arctic is well documented; the resource is
known to be very large but as yet not clearly defined. The ex-
tent of such occurrences on the sea floor, that is, the magnitude
of the resource, is unknown; perhaps it will acquire further
definition as sea floor exploration continues and the scientists
involved are fully aware of the potential import of the resource,
occurring as it does in the upper layers of sediment close to the
water interface.

The sole known unconventional natural gas reservoir not
specifically treated in this volume is the coal seam. In the
United States alone it is estimated that 850 x 1012 ft3 of methane
may be present in shallow and deep coal beds. Of this amount,

300 x 1012 ft3 is found in remaining identified seams, excluding

strippable coalbeds, and with an average gas content of 200 ft3
per short ton (U.S. Federal Power Commission, 1977). There can
be no doubt that comparably large gas resources are to be found
elsewhere in the world's coal basins, so long as the coal beds
have not as yet been mined and a gas migration route to the

surface does not exist.

TECHNOLOGY TRANSFER

The final section of the book, Section IX, contains two im-
portant chapters on the transfer of technology. Involved here is
the exchange not only of technology but of people and ideas.

This is of prime importance to the developing nations, which are
as yet ill-equipped to provide for their materials requirements
for resource exploitation, let alone for needed technological
innovation. There is no question but what technology transfer
is simpler in theory than in practice. The profit motive, which
provides the incentive for technological innovation, is ill-

served by a transfer working in one direction only.
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RESOURCE RESUME

World consumption of petroleum products has increased 10-
fold since 1940, 4-fold since 1955, and has nearly doubled since
1965. It is perfectly obvious from this that representations of
petroleum reserves in terms of life indexes, or remaining years
of supply, are meaningless. With present total world consumption
at 20 x lO9 barrels per year and reserves at 659 x lO9 barrels,

a 33-year supply appears to exist. But consumption is increasing
much more rapidly than are new discoveries. It is time, there-
fore, to direct attention to possible new sources of nature-made
petroleum and gas, and to improvements in recovery.

Attention will most obviously be directed to conventional
deposits, employing every exploration technique known or under
research. Important advances are expected in the interpretation
of earth-satellite imagery, the bore-hole gravimeter, and geo-
chemical detection of 0il and gas. Price advances permit the
exploitation--indeed, the exploration for--smaller deposits.
Price, the great equalizer, the ultimate incentive in nearly all
societies, will open doors to an enormous variety of exploitable
petroleum and gas sources. The most obvious of these will be the
oil-in-place in known reservoirs which requires production tech-
nigues more advanced than those now routinely practiced.

Of the deposits now considered to be unconventional, it
appears that gas in tight sandstone formations and in the
hydrated form in Arctic areas may be most amenable to early pro-
duction. O0il sands are already in production in Canada and it ap-
pears that the technology for extracting the material is now suf-
ficiently advanced to permit a viable industry. It will be very
difficult, however, to develop a large producing capacity with
present methods and this deterrent applies, as well, to shale
0il, without a workable in situ recovery technology. In addition,
there is already a modest production of methane from coal beds;
this process receives added impetus from the need to degas the
coal seams prior to mining.

Much further distant, technologically, is the possibility
of production of gas from sea-floor hydrates and marshes. By

the same token the fuel resources from these deposits and from
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geopressured formations are potentially so large as to require
rethinking of the entire world energy economy. It would seem
of critical importance to examine in particu}ar the potential
of the geopressured zones; the uncertainties are many but the

possible rewards are such as to justify intensive scrutiny.

CONCLUSION

Review of the various chapters should substantiate the
premises of the conclusions given in the introduction to this
Summary. Unquestionably, there are extremely large quantities
0of petroleum and natural gas present in nature under various
conditions, enough indeed to last for many years. But gaining
these resources will not come easily.

A significant hindrance to the rapid development of addi-
tional reserves is the nontechnological barriers posed by en-
vironmental, political, and other societal issues. National
policies in many countries seriously impede, if they do not pre-
vent entirely, the development of petroleum supplies sufficient
even for those countries' own internal requirements. It can
hardly be expected that policies which inhibit--which, in fact,
provide disincentives for exploration and development of con-
ventional resources, will, at the same time, promote necessary
research and development of less conventional resources.

Nevertheless, the needs for clean and safe energy sources
are very great. The barriers to development are not insur-

mountable, and the future is hopeful.
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INTRODUCTION

THE FUTURE SUPPLY OF NATURE-MADE PETROLEUM AND GASl

Joseph Barnea2

Two events in the last few years have, in the minds of many
observers, raised the prospect of a scarcity of petroleum, namely,
the publication of the study on "The Limits to Growth" and the
emergence of an effective international oil producers group
formed by the countries in the Organization of Petroleum Export-
ing Countries (OPEC). However, this fear of a scarcity of pe-
troleum may be unfounded if we look into the future because there
is a large variety of natural petroleum sources and, as the price
of petroleum rises, the resource base expands.

This paper deals with the resource-base for nature-made pe-
troleum from the viewpoint of supply, although long-term con-
siderations will also have to take demand into account. The de-
mand for nature-made petroleum is a separate, complex issue be-
cause demand is affected by price, by the development of
alternative sources of energy, and by changes in end-use tech-
nology. Today, petroleum (in end-use technology) has no competi-
tion in air travel and shipping and only limited competition for
car travel, railway transportation, and petrochemicals. Changes

in energy end-use take place only slowly.

lDefinitions: The term petroleum is used to refer to a
liquid, plastic, solid, or gaseous material similar in organic
composition to the conventional crude petroleum found in nature,
but not including coal, lignite, or peat.

The term natural gas, when used separately, means natural
petroleum gas, marsh gas, or similar methane-rich gases found in
nature in gaseous form.

Resource base is the natural material, such as rocks or
brines, which contain a desired product and which now or in the
near future may be economic to extract. There are many types of
natural materials containing desired products in various grades
or in different physical forms--liquid, solid, or gaseous. An
expansion of the resource base means that additional categories
of the natural material shift to the resource base.

2UNITAR, New York, New York, 10017, USA.
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In addition, only nature-produced petroleum is discussed and
therefore three important categories of additional sources of
supply are omitted. These sources, which might become signifi-
cant in the future, are petroleum and methane produced from coal
and lignite, wood and other renewable sources of cellulose, and

urban and agricultural waste material.

THE PETROLEUM RESOURCE BASE

Almost all presently published estimates of petroleum re-
sources refer in practical terms to a very tiny fraction of the
total nature-made petroleum base, namely, to primary production
of petroleum from conventional oil or gas fields. Thus, for
instance, the U.S. Geological Survey in its estimates of re-~
coverable o0il and gas resources in the United States (Geological
Survey Circular 725, published in 1975) defines crude oil as:

. . a natural mixture of hydrocarbons occurring under-
ground in a liquid state in porous-rock reservoirs and
remaining in a liquid state as it flows from a well at
atmospheric pressure. (p. 9)

Such definitions of crude o0il, which are more or less followed
all over the world, define hydrocarbon resources as the primary
production in conventional oil fields. The range of the primary
production is usually between 15 and 30 percent of petroleum in
place, therefore the bulk of all crude o0il in place is excluded
by this definition. This definition also leaves out the many
other sources of petroleum, from heavy crude to petroleum in tar
sands, o0il shales, and so on, as well as small deposits which
have traditionally been neglected by the o0il companies and by
government services. A similarly limited definition is employed
for natural gas. The result is that the estimates of recoverable
0il which are published cover perhaps 1 percent of nature-made
0il in place.

What has to be asked is what information is required, in-
formation about the primary crude petroleum reserves, or informa-
tion about something totally different, namely, what is the
spectrum of petroleum resources provided by nature and at what
cost and with what technology can these resources be developed?

It is obvious from this formulation of the question that the
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future availability of petroleum is-not dependent primarily on
geological considerations but much more on technological and
economic considerations.

As petroleum prices increase, petroleum resources become
more plentiful because petroleum resources that were regarded as
uneconomic in the past now become economic. If this analysis is
accepted then it has to be realized that many of the present
petroleum definitions and petroleum reserve estimates are based
on the wrong approach and the famous Hubbert diagram (Fig. 1)
is incorrect from an economic point of view. The proper config-
uration is a triangle which at the top is very narrow and
broadens consistently as the price per barrel of oil increases
from the top down (Fig. 2). Thus, a price of $2.00 per barrel
may indicate the primary recovery from conventional oil fields.
A $4.00 per barrel price may already include a substantial pro-
portion of secondary recovery oil, and so on. With the present
world market price of o0il about $11 per barrel it is obvious
that a variety of petroleum sources, depending on location and
size of deposits, would be economic to develop, including heavy
crudes, some tertiary recovery, and some types of oil shales and
tar sands. The diagram also indicates that, as the price rises
in the future, the resource base will expand until a price level
is reached at which the production of petroleum from coal or
renewable resources will become economic. Figure 2, therefore,
expresses the fact that there is a very significant relatidnship
between resource availability and price, a relationship which
holds not only for petroleum but also applies to all underground
resources.

Figure 2 also indicates that the opposite is true, namely,
that a sharp fall in the price of o0il would reduce resource
availability, other factors being equal. The diagram allows for
changes in technology. Thus a hreakthrough in, say, the tech;
nology of extraction of heavy crude, thus reducing the cost,
would push up heavy crudes within the triangle. If at any given
period of time one had fairly reliable cost estimates for pro-
duction of the various types of o0il, one could establish within

the triangle the proper tabulation of the resources according to
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Figure I-1l.--Hubbert's famous diagram of world oil
availability
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the cost level and, as costs changed between the various pe-
troleum sources or types, the tabulation according to cost would
change. A similar triangle could be drawn for the 18 types of
nature-made gas discussed in subsequent chapters. However, there
will be from time to time both in the case of 0il and in the case
of natural gas, discontinuities or partial disorders in supply
which may disturb the symmetries. Thus, it may occur that a man-
made petroleum or gas source may become available at a price
lower than some of the nature-made sources. For instance, in

May 1976, the U.S. Federal Power Commission (FPC) approved the
purchase of methane at a price of $1.33/1,000 ft3 from a large-
scale biodigester operation in Oklahoma. The FPC said that its
studies have indicated that this biodigester methane was cheaper
than imported liquefied natural gas and coal-produced gas. In
addition it may be cheaper than some of the nature-made gas
described in later chapters of this volume. However, the total
quantity of biodigester gas that will be available in the United
States in the near future is so limited that it will not drive
out nature-made gas from most of the market. In general, it is
assumed that practically all nature-made o0il and gas in most lo-
cations will become available at a cost lower than that of man-
made o0il and gas. However, if man-made oil and gas were to be
produced in large quantities at a cost below that of some of the
nature-made oil and gas, then the higher cost nature-made oil and
gas resources would remain economically unusable until the demand
for o0il and gas exééeded the production capacity of the cheaper
man-made sources.

One of the purposes of this conference is a detailed study
of this cost-price resource relationship. The relationship is
complex and involves a variety of factors. Looking at petroleum
resources as a whole and leaving out, as stipulated in the intro-
duction, the demand side with all its factors, the six main
factors involved are: (1) the type of deposits; (2) the size of
the deposits; (3) the location of the deposits; (4) exploration
technology; (5) extraction technology, including refining; and

(6) transportation technology.
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Until today the dominant trend of activities in petroleum
exploration and development has been to find conventional pe-
troleum deposits, of large size, located in accessible areas and
explored for mainly by the application of subsurface geology,
seismic geophysics, and drilling, using production technology to
extract free-flowing crude, which could be transported by pipe-
lines, or tankers, to markets. This traditional approach to ex-
ploration and development was justified during a period of low
oil prices, when companies and most governments regarded the ex-
ploitation of other than conventional petroleum deposits as un-
economic and when extraction technology for other types of pe-
troleum resources, except for certain types of heavy crude and
0il shales in the USSR, was neglected. But if one wishes to look
at the future availability of petroleum from natural resources,
at prices which it is assumed will be higher in the future than
today, one has to look at the variety of possible, naturally
occurring petroleum resources, how to explore for them, and how
to extract the oil and gas.

There will be no generally applicable answers, because each
type of resource has a wide range of characteristics. ©Oil shale
resources, for example, may be low or high in grade, may be
minable through surface mining or in situ mining, or may be too
deeply buried for existing technology. Similarly, extraction
technology which may work well for one type of resource in a
given geological environment with a given chemical composition of
the host rock and of the petroleum, may not work for the same type
of resource with a different host rock and different chemical
composition. Some types of resources may involve political con-
siderations, thus, the large-scale sedimentary basins on the mar-
gins of the continental shelf are beyond territorial waters and
will require a solution to the problem of the management of the
resources of the deep ocean.3 Similar political considerations
may also apply in connection with the petroleum resources in the

Antarctic.

3Some scientists believe that half the global sedimentary
volume may be located in or on the margins of the continental
shelf; see Dr. Kenneth Emery in Technology Review, March/April
1975, p. 32.
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Another problem is the neglect of small deposits, which
may be very numerous. Historically, companies and governments
neglected small deposits because it was not economic to build
pipelines for small o0il and gas deposits. However, when the
price is high enough and an area has a nearby demand, small de-
posits may become very attractive and may begin to play an im-
portant role. What is happening now in Ohio and several other
states of the United States where industrial enterprises and
farmers are exploring for shallow deposits, indicates the po-
tential significance of such small deposits, provided that the
price and the density of economic development in the area are
attractive. There are no detailed studies on the relationship
of small deposits to medium- or large-scale deposits other than
empirical data in a few countries. But all those relationships
are based on economic evaluations at the time of exploration and
are therefore subject to change as prices, costs, and other con-
ditions change.

The aspect of the petroleum resource base which especially
needs study is existing knowledge of sedimentary areas and the
volume of those sedimentary areas, especially in developing
countries. Based on present geological concepts and experience,
all the nature-made hydrocarbons are to be found in sedimentary
areas only. The depth and distribution of sedimentary areas is
therefore quite significant. With the discovery of geopressured
zones and their contents of dissolved natural gas a further di-
mension is added because geopressured zones may be very deep.
Sedimentary basins in certain cases may go deeper than any holes
drilled so far and the resource potential of such very deep
basins is largely unknown. On the other hand, there is a sub-
stantial body of experience which indicates that o0il is not found
in excess of a temperature of 200-250°C so that, on the basis of
present experience, crude 0il may not be expected to be found
below about 17,000 ft, but it is not known whether that also
applies to 0il shale, tar sands, and other types of hydrocarbons.
There are large known quantities of natural gas dissolved in Lake
Tivu in Africa and there may exist similarly large resources of

natural gas in other lakes and marsh areas. It is also known
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that there is frozen natural gas in certain Arctic areas and

gas hydrates in the oceans. There are indications of hydro-
carbons in certain nonsedimentary areas, but our present knowl-
edge is too limited to consider this of significance for the
future, because nonsedimentary areas are far less explored and
far less known. However, restriction of assessment of the hydro-
carbon resource base to sedimentary areas is a function of our
present knowledge; it is not necessarily something that will hold

true in the future.

ECONOMICS OF EXTRACTION

In general the economics of petroleum exploration, develop-
ment, and production is extremely complex. The wide range in
exploration costs, the wide range of production per well, and the
wide range in taxes on different types of petroleum, lead to the
result that a precise cost comparison is almost impossible.
Whereas, in the countries around the Persian Gulf estimates of
the cost of o0il, often placed at U.S. $.10-.20 per barrel, are
based exclusively on the direct cost of exploration and produc-
tion, such cost estimates are calculated in other countries by
including very many more factors with the result that cost com-
parisons are almost impossible. 1In the United States for in-
stance, on Federal land, leases are auctioned before exploration
and the cost of the lease, in addition to Federal royalties and
other taxation, becomes part of the production costs. On private
land and State land in the United States, State taxes may also
be applicable.

As a result of these difficulties in comparing costs, it is
preferable to restrict cost comparisons exclusively to the direct
cost, leaving out all taxation, whether Federal, State, or local.
If this is done it will be found that the cost, in the case of
normal oil fields, is primarily determined by the out-put per
well and the depth of the well. 1In this connection, it has to
be recognized that the range of production per well is very
great. Production ranges from about 5,000 barrels per day around
the Persian Gulf down to about 250 barrels per day in Venezuela.

In the case of stripper wells in the United States the production
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per well is below 10 barrels per day. Where wells are very
shallow and cost only a few thousand dollars to drill, the cost
per barrel may be low even if the out-put per well is quite
small.

There are economic studies especially for oil shale and tar
sand which take into account the rate of interest at the 1974
level and thus show that the cost of the oil extracted would be
very high. 1In some of these studies interest rates up to 15 per-
cent are taken into account. It is obvious that high interest
rates will, over a period of 20 or 25 years yield very much dif-
ferent results from normal interest rates, such as 6 to 8 percent.
It is important therefore, for uniformity of comparison, to apply
to investments a uniform, long-term, reasonable rate of interest.

Even more important than our assumptions about future long-
term rates of interest are our assumptions about the future price
of oil. It is assumed here that the present prices will not de-
cline, because there is an effective o0il producers group formed
by sovereign governments interested in keeping prices high and
capable of doing so by production restraints. Looking ahead to
the year 2000 it should also be assumed that it is most likely
that oil prices will continue to rise. 1In Table 1, future oil
prices have been calculated assuming various annual rates of
possible price increases. At a rate of increase of 5 percent per
year, the price of o0il at U.S. $11 per barrel today would rise to
$17 by 1985, to $22 by 1990, and to $35 by the year 2000, only

24 years away.

TABLE l.--Future possible price ranges for crude petroleum
(Based on $11 per barrel in 1976)

Increase in compound rate of interest

Year

5 Percent 7 Percent 10 Percent
1985 $17.064 $20.223 $25.937
1990 21.778 28.363 41.772
1995 27.795 39.780 67.274

2000 35.474 55.874 108.344
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If an annual rate of petroleum price increase of 7 percent
per year is assumed the price of o0il would rise to $56 by the
year 2000. The case of a 10 percent annual raise would rise to
$106 per barrel by the year 2000.

There are very few published forecasts of future o0il prices.
One of the few is a forecast by the Henley Centre for Forecasting
in England which has predicted a $16.00 price per barrel by 1981
and a price of between $22.00 and $28.00 per barrel by 1991.4

These forecasts for future oil prices are not more than
guesses; with the existence of a producers group formed by gov-
ernments, political factors are predominant in price determina-
tion. However, it is believed that the postulation of an upward
price trend in the future is unassailable in the absence of some
totally unexpected and unpredictable factors.

All these price forecasts are expressed in nominal prices,
not only because real prices are practically unpredictable but
because in the mining industry prices have always been expressed
and forecast in terms of nominal prices. 1In studies carried out
with a view to expressing the price movement for metals and other
minerals in real terms, it was found that in real terms metal
prices declined until 1972, thus the forecast nominal increase in
petroleum prices may be reflected in a much smaller increase in
real prices.

The assumption that the present high price of o0il will not
decline but will continue to rise may be challenged on two
grounds, namely (a) normal demand and supply functions, and (b)
the possibility of technological break-throughs.

There is no doubt that present petroleum producing capacity
is essentially above present production and, under conditions of
normal market price formation, the price of petroleum should go
down. However, as explained earlier there is an effective pe-
troleum producers group formed by the OPEC countries, and all pe-
troleum exporting countries whether the USSR, China, Mexico,
Canada, or others, are following the price leadership of the OPEC

countries. It is, therefore, unlikely that the excess petroleum

4See Petroleum Economist, May 1976, p. 195.
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production capacity will have a decisive influence on the price
of petroleum; unless large-scale petroleum production is rapidly
pushed forward in the few remaining countries in which petroleum
is produced by private companies and the governments concerned
favor production at lower prices. This virtually leaves only
the United States, and the present policy in the United States
in practical terms does not support the rapid expansion of pe-
troleum production, at least for the next 3 years.

As to the possibility of technological break-throughs this
is a more difficult problem. Technological break-throughs which
may allow the large-scale production of petroleum from oil shale,
heavy crudes, or other petroleum material are a possibility that
cannot be ruled out. Cases of technological break-throughs
relevant to other natural resources have indeed taken place.

The large-scale development of porphyry copper (low-grade dis-
persed copper) has indeed prevented copper shortages and has
changed the long-term trend of copper prices. There are other
exambles of similar development of low-grade resources, there-
fore careful consideration needs to be given to this technical
possibility.

A very recent example is the break-through in solution mining
of low-grade uranium, uneconomic to mine by any other method.
This follows the earlier development of solution mining for sul-
phur and more recently for potash. All these solution mining
processes are applicable only in sedimentary areas.

It should be noted that oil shale, tar sands, heavy crudes,
and so on, are available in large quantities in many countries
which are today petroleum importing countries. The effect of
such a technological break-through, therefore, could lead not
only to a slowing down in the rise of prices of petroleum (per-
haps even to a decline in prices for a period), but it could also
change substantially the present pattern of international pe-
troleum trade. Whether such a technological break-through is
likely in the near future is one of the subjects of the present
volume of technical reports. If, however, as appears likely at
this stage, o0il produced from oil shale, heavy crudes, and so

on, will require present prices for economic extraction or some
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price increase for expanded production, then the effect of a
technological break-through may be restricted to a slowing of the
price rise in the future. A policy alternative that has been
discussed in some papers does not seem to merit serious attention.
That policy alternative holds that the OPEC countries would reduce
their prices in order to prevent capital investment in alternative
sources of petroleum. Such a policy appears not to be in the
long-term interest of the OPEC countries because all of them will
in time experience sharp increases in the cost of producing pe-
troleum as they move from primary production to secondary and
tertiary production.

The extraction of petroleum from any of the various pe-
troleum sources must at any given time in the future be economic,
and the economics of any given time must yield a ton of oil which
costs less to produce than the prevailing market price. Conse-
quently petroleum, which through lack of proper technology, or
because of location or depth, cannot be produced below the pre-
vailing market price, is uneconomic to produce at a given time.

A price definition is therefore essential, and it cannot satis-

factorily be replaced by energy in-put or some other yardstick.

In theory, it might be argued that if one could determine the
direct and indirect energy in-put for the production of a ton of
0il from oil shale or from tertiary recovery from a conventional
0il field, that would indicate the limits of the economic ex-
traction of such hydrocarbons. There is, however, no uniform
yardstick for measurement of energy because energy is a concept
and not a commodity. There are very many different energy re-
source commodities at different prices and this will continue

in the future. Thus, in some countries a British Thermal Unit
(Btu) of energy froq geothermal sources may be very cheap, in
others it may be very cheap from coal, in yet others it may be
very cheap from hydropower, while in the same countries a Btu
from oil may be very high in price. 1In those countries it would
make sense economically to put into the extraction of petroleum
the same amount of Btu's in the form of geothermal, coal, or

hydro energy if the result would be that an equivalent or even
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smaller amount of Btu's in o0il were obtained that would have a
very much higher market value.

There is then no better method available for price defini-
tion than true market price, though in some countries with wide-
spread price control this method may not work too well. For
instance, in the United States where natural gas is price-
controlled at a very low level, if natural gas were to be used
for the extraction of o0il it might make sense in financial terms
but it would not make sense from a long-term resources point of
view. In summary, therefore, we may conclude that for all future
petroleum extraction, the cost of extraction must be below the
expected market price, assuming that the cost-price relationship
will at a given time be the correct yardstick.

This discussion on the relationship in the future between
cost and prices does not mean that cost and prices must be equal
all over the world or that they will be equal. For example, oil
produced near a consuming center, and thus bearing very little in
transport costs, can be produced at a higher cost, other things
being equal. However, more important is the recognition that
each underground resource has its own characteristics relating
to size, depth, location, and quality, with the result that for
each type of petroleum resource there will be a range of pro-
duction costs, and with the different types of petroleum re-
sources which will be exploited, the range of cost per type may
overlap the range of cost of other types of petroleum resources.
How much of each type will be produced at a given time will be a
function of the price of petroleum and the supply at various
costs from the different types of petrbleum resources. As a re-
sult, it is difficult to forecast conditions under which pe-
troleum from any particular type of resource will always be
economic and will find a market. 1In an extreme case, even 0il.
from primary production from a conventional oil field may not be
able to compete with o0il produced from another type of petroleum
resource, if the o0il from the primary production is from a small
field in an isolated area and ‘involves high transport costs. The
conclusion is that though studies can indicate the broad param-

eters expected for petroleum in the future, such analysis will
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not replace the necessary individual petroleum resource analyses
as to cost, prices, and future marketability prospects.

One further conclusion to be drawn from this analysis is
that the emphasis in petroleum development will shift in the
future from the discovery of conventional oil and gas to the ex-
traction of o0il and gas from many different kinds of sources.
Rapid expansion in the engineering manpower needed for the new
developments will therefore be required. The future will also
see the beginning of a new nature-made petroleum exploration con-
cept in which there will be exploration and drilling for all
types of nature-made 01l and gas resources instead of the present
single-purpose exploration for ligquid oil and natural gas only.
This may reduce the number of dry holes and reduce the cost of
exploration in the future.

This study has not discussed the relationship between oil
and gas, although the relationship between them may have an im-
pact on the various types of both oil and gas resources in the
future. 0il is much easier to transport than natural gas and
consequently large quantities of natural gas were flared off in
the past, and are still flared off in some countries. In some
countries the price of natural gas is now much higher in calo-
rific terms than the price of oil. This review assumes that be-
cause natural gas is a clean fuel the demand for it will continue
to rise. Given the fact that there are many sources of methane,
as described in subsequent chapters, it may be that the expanded
availability and use of gas might reduce the demand for oil in
the future. This inter-relationship may have implications for
the future but cannot be pursued further here. Another relation-
ship which might become significant for some resources is multi-
purpose or joint production of oil and other minerals, as in the
case of some tar sands and some o0il shales. If either or both
of the joint products should rise in price, this might make the
exploration of an o0il resource economic although on the basis of
a single product development it might be uneconomic. Such a
possibility again complicates the evaluation process but is a
fact which applies also with regard to a number of other natural

resources, especially lead, zinc, copper, silver, and gold.
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TECHNOLOGY OUTLOOK

In general, the higher the value of a mineral the greater
the amount of technology that can be employed in its extraction.
Thus, for copper, nickel, and similar high-value metals, each
with a price exceeding a $1,000 per ton and often very much
higher, the large-scale application of technology is obviously
justified. Doubts may linger as to petroleum, when even now the
price of a ton of 0il is between only U.S. $80-90. However, as
the price of 0il has jumped from U.S. $3.00 to $11.00 per barrel,
petroleum has become more valuable, and the more valuable it be-
comes the more technology can be afforded for its extraction. On
the other hand, water, which in most parts of the world has a
price of U.S. $.05-.10 per ton, is now undergoing large-scale
technology application without unduly raising the cost of the
reprocessed water.

This study assumes a growing large-scale application of new
technology to the variety of petroleum resources that we already
know to exist as well as to the further types of petroleum re-
sources that may become available in the future. How can one be
sure that large-scale application of modern technology to the
various types of petroleum resources will occur and that such an
application will yield petroleum at prices applicable in the
future? There are two important new developments that need to be
noted in this connection. One is a very large effort on the
governmental level, in terms of funds and manpower, going into
the study of modern technology for petroleum extraction from a
variety of sources. This is especially true in the United States
(through the Energy Research and Development Administration
(ERDA)), but it also applies to other countries. In addition
there is the vast effort by private companies using their own
staff and their own laboratories, although this is little publi-
cized. Large-scale investment in the petroleum technology of the
future is therefore underway. The other new development that
should be noted is that more and more, when dealing with applied
research, it is possible to define goals and to plan to achieve
these goals over a given time period. A recent example of this

type of applied technology planning in the energy field is the
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U.S. Energy Policy and Conservation Act passed in December 1975.
In this act new automotive efficiency standards are prescribed
by law for a technology to be developed within a specified time
frame in the future.5
There is, therefore, little doubt that the large-scale
application of modern technology to the various petroleum re-
sources will, given the necessarily large and long-term supply of
capital, produce a variety of improvements and possible break-
throughs in the technology of petroleum extraction. This con-
ference will review the ongoing applied research insofar as in-
formation will be made available, within a framework for the
future, where slowly rising petroleum prices are assumed. There
is very little doubt that some of the processes are economic now.
For example, secondary recovery of oil is already economic on-
shore in most countries of the world. The same may apply to
-certain types of heavy crude oil and certain types of shale oil.
Were it possible to estimate the range of extraction costs for
various types of petroleum resources over the next 25 to 30
years, on the basis of a technology that is now under develop-
ment, then some important conclusions could be drawn: certain
types of petroleum resources widespread in nature, for example
0il shales within certain grades, may become economic to ex-
tract in, say, 10 to 20 years. Such knowledge would indicate
that there is no need to worry about petroleum resources, if
presently proved petroleum reserves in conventional oil fields
should last only 30 years, because it then would be evident that
there are other types of petroleum resources for which extraction
technology will be ready and economic at the prices expected in
the future. The same expectation with regard to technology can
most likely be applied to the bulk of the oil that remains in
conventional oil fields after primary production--such fields
being petroleum sources that require no further exploration.
Furthermore, such expectations about technology will help to

destroy the myth that the petroleum resources of the petroleum

5The law prescribes a fuel economy standard of 27.5 miles
per gallon for 1985 and prohibits the manufacture of any car in
the United States after 1985 which does not achieve this
standard.
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exporting countries will come to an end with the end of the
primary oil production. With rapid development of extraction
technology, o0il countries will gradually shift from their low-
cost primary production to higher cost production, but they will
remain petroleum producing countries. 1In short, the assessment
of the rate, time frame, and cost of the application of modern
technology to petroleum extraction can lead to basic changes in

the evaluation of the future availability of oil.

CONCLUSION

The main purpose of this Conference on Nature-Made Petroleum
and Gas was to conduct a new, broad, and well-informed review of
the variety of petroleum resources on the globe, coupled with a
detailed discussion of existing and expected extraction tech-
nology expressed in cost estimates based on uniform standards.
When such cost estimates become available, and with an assumed
range of future oil prices, it will become possible to estimate
at what price level (and time period) the various technologies
will become economic. It finally will become possible, on the
basis of such data and estimates, to define and compile new
petroleum resource and reserve definitions, based on the principle
that a type of petroleum resource must be added to the resource

base when the extraction cost falls below the expected price.
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CHAPTER 1

OCCURRENCE OF PETROLEUM

John D. Haunl

INTRODUCTION

The occurrence of petroleum (o0il and gas) is the result of
chemical, physical, and geological factors that control origin,
migration, and entrapment. To understand the distribution of
known oil and gas accumulations and to predict the location and
volume of undiscovered accumulations, a knowledge of these fac-
tors is necessary. The purpose of this paper is to review the
principles of petroleum geology and to indicate how these prin-
ciples affect exploration and estimation of undiscovered

resources.

DEFINITION AND COMPOSITION

Petroleum is a naturally occurring liquid, gas, semisolid,
or solid mixture of hydrocarbon and nonhydrocarbon molecules.
Crude oil (unrefined o0il) is the liquid form of naturally oc-

curring petroleum. Natural gas is composed largely of methane

(CH4) and contains lesser quantities of ethane (C2H6) and
heavier hydrocarbons. Semisolid and solid petroleum (bitumen,
asphalt, tar, pitch, gilsonite, albertite, grahamite, and simi-
lar materials) are composed of heavier, more complex hydrocarbon
and nonhydrocarbon molecules. Oil-saturated sandstones (tar
sands, bituminous sands) are the surface or near-surface occur-

rences of 0il accumulations that have been brought to the

lColorado School of Mines, Golden, CO, USA.
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surface of the earth by structural uplift and erosion, or by
seepage, and have lost the lighter, less complex components by
evaporation, oxidation, and bacterial degradation.

Hydrocarbon molecules are composed entirely of hydrogen
and carbon. Nonhydrocarbon molecules contain sulfur, oxygen or
nitrogen atoms, in addition to hydrogen and carbon, within their
molecular structure. Some metals, especially vanadium and
nickel, are contained in the molecular structure of some non-
hydrocarbons. Other constituents, such as free sulfur, hydrogen
sulfide, free oxygen, free nitrogen, sodium chloride, carbon
dioxide, and helium, are commonly present in small amounts in
petroleum liquids and gases. Natural gas and petroleum solids
are present in dissolved form in most crude oils.

Figure 1-1 illustrates some of the organic compounds found
in petroleum. Most hydrocarbons are classified in four series:

paraffin, naphthene, olefin, and aromatic. The first three are

called aliphatic and are considered as a class distinct from the
aromatic hydrocarbons. Each of these series consists of a group
of hydrocarbons having a similar basic structure and having simi-
lar chemical characteristics. If the hydrocarbon molecule con-
tains the maximum number of hydrogen atoms, all valence shells
are filled with shared electrons (single covalent bonds), and

the hydrocarbon is considered saturated. If some of the carbon
atoms in the molecule are connected by double covalent bonds,

the hydrocarbon is unsaturated and atoms may be added to the

molecule. Unsaturated hydrocarbons are, therefore, more reactive
than saturated hydrocarbons. Paraffins and naphthenes are satu-
rated; olefins and aromatics are unsaturated.

Carbon atoms form either a straight-chain structure, in the

normal paraffins (n-pariffins), or a branched-chain structure in

the isoparaffins (isomers). At ordinary temperatures and pres-

sures the paraffins with one to four carbon atoms are gaseous.
Methane is formed in swamps, is a constant problem in coal mines,
and is the chief constituent of natural gas. Ethane is also a
component of natural gas. The heavier gases, propane, butane,
and isobutane, are compressed into liquefied petroleum gas (LPG).

Paraffins with 5 to 15 carbon atoms are liquids and are the chief
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1, carbon; 2, hydrogen.
Aliphatic hydrocarbons, paraffin (alkane) series, C H

2n+2

3, methane; 4, ethane; 5, propane; 6, n-butane; 7, 1sobutane;

8, n-pentane; 9, isopentane; 10, neopentane.

Substituent radicals: 11, methyl 12, ethyl; 13, propyl.
Naphthene (cycloparaffln) series, C H2n: 14, cyclopentane;
15, cyclohexane.

Olefin (alkene and diene) series; mono-olefins, H2n:

16, ethene; 17, propene; 18, acetylene (an alkyne, C H , nhot
found in petroleum); diolefins, C afop-2°

19, butadiene; 20, hexadiene.

Aromatic hydrocarbons, benzene series, C H 21, benzene;

2n-6°
22, toluene; 23, o-xylene; 24, m-xylene; 25, p-Xylene.
Nonhydrocarbons (sulfur, nitrogen, and oxygen compounds) :

26, hydrogen sulfide; 27, ethyl mercaptan (ethanethiol);

28, propyl mercaptan (propanethiol); 29, carboxyl group (of
fatty acids, naphthenic acids, etc.); 30, butyric acid;

31, cyclohexane carboxylic acid; 32, phenol (carbolic acid);
33, pyridine; 34, gquinoline; 35, pyrrole; 36, indole;

37, carbazole.

FIGURE l1l-1l.--Organic compounds in petroleum

43
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components of straight-run (uncracked) gasoline. Paraffins with
over 15 carbon atoms are waxes which, if they occur in large
quantities in crude o0il, may cause production problems. Hydro-
carbons of the paraffin series are the most common constituents
of petroleum.

Carbon atoms in naphthene molecules are joined in closed
rings. Cyclopentane and cyclohexane are the most common members
of the series. Naphthenes are similar to the paraffins in their
chemical characteristics and they are second in importance as
constituents of petroleum. A crude o0il that contains a high
proportion of complex asphaltic naphthenes (multiring structures)
in the residue of high-boiling fractions is called an asphalt-
base crude and is thereby distinguished from paraffin-base

crudes. Paraffins, however, are still the major components of
asphalt-base crudes. Intermediate crudes that contain signifi-
cant proportions of both wax and asphalt are considered

mixed-base.

Olefins are present in only small gquantities in crude oil.
They are very reactive and form the chief raw materials of petro-
chemicals; also, they react with each other to form gums.

Aromatics comprise a large percentage of some crudes from
California and Indonesia. They are chemically active and are
basic to the manufacture of many synthetic chemicals. Aromatic
0ils are more easily oxidized than are paraffinic or naphthenic
oils.

The nonhydrocarbon components of petroleum are important
from a refining standpoint and also are important to an under-
standing of the origin and geologic history of petroleum. Some
of these compounds decompose easily when petroleum is distilled
and, therefore, are difficult to identify. Sulfur, nitrogen, and
oxygen atoms in compounds form polar molecules, that is, the
center of positive charge does not coincide with the center of
negative charge and, although the molecules contain an equal
number of positive and negative particles and are neutral elec-
trically, one end of each molecule is negative and the other end
is positive. Because of their polarity, they probably play an

important role as surface-active agents in the reduction of
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surface and interfacial tension. Reduction of interfacial ten-
sion is of primary concern in secondary and tertiary recovery
technology.

The chemistry of petroleum determines its physical proper-

ties and, in turn, the mechanics of migration and entrapment.

ORIGIN

A theory of petroleum origin must account for movement of
petroleum molecules from the point of origin into a porous res-
ervoir rock (primary migration). In some cases petroleum may
originate in the reservoir rock and require no primary movement,
but this probably is not common. After its arrival in the res-
ervoir rock, petroleum may move by several mechanisms (secondary
migration) and this may be repeated several times during the
geologic history of a petroleum accumulation. The common text-
book subdivision of the natural history of petroleum into dis-
tinct periods or stages of (1) origin, (2) primary migration,

(3) secondary migration, and (4) entrapment is misleading because
the first two "stages" are parts of the same unified process.

The relationship between petroleum and rocks especially rich in
organic matter, such as coals and 0il shales (pyrobitumens), is
also of interest.

Theories of inorganic origin of petroleum are of historical
interest. Several adherents of inorganic theories publish
serious papers, but they avoid some of the major evidence and
their ideas can easily be discredited. Some arguments for in-
organic origin have been based on the fact that hydrocarbons may
be formed in the laboratory by combining alkali metal, carbon
dioxide, and water, or by combining metallic carbides and water
or acid. Hydrocarbons in the atmospheres of planets, in meteor-
ites, in igneous and metamorphic rocks, and in the gases of vol-
canoes have been used as evidence for inorganic origin. It is
probably true that the nonhydrocarbon gases, nitrogen, helium,
and some carbon dioxide originated through inorganic processes.

Overwhelming evidence requires that petroleum originate
from organic matter. Perhaps any single argument could be de-

bated, but taken as a group the arguments for organic origin
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are too numerous and too powerful to be countered successfully.
The following observations are at the same time arguments for
organic origin and against inorganic origin: (1) The homologous
series of hydrocarbons found in petroleum are found elsewhere
only in organic matter and in obvious organic derivatives such
as coal and carbonaceous shale. (2) Nitrogenous compounds, es-
pecially plant-derived porphyrins, comprise a small but signifi-
cant portion of petroleums; elsewhere, porphyrins are found only
as derivatives of chlorophyll and hemoglobin. (3) The range of

carbon-isotope ratios (C13/C12

) in petroleums is within the
ranges of natural carbonaceous materials and is unlike such
ratios in most inorganic matter. (4) Optical activity is a
property of most crude oils and is found also in compounds de-
rived from living organisms. (5) High temperatures necessitated
by most inorganic theories will destroy nitrogenous compounds
(including some porphyrins), will eliminate optical activity, and
will decompose {(crack) the more complex hydrocarbons into simpler
compounds. Observed temperatures in oil-producing areas, usually
less than 100° C, support this contention. (6) Most petroleum
is associated with sedimentary rocks, and organic-rich source
material is usually present in the same rock sequence. This is
certainly strong circumstantial evidence that inorganic processes
are not operative. Most petroleum occurrences in igneous or
metamorphic rocks may easily be explained by migration from
sedimentary rocks. The general lack of petroleum in basement
rocks and shield areas leads to the same conclusion. (7) Small
quantities of hydrocarbons in recent sediments, in a variety of
environments, lead to the conclusion that the formation of
petroleum is a normal, continuing process that has been in op-
eration since the beginning of life and is not a process that re-
quires a fortuitous or severe set of physicochemical conditions.
(8) Most organisms, especially some microscopic plants (diatoms),
contain hydrocarbons.

Certain additional facts serve to define the chemical en-
vironment in which petroleum originates and is preserved. Most
of the components of petroleum and organic matter are destroyed

under aerobic conditions that promote the growth of oxidizing
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bacteria. The end products of bacterial degradation are carbon
dioxide and water. This destructive process can take place at
any stage of petroleum formation or at any time after the pe-
troleum is formed and is subjected to an aerobic environment.
It is apparent, then, that petroleum must originate and must be

preserved in a reducing environment.

Much has been written about the possible sources of energy
believed necessary for transformation of organic matter into pe-
troleum. In general, bacteria change organic matter into a more
petroleum-like substance and anaerobic bacteria probably play a
significant role in the formation of petroleum. Bacterial pro-
duction of methane is a commonly observed occurrence in mud
bottoms of swamps and in soils. In the laboratory, bacteria have
been observed to produce methane and hydrogen.

Methane and other molecules in petroleum also are produced
by nonbacterial cracking of organic substances (including pre-
viously formed oil) in sediments and sedimentary rocks. Recent
deep drilling (5,000 to 7,000+) has established the fact that
deeper exploration has a statistically higher chance for gas dis-
covery than for oil (Landes, 1966). Age and temperature of the
rocks increase with depth and probably a parallel increase in the
production of gas by thermal and catalytic cracking processes
takes place. There is no well-defined relationship between the
volume of natural gas in a geographic area and the volume of
liquid hydrocarbons (0il) in the same area. Methane is thermo-
dynamically stable, with respect to heavier hydrocarbons, and is
the natural end-product of bacterial and thermal reactions.

Subsurface heat and pressure, with geologic time as a fac-
tor, cause chemical changes in organic matter and petroleum that
could only take place at excessive temperatures or pressures in a
short-time experiment in the laboratory. Catalysts, such as
trace metals, clays, and enzymes, are always present in sedi-
mentary rocks and would make low-temperature chemical reactions
more probable. Differences in the chemistry of petroleums are
the result of such factors as differences in the original organic
matter, depositional environments of the sediments, thermal

history, migration distances, and hydrodynamic conditions.
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Most of the world's petroleum is associated with sedi-
mentary rocks that were deposited in marine or shore-line en-
vironments. There are also very large accumulations of petro-
leum in nonmarine, especially lake, environments. Fresh waters
associated with some petroleum-producing areas have, in the ma-
jority of cases, been introduced into reservoir rocks exposed at
the surface of the earth during a period of uplift after the pe-
troleum was formed.

Petroleum originates in a chemically reducing environment,
in organic-rich shales or carbonates (source beds) that were de-
posited as muds. Petroleum may also originate in sediments that
would not be considered especially rich in organic matter. But
petroleum is found today in porous and permeable strata (reser-

voir rocks) that were most commonly deposited in well-oxygenated

environments from which muds were removed by wave and current

action. A paradox is found in the fact that the source beds act

as barriers to migration after they have been lithified to

shales!

With the exception of bacterially-formed methane, it is be-
lieved that heat is the primary energy source in the formation
and primary migration of petroleum. Thermal maturation of or-
ganic matter, followed by solubilization of hydrocarbon and non-
hydrocarbon molecules in subsurface waters, may account for pe-
troleum origin and primary migration. Vast gquantities of methane
and heavier hydrocarbons are dissolved in pore waters of sub-
surface formations throughout the world. Microfractures and
phase-continuous "stringers" of petroleum also may play a role

in the process.

SOURCE-BED IDENTIFICATION

Determination of the presence and quality of source beds in
an unexplored or little-explored area of the world is a routine
technigue in modern petroleum exploration. The major problem in
source-bed identification is the uncertainty that the organic
content measured today is indicative of the chemistry of the de-
rived petroleum. Certainly the removal of selective portions of

the original organic matter will leave an altered residue. The
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question then is whether or not the residual organic matter has
been modified during primary migration, or by post-migration
processes, to such an extent that its identification as petroleum
source material can be verified. After the formation of proto-
petroleum (and primary migration) it is reasonable to expect that
organic matter remaining in the source beds should contain a re-
sidual component of hydrocarbons or petroleum-like organic ma-
terial; the process of protopetroleum removal surely is not

100 percent effective. Provided metamorphic processes have not
advanced too far, it should be possible to identify the
petroleum-like components. Chemical alterations of petroleum
during secondary migration and after entrapment add to the com-
plexity of correlating individual petroleums with specific

source beds.

The following criteria are used in source-bed
identification:

1l. The total organic carbon (TOC) is measured; it is the
percentage (by weight) of organic carbon in a rock sample. Total
organic matter (or kerogen) is cited by various authors to range
from 1.2 to 1.6 times the TOC. The minimum TOC of source beds
has been estimated to be 0.4 to 1.4 percent (Ronov, 1958),

1.5 percent (Schrayer and Zarrella, 1963), and 0.5 percent
(Welte, 1965). Hunt (1972) has estimated that only 0.0l percent
of the organic carbon in sedimentary rocks is in the form of
petroleum.

2. Most geochemists believe the volume and character of
extractable organic matter (EOM), both hydrocarbons and non-
hydrocarbons, is more important than TOC in the definition of
source beds. According to Hunt and Jamieson (1956), source beds
should contain soluble hydrocarbons, soluble asphalt, and in-
soluble kerogen (pyrobituminous material). In general, source-
bed extracts should contain significant quantities of the major
constituents of crude 0il (Erdman, 1961).

3. The EOM/TOC ratio may be more significant than either
guantity alone in the characterization of source beds. Erdman's
opinion (1964) is that the EOM/TOC (oil/kerogen ratio) is too

low in coals and oil shales, but a minimum amount of kerogen is
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necessary in source beds to provide primary migration paths.
Welte (1965) states that "the ratio of the extractable amount of
organic carbon to the residual organic carbon" is an indicator of
hydrocarbon generation. Philippi (1965) believes that the criti-
cal ratio in the Ventura and Los Angeles basins is in the range
of 0.030 to 0.120.

4. In living organisms and in recent sediments, n-paraffins

in the approximate range of C have a larger quantity of

-C
odd-numbered than of even—numiéreg7species. The ratio of the
volume of odd- to the volume of even-numbered n-paraffins is
termed the carbon-preference index (CPI). In most ancient sed-
iments the CPI value approaches unity and most crude oils have a
CPI between 0.90 and 1.15. Bray and Evans (1965) determined the
CPI of 77 recent sediment samples and 241 ancient shale and mud-
stone samples, and compared these with CPI values of 40 crude
oils. They found that CPI values of approximately 30 percent of
the ancient samples correspond to the range: of CPI values of
crude oils. The inference, therefore, is that CPI values of
source beds should be less than 1.15 (similar to petroleum) and
should correspond approximately to the CPI of the derived crude
oil. The results of Bray and Evans' (1965) work are illustrated
in Fig. 1-2.

5. The range of carbon-isotope ratios (C13/C12) among
various petroleums is approximately 1 percent (0.0109-0.0110).
A summary of ranges of carbon-isotope ratios of various -organic
materials compiled by Silverman (1973) indicates "that petroleums
are derived almost exclusively from the lipid fractions of organ-
isms, whereas coals are derived principally from (land) plant
cellulose." As a source-bed indicator, it is assumed that the
Cl3/C12 ratio of the source material should be essentially the
same as the C13/C12

6. Regional and vertical changes in density and other

ratio of the derived petroleum.

chemical characteristics of petroleum have been described by
many workers. Landes (1966 and 1967) has used the term "eometa-
morphism" to describe the relatively low-temperature transforma-
tion of organic matter resulting from increasing burial depth

(and pressure) of sedimentary rocks. Geologic time is believed
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to be a substitute for the extreme temperatures that might other-
wise be necessary to form protopetroleum, facilitate primary mi-
gration, and alter petroleums in reservoir rocks or traps. The
relationship between depth, geothermal gradient, and petroleum
occurrence, as determined by Landes (1966), is illustrated in
Fig. 1-3.

The level of thermal maturation (LOM) of a sample may be
measured by (1) carbon ratios (fixed carbon/fixed carbon plus
volatile matter), (2) vitrinite reflectance (measure of the
ability of coaly particles to reflect light), (3) loss of por-
osity of reservoir rock in response to burial depth and geo-
thermal gradient, (4) maturation of petroleum by thermal crack-
ing, and (5) thermal index (visual color classification of
pollen and other organic matter).

Powers (1967), Burst (1969), Johns and Shimoyama (1972), and
others have established a relationship between the temperature-
dependent explusion of interlayer water from montmorillonite (and
subsequently from mixed-layer clay) and thermal alteration and
desorption of protopetroleum. The critical temperature of 200-
230° F is attained at various depths depending on the geothermal
gradient. The implication of these various studies, with regard
to source-bed identification, is that the present content of
montmorillonite, illite, and mixed-layer clays may be indicative
of the thermal history and petroleum generation capacity of the

rock.

SECONDARY MIGRATION AND ENTRAPMENT

Hydrocarbon molecules tend to coalesce readily into petro-
leum globules, and if this occurs, they lose their mobility, in
comparison with water, and are trapped in the small pores of the
rock. For globules (slugs) of petroleum to move, their buoyancy

must exceed the entry pressure of the pore connections. Entry

pressure is the minimum capillary pressure necessary to force
entry of a nonwetting fluid into a capillary opening. A petro-
leum slug with considerable vertical continuity is necessary to
produce the buoyancy that will force entry into the capillary

openings of a reservoir rock. After movement has taken place,
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there should remain a high petroleum concentration; just below
that necessary to begin or continue movement. Migration usually
is in a direction that has an upward component. Hydrodynamic
conditions may modify the normally upward direction of movement.
When the oil or gas in the reservoir rock reaches a position
beyond which it cannot penetrate it may accumulate into an eco-
nomically significant concentration. The end of the migration
path is a trap.

Complex classifications of traps have been proposed. In the
simplest scheme, traps are classified into three groups: (1)
structural, (2) stratigraphic, and (3) combination. Structural
traps are the result of rocks being folded into domes or anti-
clines, or are the result of faults in the rock sequence.
Stratigraphic traps are the result of events during the deposi-
tion of sediments (channels, beaches, reefs, etc.) or during de-
velopment of an unconformity (uplift and erosion, followed by
renewed deposition). Combination traps contain elements of the
two basic trap types.

Structural traps have been the objective of most of the
world's petroleum exploration because they are relatively easy
to discover by geological or geophysical methods and they have
the potential for multiple producing formations. Stratigraphic
traps are more difficult to find and the potential for more than
one producing formation in an exploratory well is low. Closely
related petroleum accumulations throughout the world, whether
structural or stratigraphic, are characteristically lognormally

distributed with regard to producible reserves.

SUMMARY

The occurrence of oil and natural gas is controlled by the
depositional environments of sediments, the geologic and thermal
history of the enclosing rocks, and the conditions of fluid
movement within areas of traps. Anaerobic chemical environment,
rapid deposition of organic-rich sediments, a moderately high
geothermal gradient, regionally extensive or discontinuous

reservoir rocks (sandstones and carbonates), and development of
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a significant number of traps characterize the world's most
petroleum-productive areas.

Factors that control petroleum occurrence in a moderately
to well-explored area may be used to predict the undiscovered
0il and gas potential of the area. Unexplored frontier areas
are analyzed on the basis of analogy with explored areas. Geo-
logical and geophysical knowledge of structural configuration
and wells drilled to determine the presence or absence of source
and reservoir rocks are necessary for estimates of undiscovered
potential in frontier areas. Various statistical methods have
been applied (Haun, Ed., 1975), but knowledge of the principles
of petroleum geology are the basic theme in all methods.
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CHAPTER 2
THE PETROLEUM EXPLORATION CHALLENGE WITH
RESPECT TO THE DEVELOPING NATIONS

Bernardo F. Grosslingl

INTRODUCTION

About 2 years ago I was asked by an international lending
organization to assess the petroleum potential of developing
nations throughout the world. Until this question was posed to
me, I had accepted the view that the petroleum potential of
areas like Latin America and Africa was much lower than that of
the United States, and if they had produced so little oil it was
simply because there was not much oil there.

However, I had to reexamine the problem and so I did. The
first question I asked myself was how intensive drilling had been
in various areas of the world. Inquiries to knowledgeable ex-
perts and search of the literature disclosed the fact that such
totals had not been either compiled, or if compiled had not been
published. Because of the limited time I was allowed for the
study I developed a strategy of estimating these numbers from
industry and professional journals on petroleum exploration and
development. The numbers thus compiled, quickly began to reveal
the surprising fact that the bulk of the past drilling for pe-
troleum in the world had been concentrated in the United States,
and that even now it continued to be so concentrated, year after

year.

lU.S. Geological Survey, Reston, VA, USA.
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Then I reviewed the broad geologic conditions of the various
continents to see what factors could explain the alleged re-
markable productivity of the United States, and of the Middle
East. For the Middle East these geologic factors can readily
be found, but they do not appear to single out the United States
as a nation more favored with oil than others with a similar

tectonic framework.

THE OUTCOME OF PAST PETROLEUM DEVELOPMENT

First, I would like to briefly highlight the outcome of
past petroleum exploration throughout the world:

1. Of all past production the United States accounts for
34.9 percent of the oil, and 59.5 percent of the gas.

2. Seven countries (USA, USSR, Venezuela, Saudi Arabia,
Iran, Kuwait, and Iraq) account for about 80 percent of the
cumulative oil production; and four countries (USA, USSR,
Canada, and Venezuela) for about 80 percent of the cumulative
gas ﬁroduction of the world.

3. By comparison, the non-OPEC developing countries in-
cluding the Peoples Republic of China, account for 6.0 percent
of the cumulative o0il production and 4.9 percent of the cumula-
tive gas production of the world.

The current petroleum stance can be highlighted as follows:

1l. Eight countries (USSR, USA, Saudi Arabia, Iran,
Venezuela, Iraqg, Kuwait, and Nigeria) account for about 73 per-
cent of current world oil production; and five (USA, USSR,
Canada, Netherlands, and Iran) account for about 71 percent of
current world gas production.

2. By comparison, the non-OPEC developing countries in-
cluding the Peoples Republic of China, account for 7.5 percent
of current world oil production and 7.1 percent of current world
gas production.

The short-term outlook, which could be gauged by the proven
reserves as of the end of 1975 can be highlighted as follows:

1. The OPEC countries account for 67.6 percent of the oil
proven reserves, and for 34.8 percent of the gas proven reserves
of the world.
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2. The USSR and the United States account for 17.2 percent
of the o0il proven reserves, and for 45.6 percent of the gas
proven reserves of the world.

3. By comparison, the non-OPEC developing nations in-
cluding the Peoples Republic of China, account for 7.9 percent
of the oil proven reserves, and for 6.0 percent of the gas
proven reserves of the world.

A simplistic interpretation of such past outcome could be

misleading to judge the potential of improperly explored areas.

SCHEME FOR ASSESSING PETROLEUM OPPORTUNITIES

For assessing the remaining petroleum opportunities among
the various countries, I have chosen a dual partition system.
First, I have classified them in two groups: (1) developed
countries or regions, and (2) developing countries. This clas-
sification is a recognition of the great difference in petroleum
supply—-demand posture between developed and developing economies.

The first group (developed countries) is further subdivided
in: USA, USSR, Canada, Japan, Australia and New Zealand, and
Western Europe. The first four subdivisions correspond to the
largest single-country developed economies, and the last two
correspond to convenient groupings of countries with rather
similar energy supply-demand positions. In Western Europe, I
have included all European countries, with both market and
socialist economies, other than the USSR which is analyzed by
itself.

The second group (developing countries) is subdivided in
four: Africa and Madagascar, Latin America, South and South East
Asia, and the Peoples Republic of China. In Latin America I have
included, with minor exceptions, all of the countries south of
the United States. That is, it includes: Mexico, Central
America, Caribbean, and South America. Because of the richness
of its current petroleum resources the Middle East is set by
itself; and I have included in it Turkey and Israel. In the
category of South and South East Asia I have included mainland

countries east of the Middle East and south of China as well as
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the islands of Oceania, other than Japan, Australia, and New
Zealand.

The Middle East, which strictly speaking is a developing
area, is to be handled separately because of the current impor-
tance of its petroleum proved reserves.

The above scheme essentially encompasses all the world areas
which are under national control. It does not include Antarctica,
the continental margins beyond the edge of the continental
shelves, nor a few areas around some small oceanic islands.

Ideally, to gauge the petroleum potential of given areas one
would like to construct a measure built with quantifiable factors
(such as sedimentary area, sedimentary volume, thicknesses, lith-
ology, structure, and the like). Yet actual knowledge of most
of the factors one would like requires prior geological and geo-
physical exploration as well as drilling in an area. There are
vast areas of the world which are still inadequately known, with
none or insufficient drilling, or the knowledge about them may
not have been generally disclosed. Therefore, to obtain a world-
wide overview of opportunities one has to retrench to a very few
factors. I have selected for this presentation one of them,
namely the extension of sedimentary basins. Such basins have
been defined, for instance, in the regional evaluations pub-
lished by the American Association of Petroleum Geologists.

Although, in general, there is already a rather good defi-
nition of these sedimentary areas throughout the world, there is
still an element of surprise. Recent developments in south and
southeastern Sudan provide one example of how incomplete the
knowledge of the extent of sedimentary areas in regions with in-
cipient exploration has been. 1In 1974, an oil company began to
explore interior basins of Sudan covering about 200,000 mi2 in a
region which previously had been presented in some of the litera-
ture as of no interest for petroleum exploration. Also there
appear to be other areas in northern Sudan with possible pe-

troleum interest.
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PETROLEUM PROSPECTIVE AREAS

Utilizing various published data, and personal knowledge of
these areas, I have made the estimates of the extent of the sedi-
mentary areas in various countries or regions, which are summa-
rized in Table 2-1. In general, a minimum sedimentary thickness
of 1,500 ft has been required to define the edges.

It is observed that the developed countries possess about
45.1 percent of the total prospective area, the Middle East
countries about 4.9 percent, and the developing countries, other
than the Middle East, about 50 percent.

CUMULATIVE PETROLEUM DRILLING IN VARIOUS REGIONS

Now we come to the question of what has been done about
these prospective areas. There are several measures of activity
one could use, but I have singled out only drilling. As for
drilling one could consider: cumulative number of wells drilled,
cumulative number of exploratory wells drilled, and cumulative
drilling footage. The problem again is the lack of adequate
published drilling statistics worldwide. Some countries con-
sider petroleum drilling to be a state secret, others have in-
adequate published records of drilling.

The estimates which I have made, in collaboration with
Diane T. Nielsen, Computer Specialist, of the total number of
wells drilled in various world regions up to 1975 are summarized
in Table 2-2. Because the conclusions to be drawn hinge on the
inadequate past drilling in certain areas, an upper bound esti-
mate for the drilling in these areas has been sought in these
estimations.

The drilling figures show that the overwhelming majority of
all past petroleum drilling is concentrated in a few developed
countries, and mainly in the United States. By contrast, in the
developing countries only about 4.2 percent of past drilling has
taken place.

Next we may consider the number of exploratory wells rather
than total wells. My estimates of these numbers are summarized

in Table 2-3. Again the fact emerges that exploratory drilling



TABLE 2-1l.--Resume of world petroleum prospective areas

(Onshore + offshore to 200 m water depth)

Developed countries or regions Area (mi2)
USSR 3,480,000
Usa 2,470,000
Canada 1,887,400
Australia and New Zealand 1,545,000
Western Europe, market economies
and socialist : 1,322,500
Japan 256,200
10,961,100
(44.7%)

Developing countries or regions, other than Middle East

Africa and Madagascar 5,004,690
Latin America 4,804,600
South and South East Asia 1,636,500
China, P.R. 900,000
12,345,790
(50.4%)
Middle East 1,200,000
(4.9%)
World Total: 24,506,890

(100%)




TABLE 2-2.--Resume of world petroleum drilling

(As of end of 1975)

Developed countries or regions

Number of wells

USSR

UsA

Canada

Australia and New Zealand
Western Europe

Japan

about 530,000
2,425,095 (75%)
about 100,000
about 2,500
about 25,000
about 5,500

3,088,095 (95.5%)

Developing countries or regions, other than Middle East

Africa and Madagascar
Latin America

South and South East Asia
China, P.R.

Middle East

World Total:

about 15,000
about 100,000
about 11,000
about 9,000

135,000 (4.2%)
about 10,000 (0.3%)
3,233,095 (100%)
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TABLE 2-3.--Resume of world exploratory petroleum drilling
(As of end of 1975)

Developed countries or regions Exploratory wells
USSR about 100,000
usa about 482,000 (74.7%)
Canada about 20,000
Australia and New Zealand about =~ 500
Western Europe about 12,500
Japan about 1,000

Total 616,000 (95.4%)

Developing countries or regions, other than Middle East

Africa and Madagascar about 6,500
Latin America about 14,000
South and South East Asia about 5,000
China, P.R. about 2,000
Total 27,500 (4.3%)
Middle East about 2,000 (0.3%)

World Total 645,500 (100%)
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is concentrated in a few developed countries. And in the de-
veloping countries only about 4.3 percent of the exploratory
drilling has taken place.

The last factor we want to consider, as to drilling as a
measure of activity, is the drilling footage. If the average
well depth were the same for all regions then the number of
wells would be equivalent to using the total drilling footage.
The question then resolves to the variability of the average
depth from region to region. Some estimates of the average

depth of all past drillings are as follows:

Ft Relative
USA, 1949-1972 av. 4,231.2 1
Canada, 1945-1974 av. 4,055.6 0.96
Australia and New Zealand, 1945-1974 av. 5,097.0 1.20
Western Europe, market economies,

1945-1974 av. 5,393.3 1.27
Japan, 1945-1974 av. 4,147.8 0.98
Africa and Madagascar, 1946-1974 av. 4,005.4 0.95
Latin America, 1949-1972 av. 4,448.0 1.05
South and S.E. Asia, 1951-1972 av.

(est.) 4,200.0 0.99
Middle East, 1946-1974 av. 6,293.6 1.49

To take into consideration average well depth we could, for
instance, take the U.S. average well depth as a reference and in-
crease the numbers of wells in Latin America by 5 percent, in
Africa and Madagascar decrease by 5 percent, and in South and
South East Asia decrease by 1 percent. But the relative dis-
crepancies of drilling densities between the very few densely
drilled countries and the developing countries are so much
greater, such corrections would not substantially decrease the

differences.

DENSITY OF PETROLEUM DRILLING IN VARIQUS REGIONS

Utilizing the two previous sets of estimates, I have calcu-
lated the density of petroleum drilling, in wells per square
mile of prospective area. Table 2-4 gives for the countries or
regions considered both the total wells per square mile, and the
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exploratory wells per square mile. The values are arranged in

decreasing exploratory drilling density.

TABLE 2-4.--Density of petroleum drilling
(As of end of 1975)

_ 2 Exploratqry

Country or regions Wells/mi wells/mi2
USA 0.98 0.20
USSR 0.15 0.029
Canada 0.053 0.011
Western Europe 0.019 0.0094
Japan 0.021 0.0039
Australia and New

Zealand 0.0016 0.0032
*South and South East

Asia 0.0067 0.0031
*L,atin America 0.0021 0.0029
*China, P.R. 0.010 0.0022
*Middle East 0.0083 0.0017
*Africa 0.0031 0.0014

*Developing area.

It is quite clear that in the developing countries the
drilling density is about two orders of magnitude smaller than in
the United States, and about one order of magnitude smaller than
in the USSR. The developing countries are on the bottom of the

list of exploratory drilling density.

WINDOW ON OIL CHART

To visualize these questions I have prepared Fig. 2-1,
Window on 0il, which was based on the previous estimates that I
had made of the size of thé prospective areas and of the cumula-
tive petroleum drilling.

The areas within the black rectangles of the chart corre-
spond to the relative areas of the petroleum prospective regions
indicated. The total prospective area of the earth--onshore and

offshore to the 200-m water depth--is represented by the entire
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Figure 2~1.--Window on oil. Areas within black bars represent,

to scale, the extent of the petroleum prospective
areas (onshore and offshore to 200 m water depth).
Each full black circle represents 50,000 wells
(exploratory and development) drilled in each
portion of the chart. Numbers of wells smaller
than 50,000 are approximated by segments of the
full black circles.
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square. The s;g partitions on the left of the figure correspond
to the developéa countries: USA, USSR, Western Europe, Canada,
Japan, Auétralia, and New Zealand. In Western Europe, as used
here, are included both market-economy and socialist countries.

The developing countries or regions are shown on the right
side. They are: Latin America, Africa and Madagascar, South
and South East Asia, Peoples Republic of China, and the Middle
East. The developed countries control 45 percent of the total
prospective area; the developing countries, including the Middle
East, 55 percent.

Also shown in the chart is the cumulative drilling in each
of the regions or countries shown. Each full black circle repre-
sents 50,000 wells. There are 65 full black circles in the
figure, 48 of which are in the United States, 10 in the USSR,

4 in Eastern Europe, 2 in Canada, and 2 in Latin America. As in
none of the other areas are there 50,000 wells, only a propor-
tional sector of the full circle has to be used.

The additional drilling, both exploratory and development,
which might eventually be attained in the United States may be
of the order of 600,000 to 800,000 wells, that is, 12 to 16 full
black circles in the figure. Therefore, one would have to
cluster the existing 48 a little closer to allow for the 16 ad-
ditional full black circles.

FINAL COMMENTS

The previous analysis demonstrates that there is a sub-
stantial petroleum drilling gap in the developing countries of
the world. Moreover, the non-OPEC developing countries of the
world possess about half the world petroleum prospective area.
An opportunity for substantial discoveries in Latin America,
Africa and Madagascar, and S. and S.E. Asia is apparent.

Obviously, there is much need for a refined evaluation of
petroleum prospective areas throughout the world. This would be
facilitated by the disclosure of more information about petroleum
exploration in the various countries.

Economic and political conditions in the past readily ex-

plain how this drilling gap came about. But the sense of urgency
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brought about by the energy crisis should help to resolve these

economic and political impediments.

Notes on Sources of Information Utilized: The basic sources

of information utilized for the 0il and gas annual production,
and for proven reserves have been statistical data published in
issues of the 0il and Gas Journal and the World 0il, and statis-
tics published by the U.S. Bureau of Mines.

For the cumulative o0il and gas production the main source
has been the "Summary of 1972 0il and Gas Statistics for Onshore
and Offshore Areas of 151 Countries" by S. E. Frezon, U.S. Geo-
logical Survey Professional Paper 885, 1974.

The size of the prospective areas has been measured on
published maps of individual countries or regions in issues of
the Bulletin of the American Association of Petroleum Geologists.

The main source of information about the drilling for pe-
troleum has been the annual Foreign Developments issues of the
American Association of Petroleum Geologists, statistics pub-
lished in the World 0il, information obtained from many geologic

papers on specific regions, and estimates by the author.
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CHAPTER 3

TOTAL ENERGY RESOURCE EVALUATION AS PART OF
FUTURE OIL AND GAS EXPLORATIONI

Alan Lohse2

Technology exists to examine the crust of the earth in
search and evaluation of all the earth's known forms of energy
resources. Technology increasingly evolves to find these re-
sources in greater detail and to produce them in a more cost-
effective manner.

Higher levels of exploration technology do not, however,
negate the essential human input of scientific knowledge and
imagination applied to interpretation of technical data. A
famous United States industry oil finder once said that "oil is
found in the minds of men." That statement of three decades ago
is no less true today.

Better exploration and production technologies can be
likened to computer technology. Very few if any computer appli-

cations reduce the total amount of work to be done by man.

lPresentation of this paper at the UNITAR-IIASA Conference
was based largely upon colored slides to illustrate each of the
technologies and tools referred to. As a result of nonuse of
color reproduction, this text is abbreviated and condensed from
the original paper.

Reference to specific companies, products, or services is
made only to cite examples of technologies that are presently
available, as illustrated in the original presentation. These
references in no way imply that similar or identical services or
products are not available elsewhere.

2Gulf Universities Research Consortium, 5909 West Loop
South, Suite 600, Bellaire, Texas 77401.
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Instead, computers create more work to be done by more men. The
work can be done either better and faster than before computers
or worse and faster, depending upon the men themselves.

As more diverse data are available through computer applica-
tions, the human mind is increasingly required to analyze, syn-
thesize, and interpret these data into useful forms of informa-
tion, and, ultimately, into knowledge that expands man's needs
for more data to be applied to newly defined and complex
problems.

In similar fashion, present-day exploration for oil and gas,
ranging from satellite imagery and computerized data processing
to conventional field work from desert to jungle, can be ex-
panded through careful planning to include evaluation of the
total potential energy resource of any nation.

Exploration for fossil energy resources can be represented
by an inverted cone pointing downward from broad reconnaissance
conducted high above the earth to geophysical and geological
field work leading to drilling at specific sites. As the cone
converges upon specific locales and prospects, areas of coverage
decrease but costs of exploration generally increase. The ob-
jective of a well-planned exploration program, therefore, is to
identify multiple targets in the broadest and least expensive
reconnaissance work and to use more restricted and expensive
detailed work to focus upon specific prospects within those
target areas.

The upper level of reconnaissance presently exists through
satellite imagery. This imagery provides broadest coverage at
least cost to the private consumer and operates independently
of geopolitical control.

Reference is made to the article by Michel T. Halbouty in
the May 1976, Bulletin of the American Association of Petroleum

Geologists for a detailed description of the imagery and ex-

amples of its worldwide application.
Satellite data are not an entire answer to exploration, nor
does any unique answer exist. They are, however, a new element

of information providing worldwide coverage, to be combined with
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other techniques leading to recognition of multiple target areas
for further evaluation.

Satellite data are obtained from the Earth Resources Tech-
nology Satellite (ERTS) renamed LANDSAT. The first satellite
was launched July 1972, followed by the second launch in January
1975. The LANDSAT spacecraft follows a circular orbit 920 km
(570 mi) above the earth's surface. It circles the earth every
103 minutes, which is about 14 times per day. It covers the en-
tire globe, except the poles, every 18 days and crosses the
equator at 0930 local time each day.

Each standard spacecraft image covers an area of 34,385 km2
(185 km by 185 km), which is 13,225 m12 (115 mi x 115 mi). The
images are available in digital form on standard magnetic Compu-
ter Compatible Tape (CCT) with four CCT's per image. The data
are available to anyone in the form of processed black-and-white
or color photographic images, or the CCT's.

Processing of data is constantly improved by various con-
tractors, and is available experimentally with ground control
within 1 meter horizontally and vertically.

Conventional color processing of imagery data produces
"false color" images in which vegetation appears red, water ap-
pears black, and urban areas together with shallow or silty
water appear blue.

Halbouty's (1976) article contains a number of displays
showing the geological and/or cultural interpretations that have
been made on various LANDSAT images to provide detailed geologi-
cal structural and stratigraphic information, as well as the
location of regional features not recognized heretofore. One
illustration shows the possible location of gas seeps in the
North Slope of Alaska, as interpreted from successive over-
flights showing anomalous snow-free areas.

Within the cone of exploration between satellite imagery
from the sky and field work upon the surface, airborne radar pro-
vides another form of imagery that is useful either in combina-
tion with satellite reconnaissance or as an initial reconnais-

sance tool.
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Since about 1971, side-looking airborne radar (SLAR) has
matured from an experimental commercial system to a proven geo-
physical tool.3 This system represents the most advanced land-
based, commercial, all-weather mapping system in the world.

As exemplified by equipment and service of the Aero Service
Corporation, the Goodyear synthetic aperture X-band radar system
maps a swath of terrain 20 nautical mi (37 km) wide. The swath
is offset 5 nautical miles from the ground tract of the aircraft
as a characteristic of the side-looking airborne radar (SLAR)
installation. The synthetic aperture concept allows a uniform
resolution of about 40 ft (16 m) every place on the imagery.

The relatively long wave length of 3.12 cm penetrates all
but the most severe weather and exceeds the quality of satellite
imagery in this respect. The normal flight altitude of 40,000 ft
and parallel 8-nautical-mile line spacings yields 60 percent
overlap radar for stereo-viewing and stereo-metric photography.

During 1971 and 1972, a SLAR aircraft mapped more than
5 x lO6 km2 in northern South America. The SLAR programs ac-
guired detailed near-orthographic imagery over areas heretofore
unmapped and mostly unphotographed except in satellite imagery.

Through geological interpretation of SLAR imagery, the
Guayana shield of northern South America and sediments to the
west of the shield toward the Andes were differentiated into
intrusives, volcanics, metasediments, and sediments, together
with the mapping of regional and some local faults and struc-
tural folds. This interpretive work was accomplished despite
dense vegetation cover of the majority of the area.

Several South American countries have contracted for radar
coverage of undeveloped areas for the purposes of mineral ex-
ploration and planning of general resource development.

A regional mapping program conducted by the Department of

Mineral Production, Ministry of Mines and Energy, the Republic

3In the spring of 1971, a Goodyear GEMS radar system, in-
ertial navigation SHORAN/HIRAN guidance system, radar profiler
metric mapping and multi-spectral cameras were installed aboard
a CARAVELLE twin-jet aircraft owned by Aero Service Corporation,
Houston, Texas, and readied for commercial contract work.
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of Brazil, exemplifies the use of airborne radar mapping to-
gether with selected low-level oblique photography to identify
and delineate a variety of natural resources (Projeto Radam,
1973).

Projeto Radam produced a series of maps of soils, land
forms, areal geology with generalized subsurface cross-sections,
vegetation, and interpretative maps of optimum land use develop-
ment, all of which provide valuable basic information for region-
al resource evaluation and development planning.

Geological coverage from a program such as Brazil's Projeto
Radam is the beginning of a knowledge base for locating strati-
graphic and structural traps for oil and gas and other fossil
energy resources.

In some areas, low-altitude oblique photography complements
the radar imagery by providing surface information to relate
vegetation and soil characteristics to subsurface stratigraphy.
Geological data derived from this combination of survey data can
provide the basis for initial stratigraphic interpretation and
further program planning to distinguish between oil-bearing
marine lithofacies; coal, oil, shale, and tar sand-bearing
transitional lithofacies; and terrestrial lithofacies, which,
in the United States, contain a large percentage of the uranium
ores.

Geological and geophysical field work, including core
drilling, are most effectively used to confirm and evaluate
specific targets leading to location of sites fof exploratory
drilling. The utility of geophysical programs is greatly en-
hanced in this decade by a variety of data processing techniques
developed principally by contractors in a competitive market-
place for services.

As exemplified by the work of SEISCOM DELTA, Inc.,4 con-
ventional black-and-white reflection seismic display can be
improved by systematic vertical exaggeration that enhances geo-

logical rock and stratigraphic variations, fault patterns, and

4Principal offices located in Houston, Texas.
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structural anomalies. The use of colors in displays of seismic
data such as reflection strength (amplitude) independent of

phase (peak or trough) displayed in colors representative of rock
density and porosity, not only assist in geological interpreta-
tion but in semi-quantitative evaluation of hydrocarbon
accumulations.

Improvements in geophysical data processing through com-
puter programs are advancing rapidly in the competitive market-
place. For example, some processing makes possible not only the
ready identification of low angle unconformities resulting from
ancient orogenies, but also the distinction between various rock
types, as between sandstones whose intermediate amplitudes are
automatically processed and displayed as yellow color and lime-
stones whose high amplitudes are displayed as gray-blue colors;

As these capabilities are combined with identification of
coal beds, tar sands, and even possibly interbedded sandstone-
shale sequences within terrestrial lithofacies that contain the
roll-fronts of high grade uranium ore, a total fossil energy
exploration program becomes routinely feasible.

It has been said many times that the ultimate test of an ex-
ploration program is reached through the drill bit. This is no
longer true in those geological provinces characterized by
"tight" gas-reservoirs or low oil saturations.

Modern energy resource exploration and evaluation require
(a) a sophistication of formation evaluation techniques that did
not exist in the decades of 1950's and early 1960's, and (b)
improved production technologies that, for many applications,
are in research but not yet commercially feasible.

The goals of formation evaluation and resource production
may be thought of as a second cone standing upright within the
earth's crust, whose apex is the earth surface site of the bore-
hole and which extends downward and outward to encompass as
large a volume of rocks as the state-of-the-art allows.

Formation evaluation through the combined use of logging
methods and cores exists as a high state-of-the-art. (See
E. H. Koepf, Chapter 11.) Quantitative determinations of in

situ resources can be made within plus or minus 2 or 3 percent.
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Better formation evaluation tools of different kinds are
forthcoming, as, for example, the borehole gravity meter (BHGM).
Although the scope of BHGM application needs to be improved, as
in its limited tolerance to heat and motion, the BHGM has
demonstrated the capability of improved determinations of fluid
densities beyond the invaded zone of drilling mud filtrate,
better gas-detection, detection of reservoir fluids behind
casing, and differentiation of rock porosities laterally from the
well bore at sufficient distances to facilitate identification
of changing rock facies and extents of ore bodies. (Jageler,
1976; McCulloch, et al., 1975.)

Production technologies have improved within the past
decade beyond conventional oil and gas well systems and under-
ground or open pit mining, as exemplified in the solution mining
of uranium "yellow cake" ore in South Texas which not only pro-
duces the ore through the borehole but eliminates one step in
surface processing.

Research is being applied in situ production methods for
coal reserves and for tar sand or heavy o0il deposits, but not
with sufficient priority, in my opinion, to provide sufficient
short-term or mid-term levels of production technology for these
fossil fuels.

Development of cost-effective technologies for in situ
production of energy resources through the borehole, with minimum
surface impact and with reduced processing of the resource in
surface plants, can provide the greatest overall benefits of
any production research now in progress.

An additional aspect of energy resource evaluation is
prediction of future reserves. Many references are made to
Dr. M. King Hubbert's use of the bell-shaped curve to predict
the quantity of an exhaustible natural resource such as oil or
gas, as shown in one of his early publications (Hubbert, 1958)
and numerous later references. Dr. Hubbert originally used
this curve to estimate the rate at which new discoveries and new

reserves could be expected when the quantity of a resource is

known.
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Too much is made of the original Hubbert technique to pre-
dict the quantity of ultimate recovery. The area under the
curve, representing cumulative production of the resource, is
determined by man and not by nature. Nonliving earth resources
do not become extinct, as did the ancient dinosaurs, but become
progressively scarce until their finding and production costs
can no longer compete with an alternative resource. It is,
therefore, fallacious to use the shape of the back side of a
symmetrical bell-shaped curve to predict decline of availability
of the resource when the back side is determined by economics and
national policies in future decades that are significantly dif-
ferent from those that determined the front of the curve in past
decades.

Technology and human "know how" exist to find any energy
resource within or upon the earth for which there is sufficient
demand in a viable economic marketplace. Any necessary Ssupple-
mentary technologies will be forthcoming as the marketplace re-
quires. A basic tenent of the industrial world is that tech-
nology follows economics, just as certain qualities of life such
as freedom from endemic disease, reduced infant mortality, and
increased longevity of life are related to availability of low-
priced energy.

Future supplies of energy resources are not dependent upon
technology but upon whether governmental policies that impact
the marketplace as economic and regulatory incentives or

disincentives.



79

REFERENCES

Halbouty, Michel T. (1976) "Application of LANDSAT Imagery to
Petroleum and Mineral Exploration," Bulletin, American
Association of Petroleum Geologists, Vol. 60, No. 5,

May 1976, Tulsa, Oklahoma.

Hubbert, M. King (1958) "The Mineral Resources of Texas," Shell
Development Co., Publ. 167, Houston, presented at Conf. on
Texas, Univ. of Texas, Austin, Texas, April 11-12, 1958.

Jageler, A. H. (1976) "Improved Hydrocarbon Reservoir Evaluation
Through Use of Borehole-Gravimeter Data," Journal of
Petroleum Technology, June 1976.

McCulloch, C. M., P. W. Jeran, and C. D. Sullivan (1975)
"Geologic Investigations of Underground Coal Mining
Problems," Bureau of Mines Report of Investigations, RI 8022,
1975.

Projeto Radam (1973), Programa de Integracao Nacional, Departa-
mento Nacional de Producao Mineral, Projeto Radam, 1973,
Rio de Janeiro.







81

CHAPTER 4

IMPLICATIONS FOR FUTURE PETROLEUM EXPLORATION

Orlo E. Childsl

INTRODUCTION

Exploration for petroleum has long been one of the most
exciting activities of the geologists and oil industries of the
world. The finding of commercial accumulations of o0il and gas
in the subsurface has been a remarkable success story, throughout
the world, during the past half century. From this endeavor has
come a great supply of natural resources that undergirds the
energy needs of a growing civilization. Locating these deposits
has never been direct and simple, and the spectre of failure has
always been a part of the economic risk to be assumed. Secondary
geologic features associated with and in some places indicative
of 0il accumulation are often the only ones available to geolo-
gists, and the process of exploration is crowded with inference
and implication. Courage of conviction, based on careful in-
ductive reasoning, is required in the ultimate test of a working
hypothesis that oil and gas have accumulated at a given site.
The first step in this test is to determine whether certain
physical conditions are present. These are common to most
successful petroleum exploration, and are as follows: (1) There
must be evidence of source materials from which oil and gas
might be derived. Rich organic constituents of regional sedi-
mentary rocks must be expected at a given site. Often the oc-

currence of o0il seeps, mud volcanos, or proven production in the

lTexas Tech. Univ., Lubbock, TX, USA.
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region help in establishing that petroleum may, in fact, exist
in the subsurface rocks. (2) Rock characteristics, such as
porosity and permeability, must be present to control the ease
of fluid migration. There must be reason to expect that certain
layers in the subsurface are made of rocks through which fluids
can move in response to differential pressures. (3) It should be
demonstrable that geologic conditions exist which interrupt
movements of oil or gas. Structural entrapment, or lateral
change of permeability must be expected.

In the past, energy uses increased constantly, encouraged
by ready availability of newly discovered oil and gas. Costs of
exploration for oil were moderate. Wildcat well-drilling could
be expected to be shallow and relatively free of mechanical
difficulties. Only a few wells reached costly depths. The
ratio of successful wells to dry holes reflected an acceptable
risk, and the long-term economic success associated with success-
ful wells overshadowed the losses from unsuccessful drilling
projects. The geological characteristics in the shallow sub-
surface of well-known producing provinces were extended to new
areas with a surprising degree of confidence. Economic re-
lations between cost and the price of products could be foreseen
with acceptable accuracy. Stable (or gradually increasing) costs
of drilling and exploration were a part of the operating environ-
ment, and reasonable forecasts could be made. Undue geological
complexity was avoided as too costly, and there always seemed to
be less expensive alternatives available for testing. The oil-
seeker could choose high-risk or low-risk areas to match a
myriad of expected economic incentives. The long-term role of
government regulation was understood, and drastic change was not
anticipated.

Often there was a conscious effort to minimize the explora-
tion steps before drilling. The resulting cost reduction was a
respectable measure of the skill and success of the exploration-
ist; for an exploration geologist to be called an "oil finder"
was a high accolade. It meant he had become so skilled as to
reach his target without the frills of "unnecessary geology for

geology's sake." If the wildcat well was successful, subsequent
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development wells would eventually answer the unknowns of the
wildcat venture. If the drilling did not succeed, many were
pleased by all the money that had been saved in the effort. It
seemed not important to spend valuable time to investigate, and
explain in detail, why one well produced oil in economic quanti-
ties and another did not. Autopsies of dead projects were
brief, and often looked upon as "throwing good money after bad."
The dominant target of a successful o0il or gas producing well
was so important to explorationists and to their companies that
other energy sources such as coal, tar sands, oil shale, and
gilsonite were interesting, but not really important. They were
hardly ever considered a part of the excitement of the economic
present; rather, they were relegated to some remote future
economy and some imagined future need.

Now we must look at a new set of needs and a future laden
with new threats and new promises. Can we simply enlarge the
exploration target of natural liquid petroleum, using general
exploration techniques to seek out all sources of oil and gas,
or will each new source require its own specially-targeted
efforts? What is common to all such exploratory efforts, and
what specialties must emerge? Has the pendulum of exploration
specialization swung so far from generalization as to be self-
defeating? Can a viable exploratory policy take both approaches
into account, and still answer contemporary needs within a
reasonable timeframe? There are ample questions, but no panacea.
With the easy recovery of obvious resources already near com-
pletion, we must turn to less accessible sources, with their
hitherto-ignored complexities. We must also face the economic
and technological costs those complexities entail.

After three decades of extensive exploration for oil and
gas, the geologist now finds himself in a new era of activity.
No longer are exploration costs moderate. They have now esca-
lated to ever-changing new peaks, controlled not only by the
economy (and political decisions), but also by the remote areas
that must now be investigated. Wells can no longer be shallow;
we must now expect to drill deeply, in hostile environments

where structural complexities challenge interpretation.
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M. King Hubbert (1967) has documented the relationship between
successful discovery of petroleum and the accumulated footage of
exploratory drilling. He notes that in the period of 1928 to
1937, 276 barrels of o0il were found for each foot of exploratory
drilling. Then he records a rather "spectacular decline" in
discoveries-per-foot-of-drilling until, in 1965, the average
rate was 35 barrels of new oil discovered per foot of drilling.
It is rather remarkable that the figure of 35 barrels per foot
has remained somewhat constant for the past 20 years varying
between a minimum of 28 and a maximum of 40 barrels per foot.
Hubbert's (1972) analysis of these statistics deserves attention,
The fact that this decline in the effectiveness

of exploratory activities occurred during the period

of the most intensive research and development of im-

proved methods of petroleum exploration and production

can hardly have any other significance than that the

diminishing supply of undiscovered oil is becoming in-

creasingly difficult and expensive to find.

Along with the technical difficulty of oil exploration,
there are important ambiguities involved in foreseeing the change
of economic conditions. The future economic relations among
costs of exploration, development, and production, compared to
the expected price of the end products, are anything but clear.
0il seekers today no longer have the luxury of choosing low-risk
areas for exploration. Avoidance of complex geology in drilling
prospects is no longer feasible. The degree of expected govern-
ment reqgulation of (or intervention in) both exploration and pro-
duction is so changeable as to defy estimation.

Yet, the seemingly insatiable demand for petroleum products
to meet an escalated worldwide energy requirement dictates that
we must accelerate the process of exploration. It must be an-
ticipated that the additional costs and requirements of
success can only result in the intensification of effort. Re-
gional geological understanding is mandatory, and as exploration
continues for other materials (such as oil shale, tar sands, and
coal), these cannot be simply a byproduct in the process of
looking for liquid petroleum. They must become equal targets in

the effort involving their own specialized exploration techniques.
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The complexities of geological and economic conditions, one
unique set for each of these energy sources, are such that the
differences among these sets require individually targeted ef-
forts. It is inconceivable that any single planned approach for
seeking all these natural resources can immediately bring to the
energy developer new opportunities for extraction and utilization
of these materials. There must be achieved in the future a high
level of coordination of all general and specialized methods of
exploration, and this must be coupled to continual development of

new techniques.

RESOURCES AND RESERVES OF PETROLEUM

As an important ingredient in any long-range plan for an-
swering the energy requirements of the world, it is necessary to
make a reasoned estimate of the oil and gas available for pro-
duction and use. Particularly is this true when the resource
involved is finite in quantity. Over the years, many students
of energy resources have attempted to foresee the quantity of
0il and gas that might be made available. Individual estimates
have not always included consideration of the same areas, or the
same degree of expectation of production, and there has resulted
a great deal of confusion of what has been included in these
estimates. One of the problems is that terms such as "reserves"
and "resources" have been used interchangeably, when they are by
no means synonymous. There has, however, been at least one at-
tempt at clarification. United States Geological Survey Circu-
lar 725, written by Betty M. Miller, et al. (1975) has attempted
to gather together many of the estimates of undiscovered recover-
able o0il and gas in the United States. An attempt has been made
to derive agreement of definitions, which will allow a reasonable
comparison of the figures that have been published. The govern-
ment geologists have stated a reasonable definition of "re-
sources" and "reserves" which is in common usage within the o0il
industry and its agencies, but it proves to be not at all con-
sistent with the usual press releases published in the United
States:
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Reserves are identified resources known to be re-
coverable with current technology under present eco-
nomic conditions. Undiscovered recoverable resources
include deposits that are yet to be discovered but are
assumed to be economically producible. Resources also
include deposits that have been identified but cannot
now be extracted because of economical or technological
factors as well as some economic deposits that are yet
to be discovered.

From the United States, including Alaska and offshore areas
to a water depth of 200 m, there have been produced to date a
cumulative total of 106 x 109 barrels of oil. Reserves, both

9 barrels.

demonstrated and inferred, are estimated to be 62 x 10
To this must be added the undiscovered recoverable o0il resources,
which are estimated to be in a range of 50 and 127 x 109 barrels
of oil. (The lowest value of the range is considered to have a
95 percent probability of being correct, while the highest value
of the range is expected to have a 5 percent probability.) The
mid-point of the range (88.5 x 109 barrels), when added to the
reserves, indicates a possible future supply of 150 x 109
barrels, or about half again as much as the 106 x 109 barrels

of cumulative production. Since this future estimate includes
varying degrees of probability, the authors make it apparent

that we are now somewhere near the mid-point of ultimate re-
covery of the available resource of petroleum within the United
States. Thus, we may have discovered, produced, and used 40 per-
cent of the oil available for our use. At the end of 1974 in

the United States the cumulative production of natural gas has

amounted to 481 x 1012 ft3. The reserves, those demonstrated

and inferred, total 439 x 1012 £t3. 1t is estimated that the
undiscovered recoverable resources will add an amount in the
range of 322 to 655 x 10°2 ft> of gas. Using the mean of the
undiscovered recoverable resources, together with the reserves
that have been estimated, it is anticipated that there may still
be 927 x 1012 ft3 of natural gas. This figure might be compared
with the 481 cumulative production to date. Others (such as
Hubbert, 1972) have estimated that the mid-point of gas produc-
tion, as compared to expectable recovery, will occur approxi-

mately in the early 1980's, a short 6 or 7 years in the future.
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The United States was one of the early major producers of
petroleum. As such it is an area where we know a great deal
about the structure and sedimentary rock environment from which
0il and gas are derived. Understandably, the confidence of our
estimates is at a fairly high level. This is not the case once
an attempt is made to foresee the dimensions of available o0il
and gas resources worldwide. There are great differences among
the published estimates of the ultimate production of petroleum
liquids. However, one of the most frequently quoted estimates
is that of M. King Hubbert (1969). He has stated that the ulti-
mate world crude oil production will lie in the range of 1,350
and 2,100 x lO9 barrels of oil. In commenting on the differences
between estimates that have been made by various students of the
subject, Dr. Hubbert, in his 1974 testimony to the United States
Senate Committee on Interior and Insular Affairs, made the
statement that recent estimates of ultimately recoverable oil
"show a convergence toward a range of from 1,800 to 2,100 x lO9
barrels." As estimates of world ultimate o0il recovery have been
done during the past 35 years, it is interesting to note that
increased technology, along with increased knowledge of regional
geology, have brought with them a steady increase in expectation
of crude oil recovery. However, the last 10 years of this
period of estimation have begun to show a rather consistent
expectation. Warman (1973) has provided a partial list of the
publighed estimates of a number of authors. That list
follows:

ESTIMATES OF WORLD ULTIMATE RESOURCES OF CRUDE OIL
FROM CONVENTIONAL SOURCES (109 barrels)

1942 Pratt, Weeks, and Stebinger 600
1946 Duce 400
1946 Pogue 555
1948 Weeks 610
1949 Levorsen 1,500
1949 Weeks 1,010
1953 MacNaughton 1,000
1956 Hubbert 1,250
1958 Weeks 1,500
1959 Weeks 2,000
1965 Hendricks (U.S. Geological Survey) 2,480
1967 Ryman (Esso) 2,090

1968 Shell 1,800
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1968 Weeks 2,200
1969 Hubbert 1,350~-2,100
1970 Moody (Mobil) 1,800
1971 Warman (British Petroleum Co.) 1,200-2,000
1971 Weeks 2,290
1972 Warman 1,900
1972 Bauquis, Brasseur, and Masseron

(Inst. Franc. Petr.) 1,950

Although the thought is sobering, and may be overly pessi-
mistic, Dr. M. King Hubbert (1972) presents a graph of an ex-
pected complete cycle of world crude oil production which
anticipates that, in the decade prior to the year 2000, we shall
reach maximum world crude oil production. At that time he be-
lieves we will have discovered, produced, and used half of the
recoverable petroleum resources of the world.

It seems reasonable, then, to expect that in the United
States we have now reached the position of having discovered and
produced approximately half of the o0il and gas we will ultimately
find in our country. After the next two decades, we may be in
the same position relative to the entire world. The oil and gas
that can be easily and inexpensively found have already been
discovered. The difficult (and therefore expensive) oil and gas
yet to be found will provide a formidable practical challenge to
the technologies now developing in petroleum exploration.
Extensive~--and therefore costly--analysis of all geological
parameters must become a part of exploration for petroleum:

The methods of exploration must be expanded beyond the typibal
approaches of the past. Economic limits must be loosened, and
the geologist must have far more data available than he has had
traditionally. Exploration data and techniques are becoming
interdependent. No longer can we hope to find petroleum de-
posits by strictly geophysical, structural, stratigraphic, or

geochemical approaches.

INTERDEPENDENT EXPLORATION TECHNIQUES

For some time after geophysical methods of exploration were
introduced into the search for petroleum, those methods were
used as a separate and independent check of the conclusions
reached by traditional geological studies. Thus, questions
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derived from geological investigation were seldom addressed by
geophysical measurements, and conversely the structural patterns
indicated by some geophysical interpretations were quite at
variance with regional structural implications. Over the past
30 years, application of geophysical-scientific techniques to
the problems of exploration have resulted in many refinements in
the problem. Recently the team approach of geologists and geo-
physicists has become more and more a working partnership. A
far more useful and accurate interpretation of geophysical data
has been the result. Interdependence between regional geological
findings and geophysical measurements has been well-recognized
and intensified. It is to be anticipated that the future will
see even closer coordination of these disciplines, because they
are interpreting the same natural phenomena. Thus, petroleum
exploration involving deeper prospective horizons in the earth's
crust must involve even closer coordination of geophysics and
geology. Deeper accumulations of o0il and gas entail greater
complications in geological structure and stratigraphic rock
changes than those we have seen in the near surface. At shallow
depths reasonable projections of surface observations were often
reliable. But deep well penetrations in search of oil and gas
involve problems of a kind entirely different from those at-
tending the recovery of shallow deposits of coal, tar sands, and
0il shale. It is only as the methods of in situ gasification of
coal and in situ retorting of both o0il shale and tar sands reach
a practical level of operation far beyond the present technology
that any common exploration techniques for alternate sources of

petroleum materials can be expected.

Geophysical Exploration Techniques

As satellite imagery (derived from using various parts of
the energy spectrum in scanning the surface of the earth) is
beamed to the surface, and reproduced by surface instruments, we
have obtained a new and exciting view of the geology of the
earth's surface. This remote sensing has allowed a new approach
to exploration, involving important regional continuity in rep-
resenting our analysis of the structure of the earth's crust.
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Already we are beginning to recognize certain subtle color tone
changes and lineaments that are not entirely understandable at
present, though these seem related to mineral deposits and
possible subsurface accumulations of o0il and gas. As an adjunct
to other exploratory techniques, this important scanning of the
earth's surface will help tremendously in future petroleum ex-
ploration. This is particularly true in areas where surface
geology has not been extensively studied, in countries where
surveys have been done only as general reconnaissance. However,
it should be clear at the outset that the use of remote sensing
demands a careful tie to what is termed "ground truth." Thus,
the interdependence among remote sensing, geological surface
studies, and possible geophysical measurements, is readily
recognizable, even as we are just now becoming proficient in
the analysis of remote sensing surveys.

As the regional framework of large features of the earth's
crust (such as mountain and basin blocks) is evaluated, the geo-
physical methods of gravimetry and magnetometry become very im-
portant exploration tools. These methods are frequently used in
new approaches to relatively unknown areas. Again, these involve
interdependence with ground studies (which deal with the exposed
geology of the region), and this becomes extremely important in
interpreting the features of these geophysical surveys. To date
these have been reconnaissance tools, but the possibility is
emerging that more refined basin evaluation can come from the
useful extension of newly developed interpretive skills. The
role of structural evaluation by gravimetry is enhanced as new
developments have allowed greater portability of equipment; this
portends even better applications in future exploratory programs.

The use of the reflection seismograph has long been recog-
nized as one of the most important catalysts of modern petroleum
exploration. Interpretation of the hidden subsurface geological
structure is of vital concern in the analysis of possible fluid
migration, and of the entrapment which results. Wherein this is
particularly applicable to oil and gas, the importance of this
type of interpretation may be less obvious in future exploration
for deep coal seams, o0il shale, or tar sands. Yet, the
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interpretation of subsurface structure is mandatory in the search
for possible ehtrapment of fluids such as oil and gas.

During the past two decades, the utilization of seismology
has been especially important in the interpretation of ocean-
ographic data. Important new concepts of worldwide plate tec-
tonics have resulted from the wealth of seismic data accumulated
by oceanographic fleets. 1In addition to this general framework
concept, the location of extremely important structural features
has allowed the discovery of important new oil and gas accumula-
tions on the continental shelves of many nations. Many new
frontiers of petroleum exploration will be studied in detail as
the result of future applications of seismology. Seismic re-
flections of energy induced from a variety of sources, explosive,
electrical, or physical, are used in sophisticated shipboard
seismic studies. As important as this exploratory tool is to
future petroleum exﬁloration, it is by no means independent from
the important information to be derived from sampling techniques,
in particular the samples and cores from ship-based drilling op-
erations, drilling platforms, and man-made drilling islands.
Again, interdependence is clear. We must know not only the
structural attitudes of rocks beneath the sea, but we must also
know the source bed and reservoir characteristics of the rocks
beneath the oceans. This is expensive exploration, but never-
theless it carries the greatest potential for future success
that we now recognize.

When natural gas has accumulated in the porous spaces in
layers of reservoir rock, the passage of seismic energy through
that accumulation differs from the normal velocities shown in the
layers above and below the accumulation. The existence of the
gas provides a lessened overall density, compared to the sur-
rounding materials, and so provides for a marked decrease in
seismic velocities. These so-called "bright spots" are recog-
nizable in modern, computer-aided recording of seismic reflec-
tions. A number of natural gas deposits have been located as a
direct result of the study of these features. However, other
changes in rock characteristics can result in the focusing of

seismic waves in such a way as to duplicate the bright spot
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phenomenon, hence the method is not infallible. However, it does
represent an extremely important aspect of future studies, and
future exploration for natural gas accumulations. It is inter-
esting to note that coal beds at depth can provide recognizable
bright spots on the seismic record. Current studies indicate
that it might be possible to induce seismic energy from sources
suspended in wells (at the depth of coal seams) and that the
lateral passage of seismic waves to a recording in another well
might make it possible to depict the lateral coal extent and
thickness with surprising accuracy. This could be of great im-
portance to the estimation of coal reserves in deep layers, par-
ticularly if a given coal deposit is to be considered for pos-
sible in situ gasification. This is an example of a specifically-
targeted geophysical study, associated with coal exploration.
Still, it has little application to exploration for oil and gas,
and would undoubtedly be excluded from normal geophysical studies
tied to petroleum exploration projects. As an example of the
specific application of geophysics to coal exploration, Hasbrouck
and Hadsell (1976) have reported on a geophysics research program
applied to strippable coals of western United States. Among
other conclusions, they identify four specific applications of
geophysics:
(1) High precision gravity surveys can be used to

locate cut outs of thick coal seams; (2) burn facies

can be mapped effectively and quickly with magnetic

methods; (3) seismic seam waves can be observed when

seam boundaries are well defined; and (4) combination

of bore hole logging, seismic seam wave certification,

and shallow seismic reflection techniques is the pre-

ferred geophysical exploration method when precise

mapping is required.

Seismic studies have covered large areas of possible
petroleum-producing redions in the United States. However, in
this coverage there are vital regions covered by thick gravel
deposits or lava flows, which have previously resulted in no
recoverable data. It is to be expected that in the future these
areas will be restudied, but only in the light of a future tech-

nology sufficiently advanced to render such studies economically
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feasible. Here again, interdependence with subsurface data from
drilled wells will undoubtedly be demonstrated.

Undoubtedly many important oil and gas accumulations of the
future will be closely tied to lateral changes in rock porosity
and permeability. The identification of stratigraphic facies
change (and the resultant entrapment of fluids that have mi-
grated through layers of sedimentary rock) has been an under-
standable objective of many geologic regional studies. The use
of geophysics in this study has long been sought as an important
and valuable adjunct to information derived from subsurface
wells. Important applications of geophysical research have
centered around the possible location of subsurface reefs and
other areas of unusual porosity and permeability. To date these
efforts have not been totally successful, but it is certainly
to be anticipated that more important technological research
achievements can be expected as a part of future exploration
techniques. Continued efforts toward the improved resolution of
seismic signals are an important part of most geophysical re-
search going on at present. Successful results will undoubtedly

be a part of future exploration efforts.

Regional Stratigraphic and Structural Studies

It has long been recognized that a single oil and gas
prospect cannot be evaluated independently of the regional
stratigraphic and structural framework of which it is a part.

In the United States, where extensive o0il exploration has been
going on for many years, this regional concept has always been a
part of the exploration base. Active cooperation between in-
dustrial and government scientists has resulted in extensive
documented knowledge about the regions of our country. This, of
course, is one of the strongest points of emphasis in the work
of the United States Geological Survey: Mapping of vast surface
areas, together with an insistence upon regional interpretation,
has long been the hallmark. Industrial geologists have added to
this extensive surface information the extra dimension of sub-
surface conditions. The subsurface is interpreted from the vast

amount of geological data provided by drilling and geophysical
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surveys. Regional interpretation of the stratigraphic and
structural events in the history of an area is intimately in-
volved with the anticipation of stratigraphic changes in the sub-
surface. These latter are very important in anticipating the
blocking of permeability that results in stoppage of o0il and gas
migration, which in turn may result in commercial accumulation.
It is this regional emphasis in geologic studies that has been
such an important aspect of petroleum exploration, not only in
the areas of extensive exploration (such as the United States),
but also throughout the world. Thus, as new areas come to be
better known, and geological interpretations are constantly im-
proved by surface and subsurface geological data, the inclusion
of geophysical information in future exploration of new frontier
areas will be very effective in finding new petroleum deposits.

The slow (and sometimes costly) accumulation of regional
information, along with the understanding of geological inter-
relationships within those areas, has sometimes been considered
overly time-consuming, even unnecessary. However, as we face a
future in which new o0il and gas accumulations are increasingly
difficult to find, the reliance on regional geological concepts
will become even more necessary than it is now. Thus, the close
tie of stratigraphic constituents and structural evolution must
be studied and even be extended as background understanding upon
which concepts can be projected into unknown frontiers of oil
and gas exploration.

Extensive geophysical logs of wells have proven of great
value in the interpretation of subsurface geology. Due to the
great reliability and usefulness of this tool, actual rock
samples might be ignored. 1In the past we have often felt that
the high cost of storage of core and sample rock materials from
wells that had been drilled did not justify the expenditures in-
volved. Core and sample libraries already established have
either been abandoned, or subjected to such curtailment that im-
portant materials have been lost. Neither government nor in-
dustry has been willing to face the prohibitive cost of space
and curatorial service for subsurface rock samples that have

accumulated over the years. Already great bodies of important
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information have been lost as a result of this practice. In the
future it may become even more apparent that we must face the
cost of systematic preservation (and therefore future avail-
ability) of vital subsurface information available only from
cores and rock samples that were collected from drilling opera-
tions. This may well be a future cost that somehow must be a
part of the urgent petroleum exploration we will face in the

decades to come.

Geochemical Exploration

In the past, very interesting changes have been observed in
soils and in the rocks outcropping at the surface above known
0oil and gas accumulations. Yet these changes have not been con-
sistent enough for this exploration technique to be used widely.
However, there are enough cases already identified to prove it
obvious that geochemical exploration cannot be ignored in future
exploratory efforts. Lithologic changes due to reduction of
cementing materials in sandstones, color changes identifiable
even from remote sensing imagery, and other alterations associ-
ated with gas emanations from the subsurface may be far more ex-
tensive than is now recognized. Only a few cases have been
identified at the present, but they are indeed interesting ones.
For some time the study of plant assemblages has indicated
several, but nevertheless recognizable anomalies which can be
attributed to the emanation of natural gas through the surface
soils. It seems reasonable to expect that in the future ex-
ploration for petroleum, geochemical evaluations will become
even more important than they have been in the past. Inasmuch
as future exploration for tar sands, oil shales, and coal will
become increasingly important as a source for petroleum, geo-
chemical exploration will be of particular importance; many of
these deposits will be near the surface, and hence have an im-
portant influence upon geochemical changes that might be

identified at the surface.
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ECONOMICS AND GOVERNMENT INVOLVEMENT

That the amount of 0il and gas available for human use is
in finite supply is an inescapable realization. As we approach
the time when we have produced half of the o0il and gas there is
to be used, we must look with careful planning at the future
availability of the remaining oil and gas, despite the greater
difficulty of discovery. This means that there will be a new
set of values in both economic terms and in the involvement of
world governments. Industrial and public dependency on the
energy derived from petroleum has grown worldwide in the past
half century. Much of this needed energy can be found from
alternate sources, but until this new energy derivation has been
perfected, there is no escape from the current dependency on
petroleum. Government involvement in production and utilization
of petroleum can be expected at an even higher level than it has
been in the past, since so many aspects of the national economy,
the public standard of living, and national security are deeply
involved in the availability of energy sources.

The scientific method of studying a given problem is common
to all students of earth science who employ these methods in the
exploration for petroleum. The collection of data, measurements,
and observations represent the first step before the invention
of causative concepts by induction. Concepts of stratigraphic
and structural relationships delineate possible areas where oil
and gas may have been entrapped, and so guide the drilling of a
test well to determine whether or not the entrapment has taken
place. This is the truest type of deductive test of the con-
cepts derived. This has given rise to the oft-quoted comment
that "oil is found in the minds of men." Future petroleum ex-
ploration into geological situations of greater and greater com-
plexity will require more complete data accumulation than has
been the habit in the past. No longer can we afford expensive
drilling operations on the basis of limited subcritical data ac-
cumulation that might well result in premature and wasteful
economic decisions. Costs of exploration, therefore, must be
expected to increase, and the employment of capital in explora-

tory efforts will be at a new scale of risk, because many more
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wells can be expected to prove unsuccessful in the future. This
exploratory activity must continue, yet we must not allow the
urgency of need for future supply to force premature drilling.

A corollary to this exploratory activity is that we must not
permit one or two unsuccessful wells to prejudice our attitude
toward large areas. In the past, one or two dry holes have
tended to condemn the oil prospects of rather large areas. Once
we had the option of seeking new and less risky areas; now this
is a luxury we no longer have. Premature abandonment of areas,
in the new frontiers of exploration, simply must not happen if
we are to provide the future supplies of petroleum the world
needs.

The basic economics of cost-of-exploration vs expectation-
of-return has long been an integral part of the exploration de-
cision. As long as the price of energy from petroleum is held
at an artificially low level, the only manner in which private
enterprise has thus far been able to respond is to select tar-
gets of large potential production. If the future economics of
petroleum utilization will allow exploration for smaller accumu-
lations, there may be many areas to be restudied and retested for
smaller objectives than have been the predeliction of the past.
Estimates of the ultimate size of an accumulation of o0il and
gas that has not yet been found often have been made on the
basis of insufficient preliminary data. Pessimistic assumptions
have often resulted in the death of a program before exploration
has truly begun. Or, on the other hand, ill-conceived explora-
tion programs have been based on vague assumptions and the re-
sultant lack of success has prejudiced future exploration in the
region. Of course, these problems have always been a part of
the explorationist approach to the search for petroleum. The
future may loosen some of the bonds of future decision, but the
problem will never be totally solved. It is this practice of
prior assessment of the size of the exploration target which has
encouraged many small independent o0il producers to seek reward-
ing success in aiming for smaller targets. There is always the
hope that the ultimate producing area could be larger than

originally estimated. This contentment with a small target,
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which has proved quite successful in many parts of the United
States, may become a worldwide phenomenon as petroleum becomes
more and more difficult to find. However, the precise way in
which this occurs will be controlled by a traditional trade-off:
the balance between the cost of exploration and the expected
financial returns. Thus, economics on a worldwide base will be
the ultimate limiting factor on the mode--and even the act--of
exploration in the future.

The financial incentives for future exploration are strongly
affected by government involvement. Some assurance of the con-
tinuance of certain fiscal and tax parameters must exist, if the
long-range planning of exploration and possible returns from
production are to be meaningful. Therefore, relatively stable
government attitudes toward pricing and tax assessments stand
as important controlling elements in the process of exploring
for new petroleum reserves, and may determine whether such
reserves will even be sought.

Most long-range energy alternatives to oil and gas seem,
at this point, to belong to the next century. The social problem
the world faces is whether or not oil and gas availability will
fill the span of time between the present and future availability
of these energy sources. Somehow, through conservation and suc-
cessful exploration for new o0il and gas deposits, the vital time
link must be made. Economic and government allowance of petro-
leum exploration must be a part of the immediate future, rather
than a desperate and inadequate response to an even deeper
energy crisis than the present one. It would be well to keep in
mind that such a crisis is a wvirtual inevitability, if we fail

to make full use of the time we have.
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CHAPTER 5

THE POTENTIAL AND TIME FRAME FOR THE DEVELOPMENT
OF PETROLEUM IN THE DEEP OCEAN

K. O. Emeryl

ABSTRACT

Petroleum has been produced in quantity for several decades
from the continental shelves of the world, but much of the shelf
area remains to be explored and drilled. Additional supplies of
0il and gas probably occur in deeper waters beyond the shelf--in
small marginal basins, continental rises, abyssal plains, and
deep-water salt diapirs. Essentially no drill-hole data for
these regions is available, and so estimates of oil and gas re-
sources from the deep-ocean floor are meaningless. As the sedi-
ment volume of the deep ocean is enormous, perhaps half the total
volume of all the world's sediments, it is imperative that deep-
ocean drilling soon be organized for a first-order evaluation of
their potential o0il and gas to augment future supplies of energy

and industrial feed stocks.

CONTINENTAL SHELVES

Tar has been recovered from the ocean floor for thousands
of years, because its low density allows it to periodically break
away from the bottom and float to shore. However, o0il is much
more difficult to obtain, and the first offshore drilling for
petroleum started in California only during 1896, with signifi-
cant oil production reached only about 1950--in Louisiana,

lWoods Hole Oceanographic Inst., Woods Hole, MA, USA.
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California, and the Caspian Sea. During the past decade about
one-sixth of the total world oil has come from the continental
shelves and other underwater areas such as Lake Maracaibo and the
Caspian Sea. The major sites of offshore production are indi-
cated in Fig. 5-1; additional small production comes from the
shelves off Argentina, Ecuador, Gabon, Greece, Italy, Japan, New
Zealand, Tunisia, and probably other countries. Since 1973
world offshore production declined while onshore production in-
creased; presumably, this difference is due to reduced demand in
the face of increased o0il prices magnified by the greater costs
of finding and producing offshore oil. Intensified offshore pro-
duction can be expected when the demand again increases and old
fields on land pass their peak production and new fields are
found less frequently than in the past.

Only a few percent of the total area of the world's conti-
nental shelves have been thoroughly explored and drilled for oil
and gas. Most of the black area on Fig. 5-1 denotes shelves that
have not been drilled but that appear to be favorable on the
basis of their general stratigraphy and structure. Some areas
remain untested because of severe weather (icebergs, thick ice-
floes, and storms at high latitudes) or unsuitable concession
terms.

Nearly all offshore oil and gas production to date has come
from simple oceanward extensions of known structures and pro-
ducing fields ashore. Other offshore fields are parts of a
pattern of fields ashore--such as belts of salt diapirs on the
Gulf Coast of the United States and folded basin fill off
southern California. Very few oil and gas fields on the conti-
nental shelf completely independent of ones on the adjacent land
have been found. Among these few are Bass Strait off Australia,
Cook Inlet, and the oil traps of the North Sea, and perhaps
eventually the basins of the East China Sea between Japan and
Taiwan, the Gulf of Thailand, Georges Bank off eastern United
States and Canada, and the shelves off Labrador -and western

Greenland.
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SMALL MARGINAL BASINS

Small basins are widespread around the perimeters of conti-
nents particularly landward of island arcs and their deep-ocean
trenches (Fig. 5-2), and most of these basins have floors at
intermediate ocean depths. Because these marginal basins adjoin
the continents, they are in positions to intercept much of the
sediment that is contributed by rivers and shore erosion. Their
positions also permit inclusion of such organic matter provided
by photoplankton growth that is enhanced by high concentrations
of nutrients from stream discharge and upwelled deep waters of
the oceans. As a result, rich source beds are present and are
interleaved with reservoir beds in the form of sands brought and
deposited by turbidity currents from submarine canyons and upper
continental slopes of the nearby land areas. Enough is known
about the sediments in these basins from detailed studies of the
small ones off southern California and northwestern Mexico, the
Mediterranean Sea, the Black Sea, and other areas that we can
have some confidence in our knowledge of pertinent sedimentary
processes. Many of the basins also have a much higher heat flow
than is typical of the deep-ocean floor because of the particular
origin of the marginal basins and the nature of their igneous
basement. The high temperatures speed the conversion of sediment
organic matter into oil and gas and make these basins especially

promising.

CONTINENTAL RISES

Continental rises (Fig. 5-3) cover a much larger area of the
deep-ocean floor than do marginal basins. In general, the rises
also occur in different regions than the marginal basins, because
they cannot develop where underthrusting of oceanic crust is
active in deep-ocean trenches. Small continental rises, however,
are present on the floors of some larger marginal basins. The
sediments in continental rises come from the same land and bio-
genic sources as those of marginal basins, but the sediments
generally have been received for such a long time that the con-

tinental rises have coalesced along the continents, have
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prograded far oceanward, and are very thick. The top surface of
the continental rises slopes smoothly oceanward between the base
of the continental slope and the gradual transition into deep
abyssal plains. For about one-third of their width the rises
thicken oceanward in response to deepening of the underlying
oceanic basement. Farther oceanward, the basement is shallower,
and the continental rises thin.

Seismic reflection records reveal the presence of many in-
ternal acoustic reflectors that probably mark the tops of sands
that have been deposited by turbidites and reworked by bottom
contour currents. These sands can serve as reservoir beds, par-
ticularly where they are thickest and coarsest-grained off the
mouths of submarine canyons. Source beds probably are not so
common in continental rises as in marginal basins, because most
organic matter from the ocean surface becomes oxidized while
falling through the deeper water and before slow burial on the
bottom. However, great volumes of bottom sediments slide down
the unstable continental slopes to the rises, bringing with them
much organic matter that had been preserved from complete oxi-
dation during their deposition in the oxygen-poor waters that
lie at mid-depths on most continental slopes. These slides may
provide the source beds needed for o0il and gas in the continental
rises. Another source bed that is receiving increasing attention
is the anoxic organic-rich Lower Cretaceous strata of the At-
lantic deep-ocean floor that has been sampled in many Deep Sea
Drilling Project holes. Faults and folds have been found on
continental rises, but probably most oil accumulations occur in
stratigraphic traps--where sands pinch out on the landward side

of the continental rises.

ABYSSAL PLAINS AND LOWER CONTINENTAL RISES

During the past 5 years seismic reflection records from
various deep-ocean environments have shown intriguing pictures
of stratigraphic features due to possible cementation by clath-
rates (or methane hydrates). Among the most persuasive are
acoustic reflectors that cross the normal stratigraphic reflec-

tors in a band that is parallel to and a few hundred meters
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below the sediment surface. Another example of cementation by
clathrates may be "pagoda" structures found in the topmost 50 m
of the abyssal plains and lower continental rises off western
Africa and elsewhere. Sampling is difficult because the decrease
in pressure and increase in temperature that necessarily occur
during hoisting of samples to the ship cause the presumed

methane hydrate to change from ice to gas.

Light hydrocarbon hydrates have been discovered in the sub-
surface of the Mackenzie Delta and beneath permafrost in Siberia.
On the deep-ocean floor the gas may have become concentrated at
the depth of the most favorable part of the pressure-thermal
gradients after diffusion from deeper strata. When more is
learned about both ocean-floor and land deposits of the clath-
rates, they may prove to be an easily recoverable nonpolluting

energy source.

DIAPIRS

Diapirs are masses of low-density salt or mud that have
risen through overlying denser sediments generally as bulbous
units. Many are present on land, where they and the upturned
adjacent strata serve as traps for oil and gas accumulations.
Others lie beneath continental shelves (and the shallow Persian
Gulf), but the diapirs of interest here are those on the deep-
ocean floor (Fig. 5-4). Some consist of mud, particularly those
off large river deltas: Mississippi, Magdalena (off Colombia),
Amazon, and Niger. The others, and possibly some beneath the
Niger Delta, consist of salt and related evaporites, as judged
by drill-hole samples, continuity with known diapir belts ashore,
seismic velocities, solution of the tops to produce topographic
depressions over the diapirs, and similarity in age of disturbed
overlying strata with those ashore. The presence of still other
salt diapirs has been verified by sharp increases in the concen-
trations of chloride, potassium, and bromine near the bottoms of
drill holes that were not quite deep enough to reach the diapir
itself. Preliminary reports suggested that some other features

far from shore off northwestern Africa were salt diapirs, but
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later work showed them to be pinnacles of igneous rock; the same
may be true of diapirs in the Gulf of Alaska shown in Fig. 5-4.
Just as on land, the diapirs of the deep-ocean floor have
provided structures in overlying sediments (doming, up-tilted
adjacent strata, faults) capable of service as traps for oil and
gas accumulations. Source beds can be organic-rich muds of the
continental slope and upper rise, and perhaps especially impor-
tant, the anoxic Lower Cretaceous sediments of the deep Atlantic

Ocean.

CONCLUSIONS

During the past decade 400 holes during 48 cruises of
GLOMAR CHALLENGER under the auspices of the Deep Sea Drilling

Project have been drilled in the ocean floor through sediments
as thick as 1.7 km in water depths as great as 5 km. Many of
the cores contain methane, but only a few samples have been
analyzed for other hydrocarbons. Those few show the presence
of both light and heavy hydrocarbons in such diverse regions
as the Challenger Knoll in the Gulf of Mexico, the Balearic
Basin in the Mediterranean Sea, the floor of the Red Sea, the
Bengal Basin, Shatsky Rise in the North Pacific, and off
northern California. Accordingly, no holes have been drilled
very deeply into smaller marginal basins, continental rises, or
salt diapirs for fear that the drill might tap a large accumula-
tion of o0il that could escape in the absence of expensive con-
trol equipment aboard the scientific drilling ship. As a result,
we still know nothing about the o0il and gas potential of either
marginal basins, continental rises, or deep-ocean salt diapirs
except what can be inferred from indirect geophysical measure-
ments, geological processes, and extrapolation from oil fields
ashore. This lack of direct information about potential energy
resources soon to be greatly needed can be overcome only if
funds can be found for deep-ocean drilling using blow-out con-
trols and probably return circulation of drilling mud and
cuttings aboard the ship.

Progress from test drilling to actual production of oil and

gas from the deep-ocean floor may require much more time than
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has been required for continental shelves because of probable
higher costs of drilling and production. Moreover, the potential
0il and gas structures of the deep-ocean floor are completely in-
dependent of those on the continental shelves, where nearly all
production has come from extensions of structures and fields on
land. Twenty-five years of effort have resulted in exploration
of only a few percent of the total area of continental shelves;
much of the time has been used in developing methods, but new
methods also must be developed for the deep-ocean floor. Clear-
ly, the time can be shortened by increased effort--meaning in-
creased funding. Costs for the present Deep Sea Drilling Project
that has operated for nearly a decade are now about $14 million
per year and were supplied mainly by the United States. During
1976, England, France, Germany, Italy, Japan, and the Soviet
Union have supported the program with contributions of about

$1 million each. An expanded program of investigating the oil
potential of the deep-ocean floor using proper environmental
safeguards is likely to cost about twice as much. Supplementary
funds have been required for laboratory studies of the core
samples and will be needed for future ones.

Is an initial evaluation of the o0il and gas potential of the
deep-ocean floor by drilling worth $30 million per year for
several years? If so, who will supply these funds? Until this
drilling is done, let us not make absurd speculations about how
much oil and gas may or may not be present on the deep-ocean
floor.
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CHAPTER 6

IMPLICATIONS OF CHANGING OIL PRICES
ON RESOURCE EVALUATIONS

Richard G. Seidll

INTRODUCTION

In other chapters it is described: _

e That additional percentages of oil could be recovered
from already known reserves by applying, at a cost,
enhanced recovery techniques;

e That additional amounts of the resource base could
be converted into reserves by extending our explora-
tion efforts to as yet unexplored areas;

e And that, finally, additional types of resources, like
tar sands, oil shales, and gas from geopressured zones
could become economical to produce and thus could also
contribute to the amount of oil and gas which remains
available.

Each one of these developments reflects both advances in
knowledge and expertise which make resources accessible that were
not even considered a decade ago; and a change in the economic
climate as a consequence of the change in oil prices which ren-
ders resources economical, which could not have been considered

before this change in o0il prices occurred.

lIIASA, Laxenburg, Austria.
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THE HISTORY OF RESOURCE ESTIMATES

few decades, to evaluate the amount of oil and gas that would be

ultimately recoverable from the overall resource base. Although

A large number of researchers have attempted,

in the last

it is not always expressly stipulated, these estimates are sub-

ject,
the resource could eventually be discovered and how much of that

amount could be economically recovered.

ence,

apparently, to a certain set of assumptions of how much of

these estimates tended to increase.

With increasing geological knowledge and production experi-
In 1972, Warman [1]

published 18 selected estimates of ultimately recoverable re-

sources of crude o0il from conventional sources (Table 6-1),

amended with some additional estimates [2,

TABLE 6-1.--Estimates of world ultimate reserves of

crude oil from conventional sources

Ultimate reserves

(10° barrels)

Year Source

1942 Pratt, Weeks & Stebinger 600
1946 Duce 400
1946 Pogue 555
1948 Weeks 610
1949 Levorsen 1,500
1949 Weeks 1,010
1953 MacNaughton 1,000
1956 Hubbert 1,250
1958 Weeks 1,500
1959 Weeks 2,000
1965 Hendricks (USGS) 2,480
1967 Ryman (Esso) 2,090
1968 Shell 1,800
1968 Weeks 2,200
1969 Hubbert 1,350-2,100
1970 Moody (Mobil) 1,800
1971 Warman (BP) 1,200-2,000
1971 Weeks 2,290
1971 U.S. National Petroleum Council 2,670
1972 Linden 2,950
1972 Weeks 3,650
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Commenting on these figures, Warman [l, p. 292] states:

It is interesting to note that estimates have increased
with time and it is fair to ask whether we are still
underestimating. There are some good reasons for be-
lieving that during the time span of these estimates
our knowledge has increased to a point where future
continued expansion on the same scale seems unlikely.
Not only has there been a great increase in the amount
of o0il exploration during the time in question, but
also its geographical distribution and effectiveness.

And he concludes:

. . . a reasonable consensus of opinion favors an ul-
timate reserve of recoverable o0il between 1600 and
1800 x 109 barrels . . . but independent work by my
colleagues in British Petroleum and by myself suggests
a figure around 1800 x 1092 barrels to be a reasonable
maximum.

This conclusion has been vigorously attacked by Odell [5]
for reasons both of statistics and interpretation. Odell submits
the figures quoted by Warman to some statistical analysis, ex-
trapolates the trend and concludes [5, p. 454]:

. . . the resource base, . . . given the extrapola-
tion of the calculated trend, would reach almost
4,000 x 1092 barrels (Fig. 6-1) by the year 2000.

In brief, the o0il resource base in relation to
reasonable expectations of demand gives very little
apparent cause for concern, not only for the re-
mainder of this century, but also thereafter well
into the twenty-first century at rates of consump-
tion which will then be five or more times their
present level.

The controversy flared up again in 1975 in the Petroleum
Times [6] and prompted the editor to note:

When faced with two highly expert groups battling
on a complex technical issue, there is a terrible
temptation to assume that the truth lies somewhere
between them and that the rest of us can sit back and
simply enjoy the spectacle. Attractive though this
course might be, it is too much of a luxury to be
tolerated in the circumstances of the present
controversy.

The political and economic decisions on energy
which will determine the levels of industrial activity
and standards of living in the early years of the next
century must be made now, and the decision-makers are
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totally dependent on the advice of experts such as
those who are party to this dispute.

If the right approach cannot soon be proved--
the gap is too wide for compromise~-minds will be
made up on incomplete and possibly erroneous data
with unguessable consequences for millions of people.
There is far too much at stake for this argument to
be considered simply as an academic exercise.

I think we all agree on that, but what is the "right approach"?

THE RESOURCE CUBE CONCEPT

A very substantial amount of the work done at IIASA is con-
cerned with problems of energy. 1In the context of this basic
research program, the question of fossil fuel resources is but
one issue, but an extremely important one. On it hinges the
question of the time for transition we can foresee to move from
an economy based nearly exclusively on nonrenewable fossil fuel
resources into an economy based on renewable (or, for practical
purposes, unlimited) energy resources like solar energy or nu-
clear fusion. And the duration of this transition period, by all
accounts, will have to be measured in decades rather than
centuries.

To coordinate the various estimates for various resources,
we use a concept which we call (for want of a better term) the
Resource Cube Concept (Fig. 6-2). It is built around three axes
formed by:

® The resource base line,

® The discovery line, and

® The recovery line.

Along the resource base line we group all the known hydrocarbon
resources:

e Coal,

Lignite,

0il shales,
Tar sands,
Heavy crudes,

Crude o0il, and

Natural gas.
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Figure 6-2.--The resource cube
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Along the discovery line we indicate (in percent) which fraction
of each resource:

® Has largely been used,

® Has been proven (but is still in the ground),

® Is likely to be discovered, and

® Could ultimately be discovered as assumed by various

authors.

Along the recovery line, finally, we attempt to show (in percent
again) the fraction of the discovered resource which is con-
sidered to be recoverable under varying economic conditions.

How far and how fast we can progress at a given point in
time along any one of these axes, is obviously subject to po-
litical, technological, and economic conditions.

A few examples may illustrate this.

DISCOVERY RATES

If we look at the amount of reserves (Fig. 6-3) [7, 8, 9,
10] proved at the end of each year during the last 25 or 30 years,
and compare this with the amount of crude produced during each
year [11], we note that worldwide, the amount of proved reserves
rose faster than production (Fig. 6-4). Plotted against various
Reserve/Production ratios (Fig. 6-5) we note that the proved re-
serves, after passing the 20-year line in the early forties and
the 30-year line in the mid-fifties, stand now at about 32 years.

This development was anything but uniform, however, in
various parts of the world. If we look, for instance, at the
amount of reserve proved annually in the United States on the
one hand, and in the rest of the world on the other, we notice
that the rate of discovery continuously decreased in the United
States, while it continuously increased in the rest of the world
(Fig. 6-6). As a consequence, proven reserves within the United
States, which still amounted to about 32 percent of the world
total in 1950, dropped to about 12 percent by 1960, 5.4 percent
by 1970, and at the beginning of 1975 stood at less than 5 per-
cent of the world total (Fig. 6-7).
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