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ABSTRACT
SYNSIZE, a Fortran 77 computer program, was written to generate
synthetic selsmic responses from well log analyses. The program algo-~

rithm solves the one~dimensional wave equation 1n the frequency domain

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

Fourler transform produces a time domaln trace including primaries and
multiples.

Linear frequency dependent attenuation and a lithology dependent
dissipation factor, Q, are included. This facilitates simulation of
pulge broadening with depth and allows varilable attenuation of surface
multiples.

The program 1s applied to interpretation of two proposed geologic
nodels for a salt dissolution sinkhole {n 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 selsmograms, computer-generated artificlal seilsalc
data, are widely accepted within the geophysical community as a tool
for modeling the selsmic 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 Soclety of
Exploration Geophysicists' journal Geophysics. Of these, 36 employed
synthetlc seismograms in modeling seismic response.

The ubiquitous nature of these models can be explained. The goal
of all modeling 1s to ensgure that the selsmic sectlion represents the
geologlc cross gection and can be related unambiguously to it. Simply
gstated, a match must exist. Modeling is instrumental in accowplishing
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 dispersion and the simulation of the
sedimentary sequences' collective characteristics as a flilter. Stu-
dies by Widess (1973,1982) and Kallweit and Wood (1982) have tied the

ability of the selsmlc 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 transmlssion dependent, enables the modeler to understand
the effect exerted by various source bandwlidths and lithologles on
selsmic 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 1f?". Many geologlcally sensible models
exlst for an observed seismic response. Without simulation, one can-
not quantitatively address the question of cause and effect for the
geologic sequence and the selsmic response. Specifically, questions
of how changlng lithology, ordering, and thicknesses of rock units
affect the selsmic record go completely unanswered without some kind
of modeling. Modeling 18 a quantitative link between the geologilc
units on the cross section and the reality of the selsmic reflections.
This linking cannot be done with a pencil and paper "thumbnail” calcu—~

lation, especlally with multiple layers.



JUSTIFICATION

Seismic reflection modeling programs may be grouped lnto 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 Fourler transform (FFT).

Four major synthetic seismogram techniques performed in the time
domain are those of Peterson et al. (1955), Wuenchel (1960), Robinson
and Treltel (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 coefficlent log from the
velocity log. A wavelet 1s then placed at each reflection coefficlent
location, simulating the seismic response.

Further refinement of Peterson's method was achieved by Wuenchel
(1960) who was the first to address the problem of producing multiple
reflections on synthetic records. Inclusion of multiples becomes a
particularly significant feature because 1n 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 (1974) have estimated that attenuation 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 field seismograms at well locatlons.



MULTIPLE REFLECTIONS
TYPE | TYPE 2 TYPE 3

SURFACE REFLECTOR

INTERFACE
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Figure 1A - Classification of multiple reflections,
from Ellsworth (1948).
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account for a broadened seilsmic pulse with Increasing traveltime.
Little, 1f any, agreement exists about even the most fundamental pro-
cegses causing attenuation. Kjartansson (1979) reviewed papers on
attenuation by 25 authors and concluded that a fundamental feature
assoclated with the propagation of stress waves 1in all real materials
is the absorption of energy and the resulting change in the shape of
translient waveforms.

Trorey's (1962) method 1s the most sophisticated of the time
domain methods mentioned, employing frequency dependent absorption in
the calculated response. Network theory 1s employed to minimize exe~
cution time, so the method is practical for 1lterative 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-~
atlon. The resulting waveform shape 1Is bagic to selsmic resolution
since the precise delineation of reflecting beds cannot be properly
addressed unless the form of the seismic disturbance at depth 1is
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 ploneering
work of Thompson (1950) describing the theory of reflections of a
plane wave from a layered elastic systems All such approaches perform
the main body of computation in the frequency domain for each coun-

stituent plane wave over a designated bandpass. An inverse FFT is
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performed to bring the response back into the time domain. This is
the essence of Waters' algorithm and 1s a basic descriptilon 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 Iincidence seismic response
algorithms yileld a trace that is an excellent approximation to the
‘typically displayed stacked CDP (common depth point) resgponse. 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 incldence. The output model
is 1n the form of a flield 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 1s that the layers must be flat, as was the case
for Waters' (1981) and previous methods.

The critical nature of sophisticated synthetlc seismogram pro-
grams 1s pointed out by Waters (1981l). 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 1s the

1nclusion of curvilinear boundaries to simulate real geologic struc-
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tures. This inclusion, however, results in the abandonment of mode

conversion and frequency dependent attenuation modeling capabllity

because the execution time with these options becomes prohibitive for

arbitrary geologic structures.
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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 belng directly propor-
tional to the instantaneous stress. A wave once generated in such a
medium would have finlte energy and would propagate indefinitely.
Experiments have demonstrated that thils perfect medium is not a real-
istic approximation of earth materials. Elastilic vibrations subside;
undergo damping, even when the material 1s 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 straln energy into heat, is open to ques-
tion. Table 1 1lists some quantities that are in common use and the
relationship of the listed parameters to the expresslon for damped
plane waves in 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
possibllity of band limited near constant Q (Kjartansson, 1979). The
fact that stralns less than .00l demonstrate no amplitude dependence
of the propagation veloclty or Q substantiates the view that earth

materlals response 1s dominated by linearity (Brennan and Stacy,
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The symbols for and brief dcfinitions 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

8 = 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~ sin 2xft

« == attenuation coefficient in the expression for plane harmonic waves in an

infinite medium: ¢~2% sin 2nf (t - —) where ¢ = wave velocity
c

D = damping ratio, defined by analogy with simple sccond-order systems
AfIf = relative bandwidth of resonance curve between the half-power or 0.707
amplitude points for a solid undergoing forced vibrations—is a measure of
the sharpness of the response curve
AE[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 o Af AE
=2n[Q =20 =2~ =20~ =4npD = Jr == = —
/ / £

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 1s 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 stresgs~strain relationship leads to a Q that is
independent of frequency, synonymous with a CQ model. This model
satisfies causality, since the derived creep functions and relaxation
functions (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 indicated that "individual Fourier compon-
ents of the waveforms decay exponentially and that the decay was
proportional to the frequency"”. Even though Ricker fitted his pulse
wildth 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 1is
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 sblution to obtaln ratios of up to downgolng 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 Fouriler 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 + {v (L)

i

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

the imaginary attenuation component.

c
i

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:

3z . 23¢
s (2)

14



has a solution of the form:
r =¢_exp {iw[t - E]} (3)
o) c
where:

¢z = the displacement of the wave,

¢z = the Initial displacement,
0

it

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:

(X5

2 2

. =g, exp [iw(t = | 2.

This equation can be simplified by assuming that u2<< 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 veloclties are measured in thousands of feet
per second. The above assumption results {in a familiar exponentlially

attenuating form for the wave equation. Now:

15



Regrouping as the product of two expounential terms:

X Ux
=g, exp {1w(t - MVMJ} exp {-w .2 }. (4)
Note that (4) 1is (3), multiplied by an exponential coefficient.
Equation (4) may be rewritten:
¢ =g exp {lw(t - ~%~J} exp (-ax). (5)
Inspection of (4) and (5) yield the attenuation coefficient:
o = MY
V2
This result may be related to another empirically derived formula:
mf
@ = Gy (6

where:
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 1n samples of shale, sandstone, limestone and

16



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

mechanisms resulting in this form of attenuation.

Setting:

LAY mf
V2 Qv
(7)
2v - L
vV Q °

The assumption u2<< V2 now seams reasonable. The lnverse of Q is
always much smaller than one for lithified media, (Bradley and Fort,
1966) hence (7) is a small number, supporting u2<< Vz.

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. 1In each layer, there are upcoming waves of ampli-
tude A~ and downgolng waves of amplitude A+. Since the waves atten~
uate as they travel through the layer, the amplitudes A;'and A; are
measured at points one and two respectively. The same convention
applies to Amii and Amil at polnts 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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Figure 4 - Up and downgoing waves in two
consecutive layers (Waters, 1981}.




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 selsmic wave propagating across a geological contact
between flat~lylng strata. A certain amoﬁnt of energy 1s transmitted
across this interface, and a certaln amount 1s 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. Mathematlcally, this concept of continuity of displacement can
be expressed at a boundary or contact, using the previously defined

wave formulae, asg:
A+ ex { x_ = (1wx_/V )}
m P m' m

+ A; exp {—amxm + (iwxm/Vm)} (8)

+ o

= A1 AR

It is also reasonable to require stress contlinulty across the

boundary (Garland,'1979):

9L 9z
2 m L2 mt1
cmpm( 29X )x=x a cm+1pm+1( 9x )xxo. (9)

m

Because Cm is the particle displacement due to the combilnation of

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

19



+ - + -
2, %%y %L, 2 el 9Tkl
cp | + ) =c” p + ) . (10)
m"m* 9x X K=x mHl" mt1 ax Ix <=0
m

+ -+ -
- 0 4
Using the formulae in Figure 4 to define Cn? B’ C b1 and 8okl the
partial derivatives of equation (10) may be calculated and substituted

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

2
c P {Am (-am - --I;—)} exp {"amxmw(iwxm/vm)}
- iw :
+ Am(am+ {,;:) exp {amxm + [iwxm/Vm)} (11)
2 + iw - iw
= <t ol B e1™ T A (g )]
" o+l Tt 1Y Tkl Vm+1 o+l w1 Vnri-l
For brevity, define:
q = exp {-'amxm - (iwxm/Vm)}.
The ratio of complex acoustic impedances is:
oo U * o oy (12)
m (Vm + ium) o0
An alternate form for (12) 1s:
R +1)C§1+1p +1
K = w1 m m . (13)

m 2
am + (iW/Vm)Cmpm

20



Equation (13) can be proven approximately equivalent to (12) by
substituting into (12) and neglecting higher order terms in v . Using

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

+ - + -
= +
Amq + Am/q Am+l Am+l (14)
and:
+ - + -
- Aq+ Am/q = Km(— At Amﬂ), (15)

Representing the ratio of cumulative up to downgoing wave ampli-

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

A A~
: m m+l
R At Rkl “AT"'" * (16)
m mtl

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

PEATIE
n mtl m
where:
L - K
S (1)
m

Equation (17) 1s the general iteration formula used by SYNSIZE to
obtain the ratio of up to downgolng cumulative wave amplitudes as a
function of a single frequency omega. The calculations must be re-
peated over each frequency within the designated baundwidth of the
response. Note that the formula starts at the bottom of the sequence

and {terates upward, until R, 1s obtained.

21



The problem of initializing the iterative procedure now remains.

This 1s performed by the program within a separate subroutine START.
The idea 1s that no reflection comes from below the mth boundary; the

lagt reflecting interface of the model. This means:

A....
o
Rm+1“";-?”“““0 (19)
mr+1
and equation (17) simplifies to:
2
Rm = q rm (20)

for the top of the layer above the mth boundary, as shown in Figure 5.

22
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Figure 5 - Position for Cumulative Ratios
of Up to Downgoing Wave Amplitudes
Calculated in Equations (17), (19), and (20).
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CRITIQUE OF PROGRAM SYNSIZE

Any method of generating synthetic selsmograms has some weaknes-
ges relative to other methods. The algorithm used by SYNSIZE 1s no
exception.

One weakness 1s the inability of the program to examine the
effect on stacked data of nonzero source recelver offsets. The
behavior of selsmlc waves at nonzero offset has been extensively
studied. Zero offset modeling fails to simulate mode converted waves,
{.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 deterlorate into a very com
plicated situation. Figure 6 shows that for a single flat interface,
the partitioning of energy is no longer governed by a single reflec~
tion coefficient, as Iin the normal incidence case, but is controlled
by "sixteen possible reflectlon/transmission coefficlents”.

The ability of a program to simulate mode conversions is useful
in studying the dependence of seismic body wave amplitudes upon rock
parameters. Such amplltude changes are not significant until a large
source reclever offset relative to the target depth is used (Morrison,
1984). Reflection and transmission of plane commpressional waves for
flat interfaces has been studied by Tooley et al. (1965). While the
behavior 1s 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 1lncidence of at least

24
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Figure 6 - Mode conversion, from Aki and Richards (1981).
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thirty degrees are reached. Typlcal offsets in surveys performed by
the KGS are well below that required to obtain this high of an angle
of incldence, g0 inclusion of mode conversions 1In a modeling program
would have little 1f 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 1s not yet
widespread in KGS data processing and aquisition. The vast majority
of exlgting data 1s recorded with vertical geophones. A very small
percentage of the recorded vertical gignal 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 18 not variable for
the top of the uppermost bounded layer. In the program the magnitude
of this reflection coefficient 1s always unity. In nature, the marine
wave transmission case for a smooth sea approximates this situation.
Here, the alr water interface has a reflection coefficient whose
magnitude 1s 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 lmpedance 1s ﬁot 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 coefficlents 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 Q 1n the uppermost bounded layer is
analogous to an infinite Q with a surface reflection coefficlent less
than one. A study of the influence of Q in the uppermost bounded
layer gshown In Flgure 7 1s summarized in Table 2. Four runs were made
on a single bounded layer model with Q belng 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 1s 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 13
due to the Q value of 500 (still very high, geologically speaking) for
the bounded layer Iin run 2. Since the reflection coefficlent for the
base of the bounded layer has not changed from run 1 to run 2, the
effect of introducing a finite Q in the layer on maximum multiple
amplitude 1is the same as that obtained by changing the reflection

coefficlient of the uppermost surface to a value less than one. Thus
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FIXED PARAMETERS:
air

r— surface ( R

eff
V., = 10 K ft/sec
500 ft 1 /
p., = 2.2 g/cc
1 .
= yariable

1
Rl = -.26
V2 = 15 K ft/sec
p, = 2.5 g/cc
Q2 = 500
Figure 7 - Bounded layer used in multiple amplitude analysis.
: . th
Rn = reflection coefficient for N layer
Reff = "effective" surface reflection coefficient
/Reff/
Run Ql first order multiple
1 infinite 1
2 500 .69
3 100 .50
4 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
coefficlent for the uppermost surface with magnitude less than
unity. Runs 3 and 4 demonstrate the lowering Q lowers the effective
reflection coefficient.

The final gignificant area for improvement remaining in the
modeling program 1is the abllity to zero out events according to their
travel paths, 1.e. to obtaln 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 automatlically 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, aud phase shifted wavelets

Model Set 1 consists of three different depth models for a single
bounded layer whose parameters (Q, velocity and density) are those of
the Plerre Shale (Ricker, 1953). This model is shown 1in 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
bandpags typically used in 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
Figure 9. This 1is predictable from the CQ model upon which the algor-
ithm 18 based. More travel time through the shale allows more pulse
broadening. This 1s also an attenuation effect; the energy 1s 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 geologlc 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 lncreasing pulse width with increasing
traveltime. This effect can be attributed to the inclusion of fre-
quency dependent attenuation in the modeling algorithm. The response

is conslstent with models in which the attenuation coefficlent is
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proportional to the first power of the frequency, 1.e. a linear atten~

uation model.
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ZERO PHASE RESPONSE

Model Set 1

Run 1 Run 2 Run 3
= 200 ft. z = 400 ft,. zZ = 600 ft.
z = length of travel path

Figure 9 - Increasing travel path length results
in broadening of the seilsmic event.

(timing lines spaced at 10 msec)
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PHASE SHIFTED RESPONSE
Model Set 1

Run 1 Run 2 Run 3

Z

It

200 ft. z = 400 ft. z = 600 ft.

z = length of travel path

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 abllity 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 {dentifies double multiples, while Figures 14A and
14B {dentify the peg=leg multiples. The parameters chosen gsimlate 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 1 1is used to identify an event reflected from the
top of layer 1. Thus, P3plP2 would describe an event reflected fronm
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 this amplitude on a selsmic record with AGC
applied might 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 easlly removed with deconvolution techniques. A modeling program

that can generate peg~leg multiples 1s particularly useful in inter=-

preting a deconvolved section.

Conclusion - Model Set 2

Each primary and multiple event labeled in thils 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 1s proven, SYNSIZE may now be applied to

more complicated geologic models.
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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 yilelds 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 1 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 1 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.
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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 Petrmian to upper Pennsylvanian in age (Figure 16). Excellent
petrologic synopsis of these units is found in Zeller (1968). 1In
brief, the lower Permian section 1s largely evaporite bearing clastic
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 "geologlical 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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ganmma ray log 1s 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
ghown on Figure 15) are of high quality and are within 500 feet of the
seismic line. These logs were gathered by Perforating Guns Atlas
Cofp. for Continental 0i1l 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 lithologlies 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 domlnated by alternating gamma
highs and lows, as 1s 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=-
ocltes 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. 195, Rge. 8W. This places the sonic run about thirteen

miles south of the gseismic line.
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Modelling process and rock parameters

Rock parameters to be estimated from avallable data for input to
the modeling program SYNSIZE include, for each layer:

1) interval velocity,

2) thickness,

3) density, and

4) dissipation factor, (Q).

Parameterg 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 fleld files produced
information on velocities in upper layers. The first breaks of
refraction arrivals on the fleld 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 veloclty log with a dis-
continous block function. Block lengths were no thinner than five
feet and were typlcally above twenty feet. Blocked log readlngs were
converted from microseconds per foot to interval velocity in feet per
second. Interval velocity varied considerably from formation to
formation, but gshowed 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 Pennsylvanlan llmestones 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 sonlc
log. The tendency of the model velocities to be lower than the sonic
velocities by a few percentage points 1s consistent with a fracture
gystem produced from flexure of the sinkhole beds. Parenthetically,
lower selsmic model veloclities 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 1s likely that sedimentary velocites would be iess affected due to
the sediments ability to crumble and £111 fractures more easily than
igneous rock.

Since all modeled units are sedimentary, a reasonable estimation
of density based on the lithology 1s adequate. Reflection coeffi~
clents are much less sensitive to density contrasts then to velocity
contrasts typlically encountered 1n 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 avallable, so Q was estimated from Bradley and Fort
(1966) for nonclastics and from a relationship to velocity documented

by Waters (1981) for the clastic units (Figure 18).

Interpretation and model results

Two geologlic models were generated to fit the observed sinkhole

data. The responses for these two wodels 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
regsponses 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 Iinterpre-
ting seilsmic 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 gsame 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 synthetlic response and the real data. The cholce of the second
model as the preferred model 1s based on subjective interpretation
elements.

The first of these elements 1is an examlnation 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 1s more ciosely matched to the
real data by model 1; 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 automatlc gain control. The counter argument 1s that the AGC
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window was of gufficient 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.
The 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
veloclty contrast of the salt relative to surrounding units is sub-
stantial on the sonlc logs. Instead in model 1 the salt zone 1s 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/clastic 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. FExamination of the model
parameters Iin Appendices 1 and 2 show comparable velocity contrasts
for the salt/clastic 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 gseismic 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 1) thickening due to a velocity decrease from frac-—
turing and/or i1) thinning due to dissolution of the salt or dissente-
gration of overlying strata gshould be present on the recprd and
assoclated with the salt. Both of these phenomena are present 1in 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 B and C thickens from 18 msec on the
rim to 25 msec or so 1in the center. While interpretatibn of this
behavior 1s subjective, the decrease of conherence 1n event C as one
traces this event Into the center of the gsink and the thickening be=-
tween events B and C might be attributable to a rubble zone above the
partially dissolved salt. TFractures in such a zone would i) lower the
velocity and produce the observed thickening, and 1i) lower the coher=—
ence of reflected energy due to their nonuniformity.

Thinning effects might be explained above the dissolved zone if

one views the "voild” 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 alid to seis-
mic interpretation of stacked CDP data. 1In addition the normal inci-
dence approximation of CDP data resulting from the iterative solution
of the one dimensional wave equation 18 justifiable in that;

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

11) CPU time necessary for computation of the response is a few
minutes per run, expediting the successive refinement of
models.

Although difficult to quantify;
1i1) 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 1s desirable since seismic
waves are more accurately simulated 1if frequency dependent

attenuation 1s 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 offsgets are not typlcally employed in CDP surveys, and
geologic structures that might be modeled are typified by gentle syn~
clines, anticlines, folds or normal faults. This makes the normal
incidence approximation of SYNSIZE appropriate. In these cases,
modeling a few CDP's at various locations in the line, in lieu of
simulating the response of the total structure, 1s helpful in relating
obgerved reflections to known rock layers. This became evident in
Model Set 3 when one of two proposed models emerged in the light of
geologic interpretation consistent with salt dissolutlion 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 synthetlc traces from
Model 3 with the real data shows that the synthetic data closely
approximate real data when frequency dependent attenuation 1s

included.
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Appendix 1 -~ Fortran 77 code for the program, SYNSIZE.
TY SYNEX

SYNSIZE AUTHOR (G W, NEELY MAY 15,1985

A FROGRAM DESIGNED TO CALCULATE SETSMIL RESFONSES
IN THE FREQUENCY TOMATN FOR FLAT LYING LAYERS,

THE FINAL PROGRAM QUTRFUYT 1S UISFLAYED AS A TIMF HMML
SEISHIC TRACE TNFLLUTING TRANSMISSION EFFECTS 1.E. FEG-LLG
ANDl SHORT PATH MULTIFLES.

THE PROGRAM IS RASET ON AN ALGORITHM LISCUSSED IN DETAIL
IN THE TEXT, REFLECTION SEISHOLOGY! A TOUL FOR CENERGY
RESOURCE EXPLORATION, KENNETH H, WATERS, 1981, JOHN WILEY
AND SONG,» F, 145,

E USER SETS UF AN INFUT FILE CONTAINING THE U VLD PARAMETERS
LAYER THICKNESSy VELOCIVY, AND O VALIES. O A'UES ARE
METIMES CALLED SFECIFIC LUSS FACTURS.

AN EXAMFLE OF AN INPUT FILE MIGHT RE:

Ul
o

3

200,98000,92,2510.

50;!120004!2049?00

400710000012067!800

20000.,92.5540,

»00025

1

19

0

v 3

THE RELATIONSHIF OF THE ABOVE INFORMATION TO A GEOLOGLIC MOLEL
IS SHOWN TN THE FIGURE BELOW, 0 VALUES DOCUMENTED TN THE
LITERATURE RANGE FROM 10 IN A VERY ATTENUATIVE SHALE

TO 500 FOR SOME GRANITES,

WATERS GIVES AN EMPIRICAL RELATIOHNSHIF BETWEEM COMPRESOTUNAL
VELOCITY AwD o3

Q=(VELOQCITY #%2)/(10%%4) IN ENGLISH UNTTS,
THIS SHOULD GET ONE *OFF THE GROUNI® ANIE oODED ING,

e e e SR AT E
DENSTTY=2,2 8210
VELOCITY=5000

et e D e INTERFAGE 1 (200F T

DEFTH 200 FT.
DENSITY=2,4 (=20
VELACITY=12000

e T e INTERFACE 2 (50 FT7
REFTH 250 FT.

DENSITY=2,47 Q=80
VELNCITY=10000
e e INTERFACE 3 (40 FT)
DEFTH 290 FT.
DENS1TY=2,5 =40
VELOTITY=20000
INTEGER *3*' AT THE

PTHE BEGINNING OF THE DATALIST REFRESEHTS
THREE BOUNDED LAYERS SYNONYMDUS WITH & HITIUL
INTERFACES IN THE MODEL. UF TO 49 BOUNDED LAYERS MAY BE
SFECIFIED.
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THE REAL VALUE ,00025 MEANS THAT THE SAMFPLE INTERVAL
OUTPUT TRACES WULL RE ONE QUARTER OF A MILLISECOND,

INTEGER *1* ENGAGES THE SEISHIC RESFONSE

WITH FREQUENCY TEFENDENT ATTENUATION,

THE SFECIFIC DISSIFATION CONSTANT @ Ib UBED

FOR EACH LAYER TU CALCUILLATE THE AFFE

FRINCIFALLY ON FULSE WIDTH, OF

INCLUSTON 0OF ATTENUATION IN THE MODEL. A ZERQ
DISENGAGES ATTENUATION FOR EACH LAYER,

INTEGER "10" IN THE ARBOVE DATALIST GFNERATES
10 NORMAL INCIUDENCE TRACES FOR THE AROVE MOQUEL,

SYNSTZE CAN GENERATE 2048 DATA FOINTS OF DATA

OF THE

SO A W23 M5 SAMFLE INTERVAL AS GIVEN AROVE WOULT GENERATE

512 M5 OF DATA .

INTEGER *90° IN THE ABOVE UATA MEANS THAT
A NINETY LEGRFE PHASE SHIFT WILL AFFLIED TO THE FINA
QUTFUT  RESFONSE OF THE MOLDEL. AN ARBITRARY INTEGER
DLURFE FHASE SHIFT FROM =180 TO +18¢ LEGREES MAY EE
ECIFIED., THE FRE-FHASE SHIFT DATA BAMFLFH ARE SFA
’5 M3y AND THE OFERATIONS FACILITATING THE FHASE SH
FERFORMED IN THE FREQUENCY DOMAIN TO YIELD FHASE SHI

WITH THE SAME SAMPLE TNTERVAL TN THE FINAL TIME TOMA

THE USER HMAY WANT T0Q CHANGE THE NAME OF THE SFEX F1L
THAT IS OFENED TN SUBROUTINE SFEX,  THIY T8 THE FILE
THAT IS USED IN THE FLOT RUN T0 GET A LOOK AT 1H N
ON PAFER. A VARIAN PLOTTER HAS REEN USED.

L.
U
C
I
FT
T

£
N

o

SE
EL

F

WLﬂ::nw
g
=T —

N lO

A
FONSE

PEX (SETSMIC FROCESSING EXECUTIVE, A RFGLSTERED TRAGEMARK
UF THE SYTECH CORFORATION, 1982) MAY RE USEDR TO FILTER THE

RESFUONSE

[DUE TO THE FHENOMENON OF WRAFPAROUND- THE CYCLICAL
SUFERFOSTITION OF MULTIFLES ON TOP NEF THE RECORD

AS IF THE TRACE WERE SFLICED HEAL TO TATL-~ THE
FROGRAM MUST USE FOUR TIMER THE NUMBER OF SAMFLES

A5 THE DESIRED RECORD LENGTH,

THE USER NEED NOT WORRY ABOUT THIS FROBLEM, RYNSIZE
HAS EEEN WRTITTEN TO FRODUCE 2048 SAWFLES OF .29

M5 UATA. THE CALCULATIONS ARE DONE QVER §192 rUTNI
FREVENT WRAFPARQUND.

THE REAL VALUE *,5°
MAXTHUM ATTENIFATINN
THIS IS CALCULATEID
CLARK”S HANDROOR OF
ALFHA=(DELTACE Y /Y%L
WHERE

ALFHA= THE ATTENUATION COEFFICIENT

DELTACE) /E= THE STRAIN ENERGY LOST PER CYCLE,

AT THE ENDU OF THE ARDVE 0ATAlIST
FED FFTCTENT HLLlwa Y THE FROGR
F

(FREQUENCY/ 2XVELOCITY)
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THE LARGEST DOCUMENTED ENERGY LOS5 FER CYCLE FOR A WAUF 1
SHOWN ON P, 189 0OF THE HANDRODK, A WAVE TN THE FIERRE SHALE
CAN LOSE AS MUCH AS ,4688/1 OF ITS ENERGY FER CYCLE AT A
FREQUENCY DOF 950 HZ. THE VELOCITY TN THIS SHALE T3
AFPFROXIMATELY 6100 FT/8ECs S0 ONF MAY CALCULATE A MAXIMUM
DOCUKMENTED ATTENUATION COEFFICIENYT NF

(o688 ®(950 CYCLES/SECY)  / (2,0 % 4100 FY/SECY = 0534

IF .29/1 OF THE ENERGY OF A WAVE WERE LOST PER CYCLE

AN A LOWER LIMIT DN COMFRESSINNAL WAVE UhLUCITY nr ‘00 FT/SEC
FOR 900 HZ WAVES WERE USEDs AN ARSCLUTE MAXIMUM ATTFNUATION
COEFFICIENT WOULD RE AROUT .5, ,

THIS ALS0 FLACES A LIMIT ON Q» HINCE:
O = (FI %X FREQUENCYY / [ALFHA % VELOCITY)

EH%FL?TL%R PARAMETERS THEN YIELD & MINIMUM REALISTIC
vJ /s

THE FROGRAM WILL TSSUE A WARNING MESSABE IF THF hTILNlﬁT{DN

COEFFICTENT CALCULATED FOR A LAYER TS AROVE THE SFPECIFTED

MAXINUMy OR IF 0 IS BELDW 1,57 (SUBROUTINE ﬂTTFNU).

*xx#*x**#*«**txx******x**x*x*xx ARKKRAKIORCKR AR KRR KKK

SURROUTINE? FURFOSE}

KA KRR RO RO KRR ROR R KRR OO AR AR Kk

ATTENU CALCULATES ATTENUATION COFFFICTIENTS

ALRAT CALCULATES COMFLEX ACOUSTIC IMPEDNENCE
RATIOS

CREFCO CALCULATES COMFLEX RFFLECTION
COEFFICIENTS

START INITTALIZES THE RESFONSE ITERATION

CARAT FERFORMS THE RESFDNSE ITERATION

FFT FERFORMS THE INVERSE FOURIER TRANSFURHM

SFEX GENERATES HEADERS FOR A SPEX FTLE NEEDED

TO FLOT THE SYNTHETIC TRACES
(ST SRS RS2 ETS S PSS SRS ERIT IV ISLIINEESS ST RIS IIPELEEREY

THE UETAIL&L FURFOSGE 0F EACH SURROUTINE &ND

THE MEANTNG NF INTEHNAL VARIARLES, THOBE NOT [HFUT Bty
THE USER, 1‘ BISCUSSEDR IN AN INDEX OF VaRIARLES AT THE
REGINNING NF EACH SURROUTINE,

REAL OMEGACSLY 21y VELSCL00 » IUCLO0) v ATDER (100D
REAL IQUF(JOOJf‘“TNTf! lNlal TeLOeHI -‘SUA( g
INTEGER NUMyNUMEy SAMN QOF

DECLARATIONS FOR SUBROUTINE AIRAT MOT ALREADY DECLARED.

REAL RHOCIOG) X (100)
COMPLEX KAY(99

DECLARATIONS FOR SURROUTINE CREFCO NOT ALREADY LECLARED.

£
G
DECLARATIONS FOR SUBROUTINE ATTENU,
A
A
NT
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COMFLEX REFCD(S9)

DECLARATIONS FOR SURROUYTINE START NOT 4l READY DECLARED,
COMFLEX SEED

DECLARATIONS FOR SURROUTINE CARAT NOT ALREADY LFCLARFD,
COMPLEX AMFRAT

DECLARATIONS FOR SUBROUTINE FHASE NOT ALREANY OFCLARFID.
REAL OFER(128)

DECLARATIONS FOR FTNAL OQUTFUTs ONF FINAL
OUTFUT VALUE GENERATED FOR EACH FREQUENCY AND
DECLARATIONS FOR AFFLICATION DF 90 DEGREE FHASE
SHIFT OPERATOR AND ATTENUATION COEFFICTENT LIMIT.
COMPLEX FOUT(BL192),TUOF (4095)

REAL lFﬂHF;TiUUT; (9445)

REAL FHASER:ULAC

VARTARLE DECLARATIONS FOR ARFLICATION OF HAMNING WINDOW
AND FRINTING OUT TRACE VALUFS.

REAL XREAL(B1921 ) XREALA(BLI?2) s MXREAL » U (4097

INTEGER TRNHMy ULy SHL UL Ty SHTy IS, %RFvHUDyak

OPENCLY s FILE='"15T201G6DAYISYNINS

THE TRACE VALUES AND INFORMATION ON [HTERME HIAFL
QUANTITIES CALCULATEDR BY SYNSIZE ARF IN FIL
GGLAYISYNOUT,

OFEMOLIBFILE=" 3120 1G6G0AY 1EYNOUT

READCLY » %) NUM
READCI®oH) (XCI)»VELSIT) s REOCIY s QUECT ) s D=1 0 NUKY
READCLI? » 3)VELS INUMA L) s RHO(NUME LY s QUE (NUMEL
REATICL? k) SINT
READCLS 2 %) QOF
EADCLY %) TRNUN
REATILYy %I FHASER
READCLZ 20 ULATC
SAMN=B152
“UL* IS THE UFFER INDEX LIMIT OF FREQR.DOMAIN CALCULATIONS.-
Ul=(SAMN/2)+1
GENERATE & HaANNING WINDOW,

ULT=INTCUL/ 2D
SUL=ULT+1
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AT ©

[l ankas]

~J |9
Jauy

Y
[ e

[arlesTer s RartasRar ks

LI

Y
EEED R ey

—

Do 53 Jdd=1,ULT
WO =10
CONTINUE

HIS GIVES FI T0O HIGH ACCURACY,
FI=ATANC1.0) %4

D0 54 KKK=SUL Ul
WORKKD) =49 + 500 kCOS(PTRIKKK-2048) /3048

CONTINUE

WRITECLB e ) "R KX HKRRRAOOKER KRR KRR R KRR RO KRRk

WRITE (1B %) *FROGRAM OQUTPUT--~~8YNSI7E AUT RSIG W, NEELY®
WRITECIB, %) *KANSAS GEOLOGICA] SURVEY Co MOFIWFE"
WRITE(LGy#) "CONE COMPLETED JULY 1, 1985 Rl RNAFE®

WRITFOLS K OO0 RO0R KOO0 OO ok okor

DETERMINE TWO WAY INTERVAL TIME FOR EACH LAYER AN

CUMULATIVE TWD WAY TRAVEL TIWE TO THE BaASE OF EACH

LAYER AND RISFLAY,

DEFTH=0,0

TCUM=G. 0

WRITE(L18,%) *LLAYER THICKNEGS NEFTH VELOCYTY ~WAY CHMUL & TTYE®
WRITEC(IG,%)° liﬁ“Fl TIng (hE)*

00 77 I=1sNUH
T2WAY (L )=(X{T)1%20
TCUM=TCUMETIWAY (I
DEFTH=DEFTHEX(T)

FEINT OUT TRAVEL TIME INFORCMATION.

WRITECLIB, 921 Ty A D)y DEFTH VELS O Ty TCUH _
FORMAT (1K T2 X FG 1o X o Féa 1o X F 700y 7% F5, 10

CONTINUE

WRTITECL8 s 300 3000000 ROCIOORIIORUORE XK OO0 RO RO Rk
ORTAIN *E® TO HIGH ACCURACY

Y=2,7182818284959045

\0.)/UELS(I)

CALCULATE THE FROFER FREQUENCY INGREMFNT FOR INVERSE
DISCREET FOIRIER TRANGFORN, o

THIS [5 NECESSARY SINCE THE RESPONSE 18 GFNFFR THF
FREQUENTY TIOMATIN,  THE BANDFASS 05 [RE REGEQNS ST RE
SPECTFIED, THIS L[5 DONE AUTOMATLCALLY BY Tit phoiRam,

THE BANDIPASS TS SPLTT INTO INCREKFENTS 0F WinTh FINC WHERE
FINC=(1,0)/ (SAMNKSINT)

THE BANDFASS TS FROM OMEGA(1)Y-ZERD FREQUENCY~ TO DNFGA(2049 )~
THE NYGUIST FRERUENCY.

THE ANGULAR FREQUENCY INCREMENT I3
OINC=2,0%FTRFINC
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EXFRESS THE SAMFLE TNTERVAL IN SAMFLES FER MICROSECONI,
SR=INT(SINT¥1000000)

SURDIVIDE THE BANDWIDTH INTO GFbHENTH ANN LOAD ARRAY OHFGA
CONTAINING EACH ANGULAR FRFQUENCY FOR WHICH RESFONSE IS5 CAL-
CULATED,
OMEGA(1)=0.0

L 5 I=2,UL

OMEGAC(TIY=(1~1)X0INC

CONTINUE
WRITE(18s %) THE IMFULSE RESFQONS F HAS BEFN CALCUILATED FROM®
WRITECIBrX) "ANGULAR FREQUENCY  *o~OHMEGACUL)» " TO ANGULAR®
WRITEC(18s %) "FREQUENCY  *yOMEGACUIL)
THE CALLS ON THE FOI LOWING NAMED SURROUTINES ARE NFSTEDN
INSTUE OF A DO LOOF AND MUST RE CALLED FAR EACH ANGULAR
FREQUENCY
THE RESULT OF EACH PASS THROUGH THE LOOF I8 A LINGLE UOMPLEX
VALUE » “AMPRAT®, YAMFRAT’'S REAL FART I8 USED TN A SIMFLE
FORMULA TO OBTAIN SFISHMIC AMPLITULRE.
DO B8 M=1,sUL

CALCULATE THE ATTENUATION COEFFICIENT
FOR EACH LAYER.

SET FLAG TO ONE IF AT MAXIMUM FREQUENCY
IF(M.EQ.UL)THEN
INDI=1
E
INDT=0
ENLIF
CALL ATTENUCNUMy OMEGA(H) s VELS» QUEACOEF s ZUsQOF» INDTs ULAC)

GIVE THE VALUE OF THE ATTENUATION COEFFICIENT At THF
LOW AND HIGH END WITHIN THE DESTGNATEDR HANDFASS.

o

IF (OMEGA (M) JEQOMEGACL) YTHEN
WRTITE (LR k) "k kKKK HK KRN **kx*x#x*wxr**#ﬂ*#*x*x**x'
WRITE(18yX) “THE ATTENUATION COGBFFLCTENT FDF THE®
WRITE(18y %) *LAYERS FOR ANGULAR FREQUEND CLMEDA (1)
wRITE(18,X)'***xx*x**t*«*x#x*xr**#**tx&t*x*«xx«*# :
TFONUMGT 1) THEN
WRITECLS % *UFFERMOST LavYER  *al0rr o)
00 12 K=2sNUM
WRITECLS k) "BOUNDED LATEY  "oRs* CaaCOER (K
CONTINUE
FLaE WRITE(LIS%) *LOWER HALF SF&CE  *vACDEF I(NUME L
FL5
WRITEC18s4)*SINGLE BOUNLDER LAYER *yACOFF (1)
WRTTE(18y %) "LOWER HALF SFANE  *sACOEF(2)
ENDIF
ELSE
ENDIF
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LATE
Be k) *BOUNUED LAYER  "sKse'  *HACOFF (KD
JULOWER HALF SPACE  *yACOEF(NUME L)

VOSINGIE BOUNDED LAYFR 4 ACOFF (1)
%) "LOWER HALF SFACE  *yaCOFF (D)

o 21 K=:
CONTINUE
ELSE

-
Flaw e

-
—

1
(1

TE =
oy 4
——t
_4-—1
—
mm C’J
**

ENDNLF

CALCULATE THE RATID OF COMPLEX ACOUSTIC IMFEDANCES FOR EACH
INTERFACE .,

CALL ATRAT(VELS»ZU»RHO s NUMsKAY)

R

T

s E g

™
=

Ixmdon T 2

[ i3 o

o et e

=i

— —irr

mmm X

i

GACM) EQ.OMEGA(L)) THEN
18 %) "RRRRRRRRARR R KRERRRRF IR oo oy "
18y %) " THE COMPLEX ACOUSTIC IMFEDENCE RATIOS FOR®
18+%)"FANH INTERFACE FOR ANGULAR FREQUENTY *,0MEGA(L)
IR OREEFIES O FSS S EFETIFELL NI ICHSEE TS ST SEE
FOHURLGT 1 THEN
- WRITE (18, %) "RASFE OF UFPERROET LAYER KAV
DO 18 J=1+NUM
WRITEC18y%) "BASE OF BOUNDFD LAYER  ‘vdy"  *yRAY(D
CONTINUE
ELSE
WRITECLBy¥) *BASE OF STNGLE BROUNDED LAYER " sKAY(1)
ENDHTE
EGACM) EQ.OMEGA (UL ) THEN
OEERORESSSSI IS 2S00 2200 2253005088203 20 0
(184+%)"THE COMPLEX ACOUSTIC IMFEDEMCE RATIOS FOR®
(182 %) "FACH INTERFADE FOR ANGULAR FREQUEAMCY 'H»OMEGACUL)
SRR DRI Y S SSEVE TS ECTEPTE LSS ECFEEL IS ESE LSS
TFONUMLGGT L THEN
WRTTECLB, ¥ *RBASE OF UPPERATST LAYER  farpv (L)
00 81 J=2yNUN
WRITECLRy %) "BASE OF BOUNCGED LAYFR  *ady® e RAYOLD
CONTINUE
ELSE
ENDT) WRTTE (18, %) "RASE OF STINGLE ROUNDED LAYER "yKaYT)
- .]':’

CALCULATE THE COMFLEX REFLECTION COEFFICIENT FOR EACH
INTERFACE,

Call CREFCOONUMYRAYSREFCD]
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LAYER
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CONTINUE
E

kL

19

YAREFCDOL)

LAYFR

SINGLE ROUNDFET

WRITE(18y %) "RASE OF

ENDIF

[N
|35 P

iz

E

(L)
CPREFCOCTS

*y OMED

UFFERMDST LAYER

BOUNDED

REFLECTION COFFFICIENT FOR EACH®
ANGUILAR FREQUENCY
(3239002208208 ¢002¢2 2200

L)) THERN
KRR RAORR KRR AOR AR R KRR kR R g

|5

e
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WRITEC(IBy %) "BRASE QOF

ENDIF
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SURROUTINE CARAT IS NOT NEEDED IF THERE I35 ONLY ONE
REFLECTING HORIZON.

TF(NUM.GT 13 THEN

"
C
»
C

e
LO=0MEGA (1)
: HI=0MEGA (UL)
e
CALL CARAT(NUMyREFCOyACOFF s XsVELSyOMFGA (M) ySEFTLOsHT
- 1 AMPRAT)
»
ELSE
ARFRAT=SEED
ENDIF
g
C DETERMINE FINAL OUTFUT FOR A GTVYE FRFEQUENCY OMEGA,
g AND STORE TN ARRAY FOUT
é FOUT (M) =ANFRAT/ CAMFRAT-1)
C
g CONTINUE
g
¢ MULTIFLY THE 0ATA TIMES A HANNING WINDOW,
C
00 %5 LLL=2,UL
FOUT (UL ) =W (LLLYKFOUT(LLL)Y
?5 CONTINUE
C NOW TAKE THE COMFLEY CONJUGATE AHT LOAD INTO A MIRKOR ARRAY.
C
£
SUN=LL-D
g
" 0 17 NNN=1,5UD
TUOF CNNN) =FOUT (UL -NNN)
17 CONTINUE 1
e )
{
) nUS=UL+1
’ D0 93 LLL=DUS,SAMN
FOUTCLLLY=TUOF(ITIT)
TTT=11T+1
FEOUT=REAL (FOUT(LLL))
frwurv-Afwab(quIr L)
FOUTCLLL b =CHPLY CRFOUT s TF OUT
B CONTINUE
{,
¢
C AFPLY THE DESIRED FHASE SHIFT
e

FODFT e FaGABED”
**kk«x**x*f*xxk'




? FIND MAXIMUM AND ZERO BELOW 1710000 OF MAXIMUM.
. AMAX=CARS(FOUT(2))
NG 902 I=3,SAMN/2
AMAX=AMAX T (AMAX, CARS(FOUT(L) )
?O“ CONTINUE
DO 336 T=25SAMN/D
AXX=REALCFOUT(T) )
YYY=ATMAG(FOUT(I))
AMFP=CARG CFOUT (L))
TFCARF LT ARAR/10000, )00 TO T34
THETA=ATAN2 (YYY v XX%)
THETA=FHASER+THET A
FOUT (T =CMFLX CAMFRCODS CTHETA) y AMPAREIN(THETA )
FOUT (SAMN=-T+2)=CONJG(FOUTIIN
336 CONT INUE
ELSE
ENDIF
"
C
c CALL FET(SAMNSFOUTs+14)

00 777 T=1,5AMN
CCIY=REAL(FOUT(I))
77 CONTINUE

panFastas

£
¢ MAXTHUM DEFLECTION SOR SFEY WITH NO GAIN AFFLIFN L8
C 50005 30 THE MAXTMUN TRANE VALHE SHOUL D EE SET T0
C 6000, AND ALL THE OTHER VAL UES SHOUI D RF SCALED
g ACCORDINGLY,
g FIND INDEY. FOR DISPLAYING S17 MG OF UAla,
i SAM=TNT (SAMN/ 4, 0)
¢
- KREALA(L) =ARS (0 (1)
. MYREAL=XREALA (1)
00 998 MM=2,5AM-1
YXREALA (MK =ABS (T (HH)
MYREAL=AMAY 1 (HXFEA l»thﬂLAfﬁhﬂ
ﬁQB CONT INUE
g NOW SCALE THE TRACE YALUES
’ SEALE=(4000, /MXREAL)
. DD 994 MM=1.9AM-1
3 EXEEXER K
FOLARTTY
EXHREERKE
COHMY= COMMYRSCALE
954 CONTINUE
e
C FOR CONDE DATA, TERD DUT *FARLY REFLECTIONG® THAT WOULD
¢ KE ORSC FFD ON REAL STACKED TATA DUE 10 HUTTHE.
¢
N0 997 MH=1,180
COMMY =00
997 CONTINUE
L
¢

13



WERITE (LB %) * R0 R R OO 0O R KOO0 R R Rk
thTE 18s%) "THE TRATE VALUFES ARE®
FROFPERLY TIME UTSFLAY FPHASE EHIFTED IATH,
N0 21 LI=1,84M,5
IJ=11+4
TEFCLS L GT SAM) TU=5AN
WRITE(IB 102 II-15(CCsd=TT+1.1)
FORMATOL A, 502%5F7,1))
CONTINUE

NOW CaLL SUBROUTINE SFEX 1O FLOT THE DATA
CALL SPEX(Ty TRNUM SAMN, SR

OSEC18)
OSECLY)
OF

C
C
g
ENT

L.

L
ST
N

14



DX KRR KRR KRR OO0 KKK KRR KKK KK KRR K K Y
SURROUTINE ATTENU

PURFOSE: ' T0 CALCULATE AN ATTENUATION COFFFICIENT FOR EACH
INDEX OF VARIARLES!

A X INDICATES THAT THE VARTABLE I8 INFUT RY THE USER,
THE MEANING DF ¥ VARIARLFS 135 TISCUSSED NEAR THE BEGINNING
%EMTQE FROGRAM,

OMEGA= AN ARRAY CONTAINING THE DISCREET FREQUENCY YaLUES FOR
WHICH THE“RESPUth TS CALCULATE, THE VALDE IN OMEGA(1)
IS ZERDy FOR ZERO FREQUENCY, WHILE THAT IN qMFGA(A)?’
IG 2000 FOR A NYQUTST FREQUENTY OF 2000 HERTZy SINCE
v 20 MS UATA IS BFING GENERATED,
VELS=X
QUE=%
U= A& COEFFICIENT OF THE IMAGINARY COMPONENT OF VELOCTITY. THIG
IS THE TERM FACTLITATING FREQUENCY HEFENTIENT ATTE ‘MTIDN
MODELLING, ITS RELATIONSHIP TO YELOCITY AND *Q° 1H EVIDEN]
IN THE CODE.

n—J—J:—ymmeﬁOnnﬁ OOOOOOOOoOOOo e

*kxx*«x**x**x*****xxx#xxx**x***xxx*xxxxxxxxxx*x*xxx*x*x***xxx*xxxxxx
SURROUTINE ATTEMUCNUM»ONFGAsUELSy QUE » ALOEF » 21y 0F y TNL T s ULAC )
C UARIAELE DECLARATIONS,

INTEGER NUMsHUME,QOF
REAL OMEGA»VELS (HUM+ L)y ZUNUKE 1) s ACOEF (NUME 1) » QUE (NUH41)

NUME=NUM+1
Lo 5 [=1;Nyn
IF(QOF EQ. 1) THEN
FUCT =VELS (1) /(2%QUE(T))
cop ACOEFCTIZOMEGAX(ZUCD) /VELSCI)kA2)
- ACOEF(T)=0,0
ENDTF
g CONTINUE
0
¢ F *INDL* EQUALS L, THEN DHEGA [S 3 HAXLUM CALCULATIONS
¢ ARE BEING FERFORMED Fif THE HTGHEST FREQUENCY, TH}*
5 CORRESFONTS 10 MAY LHOM 61 TESUATION FOR A GIWEN LATER .
[
n IF(INDT.EQ. 1) THEN
o
N0 329 =1, NUMR
IF(QUE (L) LT 1,57) THEN
WRITECLS T KERE KRR R LR KRR
WRITF LRy 01000t e UL Ty RN TING L bth it s
WRITECLE %70 1S 700 LOW FR LATER  *o1
R TR AR R e AN R A PR
ELSE
EHDTE

15



IFCACOEF(I) 6T ULAC) THEN
WRITE (189 %) "KRERKKRKEKE KK RRE KA K LKA KK R R
WRITE (L8 k) VU b Ut CE D UWARNING  Fi 0T i iginn
WRITE (LB ¥) *THE ATTENUATINN COEFFICTENT PN
WRITECLI8y %) *LAYER  *y[s* 15 HIGHER THaM THE MAYT UM
WRITE (1% ) "ATTENUATION COEFFTCTENT SFECIFIED TN*
WRITE(18,%) " THE LIST OF INFUT FARAMETFRS,*
gﬁégE<18,*>'*xx*xmxx*x*xxmxx***x*xxxm**xxxxxxm*w*
ENDIF
329 CONTINUE
ELSE
ENMITF
RE TURN
. ENI
CRRRIR R KRR KKK ORK K KOOCRKIOOKRR R RO K KOO0 KRR KR
C SURROUTINE ATRAT
C FURFOSE! TO CALCULATE A RATIO OF COMFLEX ACOUSTIC THFEDENCES
C ACRDSS EACH ACTIVE IHTERFACE,
% INDEX OF VARIARLES!
g VELG=x
% ZU= SEE SURROUTINE ATTENU
G RHO=%
C
C NUM=%
r
C KAT= AN ARKAY CONTATNING THE RATI0 OF GOMFLEX AUDUSTLIC
» IMPENANCES,  THERE TS ONE RATIO FOR FACH [HTFR-
¢ FACE, THE SURFACE IS NOT COUNTED AS aN INTERFACE.,
C THIS TS TRUE THROUGHOUT THE FRUGRAM.
CRERXKKEEKKEREE KRR KRR KOO KRR K KRR RO KX
C :
, SUBROUTINE ATRAT(VEL Sy ZUs RHOy NUKSKATY !
C
% UARTABLE DECLARATIONS,
i REAL VELS(NUM+ 1)y ZUCNUMAEL )y RHO (NUME1)
. COMPLEX KAY/NUM) « THF, BOT
v 00 10 T=1.Nih
TORF=CHPL Y CVELSCIHL s 20T H L)
ROT=CHFLY (UELS( L 2010
) KAY(TY=( (TOF/BOTOERHOCTH+1) /ZRHOCT
10 CONTINUE
hFTUFN
END
[
DAL KA ERR KKK KRR KRR KRR Rk
r SURRD JTINF CREFCD _ A
P FURFOSE : TH CALCULATE A CONPLEX REF)FOTION
P COREFF 1 frw ‘fh Fard INTERFACE.
0 INDEX OF )ﬁRT BiF
f:
C NUM= ¥
e

e leiw el

Kat=SEE SUBROUTINF AIRAT,

REFCO=AN ARRAY OF COMFLEX REF tf(l ON COEFFICIENTS,
ONE FOR EACH INTERFAL

16



%*****X**X**********#X*X*****************************X*
’ SUBROUTINE CREFCOCHUMyKAY,REFCO)
C VARIARLE DECLARATTONS

COMPLEX KAY (NUM)YyREFCO(NUM) s NUMERTIENOM
DO 15 I=1sHUM
NUMER=1,0-KAY (1)
DENOM=1,0+KAY (1)
OENTH

(1
(1
HEFCQ(I)zNUMER/

L**********X****X******#******Y***X***X*##i******¥#*#**X¥XK*X
SURROQUTINE START

[ e Te

FURFOSE ¢ TO *INITILIZE" THE UFWARD ITERATION
C BY AFPLYING THE CONDITUAN THAT NO REFLECTION
£ ARETVES FROM KENEATH A GIVEN UFFTH, THIS BEFPTH
‘ IS THE BOTTOM ACTIVE INTERFARE OF THE MODFL.
g INDEX OF VARIAELES!
£ REFCO= SEE SUEROUTINE CREFCO
C
C X=X
G
c VELS=¥
¢ OMEGA= SEE SUEROUTINE ATTENU
C
C NUM= X
L
C SEED= THE CALCULATED RATIO OF UF TO DOWNGDING WAVE AMF-
L LITUIES FOR THE BOTHT JUST HELOU THE NEXT-TO0
¢ THE-EOTTON INTEREACL, “THIS 1S THF VaLUE USEN
C TO REGIN THE ITERATINN FROTESS [N SHRROUTINE
C CARAT.
C
CHKHHAIKRHAKIK KRR KK EERRRR KRR RREKK R KRR R KKK AR K
l
UBROUTINE START(REFCOr X, ACOEF yUELS s THEGA, NUMy SEET

e
C VARTIAELE DECLARATIONS

COMFLEX REFCO(NUM),SEEUaEX}IN TERMA

REAL X(NUM) sACOEF (NUMELYUELS (NUKEL) 5 ARG

REAL OMEGA»AsEyYs TERME
o
C

Y=7, 7IRTE1R 26455047

ARGS (=20 5K CLONUMD AVELS (HUM ) ) KOREGA

A=C0S5 (ARG )

B=SIN(ARD)

TERMA=CHFLX (A

EXFONS(=2, 0 K(ACOEF (NUMY Ik CCONURD 3

TERRE=YREEZFOH
m SEEN=REFCO(NUAYKTERREETERNA
t.
5

RETURN

END

1



2222229280028 0t e st e sttt se st ettt tovestets sttt sosossy
g SURRDUTINE CARAT
6 FURFOSES T ITERATE UFUWARD THROUGH THE MODEL LAYERS
» UNTTL.  THE RATIO OF UP TO DOWN TRAVELLING WAVE AMFE -
C LITURES JUST BELOW THE SURFACE IS QBTAINED, THIS
C TS THE DEFPENDENT VARIARLE *AMFRAT® USED IN CALCULAT-
L ING THE SEISHLIC TRACE.

INDEX OF VARIARLES!

NUM=%

REFCO= SEE SUBRQUTINE CREFCO.

ACOEF= SEE SUBRQUTINE ATTENU.

X=X

VELS=%

OMEGA= SEE SUBROUTINE ATTENU,

SEED= SEE SUBROUTINE START,

LO= ZERD FREQUENCY.

HI= THE NYQUIST FREQUEMCY TIHES 2 % FI.

COOOOOOOCOCUIG OO,

CRAKROROKIOCE S KCROR K OK ORS00 RO R KOO R R OO R K R K
(W

8%4R%¥TINE CARAT (NUMsREFCOy ARDEF y Xy VELSy DRERAsSEEDLOsHT »
1 &MFR
% YARTAELE DECLARATIONS,
i COMFLEX REFCO(NUN) » AMFRAT ) AMFy FOWER» SEET
REAL ACOEF (NUMHEL ) s X CNUMY sVELS(NUMEL)
REAL OMEGAsAs B Y LOyHI
C
C USE THE VALUE OF YSEED* ALREADY CALCULATED,
i,
ARFRAT=GEED
Y=7, 718201328459045
[=NUH~1
12 CONTINUE
gzégOEF (TIRX(1)VE2,0
e ]
B=(X(I)/VELS(L) Y¥NNEGA%Z, 0
=R
_ FOWER=CHMPLX (& 8
»
- AME= CAMFRATHREFCOCI) )/ (CLHANPRATAREFCO (L)
i AMFRAT=ARFX (YREFOWER)
o
IF (OMEGALEQ.LD) THEN
NRITE(187¥)“t*tk*??kkk***k!k**#k*kktf«**k**ttﬁ&t*k**‘
WRITECL1Sy %) *THE VALUE OF AMFFﬁl un LAYER 40
WRITE(LR, %) *FOR ANGULAR FREQUE LD
wRITE(18;m)'m*******x****x*k**x**#***x*#*%x*#x%**mx*‘
WRITE(1E,%)ANFPRAT
ELSE
) EMDTF
C

18



20

N

IF(OMEGALEW,HI) THEN ‘

WRITE (1898 000K IO000K KOO0 OOk
WRITE(18s%)*THE VALUE NOF AMPRAT FOR LAYER "y
WRITE(18y%)*FOR ANGULAR FREQUENCY  “sHI
WRITE (185 %) " RO OO OCRAR RN R KR OOk Kk g
WRITECLIByX)AMFRAT

ELSE

ENDIF

I=]~1 '

IF(LLEQ.0)G0 TO 20

GO TO 12

CONTINUE

RETURN

END

CREEERIELKR AR ER KK AN KRR AR KRR RN R O O R R

% SUBROUTINE FFT
C FURFOSEY TO CALCULATE AN INVERSE FOURIER TRANSFORM &0
C THAT THE FREQUENCY DOMATN RESFONSE HMAY RE DIS-
C FLAYED A4S A TIKE TRACE.
{
F INDEX OF VARIABLES.
L LX=  THE LENGTH OF THF ARRAY FOR WHICH THE [fFT I3
C CALCULATED.
C
C CX= THE TRACE VALUESy PASSFD IN IN THE FREQUENCY DOMATN
% AND FASSED OQUT IN THE TIME TOMATN,
S SIGNT= USE SIGNI= +1 FOR THE JTHVERSE FDURTER TRANSFORa
{
CREEREEARKE KL KR KK '”'******************K****X##W***X**X**#KY#X*XK*X
SURROUTINE FFTO Xy CxySIGND)
CREREERXRKRRARRR LXK ***X*K**k******#*#**Vﬁk****?*?(*******#****
L
%DM!LFY CXOLXY s CARGCEXFCWCTE
J=1
SL=5QRTIL, /LX)
e 30 I=1sL%
TFOLWGTHG0 TO 10
CTEMF=CX{ X350
CXCD=UX(T)YRSE
CXoD)=CTEMP
10 M=l X/%
240 IFCeLR oGO 70 36
NENEY
MaM /2
TFIM.GE L6010 2
30 NENEL:
L=l
40 TSTER=2%].
No S50 M=1iyL
CARG=00,. s 1, ) k(T 1A1EP2A5RSTONIR(H-10) /L
CW=CEXF(CARGY
00 50 I=MsL Ay I-TEF
CTEMP=CWXCX (T +1 )
CXCTHL 3 =0X (1) ~CTEMF
90 CXCI)=CXCIY+CTENP
L=ISTEF
TFCLL LT LXYGO TO 40
RETHRN
END

19
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Appendix 2 - Input parameters for Model Set 3, model 1.
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Appendix 3 -~ Input parameters for Model Set 3, model 2,

) TY SYNIN
47
104,5483,+2.0%

L

)
97‘,/d000’L0]'30'
300!8d000’ho~7138t
25980009 2.24150,
200975004 02,29150,
8001900007M02!1380
130!140000’?&4!300
86912000, 02, 22144.,
22,12000 2, 39200,
dqo“lhnoa 7-"144;
40071&0000’20311@J0
\.J:o’l:)?o( ¢-7.?0.?"‘!.44;
50071170{)0?305‘1‘{)00
70.513500.02,25144,
81.914500,2.25 150,
2500137009200 B0
140, 15000, 20,1
21010700, 220007
1014200052, 39 1L5G
Q‘VTO/OO&9L0. 'I],'\j"(ﬂ)o
9162004203150,
70!1070 Q’EQANIQOQ
9014200, 92.3150.
Gerp 10700 62.25,100,
B9 16200,92.3,150,
2101107':300 ’:‘0.?7],0(1.‘-
Bes16200,02, 35150,
42.-10700.:k.2p100¢
38, y14000,y2,24120,
280’1200007.03;1000
240’1400007&037120;
38,9 10700, 2. 05100,
240'14000)’;‘\It20a
T2 1Q700 s 202 100

P0e214000 22005120,
J4v510700,52,24100,
304514000, 92,39120.
1;.0!10/000?; 1-:.'.., j()o,
B¢914000,»2.3,120.

14es 10700, +2.2100,
104914000652, 7,120,
ao9107JUoYho?i1004

2840914000, 92,35100.
1207)0]00";r2!1((¢
260’140000720&!120«
2691070049 2.24100,

20’140)007k05! )0+

Ab.':
300!107000I2o~"”J0
560714000‘7.#J‘1q0
S,p10700,02.24100,
380!14000072)3’1?V0
bOolio’U)o739h’1U”t
14,916000,,2,35%,200,
2?’,107UO'.L.L’100
£90!%%90?07_03'}q00
Ly (.f’ riLcL’,(/Uo
300'140”0V?f4J'1104
A 12060, v 200010
50.;15U‘O«v;’§r"F
16912000052, 2130,
48;'1J()000! u~3’.’?0"fo
200512000,92. 29150,
14071500009¢03!180;
Ghea 2000, 02 20 0ED,
24 10000, 2. 30180,
Ta. 1200002, 30 130,
15000~ H ‘\3',’ ~‘O(\)\z
LO002%
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