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ABSTRACT
Observations of mode-converted Shear Waves (SV) were made in a physical model
constructed at the Seismic Acoustic Laboratory of the University of Houston.
Some aspects of the model were designed to simulate the marine observations
reported for the offshore MAFLA area (Tatham and Stoffa, 1976). The model
represented water depth scaled to 250 feet, the first sub-sea reflector at
4,000 feet, and the last reflector at 7,000 feet below the sea floor. Very
efficient mode conversion, from P to SV and back to P, is anticipated for

angles of incidence at the sea floor between 35 degrees to 80 degrees.

The model was constructed of Plexiglas and 3180 resin, materials that will
support elastic shear wave propagation. One anticipated problem, internal
reflections from the sides of the model, was solved by tapering the sides of
the model to 45 degrees off vertical. The P-wave reflection coefficient at
an interface between Plexiglas and water is 35% for vertical incidence, but
diminishes to very nearly zero between 43 degrees and 75 degrees. Thus, by
tapering the sides of the model, any undesired internal reflections had to
undergo at least two reflections at angles of incidence in the low reflection
coefficient range for P-waves. By this means, later-arriving spurious P-wave

=

reflections were minimized.



Data were gathered in both an end-on CDP mode, with off-sets from 1,000 feet
to 20,000 feet, and a variety of walk-away experiments with scaled ranges
from 1,000 feet to 31,000 feet. Processing and analysis of the data confirm
the existence of mode-converted shear-wave reflections in a modeled marine
environment. In particular, the S-wave reflections from the 4,000 foot and
7,000 foot reflector are identified on both the 100% gathered records and the
final stacked records. These SV-wave reflections were isolated for stacking
by considering those portions of the gathered records, both offset and arrival
time, that correspond to optimum angles of incidence. In addition, Tau-p
processing isolated particular angles of incidence, further confirming the
incidence angle-range criterion. Thus, the events are unambiguously identi-

fied as mode-converted shear waves.

INTRODUCTION

Recent success in developing seismic shear-wave techniques of petroleum ex-
ploration in land environments gives us encouragement to re-examine possible
shear-wave sources for the marine environment. Possible methods include
placing both sources and receivers on the sea floor with direct generation
and recording of seismic shear waves. This represents a direct extension of
land techniques and may be applicable to some shallow water areas where the
sediments at the sea floor will support shear-wave propagation. For deep
water, or areas with unconsolidated sediments, such direct methods may not

be possible. Conventionally generated P-waves, however, are converted to



shear waves (SV polarization) when interacting with a discontinuity in elastic
parameters, such as the water bottom or base of unconsolidated sediments. Such
a method of recording shear-wave data in a marine environment was suggested by

Tatham and Stoffa (1976).

Since the publication of that paper, viable shear-wave sources for land opera-
tions operations have evolved and recent attention has been directed to evalu-
ating the interpretational value of S-wave data. Industry interest in the
potential usefulness of shear-wave recording and interpretation is reflected
in the report of over 125 crew months (about 6000 miles) of land shear-wave
recording during 1980 (Senti, 1981). With this expression of interest in
shear-wave recording we are re-examining some of the challenging problems in

developing marine shear-wave sources.

MODE-CONVERSION

In general, when P-wave energy propagating in a solid material encounters an
impedance discontinuity, four outgoing seismic waves result: reflected P and
S-waves and refracted P and S-waves. If the incident wave is propagating in
a water layer, however, there can be no reflected S-wave. In such a case,
illustrated in Figure 1, the incident P-wave impinges on the water bottom
(or base of unconsolidated sediments) and energy is partitioned into three
waves - reflected P, refracted P, and refracgsd (mode-converted) S. As i,

the angle of incidence, increases mode conversion to shear-waves generally



becomes more efficient. Further, as i exceeds the P-wave critical angle no
P-wave energy is refracted into the sub-sea sediments. For these angles,
only two possible avenues of energy propagation are available--the reflected
P-wave and the refracted (mode-converted) S-wave. For some contrasts in
elastic constants most of the incident energy goes into the refracted S-wave
and, for other elastic parameters, most of the energy is reflected as a P-
wave. For sub-sea sediments with a P-wave velocity between 6500 - 9000
ft./sec., a range that includes many shallow sedimentary rocks, the mode

conversion is extremely efficient (Tatham et al, 1977).

Figure 2 illustrates the recording geometry for observing mode-converted S-
waves. MWe assume that the ray of interest leaves the source as a P-wave, is
converted from a P-wave to an S-wave (SV) at only one interface (such as the

water bottom or base of unconsolidated sediments), is reflected from depth as
an S-wave, and then undergoes mode-conversion from an S-wave to a P-wave upon
re-entering the upper (water) layer. Keep in mind that mode-conversion occurs
only for non-vertical angles of incidence. Since mode-conversion becomes
more efficient as the angle of incidence increases, we would expect to observe
mode-converted arrivals primarily on the longer-offset traces of multifold

CDP data.

This double mode conversion may, at first thought, appear rather esoteric. It
is, however, equivalent to the SKS phase of earthquake seismology, except that
we also include a reflection. Richter (1958) points out {pg. 259) that the

observed SKS phase, at the proper ranges, is often large and increases



in amplitude with increasing range (pg. 273).

Figure 3 shows the anticipated amplitude (displacement potential) for all
angles of incidence, for plane P-waves converted to S-waves at the water
bottom, and with another mode-conversion back to P-wave upon re-entering the
water layer. The elastic parameters used for the calculation were determined
by velocity analysis of the data considered by Tatham and Stoffa (1976). The
amplitude is the fraction of the incident P-wave for just the two transmission
mode-conversion coefficients, ignoring attenuation and the shear-wave reflec-
tion coefficient of the subsurface reflector. Note that for angles of inci-
dence less than the critical angle of P-waves (39°), the resulting amplitude
ranges from 5 to 20 percent of the incident P-wave amplitude. Beyond the
critical angle, however, the S-wave reflection with two mode-conversions has
an amplitude nearly equal to the reflection coefficient of the S-wave; i.e.,
most of the energy is mode-converted rather than reflected at the water
bottom. Recall that beyond the critical angle no P-wave energy penetrates

the subsurface.

PREVIOUS INVESTIGATION

As mentioned above, the earlier work of Tatham and Stoffa (1976) made sugges-
tions of observations of mode-converted shear-waves for some routinely re-
corded marine data offshore the Florida Panhandle. The observed SV waves were,

—

at best, weak. The disparity between predicted and observed amplitudes for the



shear-wave energy is attributed to the rather long (435 ft.) hydrophone
groups contained in the recording array. The suppression of the low velocity
events that traveled most of their travel path as SV-waves 1is nearly 80
percent Figure 4 shows the array response, adapted to angle of incidence,
multiplied by the mode-conversion curves of Figure 3. Note that the observed
events, accounting for source-array response and ignoring attenuation, should
be at most 21% of that predicted By the mode-conversion curves alone. This

value is in accordance with the reported observations.

In spite of these rather weak events, both P and S-wave velocity profiles
were constructed and are shown in Figure 5. These interpreted velocity

profiles were, to some degree, used as a basis for constructing the physical

model.

PHYSICAL MODEL STUDY

The Seismic Acoustic Laboratory at the University of Houston operates a large
water filled tank for gathering ultrasonic acoustic data over physical models
representing earth structures. Model scaling is such that one inch on a model
represents 1000 ft. of real earth, ultrasonic frequencies scale to seismic
frequencies, and velocities scale to 2.4 times the velocity of the real
materials. Thus, water has a model velocity of 12,000 ft./sec., and data

were typically recorded at a scaled sample interval of 1 ms.



Model Construction

A physical model to test-the recording of mode-converted shear-wave data was
constructed at the Seismic Acoustic Lab. The materials, listed in Table 1,
were chosen such that mode-converted shear-waves should be observed. The
physical dimensions were sufficient to allow a single walk-away spread to a
total scaled distance of over 30,000 ft. and an end-on marine cable configur-
ation could be simulated with range up to 20,000 ft. The structure, varying
only slightly with a short 9 1/2° ramp, was essentially two-dimensional.
The first reflector, as shown in Figure 6, is at a scaled depth of 4,000 ft.
(4" in the model) with a 1000 ft. ramp in the center of the model. The last
layer is 1,000 ft. thick and the total model thickness scales to 7,000 ft.
The mode-conversion coefficients for Plexiglas and water are shown in Figure
7. This compares quite favorably with the curve developed for offshore
Florida. The normal incidence reflection coefficient between the Plexiglas

and 3180 resin is about 3.5 percent and about 35 percent between the Plexiglas

and water.

One anticipated problem was undesired P-wave energy being reflected and
scattered from the sides of the model and arriving at the receiver ahead of
the desired S-wave reflections. Attenuation of such spurious energy was
realized by tapering the sides of the model to 45°. This design was selected
to exploit low P-wave reflection coefficients in a 43-85° range, as shown in
Figure 8. The P-waves are incident upon the P1exig]i§ - water boundary from
within the Plexiglas. As illustrated in Figure 9, at least two reflections

with angles of incident in the 43 - 80° range are required for any ray to



return to the surface of the model. Hence, almost no spurious P-wave energy

is seen in the records.

Test Data

Figure 10 shows a walk-away spread with a shot spacing of 100 ft., the near
off-set of 1000 ft. and the longest off-set of 31,000 ft. The source and
detector were 0.25 inches (250 scaled feet) above the solid Plexiglas inter-
face, thus at an equivalent water depth of 250 ft. The immersion in the
water, however, eliminated the usual free-surface, and thus we see no wave-
guide effects due to the water layer. Many reflected waves, as well as

direct arrivals, are observed and will be discussed below.

In addition to the walk-away spread, a conventional end-on CDP marine line
was recorded. Both shot and detector spacing was 200 ft., with ranges from

1000 to 20,000 ft. This led to a maximum CDP coverage of 48 fold, with

considerable taper at the ends of the lines.

Figure 11 shows a conventional P-wave stack, utilizing ranges of 1,000 to
8,000 ft. (18 fold) in the gathers. Note the presence of the ramp at 0.4 to
0.9 seconds at the center of the model. Figure 12 shows the stack with shear-
wave velocities. Ranges from 5600 ft. to 25,000 ft. were considered in the
gathers, but some muting was applied to use only longer ranges at greater re-
flection times. Since S-wave velocities are about one-half the P-wave veloci-

ties, the S-wave section is displayed at one-half the time scale of the P-wave



section, and thus the P and S-wave events should be nearly correlative.
Note the presence of the ramp at 1.00 to 1.40 seconds on the S-wave section,
as well as all the reflections observed on the P-wave section, thus fully

confirming the presence of mode-converted shear-wave (SV) reflections.

Tau-p Processing

Applying a Tau-p transform (slant-stack) to the shot-oriented field data, or
CDP gathers, will display the data as a function of angle of incidence. (See
Stoffa et al., 1981, for development of the Tau-p transform.) Figure 13
represents a Tau-p transform applied to the data shown in Figure 10. Note
that the reflection hyperbolae of Figure 10 is seen as ellipses in Figure 13.
Also note the strong change in character at the critical angle. The ellipses

beyond the critical angle are mode-converted shear waves.

An inverse transform can be applied to the data of Figure 13a, resulting in
the original shot-oriented field record, or the original CDP gather. Figure
13b is the same data as 13a, but with some noise at low Tau and for Tow p

eliminated. It is this data-set to which the inverse transforms are applied.

Figure 14 represents an inverse transform applied to all the data in Figure
13b. Comparison with Figure 10 confirms the success of this inversion.
Figure 15 in an inversion, to record space, of the dagi in Figure 13b, but
using only those ray parameters (0 to 42 X 10-6 sec./ft.)_correSponding to

angles of incidence between 0 and 33 degrees. That is, no post-critical
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reflections are considered. Note the improvement in the overall quality of
the P-wave reflections. Figure 16 is a similar inversion of the data in
Figure 13b, but with ray parameters restricted (p from 55 X 10-6 to 80 X 10-6
sec./ft.) to angles of incidence between 40 and 75 degrees. Note the presence
of reflections, with curvature consistent with S-wave velocities, at the

longer ranges.

Further Tau-p processing was applied to the CDP gathered records constructed
from the end-on marine profile. Only those CDP gathered records with off-
sets of 1,000 to 20,000 ft. were considered (48 fold). A forward Tau-p
transform was applied to each record and two inverse transforms were then
applied. The result was two sets of CDP gathers, one with a range of ray
parameters consistent with P-wave data and another consistent with S-wave
data. That is, the P-wave gathers represent angles of incidence between
vertical and 35 degrees while the S-wave gathers represent angles of incidence

between 40 and 75 degrees.

Figure 17 is a stack of the P-wave gathers, and Figure 18 is a stack of the S-
wave gathers. Comparison of the data in Figures 17 and 18 with the convention-
ally stacked data in Figures 11 and 12 adds confidence to the original identi-
fication of the P and S-wave reflections and shows some of the potential of

Tau-p processing of seismic reflection data.
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DISCUSSION AND CONCLUSIONS

The observation and CDP processing capability of mode-converted shear-waves
has been demonstrated for real data collected in a physical model experiment.
That is, observation of shear-wave energy in data generated and recorded
as P-waves in a marine environment has been confirmed. The primary difference
between the recording geometry and that employed in a typical marine setting
was the large off-sets (up to 20,000 ft.) applied. Examination of the walk-
away analysis suggests that shear-waves may have been successfully stacked
with a maximum range as short as 16,000 ft. but this is still greater than a

typical marine configuration.

A significant difference between the model and real marine case is the absence
of the water layer itself in the model. Thus, no guided waves in the water -
layer waveguide were present to further contaminate our observations. The
scaled velocities of the model were different than for the real earth, but
the consistency of velocity ratios across interfaces yields this problem

insignificant.

This study suggests tht future work should be applied to actual off-shore
situations. Some operational problems, such as large off-sets, can be
overcome. Possible anisotropy effects, however, may be difficult to correct
for. Levin (1979, 1980) suggests that rock anisotropy may have a strong
effect on the SV polarized shear waves. Actual experiment will be required

—

to fully describe this potential problem.
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1.00

1.17

1.42

ACTUAL
VELOCITY

(ft/sec)
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Figure 1

Figure 2

Figure 3

Figure 4a
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FIGURE CAPTIONS

Three outgoing seismic waves that result from an incident P-wave
(in a 1iquid) striking a 1iquid-solid interface: the reflected
P-wave, refracted P-wave and refracted (mode-converted) S-wave.
Beyond the critical angle, there is no P-wave energy refracted

into the subsurface.

Geometry of a typical marine seismic recording array, showing a

conventionally reflected P-wave and a mode-converted PSSP ray,

at large angle of incidence, being detected at large off-set.

Amplitude, as a fraction of the original P-wave amplitude, for a
doubly mode-converted wave (PSSP) at all angles of incidence.
Note large amplitude of P-wave, after two mode-conversions, at
large angles of incidence (from the vertical) beyond the critical
angle. The water has a P-wave velocity of 5000 ft./sec. and a
density of 1.0 gm/cc. Sediments have a P-wave velocity of 7850
ft./sec., an S-wave velocity of 4036 ft./sec. and a density of

2.3 gm/cc.

Array response, as a function of angle of incidence, for the 435
ft. hydrophone arrays employed in recording the data reported by
Tatham and Stoffa (1976). Near-surface (water) velocity was

assumed to be 5000 ft./sec., and the response is plotted for 20

and 30 Hz signals.
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Figure 4b Applying mode-conversion coefficients from Figure 3 to the 20 Hz
array-response curve in Figure 4a. Note that the maximum
anticipated amplitude, accounting for array response, is only

21% of the original P-wave amplitude.

Figure 5 P and S - wave velocity profiles, as a function of depth, for an
area offshore the Florida panhandle. (After Tatham and Stoffa,
1976).

Figure 6 Cross-section of physical model constructed at the Seismic Acous-
tic Laboratory at the University of Houston. First layer is
4" thick, which scales to 4000 ft. (scale factor is 1" =
1000 ft.). The 1000 ft. (scaled) ramp in the center of the
model adds structural interest. The distance D between source
and top of model scales to 250 ft. The model is immersed in
water to conduct the experiment. Physical properties of water,

Plexiglas and 3180 resin are summarized in Table I.

Figure 7 Mode - conversion coefficients (amplitude) for water - Plexiglas

interface. Note similarity to Figure 3.

Figure 8 Reflection coefficients (energy), as a function of angle of in-

cidence, for a P-wave incident upon a Plexiglas-water interface.
P-wave is incident upon the interface from within the Plexiglas.
Note the low value of P-wave reflection coefficient for angles

between 40 degrees and 70 degrees.



Figure 9

Figure 10

Figure 11

Figure 12

o

Two ray paths for a ray travelling toward a 45 degree corner in
Plexiglas. Note that, for an outgoing ray to leave the corner
area toward the upper surface of the model, it must have at
least two reflections at angles of incidence between 40 degrees

and 70 degrees.

Data recorded over the physical model. Ranges (off-sets) are
1000 ft. (scaled) to 31000 ft., source and detector (P-wave
transducers) were 250 ft. above the solid interface, and the
walk-away was done in 100 ft. steps. Note numerous reflection

and refraction events.

Conventional P-wave CDP stack of data collected over the physical
model. Ranges of 1000 ft. to 8000 ft. were used, and the 200
ft. shot spacing yields an 18 fold CDP stack. Note the reflec-
tions at the lower Plexiglas-resin interface at 0.4 sec., the
resin-Plexiglas interface (including ramp) at about 0.5 sec. on
the left-side of the section, and the base of the model (Plexi-
glass-water interface) at about 0.7 sec. No reflection is
observed from the top of the model, with depth of 250 ft. and
minimum hydrophone off-set of 1000 ft.

CDP stack of data collected over the physical model, but apply-
ing shear-wave velocities. Ranges of 5600 ft. to 25000 ft. were

employed. Since S-wave velocity is about one-half the P-wave



Figure 12
(con't)

Figure 13a

Figure 13b

Figure 14
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velocity, the time - scale of the display is one - half that of
Figure 11. Note reflections from Plexiglas - resin interface at
about 0.74 sec., resin-Plexiglas 1interface that includes the
ramp, and the base of the model (Plexiglas-water) at 1.35 sec.
The observed events correlate very well with the events observed
in the P-wave data. The 180 degrees phase-reserval is consistant

with the double mode-conversion.

Tau-p transform (slant - stack) applied to data (single field
record) shown in Figure 10. Vertical axis is time, and each
trace represents a constant ray parameter p. Knowing the water
velocity, each ray parameter represents a particular angle of
incidence. Note difference in character beyond the critical
angle. Reflection hyperbolae appear as ellipses in the Tau-p
transform. The ellipses beyond the critical angle are shear-

wave (mode-converted) reflections.

The Tau-p transform (slant-stack) shown in Figure 13a, but with

some muting of noise applied at low p and low Tau values.

Inverse transform (slant - stack) applied to data in Figure 13b.

Note similarity to Figure 10, but with some noise removed. The

noise was muted in the Tau-p transform space.



Figure 15

Figure 16

Fiqure 17

Figure 18
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Inverse transform applied to data in Figure 13b, but including

only ray parameters at angles of incidence less than the critical

angle. Thus, this record is primarily P-wave energy.

Inverse transform applied to data in Figure 13b, but including
ray parameters at angles of incidence between 40 degrees and 75
degrees. Thus, this record is primarily S-wave energy and low-

velocity noise. The S-wave reflections show curvature.

Stack of CDP gathers, at P-wave velocity, after the gathered
records were transformed (slant-stack) to Tau-p space, and
inverse-transformed with angles of incidence 1less than the
critical angle. Only full 48 fold gathers were used, thus the

lack of stacked traces from the CDP taper. Comparison with

Figure 11 confirms the success of this procedure.

Stack of CDP gathers, at S-wave velocities, after the gathered
records were transformed (slant-stack) to Tau-p space, and
inverse-transformed with angles of incidence between 40 degrees
and 75 degrees. As with the P-wave stack, only full 48 trace
gathers were used, and thus the lack of stacked traces from the
CDP taper. Comparison with Figure 12 further confirms that

these stacked events represent mode-converted shear-waves from

angles of incidence beyond the critical angle.



FIGURE 1

_UZ-



SOURCE

RECORDING ARRAY

REFLECTOR

FIGURE 2

_'[Z_



VP2 = 7850
VS2 = 4036
RHO2 = 2.29

0 10 20 30 40 50 60 70 80 90
ANGLE OF INCIDENCE (DEGREES)

FIGURE 3



ARRAY RESPONSE
(435’ GROUP)

ANGLE OF INCIDENCE (DEGREES)

FIGURE 4A



0.9 TOTAL RESPONSE
0.8 20 HZ

0.0L —tT | Y
0 10 20 30 40 50 60 70 80

ANGLE OF INCIDENCE (DEGREES)

FIGURE 4B

—vz..



DEPTH 1000 FT

© 00 ~N O O b W BN

==lx

b
o

Vs

o 110

Vp

Ve =1.94

Vp
Vs

=1.78

Lyl | |

6

I |
8 10 12 14

VEL 1000 FT/SEC

5

FIGURE



VERTICAL EXAGERATION 4:1

‘D
i
| PLEXIGLAS
4
| PLEXIGLAS |

N ..a,. _h
i o S
-9Z-



VP2 = 9000
VS2 = 4500
RHO2 = 1.16

10 20 30 40 50 60 70
ANGLE OF INCIDENCE (DEGREES)

FIGURE 7

80

90

..LZ-



0 10 20 30 40 50 60 70 80 90
ANGLE OF INCIDENCE (DEGREES)

FIGURE 8



\ WATER

K
PLEXIGLAS —W

FIGURE 9




TIME

OFF-SET (1000°S ft.)
i 30

l H| | H IH H }l‘IH

|
| ORIGINAL DA A‘ i

‘d}.

!‘Eb i s
1oﬁwﬁ‘ et
- \"!'li}ii [hi -';:hrh‘ “""' """‘"if
E*ﬁé[‘::d(:%?ﬁ”“ﬁ"*‘"' sl ﬂ!nmﬁm?u i;
i hm me,ﬁm e l‘.ﬁa‘

L tlu

Mﬁhwrﬁﬁ""rm." ; Al

u.' hy:

W

“mllnm"n"!lm
iﬁ"' |"I| "n., ‘ e
I“lﬂ[ mﬁﬁﬁhﬁ tumﬁ-h-m i

] vy |
I : 'llllum 1 "'lm ||“M"“'1hn

lp“ L -er mn nI m_u

iy 'ﬂ‘f!‘w%wﬁ,"h !i by
"""»J,J, % ?{ ||lr
oy

ey : ‘}!rﬂ..y‘n.] | 'r. m—;,

l.
.
':"’».""’{"[lr!' [ e h

: ol ‘-I I ey iy hi m."lr'- ‘ l"""ﬂ' 3 “{n ?‘eﬁ “"W" U
‘ .I l ot ,‘15 N . M”! .”{-._J :"u h ol '\m o 7 " % " |I|l q” I
h"{ﬁ?jn? ]mﬂu 2&‘ ;Ei?"{‘l:m} ? hﬂ l::u?%"i ﬂ"m .. + iy, 'h Eﬁt::’;‘l*n! “‘ !ll ‘":{“:!' "ﬂ rtl 'lu “1!' i{’[r?‘iﬁ:h
. .‘t.";""p:‘"w s i l[-m, m Wi Mot t{[ il s -. o !ll,u uu i
- -“"""‘q j*?{‘l ET;:I;' W“‘:El ke 4 .;;gr"% l‘tﬁ“ﬂ‘i‘:‘f I mﬁ l( Z‘ [;'-'.ﬁm 1 “f i “’{ "‘-tl'l'ﬁl'l'." "l‘l' M “fj i -.r llh W, n.aﬂ'{“"'lu,llu
l Q :&H—f il .' .:“' Ihl' lI‘. % IH hﬁlm’#ﬁ ”Jhkm l ;-.,‘ 1,," wm:;“::lmlpﬂi‘"ﬁis Ny
any ' in : !
e e
'y

”((L "ﬂﬁ;m':;:;'r;mrf;l i %“'" i 5! Ei”""'*z'. ] M
el s i}&k.q?" R L Wi W"’"vuﬂi‘ )
o

-‘-ng-‘.'-...'.“n""nh § {‘.,

aIir'l D'”
h fifi ]l\r:@m“{"’ " i
."f“?%‘“"""? m"&m P

i [ ] .. : T r:ﬁl 'I ' i

i ottty 'ﬂ '?. ’lmlﬂ 'Il’m, “'h. " 'f!'[f n] L'l R ) 1}' 8 Ml | My
L i et oy e Sl .,["lﬁu.' S G Mg
A "ilp._,:ﬁ """i,l?.m'\;ﬁ""" i fﬂtsrzp“'“" T e J:Tﬁ*r"_i" el et

¥ ﬂ|“’~4':p

3. it ""»—»-" i -.--,"’T“iiﬁ“u.‘“lm R b T S
-

FIGURE 1C

_OS:-



P-WAVE
20 30 40 50

T

r V) s'i'l'{'i |. I.'n WA Li Y 'I{'l'k’l | | l'1"-'J'I’|' ]

60 70 80 90 100

AP .\.Il_.

110

120

130

140 16

i

170

A YL U lql-kllul.'!.ul, PRV nm'.ﬂ'k"-t'luku
3 Ry

Ir)‘l l'\'l. i'm’n'ln'i'l' i' MCIRR UGN "'.“.'." o ';‘ ), " h' " o
nh ,_,,u,u,{,,uqn||H|r|.rnn|n'hrl nE

! ”nnnll.b, "|'|’:'1 l‘lnnl I'lrvlbﬁ},l)ll@llnml,,lg 'F"t‘ 'l'\\,"'l"{ﬂl
0‘5_-'5-.-' s C R PR LR h LA e 'I'P’I'I'l’ l '" i dl.l.? j" l'ﬁ’ﬂ\’rl \ rlh“\l'] [L{E's' “)‘I-f)‘l"liﬂi | l‘s'lh
i | |‘|h |‘!'l’l'a’i'l’lhllhhlI’i‘thhﬁllhhfl’!'ﬂl‘lilfh’!hfl'lﬁ\ lhp‘ihIl’thhhhhhr r Il ‘ j M"Mm»- “"ﬂaa»ﬁﬂ;{;ﬁ.{d:l“.iblﬂp d. -I ¥l

e
"; s ";n';-mnphuuunu! '""mlg'lmiiiﬂ"*'lrlNll'mﬂrlmmlmmmi""Jiuru. “’1

rmr'
nnur »,“m

! "":n ‘*lf(“ ‘[l' "“1-""'!,1'[.;;.; R :1;,'L IR l'\' 'l'vl"v"f"u"'rﬂwwln'um-m-mm. ».-...i, o ;-.

’| n )y oo 1'-'

\‘1’ ‘r“r

\I’!‘I'.Iqi "{"H p‘{ II(.I'I .l.;” X

A

l‘ll'

SRR

W
llllllllllllllllllll |'|...|1 nl-.l ‘ "‘

{ Nﬁ J }’}] ﬁm’ mlfl.,’;:{";"ﬁlfh l'rlllvwmlrmmrmﬂnqp mpmﬂpmnnwmmwnp.,

mw'}?r?[:’ﬁ"!"”m mrw I:E 111:]: H ]}?'III'H

‘:‘14,-\ IR,

RO I‘| |1 |ra1l

»

Imw'mﬁf H] I’ I|I|- ”J | ”J ..........
;:"M :{’l'ﬁ!hm ?I'\'m".' ” l‘ﬂgzlrmu il'-‘lilﬂin ”mfh:::{{mm“:::lb‘l“ | ?H‘:::::{‘r:m:ww I{f’}:}l"m
qﬁmmmWNWﬁwpmwlwuﬂmeij e
e H HV m“ P 1”” ..;1 .ln‘n .-ml nmunl il
Vil |'T lllillfl Iim:n “I rl "'IHR \}1” uq Im‘ ’ M}
F\]l‘"”} {l' Bl am 0! lﬁ:

»1‘3’3»3.!{2:‘.‘ i H*l* ::.r

1.0 .“‘ fmigti )

‘-._____‘-“—'“

ﬁw

E:———-

i

i

hn‘l \Hlllnmm f.']lImnmmrmrmnmu-lIM-mm||llmhmllmllmummmlII:lIlmlmlnmm jfin unm 'mrm mlmulmu\ ;sfir'h
”mmmmrplm; ]lummmu»mmnmnnmmmmwm[rIUpu m;:““

PHsd i

wiy

;lll
I!}llhl n

)

i

Ilmnmlmulll

i l')‘lll!

lmn.,,, ,nnn;mnu\m ;{v il l

nnmmnmunm “ i “lh!mmnm‘l\ AT 'u.,. ll u

WWWWMWWWWMNW

l-'ll it 1l||||i1[1}! {"l

FIGURE 11



S-WAVE

" 20 30 40 50 60 70 80 90 100 110 120 130 140 150

0.0 1
0.5 “ ' NHiY ﬁr f’,)m;l' ey ’-'E})M»nl! e il '*:Ll' el sy i)
el e O ,*!ﬁjr:,*“v“if e il il Y e
: ,_!ﬂ«; i llilﬁ i ﬁmm iﬁ {ﬂhmﬂﬂ‘{ﬁjljj\j{ﬁ{{,‘ﬁ@ﬂ,{j ti{[ﬁ.,ﬁzuﬁi”mﬂﬂﬁ,,1,1ﬁ,fﬂﬁnﬂﬂﬁi_,{,ﬂhmﬂiﬂﬂwul,jl,j;,u,n,_u_mn-n i mmmm il ul;mnmhhlhn,uns,.u i
] u Lssmummnmmu ) ) D ' "1"?“?’“ ";"!‘W T;\:\;‘Fr\_{[ Y\’\[ ’:‘{m,:f ,,]} '? eesiditl s f""!‘” .’,”.’.’."’.'"::.r u';":: :
o- Ww SR ,’{ Ui Py J ~J:\'$",_'],igsii‘li:‘f?;‘q?l;{,{%ﬁ}%‘ﬂ} ﬂr}l“{i'ﬂ JEM»{J Hm{ {‘ﬁmﬁﬂﬂﬂmf“” = ;Iu:m?.:f» :
o *i“:f‘i;’;ii ,M T }' il ;;;;:,, i 1 ;fj%eaa*»gg;»gggyyp,_nmw B e i

LdAsAgsaeislyss ]

10 psson ﬂ?” n‘gm ﬂflmnm ;.nmmnmmt mmmnMwammwhn*
Lﬁum}ﬁiﬁhﬂymwﬁi i " ’; ﬂ‘! ﬂ ‘ Um[m Hiﬁm \“ llll lI llllﬂli[tium[ ” U [{ Hl “ Ull liﬂi'!'ann

NN (it .';{1._.(.- o “”‘I“‘.:Mm “ (LS
- i MMMM] Mﬂf’fﬁ?”l?}m ‘{mnmgumnumm &mﬁ}mmgﬂnmrrmtmgrsﬂxgﬂm,ﬂ. i

FIGURE 12



ANGLE OF
INCIDENCE

P (SEC/FT)x 10"

Tau (SEC)

10°

30°

1. 40°

50

50°

60°

70

70°

00(

FRLES
'HCHP;P;‘:.‘: (S350 R ,r.',..,‘l'_‘rx_
10 Prie i: = AN AAALANY ST e Sl dAddE T\Q'x‘f‘_{\;*;“hr-v E:J‘EIJ]’
= :ﬁq‘ ‘“-bhhba kT;_-' T 5 XI,TF ;t)' ! ,
RomE i
: ~.;,:1J{,§.‘)‘r3'?))hf.)¢, AAN0E
s
IR
RIS H};_
I i
{%Jé{ J? 3 H {{ "% ;{il{;’]‘“i
e HIT »>-*”;¢,L_i;_
SRR
TR *fﬁ;{:{; it
SRR IR dfdeass st

r,“

))»LLLLLL

80°

-EE_



70°

ANGLE OF

10°

INCIDENCE

> - R e _ : — S ,
S st i P A ———

o X AT s, ) - .

Tf"' ¢

) .

<

>

S
4

s

%
2>

- » ot < § Fe5s % — ==3
= - - | ] - g
S R T e ieeguye
. 4 =t = - e = =t .~ o < =
3 : - . Y - =] " ntasyT
s g BN N T s > < =t C =
oS ’ e L = Pt G = :
- s - -’- - ,-. r". l:. : Iv ;‘ 2 LS { LS 5 + =
" x ¢ 0 Sy o e ey S
. i S : o B T e
£ = = - % e o T Sy Sy s i
—— - o e T h,
- — » B K X 5 -
== = » = »

/< Y 4 ’L:"‘f}) o

. S P =

r - 8
E: 1
e [
< n,
L

2

Pre

5 fb 3’ > e e T

P (SEC/FT) x10™° 1g

0.0

L)
==
]

—

PEeEr =

o) R

» =P

b
1835

- == o .I ; €
"*% T3
-,() g ',b‘,b_:‘.- "r' L
"3::-}_ S92
{4 LY
! i

T
» .'.
S0

- = 4
: SN2 3
?(»"?‘:1 Y0

959002

O
93

'P:

P

(03s) neL

T T S I T s B3I

Y ¥
)

T T T Ty

A

FIGURE 13B



OFF-SET (1000’s t.)

S um

INVERSION OF ALL DATA
|
=

..,I

I
o ol iy
Lo I. )iy :
Py Yoy, :‘l | b 84 { ln,"
% "l I i ] iib ln, o
e :-.,' : i I “ Wik '“'""""m l
"

n 'h. il II . : : ! m i . h?:mh 1“ ."ﬂl ]1 L )

gy, Py e oy ; ‘"'-r.,‘l

\ ! ¥ T h : ¥ R i, all] \fm flid ;hi -hn‘m‘ W 0 . L M
in Al iy ML I iy mm"" Ib ' ey iy H,..r, il Il
At Ll

] i "CJ' vy, By
) ! [ iy " B ¥
Wb 1|y | y i) N I . iy !
b ‘:”\" i } il % ity {'%'_ " ' > l
][ ( il i s L . : _
- i f sl ") gy 1 Wi i e Ty
) gy S| ' .5)& ) i e ™, ‘.-“"'t?h"rﬁ" i, ]
; % e Ui e e e s
L ™ ” gl : ; ui‘,.-. — e L H
:l "“I.""'ﬁ : TNl " T .y b1l |
i iher By Iif ) | !Pub! ‘ ".“;r T ” - i " : i ]
I / oy 1 % h ([T Mgl i . >
iy . o 4 ) M a\: | iy ) . I"; P, 14 '_._' o
o W Wy | A T
Ilf I"'ﬂ- y, I:L: Hhy 'I:"nn ™ Ul | i N R"l" b "m::é {ﬂ'":!:: r, ”'b
[ ""hl [t o el 4 ! {111t Ti¥g S "
| hy oty ol : iy "’"rr”‘"’:"
) f Jf..,‘h gL m‘ (! i :,,"g]

il

FIGURE 14

..SE_.



.n; i f I Yl |
| \5'..I.I-|-,_ nyl | _,’m , [ L
:" ___;”. e - -_ .-' : _U _I b ‘ ‘ l‘m- . ! Wil 1Ly i 'lll..,ml
==, U}l
" ) Tibns o Hl "ﬁll )" o o ' gy LTS o ) ] i t .
" J.::lr:mm.. il - i g LSS
] '" Ty : L 2
13 ' it b
. iy : ) ” - ""‘“ﬁ'mm; s
iy 1ty > "ﬂ ) :'nm 'r:";ub !
il | {‘H:}‘ 3

=h

OFF-SET (1000s ft.
0

11y ey

)

20

ERSION FOR P-WAVES,

|

’n

!.,- " “"."h.;‘

L [il”i"'

™. i b 'z
-. -...,‘_. liu:EiF-:::::‘-'““' ”'-E:::E:gg;’ﬂ: 111

- 4
hhhhhhh

i
m
i*t

M

ul’l
|1;5

i

it

===

/
Al “}
s
[ |
)
it ‘ titA ﬁiﬂa
-nJ ":-n:is i i m
s
5



TIME

OFF-SET (1000’s ft.)
20 30

l | li l‘l WI

| i

F..-'.., i

e
| 1} it bey “. !!

,,,,,,,,,

l\i Hi[:[ ,-‘!u..

"iIH

~ M W{ smllu }m

FIGURE 16

"‘] ’#,‘":mh;:liiig:ilp’ i .‘l“aﬁ:
A :

S
| I? Tg'wlﬁi“ﬁim b
. [M M i

ll'h
H |ﬂiﬁm

)
R, ”
I'Ill,all{': “E

Il

A

.-L(z_



-38_

P-WAVE

60 70 80 90
0.0 | | |

@ il il
L bmﬂ% 4)»(»)»;)1 w ﬁ;lmg hii» i’ :)’i)tmi i))» {)5»);;)») »“»,r’»’.i’:)»i?»,»
?»”h V( ﬂ{ » ﬁ ﬂ?ﬂﬂ» ﬂ£ QVHPﬂﬁR Lo
F ) (ﬂgbgf;lnl:ggh?rg Hm W){Q? \ 7’»’}’;’ ’)’)"n’r’
( ’)' )

0 ( 2 'Uk'f

( P
}} }2’ } 573 ,,,,,,, .“_Wmmv W
(0

» DI »»hmm»»mﬁimMM»mm RTTPR)
2" ( L i
( AL L LLLLCOOCCC(

e

)[f
\r PN

et u.:f’tf '3*;H(()m? »»»» (

um (}U'))J%? <'t)»’kr»»?.».’.’.’f’f. (g v/
D e Sy R
| HJ' » \\‘;‘.SW L ,‘,;im mnbnmnf;‘m&f)»
m “»»»»»» J I m)»»mb"””””nn

1 mael
e

(€
\m wmnmrr N .;m G
FIGURE 17

[ {({R

OO,

({i )}DDPPDP)P)PPP) )'k’)

it

ERARA L (
3»mn»mmmmm

(((
p il)))’

»
)
M)»»Qw/r\

E*.,m\;:i:‘.uw

I,

RS
e

i




S-WAVE

60 70 80 90

0.0

O A

1.0 0 }' o

) MBI .
1.5 I
B o




