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ABSTRACT

SEISMIC ANISOTROPY IN THE SURFACE LAYERS
OF THE ROSS ICE SHELF, ANTARCTICA

By

James L. Fuchs

Seismic refraction surveys from the Ross Ice
Shelf, Antarctica, are analyzed for the purpose of studying
the effects of the near surface layering on the propagation
of seismic waves.

Velocity anisotropy is observed for three types
of seismic waves. The best indication of this anisotropy
are the patterns which develop in the velocity surfaces
with increasing depth. The correlation between energy
radiation plots and the velocity surfaces add support to
the presence of anisotropy.

A theoretical model, based on observable surface
features of the study area, is developed and shown to be
transversely isotropic. The transverse isotropy of the
surface layers in the study area appears to be a form of
structural anisotropy. This structural anisotropy is
attributed to the interlayering of north-south oriented

sastrugi and snow in the study area.
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Chapter 1

INTRODUCTION

The purpose of this study is to determine if
seismic anisotropy is present in the near surface layers of
the Ross Ice Shelf, and to compare this anisotropy to the
velocity anisotropy observed in deeper zones of the Ross
Ice Shelf (Wanslow, 1981; Bennett et al., 1978; Bennett
et al., 1979). A theory is developed to explain the
anisotropy of the near surface layers.

In seismic exploration surveys it is usually assumed
that the material through which seismic waves propagate is
isotropic. However, it has been demonstrated by several
authors that many surface rocks are anisotropic to some
extent (Hagedoorn, 1954; Cholet & Richard, 1954; Uhrig &
Van Melle, 1955; Krey & Helbig, 1956; Buchwald, 1959;
Anderson, 1961; Backus, 1962; Sato & Lapwood, 1968; Nur &
Simmons, 1969; Crampin, 1970; Nur, 1971; Tillman & Bennett,
1973; Daley & Hron,  1977; Crampin, 1977; Crampin & Bamford,
1977; Keith & Crampin, 1977; Crampin, 1978; Levin, 1978;
Berryman, 1979).

The behavior of seismic waves in anisotropic

material varies with the direction of propagation.
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Variation of velocity is one of the anomalies associated
with anisotropic material. Furthermore, the variation of
velocity with direction must exhibit centrosymmetry if the
material is anisotropic, since it is directly related to
the effective elastic constants in a crystalline symmetry
(Crampin, et al., 1977).

Anisotropy in its purest form is exhibited in single
crystals (Anderson, 1961). In a seismic survey fairly
uniform material would be best suited for the purpose of a
detailed study of velocity anisotropy (Bennett, 1968).

The Ross Ice Shelf provides a simple, monomineralic
material in which to conduct this study. Anisotropy of ice
has been verified in several studies (Bennett, 1968;
Dewart, 1968; Bentley, 1972; Bennett et al., 1978,1979).

It is suspected that the near surface layers in the
study area may exhibit some form of anisotropy due to
observation of abundant sastrugi on the surface. Sastrugi
are surface features that are observed on many ice shelfs
throughout the world. They are wavelike ridges of
extremely hard snow which are formed on a.level surface by
the action of the wind, and with axes parallel to the wind
direction.

The seismic refraction method is used in this study
since the reflection method can only be used to determine
an average velocity for the entire thickness of the ice

shelf. The refraction method yields a more detailed



velocity analysis.

In other studies anisotropy has been more apparent
for shear waves than for compressional waves (Jolly, 1956;
Levin, 1979). Therefore, it was expected that shear waves
would yield the best results for analysis of anisotropy in

this study also.



Chapter 2

LOCATION AND PARAMETERS OF STUDY AREA

The study area is located 18 kilometers due east of
Minna Bluff, Antarctica, on the Ross Ice Shelf (78.40 N
latitude, 167.10 E longitude) (Figure 1).

The area was chosen to test the effects of the shear
zone, created by the movement of the ice shelf against
Minna Bluff, on seismic wave propagation. The study area
was located far enough east of Minna Bluff in an attempt to
avoid zones of fractures near Minna Bluff. It has been
shown that fractures can cause anisotropy (Nur, 1971)

The Ross Ice Shelf was discovered by Sir James Ross
in 1841. It is the largest single sheet of floating ice in
the world, comprising approximately 525,000 square kilo-
meters. The ice shelf flows northward at an estimated rate
of .2 - 1.5 kilometers per year. The ice shelf moves in
response to the annual net accumulation of snow on the ice
shelf itself, and to the flow of ice from the interior of
the continent (Crary et al., 1962).

Sastrugi are observed at many places on the Ross Ice
Shelf. The elongations of the sastrugi are predominantly

north-south or northeast-southwest, and they are much more
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pronounced near Minna Bluff than other areas of the shelf
(Crary et al., 1962). The study area contained abundant
north-south oriented ridges of sastrugi on the surface,
with snow or hoarefrost between the hardened ridges
(Communication with Dr. H.F. Bennett).

The annual snow accumulation is estimated at 20-23
centimeters. The density of the upper ten meters of the
ice shelf ranges from 0.40 to 0.55 grams per cubic centi-
meter. The thickness of the ice shelf ranges from 250 to
700 meters. In the study area the shelf is approximately
320 meters thick as determined from reflection arrivals

from the ice-water interface (Crary et al., 1962).
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FIGURE 1: Map of the study area on the Ross Ice
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Chapter 3

FIELD METHODS

The seismic surveys were conducted by Bennett and
others in the 1976-1977 austral summer. Compressional
seismic waves (P waves) and two types of shear seismic
waves (SH & SV waves) were generated and recorded. The
format of the data consists of 24 traces that are digitally
recorded on magnetic tape at a sampling interval of 2.083
milliseconds. This odd sampling interval is used because
the maximum sampling rate of the equipment was 480 samples
per second. The Nyquist frequency for the maximum sample
rate is 240 Hertz. Recorded gains and filtering were
controlled by analog amplifiers.

The data can be divided into two distinct sets of
seismic lines. The first set are the long spread lines,
which have source to geophone offsets ranging from 50 to
3300 feet. The second set are the short spread lines,
which have offsets from 5 to 100 feet. |

The long spread lines were used primarily for analy-
sis of the deeper zones of the ice shelf. Since these
were analyzed by others (Bennett, 1978,1979; Wanslow, 1981)
further discussion will only consider the results of these

analyses.
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The short spread lines were used to analyze the near
surface layers of the study area. The lines consist of 24
geophones that are divided into two sets of 12 geophones
each. The two sets of geophones were oriented at an angle
of 45 degrees to each other. The spacings of each group of
12 geophones were as follows: 5, 10, 15, 20, 30, 40, SO,
60, 70, 80, 90, and 100 feet, from source to receiver.
Initially the spread was arranged with one set of 12 geo-
phones oriented east-west (000), and the other set of 12
geophones oriented northeast-southwest (045). Separate
events were then recorded for each type of seismic wave.
The two sets of geophones were then rotated 45 degrees
counterclockwise to obtain lines oriented north-south (090)
and northeast-southwest (045). This procedure was repeated
once more such that the final position of the spread was
one set oriented north-south (090), and one set oriented
northwest-southeast (135).

The source for the short spread data was a hammer
and board. As a P wave source the hammer was manipulated
so that it struck the board vertically, or perpendicular to
the surface of thé ground. As a shear wave source the
hammer was manipulated so that it struck the board horizon-
tally, or parallel to the ground. The orientation of the
board was important for the SH and SV waves. The board was
oriented such that first motions were parallel to the di-

rection of the seismic line for SV waves, and perpendicular
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to the direction of the seismic line for SH waves. Shear
waves of opposite polarity were produced by changing the
direction of the hammer blow by 180 degrees.

The orientation of the geophones for P waves is
relatively unimportant as long as they are approximately
vertical to the ground. However, the orientation of geo-
phones for shear waves is extremely important in order to
record the proper arrival with a significant amplitude.
The geophones must always be oriented such that the plane
which defines the movement of the coil within the geophone
is parallel to the particle motion of the seismic wave.
For SH waves the geophones were oriented in a way that they
would detect the horizontal component of motion perpendic-
ular to the azimuth of the seismic line. For the SV waves
the geophones were oriented to detect the horizontal com-
ponent of motion parallel to the azimuth of the seismic

line.



Chapter 4

ANALYSIS METHODS

A series of computer programs developed by Mark
Schoomaker are used to facilitate analysis of the data.

The raw seismic data is stored on two nine track magnetic
tapes (VRN-6746, VRN-6770) in the Michigan State University
Computer Tape Library.

Separate events were removed from the main data tapes
using the program Datasetup. The initial step was to make
plots of the event using the program Pitasource. These
plots are essentially the uninterpreted seismic records.
Arrival times for each geophone can then be picked visually
from the plots, and these arrival times are in turn plotted
on time versus distance graphs.

Velocities were determined for the time picks by use
of various curve fitting methods. The inverse of the slope
of a particular portion of the curve is used to indicate
the cross spread velocity. The methods of fitting various
curves to the data will be discussed further in the data
analysis section.

Depths of penetration were determined from the velo-
cities and distances by use of the Wiechert, Herglotz,

Bateman integral (Slichter, 1932; Officer, 1958).

10
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Subsequent plots of the velocity surfaces at various depths
are used to determine if velocity patterns are developing
with increasing depth of penetration.

The programs Processor and Finale were used to
determine energy radiation patterns. Processor is used
interactively at a Tektronix terminal to extract various
waveforms from individual traces of a specific event.
Finale performs a fast Fourier transform on the extracted
waveform, normalizes all waveforms of one event to a speci-
fied gain, plots the amplitude and phase spectrum for each
waveform, and integrates the amplitude spectrum of the
waveform within a given frequency range. The integrated
values of each trace for one event are then normalized with
respect to other events such that energy versus direction

at a given distance can be compared.



Chapter 5

DATA ANALYSIS

TIME PICKS

Time picks for P, SH, and SV waves from the short
spread lines are listed in Appendix I, Tables 1-5. The
tables for the SH and SV waves indicate picks were made for
sources of opposite polarities. Therefore, there are two
tables at each direction for each type of shear wave. The
first refraction arrival is picked for all modes of seismic
waves.

Time picks for the P waves (Table 1) were made from
seismic records using vertically oriented geophones. The
"first break" of the seismic trace is picked, and the first
motion is always in the upward direction.

Time picks for the SH waves were made from seismic
records using horizontally oriented geophones that were
perpendicular to the seismic line. The "first break" of
the seismic trace is again picked, as in the P wave
records. However, one set of lines has the "first breaks"
of the seismic traces in the upward direction, and the
other set of lines has the "first breaks" in the downward
direction. This is due to the reversal of source polarity.

Seismic lines with "first breaks" in the upward direction

12
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are denoted as having a positive (+) source (Table 2).
Seismic lines with "first breaks" in the downward direction
are denoted as having a negative (-) source (Table 3).

Time picks for the SV waves were made from seismic
records using horizontally oriented geophones that were
parallel to the azimuth of the seismic line. The SV wave
events can be divided into two sets of seismic lines that
had sources of opposite polarities. As in the case of the
SH waves events with "first breaks'" in the upward direction
are denoted as having a positive (+) source (Table 4), and
events with "first breaks" in the downward direction are
denoted as having a negative source (-) (Table 5). There
is no data listed for the SV(+) 135 degree direction seis-
mic line because that event could not be located on the

main data tapes.



CURVE FITTING

Several methods of curve fitting were used to obtain
velocities from the time distance data of the previous
section. The two methods that gave the best results were a
log curve and a power curve, with the former giving the
superior fit.

The power curve used is a moving power curve. A
moving power curve takes a specified number of points, fits
a power curve to them, then the last data point is elimi-
nated and a new data point is added. The formula for a |
power curve is:

b
T=ax

H
1]

arrival time

X= distance from source to receiver

a & b = regression coefficients

Once the regression coefficients are determined the velo-

city may be obtained by transforming the equation into the

form below:
' b-1 -1

dX = (abx )

dT

The number of data points used to fit the power curve

must be great enough so the velocity will always increase

for points farther from the source. This becomes a neces-

sary condition upon examination of the Wiechert, Herglotz,

14
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Bateman integral, which is used to determine depths of
penetration. This will be explained further in the Depth
of Penetration section.

The moving power curve for the P waves required a
seven point moving curve for the best fit. The statistics
for the power curve fits of the P wave data are listed in
Appendix II, Tables 7-10. The curves defined by the
statistics are plotted with the original time versus
distance data in Figures 2-5.

The moving power curves for the SH waves required a
seven point moving curve for the best fit. The data that
is used is the average of the SH wave picks of opposite
polarity (Appendix I, Tables 6). The average times are
used becauses the values are close to each other. Statis-
tics for the power curves of the SH data are listed in
Appendix II, Tables 11-14. The curves defined by the sta-
tistics are plotted with the original data in Figures 6-9.

The moving power curve for the SV wave data required
a seven point moving curve for the best fit. Unlike the SH
wave data the SV data of opposite polarity was not averaged
because the values varied by a considerable amount, making
the SV data suspect. Therefore, the SV data of opposite
polarity are analyzed separately. The statistics for the
power curve fit of the SV data are listed in Appendix II,
Tables.15-21. The curves defined by the statistics are

plotted with the original data in Figures 10-16.
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The best fit to the time versus distance data was ob-
tained by using a log curve. The formula for the log curve
used is as follows:

T=a + b (ln (x + c))

T= arrival time

X= distance from source to receiver

a & b = regression coeffients

c= constant

The constant, c, is used in the equation because when X=0,
T must also equal zero. However, for the usual log curve
equation, T=a+b(1lnX), T= -inf when X=0, hence the introduc-
tion of the constant c. Once a, b, and ¢ are determined,

velocities may be obtained by transforming the equation to

the following form:

ax = X + ¢
dT b

The statistics of the log curve fit for the P wave data in
Appendix I, Table 1, is listed in Appendix II, Table 22.
The log curves defined by the statistics with the original
data superimposed are plotted in Figures 17-20.

The statistics for the log curve fits for the average
SH wave data is listed in Appendix II, Table 23. The
curves defined by the statistics with the original data
superimposed are plotted in Figures 21-24.

The statistics of the log curve fits for the SV wave
data in Appendix I, Tables 4-5, are listed in Appendix II,

Table 24. The curves defined by the statistics with the
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original data superimposed are plotted in Figures 25-31.

Examination of the plots of all types of seismic
waves, and of the correlation coefficients, reveals that
the log curves provide the best fit to the seismic data.
Furthermore, the log curves are preferred since only one
set of regression coefficients are required, creating one
smooth curve.

The time versus distance data for all directions are
plotted for each type of seismic wave in FIgures 32-35.
The P wave data in Figure 32 shows that for the last data
points at 80, 90 and 100 feet the 090 direction has the
smallest arrival time followed by the 000, 045, and 135
directions respectively. This indicates that the 090 dir-
ection should have the highest velocity for P waves.

The SH and SV plots in Figures 33-35 are more diff-
icult to analyze in this manner because the arrival times
group together more closely than the P wave arrival times.

One observation that can be made from these graphs is
that if the difference in the time of P wave arrivals is
caused by anisotropy, then apparently the P waves exhibit a
greater percent anisotropy than the shear waves. This is

contrary to the results found by others (Levin, 1979).



33

TIME (MILLISEC)

0 S.00 10.00 15.00 20.00 25.00
- 1 1 1 J

o

00° 02

00° oY

dINB1SId

00;09

(1334)

00° 08

OU'POI

JAEM-d 0 O

FIGURE 17: Log curve fit to P wave 000°.



o

34

TIME (MILLISEC)

5.00 10.00 15.00 20.00
1 1 1 |

25;00

1

00° 02

1

00° O¥

JdINGLSIA

00;09

(1334)

00:08

OO'POI

FIGURE 18:

Log curve fit to P wave 045°.

JABM-d S¥ [



0

35

TIME (MILLISEC)

5.00 10.00 15.00 20.00
1 1 1 1

25.00
J

1

00°02

dINULSIA
00° 0V

(1L334)
00:09

00°08

OO'POI

FIGURE 19:

Log curve fit to P wave 090°.

JAEM-d 06 W



36

TIME (MILLISEC)

0 S-PO 10;00 15;00 20.00 25.00
1 ]

0

00°0¢

00° 0¥

dINGLSIC

00:09

(1334)

n|

00° 08

00°001
L
ni

JAEM-d SET

FIGURE 20: Log curve fit to P wave 135°.



0

37

TIME (MILLISEC)

8300 18;00 24;00 32.00
L

40;00

00° 02
1

00° 0of

JINELSIA

00;09

(1334)

00°08
L

00°001
[

FIGURE 21:

Log curve fit to SH wave 000°.

JABM-HS 0 @



o

38

TIME (MILLISEC)

8.00 16.00 24.00 32.00
1 1 A L

40;00

L

00° 02

L

00° 0¥

(1334) 3IINHISIC
00;09

00°08

OO'POI

FIGURE 22:

Log curve fit to SH wave 045°.

JAUM-HS Sv O



39

TIME (MILLISEC)

8.00 16.00 24.00 32.00
1 1 1 L

40;00

c

1

00° 02

1

00° ot

(1334) JINBLSIA
00199

00°08

OO'POI

FIGURE 23:

Log curve fit to SH wave 090°.

JAUM-HS 06 W



40

TIME (MILLISEC)

0 B.PO 16;00 24;00 32.00 40;00
1

0

00° 02

00° 0V

(1334) 3JINBLSIA
00:09

00° 08
1

OO'POI

JIAUM-HS SET1 [

FIGURE 24: Log curve fit to SH wave 135°.



0

41

TIME (MILLISEC)

B.PO 16;00 24 .00 32.00
1 1

40.00
]

1

00° 02

L

dINULSI
00° 0V

00;09

(1334)

00°08

OO'POI

FIGURE 25:

Log curve fit to SV(+) wave 000°.

1AS 0 O



0

42

TIME (MILLISEC)

8“00 16;00 24;00 32.00
|

40;00

1

00°02

1

00° 0V

JdING1SIC

(1334)
00;09

00°08

00° 00t
[

FIGURE 26:

Log curve fit to SV (+) wave 045°.

1AS Sy 0O



0

43

TIME (MILLISEC)

B-PO 16;00 24;00 32.00
1

40;00

00° 02
1 1

00°0v

00° 09

(1334) JINULSIC

00°08

00°001
[ -

FIGURE 27:

Log curve fit to SV(+) wave 090°.

1AS 06 O



0

44

TIME (MILLISEC)

B.PU 18;00 24;00 32.00
1

40.00
]

00°0¢

00° oY

JING1SIA

1

00° 09

(1334)

00°08

OO'POI

FIGURE 28:

Log curve fit to SV (-) wave 000°.

BAS 0 [



45

TIME (MILLISEC)

8.00 16.00 24.00 32.00
L ) 1 1

40.00
J

00°0¢

00 O¥
1

dINULSI

A

00° 09

(1334)

00° 08

00°001
L

FIGURE 29:

Log curve fit to SV(-) wave 045°.

HAS Sy O



0

46

TIME (MILLISEC)

8.00 16.00 24.00 32.00
i - 1 1 1

40;00

1

00° 02

1

00" 0¥

00°09
1

(1334) JINYULSIA

00° 08
1

00° 001
[ -

FIGURE 30:

Log curve fit to SV (-) wave 090°.

BAS 06 [



47

TIME (MILLISEC)

0 8100 18;00 24.00 32.00
1

1

0

40;00

1

00°02

00" 0¥

dINGLSI

00° 09

(1434)

00°08

00° 001
[ —

FIGURE 31: Log curve fit to SV (-) wave 135°.

n

BAS SEl



48

TIME (MILLISEC)

o 0 5.100 10100 15;00 20.00 25.00
3
D
) D
Q
C:lbﬁ B
.__.Q
E’) B +
DS
Z 5] +
(—)Q
m B o+
—
Q
M5 BB +
mQ
m
™ G+
o]
o
e > B
o
> 36+
3
o P 330G+
Q
+ b G 03
- O » O
w o o
an
Ce Y
> il i il
D D DD
< < < <
mmmm

FIGURE 32: Time versus distance plots P waves.



32.00 40.00

24.00

49

(MILLISEC)
16.00

TIME

8.00

& M 0  SH-WAVE
& ® 45 SH-WAVE
) A 90 SH-WAVE
] ] + 135 SH-WAVE
" i
u]
Ncuoc ;cﬂao mo”cc monoc »cm.cc

DISTANCE (FEET)

Time versus distance plots SH waves.

FIGURE 33:



50

TINME (HMIELISEC)

0 B.PG IE;UU 24:00 32.00 40.00
1 )

(C]
e
BG
=NC)

00°02
A

B G

@ 06

OU:DV

JINULSIA

& JC]

1

BG

00°09

L34 4)

00°08

00°001
L
8
v

AS 06 v
1AS Sv ©
0

1AS

—
FIGURE 34: Time versus distance plots SV(+) waves.



51

TIME CHILLISEC)

0 8.00 16.00 24.00 32.00 40.00
o 1 1 1 1 J
G
[CH:3]
~ s
o Y3y (€ : 2
HD
o &
__|
D3
Z s ap
o°
AL ap
~8
Mo 6
me
a2 iz 2
—
— 8
o1 > o4
=]
€. 4
-
J
P o>
o
+ > G 03
- O & O
w o un
a
[ BN RN RN
< < < <
D D D D
FIGURE 35: Time versus distance plots SV(-) waves.



DEPTH OF PENETRATION

The depth of penetration for each type of seismic
wave in the various directions is needed to determine
velocity surfaces. The velocity surface is a diagrammatic
representation of velocity versus azimuth for a given
depth. The depths of penetration can be determined if the
velocities and source to receiver offsets are known by
applying the Wiechert, Herglotz, Bateman (WHB) integral.

The WHB integral as derived from Officer (1958) is as

follows: Y v
1 -1 L
2= ¥ 0 cosh \Y dx

i
depth at which velocity V is reached = depth of penetra-

N
1}

tion of ray from origin to distance X

distance from source to receiver where V is determined

<
]

v
L

velocity determined at X distance from the source

\

velocity determined at X distance between the source
i i

and X
A necessary condition that is imposed by this equation is
that the velocity always increases at distances farther
from the source. This may be determined by examination of

A -1 W

the WHB integral. If V; <1 , then cosh V; is unde-

fined. The assumption of there being no velocity reversal
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present seems valid for an ice shelf since the material is
monominerallic and the increase of overburden with depth
causes compaction which will continuously increase velocity
until a maximum velocity is obtained. The depths of pene-
tration were determined for the velocities obtained from
the log curves since they provided the best fit and do not
have to be forced to show no velocity reversals.

The velocities defined by the log curve fits were
obtained by applying the statistics in Appendix II, Tables
22-24 to the transformed log curve equation:

dX = X + ¢
dT b

The log curve velocities are listed with the appropriate
depths of penetration in Appendix II, Tables 25-39.

The velocities obtained from the SV(-) data exceed
the values obtained in other analysis that are much deeper
in the study area. Bennett et al., (1979), determined a
maximum shear wave velocity of 2073 + 34 meters per second
at a depth of 70 meters in the ice shelf. The SV(-) vel-
ocity obtains a maximum of 2100 meters per second at a
depth of 11 meters in this analysis. Therefore, the SV(-)
data that was picked from the seismic records is apparently
another type of arrival. A PS seismic wave conversion is a
possibility that might explain the high velocity observed.
The SV(-) data must be rejected as being true SV wave arri-

vals, and the SV(+) data must be considered as the only
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true SV wave arrivals in this study.

Velocity versus depth, in all four directions is
plotted for each type of seismic wave in Figures 36-39.

Examination of the P wave velocity versus depth plot
(Figure 36) reveal that for the last three stations the
090 direction has the highest velocity for a given depth.
This observation is consistent with the time versus dis-
tance plot for P waves in Figure 32.

Examination of the SH wave velocity versus depth plot
(Figure 37) shows that the data groups too closely to
determine any maximum velocity direction.

THe SV(+) waves velocity versus depth plot (Figure
38) reveal the 045 direction as having the maximum

velocity for a given depth.
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VELOCITY SURFACES

As stated previously a velocity surface, as used
here, is a diagrammatic representation of the variation of
velocity versus azimuth at a particular depth. Plots of
the velocity surfaces at depth intervals of 5 feet, from a
depth of 5 to 40 feet, are shown for each type of seismic
wave (Figures 40-43). Velocity surfaces were determined at
5 feet depth intervals to observe if a pattern of velocity
anisotropy is developing with increasing depth.

Examination of the P wave velocity surfaces (Figure
40) reveal a pattern that develops from the 15 feet depth
to the 40 feet depth. At a depth of 15 feet the velocity
surface indicates the 000 direction to be the fastest vel-
ocity direction, but the velocity in the 090 direction has
significantly increased from the 10 feet depth. The per-
cent of velocity anisotropy is defined by thg following
equation:

2( Vmax - Vmin)
$ Anisotropy = Vmax + Vmin

The velocity surfaces at a 15 feet depth has 8.6% velocity
anisotropy. The percent velocity anisotropy at the 20 feet
depth is 11.9%, at the 25 feet depth is 12.1%, at the 30
feet depth is 13.6%, at the 35 feet depth is 14.5%, and at
the 40 feet depth is 15.6%. Velocity anisotropy increases
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continuously from 8.6% at a 15 feet depth to 15.6% at a 40
feet depth. The 090 direction (North-south) is the maximum
velocity direction, the 045 and 135 directions are the min-
imum velocity directions, and the 000 direction is the
intermediate velocity direction. The 15% difference in
velocity and the centrosymmetry indicated by the proximity
of velocities in the 045 and 135 directions are suggestive
of velocity anisotropy.

Examination of the SH wave velocity surfaces (Figure
41) reveal a pattern that begins to develop at a deeper
depth, and is not as pronounced as the pattern developed.by
the P waves. At a depth of 5 feet the maximum velocity
direction for the SH waves is 000, and the percent aniso-
tropy is 11%. This high value is presumed to be due to
local heterogeneity of the shallow portion of the near
surface layers. The percent anisotropy decreases from
the 5 feet depth to the 25 feet depth. At the 30 feet
depth a pattern begins to emerge in the velocity surface
with 090 again being the maximum velocity direction, 045
and 135 being intermediate velocity directions, and 000
being the minimum velocity direction. This pattern is
enhanced at the 35 and 40 feet depth velocity surfaces,
with anisotropy increasing. The velocity anisotropy is
2.6% at the 30 feet depth, 3.5% at the 35 feet depth, and
3.9 % at the 40 feet depth. The difference in velocity is

not as great for the SH waves as for the P waves. However,
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it should be noted that the 045 and 135 directions are
again very close in value indicating the probable existence
of centrosymmetry in the velocity distribution.

Examination of the velocity surfaces of the SV(+)
waves (Figure 42) reveal a pattern that begins developing
at the 20 feet depth, and continues to the 40 feet depth.
The 045 direction is the maximum velocity direction, the
000 direction is the intermediate velocity direction, and
the 090 direction is the direction of minimum velocity.
Percent anisotropy increase from 3.8% at a 20 feet depth,
to 15.6% at a 40 feet depth. The 135 direction has no
information since the raw records were not obtainable for
that event. The lack of data in the 135 direction is the
reason why centrosymmetry is not observable in the SV(+)
velocity surfaces.

The SV(-) wave velocity surfaces are plotted in Fig-
ure 43. It is important to remember that although this
data is being referred to as SV waves, it is apparently
another type of arrival. The percent anisotropy of the
SV(-) velocity surfaces almost continuously decreases from
15% at the 5 feet depth, to 7.2% at the 40 feet depth.
This pattern is contrary to the patterns observed for the
other three types of seismic waves. Note that there is no
correlation between the SV(-) and the SV(+) velocity sur-
faces. This further supports the observation that the

SV(-) waves are really another type of seismic arrival.
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In the Anisotropic Model section an attempt is made
to match the observed velocity surfaces with velocity

surfaces determined for a theoretical model.



ENERGY RADIATION

Anisotropic media will radiate a uniform stress in a
non-uniform manner, and this energy radiation pattern will
correspond to the wave surface for this media (Bennett,
1968). Furthermore, it has been shown that for the trans-
versely isotropic single ice crystal, the wave and velocity
surfaces are almost identical for P and SH waves, and vary
by 6% at most for SV waves (Bennett, 1968). Therefore, if
the near surface layers of the ice shelf are truely aniso-
tropic the energy radiation pattern should bare a resem-
blance to the observed velocity surfaces. If the near
surface layers are not anisotropic, but instead exhibit
velocity variations due to directional heterogeneity, then
the energy radiation patterns should not resemble the vel-
ocity surfaces.

Analysis of the seismic events of the long spread
surveys, which analyze the deeper zones of the study area,
were undertaken in another study (Wanslow, 1981). These
results indicate that the directions of maximum energy
radiation for SH waves were 045, 135, 225 and 315. These
directions correspond to the maximum velocity directions of
the SH waves determined by others (Bennett et al., 1979).

The short spread seismic events in this study were
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analyzed to determine energy radiation patterns by using a
series of programs developed by Mark Schoomaker in 1978-
1979.

waveforms are first removed from specific traces of a
seismic event by using the Tektronix program Processor.

The waveform removed starts at the beginning of the first
arrival for each trace. The program Finale is then used on
the extracted waveform to perform a fast Fourier transform.
The program then plots the amplitude and phase spectrum for
each waveform. The plot of the amplitude spectrum is used
to determine the frequency band over which the waveform is
to be integrated. This frequency band is then fed back
into the Finale program and the waveforms are integrated
within the specified limits. Logarithms of the integrated
values of energy are listed in Appendix IV, Tables 40-41.

Logs of the integrated values of energy are plotted
versus distance (Figures 44-45). Energy radiation data was
not determined for the SV waves. The log of the energy
values is used since there is sometimes a difference of
four orders of magnitude between energy arrivals at 10 feet
and at 100 feet.

Examination of the P wave energy radiation plots
(Figure 44) reveal that 090 is the direction of maximum
energy radiation from 60 to 100 feet. This corresponds to
the maximum velocity direction for P waves as defined by

the velocity surfaces.
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Examination of the SH wave energy radiation plots
(Figure 45) reveal that the 045, 090, and 135 directions,
from 60 to 100 feet, are grouped together, having higher
energy radiation values than the 000 direction. This
observation is consistent with the velocity surfaces of SH
waves which show a minimum velocity at the 000 direction,
with the other three directions falling within 100 feet per
second of each other.

The correlation between the determined energy radia-
tion patterns and the velocity surfaces indicate that the
near surface layers of the ice shelf in the study area are
demonstrating some form of seismic anisotropy as opposed to

having directional heterogeneity alone.
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Chapter 6

COMPARISON TO DEEPER ANISOTROPY

In order to determine if the anisotropy that is
being observed in the near surface layers is the same as
the anisotropy observed in the deeper zones of the ice
shelf a comparison of the short and long spread analyses
was made.

The long spread seismic lines contain data from the
deeper zones of the ice shelf in the study area and were
analyzed by Bennett and others. The results of their
studies indicate that P wave velocities varied with direc-
tion but displayed no centrosymmetry. The SH wave veloci-
ties showed centrosymmetry and were grouped in two ortho-
gonal sets. One set had SH velocities of 1853 + 28 meters
per second in the north, south, east, and west directions.
The other set had SH velocities of 2073 + 34 meters per
second in the 45 degree directions. This data was inter-
preted as being consistent with a model having a strong ice
crystal C-axis oriented in an east-west horizontal direc-
tion.

Further study of the long spread lines revealed
energy radiation patterns consistent with the analysis of
the SH waves (Communication with Mark Schoomaker).

A major difference that can be found between the
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analyses of the long and short spread seismic lines is the
P wave information. In the short spread analysis of this
study the P wave velocities not only showed a variation
with direction, but also showed some degree of centrosym-
metry. A complete 360 degree short spread seismic survey
might have developed this centrosymmetry further. This
difference between the P waves of the two surveys suggests
that some form of anisotropy other than crystal orientation
is occurring in the near surface layers. This is consis-
tent with the idea that the upper firn layers of ice shelfs
usually exhibit a random orientation of the ice crystals
which compose them (Bennett, 1968).

Comparison of the SH wave analyses show some correla-
tion in that the 045 and 135 directions of the short spread
seismic lines are high in velocity and approximately the
same. However, the 090 direction of the short spread lines
is the maximum velocity direction and is not so in the long
spread lines.

Furthermore, the P wave velocity anisotropy observed
in this study is 15.6%. The P wave velocity anisotropy of
a single ice crystal is only about 7% (Bennett, 1968).

This observation adds more support to the idea that the
anisotropy of the surface layers in the study are is not

due to any orientation of the ice crystals.



Chapter 7

ANISOTROPIC MODEL

In the method of Postma (1955) a theoretical model
was derived jointly by myself and Dr. H.F. Bennett that ex-
plains the anisotropy observed in the near surface layers.
Postma showed that "a periodic structure of alternating
plane, parallel, isotropic, and homogeneous elastic layers
can be replaced by a homogeneous, transversely isotropic
material, as far as it's gross-scale elastic behavior is
concerned". Postma achieved this result by deriving the
elastic moduli for the equivalent transversely isotropic
material, from the elastic properties and thicknesses of
the two individual isotropic layers. This derivation was
performed by applying stress-strain relationships.

The model developed in this study is similar to Post-
ma's model. The theoretical model consists of a combina-
tion of two separate materials as shown in Figure 46. Each
material is isotropic unto itself, but has elastic proper-
ties which differ from the other. The model is based on
the presence of oriented sastrugi interlayered with snow in
the study area. The ridges of sastrugi have been hardened
into an ice-like material by wind action and have greater
velocities than the snow in betweeen the ridges. It is
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probable that the layering of snow and sastrugi is repeti-
tive to at least the 40 feet depth of penetration of the
short spread seismic lines.
The following notation, adapted from Love (1944), is
used in the equations on the following pages to derive the
elastic moduli of an elemental volume of the material:

Xx= the normal component of the stress across a surface
element perpendicular to the X-axis (Normal stress)

Yz= the tangential component parallel to the Y-axis of the
stress across a surface element perpendicular to the
Z-axis (Shear stress)
exx = the linear dilatation of line elements in the
direction of the X-axis in the unstrained state
(Normal strain)

eyz = the decrease of the angle between two line elements
which are parallel to the Y and Z axes in the un-
strained state (Shear strain)

Cij = elastic moduli of isotropic material number one

C'ij = elastic moduli of isotropic material number two

Subscripts attached to the end of stress and strain vari-

ables denote the stresses and strains for isotropic mater-

ials one and two, respectively.

The stress-strain relationships in a homogeneous
transversely isotropic material are as follows:

Xx= Cl1l exx + Cl2 eyy + Cl3 ezz + . . . .

Yy= C21 exx + C22 eyy + C23 ezz + . . . .

Zz= C31 exx + C32 eyy + C33 ezz + . . . .
Yz=. . . o+ +C44 eyz . . .
ZX= . . .+ . + . . . + C55 ezx

Xy= . . . N . + . . o+ + C66 exy
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For a transversely isotropic material the elastic parame-

ters are reduced to five independent elastic moduli that
are arranged into the following array:

Cl1 c12 c13 O 0

Cl2 cCc11 c13 O 0

Cl3 C13 c33 0 0

o O o o

0 0 0 C44 O
0 0 0 0 C44 O

0 0 0 0 0 Cll - Cl12
2

For isotropic material there are only two independents
elastic moduli, where Cl1l= C33, Cl2= Cl1l3, and C44=gll%glg.

To derive the elastic moduli for the model material
of Figure 46 the normal stress-strain relationships are
first established. It is required that the normal stress
on the 2 face of the elemental volume (2z), vary in such a
way that the normal strains are the same for the two diff-
erent isotropic materials. The other two normal stresses,
Xx and Yy, do not vary, so the normal strains for these
stresses are not equal for the two different isotropic
materials. Using these requirements the normal stress-
strain relatioﬁshipé are as follows:

(1) Xx1l = Cl1l exxl + Cl2 eyyl + Cl2 ezzl
(2) Xx2 = C'11 exx2 + C'12 eyy2 + C'12 ezz2

(3) Yyl Cl2 exxl + Cl1l eyyl + Cl2 ezzl

(4) Yy?2

C'12 exx2 + C'1ll eyy2 + C'1l2 ezz2
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(5) Zz1l = Cl2 exx1l + Cl2 eyyl + Cll ezzl
(6) Zz2 = C'12 exx2 + C'12 eyy2 + C'11 ezz2
Where,

(7) Xx = Xx1 = Xx2
(8) Yy = Yyl = Yy2

2z1 + 222
(9) 2z = 2 ; 2z1 #  2zz2

exxl + exx2

(10) exx = 2 ; exxl = 2exx - exx2
eyyl + eyy?2

(11) eyy = 2 ; eyyl = 2eyy - eyy2

(12) ezz = ezzl = ezz2

Substituting the equivalents for exxl and eyyl, from equa-
tions 10 and 11 respectively, into equations 1-4, and
reducing the equations, the following values for exx2 and

eyy2 are obtained:

[(cl1 + ¢'11) - (C12 + C'12)] (Cl1l2 - C'12)ezz

(13) exx2 = D
2[Cc11(C1l1 + C'11) - C1l2(Cl2 + C'12) ]exx

+ D
2[Cc12(Cl1 + C'11) - Cl1l1(Cl12 + C'12)]eyy

+ D

[(C11 + C'11) - (€12 + C'12)] (C12 - C'l12)ezz
(14) eyy2 = D

2[c12(C11 + C'11) - C11(Cl2 + C'12) Jexx
D

+

2[(c11(C11 + C'11) - C12(Cl2 + C'12)]eyy
+ D

2 2
Where D = (Cl1 + C'11) - (C1l2 +C'1l2)

Substituting the values obtained in equations 13 and 14
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into equations 5 and 6, and then solving for equation 9,

the following equation is obtained after collecting terms:
2
Cll + C'11 - (C'12 - Cl12)
ezz 2 Cll + C'11 + C12 + C'12

(15) 2z =

Cll C'12 + 2Cl2 C'12 + C'1l1 c12)
+ (exx + eyy) Cll1 + C'11 + C12 + C'12
Substituting equations 13 and 14 into equations 2,4 and
collecting terms produces the following equations:

C11 C'12 + 2€12 C'12 + C'11 C12 >
(16) Xx= ezz T+t Cll +Ccl2 v 012

D

(cll Cc'11 + Cc12 C'12) (€11 + C'll)
+ exx

D

((C'll Cl2 + Cl11 C'12) (Cl1 + C'11
D

N

(C11 c'11 + C12 C'12) (Cl2 + C'12)
D

(
o (-
(
(

((C'll c12 + C11 C'12) (Cl2 +C' 12)'>)

N
—

Cll + C'11 + C12 + C'12)

(Cl1 C'12 + 2C12 C'12 + C'11l Cl12)
(17) Yy= ezz

(C'11 C12 + Cl1l1 C'12) (Cll + C'11)
D

N

D

(Cl11 c'11 + €12 Cc'12) (C1l1 + C'11)
D

(C11 C'11 + €12 €'12) (C12 + c'11)
- exx (2(
(2 )

S~ SN~ NS

+ eyy

((c'll C12 + C11 C'12) (C12 + c'1zl))
D

- eyy (2

The formulas in equations 15-17 were verified for the iso-

tropic case by letting C11 = C'll , and Cl12 = C'12 .
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The shear stress-strain relationships must now be
developed to obtain the remaining elastic moduli. On the
face of the elemental volume perpendicular to the 2Z-axis it
is required that the stress vary across the face in order

to insure constant strain. This leads to the following

equations:
(18) Yzl = C44 eyz
(19) Yz2 = C'44 eyz
Where,
Yzl + Yz2
(20) Yzl # Yz2 ; Yz = 2

(21) eyz = eyzl = eyz2
Substituting equations 18 and 19 into equation 20 the
following equation is obtained:

C44 + C'44
(22) Yz =( 2 ) eyz

Proceeding for the other shear stress, Xy, on the face of
the elemental volume perpendicular to the Y-axis, the
strain varies across the face and stress remains constant

and the following results are obtained:

(23) Xy = Xyl = C44 exyl = Xy2 = C'44 exy2

Where,
exyl + exy?2
(24) exy # exyl # exy2 ; exy = 2
2C44 C'44
(25) Xy = C44 + C'44 exy

Using the results obtained in equations 15, 16, 17,

22 and 29, we can determine the elastic moduli for the
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transversely isotropic model material. The elastic moduli

are as follows:

2
_ cll + c'11 - (C'12 - c12)
(26) C33 = 2 ClII +C'11 + Cl12 + C'12
_ Cll C'12 + 2C12 C'12 + C'11 C12
(27) C13 = CIl + C'11 + C12 + C'12
_ (C11 C'11 + €12 C'12) (Cl1l + C'11)
(28) C11 = 2 D
(C'11 cl12 + Cl11 c'12) (Cl2 + c'12))
- D
_ ((C'll Cl2 + C11 C'12) (Cl1 + C'11)
(29) Cl12 = 2 D
(C11 c'11 + €12 C'12) (Cl2 + C'12) )
- D
_ c44 + C'44 _
(30) C44 = 2 = C55
_ 2C44 C'44 Cl1 - C12
(35) C66 = Cd44 + C'44 = 2

Where Eij = elastic moduli of component model.

In order to compare the theoretical model to the
anisotropy observed in the study the velocity surfaces for
the theoretical model must be obtained. This can be done
by selecting values for the elastic moduli of the two diff-
erent isotropic materials in the model and using the velo-
city equations derived for transversely isotropic material

by Bennett (1968). The velocity equations are as follows:
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2 ((Eu + E:'44)> 2 ((633 + 3:'44)) 2
+

2p sin @ 2p cos @
2

+[ ((611 - 844)) 2 ((6‘33 - Ca4)\ 2
- 2p sin @ - 2p | cos @

2 2 2 1/2
C44)) sin @ cos @ ]

2 (55;6) 2 (% 2
(33) Vv = P sin @ + P cos @
3

+
)
al
w
‘g [+
|

V1 = P wave velocity

V2 = SH wave velocity

V3 = SV wave velocity

p = density

@ = angle between propagating wave and the Z-axis

For P wave propagation parallel to the Z-axis equation
32 reduces to this:
2 C33
(34) vV = P
1
For SV wave propagation parallel to the Z-axis equation 33

reduces to this:

2 C44
p

(35) Vv
3

Equations 34 and 35 hold for isotropic material, with

_ T11 - C12
C66 = 2

It is assumed that the density for both materials in
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the model is equal to one in order to eliminate this varia-
ble from the equations. The Poisson's ratio can be deter-
mined from the equations‘below using the ratio of P wave to
SH velocity at the 40 feet depth in the 090 direction of
the survey:

2 2 (P -1)
2P -1 ; P

R Poisson's Ratio

Where,

A ratio of the velocities between the two different
isotropic materials which composes the model were deter-
mined by iterative modeling. The Basic program listed in
Appendix V was used to find the ratio which gave the model
a percent anisotropy similar to the observed P wave aniso-
tropy of the study. A ratio of 1.83 yielded a P wave

percent anisotropy of 15.6% for the model. Therefore,

vp'  Vvs'
vp = Vs = 1.83
Where,
Vp' = P wave velocity for material one
Vs' = SH wave velocity for material one
Vp = P wave velocity for material two
Vs = SH wave velocity for material two

The velocities for each isotropic material in the model

were again determined by iterative modeling. The
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velocities which yielded the closest match to the fastest

P wave velocities observed in the study are listed below:

Material One: Vp' 12,290 ft./sec.

Vs' = 7,446 ft./sec.
Material Two: Vp = 6,716 ft./sec.
Vs = 4,069 ft./sec.

The faster velocity for material one approximate the velo-
cities determined for ice crystals and ice sheets, and the
slower velocity of material two approximate the velocities
for snow layers (Bennett, 1968; Bentley, 1972).

The computer program takes the above input and deter-
mines the independent elastic moduli for each istropic
material using equations 34 and 35. The program then sub-
stitutes these elastic moduli into equations 26-31, and
then determines the elastic moduli of the transversely iso-
tropic model material. Substituting these values into
equations 32 and 33, the velocity surfaces for the three
types of seismic body waves are determined.

The velocities for each type of seigmic wave for the
model are listed in Appendix VI, Table 42. The velocities
are determined for different angles of propagation relative
to the Z-axis of the model. The theoretical and observed
velocity surfaces are compared by aligning the 2Z-axis of
the model with the north-south (090) orientation of the

survey and then plotting.
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The P wave velocity surfaces for the model and those
observed in the study are plotted in Figure 47 and show
good correlation. The 090 direction is the maximum on both
velocity surfaces with the other directions being lower.
This indicates that the 090 direction, or north-south
orientation in the survey, is parallel to the axis of
symmetry of a transversely isotropic material. The Z-axis
is horizontal and north-south in orientation. This is the
direction which is parallel to the major axis of the
sastrugi in the area. The percent anisotropy of the
observed and theoretical P wave velocity surfaces are Both
15.6%. The P wave arrivals in the survey are the most
reliable of the three wave types due to the strength and
high velocity of the P waves.

The SH wave velocity surfaces are plotted in Figure
48 and do not show a good corrélation between the observed
and the model. The model velocity surface is more cuspate
than the observed surface. The percent anisotropy of the
model is also higher than the observed at 7.4% and 3.9%,
respectively. The SH arrivals are not as reliable as the P
wave arrivals due to the weaker strength and slower
velocities of the SH waves.

The SV wave theoretical and the observed SV(+) wave
velocity surfaces are plotted in Figure 49 and also show a
poor correlation. The observed velocity surface is more

cuspate than the model velocity surface. As a result the
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percent velocity anisotropy for the observed is much higher
than the model at 15.6% and 1.8% respectively. The SV wave
arrivals are probably the least reliable arrival of the
three wave types. This is due to the SV wave weaker
strength, slower velocity, and the large amount of P wave
energy generated by the SV source.

The results of this section indicate a good correla-
tion between the theoretical transversely isotropic model
and the observed P wave velocity surfaces. The poor corre-
lation between the Shear wave velocity surfaces of the
model and the observed is probably due to unreliable Shear
arrivals interpreted from the survey and differences be-
tween the theoretical model material and the material with-
in the study area.

The P waves appear to be the most reliable of the
three wave types due to the strong P wave arrivals observed
in the survey and the good correlation of observed and the-
oretical velocity surfaces. Therefore, based on the P wave
analysis, the near surface layers within the study area are
consistent with a homogeneous transversely isotropic mater-
ial that has a—north-south, horizontally oriented axis of
symmetry. This transverse isotropy is probably due to the
north-south oriented ridges of hard sastrugi interlayered

with snow in this area.
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FIGURE 47: Velocity surfaces for P waves.
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FIGURE 48: Velocity surfaces for SH waves.



89

SV Wave

— Observed

rsrsrs, Theoretical

6000

Velocity Ft./Sec.
o
o

5000
0 45 90 135

Survey Orientation

FIGURE 49: Velocity surfaces for SV waves,



Chapter 8

CONCLUSIONS

Velocity anisotropy in the surface layers of the
study area is observed for P, SH, and SV waves. The devel-
opment of patterns in the velocity surfaces with increasing
depth is the best indicator of this anisotropy. The corre-
lation between velocity surfaces and energy radiation pat-
terns further supports the presence of anisotropy as op-
posed to directional heterogeneity.

The anisotropy of the surface layers in the study
area differs from the anisotropy observed by others in the
deeper zones of the ice shelf (Bennett et al., 1979). The
surface layers exhibit strong P wave velocity anisotropy of
15.6% . The deeper zones, which are believed to be
anisotropic due to crystal orientation, exhibit a small
variation in P wave velocity with no pattern being
apparent. Also, maximum P wave velocity anisotropy is 7%
for a single ice crystal (Bennett, 1968). Therefore, the
observed anisofropy of the surface layers in the study area
is not due to crystal orientation but is probably struc-
turally related.

A theoretical model composed of alternating prisms of

two elastically different, but isotropic materials, is

90
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developed to test the idea that the observed anisotropy is
structural in origin. The model is based on the presence
of abundant ridges of hard sastrugi oriented north-south,
alternating with softer snow or hoarefrost between the
ridges in the study area. The model is shown to be
transversely isotropic and velocity surfaces for the model
are determined. The good correlation between the observed
and the theoretical P wave velocity surfaces indicate that
the surface layers in the study area behave as a homogen-
eous, transversely isotropic material, in so far as elastic
waves are concerned.

A 360 degree survey is needed to definitely conclude
that the complete centrosymmetry associated with transverse
isotropy is present. However, within the limits of this
study it is concluded that the surface layers are probably
transversely isotropic with a horizontally oriented, north-
south axis of symmetry. This anisotropy appears to be
structurally related to the oriented sastrugi interlayered
with snow in the study area. The axis of symmetry for the
transverse isotropic surface layers is parallel to the

north-south majbr axis of the sastrugi.



RECOMMENDATIONS

The first recommendation for any seismic survey that
is conducted for the purpose of detecting anisotropy is to
do a complete 360 degree survey at a minimum of 45 degree
intervals. This is necessary in order to demonstrate com-
plete centrosymmetry of the seismic data, which is impor-
tant in determining the presence and type of anisotropy.

A certain degree of centrosymmetry may be demonstrated
without the benefit of a 360 degree survey, as shown in
this study.

More information and statistics on the exact orienta-
tion and dimensions of any observable surface features,
such as the sastrugi in this study, would aid the study of
structural anisotropy and theoretical modeling.

An analysis of dispersion of surface waves would also
be useful in the study of anisotropy. Dispersion of sur-
face waves has beén demonstrated to occur in multilayered
anisotropic media (Crampin, 1970). An attempt was made in
this study to determine if dispersion of surface waves had
occurred, but the results were inconclusive and are not

presented.
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TABLE 1:

X

10

15

20

30

40

50

60

70

80

90

100

000°

18.5
21.0
22.0

22.8

APPENDIX I

Time - Distance Data

045°

10.7
13.3
16.0
17.3
19.3
21.2
23.0

24.0

P WAVE TIME-DISTANCE DATA

090°

135°

12.2
15.2
17.0
18.7
20.0
21.3
23.7

25.2

X= Distance from geophone to source in feet.

All arrival times are in milliseconds.
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TABLE 2:

X

10
15
20
30
40
50
60
70
80
90

100

000°

26.7
29.3
32.0
34.3
36.3

38.2

SH (+)

045°

30.3
32.8
34.7
36.6

38.5

94

090°

35.1
36.9

39.0

WAVE TIME-DISTANCE DATA

135°

29.2
31.8
34.0
36.1

38.0

X= Distance from geophone to source in feet.

All arrival times in milliseconds.
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TABLE 3: SH (-) WAVE TIME-DISTANCE DATA

X 000° 045° 090° 135°
5 4.1 4.0 4.5 5.0

10 7.8 8.1 8.7 8.7

15 11.0 11.9 11.2 12.3
20 14.4 15.0 14.7 15.0
30 19.3 19.9 19.5 20.5
40 23.3 24.1 23.7 24.3
50 26.8 27.0 26.8 27.2
60 29.5 29.7 29.6 29.7
70 32.0 32.1 32.0 32.2
80 34.3 34.7 33.8 34.5
90 - 37.0 35.8 36.7
100 38.6 39.2 38.0 39.3

X= Distance from geophone to source in feet.

All arrival times in milliseconds.



96

TABLE 4: SV (+) WAVE TIME-DISTANCE DATA

X 000° 045° 090°
5 - 3.4 -
10 3.8 5.8 4.9
15 7.8 9.0 7.3
20 10.0 11.9 9.7
30 14.2 16.8 14.3
40 18.0 21.0 18.7
50 21.8 24.5 22.2
60 25.3 27.0 25.2
70 28.5 29.3 28.0
80 30.5 31.3 31.0
90 32.3 33.5 33.8
100 34.5 35.2 36.3

X= Distance from geophone to source in feet.

All arrival times are in milliseconds.
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TABLE 5: SV (-) WAVE TIME-DISTANCE DATA

X 000° 045° 090° 135°
5 5.7 4.2 6.5 4.8

10 8.3 5.8 7.8 8.0

15 9.7 8.5 9.3 10.1
20 11.8 10.6 12.3 11.8
30 15.5 14.7 16.5 14.7
40 18.8 18.5 20.0 18.3
50 21.9 21.0 22.2 20.7
60 23.8 23.2 24.3 23.0
70 25.8 25.3 26.5 25.1
80 27.3 27.2 28.3 27.0
90 29.0 29.0 30.2 29.6
100 30.5 30.7 31.8 31.0

X= Distance from geophone to source in feet.

All arrival times are in milliseconds.
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TABLE 6: SH WAVE AVERAGE TIME-DISTANCE DATA

X 000° 045° 090° 135°
5 4.1 4.0 4.5 4.4

10 7.7 8.3 8.8 8.0

15 10.9 12.1 11.8 11.3
20 14.2 15.4 15.0 14.4
30 19.0 20.1 20.1 19.9
40 23.1 24.2 24 .4 23.9
50 26.8 27.4 27.7 26.9
60 29 .4 30.0 30.3 29.5
70 32.0 32.5 32.6 32.0
80 34.3 34.7 34.5 34.3
90 36.3 36.8 36.4 36.4
100 38.4 38.9 38.5 38.7

X= Distance from geophone to source in feet.

All arrival times are in milliseconds.



TABLE 7:

5-20
30

40

50

60
70-100

TABLE 8:

5-29
30

40

50

60
70-100

TABLE 9:

5-30
40

50
60-100

TABLE 10:

5-20
30

40

50

60
70-100

APPENDIX II

Power and Log Curve Statistics

POWER CURVE STATISTICS P WAVE 000°

.712658223
1.011783336
1.199506653
1.233088758
1.149851049
1.281259094

POWER CURVE

.689876559
.979334980
1.188297463
1.196013120
1.062076762
1.258755148

POWER CURVE

.746936462
.995869188
1.172715564
1.436387484

.797354222
.691214517
.644657076
.639791967
.656722991
.629824736

STATISTICS P WAVE

.815747246
.709189401
.656440282
.655090162
.684078129
.643131813

STATISTICS P WAVE

.767617137
.688309387
.645253164
.593654704

POWER CURVE STATISTICS P

.726396056
.805514795
1.007915978
1.330216395
1.820739529
2.024549775

.819105900
.783446468
.717756238
.643396038
.567180729
.5433894-1

R2

.984870292
.9928233854
.996988701
.995602373
.994593573
.994372872

045°

.985296078
.991108293
.996485635
.995249457
.995892901
.994631391

090°

.987256241
.996525647
.998295918
.992437967

WAVE 135°

.998129476
.992963874
.986410030
.980324647
.990208766
.990474957

X= Distance between source and geophones.

a &b =

R? =

Regression coefficients.

Correlation coefficient.

99
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TABLE 11: POWER CURVE STATISTICS SH WAVE 000°

X a b R2

5-15 1.040080752 .863651901 .998305050
20 1.263309265 .794811213 .996437059
30 1.515373996 .738444498 .996406864
40 1.932789965 .669465463 .997643294
50 2.366544972 .615781125 .996220868
60 2.907047418 .564525791 .996876421
70 3.498293293 .520455886 .999641907
80-100 3.516233967 .519234005 .999511874

TABLE 12: POWER CURVE STATISTICS SH WAVE 045°

5-15 .973950078 .911332580 .991273923
20 1.485088538 .765314577 .992221286
30 1.995824241 .674606861 .996004819
40 2.490912424 .611863081 .997356949
50 2.989057248 .563726895 .996778930
60 3.586696353 .518549391 .999432078
70 3.833369882 .502751000 .999932560
80-100 3.784978876 .505751052 .999870096

TABLE 13: POWER CURVE STATISTICS SH WAVE 090°

5-15 1.225097718 .832802738 .995505323
20 1.597794738 .742100733 .999135394
30 1.763547685 .709704960 .996686839
40 2.211081150 .644948668 .995144391
50 2.946752681 .569072671 .994078255
60 3.897517586 .499402298 .997047718
70 4.540336680 .463053129 .999216924
80-100 4.564106730 .462235607 .998840311

TABLE 14: POWER CURVE STATISTICS SH WAVE 135°

5-15 1.138262110 .844763092 .999753417

20 1.301622797 .796082269 .997710551
30 1.616119436 .727205894 .993669473
40 2.106242804 .651320992 .990070315
50 3.037058964 .555825081 .997352223
60 3.509250342 .520239314 .999952278
70 3.565922667 .516393423 .999942652

80-100 3.404684512 .527256048 .999620029
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TABLE 15: POWER CURVE STATISTICS SV(+) WAVE 000°

~

X a b R?

5-30 .460861991 .994278730 .974229731
40 .798837799 .843760509 .999823712
50 .876409966 .817656683 .998043451
60 1.078491297 .764171024 .992985117
70-100 1.382063464 .704083341 .988383503

TABLE 16: POWER CURVE STATISTICS SV (+) WAVE 045°

5-20 .814808913 .880476561 .997002185
30 .868452080 .856143933 .991429114
40 1.179581001 .768727709 .991464101
50 1.548789999 .695881721 .989182077
60 2.137442271 .615581921 .991657550
70-100 2.756820081 .555007438 .996636592

TABLE 17: POWER CURVE STATISTICS SV(+) WAVE 090°

5-30 .598390527 .924542718 .997837064
40 .697135078 .879619990 .995758820
50 .836255583 .830970787 .994660246
60 1.079754449 .767542008 .996693518

70-100 1.310712735 .721691888 .999728532



TABLE 18:

X

5-20
30

40

50

60
70-100

TABLE 19:

5-20
30

40

50

60
70-100

TABLE 20:

5-20
30

40

50

60
70-100

TABLE 21:

5-20
30

40

50

60
70-100

102

POWER CURVE STATISTICS SV(-) WAVE 000°

a

2.129022074
1.902081804
1.720469959
1.933684555
2.341073455
2.876030866

POWER CURVE STATISTICS SV (-)

1.188614370
1.017472349
1.249567627
1.467062562
1.946985449
2.416871293

POWER CURVE STATISTICS SV(-)

2.252072751
1.636623809
1.638277683
2.167616655
2.696399042
3.013743094

b

.585340323
.6183396897
.643677013
.611474131
.563336004
.514340791

.734045743
.776174814
.717259518
.673821668
.603385750
.552303596

.576283925
.668098344
.664740546
.591402449
.537577845
.511415315

2
R

.992332190
.994010621
.997535282
.994096163
.991851930
.994590001

WAVE 045°

.990758806
.994949335
.994270958
.990737815
.993427184
.999932805

WAVE 090°

.962363632
.991174987
.986548134
.992173907
.997063093
.999348339

POWER CURVE STATISTICS SV(-) WAVE 135°

1.829572645
2.015753177
1.958580770
1.913338347
1.854370764
2.128746617

.622032044
.593585864
.601161944
.606422061
.614453368
.581849339

.996800897
.998223062
.998083070
.997741374
.996451077
.998442715



TABLE

EVENT
P 000°
P 045°
P 090°
P 135°
TABLE

SH 000

22:

23:

[

SH 045°

SH 090

o

SH 135°

TABLE

SV (+)
SV(+)
SV (+)

SV (-)
SV (-)
SV (-)
SV (-)

a &b

c= Constant.

2

R“= Correlation coefficient.

24:

000°
045°
090°

000°
045°
090°
135°

a

-60.19555771
-66.04290443
-36.24888239
-50.64644613

-69.18200250
-52.98719266
-54.10215801
-61.66946683

-95.52275447
-70.99645479

-152.37948543

-66.20504628
-70.14081758
-72.42353287
-88.58476191

103

LOG CURVE STATISTICS P WAVES

b

16.93815095
18.27424715
12.11525068
15,62046596

LOG CURVE STATISTICS SH WAVES

22.43262792
19.33007445
19.50654268
20.97148297

LOG CURVE STATISTICS SV WAVES

26.66818215
22.12059965
37.24211816

19.85069509
20.73168646
21.30139303
24.00830956

= Regression coefficients.

36
38
18
25

21
14
15
18

32
23
58

32
30
34
45

R2

.9968273832
.9977331136
.9984717190
.9972357891

.999786073
.999808036
.999504995
.999401828

.998501353
.998789422
.999694795

.998465210
.998598657
.996483254
.998622312



APPENDIX III

Velocities and WHB Depths

TABLE 25: VELOCITIES AND WHB DEPTHS F WAVE 000°

X V(ft/sec) V(m/sec) D(ft) D (m)

5 2421 738 0.8 0.25
10 2716 828 1.9 0.59
15 3011 918 3.2 0.98
20 3306 1007 4.7 1.42
30 3897 1187 7.8 2.38
40 4487 1367 11.3 3.43
50 5077 1547 14.9 4.54
60 5668 1727 18.7 5.70
70 6258 1907 22.6 6.90
80 6848 2087 26.7 8.13
90 7439 2267 30.8 9.38
100 8029 2447 35.0 10.65

TABLE 26: VELOCITIES AND WHB DEPTHS P WAVE 045°

5 2353 717 0.8 0.25
10 2627 800 1.9 0.58
15 2900 884 3.2 0.96
20 3174 967 4.6 1.39
30 3721 1134 7.7 2.33
40 4268 1301 11.1 3.37
50 4816 1467 14.7 4.46
60 5363 1634 18.4 5.61
70 5910 1801 22.3 6.79
80 6457 1968 26.3 8.01
90 7004 2134 30.4 9.25
100 7552 2301 34.5 10.51
X= Distance from source to geophones in feet.

\Y%

Velocity at distance X in feet/sec. and meters/sec.

D= Depth of penetration.
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TABLE 27: VELOCITIES AND WHB DEPTHS P WAVE 090°

X V(ft/sec) V(m/sec) D(ft) D (m)
5 1898 579 1.2 0.35
10 2311 704 2.6 0.80
15 2724 830 4.3 1.31
20 3137 956 6.1 1.86
30 3962 1207 9.9 3.03
40 4787 1459 14.0 4.27
50 5613 1710 18.2 5.55
60 6438 1962 22.6 6.87
70 7264 2213 27.0 8.22
80 8089 2465 31.4 9.58
90 8914 2717 36.0 10.96
100 9740 2968 40.5 12.35

TABLE 28: VELOCITIES AND WHB DEPTHS F WAVE 135°

5 1921 585 1.0 0.30
10 2241 683 2.3 0.70
15 2561 780 3.8 1.15
20 2881 878 5.4 1.64
30 3521 1073 8.9 2.72
40 4161 1268 12.7 3.87
50 4801 1463 16.7 5.08
60 5442 1658 20.8 6.33
70 6082 1853 25.0 7.61
80 6722 2048 29.3 -8.91
90 7362 2243 33.6 10.24
100 8002 2438 38.0 11.58
X= Distance from source to geophones in feet.

V= Velocity at distance X in feet/sec. and meters/sec.
D= Depth of penetration.
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TABLE 29: VELOCITIES AND WHB DEPTHS SH WAVE 000°

X V(ft/sec) V(m/sec) D(ft) D(m)

5 1159 353 1.1 0.34
10 1382 421 2.5 0.75
15 1605 489 4.1 1.25
20 1828 557 5.8 1.77
30 2274 693 9.5 2.89
40 2719 829 13.4 4.08
50 3105 946 17.0 5.18
60 3611 1100 21.8 6.64
70 4057 1236 26.1 7.95
80 4502 1372 30.5 9.29
90 4948 1508 34.9 10.64
100 5394 1644 39.4 12.01

TABLE 30: VELOCITIES AND WHB DEPTHS SH WAVE 045°

5 983 300 1.3 0.40
10 1242 378 2.9 0.88
15 1500 457 4.7 1.43
20 1759 536 6.7 2.04
30 2276 694 10.7 3.26
40 2794 851 15.0 4.57
50 3311 1009 19.4 5.91
60 3828 1167 23.8 7.25
70 4346 1324 28.4 8.65
80 4863 1482 33.0 10.06
90 5380 1639 37.6 11.46
100 5898 1797 42.3 12.89

X= Distance from source to geophones in feet.

<
]

Velocity at distance X in feet/sec. and meters/sec.

o
[l

Depth of penetration in feet and meters.
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TABLE 31: VELOCITIES AND WHB DEPTHS SH WAVE 090°

X V(ft/sec) V(m/sec) D(ft) D (m)

5 1025 312 1.3 0.40
10 1282 391 2.9 0.88
15 1538 469 4.6 1.40
20 1794 547 6.5 1.98
30 2307 703 10.5 3.20
40 2820 859 14.7 4.48
50 3332 1015 19.1 5.82
60 3845 1172 23.5 7.16
70 4358 1328 28.0 8.53
80 4870 1484 32.6 9.93
90 5383 1640 37.2 11.34
100 5896 1797 41.8 12.74

TABLE 32: VELOCITIES AND WHB DEPTHS SH WAVE 135°

5 1097 334 1.2 0.37
10 1335 407 2.6 0.79
15 1574 480 4.3 1.31
20 1812 552 6.1 1.86
30 2289 698 9.3 2.83
40 2766 843 14.0 4.27
50 3243 988 18.2 5.55
60 3719 1133 22.6 6.89
70 4196 1279 27.0 8.23
80 4673 1424 31.4 9.58
90 5150 1569 36.0 10.97
100 5627 1715 40.5 12.34
X= Distance from source to geophones in feet.

V= Velocity at distance X in feet/sec. and meters/sec.

Depth of penetration in feet and meters.

o
1
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TABLE 33: VELOCITIES AND WHB DEPTHS SV (+) WAVE 000°

X V(ft/sec) V(m/sec) D(ft) D(m)

5 1387 423 0.8 0.27
10 1575 480 2.1 0.62
15 1762 537 3.4 1.04
20 1950 594 4.9 1.49
30 2325 769 8.2 2.49
40 2700 823 11.7 3.57
50 3075 937 15.5 4.72
60 3450 1051 19.4 5.91
70 3825 1166 23.4 7.13
80 4200 1280 27.5 8.39
90 4575 1394 31.7 9.66
100 4950 1508 33.8 10.31

TABLE 34: VELOCITIES AND WHB DEPTHS SV(+) WAVE 045°

5 1266 386 1.0 0.31
10 1492 455 2.4 0.72
15 1718 524 3.9 1.19
20 1944 592 5.6 1.70
30 2396 730 9.2 2.80
40 2848 868 13.0 3.97
50 3300 1006 17.1 5.20
60 3752 1143 21.2 6.47
70 4204 1281 25.5 7.717
80 4656 1419 29.8 9.09
90 5108 1557 34.2 10.43
100 5560 1694 38.7 11.78

TABLE 35: VELOCITIES AND WHB DEPTHS SV (+) WAVE 090°

5 1692 516 0.7 0.20
10 1826 556 1.6 0.46
15 1966 599 2.6 0.80
20 2094 638 3.8 21,16
30 2363 720 6.5 1.97
40 2631 802 9.4 2.88
50 2900 884 12.6 3.85
60 3169 - 966 16.0 4,88
70 3437 1047 19.5 5.95
80 3706 1129 23.2 7.05
90 3974 1211 26.9 8.19
100 4243 1293 30.7 9.36
X= Distance from source to geophones in feet.

V= Velocity at distance X in feet/sec. and meters/sec.
D= Depth of penetration in feet and meters.
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TABLE 36: VELOCITIES AND WHB DEPTHS SV(-) WAVE 000°

X V(ft/sec) V(m/sec) D(ft) D(m)

5 1864 568 0.9 0.27
10 2116 645 2.1 0.62
15 2368 722 3.4 1.04
20 2620 798 4.9 1.49
30 3123 952 8.2 2.49
40 3627 1105 11.7 3.57
50 4131 1259 15.5 4.72
60 4635 1412 19.4 5.91
70 5138 1566 23.4 7.13
80 5642 1719 27.5 8.39
90 6146 1873 31.7 9.66
100 6650 2026 36.0 10.96

TABLE 37: VELOCITIES AND WHB DEPTHS SV(-) WAVES 045°

5 1688 514 0.9 0.28
10 1929 588 2.1 0.64
15 2171 662 3.5 1.07
20 2412 735 5.0 1.53
30 2894 882 8.4 2.55
40 3377 1029 12.0 3.65
50 3859 1176 15.8 4.81
60 4341 1323 19.8 6.02
70 4824 1470 23.8 7.26
80 5306 1617 28.0 8.53
90 5788 1764 32.2 9.82
100 6271 1911 36.5 11.13

X= Distance from source to geophones in feet.
V= Velocity at distance X in feet/sec. and meters/sec.

D= Depth of penetration in feet and meters.
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TABLE 38: VELOCITIES AND WHB DEPTHS SV (-) WAVE 090°

X V(ft/sec) V(m/sec) D(ft) D(m)

5 1831 558 0.9 0.26
10 2066 630 2.0 0.61
15 2300 701 3.3 1.01
20 2535 773 4.8 1.45
30 3005 916 8.0 2.43
40 3474 1059 11.5 3.50
50 3943 1202 15.2 4.63
60 4413 1345 19.0 5.80
70 4882 1488 23.0 7.01
80 5352 1631 27.1 8.25
90 5821 1774 31.2 9.52
100 6291 1917 35.5 10.80

TABLE 39: VELOCITIES AND WHB DEPTHS SV(-) WAVE 135°¢

5 2083 635 0.7 0.23
10 2291 698 1.8 0.53
15 2499 762 2.9 0.89
20 2707 825 4.2 1.29
30 3124 952 7.2 2.18
40 3540 1097 10.4 3.17
50 3957 1206 13. 4.21
60 4374 1333 17.4 5.31
70 4790 1460 21.2 6.45
80 5207 1587 25.0 7.63 .
90 5623 1622 29.0 8.83
100 6040 1841 33.0 10.06

X= Distance from source to geophones in feet.
V= Velocity at distance X in feet/sec. and meters/sec.

D= Depth of penetration in feet and meters.



APPENDIX IV

Log of Energy Radiation Values

LOGS OF ENERGY RADIATION VALUES P WAVES

045°

11.0137
10.3854
9.5492
8.9045
8.4748
9.0437

090°

11.4508
10.8729
10.0200
9.5863
8.9586
9.3887

135°

11.5236
10.4827
10.0684
9.5927
8.8813
9.2580

LOGS OF ENERGY RADIATION VALUES SH WAVES

TABLE 40:

X 000°

10 10.6987
20 10.6196
40 10.4710
60 9.3871
80 8.6906
100 8.4865
TABLE 41:

10 12.6939
20 12.4726
40 12,1141
60 10.1092
80 9.5929
100 9.2400

X= Distance from source to geophones in feet.

13.2402
11.8509
12.0334
11.1936
9.8939
9.8849

13.2924
12.8379
12.4672
10.8206
10.0273

9.7721

111

13.09381
NA
12,1049
11.0021
9.6636
9.7081



APPENDIX V

Basic Program for Determining Model Velocities

100 "THIS PROGRAM WILL COMPUTE THE ELASTIC CONTSTANTS FGR TWO DiFFERENT ISOTROPIC MATERIALS.
110 *THE USER MUST INPUT ONE POISSON'S PATIC FOR THE MATERIALS, THE RATIO GF F WAVE VELOCITIES
120 "FOR THE MATERIALS, AND THE P WAVE VELOCITY CF THE FASTER OF THE TW.

130 "THE PROGRAN WILL THEN DETERNINE THE ELASTIC CONSTANTS FOR A TRANSYERSELY ISOTROPIC MATERIAL
140 "COMPOSED OF ALTERNATING PARALLEL PRISMS OF THE TWO MATERIALS DEFINED. VELOCITIES FOP
150 *P, SV, AND SH WAVES ARE THEN COMPUTED. THE VELOCITIES ARE COMPUTED FOR WAVES TRAVELING
160 AT VARYING AZIMUTH TO THE Z-AXIS OF THE TRANSVERSELY ISOTROPIC MATERIAL. THEY ARE

170 *COMPUTED FROM 0 TO 135 DEGREES IN S DEGREE INCREMENTS. MAXINUN AND MININUMVELOCITIES FOR
180 EACH TYPE OF WAVE ARE USED TO CONPUTE PERCENT ANISOTROPY,

199 CLS

200 P1=3.141593

210 INPUT *ENTER YOUR POISSON'S RATIO:*,PO

220 INPUT "ENTER THE RATIO BETWEEN PWAVE VELOCITIES OF THE TWO DIFFERENT MATERIALS:*.RAT

230 INPUT "ENTER THE PWAVE VELOCITY OF THE FASTER MATERIAL:®,VP

240 R=SOR( (2#(PO-1))/(2#P0-1))

250 Y5=VP/R

260 VP1=YP/RAT

270 YS1=VP1/R

280 C11=YP~2

290 Chb=Ys"2

300 C12=YP~2-i2#(V5°2))

310 DI1=VP1*2

320 D44=V51*2

330 D12=YP1"2-128(V51"2))

300 K33=(C114D11)/2-(({D12-C12)°2)/(C11+D1L+CIR4D12})

350 K13=(C11#D12+2¢C126D12+D11¢C12)/ {C11+4D114C12¢D12)

360 K12=K13

370 K21=K12

380 FK11=((C118D11+C126D12)#(C11#D11) 1/ ({C11+D11)"2-iC124B12)"2)

390 SK11={(D11#C12+C11D12) #(C124D12) )/ ((CL1+D11)"2-(C12¢D12) "2}

400 K11=2#({FK11-5K11)

410 FK12=((D112C12+C114D12)#(CH1#DIL) )/ LICIL+D11) 2-{C12¢D12)"2)

420 SK12=((C11#D11+C12¢D12) #(C12¢D12))/({CI1¢D11)"2-{C1R+D12) 2)

430 K12=2#(FK23-5K23)

440 K31=K12

450 K32=K13

460 K44={C44+D44)/2

470 K55=(24Ca8D44)/ (C44+D4A)

480 Kbb=K11-K12)/2

490 CLS

500 PRINT "THIS IS A TABLE OF BODY WAVE VELOCITIES FOR THE FOLLOWING®

£10 PRINT

520 PRINT *A TRANSVERSELY ISOTROPIC MATERIAL WITH'

112



113
Basic Program Continued

530 PRINT °"POISSON’S RATIO=",PO

540 PRINT "PWAVE VELOCITY RATIO BETWEEN MATERIALS=",RAT
530 PRINT "PWAVE VELOCITY OF MATERIAL ONE=",VP

560 PRINT °SHWAVE VELOCITY OF MATERIAL ONE=*,YS

570 PRINT "PWAVE VELOCITY OF MATERIAL TWD= *,YPi

580 PRINT °SHWAVE VELOCITY OF MATERIAL TWO=",VS!

590 PRINT

600 PRINT

510 PRINT

520 PRINT °DESREES®,"P VELOCITY®,°SH YELOCITY*,"Sy VELOCITY®
630 PYELMAX=0

640 PVELMIN=100000!

550 SYVELMAX=0

560 SYVELMIN=10000!

670 SHYELMAX=0

680 SHVELMIN=100000!

£30 FOR X=0 TO 135 STEP S

Shh w=YsR1 180

1V WELUSiYE ¢

720 Z={SIN(Y)"2)

T30 VIL=U(KI1eK04) 72) 8240 (K3I4Ka4) /21 ol

750 VIR1={i{K11-K44)/2)#Z2-111FI2-K44} /2 eli "2

750 VI22=(K13+4K44) 2824M

760 VI2F=SERIVI2L+VIgR)

770 PVEL=SR(VIL+VIZF)

780 SHVEL=S@R{VI1-VIgF)

790 SYVEL=SOR!Z#Ko6+WEKGY )

800 PRINT X,PVEL,SHVEL,SVYEL

810 IF PVEL:PVELMAX THEN PVELMAX=PVEL

820 IF PVEL{PVELMIN THEN PVELMIN=PVEL

830 IF SVVEL>SVVELNAX THEN SVVELMAX=SYVEL

840 IF SYVEL{SVVELMIN THEN SYVELMIN=SYVEL

850 IF SHVEL)SHVELMAX THEN SHVELMAX=SHVEL

840 IF SHVEL{SHVELMIN THEN SHVELMIN=SHVEL

870 NEXT

880 PANISO=100#(2#{PVELMAX-PYELMIN} )/ {PVELMAX+PVELMIN)
890 SVANISO=100#(2#({SVVELNAX-SVVELNIN' ) {SYVELMAX+SYVELNIN}
900 SHANISO=100#(2#(SHVELMAX-SHVELMIN) }/{ SHVELMAX+SHVELMIN)
910 PRINT '

920 PRINT

930 PRINT °WAVE TYPE","VEL MAX®,°VEL MIN","YX ANISOTROPY®
940 PRINT

950 PRINT "P WAVE®,PVELNAX,PVELMIN,PANISO

960 PRINT °SV WAVE®",SYVELMAX,SVVELMIN,SVANISO

970 PRINT °SH WAVE®,SHVELMAX,SHVELMIN,SHANISO

980 END

0k



APPENDIX VI

TABLE 42: VELOCITIES FROM ANISOTROPIC MODEL

@ P WAVE SH WAVE SV WAVE
0 9741 6000 6000
5 9737 5989 5999
10 9727 5959 5997
15 9708 5910 5993
20 9679 5850 5988
25 9639 5782 5981
30 9585 5715 5974
35 9516 5654 5965
40 9431 5607 5956
45 9330 5579 5947
50 9214 5573 5938
55 9086 5592 5929
60 8948 5636 5920
65 8805 5699 5913
70 8664 5776 5906
75 8536 5858 5901
80 8430 5930 5897
85 8359 5982 5894
90 8334 6000 5893
95 8359 5982 5894
100 8430 5930 5897
105 8536 5858 5901
110 8664 5776 5906
115 8805 5699 5913
120 8948 5636 5920
125 9086 5592 5929
130 9214 5573 5938
135 9330 » 5579 5947
@ = Angle between direction of propagating wave and the

Z-axis

All velocities are in feet/second.
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