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WABOT - TAU,P MODELLING PROGRAM. MODEL DEFINED BELOW.
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Figure 4. (a) Plot of multiple layer model parameters duplicating
Diebold-Stoffa model (1981) (test 1).

There are no head waves possible from the two low-velocity layers. The associated
reflection ellipses, therefore, do not exist beyond the critical p = 0.5 s/km (1/V;), and
ellipses 2 and 3 are seen to truncate at that value. Note that the amplitudes and polarities
are consistent with the signs and magnitudes of the reflection coefficients of each interface.

Test 3. Mode Conversion, Amplitudes, and Multiples

The model for test 3 consists of a single layer between half spaces (fig. 6a). The top
layer differs in parameters from the overlying half space. Options were selected for full
elastic waves and a single multiple plotted in terms of output slowness. Table 4 duplicates
the input file used to generate the output plots (fig. 6).

Because of the full elastic option that permits mode conversion, and because of the
multiple option, the (7,p) plot (fig. 6b) shows many more arrivals than were observed in
the previous acoustic tests. At zero time, the incident pulse is observed to undergo phase
changes related to the changes in incident angles at the first interface. This zero-time pulse
was not observed in tests 1 and 2 because there was no interface for the acoustic case.
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Figure 4. (b) (r,p) plot for the acoustic case of Diebold-Stoffa model (1981).
Plot generated from parameters given in figure 4a and table 1.
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Table 1. Input file for multiple-layer model from Diebold and Stoffa (1981) (test 1). Gener-
ates printed output (table 2) and plots (fig. 4). Shear velocities are computer calculated
by designating the flag CT = 1 (table 2). Similar options exist for shear Q (QT) and
density (RHO). Line 2 options selected are: P (generates table 2) and A (generates
acoustic 7, p plot).

1CHOOSE OUTPUT PARAMETERS:M,P,A AND/OR D(OR DEFAULT FOR ELASTIC CASE)

PA

XDS1:D DIEBOLD-STOFFA MODEL. GCP TEST 1.
EPS SIGMA RATIO

0.001 O 0.01

CL QL CT QT RHO THICKNESS
1.5 5000 0 0 1.0 0

1:5 5000 =1 1000 1.0 3

2.0 5000 -1 1000 1.0 2

3.0 5000 =1 1000 1.0 1

4.0 5000 =1 1000 1.0 1

5.0 5000 =1 1000 1.0 0

9999

PLOT PARAMETERS FOR TAU,P CURVES. SLOWNESS OUTPUT.

BEGIN END INC FREQ MSECS TSC ASC MLTPLS
1000 1.20 1.5 256 11 10 1.0 0

Table 2. Output printout (optional) of multiple layer model parameters (test 1) |

1

WABOT TAU,P MODELING PROGRAM 11.09.58 87/07/29

EPS = .0010 SIGMA =

LAYER# COMP V COMP

KM/SEC

.50
.50
.00
.00
.00
.00

o Wwh -
nhawNnE -

5000.
5000.
5000.
5000.
5000.
5000.

.10 RATIO= .0100

Q SHEAR V SHEAR Q DENSITY THICKNESS DEPTH
KM/SEC GRM/CC M M
o] .00 .0 1.00
0 .87 1000.0 1.00 3.00 .00 TO 3.00
0 1.15 1000.0 1.00 2.00 3.00 TO 5.00
0 1.73 1000.0 1.00 1.00 5.00 TO 6.00
0 2.31 1000.0 1.00 1.00 6.00 TO 7.00
0 2.89 1000.0 1.00 7.00 TO INFINITY

Reflection ellipses PP, PS, SP, and SS from the second interface (top of the lower half
space) are observed (at p approximately 0, respective times are 0.8, 1.4, 1.4, and 2.0 msecs).
Note that shear-wave arrivals are 2%.ent at p = 0 (normal incidence). The PP and SS
reflection ellipses have maximum p values of 0.4 and 1.0 s/km (1/V; for compressional and
shear velocities). The PS and SP reflections (which arrive superposed in time) have a
maximum p value of 0.4 s/km (1/V; for compressional velocity).
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Table 3. Input file for two low-velocity layers embedded in layered half spaces (test 2).
Generates acoustic plots of figure 5.

CHOOSE OUTPUT PARAMETERS:M,P,A AND/OR D (OR DEFAULT FOR ELASTIC CASE)
A

LVL:D TWO LOW-VELOCITY LAYERS. GCP TEST 2.

EPS SIGMA RATIO

0.001 0.1 0.2
CL QL CT QT RHO THICKNESS
2.0 1000 0 0 1.0 0

2.0 1000 -1 -1 1.0 2

1.5 1000 -1 -1 1.0 2

1.0 1000 -1 -1 1.0 2

3.0 1000 -1 -1 1.0 2

4.0 1000 -1 -1 1.0 0

9999

PLOT PARAMETERS FOR TAU,P CURVES. SLOWNESS OUTPUT.

BEGIN END INC FREQ MSECS TSC ASC MLTPLS
1000 1.50 12 256 15 10 1.0 0

Table 4. Input file for one layer between half spaces (test 3). Generates plots of figure 6
showing mode-conversion phases.

CHOOSE OUTPUT PARAMETERS: M, P, A, AND/OR D

MODE:D ONE LAYER. MODE CONVERSIONS, AMPLITUDES, MULTIPLES. GCP TEST 3.
EPS SIGMA RATIO

0.001 Q1 0.05

CL QL CT QT RHO THICKNESS

1.5 1000 0 0 1.0 0

2.5 1000 1.0 500 1.0 10

3.5 1000 2.0 500 1.0 0.0

9999

PLOT PARAMETERS FOR TAU,P. SLOWNESS PLOT. ONE MULTIPLE.

BEGIN END INCREMENT FREQUENCIES MSECS TSC ASC MLTPS
1000 0.91 20. 256 7.0 10.0 1.0 1

Each of the above four phases have four (one-bounce) associated multiples. For exam-
ple; PP generates PPPP,PPPS,PPSP,and PPSS. The multiple phases that arrive at
the same time are grouped together in the following list:

I. PPPP

II. PPPS,PPSP,PSPP,SPPP

III. PSPS,PSSP,SPPS,SPSP,SSPP,PPSS
IV. SSSP,SSPS,SPSS,PSSS

V. S§58
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WABOT - TAU,P MODELLING PROGRAM. MODEL DEFINED BELOW.

CL (KM/SEC) QL/1000 CT (KM/SEC) QT/1000 RHO (GRM/CC)
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Figure 5. (a) Plot of model parameters of two low-velocity layers
embedded in layered half space (test 2).

The five groups are identified on the (r,p) plot (fig. 6b). Figure 7a and 7b illustrate
the raypaths for two phases (PSPS and SPSP). Note that phases with shear components
have small amplitudes for low p values (near vertical incidence). The maximum p value
for any phase involving a P wave is 0.4 s/km (1/V; for compressional velocity). Beyond
the critical p value of 0.4 s/km most of the energy is in shear arrivals.

Test 4. Variations in Receiver Depth and Type

The model for test 4 duplicates test 3, a single layer between half spaces (fig. 6a).
Options selected for test 4 are for full elastic waves plotted in terms of slowness, with no
multiples. Receiver position is at the top of layer 2 (just below the half space) for vertical
displacement (fig. 8a), horizontal displacement (fig. 8b) and pressure (fig. 8¢c). Figure 8d
plots vertical displacement at the top of layer 3, with a minimum band-pass filter (10 to 50
hertz) applied to the output. Table 4 4:plicates the input file used to generate the (7, p)
plot for vertical displacement (fig. 8a). The user needs to change the final line from V2 to
H2 or P2 to generate figures 8b or 8c. The “ratio” parameter may also need to be varied
to exactly match these plots. For example, too large a value will eliminate certain low
amplitude arrivals; too small a value will include noise. Table 6 plots vertical displacement
at the top of layer 3 and invokes the band-pass filter.
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Figure 5. (b) (7, p) plot for the elastic case of two low-velocity layers. Plot generated
from parameters given in table 3 and figure 5a.
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WABOT - TAU,P MODELLING PROGRAM. MODEL DEFINED BELOW.
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Figure 6. (a) Plot of model parameters of one layer between half spaces (test 3).

Four arrivals are observed on the plots for vertical and horizontal receivers in layer
2: an incident pulse from the first interface (bottom of the top half space) arriving at
zero time and PP, PS(SP), and SS phases. Arrival times for these phases match those
described for test 3, although there are differences in amplitude and polarity.

On the vertical displacement plot (fig. 8a), the compressional phase PP is emphasized
at near-vertical incidence (small p). Note that PS and SP arrive at the same times and
appear to cancel destructively at certain p values. On the horizontal plot (fig. 8b), the
shear phases are emphasized at near-vertical incidence (small p).

For the pressure plot (fig. 8c), we do not see the shear phase SS because pressure is a
compressional function. Because the receiver is at the top of layer 2, we might anticipate
such phases as SSP and PSP with the final mode conversion to P originating from the
bottom of the upper half space. Its amplitude, however, is predictably small.

Figure 8d illustrates the vertical displacement for a receiver in layer 3. Table 6 dupli-
cates the input file used to generate the (7,p) plot (fig. 8d) for vertical displacement at
the top of layer 3. The last two lines in table 6 generate a band-pass filter. Because the
receiver is not in the upper half space, the incident wave at the top of layer 2 is no longer
observed. The direct phases P and S from source to receiver would appear as lines in (z, ¢)
space and therefore appear as ellipses on this (7,p) plot. The arrival times at vertical (or
near-vertical) incidence for P and S are as predicted at 0.4 and 1.0 msecs. The slowness
values at critical grazing incidence are also as predicted (0.4 and 1.0 s/km). Application
of the band-pass filter adds an extra lobe to the arrivals.
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Figure 6. (b) (7,p) plot for the elastic case of one layer between half spaces. Primary
reflection phases are identified by letters. Roman numericals identify one-bounce mul-
tiples. (see text.) Plot generated from parameters given in table 4 'and Figure 6a.
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Layer 1 (Half Space) Layer 1 (Half Space)

Layer 3 (Half Space) Layer 3 (Half Space)

(a) (b)

Figure 7. (a) Sketch of raypath for the PSPS phase (one-bounce multiples in the one
layer system of figure 6).
(b) Sketch of SPSP phase (Test 3).

Test 5. Reha.bxhty of Combined. Elastic and Acoustic (Liquid) Model

Test 5 duplicates Wenzel and others (1982) published 7,p plot for a four-layer model
with layer 1 (the overlying half space) and layer 2 being acoustic and layer 3 and layer 4
(the underlying half space) being elastic (fig. 9a). Assigning identical parameters for the
top half space and layer 2 allows us to simulate the case of receiver and source at depth
within an acoustic (ocean) layer. Because the topmost layer is a half space, there are no
free surface reverberations to complicate the record. The reliability of program WABOT
plots for this model (fig. 9b) is demonstrated by its agreement with model C of Wenzel
and others.

Identification of the four primary reflections are made by calculating arrival times at
near-vertical incidence (p = 0) as follows:

Pl = P,P; at 6.0 msecs

P2 = P,P3;P;P, at 7.6 msecs

P3 = PzS3P3P2 (Ol‘ PgPng) at 8.2 msecs
P4 = P;5353P; at 8.8 msecs

where subscripts identify the layer. Figure 10a illustrates the P3 raypath. Note that the
compressional arrivals (P1 and P2) are emphasized at near-vertical incidence.




APPENDIX 4 47

Table 5. Input file for one layer between half spaces (test 4). A receiver option of “V2”
designates a vertical displacement plot in layer 2 (fig. 8a). A change from V2 to H2
generates a horizontal plot (fig. 8b), and a change to P2 generates a pressure plot (fig.

8¢).
CHOOSE OUTPUT PARAMETERS: M, P, A, AND/OR D =

RCVR:D TEST RECEIVER TYPE AND DEPTH. ONE LAYER. GCP TEST 4A.
EPS SIGMA RATIO

0.001 0.1 0.001

CL QL' CT QT RHO THICKNESS

1,8 1000 0 0 1.0 0

2.5 1000 1.0 500 1.0 1.0

Ju 8 1000 2.0 500 1.0 0.0

9999

PLOT PARAMETERS FOR TAU,P. VERTICAL DISPLACEMENT IN LAYER 2.

BEGIN END INCREMENT FREQUENCIES MSECS TSC ASC MLTPS
1000 0.90 i3 256 5.0 0 1.0 0
V2

Table 6. Input file duplicating model of table 5 (test 4). A receiver option of “V3” desig-
nates a vertical displacement plot in layer 3 (fig. 8d). Band-pass filtering is described

by the last two lines.’
CHOOSE OUTPUT PARAMETERS: M, P, A, AND/OR D

RCVR:D TEST RECEIVER TYPE AND DEPTH. ONE LAYER. GCP TEST 4D.
EPS SIGMA RATIO

0.001 0.1 0.001

CL QL CT QT RHO THICKNESS

1.5 1000 0 0 1.0 0

2.5 1000 1.0 500 1 0 1.0

3.5 1000 2.0 500 1.0 0.0

9999

PLOT PARAMETERS FOR TAU,P. VERTICAL DISPLACEMENT IN LAYER 2. FILTERED.
BEGIN END INCREMENT FREQUENCIES MSECS TSC ASC MLTPS
1000 0.90 13 256 5.0 -0 1:0 0
v3

FILTER-TYPE BTWTH-POLES FREQUENCY PHASE

L 12 50 M

2 12 10 M
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Figure 8. (r,p) plots for the elastic case of one layer between half spaces (test 4). Plots
(a) and (d) are for vertical displacement, (b) for horizontal displacement, and (c) for
pressure. Receiver depth for (a), (b), and (c) is in layer 2; for (d) it is in layer 3. Plots
generated from parameters given in figure 6a and tables 5 and 6.
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WABOT - TAU,P MODELLING PROGRAM. MODEL DEFINED BELOW.
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Figure 9. (a) Plot of model parameters of an acoustic layer over an elastic layer (test 5).

Figure 9. (b) (r,p) plot of an acoustic layer over an elastic layer duplicating Wenzel,
Stoffa, and Buhl model (1982) embedded between half-spaces. P1 — P4 are the four
primary reflections and M1-MS5 are the multiple arrivals. (See text for a description of
these phases.) Plot generated from parameters given in table 7 and Figure 8a.

Table 7 duplicates the input file to generate a 7,p plot with one multiple (fig. 9b).
N number of one-bounce multiples may be generated by changing the variable “mltps.”
Layer 2 is designated as acoustic by assigning a zero shear velocity (CT = 0). For our
model, the following multiples are generated:

M1 = P,P;P;P3;P;P; at 9.2 msecs

M2 = P2P3P3P333P2 at 9.8 msecs

M3 = P2P3P35353P2 at 10.4 msecs
M4 = P2P3S35353P2 at 10.9 msecs
M5 = PgS3SsS3SaPz at 11.5 msecs
M6 = PszPszPng at 12.0 msecs
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| | Layer 1 (Half space) ' Layer 1 (Half space)

Py
Layer 2 Layer 2

Layer 3 S, Pa Layer 3

Layer 4 (Half space) Layer 4 (Half space)

(a) (b)

Figure 10. (a) Sketch of raypath for primary reflection P3 (P,S;P;P;) associated with
test 5. The half space and the underlying layer 2 have identical layer parameters (as

indicated by the dotted line).

(b) Sketch of multiple raypath M. 5(P;S353S3S3 P3).

Table 7. Input file for an acoustic layer over an elastic layer embedded in half spaces
(test 5). Model generates plots (fig. 9) that duplicate Wenzel, Stoffa, and Buhl’s

model C (1982).

CHOOSE OUTPUT PARAMETERS: M, P, A, AND/OR D

P

WSBC:D WENZEL,STOFFA,BUHL’S MODEL C. GCP TEST 5.

EPS SIGMA RATIO

0.001 0.1 0.40

CL QL CT QT RHO THICKNESS
1.5 1000 0 0 1.0 0

1.5 1000 (V. 0 1.0 4.5

245 1000 1.443 -1 1.5 2.0

5.5 1000 3.175 =1 3.0 0.0
9999 '

PLOT PARAMETERS FOR TAU,P. SLOWNESS PLOT. ONE MULTIPLE.
BEGIN END INCREMENT FREQUENCIES MSECS TSC ASC

1000 1.20 20. 256 20 10,0 1.0

MLTPS
1
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Figure 10b illustrates the M5 raypath. The sequence of phases may vary (for example,
M1 also represents multiples P2P3P353P3P2, PzPsSgPsPst, and PstP3P3P3Pg arriving at
9.2 secs). All of the multiples are observed on the plot except the smaller amplitude M6.
Arrival times listed above are for near-vertical incidence (p = 0).

For the four-layer model of test 5, the maximum possible p is the critical value 0.66 s/km
(1/V3), and this is observed in figure 9b. If a particular phase includes a P wave passing
into layer 3, then its maximum p value is the critical value 0.4 s/km (1/V;). Therefore
such phases as P3P;, P3S,, or their multiples are seen to be restricted to p < 0.4 s/km.
For shear components in layer 3, S353, or its shear multiples, the maximum p value should
be the shear critical value of 0.69 (1/V3). As stated above, however, the initial passage
of P in layer 2 restricts p to less than 0.66. Changes in amplitudes and waveforms are
associated with points of critical compressional and shear refraction from the top of the
lower half space, that is, p = .32 s/km and p = .18 s/km (1/v,).
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