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FOREWORD

. This study of Nigerian oil and natural gas
resources is. the first of a proposed series of studies
under the Foreign Energy Supply Assessment Program of
the Department of Energy. Future studies will examine
the petroleum resources of other world political :
entities, with a view to estimating the future
availability of crude o0il and natural gas.

Obviously, the economic and political decisions
of o0il and gas producing states, and those states which
have potentially exploitable resources, will determine
the rate-at which 0il and gas will be produced. The
latitude of such decisions, however, will be constrained
by the physical limits of ultimately recoverable resources,
and it is this latter dimension which these studies
will attempt to measure.

There is no question that the supply of fossil
fuel resources is limited. Thus, it is essential, from
both a producer and from a consumer perspective, that
these limits be defined as accurately as possible.

With this knowledge in hand, it will then become possible
to plan more intelligently for our energy future.



Foreword ..

TABLE OF CONTENTS

EXecutive SUMMATY «.veeeeececececansosansoannonsns iv

Section I. Introduction .....ccccceeecicccccnenncs 1
Objectives Of FESAP ..i.ceeeencncnaonss 3
The Limits Of FESAP .eeeeveeeecccennnse 4
Participants ..i..ceeeeeeceencccacncnnas 5
Data SOUXCES +.ceeresesoccccsosssasansa 6
Report Format ........ i escas e e annns 6

Section II. Background of Exploration and :
Development HistoOry ......ccccceeecens 7
Area of Interest ....ceieicieceecinnns 7
Historical Exploration
and Developments .......ceceeve. e 7
Crude 0il Production .......ecceeeeeen 9
Exploration and Development
Drilling Activity ... csvieeceeccencens 11
Producing 0il Fields ....ccceeeecenens 11

Domestic Crude 0il Market and Trade .. 1l
Natural Gas Production and Development 18

Section III.The Future Petroleum Prospects

Of Nigeria ..eeeecereieeennnennonoeenns 20
Ultimately Recoverable 0il ........... 20
Future Crude 0il Production Rates .... 21
Remaining Recoverable Natural

GAS RESOUXCES .t eeecoceccacnsooononnaon 27

Future Natural Gas Production

Capability .cevseeeescecneaccoancnanns " 30

Section IV. Geology and Resource Analysis :

Of Nigeria ..eeeeeeeeeesceneenoennnnns 31

Summary of Geology and Resource

AnalysSis .ttt econecccccnoscscncannnn 31

General Observations .....eececscacess 32

The Geology of the Niger Delta ....... 35
Benin Formation ...ceceveceacsns 35
Agbada Formation ........... ... 36
Akata Formation ........... esess 36

The Subsurface Structure

of the Niger Delta ..eeeeeeeeeecenaanns 37

The Occurrence of Hydrocarbons ....... 39

Geological Considerations in

Resource Appraisals ....:ccceeeeeeecess 39

Pertinent Exploration Statistics ..... 43



Appendices .

Figufe
Figure
Figure

Figure
Figure

Figure
Figure
Fiéﬁre
Figure

-Figure
Figure

II-1

IIT-1

I1II-2

II1I-3

ITTI-4

Iv-1 .
Iv-2
Iv-3
Iv-4

Iv-5
IV-6

Resource Appraisal by Ana1y51s

of Flndlng RatesS .viveeveveivsconcannaanns 45
Basic Statistical Data for

the Niger Delta .......s... et e e s e e e 50
Resource Appraisal by :

Geological AnalysSis ..eeeierineenccecncnnas 51.
Estimates of Remaining 0Oil Resources .
Using Various Methods ......c.... teeenan 53

Volumetric "Yield" by Province ... 53
Volumetric "Yield" by
Productive Hydrocarbon Belts ..... 53
Grid-average Method ........ cee... D4
Final Resource Appraisal for 0Oil
Using Subjective Probability Methods ... 54
Resrource Appraisals for Natural Gas .... 57
Escimates of 0il Field Sizes and
Numbers for Remaining Undiscovered

RESOUYrCeS .veeeesecens eesceessanenae e 60
...... A X
-FIGURES
Nigeria Location Map with
Population Centers ......... ce s 8
Sensitivity of Maximum Production
Capability Profiles ...ceeeeeeceneaenns 22
Maximum Production Capability Profiles
Using Mean Ultimate Recovery ......... 23

Historical and Projected Production-
Profiles Based Upon the Mean _
Ultimate RECOVEry ...eevevececcocanans 24
Historical and Projected Crude 0Oil
Production for Five Ultimate

Recoveries ............ secsesscecncocns 28
General Geological Map of the

Niger Delta and Environs .......cce--c. 33
.Formations of the Niger Delta

Area, Nigeria ...cecevrecencceansaes «. 34
Different Evolutional Stages of the

Traps of the Niger Delta ....c.ceeeen. 38
Hydrocarbon Rich Belt .......ccc0eeen 41

Historical 0il Field Size Distribution 46
Historic and Projected 0il
Finding-Rates for Nigeria ........... . 48

ii



Figure IV-7

Figure IV-8

Figure IV-9

Table
Table
Table
Table
Table
Table
Table
Table

Table
Table

Table
Table

Table
Table

. Talbe

II-1
II-2
II-3

III-1

Iv-1.
Iv-2

‘IV-3

IV-4

IV-5
IV-6

Iv-7

Frequency Distribution of the Number

of Pays Per Field in the Niger Delta . 52
Probability Distribution of the

Remaining Undiscovered 0Oil In—Place
RESOUYCES ..iiceeeeeorecnsssnononscsas . 56
Probability Dlstrlbutlon of the

Remaining Undiscovered Gas In-Place
ResSOUrces .....ves.e. ceeeenen e eane 59

TABLES

Crude 0il Production History of Nigeria 10
Nigeria Historic Drilling Record ...... 12
Historical Peak Production of

Nigerian 0il Fields ..... fesereesanan eo- 13
The Major 0il Fields of Nigeria ....... 15
The Number of Producing Oil Fields
Identified by Year of Discovery and

Their Cumulative Production ........... 16
Nigeria's Crude 0il Exports, 1972-1977. 18
Nigeria's Crude 0il Export

Markets: 1977 ..... ceeseesaren e eeeess 19
Alternative Production Schedules
for Nigeria .....cceeececccenscsasacccns 26

Exploratory Footage Drilled in Nigeria. - 44
Probability Levels Remaining

Undiscovered O1l ....ceceeansen ceceonnene . 55
Probability Levels Remaining
Undiscovered GAS ecececerscscsccscssaans 58

Resource Estimates Disaggregated by
Future Field Size Range and Number .... 60

Disaggregated Field Sizes ......cccuuse 61
Estimated Number of Small and
and Intermediate Size Fields .......... 61

Estimated Number of Large Fields ...... 62

iii



EXECUTIVE SUMMARY-

: The- Republic of Nigeria ranks among the ten
largest oil producers of the world. Production during
the first part of 1979 was as high as 2.4 million barrels
per day. - It is also one of the leading exporters of
crude o0il, All but three to four percent of Nigerian
production is exported; the rest is used for domestic
consumption. :

Several of Nigeria's African neighbors are
critically dependent on her o0il exports. However, well
over half of the exported oil is sold to the United States
and to The Netherlands. Although the U.S. share of
Nigerian exports is equivalent to only three to four
percent of U.S. demand, the Nigerian crude is important
because of its low .sulfur quality and high gasoline yield.
. This crude characteristic makes it desirable also to
The Netherlands's refineries, which re-export refined
products to Western European markets.

Based on geological and engineering analyses,
it is the opinion of the ad-hoc Foreign Energy Supply
Assessment Program (FESAP) Task Force that Nigeria's
‘ultimately recoverable o0il resources may range from
20.5 to 41.5 billion barrels. Through 1977, 6.1 billion
barrels had been produced; thus, the remaining recoverable
0il ranges from 14.4 to 35.4 billion barrels. About
18.7 billion barrels have been discovered; from 1.8 to
22.8 billion barrels remain to be discovered. There is
a 95 percent probability that at least 1.8 billion barrels
remaing to be discovered, and only a 5 percent probability
that at least 22.8 billion barrels will be found. The
mean value (which is a statistical average) of undiscovered
recoverable o0il is 8.4 billion barrels, and has a 38
percent probability of occurrence.

It is possible, with an accelerated exploration
and development effort, that Nigeria's production capa-
bility could reach a peak level of 3.3 million barrels
per day, or a constant production plateau of about 3.0
million barrels per day. This is based on estimates of
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ultimate recoverable resources of 27.1 billion barrels
and the assumption that production would be constrained
only by geological factors. The period of production at
this level would be brief, approximately five years.
Lower constant production plateaus, however, which
reflect slower rates of exploration and development,
are more likely. Production plateaus greater than

2.0 million and less than 2.5 million barrels per day
could be maintained for more than a decade, and such
rates would defer significant depletion of Nigeria's
ultimately recoverable o0il resources through the 20th
century.

Nigeria's exploration began early in this century,
although the modern exploration phase began in 1955.
Exploration and development may have peaked quickly,
as 13 of 14 known, probable and possible giant oil
fields were discovered prior to 1969, and the greatest
nunber of fields were discovered in the period 1965 -
through 1967. Over two-~thirds of the ultimately recover-
able o0il of Nigeria has been discovered.

Of the known producing fields, more than two-
thirds have or had sustainable peak production rates
(production for three successive years at a specified
rate) of less than five million barrels of oil per year;
nearly one-half of the fields produced less than three
million barrels per year. Only sixteen fields have
produced at peak rates ranging from 15 to 45 million
barrels per year. In essence, most of Nigeria's oil
fields are small to medium size fields by world standards.
Future oil discoveries are likely to reflect this trend,
even though several more giants may be found.

The natural gas resources of Nigeria, unlike the
0il resources, are comparatively underdeveloped. Never-
theless, sufficient exploration has tiken place to permit
an assessment to be made of the potential natural gas
resource base. :

The statistical mean estimate of undiscovered
natural gas indicates that there are 65 trillion cubic
feet (Tcf) of recoverable natural gas awaiting discovery.
It is 95 percent probable that as little as 26 Tcf of
additional recoverable gas may be discovered and it is



five percent probable that as much as 130 Tcf of additional
new gas discoveries may be found. Based on estimates '
that current proved reserves of natural gas are approxi-
mately 50 Tcf, Nigeria's ultimately recoverable natural

gas resources may be in excess .of 100 Tcf. The Niger

Delta, seaward from the central portion, may be the most
prospective for finding new natural gas resources.

Nigeria consumes about two to three percent, or
less than 20 billion cubic feet, of its annual production
of natural gas. The remainder of the natural gas that
is produced along with crude o0il, associated gas, is
flared, approximately three-quarters of a trillion (1012)
cubic feet. ‘

In summary, Nigeria has the capability to increase
0il production above its maximum historic level, assuming
more wells are drilled, and additional surface facili-
ties -are installed. -However, it is likely that the yearly
average production rate will range from 2 million
barrels to 2.5 million barrels per day over the next
10 years or longer. In contrast, Nigeria's natural gas
resources are underdeveloped and underutilized; a situation
which is common among many o0il producing countries of the
world. ‘
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SECTION I

Introduction

4 Petroleum* is the base load enerqgy source of the
world. It satisfies nearly two-thirds of the world's
energy needs, with crude o0il alone providing one-half
of that energy. In an effort to reduce the dominance
of crude oil in the world energy balance, most indus-
trialized countries, through conservation and fuel
substitution programs, have had nominal success in
decreasing their consumption of o0il. Nevertheless,
except for several recession years, the demand for oil
has continued to increase, albeit at a slower rate than
it did prior to 1974. 1In addition, a greater number of
developing countries are competing for oil in the market-
place. Moreover, several of the producer nations have
become greater consumers of crude oil products.

Crude oil producers, and particularly the export-
ing nations, are determined to control the rate at which
their remaining petroleum resources are depleted. By
deferring development, limiting exports, and raising
prices, the producer nations are able to maintain the
foreign exchange earnings necessary to achieve their
respective economic and social goals. One of their
stated objectives is to encourage, through pricing
policies, the industrial nations to develop alternative
fuel forms, and thereby slow the rate at which their
finite resources are depleted.

The consideration of producer country's economic
goals as the criteria for determining respective produc-
tion rates and exports is the antithesis of the historic
relationship of supply and demand. Historically, demand
was unconstrained as supply responded to buyers' needs.
During the 1970's, constraints have -been placed on supply
availability. The departure from the traditional supply/
demand relationship and the shift in the control of oil
supplies, from the principally western oil companies to
national governments, have created a great deal of
uncertainty among the consuming nations as to the future
availability and prices of crude oil.-

* "Petroleum” in this report includes crude oil, natural
gas liquids ‘and natural gas.



The uncertainty in the future market can be
somewhat minimized if an insight can be developed as to:

- the quantities of discovered and
undiscovered recoverable petroleum
resources remaining among the respective
producers, and the feasible rates at
which such resources can be developed
and produced;

- the overall capital requirements of the
0il exporting countries necessary to
achieve their respective social, economic
and political goals, and the oil and
natural gas resource development necessary
to sustain the production and exports
essential for maintaining foreign earn-
ings; and finally,

- the events or political interests which
might cause development, production rates,
and exports to digress upward or downward
from the "normal" rate consistent with
goal achievement.

Of the.points cited above, the most fundamental
concern facing the petroleum exporting nations is
the physical limits of the recoverable petroleum resource
base. Each country has its own finite limit of crude
0il and natural gas. If the export of petroleum is
critical to its economy, success in achieving economic,
social, and political goals will depend on the size of
its recoverable resource base and the capability to
produce and export petroleum.

The Foreign Energy Supply Assessment Program
(FESAP) is the government's first systematic effort to
determine the quantities of conventional petroleuml/
remaining and recoverable within each country of the world.

1/ Conventional petroleum includes crude oil and natural
gas recoverable by drilling, but excludes crude oil
recoverable by the use of tertiary recovery methods,
or from deposits of tar sands and shales and natural
gas associated with coal and geopressured water zones,
etc. ‘



A This study incorporates geological and engineering
analyses with statistical techniques to estimate the
remaining undiscovered recoverable resources and to
determine the rate at which such resources may be produced.

The Nigerian report is the first of a serie§ of '
FESAP country reports. The methodology aqd assumptlons.
used herein are described in the text or in the appropriate

appendices.

The estimates represent the views of the ad hoc
study team consisting of Department of Energy and the
U.S. Geological Survey (Department of the Interior)
personnel, and should not be regarded as an official
Department of Energy or Interior position.

Objectives of FESAP

The initial objective of the FESAP is to assess
the quantity of recoverable crude oil and natural gas
resources, including the undiscovered recoverable
resources, remaining within the petroleum exporting-
countries and the potential rate at which such resources
can be produced.

Petroleum resource assessments provide a basis
for determining a maximum production rate and the duration
petroleum may be available to world markets. Neverthe-
less, in the short-term, the most likely rate may be a
function of capital requirements of the exporting country
and the importance of petroleum exports in satisfying those
requirements.

Nigeria was selected as the first country study
because it has a comparatively homogenous geological
environment for the occurrence of petroleum and it is
fairly well explored and developed.

The objectives of the FESAP country series are -
achieved in the following manner:

--—- An assessment is made of the reported proved
reserves2/ and the historical production rates;

g/,Definitions of Reserves and Resources as well as a
geological time and age chart is included in Appendix E.



--- A geological analysis is made of the
country's sedimentary basinf{s) and
geological structures, which produce
or have the potential to produce
economic quantities. of petroleum;

--- An estimate is made of the remaining
undiscovered oil and natural gas in-place,
the undiscovered recoverable petroleum
resources, and the number of fields to
be discovered;

~== A maximum productlon capability profile
is determined using the total resource
base; and

--- Feasible production rates are projected
for a period until the known proved reserves
and the estimated remaining undiscovered
recoverable resources near depletion.

The Limits of FESAP

The FESAP analytical process 'is not a reservoir
engineering study. However, a sufficient number of
geological and engineering parameters are known to permit
reasonable estimates to be made of the original oil in-
place and the remaining proved reserves of many fields.
Also, the use of field-analogs permits judgments to be
made in instances when minimal information is available.

It is acknowledged that hational political, social
and economic goals may influence exploration and develop-
ment rates, thus compounding the difficulties of estima-
ting future production rates. However, the FESAP
projections of future production rates are based on the
continuation of exploratlon and development, and on the
perceived reservoir production capabilities, constralned
only by geological factors.

FESAP does not overlay non-engineering paraméters
on the production factors, such as an economic decision,
which might result in slowing the rate of exploration
and development or reducing the optimum production of wells.
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Energy and of the Interior. The principals involved
in preparing the Nigerian report are:

Department of Energy:
International Affairs-

Arthur J. Warner, FESAP Program Manager
Judith Reynolds, Assistant .

Energy Information Administration-

Calvin Kilgore, Director, International
Data Analysis

W. D. Dietzman, Superv1sory Petroleum
Engineer

Henry Weigel, Operatlons Research Analyst

John Wood, Petroleum Engineer

Velton Funk, Petroleum Engineer -

Lulli Crump, Mineral Specialist

Policy and Evaluation-

Phyllis Kline, Policy Analyst

Department of the Interior, U.S. Geological Survey:
Office of Energy Resources-

Oswald Girard, Petroleum Geologist
Harold Krivoy, Physical Scientist

Resource Appraisal Grdup—

Betty Miller, Program Chlef International
Resource Appraisal

Kurt Carlson, Mathematlcal Geologlst

Russell Allen, Geologist

"Lynn Sears, Librarian



Data Sources

The data used in preparing the analysis comes
from a variety of public sources including the commercial
information services of Petroconsultants, S.A. A
complete list of references is provided in the bibliography.

Report Format

The report is divided into four sections and
five appendices:

Section I Introduction
Section II Background of Exploration
and Development History
Section III The Future Petroleum
‘ Prospects of Nigeria
Section IV Geology and Resource
Analysis of Nigeria

Appendix A Analysis Report: Nigeria -
An Assessment of Crude 0il
Potential

Appendix B Petroleum Geology of the

. Niger Delta

Appendix C  Geologic Time Scale;
Definitions; References

Appendix D Statistical Data - Historical

Resume of 0il Field Production



SECTION II

Background of Exploration and Development History

Area of Interest

The Republic of Nigeria is located north of
the central portion of the west coast of Africa. Its
areal size is nearly 356.4 thousand square miles (923
thousand square kilometers) located mostly between
4°N to 13°N latitude and 3°E to 14°E longitude. The
Niger Delta is the principal petroleum province of
Nigeria, and the area of interest in this study. The
Delta comprises some 41 thousand square miles (106
thousand square kilometers). Other areas of interest
include the conterminous offshore portion of the Delta,
approximately 33 thousand square miles (85 thousand
square kilometers), and the sedimentary basins along
the Niger and Benue Rivers. Figure II-1 shows the
Niger Delta area and the important population centers.
Nigeria's population is nearly 67 million people.

Historical Exploration and Developments

The search for oil in Nigeria began during the
period 1908 to 1914, when a German company, the Nigerian
Bitumen Company, drilled 14 wells in the coastal regions,
55 miles east of Lagos. The drill sites were selected
on the basis of surface seeps of o0il which occurred
along Cretaceous rock outcrops. No significant quanti-
ties of o0il were found.

A hiatus followed until the late thirties,
when the Shell-D'Arcy Petroleum Development Company began
surface mapping, seismic and gravity surveys, and a coring
program in and south of the Benue Valley, where geological
structures are mappable on outcrops of Cretaceous age.
The work was discontinued during World War II.

A third period of exploration began in 1947, with
an extensive geological field survey and aerial photogra-
phy campaign. The exploration program also used gravi-
metric and seismic surveys throughout Nigeria to identify
the o0il prospective geological structures. Most of the
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drilling which followed took place in the northern part
of the Delta and in the Cross River Valley on Cretaceous

" and Eocene prospects. In 1951 the first deep well was

drilled to 11,228 feet. It was dry.

The first commercial discovery of oil was made
in 1956, south of the earlier plays, approximately 75
kilometers west of Port Harcourt. The Oloibiri field
discovery well was completed in a formation of Tertiary
age, a much younger formation than the earlier Cretaceous
targets. Although the Oloibiri field was a disappoint-
ment, as it never produced in excess of 2 million barrels
in any year, it proved the existence of commercial accumu-
lation of o0il. A second field was discovered during the
same year at Afam, approximately 30 kilometers northeast
of Port Harcourt; it produced nearly 4 million barrels
per year for several years. In 1958, the first giant
0il field, Bomu, located 75 kilometers southeast of Port
Harcourt, was discovered. The Bomu field produces over
20 million barrels per year and ultimately it could
yield over 500 million barrels of oil. The first off-
shore giant field, Okan, was discovered in 1964, on the
northeast edge of the Nigerian continental shelf.

Since the first commercial discovery of oil in
Nigeria, over 200 oil and natural gas fields have been
discovered.

Crude 0il Production

Nigerian oil production began in 1958. 1In over
two decades, oil production has increased to a rate in
excess of 2 million barrels per day, over three-quarters
of a billion barrels per year; making Nigeria the sixth
largest o0il producer in the world. A total of 6.1
billion barrels of crude o0il has been produced through
1977. Approximately one-fourth of current crude oil
production comes from offshore fields. As shown in
Table II-1, Nigeria's annual production has increased
steadily, except for two periods of decline. The
first production reversal occurred in 1967 and 1968,
as the result of the Biafran War. The second occurred
in 1975, as the result of the combination of world-wide
decline in crude o0il demand, and the increased avail-
ability of crude oil from such new sources as the North
Sea and Alaska.



Table II-1

Crude 0Oil Production History of Nigeria

(Thousand Barrels)

Year Daily Average Total Cumulative
1958 5.1 1,876 1,876
1959 11.2 . 4,096 5,972
1960 17.4 6,367 12,339
1961 46.0 16,802 29,141
1962 67.5 24,624 53,765
1963 76.5 27,913 81,678
1964 120.5 43,997 125,675
1965 ~274.2 100,065 - 225,740
1966 417.6 152,428 378,168
1967 319.1 116,462 494,630
1968 141.7 51,732 546,362
1969 540.3 197,204 743,566
1970 1,083.1 395,331 1,138,897
1971 1,531.2 558,888 1,697,785
1972 1,820.7 664,546 2,362,331
1973 2,054.3 749,820 3,112,151
1974 2,255.0 823,064 3,935,215
1975 1,783.2 650,885 4,586,100
1976 2,072.5 756,449 5,342,549
1977 2,085.1 761,062 6,103,611

Source: Ministry of Mines and Power, Petroleum Division's
Annual Reports Central Bank of Nigeria - Economic
and Financial Review Direct Communications to the
Secretariat.
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_ Overall, from 1958 to 1977, Nigeria's production
increased at an average annual rate of nearly 37 percent,
and at an average rate of over 20 percent per year during
the last ten years. The highest annual production
occurred in 1974, when Nigeria produced 823.1 million
barrels.

Exploration and Development Drilling Activity

From 1956 through 1977, 2,754 holes have been
drilled in the search and development of oil and natural
gas in Nigeria. The historical drilling activity is
shown in Table II-2. Of the total, approximately one-
fourth, or 759 wells, were drilled as exploration wells.
Nearly half, 346 of the exploratory wells, were success-
ful in finding oil or natural gas. Of these, 304 wells,
or nearly 90 percent, found oil.

A total of 1,997 development wells have been
drilled, of which 85 percent or 1,699 wells were success-
fully completed as oil or natural gas wells. Of these,
96 percent or 1,638 development wells were completed as
0oil wells; 298 development wells were dry.

In the aggregate, Nigeria has had a high finding
success average, as 2,045 exploratory and development
wells, or nearly three-fourths of the total wells drilled
from 1956 through 1977, found o0il and/or natural gas.

Drilling activity during the 2l-year history
peaked in 1972, when 258 wells were drilled, or 11 per-
cent of the total. However, exploration drilling peaked
-5 years prior, in 1967, when 79 exploratory wells, 10
percent of the total, were drilled. ‘

Producing 0Oil Fields

Approximately 130 fields produce oil in Nigeria.
Nearly one-half of the oil fields each have produced ./
less than 5 million barrels of oil yearly at their peak—
and over one-third have produced less than one million
barrels per year, as shown in Table II-3.

1/ Produced at the specified rate for at least three
successive years.

- 11 -
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Table II-2
1/

Nigeria Historic.Drilling Record=
(1956-1977)

Exploratory Wells ‘ Development Wells Grand

Year 0il Gas Dry Total 0il Gas Dry Total Total
1956 : 2 ' ’ 2
1957 1 1 4 1 4 9 10
1958 8 - 9 17 8 2 5 15 32
1959 9 3 25 . 37 16 . 16 ' 53
1960 12 - 13 _ 25 ' 5 1 2 8 33
1961 6 2 7. 15 11 1 ‘ 12 27
l9622/ 2 : 3 , 5 26 1 4 31 36
1963 4 11 9 24 18 3 21 45
1964 21 .4 12 37 58 8 ' 66 103
1965 39 - 26 65 84 1 10 95 160
1966 24 1 41 66 126 1 22 149 215
1967 26 1 52 79 ' 66 2 19 87 166
1968 20 18 38 .73 ' - 14 87 125
1969 7 20 27 103 1 24 128 155
1970 11 20 31 117 1 19 137 168
1971 22 1 32 55 134 38 172 227
1972 . 26 35 61 168 2 27 197 ' 258
1973 22 2 21 - 45 162 2 30 194 ' 239
1974 18 5 28 51 149 25 24 198 249
1975 12 .3 18 33 119 14 26 159 192
1976 9 3 9 21 107 3 12 122 143
1977 6 - 6 12 © 24 84 3 7 94 118
TOTAL 304 42 411 7593/ 1638 61 298 1997 2756

\

1/ Source: American Association of Petroleum Geologlsts (except where noted)
2/ Source: Petroconsultants SA Geneva Switzerland.

3/ The total of 2 wells shown in 1956 could not be classified as to status, thus
accounting for the discrepancy in the totals. ,



Table II-

3

Historical Peak Production Rate of

Nigerian Oil Fields 1/

Yearly Average

Number of Production Range
Fields 2/ Greater Than:
0 50 Million Barrels
1 45 Million Barrels
1 40 Million Barrels
2 35 Million Barrels
1 30 Million Barrels
5 25 Million Barrels
3 20 Million Barrels
4 15 Million Barrels
22 10 Million Barrels
17 5 Million Barrels
13 3 Million Barrels
22 1 Million Barrels
6 0.5 Million Barrels
8 £ 0.5 Million Barrels
105

TOTAL

1/ Peak based on average production within the range for

T at least 3 successive years during the life of the
field. See Appendix D for detailed field production
data. T

2/ Fields with a two-year production history or less are
not included; thus, there is a discrepancy between the
field totals of this table and Appendix D. Also,
aggregated field production is considered as one field.



Although five Nigerian fields had produced
more than 30 million barrels yearly, through 1977,
none had produced more than 50 million barrels per year.

It is estimated that seven of Nigeria's fields
are known giant fields. 1In addition, there are three
probable and four possible.giants;gL The earliest
giant, Bomu field, was discovered in 1958, and the most
recent, Nembe Creek, was discovered in 1973. All but
one of the giant fields were discovered within the
period 1958 to 1969, as shown in Table II-4. The known
giant fields account for over one-fourth of Nigeria's
historic production through 1977, but they provided only
one-fifth of the oil produced in 1977. The seven known
giants and the seven apparent giants, including a few
additional fields whose production records cannot be
disaggregated from the giants, have produced about one-
half of Nigeria's historic production, and over one-third
of the 1977 production, thus indicating the importance
of these few major fields as sources of oil.

It is likely that a few more giant oil fields
will be discovered as exploration progresses. However,
the status of Nigeria's development is well advanced;
thus, the probability of finding many more giant fields
is remote. It is also possible that as development
continues, some of the giants in the probable or possible
category may not achieve that rank.

The peak number of 17 oil field discoveries
occurred in 1965, and nearly one-third of Nigeria's
producing o0il fields were discovered during the three-
year period from 1965 through 1967. The cumulative
production through 1977 from those discoveries totals
over two billion barrels. Since that time, the number
of oil field discoveries have declined. Table II-5 shows
the number of 0il fields discovered per year and the
cumulative production backdated to the year of discovery.

2/ Partly based on the report entitled, Giant 0il Fields
and World Oil Resources, Richard Nehring, Rand,
June 1978, p. 138.
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TABLE II-4

THE MAJOR OIL FIELDS OF NIGERIAl/

1977 CUMULATIVE PRODUCTION DISCOVERY

RANK/FIELD PRODUCTION THROUGH 1977 YEAR
CIANTS : 2/ (MILLION BARRELS)
1. BOMU 10.9 290..4 1958
2. IMO RIVER 21.2 338.6 1959
3. OKAN* 17.4 247.5 1964
4. MEREN* 26.7 278.8 1965
5. JONES CREEK 30.5 275.9 | 1967
6. FORCADOS YORKI 38.4 - 272.2 1968
7. NEMBE CREEK 3/ 11.7 11.7 1973

TOTAL 156.8 1,715.1

PROBABLE GIANTS:

8. KOKORI 13.1 A 232.2 1961

9. oLOMOROY 22.4 336.8 1961
10. OBAGIS/ | 20.4 145.9 1966
TOTAL 55.9 . 714.9

POSSIBLE GIANTS:

11. DELTA SOUTH¥* 13.7 ' 158.0 1965
12. M'BEDES&/ 20.1 : 193.6 1966
13. EKPE* 12.8 . 118.9 1969
14. ODIDI o 17.7 106.9 1967
TOTAL 64.3 577 .4
GRAND TOTAL 277.0 3,007.4

* Indicates offshore fields.

1/ Principal Source: Giant Oil Fields and World Oil Resources,
Richard Nehring, Rand, June 1978, p. 138.
2/ Definition: Contains at least 500 million barrels of recoverable oil.
3/ Ranked on the basis of paper presented at AAPG-SEPM Annual Convention,
April 1-4, 1979.
4/ Also 1ncludes the production of the Afiesere, Eriemu and Oweh fields.
5/ Obagi field includes the production of the Erema field.
6/ M'Bede field includes the production of the Ebocha field.
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Table II-5

The Number of Producing 0il Fields Identified .
By Year of Discovery and Their Cumulative Production

Year of Field No. of Cumulative Production

Discovery . Fieldsl/ ‘ Through 19772/
’ " (Million Barrels)

1956 2 . 56.9
1957 0 0
1958 6 —- 417.7
1959 7 « 687.8
1960 -8 251.1
1961 5 274 .3

- 1962 2 71.9
1963 5 515.3
1964 8 618.0
1965 17 798.3
1966 12 551.3
1967 13 734.1
1968 6 353.3
1969 4 258.4
1970 7 107.0
1971 4 102.5
1972 9 83.6
1973 10 113.5 .
1974 2 1.2
1975 2 9.5

TOTAL 129 6,005.73/

1/ Fields which have produced Or are on productlon,
non-producers are not counted.

2/ Some distortions occur as a result of the production
of several fields with various discovery-years
being aggregated.

3/ Actual cumulative productlon is 6.1 billion barrels;
" the difference is ‘in part due to rounding of numbers
but also due to minor errors in field production
data which cannot be accounted for. This report

should rniot be considered the official source of data.
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Domestic Crude 0il Market and Trade

Crude o0il makes a significant contribution to
the Nigerian economy.é/ The extent to which crude oil
will continue to be an important export commodity depends
on the quantity of crude oil that remains to be discovered
and developed, the rate at which it can be produced, and
the availability of supply in excess of domestic consumption.

Nigeria's crude oil is marketed in almost every
part of the world. Approximately three percent of its.
production is consumed domestically. Table II-6 provides
a six-year historical resume of the Nigerian crude oil
exports and markets, During the last three years,
Nigeria consumed an average of 23.9 million barrels
annually, 65.5 thousand barrels per day. During the
same period, production averaged 743.8 million barrels
annually, 2.03 million barrels per day. The principal
markets for Nigerian crude in 1977 were the United States
and The Netherlands2/; theyvaccount for over .50 percent.
of Nigeria's exports. The percentage that Nigerian crude
represents of the importing countries's total demand
is shown in Table TI-7.

Natural Gas Production and Developmént

4 The natural gas industry of Nigeria is under-
developed because of limited domestic demand and foreign
marketing opportunity. The opportunity to utilize
natural gas for greater domestic use and exports has
future potential.® '

Domestic consumption of natural gas began in
1963, when one billion cubic feet (Bcf) were consumed.
Since then, consumption has increased to 18.5 Bcf in 1976.
This represents approximately 2 percent of Nigerian gas
production. Total natural gas production in 1977 was
.an estimated 757 Bcf; nearly 739 Bcf were flared.l/

3/ Crude oil exports accounted for 91 percent of Nigeria's
foreign exchange earnings, equivalent to over 9 billion
U.S. dollars (1978).

4/ 1974 - 24.6 million barrels of oil; 1975 - 24.5 million
barrels; and 1976 - 22.9 million barrels.

5/ Most of The Netherlands's imports are re- exported as
refined products.

6/ The export of Nigerian liquefied natural gas (LNG)  to
the United States has been proposed.

7/ Not marketed.
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8T

DESTINATION

NORTH AMERICA
of which:
Canada
Usa

LATIN AMERICA
‘of which:
Brazil
Trinidad & Tobago
Uruguay
British Territories

WESTERN EUROPE

of which:
Belgium & Luxembourg
Denmark

France

Germany (F.R.)
Italy
Netherlands
Norway

Sweden

United Kingdom

AFRICA
of which:
Ghana
Ivory Coast
Senegal
Sierra Leone

ASIA AND FAR EAST
of which:
Japan

TOTAL

Source: OPEC Annual Statistical Bulletin 1977 - September 1978, p.71.

14.8

2,030.2

NIGERIA'S CRUDE OIL EXPORTS,

TABLE II-6

1872-1977

1976

746.5

2,013.2

(THOUSAND BARRELS PER DAY)

Note: No effort has been made to reconcile balances.

1975 1974 - 1973
538.9 703.3 567.9
11.1 2.9 32.3
527.8 700.4 535.6
234.2 241.1 278.3
- - 5.3
- - 13.7
3.7 5.6 13.1
171.8 175.0 227.1
860.4 1,110.8 1,002.9
13.0 9.0 17.2
19.3 10.1 21.8
196.0 212.5 262.4
108.5 138.4 61.9
19.8 67.6 46.4
239.4 315.7 266.5
14.3 11.1 5.7
22.0 13.9 22.3
213.7 320.5 297.7
32.2 34.1 30.4
12.3 - 12.1
10.6 - 7.9
.5.1 - 4.6
4.2 - 4.6
47.6 90.1 98.6
47.6 90.1 98.6
1,713.3 2,179.4 1,978.1

1972

457.3

35.7
421.6

115.4
20.0

8.3
87.1

1,080.0

12.1
29.3
285.1

77.6
208.4
11.7

76.5

1,756.1



Table II-7

Nigerian Crude 0il Export Markets: 1977
(Thousands Barrels Per Day)

Nigerian
Crude
Crude Imports As Percent
Imports - Percent of Total
Crude From. of Country's Nigerian

Destination Demandl/ vNigeriag " Demand Crude Exports
United States 15,349.3 812.5 5.3 40.0
Brazil 980.7 34.8 3.6 1.7
British Terr.* NA 129.6 NA NA
Not Specified* NA 222.2 NA NA
Belgium &

Luxembourg 736.2 3.4 0.5 0.2
Denmark 169.0 1.3 0.8 0.1
France 2,444.5 170.1 7.0 8.4
-Germany (F.R.) 2,115.4 115.4 5.5 5.7
Italy 2,225.0 26.7 1.2 1.3
Netherlands 1,227.7 297.7 24.2 14.7
Norway 170.5 14.8 8.7 0.7
Sweden 299.2 16.5 5.5 0.8
United Kingdom 1,905.0 135.0 7.1 6.6
Not Specified® NA 4.2 NA NA
Ghana 23.7 19.4 © 81.9 1.0
Ivory Coast NA 13.6 NA NA
Senegal ' NA 4.1 NA NA
Sierra Leone 4.3 3.6 3.7 0.2
Not Specified™ NA 5.3 NA NA

Totals 2,030.2 . 81.43/

NA:Not Available .
1/ International Petroleum Annual, June 1, 1979
2/ Organization of Petroleum Exporting Countries,
Sept. 78, p.71.
2/ Because of unavailable data, this total is not complete.

* in Latin America
° in Western Europe
+ in Africa
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SECTION III

The Future Petroleum Prospects of Nigeria

Ultimately Recoverable 0il

Petroleum exploration in Nigeria through 1977
resulted in the discovery of approximately 18.7 billion
barrels of recoverable o0il; cumulative production
totalled approximately 6.1 billion barrels. Therefore,
12.6 billion barrels of proved reserves remain to be
recovered from the fields of ngerla dlscovered
through 1977.

Post-1977 exploration and development drilling
will result (and has resulted) in further discoveries and
additional capability to produce. An analysis of the
historical activity and the geology of the Niger Delta
provides a basis for estimating the undiscovered quantities
of crude oil that may be found as exploration and
development continue.l/

The analyses of undiscovered recoverable oil
resources indicate that from 1.8 billion to 22.8
~billion barrels of oil remain to be discovered. The
low estimate has a 95 percent probability and the high
estimate has a 5 percent probability. The statistical
mean estimate of undiscovered reécoverable oil is 8.4
billion barrels.2/

Based on the statistical mean value of undiscovered
oil resources and proved reserves, as of the end of 1977,
©21.0 billion barrels of oil remain to be recovered. Sixty
percent of the remalnlnq 0il is proved reserves associated
with discovered fields. The undiscovered recoverable
resources of 8.4 billion barrels will be found in new fields,
~most 0f which will be small, although a few ¢giant or
near-giant fields will be discovered.

1/ The methodology of estlmatlng ‘the undiscovered
recoverable 0il resources is discussed in Sectlon Iv.

2/ The statistical mean value has a statistical
probability of 38 percent.
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An alternative scenario to the single point
projection of ultimately recoverable o0il may be made
by using a 30 percent plus or minus variance from the
ultimate recoverable oil volume based on the statistical
mean. Nigeria's remaining recoverable resources in
this instance would range from 18.5 billion to 23.5
billion barrels. The range is illustrated in Figure III-1.
The 30 percent variance is within the normal limits
experienced in historical revisions of proved reserves
estimates.

Future Crude Oil Production Rates

The methods used herein to develop possible
maximum production patterns are a modification of the
concepts of M. King Hubbert. 3/ The logistic curves
illustrated in Figure III-2 depict annual production over
time; the area beneath the curve represents the ultlmately
available or recoverable oil. The modified curve is
shifted or "force fit" to the right of the "fit" curve.
The purpose of the modification is to compensate for the
reversal in the historical production trend caused by
market demand decline and subsequent dampening of explora-
tion and development. The "fit" logistic curve suggests
that Nigeria's production theoretically would have
peaked at 3.8 million barrels in the early 1980's and,
subsequently, production would have declined to an average
annual rate of more than 20 percent. The two curves
assume that the statistical mean value of undiscovered
recoverable o0il would be found and developed.

It is assumed, based on the statistical mean,
that if exploration and development were accelerated at
this time, a maximum peak production of 3.3 million
barrels per day could be attained in the mid-1980's.

. The assumption is illustrated in Figure III-3. . Figure
ITI-3 also shows the historical production trend from
1960 through 1977. The area beneath the asymmetrical
bell-shaped curve represents the ultimately recoverable
crude oil resources of approximately 27.1 billion barrels;
the remaining discovered and undiscovered (based on the
statistical mean) recoverable o0il, plus the cumulative
production. The future production levels that might be
expected from Nigeria, determined by reservoir and
geological conditions and various rates of exploratlon

3/ Discussed in detail in Appendix A.
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and development efforts, are illustrated in Cases 1
through 3. Case 3 depicts a production growth rate of
9.3 percent from the 1977 production of 2 million barrels
per day. That level of production could be sustained
through 1987. Production would decline thereafter at
an assumed average annual rate of approximately 10
percent, and in 1990 it would be about 2.23 million
barrels; subsequently, declining to 1.35 million in
1995, to 0.82 million' in the year 2000, and to 0.50
million barrels per day in 2005. Before the year 2010,
95 percent of Nigeria's recoverable o0il resources would
be depleted under the stated condition.

Table III-1 shows that production rates for the
three cases in five-year increments, the year in which
production would decline, and the year when 95 percent
- of Nigeria's ultimately recoverable crude oil would be
depleted.4/ The lower rates of constant production are
illustrated by Cases 1 and 2; the durations of the
lower rates of production are sustained for a longer
period of time, than for Case 3.

Implicit in each of the three cases is ‘that
the capital investment necessary to provide the ancillary
processing, storage and transportation facilities would
be available. Case 3 represents the optimum investment
rate. Cases 1 and 2 indicate lower rates of investment
‘and, therefore, decreased exploration and development.
Given that exploration and development activity has
slowed, it is believed that Nigeria's future production
trend is most likely to be in the range of Cases 1 and 2.

The ultimate recoverable resource analysis,
which drives the production estimates, is based on the
information available at this time and the ultimate
recovery value of the statistical mean. The production
estimates do not reflect possible "surprises" or "disap-
pointments" which cannot be predicted or built into the
analytical process. However, the sensitivity of a
30 percent lower or higher ultimate recoverable resource
estimate changes the estimated maximum annual
capability only by a plus or minus six percent.

4/ The methodology used to determine the production
rates is discussed in the Appendix A.
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Table III-1 - Alternate Production Schedules for Nigeria.

CASE 1 (2 MM bopd)

Probability Million Barrels of 0il Per Day Year Year
levels, - YEAR .. decline 95 pct
percent 1980 1985 1990 1995 - 2000 begins depleted
95 2.00 2.00 1.51 0.92 0.56 1987 2007
75 2.00 2.00 1.84 1.23 0.75 1991 2009
38 (Mean) 2.00 2.00 . 2.00 2.00 1.38 1996 2013
25 2.00 2.00 2.00 2.00 1.86 2000 2016

5 2.00 2.00 2.00 2.00 2.00 2016 2029
CASE II (2.5 MM bopd)
95 2.50  2.14 1.30 0.79 0.48 1983 2005
75 2.50 2.50 1.65 1.00 0.61 1986 2007
38 (Mean) 2.50 2.50 2.50 1.63 0.99° 1991 2010
25 2.50 2.50° 2.50 2.15 1.31 1993 2012
5 ° 2.50 2.50 2.50 2.50 2.50 2006 2021
CASE III (3.0 MM bopd)
95 2,90 2.10 1.28 0.77 0.47‘ 1981 2005
75 2.90 2.44 1.48 0.90 0.54 1983 2006
38 (Mean) 2.90 3.00 2.23 . 1.35 0.82 1987 2008
25 2.90 3.00 2.81 1.70 1.03 1989 2009
5 - 2.90 3.00 3.00 3.00. 2.98 2000 2017
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Therefore, the maximum production capability profile

is not very sensitive to a relatively large percentage
change in the undiscovered recoverable oil estimates.

A larger ultimate recovery value influences the duration
of the constant production plateau by extending it.
Conversely, a lower ultimate recovery estimate from the
statistical mean, 27.1 billion barrels, reduces the
duration of the constant plateau production rate.
Figure III-4 illustrates constant plateau durations by
using a wide range of ultimate recovery estimates at
the 2.5 production level. Curve 3 is based on the
statistical mean estimate of ultimate recovery; Curves
2 and 4 represent 75 percent and 25 percent probability
levels; Curve 1 represents the ultimate recovery based
on the 95 percent probability estimate of remaining
undiscovered recoverable resources, and Curve 5 is
based on the five percent probability estimate.

Remaining Recoverable Natural Gas Resources

The lack of domestic markets and export opportuni-
ties have limited the interest in natural gas exploration
and development. That which has been discovered has been
found incidental to the search for crude oil.

In the absence of a performance history for natural
gas field production, this report does not analyze the
estimates of Nigeria's discovered natural gas recoverable
reserves. One published source has reported Nigeria's
proved reserves to 42 trillion cubic feet (Tcf) 5/ and
another source reported 51.4 Tcf.6/ Either of these
magnitudes show that the know inventory of supply is
considerably greater than current production; the reserve
to production ratio (R/P) implies a 70 to 86 year supply.

The proportion of natural gas associated with
crude oil is relatively high in the Niger Delta. The
gas-to-0il ratio averages approximately 800 cubic feet
for each barrel of oil.

The occurrence and distribution of natural gas
in the Niger Delta is described as follows:

5/ 0il and Gas Journal, 1978.
6/ DeGolyer and MacNaughton.
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° Large deposits of natural gas are most likely
to be found south of the main hydrocarbon-
rich belt, which extends in a general south-
east to northwest direction, where there is
a narrow series of oil-rich zones; the central
part of the Delta is predominantly a natural
gas province; and

° The potential for finding natural gas vis-a-vis
crude o0il appears to increase seaward in a
south-easterly direction across the Delta.

Thus, it would appear that the opportunity for
controlling exploration programs to selectively or
"directionally" search for natural gas is possible.Z/

The statistical mean estimate of undiscovered
natural gas indicates that there may be 81.3 Tcf of
natural gas in-place. Based on a recovery factor of
approximately 80 percent, the undiscovered recoverable
resources may be 65 Tcf. Thus, the ultimate recoverable
natural gas supplies, discovered proved reserves plus
undiscovered recoverable resources, may total over 100 Tcf.

The statistical analysis further indicates that
it is 95 percent probable that an estimated 32 Tcf remain
to be discovered in-place, of which 25.6 Tcf are recover-
able, and a five percent probability that as much as
162 Tcf remain in-place, of which 130 Tcf are recoverable.8/

7/ The term "directionality" applies to an explorer's
capability to choose the objective of his search,
either crude o0il or natural gas, based on geological
evidence which favors the occurrence of one or the
other.

8/ The methodology used. to arrive at these quantities
is described in Section 1IV.
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Future Natural Gas Production Capability

The rate at which the Nigerian recoverable
"natural gas will be produced is difficult to assess in
the absence of natural gas well performance history.

The quantity of gas associated with crude o0il, the

rate at-which the crude is produced, and finally, the
timing of the blow-down S/ period are some of the factors
which will affect the production rate of associated
natural gas. ' ‘

The depletion of 95 percent of Nigeria's
ultimately recoverable natural gas resources within
the same period as the recoverable o0il resources,
30 to, 35 years, would require that natural gas production
average slightly over 3 Tcf annually. The actual
production, however, would be controlled by sales con-
tracts as well as the reservoir yield rates. Also,
natural gas depletion would tend to lag oil depletion
because of pressure maintenance programs, etc.

9/ The production and depletion of the gas cap of a
crude oil reservoir following the ultimate recovery
of the oil. i



SECTION IV

Geology and Resource Analysis of Nigeria

Summary of Geology and Resource Analysis

The known petroleum potential of Nigeria is
concentrated primarily in the southern part of the
country and petroleum occurs for the most part in the
Tertiary sediments of the Niger Delta. The Niger
Delta covers an area of approximately 41 thousand
square miles and it is underlain by thick deltaic
sediments reaching an estimated maximum thickness of
30,000 to 40,000 feet.

The Agbada Formation is the main objective in
the exploration for o0il and gas in southern Nigeria
and probably extends across the entire Delta.

The most important geologic structural features
in the Niger Delta are the large crescent-shaped growth
faults. Elongated anticlines have formed in front of
the fault plane, creating "rollover" anticlines, in
which most of the large fields have been discovered.

Through 1975, at least 203 field discoveries
have been reported, many of which have multi-pay reser-
voirs. The estimated number of oil fields that may be
discovered after 1977 range from 20 to 123, at the
95 percent to 5 percent statistical probability levels,
respectively, with a mean estimate of 77 fields. Signifi-
cant undiscovered oil potential still remains in some of
the deeper fault blocks onshore, and there is a prospec-
tive pattern of growth faults which occur offshore that
may be highly productive.

The gas industry in Nigeria remains relatively
underdeveloped. The potential for finding additional
natural gas appears likely as development extends
seaward in the deeper sediments and in a southeasterly
direction across the Delta.
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General Observations

’

The knowledge of Nigeria's geology has reached
an advanced stage as the result of the work of inter-
national oil companies, the Nigerian National 0Oil
Corporation, and the Geological Survey of Nigeria.

One-half of Nigeria is composed of marine and
continental sedimentary rocks of Cretaceous, Tertiary
and Quaternary age which overlie: the crystalline rocks
of Precambrian age, and the other one-~half is made up
of igneous and metamorphic rocks. Over three-fourths
of the igneous and metamorphic rocks are Precambrian
in age, while the remaining are younger intrusives and
volcanic lavas.

The sedimentary rocks are concentrated princi-
pally in the southern part of Nigeria and in the Niger
and Benue troughs (Anambra Basin), as shown in Figure
IV-1. The troughs are filled with Cretaceous sediment
and have a breadth of 95 to 190 miles. The oldest
known sedimentary rocks in Nigeria are of the lower
Cretaceous (Albian Age). The stratigraphic columnar
section of Nigeria is shown in Figure IV-2., The
deeply folded sediments are concentrated mainly in the
middle basin of the Cross River, located on the
eastern edge of the Delta. They consist of sandstone,
shale and thin striations of limestone. All drill
tests in the northern and eastern parts of Nigeria,
which penetrated Upper Cretaceous sediments, were dry
or revealed only minor oil and natural gas deposits.
Lower Cretaceous sediments have shows of petroleum in
outcrops and in wells, but no major discoveries have
been made to date in the Upper and Lower Cretaceous.
The Cretaceous in southern Nigeria, although not
considered highly favorable for oil, 1/ cannot be
ruled out as o0il prospective.

1/ Schatzl, L.H., Petroleum in Nigeria, Oxford
University Press, Idaden, 1969, pp. 1-45 and
198-210.
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Formations of the Niger Delta, Nigeria
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Formations of Tertiary age are extensive in
southern Nigeria, as significant volumes of such
sediments have been deposited in the Delta. The most
promising crude oil accumulations in the Tertiary have
been found at depths between 9,000 to 11,000 feet in
the Miocene age. Generally, the Tertiary sediments
have proven to be the most productive, thus explaining
the concentration of drilling in Tertiary formations
of the Niger Delta. Because this is the most prospective
area in Nigeria, this report will hereafter concern
itself specifically with the geology of the Niger Delta.

The Geology of the Niger Delta

The 41 thousand square miles of the Niger
Delta are underlain by deltaic deposits of Tertiary
age which may reach an estimated thickness of 30,000
to 40,000 feet. These deposits are divided into three
subsurface formations from the surface downward: the
continental, sandy Benin Formation; the deeper transi-
tional Agbada Formation of alternating sands and shales;
and the lower marine, shaly Akata Formation.

Benin Formation:

The Benin Formation consists of predominantly
massive, highly porous freshwater-bearing sandstones
locally interbedded with thin shale beds. The sands
and sandstones of these upper deltaic deposits may
represent point-bar deposits, channel fills, or
natural levees. The shales may be interpreted as
backswamp deposits and oxbow fills or deposits of
braided-stream origin. The depocenter of the Benin
Formation is in the center of the Niger Delta where it
attains a maximum thickness of at least 6,000 feet.

The Benin Formation was deposited across the
entire Niger Delta from the Benin-Onitsha area in the
north to beyond the present coastline. The shallowest
marine shale underlying this sandy, continental seguence
has been dated as early Miocene Age. Thus, the total
age span is Miocene to Recent. To date, very few
hydrocarbon deposits have been found in this highly
porous, generally freshwater-bearing formation.



Agbada Formation:

The Agbada Formation is the main objective in
the exploration for oil in southern Nigeria. Hydro-
carbons have been found in the sand intervals from
Eocene to probably Pliocene age.

The Agbada Formation underlies the Benin and
extends throughout the Niger Delta subsurface. It
consists of alternating sandstone and shales of
delta-front, distributary-channel and deltaic-plain
origin. The alternating sequence of sandstones and
shales of the Agbada Formation are cyclic sequences
of marine and fluvial deposits. The upper part of the
formation has a higher sandstone percentage than the
lower part, demonstrating the progressive but highly
irregular seaward advance of the Niger Delta through
geologic time despite the numerous transgressive
sequences found in the Agbada Formation. In the central
part of the Delta the formation attains a maximum
thickness of 12,000 feet. The age of the formation
decreases from Eocene to possible Plio-Pleistocene
offshore from the present coastline. The base of the
Agbada Formation is defined as the deepest significant
sandstone body in all vertical sections throughout the
Delta.

Akata Formation:

The main source rock of the Niger Delta oil
province is thought to be the shale of the Akata
Formation. The Akata Formation is characterized by a
uniform shale development. The prodelta shales are
medium to dark gray, sandy or silty, undercompacted,
and may contain lenses of abnormally high-pressured
siltstone or fine-grained sandstone. The Akata
Formation is a marine sedimentary sequence laid down
in front of an advancing delta front. Intervals of
variable thickness, ranging from 4,500 to 5,000 feet,
have been penetrated by some wells. The base has been
reached only along the Delta margin; thus, the maximum
depth is not known. However, its maximum thickness
has been estimated at over 18,000 feet. The shale of
the Akata Formation probably extends across the entire
Delta area. The known age of the formation ranges
from Eocene to Recent.
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The Subsurface Structure of the Niger Delta

The Niger Delta began to build seaward over the
edge of the African continent in middle to late Eocene
time. The Oligocene and younger Delta sediments are
very thick beyond the continental edge. Geophysical
evidence indicates a possible thickness of 30,000 to
40,000 feet. Recent marine deposition on the forward
slope, represented by the continental slope off the
Niger Delta, is a depositional feature and not a primary
structural feature.2/

The thick, rapid deposition of sediments across
the Delta area created conditions which resulted in
the movement of large masses of sediment under the
influence of gravity. Much of the resultant fault
movement is contemporaneous with deposition, producing
a thickening of the sedimentary section across the
fault plane on the downthrown blocks. Faults which
cause such increases in thickness are called "growth
faults." They are known to occur also in the Gulf of
Mexico coastal area. In general, faults play an impor-
tant role in the distribution and accumulation of
hydrocarbons in the Niger Delta, as shown in Figure IV-3.

Many of the growth faults are crescent-shaped,
both in cross-section and in plan view, with the
concave side toward the downthrown block. Due to this
curvature, the downthrown block tends to slump or
rotate along an axis roughly paralleling the fault.

If sufficient movement has taken place along a curved
fault plane, an elongated anticline is formed in front
of the fault, which is called a "rollover" structure.
In the Niger Delta such rollover anticlines are small,
ranging from 4 to 5 miles along the long axes and 2 to
3 miles across the short axes. Structural mapping
shows that in many places a series of growth faults

on strike with one another may form a continuous trend
extending for tens of miles, roughly parallel with the
coastline.

2/ Hospers, J.,"The Geology of the Niger Delta Area, "
Institute of Geological Sciences, Report No. 70/16,
pp. 123-142.



Figure IV-3

Different Evolutional Stages of the Traps

of the Niger Delta
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The Occurrence of Hydrocarbons

Most of the hydrocarbon accumulations in the
Niger Delta have been found in the sandstones of the
Agbada Formation, mostly in traps formed by rollover
anticlines. The Benin and Akata Formations have yielded
some oil and gas in minor amounts in such structures.
The extent of petroleum accumulation in the Agbada
Formation may or may not be restricted by subsidiary
growth faults or antithetic faults cutting the anticline.
Such fault-formed restrictions are most evident in
the larger anticlines that normally are expected to
be effective traps for oil. The efficiency of such
traps are limited by the faults. In addition to the
anticlinal traps, hydrocarbons have also been found
in fault traps that are not closed on all sides by
regional dip.

Many of the oil fields, particularly those in
the rollover anticlines, have multiple reservoirs.
Few of these reservoirs are full to the structural
spill-point and many contain no hydrocarbons at all.
Although multiple reservoir fields are common, their exist-
ence may not be apparent at the time of a field discovery.
Subsequent drilling may reveal that the reservoirs
are not stacked vertically but have been dislocated
laterally. This is particularly true in the case of
fault traps associated with a low angle fault, or, in
a rollover anticline whose crest has shifted with
depth. This, and the fact that minor faults often
control the actual distribution of hydrocarbons within
a structural closure, require constant subsurface
analysis when developing a field.

Geological Considerations in Resource Appraisal

A brief review of the geology and structural
conditions related to the occurrence of hydrocarbons
in the Niger Delta is summarized here as a part of the
basic input necessary for an appraisal of the undiscov-
ered oil and gas resources in Nigeria.



A general pattern concerning the hydrocarbon
distribution throughout the Delta has been observed
and summarized (by Evamy, et al, 1978) as follows:

-- A hydrocarbon-rich belt cuts across the
depositional and structural trends of the
Delta from southeast to northwest, as:
shown in Figure IV-4. ©North and east of
the hydrocarbon-rich belt, the gas-to-oil
ratio3/ is higher, and the recoverable oil
reserves of the accumulations found to date
are smaller. South of the main hydrocarbon-
rich belt is a series of narrow oil-rich
zones; otherwise, a predominantly gas
province occupies a fairly wide part of
the central Delta.

-- Known commercial oil accumulations occur
predominantly in the structurally highest
part of a given macrostructure in the strike
sense, despite viable trapping conditions
down plunge.

-- Dry holes and marginal oil and gas finds
are located predominantly on the southern
flanks of the macrostructures.

-- In a given macrostructure, the gas-to-oil
ratio increases down plunge and in a gener-
ally seaward direction. Hence northern
blocks with pronounced landward dips are
regarded as being highly prospective for oil.

-- The more downdip a macrostructure is within
a megastructure, the greater is the probability
of a higher gas-to-oil ratio:

3/ Gas-to-oil ratio denotes the ratio of the volume
of gas-bearing reservoir rock to the volume of
oil-bearing reservoir rock and not solution gas
volume to recoverable oil (GOR).
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Because of the intensity of faulting and
steeply dipping reservoirs of collapsed
crest structures, the recoverable reserves
can be rather low. Exceptions are reser-
voirs such as that of the Forcados Estuary
field, where a reservoir with a long oil
column and concomitantly large areal
extend exists at shallow depth. Hydro-
carbons in collapsed-crest structures

tend to be trapped behind crestal and
antithetic faults, whereas the collapsed
crest itself is usually barren:

Although the probability is high of finding
hydrocarbons behind the numerous faults in
major structures, commercial discoveries
have not been made as yet.

Miocene age rocks contain the greater
percentage of the total known reserves.

Most of the large fields produce from
"rollover anticlines" associated with

large regional growth faults. The smaller
fields are generally associated with
smaller growth faults and non-growth
faults. There may be a correlation between
the magnitude of the throw of a fault and
the size of the fields.

From the coast to the continental slope

the main producing formation (Agbada)
becomes progressively thinner. The bulk

of the total stratigraphic section offshore
is shale, with less of a chance for high
quality reservoir rocks.

The most important geological features are
the growth fault patterns which form the

oil and gas field structures and which also
may contribute to the migration route of
the hydrocarbons from the source beds of

the Akata Formation into the paralic sand
layers of the Agbada Formation. The paralic
cyclic sedimentation pattern is well estab-
lished.



Pertinent Exploration Statistics

Some of the drilling and field statistics
used in preparing the o0il and gas resource assessments
are shown below.

A total of 759 exploratory wells were drilled
in Nigeria from 1951 through 1977. The total explora-
tory footage of 8.4 million feet drilled since 1951
is shown on an annual basis, in Table IV-1.

The total number of flowing wells in Nigeria
as of July 1, 1978, was 1,299. Twenty-three o0il wells
require gas-1lift, and 305 wells are shut in. The
average production for the first six months of 1978
was 1,671,968 barrels per day. The total cumulative
0il production through July 1, 1978, for Nigeria was
6,416,807,589 barrels.

The total estimated proved reserves as reported
by the 0il and Gas Journal were: 18.2 billion barrels
of 0il and 42 trillion cubic feet of gas. DeGolyer and
MacNaughton, .in 1977, reported estimated proved reserves
of 12.24 billion barrels of o0il and 51.42 trillion
cubic feet of gas as of January 1, 1977.

0il and gas field data were partly compiled
from the Petroconsultants, S.A. "World Field Files,"
which include 203 field records of discoveries up to
January 1, 1975. Of these, 150 oil field records were
used by the engineers in the DOE Energy Information
Administration to calculate the estimated remaining
reserves from production decline data, recovery data
per well, reservoir drive mechanism information, and
pressure data.4/ The original oil-in-place was cal-
culated by using recovery factors, or was determined
volumetrically. These field data, plus the data for 17
additional fields, reported as shut in, standing or
awaiting development, were used in the resource assess-
ment study. A total of 36 fields reported in the
"World Field Files" did not have sufficient data to.
make estimates of remaining reserves. Twenty-five of the
thirty-six fields are oil fields, five are gas fields,
and six are combination o0il and gas fields. Many gas
fields and probably some o0il fields discovered since*

4/ Discussed in detail in Appendix A.
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Table IV-1

Exploratory Footage Drilled in Nigeria

Year

1951-53
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965L/
1966
1967
1968
1969
1970
1971 .
1972
1973
1974
1975
1976
19772/

Footage

29,000
33,000
52,000
10,200
33,500
177,500

395,900 -

287,000
163,300
92,800

244,500

460,345
699,332

753,195
- 827,277

333,636
261,566
333,261
580,106
652,966
501,418
557,365
417,707

219,694

290,230

1/ Data for 1951-1965 from:
2/ Data for 1966-1977 from:
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Cumulative Footage

L. H.
AAPG Bulletins.

29,000
62,000
114,000
124,200
157,700
335,200
731,100.
1,018,100

01,181,400

1,274,200
1,518,700
1,979,045
2,678,377
3,431,572
4,258,849
4,592,485
4,854,051
5,187,312
5,767,418
6,420,384
6,921,802
7,479,167
7,896,874
8,116,568
8,406,798

Schatzl,



1974, have not been placed on préduction, and little
data is available for them. Thus, reserve information
on many recent discoveries is unavailable.

The ultimate recovery of the 167 fields analyzed
in detail is discussed in the aggregate in Appendix A.
These same field data were used in the resource
appraisal, below.

Figure. IV-5 depicts the frequency distribution
of the 167 oil fields by size in barrels of oil equiva-
lent in-place (BOE-IP).5/ The field sizes range from
approximately 8.3 million barrels to nearly .2 billion
barrels of BOE-IP. A lognormal distribution provides
the "best curve fit" for the field size data. This
information is used to estimate the field size
distributions of the undiscovered resources.

Resource Appraisal by Analysis of Finding-Rates

The ultimate purpose of determining the finding-
rate or discovery rate within a petroleum province is
to permit statistically valid projections of resource
availability based upon historic data within a given
geological and economic frame of reference. 1In an -
attempt to minimize the effects of economic and political
variations, the historical finding-rates are expressed
in units of oil or gas discovered per unit foot of
exploratory drilling and as a function of .cumulative
exploratory drilling. Major assumptions must be made in
applying finding-rate methods for projecting remaining
resources. The finding-rate methods, (1) are to be
applied directly only to semi-mature or maturely drilled
‘producing areas, (2) are to be applied to an area of
fairly fixed boundaries (sample size must not -change
radically), and (3) do not allow for any radical "sur-
prises" in petroleum exploration or significant
"improvements" in exploration technology or econonics.

5/ Barrels of oil equivalent also includes associated
gas converted into barrels: conversion is 6,000
cubic feet per barrel of oil.
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The relationship of the historic finding-rate
of o0il in the Niger Delta to future resource availa-
bility, using projected finding-rates, is shown in
Figure IV-6.8/

The historic finding-rate is shown as a
histogram depicting 7 increments of one-million feet
of exploratory drilling through 1974.7/ Although
another one million feet of exploratory drilling has
been reported through 1977, the poor reporting of new
field discoveries and the lack of information on the -
nature and amounts of these discoveries, make is
inadvisable at this time to use these most recent data.

The method of projecting the future finding-rates
based upon the historic data is as follows:

A "best fit" approach is taken in the
search for a curve to be fitted to the
historical data such that the displacement
between the observed data points and the
fitted line would be a minimum. The "best
fit" for the historical finding-rate in the
Niger Delta is the exponential decline
curve of the form: Y = AeBX,

The curve which "best fits" the historical

data is the projected mean finding-rate for

a limited time projection. Confidence-limits
on the projected finding-rates are set for

the 95 percent and the 5 percent levels.

The confidence-limits, or confidence-region,

is bounded by the minimum and maximum finding-
rates. The confidence-limits on the regres-
sion line may be described by the "envelop"

or the "bundle" of curves which gives an entire

6/ The Petroconsultants, S.A. "World Field Files"
provide the data on the quantities and timing of
discoveries.

7/ The data on the exploratory footage drilled by year

- were taken from Schatzl (1969) and the Annual October
AAPG Bulletin, "Foreign Development." '
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spectrum of confidence-levels ranging
from 95 to 5 percent. A 95 percent
confidence insures values equal to the
minimum finding-rate, and with only a 5
percent confidence are the values assured
to equal the maximum finding-rate.

Example readings on the historical finding-rate
for Nigeria indicate that at the end of 2 million feet of
cumulative exploratory drilling nearly 10 billion barrels
of oil-equivalent in-place were -discovered per one
million exploratory feet drilled, whereas at the end
of 7 million feet of cumulative exploration drilling
less than 3 billion barrels of oil-equivalent were being
discovered per one million exploratory feet drilled.
Projected readings for the future using the mean curve
indicate that at the end of 12 million feet of cumulative
exploratory drilling, approximately two billion barrels
of 0il will be found per one million exploratory feet;
whereas, after 17 million feet of cumulative exploratory
drilling, less than one billion barrels will be found

- . per one million exploratory feet.

Resource appraisai estimates on the remaining
potential oil to be discovered can be made. by means of
these finding-rate projections as follows:

Keep in mind the basic assumptions that control
the finding-rate methods and make a series of
assumptions regarding the amount of exploratory
footage to be drilled in the future. For example,
assume that another 7 million feet of exploratory
drilling will be completed (Figure IV-6) --- that
is, assume that as much footage will be drilled
as was drilled through 1974 -- then an estimate
of the amount of 0il to be found at that level

of effort can be calculated for the minimum,
mean, and maximum drilling rate.

== TFor 14 million feet of cumulative exploratory
drilling:

-- a minimum of an'additioﬁal 4 billion
barrels of 0il equivalent in-place (BOE-IP) ;

-- a mean of an additional 15 billion barrels
(BOE-IP); and,



The
are

-- a maximum of an additional 34 billion
barrels (BOE-IP).

Double the 14 ﬁillion feet, or 28 million

feet cumulative exploratory drilling:

-- a minimum of an additional 5 billion
barrels (BOE-IP);

-- a mean of an additional 24 billion
barrels (BOE-IP0; and,

-- a maximum of an additional 64 billion
barrels (BOE-IP).

resource appraisal results by this method
compared with the results obtained by other

resource analysis methods.

Basic Statistical Data for the Niger Delta

The
Niger Delta

following statistical data compiled on the
are pertinent for resource appraisal:

The area of the Niger Delta considered as
a potential petroleum province is approx1—
mately 40,162 square miles;

The estimated volume of sediments in the
Niger Delta;

-~ 120,046 cubic miles (Hosper, 1967),

-- maximum volume 185,500 cubic miles
(calculated with maximum thickness
estimates of 3.97 miles, from Hosper,
1965).

- Estimated distance from coastline to upper

edge of continental slope, 46.6 miles;

Data extracted from an enlargement of a map
(scale 1:500,000) (from Evamy et al, 1978});
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-- the area of the "main hydrocarbon
: belts" totals 16,200 square miles; and,

-—- total area of known "rollover" anti-
clines is 6,844 square miles.

-- Total known oil in-place for the Delta as
of January 1, 1975: 366,220 bbls/cubic
mile. of sediment (based upon an estimated
43.964 billion barrels in-place and . 120,048
cubic miles, from Hosper, 1965);

-~ The average number of pays reported within
a field is 24; at the 95 percent level,
3 pays; and at the 5 percent level, 83 pays;
when fitting a lognormal curve through the
frequency distribution of number of pays per
field, as shown in Figure IV-7; and,

-—- Approximately 50 percent of the known
"rollover" anticlines contain fields, an
additional 23 percent of the known "rollover"
anticlines contain o0il and/or gas shows.

Resource Appraisal by Geological Analysis

Resource appraisals made by means of a detailed
geologic analysis of the province under study depend upon
the following basic procedures:

-~ A complete analysis of all the available
geological and geophysical data by geologic
‘province, i.e., Niger Delta; 8/

-~ A compilation of all the exploration'
statistics and all the available field data; and,

'8/ The basic source of these data for Nigeria consisted
of approximately 50 or more published references.
The most significant sources of data ate listed in
the Bibliography. v
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-- The application of at least two or more
resource appraisal techniques for the
assessment of the o0il and gas resources as
a means of cross-checking and verifying
within reason the resource estimates.

Estimates of Remaining 0Oil Resources Using Various
Methods

Volumetric 'yield' by province:

In the Delta, .the known in-place estimate of

the amount of 0il per cubic mile of sediment is
366,220 barrels per cubic mile based upon
exploration in 1965, for an estimated volume of
120,048 cubic miles (Hosper, 1965) in the Delta.
Assuming further an additional 65,452 cubic miles
of prospective sediments to be explored (65,452
-cubic miles x 366,220 bbls/cubic miles), there
remains to be found an average of approximately
24 billion barrels of oil equivalent in-place.

Volumetric 'yield' by productive hydrocarbon belts:

Using an average of 24 pays per field with
thickness of less than 50 feet per pay, the
amount of known oil in-place for the total
hydrocarbon belts is approximately 12 million
barrels in-place per cubic mile of producing
sediment. '

Assuming some optimum geologic conditions
occurring in a fairly limited arcuate pattern
offshore, with increasing pay thicknesses,
but fewer numbers of pays due to the spacing
and nature of the growth faulting, and noting
the increasing potential for gas over the oil
potential in these structures--the following
resource estimates were made:

-- Assume an area equivalent to approximately
70 percent of the most productive hydro-
carbon belt onshore, i.e., 11,600 square
miles and a pay thickness of approximately
150 feet with 16 pays (50 percentile on
frequency distribution for number of pays),
or 2,400 feet of gross pay section. The
5,220 cubic miles of productive gross oil
pay with 12 million barrels ih-place per
cubic mile of sediment would yield 62.6
billion barrels of oil resources in-place.
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Grid-Average Method:

The original oil in-place in the known onshore
oil fields is disaggregated on the basis of =
~the location of the fields within 30-minute
latitude and longitude grids. Estimating a
total proportional remaining oil resource for
each grid, a resource estimate of 26.16 billion
barrels of o0il in-place remaining to be found
was made. ' This method, however, does not

cover the undrilled offshore areas.

Final Resource Appraisals for 0il Using Subjective
Probability Methods

Using all of the described methods and analyzing
the results of these appraisals and the results of the
finding-rate methods described earlier as scaling factors,
the final resource estimates were made for the Niger
Delta using subjective probability procedures as
described in USGS Circular 725.9/

The resource appraisal estimates for the
remaining undiscovered oil in-place in the Niger Delta
as of January 1, 1978, are as shown in Table 1IV-2.

2/ Miller, B., et al., U.S. Geological Survey Circular
725, Department of the Interior.



Table IV-2

Probability Levels

Remaining Undiscovered 0il

(Billion barrels)

Probability . Probability . Mean
95% 5% Estimate
0il '
In-Place at least 5 at least 65 24
Recoverable| at least 1.8 at least 22.8 " 8.4
35% R.F.* o -

* Recovery factor.

In general, the quantity of oil in-place that may be
extracted or produced from a reservoir may range from as
little as 10 percent to as much as 50 percent. The
recovery percentage (factor) is a function of the
reservoir's physical characteristics, the drive mechanism:
which forces the o0il to flow from the reservoir into

the well bore, and the reservoir pressure. These
parameters, among others, determine the quantity of

oil in-place that can be produced. Nigeria's recovery
factor is estimated to be 35 percent during the

primary production cycle.

'Figure IV-8 depicts the lognormal probability

distribution of the remaining undiscovered oil in-place
resources in billions of barrels.
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Resource Appraisals for Natural Gas

The gas industry in Nigeria has remained
relatively underdeveloped and even neglected. The
proportion of gas associated with crude oil is rela-
tively high in Nigeria. The gas-to-o0il ratio averages
150 cubic meters per cubic meter of crude oil, or
roughly 800 cubic feet per barrel of crude.

Although Nigeria may possess great natural gas
potential and annually produces billions of cubic
feet of associated gases from oil fields, only a small
percentage of that produced is utilized.

Although specific data on gas fields are
lacking, the occurrence and distribution of natural gas
throughout the Delta is summarized briefly and has been
~considered in estimating the remaining undiscovered gas
resources. '

-- South of the main hydrocarbon-rich belt
- (SE-NW) is a series of narrow oil-rich
zones; otherwise, a predominantly gas
province occupies a fairly wide part of
the central Delta;

--. In a given microstructure, the gas-to-oil
ratio increases down plunge and in a
generally seaward direction;

' -- The more downdip a macrostructure is within
a megastructure, the greater the probability
of a higher gas-to-oil ratio; and,

-- Gas potential appears to increase seaward
in the deeper sediments and in a south-
easterly direction across the Delta.



Using basically volumetric-yield analogs for
the Niger Delta, a preliminary estimate of remaining
undiscovered natural gas resources is made, as shown

in Table IV-3.

Table IV-3

Probability-Levels

Remaining Undiscovered Gas

(Trillion cubic feet)

Natural Gas
In- Place

Recoverable
at 80% R.F.*

Probability
95%

at least 32

at least 30.4

Probability
5%

at least 162

S T R Y

at least 129.6

~ Mean
Estimate

. * Recovery factor.

Recovery factor for natural gas

is considered greater than it is for crude oil
because of the inherent flow characteristic of gases

vis-a-vis viscous liquids.

Figure IV-9 depicts the lognormal probability
distribution of the remaining undiscovered gas in-place
resources in trillions of cubic feet.
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Estimates of 0il Field Sizes and Numbers for Reméining
Undiscovered Resources

A mathematical technique is used to determine
the probably sizes and numbers of the remaining undis-
covered oil fields."

. The following data are used for each series
of estimates: : :

~~ Assume the field size distribution is
lognormal based upon the historic
information;

-- Given the minimum (95%) and maximum (5%)
fields sizes (W_g5 to W o5) .to be
discovered under the conditions determined
by the resource appraisal estimate; and

-- Given T: toal amounts of remaining
undiscovered oil resources in-place in all
future fields are shown in Table IV-4.

Table IV-4

Resource Estimates Disaggregated by
Future Field Size Range and Number

Resource Millions of . Number of
Appraisal barrels in-place Fields
(T) .95 | W oos | Yz (N)

95% - 5 billion

barrels 5 975 252 20
— - 24 billion
X barrels, 4.75 1200 | 310 77
5% - 65 billion | , 5 | 5090 | 528 123

" barrels

—'60f



"The estimated field sizes as measured by oil
in-place are shown in Table IV-5.

Disaggregated Field Sizes

Table IV-5

. (Million barrels of oil in-place)

1500-

percent | No. of | 0- | 300- | 600-| 900-| 1200~ - | 1800- | 1500
Probability| fields | 300 | 600 | 900| 1200| 1500.| 1800 | 2100 ,
95 - 20 16 0
- 77 62 1
5 123 86 | 16

The estimated number of fields awaiting discovery

by size of less than 300 million barrels of oil in-place
tz= shown in Table IV-6.

Table IV-6

Estimated Number of Small and

Intermediate Size Fields

(Million barrels of oil in-place)

Percent | o .o | 50- | 100- | 150 200~ | 250-
Probability 100 150 200 250 300
95 9 3 2 1
% 32 11
5 47 15 5
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The estimated number of fields to be discovered
which have more than 300 million barrels of o0il in-place

is shown in Table IV-7.

Table IV-7

Estimated Number of Large Fields

(Million barrels of oil in-place)

Percent
Probability 300-400 400-500 500-600
a5
2.
5 10
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ABSTRACT

This paper presents estimates of the future oil supply capability
of the country of Nigeria, the second Tlargest exporter of crude oil to
the United STates. Presented here are estimates of (1) original oil in
place in known fields; (2) ultimate recovery from known fields; (3)
remaining reserves in known fields; (4) U.S. Geological Survey estimates
of total undiscovered oil resource potential for Nigeria; (5) undiscovered
recoverable 0il; and (6) projected supply patterns for the production
of Nigerian oil over time.

~ As of January 1, 1976, there were 169 known fields that originally
contained 44.2 billion barrels of oil and had an estimated remaining
proved reserve of 12.3 billion barrels. However, by 1978, proved
reserves were reported to be 12.6 billion barrels with the addition of
new discoveries and development drilling during the two-year. period.
Cumulative production to January 1, 1978, was 6.1 billion barrels for a
total ultimate o0il recovery of 18.7 billion barrels from known fields.

The USGS estimated that undiscovered original oil in place at the
5 and 95 percent probability levels were 65 and 5 billion barrels,
respectively, with a mean value of 24 billion barrels at the 38 percent
probability level. It is estimated that 35 percent of this undiscovered
0il could be recovered.

Using the mean value of 8.4 billion barrels of undiscovered
recoverable 0il results in an estimated total ultimate recovery of
27.1 billion barrels. From this resource base it is estimated that
Nigeria could produce at a rate as high as 3.3 million barrels of oil per
day which might occur as early as 1984, providing there are no political
or oil market restraints and there is a continuing successful exploration
and development program in the country. Also, Nigeria could sustain
2 million barrels of oil per day (MM bpod) production to 1996, 2.4 MM
bopd to. 1991, or 3 MM bopd to 1987 under the stated conditions.

" Other estimates of the ultimate recoveries at different probability
levels and production of Nigerian oil over time at different probability
levels are presented in the text.

A detailed discussion of the methodology used is also presented.
In this study oil supply is limited to conventional production
recoverable by drilling and secondary recovery but excludes enhanced
0il recovery as well as other occurrences such as shale oil, etc.
The analysis of production profiles is limited to a simple time series
approach and is not subjected to explicit economic considerations.
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INTRODUCTION

It is the general concensus that the Unijted States will be strongly
dependent in the future on foreign energy sources. In 1978, the Foreign
Energy Supply Assessment Program (FESAP?; was initiated within the
Department of Energy (DOE), to assess the future supply capabilities of
several oil exporting countries. FESAP is conducted under the super-
vision of the Foreign Energy Supply Assessment Committee (FESAC),
consisting of representatives from the Energy Information Administration
(EIA), the Office of International Affairs, the Office of Policy and
Evaluation, and the Office of Resource Applications, DOE, and the
United States Geological Survey (USGS), Department of the Interior (DOI).

The specific objectives of FESAP are to:

1. DeVe]op projections of foreign oil and gas production
~ capacities for key producing countries based on the
analysis of current geological and engineering data.

2. Forecast long-term availability of oil and gas supplies
from key producing countries, based on analysis of the
petroleum resource base, reserves, and depletion rates.

3. Apply the ski1ls and techniques developed in achieving
the objectives of {1) and (2) above, to other foreign
energy resources.

Within the past two decades, Nigeria's Niger Delta has become a
major oil producing province and the country has become the second
largest exporter of crude oil to the United States. In late 1978, a
working group from EIA and the USGS was formed to assess Nigeria's future
crude o0il supply capability on a pilot basis. This study is the first
systematic assessment of this type conducted by the U.S. Government of a
foreign country and will serve as a prototype for other nations.

The assessment of Nigeria's future oil supply capability requires
several interdependent analytical procedures. First, the original oil
in place (00IP) and reserves in known fields are determined. These data
are used to assess the undiscovered resources as 00IP and that portion
of the OOIP that may be recoverable. These data are used to estimate
the total ultimate 0il recovery for the country from which projected
production capability schedules are determined.

It was the EIA's responsibility to estimate the proved reserves,
ultimate recovery and resource base (00IP) for known fields and develop
the maximum production capability methodology and long-term supply
capability. The USGS's task was to estimate the undiscovered oil and
gas resource base. It is the purpose of this report to present the
EIA's findings for Nigeria. '
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In this report oil supply is limited to conventional
production recoverable by drilling and secondary recovery, but
excludes enhanced oil recovery as well as other occurrences such
as shale oil and tar sands. Future discoveries and the
production from those new fields are considered in this analysis
as well as that from currently known fields. The resource
appraisal methods and results that were input to this study
were limited to the following considerations. These methods:

(1) are to be applied directly only to semi-mature or
maturely drilled producing areas,

(2) are to be applied to an area of fairly fixed
boundaries (sample size must not change radically),
and '

(3) do not allow for any radical "surprises" in
petroleum exploration or significant “improvements"
in exploration technology or economics.

In this study an analysis of production profiles is presented.
The modeling employed is limited to a simple time series approach
and is not subjected to explicit economic considerations. The
timing of future discoveries, ultimate recovery estimates, and
time profiles of production all depend on the relative economics
of drilling and related markets as well as the effects of
indigenous and foreign demand. Future, institutional, infra-
structure and behavioral factors were subjectively evaluated but
are not explicitly represented in the model.



DISCUSSION AND SUMMARY

The assessment of Nigeria's crude oil reserves, ultimate recovery
and O0IP in known fields and maximum production capability was begun in
October, 1978. Results-.obtained are discussed here in chronological
order as each task was .accomplished and a detailed explanation of the
methodology is presented in succeeding sections of. the report. Also
presented are alternate production profiles developed for the country
as well as the sensitivity of the maximum o011 production capability
model to ultimate recovery.

0i1 Reserves and Original 0il in Place

The remaining crude 0il reserves by field were estimated by EIA in
order to estimate oil recovery factors and verify the estimates of re-
maining reserves reported in the literature. The remaining crude_oil
reserves of known fields in Nigeria are estimated to be 12.3 X 102
barrs]s as of January 1, 1976. This compares favorably to the 13.0
X 107 barrels as of January 1, 1978, reported in the literature. The
00IP is calculated to be 44.2 x 107 barrels for known fields as of
January 1, 1976. The O0IP data by field were submitted to the USGS's
Resource Appraisal Group (RAG), to be used as data input in their
resource appraisal methods for undiscovered oil in place.

Resource Appraisal

RAG estimated the undiscovered oil resource (00IP) for Nigeria
by geologic analysis and basin evaluation techniques (1). These
resource estimates are reported as continuous probability distribution
curves - from less than a 5 percent probability to 100 percent
probability level. These probability levels mean that there will be
at least the associated volume of undiscovered 00IP occurring. The
remaining undiscovered o0il resources as of January 1, 1978, for
five probability levels read from the curves are:

(1) A full explanation of the techniques used to estimate the undiscov-
ered resources and the results obtained will be published by USGS.

A- 3,



“Probability Levels

Statistical

95 pct 75 pct 25 pct 5 pct mean*
Remaining at least at least at least at leas at least
undiscovered 5 X 109 1M X109 31 x109 65%10 24 X 109
00IP bb1l bbi bb1l bh1 bb]1

*Occurs at 38 percent probability level.

It should be noted that the above undiscovered resource estimates are for
the Niger Delta basin and the offshore continental shelf only,

Undiscovered Recoverable Resources

The recovery factor determined by EIA on a field-by-field basis
under current operating practice as of January 1, 1976, for known fields
(excluding potential secondary reserves) averages 34.9 percent. There-
fore, it is assumed that a recovery factor of 35 percent is applicable
to the undiscovered oil resources, thereby giving the following undiscov-
ered recoverable oil, providing, of course, all of the undiscovered
resources at the different probability levels are found,

A

Probabi]ity Levels

.. Statistical
Eﬁg?gggegred 95 pct 75 pct 25 pct’ 5 pct mean*
recoverabie at least at Teast at least at least = ‘at Jeast
0il 1.8 X109 3.9.x 109 10.9 x 109 22.8 x 109 8.4 x 109

bb1l bbl bb1l bb1l bb1

*Occurs at 38 percent probability level.

Ultimate Recovery

The ultimate recovery from known fields each year since production
began in Nigeria in 1958 were required data for the methodologies employed
in this study. These data were purchased by DOE and USGS to obtain a
consistent series of data from a single source and were found to be
reasonably accurate by making a point estimate as of January 1, 1976.

The ultimate recovery volume from known fields as of January 1, 1978, was
used (to correspond with RAG's appraisal completed as of January 1, 1978),
to calculate total ultimate recovery. Ultimate recovery from known fields
as of January 1, 1978, is 18.7 X 107 barrels, of which 6.1 X 109 barrels
has been produced. Adding the estimated undiscovered recoverable oil at

~ the different probability levels to that estimate for known fields result$
in the following estimated total ultimate oil recoveries for Nigeria.



Probability Levels

. » Statistical
95 pct 75 pct 25 pct 5 pct ‘mean*
Ultimate at Jeast  at least  at least  at least  at least
0il 20.5 X 109 22.6 X 109 29.6 X 109 41.5 X 109 27.1 X 109
recovery. bb1 bb1 ‘ bb1 bb1

*Occurs at 38 percent probability level.

Maximum 0i] Production Capabiiity

The maximum 01l productlon capability at any time is the maximum
deliverability rate assumipg that there are no political or oil market
restraints. Actual production may be far less than the possible maxi-
mum. ‘Nigerian production declined in 1975, increased in 1976 and 1977
to nearly 2.1 MM bopd and decreased to 1.9 MM bopd in 1978. These
-average production rates resulted from specific government actions
interacting with the world oil market. It is highly probable that
Nigeria could have produced more oil than it did during these years.
However, in January and February of 1979, the Government permitted an
all-time high production rate of over 2.4 MM bopd. The average daily
production -rates from 1960 through 1978 are plotted in figure 1.

The maximum production capability is projected by a mathematical
model which utilizes a modified logistic function. This production
capability is predicted to increase rapidly at first, slow with time,
peak, and then begin declining until a 1imiting exponential decline
rate is reached. This model will predict both the peak maximum produc-
- tion capability and the time of peak production, using an assumed
ultimate recovery and a limiting exponential decline rate. For this
assessment, the limiting exponential decline rate is assumed to be
10 percent per year, based on the assumption that after production
decline begins, there will be sufficient exploration success and
development-activity to maintain an oil production decline rate -that
gradually approximates 10 percent per year,. Considering the wide range
of possible values for ultimate recovery, attention is focused on the
statistical mean. value of the estimated ultimate recovery to. illustrate
the maximum production capab111ty model.

Figure 1 shows the estimated max1mum production capab1]1ty prof11e
(solid curve) for Nigeria with the ultimate recovery (27.1 X 107 barrels)
calculated using the statistical mean value of undiscovered recoverable
0il (8.4 X 109 barrels). The curve peaks in 1984 with suggested maximum
production capability of 3.3 MM bopd.
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FIGURE 1. - Sensitivity of maximum production capability profiles.
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The behavior of the model with changes in ultimate recovery is
tested by varying the mean undiscovered recoverable oil by plus and
minus thirty percent of its value. The resulting higher and lower
ultimate recoveries are 29.6 and 24.6 X 109 barrels compared to the
estimated mean value of 27.1 X 109 barrels. These changes of five
billion barrels of o0il did not result in major changes for the esti-
mated maximum production capability profile. The general result is
that, if ultimate recoveries are lower or higher than the mean, produc-
tion peaks earlier or later in time and at a Tower or higher production

rate. , '

The variation of plus or minus 30 percent of the undiscovered
recoverable 0il is used because it is a 1arge enough quantity to
adequately test the sensitivity of the maximum production capability
model and brackets the 50 percentile probability level (median
value) being 54 percent probability on the high side and 25 percent
probability on the low side.

For ultimate recoveries of 24.6, 27.1 and 29.6 X 109 barrels, the
estimated maximum production capabilities are 3.1, 3.3 and 3.5 MM bopd
respectively. The corresponding peak production years are 1983, 1984
and 1985 (the actual peak days of the three curves are separated by
less than a year). Changing the mean value of the undiscovered
recoverable 0il by plus or minus 30 percent changes the estimated
maximum production capability by plus or minus 6 percent. Therefore,
the maximum production capability profiles are not highly sensitive to
relatively large percentage changes in the mean value for undiscovered
recoverable oil.

Alternate Production Schedules

Nigeria can control its level of 0il production within limits
determined by its ultimately recoverable oil through continuing explor-
ation, state of deve]opment and the world oil market. One of the
objectives of FESAP is to estimate N1ger1a s long-term supply
capability under various conditions, i.e., how long Nigeria can
supply oil at a given level of production. For the purpose of
illustrating long-range crude oil availability, three alternate pro-
duction schedules are analyzed. These are:

Case 1 - Annual oil production increasing from the 1978 level of 1.9
MM bopd to 2.0 MM bopd in 1979, constant production of 2.0 MM
bopd to the year o0il production begins declining exponentially
at 10 percent per year.

Case 2 - Annual oil product1on increasing from the 1978 level of 1.9 MM
bopd to 2.5 MM bopd in 1979, constant production of 2.5 MM bopd
to the year o0il production beg1ns declining exponent1a11y at
10 percent per year; and



Case 3 - Annual production increasing from the 1978 level of 1.9 MM
bopd to 3.0 MM bopd in 1981, constant production of 3.0 MM
bopd to the year oil product1on begins declining exponentially
at 10 percent per year.

The 0il production for all three cases are illustrated in figure 2
_for the ultimate recovery of 27.1 billion barrels based upon the mean
value for undiscovered recoverable 0il. In the case of higher production
rates, decline begins earlier and depletion occurs quicker. For constant
production rates of 2, 2.5 and 3 MM bopd, production decline begins in
1996, 1991 and 1987, respectively. This represents a range of about 9
years (past 1987) for which some nearly constant rate of production
between 2 and 3 MM bopd could be maintained. The above cases are only
three of an infinite number of ways to schedule possiblie 0il production
up to the limit of 3.3 MM bopd, given a mean ultimate recovery of

27.1 billion barrels. '

Other values of ultimate recovery would change the predicted length
of time that any given constant production rate might be maintained.
The calculated production schedules for the five predicted ultimate
recoveries are shown in figures 3, 4 and 5 for the.case 1, 2 and 3
‘conditions, respect1ve1y (2, 2.5 and 3 MM bopd and 10 percent decline).
For case 1, shown in figure 3, the years in which product1on decline
begins-are 1987, 1991, 1996, 2000 and 2016. The increases in constant
production times are s1mp1y proportional to the predicted ultimate
recovery for a given constant production rate. The 29-year range in
time to nroduction decline reflects the large differences in estimated
ultimate recovery associated with the probability levels of 5-and 95
percent. The range in time to production decline drops to 23 and 19
years for the higher constant production.rates of 2.5 and 3 MM bopd as
shown in figures 4 and 5. This results from producing a given amount
of 0i1 at a faster rate. Note in figure 5, if Nigeria should have only
'20.5 billion barrels of ultimate recovery, a production rate of 3 MM bopd
could not be maintained for a full year. .

Each of the curves in figures 3, 4 and 5 result from assuming a
particular ultimate recovery which corresponds to a given probability
level for the assessment of remaining undiscovered oil in place. - For
example, in figure 3, curve 1 corresponds to a 95 percent probability
that there will be at least 5 billion barrels of undiscovered oil in
place, 1.8 billion barrels of undiscovered recoverable oil (assuming a
35 percent recovery factor) for a total of 20.5 billion barrels of
ultimate recovery. From these estimates it is highly probable that a
constant production rate of 2 MM bopd could be maintained at least until
1987 under the assumed conditions. Similarly, it is unlikely that a con-
stant production rate of 2 MM bopd could be maintained past the year 2016,
since there is only 1 chance in 20 that the ultimate oil recovery will
exceed the 41.5 billion barrels predicted at the 5 percent probability

Tevel (curve 5).
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FIGURE 2. - Historical and projected production profiles based upon the mean ultimate recovery.
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This study presents a broad spectrum of possible alternate
production schedules. For example, Nigeria may be able to produce .
2.5 MM bopd into the early 1980's, with a 5 percent probability of ‘
producing that. amount beyond the year 2000, as depicted in figure 4.

It would be reasonable to assume that the-actual time of constant
production at the 2.5 MM bopd level might be bracketed by the curves
corresponding to the 75 and 25 percent probability values for Nigeria
in curves 2-and 4 in figure 4. The range in time to production decline
for curves 2 and 4 is 7 years compared to 23 years for curves 1 and 5,
corresponding to the 95 and 5 percent probability levels.

The estimated oil production by five-year intervals, the year o0il
production decline begins, and the year that the cumulative o0il produc-
tion equals, 95 percent of predicted ultimate recovery under the three
production schedules for the five probability values of estimated
ultimate recovery are shown in table 1.

TABLE 1. - Alternate Production Schedules for Nigeria

CASE 1 (2 MM bopd)

_ : (Figure 3)

Probability Million Barrels of.0il Per Day ~ Year Year
levels, YEAR ‘ decline 95 pct
percent 1980 1985 1990 1995 2000 begins _ depleted
95 2.00 2.00 1.51 0.92 0.56 1987 2007
75 2.00 2.00 1.84 1.23 0.75 1991 2009
38 (Mean) 2.00 2.00 2.00 2.00 1.38 1996 2013 -
Z5 2.00 2.00 2.00 2.00 1.86 2000 2016
5 2.00 - 2.00 2.00 2.00 2.00 2016 2029

CASE II (2.5 MM bopd)

~ (Figure 4)
95 2.50 2.14 1.30 0.79 0.48 1983 | 2005
75 2.50 2.50 1.65 1.00 0.61 1986 2007
38 (Mean) 2.50 2.50 2.50 1.63 0.99 1991 2010
25 2.50 2.50 2.50 2.15 1.31 1993 2012

5 2.50 2.50 2.50 - 2.50 2.50 2006 2021

CASE III (3.0 MM bopd)

(Figure 5)

95 2.90 2.10 1.28 0.77 0.47 1981 2005
75 2.90 2.44 1.48 0.90 0.54 1983 2006
38 (Mean) 2.90 3.00 2.23 1.35 0.82 1987 2008
.25 2.90 3.00 2.81 " 1.70 1.03 1989 - 2009
5 2.90 3.00 3.00 3.00 2.98 2000 2017
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CONCLUDING STATEMENT

It is concluded that enough basic technological information is
available to assess the supply capability of many of the 0il exporting
nations. Therefore, it is recommended that the Foreign Energy Supply
Assessment Program be continued in order to assess the world oil
resource base and production capability. Because of the energy situ-
ation in the United States, it is extremely important to know the
potential sources of crude oil and its future availability in the
world market. '

METHODOLOGY

The EIA's responsibility is to estimate the ultimate recovery,
remaining reserves, -and resource base for known fields. It is also
EIA's responsibility to formulate methods for predicting maximum produc-
tive capability and for estimating the long-term supply capability of
the country. Background information on methods used in estimating
reserves, ultimate recovery, and 00IP is presented, as well as the pro-
cedures used in estimating these quantities for Nigeria. Also, a
detailed discussion of the methods for predicting production capability
are presented in the remainder of the report.

Background Information

Normally, OOIP, the ultimate recoverable production, and the re-
.serv:.5 as of a specific date for a known field or reservoir are determined
by one of the four following methods:

e Volumetric,

e material balance,
e performance, and
e nominal.

The volumetric estimate is commonly used during the early life of the
reservoir. The material balance procedure requires considerable time,
effort, and expense on the part of the engineers involved, The perform-
ance estimate generally consists of the extrapolation of a production rate
versus time or cumulative production plot. A nominal estimate is gene-
rally a judgmental estimate used when data essential for more reliable
estimates are unavailable. In addition to these four types of estimating
procedures, such methods as reservoir modeling to duplicate past history
and predict future reservoir behavior are often undertaken.
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The volumetric method of calculating resources and reserves is used
in a newly discovered reservoir, and/or where little is known about the
reservoir's production capabilities, and when the reservoir is not yet
declining in its production rate. The volumetric method can also be used
on a field basis where there are numerous reservoirs in the field, and the
reservoir data have been volumetrically weighted or averaged.

The material balance and reservoir modeling methods of estimating
resources and reserves are preferred by petroleum reservoir engineers.
However, both methods require extensive knowledge of well production
and pressure histories, and these are rarely available outside of indi-
vidual company files.

The performance method or decline curve analysis works best on
individual reservoirs where production is declining and the reservoirs
are not prorated. In other words, all wells completed in the reservoirs
should be producing at full potential or maximum efficient rate and the
production is declining. If all wells are not producing at unrestricted
rates, then the method is used for individual wells that are producing
at unrestricted rates and declining in production. One further condition
to the use of this method is that the reservoir should not be under the
influence of an active water drive.

The nominal method is largely a best guess based on a judgmental
factor or, more appropriately, should be called a cursory estimate. If
a field's recovery is known and nearby fields have similar characteristics,
then the known recovery per well can be applied to these fields. Another
type of nominal estimate uses production-to-reserve ratios.

0i1 Recovery Estimating Procedures for Nigeria

The estimates of crude o0il recovery from the 169 known fields in Nigeria
were made by a volumetric or nominal method. In some cases, volumetric cal-
culations were made using published or estimated parameters in an attempt
to verify the ultimate recovery reported in the literature for specific
fields. Also, 0il recovery for some fields that were not reported in the
literature were calculated by the volumetric method when an acceptable amount
of data were available. The volumetric calculations give the 00IP which, in
turn, is multiplied by an estimated recovery factor to get ultimate recovery
These calculations resulted in acceptable estimates of oil recovery for 62
fields. These fields contain the bulk of the o0il recovery estimated for
known fields in Nigeria. However, the recovery estimates for these 62 fields
should be considered cursory estimates based on engineering judgment rather
than precise engineering calculations because much of the data utilized was
estimated from limited information.

For the remaining 107 fields, 0il recovery was estimated by nominal
methods. The first of these methods utilized analogous known fields. The
known reservoir and fluid characteristics of the remaining fields were
compared to those of the 62 fields mentioned above. The 0il recovery per
well in 34 matching fields was used as an analogue for estimating the oil
recovery per well. This analogue for o0il recovery per well was applied to
the set of 34 fields to estimate the 0il recovery per field.
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A second nominal method consisted of averaging the oil recovery per
well from the known 62 fields and applying that oil recovery per well to
wells in the remaining 73 fields.

0il Reserves and Original 0il in Place

The procedures for estimating total oil recovery per well provided
the necessary data for determining the remaining o0il reserves and 00IP
for each field. Remaining reserves were calculated by subtracting cumu-
lative 01l production from ultimate 0il recovery under current operating
practice. Remaining reserves were estimated for a total of 169 fields.
This is more than are reported to be productive for the country because
some field discoveries are shut-in, pending pipeline connection and further
development. However, these unreported fields have existing reserves for
known wells as long as the wells are not plugged and abandoned. The total
remaining crude o0il reserves for existing wells in Nigeria as of January 1,
1976, is estimated to be 11.3 billion barrels under the current operating
practices. A

Original oil in place is calculated to be 44.2 billion barrels by
dividing ultimate o0il recovery by a recovery factor for those fields where
a volumetric estimate was not made. A recovery factor is estimated by EIA
engineers on an individual field basis and averages 34.9 percent.

Potentiai 0i1 Reserves From Secondary Recovery

Secondary recovery does not appear to be a major contributing factor
to the potential recovery in this country. Most of the published data indi-
cate’ that the fields are under very active water drives (encroaching edge
or bottom water), and therefore are not likely candidates for secondary
recovery. A cursory estimate of conventional secondary recovery potential
indicates about 1 billion barrels of eventual secondary oil production.
Thereiure, the total proved and potential oil reserves from known fields
are estimated to be 12.3 billion barrels.

The secondary recovery potential-estimating procedure consisted of
jdentiiying those fields that were under gas expansion drive or when the
drive mechanism was not known. Utilizing a rule of thumb, that the volume
of seccndary 0il recovery will equal the volume of primary oil recovery in
successful projects results in an estimated 1.97 billion barrels of poten-
tial secondary recovery oil. However, as stated, the drive mechanism in
some of the fields was not known and not all prOJects would necessarily be
successful. Therefore, the subjective estimate was reduced by approximately
one-half, resulting in a total of 1 billion barrels for potent1a] secondary

oil recovery.



The reader may question the logic of the fbrego1ng when consideration
is given to the reinjection of solution gas, which is currently being
flared, back into the large, associated gas caps. However, reinjection
of gas into very active water drive fields is more of a gas conservation
effort than it is a secondary recovery effort unless one is trying to hold
the oil-water contact constant. This practice can also be a highly
efficient 0il recovery method (providing two sweeps through the reservoir
- are made, one being displacement with gas and the other being displacement
with water) but could result in a loss of a large portion of the gas in
the blowdown stage. Therefore, the reinjection of solution gas is not
- considered in the est1mat1ng procedure even though the practice could
result in an increase in oil recovery. If reinjection were considered,
detailed digital or numeric modeling would be required to make estimates
of the best method of recovery and quantify the potential secondary oil,
and the data needed are not available. Current plans in Nigeria are for
the liquifaction of the gas being flared and its sale as LNG.

Data Sources and Reserves Comparison

The data in this study came from various sources such as the AAPG
Bulletins, International Petroleum Encyclopedia, World 0il, 0il and Gas
Journal, Journal of Petroleum Technology, Twentieth Century Petroleum
Statistics, Petroconsultants Giant Field Files and others. These data
are limited for Nigeria, and some are suspect. Discussion with certain
staff of private concerns resulted in a further effort by them to obtain
additional data needed.

There is very close agreement in published figures regarding Nigeria's
proved reserves. It is believed, however, that this may be largely a
matter of sources quoting from each other rather than independent esti-
mates. Some of the higher estimates (in the range of 18-20 billion
barrels as of January 1, 1978) are believed to be estimates of ultimate
recovery. If one subtracts Nigeria's cumulative production of 6.11
billion barrels to January 1, 1978, from the lower limit of these estimates,
it would leave 12.0 billion barrels of remaining reserves which is in close
agreement to the range of 12.0 to 13.0 billion barrels reported by other
sources. Also, EIA's estimated 12.3 billion barrels agrees with these

estimates.

Current industry estimates c1ted in the literatyre with respect to
natural gas reserves are in the range of 43 (2) to 52 (3) trillion cubic
feet. - At the onset of this study, it was anticipated that the reserves
of natural gas could also be estimated by EIA, as well as the oil reserves.
However, the data necessary for such estimates were more 1imited than those
for 0il. Therefore, natural gas reserves were not est1mated by EIA.

(2) International Petro]eum Encyclopedia, The Petroleum Publishing Co.,

1978, p. 270.
(3) Twent1eth Century Petroleum Statistics, DeGo1yer and MacNaughton,
1978, p. 16. ,
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Nevertheless, it is believed that large quantities of natural gas liquids
and liquified natural gas as well as condensate could be produced in the

country for export or internal consumption when and if natural gas liqui-
faction plants are installed.

Range of Possible Production Capability Profiles

The method used to develop possible supply patterns of Nigerian crude
0il is based on the works of Dr. M. King Hubbert (4), and relies heavily
on logistic curves, cumulative proved discovery data, and cumulative pro-
duction data. The two data series used in this analysis were purchased
from Petroconsultants SA, Geneva, Switzerland. (Note: Mention of the
data source does not in any way imply endorsement of that firm by the
EIA nor does it guarantee the accuracy of said data.) The data are also
protected by contract with the U.S. Government and by copyright laws for
the company.

From annual production (AQ ), the cumulative production (Qp), can be

calculated and used in the fo]]gwing equation:

where QD = cuwmulative discoveries, and
Q, = remaining reserves at the end of any given year.

Therefore. transposing:
QD - Qr + Qp.

That is, tre cumulative proved discovery of oil as of any given year is
equal to the remaining proved reserves at the end of that year plus the
cumulative production at the end of that year. Delta g, (AQ,), is the
amount of ¢i1 discovered in a given year (rate of chang@ ofPcumulative
discovery) and AQ, (rate of change of cumulative production), is the
amount of oil production in any given year when AgQ, and qu are calculated-
on an annual basis. Delta @ (AQ ), is the rate o? change” in the remain-
ing reserves per year. -WhenrQr rPaches a maximum, de /dt (the instantan-
eous rate of change in remaining reserves) is equal t0 zero. At this
time, dQD/dt (the instantaneous rate of change in proved discovery) is
equal to”’dq /dt (the instantaneous rate of change in cumulative produc-
tion). Thu¥, the derivatives can be written as:

when dQ /dt = 0, then de/dt = dqy/dt.

(4) Hubbert, M. K. U.S. Energy Resources, A Review as of 1972, Serial
No. 93-40 (92-75), Part I, 1974, 267 pp. U.S. Government Printing
0ffice, Washington, D.C.
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Hubbert was very careful in his report prepared for the Committee
on Interior and Insular Affairs (4), to specifically state that "the
curve of annualkproduct1on for any given fossil fuel, whether for a
local geographical region or for the whole world, must have the follow-
1ng characteristics: Such a curve must begIn at zero. It must then
rise until ‘it reaches one or more maxima. Then, inevitably, as the
.quantity of the resource in the specified region either approaches
exhaustion or becomes prohibitively.difficult to discover and extract
from the earth, the curve of annual production must eventually decline
to zero." He a]so indicates that for larger regions, such as the
United States, that the local fluctuations would tend to cancel each
other and the combined production statistics are far more likely to~
give a single cycle having but one principal maximum. The functional
form he selected to describe the cumulative discovery curve for the
United States is the ]og1st1c equation. Using this functional form,
Hubbert writes:

=9,/ /(1+ ae‘_s(t - to)),

where Q = cumulative proved discoveries,
| Qo = ultimate recovery,
a = a constant,

B = a constant,
(t - -to) denotes the time after some reference period t, and -

e denotes the base of the Naperian logarithms,

The choice of this function for @, implies that the growth and decay
of the discovery rate is symmetrical apbout a given point in time.

Hubbert assumes that the cumulative production curve, , roughly
takes the same path as the cumulatlve discovery curve, QD, 1ggged by an
approximate time interval,

Hubbert's method of estimating the parameters used in the logistic
equation was never published by him using formal statistical methods.

(4) Work cited on pg. 18.
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However, Noel D. Uri, of EIA, in a recent publication, (5), has suggested
a procedure for estimating these parameters. The same type of procedure
as used in Uri's publication was employed to estimate the parameters for
the Togistic curves developed and presented herein. The procedure used
by Uri is known as the full information maximum 1ikelihood (FIML) method
_of TSP version 3.1 (6), and is obtainable on the EIA computer. However,
the production capability schedule herein was determined by an important
modification in this method in that @,,, in the logistic equation was
estimated independently by EIA from an estimate of the undiscovered O0IP
prepared under the International Resource Appraisal Program of the USGS.

Viewing @,,,. (ultimate recovery) as an externally determined param-
eter has several effects as follows: The parameters calculated to fit

the logistic curves to result in the externally estimated Q,,,. are
different than what they would be by letting @,,. be a variable. This
results in the logistic curves being forced upward or downward (which-
ever the case may be; in this case, upward), to reach the constant Q.-
This is essentially what Hubbert did when he set g,,.. at 170 X 109 barrels
for the United States (4). The cumulative production curve is also forced
in the same direction as the cumulative discovery curve resulting in
higher or lower production scheduling. Delta ¢, the time lag between
cumulative production and cumulative discoveries is either shortened or
lengthened, depending upon how much larger or smaller @,,, is set above

or below the value of Qpg, One would normally calculate, keeping @np,, as

a parameter to be determined.

As previously stated, considering the extreme range of values, the
mean ultimate 0il recovery was selected for illustrative purposes to
estimate the maximum production capability profile and illustrate the
techniques used. In these techniques, the parameters « and B described
earlier were calculated with @max S€t as a constant 27.1 X 109 barrels.
Thus, the cumulative discovery curve, @p, and cumulative production
curve, @,, were calculated using the logistic equation and also with a
modifiedpversion of the logistic equation.

(4) Work cited on pg. 18,

(5) Uri, Noel D. A Re-Examination of Undiscovered OilhResources in the
United States. December, 1978, 16 pp., U.S. Department of Energy,
Energy Information Administration, Washington, D.C.

(6) Hall, Bronwyn H. TSP, Time Series Processor (Version 3.1), Energy
Laboratory, No. MIT-EL 76-002 P, Report submitted to the Federal
Energy Administration under FEA Contract No. C0-03-60411-00,
January, 1976.
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A Fortran program was written that computes the path of the logistic
curves. With that program the delta cumulatiye production, AQ,, (defined
herein as the annual capability to produce), was calculated annually to a
point in the future where @ would be obtained, This represents the
capability to produce annua???-out to a 100 percent depletion level.

That is, the capability to produce at annual rates equivalent to AQp;
through AQ,,, to 100 percent depletion proyiding there were no political
restraints and there is a market for the oil.

Production Capability Schedule - Standard Logistic Equation

When using the standard logistic function to estimate cumulative
discoveries for the U.S., it is assumed that the cumulative discovery
rate and the cumulative production rate will decline at some breakover
point in time. Also, the derivative of the logistic curves are symmetri-
cal about that point in time.

Figure 6 is derived from the logistic equation predicting discovery
rates and cumulative production rates. The results shown suggest that
Nigeria might have the capability to produce at an unrestricted rate of
‘about 3.8 million barrels per calendar day in its peak year which occurs
in 1982, and also suggests that the annual decline rate after peak cap-
ability is attained would exceed 20 percent if the oilfields were produced
at this unrestricted rate. EIA engineers do not consider this case to be
reasonable because an exploration and development program will most likely
continue for a long time into the future, thereby reducing the rate of
producticn decline.

It wouid seem more reasonable to shift the calculated curve shown in
figure 6 s¢ it intercepts the last known data point in 1977. This can be
done simply iy setting the quantity, -g(¢ - tog in the equation equal to
-B[(t) - (¢, + 3)]. However, all this accomplishes is to shift the peak
unrestricted daily rate of 3.8 million barrels to the year 1985. While
the peak production rate seems to be more reasonable for this point in
time, the decline rate after this peak rate again does not seem feasible.
Nigeria was nroducing about 6 percent of its proved reserves during 1977
and slightly more than 6 percent during the highest output year of 1974.
Assuming that Nigeria could produce 10 percent of their reserves results
in an unrestricted productive capability of 3.45 MM bopd which is less
than the calculated peak production rate using the standard logistic
function. It is certain, however, that the country could have produced
more than the average actual output of about 2.1 MM bopd during 1977.
Just how much more is conjectural and would have been limited.because of
surface facility restrictions. The Central Intelligence Agency reports
a sustainable producing capacity of 2.4 MM bopd which is about 90 to 95
percent of installed equipment capacity as of June 1979.
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Specific government action may have slowed the growth of proved
reserves in the latter half of the 1970's. Because of a lack of market,
the Nigerian government curtailed production and this action may have
slowed the drilling effort. However, by early 1979, the government.
permitted production slightly above 2.4 MM bopd which is Nigeria's all-
time high. Whether or not this action will result in higher exploratory
activity by industry is not certain.

- It is believed that most of the undiscovered oil resources of the
country will probably be found in the near offshore province of the
Niger Delta. These resources probably will not be developed as fast as
those in the onshore prolific belt. This is due to definite long-term
time lags involved from discovery to production. Platforms have to be
ordered, built and placed on location before developmental drilling can
begin. Pipelines have to be built also before production commences.
Furthermore, the undiscovered commercial oilfields offshore may not be
as numerous as those discovered onshore. As one progresses south of the
prolific belt to the coast, the geologic structures seem to become
more "gas prone." However, there may be as many structures offshore as
onshore and the second largest oilfield in Nigeria (Nembe Creek) is south
of the prolific belt.

- Because the method employed by Hubbert for the United States assumes
that the production and reserves are discovered at the same rate in the
future as that of the past results in what is believed to be too rapid
a decline in production for Nigeria, some adjustments must be made. This
is because it is believed that while the country's Niger Delta is in the
mature stage of exploration and development and the discovery rate will
slow down as it has in other mature areas, it nevertheless will be enough
to reduce the rate of production decline. Therefore, EIA engineers believe
based on their knowledge of the geology of the offshore area and the fore-
going discussion, that the rate of discovery offshore will be much slower
than it was onshore in the past but it will be enough to reduce the rate.
of production decline. Hence, a method was devised to decelerate the
logistic curves after peak production capability is attained.

Production Capability Schedule - Modified Logistic Equation

As previously noted, M. King Hubbert's method of prediction for the
United States is based on a symmetrical mathematical function which is
the derivative of the s-curve (logistic curve) thought to be represent-
ative of the cumulative discovery function in a closed system. However,
one must consider the fact that Hubbert's representation was proposed for
the U.S. industry experience which was developed over a period of approxi-
mately 100 years and covers many provinces, whereas Nigeria is only one
province. Also, one must consider when applying such an analytical
approach to other producing nations, the time frame in which these
nations were developed. Technology and the state of the art of optimum

exploration and development were being formulated during U.S. history.
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Technology, for all practical purposes, had been developed and existed
as a reality as far as nations with recent 0il development are concerned.
Therefore, it does not seem unreasonable that the method could describe
the United States very well but would fall short in description of other
nations that have been developed in recent years. This is especially
relevant when one considers the speed with which these countries are
developed and the fact that the best structures are identified using

- modern technology and tested in a very short time after exploration
begins. The question, therefore, is "are there better ways to mathe-
matically describe the s-curve discovery and production functions for
younger developing nations?"

It is believed that the time rate of change of Nigerian cumulative
discovery and of cumulative production are not symmetrical functions,
i.e., reserves found in any year will be discovered very rapidly at
first and then begin to diminish on a per-well-or-footage basis, as
well as slow down with time. In Nigeria, the net effect of this assump-
tion is that annual production will increase rapidly during the first
decade plus, rise to a peak, and then decline with time more slowly than
it rose.

It is assumed that there will be sufficient exploration success
ar.d development activity to maintain an oil production decline rate that
gradually approximates 10 percent per year. Of course, the exponential
decline rate can be varied, but setting it at about 10 percent seems
reasonable. Therefore, for this analysis, the EIA has made the follow-
ing. 2ssumptions: '

1. The annual discovery function is not symmetrical with time;
2. The largest decline rate that will be experienced is fixed
after peak production capability is attained and equal to
B3 and

Qnqr 15 @n externally determined constant.

The modified form of the logistic function chosen to incorporate
these assumptions is: -

3.

ap = %3 + Qo ~ a3) R
B -t “B,( — £

1+ aze 1+ a2e

ultimate recovery,

I

where Qm
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a, = a constant,

1
a, = a constant,
a; =a eonstant,
81 = a constant,
BZ = a constant (10 percent),

(t

to) denotes the time after some reference pertiod,
s and e denotes the base of the Naperian logarithms.

This function is a sum of two logistic functions. The derivative
of the first function increases rapidly, peaks sharply, and declines
rapidly. The second function increases more slowly, peaks later, begins
declining more gently, and eventually declines at a rate of 10 percent
per year. The derivative of the sum of the two curves increases rapidly,
peaks at a lower rate than the rate obtained from the derivative of the
standard logistic function and declines exponentially at a rate approxi-
mating 10 percent.

Delta t (at), is the time between the last year's cumulative produc-
tion and its corresponding cumulative discovery point on the discovery
curve. The annual production capability curve, dQ,/dt, for projection
purposes is an exact replica of the cumulative d1s€overy rate curve,
dQp/dt, but it lags by At. It is understood that the production cap-
ability curve will not be identical in shape to the cumulative discovery
rate curve but it should roughly approximate it, nor would it be expected
that At would remain constant in the future. The results obtained using
the foregoing function are shown in figure 6 and labeled the modified
logistic -curve.

Figure 6 suggests that the maximum rate of production that could be
obtained is 3.3 MM bopd, which would occur in the year 1984 if all
production constraints are removed. However, it is pointed out that
there are current equipment constraints as well as other infrastructure
constraints on the production rates in Nigeria. It is speculative as
to what level the Nigerian government will allow production to climb as
is the rate at which industry can increase production.
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Alternate Production Schedules

The purpose of this section is to ascertain what Nigeria's long and
short term supply capability is, i.e., how long Nigeria can supply oil
at a given level. In order to make this determination, certain assump-
tions are necessary. Possible annual production levels can be assumed
at any point up to an approximate peak level of 3.3 MM bopd from the
modified logistic curve shown in figure 6. The basic problem is to
determine when, at a constant oil production rate, decline will begin.
This depends upon cumulative production, the selected production rate
in ensuing years, the decline rate that would occur when production
decline starts, and ultimate recovery. The only value that is known
with reasonable certainty is the cumulative production. The ultimate
recovery is estimated by multiplying the recovery factor by the mean
value of the undiscovered 00IP, as estimated by the U.S. Geological
Survey, and adding that value to total estimated ultimate recovery as
of January 1, 1978, for known fields. For example, the resultant value
is. 27.1 billion barrels for the mean ultimate recovery. The decline rate
of 10 percent is also estimated as previously discussed.

To determine when 0i1 production decline will begin at any given
production level is a simple mathematical exercise, considering the
assumptions made as three of the four required variables are known or
estimated. These are: (1) the cumulative oil production of 6.11 X ]09
barrels as of January 1, 1978; (2) the annual oil production decline rate
of 10 percent; and (3) the mean ultimate 0il recovery of 27.1 X 109
barrels as of January 1, 1978. One need only assume a constant annual
production level equal to or below the peak level of 3.3 MM bopd as
shown in figure 6, calculate the production during decline to near-
zero production level, add the cumulative production to the production -
during decline, subtract this sum from ultimate recovery, and divide the
remaining ultimate recovery by the assumed constant production to obtain
the number of years the constant annual production might be maintained.
This procedure assumes that exploration and development would continue
at a reasonable rate. The results obtained using the method described
above are .illustrated in the summary in figure 2. Also, the results
obtained using the five different ultimate recoveries are shown in table 1
in the summary. :
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Introduction

Cretaceous—age and younger sedimentary rocks make up about half the
surface area of Nigeria. The remaining half is made up of igneous and
metamorphic rocks, which are unprospective for oil and gas. The greatest
thickness of sedimentary rocks is in the southern part of Nigeria in the
Niger Delta. The area of the Niger Delta is approximately the same size
as the area of the Mississippi River Delta; however the oil and gas
productive area of the Miocene, Pliocene, and Pleistocene trends of the
Mississippi River Delta is considerably larger than the productive trends
of the Niger Delta. Three major hydrocarbon trends are found in southern
Nigeria, and these are from oldest to youngest: (1) lower Turonian and
Senonian to lower Maestrichtian sandstomes; (2) Maestrichtian bituminous
sands; and (3) Eocene to Pleistocene sands (Fige. 1). Initial oil and gas
exploration was concentrated in the Cretaceous trend north of the present
Niger Delta; however, all current production is from Tertiary deltaic
sands on which this paper will focus.

Evolution of the Niger Delta Basin

Evolution of the Niger Delta sedimentary basin began in Early
Cretaceous time (Aptian and Albian) when the Benue—Abakoliki Trough
originated as an arm of the triple-junction rift-ridge system that
initiated the separation of South America from Africa (Fig. 2). The
Benue—Abakoliki Trough was flanked by the Anambra Platform on the northwest
and the Ikpe Platform/Oban Massif on the east-southeast. The trough was
filled by more than 10,000 feet of sediments of Albian to Coniacian Age
(Weber and Daukoru, 1975). During the Santonian, the Benue—Abakoliki
Trough was uplifted to form the Abakoliki High/Benue folded belt, and the
Anambra Platform was downwarped to form the Anambra Basin (Murat, 1970).
Existing from the Campanian to the Paleocene were the large Anambra Basin
and two smaller basins-—the Ofikpo Syncline and the Ikang Trough. Within
the Anambra Basin was the Onitsha High, possibly formed by block faulting
and tilting (Weber and Daukoru, 1975)--a tectonic style common to rifted
continental margins. The formation of protodeltas, which started in the
Cretaceous, was terminated by a major marine transgression in the Paleocene.
The formation of the present Niger Delta began with a major regression in
middle Eocene time. The great thickness of sediments that produce oil
and gas in the Niger Delta Basin was deposited between Eocene and Holocene
time (Fig. 3) (Weber and Daukoru, 1975).
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Regional Stratigraphy and Reservoir Rocks

The following discussion on stratigraphy, taken mainly from Short
and Stduble (1967) and Fridnkel and Cordry (1967), is limited to the
present (Eocene to Holocene) Niger Delta Basin. Beginning in the
Tertiary, the sea transgressed the whole of southern Nigeria, termi-
nating the development of Cretaceous protodeltas. As a result of this
major transgression, the Imo Shale was deposited in an embayment with
an axis roughly coinciding with the modern lower Niger River. The
Imo Shale, deposited in neritic to bathyal environments, ranges in age
from Paleocene to middle Eocene and is composed of shales with local
interbeds of limestones, sandstones, and marls. Lateral arenaceous
equivalents of the Imo are known in Eastern Nigeria.

After deposition of the transgressive Imo Shale, the bulk of
Eocene to Holocene sediments that make up the thick wedge of sediments
from which oil and gas are produced in the modern Niger Delta Basin
(Fig. 4) were deposited during a major regression. Avbovbo and Ogbe
(1978) estimated that approximately 28,000 feet of Tertiary sediments
was deposited in the Niger Delta Basin. The thick wedge of Tertiary
sediments has been divided into three diachronous (time transgressive)
rock-stratigraphic formations: Akata Formation, Agbada Formation,
and Benin Formation (Fig. 5).

The basal unit, the Akata Formation, is composed primarily of marine
shales laid down in front of the advancing delta, and ranges in age from
Eocene to Holocene. The benthonic foraminiferal assemblages indicate
deposition of the prodelta shales on a shallow-marine shelf. The Akata
Formation is characterized by uniform shale development with some sand
and silt beds that were deposited in a deeper water environment (Weber
and Daukoru, 1975). Little is known about the distribution and frequency
of occurrence of these deep-water sands, because thick sections of shale,
generally abnormally pressured, have to be drilled before the sands are
founds These relatively unexplored sands could be important hydrocarbon
reservoirs in the future. The Akata Formation underlies the whole Niger
Delta and seems to be continuous but diachronous with the outcropping Imo
Shale. The Akata Formation is penetrated in most of the onshore fields
between 12,000 and 18,000 feet and in most of the offshore fields between
5,000 and 10,000 feet. For all practical purposes, the top of the Akata
Formation (Fig. 6a) represents economic basement, with the possible
exception of isolated deep-water sands mentioned above.

The Akata Formation is overlain by the Agbada Formation, which
contains the primary exploratory objective/reservoir rocks of the
Niger Delta. The Agbada Formation is more than 12,000 feet thick in the
central part of the delta and ranges in age from Eocene far inland to
Plio-Pleistocene offshore (Fig. 6b). The Agbada Formation, built from
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numerous deltaic offlap cyclic sequences of marine and fluvial deposits,
is present throughout the whole Niger Delta subsurface., Each deposi-
tional cycle ranges in thickness from 50 to 300 feet and, in ascending
order, generally consists of a thin fossiliferous transgressive marine
sand and an offlap sequence of marine shale and laminated fluviomarine
sediments (Weber, 1971). This cyclic sequence of reservoir rock deposi-
tion explains the multireservoirs of most of the Nigerian oil and gas
fields. 1In general, the upper part of the total Agbada section is
intercalated sands (about 75 percent) and shales (about 25 percent).

The lower part of the total section, which probably accounts for the
bulk of the hydrocarbon reserves, is about 50 percent sand and 50 percent
shale, The sandstones, which make up the reservoir rocks, are very
coarse to very fine grained, slightly consolidated, feldspathic, fairly
clean, and locally calcareous, glauconitic, and shelly. Sorting generally
is poor. The shales are medium to dark gray, fairly hard and silty, and
contain mainly kaolinite (75 percent) and small amounts of mixed layers
of illite and montmorillonite (Avbovbo and Ogbe, 1978). These inter-
calated shales make up the vertical seals in the fields of the Niger
Delta. In fact, the production takes place where it does because these
transgressive shales act as vertical seals to the migration of hydro—
carbons—-the shalier than normal intervals are productive, and the
sandier than normal intervals are nonproductive (Dailly, 1976).

Most of the reservoir rocks of the Nigerian fields are present in
the Agbada Formation and are of excellent quality; porosities are
between 28 and 32 percent and permeabilitites in the darcys (Habarta,
1970). The offshore Okan field has permeabilities as high as 5 darcys.
The reservoir rock quality and geometry is strongly dependent on the
depositional environment. For example, the pre-Miocene reservoir rocks
were deposited as widespread continuous sands, point bars, and channel
sands, whereas the Miocene to Holocene reservoir rocks were probably
deposited as barrier bars less than 36 feet thick (Weber and Daukoru,
1975; Weber, 1971). The pre~Miocene delta was probably more lobate in
shape, owing to the smaller influence of longshore currents, than the
Miocene to Holocene delta, which was strongly influenced by the prevail-
ing south-westerly winds and the regular pattern of longshore currents.
This difference in current pattern could explain the difference in
depositional environment. The multireservoirs in many of the fields
are made up of superimposed reservoir rocks that were deposited in the
same or different sedimentary environments. This adds to the complexity
of the reservoir-rock system of most of the Nigerian fields.

The uppermost unit, the Benin Formation, is mainly freshwater-
bearing massive continental sands and gravels deposited in an upper
deltaic-plain enviromment with only local shale interbeddings (Fig. 7a).
The Benin Formation is as much as 6,000 ft thick; the area of maximum
thickness is coincident with that of the Agbada Formation (Fig. 7b).
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The highest occurrence of marine foraminifera separates the Benin Forma-
tion from the underlying Agbada Formation (Short and Stauble, 1967, and
Avbovbo and Ogbe, 1978)., The sands and gravels of the Benin Formation
may represent point—bar deposits, braided streams, channel fills, or
‘natural levees, whereas the shales may be interpreted as backswamp
deposits and oxbow fills. The sands and sandstones are coarse grained to
very fine grained, very poorly sorted, subangular to well rounded, and

do not show lateral continuity. The porosity of the sands is high, but
the permeability is low. The few shales that are present are grayish
brown, sandy to silty, and contain some plant remains and lignite. 1In
the subsurface, the Benin Formation is Oligocene in the north and
Holocene near the coastline. Although the continental Benin Formation

is generally freshwater bearing, highly porous, and has very few seals,

a few fields, both onshore and offshore, produce from continental
reservoirs. Figure 8 is a regional east-west stratigraphic cross section
through the Niger Delta showing the Akata, Agbada and Benin Formations.

Regional Structure and Petroleum Traps

The Niger Delta has produced hydrocarbons from lower Turonian to,
probably, Pleistocene—age rocks. However, virtually all the current
Nigerian production comes from Tertiary—age rocks in the Niger Delta.
The o0il and gas production from the Niger Delta is typical of Tertiary
deltaic production such as that from the U.S. Gulf Coast. Seventy—seven
percent of the proven oil reserves has been discovered in a narrow
arcuate trend that cuts across the depositional and structural trends
of the delta from the offshore western flank of the Niger Delta to its
offshore southwestern flank (Fig. 9) (Avbovbo and Ogbe, 1978). The
fields north and south of this prolific arcuate productive trend account
for only 8 percent and 15 percent of the reserves, respectively (Avbovbo
and Ogbe, 1978), Like that of the Gulf Coast, the age of the production
decreases in a seaward direction (Fig. 10). The fields located in the
prolific arcuate trend produce from rocks of Miocene to Pliocene age.

These productive trends, like those of the Gulf Coast, are delin-
eated by large regional growth faults, or a series of closely spaced
en echelon growth faults (Fig. 11). The throw of these major regional
growth faults is probably greater than 2,500 feet. The fault trends are
parallel to the paleoshorelines and shelf edge. Because growth faults
are syndepositional, their age decreases toward the present-day shore-
line. The wajor regional growth faults that bound the productive trends
updip "expand" the thickness of the downthrown time—equivalent section
that produces within that trend.

Most of the traps in the Niger Delta are anticlines produced by
differential compaction and rollover of strata on the downthrown block
of regional growth faults. The fault generally does not provide the
updip lateral seal but only the mechanism for trapping. Gentle undula-
tions of the regional structural dip along the axis of the downthrown
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Tertiary depocenters (productive trends ?) of the Niger Delta

Figure 10.
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anticlines provide closure in directions parallel to the fault. The
large fields are on rollover anticlines immediately downthrown to the
large regional growth faults. Many "pure" fault traps are also present
on both upthrown and downthrown blocks. These consist of growth faults
and antithetic faults in which the fault does provide ,the lateral seal.
These trap types are typical of Gulf Coast production. In general,
because of the southwest regional dip (seaward), most of the fields

are in downthrown fault blocks.

The productive rollover anticlines in Nigeria average 4-5 miles in
length and 2-3 miles in width (Owen, 1975). Most of the anticlinal
reservoirs (70 percent) have oil columns of less than 50 feet on the
structures not filled to their spill points. Only about 5 percent of
the reservoirs have oil columns greater than 150 feet, and only a rela-
tively few reservoirs have o0il columns greater than 300 feet; these are
the large fields (Fig. 12) (Evamy and others, 1978). A few shale
diapiric structures have been noted on the Continental Slope off the
Niger Delta (Mascle and others, 1973) and in the proximal part of the
eastern Continental Shelf area (Evamy and others, 1978). Some oil is
produced from diapiric shale or shale ridge-related traps near the
coastline and in the offshore (Fig. 13) (Habarta, 1970; Merki, 1972).

A few of the offshore fields (i.e., Ubit, Unam, and Utue) produce from
unconformity truncation traps (Avbovbo and Ogbe, 1978).

In general, from an updip position in the delta toward the Continental
Slope, the intensity of structural deformation and trap complexity
increases, i.e., simple rollover anticlinal traps, to complex, highly
faulted anticlines, to faulted shale diapirs and shale ridges with
associated unconformities.,

Source Rocks

The source—rock properties of the shales in the Niger Delta are '"very
poor" despite the fact that substantial amounts of oil and gas have
been generated (Evamy and others, 1978). Shales deposited in a wide
variety of enviromments, ranging from fully marine to paralic, were
analyzed for source-rock properties and were found to be low in organic
material of the humic and mixed types, which are precursors for gas and
light oil, respectively. Unpublished research by K. deGroot,

K. Reiman, and T. T. Hartog (Evamy and others, 1978) showed that the
Nigerian crudes originated from source rocks containing land-plant
matter. The most effective source rocks are believed to be marine
shales of the Akata Formation and the shales intercalated with the
paralic sandstones of the Agbada Formation. In terms of shale volume,
the Akata and the lower part of the Agbada Formations are more important
in the generating of hydrocarbons. However, Evamy and others (1978)
suggested that any oil generated in the Akata Formation had only a
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remote chance of finding its way into the overlying Agbada reservoirs
because the faults at depth, within the Akata shales, are not effective
migration paths.

Unpublished Shell research suggests that 240'F and 300'F represent the
highest temperatures of the oil-generating zone and gas—generating zone,
respectively, for Tertiary provinces (Evamy and others, 1978). Over a
large part of the area west of the Niger and Nun Rivers, the top of the
oil-generating zones lies well above the conginuous shales of the Akata
Formation, within the paralic and paralic—-to—marine sequences of the
Agbada Formation. In the east, however, the oil-generating zone
generally lies entirely within the continuous marine shales of the
Akata Formation. This is because the Agbada Formation is generally
thinner over the eastern part of the delta. By tracing the oil-
generating zone through geologic time, Evamy and others (1978) found
that the boundary between the paralic sequence and the continuous marine
shales reached a level of 0il maturity much later in the east than in
the west. In the east, even at present, the fact that the Agbada
Formation is only locally within the oil-generating zone implies that
the eastern o0il was derived not only late but also from source rocks
mainly in the continuous marine shales. Evamy and others (1978) con-
cluded that primary migration took place at a very late stage, certainly
after most of the sedimentation and trap formation, and that the origin
and migration of the oils in the west were earlier than the very late
origin and migration of the east.

Geothermal Gradients and Geopressuring

The geothermal gradient varies from 1.0'F/100 ft to 1.6'F/100 ft for
the Tertiary of the Niger Delta to 3.0‘'F/100 ft in the Cretaceous rocks
to the north (Fig. 14). In general, the geothermal gradients increase
seaward and northward toward the basement areas from the center of the
Niger Delta. Nwachukwu (1975) suggested that the higher thermal

regime in the Cretaceous rocks of the Benue Trough is reflected in the
relative scarcity of liquid hydrocarbons for the Cretaceous to the
north of the delta. The value of the geothermal gradient appears to
correlate inversely with sediment thickness. A low geothermal gradient
occurs in the center of the delta where the thickness of sediments is
maximum. Higher gradients to the northwest, north, and northeast
correlate with the thinning of sediments toward the basement. The
increase to the southeast may also reflect proximity to the 'Cameroon
hot spot" (Nwachukwu, 1975). The gradient increases offshore
(1.2°F/100 ft - 1.6'F/100 ft) probably because of the thinning of
sediments over basement highs. There is a close correlation between
the 212°'F isothermal contour and the depth to the top of the geo-
pressures (Figs. 15a and 15b). This is probably due to the diagenesis
of clay minerals and dewatering, causing the temperatures to rise and

B =419
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leading to the creation of a higher than normal pressure zone (Jones, 1970;
Nwachukwu, 1975). A distinct relation also exists between temperature
gradient and sandstone to shale ratio. As sand percentages diminish,

the temperature gradient increases from less than 1.0°F/100 ft in the
continental sands (Benin Formation) to about 1.5°F/100 ft in the paralic
section (Agbada Formation), to a maximum of about 3.0°F/100 ft in the
continuous shales (Akata Formation) of the Niger Delta (Evamy and others,
1978). This fact could also explain the high geothermal gradients off-
shore, where the total sedimentary section overlying oceanic crust is

made up mostly of marine shales.

Properties of Niger Delta Crudes

Two basically dlfferent crudes are present in the Niger Delta Basin,

a light crude fhat is characteristically paraffinic and waxy with pour
points in the range of about 20°F to 90°F and a medium crude that is
dominantly naphthenic, nonwaxy, and has a pour point generally lower
than -13°F (Evamy and others, 1978). Waxy crudes are generally assumed
to have been generated from terrigenous vegetable matter in nonmarine
source rocks. In general, the heavy, low-pour-point naphthenic crudes
occur consistently above the lighter, high—pour-point paraffinic crudes.
Geochemical investigations (unpublished) by K. deGroot confirm that the
naphthenic crudes of the Niger Delta orginiate through bacterial trans-
formation of the deeper paraffinic crudes (Evamy and others, 1978).
This transformation takes place between 150°F and 180°F.

As suggested in the previous section, the source rocks for the eastern
oils are believed to be the homogenous shales of the Akata Formation.
The source rocks for the western oils are believed to be the hetero-
geneous paralic and marine-to-paralic shales of the Agbada Formation.
This is reflected in the o0il properties in the following ways

(Evamy and others, 1978): 1) The gradual diminution of oil gravity
into the condensate range relative to temperature (and indirectly to
depth) is shown more regularly in the east than the west. 2) Extremes
of pour point (waxiness) of the western crudes are apparently greater
than those of the east. 3) Extremes of tank—oil viscosity of
untransformed crudes in the west are apparently greater than those in
the east. 4) The segregation of hydrocarbons into oil=-rich trends and
gas belts appears to be more extreme in the west than the east. This
fourth point is important in the exploration for oil versus the explora-
tion for gas. Evamy and others (1978) observed that, within the major
growth fault blocks, the ratio of the volume of gas—bearing reservoir
rock to the volume of oil-bearing reservoir rock increases downdip.

In other words, the oil fields are located on rollover traps on the

ma jor growth faults, and the fields downdip have more and more gas-
bearing zones (Fig. 16). The reason for this is not entirely clear;
heterogeneity of source rocks, coupled with segregation during

B -22
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migration and remigration, is believed to be responsible for the observed
hydrocarbon distribution. Because this phenomenon repeats itself for
each fault block, this would suggest that each major block trend behaves
as a separate oil province.

Description of a Representative Field - Okan

The following description of Okan field is taken primarily from Habarta
(1970) and FriZnkl and Cordry (1967). Okan field was the first commercial
offshore field and is 8 miles from shore in the western part of the delta.
Okan field produces from a low-relief elongated anticline (Fig. 17).

The trap is produced by the northdip rollover into two closely spaced
regional growth faults with about 5,000 feet of combined throw at about
the 10,000 foot level. Numerous small secondary faults are on the crest
of the structure, separating the productive horizons into many reser-
voirs. The structure has 1,200 feet of closure and a productive area

of 6,000 acres at a depth of 10,000 feet. Although deposition was

fairly uniform throughout the field, differential rates of subsidence
downthrown to the major faults caused local unconformities throughout

the field. The field produces from lower Pliocene to middle Miocene
sands of the Agbada Formation. O0il columns in the larger reservoirs

are greater than 200 feet. Gas caps are present in most of the oil
reservoirs, although there are also nonassociated gas sands. Porosities
in the oil sands average 30 percent, and the permeabilities are as high
as 5 darcys. In discussing the probable origin of the hydorcarbons in
Okan, Frdnkl and Cordry (p. 208, 1967) wrote:

"The derivation of the hydrocarbons in the multiple reservoirs
of the Okan field should probably be attributed to the shales
immediately adjacent to any particular sand body. Evidence
of this includes random (though not marked) variatioms in
gravities, sharp differences in gas, 0il, and water content
from sand to sand in vertical vector.”

This origin of hydrocarbons is probably typical for most of the fields
in the western delta.

Okan crude has the following average properties:

Gravity 34.6" API
Viscosity, SUV Sec. 100'F; 37.8
Flash, P-M Below 60'F

Pour point -25'F

Color Greenish=-brown
Sulphur 0.15%

Salt as NaCl 16/1,000 bbl:5
Refractive index 1.4816

B- 24



The average hydrocarbon analysis:

% wte % wvol.
Ethane 0.07 0.16
Propane 0.51 0.86
i - Butane 0.38 D57
n - Butane 0.91 1233
i - Pentane 0.86 gl
n - Pentane 0.83 T.12
C and heavier 96.44 94,79

The cross section through Okan (Fig. 17) also illustrates many of the
points previously discussed on the typical Niger Delta geology: 1) roll
of strata into the fault on the downthrown block, 2) increase of the
throw of the fault with depth, 3) expansion of the stratigraphic section
on the downthrown block, 4) the shift of the structural axis in a down-
dip direction with depth, and 5) the expansion of the stratigraphic
section (i.e., age of maximum fault movement) is progressively younger
in a downdip direction.

Geological Observations and Conclusions

The stratigraphy, age of rocks, trap type, production character-
istics, reservoir rock properties, and field-size distributions
of the Niger Delta Basin are very similar to those of the U.S.
Gulf Coast Basin.

The Agbada Formation that produces in Nigeria is the same facies
equivalent that produces in the U.S. Gulf Coast, although in the
Gulf Coast, production is designated by "age of productive trend,"
not by formation name.

As in the U.S. Gulf Coast, Nigerian Miocene—age rocks contain
the bulk of the reserves.

Most of the large fields produce from rollover anticlines
associated with large regional growth faults. The smaller fields
are generally associated with smaller growth faults and non-
growth faults.

A close correlation exists between the throw of a fault and reserves.
In a downdip direction within major regional growth fault blocks,
the chance of discovering gas is greater than the chance of dis-

covering oil. The large oil fields are immediately downthrown
to the major regional growth faults.

B-25
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A large part of the lower central delta, both onshore and offshore,
contains predominantly small fields, where gas, rather than oil, is
dominant. Future discoveries of large gas fields might be expected
in this area.

In general, structures become increasingly more complex in a downdip
(seaward) direction. Hence, more exploratory wells would be needed
downdip to evaluate traps and more development wells to produce

the hydrocarbons. Greater reserves would be required for commercial
use.

From the coast to the Continental Slope, the main producing forma-
tion, the Agbada, becomes progressively thinner. The bulk of the
total section offshore is shale, where we have less chance of
penetrating quality reservoir rocks.

In general, the total offshore area is probably more gas—prone
than oil-prone, and most of the future discoveries, both onshore
* and offshore, will be gas. :

Most of the potential traps upthrown to major regional growth
faults offshore will not contain reservoir rocks.

Marginal to the main depocenter of the central delta, rollover
anticlines will become less important as a trap type, and "pure”
fault traps, low relief anticlines, and diapirs will become more
" important.

The depth to the top of the overpressured zone is relatively
shallow (8,000 ft-13,000 ft). Offshore, the depth is shallower
than onshore and probably limits the total section available for
large 011 ‘reserves.

In general, the physical properties of the Niger'Delta crudes are
more varied in the west than in the east.

' The ‘Bénin Formation and the Akata Formation have limited explora-
tion potential.

The future potential for methane from geopressure formation waters
appears to be greater per unit volume of sediment in Nigeria than
in the Gulf Coast because of the higher geothermal gradient
(1.4°F/100 £t-1.6°F/100 ft) and lower salinities (less than

40,000 ppm) in the Niger Basin.
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APPENDIX E

DEFINITIONS

Proved Reserves:

Estimated quantities which geological and engineering
data demonstrate with reasonable certainty to be re-
coverable in future years from known oil and gas
reservoirs under existing economic¢ and operating
conditions.

Reservoirs aré considered proven if economic produci-:
bility is supported by either actual production or ’
conclusive formation tests. - The area of a reservoir -
considered proved includes: (1) that portion delineated
by drilling and defined by gas-o0il, gas-water, or
oil-water contacts, if any; and (2) the immediately
adjoining portions not yet.drilled but which can be
reasonably judged as economically productive on the
basis of available geological and engineering data.
In the absence of information on fluid contacts, the
lowest known structural occurrence of hydrocarbons
controls the lower proved limit of the reservoir.

Reserves of crude o0il which can be produced economically
through application of improved recovery techniques are
included in the "proved" classification when successful
testing by a pilot project or the operation of an

installed program in the reservoir provides support for
the engineering analysis on which the project was based.

Reserve estimates are prepared for total recoverable
natural gas, nonassociated gas and associated-dissolved
gas.

Indicated reserves: those quantities ‘believed to be
recoverable under existing secondary and tertiary
recovery technology and economics, but where current
technology has not yet been applied. Because advanced
recovery technigques have not been' needed or applied in.
the conventional productlon of gas, there are no
"indicated gas reserves" categories.-




Some oil and gas remains to be discovered in known
fields through drilling to reservoirs at greater depths
and beyond the proved boundaries of those fields. The
portion of such resources which is believed to be
recoverable once found is known as inferred reserves.

Resource:

A concentration of naturally-occurring solid, liquid or ..
gaseous materials in or on the earth's crust.in such form
that economic extraction of a commodity is currently

or potentially feasible. :

The recoverable resource is that portion of the resource
which will, when discovered, become new reserves. Thus
resource estimates, like reserves, have technological.
and economic, ‘as well as geologic, implications. A more
accurate appraisal of remaining resources can only be =
achieved by expanded exploration of frontier areas,
orderly marshalling and analysis of data generated by
exploration in new and o0il areas and development. of
discovered fields.

The following definitions are used by most of the
0il industry:

A Proved field has been drilled, has known reserves

which can be produced at a profit. A Potential field,
even though indicated by an exploratory well, may not

yet be economically producible. A Probable field looks
good enough to risk a wildcat well, - but valuable' reserves
are not yet found. A Possible fleld may hold undlscovered
reserves, based on geological indications, but- the - '
information is still insufficient. A Speculative fleld

is largely unexplored, what little is known seems encourag-

ing but actual oil and/or gas reserves after-exploration
may range from "enormous" through "uneconomic" to A
"non-existent. : : . :

References:
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Federal Energy Administration Initial Reporf, June 1975
Standard 0il Co. of California, 1975
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APPENDIX D

Historical Resume of 011 Fleld Productionl/

(1000 barrels)

NIGERIA:

Field 1956 1957 1953 1959 1960 1961 1962 1963 1964 1965 1966
Afam LA 2 650 1104 464 665 694 712 840 880 728
Oloibiri LA - 1004 1799 1665 1120 584 1168 1807 1667 1571
Bomu #4155 370 3813 13602 18615 18615 20075 24512 28036
Ebubu LA 759 422 963 475 402 767 1725 1386
Ekulama Lad - - - - - - - -
Krakama e - - - - - -
Obigbo L - - - - - - - -
Soku ¥ - - - - - - - -
Alakiri b - - - - - - -
Bonny - LA - - - - - - -
Elzlenwa bold - 20 . 153 140 - - -
Im> River L - 449 2373 3285 £760 18590 23994
Korokoro LA - - - 584 2928 9362 8165
Ughelli, East LA - - - - - - 758"
Umuechen LA - - - - - 14245 10541
Agbada L4 - - - - 1840 6307
Apara LA - 438 621 47y 647 4§51
Buguma Creek bobd - - - - - -
Egbema, East Lid - - - - - -
Nun River L - - - - - -
Oza Ldd - 166 - - - -
Ughelll, West ** - - - - - -
‘Uzere, East LA - - - - 1087 2681
Assa LA - - - - -
Eriemu 3 - - - - 91
Kokorl LA - - - - 6329
Uble * ¥ - - - - -
Warrl River ¥ - - - - -
Boco, West L - - - -
Opukushi LA - - - -
Cawthorne Channel LEd - - -
Nkalil bl - - -
Obigbo, North # 436 5063 10846
Olcmoro *¥ - 5533 15956
Uzere, West e - 9667 8794
¥QOkam2/ L 9667 18615
Isimiri *# - sS4y
Obagi 37 *n - 4296
Obele LA - -
Ogini # % - -

* Offshore field.

#% Year of discovery.
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Historical Resume of 01il Fleld Productionl/

APPENDIX D

(1000 barrels)

*:0ffshore fleld.

#% Year of discovery.

NIGERIA:
Field 1967 1968 1969 1970 1971 1972 1973 1974
Afam 1752 - 1531 3015 3033 3589 3800 3800
1. 0loibirl 531 - - - 1330 1356 1202 1063
Bomu - * 28215 - 19816 22915 16558 15449 14555 12396
. Ebubu 1497 - 392 712 918 1445 1367 835
Ekulama - - - ;- 4 2318 5586 9535
Krakama - - - - - 1156 1966 1958
Obigbo - - - - - - 30 234
-Soku - - - - . - - - 13491
Alakiri . - - - 525 13743 12763 7876 6109
Bonny - - - - - 1 2758 8957
"Elelenwa - - - - 1044 3042 3024 2810
.Imo River 34058 4y 13061 36556 37115 34706 31314 26551
Korokoro 621 1172 6005 49l 5804 5551 5456 4953
Ughelli, East 185 914 2563 1185 12169 9856 T442 T747
Umuechen 1014 1571 10838 11429 12576 10873 7464 6052
Agbada 9125 1409 7245 7945 9705 10118 11047 11022
.Apara . 402 n 354 434 . 367 4o3 384 1091
Buguma Creek - - - - - 1471 3242 3216
Egbema, East - - 3276 5543 6011 5175 4159
Nun River - - - - - - 399 3635
Oza - - - - - - - -
‘Ughelll, West - - 2 4015 4299 2861 2645 2197
Uzere, East 400 704 4643 6800 7105 5618 6515 6842
Assa - - - R 2 42y 432 372
Eriemu 1121 - 643 1983 2216 1844 2926 2260
Kokori 14092 2598 9728 32576 30541 30449 29133 25655
Uble - - - . - - - 1265 2989
Warri River - - - - 187 1900 1981 1563
Bodo, West - - 635 8469 11209 9252 7894 7116
Opukushi - - - - - - - -
Cawthorne Channel - - .- 14805 29967 26333 19037 16367
Nkali - - 480 3719 2054 2020 1611 1258
Obigbo, North 1094 2044 12892 10995 10859 3397 7772 7233
Olomoro 1603 2767 18100 29148 29546 24165 17794 15041
Uzere, West 700 810 7051 8800 8624 7184 2645 5783
#0kan 1591 21866 22208 25227 23475 25603 26258 25094
Isimiri 317 - 22173 2586, 3177 . 2816 2612 2394
Obagi 3/ 7273 0 0 0 8991 20213 22367 23112
Obele - - - - 257 741 690 394
Ogini - - - - 1110 8261 2045 1608
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*% Year of discovery.

APPENDIX D . 4
Historical Resume of 0il Field Productionl/
(1000 barrels)
NIGERTIA:
" Cummulative
Fleld 1975 1976 1977 thru 1977
- Afam . | 2946 2758 3211 36894
Oloibiri gls gl2 208 19961
Bomu 11341 , 10505 10870 290412
Ebubu 837 715 924 ‘165u1
Ekulama 10424 14449 16466 62529
Krakama 1474 1349 1570 . 9483
Obigbo 104 - - 368
Soku 8982 7949 7976 38398
Alakiri 4743 2506 2479 50740 -
Bonny 11030 . 11826 8769 43340
Elelenwa 2394 2842 2597 19048
Imo River 22609 23017 21185 338601
Korokoro 4202 3527 3053 66331
Ughelli, East 5613 4859 3530 67483
Umuechen 5229 5666 4720 102219
AgbZda 8939 8993 8806 102504
Apara 1166 1649 1744 10665
Buguma Creek 1344 592 565 10429
Egbema, East 3848 3526 3075 34612
Nun River 4031 3290 3007 14362
Oza 268 52 100 586
Ughelll, West 1240 1807 1430 20512
Uzere, East 5367 4699 4959 57422
Assa 392 542 563 2728
Eriemu 984 1421 2458 17947
Kokori 18709 19233 13138 232179
Uble 2580 . 2468 2771 12073
Warri River 1552 1113 1027 9324
Bodo, West 5937 4668 o1y 59194
Opukushi - 3595 9128 12723
Cawthorne Channel 13983 9484 10807 139739
Nkali 1309 2265 1592 16309
Obigbo, North 5798 6735 8467 93629
Olomoro 9947 11894 10148 191642
Uzere, West 5039 5140 3741 73978
#*0kan 2/ 14284 16322 17388 247516 (includes Mefa #52)
Isimiri 1764 2382 2352 23217
Obagt 3/ 19818 19396 20kk5 145857
Obel= 370 307 216 2976
Ogini 1096 1219 1630 10969

*# Offshore field.
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Page 4

NIGERIA:

APPENDIX D

Historical Resume of 011 Field Productionl/

(1000 barrels)

-#% Offshore field.
#% Year of discovery.

Field 1964 1965 1966 1967 1968 1969 1970 1971 1972
Oroni i - - - - - 1980 2606 2676
Oweh ol - 1528 hyg 1272 8914 14515 13373 ~ 7916
Utorogu LA - - - 12 1292 16132 15869 14700
Akpor e - - - - - - -
Ahia bl - - - - 6752 11087 11219
¥Delta i - - 3093 7562 6965 6816 6772
¥Delta, South ** - - 8422 10825 17952 17180 18715
Ebocha iy - - - - 640 4754 35935
Egbema, West bl - - - - - - -
Enwhe a4 - - - - - - -
Ibigwe LA - - - - - - -
~ Mefa 2/ 1] - - .- - - - -
¥Mej1 * - - - 7250 8342 6407 5827
*Meren bl - - 2610 20021 26544 31174 34603
Oguta a - - - - - hobi 11100
Onne bl - - - - - 213 891
*Pennington b - - - - 869 3770 3657
Rapele b - - - - - 552 3228
Tai it - - - - - - -
Upomani Ll - - - -~ - - -
Adibawa bl - - - - 671 3874
Afiesere e - 153 898 6070 8585 6462
#Asabo bl - - - 945 9500 12900
Akuba L - - - - - -
Diebu Creek ®# - - - - - -
*Eku T} - - - - - -
#Idoho b - - - 9100 7200 3600
*#Inin bld - - - - - 5000
M'bede L - - - 160 9306 13109
Obodo-Jatumi bobd - - - - - -
Ugada LA - - - - - -
¥Utue L - - - - - =
Egwa e - 3 1783 7988 7688
Evwreni L 3] - 322 4555 5941 3656
Idu T} - - - - 148
Jones Creek 1 - 17 868 39698 49813
*Malu 5/ bl - - - 17021 28180
Ajokpori LA - - - - -
Obiafu & LA -~ - - - -
Obrikum £/ 1] - - - - -
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Page 5 APPENDIX D
Historical Resume of OilLField Production
(1000 barrels)
NIGERIA: (
Field 1973 1974 1975 1976 1977 Cehra 1977
Oroni . 2220 2510 2198 1834 1387 17411
Oweh . 6169 5143 4739 4803 4153 72973
Utorogu 14558 13107 8633 6816 5350 97070
Akpor - 122 198 175 163 658
Aria 10238 6579 Lahy 5530 Lol 60712
#Delta 7302 14016 10966 9520 © 10321 83332
#Delta, South 20819 19471 16133 14779 13661 157956
Ebocha 4/ 11663 15445 12809 (see. #69). {.(See #69) - (included 1in #69)
Egbema, West - 2803 5604 10221 16466 35094
Erwhe : - 100 515 506 477 1598
Ibigwe - - 102 37 26 165
Mefa 2/ - - - - - - (included 1in #36)
Medi 7247 8165 7025 8304 10410 68975 :
*Meren 38852 43884 28029 27999 26656 278780
Qguta 14750 11293 9910 9003 9000 69097
Orine 854 639 593 584 643 4418
*Pennington 3073 800 1184 1186 1842 16381
Rapele 3269 3485 2436 1960 1551 16481
Tai - - - - 476 476
Upomani - 1422 1108 855 812 197
Adibawa 4780 4802 4031 5686 4825 28689
Afiesere 6700 6698 5654 - 5430 7547 54197
#psabo 12913 15401 12006 © 11414 7223 82307
Akuba - - - - 455 455
Diebu Creek 1276 9135 9280 14384 12601 46676
*Eku - - - 687 2723 3410
#1doho 2084 1709 903 - 630 1009 26239
*Inin’ 14911 15186 11608 11240 . 9973 67913
Mtbede 4/ 15190 . 15836 . 15227 23457 4/f 20105 4/ 193636 (dncludes all of #48)
Obodo~Jatumi -~ 2784 2891 4osy 4588 14317
Ugada - - 222 327 131 680
*Utue 7133 7403 6345 5551 4524 32781
Egwa 9793 13166 14560 - 13668 10790 - 79439
Evwreni .2924 3147 2988 2354 1502 27386
Idu 3114 3283 T 3294 2967 3027 15833
Jcnes Creek 4724y 44011 29053 . | 34694 30457 275856 4
%Malu 28670 20451 " 4565 21016 17629 137532 (includes #91 & #101)
Ajokpori - 283 476 366 524 1649
* Oblafu 2109 5689 5767 11776 13822 57061 (includes all of #80)
Obrikum 3035 7581 7282 (see #79) | (see #79) - (included 1in #79)

* Offshore fleld.
##% Year of discovery.
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NIGERTA:

APPENDIX D

Historical Resume of 01l Field Production

(1000 barrels)

Field 1966 1967 1968 1969 1970 1971 1972 1973
0didi e - - - 3634 7926 16351
Okpoko bl - - - - - -
Osioka bl - - - 37 1317 889
*0s0 bl - - - - - -
Unan 1/ LA - - - - = 10491
Batan o - - 641 4373 5766
*Etim bk - - - - 9594
#Eko *8 - - - - -
Forcados Yorki ¥ - 7494 27239 35965 47573
*Mfem' / L X ] - - - - -
#parabe 2 i - - - - -
*Ubit 7/ [T} - - - - -
#Ekpe Ldd - - 20000 23750
Escravos Beach Lad - - 2926 4ogs
Otumara L - - 1778 11559
Sapele Lid - 4 1289 11388
Abiteye bl - 1105 4052
Ajuju LA 28 860 1239
Amukpe LA - 560 2880
!Enang e - - -
*Isan 5/ bl - - -
Saghara e - 430 2311
Yorla LA - 2784 8385
Etelebou LA - 2496
Kolo Creek Ld - 3931
Orubiril LA - -
Utonana Lid - -
#Isan, West La - -
Adua LA -
Aghigho L -
Akri s 1356
Erema 3/ L1 -
#Middleton L] -
Oben 8/ 1] -
.Odugri LA 0
Oshi L2 -
Tebidaba L4 -
#Apol, North L4
Makaraba LA
Obama LA
Oben, North §/ Ldd
Ogharefe LA
Obogene LA
Otamini LA
Nembe Creek LA

® Offshore field.

#% Year of discovery.

119
120

122
123
124
125
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APPENDIX D

Historical Resume of 0il Field Production

(1000 barrels)

NIGERTIA:

Field 1974 1975 1976 1977 cﬁﬁﬂﬁlig%ge

0didi 22010 17812 21451 17669 106853

‘Okpoko 1943 1411 1529 1354 6237

Osioka 672 782 739 605 5041

*0so 5 - P - - 5

Unan 1/ 11548 7086 15488 19765 60880 (includes #92)
Batan 6590 4767 4650 4722 31509

*Etim 12019 9109 9213 8081 48015 .

®EXo - - - - - (no production)
Forcados Yorki 48280 31674 35590 38421 272236

*Mfem - - - 1502 1502

#Parabe 2/ - - - - -~ (included in #77)
*Ubit I/ - - - - - (1included in #85)
*Ekpe 23842 18451 20128 12814 118942

Escravos Beach 5514 5110 5568 - 4976 28189

Otumara 14608 8261 12164 12781 61152

Sapele 14243 6065 - 8127 8979 50095

Abiteye 3089 679 2222 2982 14127

Ajuju 1341 886 883 895 6133

Amukpe 214 1092 885 649 ‘8207

*Enang 3396 6168 10020 11089 30673

*Isan 2/ - - L - = (included in #77)
Saghara 2394 2244 2517 2406 - 12300

Yorla 10388 5336 5133 3566 35592

Etelebou 10386 8897 13138 - ,13376 48292

Kolo Creek 11269 8843 12351 - 10879 47273

Orubiri - 868 1984 1665 4517

Utonana - 299 917 1185 2401

*#Isan, West - ~ - . - ~ (no production)
Adua - - 0 2263 2263

Aghigho 1301 1476 1928 1807 6512

Akri 6023 5318 1959 5594 20250

Erema 3/ - - - - - (4included in #38)
#Middleton - 1323 2247 2319 5889

Oben 8§/ 1975 3582 (see #121)| (see #121) - (included 1n #121)
Odugri 478 345 - - 1063 (includes #129)
Oshi 2594 5268 5549 5028 18“38

Tebidaba - - 13516 13841 29170
*pApoi, North - - 9288 15237 2525

Makaraba - 1144 5921 5290 12355

Obama - 13 5915 " 9037 14965

Oben, North 8/ 439 1449 9115 8396 24956 (includes all of #114)
Ogharefe - - 1730 1730

Obogene - - 509 815 1324

Otamini 1645 1862 1323 1515 6345

Nembe. Creek 0 0 0 " 11735 11735

*® Offshore field.
** Year of discovery.
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APPENDIX D

Historical Resume of 01l Field Production
(1000 barrels)

NIGERIA:
» . Cumulative
126 Benisede e - - 1735 5147 6882
127 | Opuama (LI - 1220 4066 3445 8731
128 Yorla South e - - - -  (no.prcduction)
129 Akri, West el - - - -~ (included in #115)
130 Isoko LA - 252 943 1195
131 Ebegoro LA 2989 6421 i 8410
132 Obeakpu . b - 1112 1112
133 Omoku, West ’ bl - - - (no prcduction)
. . * Offshore field.
1/ Source: Petroconsultants; S.A., Geneva, Switzerland. *¥ Year of discovery.
~ 2/ Production of Okan  (#36) .and Mefa (#52).flelds .combined.
3/ Production of Obagi (#38) and Erema (#112) fields combined.
4/ 1976 and. 1977 production of Ebocha (#48) and M'bede (#69) -fields combined.
5/ Production of Malu (#77), Parabe (#91) and Isan (#101) fields combined.
6/ 1976 and 1977 production of Oblafu (#79) and Obrikum (#80) flelds combined.
1/ Production of Unan (#85) and Ubit (#92) fields combined. S
8/ 1976 and 1977 production of Oben (#114) and Oben North (#121) fields combined.

126
127
128
129
130
131
132
133






