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Foreword

The Kingdom of Saudi Arabia, being one of the leading oil-producing countries in
the world, necds qualified technical cadres in a wide range of petroleum disciplines.
With a view to satisfying the demand for highly qualified petroleum geologists, the
Department of Petroleum Geology at the Faculty of Earth Sciences, of King
Abdulaziz University, started its formal curriculum for the undergraduate level in
1978, and soon after that, post graduate studies were offered by that department in
1981. Eversince, the staff members of the department have exerted strenuous efforts
to develop their department through active teaching and research work.

So far, nearly thirty students have earncd their B.Sc. in Applied Geology, or
M.Sc. degrees, and most of them are currently working in the petroleum industry or
in the various government agencies in the Kingdom. Furthermore, some of the M. Sc.
graduates have already been accepted to pursue their higher studies abroad in order
to obtain the Ph.D. degree as well.

In this respect, I am pleased to introduce this book “Principles of Petroleum Pros-
pecting” written by Dr. Kinji Magara, as a prime textbook for one of the under-
graduate geology courses, “411 Petroleum Geology”. It describes the principles of
petroleum exploration using both- geological and geophysical concepts and
techniques. Practical applications of various modern technologies, including compu-
ter applications, are likewise outlined in this book, which is written in simple lan-
guage. Nevertheless, I believe that this work may effectively be used as a reference
in other petroleum geology or general geology courses offered by other universities.

I hope that the publication of this book will promote the activities of the Depart-
ment of Petroleum Geology, at King Abdulaziz University and will also contribute
to the education of the science of petroleum geology in general.

Dr. Rida Mohammad Said Obaid
President
King Abdulaziz University. Jeddah






Preface

Advancement of science of petrolcum geology in the last few decades has been
quite significant. Following are some of these major advancements:

1. Applications of both organic geochemical and microscopic methods for source
rock cvaluation.

2. Application of concept of sediment diagenesis for reservoir development and
destruction.

3. Application of seismic stratigraphy tor exploration. backed by the improve-
ments in seismic data processing.

4. Application of concept of primary hydrocarbon migration for ¢xploration.

5. Application of the global tectonics coneept for petrolcum cxploration.

6. Development of quantitative well-log-analysis methods.

7. Development of detection techniques of abnormally high fluid pressures.

8. Application of statistical and computer methods for predicting future oil/gas
discoveries.

In addition to these recent progresses in petroleum geology, there are also many
other basic concepts and techniques which must be taught for training a petroleum
geologist. In other words, the subject matters are so diversified, that no single person
would be able to understand the entirety in short time.

Any petroleumn geological work involves at least two important aspects; 1. to
increase general knowledge of the factors related to the work, 2. to improve analy-
tical mind for interpreting the data and applying the result for practical exploration
activities. The former may be called “descriptive petroleum geology™. and the latter
“analytical petroleum geology™ or “petroleum prospecting”™.

There have been many petroleum geology books written by experts on the descrip-
tive petroleum geology, but relatively few on the analytical petroleum geology.

At the Department of Petroleum Geology, the Faculty of Earth Seiences of King
Abdulaziz University, students major petroleum geology at the undergraduate level.
One of the courses in the Department is called “Petroleum Geology (411)” which
teaches the analytical petroleum geology (petroleum prospecting). Prior to taking
this course, the students had completed another course “Introduction to Petroleum
Geology (311)" and other basic courses of geology and other sciences. In other
words, the students are supposed to have the sound background on the general geol-
ogy and the introductory petroleum geology before studying “Petroleum Geology™.

vil



viii Principles of Petrolewn Prospecting

The students are thus expected to have both the basic vocabulary of the petroleum
geological terms and the understanding of some fundamental concepts. Using such
basic knowledge, the students will study in this course (411) how to generate an
exploration prospect by the analytical thinking.

Although the amount of available data at the time of exploration is usually limited,
the data is the most important and essential part of the petroleum prospecting and
evaluation. As described in Chapter 1 of this book, there are seven important factors
for the formation of a petroleum accumulation, such as 1. reservoir, 2. trap, 3. cap
rock, 4. secondary and 5. primary hydrocarbon migration, 6. hydrocarbon genera-
tion, and 7. source rock. The amount of available data usually decreases in this
order. Because of this reason, the chapters of this book are arranged in the same
order, although the chronological or logical order is opposite to this order.

In addition, some of the concepts and techniques involved in reservoir, trap and
seal or cap rock are basic and fundamental in understanding the other factors, so that
the students would be able to develop the basic knowledge before tackling the other
difficult problems with poorer data control. Therefore, the chapters of this book
have been arranged in the order opposite to chronological, but in the Introduction of
Chapter 9, the chronological method of practical application is reviewed.

Three important points were stressed when writing this book; 1. relatively easy
logics and expressions, 2. application for the Middle East region, particularly for
Saudi Arabia, and 3. computer applications. At the end of each chapter, there are
selected problems for which each student is expected to answer. The main purpose
of these exercises is to review the main points discussed in each chapter.

I sincerely hope that use of this book in the classrooms will be helpful in teaching
petroleum geology at King Abdulaziz University and elsewhere.
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Chapter 1

Petroleum Occurrences and
Petroleum Geology

B [ntroduction. ® What is petrolecum geology ?
& Factors controlling oil accumulation. B Problems.

Introduction

More than 600 sedimentary basins and sub-basins ar¢ known in the world (Huff
1979). Out of these sedimentary basins, approximately a quarter by number and a
half by both area and volume have petroleum production (see Fig. 1, Kiemme 1980).
Petroleum production has been established in many larger basins. Most producing
regions are in the continents of the Northern Hemisphere.

e WORLD BASIN AREAS
M* ] { PROVINCES)

IV | NON-PROSPECTIVE AREAS

Fig. 1. Map showing prospective basins and nonprospective areas of the world (from Klemme 1980}
Courtesy of Journal of Petroleum Geology.
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According to Klemme, about three-quarter by number of the world sedimentary
basins are non-productive, approximately one-third of which have never been drilled
for exploration of petroleum deposits, due etther to natural or political reasons.

A petroleum deposit is normally kept in one of the following traps or by a combi-
nation of these as follows: 1. structural, 2. stratigraphie, and 3. hydrodynamic. Wil-
son (1975) proposed another trap type called “diagenetic™, which is primarily a result
of the diagenetic processes in sedimentary rocks.

Although future exploration will probably have to rely more on discovering
stratigraphic, hydrodynamic, and diagenetic traps. experience has shown that most
of the known petroleum accumulations in the world are trapped structurally or by a
combination of structural and other mechanisms. There are two types of structural
trap: 1. anticline or dome, and 2. fault. Since White (1885) proposed his classical
anticlinal theory, that type of trap has been accepted as thc more important.

What is Petroleum Geology ?

Petrolcum geology is a branch of the geological scicnces using concepts and
techniques which are applicable for exploration and exploitation of petroleum
deposits in sedimentary rocks. Although the classical methods of discovering pet-
roleum deposits, such as the surface geological survey and search for surface oil and
gas shows, are still effective in many frontier basins, modern petroleum geologists
working in oil producing basins tend to utilize a variety of indirect methods, such as
gravity, magnetic, and seismic surveys. wire-line logging, gcochemical survey and
logging. remote sensing, ctc., in addition to their classical and direct methods.

In short, a petroleum deposit may be discovered by the use of many geological.
minecralogical, geophysical, and geochemical concepts and technigues; an applica-
tion of petroleum geology.

Petrolcum production (or development) geology is the second but important
branch of petroleum geology, after petroleum expioration geology. Tt is known that
only about one third of the oil inplace in the reservoir can be produced by the primary
recovery method. Secondary and tertiary methods could increase the oil recovery by
some 15%. This suggests that probably more than 50% of the oil inplace cannot be
produced by using the presently available recovery techniques. T believe that the pet-
roleum production geologist can contribute a great deal to increases of the oil recov-
ery from the existing oil fields.

Factors Controlling Oil Accumulation

Figure 2 shows seven important factors we must consider in petroleum cexplora-
tion:
I. Reservoir and effective pore spaces.
2. Trap.
3. Seal or cap rock.
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Secondary hydrocarbon migration.
Primary hydrocarbon migration.
Hydrocarbon gencration and maturation,
Source.

SRR

1. RESERVOIR

2. TRAP

3. SEAL OR CAP ROCK

4, SECONDARY HYDROCARBON
MIGRATION

5. PRIMARY HYDROCARBON
MIGRATION

6. HYDROCARBON GENERATION
AND MATURATION

7. SOURCE

g, 2. Sevenmmportant tactors for orl/gas accumulation (from Magara [9810). Courtesy of Americun
Association ol Petroleum Geologists.

Qut of this list, items |, 2, 3, and 7 arc rock (or material) itself or certain forms of

related to a petrolcum accumulation,

The chronological and logical order of occurrence of these factors is from item 7
to 1; hydrocarbons were gencerated from source rocks, moved from source to reser-
voir by the primary migration agent, and migrated within the reservoir by the secon-
dary migration process. Before and after such hydrocarbons reach a trap, they must
be scaled by cap rocks. At the final trapping position, the reservoir must have suffi-
cient porosity and permeability for petroleum production.

Although fromitem 7 to 1 is the order in terms of timing, the abundances of avail-
able subsurface data do not usually follow it. We usually have good control of data
on such items as reservoir, trap. and scal. once a first well has been drilled in a struc-
ture. There are usually many unsolved problems regarding primary and secondary
migration. Source rock and hydrocarbon gencration can be studied by organic
«cachemical methoeds if the source rock exists at the location where the well was dril-
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led. However, if hydrocarbons were generated in the synclinal areas and migrated
into the anticline, the data from the anticline have little value in evaluation source
potential and level of hydrocarbon generation.

In summary, although it would be ideal to have sufficient information on all the
factors listed in Figure 2, the amount of the available data usually decreases from
item 1 to 7, especially when only a few wells have been drilled in an area.

Most petroleum accumulations were considered to be accompanied by all the fac-
tors listed in Figure 2. But, the presence of all of these factors in a certain area today
does not necessarily indicate a petroleum accumulation. It could be that the timing
of thetr occurrence in this area was not appropriate, so that petroleum either could
not accumulate properly or was lost later. [ believe that a proper interpretation of the
relative timing of these geological factors will help us to discover more petroleum
accumulations. -

Out of the seven factors listed in Figure 2, items 2, 3,4, 5, and 6 may be interpreted
in terms of timing of their occurrence.

Problems

|. What is the proportion of the oil producing scdimentary basins in the total of
about 600 in the world ?

2. List four types of traps for petroleum accumulations.
3. Define petroleum geology.

4. List seven important factors for the formation of an oil accumulation in the
chronological order of occurrence.

3. Out of the seven factors above, which factors can be interpreted in terms of
timing of their occurrence ?



Chapter 2

Reservoir Properties

B Introduction. B Porosity.
B Porosity - permeability relationship.
B Sccondary porosity and permeabality. B Problems.

Intreduction

Petroleum deposits are normally found in pore spaces and fracture openings of a
rock called “reservoir”. The capacities of the reservoir rock both to hold and to yield
petroleum are porosity and permeability. Porosity is expressed as a fraction or per-
centage of pore spaces in the total volume of the rock. On the other hand, permeabil-
ity is the measure of the ease with which fluids (oil, gas, or water) may move through
the interconnected pores of the rock.

Porosity

1t is commonly accepted in the cil industry that the minimum porosity percentages
for effective oil and gas reservoirs are about 10 and 5, respectively. If the porosity is
less than the minimum value, economical production of petroleum may not be
expected. This is particularly true if most pore spaces are of intergranular type.
When some fracture porosity is developed, porosity less than those shown above may
be productive.

Porosity of a given reservoir can be controlled by the original depositional factors
of the reservoir and also by the postdepositional diagenetic factors. The original
depositional factors for a reservoir of the intergranular type may be listed as follows:

1. Average grain size.
Sorting of grains.
Angularity (sphericity) of grains.
Surface roughness of grains.
Presence of ductile material, particularly clays.

FEERE

The diagenetic factors are as follows:
1. Burial depth.
Geologic age.
Geothermal gradient.
Chemical composition of formation water, which may be important in pre-

il
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cipitating some minerals and cement.

5. Tectomc forces which could cause fracture porosity.

6. Circulation of ground water, which could leach out some grains and cements
by solution.

7. Formation of diagenetic clay minerals.

8. Early migration of petroleum into a reservior, which could preserve porosity.

Although estimating porosity before drilling can be critical in some exploration
prospects, it is generally quite a difficult task because the evaluations of the deposi-
tional and diagenetic factors mentioned above are not easy.

Once an empirical relationship of reservoir porosity vs. depth is established in an
area, it may be used for predicting porosity at any other location within the area.
Figure 3 shows two of such relationships for sandstones at different geothermal gra-
dients in the northeast Pacific arc-related basins. Figure 4 depicts the relationships
for both shale and sandstone reported by Proshlyakov (1960).
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Fig. 3. Two porosity-depth relationships of sandstones associated with two different geothermal gra-
dients 1n the Northeast Pacific are (from Stephenson 1977 after Galloway 1974). Courtesy of
American Association of Petroleum Geologists.
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Fig. 4. Porosity trends of sandstones and shales reported by Proshlyakoy (1960,

Porosity-Permeability Relationship

Because permeability is another important factor in determining reservoir quality,
many attempts have been made to cross-correlate porosity with permeability.

Theoretically speaking, permeability, k. may be related to porosity, . by the fol-
lowing equation (adapted from Levorsen, 1967);

k=c.—& 1 (0
(1-¢) &
where C is constant and S is specific surface area. This relationship means that per-
meability increases as porosity increases and/or specific surface area of the grains
decreases. Note that the specific surface area decreascs as the average grain size
increasces.
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With respect to the empirical relationship of porosity and permeability, Archie
{1950) proposed such relationships for the Upper Wilcox sandstone in Texas and the
Nacatoch sandstone in Louisiana (Fig. 5). This figure shows that about 3% increase
in porosity produces ten-fold increase in permeability. A similar example from the
same general area is shown in Fig. 6. Figure 7 depicts another relationship of the
Bradford sandstone in Pennsylvania reported by Ryder (1948).

1000
100
. Upper
S |wilcox
(Mercy)
=
-— [}
>_ o
}_
5 10
a Nacatoch
] (Bellevue)
= :* fine grained
L
o
1'0
d
a0 o
oo | |
Oilo °
5 10 40

PERCENT POROSITY

Fig. 5. Porosity-permeability relationships of Upper Wilcox sandstone (Eocene) at Mercy, Texas, and
the Nacatoch sandstone (Upper Cretaceous) at Bellevue, Louisiana (from Archie 1930). Cour-
tesy of American Association of Petroleum Geologists
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Secondary Porosity and Permeability

Because of the increased depth, temperature, and geologic age, primary porosity
normally decreases with burial depth. Permeability will also decrease as porosity
decreases. If, however, secondary porosity is developed by either fracturing or solu-
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tion of mineral grains and cements. both porosity and permeability at depth can be
abnormally high.

From the study of the Mackenzie Delta, Canada. Schmidt and McDonald (1979)
suggested that if sandstone was cemented by calcite at shallow burial depths and later
reached the thermal maturation stage of organic matter, calcite cement could be
lecached out by low pH fluid, causing significant secondary porosity. During the ther-
mal maturation stage, organic matter, particularly of land-derived type, produced
carbon dioxide, the dissolution of which in water could cause acidic environments
(low pH). In such acidic environments, calcite would be dissolved but quartz could
be more stable.

Kharaka er al. (1977) reported the reduction of pH in formation water from the
deep geopressured interval in Texas Gulf Coast (Fig. 8). Significant secondary
porosity at depth of the same general arca was reported by Loucks et al. (Fig. 9,
1979).

In the Middle East region. the Asmari limestone (Oligocene-Miocene age) of the
Zagros folded belt of Iran has been known for its high oil-productivity associated
with secondary porosity and permeability. The region experienced a period of
extremely fast sedimentation prior to the strong tectonic movements which formed
the Zagros thrusts and folded belt.

Such fast sedimentation would have caused abnormal fluid pressure in relatively
deep sections (Magara 1978c¢), and vertical charging of the high-pressured fluids may
have caused natural hydro-fractures (Magara 1981a). During and after the uplifting
and erosional periods, additional fractures may also have been formed, mainly due
1o relaxation of subsurface stress condition (Magara 1981a).

Generation of carbon dioxide and formation of carbonic acid from organic mat-
uration proposed by Schmidt and McDonald (1979) may have also opened secondary
porespace by dissolution of calcite in the reserveir.
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Problems
1. List depositional factors affecting porosity of a reservoir rock.
2. List diagenctic (post-depositional) factors causing changes of porosity of a
reservoir.
3. Explain theoretical relationship among permeability, porosity, and specific
surface arca of grains.
4. Explain Archie’s empirical relationship between porosity and permeability.



Chapter 3
Traps for Hydrocarbons

8 [ntroduction. ® Drainage efficiency.

8 Sealing capacity. ® Time of trap formation.
® Compaction correction of burial history plot.

® Problems.

Introduction

As described in Chapter 1, our future exploration for petroleum must be dirccted
toward discoveries of stratigraphic, hydrodynamic, and diagenetic traps. However,
the historical data shows that many oil accumulations have been found in structural
traps, particularly in anticlinal and domal structures.

Scarcity of the stratigraphic, hydrodynamic, diagenetic, and fault traps may be
mainly attributed to difficulty of finding these traps because of their subtle nature.
There must also be some other geologic reasons that these traps are not 4s common
as the anticlinal trap; in this respect, we may consider drainage efficiency and sealing
capacity.

Drainage Efficiency

To form a commercial accumulation, concentration of a sufficient amount of pet-
roleum must be attained in the subsurface reservoir. During the secondary migration
stage, petroleum most likely migrated by the buoyancy force from structural lows to
a high {crest). In case of an anticlinal or domal trap, the secondary migration could
have taken place from all directions to the crest (or the drainage angle is 360°, see Fig.
10).

As shown in Figure 11, on the contrary, the drainage angle of most stratigraphic
and fault traps is approximately a half the angle for the anticlinal trap. In other
words, from the standpoint of the drainage angle, the former trap has only about
50% efficiency of the latter. In case of a combination trap of the stratigraphic and
hydrodynamics, the drainage angle is about 180° as well.

15
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ANTICLINE
OR DOME

DRAINAGE ANGLE
= 360°

s DIRECTION OF
OL MIGRATION

Fig. 10.  Schematicdiagrim showing directions of secondiry oil migration toward an anticline or dome.

STRATIGRAPHIC
OR FAULT TRAP

DRAINAGE ANGLE
=180° &

== DRECTION OF
OlIL MIGRATION

Fig. 11. Schematic diagram showing directions of secondary oil migration in cases of stratigraphic and
fault traps.
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Sealing Capacity

In casce of cither the anticlinal or the stratigraphic (pinch-out, shale-out. or uncon-
formity) trap. the contact between the reservoir and cap rock was relatively stable for
a long geological period. In such a case, the accumulated hydrocarbons can be kept
safcly in the reservoir.

In case of a fault trap, however, the downthrown block could have been moved
cither continuously or intermittently with respect to the upthrown block in the
geologic past (see Fig. 12). During the successive period of fault movement. the sca-
ling efficiency would have changed greatly as depicted in Fig. 12 {stage 1 = good sca-
ling condition, stage 2 = poor scaling condition). In other words. fault traps are con-
sidered to be relatively unstable traps in most cases.

\ CAP ROCK

RESERVOIR ROCK

STAGE 1.

7

STAGE 2.

S
3

fig. 12, Secaling efficiency ol a fanlt trap: stage | - effective. and stage 2 - ineffective {or loss of o1t}
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Another example of the unstable trap is hydrodynamics. Since this trapping
mechanism is controlled by fluid behavior, the trapping and sealing efficiency could
have changed greatly in the geologic past, with possible change of fluid potential.
Fluid potential is controlled mainly by the elevations of both intake and outlet arcas
and also by the supply of fluid (water), so that it is quite difficult to believe that the
fluid potential stayed constant for a long geologic pertod that was necessary for
retaining a significant amount of petroleum in the trap.

In summary, from the drainage efficiency and sealing stability viewpoints, the
anticlinal and domal structures arc morce cffective traps than any other traps.
Although T have no intention to deny the significance of the other traps in the future
exploration, the anticlinal trap is probably the most effective and stable trap.

Time of Trap Formation

For concentrating a large quantity of hydrocarbons in a trap, the timing of its for-
mation is an important factor. This means that, by the time of major petroleum gen-
eration and migration, an effective trap must have existed to form a commercial
accumulation. :

Figure 13 shows schematic cross sections of two anticlines, A and B. Four dcposi-
tional surfaces are shown by four lines, labelled 1 to 4; 1 shows the surface of a reser-
voir and 4 indicates the present depositional (or land) surface. At A, the central por-
tion of the bed between surfaces 1 and 2 is thinner. This suggests that the anticline
was probably developed between stages 1 and 2, with the formation thinning indicat-
ing its crest. Another possibility is that the differential loading or sedimentation, that
took place between stages 1 and 2, created the anticline at the same time.

B A

Fig. t3. Schematic cross sections of anticlines A and B.
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In any situation, the bed-thinning makes it possible to estimate the time of the
anticline formation as between stages | and 2. By applying the same concept, one
could be able to interpret the time of trap development at B as between stages 3 and
4

In summary, trap A was developed carlier than trap B. Therefore. if all the other
factors for the formation of an oil accumulation are the same. the former trap has a
better chance of containing petrolcum than the latter.

For interpreting a more general case, which 1s usually more complicated geologi-
cally, a burial-history plot is recommended to construct. Using a geologic column of
a synclinal area shown in Fig. 14, one would be able to construct a burial history plot
for the Triassic reservoir, whose present depth is 14,500 tt and whose geologic age is
225 million years. Five depositional and burial stages may be identified; 1. end of
deposition ot the reservoir (225 million years ago - M. Y. ago), 2. end of Triassic (180
M.Y . ago). 3. end of Jurassic (135 M. Y. ago). 4. end of Cretaceous (70 MY, ago).
and 5. present (0 M.Y. ago). Thesc five stages are shown by numbers in the burial
history plot of Figure 15.

2000 FT EROSION

DEPTH, FT AGE, 'v;”E.l‘;lHOSN DEPTH, FT )\gE, MV'E-II;OIROSN
o] o
wool— 10
TERTIARY
a
CRETCE: YOUNGER
3000 7w
3500 135
CRETACE-
JURASSIC ous
6500 80 690 135
TRIASSIC
JURASSIC
A000 __ERVOR 225
9500 180
ANTICLINE
TRIASSIC
145X [RESERVOIR| >
SYNCLINE

Fig. 14. Geologic columns representing anticlinal and synclinal areas.
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AGE AFTER DEPOSITION, MILLION YEARS

1 100 200 300 400 500 600 700
0

| 1 I T T T |

-
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Fig. 15. Burial history plots of synchinal arca shown in Fig. 14, Line 1-2-3-4-5 shows uncor(ccu_:d (for
compaction) burial history and line 1-2°-3'-4"-5 represents compaction-corrected burial history.

As described above. stage 1 is the time when deposition of the reservoir section
had just been completed. At stage 2 or the end of Triassic age, the reservoir had been
buried to 5.000 ft, because that is the thickness of the Triassic formations above it
(14.500-9.500 ft. Fig. 14). 1f the cffect of sediment compaction is considered. the
burial depth at that time must have been morc than 5,000 ft, because a 5.000 ft sec-
tion today ought to have been thicker than 5,000 ft when it was less dceply buried (or
at the end of Triassic). The age of the reservoir at stage 2 was 45 million years since
deposition (225-180 M. Y ). Both points 2 and 2" in Fig. 15 show uncorrected and cor-
rected (for compaction) burial depths at stage 2.
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The burial depths and geologic ages of the reservoir at successive siages of burial
arc shown as points 3, 4, and 5 (uncorrected) or 3°, 47, and 5 (compaction corrected)
in Fig. 5.

Time of trap formation can be estimated by constructing two burial history plots
from both synclinal and anticlinal areas (for the geologic columns, see Fig. 14). The
anticlinal area experienced significant erosion (2,000 ft) after the Tertiary deposi-
tion. Burial histories of both areas are shown in Fig. 16. The synclinal area experi-
enced continuous burial from stage 1 to 5, whereas the anticlinal area had two
periods of trap formation: 1. a slow burial (stages 1 and 2), and 2. a slow burial fol-
lowed by significant uplift (stages 4 and S); the erosional period is shown by a wavy
line in Fig. 16. These two periods of trap development can be inferred by the ten-
dency of the two burial-history lines from both areas to separate from each other. No
compaction correction has been made in the plots of Fig. 16.

Between the two periods, the two burial lines are almost parallel. indicating that
both synclinal and anticlinal arcas subsided at almost the same rate.

AGE AFTER DEPOSITION

1 100 200 300 400 500 MILLION YEARS
0 + + + S
5
ANTICLINE
g 10+
"
Q
S
= 5
- SYNCLINE
T
-
o
W
Q 201
sol

Fig. 16. Uncorrected (for compaction) burial history plots of anticlinal and synclinal arcas shown in Fig.
4.
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Rate of Loading (or Sedimentation} and Trap Formation

Although changing slopes of the burial-history lines from both synclinal and antic-
linal arcas indicate the status of trap formation, whether or not these two lines are
separate from each other, is sometimes unclear on the plots. In such a case, rate of
loading or sedimentation can be calculated and applied for estimating time of trap
formation.

For a given geologic period, the rate of loading or sedimentation can be shown for
both arcas as follows:

R AD, )
A AT

k= 3D &
s AT

where R, and R are the rates of burial or sedimentation for both anticlinal and sync-
linal arcas, respectively. AD, and AD are the burial depth differences for both areas
between the beginning and the end of a given geologic period. and AT 1s the geologic
time interval of the period.

Rate of trap formation (R ) can be defined as the difference between the rates of
burial of both arcas shown in equations (2) and (3). or
AD, — AD
== (4)
AT

Using the burial history plots shown in Fig. 16, the rates of both burial and trap for-
mation were caleulated for the entire geologic period. and are shown in Tablc 1.
Large positive values of R, indicate periods of significant trap formation; in this
cxample. the periods between stages [ and 2 and between stages 5 and 5 during the
crosion can be shown as the most important. Figure 17 depicts a graphical presenta-
tion of the trap formation for the case shown in Table 1.

R, = R, - R,

Table 1. Rates of burial of anticlinal (R ) and synclmal {R_} arcas, and of trap lormation (R ). for the
case shwon i Fig. 16.

Anticline Swncline Ditlerence
R, R, R,

:‘“3“’1 33.3 ni +77.8
Stage 2

. X a6, 6 66.6 0.0
Stage. 6.2 S3.8 7.6
Stage 4

e o 7 42.9 +1.2
&jtugc 5 (bﬁclorc r:r-oslon)’ 3000 1y Ly
Stage 5 (altererosion)

unit . fymilhon years
* Based on erosional period ol 10 million years.
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Fig. 17. Plotof rate of trap lormation, R, based on data of Fig. 14

A computer program was written tor the IBM Personal Computer to plot both
burial history and rates of trap formation (Fig. 17). The program is shown in Appen-
dix A.

Compaction Correction of Burial History Plot

In Fig. 15, the burial history plot when the compaction correction is made is shown
by line 1-2°-3’-4°-5, the middle part of which is shifted downward from the uncor-
rected line 1-2-3-4-5. Both cases show identical depths at the beginning (stage 1) and
at the end (stage 5) of the burial history. but, at the intermediate stages of 2. 3 and
4, some compaction corrections are necessary.

[f the scdiment compaction is simply the result of fluid expulsion from it, the fol-
lowing mass balance relationship could be established:

V(lfd’) = Vu(l*d)u)
or
v 1l-4¢ <
Vi Vv [~ &, 5
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Fig. 19. Schematic diagram showing method of restoring present thickness to original thickness before
compaction,

where V and V are volumes of the sediment hefore and atter compaction, and &, and
& are its porosity values before and after compaction, respectively.

If a vertical sediment column with a unit base arca is considered and if compaction
occurred primarily in the vertical direction through an increase of overburden pres-
sure, the volume terms in equation (5) can be replaced by new thickness terms, T,
and T, before and after compaction, respectively, as:

T (6)

In solving either equation (5) or (6), a convenient chart of Fig. 18 can be used.
Point A in this figurc is based on ¢, = 60% and ¢ = 10% and the estimated V,
(or T,) on the vertical scale is 2.25 ft* (or 2.25 [t). In this chart. the present sediment
volume after compaction, V (or thickness, T)is T [t* (or | ft). The result of caleulation
shows that the original volume of 2.25 [t (or thickness of 2.25 ft) was reduced to |
ft* (or 1 ft) by compaction and fluid expulsion.

The above estimation is identical to the result of the direct caleulation using equa-
tion (5) or (6}, as foltows;
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V,or T, = | x } :8(‘) 1 x 8—3 — 2,25 ft" or ft.

When a thick formation with changing porosity with depth is to be restored to that
at shallower burial depths, more laborious steps must be taken. These steps are
shown diagrammatically in Fig. 19. Let us supposc that column I-N, which is decply
buried (see left-hand column}), is to be restored to shallower burial depths (sce right-
hand column). A porosity-depth relationship is necessary to estimate the porosity
values at both present (after compaction) and restored (before compaction) stages.

Let us take unit 1 from the present column and restore it at the surface shown as
unit 1" (restored column), using equation (6). The thickness of this unit was greater
at that stage. The restoration of the other units must continue to the tfinal one, N. The
sum of the restored thicknesses from unit 1 to N is computed and is interpreted to be
the true burial depth of the unit N when unit | was at surface or was being deposited.

Probleins

1. Explain the mam reasons why both anticlinal and domal traps are usually

casier to find and more productive than the other types of traps.

Using the geologic data shown in Fig. 20, construct burial history plots of the

reservoir at both synclinal and anticlinal locations.

3. Using the above data. calculate the rate of loading or sedimentation for the
five successive periods for both synclinal and antichinal locations.

4. From the result of 3, calculate the rate of trap formation for these periods.
Then, describe the most significant period(s} of trap formation.

]
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Fig. 20.  Geologic columns of anticlinal and synclinal locations.







Chapter 4

Cap Rocks and Sealing Efficiency

B8 [ntroduction. 8 Capillary seal.

8 Capillary pressure curve. & Pressure seal.
8 Pressure-sealing time and depth.

B Summary. 8 Problems.

Introduction

It has been widely known that shale and anhydrite are the two main sealing rocks
or cap rocks for hydrocarbon accumulations. Tight limestones can also be a seal.
There are two important physical characters of rocks involved in the determination
of sealing capacity; 1. ductility, and 2. high capillary pressure or low permeability.

Most anhydrite caps are cffective, because of their extremely Jow (or practically
nil) permeability and of their ductile nature. Some undercompacted shales, which
are called pressure seals (Evans et al. 1975), also have bothlow permeability and high
ductility. Even in these rocks, fractures may be developed by the imbalance between
the subsurface stress and fluid pressure (Magara 1981a}, but such fractures could be
closed quickly if the rock is ductile.

In cases of normally compacted shale and tight (and probably dense) limestone,
their high capillary pressure and low permeability are the main reasons of their being
good cap rocks.

Cap rock may be defined as a rock which tends to retard the vertical escape of hyd-
rocarbons from a trap. I believe that in most traps a small amount of vertical loss of
hydrocarbons is inevitable, but, as long as the loss is significantly less than the
amount migrating into the trap, a commercial accumulation can be formed. In other
words, there would be no need of having an absolute seal or cap rock to form a hyd-
rocarbon accumulation in the subsurface.

Another important point with respect to the cap rock is that a rock, which effec-
tively seals hydrocarbons but not water, is necessary in forming an entrapment. This
means that hydrocarbons arc being sieved effectively by the cap rock, while forma-
tion water escapes upward from the trap.

If, for the sake of argument, the cap rock is an absolute seal for both water and
hydrocarbons, then virtually no water would migrate from synclinal areas to the

29
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crest. Because water’s compressibility is extremely low, water cannot move into the
crestal area unless water already existing in the crest is being removed to the surface.
Movement of water is an essential factor of hydrocarbon migration in most cases.

Capillary Seal

Berg (1975) offered an equation to estimate the maximum height of oil column,
7, held by the capillary pressure,
|
2y (¢ - rl )
S (7)
g (pu - p())
where v is the interfacial tension between oil and water, r, and r, the pore-throat

radius of cap rock and pore radius of reservoir rock, respectively, g the gravity accel-
eration, and p, and p, the densities of water and oil, respectively.

le

A well-sorted, fine-grained sandstone with a porosity of 26% was considered by
Berg. Such a natural aggregate may approximate a rhombohedral packing of
uniform spheres in which pore sizes are 0.154D, 0.225D, and 0.414D, D being the
sphere diameter.

The graph in Fig. 21 shows the critical height of oil column as estimated by these
assumptions: if the column of oil exceeds this critical height, the oil will move
upward; otherwise, it will stay under the seal. In this model, the reservoir rock,
whose grain size, D, is 0.2 mm, is overlain by the same or a finer-grained rock. The
critical height of the oil column (vertical scale) is shown for a given grain size {(hori-
zontal scale) and given density difference (Ap) between water and oil. For example,
an oil column of 150 ft can be retained by silt of 0.01 mm grain size, if the density dif-
ference (Ap) is 0.2g/cm?.

If water is moving due to hydrodynamic force in the reservoir, the critical height
of oil column, Z . can be expressed differently (Berg 1975);

1 1
(i1
_ Y ( r, rp) N ( P, @ X
o g (py — P,) p,—p, dx ~° (8)

h. Lo . .
where g‘x is the inclination of fluid-potential surface measured from potentiometric

map and X the horizontal width of oil accumulation (Fig. 22).

The optional sign (*) in equation (8) rcfers to flow direction: the positive sign cor-
responds to down-dip flow and the negative to up-dip flow. In other words, a greater
hydrocarbon column can be retained if there is a down-dip flow or down-dip poten-
tial gradient. The scaling capacity of a given cap rock is usually less for gas than for
oil, because the buoyancy term, p, - p,(ormaybe.p, - Py for gas) in both equations
(7) and (8) is greater for gas.
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Fig. 21. Graph relating mean grain size of cap rock ana density difference (Ap) between water and hyd-
rocarbons in reservoir to height of oil column (Z,)). Refer to text for explanation (Berg 1975).
Courtesy of American Association of Petroleum Geologists.
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S —— hy

Fig. 22. Schematic diagram of oil stringer held in aquifer by downdip flow of water (Berg 1975). Cour-
tesy of American Association of Petroleum Geologists.

In general, the capillary sealing capacity tends to increase with increasing sediment
compaction, because of the reduction in pore size and of the increase in the propor-
tion of structured water in shale which further retard the movement of water.

Capillary Pressure Curve

To evaluate pore geometry of a core, capillary pressures are sometimes measured
by injecting oil (or mercury) into the water-saturated core. Examples of capillary
pressure curves of a reservoir and a cap rock are shown in Fig. 23.

In the reservoir curve, the pressure necessary to force the oil (or mercury) to enter
the rock is named as displacement pressure, Py . .,. After the displacement pres-
sure is exceeded, the curve becomes nearly flat, showing that it takes very little addi-
tional pressure to increase the oil (or mercury) saturation (or to decrease water sat-
uration). After this stage, the curve becomes more vertical, suggesting that addi-
tional pressure does not significantly increase the oil (or mercury) saturation (or
decrease water saturation). During this final stage, only very small pore spaces are
available for injection of cil (or mercury). The water saturation at the final stage is

called “irreducible water saturation, Sw.i"(rcsmoir) .
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A homogeneous, porous, and permeable reservoir is usually characterized by rela-
tively small Pyand S values. A poor reservoir or a good cap rock, on the contrary,
tends to have relatively large Pyand S, ; values which are shown by curve “cap rock”
in Fig. 23. In this case, to inject oil into the cap rock, the minimum pressure shown
by “A” is necessary.

SWirr
{CAP ROCK}
pd
E
SF-—~-~——--—- A-————————— Pd (CAP ROCK)
w8 .
=2
ﬁﬁ SWirr
o
mls { RESERVOIR )
x
>k 8
g5 «
ks %
o )
r
3o
&
RESERVOIR
~N+Pd (RESERVOIR )
o} 100 %
SW-
WATER SATURATION

Fig. 23. Schematic capillary pressure curves of reservoir and cap rocks. Refer to text for explanation.
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Fig. 24. Example of pressure seal at Shiunji SK-21. Japan. Refer Lo text for explanation (from Magara
1968). Courtesy of American Association of Petroleum Geologists.
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In a hydrocarbon reservoir, pressure of the hydrocarbon phase in excess of water
pressure increases upward due to buoyancy. This excess hydrocarbon pressure can
be shown as (p,, - p,) H.g, where p,, and p, are densities of both water and hydrocar-
bons, H the height of hydrocarbon column, and g the gravity acceleration. There-
fore, the capiliary pressure (P ) on the vertical axis of Fig. 23 may be replaced by the
term related to the height of the hydrocarbon column.

If the excess pressure of such a hydrocarbon column exceeds level A in Fig. 23, the
hydrocarbons will be injected into the cap rock (or lost upward). Otherwise, the hyd-
rocarbons will be retained in the reservoir. In summary, a higher P, value of the cap
rock tends to keep a thicker hydrocarbon column.

Pressure Seal

Slightly undercompacted shales can act as pressure seals. An excellent example
from Japan is shown in Fig. 24, in which the undercompacted shales between about
2,250 and 2.,450m (see A) have fluid pressures in excess of the hydrostatic pressure
(see B). These excess fluid pressures in the shales are believed to have helped in hold-
ing hydrocarbons (gas in this case) in the volcanic tuff reservoir below about 2,750m.

Another example is shown in Fig. 25 which depicts both sandstone % and calcu-
lated fluid pressure of shales of a weil in the Gulf Coast, Louisiana. The shales bet-
ween about 7,000 and 9,000 ft are believed to be acting as pressure seals for hydrocar-
bons trapped below 9,000 ft. Figure 26 is an example of pressure seal from the north-
ern Canada.
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Pressure-Sealing Time and Depth

Unlike capillary seals, most pressure seals are believed to have been developed
long after deposition. These undercompacted shales generally underwent relatively
normal compaction in the earlier stages of their history, until their permeability had
been reduced to a level beyond which normal fluid expulsion and normal compaction
became impossible mainly due to the reduced permeability and fluid mobility (Mag-
ara 1978a). The shale compaction rate would then have slowed down, and under-
compaction have resulted. Possible compaction histories of the undercompacted
shales (pressure seals) are shown in Fig. 27.

SHALE POROSITY —=
LOGARITHMIC SCALE .

-«— DEPTH

4— COMPACTION
| HISTORY

UNDERCOMPACTED
A SHALE

(PRESSURE SEAL )

RESERVCIR

Fig. 27. Schematic diagram showing sealing depth (X) of pressure seal at A

The depth at which normal compaction and normal fluid expulsion for shale A
(most undercompacted) ceased is shown as X in Fig. 27. This is the estimated depth
at which shale A reached the stage of restricted fluid expulsion, or the sealing depth.
Possible deepest sealing depth, which corresponds to possible latest sealing time
(geologically speaking), can be estimated by drawing a near vertical line from shale
A and finding the intercept depth with the normal compaction trend line shown as X
in Fig. 27. The actual sealing depth could have been slightly shallower than this
depth, but the difference between the actual and possible deepest sealing depths may
not be too large in most cases.
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If this sealing depth (X) is plotted on a burial history plot such as shown in Fig. 28,
corresponding sealing time can be estimated at X’. This s possible latest sealing time
and the actual sealing time may have been slightly earlier than this estimate. Estima-
tion of the sealing depth and time at an anticlinal location is most important, because
most hydrocarbons tend to escape upward there if there is no effective seal.

AGE AFTER DEFOSITION
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Fig. 28.  Schematic diagram showing method of estimating sealing time (X') determined from sealing

depth (X) in Figure 27.

Although absolute timing (or absolute geologic age) of seal development is not
important, its timing relative to trap formation, and hydrocarbon gencration and
migration is a critical factor in assessing a prospect: by the time a trap was formed and
hydrocarbons migrated into it, an effective seal must have been developed over the
reservoir to form a significant accumulation.

Summary

The capillary seal is effectivc only when hydrocarbons have their own phase sepa-
rate from water, whereas the pressure seal could be effective for any form of hyd-
rocarbons, either separate from or soluble in water. Because the solubility of oil in
water is much smaller than that of gas, the capillary seal tends to hold most oil
accumulations effectively, but may not be good enough for many gas accumulations.
In such cases, an additional sealing capacity by pressure seals would be helpful in
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keeping 2 high gas column. Note also that, because of greater buoyancy torce of gas,
gas tends to leak out more easily and quickly. Insuch a case, the presence of the pres-
sure seal would become important.

It is known that most pressure seals are developed in relatively young sedimentary
rocks (usually Cretaceous or younger). Timing analysis of a pressure seal using a
burial history plot described above is quite useful in these younger rocks.

Problems

1. Describe effective sealing conditions for a trap.

2. Using Fig. 21, estimate the critical height of oil column, if the cap rock is clay
of 0.005mm grain size and the density difference between the oil and water
is 0.3 g/fem’,

3. In the above example, if fluid is moving downdip, can we expect greater or
smaller height of oil column over the height estimated above ?

4. Explain the method of estimating both depth and time of pressure seal
development.



Chapter 5

Secondary Hydrocarbon Migration

m Introduction. # Buovancy. ® Hydrodynamics.

m Differential entrapment. 8 Problems.

Introduction

Once hydrocarbons from source rocks enter reservoir rocks, they will encounter

various physical conditions that did not exist in the source rocks:

1. larger pore spaces

2. fewer capillary restrictions

3. less semisolid or structured water

4. less fluid pressure.
These new conditions generally help to enlarge and connect the hydrocarbon
globules, which can cause significant buoyant force. The reduced capillary restric-
tions will allow this buoyancy to move the interconnected globules to a higher struc-
tural position in the reservoir. In other words, formation of a trap is an important fac-
tor in migrating hydrocarbons at the secondary stage. The structured water will be
explained in the next chapter.

Buoyancy

If some structural relief, due to loading imbalance and/or late-stage uplift and ero-
sion, is formed, the interconnected globules of hydrocarbons will be able to move to
a higher structural position, provided the buoyant force exceeds the capillary restric-
tions.

The critical height of oil column, Z , for oil accumulation insuch a case is given as
follows by Berg (1975);

1 1
2y(o-7)
R 7)
g (pw - p())
as explained in Chapter 4.

Fig. 21, in Chapter 4, shows the critical height of oil column as estimated from this
equation. If the oil column exceeds this critical height, the oil will move; otherwise,
it will stay. In this model, D, the average grain size of the reservoir rock, is 0.2mm

41
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and the reservoir is overlain by the same or finer-grained rock. The critical height of
the oil column (vertical scale) is shown for a given grain sizc (horizontal scale) and
given density difference (Ap) between water and oil.

If, for example, the height of the oil column exceeds 5 ft when the fluid-density dif-
ference is 0.2 g/m* and the reservoir grain size is 0.2mm, the oil moves upward within
the reservoir. If the reservoir rock bccomes finer upward, or is overlain by other finer
rock, a taller oil column is required for upward migration.

The density of water is controlled by pressure, temperature, and the amount and
kinds of dissolved solids. Fig. 29 provides a mcans of evaluating the densities of for-
mation water (Schowalter 1979). Schowalter stated: “In situations where the domin-
ant negative ion 1s chloride, the chloride-ion concentration scale can be used. For
waters that contain appreciable amount of negative ions other than chloride, the
upper scale for total dissolved solids should be used.™

Estimating the density of oil in the subsurface is more complicated, because it
depends on the composition of oil and dissolved gases, temperature, and pressure.
Fig. 30 can be used to arrive at a workable estimate of the density of oil under subsur-
face conditions from the stock-tank API gravity and the solution gas-oil ratio
{Schowalter 1979}.

Schowalter proposed three nomographs (Figs. 31, 32, and 33) to estimate manu-
ally the density of gas in the subsurface. The equation used to develop these nomog-
raphs is

- - m 9
b, = 1485 x 107 Z )

where P, is the subsurface density of gas (g/cm?®), m the apparent average molecular
weight, p the absolute pressure (Ib/sq in), Z the compressibility factor, and T the
absolute subsurface temperature (Rankine).

The interfacial tension between oil and water is significantly different from that
between gas and water, under laboratory conditions. Hocott (1938), however,
showed that, at higher pressures and temperatures, the interfacial tensions of both
oil and gas with water approach 30-35 dynes/cm (Fig. 34). This is the basis on which

Berg assumed the interfacial tension of 35 dynes/cm when constructing Fig. 21 (in
Chapter 4).
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Fig. 34. Surface and interfacial tensions as functions of temperaware and pressure (from Berg 1975, after
Hocott 1938). Courtesy of Society of Petroleum Engineers at AIME.

If buoyancy were the principal cause of secondary petroleum migration, such mig-
ration would have taken place when or after active structuring or trap development
occurred. For secondary migration, of course, the reservoir must have reccived a suf-
ficient amount of oil or gas through primary migration.

Although buoyancy itself may suffice to move hydrocarbons in many reservoir
rocks, other forces such as sediment compaction, aquathermal effect, and possibly
clay-mineral dehydration may also influence secondary migration. In many cases,
however, the directions of migration due to these different causes arc the same as
that due to buoyancy - from a structurally deeper place to one that is shallower.

If the directions of fluid flow resulting from these other causes are different from
that of the flow caused by buoyancy, hydrocarbon accumulations may be forced to
move to locations other than the tops of structures, or they may be completely lost
from the sedimentary basin.



Secondary Hvdrocarbon Migration 49

Hydrodynamics

Schematic examples of this type of accumulation are shown in Fig. 35, This figure
depicts combinations of structural and hydrodynamic conditions in the subsurface;
the accumulation is moved downdip by the hydrodynamic force.

Fig. 35. Types of hydrodynamic oil and gas accumulations in sandstone reservoir; (a) gas entirely
underlain by oil, (b) gas partly underlain by oil. (¢) gas and oil accumulations separated (from
Hubbert 1953). Courtesy of American Association of Petroleum Geologists.

The inclination of the oil (or gas)/water contact is given by Hubbert (1953) as fol-
lows;

dZ _ P« Ah (10)
dX p,—p, AX
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where %( is inclination of oil (or gas)/water contact. p the density of water, p, the

density of hydrocarbons, and j—)h( the inclination of potentiometric surface.

The elevation of the potentiometric surface of a reservoir can be estimated by
making an imaginary water column whose weight corresponds to the measured or
estimated formation-water pressure in the subsurface. The inclination of the poten-
tiometric surface may be obtained if at least three measured or estimated water-pres-
sure values are available within an area.

A hydrodynamic condition may be caused either by motion of meteoric water that
penetrates from the surface into subsurface rocks or by movement of the sediment
source or of the compaction water,

If an oil or gas accumulation is trapped in such a hydrodynamic environment, the
oil (or gas)/water contact must be inclined in the direction of declining potentiomet-
ric elevation. However, an apparent inclination of oil (or gas)/water contact does not
necessarily mean a hydrodynamic condition. It could also result from changing capil-
lary pressure due to the changes in pore size and pore geometry caused by changing
lithology, subsurface stress and diagenesis. Wilson (1975} proposed the importance
of diagenetic effect in forming petroleum accumulations, some of which have tilted
oil {(or gas)/water contacts.

If faults effectively seal hydrocarbons, the difference of oil/water contact levels in
different fault blocks also could cause an apparent tilt, as shown in Fig. 36. This appa-
rent tilt has nothing to do with hydrodynamic conditions.

SURFACE

WATER

Fig. 36. Schematic diagram showing apparent tilt of oil/water contact due to faults.
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Water-salinity change from fresher water in the intake area to more-saline water
in the deeper parts of a basin is sometimes regarded as an indicator of hydrodynamic
conditions. But salinity change does not necessarily mean hydrodynamic conditions
in the sense used by many hydrodynamics geologists.

If fresh meteoric water was in contact with saline formation water during the
geological past, we would find a gradual salinity change in the subsurface from diffu-
sion, even if the water was static. Another possibility is that meteoric water has dis-
turbed the relatively shallow formation water by circulating locally through it and
thereby freshening it, but has not completely penetrated the deeper parts of the
basin. In such a case, too, we would see gradual salinity change, but they would not
imply the hydrodynamic condition in the sense used by the hydrodynamic geologists.

Under true hydrodynamic conditions, water drives into the deep subsurface and
replaces some or all of the formation water. If such hydrodynamic conditions con-
tinued for some period of geologic time, then should not we have almost completely
fresh water throughout the basin, rather than gradual changes in salinity? Figure 37
shows an example of salinity maps in Japan, where gradual salinity changes are
observed but hydrodynamic conditions do not appear to exist.

For a hydrodynamic state to continue to exist in the subsurface, the following con-
ditions at least must be met:
1. There must be proper outlets and passageways for water moving in a basin.
2. There must be a difference in fluid potential to cause the water to move.

Although the second condition is usually considered, the first one tends to be over-
looked by some hydrodynamics geologists. The validity of the conclusions made
from these hydrodynamics studies in different parts of the world must, therefore, be
re-examined.

Differential Entrapment

If both oil and gas are generated in the deepest parts of a sedimentary basin, and
if the basin contains a series of connected structures or traps, gas will occupy the
deepest (or fist) trap, and oil will spill out to the shallower traps. As shown in Fig. 38
(Gussow, 1954), if this process continues, we will find oil accumulated in the higher
traps and gas in the lower.

Gussow listed many examples of differential entrapment of this type, but the same
situations (deeper gas and shallower oil) may also be explained by the concept of
stages of petroleum maturation {(deep gas and shallow oil - see Chapter 7) and also
possibly by differences in source-rock type (see Chapter 8).

Gill (1979) showed examples of differential entrapment in the Michigan Basin
(Figs. 39 and 40). He denied the possibility in this basin that the observed partition-
ing between oil and gas is caused by differences in source type, depth of burial, or
pressure and temperature (or maturation). He then concluded that, ... except for
Gussow’s theory, all the alternative explanations examined by the writer (Gill) were
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found to suiter from certain weaknesses, as they failed to account adequately for all
the observations” (p. 617).

Schowalter (1979) recently postulated a different reservoir model in which a series
of capillary pressure barriers tend to hold certain height of hydrocarbon columns
(Fig. 41). When oil and gas are present as separate phases in a stratigraphic trap, gas
will be at the upper part of the trap and will be trying to break through the barrier.
The amount of oil leaking updip may be smaller than the amount of gas. As this type
of migration process continues, the shallower traps may become saturated by gas,
and the deeper traps by oil, as shown in Fig. 41. This is a situation exactly the oppo-
site of the continuous reservoir depicted in Fig. 38.

o

oIL

PERMEABILITY
BARRIER

Fig. 41. Stratigraphic differential entrapment of oil and gas. For series of traps that leak updip, oil will
be differentially entrapped downdip from gas (Schowalter 1979). Courtesy of American
Association of Petroleum Geologists.

L’roblems
1. List four major differences of physical conditions between source rocks and
reservoir rocks.
2. Describe the critical physical condition that hydrocarbon globules are able to
move to a higher structural position.
3. Explain the hydrodynamics concept proposed by Hubbert (1953).
4. Explain the differential entrapment concept by Gussow (1954).






Chapter 6

Primary Hydrocarbon Migration

Introduction. B Molccular solution.

Micellar solution. B Oil-droplet expulsion.

Importance of structured water in primary oil migration.
Oil-film migration. B Compaction-fluid movement.
Agquathermal fluid migration.  ® Osmotic fluid movement.
Fluid movement due to clay dehydration.

Generation of gas. B Capillary pressurc.

Buoyancy. m Diffusion. B Problems.

Introduction

Primary migration is defined as the movement of petroleum from nonreservoir
and source rocks to reservoir rocks, and is distinguished from its concentration and
accumulation into pools of oil and gas within the reservoir rocks, which is known as
secondary migration.

At the stage of secondary migration, hydrocarbons are believed to migrate updip
in the reservoir, primarily through buoyancy effect. Therefore, if the reservoir sec-
tion is porous and permeable enough to allow the hydrocarbons to move, and if it has
some structural relief, the hydrocarbons would be able to migrate updip and to con-
centrate into a pool within a trap. There must also be some density difference bet-
ween hydrocarbons and formation water.

However, the discussion of primary migration must be conducted in a different '
manner. This is because hydrocarbons, at the time of primary migration, were prob-
ably disseminated in the form of small globules in fine-grained rocks, which would
imply very little buoyancy. The capillary restrictions of fine-grained rocks, however,
are relatively very large, so that movement of such small globules is considered by
several investigators to be very difficult. If, on the other hand, most hydrocarbons
are in solution in water, they could be quite free to move.

Regarding the form of hydrocarbons at the time of primary migration, there arc
basically three different possibilities : molecular solution, micellar solution, and a
separate hydrocarbon phase.

57
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Molecwlar Solution

If most hydrocarbons at the primary migration stage were in the form of molecular
solution, there would be no capillary restrictions to movement. Hydrocarbons would
thus be able to move either with movement of water, or by molecular diffusion with-
out movement of water.

The molecular solubility of liquid hydrocarbons in water at relatively high temper-
atures was extensively studied by Price (1976). Figure 42 illustrates the results of
Price’s experiments. The highest solubility was observed with the Farmers whole oil
sample in Fig. 42. The solubility of this oil at 160°C is approximately 150 ppm, and
the curve shows an increasing tendency toward solubility with increasing tempera-
ture. These temperature values are much higher than the known range of 60 to 150°C
for most oil accumulations (Magara 1977a).

On the other hand, Dickey (1975) stated that the flowing stream would have to
contain at least 10,000 ppm of hydrocarbons at the time of primary migration, on the

basis of his own estimate of the amount of migrating hydrocarbons in compaction
fluid.

Magara (1977a) offered another approach to estimating the required concentra-
tion of oil in the flowing stream, using Tissot and Pelet’s (1971) analytical data of
amounts of hydrocarbons, resins and asphaltenes in Devonian shales in Algeria.
Figure 43 shows the results in mg/g organic carbon. This figure shows that the amount
of hydrocarbons decreases toward the reservoir, indicating primary hydrocarbon
migration. On the other hand, the amounts of resins (NSOs) and asphaltenes in the
shales remain relatively constant.

The difference in hydrocarbon concentration at the 14 m point and at the near-
reservoir point is about 40 mg/g organic carbon. Within this short interval of 14 m, it
would be reasonable to assume that the level of total hydrocarbon generation per
gram of organic carbon is nearly constant. Therefore, we may be able to state that the
40 mg represents the lowest pessible amount of hydrocarbons expelled per gram of
organic carbon from the shale closest to the reservoir.

On the basis of the above estimate and the estimated amount of compaction water
expelled, Magara (1977a) concluded that the amount of hydrocarbons in the flowing
stream can be estimated to be at least 8,000 ppm. Vyshemirsky ef al. (1973) made
experiments with squeezing a mixture of clay, liquid hydrocarbons and water up to
300 atm. They found that the amount of hydrocarbons squeezed with water was
much more than could be accounted for by solution mechanism alone.

From the above statement, it is obvious that the greater proportion of liquid hyd-
rocarbons must have moved in their own phases.

Another difficulty in accepting solution as the principal mechanism for primary
migration is that the composition of hydrocarbons accumulated in most pools usually
cannot be related to the relative solubilities of the different classes of hydrocarbons.
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Fig. 43, Plotof amounts of hydrocarbons, resins and asphaltencs/organic carbon (g) of Devonian shales
adjacent to reservoir in Algeria. Original data are derived from Tissot and Pelet (1971).

In other words, if solution were the principal mechanism for migration, the compos-
ition of accumulated hydrocarbons would have to be governed by the relative sol-
ubilities of the different kinds of hydrocarbons. However, the real subsurtace data do
not support this possibility.

McAuliffe (1978) stated that, “ ... the water solubilities of hydrocarbons vary sig-
nificantly with hydrocarbon class (alkanes, cyclo-alkanes, aromatics, etc.) and
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decrease markedly with incereasing molecular weight within a class (Fig. 44). The
relative composition of crude petroleum with respect to the relative water solubilities
of petroleum hydrocarbons suggests that solution is not a reasonable migration
mechanism.”

As a matter of fact, Tissot and Pelet’s (1971) geochemical data shown in Fig. 43
suggest that hydrocarbons were expelled preferentially over resins (NSOs) which are
more soluble. Therefore, we may be able to conclude that molecular solution cannot
be the principal mechanism for primary migration.

From the above observations and interpretation, we may be able to conclude that
primary migration of liquid hydrocarbons is a matter of the exclusion of relatively
insoluble but mobile material from source rocks.

In the case of primary migration of gas, however, the situation can be completely
different. Fig. 45 (from Bonham 1978) shows that the solubility of natural gas in
water at high temperatures is relatively high. If compaction water that is saturated
with natural gas moves from a synclinal area where pressure is extremely high to the
crest of an anticline where pressure is relatively low, a significant amount of gas must
be separated in the latter area because of the lower solubility of gas there. I believe
that most gas accumulations can be explained by this simple mechanism.
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Fig. 44. Solubilities of normal alkane and aromatic hydrocarbons in water (from McAuliffe 1979)
Courtesy of American Association of Petroleum Geologists.
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Micellar Solution

Baker (1962) proposed another solution mechanism called micellar solution. He
suggested that hydrocarbon solubility is substantially high if the water contains
micelles formed by the soaps of organic acids. There are, however, several reasons
for questioning the plausibility of Baker’s proposal as the principal mechanism of
hydrocarbon migration in the subsurface.

First of all, there is no evidence that such solubilizing micelles exist in significant
quantities in shales. Even if they do exist in shales, they would not be able to move
easily because these micelles are relatively large molecules. Second, the micelles may
increase the solubility of the heavier hydrocarbons in water only to a few parts per
million — nowhere near the 10,000 ppm or more that appears to be necessary (Dickey
1975). The third objection to accepting micellar solution as important in primary
migration is that the process whereby the hydrocarbons carried by the fluid (water,
micelles and hydrocarbons) are unloaded at the final trapping position in the reser-
voir cannot satisfactorily be explained.

Oil-droplet Expulsion

As mentioned earlier, the expulsion of oil droplets from shales has been believed
by many geologists and geochemists to be an extremely difficult process; primarily
because the basic concepts of capillary pressure were developed in coarse-grained
reservoirs. Qils already trapped in these coarse-grained rocks cannot easily move
upward into the overlying shales because of capillary restrictions by the shales,
although there is usually significant buoyant force due to the density difference bet-
ween the oil and the water. In other words, the movement of oil from coarse- to fine-
grained rocks is very difficult.

However, primary migration occurs from fine- to coarse-grained rocks, so that the
capillary pressure difference may have helped the movement of the oil droplets.
Nevertheless, for an oil droplet to have moved within the fine-grained source rock
may still be considered very difficult.

According to Berg (1975), capillary pressure, P. is given as :
Pc=27(l l) (11)

T,
where v is the interfacial tension between oil and water, r, the radius of pore throat
(see Fig. 46), and r, the radius of pore space.(see Fig. 46).

Berg (1975) stated that, “ ... natural aggregate may approximate a rhombohedral
packing of uniform spheres in which pore sizes are 0.154D, 0.225D, and 0.414D,
where D is sphere diameter” (Graton and Fraser 1935). Then he wenton : “ ... the
migration path through the aggregate is by means of alternate pores of diameter
0.225D and 0.414D that arc connected by pore throats of diameter 0.154D” (Fig.
47).
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Fig. 6. Schematic diagram showing an oil droplet in sandstone reservour. Symbols v and T, Tepresent
radii of porethroat and porespace. respectively.

GRAIN

—,—1|<-—O.154 D

- F

Fig. 47.  Schematic diagram of globules connected through pores in rhombohedral packing of uniform
spherical grains where D is grain diameter and porosity is 26 per cent {Berg 1975). Courtesy of
American Association of Petroleum Geologists.
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Therefore, we may be able to define r, and r, in equation (11) as follows (Berg
1975) :

T, = (3) (0.414D) (12)
r, = (%) (0.154D) (13)
where D is the grain diameter.
By introducing equations (12) and (13) into equation (11), Berg obtained :
p o 163 (4)
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Equation (14) means that capillary pressure increases as the mean grain diameter de-
creases. Fig. 48 shows the relationship between calculated capillary pressure, P, in
dynes/cm?, and mean grain size, based on the above assumptions and equation (14).
The relationship shown in Fig. 48 may be used to conclude that, on the basis of the
model described above (Figs. 46 and 47), movement of an oil bubble in fine-grained
rocks is an extremely difficult process.

Although the previous model seems to represent adequately a condition in a

coarse-grained reservoir rock, it may not be a reasonable model in fine-grained
rocks. '

Figure 46 shows an oil bubble whose top end has a radius smaller than that of the
bottom end. The difference in these two radii can cause a significant capillary pres-
sure in fine-grained rocks (equation 11 and Fig. 48). However, if the radius of the
bottom end is reduced by some physical force and if r, becomes nearly equal to r, in
equation (11), the capillary pressure, P_, will approach zero, or

when

As suggested by Hobson in 1954, the distortion of a small oil droplet in shales may
be accomplished by the rearrangement of grains associated with compaction. If the
water in shales is mostly structured or semisolid, such distortion of the oil droplet can
occur even more easily, because the droplet interfaces with solid and semi-solid
materials only in shales.

An analogy to this situation is toothpaste (oil) in an aluminum tube (grains and
structured water). By squeezing the aluminum tube, we can change the shape of the
toothpaste in any way we wish. We can also squeeze the toothpaste out of the tube
quite easily.

On the other hand, if the tube contains a large quantity of water (liquid) with a
small amount of toothpaste (oil), changing the shape of the toothpaste is not as easy
as before. Although squeezing the water out is easy, the toothpaste cannot be readily
pushed out until the water is almost completely drained from the tube, or until the
toothpaste interfaces directly with the tube.

More recently, McAuliffe (1979) stated that “... oil and gas are generated in, and
flow from (kerogen) network” (p. 761). He believed that oil or gas flowing in this net-
work would not be subject to interfacial tension,

It is, however, doubtful that such a continuous network of organic matter is
developed, because of the relatively low concentration of the organic matter (on the
order of a few per cent of less) in most source rocks.
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Importance of Structured Water in Primary Oil Migration

Figure 49 shows plots of the density and viscosity of bound or structured water in
montmorillonite derived from Martin (1962) and Low (1976). Both density and vis-
cosity increase as the amount of water in the clay decreases. In other words, density
and viscosity would increase as clays or shales compacted.
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Fig. 49. Density and viscosity of adsorbed or structured water in montmorillonite. Data are derived

from Martin (1962) and Low (1976).

Dickey (1975) recently proposed the importance of the presence of structured
water in primary oil migration, with the backing of a wide variety of current know-
ledge on shale pore-water chemistry and physics, shale pore-space geometry, fluid
flow , etc. Using the concept of relative permeability in sandstones, he stated that,
... oil will move along with the water only if it occupies about 20 percent or more of
the pore volume” (p. 341). Dickey also guessed that the residual-oil saturation in
shales may be less than 10 per cent and possibly aslow as 1 per cent, because a consid-
erable fraction of the internal surfaces of shales can be oil-wet (p. 342).

Figure 50 illustrates a schematic relationship of the relative permeability and oil
(or water) saturation. The critical residual-oil saturation is indicated by an X. The



68 Principles of Petroleum Prospecting

figure for X in shales may be between 10 and 1 per cent, If this critical o1l saturation
is exceeded, oil can flow along with water. If, for example, the oil saturation is at X',
a small amount of oil will move with a large quantity of water.
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Fig. 50. Schematic diagram showing relative permeability - water (or oil) saturation relationship for
sandstone (Magara 1978a). Courtesy of Canadian Socicty of Petioleum Geologists.

On the basis of the above concepts, Magara (1978a) stated that, “if, for example,
the oil saturation in the total water (solid and liquid) is 100 ppm (0.01 wt%), and if
only 1 per cent of the water is in liquid phase (and 99% is solid), the oil saturation in
the liquid water will be 10,000 ppm (1 wt%)". Assuming that the density of oil is 0.8
g/cm? and that of water 1 g/lem?®, this figure will correspond to about 1.2 vol. per cent.
After some liquid water is cxpelled with or without a small amount of oil, then the
saturation of oilin the liquid phase in the shale pores will increase, causing more oil
migration. As the liquid water is further expelled as the shales compact, the absolute
permeability will be reduced to an extremely low level and movement of the total
fluids (water and oil) may eventually become very difficult.
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Figure 51 depicts the possible variation in oil saturation as liquid water is gradually
removed. The two diagonal lines refer to the original oil concentration of 10 ppm and
100 ppm, respectively, when the liquid water occupies 10 per cent of the bulk shale
volume.

If the liquid water is continuously cxpelled to the level of 0.01 per cent remaining
(there would be a lot of structured or scmisolid water left in the shales), the respec-
tive ot! saturations in the liquid phase witl become 10.000 ppm {1 wt %) and 100,000
ppm (10 wt %). The corresponding volume percentages are about [.2 and 12 per
cent, respectively. The o1l may move along with the water at this stage.

To simplity a complicated problem. the above discussions have assumed that the
boundary between the semisolid and liquid waters is clearcut. However, in the actual
shales, the change from liquid water phase to semisolid phase is considered to be
quite gradual as depicted in Fig. 49.

Based on the theoretical consideration of specific surface area of montmoritlonite,
Magara (1978a) estimated that about 40-50 per cent of the montmorillonite clay or
shale would be relatively structured. Fig. 52 shows the lines marking 40 and 50 per
cent water added to Dickinson’s (1953) shale porosity-depth relationship for the Gulf
Coast. This figure shows that the 40-50 per cent porosity level of shales can be
attained at relatively shallow depths, such as those of 500 to 1,000 ft. In other words,
the critical compaction level at which the amount of liquid water becomes extremely
small, facilitating possible oil-phase migration. would be reached at a very shallow
depth - at which stage therc may not have been enough oil gencrated to enable any
cffective oil migration.

As suggested by Van Olphen’s (1963) cxperiments. if the structured water is not
effectively removed by overburden pressure alone. the compaction of montmoril-
lonitic shale may have to terminate entirely. In the actual subsurface, however, it
does not, because heat may help release some of the relatively structured water.
Also, some of the relatively less structured water may be expelled hydraulically if the
threshold pressure is exceeded.

We commonly-observe the gradual decrease of porosity with depth within nor-
mally compacted sections, which implics that water has been expelled from the
shales one way or another. In order to keep this relatively small amount of liquid
water in shale, the liquid water generated must be expelled effectively over a period
of geologic time. In other words, generation of liquid watcr and its expulsion must
take place hand in hand. Good drainage is a necessary condition. If the heat gener-
ates liquid water, but that water cannot move out and thus stay in shale pore spaces.
the concentration of oil in the liquid phase will become very small.

The latter situation may be observed in the deep, undercompacted shales of many
relatively young sedimentary basins, in which most of the structured water in
montmorillonite has become relatively free pore-water because of the possible clay-
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Fig. 52. Shale porosity - depth relationship in Gulf Coast by Dickinsen (1953). 5% porosity line repre-
sents possible semisolid or structured water per cent in illitic shales and 40-50 per cent porosity
zone indicates such in montmorillonitic shales (Magara 1978a). Courtesy of Canadian Society
of Petroleum Geologists.

mineral conversion from montmorillonite to illite by relatively high temperature
(Burst 1969). However, in these deep undercompacted shales, the liquid water gen-
erated seems not to have been expelled for lack of good permeable zones. Fluids may
still be moving through these massive shales at an extremely slow rate, but effective
migration in the oil phase is not likely because the oil saturation in the liquid phase
is so low. A small amount of oil may, however, move in solution in water even in such
massive shales.

We may thus be able to conclude that, to have effective primary migration of oil
in the oil phase, most of the liquid water available in the shales must be expelled
effectively to maintain a relatively high oil saturation in the liquid phase. The longer
the sediments maintain effective drainage, the greater the chances of primary oil
migration, other geological and geochemical conditions being equal. This may exp-
lain why most oil pools have been discovered in relatively low-pressure zones (Timko
and Fertl 1971}, where drainage conditions are considered to have been excellent.
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On the basis of the above concepts, Magara (1978a) proposed a model for primary
migration in the oil phase, as shown in Fig. 53. The top diagram shows a schematic
of relative permeability vs. degree of shale compaction. As the shale compacts the
relative permeability to water decreases and that to oil increases. Nevertheless, even
with this increased relative permeability to oil, the absolute permeablity of the shale
will continually decrease as the shale becomes more compacted (middle diagram in
Fig. 53). Assuming that the pressure gradient in the shale remains relatively
unchanged during compaction, oil migration in the oil phase will reach its maximum
at an intermediate, not a late, compaction stage. After the intermediate compaction
stage, oil-phase migration will decline as the absolute permeability of the shale
decreases (bottom diagram, Fig. 53).

With our current knowledge of primary oil migration, it is not possible to pinpoint
the time of most effective migration, which depends on the physical, chemical and
geological conditions described above. Using the previously described model, we
may be able to state that primary oil migration can occur at a relatively early or inter-
mediate stage of burial after the generation of a significant amount of oil.

Another approach to estimating time of primary oil migration is based on the sub-
surface observation of different kinds of water, such as lattice. structured, and free
pore-water, derived from a cross plot of the shale porosities from sidewall neutron
and formation-density logs (Youn 1974). Youn studied shale samples from several
wells in the Beaufort Basin, Canada. The mathematical relationship determined by
the least-squares method is as follows :

d)SNP = 7.65 + [.14 . d)H)(' (15)

where ¢gnp is shale porosity from sidewall neutron log in %, and &y shale porosity
from formation-density log in %.

This relationship is shown by a thick diagonal line in Fig. 54. The bulk-density scale
is also shown along with the porosity scale at the bottom of the diagram. The poros-
ity/bulk-density relationship is determined on the basis of matrix density of shales
being 2.72 g/cm? and water density 1.00 g/cm? (Youn, 1974).

The equal-porosity relation (porositics from both neutron and density logs are
identical) is shown by a thin diagonal line (“EQUAL POROSITY LINE”) in Fig. 54.
In comparing Youn's empirical relation with the equal-porosity line, we realize that
the porosity determined from the neutron log is 8-20 per cent higher than that from
the density log.

This difference may be explained by the fact that the neutron log reads all the hyd-
rogen atoms as porosity while in the density log the porosity is calculated on the basis
of the matrix or grain density being 2.72 g/cm®. Shale matrix or grains usually contain
some lattice water (mainly OH water) which is part of the clay minerals.

In short. porosity from the neutron log indicates the total of the lattice, structured
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Fig. 54. Porosity cross plot of Beaufort shales, Canada, from sidewall neutron and formation density
logs. Data from Youn (1974).

(or bound) and relatively free pore waters, but porosity derived from the density log
includes bound and free pore waters only.

The empirical relationship is extrapolated to the upper end of Fig. 54 as shown by
a dashed line A. The density corresponding to 100 per cent neutron porosity is
approximately 1.4 g/cm?. It is quite interesting to note that this (lattice) water density
figure (1.4 g/cm?) is almost the same as the highest bound-water density shown in Fig.
49. In other words, the density of water closest to the clay surface (bound water)
seems to be quite similar to the density of water within the clay minerals (lattice
water).

Although an extrapolation of Youn’s empirical relationship by a straight line (A)
may indicate the density of lattice water, the actual relationship at a higher porosity
range (> 50%) of clays or shales may be shown by a curved dashed line (B). This is
because, when porosity is truly 100 per cent or there is 100 per cent water, both logs
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must read the same porosity (100%). Therefore, the relationship must be connected
to the 100 per cent porosity point.

In Fig. 54, the empirical porosity relation is extrapolated to 0 per cent neutron
porosity as well. The density corresponding to this point is about 2.84 g/cm?, which
is considered to be the density of clays or shales without lattice water (dry clay or
shale density).

Although the hypothetical line (B) is drawn in the porosity range of 50 and 100 per
cent, in the actual subsurface and surface clay porosity greater than 80 per cent may
not exist. Therefore, the possible range of clay or shale porosity may be between 80
and {) per cent.

Figure 54 shows that, in the very early stages of compaction (F.D.C. porosity 80-
50%), the amount of lattice water shown by the shaded area is unchanged; compac-
tion is caused primarily by the expulsion of free water at these stages.

In the intermediate and later stages of compaction (F.D.C. porosity 50-0%), the
amount of lattice water shown by the shaded area in Fig. 54 decreases with compac-
tion. This decrease may suggest that at these stages chemical and mineralogical
changes of shales take place in addition to mechanical compaction and fluid expul-
sion, and even that some lattice water may be converted into other forms of water
{bound and free).

Martin's (1962) density relation and Low’s (1976) viscosity relation are transferred
to the porosity cross plot in Fig. 55. The density and viscosity lines in Fig. 55 intercept
the bottom axis (porosity from F.D.C.) at different porosity values, suggesting that
as the shales compact, they must expel more dense and viscous water.

Because of the worldwide evidences of the tendency of shale porosity to decrease
with depth (Fig. 56), it may be stated that even the viscous water was expelled from
shales one way or another. Relatively high temperatures in the subsurface may have
helped the shales to move the water by reducing viscosity slightly.

The rate of expulsion of water, however, slows down with depth. as is observed
from the porosity-depth curves for different parts of the world (Fig. 56). This slow-
down may suggest that as shales become more compacted, the viscosity of the water
they contain continues to increase, despite the higher subsurface temperatures.

It is known that both the density and the viscosity of oil decrease with increasing
burial depth or subsurface temperature (Levorsen 1967). We may thus be able to
conclude that, at the earliest stages of oil generation, the viscosity of the oil may be
greater than that of the water being expelled. At these earliest stages, the water may
be preferentially expelled, leaving the viscous oil behind. At some point in the com-
paction history of shales, the viscosity of the oil may become less than that of the
water then being expelled. This is because the viscosity of the oil decreases continu-
ously with burial depth whilc that of the water being expelled increases continuously
(Fig. 55).
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Fig. 55. Porosity cross plotof Beaufort shales, Canada. combines with possible variations of density and
viscosity of structured or absorbed water.

When this critical level of burial depth or compaction is reached, the oil may flow
preferentially, resulting in significant primary oil migration.

Qil-film Migration

The permeability of shales in the direction parallel to the bedding planes is much
greater than in the perpendicular direction. A number of investigators also believe
that, if oil migrates in its own phase, the oil phase must be continuous. Reasoning
from these two basic ideas, several geologists and geochemists proposed that oil will
migrate as a thin film in the souree rocks. The principal direction of primary oil mig-
ration in this case would, therefore, be parallel to the bedding planes.



Primarvy Hyvdrocarbon Migranon 77

0 7 7
5000
- i
—
I
'_ 0,000 |-
(o ]
w ]
a | )
15,000 -
[ |
20,000 A | L Il
o 20 a0 50

POROSITY (%)

Fig. 56. Relationship between porosity and depth of burial for shales and argillaceous sediments (from
Rieke and Chilingarian, 1974). Courtesy of Elsevier Scientific Publishing Company.
| = Proshlyakov (1960); 2 = Meade (1966); 3 = Athy (1930); 4 = Hosoi (1963
5 = Hedberg (1936); 6 = Dickinson (1953); 7 = Magara (1968); 8 = Weller (1959
9 = Ham (1966); 10 = Foster and Whalen (1966).

»

==

3

Regarding the first points, Magara (1978a) recently stated : “The direction of oil
and water movement does not have to be predominantly along layer parallel to the
bedding planes. The permeability in the direction parallel to the bedding plane is
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usually higher than in that perpendicular to the bedding. However, in most shales the
pore-pressure gradient is usually much higher vertically than horizontally”. Fluid
flow is controlled by both permeability and pressure gradient under a given viscosity
level, so that there may be more fluid moving vertically than horizontally. If, for
example, the permeability in a horizontal direction is 100 times more than it is in a
vertical direction, but the vertical pressure gradient is 1,000 times more than the hori-
zontal pressure gradient, then the amount of vertical fluid movement per unit area
per unit time is 10 times the amount of horizontal movement.

Regarding the second point, it is obvious that, in order to overcome the capillary
restrictions of shales, there is no need to have a continuous oil phase such as a film.
As mentioned earlier, if the radii of both ends of an oil droplet become nearly equal,
the capillary pressure will be reduced significantly. The size of the oil droplet or the
continuation of the oil phase is not a main controlling factor in reducing the capillary
pressure under these conditions. If some hydraulic pressure gradient exists in shales,
the oil droplet will be able to move along with the water.

In summary, although there is no reason to deny oil movement in the form of a thin
film, this type of movement is not the sole requirement for active primary oil migra-
tion. Oil would be able to move vertically in shales in the form of smail oil droplets,
as well as in the horizontal direction.

For the sake of argument, however, let us now assume for a moment that primary
oil migration occurs along the layers parallel to the bedding planes, and that there is
no chance of oil moving vertically in the source rocks. If this assumption is valid, then
virtually no oil will migrate from the overlying and underlying shales into a reservoir
of large areal extent, such as that shown in Fig. 57A. If a sandstone pinches out or
becomes shalier in one direction, as shown in Fig. 57B, there would be some oil mig-
ration from the shaly facies to the sandy zone. However, I believe that explaining the
world’s major oil accumulations in terms of only the second, shale-out model would
be extremely difficult, not to say unrealistic.

Tissot and Pelet’s (1971) geochemical analysis in Algeria also suggests that oil can
migrate in the vertical direction in shales (Fig. 43).

Compaction-fluid Movement

If the conditions necessary for primary oil migration are developed by the genera-
tion of oil, the presence of a large quantity of structured or semisolid water, and the
resulting distortion of shape of an oil droplet, then the oil may be able to move by the
hydraulic force developed in shales.

There are several possible causes for the development of such hydraulic force. The
most important one is, of course, sediment loading, which has been known for many
years and recently discussed by Magara (1977b) on a theoretical basis. The cumula-
tive volumes of the expelled compaction fluid were estimated, by using Dickinson’s
(1953) porosity-depth curve, and a simplified Gulf Coast model. In this model, the
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Fig. 57. Schematic diagrams showing sundstone reservoirs of large areal extent and of lateral pinch-out.

upper sequence is composed of sandstone-shale interbeds in which most fluids have
moved horizontally, and the lower sequence of massive and homogeneous shales
where the compaction fluid has moved vertically upward. The horizontal migration
distance in the upper sequence is assumed to be 10 miles and the total thickness of the
sedimentary column 33,000 ft (10 km). Figure 58 shows the cumulative volumes of
fluid loss since burial to 2000 ft from a shale column whose base area is 1 sq ft. The

respective depths to the boundaries of the upper and lower sequences are assumed
to be 9,500 ft and 12,500 ft.

It is interesting to note that the cumulative fluid-volume plot based on the model
that simulates the Gulf Coast sedimentary basin resembles the oil-production fre-
quency plot for the same area (Burst 1969). On the basis of the concept of oil-droplet
migration caused by the presence of structured or semisolid water, a greater amount
of expelled fluids means a greater chance of a higher percentage of structured water
being present in the source rocks, because more of the movable (or liquid) water has
been expelled. Oil or gas may thus be able to move from the source rock relatively
easily.

A fact that could affect the significance of shale compaction and fluid expulsion in
petroleum migration is that the rate of compaction decreases continuously as the
shales become more deeply buried. In other words, by the time the source rocks had
reached deep burial where the temperature was high enough to generate hydrocar-
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Fig. 58. Cumulative water-loss volumes from shales in Gulf Coast {combined vertical and horizontal
migration model). From Magara (1976). Courtesy of American Association of Petroleum
Geologists.

bons, the expulsion of compaction fluid might have become too slow and insignific-
ant to be an effective agent in primary migration.

If fluids expand at such depths, the expansion might facilitate late-stage fluid
expulsion.

Aquathermal Fluid Migration

Barker (1972) proposed the concept of aquathermal pressuring for the generation
of abnormal pressures, using the pressure-temperature-density diagram for water
(Fig. 59). The vertical scale is pressure in psi, and the horizontal scales are tempera-
ture in both centigrade and Fahrenheit. Density values in g/cm? (and specific volume
values in cm¥/g) of water are shown along the isodensity line. The original data for
constructing this diagram were obtained from Kennedy and Holser (1966). The three
heavy lines show the three temperature-pressure relationships when the geothermal
gradient is 25°C/km (1.37°F/100 ft), 18°C/km (1°C/km (1°F/100 ft) and 36°C/km (2°F/
100 ft). In these cases, it 1s assumed that the water pressure increases hydrostatically
with depth.

These three heavy lines intercept water isodensity lines whose values decrease as
the pressure (or burial depth) increases. This progression to lower densities and
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Fig. 59. Pressure-temperaturc-density {or specific volume) diagram for water. Three geothermal gra-
dient-lines of 25°, 18°, and 36°C/km for hydrostaticaily pressured fluid are superimposed on a
basic diagram derived from Barker (1972). Courtesy of American Association of Petroleum
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higher specific volumes means that a given weight of water expands with burial. The
reason is that the increase of pressure caused by the hydrostatic gradient is
inadequate to hold the water volume constant. The amount of expansion can be esti-
mated from the specific volume values (cm?/g), shown in brackets in Fig. 59.

For the geothermal gradient of 25°C/km (1.37°F/100 ft), for example, the specific
volume increases from 1 cm?/g at 0 psi pressure to 1.10 cm¥g at 11,600 psi, corres-
ponding to a burial depth of about 25,000 ft. Thus, a 10 per cent expansion results
from about 25,000 ft of burial. That is a significant amount.

Figure 60 shows continuous expansion of water for the three geothermal gradients,
where the specific volume of water (cm¥/g) is shown on the vertical scale and the
depth (ft) on the horizontal scale. At 20,000 ft, for example, about 3 per cent expan-
sion has occurred for the geothermal gradient of 1°F/100 ft, about 7 per cent expan-
sion for 1.37°F/100 ft, and 15 per cent for 2°F/100 ft.

SPECIFIC VOLUME OF WATER (cm3/gm)

DEPTH M FEET

Fig. 60. Specific volume (of water) - depth relationship in normally pressured zones for three geother-
mal gradients of 25°, 18°, and 36°C/km (from Magara 1974b). Courtesy of American Associa-
tion of Petroleum Geologists.
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This figure shows that the rates of increase in specific volume, or rates of expan-
sion, increase with depth. Bccause the amount of water expelled by compaction
decreases with burial depth, such a late-stage water expansion will facilitate fluid
migration at depth.

[f rock grains expand, this phenomenon would crcate more intergrain space; thus
more space for water. Its effect, howevcr, is considered to be relatively very small -
about 1/15 that of water.

The direction of fluid migration due to aquathermal effect is from a deep section
to a shallow one, or from a basin center to its edges. These directions are essentially
the same as those of fluid movement caused by sediment compaction. In summary,
the significance of aquathermal effect is simply to increase the effectiveness of com-
paction-fluid flow at deep burial. )

Thc hydraulic forces caused by sediment compaction and aquathermal effect are
considered to be important in moving the oil droplets remaining in a source rock that
contains a relatively large percentage of structured water.

Osmotic Fluid Movement

In most sedimentary basins, formation-water salinity increases with depth or with
increasing compaction. These salinity values are usually higher than that of sea water
(about 35,000 ppm). The principal cause of these increase in water salinity with com-
paction would be 1on filtration by shales.

There are also several laboratory tests which have demonstrated ion filtration by
clays (Engelhardt and Gaida 1963; McKelvey and Milne 1962). Figure 61 shows the
result of the experimental work by Neglia (1979), indicating the decreasing concent-
ration of the solutions expelled from Na-montmorillonite with increasing pressure.
The concentrations of the solutions remaining in the clay will thus increase with
increasing pressure or compaction.

Magara (1974a) showed the pore-water chlorinity-porosity relationships (Fig. 62)
of shales in the Burgan field (Kuwait) and in three fields in Texas, analized by Hed-
berg (1967). The relation between porosity and chlorinity, which can be converted to
salinity (NaCl) by multiplying by 1.65, in the Burgan data can be approximated by a
hyperbola; the chlorinity increases as the porosity decreases. In addition, most of the
Texas data fall within the extension of the general Burgan trend. The data shown in
Fig. 62 are cvidences of the cffect of ion filtration by subsurface shales.

Therefore, il we combine the concept of ion filtration and a shale-porosity profile
such as that shown in Fig. 63A, a shale-salinity profile like the onc in Fig. 63C may
be drawn. The salinity varies inversely with the shale porosity; it increases as the the
porosity decreases. Figure 63B, on the other hand. shows a possible pore-pressure
profile in the shale which is caused primarily by the shale compaction effect. The
fluid would move from the center to the edges of each shale bed. toward sandstones,
because of pressurc differentials resulting from unbalanced compaction.
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Fig. 61. Salimty of water expelled during compaction from Na-montmorillonite suspension dispersed in

1.0 NaCl moral solution (from Neglia 1979). Courtesy of American Association of Petroleum
Geologists.

Such unbalanced compaction of shale is commonly observed at intermediate
depths in relatively young sedimentary basins, where permeable sandstones are
interbedded with shales. It seems that the maximum fluid expulsion and maximum
porosity reduction occurred in the shales dircctly above and below the sandstones.
The porosity in the middle of a shale bed may remain relatively high, because the
fluids were not easily expelled.

On the basis of the salinity profile shown in Fig. 63C, we may be able to conclude
that osmotic force tends to move water from the center to the edges, or from a fresher
to a more concentrated site, within each shale bed. The directions of fluid flow due
to osmotic effect are essentially the same as those due to sediment compaction as dis-
cussed above.

In the modcl shown in Fig. 63, if watcr expands from aquathermal effect, this
water also will move from the center to the edges within a shale bed, becausc more
expansion can be expected at a point of higher porosity (or more water).

In conclusion, the directions of fluid flow due to compaction, aquathermal and
osmotic effects are essentially the same, from the center to the edges of each shalc
bed intercalated by two permeable sandstones (Fig. 63).
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Fluid Movement Due to Clay Dehydration

From his study of clay-mineral composition in the Gulf Coast shales, Powers
(1967) concluded that alteration of montmorillonite (or smectite) to illite begins at a
depth of about 6,000 ft and continues at an incrcasing rate to a depth, usually about
9,000-12,000 ft, where there is no montmorillonite left. According to Powers, this
alteration provides a mechanism for desorbing the last few layers of adsorbed or
bound water in clay, and transferring it into interparticle locations as free water. If
the last few water layers are denser than free water (Fig. 49}, this released water will
tend to increase its volume. If water expansion is restricted, the pore-water pressure
will increase to abnormally high levels.

Martin’s {1962) adsorbed-water density plot (Fig. 49} shows that approximately
the first five water layers could be denser than 1 g/cm?, If, therefore, these bound-
water layers were converted to free water (1 g/cm?), there must be a significant vol-
ume expansion. However, as Martin’s plot shows, the density of water layers away
from the above interval (first to fifth water layers) is less than 1 g/cm?®. When the
adsorbed water becomes free, these water layers, whose density is less than 1 g/cm?,
must also become free-water layers (or water of 1 g/cm® density). In other words,
some contraction of water volume must take place.

In summary, on the basis of Martin’s (1962) data, there is a possibility of volume
expansion of the first five water layers at the time of montmorillonite-illite conver-
sion. At the same time, however, the volumes of the other water layers will contract
somewhat. All of these water layers exist in clays. Therefore, there may be almost no
net volume expansion of water at the time of clay-mineral conversion.

Powers (1967) apparently ignored the effect of the possible contraction in the vol-
ume of water whose original density isless than 1 g/cm?, and concluded that clay-min-
eral conversion would result in a volume expansion between 2.5 and 20 per cent. He
considered this phenomenon the most important agent in causing abnormal pres-
sures in the deeper parts of sedimentary sequences in the Gulf Coast.

According to Burst (1969), clay dehydration depends mainly on subsurface temp-
erature; the average dehydration temperature in the Gulf Coast being 221°F. For this
conversion, certain chemical conditions for potassium fixation would also be
required. He proposed phase change and possible expansion of bound water at the
time of clay-mineral conversion as important agents for flushing hydrocarbons.

From a comparison of oil-production frequency with the level of significant clay-
mineral conversion, Burst concluded that peak oil production can be expected about
1,500 ft above the dehydration level. Magara (1976}, however, argued that, at the
same level in the Gulf Coast area, the shales usually reached maximum compaction
and the peak oil-generation stage (at least in most synclinal areas), so that the oil
could have been flushed by compaction fluids that had been moved by mechanical
sediment compaction and aquathermal effect.
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The principal reason that Powers and Burst proposed montmorillonite-illite con-
version as being important in flushing water and petroleum is that to remove
adsorbed water by pressure alone under laboratory conditions (25°C) is known to be
extremely difficult. Van Olphen (1963) showed at 25°C the pressure needed to
remove the last interlayer of water is 65,000-70,000 psi, and that needed for the sec-
ond-to-last water interlayer is 30,000 psi. These pressure values are considerably
higher than the pressure at depths less than 20,000 ft. In other words, overburden
pressure alone may not suffice to release at least the last two layers of bound water.

If, however, interlayer water is released by clay dehydration in response to temp-
erature rise, and subsequently remains in the pore spaces as free water, the same
overburden pressure will be sufficient to flush it out of the shales, provided good
drainage conditions are available.

Because essentially, in all the world’s sedimentary basins temperature increases
with depth, the bound water will be released in one way or another, provided that
suitable chemical conditions prevail. Therefore, the laboratory model of the con-
stant temperature (25°C) would not represent a realistic condition in the subsurface.
Whether the water released by clay-mineral conversion can be flushed out of the
shales or not depends on the general drainage conditions. Drainage conditions usu-
ally improve as the percent or number of interbedded sandstones and/or the areal
extent of these sandstones increase.

In other words, I believe that clay-mineral conversion would not suffice for flush-
ing hydrocarbons out of shales unless good drainage conditions are established. This
situation may be observed in the deep, undercompacted shales of the Gulf Coast,
from which most of the bound water has been released by relatively high tempera-
tures (Burst 1969). However, the liquid water generated seems not to have been
expelled for lack of good permeable zones. For further discussions refer to Magara
(1975a).

It may be concluded that, although montmorillonite-illite conversion will provide
a significant amount of free water at depth, effective migration of hydrocarbons
would not occur if there is no good drainage. This may explain why most oil pools
have been found in zones of relatively low pressure (Timko and Fertl 1971), where
drainage conditions are generally excellent.

Generation of Gas

Hedberg (1974) proposed the importance of the generation of gas, especially of
methane. for causing shale diapirs and primary hydrocarbon migration. The volume
expansion associated with the generation of gas is known to be quite significant, so
that this phenomenon coutd indeed result in diapirs and primary migration. Quan-
tifying such an effect, however, is not an easy task at present.

Bray and Foster (1980) proposed that carbon dioxide and hydrocarbon gases dis-
solved in pore water could facilitate migration of liquid hydrocarbons.
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Capillary Pressure

A separate oil droplet can move from fine- to coarse-grained rocks by capillary
pressure. Therefore, if the grain size increases continuously from source to reservoir
rock, capillary pressure may help to move the oil droplets. However, conditions in
the subsurface are generally less ideal; the grain size in the source rock remains low
and relatively constant, then suddenly increases at the interface with the reservoir
rock. For an oil droplet to move in fine-grained rock is generally very difficult unless
its shape is significantly distorted.

The presence of structured water in shales, as discussed in the preceding sections,
would help change the shape of an oil droplet, and provide conditions for it to move
by hydraulic forces.

Buoyancy

Buoyancy force or pressure, Py, caused by an oil bubble whose height is Z, is
given as )

PB :(pw - po) - Zu (16)
where p,, is density of water, p, density of oil, and g gravity acceleration.

If this buoyant force exceeds the capillary pressure, P, then the oil bubble will move
in the upward dircction. By combining equation (16) with (11), we obtain.

b, —p) 22, =2y (rl - rl ) : movement.
t

and (p, — p,) - 272, < 2v (l -

. no movement.
T, r

In most source rocks, very tiny oil droplets are probably disseminated, so that the
buoyant force caused by each droplet would be relatively very small. Therefore,
buoyant force alone is usually not sufficient to cause significant primary migration.

Diffusion

For oil in solution in water, diffusion can be an important agent in primary migra-
tion. From the preceding discussions, however, it is obvious that most oil must exist
in a separate phase, so that diffusion cannot be a principal mechanism for oil migra-
tion.

The solubility of gas in water, however, is relatively high (Fig. 45), so that gas can
migrate by molecular diffusion. Gas also can migrate in water with physical move-
ment of the water, caused by sediment compaction. Which mechanism is more sig-
nificant for gas migration is not well understood.

There isan opinion that most oil and gas migrated by ditfusion, having moved from
a point of higher to a point of lower concentration. Several investigators call this
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phenomenon “primary migration by chemical gradient”. For oil/gas migration to
result from this diffusive mechanism, a certain amount of oil or gas must have been
generated at, at least, one point in the source rock, resulting in some gradients of oil/
gas concentrations toward a reservoir. Such gradients would generally become more
significant as more hydrocarbons were generated. Therefore, to argue that this
mechanism is the principal one for primary migration is to imply that the generation
of hydrocarbons is almost the sole cause of primary migration, in that a certain criti-
cal amount of hydrocarbons generated in source rock migrates automatically.

However, for the several reasons mentioned above, this type of simple logic can-
not apply in actual subsurface situations. In other words, the generation of hydrocar-
bons does not in itself seem to guarantee their migration. Whether the generated
hydrocarbons can migrate or not depends on other physical and geological condi-
tions, such as the presence of structured water, good drainage conditions (presence
of permeable beds), higher temperature, ... etc.

The generation of hydrocarbons is important because without it there would be no
hydrocarbons to move anywhere. However, a significant amount of hydrocarbon
generation does not have to be followed by significant migration. Most of the gener-
ated hydrocarbons may have to stay in source rocks forever if the conditions are not
suitable for migration. A good example of this kind is “oil shales”.

For the sake of argument, let us now assume, for a moment, that the chemical gra-
dient is the most important agent for hydrocarbon migration. Let us assume too that
a significant oil accumulation has been created by this mechanism. As soon as the oil
accumulated, a significant negative gradient would have developed around the
accumulation, because the concentration of oil in the accumulation is quite high,
whereas the concentration in the rocks above and below the accumulations are (usu-
ally) quite low. This negative chemical gradient could cause a significant movement
of oil into the surrounding rocks as soon as a small amount of oil has accumulated.

FAST
{} DIFFUSION

DIFFUSION

Fig. 64. Schematic diagram showing concept of migration and loss of oil by diffusion. See text for cxp-
lanation.
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The accumulated oil would be lost at a rate much faster than the rate of accumula-
tion, because the difference in concentration of oil between the accumulation and the
cap rocks must be much higher than that of oil between the source rock and the reser-
voir, in the synclinal areas (Fig. 64). From applying this concept, we may be able to

conclude that diffusion cannot be the principal cause of primary hydrocarbon migra-
tion.

Problems

1. Which condition is the most important at the time of primary hydrocarbon
migration; molecular solution, micellar solution, and separate hydrocarbon
phase?

2. Explain the importance of aquathermal effect on primary hydrocarbon mig-
ration.

3. Explain osmotic fluid migration.

4. Is diffusion a plausible mechanism of primary hydrocarbon migration?






Chapter 7

Hydrocarbon Generation and
Maturation

B Introduction. 8 Generation and maturation of
hydrocarbons. | I opatin's method. 8 Problems.

Introduction

In evaluating a source rock potential, four important factors may be considered ;
1. organic richness, 2. type of organic matter, 3. level of hydrocarbon generation
and maturation, and 4. expulsion efficiency of the generated hydrocarbons. Items 1
and 2 will be discussed in Chapter 8 and item 4 is included in Chapter 6. while item
3 is the main problem being discussed in this chapter.

Most of the problems being discussed in Chapters 7 and 8§ are related to modern
organic geochemistry — a highly specialized branch of scicnce of petroleum geology.
There are so many recent developments in this field made by organic geochemists
working in the petroleum industry and academia. It is strongly recommended for the
readers to study the basics of organic geochemistry using the textbooks written by
Tissot and Welte (1978) and Hunt (1979).

Generation and Maturation of Hydrocarbons

‘Most petroleum hydrocarbons have been generated by a thermal process in the
subsurface from various organic matters deposited in the geological past. Connan
(1974) documented a time-temperature function by examining accumulated oils of
known geologic ages and the maximum (or present) temperatures. Solid circles in
Fig. 65 indicate the data he obtained. This figure shows that the younger the rocks,
the higher the temperture needed to generate hydrocarbons in them.

During the continuous burial of organic matter, it experienced gradual changes of
color from yellow through brown and dark brown to black, as hydrocarbons were
being produced from it. Reflectanee of the light on the polished surface of the
organic matter also changes depended upon the elapsed geologic time and tempera-
ture.

93
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There are two basic methods of evaluating the status of petroleum generation and
organic maturation : 1. visual, and 2. geochemical. The first method is based on the
color (or light reflectance) change of the organic matter (kerogen) and the second
method estimates the compositional change of kerogen due to maturation. Figure 66
correlates these various methods with the stages of oil, wet gas, and dry gas genera-
tions.

Stages of organic maturation can also be estimated on the basis of extracted hyd-
rocarbons and organic matter (in this case, bitumen, or soluble organic matter in sol-
ubent}. Figure 67 shows examples of extractable hydrocarbon plots in Japan. This
method is sometimes unreliable because a significant portion of the generated hyd-
rocarbon could have been expelled from the source rock. In such a case, the resuit
of interpretation can be misleading. By the way, the efficiency of hydrocarbon expul-
sion is an important factor in assessing the source rock potential.

Another method of evaluating the maturity of source rocks is pyrolysis, by which
a sample is heated by an equipment (e.g., Rock Eval} and the amount of hydrocar-
bons already existing and to be generated with deeper burial (with higher tempera-
ture) are estimated, along with the estimation of amounts of CO, and H,0. Figure
68 shows examples of plots of both hydrogen and oxygen indices derived from the
pyrolysis. For detuils of these methods, refer to the works of Tissot and Welte (1978)
and Hunt (1979) mentioned before.

Among all the methods of source rock evaluation, the vitrinite reflectance is prob-
ably the one most commoniy used in the petroleum industry. Unless an organization
has its own organic geochemical laboratory, these samples for the vitrinite reflec-
tance measurements are sent to one of the agents specializing in this type of work.
For most petroleum geologists, thercfore, it is not essential to learn the technique of
the vitrinite reflectance measurement, but is advisable to understand and to apply
the result of the measurements for practical applications.

To measure vitrinite reflectance, we would need subsurface samples which can be
obtained from drilled wells. In most petroleum prospect evaluation, however, it is
preferable or sometimes necessary to estimate the reflectance even before drilling.
We may also wish to estimate the vitrinite reflectance of a synclinal area where dril-
ling may never take place. However, such estimate in the syncline is important
because most oil in the trap may have moved from the synclinal area.

Waples (1980) developed a new method for estimating vitrinite reflectance using
a burial history plot. This method is based on Lopatin’s (1971) fundamental concept
of petroleum generation and maturation,

Lopatin’s Method

Chemical reaction rate theory predicts that temperature dependence on maturity
is exponential. It is generally accepted that the reaction rate will be doubled if the
temperature is raised by 10°C. After constructing a burial history plot and defining
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Examples of extracted hydrocarbon (HC) analysis in Japancse sedimentary basing:, Co = or-
ganic carbon (from Asakawa and Fujita 1979),
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the temperature intervals of 10°C each, one would be able to calculate the time-

temperature index (or integral, TTI) as follows,

TTI = %

n min
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Fig. 68. Classificaticn of source rocks by pyrolysis indices (from Espitalie er af. 1977). Courtesy of
Institut Francais de Pétrole.
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Fig. 69. Burial history plot of synclinal area shown in Fig. 14. Horizontal lines show temperature incre-
ments of 10°C each for time-temperature-index calculation. See text for explanation,

where n max and n min are the n-values of the highest and lowest temperature inter-
vals encountered, AT, the length of time spent by the sediment in the temperature
interval, n, and r the base of the reaction factor (normally 2). Table 2 shows the val-
ues of " for different temperature intervals.

The values of TTI were calculated using the burial history plot shown in Fig. 69 (for
the geologic data for constructing this plot, refer to Fig. 14 in Chapter 3). The surface
temperature and geothermal gradient are assumed to be 68°F (20°C) and 1.5°F/100
ft respectively. Based on this geothermal gradient, a vertical interval (or thickness)
of 1,200 ft corresponds to a 10°C increase in temperature. The geologic time period
in millions of years within each temperature interval was estimated and multiplied by
the reaction factors mentioncd above (Table 2), to obtain the TTI (Table 3).
Cumulative TTI was also calculated and converted to vitrinite reflectance ., R, (Table
3). using the empirical relationship by Waples (Fig. 70).
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Table 2. List of temperature interval, index value, n, and temperature factor, ", for ealculation of time-
temperature index (TTI) (From Waples, 1980).

Temperature Index Temperature
Interval,°C Value,n Factor, r*
20- 30 -8 2%
30- 40 -7 27
40- 50 -6 26
30- 60 -5 23
60- 70 —4 24
70- 80 -3 23
80- 90 -2 22
90-100 -1 2

100-110 0 I
110-120 1 2
120-130 2 2
130-140 3 23

m m

Table 3. Sample results of time-temperature index (TTI) and vitrinite reflectance (R,) estimation based

on burial history plot of Fig. 69.

Temperature Time, Cumulative
Interval,°C s Million TTI TTI R,
years

20- 30 1/256 11 0.04 0.04 -
30- 40 1/128 11 0.09 0.13 -
40- 50 1/64 9l 0.17 0.30 -
50- 60 1/32 11 0.34 0.64 -
60- 70 1/16 17 1.06 1.70 0.45
70- 80 1/8 18 2.25 3.95 (.50
80- 90 1/4 19 4.75 8.7 0.60
90-160 172 22 11.0 19.7 0.70
100-110 1 22 22,0 417 0.85
110-120 2 25 50.0 91.7 1.10
120-130 4 28 112.0 203.7 1.45
130-140 8 28 224.0 427.7 1.70
140-150 16 2 32.0 459.7 1.75
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Fig. 70. Empirical relationship between time-temperature index (TTD) and vitrinite reflectance (R)
derived from 402 samples studied by Waples (1980).
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From Fig. 66, the values of vitrinite reflectance, R,, can be correlated with the
stages of oil and gas generation as follows:

R,, % Hydrocarbons
Lessthan 0.6 No major generation
0.6 -1.0 Major oil generation
1.0 -1.35 Oil and wet gas generation
1.35-2.0 Wet and dry gas generation*
20 -3.0 Dry gas generation

Using these stages, the geologic time periods for generation of different types of
hydrocarbons can be estimated (see Fig. 69 and Table 3);

No major generation 0-98 million years after
deposition of reservoir
(225-127 million years ago)
Major cil generation 98-157 millicn years after
deposition of reservoir
(127-68 million years ago)
Oil and wet gas generation 157-185 million years after
deposition of reservoir
{68-40 million years ago)
Wet gas generation 185-225 million years after
deposition of reservoir
(40-0 million years ago).

The result of estimation suggests that the rock has reached the stage of the major wet
gas generation.

For an instantaneous estimation of vitrinite reflectance when a burial history was
relatively simple and uniform, use one of a series of charts included in Appendix B.
If a burial history was more complicated, the formal calculation methods of TTI and
R, as described in this chapter must be used.

It may be pointed out that the result of the vitrinite reflectance measurements can
be used only as a possible indicator of organic maturation, rather than a sole guaran-
tee for a large amount of oil generation, because the vitrinite itself is not a prime oil-
producer in source rocks. This method has been widely used because the relationship
between the reflectance and organic maturation has already been well-established
and also vitrinite is present in most sedimentary rocks. The level of organic matura-
tion indicated by the vitrinite reflectance can thus be used as a clue to understanding
the true oil generation and maturation which are controlled by the availability of suit-
able types of organic matter (mainly marine), as well.

* Dry gas means CH,, or methane gas, and wet gas is other heavier petroleum gas.
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Problems

1. State two basic methods of evaluating maturity of source rock.

2. Explain Lopatin’s concept of the time-temperature index for estimating the
stages of petroleum generation and maturation.

3. Using the geologic data of the synclinal location shown in Fig. 20, estimate

TTI and R,,. Note that the surface tempertureis 86°F (30°C) and the geother-
mal gradient is 1.2°F/100 ft.






Chapter 8

Richness and Types of
Organic Matter

B [ntroduction. & Relationship between sedimentation
rate and organic earbon percent.  ® Types of organie matter.
| Problems.

Introduction

It is widely accepted that the organic richness (or organic carbon %) is one of the
most important factors controlling the quality of source rocks. The minimum organic
carbon % for an effective source rock is usually considered to be (0.5 for clastic rocks
and 0.4 for carbonate. Another factor influencing the source rock quality is the type
of organic matter.

Momper (1978) considered that the source rock is the most important among the
seven controlling factors for petroleum accumulations (Fig. 2 in Chapter 1), because
nothing else matters if there is no source rock.

Figure 71 shows the distributions of the average organic carbon %, of number of
giant oil and gas fields, and of the amount of expandable clay throughout the geologic
time, constructed by Barker (1977). A giant oil field contains more than 0.5 billion
bbl of recoverable oil and a giant gas field has more than 3 trillion ft? of recoverable
natural gas. They contain nearly 75% of the world’s known petroleum reserves. The
curve for the total petroleum reserve is essentially the same as the number of the
giant fields, except for lower values for the Tertiary section (Barker 1977).

Barker then concluded that the organic-carbon-concentration curve follows the
trend of the giant-field petroleum abundance curve much better than does the
expandable clay-mineral curve. It may, therefore, be concluded that, although the

- other factors such as organic matter type and maturity are also important, the con-
centration of organic carbon in sedimenfary rocks is one of the controlling factors in
accumulating a significant amount of petroleum.

105
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Fig. 71.  Variation throughout time of average organic carbon content of shales, number of giant fields,
and relative amount of expandable clay (from Barker 1977). Courtesy of American Association
of Petroleum Geologists.

Relationship between Sedimentation Rate and Organic Carbon Percent

It is expected that a relationship between depositional environment and concent-
ration of organic matter exists because production, transportation, and destruction
or preservation of organic matter can be controlled by the environmental factors.
Dow (1978, p. 1588) states that, “If the supply of organic matter is constant, its con-
centration in sediments should be inversely related to the depositional rate of min-
eral particles. Therefore, areas of high sedimentation rates, such as deltas, should
contain sediments with relatively low organic-carbon concentrations. If the sedimen-
tation rate is too slow, however, much of the organic matter reaching the bottom may
be consumed by heterotrophic organisms before it can be protected by burial. Inter-
mediate sedimentation rates which minimize the effects of both dilution and con-
sumption commonly result in the most organic-rich sediments”. He then concluded
that “the most organic-rich sediments are deposited in areas of high organi¢ produc-
tivity, where the supply of bottom oxygen is minimal, the water is reasonably quiet,
and sedimentation rate of mineral particles is intermediate™.



°/D

WEIGHT

Richness and Tyvpes of Organic Matter 107

Figure 72 depicts the maximum organic carbon % and the rate of sedimentation
for the Canadian Arctic region. Powell’s (1978) large number of data (about 300 sam-
ples) was used to establish the maximum organic carbon % . Correction for the effect
of compaction was not made in Fig. 72. The result suggests that the organic carbon
% 1s highest at the sedimentation rate around 80 ft/million years.
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Fig. 72.  Graph showing relationship between maximum organic carbon % and sedimentation rate for
Canadian Arctic region, Data derived from Powell (1978).

Figure 73 is a plot of the organic carbon % against the sedimentation rate for the
Pennsylvanian and Permian rocks of the Palo Duro and Midland Basins of Texas
{data after Dutton 1980). The highest organic carbon % corresponds to 80-90 ft/mill-
ion years (rate of sedimentation).

A similar plot on logarithmic paper, constructed by Ibach (1982) using the Deep
Sea Drilling Project (DSDP) data is shown in Fig. 74. Depositional environment and
geologic age are shown in this Figure. Lithologic zonation of the same data is made
in Fig. 75, in which black shale has the highest % of organic carbon. The summary
plots of the linear regression analyses for the data of different lithologies are shown
in Fig. 76, suggesting that the range of the peak organic carbon % is from about 14
to 41 m/million years (or from about 46 to 134 ft/million years).

400



H8 Principles of Petroleumn Prospecting

4 |
8
o @ 37
o~ (T
<
— O
5o
=
e
c 2
(@]

SRR L T OV

o] 100 200 300
SEDIMENTATION RATE
FT/MILLION YEARS
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rocks in Palo Duro and Midland Basins of Texas. Data from Dutton (1980).



Richness and Types of Organic Matrer 109

ToC LOGlOTOC
10.0— 1.00 |-
o
3™
; 50 -
—
O
@]
-
—
1.0 — o r
=
(&
m =
@ W
<L 3K, s e 38 s, Meena 2w _2FMe ez B 2 PM
© 30 28 TN - s ae TERR pepm kR o,
- e *3.pP . ee

.50 r M apr b r2Be ey e "
L—) LN N LA \u- WP 2.7"% Be
pd 2 Fm . 2
a LM®

I 1M IR, LM .
(&} M-0, A L0 - AGE
@ - zw g LOe 10 gy . UPLE T ke
o [¢] L™ BT .+ Nt v 1 SOF S E
— - o o e Ve . « ‘

1.0 20°E 2M 0 2METAR am I B PLIOUE NE
| M MICCENE
<1 L ENVIRONMENT S OL LOCENE
e | DEEP SEA - OCEANIC PLATE 4 TRANSFORM-FAULT MARGIN £ LOCENE
o i
- 2 ACTIVE {SUBCUCTION) MARGIN 5 MALRGINAL HACK- ARC BASIN PaLEULENE

(CHiNa SEAI % CRETAVEwLS
-1 - 3 PASSIVE (RIFT} MARGIN 6 INLAND SEa 'RED SE4A, BLACK o
50 SEA, MEDITERKANE AN SEA] ~ JURassn
L 1 1 b 1 1 1 1 I
LOG ;SR O 50 1.00 1.50 2.00 250
! | \
SR 10 10.0 100.0

SEDIMENTATION RATE (SR) M/M.Y.

Fig. 74. Relationship between total organic carbon % and sedimentation rate from Deep Sea Drilling
Project data: depositional environment and geologic age (from Ibach 1982). Courtesy of
American Association of Petroleum Geologists.



110 . Principles of Petroleum Prospecting

TOC  LOGTOC
00— oo

wT. %

50—

(TOC)
I

KN

b,
0.0.“0

ALK AR X0
R RO
R XX AN \
\\\\\-«:'..v.*.'.'.w:g:;.;:;::f:“' A e
s
o i
RSP -‘-'-’z’fo!o"o.o:g:"
-.50 ”0“." %) //jl

X '.’o'ot\o';‘o.'l
SRR AN KR, L A
\\\ SRR, o’o’o’o’o‘o’o}'{{o{o{o{o’.{oﬁZﬁﬁo. TREN
o
HEATCIEreaey
AR XXy
T R RLTTAR
% “'o‘o‘r'y‘o?o’-"’-"l‘ 5 A XXX RN
RN D% R
K00 / i ! y
:‘:‘:’:.’."".". /// ~ L &/ o &2
SILIEOUS 7}7’2;,/// a 2/ /

v
4
Q) — -1L0C Ty v wWIv v qu v vy

BLACK SHALE E] CALCAREQUS - SILICEQUS

- [ SILICEQUS
(SILTY CLAY-DIATOMITE) [_T_] CALCAREOUS

BLACK SHALE - SILICEDOUS
QVERLAP REGION
-1.50 f [ 1 L | I | 1

LOG SR © 50 1.00 150 200 2.50
| |
SR |.|o 10.0 100.0
SEDIMENTATION RATE (SR} M/M.Y.

CALCAREQUS

TOTAL ORGANIC CARBON

Fig. 75. Relationship between total organic carbon % and sedimentation rate from Deep Sea Drilling

Project data: lithologic field zonation {from Ibach 1982). Courtesy of American Association of
Petroleum Geologists.



Fig. 76.

Richness and Types of Organic Matter H1

TOC  LOG,,TOC

1.50
o n
= 100— L ~
; B
%)
O
=
=z
QO
@
1 4
o
©
54
z
a
)
T
(o]
u
hut I
-
© |
" |
S50 I [T VO T DU Gy I 1 i
LOG, SR O 50 1.00 1.50 2.00 2.50
| 1 I ' 1
SR 10 01410 2013 40.80 100

SEDIMENTATION RATE (SR) M/MY.

Relationship between total organic carbon % and sedimentation rate from Deep Sea Drilling
Project data: summary of lithologic field zonation (from Ibach 1982). Courtesy of American
Assaciation of Petroleum Geologists.



112 Principles of Peiroleum Prospecting

In all the examples shown above (Fig. 72-76), there seem to be optimum rates of
sedimentation for accumulating the maximum organic carbon%. The optimum
sedimentation rate may vary on changing environment of deposition.

For the oil producing regions in the Middle East, only a few data of organic carbon
% have been reported. Figure 77 shows the isopach map of the Callovian and Oxfor-
dian (Jurassic) source rocks in the Arabian Gulf with the total organic carbon greater
than 1% . The thickest area is located in the middle of this Figure (see the 300 ft con-
tour line) and corresponds approximately to the sedimentation rate of 70-85 ft/mill-
ion years (Fig. 78, showing the average rate of sedimentation of the Jurassic forma-

tions).
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Fig. 77. Isopach map of Callovian and Oxfordian source-rock facies with total organic carbon Z 1 wt
Y% (from Ayres et al. 1982). Courtesy of American Association of Petroleum Geologists.
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SCALE
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Fig. 78. Map showing average rate of sedimentation (ft/million years-M.Y.) of Jurassic formations in
Arabian Gulf region.

It may be summarized that the optimum sedimentation rate for accumulating
organic matter in the Jurassic source rocks in the Arabian Gulf region ranges bet-
ween about 70 and 85 ft/million years which is not far from those obtained in the
other regions.

The average sedimentation-rate maps of both the Cretaceous and Tertiary forma-
tions shown in Figs. 79 and 80 suggest a few potential source areas in this region,
based on the 70-85 ft/million years sedimentation rate; for Cretaceous, near the head
of the Gulf (near Kuwait) and the middle of the Rub al Khali Basin, and for Tertiary,
the central part of the Gulf.

If a burial history plot is constructed in an area, it is possible to calculate the rate
of burial (or sedimentation) and to relate it to the possible percentage of organic car-
bon which is an essential factor for the petroleum assessment.
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Fig. 79. Map showing average rate of sedimentation (ft/million vears-M.Y.) of Crelaccous forn ations

in Arabian Guif region.
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Fig. 80.  Mup showing average rate of sedimentation (f/million years-M. Y.y ol Teitiary formations in
Arabian Gulf region.

Types of Organic Matter

To identify organic matter types, a van Krevalen-type diagram, in which H/C and
O/C ratios from the elemental analysis are plotted. can be used. Anexample isshown
in Fig. 81. The same plot can also be used for estimating level of organic maturation
(see Chapter 7).

Three types which can be identified from the plot are types L. I, and III. Type |
refers to kerogen having originally a high hydrogen content and a low oxygen con-
tent. This type of kerogen may be derived from an accumulation of algae. The
well known Green River shales of Colorado and Utah belong to this type (Tissot
1977).

Type H refers to kerogen having a slightly lower hydrogen content than that ol
type 1. This type may be derived from marine phytoplankton and zooplankton depo-
sited in a confined environment. The Cretaceous source rocks of the Middle East
belong to this type (Tissot 1977). Type I has a low original hydrogen content and a
high oxygen content. and thus is usually considered as a prime gas source rather than
an o1l source. This type is primarily of terrestial origin.
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A similar interpretation of organic matter types can be made from the result of
pyrolysis {(see Fig. 68 in Chapter 7).

Visual identification under microscope is also commonly made in the petroleum
industry. They sometimes identify three types, such as amorphous, cuticular, and
woody or coaly organic matters, which may be correlated with types I, 11, and III,
respectively.

Problems

1. Explain the reason why the source rock and its organic concentration are the
most important factors in accumulating petroleum.

2. What are the giant oil and gas fields?

3. Explain the relationship between the sedimentation rate and organic matter
concentration.

4. Explain three types of organic matter which can be identified by the elemen-
tal analysis result.






Chapter 9

Petroleum Generation,
Maturation, and Migration in
Arabian Gulf Region

B ntroduction. B Application for Arabian Gulf region.
B Problems.

Introduction

Previous chapters describe the fundamental concepts of rescrvoir, trap, cap rock,
primary and secondary hydrocarbon migration. hydrocarbon generation and mat-
uration, and organic richness of source rock. In evaluating these geologic factors, we
would need a substantial amount of subsurface data which are usually available after
extensive drilling. However, for discovering a new oil field, such evaluation must
sometimes be made with a limited amount of data which is available at that time.
Before extensive drilling, data is usually scarce.

Even at a very early stage of oil exploration, a geologist would usually be able to
work with at least two basic data ; 1. regional stratigraphy from the surface expo-
sures which would provide him with a broad understanding of geologic ages and rock
types involved, and 2. regional seismic scctions which can be used in interpreting the
subsurface structure.

Using these data, he would be able to construct a series of burial history plots of
selected antichinal and synclinal locations. The slope of a buria! line would give him
an idea of the burial or scdimentation rate, which could further suggests possible
organic richness of the sediment (Chapter 8). The burial history data from the syne-
linal area is most valuable in this respect, because the syncline covers a greater area
and is usually more mature than the anticline. If information of depositional environ-
ment and lithology is available, his prediction on organic richness would be
improved.

Maturity of organic matter can also be estimated from the burial history plot, using
Lopatin’s method described in Chapter 7. Similar to the organic richness, the data
from the synclinal area would be most useful for the maturity estimate. Regional
geothermal gradient must be estimated or at lcast guessed for this work.

119



120 Principles of Petrolewm Prospecting

The difference of the burial rates between the anticiinal and synclinal locations
would give ideas on the trap timing (Chapter 3) and secondary migration (Chapter
5). Primary migration may also have been influenced by burial which could cause
sediment compaction and aquathermal fluid migration (Chapter 6).

If the pressure seal™ is involved in this area, then both time and depth of the pres-
sure seal development can be estimated by the method described in Chapter 4, using
the burial history plot.

In short, except for the reservoir property, all the other geologic factors for form-
ing a petroleum deposit (Fig. 2 in Chapter 1) can be evaluated through the use of the
burial history plot. An important advantage of this method is that the evaluation can
be made at a very early stage of exploration.

Following section will described examples of practical application of the method
for estimating petroleum generation, maturation, and migration in the¢ Arabian Gulf
region.

Application for Arabian Guif Region

Application of Lopatin’s method for this region was made by 3ail and Magara
(1985), using the regional isopach maps constructed by Kamen-Kaye (1970). The
isopach maps and the cumulative isopach maps which were made from the original
isopachs can be used for understanding primary and secondary migration, as well as
for petroleum generation and maturation.

At the time of primary migration, the generated hydrocarbons would have moved
from a point of more excess fluid pressure due to sediment loading to a point of lesser
one (see Chapter 8 of the book by Magara 1978¢). Such a variation of sediment load-
ing can be inferred from the study of the regional isopach maps. At the secondary
migration stage, most hydrocarbons are believed to have moved from a paleo-struc-
tural low to a high due to the buoyancy effect. The cumulative isopach maps men-
tioned above will show the paleo-structural features. The stages of petroleum gener-
ation and maturation can also be estimated from the cumulative isopach maps.

Sail and Magara (1985) estimated both TTI and R, of the Jurassic base at various
geologic stages in this region. Until the burial stage of the end of Cretaceous, most
of the region showed immature or early mature stage at which only heavy oil gener-
ation could be expected. The major oil generation for the Jurassic formations was
attained during the Tertiary period. Figure 82 shows the estimated stages of pet-
roleum generation and maturation along with the burial contour map and R, values,
at the end of Tertiary. Figure 83 shows a map of excess fluid pressure due to the Ter-
tiary-sediment loading, which can be used to interpret the directions of primary hyd-
rocarbon migration (The general direction is from northeast to southwest).

* Pressure seal may be identified from seismic interval velocity data which is usually shown al top of each seismic section.
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Fig. 83, Map showing rate of excess fluid potential inerease (pai/mullion years-M.Y ) during F'ertiary
period in Arabian Gulf region. Arrows show inferred dircetions of primary hydrocarbon mig-
ration.

A comparison of the presence of the oil accumulations in the Jurassic formations
with the estimated maturation stages is demonstrated in Fig. 84. Most of the oil ficlds
fall in the area of the major oil generation.
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Figurc 85 shows a similar maturation map for the base of the Cretaccous forma-
tions at the end of the Tertiary period. The o1l gencrating arca covered the central
part of the Arabian Gulf where most oil reservoirs ol this age exist (Fig. 86). The gen-
cral direction of primary migration in this period is the same as that shown in Fig. 83.
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Fig. 85. Map showing hydrocarbon-generation zones of basal Cretaccous formation at end of Tertiary
period in Arabian Gulf region (Sail and Magara 1Y85).
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Fig. 86. Superposition of hydrocarbon-generation zones of basal Cretaccous formation (Fig. 85) over

oil field distribution map (Sail and Magara 1985).

Figure 87 is a maturation map of the base of the Tertiary formations at the end of
Tertiary, showing the major oil generation in the Zagros Mountain foothills. Most of
the oil fields in the Tertiary formations fall within the Tertiary oil generation area
(Fig. 88), with some exceptions caused by vertical oil migration from deeper source

rocks.
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Problems

. Explain the methods of using a burial history plot for the estimations of
organic richness, primary and secondary migration, hydrocarbon generation
and maturation, timings of trap and cap rock formations.

2. Describe the major source areas for the Jurassic, Cretaceous, and Tertiary oil
fields in the Arabian Gulf Region.

3. Show the principal and regional direction of primary hydrocarbon migration
in the Arabian Gulf during the Tertiary period.



Chapter 10

Importance of Lithological Factors
in Accumulations of Oil in
Saudi Arabia

& [ntroduction. B Reservoir thickness and oil accumulation.

| Cap rock-reservoir model. 8 Application for Jurassic
formations in Saudi Arabia. B Lithological composition
of Jurassic formations in Saudi Arabia. & Problems.

Introduction

In 1978, a theoretical model for predicting the optimum reservoir percentage for
oil accumulations was proposed by Magara (1978b). This model is based on the aver-
age reservoir thickness, the frequency of interbedding of the reservoirs, and the aver-
age thickness of cap or source rock facies.

A computer program was written to calculate and plot the result, which was then
compared with the occurrences of oil in the Jurassic formations of Saudi Arabia.

Because of the confidential nature of the subsurface reservoir data of this region,
only the lithological data from the type localities (Powers et al. 1966), whose depos-
itional environments are greatly different from those of the oil producing areas, were
used for this study. Because of this reason, the validity of the result obtained may be
in question in some cases. Nevertheless, both the model and the computer program
seem to have a great potential for future applications.

Reservoir Thickness and Oil Accumulation

Curtis et al. (1960) proposed a statistical relationship between the ultimate recov-
erable oil in a sandstone and its average gross thickness, based on 7,241 reservoirs in
the United States. Gas in the reservoirs was converted to an oil equivalent. In 1971,
Smith et al. showed this relationship in a graphical form (Fig. 89), in which the orig-
inal data are depicted by four horizontal lines and the average relationship is shown
by a diagonal solid line (Recoverable Qil).

The mathematical form of the relationship given by Smith er al. is as follows :

129
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I, =C.Y? (18)

where ¢l is oil in place, Y the average thickness of sandstones, and C the constant.

The broken straight line in this figure indicates this relationship (Estimated In-Place
Qil), suggesting that the volume of either the in-place oil or the recoverable oil is
proportional to the square of the average thickness of sandstone.

Let us assume that there is a reservoir model whose width and length will be dou-
bled when the thickness is doubled. The volume of the reservoir body, and possibly
the total pore space of the reservoir, will increase in this case by a factor of eight. If
the total pore space is the most important factor in determining the volume of oil, the
oil reserve must increase by a factor of eight when the thickness becomes doubled.

The statistical evidence that the reserve increases by a factor of only four when the
thickness is doubled suggests that the most important factor tn determining the oil
reserve is the contact area between the reservoir body and the surrounding rocks.
This model seems to be quite reasonable if the main hydrocarbon source was in the
surrounding rocks and the hydrocarbons were expelled from them during compac-
tion and primary migration. The fluid expulsion efficiency would generally increase
as the contact area increases.

If. on the contrary, the surrounding rocks are cap or sealing rocks, the contact is
also very important in keeping the oil in the reservoir. Incorporation of possible
minimum thickness of the effective cap rocks with the model may permit us to predict
the optimum percentage of reservoir facies for oil accumulations.

If a different model is assumed. whose width and length do not become doubled
when the thickness is doubled, the situation would be different. Such a case may be
inlerred from the range of accumulated oil for a certain reservoir thickness, as shown
in Fig. 89.
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Fig. 89 Relationship between recoverable ol volume and sundstone thickness of oil ficlds m Umited
States (adapted from Smith eraf. 1971).
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Cap Rock-Reservoir Model

In the former Magara’s model, a combination of sandstone reservoirs and shales
(source rocks) was considered. In this chapter, a combination of one of reservoirs
{calcarenite, dolomite, sandstone, and porous limestone) and one of cap rocks
{anhydrite, shalc, or may be tight limestone) is used. The total thickncss of the unit
is 1,000 ft (Fig. 90), where a changing number of reservoirs are inserted. The rescr-
voir thickness in this case is 40 ft.

[ JreservOoiR [EE SOURCE OR CAP ROCK

Fig. 90, Reservoir - cap rock model. Reter to text for explanation (trom Magara 1978h) . Courtesy ol
Canadian Societs of Petroleum Geologists.

Changing rescrvoir percentage due to the change of the number of reservoir beds
is shown in the top diagram of Fig. 91. The average thickness of the intercalating
rocks will decrease as the number of the reservoirs or reservolr pereentage InCreascs.
This situation is depicted in the middle diagram of Fig. 91. Although the average
thickness of the intercalating rocks for a lower reservoir percentage is relatively
large, only a certain minimum thickness is necessary for preventing the possible ver-
tical leak of oil. For the following discussiort, let us assume an arbitrary cut off o 100
ft. as shown by a solid line in the middle of the diagram (Fig. 91). With the cap-rock
thickness less than 100 {t, oii can still be trapped but with less efficiency.

In the bottom diagram of Fig. 91, a product of the number of reservoirs and thick-
ness of the intercalating beds (cap rocks) with a 100t cut off is depicted, to indicate
the probability of having a proper combination ol reservoirs and cap rocks. In this
example, the product is maximum when the reservoir percentage is about 30).

A computer program predicting the optimum reservoir percentage was written

and shown in Appendix C. Input parameters of the program are the average reser-
voir thickness and the minimum effective thickness of cap rocks.
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Fig. 91. Graph showing result of sample calculations using reservoir - cap rock model shown in Fig. 90
(adapted from Magara 1978b). Courtesy of Canadian Socicty of Petroleum Geotogists.

Application for Jurassic Formations in Saudi Arabia

The average reservoir and cap rock thicknesses were obtained from the data of the
type sections defined by Powers et al. (1966}. The reservoirs include calcarenite dolo-
mite, and sandstone, and cap rocks include anhydrite, shale, and aphanitic limes-
tone. For the reservoir thickness, the average value for each formation was used. The
minimum thickness of cap rocks for effective sealing was estimated to be 8 ft for
anhydrite and 30 ft for other lithologies. The summary of the inputs and outputs for
computer runs is included in Table 4.

Figure 92 shows the calculated product value corresponding to the actual reservoir
percentage for each of the Jurassic formations. The number of the major oil reser-
voirs in each formation is also shown. Figure 92 shows a general agreement between
these two plots, except the Marrat Formation, in which there is a chance of over-mat-
uration. Oil in Marrat may have been converted to gas by the thermal effect.
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Table 4. Inputs and outputs of computer runs for Jurassic formations in Saudi Arabia. Sce text for
explanation.

Formation Reservoir Cap Rock Maximum | Corresponding|  Actual Corresponding
rmat Thickness, ft | Thickness, ft Product Reservoir % | Reservoir % Product

Arab 4 8 640 35 51 520

Jubaila 40 30 400 57 62 400

Hanifa 30 30 480 55 63 400

Twaig 30 30 480 55 20 160

Mountain

Dhruma 10 30 720 28 18 470

Marrat 15 30 640 35 31 580

No. of Reservoirs Product
o} 10 20 30 0 600
1 1 — 1 1 i L J

Hith
Arab
Jubaila
Hanifao
Tuwaiq MT.
Dhruma
Marrot

Fig. 92. Comparison of number of major oil reservoirs and computer-generated “product™ of Jurassic
formations in Saudi Arabia (from Huwaidi 1984).

Using Powers et al. (1966) data, the average thicknesses of each lithology of the
Jurassic formations were estimated.

Lithology Thickness, ft
Calcarenite 4
Dolomite 7
Sandstone 17
Limestone 13
Shale 20
Anhydrite 8
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Using these thicknesses and the minimum effective cap rock thickness ol 8 ft for
anhydrite and 30 ft for other cap rocks. a series of the computer runs based on scveral
hypothetical combinations of reservoirs and cap rocks werc made as follows :

Reservorr Cap Rock Maximum Product
I Calcarenite Anhydrite 640
2. Sandstone Shale 640
3. Dolomite Anhydrite 480
4. Dolomite Limestone 720
5. Calearenite Shale 880
6. Limestone Anhydrite 360
7. Calcarenite Limestone 840

The result indicates that, excepritems 3 and 6, the product value is more than 640.
In such cases. a good combination of both reservoir and cap rock can be expected.
To form an oil accumulation, of course, other factors such as a proper trap, high
reservolr quality, high organic concentration. and proper maturatiom are also neces-
sdry.

As mentioned carlier in the chapter, the lithological data were derived from the
tvpe localities whose depositional environments are greatly difterent from those of
the oil producing arcas of the Kingdom. It would be desirable in the future that the
sume program will be applicd tor the data from the oil producing areas.

Lithological Conpasition of Jurassic Formations in Saudi Arabia

Using the hthological data of the Jurassic type sections in Saudi Arabia defined by
Powers et al. (1966). a triangle plot was made by computer tor each formation and for
the entire Jurassic formations. This computer program not only plots the composi-
tion on the ratio-trigngle graph. but also calculates the D-function and the relative
cntropy function deseribed by Forgotson (1960). A value of the D-function closer to
100 tor the entropy function closer to 1) suggests relatively an even mixture of three
lithological components (non-clastic rocks. sandstone, and shale in these cases),
while a smaller value means that the composition belongs more or less to asingle end-
member (or component). Appendix C2 shows the computer program written for the
1.B.M. Personal Computer.

Figures C3 to (9 in Appendix show the triangle plots for the Marrat, Dhruma,
Tuwaiq Mountain, Hanita, Jubaila, Arab. and the cntire Jurassic formations,
respectively. Note that a plot for Hith was not made because it is composed of 100%
anhydrite (non-clastic).

Problem

Explain the relationship between the recoverable oil volume and gross sandstone
thickness. based on the 7,241 reservoirs in the United States.



Chapter 11

Computer Applications for Oil
Reserve and Resource Evaluations

& Intoduction. B Volumetrie Monte Carlo simulation.
B O pamce geochemical Monte Carlo simulation.,

B Arcal simulation of Random drilling. B Problems

Introduction

Scarch lor a petroleum deposit is fundamentally a scientific and technical matter,
which can be handled by petroleum geologists working in the petroleum industry.
Most of the basic problems invelved in the scarch of petrolecum were discussed in the
preceding chapters of this book.

In the actual exploration. however. another important factor. cconomics. must
also be considered. In this chapter. only a few cconomic problems will be discussed
estimation of the recoverable oil/vas volume and of the discovery rate {suceess ratio)
of exploration drilling.

Three compuler programs using the random sampling method were developed
I. volumetric Monte Carlo simulation, 2. organic geochemical Monte Carlo simula-
ticn and 3. arcal simulation of random drilling.

Volumetric Monte Carlo Simulation

In the petroleum industry. o method called “Monte Carlo stmulation™ has been
widely used for assessing petroleum reserves and resources. In this method, a large
number of trial calculations for oil reserves and resources is made using the compu-
ter-generated random numbers.

For cach of the engineering and geological factors controlling a recoverable oil vol-
ume. we would be able to define a possible range and most probable valuc, such as
“minimum”, “maximum”. and “most likely™. Within cach range. the computer gen-
erates values randomly. A setof randomly generated values of these engineering and
geological factors will be used to compute a viume of oil.

If a large number of random sampling is tried. then we would be able to expect o
gencrate a large number of the assessed oil volumes. a distribution of which would
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give us the probability of finding o1l pools.

Most natural events are known to be cither normally or leg-normally distributed.
This type of distribution is usually shown by a bell-shaped curve (top of Fig. 93). The
bottom diagram of Fig. 93 depicts a corresponding cumulative frequency curve.
Using this type of distribution. we would be able to define the statistical minimum,
most likely (or median), and maximum.
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Fig. 93.  Schematic diagram showing frequency and cumulative frequency distributions of a normally-
distributed population.
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In the available computer program, however, a simple triangle mode! shown in
Fig. 94 is used. In this model. the computer generates random values of both
engineering and geological factors, such as area of accumulation (A). thickness of
reservoir (H). water saturation {8 ). porosity (&), recovery etficieney (Ep). and for-
mation volume factor (B,), and then calculates recoverable o1l volume (Pyas follows,

P=AH({l-8) - Eg/B, (19)
The nisked recoverable oil volume (Py) can be given as,
Pe = AH.(1-S,) - & - Eq (1 - Fy) /B, (20)
where Fp is risk factor.
Minimum Most likely Maximum
100 % =~
E
H I
: |
: |
I
o}

Minlmum Most likely Moximum
Fig. Y4, Simplified triangle-model of frequency distribution.
The calculation is repeated by the computer a large nunmber of times (usually 1,000

times or more, but because of the availavle small computer capacity. this program
repeats only 100 times), to obtain a distribution of the assessed recoverable ol vol-



138 Principies of Perrofeum Prospecting

umes. The ol volumes will then be arranged from small to large and the cumulative
frequency distribution will be made. There are two cases of the probability distribu-
tions ; 1. based on cumulative number of cases, and 2. based on cumulative oil vol-
ume. They can be cither risked or unrisked. The printout of the computer program,
which was included in the M. Sc. Thesis by Huwaidi (1984), isshown in Appendix D 1.

To conduct a sensitivity study of the model. a set of the standard input values was
first determined.

Minimum M(M Maximum
likely
Arcit. sy hm 24 3t 31
Reservorr thichness. tt 150) 18O 200
Water saturation, v D} 14 1
Porosits, "o 17 19 21
Recovery efficieney . ™ 30 i 33 3s
Formation volume factor Los ‘ 1.08 (I
Risk luctor. %o 10 L S0 ol

Above hypothetical example simulates a relatively small oil licld in the Kingdom of
Saudi Arabia, containing about 300 million bbl of recoverable oil.

Secondly. a series of the computer runs were made for the sensitivity checks. In
cach run. most input factors stay the same as those used for the previous standard
run, except only one factor which cither increases or decreases.

Summaries ol these computer runs are shown in Figs. 95-99. In cach graph, (he
horizontal axis shows the ficld size in million bbl and the vertical axis indicates the
probability of finding that ficld size or less.

I. Changing area (Fig. 95)

The reserve ranges from about 330 to 750 mullion bbl. with the median or most
likely figure being between about 40 and 620 million bbl.

2. Changing reservoir thickness (Fig. 96)

The assessed values are ranging widely between about 390 and 620 million bbl lor
the most likely cases. The above results suggest that both the arcu and reservoir
thickness have significant effects on assessment.

3. Changing water saturation (Fig. 97)

With the assumed range of water saturation. variation of the assessed oil reserve
15 not large.
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4. Changing porosity (Fig. 98)

Porosity usually has a great influence on the assessment. For those values used for
the sensitivity study, however, the reserve does not change greatly, ranging from
about 450 to 560 million bbl for the most likely cases.
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5, Changing risk factor (Fig. 99)

The risk may be considered as either remoteness or uncertainty from the known
cases (oil fields). Such remoteness may be related with a geological location. a
geological setting, or a technical difficulty, and a combination of thesc. To evaluate
this effect, the risk factor changed in almost full range between T and 99% . The result
shows a very wide range, between about 50 and 470 million bbl for thc most likely
cases.
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Organic Geochemical Monte Carlo Simulation

Avyres et al. (1982) recently identified as the best source rocks in Saudi Arabia the
thermally mature, thinly laminated, organic-rich carbonate rocks of the Jurassic age
(Callovian-Oxfordian or equivalent to the Hanifa and Twaiq Mountain Formations,
see Fig. 100). These rocks seem to have been deposited in an intrashelf basin.
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Fig. 100. Generalized Cretaceous and Jurassic stratigraphic section showing lithology, reservoir units.
and source rocks (from Ayres ef al. 1982). Courtesy of American Association of Petroleum
Geologists.
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Avyres et al. (1982) suggested extensive vertical migration of oil from these source
rocks to reservoirs. The possibility of the vertical oil migration was also suggested by
Young et al. (1977), based on their age-dating method of accumulated oil in this reg-
ion.

Total organic carbon concentration of the Jurassic source rocks ranges from about
3 to 5 per cent (Ayres et al. 1982). Bitumen content is so high, that it often exceeds
kerogen content and the hydrocarbon content is in order of several thousands ppm.
The kerogen is mainly amorphous which is considered to be of the best type. Figure
77 in Chapter 8 shows Ayres et al.’s isopach map of the Callovian and Oxfordian
source rocks.

Using a concept similar to the volumetric Monte Carlo simulation, another com-
puter program was written (see Appendix D2 for program) and tested. According to
Ayres et al.’s Jurassic-source-rock map, the area of distribution of the source rocks
covers approximately 100,000 km?. In the following trial runs, let us simulate the oil
volumes over an area 1/100 of the total (or about 1,000 km?). Based on Barker and
Dickey’s (1984) discussion on Ayres er al.’s work, the total recoverable oil volume
(including the future discovery of about 50 billion bbl) of this area may be assumed
to be about 270 billion bbl. One hundredth of this volume is thus 2.7 billion bbl. The
hydrocarbon yield may be assumed to be about 200 mg/g organic carbon (which is
equivalent to a few to several thousands ppm concentration) from the source rocks
containing 3 to 5 per cent organic carbon.

Barker and Dickey (1984) recently estimated the volume of oil accumulated in this
area and concluded that the source rocks identified by Ayers e al. (1982) (sce Fig.
77) may represent only a part of all. Because the average source rock thickness from
Figure 77 is about 150 ft, it may be more than doubled in the computer simulation to
obtain the assessed figure of about 2.7 billion bbl.

The standard input factors are as foliows,

Minimum MOSt Maximum
likely
Area, sq. km? 900 1000 1100
Source rock thickness, ft 350 400 450
Organic carbon, wt. % 3 4 5
Hydrocarbon yield, mg/g O.C. 180 200 220
Trapping efficiency, % 40 50 60
Recovery efficiency, % 30 33 35
Risk factor, % 40 50 60

Twenty additional runs were made for the sensitivity study, and the summary plots
are shown in Fig. 101 (changing source rock thickness ft), 102 (changing organic car-
bon, %), 103 (changing hydrocarbon yield, mg/g organic carbon}, 104 (changing
trapping efficiency, %), and 105 (changing risk factor, %). All the cases shown in
these plots suggest wide ranges of the minimum, most likely, and maximum values
of the assessed oil reserves.
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Areal Simulation of Random Drilling

Using the most advanced geological and geophysical techniques, significant pet-
roleum reserves have been discovered in Saudi Arabia. The total ultimate oil recov-
ery of the country is estimated to be about 220 billion bbl (future discoveries are not
included in this figure).

What would happen if the entire drilling is made randomly, rather than using the
advanced technelogy? A computer may be used to simulate such random cases.

First of all, the surface areas of the 25 giant oil ficlds {0.5 billion bbl or more of the
recoverable oil} discovered in Saudi Arabia were cstimated. These areas were pro-
jected on the television screen of the computer, so that the entire screen represents
the total original concession area.

The computer then generated a pair of random numbers to determine a set of X
and Y values on the screen, and a point was plotted. If this point falls within the
known oil field, it is counted as a success, otherwisc a failure. The computer repeats
the same operation many times and computes the success ratio. The program is
shown in Appendix D3.

Following figures show sample computer runs.

Number of sumpling Figure
200 106
00 107
a0 108
800 109
1000 110
1200 111
L1400 112
600 113
L1800 114

In each computer run, such values as. numbers of success and of failure, discovered
oil volume, discovered oil volume/number of sampling (or number of wells), and dis-
covered percentage of the total oil volume are calculated.

Figures 115-117 show the summary plots of these runs.
I. Number of success (Fig. 115)

The average discovery shown by open circles increases with increase of random
sampling. Small dots indicate individual computer runs.
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Fig. 106. Sample run of areal random drilling: 200 trials.

Fig. 107. Sample run of areal random drilling: 400 trials.
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Fig. 109. Sample run of areal random drilling: 800 trials.
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Fig. 110, Sample run of arcal random drilling: 1000 trials.

Fig. 111, Sample run of wreal random drilling: 1200 uriats.

»
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Fig. 113. Sample run of arcal random drilling: 1600 trials.
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Fig. [15. Summary plot of number of success (adapted from Huwaidi 1984). Small dots indicate indi-
vidual computer runs and open circles show their averages.
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2. Discovered oil volume/number of wells (Fig. 116)

The oil discovery/well drilled generally decreases with increasing number of sam-
pling (drilling).

600—

400—

200—

Cil volume 7 well, mithon bbi / well

o) i 1 Lk L ] ! 1 1 - |
0 1000 2000

No of samphngs

Fig. 116. Summary plot of discovered oil volume/number of wells (adapted from Huwaidi 1984}. Small
dots indicate individual computer runs and open circles show their averages.

3. % discovery over the total oil volume (Fig. 117)

There is a general increasing trend with increase of number of random sampling or
drilling.
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Fig. 117. Summary plot of % discovery of oil volume (adapted from Huwaidi 1984). Smalt dots indicate
individual computer runs and open circles show their averages.
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A comparison between the actual discovery history of Saudi Arabia and the result
of the computer simulation could not be done, due to lack of data on the number of
the exploration drilling. However, the program itself would have potentials for
future applications.

Problems

1. Explain the volumetric Monte Carlo simulation.

2. What is the range of the organic carbon per cent of the Callovian-Oxfordian
(Jurassic) source rocks in Saudi Arabia?

3. Described about the total number of the giant oil fields and their total recov-
erable oil volume so far discovered in Saudi Arabia.



Chapter 12

Studying an Applied Science
Petroleum Geology

B [ntroduction. B Threc important factors in
conducting research. ® Intellectual curiosity.
® Unity in science. B Scientific honesty. ™ Problem.

Introduction

As in the cases of many other applied sciences, we face a difficult problem in study-
ing petroleum geology: Should we study science or technology at a university?

An applied science is made of two main elements; theory or concept in science,
and practical applications or technology. Because it has these two elements, a stu-
dent must study both together in the classroom. However, an important question is
how to study them together.

An instructor may place stress on the theory, based on his belief that learning
technology without a sound understanding of the fundamental concepts or theory in
science is useless. But if he overdoes it, the subject may become a pure science rather
than an applied science. In such a case, the student would not be able to study the
practical aspects of the subject.

If, on the contrary, the instructor insists on teaching techniques without explaining
the basic scientific concepts, the student would become familiar with, for example,
handling machines and equipments without a solid understanding of the scientific
concepts. This approach is quite risky, because, with continuous advancements of
modern technology, these machines and equipments will be frequently improved or
replaced by new ones. With these changes, the student who may already be a com-
pany employee at that time must learn many times how to use the new machines with-
out a good understanding of the basic scientific concepts. This approach would thus
be quite ineffective.

In summary, for effective teaching and learning of an applied science, it is essential
to keep a balance between science and technology or between theories and practical
applications. However, this task is not an easy one because the time most university
staff members spend with students in the classroom or laboratory is usually quite
limited.

159
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Three Important Factors in Conducting Research

In view of the fact that a student spends only several years at a university when he
is young and then works for a company or a governmental organization in the follow-
ing 30 to 40 years of his life, I believe that the university trains him for a good and
positive attitude for conducting industrial or scientific work.

According to Hubbert (1974), who is widely known in petroleum industry and
academia as the founder of many important concepts and theories, such as hydro-
fracturing, hydrodynamics, mechanisms of thrust faulting, prediction for future
energy supply, ...etc., there are two important factors in conducting effective scien-
tific works. These are (1) intellectual curiosity, and (2) unity in science. A third
important factor could be added which is scientific honesty.

Although itis not easy for anyone to behave in the manner Hubbert has suggested,
a positive attitude for these goals in scientific works would improve his performance.
In addition, the factors suggested by Dr. Hubbert are not only important for scien-
tific works, but also for other industrial works.

1. Intellectual curiosity

In conducting scientific works, it is always essential to ask the reasons of conduct-
ing such a research. This attitude will help a person to understand problems deeply,
rather than superficially.

Inteliectual curiosity is an essential factor in both developing and improving scien-
tific and industrial methods. Many new discoveries and developments have been and
will be made by this important character of human being.

In the classroom, when any theory is explained, I think that the instructor must
describe why it is important and how to apply it in practice. This is particularly true
in teaching applied sciences. Intellectual curiosity would also improve his work per-
formance since it is one of the major motivating factors for hard works.

2. Unity in science
A belief in one branch of science may not be accepted in other branches of science.

If such is the case, the belief must be corrected or revised to satisfy all the conditions
required in the other branches of science.

For example, a method or concept in geology must be examined in the light of
physics, chemistry, mineralogy, ...etc., before it is applied to practical works. In
applying it, the method would have to be reasonable or acceptable from the
engineering stand point, as well.

Although the continuous developments in most branches of science demand many
experts in very specialized fields, the results of their work must be examined carefully
from a broader view in science which may be called a “scientific common sense”.
Without a proper control, a highly specialized research could produce very errone-
ous conclusions,
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At universities, I believe that both undergraduaic «ud junior graduate studenis
must be educated for the general and broad knowledge, to avoid risks involved in an
over-specialization. In my opinion, a true specialization can start at the Ph.D. level
only. '

The concept “unity in science” can also be applied to works in industries. It may be
called “cooperation”.

In any industry, it is absolutely essential for a professional to understand and com-
municate with other people working in and out of his organization. As far as the tech-
nical expertise is concerned, most modern industries are so diversified in technology
that no single person can understand fully. Of course, he does not have to become
familiar with all of these techniques. However, he must be able to communicate with
other professionals quite freely, if necessary. This will reduce chances of conducting
dogmatic or selfish works which could be very hazardous to the entire organization.

3. Scientific honesty

Honesty in science means that conditions and assumptions used must be under-
stoed and explained before a main conclusion is drawn. It will eliminate possible
exaggerations which could mislead people. When a conclusion is made, we must be
aware of the limitation of its reliability and of potential problems involved with this
conclusion.

Although it is not an easy matter, I believe that we should always keep these three
factors in our mind when we study science or work in an industrial organization. A
student who was trained for such a good attitude would perform better than those not
trained, and thus would produce more in the future.

Problem

Explain the three important factors in conducting research works.
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KEROGEN MATURATION PROFILE
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Fig. B-11. Empirical chart relating vitrinite reflectance to depth and to geologic age in the Gulf Coast
(from Dow 1978). Courtesy of American Association of Petroleun Geologists.
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T REM OFTIMUM RESERVOIRIY

10 DIM NL1OODO)Y (R (1000

Z0OFRINT “TYPE RESERVOIR THLCE NéSEi.FT"

35 INPUT T

40 FRINT "TYFE MAXIMUM THICHMNESS.FT. OF EFFECTIVE DRAINAGE"
S50 INFUT M

&GO T1=INT (1Oe0/T)

70 IF I1-=200 THEN 6C

5 X=I0

78 BOTO 100

82 IF I1 =40 THEM 9%

N ]

5
76
g7
@9
(50 t
110 =11 ~L¥T
1200
1T LF A M OFHEM 180
140 =P

150 MNIT)Y=INT (RET /7404 50
155 IF NCIDY- 75 THEN J&an
198 MY 1) ="

TaEO RODY=TNT (T ¥T /10 50
170 NEXT )

1830
185
L2700 LERIME TaBI2) g e ¥
Jon FOR =) [0 89

DOEOIFE T 1L THEN 400
S T LA ROT) THEN 785

THEM 27

DL IF L IMT O s Ay ¥4 FHEN TS0

STOCLEREIRD S AR g LAk T kS
Tan GOTO Do

O F PR " RN I I AR TR 0

REGENEREY
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Appendix Cl. Computer program predicting optimum reservoir percentage.
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Appendix C2. Computer program plotting lithological composition on triangle graph and caleulating D-
function and relative entropy function.
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S20 LOCATE 4
L0 LDCATE C
ol DATA Lo,
DATA 0,100
DATH 0,0
DATHA 10000
DAt
DaTa 3
DATH
DATH
DATH
Déa
PATH ]
DATH o, B

A DATAE o, 1800

FC LR AN WL IR I B VT
TE DA 1L e
el Dyytey 37 A0
O Dy n

fn Fr)l |

TORPRINY UE= Ul NG R

LI000T HEXT |

Appendix C2. Computer program plotting lithological composition on triangle graph and calculating D-
funetion and relative entropy function.
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Fig. C-3. Lithological triangle plot of Marrat Formation. Data derived from Powers er al. (1966). N-C
= non-clastic rocks, 85 = sandstone, SH = shale, D = I function, E = relative entropy

function.
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Fig. C-4. Lithological triangle plot of Dhruma Formation. Refer to caption of Fig. C-3. for other expla-
nations.
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Fig. C-5. Litf;olog!cal triangle pltot of Twaiq Mountain Formation. Refer to caption of Fig. C-3. for other
explanations.
N-C 93 X A N-C D= 18
o
§¢ 1 ¥ ™, E= @.257
J "
SH 6 _/__‘*\1!4
i \ 172
! b
f’ ML
\
/ \ 2
/ \
-"‘"
,-'l %
£ L g
A
§§ 3 SH

Fig. C-6. Lithological triangle plot of Hanifa Formation. Refer to caption of Fig. C-3. for other explana-

tions.
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Fig. C-7. Lithological triangle plot of Jubaila Formation. Refer to caption of Fig. C-3
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Fig. C-8. Lithologieal triangle plot of Arab Formation. Refer to caption of Fig, C-3. for other explana-

tons.
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Fig. C-9. Lithological triangle plot of entire Jurassic Formation. Refer to caption of Fig. C-3. for other
explanations.
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Appendix DI, Computer program of volumetric Monte Carlo simulation.
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Appendix D2. Computer program of organic geochemical Monte Carlo simulation.
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Appendix D2. Computer program of organic geochemical Monte Carlo simulation.
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L0 BEREEN o
70 CLS
80 EEY OFF

F0 KREM AREAL MONTE CARLO

OO DEIM X100 Y (100)  NlOm)y JRa100) JZ24100) (Foloo
107 NZ=O
105 M=t F 1=z R=0

107 FRINT “INFUT NUMKEER OF SAMFLINGS"

108 INFUT Ni

110 SCREEN 1

120 FOR N=0 TO 48 STEF

200 READ X (W) X (N+1)

215 IF Xt{NX=0G THEN 290

READ Y (N) .Y (N+1}

GASUR &0
F=OCNF1)+1-X (N )XY (N+1)+1-Y(N) Y X Z20x18
F1=F1+P

NZ2=NZ+2>

NEXT N

FOR k=0 TO NZXxZ
Mk ) =0

NEXT F

FOR A=1 TO N1x2
X1=INT (RND3319)
Y1=INT (RND¥191)
GOSUB 700

FOR N=0 TO N2 STEF 2O
IF X13=X(N} AND X1:=
GOTO 80

IF Y1:=Y(N} AND Y1l«<=Y(N+1) THEN GOTO 3&7

G0TO 380

NON) =N (N) +1

IF N{(N)=% THEN GOTO 410

GOTO 390

NEXT N

F=F+1

G0TO 430

R=R+R (N)

RI= (X (N+ 1) +1=X (M) ) ¥ (Y (N+1)+1-Y (N} ) X20%18

R=R+K1

M=M+1

IF F+M=N1 THEN GOTO 430

NEXT A

LPRINT " "

LPRINT "NUMBER OF SAMFLINGS : "3jN1;" UNIT IN M BEL":LFRINT
LPRINT "SUCCESS","FAILURE","OIL VOL","TTL OIL"

LPRINT M.F,R,PF1

LPRINT

LFRINT "VOL/WELL","% DIS."

LPRINT R/ (M+F), 1008R/F1

LOCATE 23,1

END

LINE (X(N),Y(N))—(X(N+1},Y(N})

LINE {X(N+1),Y¥Y{N))—(X(N+1),Y(N+1))

LINE (XUN+1) Y (N+1})—(X(N),Y(N+1})

LINE (X(N),Y(N+1))—C(X(N),Y(N})

RETURN

FSET(X1,Y¥1)

710 RETURN

1000 DATA 110,115,40,4%5

X (N+1) THEN GOTO 350

Appendix D3. Computer program of areal simulation of random drilling.
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1010 DATA 100,104,20,29
DATA 110,113,15,20
DATA 120,124,10,16
DATA 00,302,140, 142
1050 DATA 40,42,40,42
19460 DATA 100,101 10,17
1062 DATA 210,.7175,80,84
1044 DATA 160,163,80,87
1070 DATA 140,141,70.71
1082 DATA 120,122,70,74
1090 DATA 190,197.67,84
1100 DATA 210,244,20,24
111 DATA
1120 DATA
11730 DATA
1140 DATA
1150 DATA
1160 DATA
1170y DATAH
1180 DATA
1190 DATA
1200 DATH
DATA
DATA

Appendix D3. Computer program of areal simulation of random'drilling.
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