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Foreword

Today, we see that worldwide reserves are staying about the same, even increasing
in some areas, partly because of the increased use of advanced technology in the ex-
ploration and development methods. Much of the credit for maintaining worldwide
petroleum reserves must be credited to the 3-D seismic method. 3-D seismic surveys
have resulted in the discovery of new fields, their development and enhancement of
oil recovery projects. In addition, surface seismic surveys have been augmented by
downhole surveys (VSP) that are used for borehole measurements of rock parame-
ters such as density, acoustic velocity, and other parameters.

Another development of note has been the integration of historically separate
personnel into teams of seismologists, geologists and engineers who are involved in
all stages of petroleum exploration and exploitation. This has led to a need for all
members of the team, their support staffs, and managers to better understand all of
the technologies involved. The objectives of this text are to help satisfy this need for
the non-professional members of these teams and those who support these teams in
various ways.

This text will acquaint the people mentioned above with the fundamentals of
the seismic techniques, their applications and limitations, with absolute minimal
use of mathematics. The material is organized so that basic principles are followed
by a flow of information paralleling that of applications. “Real-life” exercises are
included to assist the understanding. The text is written at a level that anyone can
understand without difficulty. At the end of each chapter you will find a list of key
words that will help the reader to better understand the chapter by looking them up
in the glossary at the end of the text. For those who are interested in more details,
there are appendixes for some chapters that include more detailed information and
a very complete bibliography of references for those who want to pursue the subject
further.
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Preface

It seems like digging the past but I still remember the day when the second edi-
tion of Dobrin’s book “Introduction to Geophysical Prospecting” appeared. Even
in those days, presenting this subject in a single volume was no easy task. Since
then, our knowledge and capabilities for discovering oil and other natural resources
has undergone a sea change. The credit mostly goes to a large number of individuals
who used their highly specialized knowledge to analyze and solve a vast diversity of
problems. Their contributions are well documented and continue to appear in techni-
cal books and professional journals. However, most of them are primarily useful for
those engaged in research and development. Other professionals often find them too
specialized or highly mathematical in nature. “Exploration Geophysics” by Gadal-
lah and Fisher is a timely product which will fill a much needed gap.

The authors endeavor to present a simplified version of the science of explo-
ration geophysics. In line with their professional background, they have primarily
dealt with the various aspects of seismic prospecting. However, they cover almost
everything related to this subject. After a short description of nonseismic methods,
the reader is first introduced to an important but relatively less familiar subject of
seeking permit for the acquisition of field data. This follows a detailed discussion
on the acquisition and processing of data by using as little mathematics as possible.
Much of the remaining book deals with the migration and interpretation of seismic
data as well as the various tools needed to accomplish these tasks such as velocity
analysis and the use of borehole information. In order to present a complete pic-
ture, the authors do not hesitate to touch upon the most recent developments such as
cross-hole tomography and 4-D seismic.

The book provides a broad outline of seismic exploration without burdening the
reader with nitty-gritty details. On the other hand, the door is kept open for further
study by providing a comprehensive list of technical articles at the end of various
chapters. At the other end of the spectrum, those quite new to the subject will find
several lists of exercises valuable for self-learning. The book may also prove useful
to those who work closely with geophysicists such as geologists, petroleum engi-
neers as well as exploration managers.

Houston, TX Irshad Mufti
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Chapter 1
Introduction

The exact age of the earth is not known, but it is thought to be at least 4.5 billion
years old Rocks and fossils (the remains of plants and animals preserved in the
rocks) can be dated by measuring the decay rate of radioactive material that they
contain. The number of radioactive particles given off by a substance during a cer-
tain time period provides a surprisingly accurate estimate of the age of the substance.

The geologic past is measured by means of a geologic time chart. Each interval
of time has been given a name so that a particular time in the past can be referred
to more easily. Periods in history are referred to in terms such as “the ice age” “the
iron age” and “the atomic age”. These time periods are measured in centuries or
millennia at most. Intervals of geologic time, by contrast are measured in millions
of years. For example, the dinosaurs became extinct about 70 million years ago.
Another way to express it is “dinosaurs died at the end of the Cretaceous period.”

Over the nearly 5 billion years of earth’s (See Table 1.1) history mountains have
risen, been eroded away and extreme environmental changes have occurred. For
example:

• Palm tree fossils have been found near the north pole, indicating that a warm
climate prevailed there in the geologic past

• Shark teeth have been found hundreds of miles from the nearest modern sea
• Many places that are high and dry today were once covered by seas. In fact many

areas have been covered by seas, uplifted above sea level and submerged again
multiple times. Such areas are now called basins

When rivers flow into a large body of water, suspended and dissolved sediments
settle to the bottom. The coarsest sediments, such as sand, are deposited first and
nearest to the river’s mouth. Lighter sediments, such as mud and silt, are deposited
farther out and in deeper water. Lime (calcium carbonate), produced by tiny life
forms living in warm, shallow water, is deposited on the water bottom.

This deposition of sediments has occurred throughout geologic times that surface
water has been present. Deposited sand is compacted and cemented to form sand-
stone. Lime hardens into limestone. These two sedimentary rock types are the rocks
most important to petroleum accumulation and production.

Today, the oceans are teeming with life that ranges from giant whales and sharks
to microscopic and near-microscopic size. As is the case now, the oceans were

M.R. Gadallah, R. Fisher, Exploration Geophysics, 1
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2 1 Introduction

teeming with life millions of years ago. Many of these small life-forms, that were
able to avoid being eaten, died and sunk to the ocean bottom where they were buried
by mud and silt being deposited there. Immense quantities of organic material built
within thick layers of mud and silt over millions of years.

Parts of the earth are constantly rising (being uplifted) or falling (subsiding) be-
cause of forces acting within the earth’s upper layers. These are called tectonic
forces. The uplifted parts cause the ocean shore to extend farther out. Sand trans-
ported in rivers gets deposited farther out in the ocean and covers the organic-rich
layers of mud and silt. Later, the land subsides again and layers of mud and silt
rich in organic material are deposited on top of the sand. The sequence of uplift,
deposition, subsidence and more deposition has been repeated over and over again
throughout the earth’s history.

Since the organic material deposited on the ocean bottom is so quickly covered
a process called anaerobic decay (without oxygen) occurs. The end products of this
decay include the molecules of hydrogen and carbon (hydrocarbons) that make up
oil and gas. Over a period of about one million years, the organic material is con-
verted to petroleum. According to experts in the field, it takes 2003 feet of dead
organisms to make one cubic inch of oil.

Many people think that oil and gas are found in huge, cave-like caverns beneath
the surface. This concept is completely wrong. In order to understand where oil and
gas came from, how it is accumulated in place, and how to look for it, it is important
to realize how very, very old the earth is and how many changes have taken place.
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Fig. 1.1 Tectonic plates

Many theories to account for geologic activity have been proposed. The most
satisfactory is one called plate tectonic theory. This was first proposed in 1967.
The main idea is that the lithosphere (the crust and uppermost part of the mantle,
averaging about 45 km thickness) is divided into large pieces, called plates that move
relative to one another. The theory has been modified over the years, primarily by
increasing the number of plates, now thought to number 28 (See Fig. 1.1).

New crust is formed at the crests of mid-ocean ridges and rises, resulting in what
is called sea floor spreading. Old crust is destroyed by being plunged into the mantle
beneath other plates along consuming plate boundaries. These plate boundaries are
where there are deep oceanic trenches alongside island arcs or near mountain ranges
along continental margins (See Fig. 1.2). Other plate boundaries are either exten-
sional (plates are pulled apart as along the oceanic ridges) or transform (plates move
horizontaally past one another, e.g. – along the San Andreas Fault of California).

Convection currents within the upper mantle provide the forces that cause plate
motion. The asthenosphere, composed of a hot viscous liquid rock and is identified
by a low seismic velocity, allows the plates to move over it. Spreading rates of the
plates range from one to seven inches per year. Most earth scientists believe that at
one time there was only one continent, named Pangea (See Fig. 1.3). Around 200
million years ago Pangea began breaking up because of plate motion. The continents
we know today are composed of pieces of Pangea which have moved into their
current positions.

Oil was first found in oil seeps where it accumulates on the surface of streams and
lakes. Surface geology methods of petroleum were used for a while but it became
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Fig. 1.2 Sea-floor spreading, the mechanism for tectonic plate motion

Fig. 1.3 Pangea
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increasingly harder to find oil in these ways. More powerful and reliable techniques
employing gravity, magnetic and seismic measurements have replaced the older
methods, as well as the use of “water witches” to locate oil drilling sites.

Magnetic exploration for minerals, including, petroleum, is based on finding
anomalous measurements of the earth’s magnetic field. Similarly, measured anoma-
lies in the earth’s gravity can indicate the presence of subsurface geologic situations
conducive to the accumulation of petroleum. More details of both methods and their
applications to petroleum exploration are provided in Chap. 2.

The most reliable and most used technique of petroleum exploration is the
seismic method. This involves recording “earthquake waves” produced artificially
by explosives or some other energy source. Downward-traveling energy produces
“echoes” at boundaries between rock layers. Determination of the times at which
these “echoes” return to the surface supplemented by other information such as
seismic propagation velocities allows an interpreter to develop a picture of the sub-
surface below the area investigated. More information about seismic waves and the
seismic method is provided in Chaps. 2 and 3.



Chapter 2
Overview of Geophysical Techniques

Introduction

Various geophysical surveying methods have been and are used on land and off-
shore. Each of these methods measures something that is related to subsurface rocks
and their geologic configurations. Rocks and minerals in the earth vary in several
ways. These include:

• Density – mass per unit volume. The gravity method detects lateral variations in
density. Both lateral and vertical density variations are important in the seismic
method.

• Magnetic susceptibility – the amount of magnetization in a substance exposed to
a magnetic field. The magnetic method detects horizontal variations in suscepti-
bility.

• Propagation velocity – the rate at which sound or seismic waves are transmitted
in the earth. It is these variations, horizontal and vertical, that make the seismic
method applicable to petroleum exploration.

• Resistivity and induced polarization – Resitivity is a measure of the ability to
conduct electricity and induced polarization is frequency-dependent variation in
resistivity. Electrical methods detect variations of these over a surface area

• Self-potential - ability to generate an electrical voltage. Electrical methods also
measure this over a surface area.

• Electromagnetic wave reflectivity and transmissivity – reflection and transmis-
sion of electromagnetic radiation, such as radar, radio waves and infrared radia-
tion, is the basis of electromagnetic methods.

The primary advantages of the gravity and magnetic methods are that they are
faster and cheaper than the seismic method. However, they do not provide the de-
tailed information about the subsurface that the seismic method, particularly seismic
reflection, does. There may also be interpretational ambiguities present.

Electrical methods are well suited to tracking the subsurface water table and
locating water-bearing sands Seismic methods can also be used for this purpose.

Electromagnetic methods are useful in detecting near surface features such as
ancient rivers.

M.R. Gadallah, R. Fisher, Exploration Geophysics, 7
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There will be no further discussion of electrical or electromagnetic methods. The
following paragraphs provide brief introductions to the gravity, magnetic, and seis-
mic methods. The discussions of the gravity and magnetic methods included in this
chapter serve to acquaint the reader with their general methods and applications. All
subsequent chapters will deal with the seismic method.

The Gravity Method

A 70-kg man weighs less than 70 kg in Denver, Colorado and more than 70 kg
pounds in Death Valley, California. This is because Denver is at a substantially
higher elevation than sea level while Death Valley is below sea level. So, the far-
ther from the center of the earth the less one weighs. What one weighs depends on
the force of gravity at that spot and the force of gravity varies with elevation, rock
densities, latitude, and topography. Mass, however, does not depend on gravity but
is a fundamental quantity throughout the universe.

When a mass is suspended from a spring, the amount the spring stretches is
proportional to the force of gravity. This force, F, is given by F = mg, where g is the
acceleration of gravity. Since mass is a constant, variations in stretch of the spring
can be used to determine variations in the acceleration of gravity, g.

Figure 2.1 illustrates the principle of gravity exploration. On the left the surface
elevation is moderate but there is a thick sedimentary section overlaying the base-
ment complex. At the center the surface elevation is near sea level and the subsurface
has a sedimentary section of normal thickness and density overlaying an “average”
basement complex. On the right the surface elevation is also moderate but there
is a thin sedimentary section resulting in the basement complex being close to the
surface.

The center part of Fig. 2.1 represents the “normal” earth situation and the sus-
pended mass stretches the spring a “normal” amount here. On the left, the thick

Sedimentary Section 

Basement Complex 

Spring 

Mass 

Fig. 2.1 The gravity method
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sedimentary section has lower density than the basement rocks so the “pull” of the
earth is reduced, resulting in the suspended mass stretching the spring less than
the “normal” amount. The situation on the right is the opposite. The higher density
basement rocks closer to the surface causes the “pull” of the earth to be greater,
stretching the spring more than the “normal” amount.

An instrument called a gravimeter is used to measure g at “stations” spaced more
or less evenly over the area being surveyed. Raw readings are corrected for eleva-
tion, latitude, and topography. The normal value of g is subtracted from the corrected
readings, yielding residual gravity. The values of residual gravity are plotted at the
respective station locations and contours of equal residual gravity are drawn. Closed
contours represent gravity anomalies that can be used to infer subsurface geologic
structures.

The value of g at sea level is about 980cm/s2. Since the variations of g are rela-
tively small, cm/s2 is a bit large for measuring them. The unit used for measuring
residual gravity is the milligal (mgal), or one-thousandth of a gal, where a gal is
1cm/s2. The gal is named for Galileo. Figure 2.2 is an example of a final gravity
map. Contour interval is 1 mgal.

Fig. 2.2 Gravity map example
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Interpretation of gravity data is done by comparing the shape and size of these
anomalies to those caused by bodies of various geometrical shapes at different
depths and differing densities.

The Magnetic Method

The earth’s outer core is made of molten iron and nickel. Convection currents in the
core result in motion of charged particles in a conductor, producing a magnetic field.
The field behaves as though there is a north magnetic pole in the southern hemi-
sphere and a south magnetic pole in the northern hemisphere. However, the magnetic
poles of the earth are not coincident with the geographic poles of its axis. Currently,
the north magnetic pole is located in the Canadian Northwest Territories northwest
of Hudson Bay and the south magnetic pole is near the edge of the Antarctic con-
tinent. Note that the positions of the magnetic poles are not fixed but constantly
change. The magnetic poles drift to the west at the rate of 19–24 km per year.

As a result of the shifting poles there is a change in the direction of the field, re-
ferred to as a secular variation. This is a periodic variation with a period of 960 years.
In addition there are annual and diurnal, or daily, variations.

A magnetic field can be described by magnetic lines of force that are invisible.
These lines can be thought of as flowing out of the south magnetic pole and into
the north magnetic pole. A compass needle aligns itself along the magnetic line
of force that passes through it. If the compass needle were free to move vertically
as well as horizontally, it would point vertically downward at the north magnetic
pole, vertically upward at the south magnetic pole and at intermediate angles away
from the magnetic poles. Figure 2.3 illustrates the earth’s magnetic field. A compass
needle aligns itself along the line of force passing through it.

Fig. 2.3 Earth’s magnetic
field

Magnetic Lines
Of Force

Earth 

Magnetic South

Magnetic North 
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In addition to these known variations in the magnetic field, local variations occur
where the basement complex is close to the surface and where concentrations of
ferromagnetic minerals exist. Thus, the primary applications of the magnetic method
are in mapping the basement and locating ferromagnetic ore deposits.

The instruments used to measure the earth’s magnetic field are called mag-
netometers. What is actually being measured is the intensity or field strength of
the earth’s field. This is measured in Tesla (T). Since the objective of the mag-
netic method is to detect relatively small differences from the theoretical value of
magnetic intensity, these are measured in NanoTesla (nT) or gammas (γ).(1 nT =
10−9 T = 1 γ.)

Today, most magnetic surveys are made from airplanes. While flying over a pre-
determined path (usually, a set of parallel flight lines), the magnetic field is continu-
ously recorded. The raw magnetometer readings must be corrected for diurnal vari-
ations and other known causes of magnetic intensity variations. The residual field
is determined by subtracting the theoretical values for the area of survey from the
corrected magnetometer readings. The residuals are plotted on a map and contours
of equal gammas are drawn. See Fig. 2.4.

Fig. 2.4 Magnetic map

Magnetic
Contours

Flight
Lines

Closed contours indicate magnetic anomalies caused by local ferromagnetic bod-
ies or anomalous depths to the basement. Interpretation is similar to that for gravity
except the bodies of various geometrical shapes at different depths differ in magnetic
susceptibilities rather than densities.

The Seismic Method

The seismic method is rather simple in concept. An energy source (dynamite in the
early days) is used to produce seismic waves (similar to sound) that travel through
the earth to detectors of motion, on land, or pressure, at sea. The detectors con-
vert the motion or pressure variations to electricity that is recorded by electronic
instruments.



12 2 Overview of Geophysical Techniques

L. Palmiere developed the first ’seismograph’ in 1855. A seismograph is an in-
strument used to detect and record earthquakes. This device was able to pick up
and record the vibrations of the earth that occur during an earthquake. However,
it wasn’t until 1921 that this technology was used to help locate underground oil
formations.

There are two paths between source and receiver of particular interest – reflection
and refraction. In Fig. 2.5 layers 1 and 2 differ in rock type, in the rate at which seis-
mic waves travel (acoustic or seismic velocity), and density (mass per unit volume).
When the seismic waves encounter the boundary between layers 1 and 2 some of
the energy is reflected back to the surface in layer 1 and some is transmitted into
layer 2. If the seismic velocity of layer 2 is faster than in layer 1, there will be an
angle at which the transmitted seismic wave is bent or refracted to travel along the
boundary between layers, as shown in Fig. 2.5. These two path types are the bases
of seismic reflection and refraction surveys.

Figure 2.6 illustrates seismic reflection operations. Instead of a single detector as
in Fig. 2.5, 24 detectors are laid out on the surface. Seismic energy travels down-
ward with some being reflected at the boundary between layers 1 and 2 back to the
detectors. (Note: actual operations involve recording many reflections from many
subsurface reflectors from many more detectors than are shown here.)

Reflection seismic data are displayed as seismic records consisting of several
seismic traces. A seismic trace, often presented as a “wiggly line”, represents the
response of a single seismic detector (or connected group of detectors) to the earth’s
movement caused by the arrival of seismic energy. Figure 2.7 illustrates a simulated
seismic reflection record that was developed from Fig. 2.6. (This is called a shot
record because all traces represent energy from a single source or shot.) Traces are
ordered by offset or distance from the source.

Similar “wiggles” can be followed from trace-to-trace starting at about 0.165 s on
trace 1 and ending at about 0.78 s on trace 24. This event is the first break refraction.
It is refraction from the base of the shallow near surface layer that is too thin to
adequately show in Fig. 2.6. Note that a straight line can be drawn through this
event.

A second event is shown in Fig. 2.7. This event, the reflection from the boundary
between layers 1 and 2, starts at about 1.90 s on trace 1 and ends at about 1.99 s on
trace 24. Note that it is not straight but curved.

A seismic reflection survey generates a large number of shot records that cover
the area under study. Modern methods call for recording reflections such that there is
a common midpoint between sources and detectors on many different shot records.

Fig. 2.5 Reflection and
refraction

Surface 
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Layer 1 

Source Detector 

Layer 2 Refraction
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Fig. 2.6 Seismic reflection
method
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Fig. 2.7 A simulated seismic
reflection record, based on
Fig. 2.6
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In seismic data processing the traces that share these common midpoints are col-
lected together as common midpoint or CMP records. The assumption is that these
traces record from the same subsurface reflection points and are combined, or
stacked, into a single trace, called a CMP trace. Other processes are applied to the
data to enhance the signal, minimize noise, and improve interpretability.
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Fig. 2.8 A seismic section Surface Locations 
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When processing is complete, all the CMP traces are displayed side by side com-
prising a seismic section. The section is an image of the subsurface, that can be used
to plan drilling and development programs. The section in Fig. 2.8 shows many rock
beds and a potentially hydrocarbon-bearing structure.

The reflection method has been the most successful seismic method for identi-
fying subsurface geologic conditions favorable to the accumulation of oil and gas.
The greater part of this book discusses and explains this method.

Figure 2.9 illustrates the seismic refraction method. Here, seismic waves travel
faster in layer 2 than in layer 1, i.e. – seismic velocity is higher in layer 2 than in layer
1. The seismic waves that arrive at the layer boundary at the critical angle are bent
or refracted along the boundary. At the receiver end, seismic waves are refracted up-
ward at the same angle. Additional refractions may occur at deeper boundaries, if the
seismic velocities below the boundaries are faster than those above the boundaries.

Figure 2.10 is a simulated seismic refraction record based on Fig. 2.9. Again two
events are apparent. The first is the refraction from the boundary between layer 1
and 2. The second is the direct arrival from the source.

Less processing is applied to refraction data than reflection data. The main in-
terest is in being able to pick the arrival time of refraction events. These times are
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Fig. 2.9 Seismic refraction method
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Fig. 2.10 A simulated
seismic refraction record,
based on Fig. 2.9
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plotted against offsets (distances between source and receivers) in what are called
T-X plots. Analysis and interpretation of these plots may allow determination of
subsurface layer thicknesses and velocities.

The refraction method can supply data that allow interpreters to identify rock
units, if the acoustic velocities are known. The refraction method can also be used
to detail structure of certain deep, high-velocity sediments, where reflection data are
not of sufficient quality.

Summary and Discussion

This chapter provides a brief review of the geophysical methods used in petroleum
exploration and development. Chapter 3 gives the basic theory and principles upon
which the seismic method is based. Chapter 4 covers seismic refraction surveys
in somewhat greater depth. The rest of the book covers various aspects of seismic
reflection methods.

Gravity and magnetic methods can be used for reconnaissance surveys to delin-
eate areas of interest. They should be conducted before (or in conjunction with) the
seismic method.

Today high-resolution 3-D seismic data are used to delineate petroleum reser-
voirs before drilling commences, determine optimum locations for initial drilling,
select sites for development wells, and to monitor reservoirs throughout their vari-
ous production cycles.

The seismic industry continues to develop ever more sophisticated methods.
These are needed to allow discovery of petroleum deposits to replace depleted
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reserves. The more subtle nature of the reservoirs to be discovered, require more
accurate information so that the fine details of a reservoir can be studied. These
advanced methods are also needed to optimize petroleum production from known
reservoirs.

There are many sources of data and information for the geologist and geophysi-
cist in exploration for hydrocarbons. This includes a variety of measurements, com-
monly referred to as logs, obtained along the boreholes. However, this raw data
alone would be useless without methodical processing and interpretation. Much like
putting together a puzzle, the geophysicist uses sources of data available to create a
model, or educated guess, as to the structure of rocks under the ground. Some tech-
niques, including seismic exploration, allow the construction of a hand or computer
generated visual interpretation of the subsurface. Other sources of data, such as that
obtained from core samples or logging, are taken by the geologist when determining
the subsurface geological structures. It must be remembered, however, that despite
the amazing evolution of technology and exploration methods the only way of be-
ing sure that a petroleum or natural gas reservoir exists is to drill. The result of
the improvement in technology and procedures is that exploration geologists and
geophysicists can make better assessments of drilling locations.



Chapter 3
Seismic Fundamentals

Basic Concepts

It is necessary to introduce some basic concepts before discussing seismic methods.
That is the purpose of this chapter

Seismic Waves

The principle of sound propagation, while it can be very complex, is familiar. Con-
sider a pebble dropped in still water. When it hits the water’s surface, ripples can
be seen propagating away from the center in circular patterns that get progressively
larger in diameter. A close look shows that the water particles do not physically
travel away from where the pebble was dropped. Instead they displace adjacent par-
ticles vertically then return to their original positions. The energy imparted to the
water by the pebble’s dropping is transmitted along the surface of the water by con-
tinuous and progressive displacement of adjacent water particles. A similar process
can be visualized in the vertical plane, indicating that wave propagation is a three-
dimensional phenomenon.

Types of Seismic Waves

Sound propagates through the air as changes in air pressure. Air molecules are alter-
nately compressed (compressions) and pulled apart (rarefactions) as sound travels
through the air. This phenomenon is often called a sound wave but also as a com-
pressional wave, a longitudinal wave, or a P-wave. The latter designation will be
used most often in this book.

Figure 3.1 illustrates P-wave propagation. Darkened areas indicate compressions.
The positions of the compression at times t1 through 6t1 are shown from top to
bottom. Note that the pulse propagates a distance dp over a time of 6t1– t1= 5t1. The
distance traveled divided by the time taken is the propagation velocity, symbolized
Vp for P-waves.

M.R. Gadallah, R. Fisher, Exploration Geophysics, 17
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Fig. 3.1 Propagation of a
P-wave pulse

Distance
dp

Time, t1

Time, 2t1

Time, 3t1

Time, 4t1

Time, 5t1

Time, 6t1

P-waves can propagate in solids, liquids, and gasses. There is another kind of
seismic wave that propagates only in solids. This is called a shear wave or an
S-wave. The latter term is preferred in this book. Motion induced by the S-wave
is perpendicular to the direction of propagation, i.e. – up and down or side-to-side.

Figure 3.2 illustrates propagation of an S-wave pulse. Note that the S-wave prop-
agates a distance ds in the time 5t1. The S-wave velocity, designated as Vs, is ds/5t1.
Since ds is less than dp, it can be seen that Vs, < Vp. That is, S-waves propagate
more slowly than P-waves.

Surface waves are another kind of seismic waves that exist at the boundary of the
propagating medium. The Rayleigh wave is one kind of a surface wave. It exhibits
a retrograde elliptical particle motion. Figure 3.3 shows motion of a particle over
one period as a Rayleigh waves propagates from left to right. The Rayleigh wave
is often recorded on seismic records taken on land. It is then usually called ground
roll. Love waves are similar surface wave in which the particle motion is similar to
S-waves. However, Love wave motion is only parallel to the surface.

Fig. 3.2 Propagation of an
S-wave pulse
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Fig. 3.3 Rayleigh wave particle motion

Seismic Wave Propagation

In comparing seismic wave propagation to the wave generated around a pebble
thrown in the water, replace the pebble with a device such as an explosive or vi-
brator that introduces energy into the ground. This energy initially propagates as
expanding spherical shells through the earth. A photograph of the traveling wave
motion taken at a particular time would show a connected set of disturbances a cer-
tain distance from the source. This leading edge of the energy is called a wave front.
Many investigations of seismic wave propagation in three dimensions are best done
by the use of wavefronts.

Beginning at the source and connecting equivalent points on successive wave
fronts by perpendicular lines, gives the directional description of wave propaga-
tion. The connecting lines form a ray, which is a simple representation of a three-
dimensional phenomenon. Remember, when we use a ray diagram we are referring
to the wave propagation in that particular direction; that is, the wave fronts are per-
pendicular to the ray at all points (see Fig. 3.4).

Fig. 3.4 Wave fronts and rays

Source Surface 

Wave Fronts Rays 

Reflection and Refraction

As a first departure from the simplest earth model, consider a layered earth. What
happens when an incident compressional wave strikes a boundary between two me-
dia with different velocities of wave propagation and/or different densities? Answer:
Part of the energy is reflected from the boundary and the rest is transmitted into the
next layer. The sum of the reflected and transmitted amplitudes is equal to the inci-
dent amplitude.
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The relative sizes of the transmitted and reflected amplitudes depend on the con-
trast in acoustic impedances of the rocks on each side of the interface. While it is
difficult to precisely relate acoustic impedance to actual rock properties, usually the
harder the rocks the larger the acoustic impedance at their interface.

The acoustic impedance of a rock is determined by multiplying its density by its
P-wave velocity, i.e., V. Acoustic impedance is generally designated as Z.

Consider a P-wave of amplitude A0 that is normally incident on an interface
between two layers having seismic impedances (product of velocity and density) of
Z1 and Z2 (See Fig. 3.5). The result is a transmitted ray of amplitude A2 that travels
on through the interface in the same direction as the incident ray, and a reflected ray
of amplitude A1 that returns to the source along the path of the incident ray.

The reflection coefficient R is the ratio of the amplitude A1 of the reflected ray to
the amplitude Ao of the incident ray,

R =
A1

A0
(3.1)

The magnitude and polarity of the reflection coefficient depends on the differ-
ence between seismic impedances of layers 1 and 2, Z1 and Z2. Large differences
(Z2– Z1) in seismic impedances results in relatively large reflection coefficients. If
the seismic impedance of layer 1 is larger than that of layer 2, the reflection coef-
ficient is negative and the polarity of the reflected wave is reversed. Some Typical
values of reflection coefficients for near-surface reflectors and some good subsurface
reflectors are shown below:

Fig. 3.5 Normal reflection
and transmission
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Z2
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It can be seen in Table 3.1 that a soft, muddy ocean bottom reflects only about
one-third of the incident energy, while a hard bottom reflects about two thirds of the
energy.

The transmission coefficient is the ratio of the amplitude transmitted to the inci-
dent amplitude:

T =
A2

A0
= 1−R (3.2)

When a P-ray strikes an interface at an angle other than 90◦, reflected and transmit-
ted P-rays are generated as in the case of normal incidence. In such cases, however,
some of the incident P-wave energy is converted into reflected and transmitted S-
waves (see Fig. 3.6). The resulting S-waves, called SV waves, are polarized in the
vertical plane. The Zoeppritz’ equations are a relatively complex set of equations
that allow calculation of the amplitudes of the two reflected and the two transmitted
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Table 3.1 Typical reflection coefficients

Near-Surface Reflectors:
Soft ocean bottom (sand/shale) 0.33
Hard ocean bottom 0.67
Base of weathered layer 0.63

Good Subsurface Reflectors
Sand/shale versus limestone at 4,000 ft 0.21
Shale versus basement at 12,000 ft. 0.29
Gas sand versus shale at 4,000 ft. 0.23
Gas sand versus shale at 12,000 ft. 0.125

Fig. 3.6 Reflection and re-
fraction of an incident P-
wave. VP2 > VS2 > VP1 >
VS1
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waves as functions of the angle of incidence. The equations require P- and S-wave
velocities (VP2, VS2, VP1, and VS1 in Fig. 3.6) plus densities on both sides of the
boundary. The S-waves that are called converted rays contain information that can
help identify fractured zones in reservoir rocks but this book will discuss compres-
sional waves only.

Snell’s Law

This relationship was originally developed in the study of optics. It does, however,
apply equally well to seismic waves. Its major application is to determine angles of
reflection and refraction from the incidence of seismic waves on layer boundaries at
angles other than 90◦.

Snell’s law of reflection states that the angle at which a ray is reflected is equal
to the angle of incidence. Both the angle of incidence and the angle of reflection
are measured from the normal to the boundary between two layers having different
seismic impedances.

The portion of incident energy that is transmitted through the boundary and into
the second layer with changed direction of propagation is called a refracted ray.
The direction of the refracted ray depends upon the ratio of the velocities in the two
layers. If the velocity in layer 2 is faster than that of layer 1, the refracted ray is bent
toward the horizontal. If the velocity in layer 2 is slower than that of layer 1, the
refracted ray is bent toward the vertical.
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Table 3.2 Snell’s law relationships

Velocity relationship Angle relationship
VP2 > VS2 > VP1 > VS1 φp > φs > θ0 > θs

VP2 > VP1 > VS2 > VS1 φp > θ0 > φs > θs

VP1 > VP2 > VS1 > VS2 θ0 > φp > θs > φs
VP1 > VS1 > VP2 > VS2 θ0 > θs > φp > φs

Figure 3.6 illustrates the more general condition for reflection and refraction. In
this case both P- and S-wave velocities on each side of the interface are specified
because reflected P- and S-waves and refracted P- and S-waves are generated from
the incident P-wave. The two angles of reflection depend on the ratios VP1/VP1 and
VS1/VP1. The ratio of 1 for the reflected P-wave is a restatement of the angle of
reflection equaling the angle of refraction for the P-wave. Since S-wave velocity
is always slower than P-wave velocity the reflected S-wave always reflects at an
angle less than that of the P-wave. The two angles of refraction depend on the ratios
VP2/VP1 and VS2/VP1. The relationships between angles of reflection and refraction
with velocity ratio are not simple ones but depend upon the trigonometric function
sine of the angles.

In Fig. 3.6 the relationships among the various velocities are: VP2 > VS2 > VP1 >
VS1. As a result the angles of refraction for both P- and S-waves are greater than
the angle of incidence. There are, however, three other possible relationships. They
are shown in Table 3.2, along with the corresponding relationships among angles of
refraction. (Angles of reflection are not affected).

Critical Angle and Head Waves

From Table 3.2 it can be seen that when the P-wave velocity is higher in the un-
derlying layer, the refracted P-ray is “bent” toward the boundary. As the angle of
incidence increases the refracted P-ray will be bent to where it is just below and
along the boundary, which means that the angle of refraction is 90◦. The particular
angle of incidence at which this occurs is known as the critical angle, usually des-
ignated θc. The sine of the critical angle is equal to the ratio of velocities across the
boundary or interface.

This wave, known as a head wave, passes up obliquely through the upper layer
toward the surface, as shown in Fig. 3.7.

ReceiverSource
Surface

Incident
P-ray

Emergent
P-ray

Refracted P-ray

V2

V1
θc θc

Fig. 3.7 Critical refraction/head wave
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Fermat’s Principle

A seismic pulse that travels in a medium follows a connected path between the
source and a particular receiver. However, according to Fermat’s principle there is
the possibility of multiple travel paths. That means there may be more than one
primary reflection event. The buried focus (“bow tie”) effect is a classic example of
Fermat’s principle. On the left of Fig. 3.8 is the representation of a deep syncline
and ray paths to and from seven coincident receivers and sources. There is only one
path for rays numbed 1 and 7. There are two paths for rays 2, 3, 5 and 6. There are
three paths for ray 4. On the right the arrival times are plotted vertically below the
source/receivers. Note the crossing images and apparent anticline that results. This
feature could be mistaken for a real anticline and a well that results in a dry hole.
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Fig. 3.8 On the left is a sketch of a deep syncline (buried focus) and reflection ray paths. On the
right is its appearance on a seismic section (bowtie effect)

Huygens’s Principle

This principle states that “Every point on an advancing wavefront is a new source
of spherical waves”. The position of the wave front at a later instant can be found
by constructing a surface tangent to all secondary wavelets. See Fig. 3.9. Huygen’s
Principle provides a mechanism by which a propagating seismic pulse loses energy
with depth.

Attenuation of Seismic Waves

As seismic waves propagate over greater and greater distances the amplitudes be-
come smaller and smaller. That is, seismic waves are attenuated with the distance
traveled. On a seismic record, this appears as attenuation with record time.

Even in a perfect medium, seismic waves are attenuated with distance. Consider
the analogy of a balloon. Initially, the balloon is opaque. As the balloon becomes
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Fig. 3.9 Huygen’s principle

more fully inflated its color becomes lighter until it is almost transparent. (See
Fig. 3.10). This is because the balloon gets thinner and thinner as it gets bigger
and bigger. There is just as much material in the balloon as before it was inflated,
it’s just thinner.

As seismic waves propagate away from the source the wavefront that describes
the wave’s advance becomes larger and larger. The energy gets spread over an ever-
larger surface area. As a result, energy per unit area becomes smaller. Seismic am-
plitudes are proportional to the square root of energy per unit area so amplitudes get
smaller even at a greater rate than the decrease in energy per unit area. This type of
amplitude attenuation is called spherical spreading or geometrical spreading.

Another reason that seismic amplitudes get smaller is that rocks are not perfect
conductors of seismic energy. Rocks are made up of individual particles or crystals.
As a result, some of the energy becomes scattered. It does not all go in the main
direction of propagation. In addition, because seismic wave propagation involves
motion of particles, there is some “rubbing” of rock particles against one another.
This results in some seismic energy being converted to heat. The higher the fre-
quency of the seismic waves the greater the heat loss, and scattering, that occurs.
This means that seismic wavelets become lower in frequency and longer in duration
the farther they travel and hence, the later they arrive at the seismic detectors. This
type of amplitude attenuation is called inelastic attenuation. Figure 3.11 illustrates
the effect of both geometrical spreading and inelastic attenuation.

Fig. 3.10 Effect of balloon
inflation
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Fig. 3.11 Change in reflec-
tion amplitude with record
time

Time
Early Late 

Propagation Model for Exploration Seismology

Exploration seismology was developed to explore sedimentary basins that have gen-
tle dip and layered structure with horizontal continuity over a large area. Simple
models that include these essential features and propagating seismic pulses in these
models enhance the understanding and interpreting of seismic records and sections.

The models adopted here assume that the seismic energy propagates along paths
involving multiple receivers and multiple sources. The following propagation mod-
els will make it clear that the redundancy in sources and receivers allow estimation
of needed velocity information.

Figure 3.12 is the simplest model considered. It consists of a single layer over-
lying a semi-infinite medium with the layer boundary being flat and horizontal. The
thickness of the layer is Z and its propagation velocity has a constant value of V. This
model can be used to calculate time required for energy to travel from the source to
the receiver via reflection from the base of the layer.

There is an energy source at S and 12 receivers laid out at equal intervals, or
offsets, from the source. Reflection raypaths are straight lines down to the base of
the layer and straight lines up to the receivers. Reflection points are midway between
source and receiver on the reflector. Reflection times are simply the total lengths of
these pairs of lines divided by the velocity, V.

Fig. 3.12 Simple earth model
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Constructing the image point of the source at S’, which is at a depth Z below
the boundary or a distance 2Z from the surface perpendicular to the surface, allows
drawing of the dashed lines shown in Fig. 3.12. The lines from S’ to x1 through x12

are the same lengths as the two segments of the ray paths from S to x1 through x12.
Figure 3.13(a) shows the lengths of the raypaths S’x1 through S’x12 designated by
d1 through d12. Note that while the lines increase in length with increasing offset,
the rate of increase is not linear. If a curve is drawn connecting the ends of the lines
representing reflection path length, it is found to be a curved line called a hyperbola.

As previously noted, for the constant velocity layer of Fig. 3.12, reflection times
are given by dividing total path length, d, by velocity V. Thus, time for the reflection
recorded at x1 is T1 = d1/V. The time for the reflection recorded at x2is T2 = d2/V.
Times T3 through T12 are calculated by dividing d3 through d12 by V. Figure 3.13(b)
plots the reflection times corresponding to the reflection raypaths of Fig. 3.12. Trace
number corresponds to number of the receiver from which data were recorded.

The zero-offset time, T0, is defined as the time required for a vertical reflection
from the source to the base of the layer and back. Expressed as an equation, T0 =
2Z/V . The reflection times T1 through T12 are all greater than T0. Thus, these times
can be expressed as

Tj = T0 +ΔTj, j = 1,2, . . . ,12.

The quantity ΔTj is called normal moveout or NMO and it depends on both the
offset and velocity. It also has a hyperbolic shape. One of the important seismic data
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Fig. 3.13 (a) Reflection path lengths from Fig. 3.12 and (b) corresponding reflection times
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processes is the correction for NMO, allowing true reflection times to be determined.
Since the real earth is much more complex than the simple model of Fig. 3.12,
and seismic velocities are not generally known beforehand, considerable effort is
expended to extract velocity information from the data.

Summary and Discussion

Seismic waves propagate in three dimensions and following a seismic pulse through
the earth is a difficult task. To better understand this propagation process, the pulses
are followed through greatly simplified earth models.

Seismic waves occur as compressional waves, or P-waves, shear waves, or
S-waves, and Rayleigh waves. P-waves are usually of greatest interest. S-waves
can be used to obtain more detailed or special information about the subsurface.
Rayleigh waves may be recorded on land seismic records as ground roll, an undesir-
able event and, hence referred to as “noise”. P-waves propagate in solids, liquids and
gasses. S-waves propagate only in solids. P-waves always have higher propagation
velocities than S-waves, in the same medium.

Seismic energy that is input to the ground using an energy source such as an
explosive (e.g.; dynamite) or a vibratory source (Vibroseis R©∗) energy propagates
outward from the source in expanding spheres through the earth. Surfaces of these
spheres are called wavefronts

Seismic rays indicate the paths that seismic waves take between two or more
points in a medium. They are always perpendicular to the wavefronts. It should be
remembered that when a ray diagram is presented, it implies wavefronts that are
perpendicular to the ray at all points.

Parts of the earth of interest in petroleum exploration are made up of many lay-
ers, or strata, that have different geological and geophysical properties. Of particu-
lar interest are propagation velocity and density. The product of these two is called
acoustic impedance. When a P-wave is incident on a boundary between these lay-
ers some energy is reflected and some is transmitted. Reflection and transmission
coefficients are ratios of reflected and transmitted amplitudes.

The seismic method adapts to the theory of optics to study the propagation of the
seismic energy in the earth. Snell’s law of reflection and refraction is fundamental
to understanding the seismic energy propagation. Huygens’s principle provides a
view of seismic energy propagation and attenuation. Fermat’s principle introduces
the possibility of multiple travel paths between source and receiver that may give
rise to more than one primary reflection event.

Exercises

1. Name and describe three types of seismic waves described in this chapter.
2. Define the following terms:
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a. Acoustic impedance
b. Snell’s law of refraction
c. Critical angle

3. Table 3.3 lists densities and velocities of three layers. What can you infer about
the magnitudes and polarities of reflection coefficient 1 (for the interface between
layers 1 and 2) and reflection coefficient 2 (for the interface between layers 2 and
3)?

Table 3.3 Densities and velocities for earth model

Layer Density (gm/cm3) Velocity (m/s)
1 2.2 1500
2 2.9 3000
3 2.6 2500

4. Consider two reflectors, or interfaces between two layers. In the first case, the
velocity of the upper layer is 2.5 km/s and the velocity of the lower layer is
5.0 km/s. In the second case, the velocity of the upper layer is 3.25 km/s and the
velocity of the lower layer is 4.75 km/s if a ray travels downward through the top
layer at an angle of incidence of 20◦ in each case, which will result in a larger
angle of refraction.

5. Below a flat, horizontal surface is a layer of 1500 m thickness that has a con-
stant velocity of 2500 m/s. Twelve detectors are placed at 100 m intervals from
the source. Table 3.4 lists total path length to each detector. Determine T0

and NMO (ΔT) for traces corresponding to each detector. List answers in ms.
(1 ms = 1000 s.)

Table 3.4 Reflection path lengths

Detector Offset (m) Reflection path
lengths (m)

ΔT (ms)

1 100 3001.7
2 200 3006.7
3 300 3015.0
4 400 3026.5
5 500 3041.4
6 600 3059.4
7 700 3080.6
8 800 3104.8
9 900 3132.1
10 1000 3162.3
11 1100 3195.3
12 1200 3236.1
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Chapter 4
Data Acquisition

Introduction

A successful seismic data acquisition program requires careful and detailed planning
before fieldwork begins. Such planning should include the following steps:

• Select and describe primary and secondary targets
The primary target must be described in terms of its location, geologic type,
depth, areal extent, and expected dips, particularly the maximum dip. Similar
information about the secondary target should be specified. This target should
be shallower than the primary one. It is mostly used as a reference and control
surface.

• Estimate potential production and profits
Obviously, anticipated profits must exceed costs of acquiring, processing, and
interpreting the seismic data as well as drilling and other exploitation costs. If
the estimated production is not expected to provide such profits, there is no point
in going further.

• Budget acquisition costs
A total budget, i.e. for acquisition and processing, must be determined first. Gen-
erally more funds are allocated for acquisition than processing. Acquisition may
constitute up to 80% of the total budget.

• Specify and document program objectives and priorities
A contractor is usually chosen to carry out the acquisition program. Often this
is done through competitive bidding. In order to make an intelligent bid, the
contractor must know what is expected. Priorities are necessary to provide for
unanticipated situations that preclude realizing all objectives within the allotted
budget and time.

• Establish data quality standards
Quality standards must be selected such that the desired objectives can be met,
consistent with budget and time constraints.

• Set reasonable schedules and deadlines
The contractor must know when the program is to start, how long it is to take, and
intermediate progression requirements. The client needs established production
requirements to evaluate the contractor’s performance.

M.R. Gadallah, R. Fisher, Exploration Geophysics, 31
DOI 10.1007/978-3-540-85160-8 4, c© Springer-Verlag Berlin Heidelberg 2009
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• Locate desired lines of survey on maps
Having defined and described the targets and determined objectives, desired sur-
face positions and spacing between them that satisfy objectives can be drawn on
a map of the area. It must be understood that modifications in the desired loca-
tions may be necessary because of permitting, access, and other problems found
by inspection of the area.

• Select specific methods and equipment to be used
Choices depend on environment (land or marine, terrain, surface conditions,
etc.), acquisition parameters required to meet program objectives, personnel and
equipment availability, tightness of schedule, and cost.

Permitting

Practically every bit of the earth’s surface belongs to a person or an entity such as
a corporation, government or religious group. Before seismic operations can begin,
it is necessary to gain permission to work from these property owners. The person
who does this is often called a “Permit Man” or “Permit Agent”.

Maps developed in the initial planning stage indicate where the “properties” are.
The first thing the Permit Agent must do is to determine who owns the “properties”.
For marine surveys various departments and/or agencies of nations or political sub-
divisions thereof (states, provinces, etc.) are the owners. In the case of land oper-
ations in the United States, taxing agents in the county court houses are the best
source of property information. A complication can arise in many parts of the U.S.
when a piece of land may have one owner of the surface and another who owns its
subsurface “mineral’ rights”. A further complication is that the person occupying
the land may be leasing it from the owner. Outside the U.S. most governments own
all “mineral rights” but the surface land may be owned privately.

The Permit Agent must:

• Determine who all these owners are,
• Gain permission for seismic work from them, and
• Communicate to the field crew any restrictions imposed by the owners.

Above all, the permitting work must be done expeditiously so work can begin.

Acquisition Requirements

Elements of a seismic reflection data acquisition system include the following:

1. Surveying/navigation system - Precise locations of source and receiver posi-
tions must be known.

2. Energy sources - Seismic waves having appropriate amplitudes and frequency
spectra must be generated.
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3. Receivers - Seismic waves must be detected and converted into electrical signals.
4. Cables -Signals output from the receivers must be transmitted to the recording

system with minimum attenuation and distortion.
5. Recording system- Signals transmitted via the cables must be recorded in a form

that provides easy retrieval while preserving as much as possible of the informa-
tion contained in the original signal.

Surveying and Navigation

Desired lines of survey are established in the planning stage. In the case of land op-
erations, the surveyor must determine the feasibility of positioning these lines in the
desired locations and recommend modifications, if needed. Once the line positions,
lengths, etc. are determined the surveyor must locate these with regard to a control
point or a known position on the earth’s surface. In some more remote parts of the
earth, it may be necessary to establish a control point. This is usually done by means
of GPS (Global Positioning System).

GPS is a satellite-based positioning system that currently uses 27 satellites in
orbit around the earth. What makes GPS so valuable in seismic work is that it can
be used in all-weather conditions, it has very good accuracy over long distances, can
be used 24 h a day just about anywhere, is very reliable, and is often much faster
than the conventional surveying techniques.

The surveyor must determine the position and elevation of every source and re-
ceiver point in the survey with the required degree of accuracy. This is usually done
within an x-y coordinate system, the origin of which is precisely located with respect
to the selected or established control point.

The surveyor must also produce a variety of maps. A final map shows the po-
sitions of all source and receiver points. Maps must be provided to the source and
recording crews that show fences, streams, ponds, structures, etc. Such maps should
also show areas to be avoided because of hazards or lack permission for entry. Maps
showing how to get to points across fences, streams, etc., including notes about gates
and landowner restrictions must also be provided.

In marine work location of the energy source array and seismic detectors is done
simultaneously with recording operations. The vessel location is directly determined
with sources and receivers being determined relative to the vessel. Accurate posi-
tioning and steering of the vessel is required to obtain data where it is needed. Accu-
rate positioning and steering of the vessel is also required to avoid numerous hazards
(surface facilities, buoys reefs shoals, international boundaries) that are frequent.

Marine navigation relies on the observation of radio waves to determine the ves-
sel position relative to precisely known reference positions known as “base sta-
tions”. Both surface-based and satellite-based radio positioning systems are used.
Surface-based systems use fixed base stations that are located on the surface of the
earth near the prospect site. Satellite-based systems use orbiting satellites as the base
stations, e.g. GPS.
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Radio positioning systems are based on measurements of radio signal transit
times or phase that can by converted to equivalent distances by scaling based on
the propagation velocity of radio waves. Phase measurements have a cyclic ambi-
guity of an integer number of wavelengths.

Energy Sources

Desirable characteristics of seismic sources include:

• Signal – High amplitude, broad frequency bandwidth produced.
• Safety – Hazards in use, storage and maintenance can be managed without ex-

cessive precautions.
• Cost – Total cost of equipment (acquisition, operation and maintenance) and sup-

plies must be considered.
• Operation – Relatively simple, efficient and fast operation generally preferred
• Environment – Minimal physical and biological damage to the surroundings pro-

duced by the source.

There are two basic types of energy sources, Impulsive and vibratory. Table 4.1
summarizes these.

When explosives are used they are most often loaded at the bottom of a drilled
hole (or holes). This requires one or more drills mounted on trucks. In most areas
the drills use a drilling fluid (mud) to cool the drills. This requires a truck to bring
water to the drills so that the fluid can be made. Two-person crews are needed to
operate the drills.

The charge is usually dynamite or ammonium nitrate fertilizer mixed with diesel
fuel. The size of the charge depends on depth and shot medium. The preferred tech-
nique is to drill through the low-velocity zone (weathering). Principal advantages
of this technique are that time through the low-velocity zone can be measured di-
rectly (via an uphole geophone). Consequently having only one pass through the
low-velocity zone reduces signal attenuation and minimizes the generation of sur-
face waves.

Sometimes the time and cost of drilling deep holes is just too much. In such
cases, a large number of shallow shot holes are drilled. These holes are drilled in

Table 4.1 Energy source types

Source Land Marine Comments

IMPULSIVE
Explosives -
Dynamite

√
Usually shot in drilled holes on

Ammonium Nitrate
√

land but rarely used as marine
source, today

Geoflex/Primacord
√

Shot very near the surface
Airgun

√
Most popular marine source

VIBRATORY Vibroseis
√

Most popular land source
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a geometrical pattern or array. This procedure enhances the signal and attenuates
surface waves at the source.

Those who drill holes generally load them. A firing cap with a wire lead is in-
serted in the charge. The charge is lowered to the bottom of the hole and pushed
down with a loading pole to secure it in place. The drilling fluid, mentioned above,
generally fills the holes. Thus, in loading the holes care must be taken to avoid hav-
ing the charge float to the top of the hole. After loading, the holes are plugged and
covered until they are ready to be shot.

The recording crew follows after the drilling crew in land operations. In fact, it
may be a number of days after the holes are drilled and loaded before the recording
crew is ready to shoot the charge in the hole(s). The recording truck is positioned
such that many shots can be fired before it has to be moved.

A person called a shooter goes to the locations of the holes (shot points) and com-
municates with the instrument operator. The shooter connects the cap which leads to
a blaster and tells the instrument operator he is ready. When the instrument operator
is ready, the recording instruments are started and a radio signal is transmitted to the
blaster. See Fig. 4.1.

This starts a sequence of events that causes the charge to explode. A considerable
part of the energy produced by the explosion often results in permanent deformation
in the form of a cavity and cracks in the medium around the shot and may blow
out material (e.g. drilling mud, rocks) from the hole. However, a significant part of
the energy is transmitted as seismic waves in approximately spherical wavefronts
radiating outward in all directions. See Fig. 4.2.

A seismic detector (uphole geophone) is placed near the top of the hole. Some of
this energy reaches the uphole geophone via a minimum time path. This provides a
direct measure of the time from the explosive to the surface. This is very valuable
information used in seismic data processing.

Geoflex is an explosive cord plowed into the ground about 18′′ deep. It is a small
charge but is very efficient. Geoflex detonates at the rate of 21,000 ft/s. It is cheap
and fast because no holes are drilled required but a soft surface is required. It also
attenuates horizontal noise such as ground roll. See Fig. 4.3.

Instrument Truck

Weathering                        Shothole 

Blaster

Subweathering

Charge

Fig. 4.1 Explosive technique
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Fig. 4.2 Explosive source
operation
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Fig. 4.3 Geoflex operation

The principal advantage of explosives is that high energy and a broadband signal
is produced. As mentioned earlier, another advantage is that a direct measure of time
through low - velocity zone can be obtained when the explosives are shot in drilled
holes.

Disadvantages are that much energy may be lost in blow - out of the hole and
permanent deformation of material around the charge. Moreover, high amplitude
horizontal noise is usually produced when explosives are shot at, above or just be-
low the surface. Drilling trucks, auxiliary equipment, and supplies may be expen-
sive. Personnel costs of drilling may be high, particularly when drilling in difficult
areas where slow production may increase need for more drilling units. Strict safety
regulations are imposed and tight security is required in the use and storage of ex-
plosives. Harmful effect of explosions on marine life all but eliminates its use as
a marine source. There are many government regulations on use of explosives that
must be followed.
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Fig. 4.4 Vibrator pad during
sweep

A vibrator is a vehicle-mounted energy source that uses hydraulic energy to pro-
duce a signal that is usually several seconds long. The base plates, or ”pads” are
lowered to the ground and trucks are jacked-up to place the weight of trucks on
the base plates, providing a reactive mass. The vibrator actuator converts hydraulic
energy into mechanical energy input to the base plate. See Fig. 4.4.

When vibrators are used to generate seismic energy, two to four (sometimes
more) vibrator trucks are positioned at source points within source array (patch).
An encoded swept-frequency signal (pilot sweep) is transmitted from the instrument
truck to the vibrator trucks. Figure 4.5 is an example of a pilot sweep.

All the vibrators send their sweep signals into the ground and the instruments
begin recording simultaneously. Recording continues for length of the sweep plus
the “listening” time. The vibrator trucks then release jacks, raise the plates and move
on to the next positions in the patch. The procedure just described is repeated at
these positions and further positions, as required to sweep at all source positions in
the patch.

In Fig. 4.5 the pilot sweep is seven seconds long. If the final record length is to
be 5 s long, the raw vibrator records must be 12 s long.
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Fig. 4.5 Vibroseis pilot sweep example
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Vibrators, as with most surface energy sources tend to produce large amplitude
ground roll. A vibrator patch is an array (to be discussed later in this chapter). When
all records obtained at a single shotpoint are summed together the array effect results
in attenuation of this source-generated noise. This process of summing individual
records is called vertical stack. In addition to attenuating source-generated noise,
vertical stack also increases the signal strength relative to random noise.

The sweep is recorded twice – once, when is transmitted to the vibrator control
units and, second, after passing through the same filters as the recorded data. The
later version is called the “filtered sweep”. The stacked record is crosscorrelated
with the filtered sweep, producing a single output record, the length of which is
equal to the listen time.

Figure 4.6 illustrates the crosscorrelation process. The vibrator sweep is shown at
the top. Below it is the recorded raw trace with overlapping reflections of the vibrator
sweep. It is difficult, if not impossible, to identify reflection signals on this trace. The
crosscorrelation process compresses the long reflected sweep reflections into much
smaller reflection wavelets. Shown below the raw trace is the zero-phase correlated
trace. This is the direct output of crosscorrelation. In some cases this is undesirable
and the trace is converted from zero-phase (symmetrical wavelets) into minimum-
phase wavelets. Minimum phase wavelets are those that have the maximum amount
of energy as close to the start of the wavelet as possible (amplitudes are highest at
the front of the wavelet).

In summary:

• Vibrators allow the selection of signals’ frequency content, which is usually a
desirable thing. Available frequencies range from 5 Hz to 511 Hz.

• Sweep lengths can be up to 31 s.
• A wide variety of sweep types are available besides the linear sweep. Sweeps

may be up (increasing frequency) or down (decreasing frequency). The sweep of
Fig. 4.5 is a linear upsweep.

• Cosine taper is applied at each end of sweep to limit the side-lobe amplitudes.
• Vibrators cannot be used in marshy and mountainous areas or in jungles but can

be used about anywhere else, including towns and cities,
• Very hard surfaces tend to distort vibrator signals.

Pilot Sweep 

Raw Trace 

Zero-Phase 
Correlation

Minimum- 
Phase
Correlation

Fig. 4.6 Raw and correlated vibrator traces
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Desirable marine sources:

• Generate a powerful pulse
• Fire rapidly (in approximately 10 s intervals)
• Operate simply, consistently, and dependably
• Maintain a constant depth and produce minimum drag when towed
• Do not injure marine life
• Have minimal repeated expansions and contractions of gas volume

Airguns are the usual choice because they are about the only marine source that
meets all of the above requirements.

Figure 4.7 is a cut-away view of a type of airgun, usually called a sleeve gun,
currently in use. Compressed air from a compressor on the back deck of the vessel
enters through the air intake. The sleeve is down over the exhaust ports, initially.
The firing chamber and the chamber are filled to the required pressure (2000 psi)
via the fill passage and chamber fill orfice. At the proper time the sleeve moves
upward releasing compressed air into the water via the exhaust ports, forming a
bubble around the airgun.

A single airgun, however, does not produce adequate energy or a satisfactory
pulse. The bubble from an airgun expands outward in all directions until it reaches
its point of maximum expansion. However, the air pressure in the bubble is now
less than that of the surrounding water. So, the bubble contracts to point until air
pressure is again greater than that of the surrounding water. As a result, a second
smaller expansion of the air bubble occurs followed by a second smaller contrac-
tion. Successive expansions and contractions continue until all energy is dissipated.
Because of this bubble effect, the signal waveform from a single gun is very long,
not the desired short impulsive waveform. See Fig. 4.8.

It is the introduction of compressed air at pressure substantially above water pres-
sure that produces the signal. Increasing pressure above 2000 psi has not proven
effective; so only two ways of increasing the airgun signal levels are available:

Fig. 4.7 Airgun components
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Fig. 4.8 The bubble effect

1. Increase Airgun volume. Since air bubble pressure is proportional to the cube root
of gun volume, doubling the volume only increases pressure by 26%. Doubling
the pressure requires increasing volume by a factor of 8.

2. Increase the number of guns. If two airguns of the same volume are placed close
together, the pressure and signal amplitude are doubled. Increasing Airgun signal
amplitudes is a desirable thing but does not solve the bubble problem nor does
it produce a desired signal wavelet. Solution of this problem requires combining
many airguns of different volumes separated at optimum distances. Figure 4.9
illustrates the methodology.

Figure 4.9 shows signatures (signal waveforms) for five different volumes with air-
gun volume decreasing from top to bottom. Note that the larger volume guns pro-
duce lower frequency signals. The smaller guns reach maximum expansion at an
earlier time than the larger guns so delays are built in to allow all guns to reach
maximum expansion simultaneously. The bottom of Fig. 4.9 shows the array sig-
nature resulting from an airgun array using many guns of these volumes. Note that
the later bubble effects of the different volume guns occur out of phase from one
another resulting in the combined array signature.

 Largest
Volume

Smallest
Volume

  Array 
Signature

Fig. 4.9 Individual airgun and combined airgun array signatures



Acquisition Requirements 41

Fig. 4.10 A family of sleeve guns

The airguns used today are called sleeve guns. Figure 4.10 is a photograph show-
ing sleeve guns of various sizes.

Summarizing, airguns:

• Produce signals by the release of compressed air into water
• Are most widely used marine seismic energy source because they are relatively

cheap, are safer than explosives, and are not harmful to marine life
• Can be recharged very quickly
• Have frequency content that depends on depth below the surface, pressure of

compressed air and volume of the airgun chamber
• Generate bubble by inertia overshoot
• Minimize harmful effect of bubbles and increase signal amplitudes when used in

Airgun arrays

Seismic Receivers

Seismic energy is a form of mechanical energy. Seismic receivers convert this me-
chanical energy into electrical energy. Different devices to perform this conversion
must be used, depending on the environment and physical quantity to be measured.
In land operations the quantity being measured is ground motion. In marine opera-
tions it is pressure. Table 4.2 lists the different types of seismic receivers.

Figure 4.11 is a cutaway diagram of a geophone. The case holds working parts
of the geophone and usually has a planting spike to hold the geophone to the ground
so that it faithfully follows the motion of the ground. A spring arrangement assures
that the mass and wire coil remain stationary with respect to the earth as a whole.
Surrounding the coil, and fixed to the case is a permanent magnet. When the ground
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Table 4.2 Seismic receivers

Type Name(s)

Motion-Sensitive:
(a) Velocitymeter – output is Proportional to

ground velocity. (mv/in/s)
(b) Accelerometer– output proportional to

ground acceleration. (mv/in/s2)

Geophone or Seismometer (Jug, Seis,
Seisphone)

Note: Seismograph used in earthquake
seismology.

Accelerometer
Pressure-Sensitive:

Pressure Transducer (mv/μBar) Hydrophone (water phone, crystal phone,
pressure phone)

Fig. 4.11 Geophone
components

moves, the coil moves through the magnet’s field producing a voltage that is pro-
portional to relative motion between the mass and the case. This is the quantity to
be measured. Note that it is the ground particle velocity that is being measured, not
amplitude of ground motion.

If a mechanical system consisting of a mass suspended by a spring is set into
motion, it will vibrate at a particular frequency that depends only on the size of
the mass and the “stiffness” of the spring. This is called the resonant or natural
frequency. The mass and spring of the geophone constitute such a system, so one of
the geophone parameters is its resonant frequency, measured in Hertz (Hz).

Another geophone parameter is its sensitivity. This simply means that a unit
ground velocity produces the voltage. The usual unit is mv/ips.

The last parameter is damping. Figure 4.11 shows a damping resistor connected
across the two output wires. This causes some of the output current to be fed back
to the coil, reducing the output voltage but also modifying geophone response in a
desirable way as shown in Figure 4.12.

Without a damping resistor, the geophone has a large response at the resonant
frequency. With proper damping, the response is quite flat over frequencies of in-
terest. Obviously, a geophone must have a resonant frequency lower than the lowest
frequency in the signal.
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Fig. 4.12 Geophone responses

A geophone must be insensitive to temperature variations because they are used
in many different locations and differing weather conditions. Similarly they must
be waterproof and dust proof to be useful in all environments. Geophones must
be reliable, light in weight, and easily handled, as they will be used many times
and moved frequently. Since large numbers of geophones are used, they must be
inexpensive. A high output is very desirable for ease in recording.

Hydrophones are used in the marine environment. Hydrophones employ piezo-
electric crystals in the form of disks as their active elements. Piezoelectricity is the
property that some materials have of producing an electric current when a stress is
applied to it. Thus, when pressure is applied to the face of a piezoelectric disk, a cur-
rent proportional to the pressure is produced. Unfortunately, a jerk on the streamer
can also produce a current. To avoid having this happen hydrophones are made with
pairs of piezoelectric disks, wired so that outputs from pressure variations add while
those from acceleration of the streamer subtract. See Fig. 4.13.

Outputs of hydrophones are quite small so an array of several hydrophones is
used. The hydrophones are spaced very closely together and the array effect is to
increase signal, not attenuate noise.

Fig. 4.13 Acceleration-
canceling hydrophone
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Seismic Arrays

An array is a group of two or more elements (sources or receivers) arranged in a
geometrical pattern. The pattern may be one or two-dimensional (linear or areal).
The function of arrays is to do spatial filtering. An array’s response depends upon
wavelength or wavenumber of seismic energy produced or received. Larger and
more complex arrays use receivers rather than sources because of cost difference.

Signal amplitudes are generally increased (maximum signal attenuation of 3 dB)
over frequency range of interest but horizontal, source-generated noise is attenuated
by 20 dB or more. Signal-to-random noise ratio improvement is

√
N, where N is the

number of elements in the array.
Figure 4.14 shows a few array types. Areal arrays should be used only when

noise appears to come from directions other than along the line of receivers. In 3-D
operations care must be exercised to avoid having the array attenuate the signal.

Figure 4.15 shows how an array attenuates horizontal noise but not the signal.
Shown is a simple, six-element linear array. Noise produced by the source generally
propagates horizontally at a rather slow velocity. Thus, there is a time delay between
noise arrivals at successive geophones in the array. Outputs of each geophone are
electrically summed, producing the outputs indicated by ∑. Signal arrives at the
surface nearly vertically and at nearly the same time. Thus the summed signal output
is nearly six times that of a single geophone.

Array performance is a shown in Fig. 4.15 only if the surface is relatively flat.
If, however, there is considerable elevation variation across the array the result is
not so good. Figure 4.16 shows an array with considerable elevation differences
and compares its signal response with that without elevation differences. Signal no
longer adds in phase, so arrays should not be used in such situations. It is better to
bunch the geophones at the array center.

Group Center
d

Line of Survey 

Line of 
Survey 

Line of 
Survey 

L 

Linear

Parallelogram

Star

Areal

dy

dx

Fig. 4.14 Array types
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Fig. 4.15 Effect of arrays on signal and noise
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Fig. 4.16 Effect of elevation differences on array response
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Fig. 4.17 Array responses for simple linear arrays

Figure 4.17 shows responses of simple linear arrays of 6 and 12 elements. In-
creasing the number of elements increases attenuation overall and sharpens the re-
sponse nodes.

Some practical points to consider in design and use of arrays are:

• Detectors are made in strings of six, so the number used must be a multiple of
six

• A finite number of strings are available, usually only enough for 4–6 per group
• There is a finite length of wire between detectors so there is a maximum spacing

between detectors that can be used
• Elevation differences among detectors `may exist. Use of arrays may not be ad-

visable
• Strings connections should be simple to avoid errors in connection. There is al-

ways a tendency to hurry so that high production is obtained.
• Two-dimensional arrays cannot always be laid out because of terrain or obstacles
• Layout is not very accurate since everything is “eyeballed in”.
• Detectors may have unequal outputs resulting in poorer than expected responses.

These points lead to the conclusion that design of elaborate arrays and concern with
details in layout, etc. represent wasted time and effort!

Recording Instruments

The purpose of recording instruments is to provide an uncontaminated, precise, per-
manent record of data detected by receivers in the spread so that data can be studied
and analyzed at a later date. As shown in Fig. 4.18, amplitudes and the times at
which the signal arrives are the data required. Unfortunately, the simple method of
Fig. 4.18 will not get the job done.
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Fig. 4.18 Instrument function

Seismic recording systems used today have two distinct parts: ground or inwater
systems, and truck or onboard systems. Ground (land) and inwater (Marine and
OBC) systems modules are located near the receiver groups.

Figure 4.19 shows a configuration of a ground system as used in land 3-D oper-
ations. The line cables are sectionalized cables that connect to the “boxes” at each
end. Receiver groups are connected to the line cables. The number of group con-
nectors per cable depends on the number of channels handled by the boxes. All of
the line cables are connected to a module called a Line Interface Unit in Fig. 4.19 It
collects and transmits all inputs to the truck mounted system. .

Figure 4.20 shows the configuration of a streamer. A marine inwater system usu-
ally consists of several streamers. Streamers are held on cable reels on the stern

Fig. 4.19 Land ground system configuration
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Cable Reel Tail Buoy with
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Lead-in Section
Dead Sections Depth Controller 
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Last Live Section

Live SectionStretch Section

Depressor Paravane 

Fig. 4.20 Streamer configuration

of the vessel when not deployed. Electrical connection between the streamer elec-
tronics and the onboard system are made at these reels. The towing bridle and the
lead-in section provide the physical connection between the vessel and the streamer
proper.

Streamers also use sectionalized cables but there is more than one kind. Live
sections have hydrophone groups built into them. Stretch sections are places at the
front and back of the streamer to absorb shocks caused by tail buoy jerks, for exam-
ple. Dead sections are used as spacers. In addition, depth controllers that monitor
streamer depth and “birds” that are used to maintain and adjust streamer depth are
attached to the streamer.

The equivalent of the boxes in land ground systems are also present in marine
inwater systems. They are functionally, and perhaps electronically, identical to their
land counterparts. They may be connected between cable sections or integrated in
the live sections.

Streamers must have neutral buoyancy to maintain proper depth. Historically,
this has been accomplished by introducing a fluid within the cables. Some streamer
sections now employ solid material for this purpose.

A tail buoy with a radar reflector is placed at the end of each streamer. Devices
used by the positioning system are also in or attached to the streamers.

Figure 4.21 shows, diagrammatically, the active part of a typical 24-bit ground
or inwater system. Each “box” contains N channels of recording capacity, where
N ranges from 1 to 8, depending on the manufacturer. Each channel has the same
active components with a common output to the Line cable.

The first component is the preamplifier or “preamp”. A magnifying glass
(Fig. 4.22) makes things look bigger by a fixed amount, depending on its power.
Similarly, the preamp increases input signal by a fixed amount that can be selected
by the instrument operator before the recording starts. Typical choices available are:
0 dB (no increase), 12 dB (×4), 24 dB (×16), 36 dB (×64), and 48 dB (×256).
Preamplifiers must be designed to introduce very low levels of instrument noise to
maintain good signal-to-noise ratios.

The filters are analog filters, composed of resistors, capacitors and unity-gain
amplifiers. There are two basic types of such filters: low-cut (high-pass) and high-
cut (low-pass). Low-cut filters attenuate frequency components below a certain low
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Fig. 4.21 Typical 24-Bit recording system

Fig. 4.22 Preamplifier
function

cutoff frequency. High-cut filters attenuate frequency components above a certain
high cutoff frequency. Modern seismic instruments have low-cut filters that may be
used to attenuate low frequency noise. The responses of low cut and high cut filters
are shown at the top of Fig. 4.23.

High-cut filters are not used in modern systems but another type, called a notch
filter. A notch filter is a combination of low-cut and high cut filters with the low
cutoff frequency higher than the high cutoff frequency. The resultant response is
shown at the bottom of Fig. 4.23. Notch filters are mostly used to attenuate noise
from electric power lines often referred to as highline noise. In the United States Of
America, highline noise is at 60 Hz. In most other countries it is at 50 Hz.

Figure 4.24 is a functional diagram of a Sigma-Delta modulator. In this represen-
tation, the electronic switch opens and closes very rapidly. In some systems switch-
ing speed is 256,000 times per second. Each time the switch closes it presents a
sample of the analog signal to the comparator. If the sample voltage is positive,
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Fig. 4.23 Low cut, high cut, and notch filters
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Fig. 4.24 Sigma delta modulator functional representation

the comparator outputs a pulse that represents the digit 1. If the sample voltage is
negative, the comparator outputs a pulse that represents the digit 0.

A Sigma-Delta modulator is a 1-bit analog to digital converter. (A bit stands for
binary digit and only 0 and 1 are used to represent binary numbers.) The analog
(continuous) signal from the filters is input to the Sigma-Delta modulator and a
string of pulses that represent the digits 0 and 1 are output. That is, the analog signal
is sampled with the samples represented by binary (base 2) numbers. The sampling
is done at a very rapid rate. This avoids a form of distortion called aliasing.

The Finite Impulse Response unit does three stages filtering and resampling. See
Fig. 4.25. Stage 1 applies a weighted average or sinc function (sin x/x) to the out-
put of the Sigma-Delta modulator, a string of 1-bit samples. It outputs data values
of greater precision (12 bits). Resampling to an intermediate sample period is also
done. For example, with 256,000 samples/sec as input, a 32:1 resampling rate deliv-
ers 8000 samples/sec as output. Stage 2 filtering applies a weighted average or sinc
function (sin x/x) to the Stage 1 output that produces a very precise measurement
of the sampled voltage (24-bit data word). Resampling that output data at twice the
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Fig. 4.25 Finite impulse response (FIR) filter

desired rate is also performed in Stage 2. Stage 3 does final bandwidth shaping by
applying a high cut filter that is −3 dB at 83% of the Nyquist and –130 dB at the
Nyquist frequency (half the final sample rate). Stage 3 then resamples by 2:1 to
output data at the desired rate. Figure 4.26 illustrates resampling done in the FIR.

Major components of a truck-mounted or onboard system include:

• System Control Unit
• Line/Streamer Interface Modules
• Correlator/Stacker Module (truck-mounted, only)
• Operator Console Modules
• Tape Transports
• Printers and/or Cameras

The system control unit controls the flow of data from the line interface unit/streamer
interface modules and to the tape transport units, as well as the functions of

Fig. 4.26 Resampling in the FIR
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peripheral devices such as cameras. It also interfaces with the navigation system
and the airgun controller in marine operations to assure that recording begins and
the airgun array fires at the right location. Streamer interface modules function much
the same way as the ground system line interface modules. However, streamer in-
terface modules are located onboard the vessel rather than in the streamers.

The correlator/stacker module is used with Vibrators in land operations. It per-
forms crosscorrelation between the filtered pilot sweep and the raw vibrator records
and vertical stacking (summing of like traces in a set of records taken at the same
shotpoint).

The system operators use the operator console modules to input recording param-
eters and to monitor recording system performance. Data received from the system
control unit go to the tape transport control units for formatting and then to the
tape transports for recording on magnetic tape. Printers and/or cameras are used to
produce “monitor records” (hard copy or visual versions of data recorded on tape),
status reports, etc.

Some definitions of terms are required before continuing the discussion of
recording. (See Table 4.3). Dynamic Range is the ratio of the largest signal that
can be recorded to the root-mean-square (rms) value of instrument noise. Instan-
taneous Dynamic Range is the ratio of the largest signal that can be satisfactorily
recorded to the smallest signal that is detectable, at any one time. System Dynamic
Range is the ratio of the largest signal that can be recorded to minimum rms value of
instrument noise. Harmonic Distortion is the ratio of the sum of the recorded ampli-
tudes of second and higher order harmonics to amplitude of the input fundamental.
(Harmonics are integral multiples of the input or fundamental frequency.) Crossfeed
is the ratio of the amplitudes of electromagnetically induced signal in one channel
to the amplitude input to another channel.

The most important of these specifications is instantaneous dynamic range. This
is because the recorded data includes noise and signal superimposed on each other.
Seismic processing is able to enhance data if the seismic signal is recorded within
the instantaneous dynamic range of the recording system. Seismic signals may have
an amplitude range of 120 dB or more when considering the amplitudes of direct
arrivals and ground roll versus those of deep, faint reflections.

Seismic data are recorded on magnetic tape, which is a strip of plastic coated
with iron oxide particles. Data are retained by magnetization of iron oxide particles
by write heads. Each writes head magnetizes a particular portion of the tape as it
passes under it. This is called a tape track.

Table 4.3 24-Bit system specifications

Specification Value (dB)

Dynamic Range 120
Harmonic Distortion 106
Crossfeed 110+
Instantaneous Dynamic Range 120
Total Dynamic Range 140
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Recording techniques include both analog and digital. In analog recording data
are represented by varying magnetization intensity along each track; one track per
channel. In digital recording small, discrete areas of the tape are magnetized in one
direction or the opposite direction. There is no connection between channel and
track in digital recording. Digital recording of seismic data was introduced in the
late 1960s and rapidly replaced analog recording. Analog recording systems have
much smaller dynamic range than digital and analog data cannot be directly input
to digital computers for processing.

The two directions of tape magnetization in digital recording must be used to
represent numbers so raw data can be processed and made interpretable. Therefore,
changes in tape magnetization are used to represent the digits 0 and 1. The number
system that uses only the digits 0 and 1 is called binary.

To understand binary numbers, first consider the more familiar decimal system.
Both binary and decimal systems use something called positional representation.
For example, the decimal number 5763.41 is 5000 + 700 + 60 + 3 + 0.4 + 0.01 or
5× 1000 + 7× 100 + 6× 10 + 3× 1 + 4× 0.1 + 1× 0.01. This can also be written
as 5×103 +7×102 +6×101 +3×100 +4×10−1 +1×10−2. In other words, the
position of a digit with respect to the decimal point indicates the power of 10 by
which it is multiplied.

Similarly, in binary numbers the positions of the 0s and 1s indicate the powers
of 2 by which they are multiplied to represent a number. For example, the binary
number 110111001.01011 represents 1× 28 + 1× 27 + 0× 26 + 1× 25 + 1× 24 +
1×23 +0×22 +0×21 +1×20 +0×2−1 +1×2−2 +0×2−3 +1×2−4. Converting
this to decimal gives 1×256+1×128+0×64+1×32+1×16+1×8+0×4+
0×2+1×1+0×0.5+1×0.25+0×0.125+1×0.0625+1×0.03125 or decimal
441.34375.

Table 4.4 compares counting from 1 to 10 in decimal and binary. Note how many
more digits are required to represent the same numbers in binary compared to dec-
imal. If it were desired to print out exactly what was recorded in a seismic digital
record (a tape “dump”) a lot of 0s and 1s would have to be printed. A conversion
to decimal would not allow the interpretation of each binary digit or “bit” value.
Hexadecimal numbers allow this to be done by “compressing sets” of four bits into
only two hexadecimal digits.

Table 4.4 Comparison of decimal and binary numbers

Decimal Binary

1 1
2 10
3 11
4 100
5 101
6 110
7 111
8 1000
9 1001

10 1010



54 4 Data Acquisition

Table 4.5 Decimal, binary, and hexadecimal numbers

Decimal Binary Hexadecimal

0 0000 0
1 0001 1
2 0010 2
3 0011 3
4 0100 4
5 0101 5
6 0110 6
7 0111 7
8 1000 8
9 1001 9

10 1010 A
11 1011 B
12 1100 C
13 1101 D
14 1110 E
15 1111 F

As shown in Table 4.5, the hexadecimal system requires 16 digits, so the digits
0 through 9 are supplemented with the letters A (10), B (11), C (12), D (13), E
(14), and F (15) are used to represent the “extra” digits required by the hexadecimal
system. Note that the letters are always upper case. It can be seen from Table 4.5 that
one hexadecimal digit represents four bits. Thus, in tape dumps a byte consisting
of eight bits can be represented by two hexadecimal digits. For example if the eight
bits of a particular byte are 11010100, it can be written in hexadecimal as D4. To see
this first separate the byte into two groups of four bits, 1101 and 0100. In Table 4.5
the hexadecimal digit corresponding to 1101 is D and the one corresponding to
0100 is 4.

Another way of writing numbers in digital systems is binary-coded-decimal
(BCD). The digits 0–9 are represented by four bits, as shown in Table 4.6.

Only 0s and 1s can be written on a digital tape, not + and –. Some other way
to represent negative numbers is required. There are two methods of writing digital
negative numbers – one’s complement and two’s complement. The two methods are
demonstrated using the binary equivalent of decimal 873. The one’s complement is
formed by changing all 0s to 1s and vice versa. The two’s complement is formed by
adding a 1 to the least significant bit (the rightmost bit).

Table 4.6 Decimal to binary-coded-decimal (BCD)

Decimal BCD Decimal BCD

0 0000 5 1001
1 0001 6 1010
2 0010 7 1011
3 0011 8 1100
4 0100 9 1101
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+87310 = 000001101101001

−87310 = 111110010010110 = One’s complement

+1

= 111110010011111 = Two’s complement.

Computers can only perform addition! Multiplication is done by repeated addi-
tion. Division is done by repeated subtraction. To subtract, add the complement of
the number to be subtracted.

Shown below is the subtraction of decimal 873 from itself, using the one’s com-
plement,

87310 = 000001101101001

−87310 = +111110010010110

= 0 = 111111111111111

The result of all 1s this does not, intuitively, seem to be a “right” answer but it
works; the all 1s is sometimes called “negative zero”.

Subtraction of decimal 873 from itself using the two’s complement is shown
below.

87310 = 000001101101001

−87310 = +111110010011111

= 0 = 1|000000000000000

The 16th bit created by the carry of one in adding the two numbers “overflows”.
That is, since, in this example, the register can only hold 15 bits, the 16th bit does
not appear. Just 15 zeros are present. This result seems more reasonable. How-
ever, either complement yields valid results but which is being used must always be
stated.

Figure 4.27 is a seismic digital tape schematic. Close to the start of a magnetic
tape there is a physical, magnetic marker, called the Beginning Of Tape or BOT.
This BOT must be sensed by the tape transport before recording of any data can
start. Near the end of the tape is another physical, magnetic marker, called the End
Of Tape or EOT. If the tape transport detects the EOT it evaluates remaining tape as
to whether there is enough room on the tape to continue recording. If there is not
enough tape remaining, the tape stops and the operator are signaled to change tapes.

A magnetic tape record is not the same as a seismic record. A magnetic tape
record is a set of data terminated by an internal record gap (IRG). A file consists of
one or more records separated from other files by an End-of-File (EOF) code (all
1s). A file is the largest division on tape.

A byte, which is the basic index of the tape format, consists of eight data bits.
A parity bit is appended as a quality control method in magnetic tape recording.
The parity bit is recorded as either a 0 or a 1 to assure that the number of logical
1s written on tape is odd (odd parity) or even (even parity). Seismic exploration
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Fig. 4.27 Tape schematic
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mostly uses odd parity, which is illustrated below. (Note: S = sign bit, MSB = most
significant bit, LSB = least significant bit, and PAR = parity bit,)

Data Value: 0101010 (Three 1s)

Parity Bit Value: 0

M
S

S B

L P
S A
B R

Value Written to Tape: 0 0 1 0 1 0 1 0 0 (Three 1 s)

Data Value: 0110 0101 (Four 1s)

Parity Bit Value: 1
M
S

S B

L P
S A
B R

Value Written to Tape: 0 1 1 0 0 10 1 1 (Five 1 s)
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Word is a computer term that is important when doing “tape dumps”. Dumps are
indexed by words. Word size varies from computer to computer.

Multiplexed data are written on tape in the order they are sampled. For simplicity,
consider the recording of 20 ms of data at 4ms sample intervals in an 8-channel
system. This will result in six samples for each channel. Let the initial samples
recorded in channels 1 through 8 be A01, A02, A03, A04, A05, A06, A07, and A08.
Similarly, let the second samples recorded in channels 1 through 8 be A11, A12,
A13, A14, A15, A16, A17, and A18. Following the same pattern, the sixth samples
recorded in channels 1 through 8 are A51, A52, A53, A54, A55, A56, A57, and A58. In
multiplexed form the samples are read from the tape in the order:

A01, A02, A03, A04, A05, A06, A07, A08,

A11, A12, A13, A14, A15, A16, A17, A18.

A21, A22, A23, A24, A25, A26, A27, A28,

A31, A32, A33, A34, A35, A36, A37, A38,

A41, A42, A43, A44, A45, A46, A47, A48,

A51, A52, A53, A54, A55, A56, A57, A58.

It would be extremely difficult to process data in the multiplexed form. Process-
ing requires the application of mathematical operations to all samples of a channel.
Thus. multiplexed data have to be demultiplexed, that is data are re-ordered to be
written in channel order, and i.e., all samples for the same channel are written to-
gether ordered by sample times. Using the above example, for demultiplexed data
samples are read from the tape in the following order:

A01, A11, A21, A31, A41, A51,

A02, A12, A22, A32, A42, A52,

A03, A13, A23, A33, A43, A53,

A04, A14, A24, A34, A44, A54,

A05, A15, A25, A35, A45, A55,

A06, A16, A26, A36, A46, A56,

A07, A17, A27, A37, A47, A57,

A08, A18, A28, A38, A48, A58.

When digital recording (early-to mid-1960s) began, many different tape formats
were developed. To, facilitate tape exchange and bring order to the industry, the So-
ciety of Exploration Geophysicists (SEG) adopted standard formats. A brief sum-
mary follows:

1967 – SEG A and SEG B (field data, multiplexed), and SEG X (data exchange,
demultiplexed)

1972 – SEG C (field data, multiplexed) introduced to accommodate IFP ecorders
1975 – SEG Y (demultiplexed) introduced as new data exchange format to

accommodate computer field equipment and newer processing hardware.
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1980 – SEG D (multi-purpose, multiplexed or demultiplexed, details in the
header) introduced to accommodate further advances in data acquisition
and processing. SEG D was revised in 1994 to accommodate other
developments, including 24-bit recording.

Acquisition Methodology

Variations in seismic data acquisition methodology depend upon whether 2-D or
3-D data are to be acquired and whether the environment in which data are collected
is land, marine, or ocean-bottom. Since 2-D methods were introduced first, they will
be discussed first

2-D Acquisition

Figure 4.28 shows desired 2-D line geometry. Sets of receiver groups (the spread)
are laid out along the lines and sources shot into them. After one is shot into, the
spread and source are moved along the line to provide the desired subsurface cov-
erage. In the land environment natural and cultural obstacles usually prohibit long
straight lines such as shown in Fig. 4.28. Only in a few areas, such as deserts, can
long straight lines be shot on land. A greater variety of geometrical relationships be-
tween sources and receivers are, however, possible in land operations than in other
environments.

The geometrical relationship usually desired is called the off end spread, shown
in Fig. 4.29. Here all receiver groups are on one side of the source. If the source
is at the end of the receiver groups that is in the direction of progression along the

1 km

2 km

Regional Dip

Target areal extent

N

Fig. 4.28 Typical 2-D layout
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Fig. 4.29 Off end spread

line, the source is said to be “pulling the spread”. If the source is opposite to the
direction in which the shooting the line progresses, the source is said to be “pushing
the spread”.

Figure 4.30 shows a split spread. Since there are an equal number of receivers
on each side of the spread it is a symmetric split spread. The split spread shown in
Fig. 4.31 is an asymmetric split spread because there are more receivers on one side
of the source than the other.

As indicated above, off end spreads are preferred. This is because all energy
travels from source to receiver in the same direction. However, the number of groups
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Fig. 4.30 Symmetric split spread
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Fig. 4.31 Asymmetric split spreads
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and the group interval required to yield desired results may make the maximum
offset too large. Split spreads can be used to resolve this problem.

Symmetric split spreads are probably used more often than asymmetric split
spreads. Asymmetric split spreads do, however, provide a couple of advantages.
While the maximum offset should NEVER exceed the depth to the primary target,
optimum velocities are obtained when the maximum offset is equal to or just less
than depth to the primary target. An asymmetric split spread allows this situation in
one direction and this is really a good thing.

If at all possible, it is desirable to have the receivers up-dip from the source. With
off end spreads on land this is easily accomplished. With split spreads the source
is always up-dip from some receivers. Figure 4.32 shows why this is not a good
thing.

Ray paths from the source to the receiver for the far offset group in the up-dip
direction are shown on the top left of Fig. 4.32. Note that the wave front incident on
the receiver array is not quite horizontal. This results in a slight delay in the signal
reaching successive receivers across the receiver array, as indicated at the bottom
left. The bottom left of Fig. 4.32 represents the signals from individual detectors
and the array output. (All receivers in the array are electrically connected so the
array output is the sum of the individual receivers in the array). The delays result in
a slight amount of attenuation and filtering.

In the down-dip direction (right side of Fig. 4.32) the wave front incident on the
receiver array departs considerably from horizontal and delays in signal arrival at
successive receivers are much larger than in the up-dip case. As shown at the lower
right, there is much more attenuation and signal distortion.

Marine operations do usually allow long straight lines, although obstacles such
as drilling platforms may impose some restrictions and/or special techniques. In
marine 2-D it is assumed that the streamer is straight and follows the boat path.

Source                                                          Detector Array                                                            Source

                                                                               Wavefronts

Dipping Reflector

                                  Up-dip                                                                           Down-dip

            Individual Receiver Outputs         Output                       Individual Receiver Outputs        Output
Array Array

Fig. 4.32 Up-dip versus Down-dip
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Fig. 4.33 Streamer feathering

                     Boat
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                                                    Line

  Ocean   Streamer

Currents

Boat
Track

This is rarely, if ever, the case. As shown in Fig. 4.33, differences in ocean currents
and boat turns cause the streamer to feather and bow into, usually, arced shapes.
The boat must steer a path that places receivers as close as possible to the desired
position (the pre-plot line). This means that receivers fall along an area rather than
along a line resulting in some smearing of data. This is a problem for marine 2-D
but in 3-D it can be made an advantage if the reflection points that are scattered over
an area can be accurately located.

In single-boat marine acquisition, spreads must be off end with the source pulling
the spread. Efficient acquisition techniques require that some lines be acquired with
shooting in the up-dip direction and some in the down-dip direction. Doing oth-
erwise would require long boat and streamer turnarounds that entail much time in
which no data acquisition is done.

Figure 4.34 illustrates the ocean bottom cable (OBC) technique. Cables are laid
out on the ocean floor. Receiver groups include both hydrophones and geophones.
Often, three-component geophones are used. Separate recording and shooting boats
are required. Airgun arrays are used, as in marine operations. The use of geophones
and the need to correct for differences in receiver group depth variations are similar
to land operations. Unique features of OBC operations are that receiver group loca-
tions must be determined from direct and refracted arrivals at the groups and scalars
are needed to combine geophone and hydrophone data.

Fig. 4.34 Ocean bottom cable
(OBC) system

Recording Vessel

Cables

Water

                                                    Geophones/Hydrophones

       Water Bottom
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The following acquisition parameter values must be determined before an acqui-
sition program can start:

• Line parameters

◦ Number and orientation of lines
◦ Line spacing
◦ Line lengths

• Source parameters

◦ For explosives
� Size (e.g., pounds of dynamite)
� Number of holes
� Hole depth
� Pattern

◦ For vibrators
� Number and layout of source positions per source point
� Number of units
� Sweep type
� Number of sweeps
� Sweep length
� Initial and final frequencies

◦ For airguns
� Number and sizes of guns
� Array design
� Number of arrays
� Depth at which array is towed

• Spread parameters

◦ Spread types
� Off-end

◦ Source pulling or pushing spread
� Split-spread

◦ Gap
◦ Symmetric or asymmetric

◦ Number of groups
◦ Group Interval
◦ Maximum and Minimum Offsets

• Fold

The last parameter, fold requires some explanation. Before the advent of digital
recording of seismic data, a method called continuous subsurface coverage was
used. Figure 4.35 illustrates this. Each spread provides 1/2 spread of subsurface
coverage. Moving the spread 1/2 spread length between shots thus provides contin-
uous coverage of the subsurface below the line.



Acquisition Methodology 63

Source 1             Source 2             Source 3             Source 4               Source 5
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Fig. 4.35 Continuous subsurface coverage

When digital recording was implemented, it became practical to use a method
called multi-fold shooting. Figure 4.36 shows one type of this, called four-fold
shooting. Here the spread is moved 1/8 of a spread length between the shots. Subsur-
face coverage from the second shot overlaps 75% with the first. Subsurface coverage
from the third shot overlaps 75% with the second and 50% with the first. Subsurface
coverage from the fourth shot overlaps 75% with the third, 50% with the second and
25% with the first. The pattern continues with each subsequent shot to the end of
the line.

As a result of the overlapping of subsurface coverage, the first 1/4-spread length
of subsurface coverage is recorded only from the first shot. This is called single-fold
or 1-fold. The second 1/4-spread length of subsurface coverage is recorded from
both the first and second shots. This is called 2-fold. The third 1/4-spread length of
subsurface coverage is recorded from the first, second, and third shots. This is called
3-fold. The fourth 1/4-spread length of subsurface coverage is recorded from the
first, second, third, and fourth shots. This is called 4-fold. Subsequent shots continue

Spread 1
Spread 2

Spread 3

7 65432SP1 8      9       10     11     12     13      14     15    16      17

           1     2     3     4     5      6    7      8      9    10    11    12   13   14   15   16    17
                                                         Subsurface Coverage 
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Spread 13
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Spread 6
Spread 5

Spread 4

Fig. 4.36 Four-fold shooting
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Source Positions Receiver Positions
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Fig. 4.37 Common midpoint ray paths

the pattern of having 1/4 –spread lengths of subsurface coverage in common, so
4-fold coverage continues through the fourth from the last 1/4-spread coverage on
the line. Fold then reduces to 3-, 2- and 1-fold over the last three 1/4-spread lengths
of subsurface coverage. Folds as high as 24, 30, or even 60 are used today.

To see the utility of multifold shooting, consider the recording of a single reflec-
tion on multiple records. Figure 4.37 illustrates this for 12-fold shooting. Twelve
different traces from 12 shot records record reflections from the same or almost
the same position vertically below the midpoint between the sources and receivers.
The source-to-receiver offsets are different for each trace so all will have differ-
ent amounts of normal moveout (NMO). This provides a means of determining
the velocity to use in NMO correction. After correction for NMO the traces can
be combined in a process called common midpoint (CMP) stacking that enhances
signal-to-noise ratio and attenuates multiple reflections.

In the discussion above, the expression “move the spread” may give the impres-
sion that, in land operations, all receiver groups and cables are picked up and moved
a certain number of group intervals along the line. This is not the case. The usual
practice is to lay out along the line many more receiver groups on the ground than
are required in one spread. All are connected by cable to the instrument truck. The
instrument operator can select the particular receiver groups appropriate to each
shot. Receiver groups and cables that were used in earlier shots can be picked up
and moved ahead. The instrument truck can stay in one location for a great many
shots.

3-D Acquisition

Nearly all seismic surveys are now 3-D. Very little 2-D shooting is done today be-
cause of the shortcomings of 2-D such as:

• Distortion of the image of geologic structure
• Inadequate subsurface sampling to define small-scale geologic features
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Fig. 4.38 Actual and assumed ray paths from a subsurface horizon – 2-D case

Figure 4.38 illustrates the distortion problem that results because the basic
premise of 2-D shooting is that all reflections originate vertically below the seismic
line. Here the reflecting horizon has a dome structure. A few reflection ray paths
are shown for 2-D lines 5 and 6. The solid lines indicate where reflections actually
occur and dashed lines indicate the assumed ray paths in the vertical plane passing
through the lines. The solid curved line below line 5 is a true cross section of the
structure. The dashed curve line is the apparent cross section. The true structure in
the vertical plane passing through line 6 is flat. The assumption that the reflection
ray paths were in this vertical plane produces the erroneous cross section shown by
a curved dashed line below line 6. In general, interpretation of 2-D data shows a
reflecting surface that differs from the actual in position and has less dip than the
actual reflecting surface.

For reflectors that are flat or dip very little the 2-D assumption is not so bad.
However such structures rarely provide adequate trapping capability to produce
petroleum deposits that are commercially viable.

Figure 4.39 (a) shows a set of 2-D lines drawn over true depth contours that indi-
cate subsurface geological structure. Figure 4.39(b) shows one of the many possible
depth contour maps that could be drawn through the observed points of equal depth.
This interpretation does not show the true structure. It is almost impossible to con-
nect equal depth points correctly and some closed contours are completely missed
by the 2-D grid. 3-D acquisition eliminates both these problems.

Figure 4.40 is an example of the preferred 3-D geometry. Lines are much more
closely spaced than in 2-D. Receiver lines are usually laid out only in the direction
of maximum target dip. Source lines are usually perpendicular to receiver lines and
spaced farther apart. Reflection points on the subsurface are spaced at half the group
interval in the direction of the receiver lines (the inline direction) and half the line
interval in the direction of the source lines (the cross-line direction). This provides
much greater spatial sampling and far less interpretational ambiguity.
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Fig. 4.39 Poor subsurface
sampling from 2-D Data.
(a) True depth structure.
(b) Interpretation based on
points of equal depth

(a)

(b)

Source Lines 

Receiver
Lines  

Fig. 4.40 3-D layout example

As in 2-D, it is rarely possible to implement long straight lines in land operations
but every attempt is made to obtain the desired subsurface sampling over the target.
In marine 3-D operations, recording boats pull multiple streamers – as many as
12. This faciltitates obtaining the dense subsurface coverage needed but introduces
the need to accurately determine the position of every hydrophone group in every
streamer for every shot. In OBC operations multiple cables are laid out but their
spacing cannot be as precisely controlled as in land operations.
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In 2-D land operations the combination of receiver groups connected to the in-
struments to record a single record is called a spread. Only one source is shot into
a spread, after which the spread is moved forward along the line. Reflection points
fall along lines.

Figure 4.41 illustrates a 3-D land operations procedure particularly well adapted
to the use of vibrators. Eight receiver lines are laid out but only six are active at a
time. The total length of the six lines is called a swath. The portion of the swath
enclosed by a rectangle at the lower right of the Figure is called a patch. These
are the receiver groups used for the first shot. The source position for this patch is
circled. The subsurface reflection points are distributed over an area instead of along
a line. The patch and source are moved up the swath in the direction shown. In some
cases the source line is continued only to the point that allows recording from a full-
sized patch. It is usually more efficient to extend the source line beyond this and to
reduce the size of the patch accordingly. This allows full fold over a greater area.
See Fig. 4.42.

When the first swath is completed, one or more receiver lines are moved laterally
(rolled) such that there is overlap in surface and/or subsurface coverage. Figure 4.43
illustrates a one-line roll. This continues until all sources have been shot and the
entire survey area covered.

There are many different approaches to acquisition of land 3-D data. Each
method attempts to optimize efficiency and minimize costs. In most cases, occu-
pying the same source position twice is to be avoided. The main concern is to obtain
the desired subsurface sampling.

Fig. 4.41 Patch, swath,
source point, and reflection
points for the first patch
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Fig. 4.42 Situation at the end
of a swath
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Fig. 4.43 One-line roll to
patch 2
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In Marine 3-D multiple streamers are towed behind the vessel. Since streamers
rarely, if ever, are straight and follow the boat track, midpoints tend to be quite scat-
tered with few, if any, truly common midpoints, some method must be developed to
combine traces as needed for CMP Stack, velocity determination, etc. The approach
taken is to divide the survey area into bins that are usually rectangular, as shown in
Fig. 4.44. All traces whose midpoints fall in the same bin are considered common
midpoint traces. (Note: bins are also used in land and OBC surveys.)

Marine 3-D requires the capability to accurately track the positions of the hy-
drophone groups in all streamers throughout the survey. Without precise knowledge
of the streamers relative to the vessel, midpoint positions cannot be determined and
assigned to the correct bins. A method of online binning (determining in which bins
midpoints fall) is used to aid vessel steering to better meet objectives of subsurface
sampling as well as onboard quality control processing.

The trend to smaller group intervals and shot intervals has required that two air-
gun arrays be used, to be fired alternately. This is because there is insufficient time
for an airgun array to be fully charged between consecutive source points.

The increase in the number and length of streamers has improved subsurface
sampling capability but has also caused line changes to be somewhat more difficult.
When a line is completed not only the vessel but also all streamers must have their

Bin

Inline

Crossline

Subsurface
 (midpoint)
    tracks

Fig. 4.44 Marine 3-D situation
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directions changed. The turn must be wide enough and long enough to remove the
effects of the turn from the streamers’ positions.

The same parameters described for 2-D acquisition apply to 3-D. However, to
obtain the best possible subsurface image requires consideration of the three areas
shown in Fig. 4.45:

� Primary target
� Migration aperture
� Fold taper

It is desirable to have maximum fold over the entire area that encloses the target. In
3-D fold is the product of inline fold and crossline fold. Inline fold is the same as
the fold discussed for 2-D. It arises from the overlap in subsurface coverage as the
patch is moved along the swath. Cross-line fold results from rolling lines from one
swath to the other. For example, in Fig. 5.43 there is a six-line swath and a line roll
of one. This gives a cross-line fold of 3, since:

XFOLD =
NL

2×LR
(4.1)

where XFOLD = crossline fold

NL = number in lines of the swath
LR = lines rolled

Inline fold can be calculated from:

IFOLD =
NG

2×GR
(4.2)

where IFOLD = inline fold

NG = number of groups in one line of a patch
LR = groups moved per line from one patch to the next along the swath

If there are 256 groups in one line of a patch and the patch is moved eight groups,
inline fold is 256/(2×8) = 16. If the crossline fold is 3, the maximum total fold is
3×16 = 48.

As noted in the discussion of 2-D fold, maximum fold is not obtained immedi-
ately but must be built up as shooting progresses along a line. Similarly, at the end
of the line, fold decreases from the maximum to single fold. This is called fold taper.
Crossline fold also builds up to maximum and decreases to single fold at the other
side of the survey. Thus, it is necessary to extend the lines at the beginning and end
of the swaths and to add extra lines on the edges to obtain the desired fold.

Migration is a process that moves data from apparent subsurface positions to true
positions. It requires a great deal of data from outside the target zone. This is due
to the fact that an apparent position frequently lies outside the target area but its
true position is within the target area. (See Fig. 4.45). Thus, the area around the
target must be expanded to include additional lines and additional receiver groups
to ensure that all relevant data are present for the migration process. This is called
the migration aperture.
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Fig. 4.45 Areas to consider
in determining number and
lengths of 3-D lines
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All data within both the target area and within the migration aperture should be
at maximum fold. This means that the fold tapers must be added to the migration
aperture, not just to the target area.

Vertical Seismic Profiling (VSP)

The VSP concept is rather simple. A geophone is lowered to the bottom of a bore-
hole. A seismic signal is generated at, or near, the surface. The signal received
by the borehole geophone is recorded. The borehole geophone is raised by a pre-
determined amount and the process is repeated until the shallowest depth of interest
is reached. The result is a VSP record comprised of “traces” recorded at various
depths in the well. Figure 4.46 shows the basic VSP setup and concept. (Note: The
distance between the source and the borehole is small enough for raypaths to be
nearly vertical, smaller than it appears in Fig. 4.46.) In surface seismic profiling the
source and the receivers are on the surface, aligned more or less horizontally. In
VSP the geophone is aligned more or less vertically.

Fig. 4.46 VSP concept
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As shown in the figure, the borehole geophone responds to both upgoing and
downgoing seismic events. In conventional seismic surveys only upgoing seismic
signals reflected from subsurface reflectors can be recorded by geophones at the
surface. There is a superficial resemblance between VSP and a velocity survey be-
cause the source and receiver geometry is the same for both techniques. However,
VSP and velocity surveys differ in two ways:

1. Depth increments between geophone recording depths in VSP are 15–40 m,
while in the velocity surveys depth intervals may be a few hundreds of meters.

2. Only first break times are of real interest in a velocity survey, while the upgoing
and downgoing events as well as first breaks are significant in a VSP survey.

Field Equipment and Physical Environment Requirements

Obviously, a VSP survey requires a borehole. An energy source is needed to gener-
ate a seismic signal. A downhole geophone is needed to detect the signal and con-
vert it to an electrical pulse, and a recording system is required to record the events
reaching the downhole geophone. Other equipment and physical factors that may be
involved in VSP data acquisition will be discussed later. Design of the equipment is
beyond the scope of this book and will not be discussed. There are suitable refer-
ences in the bibliography at the end of this chapter for those interested in learning
more about the equipment design.

An acceptable borehole must exist to run a VSP. Factors that should be consid-
ered in selecting a hole include:

• Hole deviation, i.e. – departures from vertical. VSP surveys are more economical
and present fewer interpretation problems if they are conducted in vertical holes.
A deviated hole creates uncertainty about the position of the downhole geophone
relative to the energy source. If the source is moved to several different locations
during the data acquisition phase, determining the position of the downhole geo-
phone relative to the energy source is further complicated. An accurate deviation
survey should be run in deviated holes to alleviate this problem. Interpretation
problems are more common and more severe on VSP’s in offshore wells because
they are usually highly deviated. A VSP in a deviated well does, however, allow
the subsurface beneath the borehole to be imaged laterally with great resolution.
If the intent is to identify depths and one-way times for primary reflections, a
vertical hole is the better choice. A VSP can be recorded more quickly and easily
and with more accurate results in a vertical well.

• Casing and cementing. A cased hole is preferable for VSP recording because
the geophone is protected from hole-caving and differential pressure problems.
An uncased hole may have to be re-entered periodically for conditioning but a
cased hole does not. Thus, survey time is not limited in a cased hole, Cemented
casing is most desirable because there must be a medium between the casing
and the borehole that is a good transmitter of seismic energy. Cement is the best
medium.
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• Borehole diameter. If the proposed hole is uncased, its diameter will likely vary
and the borehole wall will be rough. This will affect clamping of the geophone to
the formation, especially in large washouts where clamping may be impossible
because the geophone-locking arm is too short to reach the borehole wall. To
prevent such occurrences when an uncased well must be used, hole diameter
should be measured with a caliper log. This allows selection of recording depths
that avoid problems. Blair (1982) concluded that the seismic detector can be
installed at any point on the circumference of a cylindrical borehole and still
record the same particle motion, as long as the wavelengths of interest in the
wavelet propagating past the borehole are greater than 10 times the circumference
of the hole.

• Borehole obstructions. A cased hole may have obstructions that prevent the tool
from reaching depths below them. The inability to reach these depths maybe
critical to the survey. Checking for obstructions must be done before starting a
VSP survey. Running a cheap tool, of the same diameter as the geophone, into
the well to see whether obstructions exist before the VSP survey starts can do
this.

• Borehole information. Complete interpretation of VSP data requires a suite of
independent data that describes the physical properties of the formations around
the borehole. A suite of logs, such as caliper, sonic, density, resistivity, and ra-
dioactive plus cores and drill cuttings taken from the well would satisfy this re-
quirement. A cement bond log and measurements of the depths of all casing
strings are required to be sure of the nature of the acoustic coupling between the
VSP geophone and the formation.

The order of preference among the four common borehole environments for VSP
data recording, is:

1. Cemented single casing
2. Uncased
3. Uncemented single casing, drilled sufficiently long ago that mud and cuttings in

annulus are solidified
4. Recently cased and uncemented

Since VSP data is used to improve the interpretation of surface-recorded seis-
mic data, the VSP should have the same wavelet and high-frequency content as the
surface-recorded seismic data. This provides better correlation and tie between the
two. If this is not possible, a match of the two wavelets must be done in the data pro-
cessing stage. In conventional VSP recording the source location is relatively near
the borehole so that signal raypaths will be nearly vertical.

VSP energy sources should satisfy the following:

1. Generate a consistent and repeatable shot wavelet. This is necessary to correlate
equivalent characters of upgoing and downgoing wavelets throughout the vertical
section over which data is gathered. Figure 4.47 illustrates this point.

2. Provide an output level that gives optimum response without overkill. It is not
true that “the bigger the energy source, the better the response.”
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Fig. 4.47 VSP Energy source
wavelet

3. The increase in the number and amplitude of downgoing events must be greater
than the gain of the amplitude of the upgoing events. This is because downgoing
events are much stronger than the upgoing and as the output strength of the VSP
source increases, more downgoing events will be created within numerous rever-
berating layers in the near-surface part of the stratigraphic section. A decent VSP
survey can often result when using an energy source of modest strength.

Surface energy sources used in VSP surveys are much the same as those used in
surface seismic surveys. They include dynamite, vibrators, air guns, and mechanical
impulse source.

Buried dynamite charges are widely used as the surface energy source for VSP
because of their effectiveness in producing seismic body waves. However, main-
taining a consistent wavelet shape when shooting several tens of shots requires a
great deal of care. Vibrators are attractive for use in VSP work. A pilot sweep can
be designed and input to the ground that satisfies whatever resolution is required in
VSP recording. Sweep parameters such as number of units, length of sweep, and
number of sweeps can be selected that provides the desired signal-to-noise ratio.
Also, cross-correlation of Vibroseis sweeps enhances signal-to-noise ratio by dis-
criminating against noise outside of the sweep frequency range. Coherent noise with
frequencies in the sweep bandwidth may present a problem but these can usually be
solved in the data processing stage. Wavelets produced by Vibroseis are repeatable
and consistent.

Air guns are, by far, the most widely used source in offshore vertical-seismic
profiling. An offshore vertical well allows many VSP objectives to be achieved.
The airgun can be placed at a fixed location near the wellhead suspended from a
work crane, making operations simple. The airgun can be operated from the high-
capacity air compressor that is standard equipment on the rig. Firing an airgun in this
arrangement may cause the rig to vibrate, but it will not cause any structural damage.
It is much safer than explosives for use on offshore rigs. Figure 4.48 illustrates the
arrangement described above.

Airguns can also be used as sources for onshore VSP. They are small and
portable, can be fired at intervals of a few seconds, and generate highly repeat-
able wavelets. The airgun must be submerged in water in order to function properly.
Figure 4.49 illustrates the airgun as an onshore VSP energy source.
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Fig. 4.48 Airgun used as a
stationary energy source in
marine VSP surveys
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Fig. 4.49 Using the air gun as an onshore VSP energy source

Mechanical impulse sources exist that can apply a vertical impulsive force to
generate seismic energy. However, these sources should be tested for an area before
being used.

There is a major difference in the shape, size, and construction of a geophone
used for surface recording and a borehole geophone used to record a VSP survey, as
shown in Fig. 4.50. A typical land geophone is about 10 cm long, has a diameter of
about 3 cm, and weighs around 200 gm. By contrast, a downhole geophone is 3 m
long, has a diameter of 10 cm, and weighs 100 kg.

The size of a downhole geophone results from its being within a massive housing
that is designed to withstand the high pressures and temperatures found in deep
wells. Also within this housing is the mechanical deployment system that anchors
the geophone to the borehole wall and electronic amplifier and telemetry circuits.

Fig. 4.50 Comparison
between surface and borehole
geophones

Land Geophone

VSP Downhole
     Geophone
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The 24-bit recording systems used for surface seismic surveys will record down-
hole geophone data and near-field monitor geophone responses with more than
adequate resolution to capture high-resolution wavefronts. The near-field wavelet
should be recorded in all marine VSP surveys. This is particularly true when using
an energy source, such as an untuned airgun that creates a long wavelet. Signa-
ture deconvolution (see Chap. 5) can be used to compress the source wavelet and a
recording of the near-field wavelet is needed for this purpose.

Rayleigh waves, or ground roll, propagate along the earth’s surface in all direc-
tions away from the energy source, interfering with the signal from deep reflec-
tors in land exploration. These waves are undesirable signals and they prevent op-
timum imaging of stratigraphic, and structural conditions. However, the VSP does
not record Rayleigh or Love waves, because they do not reach the depth of the geo-
phone. Random noises are caused, in some wells, by formation irregularities, fluid
movement behind the casing or in the well. There will be no further discussion of
theses noises but there are other noises that deserve some discussion. These include:

• Geophone coupling. Poorly planted geophones cause some of the seismic noise
recorded in surface geophones. Similarly, a poorly coupled downhole geophone
produces undesirable noise. Figure 4.51 contrasts recordings from an unclamped
(poor coupling) and clamped geophones.

• Cable waves. Propagation velocities of acoustic waves along cables that are used
in VSP surveys depends on specific cable design but are in the range of 2,500–
3,500 m/s.
Because of this relatively high velocity, a cable wave can be the first arrival mea-
sured by the borehole geophone in shallow holes and low-velocity stratigraphic
sections, If not correctly recognized, this wave can cause erroneous determina-
tions of formation velocity. Cable-borne events are generally caused by wind or
vibrating machinery. However, slacking the cable after the tool is locked down-
hole can reduce this type of noise as demonstrated in Fig. 4.52.

• Resonance in multiple casing strings. If one or more of the multiple casings
is not being bonded to another string or to the formation it is difficult to obtain
usable VSP data. In such cases, poor quality data are usually recorded near the
surface where multiple casing is encountered. Processing can attenuate some of

Fig. 4.51 VSP Geophone coupling
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Fig. 4.52 Effect of cable slack on VSP signal

the noise patterns recorded, but a good cement bond between the strings is the
key to good VSP data inside multiple casing strings.

• Bonded and unbonded casing. The shape of the wavelet recorded in cemented
casings does not differ from one recorded in open hole. Since cement is the
medium best capable of transmitting seismic energy from the formation to the
geophone there is no the deterioration in data quality that is observed in un-
bounded single casing.

• Tube waves. This is a disturbance that propagates along steel casings with a ve-
locity of approximately 5.5 km/s, as reported by Gal’Perin(1974). See Fig. 4.53.
Tube waves are among the most damaging noise patterns, because they are co-
herent noise. Summing multiple shots cannot reduce it. In fact, summing usually
amplifies it, since its character is consistent for all records being summed. Care-
ful data processing procedures may attenuate the tube wave effectively.

Fig. 4.53 Tube wave
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VSP Field Procedures

Efficient field operations are essential because the longer a VSP survey is in
progress, the more likely are equipment failures or borehole deterioration. Correct
VSP field procedures should begin and end with a set of instrument tests to confirm
that the recording system itself does not attenuate some signal frequencies, cross-
feed has not been introduced into the data, and recording intervals are accurately
determined.
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A geophone tap test should be done. This determines the polarity of the geo-
phone’s output signal when its case moves in a specified direction in the borehole.
This test is essential for correlation between VSP measurements and seismic data.
It also serves as a check to make sure that the geophone is functioning before it is
lowered into the borehole.

Energy input requirements for VSP are directly opposite those for velocity sur-
veys. In the latter, energy input increase with depth may be appropriate to obtain
good first breaks at all depths. In VSP downgoing and upgoing events, as well as
first breaks, must be recorded. This may require more energy input when the geo-
phone is at shallow depths so weak reflections from deep horizons can be adequately
recorded. The energy required with the geophone at shallow depths may be two or
three times as great as when the geophone is at the bottom of a deep hole.

Multiple shots and summing the resulting records is a preferable way to achieve
the increase in energy. This will maintain wavelet consistency while increasing the
size of the energy source may produce undesirable changes in wavelet character.

While the geophone is lowered into the well, test shots should be recorded at
intervals of 300–500 m (1,000–1,700 ft). This allows selection of the appropriate
recording parameters, e.g., source energy and number of shots to be summed to
achieve adequate S/N ratio.

The VSP data is recorded as the borehole geophone is raised from the bottom of
the hole to the surface. Shots should be at increments of a few meters. When the
borehole geophone is around the target horizon, the depth increment is normally
small, say100 ft (30 m) or less. The increment gets progressively longer as the geo-
phone is pulled out of the hole. Multiple records are normally recorded at each
geophone depth and vertically summed in the data processing stage.

Figure 4.54 shows a raw VSP record. The horizontal scale is in ft or m and the
vertical scale indicates time in seconds. Each “trace” shows the events recorded
when the geophone is at a particular depth in the hole.

The first strong amplitude events are called the direct arrivals or downgoing
wave. Their travel times increase right to left, i.e. from shallow to deep. The down-
going waves are followed by downgoing multiples along the recorded VSP. Another
event that can be seen is an upgoing wave. This event has a travel time trend of in-
crease from left to right, i.e. – from deep to shallow. It is a mirror image of the
downgoing events. These downgoing and upgoing waves must be separated from
one another to allow useful information to be obtained from each type of waves.

Summary and Discussion

Seismic data acquisition requires careful planning based on technical and cost con-
siderations. A specific primary target must be selected and documented so that
acquisition parameters can be optimized. Equipment, personnel, and methodology
must be selected to best meet plan objectives within the budget allotted. The poten-
tial returns from a successful survey must be sufficient to cover costs of the survey
and development plus a reasonable profit.
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Fig. 4.54 Vertical seismic
profile

Before any seismic survey can begin it is necessary to obtain permission to op-
erate in the area. This may require consent of individuals, corporations, or govern-
ment agencies. All source and receiver positions must be determined with respect
to a known point on the earth’s surface. On land, not only positions but also eleva-
tions must be known. For OBC the equivalent of elevations, water depths, must be
known.

Energy sources that best meet technical and cost requirements must be selected.
On land, either vibrators or explosives are nearly always used. For marine and OBC
surveys, airgun arrays are almost universally used.

On land, groups of geophones are connected to cables so that seismic energy pro-
duced by the source can be detected, converted to electrical pulses, and transmitted
to the recording system. Modern recording instruments place parts of the recording
system very near the geophones, within the cables to which the groups are con-
nected. Other cables transmit the electrical impulses that have been converted to
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digital signals to elements of the recording system that monitor, format, and encode
the data into magnetic form on magnetic tape cassettes.

In marine surveys groups of hydrophones are located within streamers that are
towed behind the seismic vessel. Similar to land systems, parts of the recording
system are located within the streamers near the hydrophone groups, as are conduc-
tors through which digital signals are transmitted to instruments onboard the ves-
sel that monitor, format, and encode the data into magnetic form on magnetic tape
cassettes.

3-D acquisition has practically supplanted 2-D. This is because it solves geo-
physical problems much better. Combined with advanced seismic processing pack-
ages, 3-D data provide high quality and high-resolution data that are used to locate
new drilling prospects, delineate their boundaries, and provide information used to
select drilling locations that optimize reservoir production. 3-D surveys have also
been shown to be excellent tools in reservoir monitoring.

Vertical seismic profiling (VSP) has proved its value in applications to petroleum
exploration and development. The cost of a VSP was substantial a few years ago but
these days it is substantially less. The turnaround time is a few days and sometimes
overnight in case of emergency. The survey is done routinely as any logging tool.
In a vertical survey eight to ten levels per hour can be surveyed. In land surveys,
perhaps six to eight levels per hour can be taken because it takes more time to inject
the energy source. In offshore surveys, it may take more time, four to five levels per
hour.

A VSP survey provides the geophysicist with seismic velocity, seismic time to
geological depth conversion, and the next seismic marker. It provides the geologist
with well prognosis. It will tell the engineer the location of the drilling bit or at what
depth he can expect a high-pressure zone. If he can predict the high-pressure zone
ahead of time, he can take action to head off problems. With minimal rig idle time,
the survey is definitely more economical than a blowout.

The VSP plays an important role in borehole geophysics, reservoir characteriza-
tion, and transmission tomography.

Exercises

1. How does depth of the charge affect recording of seismic data?
2. List two advantages and two disadvantages of using Vibrators as the energy

source on land..
3. What is the “bubble effect” produced by single airguns? What is done to mini-

mize it?
4. If the airgun arrays are at a depth of 6 m and the streamer is being towed at a

depth of 10 m, at what frequencies would the ghost notches be seen? (Assume
water velocity is 1500 m/s.)

5. Identify the natural frequency of the geophones from the amplitude responses
shown below.
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6. Shown below are dimensionless wavenumber responses for two linear arrays.
How many elements are in each array?
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7. Show how decimal 583 is subtracted from decimal1947 in computers.
8. Sketch an off-end spread with the source pushing the spread.
9. A 192 group spread is to be shot at 24-fold. How many groups must be moved

forward between shots to achieve this?
10. Theoretically, all lines should be shot from one direction. Why is this particu-

larly impractical in marine seismic surveys?
11. List at least three significant differences between VSP and surface seismic

acquisition.
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Chapter 5
Seismic Data Processing

Introduction

Data processing converts field recordings into meaningful seismic sections that re-
veal and help delineate the subsurface stratigraphy and structure that may bear fossil
hydrocarbons.

The final interpretation of the seismic data is only as good as the validity of the
processed data. It is imperative that the interpreter be aware of all the problems
encountered in the field data acquisition and the data processing stage.

A data processing geophysicist must know and understand the regional geology
of the Basin and particulars of each processing step. There is no a cookbook routine
to follow in the processing. Each geologic setting presents its own specific prob-
lems to solve. Before routine processing for a prospect, extensive testing on the data
should be done to study the problems involved to design the optimum parameters
for each step in the data processing data flow.

Before discussing the data processing flow, some basic ideas and mathematical
concepts should be covered.

Mathematical Theory and Concepts

As with any scientific-based discipline, seismic exploration makes considerable use
of mathematics. Much of seismic data processing is based on a branch of mathe-
matics called Statistical Communication Theory. Details of that theory are beyond
the scope of this text but some of the basic concepts and applications of it will be
presented. One aspect of modern seismic exploration methods results in a simplifi-
cation of mathematical tools required. Since seismic data are recorded as sampled
data, integration reduces to summation and differentiation to subtraction.
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Sampled Data

Data were recorded in analog form up until the late 1960s and early 1970s. At first
data were recorded optically (light on photographic paper). In the 1950s analog
magnetic tape was used. In the first case seismic data were represented by a con-
tinuous “wiggly trace” on photographic paper. In the latter case, seismic data were
represented by continuously varying magnetic intensity.

For the past 40 years or so, seismic data have been recorded digitally. Digital
recording means that the incoming analog signal is measured at regular time inter-
vals and these measurements, in millivolts (mv), are written on magnetic tape as bi-
nary numbers. Thus, the input continuous signal is output as a set of numbers or time
series. If the frequency content of the signal is consistent with the sampling incre-
ment, the original analog signal can be correctly reconstructed. Figure 5.1 illustrates
the concepts of sampling and reconstruction.

Fig. 5.1 Sampling and
reconstruction of an analog
signal

. . .

. . .

Continuous Analog Signal 

Digitized Signal 

Reconstructed Analog Signal 

Figure 5.2 shows the effect of sampling at different sample increments or sample
periods. Figure 5.2 shows four different analog inputs. All are single frequency sig-
nals at 50 Hz, 100 Hz, 200 Hz, and 300 Hz. Outputs (reconstructed analog signals)

Input

 Output: 
1 ms 

Sampling 

 Output: 
2 ms 

Sampling 

 Output: 
4 ms 

Sampling 

 Output: 
8 ms 

Sam pling

50 Hz 100 Hz 200 Hz 300 Hz

Fig. 5.2 Effect of frequency on reconstruction fidelity
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sampled at 1 ms, 2 ms, 4 ms and 8 ms are shown for each input. In the case of the
50 Hz input, outputs are the same as the input at all sample periods. In the case of
the 100 Hz sinusoid, the outputs sampled at 1 ms, 2 ms and 4 ms are the same as
the input but the output sampled at 8 ms is a 25 Hz sinusoid! For the 200 Hz input
the outputs for 1 ms and 2 ms sampling are the same as input (200 Hz). However,
for 4 ms and 8 ms sampling the outputs are both 50 Hz. For the 300 Hz input only
the output from 1 ms sampling is 300 Hz At 2 ms sampling the output is 200 Hz At
4 ms and 8 ms sampling the outputs are again 50 HZ.

What is going on here is that some of the inputs have been aliased. For every
sample period there is a maximum frequency, called the Nyquist frequency beyond
which data cannot be correctly reconstructed but, instead are aliased or folded over.
The relationship between sample period and Nyquist frequency is listed in Table 5.1.

Table 5.1 Nyquist frequencies

Sample period in ms Nyquist frequency in Hz

1 500
2 250
4 125
8 62.5

Table 5.1 can be used to analyze Fig. 5.2.

• Since none of the inputs are above 500 Hz, none are aliased at 1 ms sampling.
• At 2 ms sampling only the 300 Hz input is 50 Hz above the Nyquist frequency

of 250 Hz and it aliases to 200 Hz, or 50 Hz below the Nyquist frequency.
• At 4 ms sampling both the 200 Hz and 300 Hz inputs are both above Nyquist.

The 200 Hz input is 75 Hz above Nyquist so it aliases to 75 Hz below Nyquist
or 50 Hz. The 300 Hz input is 50 Hz more than twice the Nyquist frequency so
it also aliases to 50 Hz.

• At 8 ms sampling only the 50 Hz input is below the Nyquist frequency. The 100
Hz input is 37.5 Hz above the Nyquist frequency so it aliases to 37.5 Hz below
the Nyquist frequency or 25 Hz. The 200 Hz input is 50 Hz below four times the
Nyquist and it aliases to 50 Hz. The 300 Hz input is 50 Hz above four times the
Nyquist and it also aliases to 50 Hz.

Aliasing is a type of distortion that must be avoided. Once it occurs, it cannot be
removed,

Time (T), Frequency (F), Space (X) and Wavenumber (K) Domains

An extremely important concept in seismic data processing is that signal can be
described equally well as a time series (amplitudes versus time) or as the combina-
tion of an amplitude spectrum (amplitudes versus frequency) and a phase spectrum
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Fig. 5.3 Definition of phase:
top = zero-phase, middle =
60◦ phase lead, bottom = 45◦

phase lag
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(phase versus frequency). In the first case the signal is defined in the time domain.
In the second case the signal is defined in the frequency domain.

This, of course, brings up the question of what is meant by phase. A good be-
ginning is to define zero-phase. A time series or function that is symmetrical about
zero time is zero-phase. A cosine function is the prototypical example. Figure 5.3
shows a cosine wave centered at time zero and two time-shifted cosine waves. The
cosine wave that is shifted to the left (toward negative or earlier time is said to have
a phase lead. In this particular example the shift is 1/6 of a period or 60◦. The cosine
wave shifted to the right or toward later time is said to have a phase lag, here 1/8 of
a period or 45◦. Another way of stating this is to say that the three cosine waves of
phases of 0◦, +60◦, and −45◦.

Figures 5.4 and 5.5 provide another view of the relationship between the time
and frequency domains. Figure 5.4(a) is the time domain description (a time series
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Fig. 5.5 Time domain wavelet as the sum of single frequency sinusoids

plot) while Fig. 5.4(b, c) are the frequency domain descriptions (amplitude and
phase spectra, respectively). Figure 5.5 shows a set of single frequency sinusoids
and their sum. The amplitudes of the sinusoids are given by the amplitude spectrum
of Fig. 5.4(b) and the phases are given by the phase spectrum of Fig. 5.4(c). The
sum in Fig. 5.5 is identical to the time domain wavelet of Fig. 5.4(a)!

It can be seen, then, that a time domain wavelet can be synthesized by summing
a set of single frequency sinusoids. Conversely, a time domain wavelet can be de-
composed into a set of single frequency sinusoids. The amplitude and phase spectra
specify the component sinusoids so it is not necessary to show the individual sinu-
soids to show this equivalence of the time and frequency domains. The time domain
wavelet and the combined amplitude and phase spectra are simply two ways of the
describing the same thing.

To go from the time domain to the frequency domain requires use of the Fourier
Transform and to go from the frequency domain to the time domain requires use
of the Inverse Fourier Transform. For sampled, or digital, data simpler and faster
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methods called the Fast or Finite Fourier Transform (FFT) and the Inverse Finite
Fourier Transform (IFFT) is used. The mathematics of these is beyond the scope of
this book.

Just as a seismic signal can be defined in terms of change in amplitude with time
at a particular location so can a seismic signal can be defined in terms of change
in amplitude with distance, at a particular time – this is the space or X-domain.
Also, note that seismic data are sampled in the space domain as well as in the time
domain, since data are recorded only at discrete points. Thus, aliasing occurs in the
K-Domain as well as in the F-domain.

In the time domain a particular signal component can be described by its period
(T), the time required to complete one cycle. As shown above, the frequency domain
description is an equivalent way to describe seismic data and signal components are
defined by frequency (F) or number of cycles/second. In the space domain a particu-
lar signal component can be described by its wavelength (λ ), the distance required to
complete one cycle. In a similar way the wavenumber domain description is equiva-
lent to that of the space domain and signal components are defined by wavenumber
(k) or number of cycles/unit distance, meters or feet. As in the frequency domain,
the wavenumber domain requires both an amplitude spectrum and a phase spectrum
to completely define the data.

A particularly useful tool in seismic data processing is the transformation from
time and space (T-X) domains to the frequency and wavenumber (F-K) domains.
This is accomplished by applying a two-dimensional FFT. A two-dimensional IFFT
is used to return from F-K to T-X.

Figure 5.6 illustrates T-X to F-K transformation by means of a schematic record.
The direct arrival, first break refraction, and source-generated noise are linear in
nature (i.e. – show a single dip) in both T-X and F-K. Signal (reflections) are non-
linear and have many dips. Thus, in the F-K domain signal tends to lie in an area
near K = 0.

The F-K transformed data are displayed in an area between +kN and –kN, and
from 0 to fN. where kN is the Nyquist wavenumber and fN is the Nyquist frequency.
The lines representing the direct arrival, first break refraction, and source-generated

Fig. 5.6 T-X and F-K domains
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noise are continued from the right edge of the F-K plane to the left edge because
they have been aliased.

Note that signal is crossed by noise in the T-X plane but they are separated in the
F-K plane. This provides a way of discriminating between signal and noise – more
on this later in the chapter.

Filtering, Convolution, and Correlation

The surface of the earth is in constant motion because of both natural phenomena
and cultural activities. This results in a background of earth motion that is recorded
along with the desired motion produced by the seismic sources. This undesired
recording is called noise. Thus, the amplitude spectrum of a seismic trace is the
sum of signal and noise. The ratio of signal amplitude to noise amplitude is called
the signal-to-noise ratio (S/N).

It is desirable to have S/N ≥ 1. This is usually the case over some range of
frequencies but not all. In most cases S/N < 1 at the lowest frequencies and again at
the highest frequencies. One way of accomplishing the desired result to apply a filter
that greatly attenuates or, preferably zeroes, frequency components where S/N < 1.
Such a filter is called a band-pass filter.

Figure 5.7(a) shows the amplitude spectrum of an ideal band-pass filter. It has a
value of 1 for frequencies of 10 Hz through 32 Hz and 0 for all other frequencies
Fig. 5.7(b) is the amplitude spectrum of Fig. 5.4(b). Multiplication of these two
amplitude spectra produces the amplitude spectrum of Fig. 5.7(c), the filtered signal.

Figure 5.8 shows the equivalent operation in the time domain. Figure 5.8(a) is
the inverse Fourier transform of the filter amplitude and phase spectra (called the
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Fig. 5.7 Filtering in the frequency domain, (a) Filter amplitude spectrum, (b) input amplitude
spectrum, and (c) output amplitude spectrum
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Fig. 5.8 Convolution or time-domain filtering; (a) filter impulse response, (b) input wavelet, (c)
output wavelet
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filter impulse response). Figure 5.8(b) is the wavelet of Fig. 5.4(a) and Fig. 5.8(c)
is the convolution of the filter impulse response and the input wavelet. Note that an
asterisk (∗) indicates convolution.

Figure 5.8(a) was described as the filter impulse response but an impulse re-
sponse was not defined. To determine an impulse response input a unit impulse
(spike or Dirac delta function) into a system and record the system output.
Figure 5.9 illustrates this by considering an example of utmost importance to seis-
mic exploration – the earth’s impulse response. Here the earth is considered to be
a system. The response is a reflection from each reflecting horizon. The reflection
signals are impulses with amplitudes equal to vertical reflection coefficients of the
horizons and a time delays equal to their two-way reflection times.

Figure 5.10 shows two time series, A and B, and the result of their convolution,
time series C. Convolution is NOT simple multiplication of one time series by an-
other but it does involve multiplication. Table 5.2 illustrates a method for convolving
two time series. The non-zero values of time series A are listed in row 1 of the table
and the non-zero values of time series B are listed in column 1. To complete row
2 multiply the A values by 3. To complete row 3 multiply the A values by 1. To
complete row 4, multiply the A values by −2. Sum these products diagonally as
indicated by the arrows in Table 5.2 to obtain 9, 0, −7, and 2 – the values of the
convolution as shown in Fig. 5.10.

Fig. 5.9 Earth impulse
response
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Fig. 5.10 Convolution – Series A ∗ Series B = Series C
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Table 5.2 Matrix for convolution

AB 3 –1

–3

–13

93

1

2–6–2

Table 5.3 Matrix for crosscorrelation of series A with B

3

3

1 3

–1

9 –3

–1

–2 2–6

AB

Crossorrelation measures the similarity of one time series to another. With regard
to mathematical computation, correlation and convolution appear similar. The same
matrix as in Table 5.2 can be used to calculate the values of Series A with Series B.
As shown in Table 5.3, the direction of summation is different. Figure 5.11 shows
the result of crosscorrelating Series A with Series B.

lag
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3 3

–2 1

–3–2

–6

–1

1

210 010
lag lag

–1 

Fig. 5.11 Series A crosscorrelated with Series B = Series D

The convolution of Series A with Series B is the same as the convolution of Series
B with Series A. The order of convolution makes no difference. In crosscorrelation it
does make difference. The calculation is done by interchanging rows and columns in
the matrix of Table 5.3, as shown in Table 5.4. The crosscorrelation of Series B with
Series A is illustrated in Fig. 5.12. Comparing the two crosscorrelations shows that
one is the time-reversed version of the other.

Table 5.4 Matrix for crosscorrelation of series B with A

3        1       –2

–1–3

9        3     –6

2

A
B

  3

–1
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Fig. 5.12 Series B crosscorrelated with Series A = Series E

Crosscorrelation is when two different time series are correlated. Autocorrelation
is the correlation of a time series with itself. It measures power of the time series.
The autocorrelation is a symmetrical, zero-phase function, while a cross-correlation
is not necessarily symmetrical.

Figure 5.13 shows the autocorrelations of Series A and Series B. Neither resem-
bles their cross-correlation. Table 5.5 shows the calculation matrices for the two
autocorrelations.

Fig. 5.13 Autocorrelations of
Series A and Series B
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Table 5.5 Matrix for autocorrelations of series A and B
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Processing Data Flow

Processing requires an orderly approach to converting raw field records into mean-
ingful information about subsurface geology. The major steps in a processing seis-
mic data include:

• Data initialization.
• Amplitude processing
• Pre-stack analysis
• Deconvolution
• Velocity analysis
• Statics Analysis (land and OBC)
• CMP Stack
• Migration
• Band-pass filtering

Data Initialization

In the early days of digital recording, field data wee recorded in multiplexed form,
i.e. –ordered by sample time. (See Chap. 4.) To be able to process these data they
had to be put in trace or channel order. This process is called demultiplexing. To-
day, however, this should only be necessary when reprocessing very old data since
modern seismic recording systems supply field data in demultiplexed form.

Normal processing in this stage includes:

• Convert data from field format (one of the standard SEG formats) to the format
specified by the processing system being used

• Display all shot records to make sure documentation provided by the field crew
is accurate and to help identify problems in the data

• Establish a geometry database.

◦ Adopt an x-y coordinate system
◦ Assign unique numbers to and specify coordinates for all source and receiver

positions.

The geometry described by field documentation (shotpoint and spread locations)
is the starting point for the geometry database. Every effort must be made to assure
that it is correct and, if not, make corrections. Velocity and statics errors result from
geometry errors. These errors cannot be removed except by correcting geometry
errors.

To this point data are in field or common shot format but for parameter testing
and selection a sort into common midpoint (CMP) format is needed. In processing
land data, datum statics are calculated and applied in this stage. Calculations for
refraction statics, if used, may be performed in this stage and saved for later use.
Data required for both datum and refraction statics should be present in the updated
geometry database.
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Amplitude Recovery and Gain

Since it is known that lateral variation in the amplitudes of the reflections carry use-
ful information, it becomes common practice to avoid tampering with the recorded
amplitude values. However, it is critical to correct the amplitudes for the gradual
decrease with depth due to spherical spreading and absorption.

Figure 5.14 is a comparison between field records before and after correcting the
amplitudes for geometric spreading it can be seen that the amplitude is restored at
late times on the record, but unfortunately, ambient noise has also been strengthened.

Fig. 5.14 Marine field record
(a) before and (b) after
geometric spreading
correction

M (a) (b)

Types of Gain

Amplitudes are still not corrected for inelastic attenuation after correction for geo-
metric spreading. The corrections for this are generally called gain. A great many
types of gain have been developed and used. Among the more often used are:

• Programmed gain control (PGC)
• Automatic gain control (AGC)

◦ RMS AGC
◦ Instantaneous AGC

• Exponential gain

Figure 5.15 illustrates PGC. A set of multiplier, time pairs is selected by trial and
error. The PGC function is developed by linear interpolation of multiplier values
between these pairs. A constant multiplier equal to the first multiplier is used for
times earlier than the first time selected. From the last time selected to the end of
the record, the last multiplier selected becomes a constant multiplier.

AGC functions are determined statistically. Traces are divided into time gates and
within these either the average absolute value or the root-mean-square (RMS) value
amplitude is obtained. Figure 5.16 illustrates calculation of these two amplitudes in
a gate. The AGC gain function is a set of multipliers for each sample time. In instan-
taneous AGC the multipliers are inversely proportional to average absolute values
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in each gate. In RMS AGC the multipliers are inversely proportional to RMS values
in each gate. Since RMS amplitudes are usually larger than average absolute values
amplitudes are usually changed more by RMS AGC than by instantaneous AGC.

Pre-Stack Analysis

In the case of marine data, pre-stack analysis includes selection of velocity analysis
locations, identifying records and traces that require editing, and determining decon-
volution parameters. In case of land data processing, especially for noisy data, pre-
stack analysis is also done to analyze frequency content of the data and to choose
parameters for processes that enhance signal-to noise ratio. Band-pass filter, ve-
locity filter, and deconvolution tests are run for this purpose. Band-pass filtering
discriminates between signal and noise on the basis of frequency. Velocity filters
discriminate between signal and noise on the basis of apparent velocity. Decon can
attenuate undesirable events such as short period multiples and enhance the ver-
tical resolution, by collapsing wavelets. For marine data, designature may be run
instead of (or in conjunction with) decon. Marine data normally have less random
and coherent noise than land data, but they suffer from a higher degree of multiple
reflections in many offshore areas. A common midpoint sort is generated for con-
ducting many processing steps, such as applying elevation statics, velocity analysis,
residual statics, and stack to name few. Figure 5.17 shows the flow chart of pre-stack
analysis.

Distances and angle changes on the seismic line must be taken in consideration
to obtain the correct distance from the source to receiver for each trace. Field statics
(that account for trace to trace elevations differences) are usually applied before
NMO to derive velocity analysis from seismic data.

Input shot records and 
geometry database 

Decon 
Tests 

Velocity 
Filter Tests

Filter 
Panels

Compute  & 
Apply Fiield 

Statics

Determine 
Mute 

Schedules

Display Test Results 

Decon 
Parameters 

Velocity Filter 
Parameters

Pre-Stack Filter 
Pass Bands

Fig. 5.17 Pre-stack analysis
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There is no standard or routine processing sequence that will fit every seismic
survey acquired in every part of the world, but there is an outline that must be fol-
lowed. The processing sequence must be designed according to the area problems
and record quality.

Mute

This is the process of excluding parts of the traces that contain only noise or more
noise than signal. The two types of mute used are front-end mute and surgical mute.

Front-End Mute

In modern seismic work, the far geophone groups are quite distant from the energy
source. On the traces from these receivers, refractions may cross and interfere with
reflection information from shallow reflectors. However, the nearer traces are not
so affected. When the data are stacked, the far traces are muted (zeroed) down to a
time at which reflections are free of refractions. The mute schedule is a set of time,
trace pairs that define the end of the muting.

Mute changes the relative contribution of the components of the stack as a func-
tion of record time. In the early part of the record, the long offset may be muted from
the stack because the first arrivals are disturbed by refraction arrivals, or because of
the change in their frequency content after applying normal moveout

The transition where the long offsets begin to contribute may be either gradual
or abrupt. However, an abrupt change may introduce frequencies that will distort
the design of the deconvolution operator. Figure 5.18 illustrates the front-end mute
process.

Surgical Mute

Muting may be over a certain time interval to keep ground roll, airwave, or noise
patterns out of the stack. This is especially applicable if the noise patterns are in the
same frequency range as the desired signal. Convolution to filter out the noise may
also attenuate the desired signal. Figure 5.19 illustrates the surgical mute approach.

Deconvolution Test

Deconvolution is discussed later in this chapter. The deconvolution operator or filter
parameters include:

• Filter length
• Gap length
• Number of filters per trace
• Percent white noise to add
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Fig. 5.18 Front-end mute.
(a) raw record with mute
defined. (b) record after front-
end mute

(a) (b)

Deconvolution testing consists of trying different values of these parameters in
the deconvolution of selected CMP gathers. The values that yield the best result are
chosen for deconvolution application. It is very important that only one parameter
be changed at a time.

Velocity Filter Tests

Velocity filtering is used to attenuate source-generated noise that travels along or
parallel to the surface. Such noise has a single constant velocity or propagates as a
set of noise trains, each having a constant velocity. Testing usually involves trans-
forming selected shot records from the T-X domain into the F-K domain. Figure 5.20
shows such a record in the F-K domain. A triangular area where noise dominates is
shown. The straight lines drawn correspond to particular velocities. The parameters
selected are pairs of velocities defined by these lines.
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(a) (b) (c)

Fig. 5.19 Surgical mutes. (a) record without surgical mute. (b) and (c) with surgical mutes applied

Filter Test

One application of convolution process is to apply band-pass filter to seismic data to
attenuate some undesired frequency range. This can be done by obtaining a display
of a seismic record that is filtered with different filter pass bands. Figure 5.21 shows
an example of filter scans (right) on raw field data (left). the band pass of the filter
used for each panel is annotated at the head of each panel. The low-frequency signals
are at least 10 Hz (and probably lower). The high-cut of the filter should be time-
variant here: higher than 60–70 Hz could be cut after 1.5 s; higher than 50–60 Hz
could be cut after 1.5 s; higher than 50–60 Hz could be cut after 2.4 s; higher than
40–50 Hz could be cut after 4 s.
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Fig. 5.20 2-D fourier transform of a shot record

Fig. 5.21 Filter scans
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The filters designed from analysis of the filter scans are applied to the data after
each processing step or stage to better evaluate effect of parameters used. Outputs
from one processing stage to the next should not be filtered.

Static Corrections

Two main types of correction need to be applied to reflection times on individual
seismic traces in order that the resultant seismic section gives a true representation
of geological structure. These are dynamic and static corrections. The static correc-
tion is so-called because it is a fixed time correction applied to the entire trace. A
dynamic correction varies as a function of time as in application of NMO correc-
tions.

In order to obtain a seismic section that accurately shows the subsurface struc-
ture, the datum plane at a known elevation above mean sea level and below the base
of the variable-velocity weathered layer (see Fig. 5.22). The value of the total statics
(ΔT) depends on the following factors:

1. The perpendicular distance from the source to the datum plane.
2. Surface topography; that is, the perpendicular distance from the geophone to the

datum plane.
3. Velocity variations in the surface layer along the seismic line.
4. Irregularities in thickness of the near-surface layer.

In computing ΔT it is usually assumed that the reflection ray path in the vicinity
of the surface is vertical.

The total correction is:

ΔT = Δts +Δtr

where

Δts = the source correction, in ms

Δtr = sthe receiver correction, in ms

As indicated in Fig. 5.22, elevation or datum statics effectively move source and
receiver from the surface to the datum plane.

Figure 5.23 shows common shot gathers from a seismic land line, where statics
(due to near-surface formation irregularities) caused the departure from hyperbolic
travel times on the gathers at the right side of the display.

Fig. 5.22 Static corrections

Source Surface Receiver

Datum

Weathering or Low Velocity Zone

Consolidated Rock
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Fig. 5.23 Shot records with statics problems

Deconvolution (Decon)

Vertical resolution is defined as how closely two seismic events can be positioned
vertically, yet be identified as two separate events. Vertical resolution, or tuning
thickness, is usually considered to be equal to one-fourth the dominant wavelength,
which is a function of dominant frequency and velocity of the target horizon. If the
signal-to-noise ratio is greater than 1:1, vertical resolution is improved by improving
the bandwidth.

Deconvolution is a process that improves the vertical resolution of seismic data
by compressing the basic wavelet, which also increases bandwidth of the wavelet. In
addition to compressing or shortening reflection wavelets deconvolution can also be
used to attenuate ghosts, instrument effects, reverberations and multiple reflections.
The earth is composed of layers of rocks with different lithologies and physical
properties. In seismic exploration, their densities and the velocities at which the
seismic waves propagate through them define rock layers. The product of density
and velocity is called acoustic impedance. It is the impedance contrast between
layers that causes the reflections that are recorded along a surface profile.

A seismic trace can modeled as the convolution of the input signature with
the reflectivity function of the earth impulse response, including source signature,
recording filter, surface reflections, and geophone response. It is also has primary
reflections (reflectivity series), multiples, and all types of noise. If decon were com-
pletely successful in compressing the wavelet components and attenuating multiples
it would leave only the reflectivity of the earth on the seismic trace. In so doing,
vertical resolution is increased and earth impulse response or reflectivity is approx-
imately recovered. This is demonstrated in Fig. 5.24. Decon is normally applied
before stack (DBS). But it is sometimes is applied after stack (DAS) The term de-
convolution is most often applied to a type of inverse filtering. Figure 5.25 defines
inverse filtering. A wavelet or time series is input (convolved with) the inverse filter
and a unit spike or impulse is output. The problem with this approach is that the
inverse filter has to be infinitely long, which of course is not possible. Instead of
an infinitely long filter, one of a practical length that will produce the desired out-
put with the least squared error is designed. Figure 5.26 is an example. The input
time series is {4,−3,2} and the desired output time series is {1,0,0,0,0). The least
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Fig. 5.24 Deconvolution
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definition
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square error approximation filter is {0.232,0.168,and 0.040}. Convolving the filter
with the input yields an output of (0.928,−0.024,−0.012,0.048,0.040}. This is not
exactly the desired output but quite close and only using three filter points!

This type of inverse filtering is also called spiking or whitening decon. The left
side of Fig. 5.27 is a relative amplitude spectrum similar to what might be expected
for a trace from a record before decon. The center of Fig. 5.27 is the amplitude
spectrum of the infinite length inverse filter (simply the reciprocal of the input am-
plitude spectrum). The product of these two amplitude spectra is on the right side of
Fig. 5.27 – a flat spectrum (constant value at all frequencies). This is called a white
spectrum because it is analogous to the spectrum of white light, which is contains
equal amounts of all frequencies of light.

Since infinite length filters are not realizable, approximations must be used as
indicated above. The outputs of such filters have broader and smoother amplitude
spectra than the inputs but do not completely whiten the spectra. See Fig. 5.28.
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Fig. 5.26 Least square error approximate inverse filter
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Fig. 5.27 Inverse filtering in the frequency domain
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Fig. 5.28 Whitening decon in the frequency domain

Sometimes decon filter design “blows up” because a divide by zero is attempted.
To avoid, or correct for this, “white noise” is added to the input. Adding white noise
is adding a constant amount to the amplitude spectrum of the input as indicated
by cross-hatched area at the bottom of the input amplitude spectrum (left side of
Fig. 5.27).

Since decon filters are usually designed in the time domain, using the trace auto-
correlation, a convenient, and equivalent, alternative to this addition of “white noise”
is to increase the zero-lag value of the autocorrelation by a small percentage of it.

Adding white noise, or “pre-whitening”, should be done only when necessary to
get a filter designed. Only just enough white noise to achieve filter design should
be added. Sometimes collapsing a wavelet is not desirable early in the processing
flow. However, it is desirable to remove or attenuate the effects of ghosts, multiple
reflections, instrument response, etc.. In this case the usual action is to design and
apply a prediction error filter or gapped decon.

The desired output of the prediction error filter is the input values at some time
in the future; say (n) samples ahead. There are two steps in filter design. First is the
prediction filter. In Fig. 5.29 the desired output is the time series {4,−3,0,0,0,0,0}.
That is, the wavelet is to be shortened by one sample. This means that the value 2,
one sample ahead, must be predicted. The 3-point filter that best predicts this is
{0.463,0.339,0.082). To achieve the second step the prediction error filter is devel-
oped. In the case shown in Fig. 5.28 this is 11, 0, −0.463, −0.339, −0.082). The
initial value of 1 establishes the point from which the prediction is made. The single
0 indicates that the prediction is to be made is one sample period. (This is the gap.)
The remaining values are the prediction filter with their algebraic signs reversed.
The sign reversal means that the predicted values are subtracted in the convolution
process. The shape of reflection wavelets observed on seismic traces is the result
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Fig. 5.29 Prediction error filter

of several effects that occur at the source, transmission through the earth, and in
the recording process. These effects include the source wavelet, the recording in-
strument filter responses, the ghosting function, the reverberation operator, and the
multiple operators. Usually none of these are known explicitly. However, the trace
autocorrelation function provides information such as source wavelet shape, periods
of multiples and reverberations, and amplitude relationships between multiples and
primaries as shown by the autocorrelogram of Fig. 5.30.

A decon filter should be somewhat longer than the period of the multiple it is to
attenuate. The whitening decon filter includes approximate inverses of the source
wavelet, the recording instrument filter responses, the ghosting function, the rever-
beration operator, and the multiple operators. The prediction error or gapped decon
does not usually include an inverse filter for the source wavelet. To be exact inverses,
as previously noted, the filters would have to be infinitely long.

The length of the gap (α) in a gapped decon filter determines the amount of
wavelet shortening, or whitening, that the filter does. Many people feel that an opti-
mum value for gap length is the time of the second zero crossing of the autocorrel-
ogram function this parameter. See Fig. 5.30.

Figure 5.31 shows the effect of deconvolution by comparing records with, and
without, decon applied. Note that the reflection widths are decreased and a number
of events are removed or greatly attenuated in the deconvolved record compared to
the one not deconvolved. These events are likely multiple reflections.

Fig. 5.30 Trace autocorrel-
ogram and information it
contains
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Fig. 5.31 Deconvolution versus No deconvolution

Because of inelastic attenuation, reflection wavelet shapes change with record
time. Since the later reflections propagate over greater distances, the wavelets are
subjected to more attenuation of the higher frequency components. Figure 5.32 il-
lustrates how wavelets become progressively lower frequency and longer in time
duration as record time increases.

As a result of this change in wavelet shape, a decon filter designed from and
applied to a whole trace will not be effective at all record times. To alleviate this
problem, multiple filters are designed and applied over different time intervals of
a seismic record. The filter outputs are smoothly merged together to give a single

Early Middle Late

Fig. 5.32 Change in reflection wavelet shape with record time
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time-variant deconvolution. For this reason the common reference to conventional
trace Deconvolution is time-variant deconvolution (TVD).

Various other approaches to the general deconvolution problem are in use.
Among these are:

• Signature deconvolution
• Surface-consistent deconvolution
• Time-variant Spectral Whitening (TVSW)
• Model-based Wavelet Processing (MBWP)

Signature deconvolution is a type of deconvolution often applied to marine data.
In marine operations, a hydrophone is suspended a 100 m or so below the airgun
array and the energy detected by this hydrophone is recorded in a special channel
of the recording instruments. Signature deconvolution designs a least square error
approximate inverse of the recorded “signature” and applies this inverse filter to all
traces recorded at this shotpoint. Note that signature decon does not affect changes
in wavelet shape with record time caused by inelastic attenuation.

Surface consistent deconvolution uses the redundancy of multifold data to statis-
tically determine and attenuate effects on signal waveform that occur in the vicinity
of each source and receiver position.

Time-variant Spectral Whitening (TVSW) corrects for inelastic attenuation by
dividing the input into relatively narrow frequency bandwidths and applying AGC
to each. The separate frequency bands are then recombined in such a way as to
preserve original amplitude levels. Note that TVSW can be effective in whitening
the spectrum but has no effect on multiple reflections, ghosts, etc.

The parameter that describes the frequency-dependent attenuation effect of sub-
surface rocks is denoted as Q. Model-based wavelet processing develops mathemat-
ical models for the source wavelet, noise, and the Q-effect. It is a very effective
tool in removing differences caused by different energy sources being used along a
single seismic line.

Inverse-Q filters attempt to determine average values of Q over different time
zones of a seismic section and use these values to design and apply filters in the
frequency domain that compensate for inelastic attenuation.

Velocity Analysis

The word velocity seldom appears alone in seismic literature. Instead it will occur
in combinations such as instantaneous velocity, interval velocity, average velocity,
RMS velocity, NMO velocity, stacking velocity, migration velocity, apparent velocity,
etc. Figure 5.33 can be used to illustrate some of these.

The velocity indicated by V(xa, za) is the velocity that would be measured at a
point a distance xa from the left of the Figure and at a depth za is an example of
instantaneous velocity.

The velocities indicated as V1,V2, V3, etc. are interval velocities. They are the
average velocity through an interval of depth or record time and equal the thickness
of the depth interval divided by vertical time through the interval.
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Fig. 5.33 Velocity types

Average velocity to a particular depth is simply the depth divided by the time
it takes a seismic wave to propagate vertically to that depth. Since seismic wave
propagation times are usually measured as two-way times, the average velocity to,
say, za, in Fig. 5.32 is (2za/Ta), where Ta is the two-way time to depth za. Average
velocity is required to convert time to depth.

Root Mean Square or RMS velocity at a particular record time, Tn, is calculated
as follows:

1. Determine what interval times sum to the value Tn

2. Square the corresponding interval velocities
3. Multiply the squared interval velocities by their interval times
4. Sum the products obtained in step 3
5. Divide the sum obtained in step 4 by Tn

6. Take the square root of the value resulting from step 5, This is the RMS velocity
at time Tn

If all reflectors are flat or nearly flat, RMS velocity is the same as NMO velocity.
NMO velocity is the velocity used to correct for Normal NMO. If NMO correc-

tions are correct, and no other factors are involved, all primary reflections on CMP
gather records occur at the same time on all traces.
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Stacking velocity is the velocity that gives the optimum common midpoint
(CMP) stack output when it is used for NMO corrections. It may be the same as
NMO velocity but if there is significant dip on reflectors, it probably will not be the
same.

Migration velocity is the velocity that optimizes the output of a migration algo-
rithm, i.e. – moves the reflected energy to the correct times and places.

Apparent velocity is determined by dividing a horizontal distance by the time a
seismic signal appears to propagate across it. For source-generated noise, apparent
velocity and propagation velocity are equal but for reflections, it is much faster than
NMO or stacking velocity. Apparent velocity is important in designing velocity or
F-K filters. Stacking velocity, migration velocity and average velocity are the most
important to seismic data processing.

Types of Velocity Analysis

Several methods of velocity analysis have been used over the years. The more com-
monly used methods are:

• T2 – X2 Analysis
• Constant Velocity Stack
• Velocity Spectrum Method

T2 −X2 analysis. In this method, times (T) of selected primary reflections on
each trace are squared and plotted against the square of the offset (X) corresponding
to the traces on which times were picked. Equation (3.6) of Chap. 3, repeated below,
gives the relationship between T2 and X2. Based on this equation, the plotted points
should fall along a straight line.

T 2
x =

x2

V 2 +T 2
0

Figure 5.34 illustrates a T2 −X2 plot for a particular primary reflection. Note
that the plotted points do not fall exactly along the straight line that is fitted to them.
Noise and residual statics tend to cause deviations of times.

The slope of the straight line is 1/
V 2

NMO
and the intercept at X = 0 is T 2

0 . The

least square fitting method is used to define line slope for all significant primary
reflections. The T2 −X2 method is a reliable way to estimate stacking velocity.

Velocity Analysis Methods

Normal moveout is the basis for determining velocities from seismic data. Com-
puted velocities can be used to correct for normal move out so that reflections are
aligned on CMP traces. The accuracy depends on signal to noise ratio because it
affects the quality of the reflection time picking.
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T2

Slope = 1/ V2

T0
2

X2

Fig. 5.34 T2– X2 analysis

Constant Velocity Stacks (CVS)

Stacking velocities are often estimated from CMP gathers by evaluating stacked-
event amplitude and continuity when a single velocity is used for NMO corrections
at all times on the record. A range of velocities defined by the lowest and highest
stacking velocities expected. A set of velocities is generated by incrementing by a
constant amount from the lowest to the highest velocity.

Figure 5.35 shows a set of constant velocity stack panels. In this example, a por-
tion of a line consisting of 24 common midpoint gathers has been NMO-corrected
and stacked with velocities ranging from 5,000 to13,600 ft/s. The resulting stacked
24 traces set, displayed as one panel, represent one constant velocity. The panels are

Fig. 5.35 Constant velocity stack display
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displayed side by side with the velocity values indicated beneath each panel. Veloc-
ity values increase from right to left. Stacking velocities are picked directly from
these panels by selecting the velocities that yield the best coherency and strongest
amplitudes for velocity values at a certain center times. Notice that the deep events
between 3.0 and 4.0 s seem to stack about the same over a wide of velocities. This
represents the decrease of resolution of the stacking velocities with depth, caused by
the decrease of NMO with depth (related to the increase of the velocity). The quali-
tative nature of this method makes it difficult to achieve the accuracy, or resolution,
that is needed for good stacks.

Velocity Spectrum Method

Accurate and efficient velocity analysis requires the following:

• Restriction to velocity values that can be reasonably expected, in a time-variant
manner

• Statistical evaluation of stack response (reflection amplitude and continuity) us-
ing small time gates and many estimates of stacking velocity

• Adequate sampling in time and velocity Displays of velocity calculation results
that allow accurate velocity interpretation

The initial result of velocity analysis is a set of velocity functions that are deter-
mined at specific CMP locations within the survey. As shown in Fig. 5.36, velocity
functions are defined by sets of time, velocity pairs that are picked for significant
primary reflections. Linear interpolation between these points defines velocities for
every sample in the CMP traces. Spatial interpolation between and extrapolation
from these functions establishes a velocity field that defines velocities for every sam-
ple in the data volume.

The velocity spectrum approach is based on the correlation of the traces in a
CMP gather. This method is suitable for data with multiple reflection problems, and
less suitable for highly complex structure problems.

Figure 5.37 shows a model CMP record, without NMO corrections, on the left.
The center and right demonstrate two ways of presenting the statistical evaluation
of stack response. Both employ the statistical measure of coherency, that is related
to crosscorrelation.

Figure 5.37 displays coherency values for five CMPs along a single line. Dif-
ferences among them are evident. It is obvious that velocity functions derived by
interpreting these displays will also be very different and spatial interpolation is
necessary to adequately define the velocity field. The number of coherency values
displayed for each CMP in Fig. 5.38 indicates the large number of small time inter-
vals over which coherency is evaluated.

The velocity spectrum method distinguishes the signal along the hyperbola paths
even with high random noise level. This is because of the power of cross-correlation
in measuring coherency. The accuracy of the velocity spectrum is limited, however,
if S/N ratio is poor.
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Fig. 5.36 Velocity function Velocity(m/s)
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Fig. 5.37 Velocity spectrum statistical analysis
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Fig. 5.38 Change in velocity spectra in space

Factors that Affect Velocity Estimates

There are several factors that affect the estimation of velocity using the common
depth family of the seismic data:

• Field geometry- long offset
• Multiplicity- stacking fold
• Signal- to-noise ratio
• Front- end mute
• Time gate length for estimating the velocity estimates
• Velocity increment
• Coherency measures
• Data frequency range- Bandwidth
• Statics-true departure from hyperbolic normal move out.

Spread length is important factor in deriving good stacking velocity values. The
longer the spread, as long as it does not exceed depth to target, the better the NMO
values and therefore the better the discrimination between primary and multiple
reflections. Depending on the record quality in an area, the fold can affect the signal-
to-noise ratio, as the higher the multiplicity the better random noise attenuation.
The details of the shallow events on the seismic section are as important as the
target zone and can contain a very valuable information that affect the fidelity of a
prospect. Therefore, front end muting is very crucial in eliminating noise trains such
as body waves. Care must be taken in selecting the mute and protecting (not muting)
as many short traces (close to the source) in order to enhance the coherency of the
shallow reflections. If a coherent noise pattern, such as surface waves and airwaves,
cannot be attenuated effectively by digital filter application (frequency of the noise
is the same as a primary) a surgical mute can be used to eliminate the noise train
and accordingly, obtain a better velocity analysis.
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Resolution of the velocity estimates depends on the time gate length (normally 20
ms) over which the normal moveout calculations are made, the velocity increment
and the velocity range. Both factors affect the resolution of the estimates and the
run time on the computer. The frequency content of the data has a great effect of the
velocity details especially shallow on the section. It affects the coherency and the
lateral and vertical resolution.

Residual Statics Analysis

Applying NMO and elevation statics corrections to traces within the CMP gather
may not result in perfect alignment of primary reflections. Misalignment may be
caused by incorrect or incomplete static corrections. The presence of these “resid-
ual” statics generates poor stack traces. To correct these misalignments an estimate
of the time shifts from perfect alignment is needed. There are two basic approaches
to the problem. One is based on primary reflections and the other is based on first
break refractions. Within the reflection-based approach are two methods: conven-
tional and surface consistent.

Reflection-Based Residual Statics Analysis

Conventional reflection-based residual statics analysis is rather straightforward. It
is assumed that the residual statics are random and, thus, that primary reflections
stack to the correct time. (See Fig. 5.39.) If the individual traces in a CMP are
crosscorrelated against a model trace derived from their stack, the time at which
the crosscorrelation maximum occurs will be the residual static for that trace. See
Fig. 5.40.

Fig. 5.39 Construction of
model trace for
crosscorrelation

CMP Traces Model

T0
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Fig. 5.40 Determination of
Δt, static time deviation from
crosscorrelation with model
trace

1.0

0
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t
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Fig. 5.41 Residual statics analysis windows

As shown in Fig. 5.41, one or two time windows are defined on a CMP stack.
(The authors prefer two windows,) Note that the windows follow apparent structure
on the stack section. Only the trace segments defined by the windows are used in
building the trace models. Residual statics defined by the crosscorrelations are saved
for application in the next processing step.

Surface-Consistent Residual Statics

A model is needed for the moveout-corrected travel-time from a source location to
a point on the reflecting horizon, then back to a receiver location (sees Fig. 5.42).
The key assumption is that the residual statics are surface consistent, meaning that
static shifts are time delays that depend on the sources and receivers on the surface
(Hileman et al., 1968; Taner et al., 1974). This assumption is valid if all raypaths,
regardless of source-receiver offset, are vertical in the near-surface layers.

Since the near-surface weathered layer has a low velocity value, and refraction
in its base tends to make the travel path vertical, the surface-consistent assumption
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Fig. 5.42 Propagation model for surface-consistent statics

usually is valid. However, this assumption may not be valid for high-velocity per-
mafrost layers in which rays tend to bend away from the vertical.

Residual static corrections involve three stages:

1. Picking the values.
2. Decomposition of its components, source and receiver static, structural and nor-

mal moveout terms.
3. Application of derived source and receiver terms to travel times on the pre-NMO

corrected gathers after finding the best solution of residual static corrections.
These statics are applied to the deconvolved and sorted data, and the velocity
analysis is re- run. A refined velocity analysis can be obtained to produce the
best coherent stack section.

Figure 5.43 is a recommended flow chart for residual static correction and veloc-
ity analysis. Figure 5.44 shows the effect of residual statics application on velocity
analysis and velocity picks. Figure 5.45 shows a group of CMP families with nor-
mal moveout applied. The top section, is before residual static application, Bottom
section is after application of the static correction to each individual trace within

Fig. 5.43 Flow chart for surface-consistent statics analysis
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Fig. 5.44 Effect of residual statics on velocity picks (Reprinted from O. Yilmaz, Seismic Data
Processing, 1987, Courtesy of Society of Exploration Geophysicists.)

the CMP family. One expects better coherency on the stack after residual static
is applied. Figure 5.45a shows more severe static problems, and Fig. 5.45b shows
the dramatic improvement by after application of the surface consistent residual
static. Figure 5.45a is a CMP stack obtained applying elevation static for elevation
changes. Figure 5.45b is the stack after applying surface-consistent static. Notice
the great improvement at the right side of the section. Velocity analysis refinement
can yield better velocity picks that result in a better stack.

New velocity picks are obtained by re-running the velocity analysis after apply-
ing residual statics to pre-NMO sort data. These generate a superior stack, as shown
in the post-static version of the stack. See Fig. 5.46.

Refraction Statics

In the example of Fig. 5.45, surface-consistent residual statics removed the trace
to trace time differences caused by near-surface variations, resulting in better con-
tinuity and coherency on the stack section. These trace to trace statics are called
short-period statics.

An important question in estimating the shot and receiver static is the accuracy
of the results as a function of the wavelength of static anomalies. Surface-consistent
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Before

After

Fig. 5.45 NMO gathers before and after residual statics (Reprinted from O. Yilmaz, 1987, Seismic
Data Processing, Courtesy of Society of Exploration Geophysicists.)

residual statics cannot solve long-period static problems. Figure 5.47 shows that
the residual static application yields a much improved stack response. Short-period
static shifts (less than one spread length) cause travel time distortion, which de-
grades the stack section. Correcting for short-period statics is not enough.

The structure at point A, between CMPs 149 and 197, is probably created by
long-period statics. This can be identified by tracking the shallow horizon and the
elevation profile. This example suggests that the elevation statics were not applied
adequately. Residual static corrections are needed because the elevation or datum
static corrections are not enough to compensate for irregularities in the near-surface
formations. This is because the lateral variations of velocity in the weathered layer
are unknown.

Residual static correction does a good job on the short-period static, but it does
a poor job on the long-period static. The reason is that the residual static programs
work on the arrival time difference between traces and not on absolute time values.

The refraction static method works on the absolute values of the first break ar-
rival times. Figure 5.48(a) illustrates selected CMP gathers from a stack section.
Figure 5.48(b) shows the gathers after applying linear moveout correction. A veloc-
ity value was chosen to flatten the refraction breaks. Figure 5.48(c) is the stack of the
section after applying linear move-out to the gathers. Figure 5.48(d) is the stack after
applying long-period statics. Statics were applied after NMO corrections and mute.
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Before

After

Fig. 5.46 CMP stacks before and after residual statics (Reprinted from O. Yilmaz, 1987, Seismic
Data Processing, Courtesy of Society of Exploration Geophysicists.)

Fig. 5.47 (a) CMP stack with short period residual statics applied. (b ) same CMP stack with both
short and long period residual statics (Reprinted from O. Yilmaz, 1987, Seismic Data Processing,
Courtesy of Society of Exploration Geophysicists)
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Fig. 5.48 Refraction statics method (Reprinted from O. Yilmaz, 1987, Seismic Data Processing,
Courtesy of Society of Exploration Geophysicists.)

From the previous discussions, we can conclude that in case of severe weathering
problems on land data statics may be applied as follows:

1. Elevation static corrections to account for elevation changes.
2. Refraction-based static corrections to remove long-period anomalies in a surface-

consistent manner.
3. Conventional or surface-consistent refraction-based residual static connections

to remove any remaining short-period static shifts.

Stacking

There is, actually, more than one kind of stacking. Vertical stacking, usually done
by the acquisition crew, is performed to combine all vibrator records from a single
source pattern into one record. Horizontal or, more commonly called, CMP stack-
ing is the first output of seismic data processing that can be readily interpreted. It
combines all traces of all CMP gathers into single traces for every CMP on a line.
The common element is that two or more traces are combined into one.

This combination takes place in several ways. In digital data processing, the am-
plitudes of the traces are expressed as numbers, so stacking is accomplished by
adding these numbers together. Peaks appearing at the same time on each of two
traces combine to make a peak twice as high as one. The same is true of two troughs.
A peak and a trough of the same amplitude at the same time cancel each other, and
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Fig. 5.49 CMP stack principle

the stack trace shows no energy arrival at that time. If peaks are at different times,
the combined trace will have separate peaks of the same sizes as the original ones.
After stacking, the traces are “normalized” to reduce the amplitude so that the largest
peaks can be plotted. Figure 5.49 illustrates the principle of stacking.

Applications of stacking include testing normal moveout, determining velocities,
and attenuating noise to improve signal-to-noise ratio. The combination of six traces
in a CMP family is a 600% stack. Similarly, the combination of 24 traces in a CMP
family is a 2,400% stack.

Prior to the actual stack NMO and residual static corrections, if applicable,
should be applied. The final CMP stack will use the velocity field obtained from the
last velocity analysis run. Similarly, residual statics should be from the last run of
residual statics. In addition, front end mutes (and surgical mutes, if needed) should
be applied to remove distorted and/or unwanted energy.

Normal moveout (NMO) corrections are applied to correct for the horizontal
component of reflection ray paths. If the recorded time at offset x is TX, and the
zero-offset time is To, a correction ΔTX is required to be subtracted from TX., i.e.
To = TX −ΔTX. The correction ΔTX increases as offset increases and decreases as
both velocity and record time increase.

Previously it was noted that static corrections, in effect, move sources and re-
ceivers from the surface to the datum. NMO corrections convert all times to zero
offset times and CMP stack, in effect, moves all sources and receivers to their com-
mon midpoint positions.

Migration

A seismic section is assumed to represent a cross-section of the earth. The assump-
tion works best when layers are-flat, and fairly well when they have gentle dips. With
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steeper dip the assumption breaks down; the reflections are in the wrong places and
have the wrong dips.

In estimating the hydrocarbons in place, one of the variables is the areal ex-
tent of the trap. Whether the trap is structural or stratigraphic, the seismic section
should represent the earth model. Dip migration, or simply migration, is the pro-
cess of moving the reflections to their proper places with their correct amount of
dips. This results in a section that more accurately represents a cross-section of the
earth, delineating subsurface details such as fault planes. Migration also collapses
diffraction.

Normal Incidence

Figure 5.50 (a) shows the simple model of a flat reflector. Energy from the source
goes straight down to the reflecting horizon and back up to a geophone at the shot
point. If the horizon dips, the energy goes to and from it by the most direct path,
which is along a normal to the reflector. Energy that strikes the reflector at other
angles goes off in another direction, as shown in Fig. 5.50(b). The normal incidence
principle is the basic idea behind dip migration. All post-stack migration techniques
follow this principle. Structure and velocities cause the ray path to follow a non-
straight path down to the horizon and back up, but right at the reflecting surface the
energy path is normal to it.

The reflection point is not directly under the shot point but offset from it; and
after applying normal move out corrections, the source and the receiver are in the
same location.

This section is called “zero offset section,” and the ray path is perpendicular to
the dipping reflector. At this point, the time during which the ray traveled to and
from a dipping reflector appears on the section as though the path had been straight
down as in Fig. 5.51(a). Figure 5.51(b) shows the normal incidence principle applied
to the record section to convert to earth model. Note that events moved up-dip after
migration.

Fig. 5.50 Normal incidence
ray paths
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Fig. 5.51 Migration of a
dipping reflection

Using the normal incidence principle some subsurface features can be discussed
with regard to how they change when converted from the record section to the earth
model. Some rules can also be formulated on how the features on the record section
change when migrated back to the correct configuration. For simplicity, it shall be
assumed that the acoustic velocity is constant throughout the geologic section, and
that the sections are shot along the direction of dip so that there are no reflections
from one side or the other of the line.

Although the travel paths are normal to the dipping reflectors, the traces are dis-
played on the record section as if the travel paths were vertical. The purpose of
migration is to move them back up-dip (see Fig. 5.52b). Note that the lateral extent
of the dipping reflector is shortened and the dip angle is steeper after migration.

In Fig. 5.52(a) the anticline is defined by seismic traces displayed vertically and
parallel to each other and the feature appears spread out. Figure 5.51(b) shows the
effect of the migration by applying the normal incidence principle. Events on the
flanks of the anticline moved up-dip cause the lateral extent of the feature to become
smaller. Since the crest of the anticline is horizontal, migration has no effect on it.
The closure (i.e., the maximum height from the crest to the lowest closed contour)
will be the same or a little less.

In Fig. 5.53(a) the syncline is displayed on the record section with seismic traces
vertical and parallel to each other. Figure 5.53(b) shows that the feature becomes

 Before Migration
Crest

(a)

After Migration
Crest

(b)

Fig. 5.52 Migration of anticlines. (a) record section. (b) earth model
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Before Migration

(a)

Trough
After  Migration

Trough

(b)

Fig. 5.53 Migration of synclines. (a) record section. (b) earth model

broader as the ray paths have to reach out to be reflected normally from the reflector
after migration. The trough did not move after migration because it is horizontal and
the closure is the same or larger.

The amount of relief of the syncline is not very critical, as this structure never
has any hydrocarbon accumulation.

Synclines can behave in another way on the record section, if they are relatively
narrow or are deep in the section. Deeper or narrower synclines have ray paths that
cross on the way down, with one trace being in a position to receive information
from two or even three parts of the syncline (Fermat’s principal).

The case of two crossing lineups of energy, with perhaps an apparent anticline
visible beneath them, is illustrated in Fig. 5.54(b). This is called the bow-tie effect,
or buried focus. Accordingly, a sharp syncline may be revealed by migration of
crossing reflections as shown in Fig. 5.54(a).

When a fault breaks off reflections sharply, or if for some other reason there is
a point (or edge) in the subsurface, energy returns from that point to any source
within the range. That is, it behaves as a new source. Energy is returned to a number
of receivers at different distances from the point source as shown in Fig. 5.55(b).
In cross-section, with reflected energy vertically below the shot point, it is an ap-
parent anticline as in Fig. 5.55(a). Sometimes half of it is visible, so the broken-off
formation appears to continue in a smooth curve downward.

Although it is not a normal reflection, a diffraction pattern is created by the seis-
mic traces displayed vertically in the record section, so the same process of migra-
tion applies. A diffraction pattern is collapsed to a point after migration.

(a)

Surface
Distance  

Depth (b)

Distance  
Surface

Time

Fig. 5.54 Migration of buried focus (a) after migration. (b) record section
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Fig. 5.55 Point source. (a) record section. (b) point reflector at point Z

Migration Methods

The objective of seismic data processing is to produce an accurate as possible im-
age of the subsurface target, within the constraints imposed by time and money
provided. In a few cases the CMP stack, in time or depth, may suffice. In almost ev-
ery case, today, some sort of migration is required to produce a satisfactory image.
There are two general approaches to migration: post-stack and pre-stack. Post-stack
migration is acceptable when the stacked data ∗ zero-offset. If there are conflicting
dips with varying velocities or a large lateral velocity gradient, a pre stack partial
migration is used to resolve these conflicting dips.

Pre-Stack Partial Migration (PSPM)

This process, also called dip moveout or DMO, applied before stack provides a bet-
ter stack section and an improved migration after stack. Figure 5.56 shows how this
occurs. After NMO, the trace is effectively moved to the midpoint position but if
there is significant dip the reflection from the dipping reflector is at neither the right
place nor the right time. Pre-stack partial migration moves the reflection to the zero-
offset point (ZOP). The reflection is still not quite at the right place and time but the

Fig. 5.56 Relationship between zero-offset point and midpoint for a dipping reflector
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Fig. 5.57 The conflicting dip
problem

zero-offset assumption of post-stack migration is satisfied. Thus, post-stack migra-
tion completes the imaging to the right place and time.

Pre-stack partial migration solves another problem – conflicting dips. See
Fig. 5.57.

Two reflections are recorded at about the same time, one from the flat reflector
(B) and one from the dipping reflector (A). Reflection A appears to have a higher
stacking velocity than B since there is less moveout on A. This is because dip has the
effect of making velocities appear to be higher than they actually are. PSPM solves
the conflicting dips with different stacking velocities by separating them, since the
zero-offset points are different.

The application of pre-stack partial migration can be summarized as follows:

• Data are moved to their zero-offset points, satisfying the condition for post stack
migration.

• PSPM solves the conflicting dips with different stacking velocities problem.

Post-Stack Migration Algorithms

There are only two basic approaches used in poststack migration. These are hyper-
bolic summation and downward continuation. The Kirchhoff algorithm uses the first
approach. The Finite Difference, Stolt, and Gazdag’s Phase Shift algorithms all use
the downward continuation approach.

Figure 5.58 shows the setting for the harbor example used by Claerbout (1985)
to illustrate the physical principle of migration. A storm barrier exists at a distance
Z3 from the beach, and there is a gap in the barrier. The gap in the barrier acts as
a Huygens secondary source, causing circular wavefronts that approach the beach
line (see Fig. 5.59). The gap in the barrier is referred to as a point aperture. It is
similar to a point source in the subsurface, since both generate circular wavefronts.

In this experiment, it is seen that a Huygens secondary source response to a
plane incident wave is to generate an hyperbolic diffraction in the (X,T) plane. See
Fig. 5.59.
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Fig. 5.58 The harbor setting

z1

z2

z3

Fig. 5.59 Recording
wavefronts produced by the
storm barrier gap

Figure 5.60(a) represents a Huygens source in a depth section. The upper section
maps into a point on the zero-offset time section. The vertical axis in the lower
section is two-way time. The top of Fig. 5.61 shows multiple Huygens secondary
sources and the bottom is the pattern they produce. If the subsurface is assumed to
consist of similar source points along each reflecting horizon, the combined wave
fronts are similar to reflection wave fronts produced by surface sources. This model
behaves much as the gap in the storm barrier. Each of these points acts as a Huygens
secondary source and produces hyperbolas in the (X,T) plane. As the sources get
closer to each other, superposition of the hyperbolas produces the response of the
actual reflecting interface, as shown at the bottom of Fig. 5.62. These hyperbolas
are comparable to the diffractions seen at fault boundaries on the stacked sections.

In summary:
Reflectors in the subsurface can be visualized as being composed of many points

that act as Huygens’ Secondary Sources.
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Fig. 5.60 A Huygens secondary source (top) and the diffraction it produces (bottom)

• The stack section (zero offset) consists of the superposition of many hyperbolic
travel time responses

• Discontinuities (faults) along the reflector, diffraction hyperbolas stand out be-
cause of diffraction they produce

• A Huygen’s secondary – source signature is semicircular in the (X, Z) plane and
hyperbolic in the (X, T) plane.

Fig. 5.61 The effect of placing Huygens secondary sources more closely together
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Fig. 5.62 Multiple Huygens secondary sources (top) and the diffraction pattern they produce

Figure 5.63 shows the principles of migration based on diffraction summation.
Figure 5.63(a) is a zero offset seismic section. (The trace interval is 25 m and con-
stant velocity of 2,500 m/s). Figure 5.63(b) is the migrated version; the amplitude
at point B on the hyperbola is mapped onto the apex A along the hyperbolic travel
time equation.

Fig. 5.63 Migration example.
(a) zero-offset section.
(b) migration



132 5 Seismic Data Processing

Kirchhoff Migration

Diffraction migration or Kirchhoff migration is a statistical approach technique. It is
based on the observation that the zero-offset section consists of a single diffraction
hyperbola that migrates to a single point Migration involves summation of ampli-
tudes along a hyperbolic path. The advantage of this method is its good performance
in case of steep-dip structures. The method performs poorly when the signal-to-
noise ratio is low.

Downward Continuation Migration

The harbor model of Fig. 5.58 can also be used to illustrate this approach. The sketch
on the far left of Fig. 5.64 shows the diffraction pattern recorded with detectors
placed on the beach. The sketches to the left show what would be recorded if the
detectors were moved to distances Z1, Z2, and Z3 from the beach. The diffraction
gets smaller as the detectors approach the barrier and at Z3, which is the barrier
location, the diffraction collapses to a point. It has been migrated!

Fig. 5.64 Downward
continuation based on harbor
model

This is the principle of downward continuation migration. Small increments of
the stack section are stripped away so that a new time zero, or depth zero, is pro-
duced over and over to the bottom of the section. The strips that are removed are
appended to the previously removed strips to produce the migrated section. These
strips are called time or depth steps. After each downward continuation step, the
remaining section must be recalculated. The smaller the step, the more accurately
can the section be recalculated.

Finite Difference Migration

This is a deterministic approach that recalculates the section using an approximation
of the wave equation suitable for use with computers. One advantage of the finite
difference method is its ability to perform well under low signal-to-noise ratio con-
dition. Its disadvantages include long computing time and difficulties in handling
steep dips.

Frequency Domain or F-K Domain Migration

Stolt and Phase-Shift migration operate in the F-K domain. Phase shift migration
is considered to be the most accurate method of migration but is also the most
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expensive. It is a deterministic approach via the wave equation instead of using the
finite difference approximation. The 2-D Fourier transform is the main technique
used in this method. Some of the advantages of F-K method are fast computing
time, good performance under low signal-to-noise ratio, and excellent handling of
steep dips. Disadvantages of this method include difficulties with widely varying
velocities.

Migration Examples

Figure 5.65(a) is a stack section. Note that diffractions mask out the true subsurface
structure due to the bow-tie effect. Fig. 5.65(b) is a migrated version of the same
stack in time domain using the diffraction collapse method, or Kirchhoff migration.
Migration unties the bow-ties and turns the structure into a series of synclines.

(a) (b)

Fig. 5.65 “Bow-Tie” example. (a) Stack section and (b) migration of stack

Figure 5.66 compares a stack section and a time migration section from the Gulf
Coast Basin that illustrates a growth fault as seen in (a). Time migration (b) reveals
fault planes. Note change in the anticlinal feature better fault information made
apparent by the migration. Migration clearly shows the structural complexity on
the top of the closed feature by collapsing minor diffractions. Wave-equation time
migration was used to migrate the stacked section.

Figure 5.67 is a comparison between a stack section and the F-K migrated ver-
sion. The migrated section shows more details, diffraction collapse, and excellent
fault plane definition.

Time migration is appropriate as long as lateral velocity variations are moderate.
When these variations are substantial, depth migration is needed to obtain a true pic-
ture of the subsurface. In particular, the geologist prefers to have a depth-migrated
section of the subsurface. Unfortunately, due to the lateral change of the velocity
and the structure complexity, it is very difficult to get a reliable section.

In the time domain, 3-D migration is needed when the stack section contains
events out of the profile. This is the common type of 3-D migration. See Fig. 5.68.

Pre-Stack Migration

Obtaining a satisfactory image of the more complex structures may require pre-
stack migration. Both time and depth pre-stack migrations are available, with the
latter being the more accurate and expensive. Figure 5.68 illustrates this.
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Fig. 5.66 Example of finite
difference time migration.
(a) time section.
(b) migration of time section

 
 
 
 
 
 
 
 
 
 
 

(b)

(a)

Figure 5.69(a) is a model that includes overthrust faults. Synthetic data based on
this model were generated and processed two ways. Figure 5.69(b) displays data
processed with Kirchhoff DMO, CMP stack, and steep-dip, post-stack migration
Fig. 5.69(c) is the same data processed with pre-stack depth migration.

Pre-stack migration requires excellent velocity information. Several iterations
may be necessary to obtain optimum results. Note that, if pre-stack migration is
done, no intermediate stack is obtained.

Bandpass Filtering

Bandpass filtering is designed to pass signal and reject noise. Filter scans are gener-
ated from the data, in which many different narrow, bandpass filters are applied and
the results displayed for analysis. The geophysicist designs the final filter to pass the
frequencies containing coherent energy (reflections) and to reject those frequencies
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Fig. 5.67 Example of F-K migration. (a) time section. (b) migration of time section

Fig. 5.68 Migrated and unmigrated 3-D data (Brown, 1991. Reprinted by permission of the
American Association of Petroleum Geologists.)

containing mostly noise and no apparent reflections. Time-variant filters are often
applied to the data in order to pass higher frequencies shallow in the section and
lower frequencies at greater depths. The lines shown on the display of Fig. 5.70
indicate variation of passbands with record time.
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Fig. 5.69 Pre-stack migration compared to post-stack migration. (a) overthrust model. (b) post-
stack migration of model, and (c) pre-stack migration of model

Fig. 5.70 Filter test to design time-variant filters (TVF)
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Time-to-Depth Conversion

Record sections are conventionally plotted versus time, as shown on the left of
Fig. 5.71. Average velocity functions are used to convert the time axis to a depth
axis. On a depth section, usually made after a migration, the wavelengths of the
plotted seismic events lengthen with increasing depth. Compare the left and right
sides of Fig. 5.71.

This effect is caused in part by the increase of average velocity with depth.
Thus, at greater times, equal time intervals correspond to greater depth intervals.
The earth’s natural filtering action, which results in lower-frequency signals being
observed from greater depths even on time sections, accentuates the wavelength
stretch. The presentation of seismic signals on a depth scale is more helpful af-
ter migration, for diffractions are collapsed and crossing-time dips are separated
and moved back to a more nearly correct subsurface spatial position, thus simpli-
fying the structural image. A depth section demonstrates, in geologically meaning-
ful terms, the limitation in the resolution of seismic reflection signals as well as
the decrease in the resolution attainable as depth increases. The differences in ap-
pearance are quite conspicuous, providing evidence of velocity variation within the
section.

 
Depth SectionTime Section

Fig. 5.71 Time-to-depth conversion
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Displays

The standard black-and-white trace displays have already been introduced. They
present amplitude as a function of time and spatial location. Variable-density plots,
in which the positive amplitudes are shaded from gray to black according to am-
plitude, allow a significantly greater range of amplitudes to be discerned than do
variable-area plots.

Variable-area and variable-density plots (Fig. 5.72) focus attention primarily on
the peaks. A rectified plot (that is, a plot of the absolute values of the trace) allows
direct comparison of peaks to troughs. The plot may have both positive and negative
values shaded in gray according to amplitude (variable density), or the peaks may
be shades of red and the troughs of blue (or any other pair of contrasting colors). A
plot in which the peaks are shaded a different color than the troughs, with or without
the rectifying of the wiggle trace, is sometimes referred to as a polarity plot.

The use of color in the display of seismic data is becoming more important. (See
Fig. 5.73.) The color encoding of amplitude onto a wiggle trace (CMP stack) can
allow the eye to detect 60 dB or more of amplitude variation, a range far exceed-
ing any black-and-white plot. Substantial increases in the amount of information
that can be displayed are possible through the use of color. Actual increases in the
dynamic range depend, of course, on the color selection. Grading colors by use of
shades of single colors offers the least while sharply contrasting color steps can
offer improvements as great as 15-fold. Different color schemes are designed for
detecting small amplitude variations over a certain amplitude range or for studying
amplitude variation over a broad range of values.

Fig. 5.72 Trace display modes. (a) wiggle trace. (b) variable area, and (c) wiggle trace/variable
area (Courtesy of WesternGeco)
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Fig. 5.73 Color display from a Gulf of Mexico Line

Color amplitude plots have the capability to depict a wide range of amplitudes
faithfully and with great consistency. Variable-density plots, which are the black-
and-white plots capable of conveying the greatest amount of information can vary
greatly in quality from day to day and from plotter to plotter due to plotter drift,
chemical strength of the developing fluid, and human factors.

The simplest of all conventional plots is a black wiggle-trace plot displaying
amplitude as a function of time and space. Color-encoded information displayed on
top of a wiggle trace may come from the trace itself (single-channel measurements)
or from adjacent channels (multi-channel measurements).

Processing 3-D Data

Almost all concepts of 2-D seismic data processing apply to 3-D data processing,
although some complications may arise in 3-D geometry, quality control, statics, ve-
locity analysis, and migration. Editing of very noisy traces, spherical divergence cor-
rection for amplitude decay with depth and offset, deconvolution, trace balancing,
and elevation statics are done in the preprocessing stage before collecting traces in
common cell gathers. Sorting in common cell gathers introduces a problem if there
are dipping events, because there are azimuthal variations in the NMO application
within the cell.
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Data processing must get additional effort on velocity analysis, stacking, and
migration. Performed in the preprocessing stage are the steps of editing the bad
traces containing high-level noise, geometric spreading correction, deconvolution
and trace balancing, and field statics applications (for land data). In conventional
2-D processing, traces are next collected into common-midpoint (CMP) gath-
ers, whereas in 3-D processing traces are collected into common-cell gathers. A
common-cell gather coincides with a common-midpoint gather in the case of swath
shooting. Sorting into common-cell gathers introduces special problems, such as az-
imuthal variations of the normal moveout (NMO) within the cell in the case of land
geometry, and travel-time deviations from the hyperbolic moveout due to scatter of
midpoints within a cell in the case of marine geometry. After NMO and residual
statics, CMP stack is performed.

Migration of 3-D data usually involves a first-pass 2-D migration in the in-line
direction followed by trace interpolation and a second-pass 2-D migration in the
cross-line direction. Some algorithms provide one-pass 3-D migration. One-pass
migration most often yields a better migration but run time and cost are greater.

After pre-processing, marine data are ready for common-cell sorting. A grid is
superimposed on the survey area. This grid consists of cells with dimensions one-
half the receiver group spacing in the in-line direction and nominal line spacing
in the cross-line direction. Traces that fall within the cell make up a common cell
gather. Due to cable feathering, not all these traces are from the same shot line. The
same data processing techniques in 2-D marine apply to 3-D marine data.

Display of 3-D data provides the ability to look at a whole prospect at a particular
time or depth via horizontal slices. Figure 5.74 is an example of a horizontal time
slice.

3-D processing and display can considerably enhance interpretation. Figure 5.75
illustrates this by showing how time slices can be used to draw structure maps.

VSP Data Processing

It is extremely difficult to interpret unprocessed VSP field data. Extensive data pro-
cessing is required to make VSP recorded data interpretable. The downgoing event
is dominant and it is difficult to do any interpretation on the upgoing events. The
two event types must be separated. Further, random and coherent noises present in
the data must be attenuated.

Separating Upgoing and Downgoing Waves

Figure 5.76 shows raypaths for both primary and multiple reflections. The reflectors
in this analysis are assumed to be flat and horizontal. The source is actually located
near the well and rays are nearly vertical. The horizontal distance is exaggerated
so that the rays are separated for visual clarity. TltT2, and TG are one-way vertical



Processing 3-D Data 141

Fig. 5.74 Horizontal section or time slice from the Gulf of Mexico

Fig. 5.75 Structure map derived from sequence of time slices 4 ms apart (Courtesy of Occidental
Exploration and Production Company)
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Fig. 5.76 Upgoing primaries
and multiples

WELL SOURCE

Geophone 

T2

TG

T1

Upgoing Primary P2

Upgoing Primary P1 
Horizontal Reflector 2

Upgoing Intrabed Multiple M 

Horizontal Reflector 1 

travel times to reflectors 1 and 2, and geophone depth, respectively. If the time for
upgoing primary P1 is tP1, the time for upgoing primary P2 is tP2, and the time for
upgoing multiple M is tMu, it can be seen from Fig. 5.75 that:

t1 = 2T1 −TG,
t2 = 2T2 −TG, and
tM = 2T1 +2(T1 −T2)−TG,

Raypaths for downgoing events and intrabed multiples are illustrated in Fig. 5.77.
If the time for downgoing multiple M1 is tM1, the time for downgoing multiple M2
is tM2, and the time for downgoing multiple M is tMd, it can be seen from Fig. 7.11
that:

tM1 = 2T1 +TG,
tM2 = 2T2 +TG, and
tM = 2T1 −2(T1 −T2)−TG,

From the travel time equations, a static time shift of either +TG or −TG will
position VSP events at the same times at which they would be recorded by a surface
geophone at position G. By definition, TG is the first-break time for the VSP trace
recorded at geophone position G, so if TG is added to both sides of the upgoing
traveltime equation and subtracted from both sides of the downgoing equation, the
upgoing and downgoing events can be separated. See Fig. 5.78.

While VSP data contain both downgoing and upgoing waves, analysis of up-
going waves is particularly important because these events correspond to the ones
recorded by surface seismic surveys. Thus, processes that attenuate the downgoing
modes without seriously affecting upgoing events are very important in VSP data
processing. The most common technique used to remove a selected VSP wave mode
is F-K or velocity filtering.

Fig. 5.77 Downgoing surface
and intrabed multiples

WELL SOURCE

T2
T1 TG

Downgoing Surface Multiple M2

Downgoing Surface Multiple M1
Horizontal Reflector 2

Geophone Downgoing Intrabed Multiple M 

Horizontal Reflector 
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Fig. 5.78 Separating downgoing and upgoing events. Reflectors are positioned at two-way times

Since this process is applied in frequency-wavenumber (F-K) space, it is impor-
tant to avoid temporal or spatial aliasing. This requires that VSP data be recorded at
uniform increments in both time and space that satisfy the Nyquist sampling theo-
rem. Figure 5.79 illustrates the F-K velocity filtering applied to enhance the desired
wave modes. Note that the downgoing P-wave (P) and S-wave (S) events are in
the positive side of the F-K plane while the upgoing P-wave (P’) and S-wave (S’)
events are in the negative side of the F-K plane. Length of the lines in Fig. 5.79 is
proportional to the energy contained in the wave mode.
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Fig. 5.79 Velocity filtering

Summary and Discussion

There is a belief that the powerful computers and the sophisticated software appli-
cations can solve field problems. The bad news is that the computer software will
not solve all the problems. If the problem of the data is resolution and insufficient
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data acquired in the field, or errors in the field parameters or malfunctions of the
field equipment, computer software cannot retrieve such information because it is
not present in the field seismic data.

Data processing is a very powerful tool in manipulating the field information. It
converts the raw data with all information, including noise and distorted informa-
tion, to meaningful seismic cross-sections that represent vertical slices through the
subsurface. These slices represent geological information and potential hydrocarbon
traps.

A generalized seismic data-processing flow has been presented. The intention
is to explain the physical meaning of some “buzz” words that are heard, such as
Cross-correlation that is used to extract information from seismic data acquired by
the Vibroseis method; it is used to solve statics problems and for many more seis-
mic data-processing applications. Gain is applied to compensate for spherical diver-
gence and to preserve the relative true amplitude, which can be used as hydrocarbon
indicator.

Convolution is used to filter out some undesirable frequencies while deconvolu-
tion is a process to attenuate short-period multiple reflections and to enhance the
vertical resolution. Normal moveout corrections are applied to correct for the field
geometry and produce a zero-offset stack section as if the source and receiver were
in the same location.

Elevation statics are applied to minimize the effect of the variation of the sur-
face elevations. Refraction statics are applied to solve the irregularities in the near-
surface formation called. “weathering layer” or “near-surface layers.” It may vary
in thickness and velocities, both laterally and vertically. These near-surface layers
distort the deep structural and stratigraphic features that are obtained from seismic
sections.

Data processing is both an art and science. The processing steps should be han-
dled in a logical order. Every step should be checked carefully before proceeding
to the next step. Remember that the goal of processing the seismic data is to obtain
geologically sound sections and not just a pretty one with man-made information.

The map is only as reliable as the seismic data. Many dry holes have been drilled
on what appeared to be structural highs due to processing problems. As was dis-
cussed in Chap. 4, it is difficult to calculate the cost of acquiring a mile of seismic
data. It also it is not easy to give a price range for processing a mile of seismic data.
The cost per mile depends upon the type of data, whether it is marine or land, the
signal-to-noise ratio of each type, the field problems involved, the field configura-
tion such as the number of channels, fold, and sampling interval; and the processing
sequence needed including special software programs to perform certain tasks.

If a contractor is used to process newly acquired seismic data or to evaluate a
prospect and a reprocessing job is needed, it is advisable to consult with several data
processing contractors. Software applications for basic processing are very similar
from one contractor to another. The knowledge and the experience of the processing
geophysicist is the major factor in the quality and the validity of the processed data.

The interaction of all staff members in the data processing sequence is very im-
portant. Seismic workstations may be used for post-stack enhancement programs
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such as modeling, synthetic seismograms, 3-D interpretation, and other applications.
The cost of having one of these stations varies according to the hardware configu-
ration required to apply the various software packages. It varies from $10,000 for a
small system to $200,000 for a powerful hardware configuration.

Migration is a process that moves seismic events to their proper subsurface po-
sitions due to the way record sections are displayed. After applying normal move-
out corrections, it is assumed that the seismic section is a series of arrival times
with the normal incidence ray paths at the reflectors. This section is called zero-
offset because the NMO process moves the source and the receiver at the same
position.

In the case of flat, or a nearly flat horizons, the record section (seismic data
display) and the earth model are the same. In case of dipping reflectors, they are
not the same. The normals to the reflectors are displayed vertically and parallel
to each other; their true subsurface positions are rotated down from their original
position.

Migration is performed to move these reflectors to their proper positions so that
the record section matches the earth model. The process of migration moves events
up dip and makes the ray travel path normal to the reflectors. It shortens the lat-
eral extent of the event, and the angle of dip will be steeper after migration. By
applying this principle, one can observe that an anticline will have a narrower areal
extent after migration while a syncline will have a broader areal extent. The crest
of the anticline and the trough of the syncline do not move because their position is
horizontal, while the closure in both cases may not change.

Diffractions from the top of the fault plane are observed as hyperbolas. They
collapse to a point after migration. This will help the interpreter to more accurately
delineate and orient fault patterns. In case of a deep sharp syncline (buried focus),
migration unties the bow-tie feature on the record section and reveals the true syn-
clinal features.

Migration improves the horizontal resolution and gives more accurate subsurface
picture of the geologic structures, which give more realistic size of the hydrocarbon
accumulations in place.

There are different methods of migration. Each of which is designed to handle a
different geologic setting of the target structure.

Exercises

1. The maximum frequencies for the data sets A, B, and C are:

A. 75 Hz
B. 61 Hz
C. 129 Hz

What sample intervals can be used for each data set?
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2. Find the cross-correlation of the following wavelets: A.(3,−4,2,1) B.(1,0,
−6,2).

3. Find the convolution of A.(4,−2,1,3) and B.(−1,0,1).
4. Why must gain be applied to seismic records?
5. What is the difference between a front-end mute and a surgical mute? Why are

they applied?
6. Define the following terms: a. Stacking velocity, b. Average velocity, and c.

Migration velocity.
7. From the listed offsets and reflection times given below, do an X2 −T2 plot.

Fit a straight line to the plotted points and estimate velocity, V, and zero-offset
time, T0.

Offset, X (m) Time, T (s)
100 2.251
500 2.255
900 2.265

1300 2.287
1700 2.300
2100 2.338
2500 2.380
2900 2.410
3300 2.460
3700 2.500
4100 2.575
4500 2.620
4900 2.700
5300 2.760
5700 2.830

8. What is the purpose of a velocity filter?
9. How does whitening or spiking decon differ from gapped decon?

10. Why design and apply more than one decon filter to seismic traces?
11. Do bandpass filters get rid of all the noise on a seismic record or section? Why

or why not?
12. Why do both refraction-based residual statics and reflection-based residual stat-

ics?
13. Why run multiple iterations of velocity and residual statics analysis?
14. CMP stack combines all traces that have common midpoints into single trace.

Can these midpoint traces always be considered to be zero-offset traces, as
well? If not, what process can be used to produce zero-offset traces?

15. Does post-stack migration cause reflection dip to increase or decrease compared
to the stack?

16. In what way does time-to-depth conversion improve imaging of the geologic
target?
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Chapter 6
Seismic Interpretation

Introduction

Seismic interpretation provides an assessment of a prospect’s hydrocarbon potential
and, if favorable, identifies best locations for drilling wells. Interpretation should
make use of all of the following that are available:

• Vertical seismic sections (usually migrated)
• Horizontal seismic sections
• Velocity models
• Well logs
• VSP data
• Amplitude versus offset (AVO) analyses
• Geochemical analyses
• Other information obtained from previous drilling such as the presence of high

pressure zones in the subsurface

This chapter discusses the following techniques used in seismic interpretation:

• Modeling
• Tomography
• AVO
• VSP interpretation

Modeling

The most frequent use of models in seismic exploration is to check interpretations of
seismic data or to do initial interpretation, often via interactive systems. Sometimes
experiments are performed on models constructed to scale using materials of known
physical properties to duplicate observed data. Mathematical models are more often
used. These are designed and stored in computers.

There are two basic types of seismic modeling – forward and inverse. In both
types of modeling, parameters such as layer densities, layer thicknesses, interval
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velocities, and a number of rock layers, N, are selected The principal difference
between the two is that forward modeling parameters are selected independently of
seismic data while inverse modeling infers parameters from recorded seismic data.
Initial model parameters in forward modeling may be based on geophysical and
geological data obtained from borehole measurements or selected randomly from a
set of plausible values.

In both methods, the selected parameters are used to generate a synthetic seis-
mic trace, section, record, or even a 3-D data volume. The synthetic data are com-
pared to the recorded seismic data. An error function, usually least square error, is
determined. If this error exceeds the desired maximum, model parameters are mod-
ified and the calculations are repeated. Frequently, several iterations are required
to achieve desired agreement between synthetic and recorded seismic data. Several
earth models may be generated and synthetic data generated from each. Successive
iterations reduce the number of earth models generated and narrow the range of pa-
rameter values until a single model that produces synthetic data within the desired
“closeness of fit”.

As discussed in the migration section of Chap. 5, seismic data are subject to
distortion. The earth models used, or developed, must contain the mechanisms that
cause the observed distortions. Consequently, a review of those distortions observed
on seismic reflection exploration measurements follows, below.

Figure 6.1 shows how modeling can lead to a more accurate image of the sub-
surface. The seismic section at the top left is obviously a distorted image of the
subsurface. The interpreter sees this distorted view of the subsurface on the section
and attempts to compensate for the distortion mechanisms. The initial interpretation
(top right of Fig. 6.1) shows a faulted anticline and a potential reservoir below the

?

Seismic Section Interpretation

Seismic Model Improved Model

More

Data

Fig. 6.1 Enhanced imaging through modeling
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apes of the anticline. Modeling produces the image at the lower left of Fig. 6.1. This
casts doubt on the fault on the right side of the anticlinal feature. Additional seismic
and geological data and studies lead to the improved model at the lower right of
Fig. 6.1. A well drilled on the initial interpretation would probably have been dry.
Modeling improved the probability of a producing discovery well.

Seismic Distortions

Three types of seismic distortions are of most concern:

1. Events are not shown in their true positions, in time or depth,
2. Reflection response differences cause apparent bedding changes.
3. Noise (extraneous events) interferes with and masks signal.

Mechanisms that produce distortion include:

• Focusing
• Shadow zones
• Subsurface discontinuities
• Inadequate resolution
• Topography and near-surface variations
• Velocity changes
• Noise generators

Focusing

Figure 6.2 illustrates distortion of irregular and dipping beds on CMP stack sections.
Both an anticline and a syncline are shown. The reflected energy fanning out from
the convex surface of the anticline makes it appear larger than its true dimensions.
By contrast, the syncline is made narrower than its true size.

In Figure 6.3, the zero offset section shows the bow tie effect caused by the two
deep-seated synclines. The process of migration removes the distortion in the stacked
section, showing three synclines and one anticline. The bow ties were untied, revealing
the true subsurface structure as synclines. The anticline is reduced in size.

The process of migration removes the distortion in the stacked section but opti-
mum migration velocities are vital to obtaining an optimum migration. Other factors
may also limit the effect of migration.

Shadow Zones

The section of Fig. 6.4 has areas with no reflections (dead areas). These are called
shadow zones and are common in the vicinity of faults and other discontinuous areas
in the subsurface. Shadow zones result when energy from a reflector is focused on
receivers that produce other traces. As a result, reflectors are not shown in their true
positions.
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Fig. 6.2 Focusing in anticlines and synclines. Courtesy WesternGeco
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Fig. 6.3 Bow tie effect of buried focus

Subsurface Discontinuities

Diffractions occur at discontinuities in the subsurface such as faults and velocity
discontinuities (as at “bright spot” terminations). Figure 6.5 shows a CMP stack
section for a seismic line across a large horst block. Diffractions mask the fault
plane on the left of the section. The normal incidence ray path model of Fig. 6.6
shows this feature without diffractions. The fault zone can be seen more clearly. A
shadow zone in the fault vicinity can also be seen.
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Fig. 6.4 Shadow zones

Fig. 6.5 CMP stack section for a line across a block formed by reverse faulting

Inadequate Resolution

Only the lower end of the acoustic spectrum is available to the seismic method be-
cause the earth attenuates higher frequencies much more than lower frequencies. In
most cases, the usable frequency range does not exceed 80 Hz. Often lower lim-
its are imposed by ground roll and wind noise that include the lower and higher
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Fig. 6.6 Normal incidence ray path model of fault block shown in Fig. 6.5

frequencies of the 5–80 Hz range. The “signal” frequency band is more often on the
order of 20–60 Hz.

Bandwidth limits produce limits on resolution. When layers become thin with
respect to wavelength (about 100 ft), the wavelets from the top and bottom of the
layer interfere with one another. This results in the appearance of a single complex
wavelet rather than two separate wavelets. For very thin layering, the interference
becomes so severe that only one strong reflection or no reflection is present as in
Fig. 6.7.

Acoustic
Impedence (pV)

Reflection
Coefficient

Band Limited
     Wavelet

Output

Fig. 6.7 Thin bed response
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Topography or Near Surface Variations

Variations in the surface and near surface frequently cause seismic distortion.
Changes in surface material cause source and receiver response variations that af-
fect reflection quality. Near surface velocity and thickness variations, laterally and
vertically, can cause apparent structure in the subsurface as in Fig. 6.8. Here the
model is a flat horizon overlain by a constant thickness near surface with extreme
lateral velocity variation. Travel paths through the higher velocity result in ear-
lier reflection times while paths through the lower velocity result in later reflec-
tion times. As a result the reflection from a flat horizon appears to have structural
variations.

Fig. 6.8 Distortion in the seismic data because of lateral near surface velocity variation

Removing time shifts such as those in Fig. 6.8 before stacking data is the objec-
tive of static correction programs. Various methods are used for this but most are
unable to eliminate time variations caused by gradual variations in a near surface
layer, requiring special or unusual approaches in some complex areas.
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Velocity Changes

Change in velocity across boundaries in the subsurface produces reflections but
some kinds of velocity variation can distort the view of the subsurface. Examples
include:

1. Velocity pull-up from shallower beds
2. Dipping bed effects
3. Overlying anomalies
4. Over-pressured shale zones

Figure 6.9 is an example of velocity pull-up. A shallow salt body produces anoma-
lously low reflection times where raypaths pass through it because its velocity is
higher than the sand and shale that surround it. This can be readily identified if there
is a sequence of flat reflectors below it, but not so easily if the time anomalies are
superposed on real structure.

Figure 6.10 is a CMP stack section on which a series of dipping reflectors ap-
pear to thin from left to right. The model of Fig. 6.11 shows the true situation. The
dipping beds are of uniform thickness but the increasing thickness of the overly-
ing sediments cause the stacking velocity to change laterally, producing apparent
thickness changes as well as false dips.

Figure 6.12 is an earth model with an abrupt lateral velocity change from 10,000
fps to 16,000 fps. Figure 6.13 traces rays from the two velocity discontinuity end-
points. Figure 6.13 shows a zero-offset section produced from the model of Fig. 6.12
that shows a false or pseudo fault.

Figure 6.14 is an earth model with over-pressured shale. The result is a decrease
in velocity in the over-pressured zone. Since the shale’s upper surface is anticlinal
the distortion from the top of the shale is not surprising. However, the reflection
from the bottom of the shale is also distorted because of the lateral velocity change.
See Fig. 6.15.

T = 1.994 s

T = 2 s

Salt V = 14700 ft/s

t = .014 s t = .020 s

Flat Horizon

Sand/Shale
V = 10,000 ft/s

T = Two-way time to flat horizon (s)

t = Two-way interval time (s)

Fig. 6.9 Velocity pull-up
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Fig. 6.10 Subsurface section – basin-ward thinning
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Fig. 6.11 Seismic model – basinward thinning
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Fig. 6.12 Subsurface pseudo fault model

Fig. 6.13 Ray tracing for the subsurface model of Fig. 6.12
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Fig. 6.14 Over-pressured shale model

Fig. 6.15 Seismic model of over-pressured shale
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Noise

Most advanced software and hardware in use today provide optimum acquisition
and processing of seismic data but residual noise will mask the subsurface to some
extent. Examples of noise are:

• Random Noise
• Residual Coherent Noise
• Out of Plane Reflections
• Multiples
• Ghosts

This interfering energy can cause apparent reflection changes in time (pseudo
faults), frequency (pseudo stratification change), and amplitude (apparent change in
reflection coefficient), or phase (structure or stratigraphic anomaly).

The distortion mechanisms, discussed above, as well as others present in seismic
data must be recognized, and effects removed to the extent possible. The modeling
process is another way of doing this.

One Dimensional Modeling

Synthetic seismic traces are one-dimensional models. Data for generating them
come from interval transit time logs or continuous velocity logs (Fig. 6.16) and
density logs.

The method of calculating synthetics is as follows:

1. Integrate a velocity log (velocity versus depth series) to produce a velocity versus
time log.

2. Convert a density log of the same well to density versus time.
3. Combine the data of the above two logs to obtain a reflection coefficient versus

time log,
4. Include, as desired:

a. Transmission losses.
b. Multiples (first order or all multiples)
c. Ghosts
d. Reverberations.
e. Noise

5. Convolve the reflection coefficient log with a wavelet of choice to obtain the
synthetic seismogram.

The result is a model based on a well log that closely resembles a seismic trace
recorded at the same location.

Comparison with the synthetic allows correlation of events on seismic sections
to geologic markers. These markers are easily seen on the log. Figure 6.17 shows a
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Fig. 6.16 Interval transit time log

Fig. 6.17 Primary reflection
synthetic
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synthetic seismogram (a set of synthetic traces). Synthetics can also be used in se-
lecting acquisition and processing procedures that best preserve data most important
to the prospect.

Modeling can be used to test the validity of assumptions regarding the effect of
changes in the geologic section. Geologic changes that can be modeled include:

1. Bed thickness
2. Bed velocity
3. Bed density
4. Slabs or ramps of velocity or density in logs

Merging logs is another way geologic changes can be effected.
Figures 6.18 , 6.19 and 6.20 demonstrate, with logs, the change in seismic re-

sponse as geology changes. In each case an arrow indicates the part of the log
that is modified. Another application of synthetic seismograms is demonstrated by
Figs. 6.21 and 6.22. Five wells were selected for the study. Interval velocities plotted
against time for each of the five wells provide the model, as shown in Fig. 6.21. The
flat event D, representing an ancient seabed is obtained by time shifting the logs.
High-speed sandstone formation B-C represents a deltaic deposition with most of
the material near shore to the right, as it would have been deposited under the sim-
ulated condition. Figure 6.22 shows synthetic seismogram traces for the five wells.
Amplitude and phase distortion in the pinchout zone of B-C is quite apparent.

Fig. 6.18 Primary reflection
synthetic with velocity
modified between 8700 and
9350 ft

Two Dimensional Modeling

One-dimensional modeling techniques can be used to study the subsurface be-
low discrete points on the surface. Two-dimensional modeling is required where
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Fig. 6.19 Primary reflections
synthetic with depth
modification At 8700 ft. Bed
thickness was reduced from
430 to 312 ft

Fig. 6.20 Primary reflections synthetic with repeat section to simulate thrust faulting. The section
begins at 8700 ft (Fig. 6.20) was edited into this log at depth beginning at 7850 ft
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Fig. 6.21 Model cross section – interval velocity versus time

Fig. 6.22 Model cross section-primary reflection

there are lateral variations between points that cause focusing problems, shadow
zones, diffractions, etc. There is a wide range of two-dimensional models. Two-
dimensional models are used to confirm or reject geologic interpretations of seismic
data. Complexity of the modeling approach, and cost of the modeling, varies with
complexity of the subsurface. Normal incidence ray tracing is the most widely used
modeling technique because it gives the desired accuracy for most problems at a
reasonable cost.



Modeling 165

Steps in ray-tracing modeling are listed below:

• Assume or derive parameters that describe the assumed subsurface geology. This
should include bedding geometry, interval velocities, and densities (if available).
See Fig. 6.23.

• Input the model parameters into a computer in the form required by the software
being used

• Perform ray-tracing calculations (Fig. 6.24)
• Determine vertical incidence reflection and transmission coefficients for every

interface in the model
• Generate a unit impulse seismic section (Fig. 6.25a)
• Convolve the selected source wavelet with the unit impulse section (Fig. 6.25b)
• Add random noise if this is appropriate to the problem (Fig. 6.26)
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Fig. 6.23 Subsurface depth model

Fig. 6.24 Ray tracing of the model
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Fig. 6.25 (a) Spike seismogram from the model and (b) wavelet seismogram from the model

Fig. 6.26 Random noise added to the wavelet seismogram
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Determine the error between the model section and the seismic section. If the
error exceeds the maximum allowed, modify the earth model parameters and recal-
culate the model section. Test and repeat (iterate) as necessary to reach agreement
with the seismic section. Keep parameters confined to the local physical limits.

Three Dimensional Modeling

Two-dimensional assumptions limit the interpreter’s analysis. The subsurface is a
three-dimensional solid so three-dimensional modeling would be more appropriate
to solving many problems encountered in 3-D data. Some 3-D modeling is now
performed, and as computer technology develops, these techniques will improve in
effect and reduce in cost.

Conclusions

Seismic sections output from seismic data processing can be thought of as seismic or
acoustic models of the subsurface. The modeling techniques described here can be
used to test assumptions about the geologic structure and stratigraphy that produced
the acoustic model. Modeling thus provides a way to accurately define subsurface
geologic structures and stratigraphy, which is the objective of seismic exploration.
Physical constraints and the real data must be considered in all modeling.

Modeling forces a closer look at mechanisms causing seismic distortion at a cost
is much less than drilling to test an interpretation. All in all, it is the best method
available to geophysicists for providing insights required for data interpretation.

Tomography

Most people are familiar with “CAT Scans” and PET Scans. CAT is an acronym
for computer assisted tomography and PET is an acronym for positron emission to-
mography. Both are used as non-invasive tools to investigate internal tissues in the
human body, usually to obtain information about tumors. CAT Scans use X-rays as
an energy source with many different configurations between source and receiver.
Computer programs are used to analyze the recordings of X-ray reception to provide
a picture of the body or some part of it. In PET Scans the patient swallows radioac-
tive material that emits positrons (positively-charged particles the size of electrons).
A very large number of positron detectors are arranged in a ring through which the
patient passes. Analysis of variation in positron reception provides a picture of the
part of the body scanned.

The principles of tomography are applicable to seismology, as well. For example,
earthquake seismologists applied tomographic methods to produce a velocity model
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for the earth’s mantle. Data from about two million earthquake travel times were
used. Interest in applying tomography to exploration seismology is increasing.

Seismic tomography is a type of inverse modeling or inversion. There are two
types of modeling: forward and inverse. Forward modeling makes use of earth mod-
els, seismic data acquisition parameters, and theoretical models of physical pro-
cesses to generate synthetic data that match, within some maximum error, actual
seismic data. Inversion is similar to forward modeling in that it uses data acquisition
parameters and theoretical models of physical processes to produce synthetic data.
However, the objective of inversion is to produce a model of the subsurface that
predicts the observed data.

Only a few publications describing seismic tomography field experiments ex-
ist. Weatherby was one of the early American geophysicists to propose estimating
seismic velocities along ray paths between boreholes. Bois, et al. (1972) not only
explained this can be done but also demonstrated their results with real field data.
Butler and Curro (1981), along with many other geophysicists, have discussed pro-
cedures for recording cross-hole seismic data.

In recent years, geophysicists have successfully used seismic tomography to im-
age velocity variations of the earth. In so doing the accuracy of depth conversion,
depth migration, and other applications are enhance. This will be discussed later in
this section.

Types of Seismic Tomography

There are two types of seismic tomography: reflection and transmission. Reflection
tomography involves seismic waves that propagate from the surface to a subsur-
face reflecting marker and back to the surface. Transmission tomography, involves
seismic energy that has traveled through the subsurface without reflection.

Reflection tomography requires ray-tracing computations, for which it is impor-
tant to define reflecting markers or boundaries. As a result reflection tomography is
difficult to model.

Gulf Oil Company geophysicists wrote, in 1980, that seismic velocities can be
successfully estimated from seismic reflection times using travel-time tomography.
Scientists at Amoco Research Company and at the California Institute of Technol-
ogy have demonstrated this method. The velocities obtained can be used to enhance
seismic imaging processes such as migration and depth conversion.

Transmission tomography requires placing the source in a borehole and the re-
ceivers at the surface, or vice versa. Alternatively, the source may be in one borehole
and the receivers in another.

Measurements of first arrivals in a vertical seismic profile (VSP. See Chap. 8)
may be used in borehole-to-surface tomography. In VSP, seismic energy is injected
into the ground and the resulting waves are recorded by a borehole geophone at var-
ious depths in the borehole. In another method of transmission tomography, energy
is injected at depth in the borehole, using a downhole source, and is recorded at the
surface (reverse VSP).
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Fig. 6.27 Raypaths between surface and subsurface source and receiver positions

In borehole-to-borehole measurements, both sources and receivers are placed in-
side boreholes. Seismic energy “illuminates” the region between boreholes.
Figure 6.27 shows types of raypaths between surface and subsurface source and
receiver positions. Ray path B is a downward transmission, ray path D is an upward
transmission, and ray path A is a lateral transmission. Note that ray path A does
not travel through the weathered layer resulting in little loss of the high frequency
components of energy caused by scattering and absorption. Ray path C is the normal
type for surface reflection seismic surveys. Since it is the longest ray path and passes
through the weathered layer twice, the greatest amount of high frequency attenua-
tion results. It is, however, the only ray path in Fig. 6.27 that provides reflection
information from the reservoir.

Travel Time Tomography Procedure

Both reflection and transmission type tomography, involve the following:

• Determination of actual seismic traveltimes.
• Ray trace modeling of energy travel paths.
• Solution of traveltime equations to implement “traveltime inversion”. So called

because it is used to produce a velocity model that best fits the observed data.

Determination of Travel Time

Travel times can be picked from common source (shot) records, common midpoint
(CMP) records, or slant stack (Radon-transformed) records. Picking is facilitated
by using CMP records output from deconvolution since the reflection wavelets are
zero-phase.
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Ray Tracing

Tomography is based on the assumption that the energy travels from source to
receiver along a particular ray path. Ray tracing models the energy propagation
through a medium by solving equations applied to a velocity model, a set of re-
flecting boundaries, and receiver pairs (Aki and Richards, 1980). The solution to
the two-point boundary for the ray equation is found by shooting upward from the
reflecting surface. Ray path modeling can do this.

Travel Time Inversion or Tomographic Inversion

A layered-media model, normally subdivided into constant-velocity cells, (see
Fig. 6.28) is used in tomographic inversion. Unless all cells have the same velocity,
bent ray paths will result. Ray-bending methods are generally needed.

Borehole Borehole
#1 #2

Source

Cell

Ray

Receiver

Fig. 6.28 Layered media model

Times in each cell are simply the length of the path in the cell divided by the cell
velocity. However it is computationally more efficient to use slowness (the recipro-
cal of velocity or I/V )

Although there are complicating factors such as many of the n x m cells not
having any ray components in them a least-squares solution of the system eventually
results by iteration. Once the actual traveltimes have been picked and rays have been
traced, a large system of traveltime equations is solved for the unknown slowness
equation.

Transmission Tomography

Transmission tomography can be done as either borehole-to-borehole or borehole-
to-surface. Both are shown in Fig. 6.29. On the left is the borehole-to-borehole type
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Fig. 6.29 Transmission tomography geometry

with sources placed below the surface in one borehole, and receivers placed in an-
other hole. An advantage of this arrangement is that the signals recorded are richer
in high-frequency components than in the surface-to- borehole arrangement. This is
because there is no travel through the near-surface weathered formations where the
attenuation of higher frequencies is most pronounced. Surface-to-borehole geome-
try is typical in VSP surveys.

Models used in both reflection and transmission tomography will be discussed
before any real data examples are presented.

Reflection Travel Time Tomography Model

Figure 6.30 illustrates the reflection tomography geometry used by Bishop et al.
(1985) to demonstrate the finite difference approach.

sk
sk+1

sk sk+1

Source Receiver

Surface

Reflecting Surfaces

Fig. 6.30 Reflection tomography geometry
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The characteristics of this approach are:

1. The subsurface model is divided into cells that have constant slowness.
2. Curved rays are traced from the source to the reflecting horizon and back to the

surface.
3. The reflecting horizons are known.

Figure 6.31 illustrates an iterative procedure used by Amoco Research scientists
(Bording et al., 1987) to image a velocity field. This procedure combines the abil-
ity of tomography to extract the subsurface velocity field with that of migration to
image the subsurface interfaces. This is called iterative tomographic migration.
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 Travel Time Picks
of Reflection Events

Initial Estimates of
Layer Velocities 

CMP Stack

Depth Migration Using
     Updated Velocities

Velocity Adjustment by
Travel time Inversion or 
Reflection tomography 

Final Velocity - Depth Model

  Well Ties
Satisfactory?

Well Information

INPUT

MIGRATION
 INVERSION
       LOOP

OUTPUT

Fig. 6.31 Iterative reflection and migration tomography

Iterative Tomographic Migration Procedure

The geological model of Fig. 6.32(a), which also shows velocities of the layers,
was used to demonstrate this approach. The initial velocity model has flat, constant-
velocity layers. The velocities on the left side of the model section were chosen to
be correct. Figure 6.32(b) shows a CMP stack generated from this velocity model.

The velocity model was used to generate the depth-migrated section of
Fig. 6.32(a). The migration of the dome’s left side is a good reconstruction but not
of the right side of the salt dome or deeper markers of the model.
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Fig. 6.32 (a) Geological model used in reflection tomography example with layer velocities
shown. (b) CMP stack using flat layer velocity model

To improve the flat-layer migration results, an accurate velocity tomogram was
needed to provide refined velocities. For this purpose, a set of well-spaced common
shot records were chosen (see Fig. 6.33b). Travel times of ten events within each of
nine records were picked, resulting in a total of 4,468 travel-times being available.

Ray Tracing for the Model

The model is 40 cells wide and 80 cells deep. Each cell has dimensions of 400 ×
400 ft. Fig. 6.34 shows the rays traced on three different reflectors.
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Fig. 6.33 Iterative tomographic migration (a) initial depth migration using flat layer velocities.
(b) finite difference common source gathers for offsets of 9,500, 15,300, and 21,300 ft (Copyright
c© 1987, Blackwell Scientific Publications, Ltd., from Bording et al., “Applications of seismic

travel—time tomography,” Geophysics Journal International, vol. 90, 1987)

The first step in tomographic inversion was to determine the difference, ΔT, be-
tween the estimated travel times from the data and the computed travel times from
the model. An equation (not shown here) was solved for the slowness deviation ΔS,
where ΔS is the difference between the data and initial model response. Only cells
that are illuminated contribute significantly to the inversion. Consequently, sparse
iterative solutions were employed.
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Fig. 6.34 Ray paths traced to three reflectors based on model of Fig. 6.35(b)

Next, the slowness deviations, ΔS, are added to the original slowness model to
update the slowness solution. A filter is usually applied to the output velocity model
to smooth the solution.

These two steps can be repeated until the variation in ΔS reduces to zero, result-
ing in an optimum solution. Hence, the tomographic inversion process is completed
with satisfactory results;

The final velocities determined from the depth model are used to perform the
final stack. See Fig. 6.35. This new CMP stack section is then depth migrated with
the tomographically derived velocities. As can be seen in Fig. 6.36, the result is a
much-improved image of the salt dome flanks compared to Fig. 6.36(a).
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Fig. 6.35 CMP stack using tomographically derived velocities

Fig. 6.36 Depth migration using tomographically derived velocities overlain by computed tomo-
gram of velocity range from 6000 ft/s to 16,000 ft/s, (after Bording et al., 1987)

Cross-Borehole Tomography Model

In reflection seismology, significant high-frequency attenuation often occurs near
the surface because of the heterogeneity of weathered layers. This problem is much
reduced in cross-borehole seismic methods because both source and receivers are
below the weathering.

A seismic time section or map is distorted. What appears to be a small separa-
tion between horizons may actually be large because the interval velocity is high.
Conversely, an apparently large separation may be, in fact, small because the inter-
val velocity is low. Time-to-depth conversion eliminates this type of distortion. This
however, requires velocity control.
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Sonic logs provide velocity control at the borehole and velocities between bore-
holes can be interpolated. Alternatively, and preferably, velocity between boreholes
can be estimated from seismic travel time measurements made in a cross-borehole
survey.

Note that tomography can not only provide velocity information for depth con-
version and depth migration but can also be used to delineate reservoir boundaries
and provide data for enhanced oil-recovery projects.

Near-Surface Model

Another application of transmission tomography is to model the near-surface in an
area. This approach was documented by Lines and La Fehr (1989) in a study based
on a data set from Amoco’s Denver Region. This study may help in getting better
record quality in future field data acquisition.

A classic paper by Wiggins et al. (1976) approached residual statics analysis as a
general linear inverse problem. In this paper it was assumed that “elevation statics”
and NMO corrections had been applied to the data traces. Thus, data had been ad-
justed for time differences caused by variations in shot and receiver elevations plus
weathering variations that are determined by uphole times. These assumptions were
based on the following:

1. Large apparent lateral variations in the velocities are caused by near-surface for-
mation rather than to velocity changes at depth.

2. Lateral averaging of residual NMO tends to stabilize the statics solution.

Multiplicity of the data is an important factor in the accuracy of the near-surface
model obtained. The higher the multiplicity, the larger the statistical sample and the
closer the statics solution will be. A minimum of three fold stack is required for
reasonable results. Figure 6.37 illustrates this method by showing data before and
after applying the statics derived from tomography. It was known that the marker at
2.0 s is almost flat, as it is after applying the statics derived from tomography.

Error Criterion and Forward Model

Inversion requires a forward model with a known response. In the case of a geolog-
ical model, its geophysical response must be known. An optimization algorithm is
also needed so that parameters of the forward model adjusted.

These choices were discussed by Treitel in his 1989 paper. The choice of the
forward model and the optimization algorithm greatly affect the quality of the in-
version. A very important question is how to minimize the difference between the
observed and modeled? Choices include least- square error, the least absolute devia-
tion, and mini-max methods. Treitel proposed conducting a sensitivity analysis as an
important step in deciding among these. For example, if a in a set of parameters that
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Fig. 6.37 Residual statics tomography. (a) 12-fold stack of 48 trace records. Elevation statics were
applied. One cable length spans 4 intervals. (b) same section as above after surface-consitent statics
were applied. Residual statics exceed 50 ms in some portions of the line. (After WesternGeco)

have been extracted using an inversion procedure, it is found that changing a partic-
ular parameter by 10, 15, and 20% produces no change., the model is obviously not
sensitive to this parameter.

The choice of theinitial model is extremely important. A close guess can result
in a good inversion.

Figure 6.38 illustrates this point for a pre-stack model. Figure 6.38(a) shows a
model of common source gather for a four-layer case. This is what the inversion is
to duplicate. Figure 6.38(b) shows the change in the initial model after one iteration
of the velocity inversion. This indicates that the first-guess model has no match with
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Fig. 6.38 Seismograms for model Inversion, (courtesy of Society of Exploration Geophysicists,
adapted from Treitel, 1989)

the model in (a). Figure 6.38(c) shows that, after 10 iterations, a good match with
the model in (a) is obtained.

Figure 6.39 (a) is the starting velocity model used in the velocity inversion for
Fig. 6.41. A good guess results in a large change toward the correct velocity model,
after only one iteration, as shown in Fig. 6.39(b). Figure 6.39(d) shows that a very
good match to the actual velocity model is obtained after 125.
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Fig. 6.39 Progress of velocity inversion – good initial guess of model (after Treitel, 1989)
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Fig. 6.40 Progress of velocity inversion – bad initial guess of model (after Treitel, 1989)

Figure 6.40 shows what happens when starting with a bad initial guess of the
velocity model, Here, after the same number of iterations, 125, a bad velocity model
results.

Seismic Tomography and Reservoir Properties

Much better descriptions of existing reservoirs are needed to improve recovery from
them. In particular, knowledge of their internal structure and fluid flow through them
is needed. Considerable information about reservoir properties can be obtained from
cores, cuttings, well logs, and well testing. These data, however, are sparse. Improve
the sampling of the subsurface is needed to get a better description of the reservoir.
Drilling enough wells to get the required data to accomplish this is out of the ques-
tion. Some other method of acquiring these data must be used. Seismic borehole
measurements and tomography may provide the data needed to increase the under-
standing of reservoir properties.

3-D surveys and extensive VSP surveys better sample reservoirs than in the past.
Reservoir geophysics, especially seismic reservoir monitoring, are vital to the un-
derstanding of reservoir characteristics. Borehole seismic surveys are of immense
help in relating wave propagation to the reservoir structure and fluid flow behavior
to the seismic velocity response. The better methods now available to acquire and
process the seismic response will continue to revolutionize reservoir engineering,
oil recovery, and enhanced oil-recovery methods.

Since reservoir rock is heterogeneous, reservoir properties need to be obtained
in their spatial and temporal variations, both laterally and vertically. The properties
needed include:

• Mineralogy.
• Rock properties, porosity, permeability, compressibility, and saturations.
• Fluid properties—chemistry, viscosity, compressibility, and wettability.
• Environmental factors—temperature, stress, and pore pressure.

A more complete understanding of the relationships between reservoir proper-
ties, fluid flow, and seismic wave propagation, is needed. This is to assure that the
application of existing methods and future developments of hardware to acquire
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more measurements and software to expedite the results will not be hindered. It
is also requisite that the geophysical and engineering communities should work to-
gether in this endeavor. This should include efforts to understand each other’s termi-
nology, to appreciate the complexity of the methods geophysicists are developing,
and to understand more about their applications and limitations.

More and more reservoirs are being classified as heterogeneous. Thus, it is of pri-
mary importance to use tomography to describe reservoir heterogeneity. Monitoring
recovery of hydrocarbon in place is an important application but recovery plans may
be re-evaluated as production proceeds.

Laboratory work has been used to relate acoustic velocity and seismic response
to petrophysical properties of reservoir rock. It may be possible to develop a rela-
tionship between dispersion in seismic measurements to hydraulic permeability.

Examples of such laboratory work are shown in Figs. 6.41, 6.42, 6.43 and 6.44.
The relationship between porosity and clay content is shown in Fig. 6.41. A total of
75 shaly sandstones are used to show the effect of both P- and S-velocities.

(a)

(c)

(b)

Fig. 6.41 Effect of porosity and clay content on velocity. (a) clay content versus porosity,
(b) compressional velocities versus porosity, (c) shear velocity versus porosity
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Fig. 6.42 Effect of
temperature on velocity (after
Nur, 1989 courtesy SEG)

3 

2

V
p 

(k
m

/s
)

1

0
0 7525 125 175

Temperature (°C)

Fig. 6.43 Effect of saturation and pressure on boise sandstone group velocities. (a) P-wave.
(b) S-wave (after King, 1966 courtesy SEG)
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Fig. 6.44 Vp versus Vs.(a) some minerals. (b) mudrocks. (c) Vp/Vs computed as a function of
depth (after Castagna, 1984 courtesy SEG)

Figure 6.42 shows the effect of temperature on velocity. Figure 6.43 shows the
effects of saturation and pressure on velocity. Figure 6.44 shows the relationships
between P- and S-wave velocities for various minerals, as a function of depth for
selected Gulf Coast formations.

Amplitude Versus Offset Analysis

The amplitude of a reflected seismic signal normally decreases with the increase of
the distance between source and receiver. This decrease is related to the dependence
of reflectivity on the angle at which the seismic wave strikes the interface, spreading,
absorption, near surface effects, multiples, geophone planting, geophone arrays and
instrumentation.

In certain depositional environments, the amplitude variation can also be an im-
portant clue to the lithology or to the presence of hydrocarbons. Figure 6.45 illus-
trates three classes of such compressional wave amplitude anomalies. In class 1,
the reflection coefficient is positive at normal incidence and becoming negative at
large angles of incidence. In class 2, the reflection coefficient is about 0 for normal
incidence and become increasingly negative. In class 3 the reflection coefficient is
negative at normal incidence and becomes more negative as the angle of incidence
increases. Class 3 is a typical bright spot anomaly (gas sands).
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Fig. 6.45 AVO classes
(courtesy of WesternGeco)
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These amplitude anomalies are masked in the common midpoint stack (CMP),
as every trace of the stack section represents an over-all average of offsets in the
common midpoint gather. AVO analysis is designed to retrieve the variation in am-
plitude with angle of incidence by conducting the analysis on the normal moveout
corrected gathers before stack.

Review of AVO Development

Interpretation of a seismic section is restricted to the zero-offset model. Accordingly,
an incident plane wavefront of amplitude A0 on a horizontal interface will produce
a reflected plane wavefront of amplitude of A1. The ratio of Al to A0 is defined as
the reflection coefficient (R) of this interface, which depends upon the difference
between acoustic impedances on each side of the interface. (Acoustic impedance is
the product of density and velocity.)

In the case of CMP gathers, however, angles of incidence other than normal must
be considered. In this case, an incident P-wave gives rise to a reflected and a trans-
mitted S-wave as well as reflected and transmitted P-waves. So, for non-normal inci-
dence the amplitude of a seismic reflection depends on an additional rock property –
shear wave velocity, Vs.

Amplitude Versus Angle of Incidence

Zoeppritz derived a set of equations for plane wave reflection and transmission co-
efficients as functions of the angle of incidence, density, and velocities. These equa-
tions are not difficult to solve but require P and S velocities and densities on each
side of an interface as well as angle of incidence for each calculation.

Shuey developed a simplification the Zoeppritz equations that can be more readily
used to analyze the offset dependence of event amplitudes.
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Confirmation of Shuey’s Approximation

For a given interface, when acoustic and elastic properties are given, both the Zoep-
pritz and Shuey equations can be applied to obtain a relationship between reflection
coefficient and angle of incidence (in degrees). The two equations give the same
results up to 10◦ angle of incidence, and they do not differ significantly up to 45◦.

The example of Fig. 6.46 is for a typical Gulf Coast gas sand. The parameters
used are:

Layer 1−Vp = 10,000 fps, ρ = 2.2 gm/cm3,

σ = 0.20

Layer 2−Vp = 12,000 fps, ρ = 1.95 gm/cm3

σ = 0.40

where Vp is P = wave velocity, ρ is density, and σ is Poisson’s ratio.
One can see the increase of reflection coefficient (amplitude) with the increase of

angle of incidence or offset.
Figure 6.47 is a gas sand. Parameters are:

Layer 1−Vp = 7,570 fps, ρ = 2.15 gm/cm3,

σ = 0.40

Layer 2−Vp = 6,400 fps, ρ = 1.95 gm/cm3

σ = 0.10

Again, the fit between the Shuey and Zoeppritz calculations is quite good.
Figure 6.48 illustrates a decrease of amplitude with increase in angle of inci-

dence. This is a typical dim spot as observed in carbonate rocks. The curve was
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Fig. 6.46 Reflection coefficient comparison – typical gulf coast sand
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Fig. 6.47 Gas sand
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Fig. 6.48 Carbonate dim spot

derived from the modeling of the Austin Chalk formation in the Texas Gulf Coast.
Parameters are:

Layer 1−Vp = 8,000 fps, ρ = 2.15 gm/cm3,

σ = 0.40

Layer 2−Vp = 11,360 fps, ρ = 2.2 gm/cm3

σ = 0.30



Amplitude Versus Offset Analysis 187

Notice the departure of the curves from the two methods of computing the angle
of incidence. Yet, both show the same trend of the relationship between reflection
coefficient and the angle of incidence.

Zoeppritz equations give the complete solution that relates change in amplitude
with the angle of incidence. The other approximations such as Shuey’s are accept-
able to a certain extent for most lithologies. Other approximations are suitable for
some localized and specific areas.

AVO Analysis Methods

A CMP gather orders traces by offset, not angle of incidence but what is needed
is relative P-wave amplitude as a function of angle of incidence, not offset. The
direct analysis is actually AVA (Amplitude Versus Angle), not AVO. Consequently,
the input CMP data must be converted from offset-ordered to angle of incidence-
ordered.

Constant-Angle Stack

Traces recorded at fixed offsets can be transformed to traces at fixed (or a limited
range) of angles of incidence. This allows observation of amplitude variation with
reflection angle. Figure 6.49 shows the variation of reflection angle with depth for
a fixed offset. Figure 6.50 shows that traces at different offsets traces may have the
same reflection angle.

The transformation is made via constant angle stack gathers. Each angle trace is
generated by partial stacking traces in an NMO corrected CMP gather. The extent
of partial stacking is by an angle range width or window beam. The annotated angle
represents the central angle of the range.

Figure 6.51 illustrates this approach. The top part of the Figure shows the angle
traces produced from CMP gathers 310, 314, and 318, that have been corrected for
normal moveout. The constant angle range is from 2◦ to 30◦. Bar graphs represent-
ing the amplitude variation with the angle of incidence are plotted below each set
of constant angle stack gathers. As can be seen, amplitudes within the window of
investigation (1.6–1.7 s) increase as angles of incidence increase on all three CMPs,
but it is most pronounced on CMP 318. A curve of RMS or maximum amplitude
can be plotted to define this anomaly.

AVO Attributes and Displays

Various parameters can be displayed on sections in a manner similar to the con-
ventional stack. These displays assist analysis of AVO. One of these is a near-trace
stack, which is generated by stacking only short offset traces selected from each
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DISTANCE 

Fig. 6.49 Variation of reflection angle with depth for a fixed offset

Fig. 6.50 Same reflection
angle at different offsets

CMP gather, corrected for NMO. Stacking only longer offset traces selected from
each CMP gather, corrected for NMO, generates a far-trace stack. Figure 6.52 is a
near-trace stack and Fig. 6.53 is a far-trace stack. Note the amplitude anomaly on
the far-trace stack at around 1.6–1.7 s that does not appear on the near-trace stack.
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Fig. 6.51 Angle stacks generated from three CMP gathers and amplitude variation with angle

Other useful parameters can be generated from plots of amplitude versus sin2θ .
This is done for every sample time of the angle stacks. Linear regression is used to
fit straight lines to the plotted data.

The constant A is called the AVO Intercept and B is called the AVO Gradient.
Figure 6.54 shows a plot of amplitude versus sin2θ The intercept, A, is found by
projecting straight line back to sin2θ = 0. Note that if relative amplitude is plotted,
the AVO intercept is actually the normal incidence P-wave reflection coefficient
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since at normal incidence θ = 0. Referring to Fig. 6.54, the gradient is found from
A = (a/b). The AVO intercept is often symbolized by R0 instead of B and the AVO
gradient by G instead of A. Since plots are made for every sample time of the angle
stacks, values of A and B (or G and R0) are defined for each sample time. These
values can be plotted against time to produce a gradient and an intercept trace for
each CMP used in the analysis. Combining the all the gradient traces produces a
gradient section. Similarly, combining all the intercept traces produces an intercept
section.

The constants A and B are functions of various elastic parameters. They can be
combined to produce other meaningful data. For example, (1/2)(A−B) can be use
to produce what is called a Pseudo-S Wave Section and (4/3)(A+B) can be used to
produce a Poisson’s Ratio Contrast Section.

Figure 6.55 is an AVO gradient section derived from the same CMPs as the near-
trace and far-trace stacks of Figs. 6.52 and 6.53. The amplitude anomaly (bright
spot) seen on the far-trace stack is also apparent here.

Figure 6.56 shows a part of a CMP stack section and, below it, displays of param-
eters derived from the CMPs: P-wave reflection (or AVO intercept) section, pseudo
S-wave section, and Poisson’s ratio contrast section.

Each trace of the P-wave reflection section shows the sequential variation of P-
wave reflectivity. The pseudo S-wave section mimics what would be recorded in
a zero-offset S-wave section but with travel time determined by P-wave velocities.
Each trace of the Poisson’s ratio section shows the change in Poisson’s ratio with
P-wave record time. An increase in the amplitude of a seismic event with the in-
crease in offset from the source to receiver (related to increased angle of incidence)
indicates a geological marker. In this case, the bright spot is associated with a gas
sand reservoir. increased angle of incidence indicates a geological marker. In this
case, the bright spot is associated with a gas sand reservoir.

Fig. 6.55 AVO gradient stack
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Fig. 6.56 From top to bottom: part of a CMP stack section showing a bright spot, P-wave reflection
coefficient section, pseudo S-wave section, and poisson’s ratio section

Data Processing

Traces used in AVO analysis require somewhat different processing. Figure 6.57
illustrates data processing flow designed to preserve and enhance the true amplitude
of each trace within the CMP.

The first difference between conventional processing and processing data for
AVO analysis is the geophone array correction. Figures 6.58 and 6.59 demonstrate
the need for this correction.

Figure 6.58 shows 12 geophones planted in line on the ground over a distance of
220 ft. Figure 6.59 is a synthetic record showing signal arrivals at geophones 1–12,
arranged from left to right. The time difference between geophone 1 and geophone
12 for the first reflector is about 10 ms. The individual geophone signals are summed
together in ore trace on the extreme right. Note that the summed trace, recorded as
the array response, lacks some of the high frequencies seen on the individual traces.
Summing traces with time shifts from geophone to geophone within the array acts
as a high frequency filter.
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The differential time within the array from the first geophone to the last geophone
decreases with depth, as the angle of incidence decreases with depth. It is critical to
maintain the high-frequency component up shallow, especially if the data is recorded
for shallow targets. Note that the geometrical spreading correction is applied but
not a gain function. Gain is a statistical process and can destroy or greatly modify
amplitude differences.

Conventional spiking or gapped deconvolution must also be avoided, as it is also
a statistical process that tends to modify amplitude relationships. Surface consis-
tent deconvolution only considers factors in the vicinity of sources and receivers.
Signature deconvolution can be applied, if a valid source signature is available.

Residual statics analysis should also be surface-consistent. Conventional resid-
ual statics involve trace summing. Scaling is a critical step, and it should be done
in a surface-consistent manner. Amplitude variations resulting from conditions near
sources and receivers should be removed. Scale factors for each source and receiver
on the line accomplish this purpose. However, these factors should be edited. Final
surface-consistent scaling is achieved when all the amplitude values are approxi-
mately equal.
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Fig. 6.59 Synthetic record for an array of 12 geophones

Processing operations that must be avoided in order to preserve the amplitude
versus offset relation include multi-channel operations such as:

• Mixing traces.
• Trace-to-trace scaling with small windows.
• F-K operations.
• Deconvolution derived from trace summation.

These operations remove the significance of true amplitude.

Advantages of AVO

AVO provides verification of direct hydrocarbon indicators such as bright spots in
gas sands and dim spots in carbonate reservoirs, as well as related amplitude anoma-
lies. AVO analysis based on NMO-corrected CMP gathers is a two-dimensional
analysis compared to a stacked trace, which is a one-dimensional analysis.

Amplitude variation with the angle of incidence is another tool used to confirm
observed anomalies. It also allows estimation of Poisson’s ratio, for a given rock.
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This, along with velocity information, can be used to determine elastic properties of
subsurface rocks.

Applications of AVO

Applications of AVO analysis include:

• Reservoir Boundary Definition
• Identifying “Look-Alike” Anomalies
• Predicting High Pressure Gas Zones

These are briefly discussed below.

Reservoir Boundary Definition

Estimating the hydrocarbons in place is one of the more difficult tasks for a reser-
voir engineer or geologist. This is because there are so many variables involved,
especially in the exploration stage. Among these variables is the areal extent of the
reservoir. It is important, in the development stage of a field, to define the bound-
ary of the reservoir so that the optimum spacing between development wells can be
determined.

Given adequate coverage of sufficient density, seismic data that have been pro-
cessed for AVO analysis, the boundary of the reservoir can be defined with a great
deal of accuracy. A 3-D seismic survey is preferred as the cost of the field data
acquisition and data processing become economical.

Identifying “Look-Alike” Anomalies

There are AVO analyses of anomalies that have been confirmed and documented by
drilling and successful completion. These can be used to locate look-alike anoma-
lies in other geological provinces that have the same or very similar geological and
lithological settings. The AVO analysis should always be integrated with other geo-
logical and engineering information.

Predicting High Pressure Gas Zones

Bright spot anomalies are usually associated with gas sand formations or lenses.
Some of these lenses have been found to have abnormally high pressure at relatively
shallow depths. Where such geological conditions are known to be present in an
area, an AVO analysis of seismic data may confirm the anomaly. This warns the
drilling engineer to take precautions for the existence of a high-pressure zone and
to modify his drilling program before the bit hits the zone.
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VSP Data Interpretation

Vertical seismic profiling is applied in two principal areas:

• Exploration, and
• Reservoir engineering and drilling.

Exploration applications include:

• Identifying seismic reflectors.
• Comparing VSP and synthetic.
• Studying seismic amplitudes.
• Determining rock properties such as seismic wave attenuation.
• Investigating thin bed stratigraphy.

Reservoir engineering and drilling applications include:

• Predicting depths of seismic reflectors.
• Predicting rock conditions ahead of the bit.
• Defining reservoir boundaries.
• Locating faults.
• Monitoring secondary recovery processes.
• Describing reservoirs via seismic tomography.
• Predicting high-pressure zones ahead of the bit.
• Detecting man-made fractures.

Some of these topics are discussed, below.

Exploration Applications

A major goal of seismic interpretation is to relate surface-acquired reflection seis-
mic data to subsurface stratigraphy and depositional facies. Achieving this goal is
facilitated by using good quality VSP data to define the depths of the reflectors from
which primary reflection arise. Thus, VSP interpretation complements and enhances
interpretation of a surface-acquired reflection data.

VSP data, with a high signal-to-noise ratio can be used to resolve questions
such as:

1. What is the nature of the boundaries at which seismic reflections occur?
2. Which rock boundaries can be seen with seismic data and which cannot?
3. Are synthetic seismograms made from well log data reliable means to identify

primary and multiple reflections?

In some wells the stratigraphic and lithological conditions that create seismic
reflections can be identified. Figure 6.60 shows VSP data recorded in such a well.
Four upgoing primary reflections are shown by the lineup of black peaks labeled
a, b, c, d. The subsurface depth of the interface(s) that generated each reflection
can be defined by extrapolating the apexes of the black peaks downward until they
intersect the first break loci of the downgoing compressional event. These depths
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Fig. 6.60 An example of the reliability with which VSP data can often identify primary seismic
reflectors.

are labeled A1, B1, C1, D1. These are raw field data. No processing has been done
other than a numerical AGC function has been applied to equalize all amplitudes.

Figure 6.61 illustrates the tying of a VSP seismogram to the surface-acquired
seismic data.

Fig. 6.61 Comparison of seismic data with VSP
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Synthetic seismogram are usually the primary tool used to correlate subsurface
stratigraphy and surface-measured seismic data. Vertical seismic profiling can be
produced using the same type of source, a similar geophone, and the same instru-
mentation used to record the surface seismic data Synthetic seismograms, by con-
trast, are only mathematical representations of seismic measurements that can only
approximate these aspects of the total seismic-recording process.

Figure 6.62 is a comparison of surface seismic data crossing VSP well “P” and
well “Z” with a synthetic seismogram.

Fig. 6.62 Comparison of surface seismic data crossing VSP study wells “P” and “Z” with synthetic
seismograms and VSP data recorded in the wells. The lettered arrowheads show where the VSP
data are a better match to the surface data than are the synthetic seismogram data

One output of VSP data processing is a plot of acoustic impedance, the product
of density and interval velocity, versus depth. Since change in densities of sedimen-
tary rocks is much smaller than that of interval velocities, the change in acoustic
impedance depends mostly on the change in interval velocity. If density is calculated
from Gardner’s equation, it can be removed from the acoustic impedance allowing
interval velocity versus depth to be plotted, Interval velocities can also be used in
engineering applications as shown in Figure 6.63 illustrates variation of acoustic
impedance with depth derived from a VSP survey.

Reservoir Engineering and Drilling Applications

Determining drilling depth to key seismic markers is a valuable tool in drilling.
Predicting these depths is a common practice in oil and gas exploration. While many
geophysicists are able to make accurate depth estimates from surface determinations
of seismic velocities, estimates are more difficult and less accurate when in a wildcat
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Fig. 6.63 Acoustic
impedance versus depth
display

area where there is little drilling history or where seismic recording quality is poor.
It is in areas where seismic reflection is poor that using VSP to predict reflector
depth is most beneficial.

A demonstration of this application is shown in Fig. 6.64. Since the downgoing
wave trend intersects the upgoing wave trend at 9,850 ft depth the top of the reflector
(A) is at this depth.

Fig. 6.64 Predicting depth of a seismic reflector (courtesy Geophysical Press, from Hardage, B.A.:
“Vertical Seismic Profiling, Part A: Principles,” 1983)
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Fig. 6.65 Looking ahead of the bit

Figure 6.65 illustrates a way that VSP data has been used to predict the distance
from the drill bit to a deeper formation. Assume that the well has been drilled to
8,000 ft. Further assume that VSP data are recorded far enough above 8000 ft for
deep reflection events to be seen and interpreted. Data recorded from the bottom
of the hole to about 2,000 ft above bottom, with constant depth increment should
satisfy the latter assumption.

What is required is how far below the current drilling depth Reflector A is. To
estimate this, extrapolate the downgoing first arrival wavelet trend below 8,000 ft
with the same slope as the recorded data intervals from 6,000 to 8, 000 ft. Similarly
extrapolate event A below 8000 ft. The two line extensions will intersect at the depth
of Reflector A.

VSP can also be used to predict a variety of conditions beneath the drilling bit.
For example, Stone (1982) and others have used VSP to predict interval velocity
and depth beneath the bit. These two parameters are used to calculate pore pressure
and porosity in well log analysis. There is a potential for calculating these important
rock properties using VSP data. VSP data can be applied to amplitude correction,
waveform and multiple extraction, deconvolution parameter design, and providing
stratigraphic and lithologic identification of reflection events on surface-acquired
seismic data. In addition VSP can be used to predict:

• Velocities ahead of the bit.
• Transit time versus depth ahead of the bit that can be used to calculate other

petrophysical properties of the rock.
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• Abnormal pressure zones ahead of the bit, allowing the drilling engineer to plan
for pressure control.

• Porosity by using predicted transit time and knowing the transit times of other
needed rock layers plus fluid in the borehole.

Stratigraphic Applications

A variation from conventional VSP, called offset VSP has shown to be useful in
stratigraphic applications. Figure 6.66 illustrates offset VSP. First a conventional
or “zero-offset” VSP record is made from the borehole geophone positioned at the
depth of interest as in Fig. 6.66(a). Geophones are laid out on the surface, relatively
closely spaced, over a distance L. A recording is made with the source at a small
offset from the first geophone, as in Fig. 6.66(b). The source is moved a distance L
from its first position and another record made (c). The process continues with the
source moved a distance L between recordings (d).

A five-offset VSP implies five records are made from the surface geophones from
five source positions spaced a distance L apart. Cramer (1988) showed the applica-
bility of multi-offset VSPs to defining stratigraphy of the “D” Sand field in the
Denver-Julesburg basin of Colorado. Well 34-3 established “D” Sand production in
Wattenburg Field. (See Fig. 6.67). Three more wells were drilled but failed to de-
termine the “D” sand’s extent. A stratigraphic model suggested that the offset VSP
technique could be used to delineate the extent of the “D” sand.

Recording Truck 

L L L

Cable

Energy Sources 
Borehole
Geophone  

VSP Well 

(b) (a) 

L L L L 

Energy Source Surface Geophones

Fig. 6.66 Offset VSP
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Fig. 6.67 “D” Sand field and geologic cross-section (Copyright c© 1988, Society of Petroleum En-
gineers, from Cramer, P.M.: “Reservoir Development Using Offset VSP Techniques in the Denver-
Julesburg Basin,” Journal of Petroleum Technology (February 1988))

Consequently, a five-offset VSP was conducted in the discovery well. A zero-
offset VSP was also run in this well to complete the delineation of the reservoir and
to confirm the second location.

Survey Modeling

The geological model used to study VSP resolution and survey design is shown at
the top of Fig. 6.68. The results of modeling synthetic offset VSP data correlated
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Fig. 6.68 Survey modeling (Copyright c© 1988, Society of Petroleum Engineers, from Cramer,
P.N.: “Reservoir Development Using Offset VSP Techniques in the Denver-Julesburg Basin,” Jour-
nal of Petroleum Technology (February 1988))

to Sand “D” thickness is shown at the bottom of Fig. 6.68. As indicated below the
synthetic traces, sand thickness was allowed to change from 7 to 30 ft (2–9 m). A
distinct character change can be seen that correlates with the known changes in the
“D” Sand thickness. Modeling also demonstrated that reasonable survey parameters
(i.e., source distances, geophone level spacing, number of levels, etc.) could be cho-
sen to give a lateral profile length of 2,000 ft (600 m). From this model the decision
was made to proceed with the VSP offset survey.

Despite some concerns Well 34-3 was selected as the site of the survey because:

• Its location allowed VSP data to be collected over most of the acreage held by
the operator,

• The known existence of sand “D” in Well 34-3, would allow reliable correlation
and calibration of the offset VSP to well logs.
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Data Acquisition

Figure 6.68 shows both the original and modified plans for the VSP survey . Data
were sampled at two ms. The vibrator sweep frequency was 10–80 Hz. The record
length was 17 s with a listen time of 5 s. Six vibrators were used for the survey,
two vibrators at each source point location. This required two runs of the well geo-
phone into the hole, shooting from three offset locations on each run. According
to the plan, the northwest, north, and northeast offsets were the first to be ac-
quired. However, when the well geophone was pulled shallower than 6,300 ft no
signal was observed. This depth coincided with the top of the cement behind cas-
ing. The solution was to adjust the source offset to get the desired lateral cover-
age of 2,000 ft (600 m) without raising the well geophone above the top of the
cement.

The survey plan for the remaining far offsets was redesigned with four source
points in each direction. In addition, the spacing between geophone levels was tight-
ened to 50 ft (15 m) to provide closer spacing of reflection points in order to preserve
the lateral resolution. Figure 6.69 shows a correlation of model data and zero offset
VSP. Figure 6.70 shows the final offset VSP.

Data Interpretation

Figure 6.71 shows the final display of VSP data from each profile transformed to
offset two-way time as in CMP seismic data. A check shot provided data for a
time/depth chart to be computed from the zero-offset survey. The “D” sand was
located from the zero-offset VSP, after comparing it to the model. The “D” sand
response of each far offset was then identified and mapped away from the well (see
Fig. 6.72).

Poor data recorded in the northwest, north, and northeast in uncemented casing
complicated the interpretation. No reliable interpretation could be made through the
zone. ; although Sand “D” on these offsets shows that it is disappearing midway in
the record. It cannot be stated reliably that the edge of the buildup is where Sand
“D” disappeared, but only where the sand extends to at least this point. It may extend
further, but this cannot be determined from the data.

Subsequent Location

Well 34-7, located 1,650 ft (500 m) northeast of Well 34-3, was also completed in
Sand “D”. It had 19 ft (6 m) of oil pay, compared to 26 ft (8 m) of pay in Well
34-3. Another survey was planned to continue delineation of the reservoir extent
and to locate a new development location, using Well 34-7. This survey was con-
ducted in the open hole immediately after the well was logged and before casing
was set. The survey, conducted according to the original plan was completed in
48 h.
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Fig. 6.69 Multi-offset VSP field plan (Copyright c© 1988, Society of Petroleum Engineers,
Cramer. P. M. “Reservoir Development Using Offset VSP Techniques in the Denver-Julesburg
Basin,” Journal of Petroleum Technology)

Fig. 6.70 Correlation between model data and zero-offset VSP (Copyright c© 1988, Society of
Petroleum Engineers, Cramer. P. M. “Reservoir Development Using Offset VSP Techniques in the
Denver-Julesburg Basin,” Journal of Petroleum Technology)
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Fig. 6.71 Final offset VSP data displays; (a) northwest profile, (b) north profile, (c) northeast
profile, (d) west profile, and (e) southwest profile (Copyright c© 1988, Society of Petroleum Engi-
neers, from Cramer, P.M.: “Reservoir Development Using Offset VSP Techniques in the Denver-
Julesburg Basin,” Journal of Petroleum Technology (February 1988))

Recommendations for Use of Multi-Offset VSP

1. Conduct seismic modeling of the proposed survey before the survey to

a. verify that the resolution required to solve the problem can be obtained,
b. assist in designing survey parameters such as source offset and geophone level

increment, and
c. assist the interpreter in understanding the record area.

2. Use a completely cased hole or in the open hole before casing is set, because
poorly cemented casing causes serious degradation of the VSP data quality.

3. Design multi-offset VSP surveys to use all possible existing well control to con-
firm modeled results.

4. Run a near offset VSP with the far offset to establish velocity control to aid in
correlating data with the well logs.

VSP is one of the geophysical methods that can be applied to develop a field
economically.
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Fig. 6.72 Results of interpretation of the VSP data (Copyright c© 1988, Society of Petroleum En-
gineers, from Cramer, P.M.: “Reservoir Development Using Offset VSP Techniques in the Denver-
Julesburg Basin,” Journal of Petroleum Technology (February 1988))

Subsurface Maps

Much of the results of seismic data interpretation are presented as subsurface maps.
In the past these were manually constructed but today are generally computer-
generated. The techniques and nomenclature are, however, essentially the same. The
following is presented to acquaint the student with the types of maps generated and
how they are read.

Subsurface Structure Maps

How is a three-dimensional earth to be represented on a two-dimensional surface?
Artists do this by the use of perspective. Technical applications, however, require
more accuracy than a drawing or painting can supply. The top of Fig. 6.73 shows
an artist’s sketch of a coastal area where a stream flows through eroded hills into a
small bay The bottom of the Figure shows how the same area is represented by a
topographic map . The lines with numbers shown on the topographic map are called
contours or contour lines. They represent points of equal elevation. The spacing of
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Fig. 6.73 Topographic mapping

the contour lines is a measure of the steepness of the slope; the closer the spacing,
the steeper the slope.

A subsurface structural map shows relief on a subsurface horizon with contour
lines that represent equal depth below a reference datum or two-way time from the
surface. These contour maps reveal the slope of the formation, structural relief of
the formation, its dip, and any faulting and folding.

In constructing a subsurface map from seismic data, as mentioned above, a ref-
erence datum must first be selected. The datum may be sea level or any other depth
above or below sea level. Frequently, another datum above sea level is selected in
order to image a shallow marker on the seismic cross-section, which may have a
great impact on the interpretation of the zone of interest.

Contouring Techniques

There are three contouring techniques in general use:

• Mechanical spacing.
• Uniform spacing.
• Interpretative contouring.
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Mechanical Spacing

Mechanical spacing may be done using a computer-contouring program in which the
contour lines are drawn in a mathematical relation to the data point. This technique
may be very misleading and some modifications of the computer-generated contour
maps are usually required.

Uniform Spacing

Uniform spacing may produce pretty drawings but it is not logical contouring and
does not really show the geology of the subsurface correctly.

Interpretive Contouring

This is the technique used for drawing structure contour maps. Knowing the gen-
eral character and form of geologic structures where the maps are drawn helps to
correctly interpret the subsurface, especially where the well control is sparse. Con-
tours should be drawn such that the structure pattern bears out regional trends or
tendencies. In this technique, contours are usually drawn parallel to each other.

Figure 6.74 illustrates the three general types of contour drawing.

Mechanical Spacing

Uniform Spacing

Interpretive Contouring

Fig. 6.74 Contouring techniques

Contour Drawing

There are a number of general rules and some basic techniques that are followed in
constructing structure maps. These are summarized below.
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Fig. 6.75 General contouring rules (numbers on map are two-way times in ms)

• Contour lines pass between points whose numerical values are higher on one side
and lower, on the other, as shown in Fig. 6.75.

• A contour line never crosses over itself or another contour (exceptions – over-
turned folds and reverse faults).

• The highest or the lowest contour should be repeated where the slope of a struc-
ture reverses direction (as in a ridge or valley). See Fig. 6.76.

• Contour lines should not merge with contours of different values or with different
contours of the same value. Note that contours sometimes appear to merge when
a steeply sloping surface is projected onto a map, the (see Fig. 6.77).

• Contours are usually drawn as closed shapes. However, at the edges of a map
there may not be enough data. To close a contour and in the case of faults (see
Fig. 6.78) a contour may end abruptly at the fault plane.

• It is helpful in reading a contour map if every fifth contour line is drawn more
heavily than the others. Numbers on the contours that are evenly distributed over
the map also make reading a map easier.

• The same contour interval should be used over an entire prospect area, whatever
contour interval is selected,

• In a stream or a valley, V-shaped contour lines points upstream.
• Dashed lines may be used for contours when control points are lacking.
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Fig. 6.77 Contouring steeply sloping surfaces

Seismic Structure Maps from Horizontal Slices

Figure 5.75 of Chap. 5 (repeated here as Fig. 6.79) illustrates the use of time slices
to produce a seismic structure map. Data were sampled at 4 ms so a time slice or
horizontal time section is produced for every 4 ms of two-way time. In the example
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Fig. 6.78 Contours in the presence of faults. Contour interval 10 ms

Fig. 6.79 Structure map derived from sequence of time slices 4 ms apart (courtesy of Occidental
Exploration and Production Company)
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shown, the earliest time for the selected horizon is 2632 ms. The enclosed red area
in the center represents amplitudes in the maximum positive amplitude range and
the outline of this area is drawn. This is the 2632 ms contour.

The next slice (2636 ms) shows a larger red area near the center. An outline of
this is drawn around 2632 ms contour. The process continues with contours drawn
at each 4 ms. Since two-way time is being plotted, it can be seen that the 2632 ms
contour represents a high. A secondary high occurs at 2644 ms.

If a time-to depth conversion is made, depth slices can be produced. These will
be sampled in depth so the contours for this horizon would likely differ somewhat
from the time contours.

Isotime and Isopach Maps

Isopach and isochron, or isotime, maps are used to show thickness variations be-
tween two subsurface horizons. So, contours, in these maps, are lines connect-
ing points of equal thickness. On isopach maps contours are annotated in feet
or meters. On isochron maps contours are annotated in seconds of two-way time
differences.

Isopach and isochron maps can be thought of as showing paleostructure; that is,
the structure of the lower horizon at the time the upper horizon was deposited. It is a
time-interval map that shows the time difference between two markers. Figure 6.80
illustrates this kind of seismic map.
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Fig. 6.80 A typical isochron or two-way time interval map. Contour interval 10 ms
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Velocity Gradient Maps

Velocities obtained from check shots at wells are accurate, but wells are usually far
apart. However, changes in lithology, structure, and other factors can cause veloci-
ties to change over even short distances.

Velocities determined from seismic data can be used to supplement velocities
from wells but these velocities, even from the best stacking velocity, are not as
accurate. Furthermore, accuracy of velocities determined from surface seismic data
decrease with depth. If these velocity values are used to convert from time to depth,
there may be some problems tying to wells.

It is usually better to map in time rather than in depth, but there will be occasions
when, in spite of all the problems, you do need to map in depth. However, engineers,
geologists, and managers who want to know the depth. In the development stage of
a field, depth maps are more valuable than time maps.

Problems such as velocity pull-up or velocity pull-down cause time structure be-
low the feature that causes the velocity effect to be incorrect. Also, sudden changes
in velocities cause the apparent structure on a time map to be quite different from
that seen on depth maps. If the velocity to a formation varies, a velocity map can be
made to the formation at each well or at points where velocity information is fairly
good. Contours can be made to fit consistently (Fig. 6.81).

Mapping velocity variation even with velocities derived from seismic surface
data can be informative and useful. Correlations between structure and velocity spa-
tial variation can be investigated to determine their validity.

CONTOUR INTERVAL = 25 M/S 0 1 Km
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Fig. 6.81 Average velocity map
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Interactive Interpretation

Computer hardware and software systems are becoming more and more sophisti-
cated. Current hardware systems are very fast and user friendly. Software systems
are also very impressive and can be applied to seismic analysis, reservoir modeling,
reservoir simulation, and data management.

Computers continue to get smaller and faster. Desktop systems can be used to
perform tasks that once required a mainframe computer – tasks such as monitoring
complex reservoir configurations in three dimensions. Most of these programs are
easy to use with on-screen guides to help the user through the most complicated
applications.

The increased production cost makes understanding reservoir characterization
ever more critical. Fortunately, advances in computer graphics software are helping
to satisfy that need through the use of 3-D imaging software. Interactive interpreta-
tion software allows the user to experiment with a number of possibilities and view
the effects on screen almost instantly. This is a great help in solving a structural or
stratigraphic problem.

3-D seismic surveys generate huge amounts of data. Processing, sorting, and
retrieving these data requires hours of computer. The efficiency of these operations
has a large impact on profitability. Many systems are available that can help make
exploration data management efficient and productive. Users of these systems can
view, select, and request any item from the exploration data base at any point of the
operation. Items available include well logs, seismic lines, base maps, etc.

Work stations have proven to be very effective in interpretation of 3-D seismic
data. Three-dimensional computer graphics have been integrated with measurement,
analysis, interpretation and other reservoir properties to help the interpreter better
understand more about the reservoir.

Super computers provide not only extremely fast conventional processing of seis-
mic data but can also perform tasks that would overtax work stations or desk-top
computers. For example, super computers generate tomograms that show variations
in seismic velocities used for depth conversion and migration. They can generate
other tomograms that show variations of petrophysical properties such as porosity,
permeability, and fluid content between wells.

Interactive interpretation helps reduce turnaround time in data processing and
interpretation. In so doing, it enables oil companies to manage vast amounts of data.
This saving of time and effort allows them to meet deadlines and commitments for
drilling, lease sale, or monitoring secondary recovery project.

Summary and Discussion

In this chapter, the techniques of modeling, tomography, AVO, and VSP interpreta-
tion have been presented and described.
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Modeling

Synthetic seismograms are a form of one dimensional modeling and generating a
synthetic seismogram is a kind of forward modeling. Properties of rock strata such
as velocity and density are used to generate spike traces that are convolved with a
reflection wavelet to form a seismic trace. By varying the thickness, replacing, or
eliminating some of the geological units used to generate synthetic seismograms
an interpreter can see the effect of a change in a geological section and look for
similarities in recorded data.

Two-dimensional models assist analysis of geologic interpretations. They can
be used to evaluate observed anomalies such as bright spots and dim spots. Two-
dimensional models also help solve interpretational problems such as near-surface
formation irregularities and velocity pull-ups. Additionally, they can help in design-
ing both field parameters and data processing sequences.

The greatest advantage of modeling may be its application to investigate seismic
distortions and their effect on the real subsurface image. Modeling is an excellent
tool in educating the explorationist in ways that will help upgrade data interpreta-
tion.

Synthetic seismograms and two-dimensional models can be generated on desk-
top computers. The advances in computer hardware and software allow these very
important interpretational tools to be generated and manipulated quickly and eas-
ily. Cost of a modeling package varies, depending on the hardware configuration
and software sophistication, but is small compared to the value added to seismic
interpretation.

Tomography

There are two methods of tomography being used, reflection and transmission.
Reflection (travel time) tomography is used to estimate velocities from seismic re-
flection times. These velocities can be applied to seismic imaging such as depth
conversion and pre-stack depth migration.

Two types of transmission tomography are in use: borehole-to-borehole or
borehole-to-surface. In the borehole-to-borehole type, a source is placed in one
borehole and a receiver in the other. Energy sources can be lowered into one hole and
receivers into surrounding wells, allowing velocities to be measured and mapped be-
tween wells. These velocities can then be related to the reservoir properties of poros-
ity, permeability, and fluid content. Maps of these properties between wells, can be
used to account for vertical and horizontal changes in these parameters. Engineers
and geologists can use this information to understand more about the heterogeneity
of the reservoir rock and more accurately describe reservoir characteristics.

The combination of tomography and borehole measurements can be the key to
success in improving hydrocarbon recovery methods and enhanced oil-recovery
projects. This approach requires integration of geophysical, geological and engi-
neering methods. Hence it needs the efforts and effective communications of all
disciplines involved.
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AVO

AVO analysis, in which changes of amplitude with the angle of incidence are ana-
lyzed, is widely used as a hydrocarbon indicator. Common midpoint (CMP) gath-
ers, corrected for NMO, but before stacking are used for the analysis. AVO analysis
is two-dimensional compared to stacked traces, which are one-dimensional. AVO
techniques can be used to delineate look-alike features, to define depositional envi-
ronments, delineate reefs, and identify gas sands to name few applications.

A long spread is desirable in the field data acquisition so that the far traces (long
distances from the source) can be more readily investigated for changes of the am-
plitude with offset How long the spread should be depends on target depth, velocity
in the area, structure, and maximum frequency to be recorded. Spread length can be
determined by field tests or based on the contractor’s experience in the area. Seismic
modeling could help decide on spread length.

Data used to investigate the variation of amplitude with offset require a special
data processing sequence. Only those processes that preserve the relative true am-
plitude of the seismic traces within the CMP is to be used.

AVO analysis is used to identify the rock lithology and its fluids and/or gas con-
tent. The rock properties in a nearby field, velocity information, and stratigraphy
should be known in order to perform a reasonable AVO interpretation.

Data processing should be closely monitored, and CMP gathers closely examined
for amplitude changes. Thorough investigations should make use of displays such
as partial stacks and ratio sections. Analysis and interpretation of amplitude changes
should be complemented with modeling that incorporates geological, geophysical,
and petrophysical information.

Many AVO processing packages are available. Data can be manipulated to ana-
lyze a variation of one variable such as Poisson’s ratio, gradient, and others. Cost of
producing an AVO analysis is minimal. They may be included in the basic process-
ing sequence.

VSP Interpretation

Vertical seismic profiling (VSP) has proved its value in applications to petroleum
exploration and development. The cost of a VSP was substantial a few years ago
but now cost substantially less. The turnaround time is a few days and sometimes
overnight in case of emergency. The survey is done routinely as any logging tool.
In a vertical survey eight to ten levels per hour can be surveyed. In land surveys,
perhaps six to eight levels per hour can be taken because it takes more time to inject
the energy source. In offshore surveys, it may take more time, four to five levels per
hour.

A VSP survey provides the geophysicist with seismic velocity, seismic time to
geological depth conversion, and the next seismic marker. It provides the geologist
with well prognosis. It will tell the engineer the location of the drilling bit or at what
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depth he can expect a high-pressure zone. If he can predict the high-pressure zone
ahead of time, he can take action to head off problems. With minimal rig idle time,
the survey is definitely more economical than a blowout.

The VSP will play an important role in borehole geophysics, reservoir character-
istics, and transmission tomography.

Subsurface Maps

While modern computer graphics used in processing and interpretation of seismic
data have all but eliminated manual mapping. The steps in generating these continue
the same. Thus, today’s geoscientist needs to understand what the displays are and
how to read them.

Interactive interpretation software run on immensely powerful and fast work sta-
tions allow the user to view 3-D seismic data volumes in many ways, including true
3-D visualization. However, old-fashioned structure maps, isopach maps and veloc-
ity gradient maps still have a place in the total package. Knowing about them and
how to read them may be valuable information for the reader.
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Chapter 7
4-D (Time Lapse 3-D) Seismic Surveys

Introduction

The increase in demand for hydrocarbons all over the world, coupled with political
unrest in some oil producing countries, makes oil price escalate to new highs. As
a result, offshore exploration in deep water has become more attractive than ever
before. However, there is still a time gap between the development of the fields and
production. Note that it sometimes is not economical.

There are already producing fields in which primary production has been com-
pleted. The efficiency of production ranges from 30 to 50% of the hydrocarbons in
place. In reservoir evaluation and prediction of future production, the formation is
considered to be homogeneous, i.e., it is assumed that all particles of the reservoir
have the same properties. No account is taken for the lateral and vertical variations
of the petrophysical properties of the formation. In many cases, knowledge of the
subsurface structure is not detailed enough because of the limitations inherent in
2-D seismic data.

These pitfalls create demand for better resolution from the seismic data and bet-
ter understanding of the reservoir properties. The industry responded by developing
digital recording system that can record more than ten thousand channels. 3-D seis-
mic surveys were introduced with much closer spacing of the geophones. Seismic
boats are now well equipped with navigation instruments and GPS to increase the
accuracy of the offshore seismic source and hydrophone locations. The ships are
now able to tow more than ten streamers thereby increasing subsurface coverage
and seismic resolution.

However, to understand more about the reservoir, it is necessary to go down to
the reservoir and record seismic information such as changes in velocities and relate
these changes to the other petrophysical properties of the reservoir. The feasibility
of secondary or tertiary recovery projects in currently producing fields can be ex-
plored via 3-D surveys and borehole measurements that use one well as a source and
another well or wells for receivers. Of course, cost of these projects against potential
production increase must be considered.

As mentioned in Chap. 6, the transmission tomography method can be applied to
generate tomograms that show the variation of porosity, permeability, and water
content to name a few reservoir properties. Generating a tomogram takes some
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Fig. 7.1 Manually drawn structure map based on data from twenty 2-D seismic lines

computer time but it is becoming more affordable. With the clearer picture of sub-
surface structure, provided by 3-D seismic surveys and borehole seismic transmis-
sion between wells, reservoir properties are better understood and can be used to
estimate the hydrocarbon in place. The 3-D survey reveals finer details that the 2-D
survey never reveals because of its limited resolution. These details can be small
faults, lithology changes, permeability barriers, etc., that alter the geometry of the
reservoir. The project involves all the specialists from disciplines - geophysicists, ge-
ologists and reservoir engineers. Each of these professionals contributes their share
of knowledge to the other member of the team.

This new techniques can improve production efficiency by more than 10%, dras-
tically increasing the amount of recoverable hydrocarbons.

To illustrate the approach, Figs. 7.1 and 7.2 show how much more detail can be
seen in the structure map interpreted from the 3-D seismic survey than from 2-D.

Enhanced Oil Recovery (EOR)

A number of techniques allow mapping of EOR processes. One of the more famil-
iar techniques uses 3-D seismic, borehole seismic, and micro-seismic. Defining the
EOR front depends on the change in density of the reservoir rock as a result of the
recovery process. Commonly used techniques that can induce substantial density
changes in the rock include steam flooding and in-situ combustion. The particular
seismic method used depends on what is to be accomplished. For example, a com-
plete description of the developing front can be obtained by using 3-D seismic map-
ping, while limited knowledge can be obtained by using conventional 2-D seismic
along the line.

Several considerations are involved in field application of 3-D seismic map-
ping in enhanced oil-recovery projects using steam injection. Working with this
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Fig. 7.2 Structure map from 3-D data

technique is expensive in terms of both fieldwork and data reduction. The process
may have to be shut in during tests. A large number of stations and high-frequency
sources are required to obtain the necessary resolution. The large amount of data and
special processing require longer time. The surveys do, however, provide a clearer
and more accurate solution, since time-slice maps and sections can be obtained in
any direction through the 3-D data sets.

This technique can be used to monitor the changes and map the swept zone.
Information is obtained that an engineer can use to optimize production through
better control, foresee developing problems, and be able to take the proper corrective
action in a timely fashion.

Figure 7.3 illustrates the 3-D seismic survey as it was used to map the steam flood
project at Street Ranch Test. The recording pattern consisted of four seismic survey
lines, each of which ran through the center injection well of an inverted five-spot
pattern.

In order to facilitate the seismic survey, the pilot was shut in for three days. The
formation was 460 m (1,500 ft) in depth. The pay zone was 16 m (50 ft) thick.
However, steam was injected only in the upper 8 m (25 ft) of the zone. A VSP
survey was conducted to help determine the reflection characteristics of the target
formation. A high-frequency energy source was used to obtain high resolution of
the EOR swept front.

In Fig. 7.3(b) there are four slices taken at lines 3, 1, 4 and 2 around the target
formation. The changes in reflection seismic data were due to changes in reser-
voir impedance caused by an increase in gas saturation. The seismic sections show
definite changes in wavelet shape over the center of the injection well and extend
partially to the production wells. In the zone where steam was injected, a second
peak developed on top of the peak of the pay.
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(b)

(a)

(c)

Fig. 7.3 3-D seismic mapping of steam flood – street ranch pilot test. (Courtesy of society of
petroleum engineers)

The most useful approach is to carry out a series of surveys at time intervals that
allow the development of the EOR process to be established. This requires surveys
at three-month to six-month intervals. One of the problems of the resolution can be
amplified by the heterogeneous nature of the reservoir geology, especially with the
surface techniques of conventional 3-D seismic survey. Caution must be exercised
in establishing the geometry of the observation survey layout. It is possible to miss
critical developments by improper placement of source and receiver. In addition, if
the response measured, such as wave characteristics, is not related in a linear manner
to the EOR process, it is possible to misinterpret the data. This makes it advisable
to perform laboratory measurements that will aid in the interpretation of the field
measurements.
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Chapter 8
Future Trends

Currently, the major concerns in the oil industry are in recovering more hydrocar-
bons from presently producing fields and improving the success ratio in exploration,
development and exploitation. The reservoir team is the new trend in oil company
organization and is the key to success in their efforts to enhance their reserves.

It has become clear that depth imaging of the subsurface must be done to get
better resolution of geometry of the geological structure, fault orientation, as will as
structure and fine details of the stratigraphy. A reliable velocity model is required
to convert seismic data from the time domain into the depth domain. Such models
must represent not only the vertical variation of velocity with depth but also lateral
variation caused by heterogeneity of the subsurface rock layers.

Using three-component seismic data acquisition both P-wave, SV-wave (vertical
component of shear wave) velocities can be determined. This allows various elastic
moduli to be determined. The 4C systems (four components – the previous three
plus hydrophones for OBC measurement), allow many corrections to seismic data to
be applied that improve the signal to noise ratio and enhance the seismic resolution.

Borehole measurements, by lowering seismic source in a well and receivers in
other wells, help to derive velocity tomograms that are used to get other tomograms
that represent the spatial variation of petrophysical rock properties such as poros-
ity, permeability, clay content, and water saturation to name few. This information
will increase our understanding of the reservoir characterization and improve the
estimation of the hydrocarbons in place.

Advances in 3-D seismic data acquisition and computer hardware for data pro-
cessing make it more affordable to conduct the 3-D seismic surveys, even for ex-
ploration efforts to solve the complications of the subsurface geological settings.
Lengthy turnaround time for data processing is not an issue, as the giant computing
ability and more sophisticated, faster software applications make the acquisition and
data processing economically feasible.

Tomography, as was discussed in Chap. 6, helps in deriving velocity models for
pre-stack depth migration and depth conversion. From the elastic moduli, correc-
tions for change of seismic velocity with direction of propagation (anisotropy) can
be determined and applied in selective areas. The measurements of VSP and long
offset VSP can be used to correct the seismic data to the well depth and better image
the subsurface geology that will help in locating the next drilling location.

M.R. Gadallah, R. Fisher, Exploration Geophysics, 227
DOI 10.1007/978-3-540-85160-8 8, c© Springer-Verlag Berlin Heidelberg 2009



228 8 Future Trends

4-D surveys might contribute in increasing the recoverable hydrocarbons as bet-
ter understanding of the reservoir performance can be observed through the behavior
of the swept front.

Pooling leases on the same producing reservoir is not as easy task for the domes-
tic oil industry. The merger of oil companies in the past decade will promote the
use of 3-D time-lapse seismic surveys to monitor secondary and tertiary recoveries
projects.

Deep offshore-drilling, is another contributor to the increase of reserves. Current
crude oil prices, at the time this text was written ($50.00–$60.00/bbl), make deep
offshore drilling in offshore Angola, South Africa, and the Gulf of Mexico econom-
ically feasible The price of crude oil is likely to remain at or above current levels for
quite some time.

The oil industry is changing very rapidly in all aspect of exploration, develop-
ment, and enhanced oil recovery to improve the production efficiency in the current
producing oil fields. It is the opinion of the authors that the future of geologists, geo-
physicists, land people and engineers is promising and bright. They will face new
challenges in an ever-changing industry. With the ups and downs in the industry,
many experienced professionals left the industry either for manpower reduction or
retirement, resulting in an experience gap among the current employees, intensive
training across disciplines is needed to close the gap in communication among the
reservoir team members.

We are very optimistic that fossil hydrocarbons will be in demand as a source of
energy for many decades to come.



Appendix A

To understand F-K migration, it is important to understand migration in the depth
domain. Chun and Jerkewitz (1981) explained this method in a very elegant and
clear manner.

Depth Domain Migration

Figure A.1a illustrates the vertical earth model (θa = 90◦).
Consider a seismic source A with a signal recorded in the same point; then the

only energy that can be recorded at A is the horizontal path in the ray theory ap-
proach. Any non-horizontal traveling wave will be reflected downward and will not
return to A. Mapping the distance of the horizontally traveling path in the (X, Z)
plane in the Z direction is shown in Fig. A.1b.

Since AO = OC, the dip angle reflector in the record section is equal to 45◦.
Thus, for a 90◦ reflector the reflection takes place only at a point on the surface, and
the recorded reflections are mapped along a 45◦ line on the depth plane as A moves
along the surface.

Next, consider a dipping earth model as in Fig. A.2a. Assuming that the source
and receiver are at point A, the wave from A will be reflected at C’ and will be
recorded at A. The travel distance is thus AC′ = AC. When the earth model in (a) is
superimposed on (b) we can see that:

Fig. A.1 90 degree reflector
model

x x

 B                                B

    z                                          z
(a) Earth Model (b)  Record Section

θa = 90o θ b = 45o

C

A
O

A
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Fig. A.2 Dipping reflector
model

A                                        A
                                       x                                          x

z                                          z
 (a) Earth Model              (b) Record Section

θa θ b

C

C’ C’

sinθa = AC′/AO = AC/AO = tanθb

This equation describes the relationship between migrated angle (6a) and recorded
angle (d f ). Since point C maps to C′ under migration, this process moves data up-
dip. b. Diffraction Concept

The concept of diffraction is required to understand migration properly. Diffrac-
tions are normally associated with discontinuities, and reflections may be considered
as a superposition of diffractions.

So the general process of mapping a reflector or diffractor to the earth model will
be described as a diffraction process.

Migration proceeds from a record to the earth model. Diffraction proceeds in the
opposite direction, from earth model to record section.
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Design of Maximum Offset (Horizontal Reflector Case)

Figure B.1 and Table B.1 explain the calculations of maximum offset for a non-
dipping target horizon. One can see that the maximum offset is a function of the
depth and angle of incidence. Note that the maximum offset is from source to re-
flector to receiver point, and it is indicated by 2X .

 tan(i)= X/D 

Xmax = 2Dtan(i) D = depth of target

i = angle of incidence
X = half offset distanceX = Dtan(i)

Fig. B.1 Maximum offset – horizontal reflector

Table B.1 Maximum offset calculations for a horizontal reflector. Xmax = 2Dtan(i)

io Xmax

25 0.90D
30 1.15D
35 1.40D
40 1.68D
45 2.00D
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Design of Maximum Offset (Dipping Reflector Case)

Figures B.2 and B.3 show how to calculate the maximum offset of a dipping event.
The offset is a function of depth in unit distance, angle of incidence, and dip

angle.
Note: Fig. B.2 is to calculate X , which is the offset distance from source S to the

reflection point.
Figure B.3 is to calculate Y , which is the distance from the reflecting point to

the receiver. The sum of X and Y is the maximum required offset for the case of a
dipping target.

To compute the shot line spacing (see Fig. B.4), one must first compute shot
interval.

 i = angle of  incidence
α = dip angle

∠I+∠+B = 90
∠B = 90–∠I
∠θ = ∠B–∠α = 90–∠I–∠α

point from source
D = depth of reflector

tanθ = D/X Y = offset distance to reflection
X = D tan point from receiver

X = D/tan(90–I+α)

X = offset distance to reflection

Fig. B.2 Maximum offset – dipping reflector

Fig. B.3 Maximum offset –
dipping reflector (2)

 i=angle of incidence
α = dip angle

∠I+∠B = 90
∠B = 90–∠I
∠θ = B–∠α = 90–∠I–∠α

X = offset distance to reflection
point from source

D = depth of reflector
tanθ = D/X Y = offset distance to reflection
X = D tan point from receiver

Y = D/tan(90–α)
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FOLD NUMBER OF RECEIVERS BIN SIZE

SHOT AND RECEIVER
STATION INTERVALS

SHOT LINE SPACING

Fig. B.4 Parameters needed to compute line spacing

Shot line spacing =
number of receivers per receiver line times G.I.

number of fold in the direction of shot line

Example: Suppose that the required fold in the receiver line direction is four,
and the number of fold in the shot line is six. For maximum fold, 4× 6 = 24 fold.
Number of receivers per receiver line is 60 and group interval is 55 ft.

The shot line spacing = 60×55/6 = 550 ft. Need to space the shooting lines at
an increment of 550 ft.
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Answers to Odd-Numbered Exercises

Chapter 3

1. Name and describe three types of seismic waves described in this chapter.
Answer: Longitudinal or P wave, shear or S wave, Rayleigh wave, and Love
wave.

3. Two layers are separated by an interface. The upper layer has a velocity of 2.5
km/s and the lower layer has a velocity of 5.0 km/s. If a ray travels downward
through the top layer at an angle of incidence of 20◦, then at what angle will the
ray travel in the lower layer? What is the critical angle?

Answer:
sinφ =

VL

VU
sinθ =

5.0
2.5

sin20◦ = 2×0.34202 = 0.68404

φ = 43.1608◦

Critical angle = sin−1
(

VU

VL

)
= sin−1

(
2.5
5.0

)
= sin−1 (.5) = 30◦

5. A horizontal layer has a velocity of 2500 m/s and a thickness of 1500 m. If a
detector is placed 1200 m from the source, what is the reflection time?

Answer: T =
√

x2+4Z2

V =
√

12002+4×15002

2500 = 1.292 s

Chapter 4

1. How does depth of the charge affect recording of seismic data?
Answer: Charges above the consolidated rock layer (on or in the weathering or
low velocity layer) tend to produce more noise and attenuation.

3. What is the ”bubble effect” produced by single airguns? What is done to mini-
mize it?
Answer: The bubble effect is caused by successive expansions and contractions
of the compressed air exhausted from a single airgun. The result is a very long
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source wavelet. It is minimized by combining many airguns of different sizes in
a geometric arrangement called an airgun array.

5. Identify the natural frequency of the geophones from the amplitude responses
shown below.

A
.1

0
H

z
B

.1
2

H
z
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7. Show how decimal 583 is subtracted from decimal1947 in computers.
Answer: 104710 = 100000101112 58310 = 010010001112

1’s complement of 58310 = 10110111000

+1

2’s complement of 58310 = 10110111001

104710 = 10000010111
−58310 = +10110111001

= 46410 = 001110100002

9. A 192 group spread is to be shot at 24-fold. How many groups must be moved
forward between shots to achieve this?
Answer Must move 1/48 of spread to get 24-fold. So, 192/48 = 4 groups to
move between shots.

Chapter 5

1. The maximum frequencies for the data sets A, B, and C are:

A. 75 Hz
B. 61 Hz
C. 129 Hz

What sample intervals can be used for each data set?
Answer At 1 ms sampling fN = 500 Hz, at 2 ms fN = 250 Hz, at 4 ms fN = 125
Hz, , at 8 ms fN = 62.25 Hz,
Therefore, for set A sample period can be 8 ms or less
for set B sample period can be 4 ms or less
for set C sample period can be 2 ms or less

3. Find the convolution of A. (4, –2, 1, 3) and B. (–1, 0, 1).
Answer Let C be the convolution of A and B. Substituting in matrix for convo-
lution (below), cross-multiplying and summing along arrows gives C = –4, 2, 3,
–5, 1, 3

4

4

– 2    1    3

–1 –4 2  - 1 - 3

0 0 0   0    0

1 –2  1    3

A
B

5. What is the difference between a front-end mute and a surgical mute? Why are
they applied?
Answer A front-end mute is applied at the start of a record while a surgical
mute is applied somewhere in the body of a record. The front-end mute is



238 Appendix C

applied to eliminate the first breaks and high amplitude events following them.
These events provide no subsurface information. Surgical mutes are applied to
eliminate noise trains that interfere with signal.

7. From the listed offsets and reflection times given below, do an X2–T2 plot. Fit
a straight line to the plotted points and estimate velocity, V, and zero-offset
time, T0.
Answer: From the plot below and line fit to points, T2

0 = 5.05 s2 and T0 =
2.247 s

V 2 =
32500000
8−5.05

= 11016950 m2/s2

V = 3319 m/s

Offset, X (m) Time, T (s) X2 T2

100 2.251 10000 5.067001
500 2.255 250000 5.085025
900 2.265 810000 5.130225
1300 2.287 1690000 5.230369
1700 2.300 2890000 5.290000
2100 2.338 4410000 5.466244
2500 2.380 6250000 5.664400
2900 2.410 8410000 5.808100
3300 2.460 10890000 6.051600
3700 2.500 13690000 6.250000
4100 2.575 16810000 6.630625
4500 2.620 20250000 6.864400
4900 2.700 24010000 7.290000
5300 2.760 28090000 7.617600
5700 2.830 32490000 8.008900

8.0

7.0

6.0

5.0

4.0
0 1000 2000 3000 4000

T
2  (

se
c2 )

X2 (104m2)



Appendix C 239

A least-square error solution gives V=3314 m/s and T0 = 2.249 s
9. How does whitening or spiking decon differ from gapped decon?

Answer: Whitening decon attempts to make the output amplitude spectrum as
flat as possible over the entire bandwidth. In so doing it designs inverse filters
for the source wavelet, ghosting operators, multiple operators, and instrument
response. The whitening process may increase noise outside the signal band-
width and can introduce false signals. Gapped or prediction error decon affects
the source wavelet less or not at all, depending on gap length, but does design
inverse filters for the ghosting operators, multiple operators, and instrument re-
sponse. Whitening decon is sometimes described as a prediction error filter with
a zero prediction length.

11. Do band pass filters get rid of all the noise on a seismic record or section? Why
or why not?
Answer: No, band pass filters do not get rid of all the noise on a seismic record
or section. They have no effect on noise within the signal frequency band. Out-
side the signal frequency band the attenuation rate increases so that the farther
noise frequencies are from the filter pass band the more they are attenuated. It
is impossible to design a filter that zeroes all noise components outside the filter
pass band.

13. Why run multiple iterations of velocity and residual statics analysis?
Answer: The first iteration of velocity and residual statics analysis provides nei-
ther exact residual statics nor residual NMO. Successive iterations of velocity
and residual statics analysis reduce residual statics and residual NMO to provide
optimum velocities and optimum corrections for the near surface.

15. Does post-stack migration cause reflection dip to increase or decrease compared
to the stack?
Answer: Post-stack migration increases the dip of dipping events on seismic
sections.
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Abnormally high-pressure zone High formation pressure is a pressure is higher
than the expected hydrostatic pressure at a certain the formation depth. The normal
static pressure gradient is 0.5 psi/ft. Reservoirs that have abnormal pressure usually
show low seismic velocity.

Abnormal pressure Formation fluid pressure that higher than the normal hydro-
static pressure, which is the pressure produced by a column of fluid extending to the
surface.

Absorption It is a process that converts seismic energy into heat while passing
through a medium. It causes attenuation in the seismic amplitude.

Acceleration Rate of change of the velocity with time.

Acoustic impedance Seismic velocity multiplied by density.

Airgun A seismic energy source, that releases compressed air into a fluid envi-
ronment. It is the most popular marine seismic energy source.

Airgun array A group of airguns of various sizes arranged in a geometrical pat-
tern and fired over a very short time interval to provide a desired airgun signature.

Airgun signature The waveform produced by an airgun array as measured at a
depth of about 100 m below the array. It is intended to approximate signal wave-
forms produced by explosives on land.

Aliasing It is frequency ambiguity due to signal sampling process.

Alias Filter A filter used before sampling to remove undesired frequencies. It is
also called antialias filter.

Ambient noise Noise associated with surrounding environment.
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Ammonium nitrate A chemical compound, that is used as a fertilizer and. When
mixed with diesel fuel, is used as a seismic explosive energy source.

Amplitude The maximum swing of wave, from an average value.

Amplitude versus offset (AVO) A method of analyzing anomalous amplitude
behavior. It is performed in pre-stack data.

Analog When applied to recorded signals, it refers to a method in which some
parameter such as magnetic intensity varies continuously with the input signal.

Anomaly In seismic usage, a deviation from uniformity in physical properties is
called anomaly. It is generally synonymous with structure. Occasionally used for
unexplained seismic event.

Asymmetric split spread An arrangement of seismic sources and geophone
groups along a line in which there are geophones on each side of the source but
more are on one side than the other.

Autocorrelation The cross-correlation of a wavelet with itself.

AVO gradient The slope of a straight line fit to a plot of relative amplitude versus
sin2i, where i is the angle of incidence. CMP traces are resorted into angle traces to
facilitate the plotting.

AVO intercept The amplitude value at which a straight line fit to a plot of relative
amplitude versus sin2i crosses the amplitude axis (where sin2i = 0). Angle i is the
angle of incidence and the intercept is equated to the vertical reflection coefficient.

Azimuth The horizontal angle specified clockwise from true North. In 3-D survey
the Azimuths are calculated for each recording line as a part of acquisition parame-
ters.

Bandwidth (1) The frequency band required to transmit a signal. (2) The range of
frequencies over which a given device is designed to operate within specified limits.

Bin A bin consists of cells with dimensions one-half the receiver group spacing
in the inline direction and nominal line spacing in the cross-line direction (same as
CMP). In data processing, sorting data in cells is called binning.

Binary A number system with a radix of 2. It uses only the digits 0 and 1.

Binary gain A gain control in which amplification is changed only in discrete
steps by factor of 2.

Blowout Unexpected flow of liquids or gas, due to abnormal high-pressure reser-
voir. The reservoir pressure exceeds the pressure of the drilling fluid.
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Bow-tie effect The appearance of a buried focus on a seismic section. It is two
intersecting seismic events with apparent anticline below it.

Bright spot A large increase in the amplitude due to a decrease in the acoustic
impedance from the overlaying shale to the sandstone reservoir saturated with gas.
As little as 5% gas saturation can cause this amplitude anomaly. It is called a direct
hydrocarbon indicator for gas sands.

Bubble effect Successive expansions and contractions of the air expelled from an
airgun resulting in a long duration signal wavelet.

Buried focus For zero offset and constant velocity, buried focus occurs if a re-
flector’s center of curvature lies beneath the recording plane.

Cable feathering Cable drifting at an angle, to the marine seismic line due to
crosscurrent.

Caliper log A wireline logging tool. It records the borehole diameter.

Calibration A check of equipment readings with respect to known values.

Carbonate A rock formed from calcium carbonate. Limestone and dolomite are
carbonate rocks; they are potential reservoir rocks.

Casing Tubes used to keep a borehole from collapsing (caving in).

Cementing Cement is pumped to fill the space between casing and walls of the
well to protect the well from collapsing.

Convolution Change in the wave shape as result of passing through a linear filter.
It is a mathematical operation between two functions to obtain a desired function.

Constant angle stack In amplitude versus offset analysis, constant angle stack is
applied to check the variation of the amplitude with the angle of incidence. Certain
values of angles are chosen within the CMP before stack and a stack is generated.

Closure Is the vertical distance from the apex of a dome to the lowest closing
contour. Areal closure is the area contained within the lowest closing contour.

Common cell gather (CCG) In 3-D seismic surveys, data are sorted in common
cell gathers same as CMP in 2-D surveys.

Common depth point (CDP gather) The set of traces that have a common depth
point. Each trace is from different source and receiver. It is used where there are hor-
izontal reflectors.

Common mid-point (CMP gather) Is the set of traces that have a common mid-
point, each from a different source and receiver. It is used where there are dipping
reflectors.
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Common shot point Seismic data are recorded from same source and different
detector stations on the ground.

Compressional waves A p-wave or waves travel (propagate) in the same direc-
tion of motion; it propagates through the body of a medium.

Core A rock sample cut from a borehole.

Correlation Measures the degree of similarity between two time series, e.g. seis-
mic traces.

Critical angle An angle of incidence for which the refracted ray travels parallel
to the surface of contact between two adjacent layers.

Cross-correlation It is a measure of degree of similarity between two functions.
In a mathematical sense, it is a cross-multiplication of sample values, addition, shift
one sample and so on. Zero cross products are indication of no similarity between
the functions.

Crossfeed The induction of signal in a channel in which there is no input from a
channel that has input.

Cross-line fold Increase in multiplicity of a stack resulting from common mid-
point traces present in traces recorded on adjacent detector lines.

Deconvolution A process designed to enhance the vertical resolution of the seis-
mic data by attenuating the undesirable signals such as short period multiples. It is
also called inverse filtering.

Demultiplex Is to rearrange the recorded digital field data in such a way that all
the samples belong to every trace in the record are together in one channel. It is
called trace sequential form.

Density It is a mass per unit volume, usually measured in gram per cubic cen-
timeter.

Diffraction Is the phenomenon by which energy is transmitted laterally along a
wave crest. When a portion of a wave is interrupted by a barrier, diffraction allows
waves to propagate into the region of the barrier’s geometric shadow.

Digital A method of recording in which an analog signal is sampled at discrete
times, that are usually at uniform time intervals.

Digitizer An instrument to sample curves, seismic traces, or other data recorded
in analog form.

Dim spot Is a lack of seismic amplitude. It is caused by abnormally low reflection
coefficient. Shale overlaying a porous or gas saturated reef can cause this amplitude
anomaly.
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Dip moveout A process that moves data in time and space, to the correct zero-
offset positions.

Dispersion Is the variation of velocity with frequency. Dispersion distorts the
shape of a wave train; peaks and troughs advance toward the beginning of the wave
as it travels.

Dispersive wave Is a wave that has changed in its shape because of dispersion.
Surface waves usually suffer very large dispersion due to the near-surface velocity
layering.

Down-dip A recording geometry in which the receiver is in the direction of re-
gional dip with respect to the source.

Downgoing wave (direct arrivals) A seismic wave where the energy hits the de-
tector at the top. It is widely used in the VSP terminology.

Down time The time during which the drilling operation stopped to conduct dif-
ferent operations such as logging, VSP, or fishing.

Dynamic correction Normal Move Out (NMO) is a type of dynamic correction.
Dynamic correction depends on the distance from the source and the time of the
seismic event. Normally, the deeper (more time), the less the dynamic correction
because velocities increase with depth.

Dynamic Range The ratio of largest signal that can be recorded to the root-mean-
square (rms) value of instrument noise.

Dynamite An explosive energy source made of nitroglycerine and other ingredi-
ents to make it stable.

Elastic The ability for a material to return to its original shape after the distorting
stress is removed.

Electrical conductivity The ability of a material to conduct electrical current.
Units are sisms per meter.

Electrical method By which measurements at or near the earth’s surface of nat-
ural or induced electric field is investigated in order to locate mineral deposits.

Enhanced oil recovery (EOR) Techniques used for maximizing the oil produc-
tion after primary recovery.

Evaporite A sedimentary rock layer such as salt formed after water was evapo-
rated. Other evaporites such as Gypsum and Anhydride.

Exploration The search for commercial deposits of useful minerals , such as
hydrocarbons.
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Exploitation The development of petroleum reservoirs; wells are drilled to opti-
mally drain the reservoir and have fairly low risk. The development wells may have
several producing wells in the nearby drilling or spacing units.

Extrapolation Projection or extension of unknown value from values within
known observations or interval.

Fault Discontinuity in a rock type due to a break caused by tensional forces which
cause normal faults or compressional forces which cause reverse faults.

Fault block A geologic feature formed by faults on two or more sides.

Fermat’s principle See bow-tie effect (buried focus).

Feathering Deviation of marine streamers towed behind a recording from a
straight line caused by ocean currents.

Filters Electrical devices or special computer software that output only a portion
of the input depending on frequency, wave number, etc. of the input.

Finite Impulse Response (FIR) Filter That component of a 24-bit recording
system which transforms the single bit output stream of the Sigma-Delta Modulator
into a 24-bit output and anti-alias filtering appropriate to the output sample period.

First break time The first recorded signal from the energy source. These first
breaks from reflection records are used to obtain information about the near-surface
weathering layers. According to SEG polarity standard, an initial compression usu-
ally shows as a down kick.

F-K filter A two-dimensional filter, operating in the frequency-wavenumber do-
mains, that passes or rejects data based on apparent velocity or dip.

Flat spot A horizontal seismic reflection caused by an interface between two flu-
ids such as gas and water.

Fold (Structure) An arch in a rock layer. A fold is usually formed as a result of
deformation of rock layers by external forces. Folds include anticlines, synclines,
and overturns, etc.

Fold (seismic) The multiplicity of common mid-point data.

Fold taper It is the increase in fold at the start of a seismic line and decrease in
fold at the end of a seismic line. There is a similar effect in 3-D in the cross-line
direction.

Formation A distinctive lithological unit, or rock type.
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Formation velocity The speed by which, a certain type of wave travels through
a particular formation.

Frequency Repetition rate in a second of a periodic waveform. It is Measured in
cycle per second or Hertz.

Frequency-wavenumber (F-K) A domain in which the independent variables
are frequency (f) and wave-number (k), yield two-dimensional Fourier transform of
a seismic section, k is the reciprocal of the wavelength.

Gain Multiplicative factor by which amplitudes are increased by seismic ampli-
fiers, It is usually given in dB.

Gammas A unit of magnetic intensity used to describe differences between the
earth’s theoretical and measured magnetic field, abbreviated as γ.

Gate Also called window, it is a time interval where certain process or function
is performed.

Geoflex An explosive cord that has been used as a seismic energy source. It is
placed near the surface from the back of a plow.

Geometric spreading Decrease in amplitude caused by energy from a source
spreading out over a larger surface area.

Geophone A seismic detector used on land and in ocean-bottom cable systems. It
is based on generation of a voltage in an electrical conductor moving in a magnetic
field. Outputs are proportional to ground particle velocity.

Ghost Type of multiple in which seismic energy travels upward and then reflects
downward as occurs in the base of the weathering layer or at the surface.

GPS An acronym for Global Positioning System, which is a Satellite-based sys-
tem using orbiting satellites as the base stations.

Gravity A method by which the subsurface geology is investigated on the basis
of variations in the earth’s gravitational field which are generated by a difference in
rock densities. It is measured in milligal.

Ground roll Surface-wave that travels along or near the surface of the earth. It is
considered as noise on the seismic record. It is also known as Rayleigh wave.

Group interval The distance between receiver group centers.

Harmonic distortion The presence of harmonics of the input frequencies in the
output. Harmonics are whole number multiples of signal frequency components.
Distortion is measured by the ratio of the input amplitudes to total harmonic ampli-
tude. The smaller this ratio the better.
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Heterogeneous Lateral and vertical variations of the rock properties.

Hexadecimal A number system that has a radix of 16. It requires the use of letters
A through F to supplement the digits 0 through 9.

Homogenous Constant properties through the rock material.

Horizontal resolution How closely two reflecting points can be situated laterally,
yet can be recognized as two separate points. It is known as first Fresnel zone.

Horst A block formed by the upthrown sides of two normal faults.

Huygen’s principle Each point on a wave front can be considered as a secondary
source.

Hydrophone A marine seismic detector that uses piezoelectric discs as the active
elements. Hydrophone outputs are proportional to changes in water pressure.

Inelastic attenuation Loss in amplitude of seismic wave caused by scattering and
absorption within the medium. Shorter wavelength, hence higher frequency compo-
nents, are attenuated more than longer wavelength or lower frequency components.

Inline fold Multiplicity of a CMP stack from traces recorded along a single re-
ceiver line.

Intrabed multiple Also called pegleg multiple. A multiple generated due to suc-
cessive reflections between two different interfaces and then reflect back to the sur-
face. Intrabed multiple has irregular travel path.

Interpolation Determining values at location where there was no measurement.
It is performed between two measured values.

Inversion (seismic) Is to derive from the observed field data a model to describe
the subsurface. Also can be used to calculate the acoustic impedance from the seis-
mic trace.

Iteration Procedure that repeats with improved output until some conditions are
satisfied.

Least squares An analytic function that approximates a set of data such that the
sum of the squares of the distances from given points to the curve is a minimum.

Limestone Is a sedimentary rock composed of mainly calcium carbonate. It is
an important type of reservoir rock. Its matrix density is 2.7 gm/cc, and its matrix
velocity is about 23,000 ft/s.
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Line roll In the swath method 3-D recording, line roll is the number of lines
moved from one swath to another.

Log A record of measurements, especially those made in a borehole (e.g, resis-
tivity, sonic and density logs).

Love wave A surface seismic wave characterized by horizontal motion perpen-
dicular to the direction of propagation of the seismic wave with out vertical motion.
It is near surface shear wave. Its counterpart in the p-waves is the ground roll or
Rayleigh wave.

Magnetic method A method by which the subsurface geology is investigated on
the basis of variation in the earth’s magnetic field. It’s measured in gamma.

Magnetic susceptibility A measure of the ability to magnetize a substance. Fer-
romagnetic materials Have very high susceptibilities.

Magnetic tape A strip of plastic coated with iron oxide particles.

Matrix A rectangular array of numbers called elements. An m x n matrix A has
m rows and n columns. If m = n, it is called a square matrix.

Maximum offset The largest distance from the source to a receiver group n 3-D
recording operations.

Migration A process used to move dipping events on seismic sections to their
proper subsurface positions thereby obtaining better images of the structure and the
stratigraphic picture.

Migration aperture Is the length that should be covered in a seismic survey of a
geologic feature. It is must be larger than the actual lateral extent of the feature and
depends on its dip.

Minimum offset The smallest distance from the source to a receiver group n 3-D
recording operations.

Mud weight Density of drilling mud (mass divided by volume) and expressed in
pounds per gallon. The heavier the mud weight, the greater the pressure and may
cause loss of circulation. Light mud weight may cause blowout if formation pres-
sure exceeds the pressure of the mud column.

Multi-fold shooting A seismic recording method in which fewer than half of the
receiver groups in a spread are moved between shots. A number of groups are moved
such that two or more traces in successive records have the same common midpoint.

Multi-offset VSP Is a survey where a string of geophones is laid out around the
well while a VSP survey is conducted. It is used to investigate the subsurface from
the borehole. It is a good tool for stratigraphic implication such as sand channel
mapping or delineating small faults.
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Multiple Is seismic energy that reflects more than once from the same horizon.
Multiple reflections may mask out stratigraphic and structure details and is one of
the undesirable signals to be attenuated.

Multiplex A method of digital field recording in which the first sample of chan-
nel 1 is recorded, followed by the first sample of channel 2, then the first sample of
channel 3 etc. until all first samples of all given channels are recorded followed by
the second sample of channel 1, then the second sample of channel 2 etc.

Mute To exclude part of the seismic data. Normally, it is applied in the early part
of the traces that contains first arrivals and body waves and is called front end mute.
Mute can be performed over a certain time intervals to keep ground roll, airwaves,
and noise out of the stack section. This process is called surgical mute.

Navigation The process of determining location at sea.

NMO stretch Increase in the period (lower frequency) due to the application of
normal-moveout correction to offset traces. It is noticed on the far traces within the
seismic record or CMP.

Noise (seismic) Any seismic signal but the primary reflections. This includes
multiple reflection, ground roll, airwaves, source generated noise, and ambient seis-
mic noise.

Noise test A test or set of tests conducted in the field to analyze the noise patterns
in an area to design the optimum recording parameters that will yield good signal-
to-noise ratio seismic data.

Ocean-bottom cable (OBC) A recording system used in relatively shallow wa-
ter. Both geophones and hydrophones are included for each group. Some systems
employ three-dimensional geophones.

Off-end spread A method of seismic recording along a line where all geophones
are on the same side of the source.

Patch All the receivers used in recording a single 3-D record.

Permeability Ability of the rock to transmit fluid; it is measured in millidarcies.

Permitting The gaining of permission from landowners or appropriate authori-
ties to operate on the land or sea where the seismic survey is to be conducted.

Petrophysical properties Are physical aspects of the reservoir such as porosity,
permeability, and fluid content.

Pilot flood Small waterflood or enhanced oil-recovery project. It is run on small
portion of a field to determine its efficiency.
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Pilot sweep A swept-frequency signal specified by starting and ending frequen-
cies, duration of the signal and method of varying the frequency. This signal is
cross-correlated with the recorded signal to produce the seismic record.

Poisson’s ratio It is an elastic constant and defined as the ratio between transverse
contraction to longitudinal extension when a rod is stretched. In seismic method, it
is a function of p-wave and s-wave velocities.

Poisson’s ratio section Poisson’s ratio values are computed from the sum of the
AVO intercept and the AVO gradient. These values are plotted versus time for each
CMP to make a section.

Polarity (seismic) The condition of the amplitude being positive or negative re-
ferred to a base line.

Porosity Pore volume divided by bulk volume.

Preamplifiers Constant gain amplifiers placed at the input of a seismic recording
system to increase input signal levels.

Pre-plot line The designation of desired locations of hydrophone groups for a
marine seismic survey.

Primary target The subsurface geological structure or situation that is of pri-
mary interest in the seismic survey.

Pseudo S-wave section Pseudo S-wave values are computed from the difference
between the AVO intercept and the AVO gradient. These values are plotted versus
time for each CMP to make a section.

Quadratic fit A second order approximation to get the best fit to a set of data
points.

Random noise Undesired signals without a uniform pattern; it can be attenuated
by the stacking process.

Ray A line normal to the wave front.

Ray Tracing Determining the arrival time at detector’s locations.

Rayleigh wave See ground roll.

Reconnaissance survey Is a survey to determine an area’s main geological fea-
tures. It is done to delineate an area of interest to focus on it.

Recovery factor A percentage of what can be recovered from the reservoir fluids
or gas. It varies from field to field and depends upon the geological setting of the
area.
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Reflection method A technique used to investigate the subsurface by analyzing
the seismic response of waves reflected from rock interfaces of different velocities
and densities (acoustic impedances).

Reflectivity series It represents reflecting interfaces and their reflection coeffi-
cients as a function of time, usually at normal incidence.

Refraction method A technique used to map the subsurface structure by analyz-
ing waves that enter high-velocity medium near the critical angle of incidence to the
interface. It travels in the high-velocity material parallel to the refractor.

Residual statics Trace to trace time differences on reflection events after field
statics and NMO corrections have been applied. They are caused by near-surface
formation and velocity irregularities. They are removed by applying refraction-
based or short period statics in a surface consistent manner.

Reservoir (petroleum) Rock containing hydrocarbon accumulation.

Root-Mean-Square velocity (VRMS) RMS velocity approaches the stacking ve-
locity that is obtained from velocity analysis based on the application of the normal
moveout correction as the offset approaches zero. The assumption is that the veloc-
ity layering and the reflectors are parallel and that there are no changes within the
layers (isotropic).

Saturation Percentage of pore space of a certain rock filled with a particular fluid
(water, oil, or gas).

SEG Y A standard recording format adopted by the Society of Exploration Geo-
physicists (SEG) in 1975 for data exchange.

SEG D A standard, multipurpose, recording format adopted by the SEG in 1980.
A revised SEG D format was adopted in 1994 to accommodate changes in recording
techniques.

Seismic arrays Geometrical arrangements of receivers in a group or sources at a
shotpoint that acts as filter to reject or attenuate source-generated noise.

Seismic detector A device that detects seismic signals. Geophone on land sur-
veys, hydrophone in marine surveys.

Seismic line A line along which seismic data are recorded.

Seismic marker A continuous seismic character distinguished on a seismic sec-
tion.

Seismic record A plot or display of seismic traces from a single source point; a
seismogram.
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Seismic resolution Ability to separate two features close together.

Seismic section A display of seismic data along a line. The horizontal scale is
in distance units and the vertical scale is usually two-way time in seconds or some-
times in depth units.

Seismic signature A waveform generated in a certain medium by a seismic
source.

Seismic trace “Wiggle trace” is the response of a single seismic detector to the
earth’s movement due to seismic energy. Each part of the wiggle trace has some
meaning, either reflected or refracted energy from a layer of rock in the subsurface,
or some kind of noise pattern. Excursions of the trace from a central line appear as
peaks and troughs; conventionally peaks represent positive signal voltages, and the
troughs negative signal voltage.

Seismic velocity The speed by which a seismic wave travels in a particular
medium. It is measured by unit distance per unit time.

Shadow zone A portion of the subsurface from which reflections are not present
because no ray path from it reached the detectors.

Shear wave (S-wave) A seismic wave that has particle motion perpendicular to
the direction of propagation. The velocity of the S-wave is approximately one-half
the velocity of the P-wave.

Shot point The location where an explosive charge is detonated. Also used for
the location of any source of seismic energy.

Sigma-Delta Modulator A single-bit analog-to-digital converter used in 24-bit
seismic recording systems to sample analog signals at a very high rate.

Signal A part of a wave that contains desired information.

Sleeve gun An airgun that employs a movable external cylinder to release com-
pressed air in a more uniform way than in previous models.

Slowness Reciprocal of velocity (1/V).

Snell’s law It shows the relationships between the incidence and reflected wave.

Snell’s law of reflection States that the angle of incidence (angle between the
incident ray and the normal to the interface) equals to the angle of reflection (angle
between the reflected ray and the normal to the interface).

Snell’s law of refraction States that the sine of the angle of incidence divided by
the velocity in the upper layer equals to the sine of the refraction angle in the second
layer divided by the velocity of the second layer.
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Sparse system A large system and has about 1% nonzero values (e.g., sparse
matrix).

Split spread Arrangement of geophone groups in relation to the source point. In
this case, the source point is in the middle between the geophone groups.

Spread The receivers and source used to record a seismic record in 1-D shooting.

Spread length The distance from source to far receiver group in 2-D shooting.

Stacking Combining (adding) traces from different records to form a composite
record. It is done in order to improve the signal-to-noise ratio and reveals subsurface
geology.

Static correction (statics) A correction applied to the seismic data to correct the
irregularities of the surface elevations, near-surface weathering layer, and weather-
ing velocities, or reference to a datum.

Stratigraphic column A chart where the rock units are arranged from bottom
(older) to top (younger) chronologically.

Streamer A sectionalized cable consisting of active sections containing hy-
drophone groups and the in-water electronics, plus other sections that act as spacers
and to absorb horizontal forces acting on it. It is towed behind a marine seismic ves-
sel with other devices are built into it or attached to it that maintain streamer depth,
and provide data for determining streamer shape.

Surveying The process of determining positions and elevations of seismic receiver
group centers and source array centers for land seismic surveys.

Swath A set of adjacent lines of seismic receivers along which 3-D seismic data
are obtained.

Swath shooting A method by which 3-D data are collected on land. Receiver
cables are laid out in parallel lines (inline direction), and shots are positioned in a
perpendicular (cross-line direction). It is also called multi-line shooting.

Symmetric split spread An arrangement of seismic sources and geophone
groups along a line in which there are an equal number geophones on each side
of the source.

Synthetic seismogram A seismic trace generated from the integration of the
sonic and density logs by calculating the reflectivity series. This series is filtered
with the same filter of the seismic section for better correlation. It is a man-made
seismic trace and one of its applications is to transfer lithology to the seismic
section.

Tesla Unit of magnetic intensity or field strength.
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Transmission coefficient The ratio between the amplitudes of the transmitted ray
and the incident ray.

Transit time Is a measure of the sonic velocity of the rock layers and is obtained
by sonic tool. Transit time is measured in microsecond per foot and varies with rock
type, porosity, and fluid content.

Trap A shape of rocks that is able to confine fluids such as oil. A trap should have
a cap rock in order to prevent fluids escape. A stratigraphic trap can be formed by
permeability termination.

Tomography (seismic) The word is derived from the Greek words Tomos (sec-
tion) and graphy (drawing). It is a method for obtaining models that adequately
describe seismic data observations and show the effect of rock properties on the
seismic wave propagation.

Tuning effect Interference resulting from closely spaced seismic reflectors. It can
cause enhancing or smearing to the individual reflection.

Unconformity Is a buried erosional surface. It separates older rock from younger
overlaying rock. Unconformities are normally good seismic markers and hydrocar-
bon accumulation occurs above or below the surface of the unconformity.

Up-dip The direction opposite that of regional dip.

Upgoing wave A seismic wave that hits the detector from the bottom after it re-
flects from horizons.

Uphole geophone A geophone placed near the top of a shot hole to record energy
traveling upward from the source.

Velocity pull-up A pull-up of a reflection due to abnormal high velocity of a ma-
terial such as salt.

Velocity survey A series of measurements in a well to determine the average ve-
locity as a function of depth. Sometimes it applies to sonic log or vertical seismic
profiling (VSP).

Vertical resolution The ability to separate two features that are very close to-
gether. Maximum vertical resolution is one-quarter of the dominant wavelength.

Vertical seismic profiling (VSP) Is seismic survey in which a seismic signal is
generated at the surface close to a well and recorded by geophone placed at various
depths in the borehole.

Vertical stack A process combining seismic records from several sources at
nearly the same location without correcting static or offset differences.
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Vibroseis A land seismic energy source that inputs a vibratory signal into the
ground.

Wave equation An equation that relates the lateral (spatial) and the vertical (time)
dependence of disturbances that can propagate as waves.

Wave front A circle of equal travel time or a leading edge of a waveform.

Wave length Velocity in unit distance per second times the period (time in sec-
onds between two peaks or two troughs of a seismic wavelet); it’s measured in unit
distance. Also can be expressed as velocity divided by frequency.

Well logging Is done by a borehole tool where a particular device can measure a
variable that can be used to determine a rock property such as porosity, saturation,
lithology, and formation boundaries.

Well prognosis Prediction of geological targets before drilling.

Wildcat (well) A well drilled in a newly explored area where hydrocarbon accu-
mulations are not discovered commercially.

Zero-offset section A CMP stack section where NMO corrections have the effect
of moving all traces to the zero offset position.
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Abnormally high-pressure zone, 241
Absorption, 96, 169, 183, 241
Acceleration, 8, 42–43, 241
Acoustic impedance, 20, 27, 104, 184,

198–199, 241
Acoustic velocity, 125, 181
Acquisition methodology, 58–77

2-D acquisition, 58–64
3-D acquisition, 64–70
vertical seismic profiling, 70–77

field equipment, 71–75
field procedure, 76–77

Acquisition requirements, 32–58
Airgun, 39–41, 52, 62, 73, 75, 109, 241
Airgun array, 68, 74, 78, 236, 241
Airgun signature, 241
Alias filter, 241
Aliasing, 50, 87, 90, 241
Ambient noise, 96, 241
Ammonium nitrate, 34, 242
Amplitude anomaly, 183–184, 188, 191, 194
Amplitude attenuation, 24
Amplitude correction, 200
Amplitude decay, 139
Amplitude recovery, 96–98
Amplitude spectrum, 87, 89–91, 105–106
Amplitude versus offset analysis, 183–195,

217, 242
advantages, 194–195
applications, 195

identifying, 195
predicting high pressure gas zones, 195
reservoir boundary definition, 195

attributes and display, 187–191
constant-angle stack, 187
data processing, 192–194
gradient, 189, 242

review of development, 184–185
amplitude versus angle of incidence,

184
Shuey’s approximation, 185

Amplitude variation, 138, 183, 187, 193–194
Anaerobic decay, 2
Analog recording, 53
Anisotropy, 227
Anomaly, 242
Antialias filter, see Alias filter
Asseismic record, 12
Asymmetric split spread, 59–60, 242
Austin chalk formation, 186
Autocorrelation, 94, 106–107, 242
Autocorrelogram, 107
AVO, see Amplitude versus offset analysis
Azimuth, 242
Azimuthal variations, 139–140

Bandpass Filter, 91, 98, 134–136
Bandwidth, 115, 154, 242
Base stations, 33
Basins, 1
Beginning Of Tape, 55
Bin, 68, 242
Binary, 50, 53–54, 86, 242
Binary-coded-decimal (BCD), 54
Binary gain, 242
Blowout, 79, 218, 242
Bonded and unbonded casing, 76
Borehole diameter, 72
Borehole geophysics, 79, 218
Borehole obstructions, 72
BOT, see Beginning Of Tape
Bow-tie effect, 126, 133, 145, 243

See also Fermat’s principle
Bright spot, 152, 191–192, 194, 216, 243

257



258 Index

Bubble effect, 39–40, 243
Buried focus, 23, 126, 145, 152, 243

See also Bow-tie effect

Cable feathering, 140, 243
Cable waves, 75
Calibration, 203, 243
Caliper log, 72, 243
Casing, 71–72, 204, 243
Casing string, 72, 75–76
Cementing, 71, 243
Closure, 125–126, 145, 243
CMP, see Common midpoint
Coherency, 113, 115–116, 119
Coherent noise, 73, 76, 98, 115, 140
Common cell gather (CCG), 139–140, 243
Common depth point gather (CDP), 243
Common midpoint, 12–13, 64, 68, 95, 111,

122–123, 140, 169, 184, 217, 243
Common shot point, 244
Compressional waves, 21, 27, 244

See also P-wave
Constant angle stack, 187, 243
Continuous subsurface coverage method,

62–63
Contour maps, 65, 208–209
Contouring techniques, 208–211

interpretive, 209
mechanical spacing, 209
uniform spacing, 209

Conventional spiking (deconvolution,) 193
Converted rays, 21
Convolution, 91–93, 99, 101, 104, 144, 243
Correlation, 91–95, 244
Cretaceous period, 1
Critical angle, 14, 22, 244
Cross-correlation, 38, 73, 93–94, 113, 144, 244
Crossfeed, 52, 76, 244
Cross-line fold, 69, 244
Cyclic ambiguity, 34

Damping, 42
Decimal vs. binary numbers, 53
Deconvolution, 75, 98–100, 104–109,

139–140, 144, 169, 193, 200, 244
Deep offshore-drilling, 228
Demultiplex, 57–58, 95, 244
Denver-Julesburg basin, 201
Depth domain migration, 229–230
Design of maximum offset

dipping reflector case, 232–233
horizontal reflector case, 231

Diffraction, 124, 126, 129–133, 137, 145, 152,
164, 230, 244

Digital recording, 53, 57, 62–63, 86, 95, 223
Digitizer, 244
Dim spot, 185–186, 194, 216, 244
Dip migration, 124

See also Migration
Dip moveout, 127, 245
Dispersion, 181, 245
Dispersive wave, 245
Display, 138–139

black-and-white, 138
color-encoded information, 139
color schemes, 138
grading colors, 138
polarity plot, 138
variable-density plots, 138
wiggle-trace plot, 139

DMO, see Dip moveout
Down-dip, 60, 245
Down time, 245
Downgoing wave (direct arrivals), 72, 77, 140,

199, 245
Downward continuation, 128, 132
Drilling depth, 198, 200
Dynamic correction, 103, 245
Dynamic range, 52–53, 138, 245
Dynamite, 11, 27, 34, 62, 73, 245

Earth impulse response, 92, 104
Earthquake waves, 5
Echoes, 5
Electrical conductivity, 245
Electrical method, 7, 245
Elevation statics, 98, 116, 120, 139, 144, 177
End Of Tape, 55
End-of-File (EOF) code, 55
Energy Sources, 34–41
Enhanced Oil Recovery (EOR), 177, 180, 26,

224–226, 228, 245
EOT, see End Of Tape
Evaporite, 246
Exploitation, 227, 246
Exploration applications, 196–207

drilling, 198–201
reservoir engineering, 198–201
stratigraphic, 201–207

Exploration seismology, 25–27, 168
Extrapolation, 113, 246

Fast or Finite Fourier Transform (FFT), 90
Fault block, 246
Feathering, 246
Fermat’s principle, 23, 27, 126, 246
Filtered sweep, 38
Filtering, 91–95
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Filters, 48–50, 98, 103, 105–109, 111, 246
Finite impulse response (FIR) filter, 50–51, 246
First break time, 71, 142, 246
F-K filter, 111, 246
Flat spot, 246
Fold taper, 69–70, 247
Formation velocity, 75, 247
4-D surveys, 228
Frequency-wavenumber (F-K), 141, 247

Gain, 96–98, 144, 247
types, 96–98

Gammas, 11, 247
Gapped decon, 106–107, 193
Gate, 247
Geoflex, 35, 247
Geological marker, 191
Geometric spreading, 96, 140, 247
Geometry database, 95
Geophone

arrays, 183, 192
coupling, 75
definition, 247
planting, 183
tap test, 77
three-component, 61

Geophysicist, 16, 79, 134, 144, 167–168, 181,
198, 217, 224, 228

Ghost, 106, 109, 160, 247
Ghosting function, 107
Global positioning system (GPS), 33, 223, 247
Gravimeter, 9
Gravity methods, 7–8, 15
Gravity anomalies, 9
Ground roll, 18, 27, 35, 38, 52, 75, 99,

153, 247
See also Rayleigh wave

Group interval, 60, 62, 64–65, 68, 247
Gulf Coast, 133, 183, 185–186

Harmonic distortion, 52, 248
High-pressure zone, 79, 195–196, 218
Hole deviation, 71
Horizontal resolution, 145, 248
Horizontal slices, 140, 211
Horst, 152, 248
Huygens secondary source, 128–131
Hydraulic permeability, 181
Hydrophone, 43, 48, 61, 66, 68, 79, 109,

223, 248
See also Geophone

Hyperbola, 26, 113, 129–132, 145
Hyperbolic diffraction, 128
Hyperbolic summation, 128

Inelastic attenuation, 24, 248
Inline fold, 69, 248
Interactive interpretation, 215, 218
Interpolation, 96, 113, 140, 248
Intrabed multiple, 142, 248
Inverse Finite Fourier Transform (IFFT),

89–90
Iteration, 134, 150, 170, 178–180, 248

Line interface unit, 47, 51
Line roll, 67–69, 249
Log, 249
Love wave, 18, 75, 235, 249

Magnetic anomalies, 11
Magnetic map, 11
Magnetic method, 7–8, 10–11, 15, 249
Magnetic susceptibility, 7, 249
Magnetic tape, 52, 55, 79, 86, 249
Magnetometers, 11
Marine inwater system, 47–48
Matrix, 93–94, 249
Maximum offset, 60, 62, 231–232, 249
Migration, 69, 123–124, 127–128,

132–133, 249
diffraction, 132
downward continuation, 132
examples, 133
finite difference, 132
F-K domain, 132–133
Kirchhoff, 132
methods, 127
normal incidence, 124–126
post-stack algorithms, 128–131
pre-stack, 133–134
pre-stack partial, 127–128

Migration aperture, 69–70, 249
Minimum offset, 62, 249
Modeling

forward, 168
inverse, 168
one dimensional, 160–162
ray-tracing, 165–167
three dimensional, 167
two dimensional, 162–167

Mud weight, 249
Multi-fold shooting, 63, 249
Multi-offset VSP, 201, 205–207, 250
Multiplexed data, 57
Mute, 99–101, 115, 120, 123, 250

Navigation, 32–33, 52, 223, 250
See also Surveying

Negative zero, 55
NMO, see Normal moveout
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Noise, 27, 38–39, 43–45, 48–49, 52, 72–73,
75–76, 90–91, 96, 98–99, 100, 104,
106, 109, 111, 113, 115, 113, 132,
135, 144, 151, 160, 165, 250

Noise test, 250
Normal incidence principle, 124–125
Normal moveout (NMO), 26–27, 64, 99, 111,

116, 118, 123, 140, 145, 187, 250
corrections, 144

Notch filter, 49–50
Nyquist frequency, 51, 87, 90
Nyquist sampling theorem, 143

Ocean-bottom cable (OBC), 47, 61, 66, 78,
95, 250

measurement, 227
surveys, 68

Off-end spread, 58–59, 60, 81, 250

Pangea, 3–4
Parity bit, 55–56
Patch, 37–38, 67, 250
Pegleg multiple, see Intrabed multiple
Permeability, 180, 215–216, 223–224, 250
Permit man, 32
Permitting, 32, 250
Petrophysical properties, 181, 200, 215,

223, 251
Phase lag, 88
Phase lead, 88
Phase spectrum, 87–90
Piezoelectric disk, 43
Pilot flood, 251
Pilot sweep, 37–38, 52, 73, 251
Pinchout zone, 162
Plate tectonic theory, 3
Pooling, 228
Porosity, 180–181, 200–201, 215–216, 223,

227, 251
Positional representation, 53
Post-stack enhancement programs, 144
Preamplifiers, 48, 251
Prediction error, 106–108
Pre-plot line, 61, 251
Pre-stack analysis, 98–103

deconvolution test, 99–100
filter test, 101–103
front-end, 99
mute, 99
static corrections, 103
surgical mute, 99
velocity filter tests, 100

Pre-whitening, 106
Pseudo S-wave section, 191–192, 251

P-wave, 17–18, 20–21, 22, 27, 143, 184, 187,
189, 191, 227

Quadratic fit, 251

Radio positioning systems, 34
Random noise, 41, 75, 113, 115, 160, 165, 251
Ray-bending methods, 170
Ray tracing, 164–165, 168, 170, 173, 251
Rayleigh wave, 18–19, 27, 75, 251

See also Ground roll
Reconnaissance survey, 15, 252
Recording Instruments, 35, 46–58, 78, 109
Recovery factor, 252
Reflection method, 14–15, 252
Reflectivity series, 104, 252
Refracted ray, 21
Refraction method, 14–15, 252
Refraction statics, 95, 119, 144
Reservoir (petroleum), 252
Reservoir characterization, 79, 215, 227
Reservoir properties, 180, 215–216, 223–224
Residual gravity, 9
Residual statics, 116–123, 193, 252

reflection-based, 116–117
refraction statics, 119–122
stacking, 122–123
surface-consistent, 117–119

Resonant or natural frequency, 42
Root-mean-square velocity (VRMS), 252

Sample increments, 86
Sample periods, 86
San Andreas Fault of California, 3
Saturation, 8, 182–183, 252
Sea floor spreading, 3–4
Sectionalized cable, 47–48
Seismic array, 44–46, 252
Seismic boat, 223
Seismic detector, 12, 24, 33, 35, 72, 252
Seismic distortion, 151–160, 167, 216

focusing, 151
inadequate resolution, 153–154
near surface variation, 155
noise, 160
shadow zone, 151–152
subsurface discontinuities, 152
velocity change, 156–159

Seismic line, 65, 98, 103, 109, 152, 215, 253
Seismic marker, 79, 198, 217, 253
Seismic noise, 75, 250
Seismic polarity, 251
Seismic processing, 52, 79
Seismic receivers, 41–43
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Seismic record, 12, 18, 23, 25, 27, 47, 55, 95,
101, 108, 198–199, 253

Seismic reflection, 7, 12–13, 15, 32, 137, 150,
168, 184, 199, 216

Seismic resolution, 223, 227, 253
Seismic section, 14, 23, 85, 103, 109, 115,

123–124, 144–145, 150, 160, 167,
184, 225, 253

Seismic signature, 253
Seismic structure map, 211–213

isotime and isopach maps, 213
Seismic trace, 12, 91, 103–104, 106, 125–126,

150, 160, 216, 253
Seismic velocity, 3, 12, 79, 180, 217, 227, 253
Seismic waves

attenuation of, 23–24
types, 17–18

Rayleigh, 18
shear, 18
surface, 18

Seismic wave propagation, 19–24
critical angle, 22
Fermat’s principle, 23
head waves, 22
Huygens’s principle, 23
reflection and refraction, 19–21
Snell’s law, 21–22

Seismic workstation, 144
Shadow zone, 151–153, 164, 253
Shear wave, 18, 21–22, 27, 143, 183–184,

191–192, 227, 253
See also P-wave

Shooter, 35
Short-period statics, 119–120
Shot point, 35, 124, 126, 253
Shot record, 12, 64, 95, 98, 100, 169, 173
Sigma-Delta modulator, 49–50, 253
Signal-to-noise ratio, 48, 64, 73, 91, 98, 104,

115, 123, 132–133, 144, 196
Single-boat marine acquisition, 61
Single-fold shooting, 63
Sinusoids, amplitudes of, 89
Sleeve gun, 39, 41, 253
Society of Exploration Geophysicists (SEG),

57–58, 252
Sparse system, 254
Spatial aliasing, 143
Spherical spreading, 24
Spiking, 105

See also whitening decon
Split spread, 59–60, 62, 254
Static correction, 103, 116, 118, 120, 123,

155, 254
Statistical communication theory, 85

Stratigraphic column, 254
Stratigraphy, 85, 167, 196, 198, 201, 217, 227
Streamer, 43, 47–48, 52, 60–61, 66, 68–69, 79,

223, 254
Subsurface structure map, 207–208, 218
Surface geology, 3–5, 95, 165, 227
Surveying, 33–34, 254
Surveying method

electrical, 7
electromagnetic, 7
gravity, 8–10
magnetic, 7, 10–11
seismic, 7, 11–12

SV waves, 21
Swath, 67–69, 254
Swath shooting, 140, 254
S-wave, see Shear wave
Swept-frequency signal, 37
Symmetric split spread, 59–60, 254
Synthetic seismograms, 145, 160, 162, 196,

198, 216, 255

Tape dumps, 54, 57
Tape track, 52
Tectonic force, 2
Tectonic plate, 3–4
Tesla, 11, 255
Theory of optics, 27
3-D acquisition, 64–70, 79
3-D data processing, 139–143
3-D multiple streamer, 68
3-D seismic data acquisition, 227
3-D seismic mapping, 224–226
3-D seismic survey, 195, 215, 223–227
Time gates, 96, 113, 115–116
Time or depth steps, 132
Time series, 86–88, 92–94, 104, 106
Time-to-depth conversion, 137, 176
Time-variant deconvolution

(TVD), 109
Time-variant filters (TVF), 135–136
Time-variant spectral whitening (TVSW), 109
Tomography, 167–183, 216, 255

computer assisted, 167
cross-borehole model, 176–177
error criterion, 177–180
forward model, 177–180
near-surface model, 177
positron emission, 167
principles, 167
seismic, 168–169
transmission, 79, 170–176, 218, 223

iterative tomographic migration,
172–173
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ray tracing, 173–176
reflection travel time model, 171–172

travel time, 169–170
determination, 169
ray tracing, 170
tomographic inversion, 170

Transit time, 34, 160, 201, 255
Transmission coefficient, 21, 27, 165, 255
Trap, 124, 255
Tube waves, 76
Tuning effect, 255
Tuning thickness, 104
24-bit recording systems, 49, 75
T-X plots, 15

Unconformity, 255
Up-dip, 60–61, 124–125, 255
Upgoing wave, 77, 142, 199, 255
Uphole geophone, 34–36, 255

Velocity analysis, 109–116
affected factors, 115–116
constant velocity stacks, 112–113
methods, 111
types, 111

Velocity field, 113, 123, 172
Velocity filtering, 100, 142–143
Velocity Gradient Map, 214
Velocity inversion, 178–180
Velocity pull-down, 214
Velocity pull-up, 214, 255

Velocity spectrum method, 113–114
Velocity survey, 71, 77, 255
Vertical seismic profiling (VSP), 70–79, 180,

198–199, 217, 227, 256
data processing, 140–143
interpretation, 196, 217–218
surveys, 180

Vibrators, 37–38, 52, 62, 67, 73, 78, 204
Vibroseis, 27, 73, 144, 256
VSP, see Vertical seismic profiling

Water witches, 5
Wave equation, 132–133, 256
Wave front, 19, 27, 60, 129, 256
Weathering layer, 144
Well 34–7, 204
Well logging, 256
Well prognosis, 79, 217, 256
White spectrum, 105
Whitening decon, 105–107
Wiggle trace, 12, 86, 138–139, 253
Wildcat (well), 256

Zero-lag value, 106
Zero-offset point (ZOP), 127
Zero-offset section, 124, 131, 256
Zero-offset time, 26, 123, 129
Zero-phase, 38, 88, 94, 169
Zoeppritz equations, 21, 184, 187
Zone of interest, 208
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