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ABSTRACT 

SYNSIZE, a Fortran 77 computer program, was written to generate 

synthetic seismic responses from well log analyses. The program algo­

rithm solves the one-dimensional wave equation in the frequency domain 

for plane waves normally incident on flat layers. An inverse fast 

Fourier transform produces a time domain trace including primaries and 

multiples, 

Linear frequency dependent attenuation and a lithology dependent 

dissipation factor, Q, are included. This facilitates simulation of 

pulse broadening with depth and allows variable attenuation of surface 

multiples. 

The program is applied to interpretation of two proposed geologic 

models for a salt dissolution sinkhole in Ellsworth County, Kansas. 

Correlation of reflections favors the second model. The generated 

synthetic traces closely approximate real stacked CDP (common depth 

point) data. 
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INTRODUCTION 

Synthetic seismograms, computer-generated artificial seismic 

data, are widely accepted within the geophysical community as a tool 

for modeling the seismic response of sedimentary sequences. For ex­

ample, from April 1984 to March of 1985, 80 technical articles classi­

fied under the heading "Seismic" appeared in print in the Society of 

Exploration Geophysicists' journal Geophysics. Of these, 36 employed 

synthetic seismograms in modeling seismic response. 

The ubiquitous nature of these models can be explained. The goal 

of all modeling is to ensure that the seismic section represents the 

geologic cross section and can be related unambiguously to it. Simply 

stated, a match must exist. Modeling is instrumental in accomplishing 

this objective in three ways, 

The first is the simulation of multiples. Peg leg, first and 

higher order multiples, are commonly present on real seismic data and 

can be easily misinterpreted to represent a lithologic interface, A 

synthetic seismogram capable of generating multiples can aid in deter­

mining whether events on the actual stacked data represent bedding 

contacts (real geology) or multiples (transmission effects). 

Secondly, a match is facilitated by modeling through simulation 

of pulse width effects of disperslon and the simulation of the 

sedimentary sequences' collective characterlstics as a fllter, Stu­

dies by Widess (1973,1982) and Kallweit and Wood (1982) have tied the 

ability of the seismic pulse to detect geologic structure, especially 



thin beds, with the pulse width or time length of a seismic pulse. A 

model displaying changes in pulse width within the rock units, whether 

source or transmission dependent, enables the modeler to understand 

the effect exerted by various source bandwidths and lithologies on 

seismic response, Rocks tend to filter and disperse seismic waves and 

these effects will ultimately determine how the rocks limit observa­

tional tools, particularly in sequences dominated by thin beds, 

Finally, the simulation of response on a high speed digital com­

puter allows one to ask "what if?". Many geologically sensible models 

exist for an observed seismic response. Wlthout simulation, one can­

not quantitatlvely address the question of cause and effect for the 

geologic sequence and the seismic response. Speciflcally, questions 

of how changing lithology, ordering, and thicknesses of rock units 

affect the seismic record go completely unanswered without some kind 

of modellng, Modellng is a quantitative link between the geologic 

unlts on the cross sectlon and the reality of the seismic reflections. 

This linking cannot be done with a pencil and paper "thumbnail" calcu­

lation, especially with nrultiple layers, 
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JUSTIFICATION 

Seismic reflection modeling programs may be grouped into either 

time domain or frequency domain methods. The former group was the 

first to be developed. The latter hinged upon the development of the 

fast Fourier transform (FFT). 

Four major synthetic seismogram techniques performed in the time 

domain are those of Peterson et al. (1955), Wuenchel (1960), Robinson 

and Treitel (1980), and Trorey (1962). 

Peterson et al. (1955) derive the reflection coefficient sequence 

from velocity logs. They neglect multiple reflections and frequency 

dependence of attenuation, and rely upon a nonlinear logarithmic 

transformation to arrive at the reflection coefficient log from the 

velocity log. A wavelet is then placed at each reflection coefficient 

location, simulating the seismic response. 

Further ref1nement of Peterson's method was achieved by Wuenche l 

(1960) who was the first to address the problem of produc1ng multiple 

reflections on synthetic records. Inclusion of multiples becomes a 

particularly significant feature because in many cases part of the 

attenuation on seismograms can be attributed to intrabed multiples 

rather than to the intrinsic properties of rock materials. Schoen­

berger and Levin (197 4) have estimated that attenuat.ion due to 

intrabed multiples and energy partitioning associated with layering 

accounted for one-third to one-half of the total frequency dependent 

attenuation estimated from f1eld seismograms at well locations. 

3 
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account for a broadened seismic pulse with increasing traveltime. 

Little, if any, agreement exists about even the most fundamental pro­

cesses causing attenuation. Kjartansson (1979) reviewed papers on 

attenuation by 25 authors and concluded that a fundamental feature 

associated with the propagation of stress waves in all real materials 

is the absorption of energy and the resulting change in the shape of 

transient waveforms. 

Trorey's (1962) method is the most sophisticated of the time 

domain methods mentioned, employing frequency dependent absorption in 

the calculated response. Network theory is employed to minimize exe­

cution time, so the method is practical for iterative modeling. This 

method produces records with all primaries and peg-leg multiples or 

all primaries and multiples. Figure 2 shows theoretical waveforms 

from Ricker (1953) supporting frequency dependence of the attenu­

ation. The resulting waveform shape is basic to seismic resolution 

since the precise delineation of reflecting beds cannot be properly 

addressed unless the form of the seismic disturbance at depth is 

modeled. Inclusion of frequency dependent attenuation .is the prin­

cipal advantage of Trorey's method (1962) over that of Robinson and 

Treitel (1980). 

Frequency domain approaches are patterned after the pioneering 

work of Thompson (1950) describing the theory of reflections of a 

plane wave from a layered elastic system, All such approaches perform 

the main body of computation in the frequency domain for each con­

stituent plane wave over a designated bandpass. An inverse FFT is 

6 
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performed to bring the response back into the time domain. This is 

the essence of Waters' algorithm and is a basic description of 

SYNSIZE, (Appendix 1), the method and program used in this thesis. 

Thus far, all of the methods mentioned assume wave propagation in 

the z direction only, i.e. perpendicular to flat lying layers. This 

is not a tremendous handicap because normal incidence seismic response 

algorithms yield a trace that is an excellent approximation to the 

typically displayed stacked CDP (common depth point) response. Figure 

3 shows that the application of normal moveout to a CDP gather forces 

all of the traces from a common reflecting point to approximate a 

normal incidence trace. The shortcomings of this approximation are 

discussed in the critique section of this thesis. 

Kennett (1978) discusses a method capable of generating the re­

sponse of multiple layers for nonnormal incidence. The output model 

is in the form of a field file rather than an approximation to stacked 

data. His method is probably the most sophisticated for many layered 

systems to appear in print to date, with the desireable attributes of 

optional multiples, frequency dependent attenuation, and mode conver­

sions. The drawback is that the layers must be flat, as was the case 

for Waters' (1981) and previous methods. 

The critical nature of sophisticated synthetic seismogram pro­

grams is pointed out by Waters (1981). He lists some specifications 

of state of the art programs, some of which are proprietary or avail­

able for purchase or lease. Common to all of these programs is the 

inclusion of curvilinear boundaries to simulate real geologic struc-

8 
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tures. This inclusion, however, results in the abandonment of mode 

conversion and frequency dependent attenuation modeling capability 

because the execution time with these options becomes prohibitive for 

arbitrary geologic structures. 

10 



NATURE OF Q AND ATTENUATION 

Qualitatively, the symbol "Q" has been used to denote the quality 

of a rock for seismic wave propagation. Parenthetically, "Q" was used 

long before it was applied to rocks in describing the quality in 

electronic filtering. A homogeneous solid would be perfectly elastic 

with a Q of infinity; the strain at any point being directly propor­

tional to the instantaneous stress, A wave once generated in such a 

medium would have finite energy and would propagate indefinitely. 

Experiments have demonstrated that this perfect medium is not a real­

istic approximation of earth materials. Elastic vibrations subside; 

undergo damping, even when the material is isolated from its surround­

ings (Bradley and Fort, 1966). 

The means of best expressing the internal friction parameters, 

i.e. those parameters relating to the nonelastic damping mechanisms in 

earth materials converting strain energy into heat, is open to ques­

tion. Table 1 lists some quantities that are in common use and the 

relationship of the li.sted parameters to the expression for damped 

plane waves i.n an infinite medium. 

The nature of the energy loses per cycle may be classified as 

linear or nonlinear, constant Q (CQ) or nonconstant Q (NCQ) with the 

possibility of band limited near constant Q (Kjartansson, 1979). The 

fact that strains less than .001 demonstrate no ampU.tude dependence 

of the propagation velocity or Q substantiates the vi.ew that earth 

materials response is dominated by linearity (Brennan and Stacy, 

11 



The symbols for and brief definitions of some of the other internal 
friction parameters are: 

1/Q = specific dissipation constant--the tangent of the phase angle by which the 
strain lags behind the applied stress in the case of sinusoidal excitation. It is 
related to the rate at which the mechanical energy of vibration is converted 
irreversibly into thermal energy and thus does not depend on the detailed 
mechanism by which the energy is dissipated 

,5 = logarithmic decrement-the natural logarithm of the ratio of the amplitudes 
of two successive maxima or minima in an exponentially decaying free 
vibration 

a = damping amplitude coefficient in the expression for a free vibration: 

e-at sin 2rrft 

-:t -= attenuation coefficient in the expression for plane harmonic waves in an 

infinite medium: e-•x sin 2rrf(, - :n where c = wave velocity 

D = damping ratio, defined by analogy with simple second-order systems 
6:/1( =0 relative bandwidth of resonance curve between the half-power or 0.707 

amplitude points for a solid undergoing forced vibrations-is a measure o:· 
the sharpness of the response curve 

.'::.E/ E ,-, fraction of strain energy lost per stress cycle. 
By using the analogy of a simple linear second-order vibrating system b, the 

specific damping capacity, may be related to the other parameters as indicated: 

a -:t .'::.f 6.E 
b = 2rr/ Q -= 2,\ ,~ 2 J' = 2c f ,~ 4rr D 0= 2rr / = £ 

Table 1 - Synopsis of internal friction parameters 
( Bradley and Fort, 1966 ). 
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1977). This means that the strain resulting from the superposition of 

two stress functions is the same as the sum of the strains resulting 

from application of each stress function separately, 

In theory, Bland (1960) and Strick (1967) have shown that a par-

ticular form of the stress-strain relationship leads to a Q that is 

independent of frequency, synonymous w:I. th a CQ model. This model 

sat:l.sfies causality, s :I.nee the der:l.ved creep functions and relaxation 

funct:1.ons (plotting strain versus time and stress versus time respec­

tively) are zero for negative values of time, 

Experimentally, results obtained in the Pierre Shale by McDonal 

et al. (1958) and Ricker (1953) are consistent with a linear CQ 

model. McDonal 's results :l.ndicated that "individual Fourier compon­

ents of the waveforms decay exponent:1.ally and that the decay was 

proportiona 1 to the frequency". Even though Ricker fitted his pulse 

width versus travel time data with a NCQ function, Kjartannsson (1979) 

has reanalysed Ricker's field data producing a comparable fit to a CQ 

model. 

Johnson and Toksoz (1981) give an excellent overview of the cur­

rent state of affairs in Q models: 

A reasonable conclusion from existing data is that the 
amplitude of the seismic response model should be attenuated 
exponentially by a coefficient whose frequency dependence is 
linear. 

13 



ALGORITHM THEORY - Waters' Synthetic Seismogram 

.. 
This section gives a detailed description of the frequency domain 

approach used in the program SYNSIZE (Appendix 1) to generate a CQ 

model synthetic seismogram for normal incidence, The program uses an 

iterative solution to obtain ratios of up to downgoing cumulative wave 

component amplitudes for interfaces bounding layers with no dip by 

solving the one-dimensional wave equation in the frequency domain, 

Most of the computations are based directly on Waters' (1981) algo­

rithm. 

An inverse fast Fourier transform (FFT) operates on the frequency 

domain response calculated for each frequency to obtain a final time 

domain output. 

The algorithm assumes a complex phase velocity: 

c = V + iv 

where: V = the scalar interval velocity for a given layer, and 

u = the imaginary attenuation component, 

(1) 

A complex representation for the velocity allows convenient hand­

ling of frequency dependent attenuation, 

An often used form for the wave equation in one dimension: 

(2) 

14 



has a solution of the form: 

I; "'1; exp {iw[t - !.]} 
0 C 

(3) 

where: 

1; • the displacement of the wave, 

1;
0 

= the initial displacement, 

w = the angular frequency of the wave, 

x = the axis along which the wave is moving, and 

t == time. 

The complex velocity substitution (1) into (3) yields: 

( x(V-iu) ])} 1; = z;:
0 

exp { iw t - [-~--'-- • 
v2 + u2 

This equation can be simplified by assuming that v
2<< v2

, i,e. 

that the square of the scalar velocity is much larger than the square 

of the imaginary attenuation component. This assumption seems intui-

tively correct, since attenuation coefficients are usually much 

smaller than one, while velocities are measured in thousands of feet 

per second. The above assumption results in a familiar exponentially 

attenuating form for the wave equation. Now: 

1; = r,; 
0 

exp { i w( t - ; + 

15 
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Regrouping as the product of two exponential terms: 

(4) 

Note that (4) is (3), multiplied by an exponential coefficient. 

Equation (4) may be rewritten: 

Inspection of (4) and (5) yield the attenuation coefficient: 

a = 
WV 

v2 

This result may be related to another empirically derived formula: 

where: 

TTf 
a==--QV 

Q = the quality factor, independent of frequency (CQ model), 

f = the frequency of the attenuated wave, 

V = the scalar velocity. 

Equation (6) appears in Dobrin (1976) who cited first power 

frequency dependence in samples of shale, sandstone, limestone and 

16 
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"caprock". Kjartansson (1979) has documented a multitude of 

mechanisms resulting in this form of attenuation. 

Setting: 

WU TT f -- == QV v2 

2u l __ .., 
V Q 

(7) 

2 2 
The assumption u << V now seams reasonable. The inverse of Q is 

always much smaller than one for Li thified media, (Bradley and Fort, 

2 2 1966) hence (7) is a small number, supporting u << V , 

Given the exponential form for the wave equation (5), wave inter­

action with multiple interfaces can be simulated. Figure 4 (Waters, 

1981) shows the wave state for two consecutive layers. 

The changes in sign occurring within each mathematical represen­

tation of an upcoming or downgoing wave as shown in Figure 4 can be 

explained, since equation (5) represents a wave traveling in the posi­

tive x direction. In each layer, there are upcoming waves of ampli­

tude A- and downgoing waves of amplitude A+. Since the waves atten­

uate as they travel through the layer, the amplitudes A- and A+ are 
m m 

measured at points one and two respectively. The same convention 

- + applies to Am+l and Am+l at points three and four, also labeled in 

Figure 4. 

Often, the derivation of a particular solution to a partial 

differential equation, e.g. equation (2), depends upon the specifi-

17 
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cation of one or more boundary conditions. These boundary conditions 

are a mathematical expression of a physically realistic set of condi­

tions that are applicable to the model used in approximating reality. 

Consider a seismic wave propagating across a geological contact 

between flat-lying strata, A certain amount of energy is transmitted 

across this interface, and a certain amount is reflected back towards 

the surface. At no time, however, does a separation take place along 

the contact because of the minute energy of the wave upon the inter­

face. Mathematically, this concept of continuity of displacement can 

be expressed at a boundary or contact, using the previously defined 

wave formulae, as: 

+ A exp { -a x + ( iwx /V )} 
m mm m m 

It is also reasonable to require stress continuity across the 

boundary (Garland, 1979): 

2 cl r,m+l 
"" cm+lPm+l ( clx ) 

x=O 

Because r,m is the particle displacement due to the combination of 

upcoming and downgoing waves, (9) may be rewritten as: 

19 
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(10) 
x==0 

+ + 
Using the formulae in Figure '• to define l;m, 1;m, i;m+l and l;m+l the 

partial derivatives of equation (10) may be calculated and substituted 

into (9) (Waters, 1981) and evaluated at t=0: 

+ A-(a + iw) exp {ax + (iwx /V )} 
mm V mm mm 

m 

For brevity, define: 

q == exp { -a x - ( i wx /V )} , 
mm m m 

The ratio of complex acoustic impedances is: 

K "" 
m 

An alternate form for (12) is: 

K == 
m 

20 
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Equation (13) can be proven approximately equivalent to (12) by 

substituting into (12) and neglecting higher order terms in u . Using 

(13), equations (9) and (11) reduce respectively to: 

A+ A-/q + 
(14) + = Am+l + Am+l mq m 

and: 

A+ + A-/q K (-
+ 

A:+1). (15) mq "' Am+l + m m 

Representing the ratio of cumulative up to downgoing wave ampli­

tudes measured at the top of the mth layer is easy: 

R 
m 

( 16) 

Equation (14) may be divided by (15) to obtain: 

q 2( Rm+l + r 
R m 

= 
Ill l + Rm+lrm 

( 1 7) 

where: 
1 - K 

Ill r == 
Ill 1 + K 

(18) 
ID 

Equation (17) is the general iteration formula used by SYNSIZE to 

obtai.n the ratio of up to downgoing cumulative wave amplitudes as a 

function of a single frequency omega. The calculations must be re­

peated over each frequency within the designated bandwidth of the 

response. Note that the formula starts at the bottom of the sequence 

and iterates upward, until R
0 

is obtained. 
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The problem of initializing the iterative procedure now remains. 

This is performed by the program within a separate subroutine START. 

The idea is that no reflection comes from below the mth boundary; the 

last reflecting interface of the model, This means: 

= 0 ( 19) 

and equation (17) simplifies to: 

R 
m 

(20) 

for the top of the layer above the mth boundary, as shown in Figure 5. 
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CRITIQUE OF PROGRAM SYNSIZE 

Any method of generating synthetic seismograms has some weaknes­

ses relative to other methods. The algorithm used by SYNSIZE is no 

exception. 

One weakness is the inability of the program to examine the 

effect on stacked data of nonzero source receiver offsets, The 

behavior of seismic waves at nonzero offset has been extensively 

studied. Zero offset modeling fails to simulate mode converted waves, 

i.e. incident P waves changing into an S waves or vice versa upon 

interaction with an interface, Aki and Richards (1980) show that 

nonzero offset considerations quickly deteriorate into a very com­

plicated situatton. Figure 6 shows that for a single flat interface, 

the partitioning of energy is no longer governed by a single reflec­

tion coefficient, as in the normal incidence case, but is controlled 

by "sixteen possible reflection/transmission coefficients", 

The ability of a program to simulate mode conversions is useful 

in studying the dependence of seismic body wave amplitudes upon rock 

parameters. Such amplitude changes are not signifi.cant until a large 

source reciever offset relati.ve to the target depth i.s used (Morrison, 

1984). Reflection and transmission of plane commpressional waves for 

flat interfaces has been studied by Tooley et al, (1965). While the 

behavior is very complicated, these workers have shown that in general 

mode conversions do not account for more than twenty percent of the 

total incident wave energy until angles of incidence of at least 

24 
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thirty degrees are reached. Typical offsets in surveys performed by 

the KGS are well below that required to obtain this high of an angle 

of incidence, so inclusion of mode conversions in a modeling program 

would have little if any utility in modeling the existing MiniSOSIE 

database. Also, recording of the converted waves at the surface re­

quires a level of sophistication in S wave recording that is not yet 

widespread in KGS data processing and aquisition. The vast majority 

of existing data is recorded with vertical geophones. A very small 

percentage of the recorded vertical signal results from energy that 

has undergone mode conversion. 

There are two more significant shortcomings for the program. The 

first is that the surface reflection coefficient is not variable for 

the top of the uppermost bounded layer. In the program the magnitude 

of this reflection coefficient is always unity. In nature, the marine 

wave transmission case for a smooth sea approximates this situation. 

Here, the air water interface has a reflection coefficient whose 

magnitude is unity because of the high acoustic impedance contrast 

between water and air and the flatness of the surface compared to the 

wavelength of the data. Other geological surfaces do not exhibit this 

behavior partially because the change in acoustic impedance is not as 

drastic and because other real geological interfaces are often not 

flat, 

Experimental measurements of the reflection coefficient for this 

interface are rare. Data recorded by Van Melle and Weatherburn (1953) 
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showed reflection coefficients as high as two-thirds for the base of 

the Pleistocene Beaumont clay surface in Harris County, Texas. 

The program compensates for the lack of adjustment in the reflec­

tion coefficient for the uppermost interface. This is in effect 

modeling one of the causes for a less than perfect surface reflection 

coefficient. A finite value for Qin the uppermost bounded layer is 

analogous to an infinite Q with a surface reflection coefficient less 

than one. A study of the influence of Qin the uppermost bounded 

layer shown in Figure 7 is summarized in Table 2. Four runs were made 

on a single bounded layer model with Q being the only varied parameter 

in each run. 

The reflection coefficient for the base of the bounded layer is 

-.2605, as predicted from the model densities and velocities. The 

normalized maximum reflection amplitude for the first order multiple 

pulse in Run 1 is -,2605, one being the maximum for the primary 

reflection pulse. Q was infinity for the bounded layer in run 1. 

This is synonymous with zero attenuation. 

Run 2 showed a maximum for the first order multiple pulse of 

about two-thirds that for the first order multiple of run 1. This is 

due to the Q value of 500 (still very high, geologically speaking) for 

the bounded layer in run 2. Since the reflection coefficient for the 

base of the bounded layer has not changed from run 1 to run 2, the 

effect of i.ntroducing a f.inite Q in the layer on maximum multiple 

amplitude is the same as that obtained by changing the reflect.ion 

coefficient of the uppermost surface to a value less than one, Thus 
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FIXED PARAMETERS: 

500 ft 

\ 

air 

Vl = 10 K ft/sec 
-= 2.2 g/cc pl 

Ql = variuble 

v
2 

= 15 K ft/sec 
p

2 
2.5 g/cc 

Q2 500 

surface (Reff) 

-.26 

Figure 7 - Bounded layer used in multiple amplitude analysis. 

th 
R reflection coefficient for N layer 

n 

R = "effective" surface reflection coefficient 
eff 

Run 
1 
2 
3 
4 

/Reff/ 

Ql first order 

infinite 1 
500 .69 

100 .50 
20 .49 

Table 2 - Influence of Variable Q 
on Multiple Amplitudes 
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the introduction of Q is said to introduce an effective reflection 

coefficient for the uppermost surface with magnitude less than 

unity, Runs 3 and 4 demonstrate the lowering Q lowers the effective 

reflection coefficient. 

The final significant area for improvement remaining in the 

modeling program is the ability to zero out events according to their 

travel paths, i.e. to obtain a response with primaries only, primaries 

and first order multiples, primaries and peg-leg multiples, etc. As 

written, the only option is the response with primaries and all multi­

ples, The geophone cannot make event discriminations in the field. 

Nevertheless, it would be an advantage to automatically catagorize 

events on a record without doing travel time calculations by hand. A 

step in this direction can be made by eliminating all surface multi­

ples through a deconvolution described in detail in Claerbout and 

Riley (1976). 
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MODEL SET 1 - Q, Pulse width, and phase shifted wavelets 

Model Set l consists of three different depth models for a single 

bounded layer whose parameters (Q, velocity and density) are those of 

the Pi.erre Shale (Ricker, 1953). This model is shown in Figure 8. 

The parameters for the lower half space are typical of those encoun­

tered for a limestone. The data in all three runs are filtered over a 

bandpass typi.cally used i.n MiniSOSIE CDP data processing at the KGS. 

Observe first the increase in reflection pulse width with 

increasing depth or travel time, comparing runs one, two, and three in 

Flgure 9. This is predictable from the CQ model upon whlch the algor­

ithm is based. More travel time through the shale allows more pulse 

broadenlng. Thls is also an attenuation effect; the energy is concen­

trated in the central portion of the pulse due to less attenuation at 

shallow depth. 

The response after adding a 90 degree phase shift is shown in 

Figure 10. The same geologic parameters apply, The spreading of pulse 

energy due to attenuation with depth is now more visible, 

Conclusions - Model Set 1 

The reflection pulses produced by SYNSIZE for a set of single 

bounded layers demonstrate increasing pulse width with increasing 

traveltime. This effect can be attributed to the inclusion of fre­

quency dependent attenuatlon in the modeling algorithm, The response 

is consistent with models in which the attenuation coefficient is 
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proportional to the first power of the frequency, i.e. a linear atten­

uation model. 
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Run l Run 2 Run 3 

t p 2.1 g/cc t p = 2.1 g/cc t p = 2.1 g/cc 

200 ft. Q 17.5 400 ft. Q 17.5 600 ft. 
(2 17.5 

V 6150 ft/sec V 6150 ft/sec V 6150 ft/sec 
t l I (,,.) ,.._, p 2.3 g/cc 

Q 100 
V 10000 ft/sec 

p 2.3 g/cc p 2.3 g/cc 
Q 100 Q 100 
V = 10000 ft/sec V 10000 ft/sec 

Figure 8 - Geologic Model Set 1 



Run 1 

z == 200 ft. 

ZERO PHASE RESPONSE 

Model Set 1 

Run 2 

z == 400 ft. 

z length of trav0J path 

Run 3 

2 = 600 ft. 

Figure 9 - Increasing trave.l path length results 

in broadening of the seismic event. 

(timing lines spaced at 10 msec) 
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Run 1 

z = 200 ft. 

PHASE SHIFTED RESPONSE 

Model Set 1 

Run 2 

z = 400 ft. 

z == length of travel path 

Run 3 

z == 600 ft. 

Figure 10 - Increasing travel path length results 
in broadening of the seismic event. 
(timing lines spaced at 10 msec) 
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MODEL SET 2 - Simulation of multiples 

Figures 11 through 14B demonstrate SYNSIZE's ability to generate 

all transmission effects anticipated from a plane wave with normal 

incidence on flat layers. 

Figures 11 and 12 identify the primary and near surface multiple 

reflection events respectively for a geologic model with three bounded 

layers. Figure 13 identifies double multiples, while Figures 14A and 

14B identify the peg-leg multiples. The parameters chosen simulate a 

low velocity sand imbedded in a shale layer; a frequently encountered 

geological situation. 

A brief explanation of the notation used to identify events in 

Figures 11 through 14B is appropriate. An upper case P with a number 

i denotes a reflection fron the base of the ith layer. A lower case p 

followed by a number i is used to identify an event reflected from the 

top of layer i. Thus, P3plP2 would describe an event reflected from 

the base of the third layer, top of the first layer, and base of the 

second layer, in order. 

Generation of troublesome multiples is common in this situation, 

The high amplitude of some of the multiple events relative to the 

primaries can be attributed to the application of automatic gain 

control (AGC). Events of thls amplitude on a seismic record with AGC 

applled mlght easily be confused with a real geologic interface, such 

as a bedding contact, Parenthetically, deconvolution is particularly 

effective in reducing surface multiples, but peg-leg multiples are not 
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as easily removed with deconvolution techniques. A modeling program 

that can generate peg-leg multiples is particularly useful in inter­

preting a deconvolved section. 

Conclusion - Model Set 2 

Each primary and multiple event labeled in this model set posses­

ses a polarity and an arrival time corresponding to those predicted 

from the chosen three bounded layer model. The response of the model 

did not include attenuation. This facilitated clear identification of 

deeper primaries and multiples. Since the ability of the program to 

simulate transmission effects is proven, SYNSIZE may now be applied to 

more complicated geologic models. 

36 



Geologic Model Set 2 

Pl P2 P3 

10000 ft/sec 

10000 ft/sec 

12000 ft/sec 

Figure 11 - Primary reflection events 

Zero phase response with no attenuation 

(timing lines spaced at 10 msec) 



Geologic Model Set 2 

p 1 olP2 P2plPl PlolP3 P3p1Pl 

10000 

f 1 

' ft/ sec 

J 
j 

J 
\ 

8000 ft/sec 

10000 ft/ sec 

12000 ft/sec 

Figure 12 - Near surface multiples 

Zero phase response with no attenuation 

(timing lines spaced at 10 msec) 

, 
t -

-

-

-
•-:' .-:. 

- -rr -

-

* 
-

-

PlplP2 P2p1Pl 

PlplP3 P3p1Pl 



Geologic Model Set 2 
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Geologic Model Set 2 
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MODEL SET 3 - A case study in modeling seismic reflection data 

The purpose of this model set is to use SYNSIZE to model real 

seismic reflection data. A nearby well log yields information on rock 

layers needed for input to the program, and the output phase shifted 

response is produced to aid interpretation. 

Survey location and method 

The reflection survey objective was a sinkhole resulting from 

dissolution in the 250 foot thick Hutchinson Salt Member of the Wel­

lington Formation near Geneseo, Kansas. Figure 15 shows the location 

of the lines relative to Kansas and to the sinkhole, respectively. In 

Miller et. al (1985), the sinkhole is said to result from "dissolution 

by unsaturated brines from disposal wells or from leakage of surface 

and/or shallow groundwater alongside well casings." 

Two reflection profiles were obtained across the center of the 

sinkhole. Line l consisted of 83 shotpoints occupied at 33 foot 

intervals, while line two consisted of 84 shot points at 33 foot 

intervals. This disposition of shotpoints means that the CDP's are 

spaced at 16.5 foot intervals. Three CDP locations on line l are 

shown in Figure 15. 

Geophones were evenly spaced over the shot points; the distance 

between geophones was approximately three and two-thirds feet. Groups 

were wired in series with ten geophones per group, each group leading 

into a single channel on the line, 

42 



T 
17 
s 
T 

18 
s 

Section 33 

Section 4 

J 
N 

J 
0 500 feet 

Index Map 

R8W 

Highway@ 
Section 34 

Buehler No. 11 
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The MiniSOSIE method (Barbier, 1976) employed in data recording 

relies on the random nature in time of the "pops" generated from 

multiple compactors, since the autocorrolation of the random pop 

sequence is convolved with the geophone response to produce field 

files that look like a conventional dynamite record. 

Data processing was conducted at the KGS on a Data General 32 bit 

computer by Dao Somanas, utilizing algorithms from SPEX, a software 

system developed and marketed by Sytech, Inc. of Houston, Texas. 

Geological description 

All consolidated rock units relevant to the seismic survey are 

lower Permian to upper Pennsylvanian in age (Figure 16). Excellent 

petrologic synopsis of these units is found ln Zeller (1968). In 

brlef, the lower Permian section is largely evaporite bearing elastic 

rocks in the upper two thirds with alternating thin (8 to 40 feet 

thick) limestones and shales dominating the lower third. Upper 

Pennsylvanian units were modeled down to the Topeka Limestone, and are 

characteristically thicker (20 to 60 feet) limestones and shales. 

Well control - Gamma and neutron logs 

The survey area has been extensively drilled, but many holes have 

only sketchy "top cards" or "geological reports" completed at the 

drill site recording the lithologies encountered. The best available 

information for interpretation of subsurface geology are gamma ray and 

neutron logs, since shales and sandstones dominate the section, The 
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gamma ray log is highly sensitive to the natural radioactivity of 

shales, and the neutron log to the hydrogen content and hence the 

porosity of fluid saturated sandstones. 

The chosen logs from Buehler No. 11 (location of this hole is 

shown on Figure 15) are of high quality and are within 500 feet of the 

seismic line. These logs were gathered by Perforating Guns Atlas 

Corp. for Continental Oil Company (Conoco). Type logs from Barton, 

Ellsworth, and Rice Counties compiled by Harris et al. (1966) also 

proved invaluable in correlating known lithologies with the gamma and 

neutron response. 

A few observations on the correlation of lithologies are appro­

priate. Figure 17 shows that the clear identification of the Cedar 

Hills Sandstone was made largely from an excellent visual match to the 

gamma-ray response from the Barton County type log. The Stone Corral 

gives an unmistakeable high gamma response, as does the Hutchinson 

Salt. Interpretation of the thin layers within the Ninnescah shale 

and the Wellington Formation is not as easy. 

Portions of the Wellington above the Hutchinson Salt Member, 

hereafter referred to as the salt, are dominated by alternating gamma 

highs and lows, as is the Ninnescah shale. The lithologic differences 

between these two formations are subtle. Both contain thin, silty 

sandstone beds. The Ninneschah has thicker shales, 
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Well control - Sonic logs 

No sonic logs within ten miles of the seismic line were available 

for interpretation. The nearest sonic log was from Rice County, and 

was completed by Schlumberger for the U.S. Atomic Energy Commission's 

(AEC) Atomic Waste Repository Project. The log gives interval vel­

ocites from the surface to a depth of 1200 feet, roughly one half of 

the depth to which reflections were recorded, The exact location of 

the sonic run was in test hole number two, 30' North of Center N/2 of 

Sec. 35, Twp. 19S, Rge. 8W. This places the sonic run about thirteen 

miles south of the seismic 1 ine. 
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Modeling process and rock parameters 

Rock parameters to be estimated from available data for input to 

the modeling program SYNSIZE include, for each layer: 

1) interval velocity, 

2) thickness, 

3) density, and 

4) dissipation factor, (Q). 

Parameters one and two are critical in proper time placement of 

the artificial event relative to the events on the real data, 

Refraction analysis of the seismic reflection field files produced 

information on velocities in upper layers. The first breaks of 

refraction arrivals on the field files were fitted to two lines, 

corresponding to two layers of velocity 5480 and 7500 feet per 

second. Interval velocity estimates were made from 120 to 1200 feet 

by approximating the continuous AEC sonic velocity log with a dis­

continous block function. Block lengths were no thinner than five 

feet and were typically above twenty feet. Blocked log readings were 

converted from microseconds per foot to interval velocity in feet per 

second, Interval velocity varied considerably from formation to 

formation, but showed a high degree of consistency within a given 

formation, No velocity logs were available below 1200 feet and since 

2400 feet of section was modeled, reasonable velocity estimates for 

lower Permian to upper Pennsylvanian limestones and shales were used 

from 1200 to 2400 feet. 
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Interval velocities used in generating the final response were 

within ten percent of the interval velocity estimates from the sonic 

log. The tendency of the model velocities to be lower than the sonic 

velocities by a few percentage points is consistent with a fracture 

system produced from flexure of the sinkhole beds. Parenthetically, 

lower seismic model velocities are paralleled by Schenk and 

Schenkova's (1974) in situ study of the effect of cracks in granodio­

rite on velocity, where "on an average the presence of cracks de­

creased the observed wave velocities by 40 percent or more." However, 

it is likely that sedimentary velocites would be less affected due to 

the sediments ability to crumble and fill fractures more easily than 

igneous rock. 

Since all modeled units are sedimentary, a reasonable estimation 

of density based on the lithology is adequate. Reflection coeffi­

cients are much less sensitive to density contrasts then to velocity 

contrasts typically encountered in sedimentary sequences. 

Variation in Q was most important for the salt. Salt has a lower 

Q than other varieties of sedimentary rocks, No direct downhole mea­

surements were available, so Q was estimated from Bradley and Fort 

(1966) for nonclastics and from a relationship to velocity documented 

by Waters (1981) for the elastic un:lts (Figure 18). 

Interpretation and model results 

Two geologic models were generated to fit the observed sinkhole 

data, The responses for these two models are shown superposed on the 
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sinkhole data in Figures 19 and 20 respectively, along with important 

geologic units. The parameters used in generating these synthetic • 

responses are shown in Appendices 2 and 3. 

The interpretational starting point for both models was a plaus­

ible identification of the event representing the Stone Corral Anhy­

drite, identified by Glover (1959) as a marker often used in interpre­

ting seismic records in Kansas. Two high amplitude events on the 

record are the strongest candidates for the Stone Corral. The first 

occurs at about 110 msec in the center of the sink and the second at 

about 150 msec in the same position. Both events are laterally 

continuous and are of high amplitude and coherence relative to other 

reflections. 

The nonuniqueness and subjectivity of modeling geophysical data 

is demonstrable, Both models result in an acceptable "match" between 

the synthetic response and the real data, The choice of the second 

model as the preferred model is based on subjective interpretation 

elements. 

The first of these elements is an examination of amplitude rela­

tionships in the real versus the synthetic data sets for the four 

coherent events between 100 and 160 msec in the sink's center. The 

amplitude pattern for these four events is more closely matched to the 

real data by model l; the events over this time window in model 1 do 

not demonstrate a similar variation in amplitude. At this point, one 

might raise the question of amplitude distortion due to the applica­

tion of automatic gain control. The counter argument is that the AGC 
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Figure 19 - Model 1. 
Comparison of sinkhole data and synthetic data. 
( Parameters for synthetic data shown in Appendix 2. ) 
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window was of sufficient length (150 msec for both the real and simu­

lated data) to disallow gross distortion of events relative to one 

another within the 60 msec window over which amplitudes are compared. 

1~e second element favoring model 2 is successful interpretation 

of the data based on a conceptual model of the sink, i,e. that the 

sinkhole resulted from dissolution of the salt member, and that 

successful interpretation of the data should support salt dissolution 

as the cause for the sink, Model 1 falls short in that the events 

corresponding to the salt lie within a zone of weak reflection ampli­

tudes between 160 and 200 msec and show none of the effects antici­

pated from dissolution. One would expect fairly strong events on the 

record corresponding to the top and/or the base of the salt, since the 

velocity contrast of the salt relative to surrounding units is sub­

stantial on the sonic logs, Instead in model 1 the salt zone is not 

delineated by strong events. This is true on the data as well, and is 

not consistent with the reasonable expectation of a higher amplitude 

event anticipated from a salt/elastic contact. Model 2, however, 

shows strong events at the top and at the base of the salt, corres­

ponding to events observed on the real data. Examination of the model 

parameters in Appendices 1 and 2 show comparable velocity contrasts 

for the salt/ elastic contacts in both model runs. The lower amplitude 

of the salt contacts in model 1 might be attributed to the destructive 

interference of primary and multiple energy in the 160 to 200 msec 

zone, Peg-leg multiples from the Stone Corral could arrive within 

this time window, 
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Lastly, the zone on the seismic section correlating with the salt 

of model 1 demonstrates no thinning or thickening of the salt contact 

events as one traverses the sink. This is inconsistent with the no-

tion that either i) thickening due to a velocity decrease from frac­

turing and/or ii) thinning due to dissolution of the salt or dissente­

gration of overlying strata should be present on the record and 

associated with the salt. Both of these phenomena are present in the 

model 2 salt zone. The zone between events A and B shown in Figure 21 

thins from 20 msec on the rim of the sink to about 15 msec in the 

center. The zone between events Band C thickens from 18 msec on the 

rim to 25 msec or so in the center. While interpretation of this 

behavior is subjective, the decrease of conherence in event C as one 

traces this event into the center of the sink and the thickening be­

tween events Band C might be attributable to a rubble zone above the 

partially dissolved salt. Fractures in such a zone would i) lower the 

velocity and produce the observed thickening, and ii) lower the coher­

ence of reflected energy due to their nonuniformity. 

Thinning effects might be explained above the dissolved zone if 

one views the "void" created by dissolution and the permeation of 

groundwater in the the strata above the salt as sufficient cause for 

increased compaction. This would produce velocity and/or thickness 

changes in the center of the sink. 
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Conclusions: Model Set 3 

The program SYNSIZE may serve as an interpretational aid to seis­

mic interpretation of stacked CDP data. In addition the normal inci­

dence approximation of CDP data resulting from the iterative solution 

of the one dimensional wave equation is justifiable in that; 

i) a reasonable fit to stacked CDP data is obtained. 

ii) CPU time necessary for computation of the response is a few 

minutes per run, expediting the successive refinement of 

models. 

Al though difficult to quantify; 

iii) the inclusion of pulse broadening in the program did not 

hinder the production of a synthetic multiple layer product 

that fits the real data. This is desirable since seismic 

waves are more accurately simulated if frequency dependent 

attenuation is included. 
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GENERAL CONCLUSION 

The process of accurately modeling real CDP data in Kansas iter­

atively with minimum computer time requires the use of an efficient 

program simulating the response from dozens of thin layers. In 

Kansas, wide offsets are not typically employed in CDP surveys, and 

geologic structures that might be modeled are typified by gentle syn­

cli.nes, anti.clines, folds or normal faults, This makes the normal 

inci.dence approxlmation of SYNSIZE appropri.ate. In these cases, 

modeling a few CDP's at various locations in the line, in lieu of 

si.mulating the response of the total structure, is helpful in relating 

observed reflections to known rock layers. This became evi.dent i.n 

Model Set 3 when one of two proposed models emerged in the light of 

geologi.c interpretation consi.stent with salt dissolution as the cause 

for the sinkhole. 

Linear frequency dependent attenuation is supported by 

Kjartansson's (1979) review of 25 attenuation papers. This attenu­

ation model is easily introduced if calculations are performed in the 

frequency domain. A visual comparison of the synthetic traces from 

Model 3 with the real data shows that the synthetic data closely 

approximate real data when frequency dependent attenuation is 

included. 
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Appendix 1 - Fortran 77 code for the program, SYNSIZE. 
) TY SYNEX 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
I' 
C 
C 
C 
f' 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

.c 
C 
C 
C 
(' 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

SYNSIZE AUTHOR!G,W. NEELY MAY 1"id985 

A PROGRAM DESIGNED TO CALCULATE SEISMIC RFSPONSES 
IN THE FRF.QIJENr:Y DOMA rN FOR FLAT LY ING LAYERS, 

THE FINAL PROGRAM OUTPUT IS DISPLAYED AS A TIME DGMA!N 
SEISMIC TRACE INCLUDING TRANSMISSION EFFECTS I,E, PEG-LEU 
AND SHORT PATH MULTIPLES, 

THE PROGRAM IS BASED ON AN ALGORITHM DISCUSSED tN DFTAIL 
IN THE TFXT, REFLFCTION SEISMOLOGY: A TOOL FOR ENERGY 
RESOURCE EXPLOf<ATION, KENNETH H, WATH:S., 19Ht, JOHN W11.EY 
A N [I S ON S , , F' , 1 4 B , 

THE USER SETS UP AN INPUT FILE CONTAINING THE VAi rn PARAM[fERS 
0 F LAY ER TH 1 0~ N ES S , V E L n C I rY , A M [I U 1J A LI J F S , (] 1,

1 M U E ~; ,; S: E 
SOMETIMES CALLED SPECIFIC LOSS FACTORS. 

AN EXAMPLE OF AN INPUT FILE MIGHT BE! 

3 
200,,8000,,2,2,10, 
50,,1.2000,,2,4,20, 
40,,10000,,2,67,80, 
20000,,2,5,40, 
,00025 
1 
10 
9 () 

c· 
• J 

THE RELATIONSHIP OF THE ABOVE INFORMATION TO A GFOL.OGIC MODEL 
IS SHOWN T.N THE FU1l)RE BELOW. !A \)ALIJES DOCUMnHED 1N Tiff 
LITERATURE RANGE FROM 10 IN A VERY ATTENUATIVE SHALE 
TO 500 FOR SOME GRANITES, 

W (1 TE RS G I \)ES AN c~ MF' I F: [ C (1 L. R El. f; T J ON~; H I F' ? f: TWEE ~! 1~ D MF' f.' E '.3 3 I l) NA L 
VELOCITY AND O: 

Q=(VELOCITY **2)/(10**61 IN ENUL. l :;H IJN T. TS, 

TH I S SH OU L D G ET ON E ' 0 F F THE G RO UN D ' A N D M fl fl E I 1N fi , 

DENSIT'i==;?,2 
VELOCITY=8000 

DENSITY==2, 4 
VELOC I TY=i 2000 

DENSITY<2,67' 
l,.JEU)CJTY::=10000 

DENSIT'f::::2,5 
VELOCITY==20000 

Q:: 10 

O==BO 

Cl= 40 

INTERFACE 2 (50 FT) 
DEYIH /50 FT, 

INTERFACF 3 (40 Fll 
DEPTH 2<?0 n. 

INTEGER '3' AT THE BEGINNING OF THF DATALIST REPRESENTS 
THRFE BOUNDFD L.r-,YEF:f; :3YNONYMOIJS WITH J (.,CTI 1JE 
I NT ER F ACES I N THE ,"i ()DE l. , U F· TO 4 9 B (1 UN r1 F. l) l. A Y [ f;: :~ .'1 :, Y 8 L 
SF'ECIFIED, 
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" 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

E 
C 
C 
C 
C 
C 
C 
(' 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
(' 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
L 
C: 

THE REAL VALUE ,00025 MEANS THAT THE Sf\MF'LE INTERVM OF THF.: 
OUTPUT TRACES WILL BE ONE QUARfFR OF A MILLISECOND, 

INTEGER '1' ENGAGES THE SEISMIC RFSPONSE 
WITH FREQUFNCY DFPFNDENT ATTENUATION, 
THE SPECIFIC DISSIPATION CONSTANT Q IS USED 
FOR EAr,H LAYFI~ ro CAL.CUI.A rE THE AFFECTS' 
PRINCIPALLY ON PULSE WIDTH, OF 
INCLUSION OF ATTENUATION IN THE MODEL, A ZERO 
DISENGAGES ATTENUATION FOR EACH LAYER, 

INTEGER '10' IN THE ABOVE DATALIST GFNERATES 
10 NORMAL INCIDENCE TRACFS FOR THE A80UE MODEL, 

SYNSIZE CAN GENERATE 2048 DATA POINTS OF DATA 
SO A ,25 MS SAMF'I..E INTERVAL A\3 GIVEN ABOVE WOUI.D UENERATE 
512 MS OF DATA . 

INTEGER '90' IN THE ABOVE DATA MEANS THAT 
A NINETY DEGRFE F'HASE SHIFT WILL AF'PLIED TO THE FINAL 
OUTPUT RESPONSE OF THE MODEL, AN ARBITRARY INfFGER 
DEGREE PHASE SHIFT FROM -lRO TO +180 DEGREES MAY BE USER 
SPECIFIED, THE PRE-PHASE SHIFT DATA SAMPLES ARE SPACED AT 
,25 MS, AND THE OPFRATIONS FACILITATING THE PHASE SHIFT ARE 
PERFORMED IN THE FRF:QllENCY DOMAIN TO YIELD F'HASE SHIFTEfJ Dt,rn 
WITH THE SAME SAMPlE INTERVAL IN THE FINAL TJME nnMATN PLOT, 
THE USER MAY WANT TO CHANGE THF NAME OF THF SPEX FllE 
THAT IS OPENED (N SUBROUTINE SPFX, THTS IS THE FILENAME 
TH A T I S U S E D IN TH E P L O T R ll N ID G E T A L O fl K A T TH F f~ F S F' 0 N S E 
ON PAPER, A VARIAN PLOTTER HAS BEEN USED, 

SPEX <SEISMIC PROCESSING EXECUTIVE, A REGISTERED TRADEMARK 
R[s1~~s~7TE~H CORPORATION, t9B?l MAY BE usFn To FILTER THE 

DUE TO THE PHENOMENON OF WRAF'AROUND- THF CYCLICAL 
SUPERPOSITION OF MULTIPLFS ON TOP OF THE RECORD 
AS IF THE TRACE WERE SPLICED HEAD TO TAIL- THE 
F'F:OGRAM MIJST USE FOUR TIMES THE NUMBrn ilF SAM.c•L.ES 
AS THE DESIRED RECORD LENGTH, 

T H E lJ ~3 rn N E E D N O T W l) F'. F: Y A B iJ U T TH I S 1::, fl 1m l.. E M , ::; rn S I Z E 
HAS BF.EN WRlTTFN TO PRODUCE 2048 SAMPLES OF ,)~ 
M ~; I!A TA, THE CM.CUL AT I(] NS ,,~RE [l(HIE O lJF}'. fjj "1 '-~ F' UT Nrt; HI 
PREVENT WRAPAROUND, 

THE REAL VALUE ', 5' AT THE END OF THE AR(ll)E 0(11 Al rn T I:; THE 
MAXIMUM ATTFNIJATION Ci1F.FFtCTENT AL.UIWOI rn ffff F'l~Oi,RAM,. 
THIS IS CALCUL.ATEI! FROM A FORMULA APPEARlNG IN SYUNFY P. 
C l.. A I~ I\ ' S H A N D B f)(i K O F P H Y S I C A L C O N S T A N fi1 , G S A M E M U H' '/? , , ~- 1. I H : 

ALPHA=(DELTA!E)/El*IFREQUENCYi2*VELOCITYJ 

WHERE 

ALPHA= THE ATTENUATION COEFFICIENT 

DELTA(El/E= THE STRAIN ENERGY LOST PER CYCLE, 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

THE LARGEST DOCUMENTED ENERGY LOSS PER CYCLE FOR A wnvF lS 
SHOWN ON P, 189 OF THE HANDBOOK, A WAVE [N THE ~IFRRE SHALE 
CAN LOSE AS MUCH AS ,688/1 OF ITS ENERGY PFR CYCLE AT A 
FREQUENCY OF 950 HZ, THE VELOCITY lN THIS SHALE IS 
APPROXIMATELY 6100 FT/SEC, SO ONF MAY CALCULATE A MAXIMllM 
DOCIJMENTFD ATTENUATION COF.FF 1 C IENT OF: 

(,688 *<950 CYCLES/SEC)) / (2,0 * t,100 Fl/SEC) - ,0:':16 
IF ,99/1 OF THE ENERGY OF A WAVE WERE LOST PER CYCLEi 
AND A LOWFR LIMIT ON COMPRESSIONAL WAVE VELOCITY OF 500 FT/SEC 
FOR 500 HZ WAVES WERE USED, AN ABSOLUTE MAXIMUM ATfFNUAflUN 
COEFFICIENT WOUl.D BE ABOUT ,5, 

THIS ALSO PLACES A LIMIT ON Q, SINCE: 

Q = (PI * FREQUENCY! / (ALPHA* VFLOCITY) 

THE LATTER PARAMETERS THEN YIELD A MINIMUM REALISTIC 
Q OF 1.57, 

THE PfWGRAM WILL ISSUE A WARNING MESSAf,E IF THF ATTUWhT[l.)N 
COEFFICIFNT r:AL.CIJLATFD FnR A L.AffR rs ABOVE THE ~WECIFTl:[1 
MAXIMUM, OR IF Q IS BEi. OW l ,~i7 (Sl)E{~:OUTINE ATffNUl. 

********************************************************* SUBROUTINE! PURPOSE! 
********************************************************* 
ATTENU 

AIR AT 

rnEFCO 

ST (iRT 

CARAT 

FFT 

SPEX 

CALCULATES ATTENUATION COFFFICIFNTS 

C A L. C U L r.1 T E S C O M F' L E X A C O U ~3 T I C I M F' F fl F /~ r: E 
F:A TI OS 

CALCULATES COMPLEX RFFLECTION 
COEFF IC I FNTS 

INITIALIZES THE RESPONSE ITERATJON 

PERFORMS THE RESPONSE ITERATION 

F'ERFOF,MS THE INVrnSt FllllRIER rRANSFURM 

GENERATES HEADERS FOR A SF'EX FTlE NEEDED 
TO Pl.OT THE SYNTHFTTC TRACES 

************************************************•***********«** 
THE DETAILED PURPOSF OF EACH SUBROUTlNE AND 
THE MEANING OF INTERNAL VARIABLES, THOSE NOT INPUT BY 
THE USER, IS DISCUSSED IN AN INDEX OF VARIABLES AT THE 
BEGINNING ilF EACH SlJBIWUTINE, 

DECLARATIONS FOR SI.JBROUTT.NE MHNII, 

I~ EAL D M Ef3 A ( f3 l. 'i 2 l , tJ FL. S ( 1 0 0 ·, , ,'. U ( 10 0 ) , Ar: 0 E ~ 1. l. 0 0 ) 
REAL QUF(100),S]NT,FINC,PI,LO,HI, T2WAY( 0 9l 
INTEGER NUM,NUMB,SAMN,QOP 

C D E C L. A R A T IO N S F O R S 11 B R O U TI N E A rn rH ~rn T /'.l L F'. Er, (1 ·1 U F C l. A r;: E D , 
C 

C 

F:EAL RH0(100) ,X(100l 
COMnEx l<AY ( 9'?, 

C [I [CL A f.: ?1 T I ON s F lJ I~ f:i u r: R () 1.J T I NE CR E. F CI) N n T i1 Lr;: F ii [J y [J E CL ?1 F' [ [I . 
r-
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; 

COMPLEX REFC0(99l 
C 
C DECLAfiATIONS For, SlH-:ROUTINE START NOT Al READY DU:U,F'F[I, 
C 

COMPLEX SEU! 
C 
C DECI_ARATIONS FOR SllBROUTINF CAF1AT NOT AL.READY IJFC:LAF:FIL 
C 

COMPLEX AMPRAT 
C 
C D E CL A R A T IO N S F O F, S l I B F: 0 lH IN t F' H A S E N O T A L R E A n Y [1 F C L A R F Ii , 
C 

REAL. □ PER ( t 28) 
C 
C DECLARATIONS FOR FTNAL OUTPUT, ONE FINAL 
C OUTPUT VALIJE GENERATF.D FOR EACH FRECiUENCY 11ND 
C DECLARATIONS FOR APPLICATJON OF 90 DEGREE PHASE 
C SHIFT OPERATOR AND ATTENUAfION COEFFICIENT LIMIT, 
C 

C 

COMPLEX FOUT(8192),TUOF(4095l 
REAL RFOUT,fFOUT,C<8445) 
REAL PHASER,ULAC 

C VARIABLE DECLARATIONS FDR APPLICATION OF HANNING WINDOW 
C AND F'RINTf.NG OIJT TRACE VAUJFS, 
C 

C 
C 

REAL XREAL(81921,XREALAl81921,MXRFAL.,W(4097) 
INTEGEI~ TF:NIJM, IJL, '.1\IL, Ul T, Sllfl, nus, SRh HflO, irn 

OF'EN(19,FIL[:::' :suo:GGD?iY:SYNIN') 
C 
C THE TF:ACE 1JALUrn ,:1Nfl INFDRMArlON ON llJTERMEflIATE 
C QUANTITIFS CALCULATFD BY SYNSI7E ARF IN FIL[ 
C GGDAY:SYNOUT, 
C 

Cl F' FN ( 1 8 , F [ L. E = ' : S l 2 0 : Ci GD A Y : t; Y NO LI I ' ) 
L 
C 

C 

C 

C 

C 

C 

C 

C 

REhII ( 19, ;t,) NUM 

F:EA[I ( 19, *) ( X < I l, VEl.S ( I l, RHO (I), OUE (I) 1 I::: 1, NUM) 

F: E A [I ( 1 9 d l V F L S < NU M t1 ) d~ H n ( N U M +1 ) , Q U I:. < N UM + l l 

I;: [ Ml ( 1 9 , * ) Q (:if' 

l~EAD(19,*lTPNUM 

READ(19,tlPHASER 

:;:[AD(19,t-:lUUlC 

bfiMN=tll92 

C ' U L. ' I S TH E U P P E F: IN D EX U M IT O F FR rn , [I OM A IN C A L C U I. A TI ON :; , 
C 

UL=(SAMN/2)+1 
C 
C GENERATE A HANNING WINDOW, 
t' '··· 

C 

LJl..T::c.J.NT ( UL/2) 
SUL=UL.T+i 
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"},:_f 

DO 53 JJJ=1,ULT 
W(,UJ)=l ,0 

53 CONTI NUF 
C 
C TH[S GIVES PI TO HIGH ACCURACY, 
C 

F'I=ATAN(l,0)*4 
C 

DO 54 KKK=SUL,UI. 
W(KKK)=,5 t<,50)*COS(PI*IKKK-2048l/2048) 

54 CONTINUE 
C 
C 

WRITEC18,*l'********************************************' 
WRITE<1R,*)'PROGRAM OUTPUT----SYNS17E AUTHORS!G,W, NEEi Y' 
Wf-'.ITE(18,*)'KANSAS GEOLOGIC?\! SUF:\)EY C, MCF\ l~FE' 
WRITE(18,*l'CODE COMPLETFD JULY 1, 1985 R,W, KNAPP' 
WRITF(18,*)'********************************************' 

C 
C DETERMINE TWO WAY INTERVAL TIME FOR EACH LAYER AND 
C CUMULATIVE TWO WAY TRAVFL TIME TO THE RASE nF EACH 
C LAYER AND DISPLAY+ 
C 

(' 

C 

C 

DEF'TH=O, 0 
TCUM=O,O 

WRITE(18,*l'LAYER THICKNESS 
WRITE(J8d'.l' 

DO 77 I= 1 , NUM 

nEF'TH 

T 2 WAY ( I ) = C:( ( I ) * 2 0 0 0 . l /VE LS ( I ) 
TCIJM~0 TCUM+T'.:WAY (I) 
DEPrH=[IEPTH+X ( I l 

C PRINT OUT TRAVEL T1 ME INFORMATION, 
C 

WRTTEC18,921ll,X(Il,DFPTH,VELS( [ 1 ,!CUM 

V E L O r. J 1 ( 2-· W ,:, Y C !I M l I L t., r l ') E ' 

TRAVEL TIME (MS)' 

921 FORMAT(1X,I2,6X,F5,1,6X,F6,1,6X,F7,0,7X,F5,ll 
C 
77 CONTINUE 
C 

C 
C OBTAIN 'E' TO HIGH ACCURACY 
C 

Y=?,7182818284959045 
C 
C 
C CA LCUL ATE THE F' fWPrn Ff~ HHIENC Y IN f'.RE M FNT F Or, IN 1J rn SE 
C DISCREET FOIHnrn TRAN'.lFOl~M. 
[ THIS [S NECESSARY SINCE THF RFSPONSF IS GFNFRArEn IN THF 
C FF:EOUENn Di1Mf', IN, THE' Rr,NI!H1% f::: fhE 1~1:::Y1HJ:;;r: :'HJ:=; T PE 
C SF'EClFIU1, THIS lb DONE r~UTCM(,TrUiU_Y BY TH ~-1;,:·,1,F·r1M, 
C THE BANDPASS IS SPLIT INTO INCRFMFNTS OF ~fOTH ~INC WHER~ 
C 

FINC=(l,Ol/(SAMN*SlNTl 
C 
C THE BAN[IPASS IS FROM OMEGA!tl-ZERO FREQUENCY- TO OMFGA(2049)-
\: THE: NYOU I ST F"G;E[HWNC Y, 
C 
C THE ANGULAR FREQUENCY INCREMENT 19 
C 

OINC=2,0*PI*FINC 
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C 
C EXPRESS THE SAMPLE JNTERVAL IN SAMPLES PER MICROSECOND, 
C 

SR=INTISINT*1000000) 
C 
C SUBDIVIDE THE BANDWIDTH [NTO SEGMENTS ANn LOAD ARRAY OMFGA 
C CONTAINING EACH ANGULAR FRFQUENCY FOR WHICH RESPONSE IS CAL-
C CULATED, 
C 

OMEGA<il=O,O 
DD 5 I=2,UL 

OMEGA(Il=(I-ll*DINC 
5 CONTINUE 

C 

WRJTE( 18, n 'fHE IMPULSE fffSF'f1N~,E HAS BFFN CilLCUI (dED FF:f1M' 
WRITEl18,*)'ANGULAR Fl~FlWENCY ',-OMEGA(UL),' J'O ANGULAI~' 
Wf~ ITE ( 18, *)'FREQUENCY ', OMEGA (t!U 

C THE CALLS ON THE FOi LOWING NAMED SUBROUTINES ARF NFSTEfl 
C INSIDE OF A DO LOOP AND MUST BE CALLED FOR EACH ANGULAR 
C FREQUENCY, 
C 
C THE RESULT OF E AC H F' ASS T i-; ~: 0 UGH THE L. Cl f1 F' 1 S A ,;:: nw L E -~ '.1 MF" L D 
C VAL IJ E , ' AMP RA T ' , ' AMF' RM ' 13 RE AL PART l :; I J b l:.[1 f ti l1 b I MF·~- L 
C FORMULA TO OBTAIN SFISMIC AMPLITUDE, 
C 

DO 8 M=1,UL 
C 
C CALCULATE THE ATTENUATION COEFFICIENT 
C FOR EACH LAYFR. 
C 
C SET FLAG TO ONE IF AT MAX[MUM FREQUENCY 
C 

C 

IF(M,EQ,UUTHEN 
INDI:::1 

ELSE 

ENiiIF 

CAl L ATTENU(NUM,OMEGA(M) ,VF.LS,GUE,ACOEF,ZIJ,Qflf', INIH ,ULAC) 
C 
C GIVE THE VALUE OF THE ATTENUATION COEFFICIENT AT THF 
C LOW AND HIGH END WITHIN THE DF.SIGNATFD BANDPASS+ 
C 

IF (OMEGA(M) ,EQ,OMEGA(lllTHEN 
WRITE(18,*) '**********************************I***' 
WRITE(18,*) 'THE ATTENUATION COFFFICILNT FDR rHF' 
W F; I T F ( t 8 , * ) • LAYERS F (') I~ AN 13 LIL (1 F' FF; F OU I r! I.: Y ' , Uh i: C f1 ( 1 > 

WRITE(18,*l "**************************************' 
IF(NUM,GT,llTHEN 

1~1 fl J T F 1 1. 8 , # ) ' 1.J P F' E F; M () 3 T L i1 ( E h: ' , A C r1 F F 1, 1 ) 
DO J.2 ~;==2,NUM 

tim 1 r E < 1 s , * l • !HJ u ND E:: L ,HE ·1 • , r:, , • ,, i t, c:-J lT ( ~-- ) 
12 CONTINUE 

C 

ELSE 
END IF 

ELSE 

END IF 

w Fn TE < 1 s , * ) • L o w E R H AL F 13 f'i:, i: i::. • , t1 c u Ff' c Nu M t t , 

WRITE(18,*l'SINGIE Bf1UNDFD 1..AYEF.: ',AC0FF(1) 
WRITF.(18,*)'lilWFF: HAI.F SF'M::E ',ACOF.F(2) 
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C 

21 

IF (OMEGA ( M), EQ, OMEGA ( UU) THEN 
WRITE(18,*)'***************************************' 
WRITE(18,*)'THE ATTENUATION COFFFICIENT FOR THE' 
WRITF(18d)'I.AYERS FOR {iNGUL.AR FREQUENCY ',OMEGA(Ull 
WRITE(18,*)'***************************************' IF<NUM,GT,1)THEN 

liJfU TE ( l 8, *) 'IJPF'f7RMOf:T i.A(rn •, ACOF.H l .i 
DO 21 ~-=2,NUM 

Wf<TTE(lB,*l'BOUN[tED LAYER ',K,' ',ACOFF(IU 
CONTINUE 

WRITE(18,*)'lOWrn HALF SPiH'.E ',ACDF.FUHIM+ll 
EL.SE 

END IF 

WRJTE(18,*l'SINGIE BOUNf!Er:t LAYFf~ ',AC(1FF(1) 
WRITF(t8,*J 'LOWER HALF SPACE ',ACOFF12l 

EL.SE 
ENDIF 

C 
C 
C CALCULATE THE RATIO OF COMPLEX ACOUSTIC IMPEDANCES rnR EACH 
C INTERFACE, 
C 

CAL.L AIRAT(VELS,ZU,RHO,NUM,KAYl 
C 
C 

1B 

C 

Dl 

C 
C 

IF(OMEGA(M),EQ,OMEGA(1))THEN 
WRITE(18,*)"***************************************' 
WRITE118,*l'THE COMPLEX Ar □ USTIC IMPEDENCE RATIOS FOR" 
WRITE(18,*l'FACH INTERFACE FOR ANGULAR FREQUENCY •, □ MEGA(1) 
WRITE(18,*l'****************i*********M*****k******' n· UlUM, GT, l) fHEN 

WR JT [( 1B , * ) '' f{ AS F OF U F' PU: 1·1 0 ::: T Ui '( f:: ~: ' , ~J\Y C 1 ) 
DO 18 J:::l,NUM 

W ro T E ( 1 8 , * ) ' B A S E O F B O l I N [I F [I L A Y FR ' , J, ' ' , r: tH ( J ) 
CONTINUE 

ELSE 
I~ Fd TE ( 18 d l ' BASE Cl F SING L [ B Cl UN f1 E [I LA YE F' ' , ~; A Y ( 1l 

ENDIF 
ELSE 
END IF 

IF<OMEGA(M) ,EQ,OMEGA(UU )THfN 
WRITE(18,*l'***************************************' 
WRITE(18,*)'THE COMPLEX ACOUSTIC IMPEDENCE RATIOS FOR' 
WRITF(18,*l'FACH INTFRFArE FOR ANGULAR FREQUENCY ',OMEGA1ULl 
WRITEC18,*l't*************************************t' 

ELSE 
END IF 

I ,~ ( N lJ M ♦ r; T ♦ J ) r HEN 
i.J F: TT E ( 1 8 , * ) ' FJ AS f: Cl F Un· E f,: Ii O :3 T !_ A f [ F: ' , r: A Y ,: l l 

[10 81 J=2,NUM 
WfdTE(18,*l'BASE OF f:llUNUED LAYrn ',J,' ',r:.AY(J) 

CONTINUE 
ELSE 

Wf::TTE(18,t)'Bt-1SEOF STNGL[ BOUNDED I..AYER ',l<t1Y 1 1) 
END IF 

C CALCULATE THE COMPLEX RFFL.ECTION COFFFICIENT FOR EACH 
C INTERFACE, 
C 

c;tl L Cf::E:FCO ( NUM, K?IY, REF CO) 
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C 

19 

C 

IF(OMEGA(M),EQ,OMFGA(lllTHEN 
WRITE(18,*l'***************************************' WRITE(18,*l'THE COMPLEX RFFLECTJON COEFFICIENT FOR EACH' 
WRITEl18,*l'INTERFACE FOR ANGULAR FREQUENCY ',OMFGA(ll 
WRITE(18,*l'***************************************' 

ELBE 
ENDIF 

IF(NUM,IH,1)THEN 
WR IT E ( 1 8 , * l ' HASE C1 F ljf'.' F' i: F t1 !] ~; r L f'.i YU: ' , R Fr C:H l ) 

DO 19 L=2,NUM 
WRJTE(18,*l'BASF OF BOUNDED LAYU: ',l_1' 'd,:F.rTU 1,l.i 

CONTINUE 
ELSE 

WFOTF(18,*l 'BASE OF SINGLE F:ntlNDFr1 U1YFF: ',F:FFC':1<'.1) 
END ff 

IF ( OMEGA ( M), En, OMEG?1 (UL)) THEN 
WRITE(18,*l'***************************************' WRITE(18,*l'THE COMPLEX RFFLECTION COFFFICIENT FOR EACH' 
WR ITF. ( 18, *)'I NTF.RFACE FOR ANGUI..AR FREQUENCY ', OMEGA ( UL) 

WRITE(18,*l'***************************************' 
IF (NIJM, i,T, 1) THEN 

W R I TF ( 1.8 , * ) ' E: AS F ("IF U F'F' rn MOST LAYE fl ' , Fff F CD ( 1 ) 
It D 9 1 L :::: 2 , N U M 

WR T TE i 18, * ) " BASE OF 8 0 l I tHt En LAYE 11 ' d. , ' ' , F: FF l' ( I. l 
CONTINUE 
ELSE 

W R I TF < 1 8 , * l ' B A S E O F S I N G L E B OU N fJ F D U Y rn ' , fi i:f U) ( l ) 
ENDIF 

ELSE 
END IF 

C 
C 
C NOW WE FIND THE RATIO OF THE AMPLITUDE OF THE UP 
C TRAVELING WAVE TO THAT OF THE DOWN TRAVELING WAVE FnR THE 
C LOWEST BOUNDED LAYER OF THF STRATIGRAPHIC SFQUENCE, 
C 

C 

C 

(' 
C 

CALL START(REFr □ ,X,ACOEF,VFLS,OMFGA(Ml ,NUM,SEEDl 

lF(OMEGA(Ml,EQ,OMEGAll)lfHEN 
WRITE(18,*l"***************************************' WRITE(18,*)'THE RATIO OF UP TO DOWN !RAVELING WAVF' 
WRITE(18,*) 'AMPLITUDFS (AMPRAT) NEAR THE TOP OF THE LOWEST' 
WRITE(18,*)'BOUNDED LAYER FOR ANGULAR FPFQUENCY ',OMEGA(1) 
WRITF.(18,tl"***************************************' 

WRITF(18,*lSEED 
El.SE 
END IF 

IF<OMEGA(M),EQ,OMFGA(ULl )THEN 
WRITE(18,*l'****************************'**********' WRITE(18,t) 1 THE RATIO OF UP TO DOWN TRAVELING WAVE' 
WRITE(18,*l'AMPLITUDFS (AMPRAT) NEAR THE TOP OF THE LOWEST' 
WfdTE(18,t)'BOUNflED LAYFf:: FOF: AN(3IJLAP F•,'FOUF.NCY ',OMC::C;(,(Ul .. i 

WRITE(t8,tl't****************t********tit#ttt******" 
WfO TE ( 1tl, *) SEED 

ELSE 
END IF 

C NOW OBTAIN A CUMULATIVE RATIO OF THE UPCOMING 
C TO DOWNGOING WAVE AMPLfTUDFS AT THE SURFACE, 
C s T (i F: T HW A T TH F E: ll u N ti E II [_ A y rn N F XT l IF' n: D i1 Tl I [ 
C BOTTIJM BOUNl:IF[I LAYEi;: U;3INCi TH!:~ ''.7'.£'.=D • l)r'lLllL 1'.,'.'.it.C 1.JL.,i I:· Li 
C FROM SUBROUTINE SfART, 
C 
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C 
C SUBROUTINE CAf,AT IS NOT NEEDED IF THf:RE I'.) ONLY ONE 
C REFLECTING HORIZON, 
C 

C 

C 
C 

C 
C 

C 
C 

IF(NUM,GT,1lTHEN 

LO=OMEGA ( 1) 
HI :=OMEGA (UL) 

CALL CARAT(NUM,REFCO,ACOFF,X,VELS,OMFGA(Ml ,SEFD,LO,HT, 
l AMF'RAT) 

ELSE 
AMPf~AT =SEED 
END ff 

C DETERMINE FINAL OUTPUT FOR A GTVE FRFQUENCY OMEGA, 
C AND STORE TN ARRAY FOUT 
C 

C 
C 
8 CONTINUE 
C 
C 
C MULTIPLY THE DAfA TIMES A HANNING WlNDOW, 

DO '.35 LLL:::2, UL 
FOUT(LLLl=W(LLLl*FOUT(Llll 

5'.i CONTINUE 
C 
C NOW TAKE THE COMPLEX CONJUGATE AND LOAD INTO A MIRRnR ARRAY, 
C 
C 

C 
C 

DO 17 NNN=1,SUD 
TUOFCNNN)=FOUT(UL-NNN) 

l 7 CONTINUE 

DUS=•UL.+ 1 

DO 93 LLL=DUS,SAMN 
FOUT(LLLl=TUOF(IIIl 
ITI=III+1 
F.FOLJT::REAL ( f:ou r ( U.L)) 
J 1:· 11 ll l , - f1 .111 F1 l1 ( FU UT 1. LL. I._ ) 1 
FD U l ( L.. L. L. , " CM f-• L_ X ( F, f: DU T , l f: , ) UT:, 

i/ :5 C D N T I N U E 
C 
C 
C APPLY THE DESIRED PHASE SHIFT 
C 
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C FIND MAXIMUM AND ZERO BELOW 1110000 0~ MAXIMUM, 
C 

AMAX=CABS(FOUT(2)) 
C 

DO 902 1=3,SAMN/2 
AMAX=AMAX1(AMAX,CABS<FOUf(IJll 

902 CONTINUE 
C 

DO 336 1=2,SAMN/2 
XXX=REAL(FOUT(lll 
YYY=A[MAGIFOUTII)l 
AMP=CABS!FOUT<Ill 
ff ( AM f'.' , L. 1 , r, M / I l O O O O , > GD TO :~ :V, 

THETA=ATAN2 1 YYY,XXXl 
THETA=PHASER+THETA 

F O I JT ( I ) = C M F'L X < A MP 't CO \3 ( T HI: T A l , A/'1 F· *- S IN ( T H ET A ) I 
FOUT(SAMN-It2l=CONJG(FOUT(Ill 

336 CONTINUE 

C 
C 

C 

EL.SE 
ENDIF 

CALL FFT(SAMN,FOUT,+1,l 

DO 777 l=1,SAMN 
Ct I l=REAL<FOUT(I)l 

777 CONTINUE 
C 
(" MAX I M lJ M [I EF Lu; l TON F CJf( s F'E X w I TH N n GA HI /'.\F' F' u F n U, 
C 6 0 0 0 , SO THE MAX T MI IM T F' A I~ F 1HdJ IE SH OU I D HE S Ff TU 
C 6000, AND ALL THE OTHER VAi U[S ::3Hl'1UI D 8F ~3CAU::D 
C ACCORDINGLY, 
C 
C FIND INDEX FOR DISPLAYING 512 MS OF DAlA, 
C 

SAM=INT(SAMN/4,0l 
C 

C 
XREALA(ll=ARS(C(1)) 

MXREAL==XF:U1LA ( l) 
DD 998 MM=2,SAM-1 

XREALA(MM)=ABS(CCMMll 
MXRFAL=AMAX1!MXREAL,XREALA(MM 11 

??tl CO~! TI ~WE 
C 

C NOW SCALE rHE rnr-iC[ 1)Al.'.Jf~(; 
C 

(' 

SCALE=C6000,/MXREALl 
DO 996 MM=l,SAM-1 

C ********* ( F· 0 L i1 :;: l T Y 
'( ********* C(MMl~ C(MMltSCALE 

9(i'6 CO~H H/UF. 
C 
C FOF: CONOCO rir:HA, :'.mo OllT 'H1f..'LY F:EFL[r:TTIJNS' TH"iT WOIJID 
C BE O.BSCUF:FD ON I~':.\'.'. .. :;Ti;ci<ED n,,;T(1 DUE '!I 1'iUiT~lf.', 
C 

[IQ <::;r:;·,1 i'iM=l,1.80 
C ( r1ri l :=0, 0 

?97 CONTINUf: 
C 
C 
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C 
C 
C 

102 
31 
C 
C 
C 

C 

WRITE(18,*>'****************t******************************' 
WRITE(18,*) 'THE TRArE VALUFS ARE' 

PROPERLY TIME DISPLAY PHASE SHIFTED DATA, 

DO 31 lI=l,SAM,5 

CONTINUE 

LJ=II+4 
IF(IJ,GT,SAMlIJ=SAM 
WRITE(tR,102)11-1,(C(Jl ,J=II,IJ) 
FORMAT(I4,5C2X,F7,1ll 

N O W C A L L. S lJ lHrn lJ TI N F S n~ X r iJ P I I l1 T HE [I ,; T A 

CAU_ SPEX ( C, TRNUM, SAMN, Sf, l 

CLOSE(18) 
CLOSE(19) 
STOP 
I: ND 

74 



C*********************************************************'**t******* C SUBROUTINE ATTENU 
C PURPOSE! TO CALCULATF AN ATTENUATION COFFFICIFNT FOR EArH 
C LAYER, 
C INDEX OF VARIABLES! 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
t: 
C 
C 
C 

A * ItH1 I C A T E S TH A T TH E V A R I A B I. E I S IN P IJ T B Y TH E U S F'F: • 
THE MEANING OF * VARIABLFS TS DISCUSSED NEAR THE BEGINNING 
OF THE F'F,OGRAM. 
NUM=* 

OMEGA= AN ARF,AY CONTAINING THE IHSCREET rnFQUENCY 1NiillFS FOR 
WHICH THE RESF'ONSE rs CALCULATE, THE 1.IAL.IJE: rn OMEGA(1) 
IS ZERO, FOR ?FRO FREQUFNCY, WHILE THAT IN OMEGAl4097l 
IS )000 FOR A NYQUtSf FRFQUFNrY OF ~ooo HERT/, SINCE 
,25 MS DATA IS BFING GFNERATED, 

VELS=* 

QUE=* 

z u:::: A COEFFICIENT OF THE IMAGINARY COMPONENT OF VFLOCJTY, THIS 
T S TH E T E F: M ~- A C H. tT A T HI G F RE Cl U EN C Y I) n, E N ti EN 1 A T T F N IJ r'.l : 1:0 N 

M O [I E L LI N G + I Vi R E I .J1 : [Cl N s H I p TO V F L. 0 C IT y M fl I u • l ::, f.: I)[ :)f~ NI 
IN THE CODE, 

C******************************************************************** C 
s u Br, 0 u T I tff /',l° TEN lJ ( Nu M ' (J MFG f~ ' 1

) FI_~; ' Q u F ' Ar fl ff I z IJ ' 0 '] F' ' I ND l ' IJ I_ AC ) 
C 
C VARIABLE DECLARATIONS, 
C 

C 

INTEGER NUM,NUMB,QOP 
REAL ClMEGA, 1.JE: .. SlrWM+1 J ,ZLJl:NUM+l) ,t,COEF(NUM+1) ,OUF(NUM+J) 

NUMB=NUM+1 
DO 5 I=l,NUMB 

IF(QOP,EQ,1lTHEN 
ZU<Il=VELS1Il/12*QUE(Ill 
AC O EF ( I ) = 0 MEG At-'. ( Z U ( I l / 1! EL '.; ( I l U '2 ) 

ACC1FF(I)=O,O 
ENflIF 

5 CONTINUE 
C 
C IF 'INIH" ECHJALS 1, 1HEN OMEGr., Vi A MAX[MIJM U1L.CULATTOW3 
C ARE BEING PFRFnRMFD FnR THE HTGHESr FREQUENCY, THIS 
C CCl R r.: E S F· O N D ~) TO M A x l t/4 \J M A 1 T E N I t n TI IJ N F rw I~ 1 i r ',! c~ L A fr F • 

C 
IF(INDI,EQ,l)THUJ 

DO 3'29 I=-1, NUMB 
IF(QUECI). T,1,57lTHEN 
WRITE<lA•* '*********************1*******'******' w R I T F ( 1. 8 ' * ' I I I I I I I I I I I w t'.1 r.: N I N G ! I I i I I I I I I i I I I I I I I ' 

W Fd T E( 1 8 , * 'll l S ·:· 0 Cl I .. D ~I F 11F,' l. IY( U: ' , [ 
WRITF(18,* '********~***********ll*********«rrtt' 
ELSE 
ENDI1:: 
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IF<ACOEF(Il ,GT,ULACITHEN 
WRITE<tB,*l'**************************f*********' w R I TE ( 1 8 , * ) ' I I I I I I I I I I I w ~IF' N J N 1, I I i I I I I I I I I I I I I I I I ' 

WRITE( 1.8,*) 'THE ATTFNU(tTHii✓ COl:FF7C(EiH FC!F' 
WRITE(18,*l'I-AY[R ',[,' lS H{GHrn TH/'.1N !HE MAXT1i1.JM' WRITF.( 1.8,*) 'ATTENUATIO~i COl:FFTCfENl !iF'l:.t:[Flf~[I TN' 
W R IT E ( 1 8 , * ) ' T H E LI S T Cl F IN P U T F' A R A M E T F f~ S , ' 
WRITE<tB,tl'************************************' ELSE 
END IF 

329 CONTINUE 
E:LSE 
EN[IIF 
RElURN 
END 

f' 
C******************************************************************** C SUBROUTINE AIRAT 
C PURPOSE! TO CALCULAfE A RATIO OF COMPLEX ACOUSTIC TMPEDFNCES 
C ACROSS EACH ACT[VE INTERFACE, 
C INDEX OF VARU1BI..Ei1: 
(' 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

VELS=* 
ZU= SEE SUBROUTINE ATTENU 

RHO=* 
NLJM::::¥. 

K A y = r, N A R f~ A y C O N T A IN J N G TH E R A T IO rn:· C O i·, f'.' L E X 1H'. u u :; Tl C 
IMPFDANCES, THFRE TS ONE RATIO FOR EACH IN~FR­
FACE, THE SURFACE IS NOT COUNTED AS AN INTERFACE, 
nn S 1S TF:IJE THRO!JlJHOUT rHE pf;;o11RAM, 

C********************************************«************'********** 
C 

!3UBRDUTIN[ (.1IF,(,T(VEI SiZU,F,HCl,NllM1K1~f:, 
C 
C VARIABLE DECLARATIONS. 
C 

F:EAI_ VELS ( NUM+ 1), Zll ( NlIM+1), F:HO ( NUM+ J) 
COMPLEX KAY(NLJMl ,TCIP,BOT 

[I() 10 I 0:l,,N1.1M 
TOF'=ChF'L '.( ( 'v'EU; t I+ l: , Z1J ( .1: +l) l 
BOT=CMPLX(VELS< ll,ZU( Ill 
KAY(I)=( ITOP/BOTltRHO(I+t)IRHO(Ill 

10 CONTINUE 
nrnrrn 
Erl [I 
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~;LJBf.:OUT I NE CREFCO ( rHIM, KAY, RF FCO) 
C 
C VARIABLE DECLARATIONS 
C 

1 c:· 
. ,J 

COMPLEX KAY ( NUM), RFFCO ( NUM), NU MFR, !'IENOM 
DO 15 I=l,NUM 

NUMER=l,0-KAY(I) 
DENOM=1,0+KAY(Il 
REFCO(I)=NUMER/DENOM 

CONTINUE 
RETUF<N 
END 

C 
C************************************************************ C SUBROUTINE START 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C' 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

PURPOSE! TO 'INITILIZF' THE UPWARD ITERATION 
BY APPLYING THE CDNDITinN rHAT NO REFLECTION 
ARR[VES FRnM BENEATH A GIVEN DFPTH, THIS DEPTH 
IS THE BOTT1)M r:iCTIVE INTFl~FACE OF rHE MODF.L. 

INDEX OF VARIABLES! 

REFCO= SEE SUBROUTINE CREFCO 

OMEGA= SEE SUBROUTINE ATTENU, 

NUM=* 

SEED= THE C A L C U L A T E U f1 A Tl iJ O F lJF' Tll [I l1 W N Ci il I N G W rW E A M F' •• 
LI TI .1(1 ES Fil r~ f HE 1:- 0 UH JU S l BELO 1,,J TH i: NEXT - TD 
THE-BOTTOM INTERFAC[, fHIS IS THF VALUE USED 
fO BEGJN THE IHRATfflN PF:01~ESS TN SIJBf~OUTlNE 
CARAT, 

C*******************************************t*'*************** C 
SUBROUTINE START(REFCO,X,ACOEF,UELS,OMEGA,NUM,SEED 1 

r 
C VARIABLE DECLARATIONS 
C 

1_: 

C: 

COMPLEX REFCO(NUM) ,SEED,EXPON,TFRMA 
REAL X <NUM) 1 ACOF.F ( NUM+ l l, 1)[1_3 ( NUM+i), AfW 
REAL OMEGA,A,B,Y,TERMB 

Y=',71828182845904~ 
ARG=(-2,l*(X(NLJM)tV~L3(NUMlJ*OMECiA 
?1=COS ( ?1F:G l 
B=SIN(ARG) 
T E R M A :: C M F' L X ( h , £{ l 
EX F' 0 N = ( -- } , ) * ( A CD ff ( NU M l l ti / UilJ M ) ) 
TEF:ME: :'Y:t*[;{F'ON 
SEED=REFCO(NUM)tTERHBtTFRMA 

F:ETURN 
END 
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C******************************************************************* C SUBROUTINE CARAT 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
(' 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

F'URF'OSE! TD ITEf~(i"'.T IWWAF:(I TfmOUGH J'HE Mt1DEL LAYU~~; 
UN TI L. TH E R A T TO n F U P Tll [I OW N J'R A V E i... l.. HI G W A V I: A M F' •· 
LITUDES JUST BELOW THE SURFACE IS DBTAINFD, THIS 

T. S THE [I H' EN [I ENT tJ AR I AB I E I AM p RAT ' l.l S F:11 [N CA LDJ L AT · 
ING THE SEISMIC TRACE, 

INDEX OF VARIABLFS! 

REFCO= SEE SUBROUTINE CREFCO, 

ACOEF= SEE SUBROUTINE ATTENU, 

VELS=* 

OMEGA= SEE SUBROUTINE ATTENU, 

SEED= SEE SUBROUTINE START, 

LO= ZERO FREQUENrY, 

C HI= THE NYQUIST FREQUENCY TIMES 2 * F'I, 
C 

C******************************************************************* C 
SUBROUTINE CARAT(NUM,REFCO,ACOEF,X,VELS,OMEGA,SEED,LO,HJ, 

1 ?iMF'RATi 
r VARIABLE DECLARATIONS, 
C 

C O M F' L E X R E F C O ( N IJ M ) , A M F' R A T , fl MF' , F' 0 W E F, t S E F D 
REAL ACOEF(NIJMl-1),X(NUM),VEI.S(NUMt1) 
REAl. OMEGA,A,B,Y,l.O,HI 

C 
C USE THE VALUE OF "SEED' ALREADY CALCULATED, 
c:: 

{1 M P R A T :::: S E E [1 
Y=2,718281828459045 
l=NUM·-1 

12 CONTINUE 

C 

C 

A=ACOEF( Il*X<Il#2,0 
A=·-ti 
B:::(X(I)/ 1JEL.S(l) ):f,fJMUiA*2,0 
[-{,=-·· B 
POWEF'=CMF'I..X I;,, f) i 

AMPRAT=AMF'*CY*tPOWERl 
IF(OMEGA,EQ,l.OlTHEN 
WRITE(18,*l'*************lt*********'t**~***********' 
W f,.: IT E ( 18 , * i ' THE VA II .1 E OF AMF' G: ?i T FO 1;: : it, YF ~: ' , l WFTrF.:(18,*) ·rnF: ANCiUl_f~f.: n.:EQUENCY ',LO 
WRITE(18,*l '****************************************' WRITEl18,*IAMF'RAT 
ELSE 
rnDIF 
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C 

C 
C 

IF(OMEGA,EQ,HI)THEN 
WRITE(18,*J•**************************************tt' WRITE(18,*)'THE VALIJE OF AMPR~1T FOR LA'(FR ',I 
WRITE(1B,*>'FOR ANGULAR FREQUENCY ',HI 
WRITE(18,*l'****************************************' WRITE(18,*lAMPRAT 
ELSE 
END IF 

I=J-·1 
IF(I,EQ,O)GO TO 20 
GO TO 12 

20 CONTINUE 
RETUF:N 
END 

(' 

C***********************************************************tt* C SUBROUTINE FFT 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C: 
C 

PURPOSE: TO CALCULATE AN INVERSE FOURIER TRANSFORM sn 
THAT THE FRFQUENCY DOMAIN RFSPONSE MAY BE DIS­
PLAYED AS A TIME TRACE, 

INDEX OF VARIABLES, 

CX= 

THE LENGTH OF THF ARRAY FOR WHICH THE IFT IS 
CALCULATED, 

THE TRACE VALUES, PASSFD IN IN THE FREQUENCY DOMAIN 
AND PASSED OUT IN THE TIME DOMATN, 

L 
C***************************************************************** SUB~:OUTitlE FFT(I x,cx,SIGNI) 
C*********************************************************~**** 
C 

30 

4 () 

'.'j 0 

COMPLEX CX(LX) ,CARG,CEXP,CW,CTEMr 
.J ::: 1 
~;c =SOfn ( 1. /l X) 
DD 10 I=1,L.X 
IF<I,GT,J)GO TO 10 
C!EMF'=CX(.Jl*SC 
ex< .J l =ex ( I l •~;c 
CX' I) =CTEMP 
M:=LX!'.:l 
IF<J,LE,MJGO TO 3C 
.J=J··M 
l~:.M/2 
lF.(M,GE,lJbll 11) /1.1 

J=J+M 
l. :::: 1 
rnrn·=2n 
DO 50 M::: 1., L. 
CARG=(O, ,1,) k(3,141592A5tSIG~l*<M-il)/l 
CW= CE /F' ( C Ar~ G ; 
ItCl 50 l=M,LX,I=:Ef> 
CTEMF'==CW*CX ( I ti..;, 
CX(ltL)=CX(Il-CTEMF' 
CX(Il=CX(IltCTFMP 
L."' IS TE F' 
IF(L,LT,LX)GO TO 40 
G:ETIJ~:tJ 
EM D 
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C******************************************************k** SUBROUT 1 NE SF'EX ( HAMPL I TlJDE, NTRACE, NSMF'I E, I NTrnVAL l 
C********************************************************* C 
C VARIABLE DECLARATIONS 
C 

INTEGER*2 J,K,REEl1(1600) ,REFL2(200l,TRHOUT(120l 
D I ME N S I O N H AMP L I T U (1 E ( N S AM P I .. F ) , H A,~ ( 7 0 0 ) 

f;:EEL2 ( 7) =NTRAr.E 
REEL2(9)=INTERVAL 
REEL2(10l=INTERVAL 
REEL2(11)=NSAMPLE 
REEL2112)=NSAMPLE 
1;:EEL.2 ( 13) :::1 
REEL2(1~i)=1 
J:::1600 
K=200 

OPENC2,MODE='BINARY' ,RFCFM:'DYNAMIC',FILE= 
1 1 !SI20!GGDAY!V,SYNSIZE',FORM='UNFORMAfTED') 

WRITE(2) J,REEL.1,K,REEL2 
J=120t(NSAMPLE*4l/2 
DO M=l,NTRACE 

H:HOUT ()) =M 
rnHDUT(4)=M 
rnHOUT(6)c:1 
H:HOUT ( 8) :.:M 
Tl~HOUT( 1'."il=1 
TRHOUT(58l=NSAMPLE 
n.::HrJIJT ( 59 .: :;: IN r1:::1;,W1L 
IF(M,EQ,NfRAC~l fRHOUT(881=, 
TF:HOUT ( 9~: > ,.1 

WRITE(2) J,TRH0Uf,HAM~~[TUDE 
END DO 
CLOSE(2) 
RETIJRN 
END 
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Appendix 2 - Input parameters for Model Set 3, model 1. 

) TY !3YNIM 
79 
B4, ,5483, ,2,0,20, 
113,,7500,,2,1,30. 
175,,11000,,2,2,138. 
13,, 16000, , 2, 4, 50, 
96,,13000, ,2,2, t44, 
27,,14700,,2,3,200. 
60, ,13000. i2,'2, 144 .. 
4'.5+ '14400, ,2,3.J.60, 
58,,13000,,2,2,144, 
44. I 14000 + I 2 I 3' 160 I 

68,,12600.,2,2,144, 
n. ,14100. ,2.3,200. 
:l, ,14500. ,2.29,"j(), 
l,,14300. ,:-,27,~o. 
1+ ,14100, ,2,25,50. 
1,,13900, ,2,2J,50. 
1. '13700. ,::,:1,"iO, 
1, I 13500 + I J. + j} • 5() ,. 
1+ ,13300, ,'.i, l7,50. 
1. , 13100, , ;, , 1 5, '.SO, 
1.., 12900., :2. 1. 1.,::;o, 
1,, 12700., 2, l 1., ::u, 
l , , 1 2 5 0 0 , , :i , ,) 9 , '·j ) . 
1 , , 12 3 0 0 , , :: , 0? , "·; ': . 
1, ,12100, ,2,05,SO, 
1 I I 11 9 0 0 I ! 2 • 0 3 • '.'1 () , 

l, ,11700, ,2,03,50, 
1, ,11500. ,2,03,50, 
1, ,11300. ,2,03,50, 
246,,15500,,1,9,50, 
21,,10700,, .~',101), 
l O , , 1 6 2 0 0 , , . '~ ,, J :.:i O • 
s.,10100,,2, ,100. 
6 , , l 6 2 0 0 , , :, , 3 , l 5 0 , 
7, '1.0700, ,2,2d00, 
5, ,16200. ,2,3,150, 
8, ,10700, ,2,2,1no, 
8,,16200, 1?,J,1~0. 
) 1 t ' 1 0 7 0 C, I I / , ,' I 1. (I ( 

8,,16200,, :-1,J;·;i), 
42,,10700., ,?•1 1)(), 
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38,,14000,,2,J,1?0, 
28,, 10700, ,~!.2, 100, 
2 4, ·' 14 000, , 2 , 3, l 2 0, 
38, I 1070(), •2,2• 11)(),, 
24 t I 14000 I 9 2, 3 I J. ,l{), 

1 2 • ' l O 7 0 0 • ' 2 + 2 I l 1) C ' 
90, ,J.4000, ,2,3, 120. 
74,,10700,,2,2,100, 
3 0 , , 14 0 0 0 , , ~: , 3 , 1:-: 0 , 
12,,10700,,2,2,100, 
8,,14000,,2,3,120, 
l 4 , , 10 7 0 0 , , ;, , ·:!, 1 I)() , 
10,,14000,,2,3,120. 
\j I P 10 7 00 + I·~'. t 2 ! l O O • 
20,,14000,,2,3,Vi'.O, 
12,,10700,,2,2,100, 
26 ♦ I 14000 ♦ / 2 I 3 I] 20 • 
26, ,10700, ,2,21100, 
5 2 • ! 14 0 0 0 , , ? , 3 , l 2 1) , 

2 6 , I 1070 0 , 1 2 , 2 • 1 I) I) , 
36,,14000,,?,3,120, 
8,,10700,,?.?,lOO, 
3 8 , , 14 () 0 0 • , 2 , ,l , l 2 0 , 
50,, 10700,, 2, 2, l()(), 
14,,16000,,2,35,200, 
29+ ,10700, ,:,2, 100, 
10, ,14000. ,2,3, 12<), 
2 5 ♦ I 10 7 0 0 I I 2 • :: 1 10 0 I 

l 8 • ' 1 4 0 0 0 . i :
1 

• ,
1, • L> () I 

6 4 , , 1 2 0 ()(,) , , 2 , .! , l (} 0 , 
62, ,1500•.), ,2, l,200, 
16,,12000,,2,2,t30, 
48,,15000,,2,3,)00, 
20,,12000;,2,2,130, 
t 4., 1 sooo., 2, 3, mo. 
5 6 , , 1 2 0 0 0 , , } , 2 , l :1 ; , 
62,,15000.,),,3, ii:l•!, 
3 6 + , 1:?. 0 0 C i , ~:'. ,; ,.": , 1. \ \i . 

1'.500 0 ♦ ':;, ' ,3') (1 (! . 
, o o o ni 
l 



Appendix 3 - Input parameters for Model Set 3, model 2. 

) TY SYNl:N 
67 
l04,54B3, ,2,0,20, 
93, ,7500, ,2,l,30, 
30,,8500,,2,2,138, 
25,, 8000,, 2, 2,150. 
20, ,7500, ,2,2,150, 
80,,9000,,2,2,13B, 
13,,14000,,2.4,50, 
86,,12000,,2,2,144, 
'.~2. ,13000, ,2,3,::.'0(), 
5 3 , i 1 2 ~-i: 0 0 , , ·, , '.i , l 4 ,1 , 
40,,13000,,2,3,160, 
52, ,12700,,2,2,14q, 
50,,13700,,2,3,1.60, 
70, I 13500 •I'.:• 2 I J.44, 
81,,14500,,2,2,150. 
25, ,13700. ,),2,':,() 
l 4 0 , , 1 6 0 0 0 , , ,' , l , ~j , L 
2 1 + Y 1 C 7 0 0 , , 2 . / , 1. 0 (1 .. 

1 0 , , l 6 2 0 0 , , 2 , 3 , 1. "·j ,::, , 
8,,1.0700,,2,2,100, 
6,,16200,,2,3,150. 
7,,10700,,2,2,100, 
5, ,16200, ,2,3,l50, 
8 • ' l O 7 0 () ' ' 2 • ,i 1 1 () I) ' 
8 , , 1 6 2 0 0 , , 2 , :~ , l '.:i O , 
21, ,10'700, ,2,2, lOC, 
8 , , 16 2 0 0 , , :: , 3 , 1 '.:/) , 
42, '10700, ,2,2, 100, 
38, ,14000, ,:! , 3,120, 
28, ,12000, ,'.?,2, 100, 
24, ,14000. ,2,3, 120, 
3f:l,,l0700,,:1.::, 10 10, 
2 4 + I 1 4 0 0 0 I ' 2 • :1, j 1 >) •• 
J 2 , , 1 0 7 0 0 , , .1 , } ,, .1. t\ · 
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110 ♦ '14000 I/ 2 I 3 I 1.20 t 

74,,10700,,),2,100, 
30,, 14000,, 2, 3, l '.:O, 
12, I 107001 ,'.1,2, 100 I 

i3, ,14000, ,2,3d'.?O. 
14. , 10700 I ''.J. :) 'J OC1' 
10, , 14 0 0 0. , 2. ·.~, 1 ·2 '.) . 
[L ,10700, ,2,2,1.00, 
2 8 • , 1 4 0 0 0 , , 2 , 3 , 1 :: 0 , 
12,,10700,,2,2,100, 
26,, 14000, , 2. 3,120, 
26,,10700.,2,2,100, 
52,,14000,,2,3,120, 
26, ,10700, ,2,2· 10'), 
36, ,14000, ,2,3, 120, 
8,,10700, ,2,2,100. 
3 8 I I 1 4 0 0 0 I I 2 I 3 I 1 2 (i • 
5 0 • ' 107 0 0 • , ·~ ' 2 ' 1 01) • 

14,,16000,,2,3'.:'.1,200, 
29,,10700,,2,2,100, 
10,,14000,,2.3,120, 
2:i., 10700, , 2, _,, l 00, 
3 0 , , 1 4 0 r, 0 , , '.? , ] , l 2 0 , 
6 4 , , 12 ''.l C (· , , 2 , :::· , 1 ., •) , 
so., 1 soco,, :2. 3, 2cc. 
16, , 12 00 '.), , 2. 2, 1J (). 
48,,15000,,2,3,200. 
20.,12000.,2.2,130. 
14, ,15000, ,2,3,180, 
~:j <.-:i " , 1 :: n ·_-:i () ? " 2 j .2 , 1 3 1) . 

62,,150CC,,2,3,t8G, 
36,,12000,,2,?,11~, 
J. 5000 +',:,I J j ,:0(); 
, 0002:5 
l 
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