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Introduction

This book has been written for those who need a solid understanding of the seismic method without the in-depth mathematical treatment that is normally required.
It is laid out in a format that allows one to naturally progress from the underlying
physical principles to the actual seismic method.
The mathematics needed for the topics is kept as simple as possible. High school
physics and mathematics are all that are required. The book starts out with the
elementary treatment of sound waves, light waves, optics, spectra and electromagnetic wave principles. It will then progress into the principles of electrical circuits
and geophone design, geophone arrays and recording instrumentation design and
behavior, before treating the seismic shooting method itself. In this way we lay a
solid foundation for the understanding of the processes at work, which are waves
and their behavior, instruments and their behavior and the subsequent recording,
processing and interpretation principles of the geophysical waveforms.
The book essentially consist of seven divisions:
1.
2.
3.
4.
5.
6.
7.

Basic physics
Geophones and instrumentation
Seismic field design
Rocks, rock physics and well logs
The seismic method
Seismic interpretation and geology
Probability, statistics and mapping

Many geoscientists believe that formalism aids in the understanding of the subject
matter, therefore texts treating this topic are usually too advanced, too mathematical
and too specialized, and they also make the assumption that many of the underlying
Physics concepts have already been mastered. On the other hand they can treat the
subject in such a simplified manner that there is absolutely no understanding or
even a foundation. I believe that when one starts out learning this subject this same
formalism prevents many students from understanding the concepts and therefore
drives them away from this science.

N

Introduction

Audience
This book is aimed at those who are first or second year technical school or university students who need to learn about the seismic method. This book can be used
for teaching a one or two semester course. As geoscientists we rely greatly on our
technicians and technologists. It is therefore important that they have a solid understanding of what we do and what we expect them to know.
Another group who might find this book very useful are seismic field personal
such as observers and party managers, geological and geophysical technicians,
geologists, engineers and financial people who need a more in depth understanding of the subject without having to learn the advanced mathematical treatment.
I trust this book fills the gap that has existed for so long.
Andreas Stark
Calgary, Alberta, Canada
November, 2007
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Waves and Sound



"

Seismic Methods and Applications

To be able to understand the procedures and the principles behind the seismic
method, it is necessary to understand some of the basic principles of waves. The
first three chapters will provide the basics of waves, optics and electromagnetic
waves respectively. We will then combine the different aspects to give the student
a clear understanding of the basic seismic wave principles.
We will now start with a short introduction to the concept of vector and then
treat the laws that are fundamental to it all: the laws of motion.
Remember that we induce motion into the subsurface to create waves that will
travel through the various geologic layers. They will be altered by the responses
of these layers and these altered waves will be recorded at the surface.

SCALARS AND VECTORS
Definitions
Scalars
Scalars are measurable quantities that have only magnitude and sign. Some
examples of scalar quantities are length, mass, volume, area, etc. All conventional
algebraic rules can be applied to perform mathematical operations on these
quantities. It is assumed that the student is already familiar with the handling of
scalar quantities.

Vectors
Vectors are measurable quantities that have both
magnitude and direction with respect to a
reference plane. An example of a vector
quantity is shown in figure 1.1 in which the
magnitude of the gravitational force experienced by the body is indicated by the length of
the segment joining the center of the body with
the arrowhead and the direction of the force is
indicated by the way the arrow points with
respect to an arbitrary set of coordinates x, x¢
and y, y¢.

Fig. 1.1

Vector quantity

Addition of Vectors
Vectors in general do not obey ordinary algebraic rules, therefore a set of
mathematical operations suitable for vector operations must be developed. For
instance if we want to represent the sum of two vectors, we may write R = A +
B , which means that the resultant is equal to the vectorial sum of vector A and
vector B . The resultant will also be a vector quantity.
With reference to figure 1.2 the sum of two vectors may be stated as follows:
Starting at any arbitrary point and using any convenient scale draw a vector A1
equal and parallel to A and pointing in the same direction. At the head of vector
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A1 start the tail of vector B1 and draw it equal and parallel to B and in the same
direction. Then to find the sum of vectors A and B draw a vector from the origin
or tail of A1 to the end or head of B 1 . This vector R is the sum of A and B as
is shown. The order in which the sum is performed is irrelevant as long as the
same origin is used and the original direction and magnitude of the vectors have
not been changed.

Fig. 1.2 Vector addition

If the addition of more than two vectors is required then neither the triangle
nor the parallelogram method is suitable. We then have to apply the polygon
method.

Definition of the Polygon Method is as Follows
Again starting from some arbitrary origin we redraw the vectors in sequence and
place them from head to tail. The sum of these vectors is a single vector drawn
from the origin to the head of the last vector in order to form a closed polygon, as
is shown in figure 1.3.

Fig. 1.3

Vector summing by polygon

$
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Subtraction of Vectors
By using the same rules as those for addition, vectors can be subtracted by
employing the following relation:

c h

R = A – B = A + -B
When the sign of a vector is changed from plus to minus (or vice versa) its
magnitude remains the same although its direction is reversed. Figure 1.4 below
shows the diagrammatic sum and subtraction of two given vectors.

Fig. 1.4 Vector subtraction

Resolution of Vectors
Since a single vector R is formed by adding together any number of vectors, any
vector can be split into any number of components. A useful method is to split a
vector into its rectangular components which will then permit the use of the
Cartesian coordinate system and the application of the rules of the rectangular
triangle.
Referring to figure 1.5 below we notice that vector A forms a right-angled
triangle with the horizontal projection of A , the vector A x and the vertical
segment that joins the arrow heads of A and A x . Of course this vertical segment
A y is the projection of A on the y-axis. By using the properties of right angles
we can establish the following relationship:

Fig. 1.5 A vectors rectangular components

R| A
||
|S A
||
|| A
TA
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x

y

= A * cos(q ) Þ cos(q ) =
= A * sin(q ) Þ sin(q ) =

%

Ax
A
Ay

A
sin(q )
=
= tan(q )
cos(q )
x = A * cos(q )
Another very useful relationship can be obtained by using the Pythagorean
2

= A * sin(q )

2

A x + A y or, solving for A x and A y

theorem A =
2

y

Ax =

2

2

A - A y and

2

A y = A - A x . These properties of vectors are fundamental in the study of
physics and they should be thoroughly understood since they will be used
extensively in this and subsequent sections.

Multiplication and Division of a Vector by a Scalar
When a vector is multiplied by a positive scalar, the result is still a vector. The
new vector points in the same direction as the old one, but its magnitude is the
product of the scalar and the magnitude of the old vector. Therefore, any vector
quantity can be expressed mathematically as its absolute magnitude A , which is
always a positive scalar multiplied by an unit vector u pointing in the same
direction as A . Thus we have A = |A| ◊ u . | A| in this expression is also called
the modulus of vector u .
When a vector is multiplied by the value –1, the result is a vector of the same
absolute magnitude but pointing in the opposite direction. The division of a vector
1
by a scalar a is equivalent to multiplication by the scalar . The result of this
a
operation is always a vector quantity.

General
When we say that an object is at rest, we mean that it is at rest with respect to a
reference frame such as the earth or the walls of a room. When we speak of the
motion of a car or a train, we mean the relative motion of the object with respect
to the earth or some other frame of reference. The frame of reference usually
takes the form of a set of coordinates such as North–South–East–West.
The definition of motion is the distance the body travels along a straight line in
equal time intervals. The speed of a body is defined as the distance traveled
divided by the elapsed time: i.e. speed = distance/time
s
If symbols are substituted we get: v =
t
When numbers are substituted for symbols, they must be accompanied by their
proper units; therefore in the equation above we would have units of m/sec, ft/sec,

&
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etc. If both speed and direction of a body are specified we use the term velocity,
which is defined as follows: the velocity of a body which is in uniform motion in
a straight line is the displacement divided by the time during which this

s
t
The arrows above the symbols are used because both velocity and displacement
are vector quantities. If the displacement is not uniform in relation to time, the
displacement occurred or in symbols v =

equation must be modified to accommodate the variations; thus V avge
( s - s1 )
= 2
, where V avge is the average velocity over the interval  s2 - s1  and is
( t2 - t1 )
defined as the vector displacement divided by the time difference t2 - t1  .
The equation can be written in a more compact form by replacing  s2 - s1 
and t2 - t1  with the Greek letter D (delta).
This is usually referred to as the increment of
the variable which it precedes. Hence we can
Ds
, where D s represents an
write V avge =
Dt
average displacement interval and not the
actual path s1 to s2, unless the path itself
follows a straight line. However, if s1 and s2
move toward a fixed point P on the curve, then
D s coincides more with the actual path along
Ds
the curve. The limit which the ratio
can
Dt
reach, if it converges on P, is the value referred Fig. 1.6a Average and instantaneous velocity
to as the instantaneous velocity.

f t + Dt  - f t  ds
Ds
= lim
=
= f ¢ t  . This is equal to
D
®
t
0
dt
Dt
Dt
the value of the tangent at that point and can be found by letting the independent
variable Dt approach 0 as a limit. The limit can be defined as that constant value
which is approached by a sequence of values of the average velocity, also called
the derivative with respect to t. Figure 1.6a shows the Representation of Average
and Instantaneous Velocity
vinstantaneous = lim

Dt ® 0

NEWTON’S LAWS OF MOTION
In 1687 Sir Isaac Newton (1643–1727) published for the first time the three
fundamental laws of mechanics, which marked a new era in physics.
The three laws can be stated as follows:
1. A body remains at rest or in uniform motion in a straight line as long as no net
force acts on it (conditions of equilibrium–Galileo’s principle of inertia).
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2. If a net force acts on a body, the body will be accelerated. The magnitude of
the acceleration is proportional to the magnitude of the force and the
direction of the acceleration is in the direction of the force. (action principle
– fundamental law of dynamics)
3. When one body exerts a force on a second body, the latter exerts a force
equal in magnitude and opposite in direction on the first body. Another way
of stating this law is: (to every action there is an equal and opposite reaction
– reaction principle)
These laws are fundamental to the sections that follow. They are important in
seismic exploration as we induce forces into the earth and therefore we create
reactive forces. It is the interaction of these forces that we will need to understand.

Newton’s First Law
Newton’s first law is often referred to as the law of inertia because of the
reluctance of a body to change its state of rest or motion. When a body is said to
be in equilibrium this does not mean that there are no forces acting on it; what is
meant is that the resultant of all the vector forces acting on the body are equal to
0, or expressed as vectors R = A + B + C + D + K = 0 where R is the
resultant of the vectors A , B , C , D etc. Sometimes it is more convenient to
express these vector quantities in a 3-dimensional coordinate system with
mutually perpendicular coordinates x, y and z, thus splitting R into its three
components:
R x = Ax + B x + C x + Dx + L = 0
Ry = Ay + By + C y + Dy + L = 0

R z = A z + B z + C z + Dz + L = 0
If any of these three equations gives a resultant other than zero, then the body
will be accelerated in accordance with Newton’s second law.

Newton’s Second Law
A body is said to be accelerated when its velocity varies with respect to time. The
average acceleration is given by the change in velocity divided by the time in
Dv
Instantaneous
which the change takes place - or in symbols: a avge =
Dt
acceleration is found by taking the limit of the ratio Dv/Dt in the same manner as
dv
we defined instantaneous velocity: i.e. a instantaneous =
, or
dt
f t + Dt  - f t  dv
d 2s
Dv
&
lim
a = lim
v
=
=
= = 2
Dt ® 0 Dt
Dt ® 0
dt
Dt
dt
We are now able to write Newton’s second law in the form of an equation:
F = k × a , where F is the magnitude and direction of the force and k is a
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constant scalar quantity, the value of
which depends on the system of units
used and the properties of the body.
Thus it follows that k = U * M, where
U is the system of units used and M
represents the properties of the body. M
is the symbol of mass, which is the
quantitative measurement of inertia in a
body.
If the SI system is used then U = 1,
and M is expressed in kilograms (kg),
and acceleration is measured in meters
per second2 (m/sec2 ). Hence the equation
can be written in terms of the SI units:
Fig. 1.6b Average and instantaneous
–2
–2
acceleration
F = k ◊ a = kg m sec = N = kg m s ,
where N is the symbol for Newton.

Newton’s Third Law
The last law states that a single isolated force is a physical impossibility. Each
force is always met by another equal in magnitude and exerted in the opposite
direction. These forces are known as action and reaction. A typical example is
found in seismic work, either with Vibroseis® or the older gas exploding
Dinoseis®, where a force F is impressed into the ground. The reaction of the
ground to the force from the seismic source is countered by a force acting on the
truck which is sitting over it. This is often called the reaction mass. This is pointed
out in the following diagram.

Force

Force

Fig. 1.7 Vibrating force and reacting force indicated by the arrows

VIBRATIONS AND WAVES
Vibrations of strings and tuning forks can be described by a simple experiment as
a function of time and amplitude. Let’s consider the vibration of a single point. In
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figure 1.8, we see a circle and a point H. If we let
this point H travel at a constant speed around the
circle, starting from point H0, we can determine the
position of H at any time by measuring the angle
HOH0, or j. The distance that the point H deviates
from point H0 is measured by the point P along the
axis DE and it is called the Amplitude.
If we now continue this process and continually
measure the angle and the position of the point P as
it moves up and down, then we can create a graph
that displays the vibration as a function of Fig. 1.8 Harmonic circular
amplitude and time as shown below in figure 1.9.
motion
By the time we have completed one revolution
around the circle, or moved point P from O to D, to O, to E and back to O, we
have completed one wave form called l. The circle has been divided into twelve
equal arcs of equal time intervals, i.e. constant rotation to demonstrate this. Note
that this all happens in place and there is no lateral movement.

Fig. 1.9

Simple harmonic motion

These vibrations are called SIMPLE HARMONIC MOTIONS.
In the next picture, figure 1.10 we have marked 13 points, or twelve equal
intervals on a string. This indicates a traveling transverse harmonic vibration.

Fig. 1.10

Transverse harmonic motion

The first point started vibrating upwards from H0, the leading edge of the wave
train, and returns back to its original state after T seconds. The second point is a
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1
l removed from point one. It will start vibrating when point one
12
1
has vibrated for
T sec., as that is the time needed to go from the first point to
12
1
1
the second point, a distance of
l. The second particle is then T - T sec in
12
12
vibration. The phase difference between particle one and particle two is therefore
1 ö
æ
çè T - T ÷ø 11
12
=
. With the aid of the circle we see that the vector or radius A has
T
12
11
traveled the arc H0QH, or
´ 360 ° = 330°, and particle two is therefore at
12
position 2¢. This procedure is followed for all the remaining particles. It can be
seen that one vibration of particle one has created one peak and one trough, and is
currently at the particle 13 position. The remaining part of the string is still at rest.
distance of

Note: If we have one point that vibrates in place, it is in a different position at
different times, we get figure 1.9. If we have vibrations of several different points
at the same moment in time, we get figure 1.10.
In figure 1.11 we have indicated the traveling LONGITUDINAL HARMONIC
VIBRATION.

Fig. 1.11 Longitudinal harmonic motion

Again, as in the previous example for transverse waves, the first longitudinal
particle starts moving, in this case to the right as indicated. The process is exactly
the same as for the transverse motion, except that the particles in this case move
in the direction of propagation. The bottom part indicates the particle displacement, and the top part shows the resulting waveform.

Periodic Motion
When the resultant force acting on a body is not constant but repeats itself at
regular time intervals T (period), the body is said to move with periodic or
harmonic motion; i.e., if a body at time t is found in a given position, provided its
motion is periodic, it will return to the same position after a time t + T.
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An example of “quasi” periodic motion is the oscillation of a weight attached to
a spring or the oscillation of a pendulum. The words quasi periodic are used since
the amplitude of successive oscillations decreases because of frictional forces
acting on both systems. These types of oscillations are often called aperiodic.
Harmonic motion can be plotted on Cartesian coordinates to give an idea of
how the amplitude varies as a function of time, as was demonstrated above. The
figure 1.12 below shows a fairly complex harmonic motion in (a) and the simplest
one in (b), which is also called a sine or cosine curve because it can be described
by the sine and cosine functions.

Fig. 1.12 Complex harmonic motion (a) and simple harmonic motion (b)

At this stage, it is also worth mentioning that any complex periodic or
aperiodic event can be described by the combination of sine or cosine functions.
As already mentioned, periodic motion can be represented by sine or cosine
functions. For this purpose, the reference circle can be used to explain how two
functions can describe periodic motion.

Fig. 1.13

Vector reference circle and x and y coordinates

