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ABSTRACT 

INVESTIGATION OF THE COMMON DEPTH 

POINT METHOD BY MEANS OF 

SYNTHETIC SEISMOGRAMS 

by 

JOSE PONCE DE LEON 

In seismic reflection shooting, some of the traces 

correspond to relatively large angles of incidence, 

especially when the method of common depth point is used. 

In an effort to observe the effect of the angles of in¬ 

cidence on traces with common depth point, approxima¬ 

tions of synthetic seismograms at oblique incidence with 

and without multiples were constructed. The theory of 

constructing a synthetic seismogram is briefly explained, 

under the assumption that S waves do not exist. 

After obtaining three approximations of synthetic 

seismograms for assumed shotpoint to-geophone distances 

of 400, 800, and 1200 feet respectively, the effects of 

initial suppression, filter, and automatic gain control 

were simulated. The three synthetic seismograms so ob¬ 

tained were staked together to obtain a single seismo¬ 

gram for various comparisons. 

It is concluded that as the angles of incidence of 

the shot traces increase, so do the differences with 
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respect to a trace shot at normal incidence. From 

the comparison of the stacked traces it is proved that 

the common depth point stacking process leads to a better 

definition of the character of the reflections, in com¬ 

parison with the conventional process. 
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I. INTRODUCTION 

In the geophysical prospecting, reflections and 

transmissions are the meaningful quantities concerning 

waves, since the wave amplitudes, as they appear in a 

seismogram, are the resultant of.a multitude of effects 

superimposed upon the direct reflection and refraction 

processes occurring at the various horizons. 

Despite the fact that many areas have been covered 

by reflection seismic exploration in the search for 

"structure", there still may exist, in these same areas, 

unfound stratigraphic traps. These traps may be located 

by the application of new seismic field studies or by 

the reexamination, with modern techniques, of old 

seismic records. 

One of these techniques, the common depth point 

(CDP) method, together with the synthetic seismogram 

and the electronic computer, can be very helpful in 

studying the effect of the angle of incidence on wide- 

angle reflection shooting. The present work is an attempt 

to study this method in a practical example. The pro¬ 

cedure used to study the propagation of a plane wave at 

oblique incidence is based on the solution of the wave 

differential equation. The matrix method is used to 

systematize the analysis and to present the equations 

in a form suitable for computation. This work is con¬ 

cerned only with plane compressional waves and horizontal 

plane interfaces. 
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In a general form it is possible to write the steps 

followed in this work as follows: 

1. - Obtain a velocity log of a well in the area 

of interest. 

2. - Obtain velocities for each of the layers of 

equal travel time. 

3. - Compute the depths to each layer. 

4. - Compute angles of incidence, given a shotpoint- 

geophone distance, and the depth to each 

successive layer. 

5. - Compute the reflection and transmission 

coefficients in terms of the angle of in¬ 

cidence. 

6. - Compute the impulsional synthetic seismograms 

with and without multiples for each of the 

three different shotpoint-geophone distances. 

7. - Apply simulations of initial suppression, 

filter, and AGC to the impulsional synthetic 

seismograms obtained. 

8. - Add the synthetic seismograms with multiples to 

obtain a single seismogram. Do the same for 

the synthetic seismograms without multiples. 

Compare the synthetic seismograms so obtained. 9.- 
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II. REMARKS CONCERNING THE CDP METHOD 

The CDP method was designed mainly for the im¬ 

provement of the signal-to-noise ratio and as a tool for 

attenuation of multiple reflections or combinations of 

multiple reflections that interfere with the true re¬ 

flections . 

The attenuation of multiple reflection is possible 

when velocity increases with depth. This is due to the 

fact that the NMO (normal moveout) is proportional to the 

surface distance between shotpoint and geophone, and in¬ 

versely proportional to the square of average velocity. 

Therefore the multiple reflections will have greater NMO 

than the primary reflections arriving at the same time. 

If there is no velocity contrast between their paths, 

primary and multiple reflections cannot be distinguished 

on the basis of their moveout. 

The application of the CDP technique is simply the 

selection of a number of shotpoints and geophone locations 

so that they have a common depth point with a number of 

different offset distances. The signals for all paths to 

the common depth point, after static and dynamic correc¬ 

tions, are added together to give one single record. On 

this record the primary reflections have been preserved 

by addition in phase. 

Two types of CDP configurations are normally used. 

The split configuration is satisfactory for signal-to- 

noise ratio improvement. Since the longitudinal waves are 

the fastest, and are the ones of interest in reflection 

prospecting, it is important to separate the reflections 
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from the undesirable slower waves which in some cases 

interfere with the reflections. Thus in the split 

CDP spread the longitudinal waves travel along short 

surface distances and therefore the normal moveout is 

small. This allows an enhancement of data by improving 

the signal-to-noise ratio. Figure 1(a), shows the split 

CDP configuration. The off-end configuration is satis¬ 

factory for multiple reflections attenuation. This is 

because the greater surface distances produce big move- 

outs on the primary reflections and hence the multiple 

reflections will have bigger moveout so that the con¬ 

trast between the primary and multiple reflections is 

very clear. Figure 1 (b) shows the off-end CDP con¬ 

figuration. A spread of one mile total length is normally 

used. The spacing between geophone groups is 220 feet. 

The effectiveness of the CDP method increases in pro¬ 

portion to the number of paths for a common reflection 

point on the subsurface. That is, a six-fold coverage is 

more effective than a three-fold coverage. 

Besides proper geometry, the determination of the 

correct velocity which must be utilized to remove the 

normal moveout prior to stacking, is of critical importance 

All long spread CDP records contain accurate velocity data 

which can be used to determine the correct function for 

normal moveout corrections prior to stacking. However 

the primary reflections are distorted by reverberations 

such that a deconvolution process must be applied before 

the primary reflections can be correctly identified and 
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"(a) Split CDP Spread 

(b) Off-end CDP Spread 

21 24 
+ 
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Figure 1. CDP Configurations 
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used for the velocity determinations. Another 

important point in regard to the CDP method is that 

most of the traces are shot with large angles of incidence 

In an effort to observe the effect of these angles of in¬ 

cidence on traces with common depth point, three approxima 

tions of synthetic seismograms at oblique incidence with 

and without multiples were constructed in the present 

work. They could then be compared with a synthetic 

seismogram at normal incidence. 

The basic steps followed, in order to obtain 

such approximations of synthetic seismograms, are ex¬ 

plained below. 

First, we obtained from a velocity log the velocities 

for each of the layers of equal travel time, from which 

we can obtain the thickness of each of the layers and 

subsequently the depth corresponding to each layer. 

Second, we computed the angles of incidence, assum¬ 

ing a shotpoint geophone distance of 400, 800, and 1200 

feet respectively, for each synthetic seismogram, found 

by the following expression: 

—1 y . 
0^ = tan 

where: 

0^ = angle of incidence 

y. = shotpoint geophone 
distance 

Z = depth to bottom of 
K - layer K 

We assumed that the rays travelled along straight lines. 
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We now were able to compute the reflection and trans¬ 

mission coefficients in terms of the angle of incidence 

as it is explained later in the section on reflection 

and transmission coefficients. 

After we had obtained the reflection and trans¬ 

mission coefficients we calculated the approximation of 

impulsional synthetic seismograms. The three synthetic 

seismograms so obtained were then added together, since 

they all have common depth points, in the CDP method. 

The rest of the work consisted of a comparison of 

the synthetic records with themselves and with the ones 

resulting from normal incidence. A reduction of multiples 

is observed in the stacked seismogram. 
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III. THE TECHNIQUE OF THE SYNTHETIC SEISMOGRAM 

The source of energy for seismic exploration methods 

is usually close to an impulse. That is, in standard 

seismic methods, the energy from the normal charge size 

may be considered to be a single energy unit with a 

maximum amplitude of one. However, the reflection signal 

appearing on the seismic record is quite different from 

the unit impulse. The seismic recording represents the 

total effect of the entire recording system including 

the geophones, galvanometers, amplifiers, and the 

filtering effects of the earth. 

An impulsional synthetic seismogram represents the 

response of the subsurface to a unit impulse, neglecting 

the effect of the recording equipment. 

If the impulse response, or the transfer function of 

the whole system, excluding the earth, is known, the 

convolution of an impulsional synthetic seismogram with 

this impulse response will approximate a real seismogram. 

Importance, Construction, and Use of 

Synthetic Seismograms 

The limitations of the reflection seismograph and 

other field techniques often make the analysis of field 

data very difficult. If direct reference to a sonic log 

or other types of well logs is not sufficient to resolve 
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the interpretation, then a practical method is the con¬ 

struction of synthetic seismograms (SS) that approximately 

illustrate the effects of the basic parameters in the 

seismic process. A SS is valuable prior to the field 

program, at the shooting period, and during the in¬ 

terpretation. The practical use of SS stems from the 

fact that it is possible to study the changes produced 

in the SS by changes in the characteristics of the earth. 

The comparison of SS with field records allows better 

correlation between recorded reflections and their causes 

in the earth. 

Several methods of constructing SS have been developed 

such as the mechanical analog method in which the values 

from the velocity log are used to construct a model whose 

acoustic impedance varies along its length in a manner 

analogous to the variation of acoustic impedance with 

depth in the ground. This method has not been much used 

in practice. 

Another method is ascribed to Peterson (Peterson 

et al., 1955) in which the values of the reflection co¬ 

efficients are approximated so that they are proportional 

to the amplitude changes of the velocity log if velocity 

is plotted on a logarithmic scale. This is the easiest 

way to produce the required sequence of reflected pulses. 

This method has the disadvantage in that multiple reflec¬ 

tions are not included. 

The digital computer method, in which the values from 

the velocity log are obtained at equal intervals of time, 

is a third method. This is the one used in the present work. 
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In this method a suitable program in a digital computer 

will yield the reflection coefficients at each of the 

assumed interfaces, and will also give the corresponding 

multiple reflections and the changes in amplitude due to 

transmission losses at the interfaces. This method allows 

the construction of synthetic seismograms either with or 

without multiples. 

The synthetic seismogram is first computed for an 

impulsive source. This yields the impulsional synthetic 

seismogram (ISS), which is then convolved with the system 

response giving the desired SS. 

If we neglect the distorting effect of the propaga¬ 

tion and of the equipment, the series of reflection 

coefficients placed at instants of time separated by 

intervals equal to twice the travel time in the elementary 

layers into which the earth has been divided, represents 

the response of the subsurface to a unit impulse. Thus, 

the seismogram so obtained is called an impulsional syn¬ 

thetic seismogram without multiples. 

By introducing the effects of multiple reflections, 

transmission coefficients, and the gain of the instru¬ 

ments the SS obtained constitutes, in general, the ideal 

theoretical response of the subsurface which field re¬ 

cording should obtain. However, this technique of 

calculating the SS does not give the most exact reflected 

signal possible because of the assumptions of plane wave 

source, of perfect elasticity of the layered media, and of 

the plane interfaces of the layers. 

There is a direct relationship between the sequence, 

time, and the form of the reflected waves and the lithologic 
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well log. In other words the individual peaks and troughs 

on the seismogram correspond to individual high or low 

velocity zones in the lithologic section. Wide peaks 

or troughs represent thick beds while narrow peaks or 

troughs represent thin beds (Peterson et al., 1955). 

Each reflection has the same waveform as the time- 

invariant shot pulse, but each has its own characteristic 

amplitude, polarity, and time delay. Since the shot 

pulse is the input, the impulse response of the earth, 

which can be considered as a filter, is the set of re¬ 

flection coefficients spaced properly in time. 

The synthetic seismogram as a function of time 

[S(t)] is given by 

S(t) = Y (t) * f(t) * e (t) 

in which y{t) is the reflectivity function, f(t) is the 

shot pulse, and e(t) is the filter external to the 

earth. 

For the case in which all multiples are included, 

the velocity function is sampled from the velocity log 

to give an "N" layered earth, and all reflections, primary 

and multiples, are obtained by solving the wave equation, 

taking into account the reflection and transmission coef¬ 

ficients at each interface. The basic relationship be¬ 

tween the field and synthetic seismograms can be expressed 

using the transforms of the time functions. 

If the technique is perfect, the SS should be 

identical to the corresponding noise-free field seismogram. 
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The simplest of the uses of the SS is the identifica¬ 

tion of the geological horizons giving rise to observed 

reflections. Multiple reflections can be identified by 

comparing SS which respectively include and exclude 

multiples. 

Seismic Wave Propagation in Layered Media 

In order to review the wave propagation across 

boundaries, we will examine a horizontal plane interface 

and a longitudinal (p) wave propagation along the 

vertical (y) axis. If,a plane harmonic wave of angular 

frequency uu and incident amplitude A^ travels downward 

in medium 1, then the incident disturbance, is the real 

part of (Lindsay, 1960) : 

i(uj£ -k^y) 
g. = A. e 
I I (1) 

where UJ = 2rrf 

k = - K1 C, 

C = time variable 

f = frequency 

= P wave velocity in medium 1 

A. = real value of the amplitude coefficient 

of the incident plane harmonic wave. 

The reflected wave in medium! can be respresented by: 

= A e 
r 

iCuuC+kjy) 
(2) 
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where A^_ = real value of the amplitude coefficient of 

the reflected plane harmonic wave. 

The transmitted wave into medium 2 can be represented by: 

g t V 
(wC-k2y) 

(3) 

Where A^_ = real value of the ampliutde coefficient 

of the transmitted plane harmonic wave 

C2 = P wave velocity in medium 2 

The incident, reflected, and transmitted waves, all have 

the same frequency f, that is, a harmonic wave of given 

frequency will retain this frequency regardless of the 

medium through which it travels. The relationship between 

gj ' gr, and g^_ depends on the boundary conditions. In 

order to obtain A , and A^ in terms of A. we need only 
r t I 

two boundary conditions, i.e. the stresses and displace¬ 

ments should be continuous across each interface between 

layers. 

The continuity of stresses yields: 

A. 
l 

Ar = K At (4) 

and 

the continuity of displacements yields: 

A. + A = A.   
l r t 

(5) 
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where K is a function of the acoustic impedance of the 

medium. The acoustic impedance for a plane wave is 

defined as the product of the density by the wave 

velocity. 

Solving Equations (4) and (5) for A^ and A^_ 

in terms of A. we obtain: 
l 

r A.  
I 

 (6) 

tA.  - (7) 

where r is defined as the amplitude reflection coefficient 

and t is defined as the ampliutde transmission coefficient 

resulting from an incident plane wave traveling downward 

in medium 1 to the interface. 

amplitude reflection and ampliutde transmission coefficients 

respecitvely, resulting from an incident plane wave travel¬ 

ing upward in medium 2 to the interface. 

The Velocity Log 

The velocities used in the present work were sampled 

with constant time intervals of 2 milliseconds. The sonic 
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log was obtained in a well located in the Altamira 

Municipality of the State of Tamaulipas, in Northern 

Mexico. 

The total number of layers which were sampled was 

287 for a two-way vertical time of 1.152 seconds. The 

velocities were plotted using an IBM-7040 digital computer 

The program in Fortran IV is shown in Appendix I. The 

basic steps followed are: 

1. - Read the number N of layers of equal travel 

time, and the plotting symbols. 

2. - Read the velocities of all of the N layers. 

3. - Compute the two-way vertical time. 

4. - Change the scale for the velocities. 

5. - Test the maximum and minimum positions in the 

plot. 

6. - Write a plotting symbol in desired position, as 

well as the layer number, the vertical time, 

and the corresponding velocity. 

7. - End. 

The plot of the velocities is shown in Figure 

2. 

Reflection and Transmission Coefficients 

Reflection and refraction of essentially planar 

waves at interfaces between layers are of basic importance 

and it is interesting to know how they may change and what 

makes them change. 
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The reflection and transmission coefficients for 

the general case of oblique incidence can be very closely 

approximated by computing the direct-reflected and the 

direct-transmitted portion for transition layers, and 

letting the thickness approach zero (Bortfeld, 1961). 

These approximations might be adequate for all cases 

occurring in reflection seismic prospecting. 

However, in the present work, the assumption that 

all of the SV conversions are neglected, allows us 

to use the reflection and transmission coefficients for 

the case of liquid-liquid interface. To obtain such 

coefficients we consider the wave equation for a plane 

wave and the corresponding boundary conditions, i.e. 

continuity of vertical particle velocity and continuity 

of pressure, and their solution will lead us to determine 

the ratio of the amplitude of the reflected and refracted 

waves to the incident wav$, reflection, and transmission 

coefficients respectively. The expressions for these 

coefficients (Officer, 1958) are: 

r = (8) 
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t 
2 2 . 2Q 

2 l|Cl/S "Sin 1 P 

Pi 1-sin B. 

(9) 

where and are densities in medium 1 and 2 respective¬ 

ly C and C are the P wave velocities in medium 1 J • 1 2 
and 2 respectively, and 

9^ is the angle ofincidence. 

In terms of the angles of incidence and refraction, the 

reflection and transmission coefficients can be expressed 

by: 

P2C°t9l“ Picotfi2 

p2COt8l + Picot02 

(10) 

t = 

2p1cotQ1 

p2C°tei + plcote2 
(ID 

where a is the angle of refraction, given by: 

. -1 ,2 . 
02 = sin (^f sxn91) 

From Equations (8) and (9) we can see that the reflection 

and transmission coefficients depend on values of velocity 

and density on both sides of the boundary, and on the 

angle of incidence. This latest has a considerable effect 

on the reflection coefficient, since for angles of in¬ 

cidence less than the critical angle (given by Qc=sin ^ 

C1 
—— ; C > C ) the reflection coefficient for longitudinal 

2 2 1 
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plane waves varies continuously with increasing angle 

of incidence (Muscat and Meres, 1940 a). Beyond this 

angle of incidence, the radical becomes 

imaginary. Thus the expression for the reflection 

coefficient becomes, for incidence more grazing than 

the critical angle: 

r 

. . 2 2.2 
|sin 01 - Cx /C2 

1 - sin e. 

P2 .h2*! ~ Cl2/C22 ' 
P1 U 1 - sin2e^ 

(12) 

Or in another form 

where e is real and given by the following expression 

e = 2 tar. 

/ . 2 2~. 2^ 
-1 P^-n 9j- Cx /c2 

p yi-sin^B ' 

This means that at angles of incidence greater than the 

critical angle, the amplitude of the reflected wave re¬ 

mains unity, but there is a phase shift of e between the 
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reflected and incident waves. The phase shift varies 

from 0 degrees at the critical angle to 180 degrees 

at grazing incidence. The expression for the transmission 

coefficient becomes: 

t = 
2 e 

ie/2 

+ 

• 2 2 .2 sin er c1/c2 

1 • 2. 1 - sm 0 

(13) 

It follows that the amplitude of the reflected wave 

is equal to that of the incident wave with a phase 

change of e, and no disturbance is transmitted in the 
2 2 2 

interior of the second medium. However, if /C < sin 

the formulas represent a disturbance in the second medium 

which propagates along the interface and the amplitude 

decreases exponentially away from the surface into the 

lower medium. This wave exists only as a consequence of 

reflection at angles of incidence more grazing than critical. 

Figure 3 shows how phase change varies as a function 

of the angle of incidence (Ewing et al., 1957) for the 

case of C2 > and p2 > p^. 
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*1 

Figure 3. Phase Change 2e for various angles of incidence 

(Ewing et al., 1957) 

The critical angle is determined solely by the ratio 

C /C and occurs only for the case C > C . For such a 

contrast there will always be a critical angle beyond 

which there is total reflection with a phase shift of 

the reflected wave with respect to the incident wave. For 

C < C total reflection occurs only at grazing incidence. 
2 1 
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In practice, the fact that the reflection coefficient may 

change as a function of the angle of incidence is useful 

to improve the quality of reflections on a seismogram by 

choosing a suitable shotpoint geophone distance. 

Experiments show that reflected waves stand out on 

the records for comparatively short distances from the 

shotpoint. The maximum distance, d , at which the 
M 

reflected waves can be recognized is, generally, that at 

which headwaves are first observed. 

The absence of reflected waves at distances greater 

than d^ is explained by the geometric spreading of these 

waves. 

Program to Compute the Reflection Coefficients 

In order to compute the reflection coefficients for 

the three different distances, a program in Fortran IV has 

been written. It is as follows; 

1. - Read the number N of layers of equal travel 

time. 

2. - Read the velocities of the N layers. 

3. - Read the three shotpoint-geophone distances 

X. for which the reflection coefficients are 

being computed. 

4. - Compute the depth Z to the bottom of each of 

the N layers. 

5. - Compute the three angles of incidence for 

the three distances x and for each depth Z. 

6. - Compare two adjacent velocities. If both are 

equal, then the reflection coefficient is zero. 
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7. - Compute the sine and .cosine of the angles 

of refraction. 

8. “ Compute the three reflection coefficients 

for each interface. 

9. - Compute the two-way vertical time and the real 

time or reflection time. 

10. - Print a list of results including layer number, 

the depth, the three reflection coefficients 

corresponding to the three given distances, 

the angles of incidence, and the two-way 

vertical and reflection times. 

11. - Punch the values of the reflection coefficients, 

that will be used in the programs to compute 

the synthetic seismograms. 

12. - End. 

The Fortran IV program is shown in Appendix II. The 

approximate running time for 287 layers is 120 sec. 
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The Synthetic Seismogram Without Multiples 

The principles in construction of a synthetic seismo¬ 

gram are based on the fact that a seismic impulse travel¬ 

ing downward, at an interface between two layers of different 

acoustic impedances, produces both a reflection and a re¬ 

fraction, as is depicted in Figure 4 for the case of small 

angles of incidence. 

C1 
A = rA. 

/ r I 

C2 
- 2 k 
- (1-r ) A. 

Figure 4. Reflection and Refraction of a Seismic Pulse 

For the case of N layers, the approximation of a syn¬ 

thetic seismogram at oblique incidence, considering only 

primary reflections, will yield the amplitude of a plane 

wave reflected from an interfact N, given by the expression 

N-l 2 

1 

(14) 
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Since all of the reflection coefficients are less than 

one, equation (14) corresponds to a function in which 

the amplitudes decrease proportionally with time. 

Figure 5 shows how such a equation is obtained. 

*N " (1-r1
2>'1-r2

2)‘---(1-r2n-l)rnAi 

Figure 5. Amplitude of a plane wave reflected from 

Interface N. 

In practice it is desirable that both the field record 

and the synthetic seismogram have an average amplitude 

approximately yniform along the whole length. In the 

field record this is done by the AGC (Automatic Gain 

Control). In the synthetic seismogram a simulation of 

this AGC should be made. There exist some important 
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differences between the synthetic seismogram and the 

field record. This is due to the reflections between 

layers, which are propagated up to the first layer, and 

the multiple reflections of the surface as is shown 

in Figure 6. 

For this reason the synthetic seismogram without 

multiples is considered, above all, as a correlation tool 

The synthetic seismogram with multiples is a better means 

of analysis. 

a!-2 a b b’ta+b c c'=zb J e/^b+C £sc/+b 

Figure 6. Some possible multiple reflections of 

the surface. 
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The synthetic seismogram calculated by the electronic 

computer is plotted as a time-series. The program to 

compute the approximation of synthetic seismogram at 

oblique incidence without multiples is shown in Appendix 

III of this work. 

The Simulation of the.Filter 

The simulation of analog filters is based on the frequency- 

to-time transformation (S. Smith, pers. comm., 1965) 

where Z 

2i 1-Z 
W At 1+Z 

-iuu. At 
e 1 

If F(u>) is a desired filter characteristic, then for 

any filter that has an analog realization F(<.o) = R(Z) 

where R(Z) will be a rational function 

R(Z) 

cl Z 
n 

n 

b zn 
n 

The corresponding linear operator is: 

M 

S 
n=0 

b 
n 
Q 
k-n 

N 
an Ik-n 

n=0 

where I is the input to the filter and 0 is the ouput. 
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Thus we can write an expression for the filter output 

as : 

0. 

K 

]_ 

b ' 

N 
£ 

n=0 
a 
n 

I 
k-n 

M 
E b o 

n=l n k-n 
(15) 

This represents an equivalent frequency response to 

other filter operations and their minimum requirements 

on the length of filter coefficients reduces the computer 

time. For the present work two low pass filters with 

cut-off frequencies of 40 and 60 cps were computed, both 

with an attenuation ratio of 6 db/oct. 

From the equation for a single pole low pass filter 

R(Z) 
1 + Z 

(1 + 
2 

f At )+ Z (1 

a Z 
n 

n 

M 
£ 

n=0 

b Z 
n 

n 

where f is the cut frequency and At is the sampling time 

rate, we can compute the coefficients a and b in order 
n n 

to substitute them into equation (15). 

Then for the case of the 40 cps filter we obtain: 

°K 13.5 (IK + IK-1 + 11,5 °K-1J 
(15a) 

Similarly for the case of the 60 cps filter we obtain: 

°K 9.33 (IK + IK-1 + ?*33 °K-1** 
(15b) 
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Both filters were used in the computation of the synthetic 

seismograms. However, the synthetic seismograms computed 

with the 60 cps filter were chosen for the various 

comparisons. 

The AGC Simulation 

In the present work an AGC medium with a decay 

velocity of 80 db/sec was assumed. The following ex¬ 

pression gives the relationship between the input and the 

output of the simulated AGC. 

0(i) 
I (i) 

£ o2(i-j) 
j=o 

1/2 

where I is the input and 0 is the output of the AGC. 

The Initial Suppression Simulation 

For the simulation of the initial suppression it 

was assumed that the decay velocity was 120 db/sec, from 

which the coefficients affecting the amplitudes were 

calculated. These coefficients were neglected after the 

84th amplitude. For the first 84 amplitudes, each 

amplitude was multiplied by its respective factor of 

suppression. 
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Program to Compute a Synthetic Seismogram 

Without Multiples 

In order to obtain the amplitudes at constant 

intervals of time of 2 milliseconds, corresponding to 

a synthetic seismogram without multiples, a program in 

Fortran IV has been written. A brief description of 

the main steps followed, is given below. 

1. - Read the shotpoint geophone distance and the 

number N of layers of equal travel time. 

2. - Read the reflection coefficients for the N 

interfaces. These values of the reflection 

coefficients have been obtained from the output 

of the respective program, which gave those 

values on punched cards. 

3. - Compute the amplitudes .for the first ten layers, 

since it is assumed that the dynamite charge 

is placed at interface eleven. 

4. - Compute the amplitudes for the rest of the 

layers. 

5. - Introduce the simulation of the effect caused 

by the initial suppression when it is attenuating. 

6. - Read the factors which affect the values of 

the first 84 amplitudes. The effect of the 

initial suppression on the rest of amplitudes 

is neglected. 

7. - Multiply the amplitudes affected for their 

respective factor of suppression. 
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8. - Introduce the simulation of the filter. 

9. - Introduce the simulation of the AGC. 

10. - Compute the vertical travel time. 

11. - Print a list of results including the number 

of the interface, the vertical travel time 

and the values of the amplitudes. 

12. - Punch the values of the amplitudes on cards 

that will be used in the programs to plot 

the synthetic seismogram without multiples and 

the stack. 

13. - End. 

This program is shown in Appendix III. The approximate 

run time is 100 seconds. 

Program to Plot a Synthetic Seismogram 

With or Without Multiples 

A program in Fortran IV was used to plot the 

amplitudes of a synthetic seismogram with or without 

multiples, and with the simulated effects of the initial 

suppression, filter, and AGC. Such a program has been 

done according to the following steps: 

1. - Read the number N of layers and the plotting 

symbols. 

2. - Read the amplitudes of the complete synthetic 

seismogram corresponding to a given shotpoint - 

geophone distance. The values of the amplitudes 

have been obtained from the output of the re¬ 

spective program which yield those values in 

punched cards. 
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3. - Compute the two-way vertical time. 

4. - Normalize and round the values of the amplitude. 

5. - Test for the maximum and minimum position in 

the plot. 

6. - Print a plotting symbol in desired position, 

the two-way vertical time, and the normalized 

values of the amplitudes. 

7. - End. 

Appendix IV shows this program. 

The Synthetic Seismogram With Multiples 

In order to obtain a synthetic seismogram with 

multiples, the displacements are determined, step by 

step at each succeeding instant, at all of the inter¬ 

faces reached by the waves at these times. 

Assuming that the vertical travel time of an 

elastic wave through each layer is constant and that 

the source of the downgoing pulse is at times Q = 0, 

by using the Z - transform we can arrive at the equations 

which relate the wave coefficients in terms of the re¬ 

flection and transmission coefficients. 

Figure 7 depicts the wave coefficients, that is 

the displacement amplitudes of the downgoing waves as 

well as the upgoing waves both at the top and at the 

bottom of the layers. 
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Time Units 

0 12 3 4 
1  1 1 1 ^ 

Figure 7. Wave Coefficients 

The notations used in Figure 7 to denote the wave 

coefficients are as follows: 

k+2n-l '*‘s ^ie ^isP-*-acemen^ amplitude of the 
downgoing wave at the top of layer K occurring at time 

k+2n-l where k = 0, 1, 2,  and n = 0,1,2   is a 

suitable time index, b' is the displacement 
g "I ^ n 

amplitude of the downgoing wave at the bottom of the 

layer k occurring at time k+2n, S is the dis- 
K tK+2n—1 

placement amplitude of the upgoing wave at the top of 

layer K occurring at time k+2n-l, where k = 0, 1, 2, — 
i 

and n = 1, 2, 3, , S'* is the displacement 
k,k+2n 



33 

amplitude of the upgoing wave at the bottom of layer K 

occurring at time k+2n, where n = 0, 2, 2,  . Let us 

now recall the concept of the Z-transform. This is a 

specialized Laplace transform with which we can trans¬ 

form time-series into the frequency domain, and work 

with the resultant function as a frequency function. 

From the Fourier transfer function 

r“ *t4-\ -iu>t_. J f(t)e dt 
— 00 

a complex variable Z is substituted for e 1U) , and sub¬ 

stituting summation for integration, we arrive at 

£f(t)zt 

-G 

So now we can represent a time-series by using the 

amplitudes of the time points as coefficients of Z, and 

the time value itself as the exponent of Z. We then 

have a polynomial with respect to the complex variable 

Z, which is in the frequency domain. In other words the 
2 

nth order polynomial in Z, F(Z) = a + a.. Z + a Z +  
n ^ ^ ^ 

+ a^Z , is called the Z-transform of the nth order delay 

filter. The constants a , a,, a^,   a , are the weight- 
o 1 2 n 

ing coefficients of the delay filter. 

Going back to the wave coefficients we can apply the 

Z-transform to them in order to have the information con¬ 

tained either at the top or at the bottom of a given layer. 

Thus the Z-transform of the downgoing waves at the top of 
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layer K is given by 

_ t n\ -u _k-l. k+1 

Vz) = \,k-lZ + \,k+l z b Z 
k .k+3 

k+3 
+ . 

Similarly the Z-transform of the downgoing waves at 

the bottom of layer K is 

,k+2 
B'k(Z) = b' Zk + b' j Z' 

k,k k,k+2 
b' k+4 
+ Z +  

k ,k+4 

These two Z-transforms are related by a Z-transform 

(Z). Assuming the absorption-free case, the effect 

of layer K is equivalent to introducing a time delay of 

one unit from the top to the bottom of the layer. Since 

Z represents a pure delay of one time unit (Robinson and 

Treitel, 1964) we conclude that H^(Z) = Z and 

B'k(Z) = Z Bk(Z) 

Therefore, the term b, . _ Z for example, is 
k,k+3 

associated with a time delay of k+3 from the instant 

that the pulse has excited the system. 

As before, the Z-transform of the upgoing waves at 

the top of layer K is 

„ , . „ k+1 
sk(z) = sk .k+i 2 + S

k.k+3
Z 

,k+3 
S, Z 
k ‘.k+5 

k+5 

whereas the Z-transform of the upgoing waves at the bottom 

of layer I is 

k(Z) 
= S 

k ,k 
+ S 

k ,k+2 
Z 
.k+2 

+ S 
_k+4 

k,k+4 
+  

Again, the last two Z-transforms are related by 

transform characteristic of layer K, i.e. S (Z) 

therefore Sk(z) = Z S'k(z). 

a Z- 

= Hk(Z)S'k(Z) , 
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We now are able to arrive at the equations which 

relate the wave coefficients in terms of the reflection 

and transmission coefficients. 

Figure 8. depicts the general case at the inter¬ 

face K at time instant Q. 

TIME 

C-i C £+1 
H 1 1  

Figure 8. Wave Coefficients for the General Case. 
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The coefficient S', „ is the result of both the re- 
k,C 

flection of b' and the transmission of S . Thus we can 
k,£ K+1,C 

write the equation 

S' ,=rb' +t' S 
k,C k/C k+l,C 

(16) 

On the other hand the coefficient b. . , is the result k+i, C 
of both the reflection of S, ,, , and the transmission 

k+l,C 
of b'. . Thus, we can write a second equation ■k # c 

bk+l r Sk+l,C + t b k,C 
(17) 

By combining equations (16) and (17) we obtain 

* Sk.c “ r bk+I,C + (tt' ' rr")sk+l'£ —<18) 

Equations (17) and (18) define the situation at the 

interface k and at time Q. 

By multiplying these equations by Z^ and taking 

summations over Q = k, k+2, k+4, , we can rewrite 

them as Z-transforms: 

t E S', Z =r E b. 
k,C c k+l,C 

Z ^ + 

t E b' „ ZC = E b . , 
£ k,c C k+1'C 

(tt'-rr')S S. n ZC (19) 
C k+1'£ 

■ r' f Sk+1,£ ^ (20) 

or 

t S'k(Z) = rBk+1(Z) + (tf'-rr') s
k+1(

z) (21) 

4 BVZ> - IWZ) -r' sk+i
(z)— (22) 
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The reflection and transmission coefficients for the 

downgoing and upgoing waves are related by: 

r = -r' 

and tt' - rr ' = 1 

Therefore equations (21)and (22) become: 

t S 'k(Z) = rBk+1(z) + Sk+1(Z) (23) 

1 E k(Z) = Ek+l
(Z) + r Sk+l

(Z) (24> 

Using now the fact that B' (Z) = Z B (Z) and 
K. KL 

S (Z) = Z S' (Z) we obtain: 
K .K 

t Sk(Z) = zr Bk+1(Z) + Z Sk+1(Z) (25) 

* Bk<z) - I Bk+i
(z) +isk+i<z> -—(26> 

Equations (25) and (26) can be expressed in matrix form 

(Thomson, 1950) as follows: 

Ek(z> 
Zr z 

t t \+i
<z) 

Bk<z) 
1_ r_ sk+i

(z) 

Zt Zt 

(27) 

Since the reflection and transmission coefficients r and t 

respectively, correspond to the interface K, i.e. between 

the layers K and K+l, we can define the matrix as: 



38 

\ 
z r* 

t 
k 

r 
k 

Ztk 

1 

Ztk 

(28) 

where k = 1, 2, 3, 

Equation (27) becomes: 

Vz) 

Vz) 
■ \ 

Bk+i(z) 

(29) 

For the interface k = 0 we use the equations: 

tQS *0 (Z) = r0B1(Z) + SX(Z)   (30) 

toB"o(z) = B1(Z)+ r0Sl(Z)   (31) 

or in matrix form: 

r n 
s'o(z> 

o
 

II 

s1(z) 

B'o(z> B1(Z) 

(32) 

Finally, we can write an expression of Z-transforms 

of the upgoing and downgoing waves for the case of N 
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layers. 

s'o<z) 

EVZ> 
P
0 R1 R2 R3‘■ 

.R. 
N-l 

SN(Z) 

Vz) 
. • (33) 

Equation (33) is the desired result expressing the 

particle displacement in terms of the reflection and 

transmission coefficients of the individual layers and 

the travel time across the layers. 

Forming the product of matrices R R . ,.R_ ...R 
1. /, K .W — -L 

we can define a matrix A such that 

A, 

A = 
11 *12 

= R, R . • . . .R, 
7\ 

1 2 k 

21 
/a 
22 

R. 
N-l 

The elements of the product matrix A can then be expressed 

as a polynomial in Z and equation (33) becomes 

s'o<z> 
B'o(z) 

V 
vz> 
Vz) 

(34) 

in which the product of the three matrices of the right 

hand side, is a polynomial in Z itself. By taking the 

inverse transform of the polynomial we obtain the time 

. . . — i(jo 
function by the substitution of Z = e 

Therefore, the approximation of an impulsional 

synthetic seismogram at oblique incidence, with multiple 

reflections may be expressed as a time function, as follows 
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S(t) = aQ6 (t) + a;L6(t-2C) + +an6(t-2NC) 

for the case that the stress pulse is a unit impulse 

located just above the first layer, at time £=0. The 

coefficients a^a^,.... an determine the magnitude of 

the unit impulses separated in time, given by twice the 

travel time across each of the layers, received by a 

geophone located also just above the first layer. These 

coefficients a_,a,,... a are determined by the 

characteristic impedances of the layers. That is, the 

coefficients are functions of the reflection and trans¬ 

mission coefficients. 

Similarly, for the case that the stress pulse is not 

located just above the first layer, i.e. a buried source, 

the corresponding synthetic seismogram may be expressed 

as 

S(t) = a05(t-O + a^ 6(t-3£) + a26(t-5C) +  

...+ aN6(t-(2N+l)C) , 

in which the series of unit impulses are received by the 

geophone at equal intervals of time, given by twice the 

travel time across each of the layers but the first unit 

impulse is received by the geophone at time £ after the 

instant that the stress pulse excites the system. 

As before the coefficients a_,a_,a_ a are 
0 1' 2 n 

functions of the reflection and transmission coefficients, 

and they determine the amplitude of the unit impulses. 
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Program to Compute a Synthetic Seismogram 

With Multiples 

The computation of the synthetic seismiograms with 

multiples has been carried out by using a program in 

Fortran IV, prepared according to the following steps: 

1. - Read the shotpoint-geophone distance and the 

number N of layers *of equal travel time. 

2. - Read the reflection coefficients for the 

N interfaces. These values have been ob¬ 

tained from the output of the program to 

compute the reflection coefficients. 

3. - Read the constant NSS. If it is zero, an 

impulsional synthetic seismogram will be 

computed. If it is one, the complete 

synthetic seismogram including the simula¬ 

tions of the filter, AGC, and initial suppression 

will be computed. Read also the interface 

number NK at which the source is assumed, the 

interface number NS at which the geophone is 

assumed, and the number of impulses or samples 

desired for which the synthetic seismogram 

is being computed. 

4. - Compute the product of the matrices in order 

to arrive at the impulsional synthetic seismo¬ 

gram. 

5. - Compute the vertical travel time. 
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6. - Print a list of results in case that only the 

impulsional synthetic seismogram is desired. 

Otherwise continue with the program. 

7. - Introduce the simulation of the initial 

suppression. Read the factors which affect 

the values of the first 84 amplitudes. The 

effect of the initial suppression on the 

succeeding amplitudes is neglected. 

8. - Introduce the simulation of the filter. Two 

cases result from the 40 cps and 60 cps filters 

imposed. 

9. - Introduce the simulation of the AGC. 

10. - Print a list of results including the number 

of the interface, the vertical travel time, 

and the values of the amplitudes. 

11. - Punch the values of the amplitudes correspond¬ 

ing to a selected filter. These punched cards 

will be used in the programs to plot the synthetic 

seismogram, and the stack of 3 synthetic seismo¬ 

grams . 

12. - End. 

Appendix V lists this program. The approximate 

running time to process 480 data points is 3.5 minutes. 

Program for Stacking Three Synthetic 

Seismograms With or Without Multiples 

Similar to the program used to plot a synthetic 

seismogram with or without multiples, is this program to 
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plot a stack of three synthetic seismograms, prepared 

in Fortran IV, by the following scheme: 

1. - Read the number N of layers of equal travel 

time and plotting symbols. 

2. - Read amplitudes of the complete synthetic 

seismograms corresponding to each of the 

three shotpoint-geophone distances. These 

values of amplitudes have been obtained 

from the respective programs which yield as 

their outputs such values in punched cards. 

3. - Compute the two-way vertical travel time. 

4. - Change scale for the values of the amplitudes. 

.5.- Compute the algebraic sum of the three final 

amplitudes. 

6. - Normalize and round the values of the sums. 

7. - Test for the maximum and minimum positions in 

the plot. 

8. - Print the vertical time, the normalized values 

of the stack, and the plotting symbol in desired 

position. 

9. - End 

Appendix VI shows this program. The approximate 

running time is 70 sec for a total of 480 data points. 
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IV. ANALYSIS AND COMPARISON OF THE SYNTHETIC 

SEISMOGRAMS OBTAINED 

The analysis and comparison of the synthetic 

seismograms obtained should be carried out on elements 

that can readily be compared, such as the character, 

frequency, and shape of the signal picked out. The 

comparison, according to the nature of the problem, 

has to have a certain degree of freedom. In other 

words, it should be, above all, used to explain the 

differences between the traces to be compared. 

Comparison Between Synthetic Seismograms 

at Normal and Oblique Incidence Without Multiples 

Figure 9 shows one synthetic seismogram at oblique 

incidence, without multiples, corresponding to a shotpoint- 

geophone distance of 400 feet, and one. synthetic seismogram 

at normal incidence also without multiples (Palafox, 1968). 

The great differences in shape and amplitude of the signals 

between 0.504 and 0.556 sec and between 0.688 and 0.740 sec 

are due to an introduction of fake values of velocities 

at 0.552 and 0.724 sec in the computation of the synthetic 

seismogram at oblique incidence. Besides these, no other 

great differences are noticed. Only slight differences 

in amplitude in the first 0.360 sec of the traces are 

probably the effect of the angle of incidence, though 

small in general, because of the short offset, in the curve 
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(a). A few other not very important differences are 

observed in the deepest part of the traces. 

The Synthetic Seismogram at Normal and 

Oblique Incidence With Multiples 

Curve (a) of Figure 10 corresponds to a synthetic 

seismogram at normal incidence with multiples (Palafox, 

1968) whereas curve (b) corresponds to a synthetic seismo¬ 

gram at oblique incidence with multiples, for an offset 

of 400 feet. It can be seen that at small depths the 

differences are probably produced by the effect of the 

angles, of incidence,although these are not great because 

of the short shotpoint geophone distance. As the depth 

increases some other divergences can be observed; among 

these are small waves around 0.756, 0.948, 1.096, 1.128 

and 1.172 sec in the trace at oblique incidence. The 

number of the multiples increases with depth. Thus the 

comparison of the traces discloses the location and 

importance of the more outstanding deep multiples. How¬ 

ever both synthetic traces with multiples are very help¬ 

ful in the search for true deep reflections. By compar¬ 

ing a field seismogram with a synthetic one, the energy 

arrivals seen only in the field seismogram are very pro¬ 

bably true reflections. 
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Comparison Between Two Synthetic Seismograms 

at Oblique Incidence, With Different Shot Offsets 

The interesting point in this comparison is to re¬ 

mark that the traces obtained for different offset dis¬ 

tances are not entirely similar one to another, but they 

present differences along the seismogram. Curves (a) 

and (b) of Figure 11 represent two synthetic seismograms 

at oblique incidence with multiples, corresponding to 

a shotpoint-geophone distance of 400 and 1200 feet 

respectively. 

It can be seen that as the offset distance increases, 

the angles of incidence increase and so do the differences 

between the traces. 

In both traces, many of the characteristics seems 

to be common, many others however appear quite different. 

Let us look at, for example, the times of 0.260, 0.304, 

0.828, 0.860, 0.980 and so on. These differences in 

shape and amplitude, mainly, do not need to be explained 

as they are very probably an effect of the differences 

in angles of incidence, since these are the only variable 

parameters in both traces. Again, in the deepest section 

of the seismograms, where the synthetic seismograms go 

beyond the velocity log (comprising only multiples) ,the 

location of the deep multiples is rather difficult to 

define by the comparison. 
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Comparison Between Two Synthetic Seismograms 

at Oblique Incidence, With and Without Multiples 

This comparison indicates the influence of the multiple 

reflections. Figure 12 shows two synthetic seismograms 

at oblique incidence, both with the same shotpoint-geophone 

distance of 400 feet. Curve (a) is without multiples 

and curve (b) is with multiples. 

The differences between the traces are quite obvious 

since curve (b) gives in addition to curve (a)/ changes in 

details due to the modifications produced by the effect 

of multiples. 

The comparison is useful to define the multiple 

reflections, when the field seismogram is compared with 

a synthetic one. 

The origin of the multiple reflections is rather 

difficult to determine, because each multiple is the re¬ 

sult of the addition of a large number of small multiples 

which corresponding to different travel paths, all inter¬ 

fering at the same time. 

A synthetic seismogram which includes only the 

first order multiples is generally not adequate to give 

an approximation of the actual trace with multiples. 
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Comparison Between a Stack of Three Synthetic 

Seismograms and a Synthetic Seismogram, 

at Oblique Incidence 

Figure 13 shows two synthetic traces. One of them 

represents a single synthetic seismogram without multiples 

at oblique incidence, with a shotpoint-geophone distance 

of 400 feet. The other one is the result of stacking 

three synthetic seismograms at oblique incidence, without 

multiples, corresponding to offset distances of 400, 800, 

and 1200 feet respectively. 

From this comparison we can only observe the 

effectiveness of the stacking process as an improvement, 

though slight, of the signal-to-noise ratio. It was 

pointed out that the effectiveness of the stacking process 

increases as the number of traces with common depth point 

stacked increases. Thus, a better, signal-to-noise ratio 

would be obtained by stacking four or more traces with 

common depth point, 

Comparison Between Two Scacks of Three Synthetic 

Seismograms at Oblique Incidence, With and 

Without Multiples 

Figure 14 shows two stacks of three synthetic seismo¬ 

grams at oblique incidence with and without multiples, 

respectively. 

This comparison is very similar to that of Figure 12 

in which two synthetic seismograms, with and without 
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multiples are compared to observe the differences 

between them due to the influence of multiple reflec¬ 

tions. In this case the two traces better define the 

events and therefore the location of multiple reflec¬ 

tions is more precisely defined. 

The improvement of the signal-to-noise ratio ob¬ 

servable in both of the traces is expected after the 

stacking process of the three synthetic seismograms 

with common depth points. 

Comparison Between a Stack of Three Synthetic 

Seismograms and Two Synthetic 

Seismograms, at Oblique Incidence 

A final comparison between the seismograms obtained 

is shown in Figure 15 in which the bottom trace represents 

a stack of three synthetic seismograms at oblique incidence 

with offset distances of 400, 800, and 1200 feet, respec¬ 

tively. The two top traces represent two synthetic 

seismograms at oblique incidence, corresponding to 400 

and 1200 feet offset distances, respectively. 

At first glance there are not any great differences 

between the three traces, but with a more careful inspec¬ 

tion, it can be seen that there is an improvement of the 

signal-to-noise ratio after stacking in the bottom trace. 

Another interesting enhancement of data is observable 

in the last portion of the seismograms, in which the deep 

multiples appearing on the two top traces, are strongly 

reduced in the stacked trace. 
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We recall that the greater the number of traces 

with common depth point stacked, the greater reduction of 

multiples, as well as better signal-to-noise ratio. Thus, 

with a stack of six synthetic seismograms with common 

depth points, for instance, the improvements would be 

remarkable. 
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V. CONCLUSIONS 

From a study of the several comparisons it can be 

concluded that when the traces are shot with small 

angles of incidence, no great differences are noticed 

with respect to a trace shot at normal incidence. How¬ 

ever, as the angle of incidences increased its effect 

produces several differences such as small additional 

waves in some cases, small distortions in others, as 

well as the production of deep multiples and reduction 

of the amplitude of reflections. 

On the other hand, the comparisons between stacked 

traces reveals the data enhancement of the CDP stacking 

process in comparison to the conventional process. This 

leads to a better definition of the character of the 

reflections and therefore to an improved interpretation 

by the more precise picking of the reflections. 

* 
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APPENDIX I 

Program to Plot Velocities 

Obtained from Velocity Log 



0 SIBFTC 
C PLOT OF THE VELOCITIES OBTAINED FROM THE VELOCITY LOG     
1 DIMENSION VI 5001 »VV(5001 » TWI5001,LINEI 80 I ‘ ' '   
2 REAL LINE   __        / 
3 ‘ 'INTEGER J   '  " - - - - - - , 

C READ THE NUMBER N OF LAYERS EQUALLY SPACED IN TIME 
4 RE AD I 5 » 51N 
6 5 FORMAT(14) _     

C RE AO THE VELOCITIES V Of THE N LAYERS '   
7 READ(5,6HVm ,I*1,N) 

14  6 F 0 P.M A T110 F 5 • 01 ‘ * 
C RE AO PLOTTING SYMBOLS 

15 READ!5771 BLANK,STAR 
16 7 F OP MAT 12 A1 )    
17 DO 60 I * 1, N .    '     
20 _T=I 

C ' COMPUTE THE TWO WAY VERT I CAL TRAVEL TIMES '   
21 TW( I ) =*T*0, 004 
22 60 CONTINUE 

C CHANGF OF SCALE FOR THE VELQCJTIES 
24 00 1.0 1 = 1 . N 
25 10 VVIIl=vm/225.0 + 0.5   

C PLOTTING THE VELOCITIES ' '    '   
C WRITE TITLES FOR PLOTTING BEGUINING IN A NEW PAGE 

27 WRITEC6.15) 
30 15 R0PMATC1H1 ,1 X, 52HLAYER VER.Tl ME_ VELOC. P 

1 LOT/I 
31   WRITE(fc,16)    
32 ~ 16 FORMAT(2 6X , BOH. .V. . 7. • . . T..    . .... ................. 

l  
*33 on 20 K=l »N 

C BLANK THE LINE^ 
34 • ' DO 30 L=1» 80   '   “ 
35 _ LINE(L»=BLANK 
36 30 CONTINUE 
40 J=VV(KI 

C TEST FOR MAXIMUM POSITION FOR THE VELOCITIES 
41 IFCJ-80)41,42,42 

~ C TEST FOR THE MINIMUM POSIT ION"FOR THE VELOCITIES 
4? 41 IFCJ-1143,43,44 
43 42 J = 80         
44 GO TO 44 
45 43 J=1 

C WRITF A * tN DESIRED POSITION 
46 44 LINE(j)=STAR ' ” '   
4r WRITE(6,25IK,TW(K),VIK),LINE  __    
50 2 5 P’ORMAT (2X» I3,5X» F5.3,3X,F6.0.2X, iH, , 80All ' ' " ; 

51 DO 31 I=»l ,80  
52 LINE!I1=BL ANK 

_53 31 CONTINUE _      .   
55 20'CONTINUE 
57 STOP 



■ APPENDIX II 

Program to Compute the 

Reflection Coefficients 



•wir 
C COMPUTATION OF REFLECTION COEFFICIENTS 

' DIMENSION 213001,VI1001,4NG113001,ANG21303i.ANG313001.XI51. 
ISTU300I ,ST2( 3001 ,ST31 3031 .CTK 3001, CT2I 3001 ,CT3( 300» .RII 300 1. 
2R2I300I.R313001, ANG011 3001.4NG02IS0Q1.ANGDJI 3301 •TM'/TII3001. 

fTWTR1 1300) .TMTR2I3001. TWTR3^1O0J 

5 
12 

ftTlC“THr~NU^¥Eft_H"OmTERS“fOLrtUY SPACED" nmUT 

REA0I5.10IN 
~10 FORMAT!13) 
  READ THE VELOCITIES OF THE 

R6AOI5.IIHVI tltl-l«N) 
IT FORMAT 11 OF5.0) 

N LAVERS. SAMPLED FROM THE VEL. LOG 

■*F«n»r' viru ErorTHT Tint EE~DT Ffwewr THO r - OF E s EI ~ DTST ANTEST xn, 
XX2.XX3I A NO THE SAMPLE INTERVAL TIME ITAU1 
REA0I5.13IXX1.XX2.XX3.TAU 

11 FORMAT13F 5.0.F 5.31 
X Xl» X2, X3. ARE ONE HALF OF XXlY XX2.XX3,"RESPECf1VALLV 

X1«IX1*0.5        ,  
16 “T2*Xx2*"tfT5 
17 X3-XX3*0.5 

” "C “COMPUTE THF DEPTH 2 TO EACH INTERFACE" 
20 00 150 J*1 »N     

~21 " ZfJl-o.O 
22 00 150 I- 

ZIJ1-Z1J)*TAU *vTT7 
ISO CONTINUE    _ 
— lI-N-1 
c COMPUTE THE' ANGLES OF INCIDENCE IN RADIANS 

00 loo 4*1.11     " 
 ANG1I J1»A TANIXI11/ZIJ) 1 ;  

“ST “AN6* IVTI ■ AT ANTTm7TOn 
33 ANG3IJl-ATANlXI31/ZIJl1 

-g- COMPUTE THE ANGLES OF INCIOENCE IN DEGREES " 
14 ANGOilJ1-ANG11 41*57.29578 
35 ANG02I41 * ANG2(41*57.29578 
36 ANGD3141 * ANG3141*57.29571 

COMPUTE THE TWO WAY VERTICAL TRAVEL TIMES 
37  TJ-J „  _____ 

"AO Twvrff11-T4*TAU*2.0 
c COMPUTE THE TWO WAY REFLECTION TIMES   ______ - ^TWTRl 141 * TWVTTIJ) * UK 41 •*2*XXl**21 ••0.5)71(41 

A2 TWTR2IJl*TWVTT(i1 * UI!Jl*♦2*XX2*»21**0.51tl(Jl 
-wfisiji^TWT f in *THTJ i *-*T*xx3i*nTii7Tf72-nnr 

. 100 CONTINUE 
i 00 200 4=1.11 

c COMPARISON OF VELOCITIES OF TWO ADJACENT LAYERS 

50 
51 
52 

IF BOTH VELOCITIES ARE EQUAL. REFLECTION CUEFFICI ENT WILL BE“TII'0“ 
IF I V( Jl—VI J#11 120.25.20    

25 STUJl-0,0 
CT1IJ)*0.0 
GO TO 91 
COMPUTE THE SIN OF THE ANGLES OF REFRACTION 

20 ST 11Jl-VfJ*1J*SINIANG1IJII/VIJ) 
* 1 .O-tSTUJ)**!) 175,77,79 __ 

75 ST1IJ1-0.0 
^ CUIJI'SOTO^V: ■»> 

o«a-ra.:«3 ul X 
'rT'~*r 

nr 
77 STICJ)=1.0 
__ CTl!JI-0.0 _ 

GO TO 93 - - - - 
C COMPUTE THE COS OF THEANGLES QF REFRACTION 

63 79 CT1IJI-SQRTIl.0-STllJl**2) 
_C CQMPUTETHE REFLECTION COEFFICIENTS FOR EACH INTERFACE AND 
C FOR“THI~F IRST SHOT-OFFSET DISTANCE   " ' ~ ~ ~~ 

_C THE FORMULA TO COMPUTE THE REFLECTION COEFFICIENTS !S REFERE0 TO A 
“ SINCE THE SV CONVERSIONS"ARf~ NEGLECTED”™" LIQUIO-LIQUID INTERFACE 

93 RltJl-ftOSCANGlIJ) »»ST IIJ )-S INI ANG1C J) I »CT1( Jl)/ 

67 
70 

1 (COSIANG11 Jl 1 *S Til J)*SI NlTNGtlTlT* mi J11“ 
200 CONTINUE _ _ 

DO 300 4*1,11 " 
  1FIVIJl-V(4»|)1120,125,120 
UfSTFlJl-OVo" " 
 CT2IJl-O.Q  

GO TO 
C  COMPUTE THE SIN OF THE ANGLES OF REFRACTION. FOR THE SECOND OIST. 

120 ST 21 j I" VI 4*11 * SIN! ANG2 IJ11 /V! 41 , ~ ' ~~ ■— 
  Iffl.0^1 ST2IJI**21 1175,177.179 

175 ST2ijl-0.0‘    " ‘ 
 CT2I41-0.0  

100 GO TO 94 " 
101 177 ST2I41-1.0 

" 102 cfiiji-o.o   .    
103  GO TO 9A 

C COMPUTE THE COS” OF THE ANGLES OF "REFRACT ION. FOR THE" SECOND OlSTi 
10A 179 CT2IJl»S0RT(1.0-ST2IJ)*«21 

c CQMPufl THETREFLECTION CQFFTTCTENYST"BOR*TH£“S1CBNS_'OFFSET o(WT 
105 _ §4 R2IJI-IC0SIANG2IJ))*ST2IJI-SINIANG2IJlI*CT2(Jl)/ 

1(COS IANG2(J)I*ST2(J)+SINIANG2IJ))*CT2I411 "" " 
106  3Q0 C0NTI HUE 
iib ‘ ~ “ob"Ado"j*iTrr* " " " ‘ 
111 IF (VI Jl—y( J» 111220,225.220 
112 225 StSTjr*@70~ 
113 CT3IJI-0.0 
11A '"' "GO" TO 15 ”      

_C_ COMPUTE THE SIN OF THE ANGLES OF REFRACTION FOR THE THIRO OIST. 
Tl5 22O ST31Jl-VI J*11*SIN(ANG3IJ) 1 /VIJ1 “ ---- — 
I1& IFI1.0-IST3I J)**2) 1275,277,279  
117 
120 
121 ~ 
122 
l?3 
12A 

275 ST3IJI-C.0 
  C73IJI-0.0 

"GO* TO 95" 
277 ST31JI-1.0 

" “e T31 jV-0,0 “ 
GO TO 95 

C COMPUTE THE COS OF THE ANGL!S“OF REFRACT 1UN, F0R~?H1 fMlW OlfTT 
125 279 CT3I J)-SORTU.O-ST3(JI**2) 

C COMPUTE THE REFLECTION COEFFICIENTS. FOR THE THIRD OFFSET OIST. 
126 95 R3IJI-IC0SI4NG1IJll*ST3IJl-SIN(ANG3IJll*CT3(Jl)/ 

1 IC0SUNG3IJ) l*ST3( J)»StN(ANS3( Jl 1 *CT 31 J I 1 
127 AQQ CONTINUE 

~Mi*ir ^IISF^F "RESETS 
f V-pr- “rrr 

132 

13? 
13A 

TKmnnsmr 
. 47% FORMAXC/mSH 

1 0 1 STANCE 

WRITEI5.A751 

f ©-# § ? A w e f xxi 

ITS T A N C i XX31 

"TT 

iVy 
136 

117 
l AO 

A75 F0RMATCU9H LAYER DEPTH TWV.TIME ANG. INC. TwR.TlME REF.COEFF. 

1WR. TIME REF.COEFF. ANG. INC. TWR.TIME REF.COEFF. I 
IR'n? I¥T«T5r 

A76 PORMATU06H 
1 (DEGREES! I SEC.I 

~1AA" 
1A5 

(SEC.I (DEGREES) I SEC.I 
IOEGREES) ISEC.il 

DO 500 J*l .11 
WRITEI6.A771J.ZlJl.TWVTTIJI.4NGD1IJI.TWTRl(JI,R1(J),ANG02IJ1. 

1TWTR2IJl,P2(J).ANG01lJI.TwrR3lJl.R3IJ) 

A77" F”0 P M A T {2 x 11.2 x F7.2 .2 X f 5 . 3»5 x F 5.276 x F 5.T7 5 x F «T7C^1TS72T5 x F 57375 fF 
1A.6XF 5.2*5XF5* 3.SXFA.AI 

500 CONTINUE 
C_ PUNCH THF VALUES OF THE REFLECTION COEFFICIENTS THAT WILL BE USED 
" 00 A91 4-1,II 

WRITEI7.A831R1IJ) 
"TC5 kRfTr(T7i«3I«?T37“ 

1A7 WRITE(7»A«31R3IJ1 
150 A83 FORMAT!10F7.A1 
151 491 CONTINUE 
153 STOP 
1*4 END 



APPENDIX III 

Program to Compute a Synthetic 

Seismogram Without Multiples 



118FTC 
C  APPROXIMATION OF A SYNTHETIC SEISMOGRAM AT OBLIOJE INCIDENCE 
C WITHOUT MULTIPLES - NEGLECT I NG ALL SV CONVERSIONS 
C WITH INITIAL SUPPRESSION. AGC AND FILTER SIMULATIONS 

DIME NS I ON R( 1500 I ,T(1500 IiPU C 3000 I, RU (15 00 ) , Nl(20).N2I 20 ) . 
2 NIN(20).NTTI20).PI20).N3I15Q0I,NM 1500).NET! 1500).NE N ( 1500). 
3AS(500).ASG(500),WP{100 I,A(500).AMI 500).AF1( 500),AF2C 500).AG 11 500) 

 A * AG2(500|     ___ _ _ 
C READ THE NUMBER OF LAYERS OF EQUAL TRAVEL TIME 
2 READ 15.301) NL _    
A 301 FORMAT!110) 
 C R EAQ T-HE R E FLECTION COE FF I Cl ENTS FOR ALL OF THE INTERFACES  
5 RE AD (5.302 ) ( R ( II »l = 1»N L~) 

1? 30? FORMAT(10F7. A)       L 

C '"FIRST PART - IMPULSIONAL SYNTHETIC SEISMOGRAM 
13 PU(1)*1.*R(1)    
1A DO 7 IC = 1»9 
15 10 = IC»1  
16 7 PU(101=11.♦RIIDIl*PU(IC) 
20_ _ __RU« 10I=PU( 10)  
21 ' ' NLT=NL-I 

_22 DO 8 JA = 11,NL1 __   
23 JK-JA-t 
2A  Jt =JA»1  
25 JE = 10MJA-10)*2 
26 RUIJA)=RUIJK)*Jl.-R(JA|**2) 
27 R(JI)=-R(JI) 
30 _ _ 8 PU( JE)=RU( JA)_*R( JI ) 
32 N=2*NL1 

C SlMULATION OF THE ATTENUATION CAUSEO BY THE IN IT1AL SUPPRESSION 
C READ THE FACTORS WHICH AFFECT THE AMPLITUDES 
C BY INITIAL SUPPRJSSION SIMULATICN  

33 READ (5.265) ( W"P ( I j » l31«8 A) 
AO 265 FORMAT (10F5.3I _     
A1 DO 200 JK=10.N,2 
A 2  AIJK) =PU(JK)*1000.  
A3 
AA 
A 5 
A 6 
A 7 

_ 50 
51 ' 
52 
53 
5 A 

55 
56 
57 

61 
62 

IP=10MJK-101/2 
IF(IP-8A) 255,256.256 

2 5 5 A S( J K) = A ( J K) 7 W P { IP ) 
GO TO 198     

256 AS(JK)=A(JK)   
198 AH(JK)=AS(JK)+300. 

fcT- 

IF (JK-21 221,221,222 
221 AF1( 10)=AM(10)   

AF2(101=AM(101 
GO TO 200   
SIMULATION OF THF FILTER 

222 AF1(JK)=(!./13.)*(AH(JK)+AMIJK-2)»AF1(J<~2)*11.) _ 
AF 2 ( JK )~= I 1 • /9. 73 ) * ( AM( JK) ♦AMI JK~2 ) ♦ AF2 ( JK-2 ) *7■ 35 ) 

200 CONTINUE _      
SIMULATION OF THE AGC 
DO 180 JK=10.N,2 
AG1IJK)=AF1(JK)/(AF1(JK-10)**2♦AF1(JK-8)**2*AF1(J<-6I**2*AF1(JK-A) 

JK-2I»»2*&FHJK)**21*»,5. ,   
* AG21 JK)«A'F21 JKI/IAF2I JK-10 1^ AA>21 JK-8) **Z + AF2I JK-6)**2«AF^(IS-AI 
1**2? AF2( JK-2t**2*AF2( JKJ**2 7**. 5 

- 6A 180 CO NT IN’JC 

66 DO A JU=1,R 
57 A PI J'J) =0. 
71 WR ITE16.310) 
72 310 PQPMAT(2X,38HSYNTHETIC SEISMOGRAM WITHOUT MULTIPLES//! 
73 WRITE (6,300) 
7 A 309 FORMAM2X.A7HIMPULSIONAL SYNTH. SFISMJGRAM WITHOUT MULTIPLES//) 
75 WRITE (6.306) 
76 306 F0FMAT(2X5OHPULSE INTERFACE V.TIME AMPLITUDE 2WAY TIME//) 
77 00 5 JU=1,9 

100 Nl(JU)=JU 
ioi N2(JU)=JUM    
102 NI N ( JU)=JU 
10 3 5 NTT(JU)= JU*2 
105 WRITE(6,3081 (NilJU),N2(JU),NIN IJU),PIJU),NTT(JU). J U = 1,9 ) 
112 30R FORMAT!1X.I6.3X,I8,3X.I5.3X,F12.A,3X,I6) 
113 on 10 J0 = 10,N » 2 
11 A 
115 
116 
117 

121 
126 
127 

N3(J0)=l0*(J0-10)/2 
NA(J0)=N3(J0)*l 

 NEN(J0)=10M JO-10) 
10 NET(JO)=NEN{J0)*2 

PRINT THE RESULTS 
 WRJ.TF. 16., 309J_ m (JO)_. C_JOJ »_NEN( JO) ,PU( JO I, NEX( JJD|, JU_=10,N.2) 

WRITEI6.312) 
..312 FORMAT (2X.89HSYNTHETIC SEISMOGRAM WITHOUT MULTIPLES WITH INITIAL 

1SUPRFSSI0N AGC AND FILTER SIMULATIONS) 
.130  WR l TE (6» 30 9 ) ( Nl ( JU) , N2 ( JU ) , N I N ( J'J ) . PI J J ) , NT T l JU ) , JU = 1.9) 
135 WRITE (6,3091 IN3(JO),NA(JO),NEN(JO),AG1(JO),NET(JO), JO=10,N,2) 
1 A? WR LLLJ.61 311]  
1A3 311 FORMAT (2X,A5HSYNTHETIC SEISMOGRAM WITHOUT MULTIPLES CASE 2///I 
1AA  . .WRITE(6,3C9) (Nl (JU).N2lJU),NIN(JU),P(JJ),NT TIJU), JJ = l,9) 
151 WRITE (6,303 ) (N3(JO),NAI JO),NENI JO),AG2(J01,NET(JO), J3 = 10.N,2) 
156 19 CONTINUE 
157 DO 555 L=1,NL 
160 A G. ?_LU =A52 LUMOO 00.0  

555 CONTINUE 
.C .PUNCH THE VALUES OF THE AMPL (_TUDES_ THAT WILL BE USED IN THE 
C PROGRAM TO PLOT THEM 
 WRITE(7,557)(AG2{L),L=l,NL)_ _ 
557 FORMAT(1AF5* 0) "• 
 SLOP *   :  
END * 

161 

163 
170 



APPENDIX IV 

Program to Plot a Synthetic Seismogram 

With or Without Multiples 



0 ilBFTC 
C PLOT OF AN APPROXIMATION OF SYNTHETIC SEISMOGRAM 
C 
c 

AT OBLIQUE INCIDENCE, WITH OR WITHOUT MULTIPLES 
NEGLECTING ALL SV CONVERSIONS 

c 
c 

CONSIDERING STRAIGHT PATH TO EACH REFLECTOR 
WITH INITIAL SUPPRESSION, FILTER, AND AGC SIMULATIONS 

1 REAL LINE 
2 INTEGFR J 

3 DIMENSION AlTiLOGoTTTWTiOOO) ,L tNE (611 
c READ THE NUMBER N OF LAYERS EQUALLY SPACED IN TIME 

4 RE ADI 5,9)N \ 
6 9 FORMAT!15) 

C READ PLOTTING SYM30L$ ' 

7 RE AD I 5.5)BLANK,DOT,STAR 
id 5 FORMAT!341» 

c READ AMPLITUDE A1 OF THE COMPLETE SYNTHETIC SEISMOGRAM 
c WITH OR WITHOUT MULTIPLES 
c CORRESPONDING TO THE DESIRED SH3TP0INT-GEOPHONE DISTANCE 

li RE AD(5,10)(All I) , I = l, N ) 
16 tO FORMAT!14F5,0) 
17 DO 60 1*1,N 
20 T=l 

C COMPUTE THE TWO WAY VERTICAL TRAVEL TIMES 
21 TWlt)=T*0.004*0.016 
22 60 CONTINUE 

C CHANGE OF SCALE FOR THE AMPLITUDE 
* 24 DO 15 1=1,N 

25 Al! I)=!A1I D-3000.01/30.0. 
26 15 CONTINUE 

C WRITE TITLES FOR PLOTTING BEGUINING IN A NEW PAGE 
30 WRITE 16,25) 
31 25 F0RMATI1H1,1X,45HVER.TIME VALUE AMPLITUDE) 

C CHANGE OF SCALE FOR THE AMPLITUDE 
32 DO 30 1*1,N 
33 AAA!IHAAAIIJ/1.16 
34 30 CONTINUE 

C WRITE A LINE OF DOTS THAT WILL BE THE AMPLITUDE AXIS ~~ 
36 DO 35 J=1,61 
37 35 LINE!J)=OOT 
41 WRITE(6,36)L!NE 
42 36 F0RMAT122X,61A1I 
43 DO 40 K=1»N 

C BLANK THE LINE 
44 DO 37 J*l,61 * t 

45 LINE! JHBLANK 
46 37 CONTINUE 
 C WRITE A DOT IN LINE (31) TO PRODUCE THE TIME AXIS 

50 LINE(31)=DOT 
INTRODUCING A CONSTANT TO ROUND VALUES OF THE AMPLITUDES 
J*A1(K)+1.5 
TEST FOR THE MAXIMUM POSITIOtfOF THE AMPLITUDES- 

IF(J-6l)4l,42,42 
TEST FOR THE MINIMUM POSITION FOR THE AMPLITUDES 
IFU-1)43,43,44   

. 55 GO TO 4* 

C WRITE A * IN DESIRED POSITION 
57 44 LINE ( J ) = S T AR   
60 WRITE!6,50)TW!K) .J.LINE 

•61 SO F0RMAT!1X,F6.3»7X«I3,4X»1H.,61A1I 
C PJT A BLANK IJN SELECTED POSlTI ON,\WHICH MIGHT HAVE BEEN ON AXIS" 

62 __ LINF( J|=BLANK  _ 
  C PUT DOT BACK IN AXIS LOCA110 N» IN CASE IT WAS BLANKED 
63 LINEI31H00T 
64 40 CONTINUE .   

__66 STOP    ..  
ENO 67 



APPENDIX V 

Program to Compute a Synthetic 

Seismogram With Multiples 



0 IHFTC 
C A° P° QXIM A TI ON OF AN IMPULSIONAL SYNTHETIC SEISMOGRAM 
C WITH MULTIPLES - NEGLECTING ALL SV CONVERSIONS 
C CONSIDERING STRAIGHT PATHS TO EACH REFLECTOR 
C WITH INITIAL SUPPRESSION, FILTER, AND AGC SIMULATIONS 

1 DIMENSION PCIOOO), OIIODOI .ACHOI, 
1R( 10001, TISO),W150I.VISO),TVI1001,TW{1001,El 100),ADI 1000). 
2 AGI 1000),CI 2000).RSI 2000),NiI 20).N2I 20).AF( 500). 
3NINI20),NTTl20).RUI20),N31 1000).N4(10001 .NET!10001,N E N11000), 
AASISOO),AGlI 500),WP(100).A(500),AMI 500),LINE(61).AF11 500 I,AF 21 500) 
5,AF3 I 500).AG21500) .AG3I500) 

C »EAO THE NUMBER OF LAYERS OF EQUAL TRAVEL TIME 
2 READ!5,301) NL 
4 301 FORMAT(5110) 

C READ THE REFLECTION COEFFICIENTS FOR THE NL INTERFACES 
5 1 READI5,302)IR(I).l«l»NL> 

1? 302 F0RM4TI10F7.41 
c FIRST PAR T-1MPULSIQN4L SYNTHETIC SEISMOGRAM 

13 03 1? 1*2,NL 
14 12 R I I ) =- RI l) 

C READ THE INTERFACE NUMBERS AT WHICH THE SOURCE AND GEOPHUNE 
C RE AO THE NUMBER OF PULSES DESIRED AND THE OUTPUT OPTION FDR 
c IMPULSI3NAL OP COMPLETE SYNTHETIC SEISMOGRAM 

16 REAni5,304)NR,NS,NTS,NSS 
304 F0RMATI4|4,F7.5) 

24 IF(NKI7,7.3 
2 * 7 WRITE 16,305) 
26 305 F3RMATI4X.37HCHECK VALUE CF POSITION JF THE SOURCE) 
27 3 RID—Rll) 
30 DO 27 K*l.NL 
31 P I 4)-0, 
3? 27 OIK)*0, 
34 PI 11»!• 
*5 Q(?1*RINL) 

.36 I A = 1 
37 16 NLl*NL-l 
40 NL2*NL-7 
41 NCMl*NL-l 
42 NCM2=NL-2 
43 DO 25 N*1,NL2 
44 |K*NL1-N*1 
45 I A *lA*l 
46 DO 25 J*1 ,1A 
47 IL * I A—J♦1 * 
50 H*P(IL)*R( IK) 
51 01IL*1)*01 IL ) ♦ H 
5? H*Q(IL)*RI IK) 
5? 25 PI IL)*P<ILI*H 
56 DO 31 lJ-1 ,NL 
57 31 ACIIJ)»P|IJ) 
61 .00 32 1 J*l ,NL 
62 32 AO 11J)*011J) 
44 NARS=A3S(NK-NS) 
45 ’0 |FINK—NS)34,34,35 
66 " 34 MAX-NS 
67 GO TO 136 
70 35 MA X*NK 
71 t ’ 6 n=M\X-NA3S 
7? T ( ) ) * 1 # 
7* |F( 10-1)43,43,33 
74 33 DO 42 J=2,ID 
75 KMO-JM 
74 TIJ)*n. 
77 07 41 I»2,J 

ion N* J-I♦2 
lot H*RIK)* TI1—l) 
10? 41 WIN)* TIN)-H 
104 DO 42 N*2,J 
105 42 T(N)*W(N) 
110 43 Vlll»l, 
111 um*o.o , 
112 00 51 1*2,MAX 
113 K*MA X-I*2 
114 00 50 J*2.I 
115 N*l-J*l 
116 H*R(K)*V(J-l) 
117 50 WIN*1I*VIN)-H 
121 00 51 N* 1» I 
122 51 VCN)*W(N) 
125 54 ICAL-I     

126 N* 10 
127 M = KAX 
130 12*10* MAX-’l 
131 !Y*1 
132 00 55 1*1,ID 
133 55 p(n*T<n 
135 00 56 1*1,MAX 
136 56 E i n *vi i) 
140 GO TO 65 
141 57 DO 53 1*1.IX 
142 58 Tvm«om 
144 ICAL*? 
145 M* M—1 
146 12 * I Z-1 

• 147 IF IIZ) 334,334,335 

150 334 TW(1)*1. 
151 GO TO 36 
152 335 DO 59 I = l» M 
15’ K*MA X-l*1 
154 50 Ef I )* VlK) 
156 GO TO 65 
157 60 DO 61 1*1,IX 
160 61 TW((1*0(1) 
142 36 00 37 IJ*1.NCM1 
163 37 PI IJ)=AC I I J1 
165 ICAL *3 
166 N*NL 
147 M=l/*1 
170 I 2 * N ♦ I D— i 
171 IY * M A X “ * 
17? DO 6? 1*1,M 
17’ 4’ F1I)-TV(I1 • 
174 GO TO 64 
l 7* 6 ’ no 39 IJ = 1 , NL 
177 30 P( (J)* A 0( I J) 
20! ICAL *4 
20? Ml *M—1 
?03 IFfMl-1) 140,140.141 
204 14 0 M * 1 
205 GO TO 14? 
20* 141 M*Ml 
207 14? DO 64 1*1,M 
2lo ( 4 FI 11 *TWl I I 
212 65 1 
21 3 IF I ICAL-4J 46,63,63 
214 66 00 67 1*1,IX 
215 67 0111*0. 
217 68 DO 73 K*IY » I 7 
220 1*K-lY*1 
221 KM 1*<—M*1 
227 IP(KM1 —I I 143,143,144 
223 143 LI *1 



224 1 GO TO 145 

225 144 LI*KMl 
22 6 145 IF t K—N» 146,146,147 
227 146 L?=K 
210 GO TO 14$ 
231 147 L 7*N 
232 14$ 00 73 L = L1 .12 
233 J=K-L*l 
234 H=P(L)*E(J) 

235 73 um>Q(fl»H 
240 76 GO TO ( 5 7.60.63,76 ) . IC AL 
241 76 00 69 1=1, IK 
242 69 AGIM-OIl) 
244 00 70 U-l.NL 

245 70 P( IJ I = AC I l Jl 
247 00 71 I J = 1 »NL 
250 71 0(IJ)=AO(IJ1 
252 00 79 1-1,NL 
253 HiRll)*3(II 
254 79 P(I)=P(l)*H 
256 791 I X*IX*i 
257 IP(NL-1X172,773,773 
260 773 00 80 1-lX.NL 
261 80 AG(t>=0. 
263 72 C(ll«AGfl) 
264 DO 86 K-2.NT S 

265 *NLl=K-NL*l 
266 IP(KNLl-l) 150,150,151 
267 ISO J* = l 
270 GO TO 162 
271 1«1 J’= KNL1 

272 152 J3 = 5-1 
27? H-0. 
274 00 85 J-J2.J3 ‘ 

275 L«K-J»1 
?7r» G»CIJI*°ILI 
277 P6 M3H*G 

301 IF(<— T X » 86,66,33 

302 63 AGIKI=0* 
303 86 C(K)=AG(KI-H 

305 88 Zl-1. 
306 lF(NK-2)94.92,92 . 
307 <12 00 93 1=2,NK 
310 9? ZI-Z1M1.- »m**2) 

312 94 Z2*1• 
313 IF(N<~NS » 98,97.95 
314 95 K-NK-1 
315 DO 96 J=NS.K 
316 96 Z2-Z2M1.-RI Jl1 
320 97 Z-Z2/Z1 
321 GO TO 100 
'322 9 8 WRITE (6,31 5) 
323 315 FORMAT (12 MM A K E OTHER K> 
324 100 DO 105 K-l.NTS 

C IMPULSIONAL SYNTHETIC SEISMOGRAM WITH MULTIPLES 
325 105 Rsm=cm*z 

C END OF THE FIRST PART OF THE PROGRAM 
C SFCOND PART OF THE PROGRAM 
C CONSTRUCTION OF THE SYNTHETIC SEISMOGRAM WITH MULTIPLES 

327 |F(NSS-1)179,182,179 

330 182 WRITc(6,310) 
331 310 FORMAT I2X,35HSYNTHETIC SEISMOGRAM WITH MULTIPLES///) 
332 GO TO 178 
333 179 WRITE 16.524) 
334 524 FORMAT I4X,47HIMPULS10NAL SYNTHETIC- SEI 6 MJGRAM WITH MULTIPLES//) 
335 178 00 15 JU=1.9 
336 15 RU(JU)«0. 
340 WRITE!6,306) 
341 306 FORMAT I3X47HPUISE INTERFACE TRAVEL EVENT AMPL TRAVEL) 
342 WRlTE(6,307) 
343 307 FORMAT C3X43HNUM3. CCNT ACT TIME IN TIME IN//) 
344 00 14 JU-l,9 

345 NllJUl-JU 
346 N2lJU)*JU«-t 
347 NINCJU)=N1(JU1 

350 14 NTT(JU)=NIN(JU)*2 
36? WR I TE l 6,303 ) I N1 I JU) , N2 I JU I . N I N C J'J ) . R J C JU) ,N T T I JU ) . JJ-1.91 

367 303 FORMAT I 1X,I 6,3X,I 8,3X , I 5,4X,F12.4,3X, 16 ) 
360 00 ill JO-l.NTS 

361 N31 JO)=9* JO 
362 N4 ( JO) =10JO 
363 NEM J0)=3» J0*2 
3(4 111 NE T(JO)=NFN(JO)*2 
366 (F (NSS-1) 112.113,112 
367 1.1 ? WRITE (6,30$) I N3 ( JO I , N4 I JO) , NEN I JII) , R S ( J!) I , NE T I J J ), JO-i.NTSI 

C SIMULATION OF THE ATENUATION CAUSED BY THE INITIAL SJPREil'JN 
C READ THE FACTORS WHICH AFFCT THc AMPLITUDES BY TME SIMULATION OF 

C THF INITIAL SUPPRESSION - - .... 
374 
401 

402 
401 

404 
405 
406 
407 
41C 
411 
412 
413 
414 
415 
416 
417 
420 ??2 AF1(JK) = I 1./13.)*(AM(JKI♦AMIJK-l)♦AF11J<-11♦11.) 

4 21 AC 21JK > = t1./9.73)* fAM(JO*A“(JK-l)♦AF2(JX-1)*7#35) 
422 200 CONTINUE "   

C SIMULATION OF THE AGC 
424 00 130 JK-l.NTS 
42 5 4G1(JO-AFUJK )/(AFl(JK-5)*♦2♦AF11JK-4»♦*2*AF1<J<-3)•♦2*AFl(JX-2)* 

1*2*A*1(JK-ll♦*2»AFl(JK|**2)**.5 * 
426 A3? IJR)=AT 21JK)/CAF2(JK-5)*•2♦AF2(JK-4)•*2*AF2IJK-3)•♦2^AF2(JK-2)* 

1*?*AF2.( JK— 1) ••2*AF2(JX)**2 ) * • • 5 

113 READ (5,265) <W?U) . I *1; 54 J 
765 FORMAT (10F5.3) 

00 200 JK=l.NTS 
AI JKI=RS( JOMOOO. 
IP-10*JK 
IF((P—84) 115,116,116 

115 ASI JK)=A( JKl/WPI IP) 
GO TO 118 

116 AS!JK)«A(JK) 
118 IF (ASIJK)*300.) 106,106,107 
106 ASIJK)—?99. 
107 AM(JK)=AS(JK)*300, 

IF (JK-i) 221,221.22? 

221 A=1(1)=AM(1> 
AF 2(l)= AM(1) 

G) TO 200 

427 130 

431 111 
432 504 

C 
4?3 185 
440 
445 
446 
453 
460 19 
461 
462 
463 555 

C 
C 

46 5 

472 557 
473 
474 

CONTINJC 
F0RMAT(2X,4?HSYNTHETIC SEISMOGRAM WITH MULTIPLES CASE 2///) 
FORMAT (11HCAICULA T I ON I 3/10(F11,5) ) 
PRINT RESULTS 
WRITE16.306) (M(JU),N2(JU),NINIJU),RJ(JU),NTI(JU), JU-1.91 
WRITE (6,308) (N3IJO),N4(JO),NEN(JO).AG1I JO).NET I JO). JO-1.NTS) 

WRITE 16,310) 
WR I TE(6,308) INIIJU)«N2(JU),NIN(JU).RJ(JU).NTT(JU), JU-1.9) 
WRITE (6,308) (N31 JO),N41 JO),NENI JO).A32I JO).NET I JO) . JJ-l.NTSI 
CONTINUE 
00 555 L•1 ,NTS 
AG2(LI«AG21L1*10000.0 
CONTINUE 
PUNCH THE VALUES OE THE AMPLITUDES THAT WILL 3E USEO IN THE 
PROGRAM TO PLOT THEM 
WR!TEI7.557)(AG?1L),L-1.NTS) 

FOPMATI14F5.0) 
STOP "   '      ' " 
END 



APPENDIX VI 

Program to Plot a Stack of Three 

Synthetic Seismograms With or 

Without Multiples 



I 

\. 

0 ilBFTC 

 C STACK OF THREE APPROXIMATIONS OF SYNTHETIC SEISMOGRAMS 

AT OBLIQUE 'INCIDENCE, WITH OR WITHOUT MULTIPLES 

NEGLECTING ALL SV CONVERSIONS 
CONSiOERiNG STRAIGHT PATH'TO EACH REFLECTOR 

WITH INITIAL SUPPRESSION. FILTER, ANO AGC SIMULATIONS 

1 

2 

REAL LINE 

INTEGER J 

3 

C 

DIMENSION A1 I 1000") ,A21 1000T7A3f 1000F7LFNE( 6TJ ,AAAI lOOOTTtWI lOOOl 

READ THE NUMBER N OF LAYERS EQUALLY SPACEO IN TIME 

4 RE A0(5,9)N 

6 9 FORMAT II51 

C R£AD PLOTTING SYMBOLS 

7 RE ADI 5,5)BLANK,OOT,STAR * 

io 5 F0RMATI3A1) 

C REAO AMPLITUDES A1, A2, A3 

C Al, A2, ANO A3 ARE THE AMPLITUDES OF TM£ COMPLETE SYNTHETIC 

C SEISMOGRAMS WITH OR WITHOUT MULTIPLES 

C  CORRETPONOTNG_To'_rHR'EE DITFHOTrisixTors ; 
*.. li READ(5,10)(AllI),I=1,N) 

16 READ(5,10)(A2(I),I=1,N) , 

23 READI 5,10)(A3 Il),1=1.N) 

30 10 FORMAT!14F 5» 0) 

31 DO 60 1=1,N . 

33 

3* 

COMPUTE THE TWO-WAY VERTICAL TRAVEL TIMES 

f WlH * T* QU 00 4*0. 016' 
CONTINUE   

CHANGE OF SCALE FOR THE AMPLITUDES 

00 15 1 = 1,N     
37 All I J«Ul( 11-3000. 01/30.0 

AO A2(I)*IA2<l)-3000.0)/30*0 

41 A3(I)=IA3III-3000.0I/30.6 

42 15 CONTINUE 
ALGEBRAIC SUN OF THE THREE FINAL AMPLITUDES 

00 20 1=1,N 

45 

46 

AAAI I)=AH M*A2( II*A3I II 

CONTINUE 

50 
51 

PLOTTING“THE AMPLITUDES 

WRITE TITLES FOR PLOTTING BEGUINING IN A NEW PAGE 

KRITE16,2 5) 
FORMAT!I HI,1X.45HVER.TIME AMPLITUDE) 

53 
54 

CHANGE OF STALE F0R~YHE AMPLITUDES 
DO 30 1=1,N 

AAAI ! )=AAA U j/3.5 

CONTINUE 
WRITE A LINE 'OF DOTS"'THAT WlCL BE THE AMPLITUDE AXIS 

DO 35 J = 1,61   

57 

61 

6? 

63 

LINE IJ1=OOT 

W?ITEI6,36)LINE__ 
F 0 P M A T ( 2 2 X , 61 A T ) 

00 40 K = 1 , N 

BLANK THE LINF 

110- Ui>l.-.- 
LTNEI J I .‘SM 

37 CONTINUE . ■ * 
T TF AOOt TM LtNE 131) TO PRODUCE THE'T!ME AXIS 

LINEI31)=OOT 

INTRODUCING A CONSTANT TO ROUND VALUES OF IHF AMPLITUDES 
J=AAA(K)*1.5 

TEST FOR THE MAXIMUM POSITION OF THE AMPLITUOES  
IF! J-6D41,42,4? 

C TEST F0R THE MINIMUM POSITION FOR THE AMPLITUDES 

73 “ 41 IF ( J-1)43 » 43 » 44 
74  4 2 J=6l         

”75 GO TO 44 
76 43 J=1 

C WRITE A ♦ IN OESIRED POSITION 

77 44 L INEIJ) = ST AR _      

TOO WRITEI6,50)TW(K),J.LINE 
101 50 F0RMAT(1X,F6.3,7X,I3,4X,1H.,61A1)     _ pyj A BLANK UN SELECTED POSITION. WHICH MIGHT HAVE BEEN 

102  LINE! J)=BL ANK 

PUT DOT BACK^IN AXIS LOCATION, 

_'l 0 3 LI NE 131 )_-0 0T_  

104 40 CONTINUE 

106  STOP  

107 END 

IN CASE IT WAS BLANKED 


