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ABSTR.ACT

In August 1969, the Seismology Division of the Dominion

Observatory detonated a series of chemical explosions in

Greenbush Lake, British Coh.rmbia; the project is known as

"Project Edzoe". A total of twenty explosions were attempted

in 180 feet of water. The seismic field crer^r from the

Department of Earth Sciences, University of Manitoba, ob-

tained eight seismic record.s along an east-west profile in

southern Saskatchewan and. Manitobai recording distances were

in the range 790 to 1285 kilometers.

Signal frequencies on the records vrere less than 7 Hz¡

noise frequencies were generally above 7 Hz. Analog play-

backs increased the signal to noise ratio by about 68 per-

cent; digital filters offered no improvement over analog

playbacks.

An upper mantle velocity structure consisting of a

Iinear velocity-depth grad,ient, below the base of the crust,,

accounts for fírst arrival tímes. However, uncertainty of

crustal structure beneath the shot point and record.ing sites

produces uncertainty in the velocity at the base of the

crust and the velocity gradient irnmediately below it. A

second arrival, following the first within about one second,

can be explained by a rapid increase in velocity grad.ient

vt-r-



occurring betr^/een depths of about L20 and 150 kitometers.

Evidence is given for the existence of a very low gradient

following the rapid increase.
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CHAPTER I

INTRODUCTION

In August 1969, the Seismology Division of the Dominion

Observatory d.etonated a series of chemical explosions in

Greenbush Lake, British Coh¡mbia. The purpose of t'he explo-

síons was to assist Canad,ian and U. S. universities and

government agencies to carry out crustal and upper mantle

investigations. A total of 20 explosions were attempted in

180 feet of water. A singile component instrument was main-

tained at Lrrrnby, 98 kilometers from the shot point. The

project is called "Project Ed,zoe".

The seismic field crew from the Ðepartment of Earth

Sciences, University of Manitoba, successfully obtained eight'

seismic records along an east-west profile in southern Saskat-

chewan and Manitoba. The recording equipment., which includes

the Texas Instruments Incorporated VLF-2 refraction system,

is described by Hajnal (1970). The recording stations have

been given the names S1 to 58. Figure I shows the locations

of the shot, point and recording sites ¡ Fíg. 2 sho¡,rs the

recording site geometry. Locations and distances of the

recording sites, and times, charge weights and amplitudes

at Lumby of the corresponding shots are given in Table I.

Locations and distances of recording sites are given for
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geophone (channel) 1. The shot corresponding to record Sl

!'tas a partial misfire due to improper priming. Distances

were determined from Fortran program "1 Origin Many

Locations" kindly'provid.ed by the Department of Physics,

University of Alberta. The program computes distances on

the basis of the L924 international constants for the

referencee11ipsoid(Internationa1Dictionaryof.Geophysics,

L967',)



CHAPTER II

SEISMIC FTLTERS

The purpose of this chapter is to give bases of

description of seismic filters and to describe existing

filtering techniques on these bases.

Bases of Description of Seismic Fílters

. The purpose of any seismic filter is to extract signal

from a seismic record consisting of signal plus noise. The

' observer defines those seismic events which are signal and

those which are noise. Once signal and noise are defined,

a seismic filter is accordingly defined. Thus, filtering
techniques are described in terms of the definit,ion of

signal and. noise.

2. The general filtering method is also a basis of des-

cription. General filtering methods include physical, rnath-

ematical or digital, and electronic methods.

3. The specific filtering method applied is the final basis

of description. This part of the description includes exact

mathematical, electronic or physical details of the

technique.



Glossary of Seismic Filtering Techniques

Following is a descriptíon of several, but, by no means

all, filtering techniques which are presently employed in

seismology.

Array úaÐelength fiLten.' a physical deconvolution filter.
Seismic events of a specified wavelength are rejected by

means of suitable shotpoint-d,et,ector geometry. Usually

Rayleigh and. Love waves are considered to be noise. Holzman

(1963) describes how Chebyshev polynomials may furnish

optimum shot-detector geometries for given problems. Roden

(1965) applies wavelength filtering to teleseisms.

DeconooLution filter.' a filter which performs the inverse

process of any of the filtering processes resulting from the

passage of seismic energy through the earth. Deconvolùtion

is equivalent to the commonly used term 'inverse convolutionr.

Rice (L962) discusses a mathematical approach to inverse

convolution filËers.
Fnequeney band-pass fiLter.' a filter which accepts those

seismic events within a certain frequency range and rejects

those events which are outside of this range. This type of

filter is effective when there is a marked separation between

signal and noise frequencies. Frequency filters may be

electrical or digital.
Laser beam fíLtering: is effective in removing both coherent

noise and incoherent noise from a seismic variable density

record. Velocity and frequency filt,ering by means of laser



beam are discussed by Dobrin et aL. (1965 | L967).

Motion product fiLten.' a physical filter which combines

voltages of a three component seismometer in order to sup-

press random noises arriving f rom all directions. lrThite

(L964) describes such a filter.

MuLtí,channeL fiLtez,.' a filter which acts on more than one

trace of a seismic record. Àny multichannel filter inher-

ently uses redundancy as a noise reducing mechanism.

MultipLe refLection deeonuoLution fiLter.' (also called

"Ghost Elimination Filter") a d.econvolution filter which

separates primary reflect,ions (signal) from multiple

reflection (noise). Lindsey (1960) discusses the realiza-

tion of such a filter by means of an analog feedback system.

Goupillaud (1961) uses a direct approach to filtering

multiples. Hammond. (L962) d.escribes a physical ghost elim-

ination filter. Silve rmart et aL. (1963) approach the prob-

lem of multiples by means of "Murac", an analog computer.

Schneider et aL. (1965) combine mu1t,íchannel digital fil-

tering with stacking to removè primary reflect,ions from

multiples plus noise. Anstey et aL. (1966) show the effec-

tiveness of sectional auto-correlograms and sectional retro-

correlograms in separating primary and multiple reflections.

Non-Linear fiLten.' a filter designed for non-stationary

time series input. Robinson (L967) presents non-linear

filter theory. Clarke (1968) describes time varying d.econ-

volution fílters.
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?ptímun filteri a filter which is desígned on the basis of

some optimalíty condition; because of complexities generally

encountered as a result of the optimality conditions, optimum

filters are usually digital.
Predictiue filten: a filter which removes random events

from a seismic record by predicting future values of a given

stationary stochastic process. Usually predictive filters
are liliener filters; the prediction operator is calculated

such that Èhe predicted. output is as close as possible (ín

the least, squares sense) to a particular desired output.

Predictive filters are described in detail by Robinson(1967).

Predíctiue deconuolutíon fiLten.. a predictive filter which

removes undesirable seismic energy responses caused by the

earth. Discussion is given by Robínson (Lg67).

Reeursioe fíLter.' a filter which produces output which is
a function of both input and past output values. The term

"recursive" is used when the filter is digital; an electrical
recursive filter is called a feedback filter. Meyerhoff

(f966) describes a combination stacking and optimum feedback

system. Shanks (L967) gives a general discussion of
recursive filters. Usually recursive filters are computa-

tionally efficient.
S taeking fiLter.' a filter which removes random noise by

means of simple addition of several seismic traces. The

terms "mult,iple coverage" and "common depth (reflection)
point" are associated with the stacking technique; channels

representing common reflection points are stacked to remove
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random noise. Stacking filters are more effective than

frequency filters when there is an overlap in signal and

noise frequencies, however, they are not designed for the

removal of coherent noise. Stacking filters are discussed

by Mayne (L962) and Galbraith et aL. (1968).

VeLoeíty fíLter.' a deconvolution filter which accepts a1,1

seismic events within a specified apparent velocity band and

rejects seismic events outside of this band. Thus noíse of

freguency and wavelength, which faII in the signal frequency

and wavelength ranger Rây often be removed on the basis of

apparent velocity separation. A fan filter is a velocity

filter which passes events that have apparent velocities
which faIl within a certain fan-shaped region ín the

frequency-wavenumber p1ane. The "pie-slice" filter described

by Embree et'aL. (1963) is another example of a velocity

filter.
Wiener fiLter.' an optimum filter. The optimality condition

is that the actual output be as close, as possible to some

specified desired output (in the least squares sense).

Wiener fíltering is d.escrÍbed by ïfiener (L949) and Robinson

(Le67l.

Names which have been given to filtering techniques in
the literature have been derived. on the basis of either

broad or specific characterist,ics of the technique. As a

result of thísr âny specific filter may have a combination

of titles. An example of this is the "optimum multichannel



1t

velocity deconvolution filter" described by sengbush eú aL.

(1968).



CHAPTER III

FILTERING TECHNIQUES EMPLOYED

Signal frequencies are below 7 Hz and noise frequencies

are generally above 7 Hz on the records from the present

experiment. Digital and analog fittering rtrere used in an

attempt to remove white noise from the records; it was found

that digital filtering offered no advantages over simple

analog playback filtering.

Digital Filtering

Ànalog to digital conversion was carried out by means

of the Radiation Inc. A/D converter. All twelve channels

were digitized for each record,. The digitizing interval
used was L.7L milliseconds; hence, the aliasing frequency

was about 300 Hz, which is well above signal frequencies.

The Radiation converter is described in detail by Hajnal

(1970). All digital processing was done on the IBM 360/65

at the Department of Computer Science, University of Manitoba.

Digital seismic data was plot,ted by means of the Calcomp

750/563 plotting systern.

Multichannel Digital Prediction Filtering

Multichannel digital prediction filtering v¡as attempted

L2
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by means of Fortan computer programs written by Burgess

(1969). The programs are based on the mathematical theory

of prediction described by Robinson (1967). Basically, the

program package written by Burgess consists of: "predict 1",

a program which computes a general multichannel least squares

liliener filter; and "mftconv", a subroutine which performs

multichannel convolution of this filter with segmented input.

The eight vertical traces on a few sample seismic records

were processed by thís technique. Results Ì^rere unsuccessful;

the normalized prediction error of realizable length optímum

filters was approximately 0.7. A large predÍction error in
this case could be attributed to the fact that there were

not enough traces (only eight) to comprise a sufficient
multichannel stationary random process.

In'any event, this multichannel prediction technique is
designed for the pred.iction of first arrivals only

Low-pass Digital Filtering
A digital seismic filter Fortran program package has

been written for the DeBartment of Earth Sciences, University

of Manitoba, by Hajna1 (1970). Programs within this package

used were:

fu.ndpass.' a program which computes weighting coefficienÈs of

a bandpass filter and. determines the frequency response of

the computed filter
ConooLo: f ilters the seismic d.at,a with a set of weighting

coeff icients calculat,ed by "bandpass".



T4

PLotmod.' prepares seismic data for plotting.

The bandpass filter computed by "band.pass" has weighting

coefficients, bt, defíned by

ì - l+lbr = f{sin [2n (h+f . ) rJ sin [2n (h-f 
o ) r] ] (r -,;' I

-n < t < +n ...(3.1)
where,

. fo = center frequency of ideal band.pass filter.
h = half-width of ideal bandpass filter.

+(1 - ñ) = Fejer weighting factor.
t = timeo

Figure 3 shows the frequency response curves of digital
low-pass filters Frr Fr, F' F+, described in Tab1e II. An

increase in length from 100 to 200 results in a marked

improvement, in frequency response for both (0-5) Hz and (0-I0)

Hz filters.

Figure 3 suggests that Fn would be effect.ive in
increasing the signal to noise ratio of the seismic data.

Figures 4 and 5 show record 55 unfiltered and filtered with
F4 respect,ively. The signal to noise rati.o of the unfil-
tered record is approximately L.6¡ the signal to noise ratio
of the F u f ilt.ered record is approximately 2.7 . Thus, the

signal to noise ratio is increased by about 68 percent.

There is a certain ambiguity in the definition of the

signal frequency band. Even though each seismic phase

consists of frequeniies of 7 Hz or less, the superposition

of two or more seismic phases contains small wavelets of
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frequency as high as L2 Hz. Small interference wavelets are

valuable in determining the onset of seismic phases. In

view of this fact, it was necessary to have a compromising

low-pass filter which would remove a sufficient amount of

noise and leave a sufficient, amplitude of wavelets such that

the net effect would be the production of readable seismic

records. Filter Fu is such a compromise.

Despite the fact that good digitally filtered record.s

can be obtained with existing programs' "convolv" has dis-

advantages. The seismic data are stored on tape in the form

of J',202 two-byte words. The first two words of a block

identify the record and block numbers; the other 1200 words

consist of 100 samples from each of Èhe L2 seismic channels

(0.171 seconds of seismic informati-on per channel) " During

the convolution process, five blocks of data are read. into

core at a time (this is about 0.885 seconds of seismic

information per channel). Thus, when it is desirable to

process large amounts of data (25 seconds or more), "convol.v"

becomes input-output bound. Furthermorer "convolv" performs

convolution in the time domain, and this is a slow process.

In present form, "convolv" uses about 75 minutes CPU time

to process 25 seconds of seismic data for twelve channels,
'a d.igitizing rate of 1.710 milliseconds, and a filter of

length 2OO. Thus, for large amounts of data, "convolv" is

also CPU bound.

The efficiency of "convolv" could be increased by'

19
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decreasing the digitizing rate,

decreasing filter length,

performing convolution in the frequency domain

with the fast Fourier transform method described

by Robínson (1967).

Analog Filtering

Figure 6 shows the frequency response characteristics

of the \ILF-2 system. The curve for 8 Hz is very similar to
the curve which describes fílter Fo in Fig 3. Figure lle is
an (0-8 Hz ) analog playback of record. 55; this is to be

compared wíth record 55 filtered. with digital low-pass

filter Fo (rig. 5). Very good results rdere obtained with
(0-8 Hz) analog playbacks; thus, it was not necessary to use

digital filtering. Figures lla to Ilh are the (0-8 Hz)

analog playbacks of records Sl to S8.

For long range refraction experiments, signal fre-
quencies are very low; the VLF-2 system is designed for such

experiments. Digital bandpass filtering would be an improve-

ment over analog playback filtering for studies such as near

vertical reflection experiments, in which signal frequencies

are higher. In cases such as these, severe limitations are

placed on the analog playback system. Hajnal (1970) shows

vast improvements by digital filtering techniques on near

vertical reflection records.

1.

2.

3.
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Frequency response of the \ILF-2
refraction system.

Fig. 6"



CHAPTER IV

INTERPRETATTON

An interpretation of the first two arrivals P, and P2,

is given in this chapter. Both arrival were found to be

the result of rays whích penetrate the upper mantle.

Unfortunatelyr îo detailed information about the crustal
structure under the shot point and recording sites has been

publÍshed. Uncertainty of crustal structure resulted in
uncertainty in mantle structure deduced from mantle arrivals.
Pr and P 2 are shown on the records in Figs. lla to 11h.

DeF,ermination of Upper Mantle Velocity

from Fírst Arrival Ti¡nes

For the distance range of thÍs experÍrnent, rays which

penetrate the upper mantle emerge as.first arrivals. To

account for observed first arrival times, upper mantle

linear velocity-depth functíons of the form given by equa-

tion 4.1 were consídered.. \

Vp=Vr rZ =Z^

Up=Vm+M(Z Z^1 , Z

22
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:

where

V^=PwavevelociÉy
L¿

V* = velocity at the base of the crust

Z^ = depth to the base of the crust

!,1 = linear velocíty-depth gradient in the upper

mantle (seconds-r)

Ranges of acceptable values of V, , the velociÈy at the

base of the crust, and M, the upper mantle gradient, depend

upon not only the actual fírst arrival ti¡nes, but also the

choíce of crustal structure and required. accuracy of travel
times.

Uncertaínty in Crustal Ståucture

Despíte the fact Èhat, there is no detailed crustal
information, it is still possible to restrict the crustal
structure to certain ranges. McConnell and McTaggert-Cowan

(1963) have calculated the mean crustal velocity and depth

to Moho for shields and stable Ínterior platforms (Table III).
A range of crustal velocities, 6.34 È 0.27 km,/sec, and

crustal thicknesses, 4I.06 t 7.78 kilometers, produces a

range in crustal delay tímes associated with rays which

travel through the upper mantle. Acceptable values of V*

and M were determíned for the following crustal models:

Crustal Mode1 A; velocity = mean = 6.34 kmr/sec

crustal thickness = mean = 4L.06 km

This model prod.uces an average crustal delay time.
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TAbIC TIT

Mean Crustal Structure for Shields and' Stable

Interior Platforms (I'tcConnell and McTaggart-Cowan' 1963)

Crustal Velocity . Crustal Thickness
(km/sec) (kn)

#

Mean

Star¡dard
Deviation

6"34

0.27

4L.06

7.'18
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Crustal Mode1 B; velocity = mean - standard devíation

= 6.07 kmr/sec

crustal thickness = mean + standard deviation

= 48.84 km

This model produces a maxj:num delay time.

Crustal Model C; velocity = mean + standard deviation

= 6.6L km/sec

crustal thÍckness = Inean standard deviation

= 33.28 km

This model results in a minimum delav ti:ne.

Determination of V and M

Allowable ranges of V* and M for a gíven crustal model

and a'specified. accuracy of arrival ti¡nes were determined by

examining the normalized root mean sguare error function , EL,

defíned by:

where

= theoretical first arrival time at the ith station

= observed first arrival ti¡ne at the íth station

= number of stations at which the fírst arrival is
observed = I

For a chosen crustal model, E¡ is clearly a function of

v- and ItÍ only, since each t* is a constant. A mini¡num in themL

T.
l-

ti
N
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function u, (Vm , M) occurs when,

?E'=13'=oäv* ÐM
. . . (4'2)

and corresponds to optimum values (in the least squares

sense) of V* and M. El (Vm , M) could possibly be written as

an explicit function of V* and M; optimum values of V,n and M

could. then be determÍned by solvíng equation 4.2. However,

sínce the parametric equations relating tíme and distance

for a spherical geometry and linear velocity-depth functions

are very complicated, calculations have been performed using

the IBM 360/65 computer

Table IV shows calculated values of E, (seconds-l ) for
various values of V* and M, assuming the average crustal

model A; the table shows trends in the function Er. For

each of the values of V* between 7.90 and 8.10, there is a

value of M between 0.0005 and.0.007 which corresponds to a

minimum ín Er. For V* = 8.15 and Vrn = 8.20, the table

suggests a minimum in E, will be founã for M less than

0.0005. For each of the values of M between 0.0005 and 0.006

there is a value of V* between 7.gO and 8.20 which corresponds

to a,minimum in Er. For M = 0.007 a minimum will occur

when V* is less than 7.90.

The scanning grid of (Vm , M) values in Table rV is
neither fíne enough nor extensive enough to determine

acceptable solutions for a gíven error; the purpose of the

table is to show the general nature of the error function Er.
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The error function has been calculated wíth a grid spacing

of AV, = 0.02 km/sec and AM = O.Oo01 seconds-l for each of

crustal models A, B and C.

Table V shows the results for crustal model A. For

each value of V* , values of E1 are given for the range of
M which shows E¡ passing through a minimum. Each value of

V* has a minimum value of E1 which corresponds to an

optimum M. The set of minimum values of E1 also has a miní-
mumi thís is shown in Table VI. It should be noted. that
the mini¡num value of E¡ for V* = 8.14 kmr/sec, V* = 8.16

kmr/sec, and V, = 8 .18 km/sec has been taken as the value

corresponding to M = 0, since negative gradients have not

been considered..

In accordance with Table VI, the

for any V, less than 7.98 km/sec must

0"57 seconds and the minimum value of

than 8.18 km/sec must be greater than

Table V furnishes acceptable values of
given error in observed arrival ti¡nes

modeL A).

For each crustal model acceptable

form,

¡níni¡num value of E1

be greater than

E¡ for any V* greater

0.65 seconds.

V* and M for a

(assuming crustal

values of Vrn of the

0.50 seconds

V. and VO

v"svmsvb

were found for first arrivaL time accuracies of

and 0.30 seconds. For each value of V* between
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there is an acceptable range of M of the form,

M"5MSMb,M"ì0

Tab1e VII lists V" and VO for the three crustal models.

Table VIII gives it{_ and \ corresponding to acceptable

of V*. For a gíven crustal model, acceptable values of
which are lower have higher values of M. Crustal model

represents ¿ui average crustal delay timei accordingly,

solution values of V, and M are intermediate. Crustal

Solution C:

values

v
m

A

model B represents a maximum delay time; hígh values of V*

and low values of M are required for a solution. Crustal

model C represents a minimum delay time; low values of V*

and high values of M are required.

The effect of crustal structure upon the solution of
upper mantle velocity is more easily seen by comparing the

best solutions of V* and. M for each crustal structure.
Solutions A, B and C are the best solutions of Vo, and M

assuming crustal structures A, B and. C respectively;

Solution A: = 8.I0 kmr/sec, M = 0.0017 sec-t,

= 0.22 sec

= 8.32 km/sec, M = 0 sec-I,

= 0.37 sec

= 7. 88 kmr/sec, M = 0.0036 sec- t ,

= 0.27 sec

Solution B:

Figure 7 shows solutions A, B and C graphically. Table IX

Iists theoretical and observed first arrival times, and

v
m

E,

v
m

Et

V
m

Et
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TAbIe VII

Solutions of V¡¡r U. 5

for Crustal Mode1s A,

v*Ívo
B, and C

Crustal
Ìlodel

Accuracy of
First Arrival
Times (sec)

.50

.30

.50

.30

.50

.30

v^
(km,/Ëec)

8.00

8. 06

8.28

7. g0

7.86

A

B

c

No Solutions

V¡
(kmlsec)

8. 16

8. 14

8. 34

7.96

7.90
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Table VIII

Solutions of M, M. a M S %, for First
Arríval Time Accuracies of 0.5 sec and 0.3 sec

Crustal Model A

0.5 sec Accurg¿ 0. 3 sec Accuræg

v
m

(km/sec)

8.00

8"0.2

8. 04

8.06

8.08

8. 10

8. 12

8. 14

g. 16

Ma
sec- I )

0.0039

0.0032

0.0027

0.0021

0.0014

0.0005

0

0

0

M.
D

(sec- I 
)

0.0040

0.0039

0.0037

0.0034

0.0030

0.0026

0"0021

0.0014

0.0005

Ma
, -1.(sec - )

0.0027

0.0020

0.0013

0.0004
,o

0.0029

0.0026

0.0021

0.0015

0.0006

%
sec- I
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Table VIII (Continued)

Crust,al Model B

0.5 sec Accuracy

t4
D

ec-

0.3 sec Accuracy

Ma
(sec- I 

)

v
m

t4a
(sec- I 

)

0.0010

.0
0

0

0. 0039

0.0035

0.0031

Mu

(sec- I 
)

0.0041

0.0038

0.0033

(km/sec)

8.28

8.30

8.32

8. 34

7. 80

7 .82

7.84

7.86

7.88

7 .90

7.92

7.94

7 .96

(s t)

0.0047

0. 004 3

0.0039

0.0035

0.0031

0.0027

0.0022

0.0018

0.0014

0.0017

0.0014

0.0009

0.0002

Crustal Model C

0.0052

0.0050

0.0047

0.0044

0.0041

0.0038

0.0033

0.0028

0.0022
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depths of penetratíon of rays whích energe at the recording

sítes for solutíons A, B and c. The range Ín depth at which

the rays bottom depends drastically upon the choice of
crustal structure.

The vel-ocity at the base of t,he crust, and the velocity
gradient wíthin the upper mantle cannot be determined

accuratery on the basis of first arrivar tímes. uncertainty
of crustal structure permits a wide range of values for V*

and M, even when observed first arrivar tÍmes are known to
an accuracy of t0.30 seconds (Table VIII). However, the

velocity-depth functions correspondíng to the best solutions
for a wíde range of crustal structures (A, B and C) do con-

verge with depth as shown in Fig. 7.

Evidence of Upper l4ant,le Velocity Structure

from Second Arrivals

A second event, Pz, has been picked on all of the

records except SI which is of poor quality. On record 52,

Pz has been taken as the third energy arrÍval since the

arrivar time of the second event does not correrate with
arrival tímes of Pz on the other records.

The possibilÍty that P2 is either a murtiple reflection
at, the free surface or a PS conversion has been eli¡ninated.

Green and Hales (1968) have reported strong muttiple
phases (PP, PPP and PPPPI on seismic reçords from project

Early Rise. They point out that', theoretically, these

phases should not be visible for the distances at which they
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have observed them. For a velocity of 6 km,/sec in the

upper part of the crust, P z arrives too early to be a

conventÍonal multiple reflection.
The PS converted wave is composed of SV type motion.

It results from the conversion of energy, in the form of a

refraction, from the parent P wave at the interface between

two crustal layers of contrasting seismic velocity.

Schwind ¿ú aL. (1960) find various multiple PS conversions

on seismic records up to about 400 kilometers. However,

amplitude curves of McCamy et aL. (L962) show that the

ratio of converted PS wave amplitud.e to parent P wave

amplitud.e is very small for distances of this experiment.

For example, for a conversion at a boundary separated by

seismic P wave velocities of 6.0 kmr/sec and 6.5 kmr/sec,

the amplitude ratio is less than 0.05 at a distance of

about 1000 kilometers.

Effect of Rapid Increase in Velocity Gradient

A rapid íncrease in velocity gradient produces a

triplication ín a time-distance plot (Fig. 8). It was

assumed that P, was part of a triplication corresponding

to branch XY in Fig. 8. Observed arrival times of P. hrere

explained by a velocity gradient M, commencing at a depth

Z2 such that M, was greater than the velocity gradient

above 22. For each of solutions A, B, and C, upper mantle

velocity functions of the following form rdere considered:
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Vp=Vt +Mr(Z Ztl ,

Vp = Vt * Yh(Zz Ztl

ZzZz:Zt

+ Mz(Z Zzl , Z I Zz

where

V=
P

(Vr,

N=

Zt=

Zz=

Me=

Zz anð, Mz

P wave velocity in upper mantle

M¡) = best values (in the least squares

V* and M for so1ution..A,, B or C.

depth

sense) of

crustal thickness or crustal model corresponding

to solution A, B or C

depth at which the velocity gradient becomes Mz

ne$t upper mantle gradient such that M2 ;' IvIr

were restricted to values for which:

i) the point y, on Fíg. 8, occurs at a d.istance

greater than L284 kilometers (the largest distance at
!,ùhich P, is observed.) .

ii) the point !ü, on Fig. 8, occurs at a disiance

less than 831 kilometers (the smallest distance at
which P" is observed).

For each of solutions A, B and C, a normalized root
mean square error function, F,2, rfas calculated for increments

of 10 kilometêrs in Z, and various values of M2:

I
Ì=z (riE2=
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$rhere

T, = theoretical arrÍval ti¡ne of P2 at the íth station
L

ti = observed arrival time of P2 at the ith station

N = number of stations at which P2 is observed = 7

The choice of solut,ions A, B or C (and, in turn, the

choice of crustal model A, B or Cl allows variation in the

depth, Zz, at which a rapid increase in velocity can take

place. Following are the values of 22 and M2 for which Ez

ís less than about 0.5 seconds.

CalcuLatíons assuming SoLutíon

22 = L20 kilometers, M2

Zz = I30 kilometers, Mz

Zz = L40 kilometers , Mz

Calculations assumíng SoLution

22 = L20 kílometers, M2

CaLculations assuming SoLution

Zz = 140 kiloneters, Mz

Zz = 150 kilometers, Mz

A (CrustaL modeL il :

0.0155 t 0.0005 sec-r

0.0185 t O.OOO5 sec-l

0.045 t 0.005 sec-r

B (CrustaL nodeL B) :

0.025 t 0.005 sec-l

C (CrustaL nodeL C):

O.O2O5 t 0.0005 sec-r

0.055 t 0.005 sec-r

The best value of E2 is about 0.4 sec;

average crustal model A ís assumed and

M2

ir
Z2

occurs when the

= 130 kilometers,

P2/Pr Amplitude Ratio:

For each of solutions A, B and C, the theoretical Pz/Pt

amplitude ratios, based on geometric spreading, Ì¡rere
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calculated for values of 22 and M2 for which Ez ís less

than about 0.5 seconds. It was found that the pz/P1 ratio

does not change appreciably with eiÈher a change in

solution (crustal model) or changes in (Zz, Mz) values for

a given solution, (crustal model). Thus, acceptable (Zz, ¡nrl

values cannot be restrÍcted further on the basís of amplitude

ratios. However, the theoreticaL Pz/P1 amplitude ratios d,o

show general agreement with observed Pz/P1 amplitude ratios.

Figure 9 shows the theoretíca1 Pz/Pt ratios for solutíon A

Lzz = L30 kilometers, M2 = 0.10 sec-l ) plotted against,

observed values.

Velocitv changes sufficient to qxplain Pz

It has been shown that P2 arrival times arrd, P2/P¡

amplitude ratios can be explained if the velocity gradient

suddenly increases between d.epths of about L20 kilometers

and 150 kílometers. The value of the new gradient, Mz, is

bounded below but, it may tend. to ínfinity. However, M2 need

only exist to a depth Z, such that P2 will theoretically be

observed at a distance of about 83I kilometers (the distance

of station S2). Table X gives Zs, Vn(Za), and Vn(Zz) for

solutions A, B and C, and for acceptable values of 22 and M2.

A linear change of velocity from vp(22) to Vn(zs) between

depths of 22 and, ?,g is sufficient to explaÍn the existence

of the P2 phase at distances as sma1l as 831 kilometers.

For a given solution and a given depth Z, at which M2 begins,

clearly 23 is a function of Mz only. Furthermore, Vp (Zrl
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is purely a function of M^:
2

vp(23) = Yn(zzl * M. x [23(M2) - zrl

The physical situation corresponding to the tinit as M,

tends to infinity is a velocity d.iscontinuity, from which

P, would be a tota.l reflection. AccordingLy, from Table X,

lim 7,3(142, = 22 and lim V-(23) exists and is greater than
M2+æ M2+æ l/
Vg(221. For example, for solution A and, Z, = 130 kilometers,

Vp(zzl = 8.25 km/sec and lim Vp(23) = 8.37 km,/sec. For the
M2+æ

entire range of sotutions, the d.ifference between 
ili_ 

vp(Z3)

and Vp(Zz) is as small as 0.09 km/sec and as large as 0.26

km,/sec. l{hen Zs 2,2 is large, then the difference

Vp(23) - Vp(Z) is also large. For the entire range of solu-

tions, the P, event can be explained by a difference between

Z3 and Z2 as large as about 25 kilometers and a correspond-

íng difference between Vp(23) and Vn(Zz) as large as about

0.45 km,/sec

Uncertainty of crustal sÈructure ì,ras seen to have a

pronounced effect on the determination of the P wave

velocity distribution in the upper mantle based on P¡

arrival times. However, determination of deeper velocity

structure, based on the P2 event, is only slightly affected

by this uncertainty.

Observed arrival times of P, and theoretical Pz arrival

times for solution A, 22 = 130 kilometersr and M, = 0.03

sec-r are listed in Table XI.
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Table XI

Arrival Times of P,

(Theoretical arrival times are given for Solution A,
Z" = 130 km, M, = 0.03 sec-l)

Theoretical
Dist,ance Observed Arrival Arrival

Station Time (sec)

s2

s3

s4

s5

s6

s7

s8

(u*1,

830. 6

898.4

979.9

1030.4

1080.6

L229.4

L284.3

110.56

119. 11

L28.7 3

134.70

140.61

158. 89

16s.06

Time (sec)

LtL.26

r19. 14

L28.68

L34.',62

L40 .54

158. 14

L64 .6s
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Incomplete Tríplication

P¡ and Pe have been considered to be part of a tripli-
cation (segments WX and XY given in Fig. 8. There ís, how-

everr Do event, P3 sêyr observed on the records whích

corresponds to segment YZ in Fig. 8. The absence of a Ps

event could be the result of the existence of a low velocity
zone below 23 or a zone of very low gradíent below 23.

There is no direct evidence for a low velocíty layer, but

it is feasible that a zone of low gradient could produce

â Ps event of very small amplitude such that it would not

be observed. For example, for solution A and 22 = 130

kilometers, M2 = 2.0 seconds-Ì, a velocity gradient Of

1.0 x 10-6 seconds-r, existing below Zs, would produce a

P3 event such that the amplitude ratio Pt/Ps is approxi-

mateJ.y 4 for all distances of the experiment. The ratio
of P1 amplitude to noise amplitude, as stated in Chapter flf,
was found. to be about 2.7: Thus¡ the P3 event would be

buried ín noise. .

Figure L0 ís a reduced time-distance plot showÍng

observed values and the theoretical graph for solution A,

Zz = 130 kilometers, and M2 = 0.03 second.s-l .

Other Arrivals

Arrivals, other than P2, which occur within about

5 seconds after P¡ may be part of minor triplications
(Green and Steinhart, L962\. Since the records are of
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varying quality and the station spacing is Large (up to

150 kílo¡neters), it is difficult to trace events, which may

be part of minor triplícatÍons, from record, to record.

The Þ Phase

The Þ phase is prêsent on all of the records; it is
very strong on all records except S8. Figures 12a and LZb

show Þ on records S2 and, 58 respectively. VelocÍties and

arríval ti¡nes for the P phase are given in Table XII. The

velocity given is the dÍstance divided by the arrival tí:ne.

The P phase arrives at tímes expected. for the direct
lúave, P-. However, for distances of this experiment, P-'sg
theoretícalIy should not be visible. The presence of F

indicates a velocity gradient in the crust.

Results from Project Early Rise

Green and Ha1es (1968) have interpreted, record.s from

Project Early Rise to determine upper mantle sËructure in the

Central United SÈates. Two Earl1z Rise models are proposed.

For Model 1, velocity increases slowly betow the Moho (50 km

depth); a rapid. increase in velocity gradient occurs at 89 km

(the velocity increases by 0.26 km/sec); below 89 km, the

velocity gradient is 1or,{. This model is simirar in form to
the models A, B, and c. Model 2 is simirar to t"Iodel l down

to a depth of about 134 km; at this depth Model 2 includ,es a

low velocity layer 25 km thick. However, observations

explained by the low velocity layer may also be explained by

lateral velocity variation.
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lable XII

F phase

Station

s1

s2

s3

s4

s5

s6

s7

S8

Distance
(km)

793.2

830.6

898.4

979.9

1030.4

1090.6

L229.4

L284.3

Arrival Time
(sec)

131.75

r3g. 3g

L49 .97

164.63

L74.03

180.06

207 .,47

214.65

Velocity
(kmr/sec)

6.02

6.00

5. 99

5. 95

5.92

6.00

5.93

5.98



se
co

nd
s

F
ig

. 
11

a.
 

R
ec

or
d,

 5
1 

(P
la

yb
ac

k)
. 

D
is

ta
nc

e 
=

 7
93

.2
 k

m
.

A
tte

nu
at

io
n 

(d
B

)

I

to
5

C
ha

nn
el

F
ie

ld
R

ec
or

d
P

la
yb

ac
k

F
re

qu
en

cy
F

re
qu

en
cy

1e

18
 

L8

42
 

42

S
et

tin
g

S
et

tin
g

I

ro
ó

18
 

1,
8 

24

42
 

42
 

48

fo
r 

F
ie

ld
 R

ec
or

d
fo

r 
P

la
yb

ac
k 

=
 I

4s
67

89
10

LI

I ro
7

24
 

24
 

24
 

24
 

24
 

24

48
 

48
 

48
 

42
 

42
 

42

=
 1

8 
c.

p.
s.

 
(a

11
 c

ha
nn

el
s)

c.
p.

s.
 

(a
II 

ch
an

ne
ls

)

I

to
8

L2 24 42

(¡ (,



I 
se

co
nd

s 
I

ro
9 

tto

1o

rig
. 

11
b.

 R
ec

or
d 

32

C
ha

nn
el

F
ie

ld
R

ec
or

d,

P
la

yb
ac

k
F

re
qu

en
cy

F
re

qu
en

cy

I Itt

30
 

30

42
 

42

S
et

tin
g

S
et

tin
g

(P
la

yb
ac

k)
. 

D
is

ta
nc

e 
=

 8
30

.6
 k

m
,

A
tte

nu
at

io
n 

(d
B

)

30
 

30
 

30

42
 

42
 

42

fo
r 

F
ie

ld
 R

ec
or

d.

fo
r 

P
la

yb
ac

k 
=

 I

I ll2

30
 

30

42
 

42

=
 1

8 
c.

p.
s;

c.
 p

. 
s.

 (
al

l

89
10

Ll

30
 

30
 

30
 

30

42
 

42
 

42
 

42

(a
11

 c
ha

nn
el

s)
.

ch
an

ne
ls

).

12 30 42

ul È



se
co

nd
s 

I

I t
8

F
ig

. 
11

c.
 

R
ec

or
d 

53

C
ha

nn
el

F
ie

Id
R

ec
or

d
P

la
yb

ac
k

F
re

qu
en

cy
F

re
qu

en
cy

I tt9

I8
 

18

48
 

48

S
et

,ti
ng

S
et

tin
g

(P
1a

yb
ac

k)
. 

D
is

ta
nc

e 
=

 8
98

.4
 k

m
.

A
tte

nu
at

io
n 

(d
B

)

t8
 

18
 

24

48
 

48
 

48

fo
r 

F
ie

ld
. 

R
ec

or
d

fo
r 

P
la

yb
ac

k 
=

 I

I t2
0

24
 

24

48
 

48

=
 1

8 
c.

p.
s"

c.
p.

s"
 (

al
l

89
10

11

24
 

24
 

24
 

24

48
 

48
 

48
 

48
(a

11
 c

ha
nn

el
s)

.
ch

an
ne

ls
) 

.

I l2
l

L2 24 48

U
l (¡



I

12
7

ïq I

r2
8

F
ig

. 
11

d.
 

R
ec

or
d 

54
 (

P
la

yb
ac

k)
. 

D
is

ta
nc

e 
=

 9
79

.9
 k

m
.

A
tte

nu
at

io
n 

(d
B

)

C
ha

nn
el

F
ie

ld
R

ec
or

d
P

la
yb

ac
k

F
re

qu
en

cy
F

re
qu

en
cy

I rq
I

12
se

co
nd

s
9

18
 

18

48
 

48

S
et

tin
g 

fo
r

S
et

tín
g 

fo
r18

 
18

 
18

48
 

48
 

48

F
ie

ld
 R

ec
or

d
P

la
yb

ac
k 

=
 8

I t3
0

18
 

18

48
 

48

=
 L

8 
c.

p.
s.

c.
 p

. 
s.

 (
al

l

89
10

11
12

24
 

24
 

18
 

18
 

18

48
 

48
 

48
 

48
 

48

(a
Ll

 c
ha

nn
eL

s)
.

ch
an

ne
ls

) 
.

I t3
r

(t
l

ch



se
c 

on
ds

I 'q

I

t3
4

F
ig

. 
11

e.
 

R
ec

or
d 

55
 (

P
la

yb
ac

k)
. 

D
is

ta
nc

e 
=

 1
03

0.
4 

km
.

A
tte

nu
at

io
n 

(d
a¡

C
ha

nn
el

F
ie

ld
R

ec
or

d
P

la
yb

ac
k

F
re

qu
en

cy
F

re
qu

en
cy

p2

I

| 3
5

24
 

24

42
 

42

S
et

tin
g

S
et

tin
g

24
 

24
 

24

42
 

42
 

48

fo
r 

F
ie

ld
 R

ec
or

d
fo

r 
P

la
yb

ac
k 

=
 I

I

r3
ó

24
 

24

48
 

48

=
 1

8 
c.

p.
s.

c.
p.

s.
 

(a
ll

89
L0

rr

24
 

24
 

24
 

24

48
 

42
 

42
 

42
(a

ll 
ch

an
ne

ls
).

ch
an

ne
ls

) 
.

I r3
7 L2 24 42

ul \¡



I s
ec

on
ds

t3
9 

I

1e

I 40
F

ig
. 

11
f. 

R
ec

or
d 

56
 (

P
la

yb
ac

k)
. 

D
ís

ta
nc

e 
=

 1
08

0.
6 

km
.

A
tte

nu
at

io
n 

(d
B

)

C
ha

nn
el

F
ie

Id
R

ec
or

d
P

la
yb

ac
k

F
re

qu
en

cy
F

re
qu

en
cy

I t4
l

30
 

30

36
 

36

S
et

tin
g

S
et

tin
g

30
 

30
 

30

36
 

36
 

48

fo
r 

F
ie

ld
 R

ec
or

d
fo

r 
P

la
yb

ac
k 

=
 I

l

14
2

67
89

10
11

30
 

30
 

30
 

30
 

30
 

30

48
 

48
 

48
 

36
 

36
 

36

=
 1

8 
c.

p.
s.

 
(a

11
 c

ha
nn

el
s)

;
c.

p.
s.

 
(a

11
 c

ha
nn

el
s)

.

I

t4
3 t2 30 36

U
l

æ



se
co

 n
 d

s F
ig

. 
11

g.
 

R
ec

or
d 

57
 (

P
la

yb
ac

k)
. 

D
is

ta
nc

e 
=

 L
22

9.
4 

km
.

A
tte

nu
at

io
n 

1a
A

)

I rs
8

C
ha

nn
el

F
ie

ld
R

ec
or

d
P

la
yb

ac
k

F
re

qu
en

cy
F

re
qu

en
cy

1 I

t5

q 9

18
 

18

48
 

48

S
et

tin
g 

fo
r

S
et

tin
g 

fo
r18

 
18

 
24

48
 

48
 

48

F
ie

1d
 R

ec
or

d
P

la
yb

ac
k 

=
 I

I

tó
o

24
 

24

48
 

48

=
 1

8 
c.

p.
s.

c.
 p

. 
s.

 
(a

l1

89
10

11

24
 

24
 

24
.2

4
48

 
42

 
42

 
42

(a
ll 

ch
an

ne
ls

).
ch

an
ne

ls
).

I ró
r

L2 24 42

|,l \0



+ ,q
I s

ec
on

ds
16

4

F
ig

. 
Ilh

. 
R

ec
or

d 
S

B
 (

P
la

yb
ac

k)
. 

D
is

ta
nc

e 
=

 L
28

4.
3 

km
.

A
tte

nu
at

io
n 

(d
n¡

I

tó
5

C
ha

nn
el

rie
ld

R
ec

or
d

P
la

yb
ac

k
F

re
qu

en
cy

F
re

qu
en

cy

I

16
6

24
 

24

42
 

42

S
et

tin
g

S
et

tin
g

24
 

24
 

24

42
 

42
 

48

fo
r 

F
ie

ld
 R

ec
or

d
fo

r 
P

la
yb

ac
k 

=
 I

I

16
7

24
 

24

48
 

48

=
 1

8 
c.

 p
.. 

s.
c.

p.
s.

 
(a

lI

89
10

11

24
 

24
 

24
 

24

48
 

42
 

42
 

42

(a
11

 c
ha

nn
el

s)
.

ch
an

ne
ls

) 
.

I

ró
8

12 24 42

or o



F
ig

. 
L2

a.
 

Þ
- 
ph

as
e 

R
ec

or
d,

 5
2.

 
D

is
ta

nc
e 

=
 8

30
.6

 k
m

.

A
tte

nu
at

io
n 

(d
B

)

C
ha

nn
el

 
I

F
ie

ld
R

ec
or

d 
30

P
la

yb
ac

k 
42

2

30 42

3

30 42

4

30 42

5

30 42

6

30 42

7

30 42

I

30 42

9

30 42

10 30 42

L1 30 42

L2 30 42
ol F



F
ig

. 
Lz

b.
 Þ

- 
ph

as
e,

 R
ec

or
d 

58
. 

D
is

ta
nc

e 
=

 1
28

4.
3 

km
.

A
tte

nu
at

io
n 

(d
B

)

C
ha

nn
el

12
34

56
7

F
ie

ld
 R

ec
or

d 
24

 
24

 
24

 
24

 
Z

A
 

24
 

24
P

la
yb

ac
k 

42
 

42
 

42
 

42
 

48
 

48
 

48
F

re
qu

en
cy

 S
et

tin
g 

fo
r 

F
ie

td
 R

ec
or

d 
=

 1
8 

c.
p.

s.
F

re
qu

en
cy

 S
et

tin
g 

fo
r 

P
la

yb
ac

k 
=

 8
 c

.p
.s

.' 
(a

11

89
1_

0
24

 
24

 
24

48
 

42
 

42
(a

ll 
ch

an
ne

ls
).

ch
an

ne
ls

).

11 24 42

L2 24 42
oì N



CHAPTER V

CONCI,USIONS

Digital filtering techniques offered no improvement

over simple analog playbacks of the seismic records obtained;

the VLF-2 system, which is designed for long range refrac-

tion experiments, was found, to be effective in increasing

the signal to noise ratio of the seismic d,ata.

Pl, the first arrival, arrives at times in accordance

with a velocity function that increases linearly and slow1y

with depth below the base of the crust. Uncertainty of

crustal structure¡ however, produces uncertainty in the

velocity at the base of crust, Vmr. and the velocity gradient

wíthin the upper mantle. An average crustal structure for

ínterior plains and plateaux suggests a value of 8.10 t 0.5

km,/sec for V-, and a gradient, between. 0 sec-t and about'm
0.003 sec-l. Arrivatr times of a second event, Pz, and

observed P2/P, amplitude.ratios suggest a rapid increase in

velocity gradient occurring between depths of about 120

kilometers and 150 kilometers. The incomplete triplication

formed by P, and P, suggests the existence of a zone of low

velocity gradient below the rapid increase. Thus, it is

not necessary to explain the incompiete triplication by the

existence of a low velocity zone.
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APPENDIX I

RAY THEORY AND POSITTVE LINEAR \rELOCTTY-DEPTH GRADTENTS

Travel-ti¡ne and Distance Equations

It was found that for the dístance range of this study

the flat earth approximatíon was inaccurate. The travel

ti¡ne and df.stance of a ray which travels between radii rt

and r, in a spherically stratífied earth are gi-ven by

Bullen (1963).

^ 
= .p /rt r-1 (n2-p')-4 a,

tz
... r.I

[ = ,l=' î2r-r (n2-p2 l-9, dr . . . T.- 2
t2

p = + sin o ... I.3

where,

Â = angular distance travelled by ray

T - travel time of ray

r = distance from center of earth to point on ray path

o = angle between direction of ray path and radíus

vector

V = velocity (a functíon of r only)

p = ray parameter (constant for each ray)

n=r/v
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An earth ¡nodel consisting of any number of spherical

she1ls, for which the velocity in the ith shell ís gíven by

equatíon 1.4, has been consídered.

V = rn.r + b.tL ... T,tA

üthere m, and b, are constants. For positive velocity-depth
gradients, *i I 0 and therefor" bi à 0. The following
definitions are useful;

rj = radial coordinat,e to the top of the ith shellL

vi = velocity at the top of the íth shell-

Ai = angular dístance travelled by ray through the

ith she1l

T, = travel time of ray through the ith shell
L ¿ --J

From equations I.1, T.2, and f.4, A and T for the ith shell
are,

Âi = * {'rir'-'rffip' - p2t-à a' ... ï.5

ri = 2 {;î, õr*+rT' tqft.¡= - Pzl-L ar ... r'6

Stewart (1968) solves equations I.5 and f.6. The following
solutíons are based on those given by Stewart, but differ
Ín the following way; expressions of the form ln (x) have

been changed to fn(lxl). For m < 0, the solutions of I.5
and I.6 depend upon Èhe value of C = I - *r'p'.
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c<0

c

o+ 
= {H arcsinrË + mipl + arcsin[-mip +r t::

- i+t

T. -cv+b m.ffi+u. r.,v.
* = rri,Ë arcsínl-n*'r|l + rn(l# -rl),t,i*rlur*,

Q=0

Ai bi -rif = {=ry + arcsin[t + dJ ]-'
'T|&'í+t

T-' 1 V,
* = tfrc,r:- + rntl('lT - Lt/ ,T r) t))tui*,

*+ 
= {\fu-tn ( l-mr6a-pT+ ",re-Zl 

r -*rr" t t

þ = {H rn(l W +rÆ - 
*iÞe'll 

+ arcsinr-mip -},rr;;r:

vi*1

-m.tffi*5, r. V.r_ - a_rlll L, r-

V ri+r'
vi*l

lilhen *i = 0, At and T, arer

^i I . -ri Ti , *- r:
f = {arcostpbr,/rJ tli., -* = {*.rytrl*,
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For a ray which bottoms ín the ith layer, Â, and Ti are

found from one of the above sets of equations by substituting

r" and V" for rí+l and Vr*r.

rB = the radial coordinate at the deepest point of

penetration.

VB = velocity at r".

The total travel ti¡ne and distance for a ray which bottoms

in the nth spherical shell ares

n
À = X A.

i=l L

n
f = E T.

i=I L

Amplitude Ratios (Geometric Spreading)

For an energy source at the earth's surface, the effect

of geometríc spreading on vertical amplitude ís given by

(guIlen , L963, ,

¡2 ^. r tan2e sec2e(1+3tan2e)2 td2Tt ¡^.t
tt

n2sínA (tan2e-sin2e) L{ 4t"r, " tan f * (1+3tan zel' }' 'dA' ' - : .

,,-l
... .' I

where:

A = vertical amplitude at recording site
I = power/unLL solid angle at source .,,

e = angle of e¡nergence at recording site
n = t/V aE surface

cos2f = cos'e/3

Since d2t¡d!,z = L/ð,L/dp, A can be calculated for various
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rays arrr-vrng

ratios can be

at the same distance;

determined.

thus, vertical amplitude
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APPENDIX IÏ

PROGRJ\M IIRAYI' DESCRIPTTON

1" Identification

litle: Calculations of time and d.istance for rays which

travel in an earth model consisting of any

number of spherical shells, in each of which

velocity increases linearly with d.epth.

Programmer: Allan Bates

Date: September I L970

Language: Fortran IV

2. Purpose

To show the effects of spherical shells, in which

velocity increases linearly wíth depthr orr the time-

distance relatíon.

3. Usage

Operational Proced.ure: The main program reads the

input data. Subroutine "Ray" calculates ti-me-distance

tables.

Input Parameters:

NM = number of models for which tables are to be calcu-

lated.

NN = number of layers + I for the models.
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(Z(I), I = l, NN) = depth to the top of the ith layer
(kiloneters) . Z(L) must always be zero.

(VC(I), f = l, NN-I) = velocity at the top of the ith layer
(km/sec).

(M(I) , Í = 1, NN-l) = linear velocity gradient in the ith

layer (seconds-t). M(I) must always be

less than or equal to zero.

CalculaÈed Pararneters

(RC(I), I = I' NN-l) = distance from centre of earth to top

of ith layer (kilometers).

(RD(I) 
' I = L, NN-l) = distance from center of earth to

bottom of ith layer (kilometers).

(VCX(I) ' I = I' NN-l) = velocity at the bottom of the ith

Iayer (km,/sec).

For each rây, the following values are calculated.,

DB = depth at which ray bottoms (kilometers).

RB = distance from center of earth to point at which

ray bottoms (kilometers) .

VB = velocity at DB (km/sec). 
'

IB = number of layer in which ray bottoms.

(DEL(I), f = 1' IB) = half the distance (degrees)

travelled in th.e ith l.y"r.
(TI), f = L' IB) = half the travel time in the ith

layer (seconds).

DIST = total distance travelled (kilometers).

TIME = total travel time (seconds).



7J,

A\ÆL = apparent velocity of time-distance relation at

the distance at which the ray emerges (km/sec).

4. Comments

The program is used. for spherical shells for which the

velocity, V, in the ith shell is,

g = !l(I) x R + B(I) ...II.I

where t

fl = distance from center of earth

B(I) = constant (km/sec)

lfhen velocity is expressed as a function of depth, equation

(If.1) becomes

V = VC (I) - M(I) x (z z (I) ) ...Í.1.2

where Z = depth (kilomeÈers)

Velocity must increase with depth and thus M(I) 5 0.

Equation (I,I .2) ís convenient for determining i,nput para-

meters. Vtithin the program, equation (I.1) is used for

calculations

Following is an example of 'Ray". Calculat,ed values

of DB, DIST, and TIME. are given in the output. The object

program required. 36 k bytes of storage sPace. The central

processing unit time for calculations involving over 600

rays vras O.zzmin.¡ 7.34 seconds of this time was used for

the compile step



: G LLVTL IiJ iiAIt = lr0yo

tDEL{et,T(9)
C PRNGRA\4 RAY CÛMPUTES TTME-DI STANCE TABLES FOR, EARTT-I
C MODELS CÛNSTSTfNG CF Åil]V NUMBER OF SPHER.TCAL SHELLS.
C VEL3CITY INCREASFS LtrNEAß,LV.yiITH DËPTH

i\PUT AS FßLLOI{ST
Itl14=NUMBER tF MûDELS
hlf.l=NUIi4ßER OF LAYERS+I
{,L{l ) ' I=l rNN}=DEPTH Tll TOP 0F ITH LAYER.

{Z(1) MUST ALW.ÀYS BE ZERB}
{VC( I) rI=1'NN-1)=VELûCtTY AT TOP ÐF ïTH LAYER
{i'4( I}1 I=1rNN-1}=LINEAR GRADI.ENT IN IIH LAYER

{M(1I MUST BE I-ESS THAN ÛR ESUAL TO ZERC}
VELOCITY IN EACH LAYER ISI

V=VC ( I I -M {.I ) * | Z-Z { I } } r I'll-iERE 
' 
V=VELDC ITY r Z=DEP TH

C OIJTPUTT
C A TABLE RELATTNG DEPTH T-IF PENETR,ATITN,
C DTSTANIE TRAVELLEDTAND TR.AVEL TTMË
C THE qAÏN PROGRAM READS THE INPUT DATA "CÂLCULAIIONSC AR E I)OI'IE BY SUBR,ûUTI NE R AY

1. C1 FßRMAT I2T5I
LOz FIJRMAT ( 5F 10. 2}
tJ3 FtIRMAT(5F10.5)

RFAD{5r101} NMrt{Il
LL=0
J=irJN- I
F,FÅD{5r102}
READ(5r102)
READ(5,103,

490 CALL RAY{i'.ll.lrJ tZ ¡\lLrRCrRDrVCXr[Jr$' BNTDELTT )

LL=LL+l
TF{LI-.LT.NMI Gü TO 490

96 CÜNTI NUE
CALL EX IT
END

í';A I I'l ¿0/o0 / L6

DUUBLE PREIISIüN Z{10}rVC{9¡,RC(9}rRD(9}rVCX(9} rB( 9) ri\4(9) rBN{9} r
72

C
1
I

L
C

L
L
c
C

Z{ I} r I=1 rNN}
VC(IIr{=1¡Jl
M{ï)rI=lrJl



,',2 ILVLL IB

C
I

C

t,
L

KAY ¿0/ uu / tb

suBRouTI\lE RAY{ N¡¿ tJ ¡ZtVC'RC rRDr VCX r BrM rBf! rDEL rT)
DüUBLE PRECISIBN Z(FlNlrVC{J}rRC{NN}rR.Ð{J}rVCX{JfrB{J)rM(J), 13

lBNI { J },RBI VBTP TDB TDEL{ J) I T { J I I ATF TPHI, DI ST IT IMET PT E I AVEI-,C
C DEF INIT IÛN ÐF P,ARAMETERS ,

{RC{ll ¡f=l'NlN-1}=DISTANCE FROM CENTER, OË EARTH
TT TÛP ßF TTH LAYER

{RD{ I )¡ I=l'NN-I)=DiSTANCE FRûf'4 CENTER 0F EARTI-i
TO BûTTOM OF ITH LAYER

{ VCX ( I ) r I=1r i\ill- 1} =VËLûCI TY AT THE BIìTTOM CIF THË
ITH LAYER,

DB=DEPTH AT !,,HI[,i RAY BOTTCMS
RB=DISTANCE FRÐM CENTER CIF EARTH TT] POINT AT

ì,{HICH RAY BOTTOMS
VB=VELÛCITY ÀT DB
AVEI-=APPARENT VELCICITY OF RAY l^,HICFi BûTT MS AT DB
{DEL{ X} rI=1rí!N-1l=HAl-F TONTRIBUTtrBN OF ITH LAYER

TCI DTSTÁNCE.{DËL{ I I {S CALCULATED
II! I]EGREES )

{I( I } ¡ I=1¡NN-i}=f{ALF CONTRIBUTION 0f ITH

UAI L = IIUgÛ

L
I

C
r
L
t,

L
I

C LAYER TO TRAVEL TÍME
C P=CONVËNTIONAL R.AY PARAM€TER { BULLENI ¡L9631
C THF SUBíìOUTINE USES THE FSLLÐI",|ING RELAT TON FÜR VELOCTTY
C IN THE ITH LAYER ,
C V=MtIlxR+B{lf
C t'jHEF.E iì=DISTANCE FROM CENTER OF EARTI-I

2Cû FORMAT{ tH rl-5XrrNUMBËR. ûF LAYËRS =f rI3)
211 FIIRMAI{1l-i r15X¡t7{I )(K,'l)rrI0XrrVClTl{KM/SEC)trlOXrr¡4{I}{1/SEC)t},
2AZ F0Ri"lAT(11 t/ tLSXrF8.2 r óX'FL3.2rl4X'F11.5)
2C3 F0 RMAT { tH r 15X, TPENETRATI ON {KM) | r BXr I DI STANCË f KMl r r 10X, I TI ME{ SEn }

1r )

ZD4 FûRf'XAT{ 1H rLOXrFl5"2 rl0X tFLz.2 r10XrF9.2l
205 FC|ìM,AT{1H t//l/l

C I,,JRITE INPU.T DATA
l^iR"lTE{ór200} J
tdRITE{ór20tl
DO 50 I=IrJ
hJRITEl6r2O2t Zll )'VC{I) rM{Il

5J CÛNTINUE
1¡¡RITE{6'205}
!iRITE{ór203)

C CALCI¡LATE R.ADIUS OF E/IR.TH AT 50. ?5 DEGREE S LATT TUDE
C RAD I US OF EA RTH=R,C { I I

P I E=3.14L5926535897937DO/ 2,ODO
A=ó378 .3 88 D0
F=1.DOl297.DO
PH I = { 50. 7500*3 . L 4L59 26535897 93 2D0t I I L80. 0D0 }
RC {1 }=A*{1.DO-F¿I( DSIN{ PHI }*DS IN (PHI } }

t+{ 5.D0/8.D0} >FF,¡F'¡(DSIN{ 2.Do*pHI ) }*( DSIN{2.D0*pHi } i t
C CALCTJLATE RC{ I }IRD{ { },VCX{ I } IB{ I I

DtJ 20 I=1rJ
KLI
B( I
VCX

+1J=RC{ 1l-ZlI+L)
=vt{xl-M(I}*fi,f,{I
I l=VC{ I }-M{ I),*{Zt I+1}-Z{ I ) ¡

BN ( I)=B{ I I /DABS,( B{ I I
RD{I}=RC{Ll-Z{I+1}

20 :fiNTINUE
C TN IT I ATE VAN-UE ÛF RAY PARAI\4ETER

P=RC {2' /VC{2 ) +ß.1049D0



:. G I-EVEL IB ' RAY UAI t = llUsU ¿U!AUí L.b

lO P=P-û"05DC
C DETF,q.UINE iF RAY SUFFERS TßTAL REFLECTIGN. IF RAY TS 74
C T0TALLY REFLECTED r THEN IREF=1. TTHERHISË rlR.EF=0'
C ALSO CALCULATE Rß Ai\,¡D VB
C F TNAL VALUE ÛF IB I S NUMBER ßF LAYER. TN b¡HICH RAY BBTTT}MS

IP.EF=0
Dil I I=LrJ
lB=I
IB2=I+1
RB=(P,:B{I))/
VB=14{ I)':RB+B
IF{RB.GE.RT{

1.DO-P*M{Il)

)GßTO70
IF{RI]"LE"RC( I .AND.R,B"GE.RC{T82)} GO TO 2
GûTC1

7O RB=RC{I}
VB,=VC ( I )
IREF=l
ïB=ïB-l
l.iRITF(ór711 IB

7l FTJRMAT(11-{ rrREF FROI\4rrI3)
GÛTÛ2

I COhlTIl'lUE
2 ÐB=RC{1)-R.B

AVEL=VB#RC{1}/RB
C IF RAY BÛTTO|'1S BELOW RËGIÜN ilF TNTEREST I END CALCULATIÛN
C Ft]R PAß.TIC(JLAR MBDEL

TF{IìI].LT.RC( NN} } GÐ TO 30O
DI ST=0.0D0
TIMF=0.ûD0

C F Tl\IÀL VALUE OF I D T STI T S TI]TAL DI STANCE TRAVELLED
C F I|IAL VALUE t]F I T IHE I f S TDTAL TRAVEL TI ME

C DG L0SP l4llJf CH CALCULATES DEL{ I I AND T { I I
DC 4 I=I'IB
c=1.0DO-M{ I ) *M{ I }*P+P
IF{ IREF.EQ.I] GO Tß 60
I F { I "i\,IE, IB ) GN TÛ óO

C SPECIAL ËQUATTÛNS FÛR I-ÅYER IN WHÏCH RAY BTTTDMS
IF(M(I).8Q.0,0D,0) GO T0 45
IF { C} 46 t47 ¡48

45 DEL { i } ={ D¡IRS IN{-ü*RC I I I / { p+DABS { B{ I I } I +M{ I } *p#BN{ I I .| } rM{ I l*
rP/l{-cl*r.5D0}
t+{ DARSTN(-M { r }*p*BN{ I )-P*DABS(B( I I } /RC{ ïl ) }*BN{ I I
1+{ M{ I }*P / | (-Lf #*"5DOl+1.D0) *PIE
T( II=( (DARSIN{ {-f,*VC{I ¡+B{It3 /{P*DABS(M{ r }*B{ rI I } ) ¡

Ll { l-C} **.5D0} +{DLoG{DAtlSl ( DÅBS (M{ X'l }*{ {RC( I }*R.C{ Il'-P*.P*VC{I )*VC{ tr

1) )**"500)
l+DAtsS(B{ I | ìl /{VC( I' )-BN{ I }} ) }*BN(I} }/DABs{M(.[¡ ]
I-{pIE/ { { -; )**.5001+DL0G(DABS{-M( r )*RB/VB} } ) /ÐABS{ M{I } I
GÛTÛ9

)

,( - t. Do-2. DOj.M ( f l *Rc ( I ) /B { I | }*x" 500 ¡ *8N { I )

-{ M( r t*B{I) }/IDABS {M{ I l*B{ r ¡ 
' 

}

47 DEL{ I }=-
1+(DARSII!
I-DABS{ B (T ) /M{ I } ) /RC{ T )},).*BN( [3 +PIE
T( i,=-{ { l.D0-2.DO*VC{ I )/B{ I} l**.5D0

l+DL8G{DABS { { { f.Da-z.DCI*VCt I )/B{ I ) }**,5DO-1.D0)/
1( I l.ft0-2.DO*vt{ I ¡ /B( I } )*#,5D0+1.D0} t } l*{BN( I l/DABS{M( [l ) ]
GD -ïO 9

48 DEI-{tr )={DLOG{DABS { {Rtf trl*RC{ I}-P*P*VC{ I I'xVC( I} }**.5D0
l+RC{ I }t ( 3*x. 5D0t-M{ I 1*B{I },*P*P/ lCx8.5D0l ì I li.{M{ I l*P/



. {r*Lt-vtt- rb i".l\Y LiAIL = f IUYU ¿ul vu/ L6

1{:.'rv¡" 5DO ) } + (DAíìSI Nl(-i,l ( I } üP+BN { I )-P*DABS { t}( I ) } /RC { il) } )

t{.ß}.1{I J-(DL0G( DAtjS{p*B( Il /lC**.5D0ll I )ì.M{ I}*p/{C*+"50CI}+pIE 7S
T{ I l={ DLûG{ ÐABS{ DABS{M(,I ) }*{ {RC( tr )*RC{ I)-P*P*

i+ { ílL 3G ( DABS { ( DABS { M ( i I } *{ ( RC { I } *RC{ I l-P*¡P*VC { I ) *VC ( I } ) *,i.. 5D0} +
1ÐABS{ B(r } } )/{VCf j } }-BN( ì } ) } )*( Bf\trt / ( DÂBS{M{ I } ) } I
l_l DLC'G(DABS{M{ I }*p*U{ I } /(L**.5D0tlll/ {DABS{M{ I}lå.{C**.5D0) I
1-{ DLOG{DAfiS{-Mi Xt*p} } },:.tsN l{.1/ | DABS{M{ I ) ) I
GOTO9

45 DEL{ I }=DARCOS (P¡tB { f )/RC{ I } )

T{ I )={ (RC( I }*RC{ tr)-P*P*B(I }ì18{ I } }**.5D0}/Bl I )
GÛ TCi 9

C ESUATIûNS FDR LAYERS ABSVE LAYER TN |"IHICH RAY BTÎTÛMS
60 IF ( M( I ). EQ. O. ODO} Gt] TÛ 5

IF{C) 6,7r8
5 DEL {I}=(DARStrNt-Cc.RC{ïli. {P*DABS{ B( I } 1f +M{ I)*p*BN{ I t}-

TDARSIN{-C;¡RD(I l/lP>!DABS{B(I)}}+M(tr)+P*BN{I))}'*M(Il*p/({-C}**.5D0}
l+( DARS ïN {-14 { -I r*P*BN{ I )-P*DABS{B( I I }/RCf I
l-DARSIi\¡( -M{ I }i.P*BN{ I l-P¡,.llABS{ B( I } l/RD{ I )*BN{ T I
r { I l= { { DARS IN ( {-C*VC{ I } +B { I } } / { P*DABSf M { I l*B{ I lllt/ ( {-ct**"5D0}

*vc{I}l**.5001
t)

I+{ DLGGI ÐABS { ( DAES { M{ I ) II.{ { RC ( T I;TRC{ I T-P*P*VC{ I
t+DABSI B{ r I l1 /(VC{ I } }-BN{ It } I }i.BNtiì }/{DABS(M{ I
1-{ ( r)AR,SI\{ {-C*VCX{ I )+B( II
I+ { i)LCIG{ DABS ( { DABS (M{ I ) 3*{

/tP*DABS{M{I }*B{ I} } } }} /lI-C }**.5D0t
RDt I ) *RD{ I }-P*Pl.VCX{ I} *VCX{ I } }tt.5D0l

l+DABS{B{ T.l'l | /{VCX( I ) )-BN( I} ) ) lrFBNtll l/ (DABS(M{ I} } I
GÛTOI

lVC{I)*.VC{tr}
1/(DABS(i'.4(I)

7 tlEl-(ï l=-( (-1.Dû-2.110*.M
1+( DARS Ii\ {-{ M{ I l*8( I } t/
l-DABS { B( I }/M { TìJ I/R[,{ T }
l+ ( I _1 

"DO_?_, D0*M{ I } *RD {

1-DLCG{ DABS { DABS ( M{ I
lVCX { i } *{ 3ìkrF.5DO )-B {

å.v¡,5D0l +VC { I }*{ t'FrÉ.5001-B { I ),/ (C**.5D0 ) I } }
*{CÌ.x.5D0}l

J) *RC{ I )/B{ I t }*x"5D0) *BN{ I I
DAtsS{M{I}*B{T}))
}*BN{ I
l/B{Ill**"5D0)*BN{I)

t_( DARS 1\| (_{ M{ T I*B{ T } ) /{ DABS(14 t ]*B(r I ) ¡-DABS{B{r I /M{ I I I
r/RD{{ }}lfBN{lf
T{ I )=-({ 1.DO-2.D0*VC{ I) /B{ [ I ]it;Ì<"5D0+DLBG{DABS{ {{1.D0-2.D0*VC(I}/

1B( I ì )å.*.5D0-1"D0å./
I { ( 1. D0_2.DO+VC { It)/B{ I I ) Ì.*.500+l "D0 ) I } ) *( Bt\,t{ I t./DA,BS{ M { I | } )

1+{ ( 1.D0-2.DOY;VCX{ I I /B{ I ) )**.5D0+
lDLt)G( DABSf { { I .DO-2.D0*VCXI Xl lR { I } )**.5D0-1.D0)
l/ { { 1. D0-2. Dû*VCX{ I } /B{ I.} }**,5D0+1.D0 ) } } }*{'BN { I ¡/DABS {M ( [ ) I ]
G0TO9

B DEL { I t= (Dl-ilG{ DÀBS { (RC { I l*R[ { I t-P*P*VC { t } *VC{ I ¡ ,*+.5D 0
1+RC { I },F( C{.*,5D0}-M( I )*B {I }*PtP/ (C+*.5D0) } )
1_DLGG{ DABS{ (RD{ I t*F,D( ãt_p*p*VCX{ I)*VCX{ I I }*+.5D0
1+RD { I } *{ C**.5D0}-M{ I }+B{ I |,*P,FP /
1+{ DAR.S T\ {-i4 { T } *PXBN { I ) -P#DABS ( B
l-DARS Il,,¡ ( -14 { | } *P,*BN { I l-P*DABS{ B {

Ct¡ìF.5D0l ) ] |*{M{ I }â<P/ (ç*+.500) }
r)t/Rc{rt)
lllRD{I )}}*B,N{I}

T ( I , = { DLûG{ IIABS { DABS { M { I } I * ( {RC { t } *RC { I l-P *P*VC I I,l *VC { I } I **. 5DO¡ +
lVC{ t )*{l*{:" 5D0}-ts{ I I / lC**,5D01 } }

I v..{ {RD( I )*R.U{ I }-pr.p{.VCX{ t }+VCX{I ) )**.5D0' +
¡/(tr.*.5D0r r t 1 / IDABS{M,( I} )*{ C**. 5D0¡ l

1+(DLIG(DABS{ {DABS{M{ I ) t+{ {RC{I l*R,C{ I )-P*P*VC{I }*VC{ I ) )**"5D0}
1+DAB5{ B{ {) I }/ {VC{ It }-BN( I } } }
I-DLI¡G { ÐABS { DABS{M( I ) }*{ (R,D{ I}*RD{ I )-P*P+VCX{ I)*VCX{ I } }**"5D0t
l+DAtsS{Bt I } } f/(VCX( I ) )-BN{ I } } ) }*{BNl1.l l{DABS{M{I}l } )
GNTO9

5 DEL{ I )=DARCûS{P*8 (I )/F.C{I ) )-DARûDS {iP*B( I }/RD{ I I }
Tl I¡={ (RC( I )*RC{ I }-Pj.P*B{ I l*B{ I ) };t*.5D0

1-{ RD{ I ) *R D ( I }-P*P{.8I I } *8{ I } } **.5D0} /B{ I )



G IEVEL"."I'IJ .

I ùIST=I)1SI+RC{ 1l¡tDEL{ I )r..2.D0
TI i4Ë=TIME+I{ I }*2.D0 76
IF(I.NE"IBI GI] Tt] 5OO

C I^JRITE DEPTH CIF PENETF.AT T ON GF RÀY I DI STANCE TRAVELLED
C BY RAY AI\D TRAVEL TIME TF R.AY

i{R.ITE ( ó' 2¡z*¡ DB'DISTt TIME
5 00 c ûltT i l',¡uE
4 COi'ITI NUE

GC TO 10
3OO CtiXiTI NUE

RETURN
EN t)
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