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ABSTRACT

Regional sei smic refraction and wide-angle re-

flectj-on surveys conducted in }lanitoba and norLhern Ontario

i.n recent years have resultecl in similar but differing in-

t.erpreta'tions of structure in the Earthts crust and upper

mantle. The present work was an attempt to determine, from

a moclelling study of the kinematic and amplitude character-

istics of compressional reflected and refracted lvaves pro-

pagating in a sphericalty stratified earth, those events

bottonr-ing in the Earthts crust and upper mantle rvhich would

be most prominent on Seismic records and the optimum range

of observation d.istances at which the arrivals of these

events could be observed.

It was found that the existence of positive vert-

ical velocity gra.dienLs in a crustal layer would severely

reduce the maximum observation distance of p::imary events

bottoming in this layer. The loci of arrival-times versus

distance of refracted. and reflected waves bottoming in the

same crustal layer were also found to convergie with increas-

ing distance thereby complicating resolut.ion of the trvo

events beyond certain distances. One class of reflection

mul'tiples was shown to produce events kinematically similar

to primary reflections !.lhich could be misinterpreted for

vaaL



the la.tter.
The model resu'l ts \^rere then used to re-interpret

the seismic data derived frorn a short range (L27-351 km' )

survey by HalI ancl Hajnal in L967-69 and a long range (427'

775 km.) survey obtained by Gurbuz i¡ L966 which had result-

ed in confJ-icting interpretatíons

The tr,vo daLa sets l.¡ere found to conform to a single

consistent crustal m-odel , 34 km. in thickness, hav|ng an

intermediate discontinuity at 18 km. with consLant velocit-

ies of 6.05 km/sec- and 6'99 km,/sec' respectively above and'

bel-ow the discontinuity. Both surveys led to the interpre-

tation of a first-order discont.inuity in the upper mantle

at a depth of 50 km. with a compressional velocity of I'17

krn/sec. above the discontinuity. No unique compressional

velocity was obtained for the layer below this interface'

This may be attributable to lateral velocity varia-tions

over the survey area.

IX
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INTRODUCTION

Since 1961, a number of seismic surveys have been

conducted by the University oi ¡lanitoba Crustal Studies

Group for the purpose of investigating crustal structure

in the Churchill and Superior geologic provinces within

Manitoba and Northern Ontario. A review of the published.

results from these surveys has been given by Hall and Hajnal

(1973) together with the introduction and a preliminary in-

terpretation of 24 ner,'r recordings made between 1967 and L969.

The energy for these surveys $/as initiated by under-

water explosions and recordings were made using a l2-detector

one mile spreâd and analog tape recording. A complete des-

cription of the seismic instrumenùation used by the group is

given by Hajnal (1970).

With the exception of a long range refraction survey,

which was part of Project Early Rise (Gurbuz, L969, 1970) , all

of the work has led. to an average crustal model containing

two layers with bottom depths of 18.25 t 4.8 km. and 34.28 t

2.9 km. having constant compressional $/ave velocities of 6.05

t 0.05 kmr/sec. and 6.85 I 0.05 km./sec. respectively. This

horizontally stratified model is based primarily on the travel

times of id,entified primary wide-angIe reflections and head

!'taves with confirmation of depths obtained by the converted

(head) wave method (HalI, L966¡ Hall and Hajnal, 1969).

Gurbuz inferred a three layer, horizontally stratified



crustal model from the travel times of wíde angle reflections

and primary and converted head vtaves, whose identifications

r^rere supported by spectral amplitude ratios and phase angle

spectra. The derived model has layer depths of 18 t 3 km. ¡

25.5 + 3.5 km. and 34 t 3 km. with P-wave velocities of 6.11

t 0.01 km./sec., 6.81 t 0.08 km./sec. and.7.10 t 0.04 km.,/sec.

Both Gurbuz and HaII and Hajnal report a velocity of 7.90 t

0.05 km./sec. be.low the Mohorovicic discontinuity at, the base

of the crust.
A sub-Moho ígterface vtas also hypothesized by Gurbuz

on the evidence of a primary reflection P* and a head wave Prrr

critically refracted at 46 km. and. propagating below this dis-

continuity at an average velocity of 8.48 km./sec. As a result

of this hypothesis, Hajnal's short range (110 km. 156 km.)

contínuous refraction profile work was reexamined and events

P¡n and Pn were found on these records also, yielding a similar

depth and velocity. These two events were also tentatively

picked on recordings from the above mentioned' 1967-69 mid-range

regional survey.

The objective of the present thesis is threefold:

L. To investigate further the possibility of, identi-

fying events from an upper mantle discontinuity for distances

comprising the range of existing deep crustal seismic records.

2. To determine, from a computer predictive modelling

approach, those seismic events bottoming in the crust and

upper mantle which would, theoretically be most prominent on



a seísmic trace and an optimum range of distances for

which these events \^Iould be clearly distinguishable from

one another. This knowledge of oPti-lnum shot point,-receiv-

er distances could be used when planning future refract,ion

surveys to refine crustal and upper mantle structure.

3. Before the fírst problem can be approached, ít

is necessary to reconcile the apparently conflicting in-

terpretations of t\,rlo and three layer crustal models. The

fact that Gurbuz does not report a refÌectíon from the

second Ìayer at 25.5 km. has led to the suggestion (Hal-I

and Hajnal, 1-973) that a gradual increase in velocity with

depth may take place between 18 km" and 34 km. and that

this possibility may be consístent with both models. A

two layer model containing a positive velocity gradient

in the lower.layer is therefore also considered in the

following sections. In addition it hag been found (Mereu,

Lg67i Mereu and Hunter 1969) that, when the depth of a re-

fractor exceeds 10 km. r the effect of earth curvature be-

comes significant. Spherícal1y stratified earth models

have therefore been employed in the theoretical studies.



CFIAPTER 1

DESCRIPTION OF CRUSTAL IVIODELS

It rvas recognized that an examination of the theo-

retical travel times and vertica1 amplitudes oi seismic

evenLs associated with the two and. three layer crustal models

proposed in recent years is necessary' Figures la and b

illustrate these two mcd.els and the ray paths of the com-

pressional reflected and refracied \^Iaves produced in each.

Model A contains a first order (Intermed'iate) discontinuity

at tB km, between the surface and the l{ohorovicic discon-

tinuity (34 km.) at the crustal base. I4odel B contains an

additional first order discontinuity at 25.5 km" In an at-

tempt to reconcile the conflicting interpretations, lvlodel

c (Figure l) , similar to lrÍodel A but containing a positive

velocity gradient b 0 in the lower layer, is also consid-

ered.

The following designation of compressional wave

events will be used throughout this study:

For a two laYer crust

Pl,P3rP5retc.refertorefractedwavesbott-

oming in the lst, 2nð', and 3rd' layer respectively'

P2rP4,P6retc-refertoreflected'wavesbott-

oming in the Ist, 2nd, and 3rd layer respectively.

-P2m, PAm, P6m, etc- are ray paths of lraves which

bot.tom and are multiply reflected once ivithin the 1st, 2nd

and 3rd laYer' respectivelY'
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For e three laYer crust

the same noLation as above will be used; events

bottoming in the extra crustal layer, however, will be de-

noted by P3', P4' , etc' (Figure I -Mod'el C)'

The refracted (body) waves existing in a spherical

rnediurn, unlike critically refracted' (hea-d) v/aves v¡hich pro-

pagate along the top of a constant-velocity layer, pene'trate

the bottoning la1'er to a depth depend'ent on the ray parameter

p. As p decreases, t-he depth of bott'oming ZB and epicentral

di stance X incr:ease for a refracted ray. The theory of head

Ì^7aves (cf . cerveny , Lg67) , based of the assumption of small

d-ì-stances over r,vhich earth curvature is negligible, has not

been extendecl to account f.or interface curvature' A discus-

s-ion on the amplitude ancl travel time characteristics of head

waves versus those of body waves is given in section 1-3.

1.1 Theoretical Time-Distance Curves

A computer program xTAMP (eppendix vII) , writ'ten by

R.F. l,,iereu, l{as used to calculate the theoretical travel

times of primary events for a range of distances from 0-800

km. The program is based. on a numerical solution by stewart

(1968) of the parametric integral equations given by Bullen

(1963) for a ray travelling in a spherically stratified earth.

The following aspects of the travel time curves

(Figures 2a-d) are common to alt three crustal- moclels:

(a) Because of. the curvature imposed on the layer
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interfaces, shadow zones are created at relatively

short distances beyond rvhich events no longer exist.

The maximum distances of observation of a.ll primary

events are summarized in Table Ia' The thinning of

a layer and/or the presence of a velocity gradient'

within a layer further reduce the maximum observa-

tion distance of events bottoming in it.

(b) For distances less than 60 km-, only reflec-

ted events and the direct arrival exist- They are

v¡ell separated in time and consequenily their arri-

val times should be picked on records with relat-

ive ease. In the approximate range of 100-280 km.

there is difficulty in distinguishing events from

one another due to the onset of refracted waves

and. the convergience of all travel-time curves.

(c) Primary refracted and reflected' events bottom-

ing in the same layer (eg. P3 and P4) become asymp-

totic in time within the range of existing crustal

survey distances. Table Ib shows the rate of conver-

gence of these events for each model. This phenom-

enon has been cited (Lewis and. Meyer, 1968) as a source

of large error in fírst arrival measurements at large

distances but its effect on later arrivals has largely

been ignored. Pakiser and Steinhart (L964) using sta-

tistical information theory, conclude that for a

S,/N ratio of 2:L, first arrivals can be picked to



CRUST.AL MODEI,

TABLE ÏA

CRUSTAL MODELS AI B, C

RANGE OF OBSERVATÏON DISTANCES

CRUSTAL EVENTS

f\

B

(b

Event

YL
P2
P3
P4

P3
P4
P3r
P4l

P3
P4

c1
= 0.0072 sec- I )

c2
= 0. 0156 sec- I )/la

Xmin Xnrax
(Km) (Km)

0 958.2
0 964.3

85. 0 936 .6
0 936 "6

85. 0 640.9
0 6 40.9

L24.3 753.4
0 7 53.4

72.28 374.9
0 37 4.9

tr

t
using average UpPer Mantle
maximum distance dePendent

UPPER

Event

P5
.H IJ

P7

P5
P6
P7

P5
P6
P7

Dtr

P6
P7

MAI']TLE EVENTS*

)(min Xmax
(Km) (Km)

111. 9 9 87.3
0 987.3

183.9 

-t

P3
P4

70.05 274.7
v ¿l+. t

model 1.1
on possible existence of

r17 .1
U

186.8

113.8
0

185. 0

116. 3

0
186.4

992.4
992.4

989.2
989.2

underlyÍng refractor

99r.6
991.6

P
N)



I,IODEL

ARRIVAI-TIME

A

TABLE

CRUSTATJ MODELS

SEPARATÏON BETWEEN

EVENTS

B

(¡ = O,OO72 sec-r)
c

2

c

2

I

IT

A, B, C*

REFLECTTONS,/ REFRACTTONS

Pl-:P2
P3:P4
P5:P6

P3:P4
P3 r:P4t
P5:P6

P3: P4
P5:P6

P3:P4
P5:P6(¡ = 0. 00156 sec- I )

2

* using average Upper

0.30 sec

286
267

MAXTMUM DTSTAITCE (KM)
FOR T:
0.20 sec

354
3s7

131
186

Mantle mod,el L.I

208

L72 196

141
211

0.10 sec

522
503

240 265

223
373

220

H(,
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an accuracy of 10.03 sec,; for later arrivals they

estimate a tine uncertainty of t0"20 sec. or more.

Resolving tr,vo events arriving t'his closely in time

on a routinely processed record v¡ould therefore be

virtuallv impossible,

Events 
"; 

-rru nr, bottoming in the uppermost layer,

whose properties are coÍrmorÌ to all crustal models investi-

gated here, terminate at 964 km" The suite of time-distance

curves of events bottoming below this layer, however, differs

significantly for each model. The slopes of events P3 and

P4 for Models A and B are the same since both have a botLorning-

layer velocity of 6.85 km./sec.; the pair of events terminate

aÈ a much smaller d.istance (64L km,) in }4odel B, however, since

its second laver is thinner than that of Model A, Furthermore,

Model B produces an additíonal pair of primary events P3' and

P4' ( having an approximate inverse slope of 7.1" km./sec"),

which bottom in the third crustal layer and also termina'te at

a relatively short distance of 753 kn.

Model C, (having brtO) appears to fail as a compromise

between the two- and three-layer constant veloCity models. The

imposition of a small gradient (0<b,<0.001 sec'-l) shortens the'2

termination dj-stance of P3 and. P4 but does not noticeably reduce

the slope of their travel time curves from those of Model A.

Larger gradients of 0.0072 sec.-Iand 0.0156 sec'-1 (nigures

2c and 2d ) prod.uce curves v¡ith snraller slopes (and corre-

spondingly higher apparent velocj-ties), but truncabion at
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very short distances of 375 km. and 275 km.,respectively.

I.2 Theoreti-ca1 Amplitude-Distance Curves

The theoretical vertical displacement ampliLudes of com-

pressional waves impinging on the free surface v¡ere cal-culated

using programs XTAMP and HWAMP described in Appendices VIf and

IV. The former, written by R.F. ivlereu, uses GuLtenburg's (Lg44)

method for the solution of the ZoeprLtz equations (Zoeprítz, 1919)

to calculate the transmission and reflection coefficients along

a ray path in a spherical earth model; the latter program cal-

culates the vertical amplitude of head waves as a function of

distance for a plane layered medium based on a ray series sol-u-

tion developed by Cerveny (1971) according to the principles of

geometrical optics.
The crustal amplitude curves (FiEures 3a-d) were gener-

ated using an arbitrary source intensity equal to 10R3 where

Ro is the Earth's radius. In generalr âs expected, the largest

amplitudes are exhibited. by primary reflections whj-ch attain a

maximum value at the critical distance X" and decrease approxim-
-?ately as X -z beyond Xr. .Amplitudes of refracted body waves, bot-

toming in a constant velocity medium, however, increase with d.is-

tance and, in the range of 700-800 km., exceed the amplitudes

of reflected waves bottoming at underlying d.iscontinuities.

This knowledge is crucial if amplitude ratios (betr,veen

reflected and refracted waves) are used to support phase identi-

fications based on arrival times since it was previously shown
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(section 1.1) that travel-times of reflections and refractions

bottoming in the same layer become asymptotic at intermediate

(300-400 km") survey distances- Thus the amplitude measurements

of a reflected event ilây, in fact, incluCe a significant con-

t.ribution from a refraction arriving nearly simultaneously, and

vice versa, This problern may be partia.lly alleviated through

the combined. use of opiimum digital filtering and predictive

d.econvolution (Cf " Robinson and Treitel (1967); Peacock anC

Treitel (1969) ) to resolve the onset of the two events in the

time domain; the wavetrains, however, each having similar but

not identical theoretical frequency and phase spectra (Gurbuz,

1969) would still interfere with one another, thereby creaLing

a complex composite waveform. Unfortunatelyr no suitable means

of isolatingi near-simultaneous events such as these in the fre-

quency domain has yet been developed"

Amplitudes of diving waves (eg. P3 in Figures 2c and d),

having turning points within the ,tth layer (br, 0), increase

more sharply rvith dist.ance than body waves having brr=0, the

rate of increase beíng proportional to brr. This feature, com-

bined with the kinemati c results that
(a) a diving \ÂIave together with the nearest under-

lying refl-ection terminate at an anomalously short distance

and

(b) these trvo events are resolvable in time

may provide a useful diagnostic means of verifying a suspected

zone of continuous vertical velocity change. A simple approach
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would be to conduct a continuous in-line refraction profile

beginning at a short distance to delineate the abrupt'term-

ination of the two (prominent.) events associated with the

layer in question.

One important result, which cannot be ignored in

future work, is the large amplitude of refl-ection multiples

which attain a maximum value at the distance corresponding

to the critical angle On = sin-l (vr./vrr.,-r) (where n is the

number of the bottoming layer) and decay graduâ11y beyond

this dis-'ance. In the zone of intermediate distances (200-

500 km.) the amplitudes have magnitudes similar to those of

simple reflections. Because the travel time curves of pri-

mary and multiple refl-ections have similar slopes in this

d.istance range, a multiple event could easily be mispicked

as a primary reflection and still conform to an acceptable

velocity modelt

Finally, of use in the comparison of data to the

crustal models (Chapter 2), is the fact that the amplitudes

of. the extra pair of events (P3' and P4r) of Mode1 B conform

to the same range of values as those of P3 and p4 and should

thus be as prominent on survey records if Model B represents

true crustal structure-

1.3 Discussion of wavetypes in flat and spherically-strati-

fied Earth models.

1.3.1 Reflected waves

Refl-ections in a horizontally stratified model are

affected by the introduction of interface curvature in the
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following lrays:

1. Termination of a reflection travel-time segment

occurs at infinity in a flat eart.h model. Truncation at

finite d.istances (as shov¡n in section 1"1) for a curved

earth result from a maximum observation distance correspond-

ing to the situation where the ray path in the bottoming

layer is a straight line segrnent, (assuming b:0), tangent

to the lower interface.

2. Theoretical t2 x2 curves of ref lections i-n a

flat earth model are non-linear at large X; interface cur-

vature (as shown in Appendix II ancl section 1.4) intensifies

this non-linearitY.

A comparison of the amplitude curves of reflections

in plane and spherical models (using programs RDAMP and XTAMP),

hov¡ever, showed. the two sets to be nearly identical. This res-

ult is anticipated. since interface curvature does not affect

the coefficients of reflection and transmission and alters

the geometrical-spreading factor (Appendíx III' equation (3))

negligibly.

L.3.2 Ref racted rvaves

There are two principal types of compressional refrac-

ted events associated with a plane layered earth model:

(a) Critíca1ly refracted (head) waves which prop-

agate at the top of a layer having a constant velocity-

(b) Diving \,\Iaves which have a turning point in a

layer cont.aining a positive velocity gradient-
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The introduction of interface curvaLure does not af-

fect the theory of diving waves bottoming r,vithin a medium

having b>0; the theory of crit.ically refracted waves in a con-

stant veloc'i ty medium, however, appears to break down. Another

refracted wave type emerges, having a straight líne segment in

its bottoming layer for which the depth of bottoming and angu-

lar surface di stance are uniquely determined by the a.ngle of

incid.ence on the lowest refractor boundary penetrated. This

wave type is termed bodY \¡¡ave.

AIl interpretat.ions of crustal surveys in eastern

Manitoba and, northern Ontario to date, have incorporated a

flat earth rnodel and relied extensively on 'the identification

of head lrrave first-arrivals for velocity and depth determin-

ations. At large distances where curvature eifects become

significant. the question of the validity of head v/aves t.here-

fore arises.

The bottoming segraents of refracted rays, ât angles

near 0", may be reflected one or more times froin the t'op of

the bottoming layer before returning to the surface, âs in

Figure 4. The waves

INTERFACE

rig. 4 Generation of interference head waves



corresponding to these multipll' reflected ray segments will

interfere v¡ith one another to form a composite interference

head wave (Cerveny and Ravindra, L97L) , whose time-distance

curve v¡ould be indistinguishable from. that of a ray propo-

geting,along the curr,/ed interface, stuciies of the amplit-

ud.e and spectral properties of this int.erference or cli-f-

fracied wave have been reported. b}- Buldyrev and Lanin {L965,

Lg66) and Lanin (1966,1968). Because of the preliminary nat-

ure of their results, hovrever, ,they will not be considered

here. For expediency, we shall assume that diffracted waves

exist in a spherically stratified medium, that their bottom-

Segment ray paths follorv the curved refractor boundary and

that their amplitude variations with distance conform to the

head r,/ave theory of Appendix III"

A compaËison of the kinematics and amplitudes of dif-

fracted v¡aves versus those of bod.y v¡aves \¡¡ere made using

Crustal Mode] A. Results of the travel-time comparisons '
summarized in Table II, show that the arrival times of the

t\n/o wave types are nearly ident.ical and. therefore cannot

be distinguished on seismic records. The amplitude-distance

curves (Figure 5) of each type, derived. for the same source

intensity, howeverr êrê markedly different. Beyond the rangie

of 300-400 km. , the bod.y (P) \¡lave amplitudes surpass those

of the head (H) v¡aves, the latter decreasing at a rate pro-

portional to X . Furthermore, although the head lvave ampli-

tudes Are exceedingly large in the vicinity of X", it has been
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COMPARISON OF TITEORETICAL IRAVEL-TIMES VS. DISTANCE BEÎ¡TEEN

DIFFRACTED (H) Ì^TAVES AND BoDy (p) I{TAVES FoR CRUSTAL MoDEL A

, ARRIVAL TI],IES (SEC)DISTANCE
(Kn)

220
260
300
340
380
420
460
500
540
580
620
660
700
740
780

H3

34.95
40.77
46.59
52.4L
50.23
64.06
69.88
7 5.70
8L.52
87.34
93. 16
98.99

104.81
1 10. 63
116.45

P3

34.89
40.70
46.55
52.40
58.22
64.06
69.87
7 5.68
8r.50
87.3L
93. 13
98. 95

104.78
110.57
116.39

H5 P5

33.94
39.00
43.95
4:9.04
54.10
59. l0
64. 18
69.22
74.26
79.30
84.3r
89.39
94.40
99.4L

r04.43

33.90
38.94
43.95
49.03
54.05
59.10
64.r2
69.L5
74.L9
79.24
84.26
89,29
94.34
99.36

LO4,39

rr7

3t+.29
39.00
43.74
48.45
53.2L
57.94
62.70
67.40
72.13
76.82
8r.57
86.28
90.99
9s.68

r00.46

P7

34.29
38.97
43.75
48.45
53. 18
57.9L
62.63
67.38
72.08
76.8L
81. 54
86,25
90. 98
9s. 68

L00.42

l\)
(¡r
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noted by previous researchers (e.9. Cerveny (1967) ) that
theoretical amplítude values within the range of distances

known as the "interference zone" do not likely represent

the true values.

The foregoing results suggest that, despite an

allowance for the existence of diffracted or head r,ùaves,

their occurence on seismic records acquired at large sep-

arations from a source, would be overshadowed by refracted
(body) hrave events arrivíng at identical times.

l-.4 Effect of Earth curvature on classical velocity-
determination methods

1.4,I Refraction data velocity estimates

To date,most average crustal and upper mantle ve-

locity models have been based on seismic theory derived for
a horizontally stratified medium having constant velocity
Iayers. The theory of critically refracted head waves re-
sulting from this type of model is well known (Cf. Dobrin

(1960) and Muskat (1933) ) and will not be developed here.

Head waves have formed the basis of seismic interpretations
for the following reasons3 '

(a) Immediately beyond X. for a head wave prop-.

. agating along the boundary of a particular_layer,

the arrival time of this !,rave represents the first
arrival on seismic records and the event is there-
fore readily identifiable.
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(b) The tir¡e-distance curve for a head wave

is linear, havingi an inverse slope equal t.o the

velocity of the medium along whose upper bound-

a.xy the rvave is critically refracted.'

When interface curvature is taken into consider-

a'tion, however, another refracted wave form, termed body

viave, emerges whose kinematic characteris'tics are vir-

tualIy identical to those of the heacl tvave 
_ 
(as described

in Section 1.3) "

Mereu (1968), using spherically stratified models'

has shown that for refraction depths g::eater than 10 km.,

velociiy measurements from first arrivals employing a

horizontally stratified earth model will be erroneously

high; depth measurements f.or layers in the upper 60 km. of

the earth, horvever, \^/ere found to be unaffected by curva-

ture. The relationship derived by Mereu between a measured-

apparent velocity Vu and true velocity V derived from the

T-X curve of a compressional refracted wave can be expressed

by

(1-1)

where Ro is the Earth rad.ius and. Z is the depth to the re-

fractor. It is important to note that equation (f-f) is

independent of source-receiver distance since interpreta-

tions of relat.ively short-range surveys, which hitherto

VI
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v¡ere assumed to conform to a flat earth model will lead

to incorrect velocity results.
1. 4. 2 Reflection data-velocity estimates

Although a refracted event can be picked with a

high degree of accuracy when it appears as a first-arri-
val on a seismic trace, it becomes more difficult to cor-
relate this event from record to record when it becomes

a later arrival at larger distances and its wavetrain

interferes with other later events. This difficulty is
compounded in the case of regional refraction surveys

where the receiver spacing may be very large. Wide-angle

reflected wavesr ês shown in Section 1.2, are the most

prominent events on seismic recordsr and therefore con-

stitute an important secondary source of velocity inform-
ation

Unlike head vraves, exact velocity values are not
readily extractable from the time-d.istance curves of re-
frections; in general, time and distance are analytically
related. in parametric form involving the ray parameter p.

Dix (1955) has overcome the difficulty in eliminating
this third variable for the restricted case when

(i) X is very small and

(ii) interface curvature is zero.
For this sÍtuation, the following relation
T (x)2 r: f 2 + x2n on V2âr,

tor, AzlN 
an2

holds:

(1-2)
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where

on is the vertical two rvav travel--time
Lllto the n-" reflector

the depth to the ,rth reflector

V^ = the RMS (apparent) velocity of the
rt 

,rth laver

Appendix I gives an explicit derivation of equa-

tion (L-2) illustrating the fact that, except for the one-

layer case, the formula is only. valid rvhen X1Z 1" Its

direct applicability to seismic surveys involving large

offset distances is therefore guesLionable" Furthermore,

although equat.ion (L-2) is exact for n:l for any d.istance

(ie. V, is the true interval velocity) for a plane layered

case, it can be shown (Appendix II) that for a reflection

in a spherical sheII, T' and X2 are related by

T

T.,' = T^2 + x2 x2 fz- + x2 ,Lx' x4 Ir ol 
v,2 il,lp-- ¿3ç-z ZEÞ-3 E%T-n 4 

Ir- I Lo o o oJ
where R is the Earth radíus.o

l1-?'r

Therefore the a-pplication of equation ( 1-2) to

crustal reflection data from the first layer will result

in erroneously large velocity estimates.

velocity

velocity

Dix has also shown that, for smallX , the interval

V= for the nth layer is related to the apparent
l-n

V, by the equation
n

v.2=Y2Tl_aonrrn
-v2 Tan-l_ on_l

T Ton-1

(1-4)
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To determíne the magnitude of error in To, Va

and V. derived from equations (1-2) and (1-a¡, linear
a

fits v¡ere applied to the theoretical T2-x2 curves of

reflections from Crustal Mode1s A and B for three sets

of distance ranges: 120-360 krn. ¡ 420-780 km. and 0-800

krn. (Tables IIIa to c ) . The f itted parameters hrere

then compared with the theoretically known values. Vühile

the fits to parameters for the one-layer case (P2\ were

correct to within 33, errors in curve fits to deeper re-
flectors ranged from 12? to 2IZt the error being greatest

for the curve most. removed

Durbaum (1954) has

curves can be Jitted to a

12 = Ic. (x2)t- a'

from the origin (420-780 km. ) .

shown that T2-x2 reflection

higher polynomial,

(r-5)

For at"orrr" which passes through the origin X=0

and. has.monotonically increasing curvaturer the first two

coefficients of a polynomial fit, having sufficiently large

n should equal To2 and J-Na' respectively.

Regional seismic surveys however, often do not in-

clude recordings acquired near the shot point. Higher

order polynomial fits using progran POLYFIT (Appendix V)

lvere therefore applied to the sane data sets described

above with two objectives in mind

(i) to determine the degree (n) of polynomials

required to fit the curves.

(ii) to determi.ne the degree of accuracy attained

between coefficients cr and C,, and theore+-ically



POLYT\TOMIAL FIT TO

CRUSTAL

Event Parameter

,; re (sec. )
V. (km. /sec.l
V1 (km. /sec.l

P4 To(sec.)
V. (km.r/sec. )vi (km . /sec.l

P6 To (sec, )
V. (km. /sec.)
Vi (km.,/sec. )

CRUSTATJ

Event Parameter

ElHgt$E ïïUEa

THEORETICAÍ, T2 - X2 REFLECTION CURVES A: 120-360 KN.

MODEL A (with average Upper
Linear Fit (n=1)

Theoretical Fit Ratio Deg.
Polyn.

6.22 6.24 1.003 3
6.05 6.06 L.002
6.05 6. 06 1.002

10. 56 11. 95 I.132 5
6.39 6.63 1.037
6. 85 7 .20 I.051

L4.70 16.28 1.107 5
6. 85 7.30 1.065
7.90 g.gg 1.125

P4

P4l

P6

To
va
Vi

sec. )
km. r/sec.
km. r/sec.
sec. )
km. r/sec.
km. ,/sec.
sec. )
km. /sec.
km. r/sec.

MODEL B (wit,h average Upper
Linear Fit (n=1)

Mantle model 1.1)

To
va
vi

i:
vi

TheoretícaI

L17
6 .25
6. 85

10.57
6.45
7. 10

L4.62
6.88
7.90

Best Fit
of Fit Ratio
(n)

6.19 0.995
6. 0s 1. 00
6.05 1.00

I0.62 1.006
6.40 I.001
6.8s r.001

14.77 I.005
6.90 1.007
8.03 1.017

Fit Ratio Deg.
polyn.

10. 56
6. 61
7 .33

L2.34
6.7I
7.71

16 .10
7.32
8.86

Mantle mod.el 1.1)

T.29L
L.062
r.070
1.170
1.0sI
1.086
1.101
1.064
L.L22

Best Fit
of Fit Ratío
(n)

8.07 0.ggg
6.22 0.996
6.75 0.995

10.554 0.998
6.45L 1.000
7.150 1.007

L4.62 I.000
6.91 1. 004
7 .98 1. 010

(,
N



POLYNOMIAT FIT TO

CRUSTA],

Event Parameter

P2 To (sec. )
va (h./sec. )
Vi (km.,/sec. )

P4 Ts (sec. )
V. (km ./sec.l
V1 (km. /sec.l

P6 To (sec. )

- V. (km. /sec. )
vi (km. /sec.)

CRUSTAT

Event Parameter

M TüITIHD

THEORETICAL T2 - X2 REFLECTION CURVES A Z 420-780 KM.

âttÂeâÆ^ lln*n. | 1 l\MODEL å, (wÍth average Upper Mantle model .1.¡,

Linear Fit (n=1)
Theoretical Fit, Ratio

P4

P4i

P6

6.22
6. 05
6.05

10.56
6.39
6.85

L4.70
6. 85
7.90

i:
Vi
To
va
vi
To
va
V1

6.39 1.029 3 6.21 0.ggg
6.06 t. 002 6 .06 I. 001
6.06 1.002 6.06 1.001

16.75 1.586 4 13.39 1.267
6.76 1.059 6.65 1,040
7 .L6 1. 046 7 .12 I. 039

22.86 1.555 5 16.19 I.101
7 .65 r.116 7 .L4 L.042
9 .66 t.222 9.13 1. 1s5

sec. )
km. /sec. )
km./sec. )

MODEL B (with average Upper Mantle model L.1)

sec. )
km.r/sec. )
km.r/sec. )

Linear Fit (n=1)
Theoretical Fit, Ratio

Best Fit
Deg. of l.ít, Ratio

Polyn. (n)

sec. )
km.r/sec. )
km. /sec. )

8.17
6.25
6. 85

10. 57
6 .45
7. 10

L4.62
6 .88
7 .90

15. 76
6.75

17.15
6.95
I .90

22.49
7 .65
9. s5

L.929
1.080

L.623
r.078
L.254
1.538
1.111
1.210

Best Fit
Deg. of Fit Ratio

Polyn. (n)

11.57
6. 63
7.23

L2.84
6.74
7.73

I6. 85
7.24
I .64

1.416
1.061
1.056
1. 215
1.045
1.089
I. T53
1.053
1. 095

(¡(,



POI,YNOMIAL FIT TO

CRUSTAL

Event Parameter

P2 T,.. (sec. )vl (tcm. /sec.l
V1 (km./sec. )

P4 To (sec. )
V¿(km./sec,)
v1 (km.,/sec. )

P6 T,, (sec. )
Va (km./sec. )
Vi (km . /sec.)

CRUSTAT

Event Parameter

TABLE IIIc
t

THEORETICAL T2 - X2 REFLECTION CURVES Â:

MODEL A (with average Upper Mantle model

Línear Fit (n=2)
Theoretical Fit Ratio

6.22 6.29 1.011 3
6. 05 6 .06 1. 002
6.05 6.06 1.002

10.56 13.83 1.310 5
6.39 6.73 1.053
6, g5 7.24 1.057

14.70 19.86 1.283 5
6.85 7.56 1.104
7.90 g.4g 1.200

MODET B (with average Upper Mantle mod.e1

P4

P4t

To
va
V1

sec. )
km./sec.
km. r/sec.
sec. )
lcm. /sec.
km./sec.
km./sec.
km.,/sec.
km. /dec.

P6

mro
va
V1

To
va
V1

Linear Fit (n=2)
Theoretical Fit Ratio

Best Fit
Deg. of Fit Ratio

Polyn. (n)

= 0-800 km.

1. r)

8. 17
6.25
6.85

I0.57
6.4s
7,10

L4.62
6.88
7 .90

6.22 1.001
6.058 1. 001
6.058 r.001

10.89 r.031
6.48 1.015
7.01 I.024

L4.95 r.017
6.98 1.020
8.18 1.035

1. 1)

11. g5
6 .69
7.34

L4.12
6.91
7.93

18.61
7 .57
9.36

1.450
1.071
I. 071

1,336
1.071
1.117
1.273
1.100
1.184

Best Fit
Deg. of Fit, Rat,io

Polyn. (n)

8.62
6.38
7.L6

10. gg
6.5'l
7 .24

14. 83
7.02
8. 11

I.057
T.OzL
1.045
1.030
1.021
1.021
1.016
I.019
1.027

(¡,è



known values T- and
^^..)-,--¿ ^ _Z --¿L/V: for T--X- curves far renoved
d.

from X=0.

Results of these fit.s, sununarized. in Tables IIIa to

ct ind.icate that polynomials of relatively lov¡ n (n55) con-

verge to sufficiently accurate fitsi note that nearly exact

fits of degree 3 for P2 curves confirm the analytic expan-

sion of equation (f-2). Furthermore, âs expect.ed, least ac-

curate fits to correct CI and C2 are obtained for the great-

est extrapolation beyond the data set (ie" from the 420-780

km. curves).

The foregoing analysis suggests that more accurate

velocity estimates from reflection data than offered by

equation (1-2) should be obtainable by utilizing the first.

trvo coefficients of the best fit to the t2'x2 data and ap-

plying thern in equation (1-4), The accuracy of ihe ensuíng

interval velocity will be dependent on the error associated

rvith the derived. intercept times and apparent velocities

r,¡hich ín turn are proportional to the degree of separation

of the nearest recording site from Lhe source.



CHAPTER 2

APPLICATTON OF I4ODEL RESULTS TO CRUST¿\L DATA

As stateC earlier¡ one objective of this study is

the reconciliation of the long rang:e (420-766 km. ) region-

aI Survey data oi Gurbuz (from which a three-layer crustal

model was inferred) wlth data from other, shorter range

detailed and regional sei smic surveys which produced evi-

dence of a two layer crust in the same geographical. area.

To facilitate aOditional comparisons of upper mantle

èvents from both long and. shorter range Surveys (Chapters

3 and 4), a group of 24 miõ-range recordings, acquired in

the years L967-69 and containing possibJ-e upper mantl e

events, \^Iere chosen for the present investigation' Before

an interpretation is attempt.ed, the two will first be com-

pared individually,

2.L l4id-range Survey of IÍaII-HajnaI

This 24 record regional crustal survey, having

distances ranging from L27'351 km,, has been interpreted

by Hall and Hajnal (1973) and found to conform to the esta-

blished two-layer crustal hypothesis; the published distan-

ces and travel-times of principal arrivals are reproduced

in Table IV, in which the wavetype identifications corres-

pond. to those of crustal model A (Figure 1). The subsur-

face coverage of this survey extends from latitude 49"30'

to 52o N. and longitude 93o to 98" vl.

{rì



P7

23.65
23.96
27 .50
28. 10
29.05
30.60
31.66
31. 79
33.1s
33.38
33.66
35.7 6
36.15
36. 85
36.98
38.08
38.62
39. 01
39 .02
41. 00
44.39
46. 50
48. 89

TABTE IV

DISTAI.{TCES A$TD TRAVET TII,TES FOR PRINCIPAL ARRIVALS
oN RECORDS RECORDED rN ]-967, L968 AND L969

(AFTER HALL-H.â,JNAL, 1973)

P6

21.81 2L.47 22.67 22.40 23.34
23.08 22.80 23.65 23.31 24.21
23.28 22.98 23.96 23.62 24.39
28.53 27.50 28.23 27.53 28.28
29.15 28.18 28.76 28.00 28.77
29.95 29.03 29.40 29.03 29.34
32.75 31.32 31.60 30.65 30.86
34.16 32.55 32.89 31.78 31.91
34.49 32.52 33.r2 32.L2 32.31
34.77 34.13 34.46 33.58 33.84
36.75 34.63 35.03 33.38 33.91
37 .L4 35. 20 35.7 0 34.09 34. 89
39.99 37.51 37.82 35.95 36.38
40.7 4 38.18 38.77 36.79 37 .64
4t.70 38.91 39.61 37.51 38.39
42.39 39 .46 39.93 37.58 39.22
43.51 40.70 38.75
44.43 41.34 42.04 39.54 38.94
44.82 41.83 39.81
45.15 4L.99 42.34 39.90 40.31
47.48 44.10 ', 44.45 41.83 42.10
52 .45 48. 44 48.77 45. 3 I 45 . 90
55.20 50.87 47 .5L
58.47 53.7 2 54.04 49 .9 2 50. 5r

Travel Times (sec)
P3 P4 P5

(,
\¡

P2P1

20 "94
22.L3
22.34
27.29
27 .82

Distance
(km)

L27.20
L34.64
136. 16
168. 38
L72.23
176. g8
L9 4.84
203. 43
206.07
213.06
2L8.97
22L.49
238. 89
243.47
249 .39
253.62
2s9. 81
266.06
268.6 4
270.43
284 .7 6
315. 06
331. g0
351.63

Statíon
No.

46-6
:44-6
4l-6
42-6
45-6
3 8-6
63- I
62-8
52-7
39- 6
60-7
43-6
6L-7
47 -6
40-6
50-7
59- 8
sI-6"
58-8
53-7
48-7
57-7
55-8
56-7
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2.2 Long range survey of Gurbuz

Twenty recordings for this survey, having dÍstances

from 420-776 km. were acquired from a single shot point ín

Lake Superior. Recordíng sites v¡ere located in the area

bounded by latitudes 490 to 50030' N. and longitud.es 920 to

980 Vt.i the same subsurface coverâ9€r therefore, is common

to both surveys.

Gurbuz (1969, 1970) reports the existence of six
crustal and two mantle wavetypes on the records, their iden-

tification based on the correlation of amplitudes and wave-

form character from record to record and. the correlation of
phase velocity from trace to:trace. Travel-times and. dis-
tances of primary eventsr ês published by Gurbuz¡ arê repro-

duced in Table v.,

The ensuing crustal interpretation (illustrated in
Figure 6 together with identified wavetypes) was based on

a flat-earth assumption. Layer velocities were obtained

from the inverse slopes of refractj-on T-X curves and reflec-

tion T-X curves.

2.3 Comparison of data with crustal models

2.3.1 To test the general agreement of the data with pre-

viously proposed modelsn the reduced travel-times of events

from both surveys vrere superimposed on the -reduced travel-

time curves of Crustal Models A, B, Cl and C2 (Figures 2a

to d ) introduced. in the preceding chapter. The following
comparisons of the data with the models are pertinent to the



Shot
No.

I
3
2
4
5
6
7
I
9

10
11
t2
13
L4
18
15
t7
16
19
20

TABLE V

PROJECT EARLY RISE ,fUtY I Lg66
UNIVERSITY OF MANTTOBA RECORDTNG STATION DATA

(A.FTER GURBUZ, 1970)

Distance
(km)

426 .8
434.7
445.4
s0r.7
559 .2
606.6
6l-8.2
624.9
633.7
650. 6
66L.7
667 .2
681. 0
696.3
703.5
709. 0
717.6
731. 1.
746.2
775,3

D-9

nl de
72.82
82.28
9I. 40

L01.53
Lor.89

L05. 85
108.19

eS

69.99
73.35
7 2.87
83 .27
93.25

101.02
103. 07
L03.17

107.33
108.71
110.13

113.78
tL4.7 9
116. 86
118.48
L20.44
L24.42
L27.s6

Travel Times (sec)
p¡t pp

63.96
65.77
64.7 2
7 4.68
93.15
90.57
91. g5
92.59
9 4.30
97.48
98.61
98.40

100.s1
102.40
103. 43
104.07
105. 2r
107.06
l.09.22
r14.28

ezlsr
67.52

84. 00
9L.72
92.7 4
93 .47
96.40
98.29
99.30

10I. 80
L03 .31
L04.77
L05.79

108.16
tL0.27
I1s.08

Pm

61. 12
61.9s
62.7 0
70.34
77.28

83. 44
84. 0I

87. 08
88.90
88.94
90.15

93.15
93.73
95.01
96.33
99.L2

103.19

Þ

60.L2
6L.02
62.34
69 .29
7 6.2L
80.60
82.62
83.67
84.24
86.32
88. 11
87 .99
89. 85
9L.54
92.62
93.36
94.15
95.83
98.32

10r. I I

(,
ro
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ensur-ng interPretation :

1. The mid-range data most closely matches Model

A (bz= 0) and. Model CI (bz= 0.0072 sec-I) . The latter

is compatible with the hypothesis given by Hall and

Hajnal (1973) of a small gradient in the lor¡¡er crustal

layer. Although there j-s a better fit to Model C},

having a slightly larger apparent V2, a sintilar fít to

t4odel A could. be achieved by assigning a stightly high-

er (constant) velocity to the lor¡er crusLal- layer of

the model-

Results of Chapter t have shown that the only

means of interpreting with certainty the presence of a

velocity gradient (bz>0) is to detect, on continuous-

survey recordsr âf anomalously sharp rate of increase

in amplitude of a refracted wave relative to its reflec-

tion counterparL, and the termination of both reflected

and refracted events at a d.istance shorter than predict-

ed by the layer thickness and apparent velocity (deduced

f,rom To and V¿ of the refracted event). Because events

P3 and P4 have been identified. at the longest shot-record-

er d.istance of this survey, wê must therefore look io the

long rangie survey data for possíble support of the velocity

graclient hypothesis

2. Although the long-range survey data result.ed in

the postulation by Gurbuz of a three layer crust, a com-

parison of the data with travel-time curves of Model B
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(based on Gurbuz's crustal mo,åe1) appears to contradj-ct

this interpretation for the following reasons:

(a) Whereas a three la1'er crust must yield four

nrìmarw events (P3, P4, P3' anC P4') bottoming be-

low the Interrnediate Discontinuity, vihich would be

resolveable over the shorter distance portion of

the Gurbuz surve!¡, only two events (Po and e|) have

been identified..
(b) nvent Pf, interpreted as a reflection from

the Moho discontinuity at the base of the third

crustal Iayer, arrives rnuch later than the corres-

ponding model event P4'¡ similarly, the arrival

times of event P*, -interpreted. as a \^¡ave critically

refracted in the third layer, oecur mid-way between

those of l4odel B refracted evenbs P3 and P3'.

(c) Although Model- B produces termination of

events P3 and. P4 and events P3t and P4t at distances

of 641 km. and 753 km. ' respectively, all events

from the long rangie survey were identified to the

maximum survey range (776 km. ) .

3. Further comparison with the remaining models st19-

gest that the long rangie data is most compatible with Crust-
\m

aI Model A (whose events P3 and P4 correspond to events P;

and. P*, respectively; note that event P* also compares

favorably with P3 of the mid-range survey. one feature

which appears inconsistent with this conclusion is tha't,
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contrary to.prediction, a large time separation exÍsts
between Pf and p*. lite have shown in chapter r, however,

that one type of reflection murtiple becomes a prominent

event, at large dístances and has T-x slopes similar to
those of the parent reflections. The possibility that
event r$ is actually a murtipre reflection is examined

in greater d.etail in the following section.

on the basis of the'preceding qualitative examina-

tionr wê are led to the conclusion that both the mid-range

and long-range surveys support a two rayer crustar inter-
pretation invorving no velocity gradient and that events pl,
Pg, P2 and Pf bottorn in the upper layer while events p3, p*,

P4, and PS bottom in the second layer.

2.3.2 ïn order to test the correlation of events from each

survey in a guantitative sense, curvature corrections as pre-
scribed by results of chapt,er r must first be applied to the
data:

Refraction data

Linear least squares fits $rere applied to the refrac-
tion T-x values to d,eriv" an. intercept time Ts and inverse
slope v for each separate event and, for combined events vtivn
and P3/P* (Tabre vra). The accuracy in To and v was carcur-
ated using the student's t distribution theory (described in
Appendix vr) for 8oB confi.dence limits; earth crrrvature cor-
rections !üere applied to the velocity estimates using MereuIs



Data Source

MTD RANGE SURVEY
(127-35l- Km. )

HALL-HAJNAL 1969
(Recorded L967-69)

LONG RAI'{GE SURVEY
(420-776 Km. )

GURBUZ 1970
(Recorded 1966)
(PROJBCT EARLY RISE)

COMBINED MTD RANGE
and LONG RANGE
SURVEYS

Event

P1

P3

Pg

TABLB VIa

CRUSTAL REFRACTTON T-X DATA
LTNEAR LEAST SQUARES FÏT

Intercept To (sec. )
ñ.: !rIL

1.5410.17t

3.5410.16

1.02r1.06

¿.5t=

0.02t0.24

3.52!0.2L

+

+

P*

PL/Ps

D? /D*

Curvature corrections
All errors calculated

velocity V= (slope)- I (Km. /sec. )

Fit Curv. Corrected*

6.55r. 05 6.49 t. 05

7 .02t. 03 6.97 t. 03

applying Mereurs (L967) formula
for 803 fiducial limits

6.18!.07

6.95!

6.02!.Q2

7 .02t.02

6.14r.06

6.97t.04

6.10r. 02

6.97 1.02

.|(lvlÞ

Dev (sec. )

0. 023

0.143

0.27 0

0.314

0.27 6

0.488

È



45

correction factor (equation 1-1) '
In general, the results conform to previously est-

ablished. results based. on shorter range surveys over the

same area (Cf. HaIl and Brisbin (1961, 1965); Ha1l and Hajna1

(1969); Hajnal (1970 , L971) ). \^ihereas To and V for PI are

larger than expected, they are based on 5 short-distance val-

ues, a statistically unacceptable small nunrber of samples.

Note that. events P3 and P*, both independently and combined

lead to the same velocity of 6.97!-02 km'/sec.

Refl-ection data

IL was shown in the preceding chapter that while -uhe

method of interval velocity estimation by the applícation of

a linear fit to the Tz-Xz curve of lvide-angle reflection data

leads to erroneously high estimates, good fits to theoretical

data can be attained through the use of higher d.egree polyno-

mials, This approach rvas successful when applied to the mid-

range reflection daLa using the criterion that the highest de-

gree polynomial for ivhich the first two coefficients (corres-

ponding to To2 anð. I/Vu2) continued to converge to smalLer va-

lues gave the best estinrates of those parameters. The long

range reflection d.ata, however, did not lend itself to this

method due to the presence of excessively large resid.uals;

(event Pf, for example, has a RMS deviation of 0"950 sec. from

a linear T2-X2 fit). Polynomials of degree gireater than orlet

therefore, attempted to fit oscillations in the data. An add'-

itional factor prohibiting reliable estimates of To and V. was
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the degree of separation of

in general, the greater the

data set {*i, yi} beyond the

attendant error.

equation

through

layer is

where

this data from the origin X=0;

extrapolation of a fit Y(x) to

range of x1, the greater is the

To overcome this problem, the following approach was

taken and applied to both mid.-range and long range dat,a sets:

Linear least-squares fits v¡ere applied to the T2-X2 data of

the individual reflections and to the combined events Pz/PÎ

and P4rlPS. The result,ing To and V. for each curve (Table VIb)

were then compared with the parameLers derived from the lin-

ear fits to the theoretical model curves for the same range

of x (given in Tables III a-c). Taking into account slightly

higher V, values (consistent with those derived from the re-

fraction data), the reflections most closely matched the fits

to Crustal Model. A. Curvature corrections rdere then applied

using the ratios derived between the linear fits to the model

curves and the known theoreËica1 values.

Finally, ínterval velocitíes Vi were calculated using

(I-11) of Appendix I. The error in Vi was obtained

the knowledge that if the interval velocity of the nth

given bY

Vir, = f (vån, Tð¡, vå¡-r , Tån-r )

Vån=Vtnts
Tðrr=Ton+ ß

Vårr-r =Vâ¡-r t Y

Tår-,=To¡-rtô

(z-r¡



Data Source Event

MID RÀNGE
SURVEY
(L27-351 Km. )

TONG RÀNGE
SUIIVEY
(420-776 Km. )

COMBINED
MID RANGE and
LONG R.ANGE
SURVEYS

TABLE VIb

CRUSTAT REFLECTION T"-N, DATA

LINEAR LEAST SQUARES r'IT

InÈercept, To (sec)
Fit Curv.

Correct.

5.56t0.83* 5.5410. g3

L2.62t0.26 LI.1510.23

P2

P4

PCt
PT

m

Pz/PC'r
P A/PT'm

* ALl errors calculated for BOt fiducial limits

Ll.6 5!5.92

23.02t3 .26

7.35t1.95

14.351L. 02

Appar.Vel. (Kmr/sec)
F.it Curv.

Correct.

6.04!.A2 6.03t.02

6.681.02 6.44!.02

II. 33t5. 76

14.51t 2.05

7.27tL.93

10.9510.79

6.09+.04

6.881. 07

6.07 !.A2

6. 76t. 03

Int.Vel. (t<m/sec)
F'it Curv.

Correct.

6.04!.02 6.03t.02

7.15!.2L 6.91t.20

6.081.04

6 .501.05

6.06t.02

6.42!.03

6.09t.04

7 ,2'7 !4 .3

6 .0'7 ! .02

7.50t. 73

RMS
Dev.

(sec)

0.202

0. 138

0.950

0.625

0.871

0.600

6.081.04

6.95t4. I

6.061. 02

7.09!.69

rÈ\¡
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then, to

given by

P=+g I R ¡f
. _l

\/â ârFn"*n

a first approxìmation, the maximum error in Vi' is

itOL

-t
dvan

+ "/ 
^f_trTrn X\/ á--fl vvsïÌ-f

+ ^ ^Ì_t
Van- r âTotr- 1

lTln
¿ vf.l- r

(2-z¡

An explicit representation of equation (2-Z) shows that ls I

is maximized using +lo.l, -lß1, -lvl and +lô1. The large un-

certainty in V1 exhibited by events P4, P| and P4/PV results

mainly from the uncertainty inherent in the To estimates and

serves to illustrate the fact Lhat wide-angIe reflections are

i-ntrinsically a much less accurate source of interval velocity

information than refraction data.

2.4 Reflection multiples

The excessively large intercept times for Pp, r^¡hich

would result in unrealistic depth estimates, has led to the

suspicion that the event may, in fact, be a multiple reflec-

tion of the type examined in Chapter 1.

Original supporting evidence for identification of

Pf as a primary reflection by Gurbuz came from amplitud.e and

phase spectral analysis. The theoretical amplitude curve of

P4s¡r howeverr âs shown in Figure2arls nearly identical to that

of P4 over the long rangie survey distances. Furthermore the

spectral analysis of supposed individual wavetypes given by

Gurbuz (1969 , i gTO) is inconclusive since it was performed

using a 0.50 sec. window within which (as demonstrated earlier)

P3 and P4 would exist as a composite waveform. Final proof
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that PS corresponds to P4* of Crustal Model A derives from

e comparison of the best linear fits to the T2 - x2 curves

gf eachryielding To and V. est,imates of 18.95 sec. and 6.79

km./sec. for P4* and To and V. estimates of 23.02 ! 3.26 sec.

And 6.88 t .07 km./sec. for Pp.

Fummary of Results

When earth curvature is taken into accountr both mid-'

range and long range survey data substantiate a two layer

crustal model similar to Model A but having a slight,ly higher

Vz. Although the Hall-Hajnal survey data is consistent wiÈh

p smal1 positive velocity gradient in the lower layer, this
possibility is not supported by the longer rangie d.ata. Further-'

more, neither data set conforms to the suite of travel-ti:nes
gurves of the three-layer Crustal Model B.



CHAPTER 3

UPPER MANTLE MODELS

3.1 Existing upper-mantle research

Until recently, little was known of the velocity

distribution in the upper-mantle within the Canadian Shield.

The two major long range refraction surveys conducted in

Canad,a to date are Project Early Rise (1966) and. Project

Edzoe (1969), the results of which have been reviewed by

Berry (1973) and Hales (1972).

Prior to these deep soundings, shorter-distance sur-

veys, including those of Mereu (1965), Berry and West (1966)

and OrBrien (1968), have led to an average upper-mantle P-

v¡ave velocity of 8,1 km./sec. and crustal thickness of 30-

40 kn. based gr P' first arrivals. An additional cooperative

experiment conducted in the Hudson Bay area in 1965 (Cf.

Ruffman (1969), Mereu (1969) , Hajnal (1969) and HaI1 (1969) )

suggests an average crustal thickness of 35 kn. and a gross

average upper-mantle velocity of 8.25 km./sec.

, Project Early Rise constitutes the largest available

collection of body-wave travel-times in the distance range

of 300-3500 km. This long range data has resulted in the

identification, ât large distances, of first arrivals from

sub-Moho discontiriuities. Barr (1969) used observed, cusps

in the travel-time data to identify successive upper-mantle

layerings. He concluded that, all cusps resulted from
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refractions below fÍrst order d.iscontinuities and interpreted

two sub-Moho interfaces at 126 km. and 366 km. having constant

velocities of 8.23 licn./sec. and 8.42 km./sec., respectively.

Larger intercept-times for a longer distance survey \â¡ere at-

tributed to significant structural relief within the upper-

mantle. I"lereu and Hunter (1969) also found evidence for a

first-order discontinuity at 84 km. with velocities of 8.10

km.,/sec. and 8.40 km.,/sec. above and below the interface res-

pectively. Results of surveys south of Lake Superior (Green

and Hales (1968) and Hales (1969) ) further support this inter-

pretation.

Project Edzoe, conducted in August t 1969, consisted

of twenty shots detonated in Greenbush Laker B.C. Bates

(19?1) obtained eight records in southern Saskatchewan and

Manitoba with distances ranging from 790 to 1285 km. i his

interpretat.ion predicts a velocity grad.ient below the crustal

base with a second order discontj-nuity in the depth range of

120-150 km. A somewhat contradictory interpretation of data

acquired in the Rockies and plains regions has been þroposed

by Gettrust and Meyer (197I) who found evidence of a low vel-

ocity channel in the upper-mantle in the depth range of 90-

140 km.

Although the long range refraction survey results des-

cribed above have been quite variable¡ Èhey all nevertheless

suggest, the presence of first or second order discontinuities

in the upper 100 km. of the mantle. The question we nobt wish

to examine is whether evidence of upper-mantle st,ructure of
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r;jJj

the types hithert,o inferred exclusively from long range

data (X>700 km. ) could also be observed on shorter- distance

data in the range of the Ha1l-Hajnal and Gurbuz survey re-
cords.

3,2 Effect of crustal structure on upper-mantle events

Results of Chapter 2 have shown that both the mid

and long range surveys conform to Crustal Model A, with
possibLe slight, differences. To test the effect of crustal
variations on upper-mantle eventsr ên average upper-mantle

model (Mode1 1.1 in Fig.7a), consisting of a first order

discontinuity at 50 km. and containi.ng no gradients, hras

cc¡nbined with each crustal moder previously examined; linear
fits were then applied to the theoretical T-X curves of re-
fraction events P5 and P7 and to the T2 - X2 curves of re-
flection events P6; results of these fits are summarized in
Table VII. The distance range of observation, intercept time

and slope of each event were found to be identical (within

the normal uncertainty limits of data) for all crustal models.

These findings are consistent with the analysis of Dowling

(1970) who concluded that velocity uncertainties do not prop-

agate strongly in seismic refraction calculations and that
only the roughest estimates of velocities of the overlying

Iayers are required for deducing upper mant,le structure from

travel-time data. We are therefore justified in employing a

single crustal mod.el (Model A) in the following study of upper-

mant,le models.



EFFECT

CRUSTAT
MODEL

A

B

c1
(bz= 0.0072 sec-l )

c2
(bz= 0.0156 sec-r )

T:Atsf"E MTlt
oF CRUSTAL MODELS A, B AIID C

RET'RACTIONS:
Event )hin

CRUSlAI,
MODEL

A

B

c1
(bz= 0.0072 sec-t)

c2
(br= 0.0156 sec-r)

P5
P7

P5
P7

P5
P7

P5
P7

(xm¡

11r.9
183. 9

r17. I
r86. g

113. g
185. 0
116. 3
186.4

LTNEAR FTT
Xmax
(Kn)

987.3
t

992.4

999.2

991. 6

ON UPPER IUANTLE EVENTS*

TOT-XCURVE
Intercept Slope M
To (sec) (Km/sec)

6.06 0.1261
9.22 0.1192
s.82 0.1262
8.03 0.1183
5.98 0.1261'8.15 0.1182
5.90 0. 1261
8. 05 0. 1183

REFLECTIONS:
Event

P6

P6

P6

P6

*
t

using average Upper Mantle
maxj¡num distance dependent,

LTNEAR FIT
Xmax
(Km)

987.3
992.4
989.2

gg1. 6

TO T2 - X2CURVE
Intercept
To (sec)

18. 86

18.61
l_9.76

19. 64

Y o=l/M
(Rmr/sec)

7.927
8.459
7.922
8.454
7.927
8.457
7.928
8. 455

modeL l.I
on possible existence of

Va= U-à
(Kmr/sec)

7.56
7.57
7.56

7.57

V1
(ts¡nlsec)

9.48
9.36
8.83

8. 85

underlying refractor

ul(,
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3.3 Examination of upper-mantle models

A thorough study involving all possible upper-mant.le

structures and the effects of lateral and vertical variat,ions
in velocity and depth is beyond the scope of the present work.

lile have therefore restricted our study to the examination of
six mantle models which, based on the findings of others, are

most likely to represent true upper-mantle structure and which

may give ríse to events observable at short distances.

Models 1.1 to 1.3 (rigure 7a) contain a first order

discontinuity at 50 km., the first model having no velocity
gradients while the remaining two contain positive gradients

of 0.002 sec.-l in one or both media. Models Z.l to 2.3 (fig-
ureTb) exhibit second order discontinuities at Z=50 km.; the
grad.ients chosen for each are as follows:

Ivtodel 2.I b.=0.0 i bo=0.002 sec.-l
Model 2.2 : bg=0.002 sec.-1i bo=Q.0

Model 2.3 bs=0.002 Sec.-1i bo=Q.003 sec.-r

3.3.L Comparison of travel-time

Linear fits to the travel
upper-mantle event,s are summarized

ing are pertinent characteristics:

curves

time curves of the primary

in Table vrII. The follow-

(a) The imposition of a velocity gradient of O.OO2

sec.-t below the crustal base (within the range of

O-0.003 sec.-r suggested by Bates (1971) ) does not

affect the slope or intercept time of P5 (commonly

termed P_ in the literature) t it does, however,n
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Vp ( KM/Sec.)

Vp = ó.85 KM/Sec. 34 KM I

{
Z (KM)UPPER MANTL E

MODEL A- I.I

Vp = 7.9O KM/ Sec,

50 KM

Vp = 8.40 KM/ Sec.

Vp ( KM/ Sec.)

I

t
z (KM)

MOHO
Vp = ó.85 KM/Sec.

34 KM

UPPER MANTTE

MODEL A.I.2
Yp = 7.9O KM/Sec.

50 KM

vp = [B.ao * b. {z-so)] Km/sec.

Vp (KM/Sec.l

MOHO Vp = ó.85 KM/Sec.
34 KM I

I
z (KMlUPPER MANTLE

MODEL A-I.3
vp = [ 7.9o +b3 (z-341] KM/sec.

50 KM

Vp = [8.40 + b¿ (Z-50]] rmrs...

Fig. 7a. Upper mantle models containing first-order
velocity discontinuities
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Vp

MOHO
Vp = ó.85 KMlSec.

34 KM

z
UPPER MANTLE

MODEL A.2.I Vp = 7.9O KM/ Sec.

-- 50 KM
vp= [z.to +\ lz-sol] KM/sec

Vp

MOHO
Vp = ó.85 KM/Sec.

34 KM

z
UPPER MANTLE

MODET A- 2.2

yo=[ZeO + bg (Z-34)] KM/Sec.

--; ;;;;;;--50KM

Vp

Vp = ó.85 KM/Sec.
34 KM

z

UPPER MANTLE

MODEL A-2.3
vp = [ z.go +b3 lz-gq ] rmrsec

50 KM

vp = [2. ta 2 +bt ( z -50]] KM/ sec

Fig. 7b. Upper mantle models containing second-order' velocity discontinuities



MODEL REFRACTED EVENTS
Event )(min Xmax

(Km) (Km)

A-1.1

A-1.2

A-1.3

A-2.1

A-2.2

A-2.3

.TABT,E VTTI

UPPER MANTLE MODELS

CO¡4PARISON OF TRAVEIJ-TTME CURVES

OF PRTNCTPAL EVENTS

P5
P7

P5
P7

P5
P7

P5
P7

P5
P7

P5
P7

112
184
TL2
175

I03
L77

LL2
988

103
665

103
67t

(T-X CURVES )
Tx=0 Inverse
(sec) SloPe

(Km,/sec)

987

987

6.23
8.34
6.23
g. 37

6.2'l
8.33
6 .23
6. 53

6;27
6.48
6.27
6. 55

6st

987

651

651

f dependent

7 .93
8.47
7.93
8.48
7.95
8. 48

7.93
8.2r
7.95
7.99
7 .95
8, 03

REFLECTED EVENTS
Event Xmax T*z=9

(Km) (sec)

on underJ.ying structure

P6

P6

P6

987

9e7

651

lrz-x2 cÌJRVES)
v.pp vint

(IftZsec ) (Km/sec )

18.86

18. 86

17.72

7.56

7.56

7.50

9 .48

9. 48

9.76

utl
\¡i
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appïeciably offset the d.istance of occurence of the

travel-time cusp resu] ting f rom a lower discontin-

uity. Note also that the t2-x2 .rrtrr" of event P6,

reflected from the upper mantle firsL-order discon-

tinuity, yields a much larger calculated interval

velocity when b3t0 than for br=O due to the in-
??

creased T'-N' curvature at shorter distances'

(b) Event P7 arising from a first-order discontin-

uity is observable at relatively short shot-receiver

separations and, for a fixed' discontinuity-dePtho

the inclusion of velocity gradients above anð/or

below the discontinuity has little effect on its

travel-time curve. In general, hovrever, the follow-

ing parametric chanEes reduce the shortes't obser-

vation (critical) distance:

i. decreasing the d'epth to the sub-I'loho dis-

continuitY

ii, decreasing V3 and/or increasing V4

iii. increasing b4

(c) A second-order discontinuiLy results in a

slight increase in the slope of the first-arrival

times at a fairly large distance (650-987 km" for

the mod.els chosen) . The gradients chosen in Models

2.1 to 2.3 produced only negligible triplication

at the onset distance of the event refracted. at

the discontinuity. Furthermore r ro reflections

occur at second-order discontinuities d'ue
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to the lack;of velocity corltrasL above ancl

below the interface.

3.3.2 Comparison of amplitude-distance curves

The amplitude-distance curves of upper-mantle model

events, calculated. in the same manner as those of the crustal

model events , aye depicted in Figures Ba and. b . The following

aspects of these curves are noteworthy:

(a) In the first three models. containing a first-

order discontinuity, the first azríval P7 becomes

prominent in the 300-400 km. range and attains the

same magnitude as the nearest later arrival P5 be-

yond these distances. Event P7 shoul-d therefore be

readily identifiable on short-distance records if

this interface exists"
(b) l4odel l-,3 demonstrates the anomalous rate of

amplitude increase with depth of refracted events

P5 and P7 together with the sharp rate of decrease

of reflected event P6 rvhich occur when velocity

grad.ients are present.

(c) Models 2.L to 2.3 illustrate the important

fact that although second-order discontinuities

manifest themselves to a small degree on travel-

time curves (producing a slight increase j-n slope

of the first arrival), there is a hiatus between

the amplitude-distance curves of the refracted

event arriving from above and below the discontin-

uity. This feature should be diagnostic in the
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Fig. 8a. Amplitudes vs. distance of principal upper mantle
events: Models A-1.1 to 1.3
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detection of this type of discontinuity on records

from a continuous profile



CHAPTER 4

TNTERPRETATIO¡i OF UPPER IUANTLE DATA

The L967-69 mid-range surveys of HalI and Hajnal

(1973) and. the long range survey of Gurbuz (1969, L970)

presented in Chapter 2 both contain evidence of upper

mant.le structure. The travel-tine curves of even'ts P5, P6

and P7 (Table IV) from the Hall-Hajnal survey have led

these authors to interpret a tentative upper mantl e model

equivalent to that of l4od.el A-1.1 (see preceding chapter) ,

containing a first-order discontinuity a't a depth of about

50i km" Gurbuz also found evidence for a sub-Piohorovici.c

discontinuity within the same depth range based on two

events P* and P- (whose travel-times are reproduced -i-nmn
Table V) ; this model is illustraLed in Figure 6 of Chapt.er

2and'thereducedtrave1-t.imecurVeSofuppermantleevents

f rom both surveys are included w-ith those of the crus tal

events in Figure 2a-ð,.

It was shown in Chapter I t.hat failure to allow

for earth curvature in the analysis of time-distance and

amplitude-distance data leads to erroneous interpretations

and was subsequently demonstrated that data from both

surveys at hand lead independently to a single trvo-layer

crustal model rvhen curvature is included. l{e norv must

OJ
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determine v¡hether the two sets of sub-Mohorovicic travel

time curves, both independently and combined, produce a

consistent upper mantle model of the common subsurface

when interpreted on 'bÏre basis cf results derived in the

preceding chapters.

A qualitative comparison of the upper mantle kin-

ematic data from the surveys with the theoretical model

data examined in the preceding chapter does not support

'Lhe existence of a second-ord.er discontinuity in the upper

mantle for the following reasons:

(i) There are no discontinuities in slope of

any time-distance curve as theoretically predicted

for events penetrating a second-order discontinuity.
(ii) In addition to the P5 event of the mid-range

survey, two other prominent events have been pi-cked

whose travel-times are consistent lv-ith primary

events bottoming below a d.eeper d.iscontinuity. If

this discontinuity were of a second-order, however,

no additional primary events, distinct from P5,

would be produced,

A further comparison of the upper mantle kì-nematic

d-ata with the theoretical curves of Model A-1.1 indicates

a favourable ag'reement in slopes and. times, thereby suppor-

ting the first-ord.er discontj-nuity hypothesis' Minor devia-

tions from the theoretical values may be attributable to a

greater thickness of the uppermost mantle layer than orig-
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i-nalIy estinat.ed; velocity functions above and belorv the

lower interface also appear to be greater than first predic-

tions.

4.1 Ànalysis of Vetocities from Upper Mantle Data

F,esults of the preceding chapters (sections 1'I'

2.L and. 3,3) have demonstrated that small velocity gradi-

ents have lit.tle effect on the slope and intercept times

of refracted events and v¡ould be exceed.ingly difficult to

identify on Èhe basis of amplitude variations of traces

otl regional survey recor,Cs " Travel-tir¡e cusps at anomal-

ously small distances resulting from larger velocity gra-

d.ients are not evident on either data set. fn addition'

the inherent,ly large e.rror associated with interval velo-

city estimat.es from reflection data (sections L.4.2 and

2.2) would result in a wide rangie of theoretical velocity

functions which would satisfy the observed data,

As a fírst approximation, therefore, no gradients

in velocity were assumed to exist above and below the dis-

continuity. Results of linear fits to t'he refraction time-
,,

d.istance (T-X) data and reflection 1ao'X' data are summar-

ized in Tables IX a and b. Earth curvature corrections'

applied. in the same manner as for crustal events, \¡7ere

based on an average upPer mantle model A-1.1'

The mid-range data yieJ-ded excellent agreement

between the velocities derived indepenclently f::om events

P5 and P6, sì-tgigiesting an averaEe interval velocity of B.L]



Data Source

MID RANGE SURVEY
(127-3sl Km. )

HALI,-HA.'NAI, 1969
(Recorded 1967-69)

LONG RANGE SURVEY
(420-77 6 Km. )

GURBUZ L97O
(Recorded 1966)
(PROJECT EARLY RISE

COMBINED ljITÐ RANGE
And LONG RANGE
SURVEYS

TABLE TXa

UPPER MANTLE REFRACTION T-X DATA
LTNEAR LEAST SQUARES FIT

Event

P5

P7

Pn

Intercept To (sec. )
Fir

7. 01 t0.221

8.3110.24

9 .7 8!0 .67

* Curvature corrections applying Mereurs

P7 /Pn

Veloeity V= (sLope) - I (Km. /sec. )
Fit Curv. Corrected,*

8.201.07

I . 731. 07

8. 481. 07

6,6Lt0. 25

8.151.06

8. 661. 06

8.41t.06

(1967) formula

8.15t.04

RMS
Dev (sec. )

0.196

0. L9l_

0. 343

8. 09Ê. 04 0.570

ol
ol



Data Source Event

MID RANGE
SURVEY
(127-35f Km. )

LONG RANGE
SUR\TEY
(420-776 Km. )

TABLE TXb

UPPER MANTLE R3FLECTION T 2-X2 DATA

LTNEAR LEAST SQUARES FTT

P6

Intercept To(sec)
Fit Curv.

Correcti

16.33t0.53* 14.7510.49

CoMBTNED P6/P_
MID R.â,NGE and M

LONG R.ANGE /

SURVEYS

P
m

*
f

All errors calculated for gOt fÍducíal Lirnits
Error exceeds physically realizable tinits

28.66!L.67 17.431L.07 7.901.06

Appar,Vel. (Xmr/sec)
Fit Curv.

Correct.

7.34t.05 6. ggt .05

19.6010.90 15.29t0.70 7.67t.03 6.95t.03

Int.Vel. (Kmr/sec)
Fit Curv.

Correct.

9 .22!.77 g.Igt .69

7. 0gt . 06 Ll.13tt g . I1tt

Rt{s
Dev.

(sec)

0. 346

9 . 73tI. 40 I . 11t1. 17 0. 409

0.423

oì
-J
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km/sec" in the uppernost mantle layer; this similarity

in the two velocity estimates lends further support to the

original premise of a constant velocity in this layer.

The long range survey reflection event P*r which

produced a larger interval velocity of 9.11 km/sec. may

be regarded as unreliable clue t.o Lhe excessive scatter in

arrival times and attendant error in esLimates of inter-

cept time and apparent velocity, Tt is, in fact, likely
'that some or all of the time-distance pairs, originally
picked. and int.erpreted as event P*r may actually corres-

pond to reflection multiples similar to those identified

in Chapter 2 (ie. whose ray-path in the bottoming layer is

twice the length of its prímary reflection equivalent).

This premise is supported by the a.pparent velocity and in-

tercept time values deduced from a linear least squarps

fit of the theoret,ical time-distance curve derived from

modeJ. A-1.1 for event P6m. These values (7.75 km/sec- and

24.41 sec., respectively) agree favorably with those ob-

tained from the fit Lo the P* data (7.g0 r.06 km/sec. and

28.66 t]-.67 sec., respectively).

Although amplitude studies predict strong sub-

Mohorovicic refracted arrivals in the 400-800 km. range

when a first-order discontinuity exists at the crustal

baser rro such event was observed on the Gurbuz seismic

records. This may be explained., however, by the nearly

símultaneous arrival times of P5 and P6 exhibited by the
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upper mantle models 1.1 to 1.3 in the distance range of
'bhe Gurbuz survey, which precludes the resolution of the

two events.

A confirmation of the sub-Moho discontinuity depth

cf 50 km. is established by -uhe simi larity of the inter-

cept times derived from polynomial fits to the time-d.istance

pairs of P6 from the mid-range survelr (Tab1e IXb) and the

Èheoret.ical model A-I.1 (Table IIIc) for the surface dis-

tance range of 120-360 kin.

Although the mj-d-range and long rangie surveys

have independently yi.elded a consistent crustal model and.

both support a sub-Mohorovicic velociLy discontinuity, the

first arrival body waves P7 ancl P' produce contradictory

evidence of the velocity belorv this interface. The velocity

estimates, when corrected for earth curvature, are 8.66t

0"06 km/sec. and 8,411 0.06 km/sec. for the mid-range and

long rangie surveys, respectiveiy. Since lcinematic data

has been shown to be relatively insensitive to vertical

velocity grad.ients, a more likely reason for this cliscrep-

ancy between the two data sets is a lateral inhomogeneity in

both the depth of this interface and the velocity below it.

This conclusion is supported both by the large RMS deviation

in the linear fit to the long rang'e P' arrivals and. the var-

ied upper mantle int.erpretations produced by other surveys

summarized in Chapter 3.



CONCLUSIONS

Ray-tracing seismic models of a spherically strat-

ified earth demonstrate that conpressional reflected and

body waves theoretically cannot be detected at the surface

beyond a maxirnum offset- distance; this clistance is dependent.

on the compressional velocity for the bottoming layer and. its

d.epth. Furthermore, the loci of time-distance pairs for a re-

flected and a body wave bottoming in the same layer converge

v¡i'bh increasing offset distance so that the two events may

not be d.istinguishable on seismic record.s at large source-

receiver distances.

Surface <lisplacement models of seismic tva\¡es suggests

that events corresponding to refracted body waves ¡ propa$a-

ting in constanL velocity media, increase in distance i¡ith in-

creasj-ng offset. Amptitudes of body h/aves bottorning in crus-

tal layers exceed. the amplitucles of crustal reflected waves

in the 700-800 km. distance range, This phenomenon is more pro-

nounced when the bottoming layer contains a positive veloc-

ity gradient.

The existence of a vertical positive velocity gradient

within a given layer is manifested in the ternination at anom-

alously short offsets of both reflected and body wave arri-

vals bottom-ing in this Ïayer. This occurence would be most

read.ily observed through the use of a continuous in-Iine pro-

file having short receiver-to-receiver separations-

Amptitude and. kinematic modelling demonstrate that

simple reftection multiples are prominent events with travel-

70
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time curves similar to those of primary reflections and could

easily be mistaken for the latter, especially on regional

profiles having little or no character similarity from record

to record"

l,lodel data revealed that bod.y waves boLtoming in the

uppermost 100 km. below Lhe Mohorovicic discontinuity pro-

duce prominent arrivals in the offset range of. 100-800 km.

This result suggests that, theoretically, upper m.antle struc-

tural interpretation can be m.ade on seismic records acquired

from relatively short-d.istance rang:e surveys designed for

crustal research

The application of seismic model results to the míd-

and long rang:e data of Gurbuz and Hall-Hajnal yields a tlnlo

layer crustal interpretat.ion; this interpretation suggests an

upper crustal layer having a thickness of 18 km. and a 6.05

km/sec. compressional velocity while the lower layer has a

thickness and compressional velocity of 16 km. and 6"91 km/sec.

respectively. The possibilities of a velocity gradient in the

lower layer and existence of a third crustal layer v/ere inves-

tigated. but are not supported by t,he observed data when inter-

preted in conjunction with the ray-tracing models.

Both sets of data are consistent with a single inter-

pretation of an upper mantle first-order discontinuity in -'he

depth rangie of 50 km., with an intermal compressional velocity

of B.L] km/sec. above the discont.inuity. No unique compres-

sional velocity was obtained for the layer below this inter-

face, suggiesting the presence of lateral velocity variations.



APPENDIX I

DERIVATION OF DTXIS TNTERVAT VELOCTTY FORMULA

Qne Layer

The travel-tíme T* for a reflected. ray in a single

J-ayer of thickness Z and constant velocity V involving no

dip or curvature can be expressed as follows:

^', = T3 + I''x 
v 2 (r-1)

where Tå - 4z: is the intercept tj.me at, x = o
v1

And X = the horizontal distance

The velocity therefore is the slope of the T2 - x2 curve

gnd To is the intercept, time.

Two Layers

The T2 - xz reflection curve for a two layer case

will not be'a straight line but will curve downwards with

increasing X. The effect of the first layer for small X,

however, can be removed by considering the angle of inci-

flence 0, at the base of the upper layer

We know that

sin 6, = dT.. (r-2)T- ãT* ,

A straight line drawn tangent to the T2 - X2 curve at X = d

where d<<L will have the form
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dr*l = d = :i"0. (r-4)ffi^lx=d ffi f- \

Ti = M+X2_ (r-3)
q(d)

where Va(d) is the apparent ve)-ocity at X = d. Differentia-

tion of (3) with respect to X gives, ât X = d

using the relation from (3).

consider now the ray-path of a down-travelling ray (FIG. A - r)

with very small X and no diP:

let Xr*Xz=d t TrtTz=Td

where Tr = 22 , Tz = 4,ñ Yz

then d = Tr Vr tan Or * T z Yz tan Oz (I-5)

Since d.<<1 we can aPPrôximate

tan 0r= sin 01 (I-6)

and using Snellrs law, equation (5) becomes

d - vr Tr sin 0r + vâ T2 sin 0 z (r-7)
vl

Substitut,ing (4 ) into (7 )

d = (v?.-Tr l_vâ-r2) d (r_8)
Yâ,, (d) Td

Dividing through by d and t.aking the limit as d+o (8) becomes

Lim V!, (d) = l,im f vi t, + v? r, Id*o d*o I tu 
I

so that, '

vå^ (o) = vî ror* vâ tto, - ro,)
(r-e )

To,

where To, ancl Toz are the two-way travel-times to the bottom

:: :.. 1

-t:.1
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N Layers

The two layer resuLt of equation (10) may be general-

ized to an n-layered medium. The interval velocity in the

nth layer is given by

(r-rr ¡

where To, and l/v2a. are

Line fit to the Tz - x2

The preceeding development, following Dixrs (1955)

$erivation, is based on the crucial assumption that X is very

near zero, where the angles of incj-dence are very small.ld

the approximation of equation (6) holds. At larger distances,

Straight-line fits to T2 - X2 curves for a given reflection

!,ri11 yietd progressively larger erroneous intercept times and

epparent velocities with correspondingly high interval veloci-

ties.
Deviations from the smal1-angles-of-incidence aPProx-

imation at relatively. short distances also occur for reflec-

tions from the nth layer when n becomes laige. Dixfs int'er-

vn =f uår, To. vån-, Tor,- rff'
L -"" - t."-f J

the coefficients of the best straight-

curve a reflection from the ith layer.
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trzaI velocity formula using apparenÈ velocities derived. from

inverse slopes of straight line fits to T2 - N2 dat,a is there-
f,ore valid only when x is very near zero and the number of
l-ayers is small.
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FIGURE A. I

2

Ray-path geometry
stratified media

for two layer horizontally

Ray-path geometry for two layer spherically
stratified media

FIGURE A.2



APPENDIX IÏ

DEVIATTON OF X2 12 FROM STRATGHT LTNE

FOR SPHERICAL EARTH - ONE LAYER CASE

The T2 - x2 curve for a ray reflected from a single

layer involving no dip or curvature is exactly a straight

line having'tlre form

r' =lgl' + x2 (rr-1)
lvl v2

as shown in equation (1) of Appendix I. At large X' however'

the effect of earth curvature becomes significant and the

T2 - x2 curve is no longer a straight line

Consider the geometry (Figure e-2) for a reftected

ray in a single-layer spherically-stratified earth where

Ro = Earth radius

z = Ro - ft = thickness of layer

'¿'r = Rt s = apparent thickness of layer

X = ORo = source-receiver distance at surface

Xt = apparent source-receiver distance

lrle can relat,e Zt and Z as follows:

z. = Rr .- R = Ro cos (O/21 - Ro = z 1T.r-2)

= z - Ro (1 cos (x/2Ro) )

Similar1y, by straightforward geometry,

xr = 11 olt rQ = ,-, = 2Ro sin @/2 (rr-3)sin (n/2 O/2) r.,

or Xr = 2Ro s1¡ '(X/2Ro)
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Expanding cos (X//2Ro) and sin (X/zRo)

pansions and reLaining only the first
tions (2') and (3 ) become

wiÈh Taylor series ex-

3 terms of each, equa-

(rr_4 )

(rr-s )

and horizontal dis-

earth geometry for

x3
ã4ã;

Xr c [ -

r.2= ri/--x3 + xs Io,L[ ry t-dql
= 422 + x2 x2 lz +çZ ø FLR-;'

'1
z- xz +

Eiil;

zx2
a-aãã

Zt:z-X2+XrtF, 56TITr

+ xsïrmf
Equations (4) and (5) represent the depth

tance corresponding to the equivalent flat
which equation (1) holds. '

substituting equations (4) and (5) into equation (1) r we have
,L

+

x2æq
The first two. right,-side terms of equation (6) represent, the

total T2 for a single plane layer of thickness Z whire the

last term represents the dífference aT between the plane and

spherically layered T2 - X2 reflection curves.



APPENDIX TII

THEORETTCAL VERTTCAL AI\,IPLTTUDE DISPLACEI{ENTS

FOR IVAVES IN A PLANE LAYERED MEDÏUM

The amplitude formulae described herein are based

on a ti.me-series solution (Cerveny and Ravindra rt..gTL, to

the plane v¡ave equation (expressed in inverse povters of fre-

quency) having the form a
ç

w - exp {ir,r (t - r)} + (iro)-kw¡ (rrr-1)

where Vf is the particle displacement vector. EquaËion (1) is

a ray series where . is a phase function and. W¡ are the ampli-

tud,e coefficients

III.l Reflected and refract,ed (diving) waves

The zero-order solution, obtained according Èo the

principles of geometric optics, employs only the leading terms

of eq'n. (1) and has been found to be sufficiently accurate

for reflected and refracted waves.

Restrícted versions of the generalized amplitude form-

ulae given by Cerveny (op cit) were developed to satisfy the

following conditions:

. a. A multilayered (horizontally stratified) medium exists

and contains no lateral inhomogeneities.

b. The source and receiver both 1ie at the top of the

first layer (ie. at or near the free surface).

c. The compressiorr.l-r.ve velocity in the jth l.y.t can be
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expressed by t = tj{ r + b¡(z zi)} rvhere

at the top of the layer having a depth ")'
stant positive velocity gradient'

Notethatrefractedordivingl{aves(asdistinguished

from head. \¡/aves) are those waves which have a turning point

in the bottoming layer due to a positive gradient ; the ray

thereforepenetratesthebottomlayertoadepthdependent
on the ray Parameter.

Theamplitudeformulaeofthever-ticalcomponentof

displacementforreflectedandrefractedwavesareasfol-

lows:

I oj l* lR21-i | Ì RrQ" (rrr-2a)

in the jtn layer (ie. at the (i+11th in-

rj is the velocitY

and bi>0 is a con-

t-r
Ar = L {-T(--z î*î I

lLl
for a ray reflected

terface and

aI = #ìi'¡n., 1*l *rr-il] qz (rÏr-2b)
z Tl,lr r

for a refracted ray bottoming in the ith lay"t (ie. below

the jth interface)

ThevariablesintheRHsof.2(a)and2(b)aredefined

as follows:
t-n'"il z

-pr-J
where

the ray Parameter

F t t
L - {t'fi ,'i It t?ðo;/

spread.ing function

p= sj'nÓ/v is
is the
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0i,
respect'Lvery

r. =l
layer where

b.>0:l

b .=0:l

âtj

a0o

For reflected waves:

Ojt= angles of incidence and transmission
&1-

at the j "" interface

distance travelled by a wave in the jth

rj={ (t-p'u3r'-{r-p'u3*+b. ("j*, zrl ) 2l\ll

Ptjbj

5': (t-nl"Tl t tt-o'";l a

% ,))"\\

t j = (z i+f z 
)) Pv j/ ( l-P '"3r'

(zi+L , jl, j(l-P 'u?)\

(I II-5a)

(rrr-sb)

(III-6a)

(rrr-6b)
zyJ¡ t/ z

j

v, (I-p'ê
= 2L) r

ß-t
= zÇ(-' ; * 1 .t-pzvf,)h

-!_

lbs I Pv'c

For refracted waves:

The R-coefficients of equations (2a) and (2b) are

the coefficients of reflection and transmission at' layer

interfaces. General equations for these coefficients were

first derived by Knott (1899) and Zoeppritz (1919); the

analytic expressions, howeverr are excessively cumbersome

for numerical calculations and approximate solutions have

been derived by Gutenburg (L944) , Steinhart and lt[eyer (196I)

Tooley et,. a} (1965), Berry and f,Iest (1965), and others.

The present treatment follows that of cerveny and

Ravindra (1971) where R*r, is the solution of a set of four
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linear equations:

where a.n are elements

4tã) a. R

Ç 
*in'mn = (-1) t.,- (i=l, 2 r3 ,4)t_m

of.matrix A:

(rrr-9)

[=

sinO,
cose r
9rOrCOS202

ProrYfsin20,

cosO,

-sinO,
-9rorYrsin20,
ProrYrcos20,

-sinO,
coso 

3

-9 zdrcos20 o

9 za z\f,sín21 ,

-cos0,,
-sinO 

u

9 rd2^( rsin20 u

P zs' 2\ ,cOs2

The ordered subscripts m.and n of the R coefficient de-

fine the ray on the upper and lower sides of an intefface
where

III¡I'I = I

tllrn = 2

Iltr ft = 3

ffirn= 4

so that, for

corresponds
tl

|l

lt

to P r.rrave ray segment above interface
ttSVtrtr||ll

t P rt rr ,, below rl

"sv|llttrtrtl

example, Rl.3 diagramaticallyrcorresponds to

and R* corresponds to
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0i, ßi (i=l

respectively above

01 (i=l' 2)

the interface

2) - P wave and SV r.vave velocities

i=I) and bel-orv (i=2) Lhe interface

density of media above and belor'¡

and

I

(

w.lI

u

the earth'

= ar/ßi
= conversion coefficient for a receiver on

-E-^a

I -2 FIead lrlaves

Flead. t^Iâ.Vês are defined as \^/aves whose ray paths

are cri'tically refracted at a plane interface and rvhich

travel at the top of the meclium belorv the interface pro-

videcl the medium contains n velocity gradient. Original

theoretical solutions of the rvave equation tvere based on

integral methods (cf. cagniardt ]-962; Petrashen, 1964)

it rvas later shown, however, that for non-itrterfering

head sIaVeS, all results deducecl b)' wave methcds could be

derived through geometric optics by the ray methocl which

produces an asymptotic (ray) series sol-ution given by

equation (1). The following vertical amplitude formula

(Cerveiry and Ravindra I L97L) is based on ? first order

(second 'term) solution for a slmmetric, non-corrverted

head vrave having both Source and receiver at the free

surface ancl bot'boming in the lth la1's¡

L-2
Ai = trt,

I rr-r ff
7Nl-"1)'t'-'*) ^1,-t- j=1

*jorl-r-i lu" ( rrr-r1 )
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ß-¡

where r* = Z f rf is the critical distance (ÏïI-12)
¿4J

I

rj = (zi+f z)) (vj (1+b . (zi+f z j¡ ¡ +v, )

l"î-" j, ) 
\+ t",u-"j( t+¡ . (z i+f z )) l ')"

(rrr-13 )

I. = head r^rave coefficient for the interface at which the
K

ray is criticatly refracted..

The remaining varíables in equation (11) are defined

in equations (4) to (IO).

Computer prograrns RVÍAMP and HITIAMP (Appendix Iï) were

written to carculate the amplitudes of symmetric reflected

ltraves, diving rÁraves and head $raves using the preceding thecry

for a horizontally strat.ified medium.



APPENDIX ÏV

A.

PROGRAMS ¡

TDENTIFÏCATION

Title:

HWA¡lTP and RDA},IP

Vertical amplitude variations with distance

for head r,'raves, diving v¡aves and reflected.

$raves in a horizontally stratified earth

model.

R. Desmarais

January, 1973

FORTRÄN IV

Programmer:

Date:

tanguage:

B.

c.

PURPOSE

To calculate the amplitude-distance curves of com-

pressional reflected and refracted, hraves using the class-

ical plane-wave theory derived'for horizontally strat-

ified media. '

USAGE

1. Oþerational Procedure: Program RDAIT4P calculates

amplitudes for reflected waves and divinçt rdavest program

IÍWAMP calculates head wave amplitudes. Program MAIN of

each reads the input parameters defining the earth model

and calculat,es the theoretical times and distances for

the rays bottoming in a specified layer. The amplitudes

for each distance are calculated using the reflectivity

coefficients derived from subroutine RCOEFF.
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2. Input Parameters:

M = number of layers + 1

Z (t), (l=l'ttl) = depth to top of each layer

vp(r), (t=1ru) = compressional !ìrave velocity
for each layer

VS(I), (I=lrM) = shear wave üelocity for each

Iayer

B(I), (r=1rM) = linear velocity gradient for
each layer

RO(I), (F=1rM) = density of each layer

3. Output Parameters:

Program HI{AI{P

RC = critical distance
'TC = critical time

G131 = transmissivity coefficients for inter-
face at which head wave is critically refracted
Programs IIlfAIt{P and RDAMP

R13 (I), (I=1rM-l) = transmissivity coefficient,s

.for. down-going ray path

R31 (l) r (l=1rM-1) = transmissivity coefficÍent
for up-going ray path

Rll = reflect,ivity coefficient for reflecting

interface (where applicable)

RCOF = product of transmissivity and (where

appLicable) reflectivity coefficients for all
interfaces encountered by ray



RI = surface distance of ray
'RR = travel-time at distance RI

RT = reduced travel-time
AMP = vertical amplitude displacement at,

distance RI

4. Space Requirements: 84K for each progr¿tm

5. Temporary Storage: none

6. fnput Tape: none

7. Output Tape: none

8. Time: 3.6 sec¡ for 40 distance-points
9. Refårence: Cerveny and Ravindra (1971)

L0. Remarks: The mathemaÈical equations used

in the p¡îograms are given in Appendix III.
Due to the simplicity of the programsr no

detailed descriptions follow.
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AÀl ly c IEVEL 2.1

. ..' .i' ..,'. .:

tù I 36tr.t.l ¡ tJ

g PRIGRAII HI'JAMP PRTJGRÂI'IHER: R.J. DESI4ÀRA¡S

þ Hrar wAVE AupLtruDE vÂRIATt0t¡5 ltlTH DIsTÂNcE

8ilüli:-ål:r?i?å- vpr cr r vs( 6t ,zr 7 r r Rc ( 6l r B ( 6r., p, RCuFre3 zt ÃFIp, r r R (?

L tZB r rlR.rV ÞB r DL 0G' DABS rC DABS r R I r RCr TCr DE LTAr At4Plr Tl'1., TT

ctlMM3N I ¡'lDr NLr VP tV5t 7t R0r B' P.r RCIFr Q3I-t ZBt Gl3l
l0C RE,rD f lr l0 ) \il

,ìEAD ( lr t t I ( Z ( I I r I =I rH I
l'lL=14-l

: ;'|

RFAD(lrlll (VP(Ilr
RF ¡lD I l, I I I ( VS ( I I r
REÀD(lrlll (B(ll ,
READ(lrll) (R,0(llr
'/RITE(3r12l

= Ir 14

= lr M

= lr H

= lr M

lZ FORM AT (tH ., TDEPTHt t5Xr rP'VEL0C IIYt rSXr r5-VEL0CITYT t5Xr rGRÀDIENTT¡

: I SXT T DENS ITYï
l.tRITEl3r 13! tZ( I¡-'VP(l lrVS tl lr B( IlrROl I lr I=IrHl

13 FURM AT (tH tF5.2tBXtF4.2r llX tF4.?t?XtF8.6tbKtF5.Zl
IO FORI"IATfI2I
ll F0RHAT(7FlC.2¡

cg cALcULATE cRITICÂL DISTANCE AN0 TIME
RC = 0 .0(j
T=0. D0
P.=l .DC lVPIl4l
D0 I I=I.rtlL
tF(B(Ill 3t?t3

2 R{l l=(Z(I+ll-Z(Ill+P*VP(It/(I.DJ-P+P*VPtl l**Z.D3l+*'5D0
T=T + llf I+t ¡ -Zllll | | | ( l.0C -P+P*VP ( I I +VP( I I l+*.5001 *VP( ¡ I I

s DEtt[ltl? irrrrr* RÂy BqIIgT:. ll IT:^LÂvER- 3 ZB=(l.D]/(P+VP(lll+Btll*Zl tl-l.DCl/Blll
l1lzB.GT.Z(l l.ÂND.ZB.LT.Z( I+¡.1 I G0 T0 q

R( ¡ t = I I l.DC-p*p+vp ( I t*vp { I } ¡ *+.503-( l. DO-P+P*VP ( t I sVP( l) +( l.D0+B
I l*{ z( I+1 )-Z(I I I ¡t'+2.DJl**. 5D0} /(P+VP (l l*B{ Il I

vpi|=vpf ¡ t+(t.Dú+3( ¡ l*tzt I+rl-zf I l¡ t

T=T+ ( Z ( f +l l-Z ( ¡ ¡ I *DL0G ( ( VPB+( I .DC+ ( 1. D0-P*P*VP( I | *VP ( I I | *+.500 t I
lvP( 1 l+(l.DC'+( I.Û0-P*P*VPB*VPBt++.5001 | l/( vP8-vP( tl I

GO TO I
I o.C=RC+Z.DC+R{¡l

TC= 2 .DL *T
TN=PtVP( ll /Í f 1.DC-P*P+VP ( t l+VP (1 I I Û*. iD0l
DEL T A= l. ÐJ

'r{RtTE(3tZLl RCrfC
wP.ITEt3rStl . '
CAL L RCOEFF

6l F0Rt'lAT (lll r5{ E L4,5tZXl I
Âf4P I = RC0F* VP ( l'4 t +DELT A+ ( DÂB 5 ( 03 Zt i+T'*l*C DABS I G l3l | / t c. D0

A¡,lPt.=Al¿Pll6.¿9
t{Rt TE (3., bt I RC0FrGl3lrQ3Zr TNrÀMP t
RCI=3NGL(FC/t0.0üf
II-IF¡X(RCI+l.l
Rl-tt+10
D0 5ù I=l'7J '
AriP=Al'tPl /( {R I++.5001 +( (RI-RC f $+l .5Dlf I

TT= TC+ l R t-RC I /VP{ È',! I
RT' TT- t R ll 7.gO I
{RI T Et3t 521 R I r TTr AM Pr RI



\\ ¡v G 2LLEVËL

. Ën

4

,3
2L
5t
5Z
Â^

t4ÂlN OAT E 7 5258 8e Lottbl

RI'Rl+l3.DC
c0 T0 tcu
l{RITE(3rã3 I I
F0Rt4rlT( lll r rllAY ß0TT0r4S IN LAYER 'tl2l
Fn,ìHAT(It{ rrCRtTtcAL DIST. =r ¡F5.?-llH r TcRITICÂL Ili'tE ottFS.Zl
FT]RI/IAT ( IH r I D f STANCE I,IC Xr I T IMEIT lOXT I AMPL ITUDEI I I I

F0RHAT ( 3 XtF6,2¡ ?Xr F5 .2t LOX¡E14,5 ¡t 6'21
STOP
END



ÂN IV 3 LEVEL 2L RCOT FF , DATE = 75258 la | 36t

JIJBROUTI NE RCOEFF
C0r4pLEX* I6 p Lr P ?t P3r P4r Rl 3 f ôl rR 3l (6 t tO t Ã lr A2rR lr 82t CDSCRT r G l.3l
DoUnLE PRECtSI0N VP( þlrVSt 6|tZlT I'Rf (6IrBl6l.'RC0F¡Q3ZtZBrR0l tRO?t

lQrX rYtIZtPtCDAllS
C OflH IlN I NDr NL r VP IYS I T.T RO.I D r Pr RCI] FI Q3 ZI TBT G I3I

C CALCULATE THE CIJNVERS ION COEFF O3Z F]R RECEIVER ÂT SURFÀCE
pl=( l.nc-vP( 1 l +vPÍ L l *P*P I**. 5D0
p2= ( l.D0-v5( t I +vs( l) +PfP l+*. 500
D= | I .DC-|. DC +VS ( t I $VS ( t t *p +p l* *2 .Dc+4. D0+P l+P2+P +p *( V5 ( r I +*3. D0 I ¡

1P( I I
Q3Z=2.00+Pl*( l.D0-2.0)*V5f tl+vs( tl *P*Pf /D

C CÂLCULATE THE R-COEFFIC IENTS ÂND THEIR PRSDUCT
e.C0F =1.00
D0 l I=lrNL

4 
^l=VP( 

I t*( l.DO+Bf I l+lZf I+1 l-Zt It lt
Â2=VP( I+l.l
Bt =V5 I I l*( t.D0+B( I l+t Z( I +t l-Z( I t ¡l
ÈZ =VS ( I+ 1)
ROl=R0(I I

R02=R0(I+ll
Q=2 . D0 *( R0 2*g?*B¿-R0 t+B t+B t I
x=R0z-Q+P*P
y=R0l+Q+P*P
ZZ=R02-R0t-Q+P+P
Pl=CDSaRT
P?=C DS ORT
P3=CDSORT
P4; C D5 ART

l.D0-Al+AI+P*P
l.Du-81*Bl+P+P
l. D0 -^?* 

^2 
*P +P

1. D0-Be+82 *P+P
D=Â I +ÀZ+ B I *BZ +p+ p*ZZ+ZZ+AZ *82* Pl *P Z+ X* X+Â l+B t*P 3*P 4+Y+Y+R0 I+RC 2* I

t g I + Àe*Pl *P4+ A I f B 2*PZ*P3 | +Q +0+P *P *P I +PZ + P3 * P4

TF( T.EQ.NLI GO TO 2
Rt3 ( I l=2.DO+,ti*R0l*P l*(B2*P2*X+B l+P4+Y l /D
R3t { ll=2.0c'+4?+p,o?*P3+(Bt*P4/'Y +BU *P2*Xl /D
t.|RITE (31 88 | RI3( I l.'R3I ( I !

88 F0RMATtIH t2lEL4.5tZbE I4.5l I
qC0F=RC0F*CDABS tRl3l I I l*CDABS( R3lÍ t l I

Gtt r0 t. Z G t3I =2. DC*Ål+AZ*RJl+ R0Z+Pl * ( I B 2* PZ +X+B t *P4 *Y I *+2 | / (D+D I

T CONTT NUE

? RETURN
END
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C PR]GPAII ROAMP PROGRÂH¡'IER R.J. NESMÂRAIS

C REFLECTION AND DIVING I,lAVE Âi'lPLITUDE VÂRIAT¡ONS HITH D¡STANCE
COriP L E X* t 6 C DS aRTr Lr DR

DOUBLE P REC t 5 I 0ll VPt 6l r V5 ( ö | tZlT I' R0 (6 t r B( 61.' P .' RC 0F tQSZrAHPr Tr R(

L I t ZB r RRr VP Br DL0Gr Dl\B S' C DAB S

C0MH0N INDTNLTVP tVSt ZtR0rB.,PrRCOFr Q3 lt ZB

READ(1,'l0l þl

READ f lr t. tl 1Z( I tr I=lrt'l1
NL=H-l
READ
RE AD

RE ÂD
RE AD

1r lll (VPf I lr I=1.,1'll
lrILl (VS{lfrl=lrl'l
trlll lB(It ¡[=lrH
LrlIl (R0(Ilrl=[rH

t{RI TEl3, L2l
LZ F0RMAT ( ll-l .r I DEPTH'r 5X, I P -VEL0C IT Yr t5 Xr I S-VEL0CI TYt ¡5 Xr rGRÂDIENT rr

tíä;i?ii: llï'l zttt,vp ( I rrvs (I r¡ B( tr,rot I t" I=r,hr
13 F0RHAT ( I H tF ).2t8XtF4.2r I I Xr F4.2r 8Xr F8.6¡ 6Xr F5.?l
1O FOR¡'I AT I I2I
ll F0R¡lAT(7F10.¿l

.lJRITE (3r7)
7 FORHAT(lH0rrRAY PARI*'l-P.rr5XrrDlSTANCE't5XrrTIl'iEtr5X.,rAl'lPL¡TUlEr I

P=0.0
99 P=P+0.C0 I

c
C CALSULATE TRAVEL TII.tES AND DT5 TANCES

RR=0.00
DR=0.0C
T=O . DÛ

tND=0
D0 I l=lrNL
¡FlSlllf 3t2t3

2 R( I t = ( Z( I+t l-Zt I I t tP+VP ( I I /( I. D0-P*P+VP ( [ l**2.0C l+*.500
T = T + ( Z ( I + I I - Z 1 | | .l t ( t { I . D0 - P * P * V P t I I * V P l I I | + * . 5 D 0 I *V P I I } |
DR= DR+ ( t Z( ¡+ l--Zl lI ¡ *VP ( I I *( I. D0-PrP+VP( I l *VP( t I l +*. 500) / ( VP( I I t(

l.Dü-P*P+VP f I f +VP ( I I I +*1. 5D0l
GC Tll I

C DETERI'1 INE l,,|HETHER RAY BOTTOHS tN ITH LAVER
3 ZB=|I.DOtfp+Vp(tIl+B(Il*Z(tl-1.Dul/B(It :

lF(zB.GT.Zill.ANr'.ZR.LT.ZlI+l. lI G0 Tc q

R ( I | = I f I .DC-p*p*Vp t I t ¡ *+.5 00-( r. D3- p+P*VP( I t *VP ( t t s( l. D0+8 ( It * ( Z(

t+1 l-zl I I t l **2.D01 **.i00 ¡ /( P+vP (I f+B( t I I
vpB=vp( I t+(1.D0+Bt I t*(zf I+l l-z(¡ t I I
DR=DR+ (R ( ¡ l+ ( ( t. D0-P+P+VP( Il *VP( I¡ |+*.5D0I t /{ f f 1.DC-P*P*VP fI l*VPl

t I I *+.500 l*( ( t.D0-P*P*VPB+VPB)+#,SDCl fP*VP( I I I
f=T + ( Z t t +t t-Z ( I t | +DL tlc ( ( VP tl* f I .0û+ ( I . D3-P*P*VP( t l*Vp ( I ¡ I *+. 5DO | | /

tvPt t t*(1.00+t [.oc-P+P+vPB*VPBI+*.5D]¡ I l/(VPB-VP( Il ]

GO Tü T

4 tFf ¡ .NE.NLl G0 r0 5

Rl I | =( ( l.DL'-P*P*VP( I )*VP(l t l*+.5Dc I / ( B( I l*P*VP( I I I
0R=D?.-l ( R( I l+( I.00-p*P*vPl tt+vPt lt l++.5t)0l r/ ( P{vP( ll *( l'.00-PtP*vP

tll+vPf¡llt2.D0l
T=T +DLUC t ( l. DO+t l. DO-P+P*V P( I I *VP( ¡ I ¡ **.500 1 / I P+VP ( I I I | / ( DABS ( B ( I

rt+vPrrtt -

tNü-1
t RR=RR+2.0ù+R(¡l

f:2 . DO sT
C CALCULATE SPREADING FUNCTION L
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tR= [.00-P*P+VPf tl *vPt t I
L=CDSORT (2.0C *RR+DR+{ER**. iD0l /( P+VP(t I I I

C CALCULÂTE R-CI]EFF¡C¡ENTS
CALL RCCIEFF
þ{RITE(3rûtl RC0F

8l FORMAT(lll rra.C0F=trEl4.5l
ÂHP=RC0F+Q3Zl (CDAtS( L, I

TF(IND .EQ. IIGO TO IOI
GO TO LO?

l0l l'tR¡TE(3rBl ZB
t0z c0NTtNuE

tfR I TE l3t 9l P¡ RR rTr Al4P
8 F0Rf4AT{ 1i{ r TDIVING t.li\VE FR0l'l l= | ¡F5.2r f K14r I
9 F0Rf-4 AT ( LH rZlt FÞ.4 t 8l.¡ F6.2 t 6Xr F6 .2t5X¡ E lZ.5l

IFf RR .GT. 1000, I G0 f0 Ic0
GO TÛ 99

5 v,|R¡TE(3tL4l ¡

I4 FORI'1ÂT(IH TIRAY BOTTOHS ABOVE ANTTCIPATED DEEPEST LAYERI I
TOO CUI-¡T INUE

STOP
END

LJl32t
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SUBROUTINE RCOEFF
C 0t4 pL E X+ t6 P I r P 2t P 3 tP 4 t RI 3 ( 6l r R 3 L ( 6l r D r Â I t \2t R I r B 2tCD SORT

DoUBL E pREC t S I0N vpt 6t r VS I o I tt-17lr R0 f o ¡, g ( 6l r RC 0Fr Q3 Zt L}r R0l r Ro2r

lOrXtY¡ZZtPtCDABS "

ct]i'|1.|oNtNDrNLlVP¡YStZlR0rB.'PlRC0FrQ3ZtTB
C CALCULATE THE CI]NVERSION COEFF 03Z FNR RECEIVER ÂT SURFÂCE

pl= ( 1,.00-vP( I | *VP( t | +P *P | ++.5D0
P2= ll.DC-VS( I I *VS ( I I +P+P l**. 500
D= ( I . DC- 2. 0C*VS ( I I *VS( t I *P +P ¡ + *? ;DO+4. DO+P l{P2+P +P +( v5 ( I t **3'00 I /

lP{11
IJSZ=2. DO+pl+ ( l.Dc-2. D0*vs( r I +vs( ll +P+P I /D

C CALCULATE THE R-COEFFIC IENTS AND THEIR PRODUCT

LL=NL-I
TFTLL.EQ. S.ANO.INO.EQ.II GO T3 3

RC0F=l.DC
D0 I t=LrNL

4 Ât=Vp f I t*( I.00+Bt I f+(zf l+1 l-z{ It t I
A2=VP(I+l¡
Bt =VS( ¡ l*( 1.00+BfI t+(Z(I +ll-Zl Il ¡ I

. BZ =VSll+Il
ROl=ROll I

RgZ=Bg(l+tl
0=2. D0* R0z+B¿+82-R0I*Bl*B ll
x=R02-Q+P+P
Y= R0 l+ Q+ P+P
ZZ=R02-R0I -Q+P*P
Pl=c0s0RT( 1. Du-Â1+¡1+P+P I
P2=CDS0RT( l. D0-B I+Bl+P*P I

P3= CDSQRT I l. D0 -^2.+42 +P*P l
P4=C DS 0RT( I. D0-B 2+82+P*P I

0=A l+A2+Bt +B Z*p* P*ZL*zz¡.Az +B ¿+PL+P 2* X+X+41 +B t *P3 +P4+Y+Y+RO l*R0 z* (

¡, BI* 
^2*Pl 

*P4+Al*B ¿4P?+P3 Ì+Q*O+P *P *P If P2+P3+P4
TFILL.EQ.C¡ GO TO 6

TF( I .EQ.NLI GO TO ó
R13( t l=2 .DO+AI+R01+P l*( 82+ P2*X+B l+P4+y¡
R3l f ll=2.00*À2*R0Z+P3*( B 1*P4*Y+82+P2+X I

88 F0Rf'tÀT(tH t2lELî,5t2\tEl4' 5ll
lC0F=RCOF+CDABi (Rl3( t I ) +CDABS ( R3l'{ ¡ I I
tFt ¡-LLl Lt5t5
tF ( I Nt) | I r I r 3
Rc0F=RC0F+cDAB5(-l.Dc+2.0c*Pt+tÂz*82+p2*x+X+81+A2+R0l+R02+P4+Q*Ql

':;liirü:3*P4 ' 
/D)

RE TURN
END

DATE 7 5258

ID
ID

E

6

I
7



APPENDTX V

PROGRAM: POLYFIT

A. IDENTTFTCATTON

Title: Least squares fit of an nth degree poly-

nomial to data

Programmer: R. Desmarais

Date: May, L975

Language: FORTRAN IV

B. PURPOSE

To compute the set of n*l coefficients of 
"r, ,rth

degree polynomial which best fits a d.iscrete set

. of squared. time and d.istance values for a reflect-
ed event.

C. USAGE

1. Operational Proced.ure: Program Ir{AIN reads the

data sets and the highest desired degree of poly-
nomial fit. It, then creates the required system

of normal linear equations in matrix form. Sub-

routine GAUSS calculates the solution vector.

2. Input Parameters:

NSETS = nr¡nber of input data sets

NP = number of ord,ered pairs per data set

N = maximum number of polynomial coefficients
DEL(I), (I=liNP) = distance values

T(IrJ), (I=lrNP), (J=IrNSETS) = time values

94
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3. Output Parameters:

AA(I ,J') , (IrJ=lrttt) = matrix element,s of A where

AX=B

BB(I) ' 
(f=lrN) = elements of matrix B

X(I), (I=lrN) = elements of solution vector X

corresponding- to least squares fitted polynomial

coefficients

NSETI = data set number

RMS = root-mean-sguare deviation of polynomial

fit to data set NSETI

DEL2 (I) ' 
(l=lrNP) = squares DEL (I)

T2 (I) , (I=J-,NP) - squares of T (I)

ET(ï) ' (I=I,NP) = values of polynomial at DEL(I)
4

ETl (I), (t=lrUe) = squares of ET (I)

4. Space Requírement: 96K

5. Temporary Storage: none

6. Input Tape: none

7. Output Tapes none

8. Time z 52.24 seconds for three 40 point data sets

and highest fitted polynomial of degree 5

9. Reference: P.!V. ûVilliams (L972) p.58-64
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POLYFIT PROGRAM DESCRIPTION

The purpose of this program is to calculate the

coefficíents Xir i=lr n for an n-I degree porynomial p(d2)

which best fits a discret,e set of m t2 - d.2 values. Min-

imization, in a least squares sense, of the error between

the dat,a and p(d2) leads to a set of n normal linear equa-

tions which determine the coefficients x1:

aaaaaaaaaaaa

a a a a a a a a a al a a a a a a a a a a a a a a a a a a a a a a a a o a o a a a a a

anl xl * an2 xZ * .. r r........ * ann xn = bn

where aij = (dfr)

bi = tfr tafr¡ i-r

Program MAIN reads the data and calculates the e1e-

ments of A and B. The solution of the matrix equation AX=B

for the polynomial coefficients X= {x , x | ..., xn*l} is
accomplished by subroutine GAUSS using the method of Gaussian

reduction. This method^ performs operations on the system to
Fconvent matrix l\ into upper triangular form; elements of X

are then solved. by back substitution.
The accuracy of X is in part a function of the degree

of ill-conditioning of the original matrices. Numerical anal-
ysis has shown, however, that first approximaÈions to the sol-
ution can be improved upon by using the residuals n={ri} ae-

fined by AX-B=R wherê X is the first approximation. Because

all xI + a12 x2

a21 xl + a22 x2

X¡

Xn

+

+

+

+

a2n

a2n

-b1
-b2
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AXo-B=O represents the true solut.ion, then A(^x)=R where

Ax=xo-x is the difference between the first approximation

and the true solution. A solution for Ax is obtained by

the same method as above. This recårA approximation is used

in GAUSS only when the magnitude of the residuals ER= Iti I

exceeds a predetermined value after the first iteration.

Once the desired accuracy in X has been achieved

for the (n-1)th ¿egree polynomial fit, the values are re-

turned to !4AIN and the remaining output parameters are cal-

culated. The order of the polynomial to be fitt,ed is then

reduced by one¡ the matrices re-initialized and the process

repeated. This procedure is continued until all polynomial

fits from degree 2 to n-l have been calculated, after which

another data set is read and the entire procedure repeated.

It shogld be noted, that the method of Gaussian re-

duction is very sensitive to round-off error and its appli-

cation is therefore limited to low n(n<10). For higher order

polynomial fits, the method of orthogonal projection (Cf.

Sheid(1968), p.236-37 ) is recommended.
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rRl'l( ôl r R f 6l r DX(61 r X( ol rDEL ( 501,
rR HS r DABSr D5 QRT., [ì r RÂ (ôr 6l I RB f ô I
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7

N=Þ
00 1 [=1rN
BBltl=C.00
OO Þ [-lrN
RNIç2+l-?
00 6 K=lrNP
BBI I I =BB f I t+ ( T( Kr NSFTI t *+2 .D0l +( DEL( Kl **RNl I

l|RITE(3r131
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00 95 J'lrN
NJ=N+t-J



EVE L 2L DATE = 75245
99

L2t l4tzr

CÂLCULATE Ri"IS DEV OF FIT TO CURVE

B=C. D0
D0 t? I'IrNP
AT=0.DC

'DlF-O.DC
D0 t6 J=lrN
RJ- 2+J -2
JJ=N+l-J

ló ÂT=ÂT+X( JJ l+DEL( I I +*RJ
ETA { t I =ÂT
AT=DABS(ATl
S0AT=D51RT fAT I
ET( t l.=5QAT
T2( I l=Tl ITNSETII++2.DC
RT( t l=TZ (I l- (DEL ( [ f**2.001 162.4L
RET( I l=ETZ( t t-(DEL( t l*+2.0c'l /62. 4L

DEL2(ll=DEL(tf+*2.D0
DIF=T(lrNSEfll-SOÂT
DtF=0ABStDIFt

t? B=B+DIF+DIF 
ì

' :'RNP=NI
B=DÂBS (B/RNP I
RHS=0SART( Bl
hIRITE(3r l8 t NrNSET.lr Rl'lS

lg FoRMAT(IH r TP0LYN 0F ORDER 'tl2t rFtf T0 CUVVE I t 12tr HÀS RHS DEV=l

f,rEl5.7lll
t'IRITE(31 191
D0 2, I-IrNP

Zi btRITEt3rZ0ttDEL(¡trDEL2(IlrTlIrNSETIlrET(IttT2lÍ,ltET2(Il.'RTf f IrREI(l
t(lfl

lg F0RMAT I t H r f 0ISTANCE..,6Xr t DtST 2r r 6Xr tTTHE0R rr 2Xr rT-EST f r 2Xtr TS0r t?Xt f TE iO
lXr I TESQT tZXt tREDTT tfl.t' RTE STr t

20 F0Rf.lAT( ll-t tF6.?tZXrE t4 .5t2X¡21F5.2tZXl t4(El'2.5t 2\l I

103 IF( N.EQ.2l G0 T0 102
N-N- I
G0 TO lol'

99 STOP
END

T4AIN
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SUBROUTINE 3ÂUSS. .i SOLIN OF SET OF LINEAR EQNIS BY GAUSS¡ON ELTI'INATION I''TTH RE5 IOUAL

i APPROXII'IINATION
DCIUBLE PRECIS I 0N ÂÂ( 616l rBBt 6l rRHl 6l r R ( 6l r X( ólr DXf ót TDABST 0SQRT

00UBLE PREC l5I0N TA( 6lrTB( 6l¡PPr 5C (51
C0HH0N ÂÂr BBr XTNTNSETI

; SCALE ROl{S OF ïATRIX ÀÄ

D0 3 I=IrN
3 5Cl I l=C.00

D0 ó l=lrN
D0 { J'lrN

4 TFIDABSISC(I I I.LT. DÂBSI AÂ I IIJII I 5C (I I-AA(I.IJI
D0 ó J=l.rN

6 AAf ¡rJ)=AA(lrJltSC(l I¡-
TOO CONTINUE

: : 00 ã I=lrN

23 FORMAT(lH t6lEL5.7tZXll
' IçZ CONT I NUE 

. 
:

; FI\D LARGEST ELEMENT IN COLUMN LL 6INTERCHÂNGE THIS RO!'I þITTH ROþI LL

NN'N-t
D0 I LL'lrNN
PP' 0 .0ú

I D0 66 J=LLrN
g KEEP VALUES OF ROV LL
i fAlJl=ÂA(LLrJ)

TBfLLI=BB(LLl
i ¡FIDABS(PP} .LT. DÂ85(AÂ{JTLLI IIGO TO 55
I G0T0ó6

,5 LJ rJ
I PP'AÂ(JrLLl

Oó CONT I NUE

3 tHr ERc HANcE Robts LL t LJ
00 7 K'LLr N

AAf LL¡Kl =AAfLJrKl
7 AAÍLJ.,Kl=TÀ(Kt

,,' BBf L Ll =88( LJ t
EBfLJl=TB(LLl

,'C ELl14lNÂTE C0LUMN LL F0R t-LL+1 T0 \
LI,LL+1
00 I L=LlrN
Lltl'L-l

¡ CALCULATE T4ULTTPLTER HÍLI E APPLY -:

Rt'l( L | =ÂA ( LrLL | /AA( LLrL L I

.,,,,, Ba iiil,[;:ilir¡Kr-R11!! !oAf (LLrKr
"i BB ( L l.BB ( L t-Rt'l (L l+BB f LL I

8 CONT I NUE

00 Z? I=lrN
22 tlR¡ TE ( 31 2tl | ÂA( I ¡ J I r J'Ir Nl rSC I ll I BB ( I I

tlRI TElSt 23 l ( RH ( t ¡ I I = [r Nl
C CALCULATE COEFFICIENTS XINI.BY BACK SUBSTUTITUT¡O\

XtN | =BB( Nl /AA( Nr Nl
'Nl'N-1

D0 tC JolrNl
K¡N-J
X(Kl =BB(Kl



,EVE L ?,t GAUSS OATE ' 7)245 l?t L4t2l-

00 tI L=KrNl
L[=!+I

It XlKf =X(Kl-ÂA(KrLlf*X(Lll
t0 X(Kl=X(Kl/ÂA(KrKl

trRl TE ( 3, 261( X( I I r I=lrNl
?6 F0RMAT(l'H rrX( If :rrbfEtS'7 t?I.l I

|.

: CALCULATE RES IDUALS RtNl-AA+X lNl -BB
fftcQ.Dtr

. : D0 14 I=IIN
,,., R(ll=-BBf Il

D0 33 J'lrN
3t Rl t I "R ( [ l+AAt I r J l+X( Jl
14 ER'ER+DABS (RI T I I

|rR¡ TE{3r l8 | f R( I l¡ Io lrNl rE R

lg FoRttAT(lH rrRESt 0uALS AFTER IST ÀPPR0x: rr6(815.7 tZY,l lLtl r I ER'= rrEl
tr,7l
tFIER .LT. l..D-061 G0 I0 t6

c soL vE [l*þ)(=:ft BY BACK SUBS. t CoHPUIE F INAL X .

,'', XIN t =X (N I -Rrt ( N t *R( N t /A Âf Nr N I

Nl'N-l
D0 12 J=lrNl
K¡N-J

, NJ¡N+I-J
i DXtKI=-R(Kt+RHfNJt

D0 t3 L=KrNI
lIrl+l

I tg DXtKI=DX(Kl-ÂAlKrLll+DX(Lll
0XlKl=DXlKl/AAlKrKl

12 x(Kl=x(Kt+DX(Kl
G0 10 17

tô hfRtTE (3r19t
I tç F0Rf,lAT(lH T.c0NVERGENCE ATTAINED IN IST APPR0XT I

I l? llR¡TEl3t26t (X{IlrI=l''Nl
RET URN
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APPENDIX VI

PROGRAM: LSTSQR

A. IDENTTFTCATTON

Tir,le: tinear least squares fit, to data

Programmer: R. Desmarais

Date: May, L975

Language: FORTRAN IV

PURPOSE

To compute the coefficients a, b of a linear curve

which best fit; a discrete set of time, distance d.ata

points; also to compute the error in a and b for a pre-
scribed set of fiduciaL limits.

USAGE

l. Operational Procedure: program MAIN reads the

input data and calculates the coefficients of the best
straight line fit to the data using the least squares

criterion. rt then calculates the error in the coeffi-
cíents which are correct to a factor (called "studentrs
t") dependent on the desired. fiducial (or confid.ence)

limits¡

2. Input Parameters:

NP = number of ordered pairs (x (I) ,T (I) ) of
data

REVI-IT T alphanumeric title of data

X(I) rl=lrNp = distance values

LO2
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T(I) rI=lrNP = time values

3. Output Parameters!

TO = intercept time of linear fit
TA = error in TO correct to "studentrs t'
factor

RMI = slope of linear fit

TB = error in RM1 correct to "studentrs t'
factor

V = inverse of RMI

RMS 1 root-mean-square deviation of fit, to

data

NS = NP-2 is the number of degrees of freedom

for the rrstudentrs t" factor used to obtain the

fiscal errors TA and TB

4. Space Requirements: 96K

5. Temporary Storage Required: none

6. fnput Tape: none

7. Output Tapes none

8. fíme: 10.13 seconds for six 35 point d.ata sets

9. Reference: R.G. Stanton (1961)pp.52-62
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LSTSQR PROGRAM DESCRIPTTON

The purpose of this program is to calculate Èhe best

Iinear fit to a discrete set of refraction time-distance val-

ues using the well-known method. of least sguares minimization.

The two linear equations whose solution yields the unknown

coefficients a and b (corresponding to the intercept time and

slope, respectively) are:

(vr-1)

(vr-2)

. The output variable

deviation o expressed by:RMS represents the

Iti = na + bfxi

Þiti = afx, * uÞi

wfrere n is the n
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normal distributio
ively have been ca

{r tx,

where oz is given by equation (3),
I

; = äE*i
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APPENDTX VII

PROGRAM s XTAIvIP

A. IDENTTFTCATION

Title: Calculation of travel-times, distances

and amplitudes for a specified ray type

in a spherically strat,ified earth model

R.F. Mereu, University of I{estern Ontario

1972-73

FORTRAN IV

PURPOSE

To compute the times, distances and amplitudes of
primary compressional r^rave events which would arise in
realistic models of the earthrs crust and upper mantle.

USAGE

1. Operational Procedure: Subroutine LAypAR cal-
culates all the necessary model values required by the

remaining subroutines. Subroutine VELBOT calculates ap-

parent velocity, depth of bottoming and bottoming vel-
ocity. Subroutine DELTA calculates distances prescribed

by the input parameters for any ray segment; subroutine

TIME then calculates the correspond.ing time for the ray

segment. The total distance, time and amplitude for an

entire ray path are then calculated by subroutine DISTÌ"I.

The horizontal and vertical amplitude components are cal-
culated Uy 

"rUroutine ZOEPP and GELG.

Programmer:

Date:

Language:

B.

c.

':a

1.06
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2. Input Parameters: These variables are defined

in the comment statements at the beginning of the list-
Íng of prograrn XTAMP.

3. Output Paramet.ers: These variables are def ined

in the comment statements preced.ing subroutine DISTM

in the listing of program XTAI,IP.

4. Space Requirements: 196K

5. Temporary Space: none

6. Input Tape¡ none

7. Output Tape: none

8. Time: L8.47 sec. for a two segment ray sampled

at 40 distance-points

9. References: travel-tíme calcutrations - Bullen
(1963), Stewart (1968); Julian and And.erson (1968)

amplitude-distance calculations
Gutenberg (1944); Steinhart and Meyer (1961)
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XTA},IP PROGRAM DESCRIPTION

Input parameters defining the earth model and the

ray tape for which time and amplitude versus distance cal-
curations are desired äre read by prograÍr MAIN. The times

and distances are calculated by subroutines DELTA and TÏME

using formulae resulting from the closed form solutions of
Bullenrs (196f) equations for a sphericatly stratified earth
(cf. stewart (1968) and Bates (1971). rf triplications or

shadow zones are suspected., the user is advised to first run

the program calculating times for a large number of rays be-

fore attempting to iterate the distances

The theoretical amplitudes are calculated by subrou-

tine ZOEPP using the formula (Gutenburs .19441)z

where

o = þg (FrFz . . .Fn) .t la coscr I r 1,l.:e r- ¿L' l-ffi--l @J
c is a constant depending upon Èhe source energy

f is the frequency of the arriving lraves

B ís the ratio of ground displacement to incident
amplitude at the free surface

fi are the ratios of transmitted or reflected en-

ergy to incident energy aÈ each discontinuity
encountered by the ray path

y is the absorption factor

or is the angle of incidence at the source

+r ís t,he angle of emergence at the receiving point

A is the angular distance between source and receiver
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The F. are calculated byL

reduction) of Zoeppritzl

the matrix solution

eguations (Zoeppritz

(using Gaussian

(1ele) ) .
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tJgP r.YArÊIv
i l?,:¿f)çi{^t!¡ XTÂMr--( lNÞ(JT rOtJTf-(,r TrFUlrCFrTAptil=INrrlrTrr/\r]f:'-t=nt,IPUTrTAPflT=
i I ll¿rNcr'|. r^ pi- t I )

: Ill IS A l?AY ïllÂCtNC TtNf UIST^hCt: Al'¡f:LITtJDt: ptìflGR^M tlY rl .Mt:REU
;E TIII$ III?U(;õÂM CALCLJL^TÍTS TFl: TIMF:5 I)TSTANCFS AND RELATIVF AMf)LTTUDF.
; Ff?,3 ANY F:AY TYPI' TI"HCI'(;H A SFHEPICAI.LY LAYEfif:D EARTH

ß,{v THEoRY IS ASSTJMËr.)

nllrt-cT hAvFs tìFFLECTED 'sAVÊS CONvÊRTr:D wAVFS AND vULTIpLE WAVES

€^N r1i H ANDL E C

Tt{F prr:JGtìÂr./ w ILL cAl_cuLATÉ Tt.tE vAHIeus oUANTITIËS
Étgfì /rNY RAY pAllAt\|f rErl P tìf\ At\Y. BtrANCH

0F rr)ii, ArJY G MN C T STA¡rCF
AT THE ËI.¡D CNÊ HAS ThE CPTICN OF SORTING ÂLL THF ARRIVALS AT ANY

[ll6TANCE Ir\TC A SEOUET\CE tjÂSFD GN EXpFCTED ARF¡IVAt- TIvES
THF PfJf)(;iìAM SCLVÉS ZCFPPR TT ¿ ËOUAT T CNS AT ËACIJ !) TSCONT I NI.' I TY ALONG
TtlF DATIJ Ar.¡r) TAKES INTO ACCCUNT THE FPf:E SURFACE EFFqç¡ AS IrELL AS

$f:Br,irT R I CAL SPiìE^C I NG

l

INnUf CARD I ----t\NtDD r ID I Pl r I DI f12, f lì IP3¡ ID IP4'L4YCHr IDI PS' KKSORT
fJMr){)D=NUTTEER of: frrcDELs TO BE STUDIED
JDIPI =rflJTF(JT OpTf C¡,¡ I DIFI=0 Oli =!

I f: IDIPI=O DETAILED CUTPUT OF STRUCT AND TADSTS SI,BROTJTINES
IV I LL I.,¡CT 8E PR INTÊ.C

I tìf p2=orJïpuT cPT I cN I o I F2=0 OF I
lf IOIr:2=O DÊ-T/\ILED O(TTPUT FRCM SUTJROUTINEZOEf) ,,rlILL, NOT flF: PFINTTìINTÊ¡)
IPIçlS=OUTFUT cPTI Cf\ I DI F3=0 cR I

lf' JD¡p.J:l OUTPTJT CÂFCSTwILL BE trRlN'TED FROr4 SCIRT

[ÇSeD=IDIP3
lllli'+=DUTPUT ElrT ICN IDIF¿¿=O CF t
IF IDIP¿r-0 RESULTS OF aAY SEGI,IENT CCDING'dILL NCT tlE ÞRINTEDD

[:^VCL{ = LAYEf? Cl-'At\GE CPTICN LAYCT-r = t OR 0

lF tAYCI'r -l LAYET S MAY EE ChA¡(GED AFTEtr A flAY CAF'D IS rrEAO

IgtrPS = A STFUCrUFÊ'ClrtCt',
NIIFMALLY IDIPS =O
It'lDlpS=l DIf:FERENT STRUCTTJRES Sl-CIULD RE PFAD IN AFTER

^ 
t-rAY cAR') ls PEA0 fN

KÉEF,ì1= A SCFTIIiG Ar\D trf-ìtt\1.ING CFTICT\

IF Fl SOnT=tl NC SOtrT ING IS DCNE

lF FKSOp.T=2 CUTPUT FFcr4 scäT ¡s G¡vEN

It!tsUf CAfì O ?----P. Àt, fvfì rl-)Mttfr r CMVX r CGÂP rREDV TRADUS r IKM
BNIlI,ì3= ITIJMI-ìF:H Cf: ITAY PARA 1'/FTEFIS TO BE EVALUATED FJFR RAY TYPE

NÍllf4ALLY Th IS VALtTE t S SE T ÁT L THE trIiOGRAM THf:N COr'IPUTES

BIET.ri:CF Vrr-,.ICr'üCCUF FO'-,ì rFF- MAx ANI) M¡1.¡ VALTJE OF THE RAY

R.At?A.,lt-TEÊ '.vl-.ICl.l CAN FE USI-Ll lì ITI-. EACI-. RAY lYPF-
R¡,¡:.{¡l=Tlif f\rfNft/UÈ/t l:ISïAr\CE TC tlF ttSFfl lN THF t{HOt-F Plií'lGR^M

1|:IMX = MAXII./UfV I)I:JTÊNCL TC' UE USKD TI\ TI-IE WHCLE PITOGRAM

l)$gtl = L]11-'TAÌ\Cf: tNCfiEr./ENT TC 8E USfü
IÈ l.MMr.¡= I C0. C rr)Mf'î lr= 22?.C rAl'f-- DGAtr=?5.0 THF t¡ TrlEplìCJGfìAM

WIÈf- l!VALtl,1Tí:l T trv'flS DtSl ar\CE AND A{lPL ITUDeS OF r?AYS

âRntVIN(; Ar TFE D IS f Af\Ci- llrl r l25' lSCr l75r ¿.)J' ??5
fìEnY= T l-r rìt-IDUC I Nrì Vt:LCr I TY

BAqtrl = HAD tUS OF Th.r ËAfiTl-¡

IK9¡=T If" NISTANCE CCNÏTIgLS !fIE GTVFN IN KM

lKlt:f If' DISTANcF C.CNTílOL sì /rRe GIVF:N IN CEGRFTiS



; rlt
: lî¡r.)l ,f C^f*rn'l---- t:lCt')
'- ,.?f)Ctr :-(ltr,1 L:ì T l-.1' F r-( ¡lL i.rl.¡r ¡tr

. Ttlí l.¡f ( T :if: T f )f' I l.tttJT CAt. l)Sj 
^kl.: 

Il-r¡' F.^flTf{ l'¡r-ì()t:L CAf:(ì1ì
: Rf_.à') If.¡ Ttti' M(-t)ì-t- i)11f-n\lLl rF.r:S tJS In-G fìNÊ CArìr) f-cf{ r^Cr-{ L^Yf-ll
I Mr)L. = THI' i¡t-ùFL.lr)tNTlFYIlr(i NTJMPER

I NsLAYf. fi l'¡ljtrb:f iì
I VT=I¡ VF:l..OC iTY AT Tf.tr CF L. llYf r.-

: Vrt=f-'VF.l.trCITY ,1T IJ(:TTCrv CF L^Yr:e
] T}ITC,< - THICKNFSS (.ìF THE LAYEî
'. P|IIS:;=r¡CISSCNS rì^TIC FLfi Tl-F: LAYt:ri
; lÍ! v:;1 f5 (,l.FAfÉ.Q Tl-AN tJ TF.F Cf-ìtrr;tj1¡ç l{ILL U5E TFq VAL(,ÊS fJF
: vsf A\t) vsiì Fcfì Tl¿t.. Tcfr Ar\r.l ilcTTüM s vELc.jciT It:5
i' li' vl;..ì ¡ S LrjSS Ttl;\F,! tjNF- VSrì:yq¡
' lF VST IS L:SS THAN Crr[: Tr-F Cr:MFtJTErl IvILL CALCULATE
: THË,3 Vt'LeCIf tFS LSIr.vG /t V¡1 utlÈ OF C.25 FCR PCISSONS il^TIO

: CF THf-. S vFLCCITIf-S. 
^T 

THf': TOp Af\if) RCTTOM (.lF Ti'lF LAYEe
' lr5 I NG A V^ r-UE Cf- .(: . 25

f)t-N:ìT = THÉ DEl.¡S I TY AT THq' TCtr Cf-- THE LAYFft
: TF NÐ VALI,ES AIìF bIVF-I.1 TT-J TìFN,ST ' THE PRI¡GRAM þ,ILL ASSIGN A VALTJE

' i)ENc,I]= TIIb DENSITY ÁT 1I-.8 FCTTT)¡/ CF THË LAYËP
. f l' r\r.J VALtJt: S ARF (;I Ve N TL) tlFNSq r TFIF PROGaANI wI LL ASS tGN A VALUE

f)FîJ';IT It.S Âr'fI CALCt.,LATf:i)'FrrCM A L INEAR DFNS tTY VFjLOCITY
. fìçL^T Itll'isFlJF UNLf;SS OTlrÉRttISc STLCTIFIED
, ÊT(JT' = THl FADIUS UF TIJT T:AFTF AT TFE TOP OF THE LAYEN
i lts tJtl V^LU!: IS GI VE\ -f e RTOP rHF F)ROGnAM \'iILL ASSG['J /\ VALUE
i = TU 1I-{F r)ADTUS CT: TFiE PTJEVIT)USLY fi] EAD I¡\,LAYEFì
I PUT A tìLANK CAtrD AT TFË END (:IF THF SçT DF LAYËR CAR'DS

, l,llX lrttj'.t l\tJr'lUFl. OF L il YEIìS f HAl CAN BÉ USED = ?C
lÍ='4r)t:: E LAYEFS ARF RF.GUIFED Tt-É: FROGËAM wILL HAVF rO jE REtIIMENSIONt]Tì

ì lirË. |.¡t-_XT Ixcl;T CA!:r) IS Tt,E f:^Y CAtrD

, JNtrirÎ CÂl-.L) î----ilXrfìYrllZrlrLYrNSrKTESTtNI)EXr( ID(M)r14=1.16)'(NL(7181!t=1rlôl
i H AY (:^R I C{:r)ßj:' IS AS F Cl-LCrtS
; f{X¡íìYTFIZ TtsTS IS TI-IE IIAY TYFE IDÉT\TIFIER

OÌ,¡ç, llAY USF tJtr TC lâ LEïTErìS TO IDEt\TIFY A FìAY fYFE

-i',', liS= THë ll(J,vÍjER tlF RAY.-sÊGMt-:NTS

: KTFST I S Af\ CtrT I Or\ CAÍìD

, tF rr^Y Fl,t::; Tfilo¡ICriTICh Dt\ IT 5ET KTEST TO 8Ê: NEGATIVE
TrlIÍì l"ILl, CAUSÊ Ttf: CCMtrtrTÊF TO lìÊAD ANCTHÊR CARf)
Tl-tIS trÊrv ÇÂfrf) t-rAs rt-.F frËF-DETF-riMINFiD LIMfTS nt¡ IT FOR'rHF
f¡^t.,(;f: (')f vALrJES (1t-'TrtF FiAy tr^tì^MËTt:R STPTT= llr)l-rfl[.ì Llr,tll STPBH=L(Jw

HrJN 
^ 

:i(;Ì_lJTICN TltfríJUGta hlTil TF.l.: V^LUE OF r)r"\(JMil 5FT l\T 1OO.0
NY= l.li,Ml.rI Iì (.F T[-lf. t- AYFtI ] l.: ',rl-'ICt' /1 SliGMF-NT tJr:LONGS
NT.)[){ = [ If. fìAY IS ÑCI AF: i:TJETATIVT: MULÍ IF'Lf:
NDt-\ = 2 lF FAY fìr)E/1 TS Ilfìf LF 2 TINIES FTC
ll):' r1{t: :;F-.GPf:Nr tOENTIFtf:F{ t.SING T}-H FlJLLtlwIlrc CCr)E

O f¡r:CLrNl) ptlFTttlN (:Í: API-'DY lr^VË wH¡CH HAS flCìTTUMf:f)
t 0oWl'¡ GO¡t\G fìf:Fal1CTEf-' r/|AúC

2 trÊt (;t:ìIl'¡(' lìFËùìaCTEf, trAVf-



:- 3 t)(;i'tt't GLI ii\,1 C r¿t-f't-hC-Il.D havt
: tt t,ft (,(J¡ N(; lìf-f:t-tiClIC t.tAvÊ:

: 6 l)(ltr¡.J (;r: ll\¡G FF:Frì/rCTÊt: f;V w^Vt:
: 7 ,1rt .Jf)Jht (; f:fiFR.ôcTrE sv r,r^vF
j 8 r),lLri\l úf--) ¡ tr6 fll.j['Lr-(:TE D sv w^vti

t'JY=l.AyLrì n1¡yttflì1ì l-fìl: EACt" r..'t: Tl-[: GIVf_-N fl^Y Sf-GMf:NTS
f rr.rf A TILANK c^RD î.f Fr\D t.)f: THk R Ay C.ÂRf) SFrT
THf_ ;4^ x t MrJM NUMrlt-t- {:f-- fì^YS 'rC iìF t.ANDLED ¡S MX:ì^Y
M/rXttltJM NrrMfllÊ OF F'^Y SE(ivÉNTS (NËT COUNTIT\G RCÊf:TATIVti SEGtIENTS
l$ .r2

Olr4i:NS;I()l'¡ Þv(?Q ) rf-rU(2At,S\/( 2O ),S(r(2C),R(?a),nll{fj(2C),'lfr(2C),BS(20),
¡ T¡tK( 20 )'FC IS (2C ) rNlr ( 20 )' l:HCT (20 )'RF(lrl( 20 )' pTTP( 2f )' pqilP ( 2O I'
t F)TÎ:; l?()l , F)fr8s( 2lo ) ,. p'tt: (?.el . RpT (2()) .trOt sT ( 20 ) rp() ISn( 21 ) ,
I ll)( 5î ) . f.L( 5C ) r(, ( 5C') r V ( 50 I ' ti ( ti0 ) r CpR.( 50 ) .Cr)T( 59 ) r CSFj ( 50l r CST ( 5C) r

I F,T (:i: )'Pu¡(5C)'Pv''V( 5C ) rSh'V(5O )rCTl-:(50) rDIST ( tOC )'
lÊAx (lac t,fìaz( t0o ) rrìAY( l0() I r(:ISMN( loc ) ri) ISvx( loo)

. I rDD( t rjO ) . DItrr'(5Or, APF'Z(tiC ),A pPZ(5O ) rPA( 5C) TDELTT^ ( 5ù !
tTTYMF'(5Ol

t)t r4Lr¡s J(]!'i F7'f (4 c L TTT (4c )

COlnr'lrjl'J ÇrUrVrtrlJrpVr S(JrSVrFl-"CrCF)FTCPTTCSÊrCSTrCùr:FrPVr¡5W TRADIJSTPT
t NL Y r NS rÀ¡L r ltrFL r Llr Ff'. V r StVV r CTR tfìTl: r RFJT

I r E r,lT r 
^ 

f > [- l.t r t-- D F L T . A tt¡{) Ë L , K P r F l- C T ' Fr t{ C n r A N DH X . N S S r p H /\ S E

I rp()'ÂRä Z | 
^PPZ.D 

I Ftr ' DËLTT^ | TYMt: r TAZCOR ' G IV AZ

I r ll)l) I I IflItr?, IDttr3' ID lt:¿r rIlJfr rID
i I rOf.)r.\(J.4MÊ0rFFf.OC
; M/1 Xî[:G= ri/ÂX IIqLM NUMEEtr CF 5[GVENTS
i MAXL^Y = vA X I yul"t t\Ul¿PEll Cl-. t-AYËRS
r. l.l^XSLG=32
, MaXLÂY=2O

DTfl=3. I z¿ l5 C2ê5/ l8C. C

iOoo FüRr,lAl- ( Ê I5 ¡

i lfll't¡¡ cÅr't¡ I
RF.^U ( 5t?OOO ) N,UDDL), ID IPI ¡ IC lpl I lDIf)-?r ID IP4rl-AYCt-'r IDIDSTKKSOf.'T
KCAI¡;)=IDlfr:l

: I NFrlJr C Af?D 7-

Rt:AL) ( 5, 2 1 O 1 ) PNtJ À,R rD lvil/N r ll.{V X, DGrltr r.riE[.lV r fìAt)tJS, I K M

lOOt PtlnrlÂr (f¡Fl0.2r I5)
IF'Â¡)= R^DUS

, IF (lPAl-) ,[Orr)l F-'ACUS={i371.12e
. lF ( ¡KM.!l?. C ) DGAF=llGAtr+DTf-¿*RAf--US

IF' ( ITT¡. EQ.C ) f)MMN=DN!I'IN*L)TÍiiRADUS
lF ( IKM.E().C l DMMX=OM¡/X*DTR+RADUS
tlÂt)=P^ DtrS
ph¡Uf.ilfìI=Pt-¡U¡rB
pNlJ:.lil2 = Pf JtJft'i t?

t${rrIf=lr]Q
JitÂY=l0C
lrX ll=l+ C

GlVrl¿=C.C
t)O 5C NlttOt)r:L= I r N/vlCDC
Nf Ap= 3
fì( I )=FAD{JS

,55 FORMAT ( l-6. I I
; INPUT CAT¡D 3

. RHAD (5r555) FCCI)

LL2
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¡J! 4 ì/; I

; I¡ll:!'r c^rrn /l

: Ft {', I hl Tt-í- vcl'li-L l-ÁYf f.' rr¡\r{ô'tt.Tt. l¿1ì l-'I't't-.
: i.;f Â¡.¡ ( 'i r t 'i / ) iì Ml)L

lltl f ÍJrì'¿/\r ( JA:l I

lI¡Jr)Lx-0
I 6ll¡JF I \t' F

í¡.\ Frlf):rAf ( Lt+,,)Ç7.?,1-l 1.:l )

Ff:âlì ( 5 r I 55 ) Nr VT 'VU r ll"1 ICK ' f:C IS 5 ' VS T rV5Éì r{)f NST ' ùEx-SFìr RT()o

IE fi!.r-o.r-)) GC TU t

fF fRTUr'.(lT.C.C) GÛ TG l5(¡
:l[r f'\,|.ËQ. I ) fiT(ìP=ri^DUS

If f \¡.GT.l ) í:TOP=Ë¡lìT(f\-t)
fsliJli:Rrrlp¡

EÉ, €firyrI Nt.,t-

€^EL L^YPAf.'(VTrVi-l'Tt-ICKTFCISS 'DÊ.ÀiSTTDENStìrFTCÞrPtJ(l\)rÞV(N)'
I ef/f f:l r ÍiV ( ¡\, .PTrF., (N ) ,FTrS ( h ) 'PfllJP ( t\ ) 'Ptrfls ( ¡'l ) ' THK ( N ) r Nfl( N ! | tlP (N ) '.lflitIi! I'f{rf'(N)rfìtJT(t\).FCIS(N)rtlHt-l'l(lr)rl-iHtì¡](NlrVSI'VSRTP{IIST(;',1 )'PllISf:ì
t l¡Jl Ì

Nl'l[ t¡l = ttt '

I f:f Fì =s
Nþ4v=r.jLAY+l
6fl r'r 4

I €ÍìNI I r'!Lr F

7 FflP,l¡T (/FlMf;l.:EL rlr\2 //llttt- Lr\YErì t> VTI¡P p VFICT Tr{fCKN[-:SS

fBtl¡r;,,t.¡ R^CIUS S VTCÍ) S vt-ìCT Fì C' ßS TOP OE}JS

I l_3i.lT DF- NS I

I Fltai4î\T (ltr,I4rZtrlC.3rFl,:,.?'2F5-.2tFlC.2r6FlC,.-3)
Èift f:lÊir= F cc n

i lf frrl=oç0.LT.o) î'lFl)=-l
IF: f itF OCf) .F G. C ) t:F.f-)=C

r if ir.rrocr.-.Fc.o) Gc rc 6

i Htl= tf¡DEX FCFì TH5: VELCCtTy CEpTh LAr! v=VQ*RADUS+n(-FP,
i SF 

= 
lllF: VrLClCf TY DFPTi-r I Nl)EX FCa S hAVES

I Ef ì\T i frtrr
SF¡r; ( fi' I'Z ! F't"1í)l-'

SF¿lri_ (É!'ç) (h]\(¡i)rtrU(N)'fiv(N)rTlrK(1,)TPOIST(N)'trOISB(N) 'QTE 
(Nri

Elr[r:) 's,v(rr)r
flF l¡J ) r tìS ( lr ) r f;HC f (N ,. FH(:f¡ (t\! ì .N= I r Nt-AY )

Ftlfìt\"AT (lH0rlCHF, SE.GMFT\T ,l(ì Xrl0HS SËCVENT rlOXrlOH LAYER t/
a{rl.HTflP p rtOHEtlT F rlcHTCp S rlCHÎOT S t

{Ffri- ((..,215)
Wlt I IE: ( C¡. 27 6 | ( PTTP ( N ) r PBEP lN ) rPTTS ( N ) rtlFBS ( N ) r rrN( N I' N.= I r NLAY )

llfl f'Ê}.¡a¡T { ll-' '4F10.3rI5}
APlfìf¡= I ' r'

Nf:rì$v=¡¡r-r)
If:f ItI..!DLX .EC. l) GU T(r l7(l
N$=r''

ig E=)NTI r-¡tJti

lliliri'iìl =l)rJuM(l
nP 3'.)c' ñ1- I r 3?

[P I rtt =0
NEft¿ì=o

ig8 €llllT I Í.ru E .

IF lNr-:. FQ. MXRAY ) G(J TC 2l
, INFUT CAR[) s



)ll f{¡¡ì'.1 Ât (ilÂ''¡,1 tttltt. {lÍi ,lX.lf tl rtX't/'Il} 1I4

I,f /ilr ( f,.'ìl l ) lixr rjl. lì¿lçl.LY rl'.c rKTf f,I. h'f)f-x. ( ltì( tv ) r v=l r l,i l r.
| ('lt.(f.r) .i,r;l r I tr)

f l (f tl-Y.l C.(ì ) (,tJ lí: i'l
;00 ,,1.)r;..'^1 l?f:10.:j) 

t

lÍ: .((TrST.L roC) l'l 
^D 

(5,r Cît 5ff:TT'STprltl
lf- ((TLST.LT.C) G(' T(] ?lt
lr (KTt-fìr.[,c.0] Gr.r ro ?lt
f.'FAtì (5r9ll) fìX.t-'Y,lìZrÌrLY¡NiS¡KTLSTTI'"tiEX,(It)(M)rM=17.:12r.

t ( I'J!- (¡.f ) r lt4= L'/ . 3?, I
:II CO¡;rIf.rrJr
ll? FC)F}|AT ( I l-,,).5X r 2ê t'r /\4 r3X r/¡ I5 r I X r 32l l.7X r .1 2 t I I

' vlLi ¡ T q ( é, , r.¡ I â ) f. x , i. Ì r fì z . f\ L y . N S ¡ K T E S T r I\ n E x r ( I r) ( M ) , v = I r 3 2 L .

t(lvL(,v) 'f.4=lr-l 2)
Al¡Þr1 X= ND: X

NGS =NS
lF- (l'Jt.flx.GT. I ) r.Js:ì=NS+l
$r) st'¡P 1 ¡

. PNl.if'lf l=f¡ÈjtJ.'vfl I
I u ( ¡;,ì . L T . .j ) ¡¡¡¡-¡ yrJ=Ê f'.U þll ?
A^x(¡Jt. )=nX
e^YfNr¿)=nY
RÂZlrJÊ¡=ftZ

: Tfr f: Fr= r_t cRA;./ r., ILL f.\(:T h,OrìK I F- STRUCTURÉ I S CONS ¡ '¡fitrFl) ALONG vJ I TH

: MULrf l)LF eEFLFCIË[ '¡AVl-:S
tF IIDIÞ5.GT.C) ANDËX=l.C'

7I CO\TINI'F:
RflAf.l S,çCClì) (pzr(I ), [=1,31 )

lg00s FIDRf\lAr ( l2Ft>.2'
, l" lLl\YCH.t:G.Cl GLì T.O l7O
70 c(lNT I \ t., f:

DO a0 I M=1r5C
i/SFC= I
AÞ Z=Ç'Í.v 

^ZþlP=-¿.C
Dfr¡f¡(ii4)=Q.6

' AÞErZ(Íuì)=GIV^Z
lcl cÜr'lrlNUl-
Ccl cIJl'¡rtN('F l

: tNr"ttr cARD (>

ll', ( I D I f,5. fjG.l ! r.r ËAC( 5' 20 c3 t MsE(ì'D IP t APZ
log3 Fr-ltìrvi^T( IS rFl C.l rf"1 O.2,

lF llf)IF'S.F0. l.AÌrti.t/SÉG.EC.O, GO TO lOO2
Wttl 1r:( 6. ltl03 ) lrist'C. CIVA Z' AtrZ'DI f1

C03 FCjR¡ AT ( lh' lCHSrl.LJCTtjF.E'I5riFlO.3)
tJ I l-'t'( lr4Sr-G ) =l) IP
ÀÈ)tr /( ¡\:'--;t: G ) : Atr z
D(j I t frl=l.NÍìiì

: CF¡tì()4 1=t':.C
(.PT(¡l)=C.tl
CSIì(M)=u.O
CSrT(M) =r1 .0
CTt¿(f,l)=0.0
IDO=ID( Êt) ,
N=Ì.¡L ( tr )
IF (lf)D-5) 5lr5?r53
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it {r(l!)rìr,(t:)

V(¡l);:rrV(t;)
. tt ( i, ) =r r lr ( lr )

Þtt/ll'11 --'l.()
SviV(t4)=l.a
GU 1[ì '52'

)3 t,( i.t l -.ir/ ( li ,

V(tr!)=5:,V(u)
B(M)=l-ìS(N)
SdV(l.l)=t.O
PtjV( V) =lì. C

t2 €urrJlI¡t ul
lf' ( lL,t-r-1 ¡ lzr¡$$. ijir¡

i5 Cf)T(I{}=1.1.
G() rÍ.1 7 0

t4 JF(l¡)f--::) 5(;rtiTrbf'
t7 CpT("t)=-1.C

" Grl f:l 7O

)(: tF (Itil)-.tt 5Fr5(l ,5'ì
i9 cF'É'(rf)=l.a

If' (¡J-l) 7Ct72tlQ
t2 cof¡rIlJtJF

fr,,.JV(\t-l ) =-pr\V (M-l )

Sh.'V( Il- I ) =-Strv(l"l-l )

Gü 't() 'l 
C:

iU IÉ (¡nD-4) 6Crólrt,0
it CP..¿(1.1 )=-l.O

GO Ît) 7e
tO lF (IDD-O) JC'31'30
,l CTa(r.l)=1.0

lF 1r¡(i4).LT.(-l.C)) GC TC ll6
i Tl-tIS IS A TËST Tn SEiË I=F:AY BCTTOMS

, CSR (l'.1 ) =-CSFI ( M-l )

Cfrn(M) =-Cr:fì (M-l )
: CfìT(À1 )=-CST(lt'-l )

CtJT(r.i ) =-ÇFT (M-l I
tl( hl) =U( t.'l -l )

V(Ml=V(,!l-ll
B(,\t)=n(lr-l )

PltV(rtt=PvJV(H-l)
sl,rv(,u)=çwv(v-l)
(; tì Tc¡ 7 (1

tO lf'(I)D-tt) 6?¡ts3tc,2
t3 CST(q)=l.C

GIJ T] 7C
t¿ If-' (IDD-7) éa'65,(;¿r
.5 CST(i.ll=-l.c

(ìrl Tfl 7 (.

¡4 If (Il)1.)-rlt 66.f:7t?f¡
tl CSR(fll=l.O

lF(tr-l | 7A'71.74
, I c,lNr I t¡u F

Sþ.V(¡.1 -I )=-S'âV(M-l ,
F¡FIV( V- I ) =-Pi,rv ( M-l )

GO T0 70
¡fi Ir (lC)D-r) €8'f.¡9rf>8
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59 Cf;rl(t4)=-¡.ç
58 Ct)r\¡ T I l'l 1., t
70 Cf)FtT I Ntrf .

IJ CONTTÀII,F
PiìB=1000C.C
PTT-:IOCOO.OO

9999 C(JNTI Ntlr_
IÍ?FL=l
DO l6 ivl=l rNSS
IDD=Iti( f4)
N=NL(tl)
uutj=t, ( r,,1 )

: VVV=V(hl )

BrlR=r_l ( v )

cl=cr:r( M)
C2 =CPx ( ñl )

C3=CSI' ( I'l )
. Çt+=Çgr ( 1,4 !

¡r,4 =pi{ V ( 1., )

S!r'=St/V ( tit )
K PW =l)W

: ç 519=5 W: . tF( Kpu, . EC.r-l ) pTEsl=prrs (Nt )
IF (KP\r'. FQ. C ) FTBFST=Ft'¿rì9 (l'u )

:. IF ((Sr.r.EO.C) PTEST'=Í:T1t'(t\)
If-- (KSrV. r-:O. I I Pl:lFST=FlLrp( ¡. I
lF (PTT.Gl.PïÊST) PTT=F)TEST
IF ( InFL.EG.C ) GÇ TC ?17
Its- (Ir)Cr-C) 2lE,t21tJf 2l9

I I êl I l.¿F L-C
I r¡i!l-ì= ñl- I
I ' IF (PTT.GT.Pt¡Fr) PTT=PFIj
i tÉ (NL(i!').EG.t\L(l\l-l )) PTT=PTEST
I ¡F (\L(?.,t).[:O.l] F-)TT=ÞTFST

p['ttJ=r¡tJEST
GrJ TO 2t 7

ft9 IF (F'RFi.LT.PÉFST) GC TC 217
Pr-tÊì=rJH E S' T

M tl= ¡1

I 17 CIJN T I Ít¡ t, t-:

lF (IDIP4'f-Q.C) GC TO l6
IC5 CIJNT I NUF
: wp¡T- (t'r. l4) ÀRrMrt\l,IDCruLUrVVVrtìEiJ rcltczrc3rc/rrPw¡s"'r
4 f:tl¡lí.'lAT (lf",17hMAIN trAFT FìF-SULTSr4I5r2FlO,2¡FlO.5t4F5.l,5Xr2F5¡ l)
6 CftN fI N(,, I

i9 C ONT I f\rt, f:
lF (KTF:cìr.t-T.Ot lrlrrl=SlFrlJÍl
IF' ((Tf:$T.LT.O) 11r1=5TÞrTT
lrT(illtìf =!rTT
Ptl ( MiJ ) -- frÍìf I

¡¡f: T-=pf¿ rJf.i Í_r f I o 0
Its tIfrFL, 24¡25.2t1

14 FACT= (Plì( t'lfl )-C.O )/frt\UMrl
P=Pt i(1.1 tl)+FACT .
Gn ro 26

f S FACT=( P r( Mu )-FH( t''! f:I |/trt'iutle



( ,^l ) () c{ Y¡ ( t¡l ) Otl =ScJ
, . (w)Cd=(I+h)(ld

O'C= ( t +f/,r )Z¡JùV l

( t¡ ) Ud=t)
' ¡J=(l)(¡cr

ltrf.JIlNfJ) S¡9i
x3(lNy=ll{tV ( t. o:l'( ¡-t.,)l\'(Jttv'I't)it'(v.) l¡¡) .lI

lìIr.i.r rrt Ll:) ( l'l.l;l'lrl ¡rl
xJ(rNV=X.J3V ( t'():i'( rJ) -ìN'J\¡V' I'l):J'1"¡ ) .l¡

S\.I=h l? f.l(l
O'I=Xl(rV
lJ't=ric¡-lu

0 'O=S ¡(J
O'ü=v{ I l.
I +r)l=IX

trìÎi¡INO] I
o=l) :

1=l ¡N 
:

3uJl{ Nn93H SI 3fNVtSIU ili5tSi3 3}rr OI Nf,IrvcStI :lÞtr
()=l,X

:ilit.t IINCì) 9i
t c'9$.-r9i (xtJt:vü-u):Jl 3r

, ¿î'EÊ'EÊ lxr{(J-(rt Jt çi
ttlà. Uf (,9
ct=(flU<J i

Lî or fJ9 IXV;,tl"rÐ'l') Jl
: t ¿¡^=tr I Tl -l

cJ V Í;(:+ U=O ¿l
Ê¡.ÊË.¿e (r.J!ìto-Cr ) lL þ:

Q=(f lucl .

¿1 3I tJ'-) (XVnl.'19'f) .'lI
l+f=f

dV9('+(j=O
ffìN ¡rN('f o.

ctv 3C -N þ,r¡ C=O
0=f

¿1 :l-L lì) (XfJ¡¡C'Lt'Nl^,J(r) :,¡
Lç- lr J.) (\t',r',(l'Il'X!'l(l) -{I

_-¡ft t{ I INOf ¿l
L1' ¿ / I [¡ti c-J + lL(r ) =.J

tr ¡ tcJ=¿-lõ
I Itr: t'lrj

L¡ll1-l I l't'l(¡J O¡
2t rlt rrf'ì ti^ ItJ

ç ' ¿ /ll!.id=d
'C'I=7 1cl

F-lfìcr=I-]rJ
. _lr¡i.Jl-tf,¡tì) lt

tÉ' lr¡rJ,; (¡--lJ'J¡l .11
( ¿ I I ' t) ) 'Jl I,¡rrl

l'l! ( Lùir,'',1 ) .:.t ¡ )',h
(>.i l.:f.t\.lf.r -l¡ ) tVll¡rl,.J ¿ot1

I I l'\=l'!
', (o l*rrVl)(¡./(Ntif't(t-Xtr,j(;)=1r'l

( i r.lf.l) l. I'"r: ( -tN ) Il/.5 1 r¡
( I ).¡.SI -i= ('rlJ) ¡¡,r,1; ¡¡ 8TT
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lr (t'1,il-lrrT) llr¡, llf:r llt

llf' tdl¿lTFj (t.ll/) t\'1.

17 t rjír i,l T ('l rrr].lCfj;i¡rv Nt,Ä!lt-l.r11,,lf'lt l)(:ri9.Nl rlT f X IfìT )

riu rr¡ 2')
t5t eti^rÏlNtJl-

Fr=[tT( ¡i'l ) +t-Â(:T
tfr €.f¡NrlN(rn

Nf ta r.lL ( t"ill )
' ilrf{l rr( ¿r, l Trr ) r\fl .f.tf ¡r fvlt. IÊf-t-, fiFllV

.7þ F f II'l'.,| 
^r 

( I li4 r3FNQ:- . I5 r {r X r.-rl-hi fl = r I :l ' 5X r 3l-Mtr= ¡ I t+.5X r 5H I fìFL= r I ? r 5X '
I ltttllì1 ,)l.tC IltG Vf.Lr:C I TY.= tÍ:7 ,? |
ì{,{lrF- (tj'177)

17 Fflrì.ÀtAT ( 1t-.Cr4XrqFrr r.llFf t)Pf)Â r lOt-A:,lf)() ) TFCCËF t
I 7i{,\'tt)FL r 7l-ll-)l-lASf- r 7FÂf rV 

' 7}rf)E LTr\ .71-lFilT rTHAPEtl I
I t-{t{'--i!{.)r..'iJ r 7}-Vtl^Ë r TFfrFtìT r 7Ï,V8OT r'7hT Itl .7t.li?T r

.l tlti)Il"rr )

1HÉ: D(I 27 DC LOUIJ CAt.CULA f T.S DI STANCF T I MES ANt) AVPL I TIJDES ETC
AS f¡ ïtINCTTCN OF T;AY T:AfIAVFTT:Iì P

THr: fit,;'4rìrR cf- c^LcUL^Tlct¡-c : ÞN(rHíì+I.0
ItE pr-'I14Aay PrJh'POSt.- IS Tfl Cfil-CTJL4TÊ: THE ¡4Ax At.iD MtN DISTANCË AT

llltl4tt Y(ìtJ irrILL FrfNt) Tl-t.: F.ôY IN OUËSTt0l{ AS vlJELL 
^S 

THE LII'.lITS
f'8Íi THE t'ìÂY PAFAr¿tTEt< l¡Jt-.ICI{ CAN uf: USED t¡lITF{ THAT RAY

IF IrrIpL.IC¡\TICNS CF ShAf:(:it ¿CJNt:S APH StISPF.CTF-D IHt-- tr:;ãe IS ADVISFD TL) tìCl
Íli) f\ Pnf:L;¡4 Irr-rìf:y I¡.¡Vt.S f IG^T TOr'. IN l'JHICl"{ /1 LADGi: NttMrìÍ:rì OF RAYS
ARF eal-C-ULÂTr"¡ (Sr:T f)l\trMl-¡ TC AL¡ifiGF t\U¡4l.lFÊ). ()NE C¡\N THEN SE.f: v;HAT
Tl{Ê vil-t(Jl- t' r-DELTA CTJRVE i/ IL LCOK LIKF- rìEf:tt.'E 

^TTt 
r.4pTS ARE rV,\f)t:

rlÍ lIÍ:r{ATIt{G THE t:IST/\NCf:S

llllt:;3,,..c
ti) ?7 K=I'tFT
KIJ=K

¡F lÍ?.uT.tC.O)P=lO.O
€/ttL n I lTV(T Irl,lllsTT.¡lfr'V ¡Â¡rH rDFDA'PHSV'PHSI-')
lF (l;¡P.f:().1) Gt-l TtJ 2'l
R AÐ=l A DUfi
O= llr¡ 1 "' tt '0l5T( ki l ={) ISTT
FtT= 1I f.î-r) I 5TT,/REDV
€ritL vËL!lCT ( l/tJ' t\[. r 1r rUr Vr FAETJS' RTi)' E rO' IRFLTSLOV/¡. yfìi)Tr VRÂR r

lfltlT ri)F!(JT )

VttAi?¡r/RAn *PQ ( þtf , /FG ( NS )
. çìtOr¡N=SLn'{N+FC( NS }/Fc(Mu)
7F pllFirt;\T ( 1H ¡?X¡ts ')./! rF8. I ' F I Û .4çF7 .4 .F7. 1 r EF 7.2tF 8.4 r 6F7.21

ÞI STL=D I ST T / ( ¡.Af)US+ DIF )
W¡ìITl: (trrl75) f-'rDtrL)4.¡l.l trOTCCEtsrAMDFl-TPHASETAMV.DISTLTEMT.APEf\'ll

I :i[r.l''iN r V rJAlr r DPCT . Vfl CT r T llì ' ¡':1 I U I SÌ'T
f)cDl 5T T
tF'' (i)t'I ,\.LT.t)) UYY=f)
Itt ll)t,N.Gr.l:) DflN=t)

Ae fçìF{TINrtJF
? EQN TI ¡IUF
gÞ € iltlr I |..¡ti E

THE r.lFXT pCRTION C¡: Tt-l-:. PFCGrì/tr'l CALCT,LATCS TIî'tES DTSTANCE AMpLIT(,
FIH^Sf5 ¡-OR ÂLL TFE SPECIF IEC DISTANCÊS
KS= C
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l. tljl- t ¡t I
[l[=;iTl)(rJ]
lill=¡'litr ( N I

VI:'lt( lr)
vll:.vl tl l
fl l=tl( '4 )

f lgl Ejlþ|, r'tr.rr. (

€âLl, t)ut..r r\

119,1 €tlNrl¡Jtru

r3

C r FS r fì't . lîtÌ rVT r VU r lllt r 1M r r'l CT r Rf)trt)L . [)ADn) )

( Gr PS r [:T rFìF. VT . VF r F]il rÍlÂDUf; r A I . l.)[ LT r¡ìCt)' AJ t

TItY¡;"IÀ,|+Ar)[jX*fÑl
pl ge=uu l;F + t.; Â [ J::;; A t) l. x

fll q='t I s +r){:t- r *Arìr: x
Pçtt r," ( M ) =L¡fj LT /DT rì

iiixlii:)ir n,' r(i ni
flcTt::Lrr{(;''t+ I )

It- fK.-fri.EQ.t I Gfl lfl t+l

i'lri=o
IRTt=l
âF F= ¡r';ì z ( rr )

âFìlçat'P7( M+l l
9l ts=rr I PP ( t'/t+ I ¡

ljtì =çt, R ( i, ) + tl tr r ( r'.'l ) + C S'ì ( tr' ) + C -c 
T ( M )

IF lUP.GT.Ù.Ol RAtlr)=fìl:T(N )

lF. f'lp.Lr.C.C )'-'^t-'l)=RTF¡ (N )
rlnxàçFR ( it+l ) +cPT ( u+ I ) +csrì (M+l )+csr( M+l l

IF {trP .GT . rJ. C ) l¡ll =V ( M I

IË firÐ.LT.3.C) úil=tr(fv)

TË^i,l;i:llí:i .. , ?r;,=,r ( ¡/+ r l

IF IUt)N.LT'O.O) ì{2=V( V+¡ )

FBB=P(l ( t¡ ¡
ÃéÊ;r'{+ I ) - 

^tìrìz(11 
t

8=tsPq
tselr'!!f t ) =P!ìrl
€gNr¡r'juF
F fiD=n A DtrS
fììT='ris*i?^DUs
BBq¡:; l.')/ ( DLDTtRADUS I

[ìI =P:o 
s

BR=DPDX r. DX

lF IKI . (;T .2C ) DP=DP*C.9C
FtlËt.lÂT ( ¡]{ .ISriF lÙ.e rJf:15.5r l0Xr4t-tDCD ¡

If, f(T-'rC) lf-'Crlrrlr l6l
Vt*lt¡ (r'.1ó21
r:rJßl:,1 T ( ll-{ r39H't+u **+'f **+*t(+**+***>rsL)LtrT ICN eSCIt-L^TçS)
fìl.l r'l 4(+

f; lrì.1 T I t.¡ t'Jll

âBX=,t-lS(llXI
f¡' lAOX-I). I | 4¡+.4(tf ¿ts

FTìt{TI l'ltlE
F= lìt tro
81ì=t',"( f,l:ìllG ) r[-rtr

iÈ {()o-pLa ) rJc ¡ ¡.to ,d ?
IF fi'Lt-tJC) UCrtlO146 '
ff=!-l:r)rr

Ét
E?

êe

ll
l3

t?
r8



[)l'¡=lt'¡r/ 2 'Q
l¡IT=¡JlT+l
t¡t (IJIT-50) tJc¡tt7.4 l

,n ,:f tfit44l ( lriL'.261-tfr I STANcF t{ctil-D r'tfjT I TrnÂTF )

7 þ,r.'lÎF ((r¡z¡¡1 ¡

(tt) f () tt I'
,5 CrJr'JT I l,Uf:

r¡f) Tl'l ltl
4 C0|'JT I NU fì

TllE ¡TIt..ArIr:N TO THE DF.SIt'ÊC DIST^NCt: t--NDS tlErJt:
.K= J
CALI. f) I STI.4 ( T JM I D I ST T t ÁIVV r AfVI-.t DPDA r ÞHSVt T'HSII )

l¡: (f f.iÞ.F().1) G(J TCì ll(¡
TnTu:;T=t) I5TT
()=ÞO( fail )

l{T=TI M-l) t STï,/FEnV
CrrLL VËLnCT (PiìrtrLrlrrL'VTFACUSTFTF¡.flrOr IRFLrfjLC,tNrVtì',')TrVFl\Rr

tPr'tfrr)rlor)
fiLfJlv¡J= sLc,,v N * Fc ( Nis ) / f:G ( M Ë )

.VrJ^iì=VS Â',1¡(t..r) ( pR ),/trO (NS )

D I STI-= f) ¡ :;T Í / | FAf)US* OTfì )

A^=9Cr.O-FMT
f tìlTF: (€rrl75) PTDFOATêMtrGrcCEFr^MnËLTf)HASE.Ai\tVTDISTL.EMTTI\f)Ëf'i|r

t sLt),v¡,: . VfìAfì rDf¡CT r VÊi CT r T INr r l+T r C I STT
TfT(J)=TIf'r
G0 Tr¡ 4C,

D I fiTI.C=!) T STT. +D I SAC
DI:ilTC=DISTT+DISÏC
T;rrç = TItl+TfMC
Ê 1C=f it1 C-O t STTC,/ÍìË nV
lF (IDII)1.[-.C.0) Gû TO tCOg

:9 F(.Jtrt'lAT (ll- ç7FE.2l
I wnl TF- ( frr l7Ç ) f:'t ISAC "D ISTC '1¡f'l Cr D ISTLC rD I STTC rTMC'RTC
oe g c0tJr I r.¡1, í1

O I f)=tì I Fr !r ( ¡.lS f:G )
¡|rl=ÂPPl( r.rsEG ¡

AJJ=J . ].
At'rSì9:G= ¡\1 ÍjFG

. NTAf-¡=NTAP+1
: W;ì¡TË ( tl t l.fl.rllY'fìX'trr.1)Ël)ôrÄft{tr()rCOÊF'AiilOFL'fìl-.ASErAi'tV¡rl-tSVrAMl-tr

I frtlsFlrflMT.AÞEMTAA'l)ISTL':ìl-tllrN.VE:ARtD!'-lCTrVIJí-JT'TIVrilTr.[)rTIMCTOISACT
t D¡5TC'D [Í;T Crf)ISITCTTMCT fì¡çr Jr'TOTt)STTTRUDSTTAZDEVT SaZ

. . t rglrr¡ ÂPl r Ât¿sEG, FZ
Gtl T(l 4 O

7 C(jÎ'¡TIr.¡t.,r
StlMl =t . n
SlJltl=0 . ta

Þn 90C() I=l'-?l
' Oll:=rr7T( I)-TTT( I)

Dlf:?gDLF*rllF
St¡f.l I =St I 14 I +lì tF

i900e su'rtÍì-s,ui.l 2+D IF2
FttflAN=3UMl /31 .C
Fl)F: V= S(,lR T ( f;UV2l 3 I . 0 I
h,e I Th'( í), gO I O ) ËMe^N, RCEV

gOlO FOe\lÂT ( lH ,rMÊAN DELTÂ T= | rFlO.6r I STD. tlEV.= t rFl0.6)

L20
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ll- lll/ll'g.iC.l) ('[ I(ì ¡nr1
1- t )¡tt I Ì.'tJ r'

fffft)t-x=l
litt rll /¡

Íiil Trr ?o
Çriljt I r'rt,L-

Tif|. lr¡ll¡ Clf: Tl-ti T1ÞL l)ISl Ât'lf:L C^t-CtTLATIONS
Tttf. C(lt4PtrTf:F THf'Ì\ ']tAf:S A NF:W RAY CAt?l) AND

121

t-rtf.' 
^ 

pArjT¡cuL/1rì fìAY
Rqt)f: A TS TI{E CYCLÉ IJNT I L

€ Arl F t S tï Fi ¡¡ç ¡'gn
Tfli: NAXT :jTi:F IS A SCÉ'TI1.rC :ìTf-p IN ì^l-lCH THE V^lìICUS PAYS ARPIVIn-G
f-lf, Il,f Srrt:CIFIfilì lìISTAIiCFS ARE SOriTf:C ¡N CRDÊFì Cr: AÊ,aIvÂL T¡Mf:S
Tftf- C[,r,tn¡rt.t f:[:INTS TFtS D^T^ CUT r]N,1 f;ET er C^Rt)S:ìCl ll-tAT IT MAY

f iJ f ,lt- SYt\rl-c.T IC Sf ISPCC'l-.Âf" PfìÜ(;R/t'4

IF fKKl'tr?T.l-tll.C) CU. TC 5C

i8Fgl Flìrì1rA'l ( lt','. I5r ?A$¡¿;FlC.:l¡
!^/lì'I ff-: ( fi r f:îu15 ) l',lfì .rt Y, FX ,Ë r f)trDAr AMtrO rCCEf- r Ârrlþfg r trhASF.

1e 6rl¡.iT Il..¡tlF

Frl,l
F!'8FíTJT I "JE D I STI''I ( T IÑi 'D T STT ¡ Â MV T AVÉ ' DPDA T PHSV 'ÞHSH )

liufjBatrTINi: D tSrv '.i,i ITTr:f\ IJY n '4EliEtt
ThtTç ÍìIIiìIIí]I.'TII\f CAL(:ULATES TCTAL TIf\,1ESt TCTAL ÐISTAIJCEST AND AMP

FflLì å siAY AS SF'FCIFIEC IN ThF X-T-AIúP PRCGRAM

TFITg r)I'iOÚfìAM GETS ALL Ti.AY CESCR ItrTICN DATA AND LAYERTNG I)ATA FROM

Ff:: uqrl^ M

TllE StJTPIJT TIFStJLTS CF Tl-IS FRCGFAM AriF ÂS FOLL,It,llS
FllT 1ÂrricLi CF- Fl'eF'GE'lrCÉ = 1)O.C-Af,;CLË OF INCIDEn-CE

âBfl.l = Af)rrArìÉt¡T Ar'\(;LE CF' Et.EtrGF:NCE
tllsì'T=Dl-(;T¡\lrCt- ALCI'iG FAÊTl-'S SURFACE :

T['TT= T.TTAL T.IÂV!iL T¡VE
BBrIA= nP /D t)i:LrA
FßF_.tT HCTJALS ATFË¡\1 rr'HICr- Df:pEr\r)s cNLV o¡.t Gf:cr,'rETR¡CAL SPREADI
Af$!l r¡: I¡\TF:t\SITY Üf- It-tÊ SCJUIìCF

A"qY= Tr-lE VÊRT¡CAL AIvPLITUDF

Asllf= THF f-|eRl ZoNTl'L .AvpLITt,CE
åùtgff! = TF¡; Âfr'Þ! IT(rDF ¡rÊFCrE TH[: STJRFACE

nqçvi lHF FHÂSF Cr-r\NGF CCCUETìING CN THE VEflrIC^t-
tsttEfl = T111 pl-ASE Cl{At\Gf-- f:CCLI.FI NG CÈ.¡ TtlE HCR IZ{.Jr\lT/\L

BH.q9ç = Tl-É PInASE C!-ANGE CCCtrËRIt\Ci Li\ fH Il'aPJtrGtNG VrAVE

Tt,II. iNTFT.¡SITY Of: THË: SOU}ICF TS AT¿BITÊARILY SfJT=11..}*RADTUS**3
THI g VALUq hA5 CHC3EI\ AS T}AEN Tþ.E OUTPUT Rt:SULTS CCCI,A TN

€ ccNVÊr\tEt!TLY SIIEC NTJML-ìF-RS

BI VlFf.lS I (ll'{

lFf A9) rrJ( 5î ) rV(5C ) 'PL (20 I rPV (2Ct 'SV( 2C') r SU( ¿0 ) ' ÊHAl21l .CPc'( 5,-1) .

I €tlï (SC ) ,CSfi ( 50) , CST ( 5C I r1..t- ( 5C ) ' Êlrv( 50 ) rSt+V( 50 ) .CTR( 50 ) ' ilTP( 2t-r ) r

i nflf t a c r, FiHcr l?2 1,rìHcr: t zc r rpo ( 50 ) rARiìz( so ) r AppZ ( so ) . t) tPl'( 50 ),
I UEETTA ( :5C r , ¡vf.tF- ( 50 ),8 ( 50 L I D (5C !

Çll:ll:if)N FrtJrVrFtJrtrVrSUrSVrlìHl-TCfJQTCPTTCSRTCIìTrCOlf:TPWTSWTRADUSTPT

t NEV 'i\lS r I'JL. Inf;L ¡ lì .l-t hV r S'^v r(:1¡r 'llTP rlJllT
llt'liïrr\cr¡l'lrt:DFLÍrAl''f)FLrKl'ir[:flCTrliltCf:TANDEXTNSiSTDHÂSÊ
I rFfì lAAv Z, A r:P Z ¡l\ | Ff'I llf:l-T TA ,I YME r TAZCCR r G IvÂZ
ll It)¡e t . ID lÞ?' ltilfi3r IDIÎ:t+' lNFr IL--

I r{ì8 rAO r Âr.ltro rFFÉ cG

Itì{t'nlnlP¿r
flTR=¡. l4l5ç265/ t lìC.0
Tl0{=0.0 '
Bli;¡'o



f)f-l)P=0o4 I22
CtIFF-= 1 .9
Pl-t ÂSË=O.1
F)T= l. O

Q=P
f)O(l)=;r
ARnZ(l )=Glv^Z
ADt:X= I . O

AMPO= I .0
FRÊ(lQ= 10.0
Ww,;!=2. O * 3. I ¡r I 592 65't FFF(ìC
nO'l M= lrlrS

' IF (i'l .t:O¡l'AND.l'¡L(M).80.1 ) AOEX=An-DÉ-X
¡F (f¡.E().1) GC T[r 66t5
If- (f'tL(l.ll.[.Q.l.Al'.1).t\L(f\l -l l.ÊO.l ) ADf X=ANDËX

6éI5 CONT¡ NIJE
Q=PQ( M ) i

. PS=trO( M ) *P(l (Nl )

PO(la+¡ ¡=P0(M)
ARRZ( r,l+ I )=0 .0

' nT=RTP( ts)
F:H=Ar-lT ( N I
VT=U ( It )

\¡rB=r/(M)
¡¡j=rl( Il )
F ?r =Ê)ltrv ( M )

, srr=s'//v ( 14,

i. fOO¡ CALL T Il"lF: ( GrFS' ËTr RErVTrVtl rFJÈTTMTFCT'Rl)r:DL rD^DP )

I CALL ÞELTA(O'trSrlìTrRtsrVTrVtlrfilErPACtrSrAlr[)E¡T'6Qi)¡i\J]
loo3 cUNTI r.ruI

DFLTTA(M)=DELT/DTF
TyrVF(M)=Tit
TIf4=TJ r.{+ADËX*TM
D.LD P= ÇIL D f: + I-. ÞCP IT A D E X

DI S=I) I S +I.)ÊL T" AOE X

43 CÍINTI Nr.Jq
NSS=¡JS

: JF (ANt)F:XrGf '1.3 I NSS=NS+l
IF (f*l¡fOrNSS) GU TO 2

3 CTINTI NtJFi
FÍìS=1. O

IF (N-l) l5,t€,15
¡6 FÍìS=D.O
I5 CONTINUE

tF. (CTR(rl+lt) 3l r31 r2
3l CtJl'tTtNIJF

IJF=CF¡¡¡ ( frt I +CtrT ( ¡,1 ) +CJi fì ( îv ) +C ST ( V )
1, IF(t¡p.[(lr-l.r) rAl\t). N.fGot) GC T(] 666
I lF (UP) ¡1'2'tJ
I I CONTINUF:

RADD=trTP(N)
Vl=rrJ(Nt
ul-su(N) , .

fìf{et=FÞt[.]T( N )
R¡tg2=FrHfjR(r\-l )



V.'J=PV( t,¡- I )

tlíì=5V( N- I )

V 
":=V? '' 

l- H(i
ll,Ì=tjt'tl:i¡S
fll lf i ;f=l¿ |l{)î+ r r{ S

A4=AI,/L)Tí;
f¡i1 Trl l2:

l.! Çtlt.llt\ut'
fiAl);)=f:'rlT ( l" )

Vl=PV( N)

. l/l=SV( t¡)
f.ilJPl =iItlt--t31¡ ¡

Ptttl2=fìltüT(\+l )

V,?=t'tr( I'J+ I )

Ul=Stt( NrI )

fl'A'=A J/ Dr t1

f ifl f l) 5('7
ê66 Víl=C.4

ll3=1"''
flllt)2=rì . 0
II4=AIlDTR

ê(¡7 ¡ir.JNTI NrlE
t2 a:lNr il'¡r,E
26 €i¡f'{r f N(, ti

PlìT0. O

llj=4'o
PT=l 'n
ST=I'o
FA4=c'o
,r i t.¡tl=v I - v 2 +u I -Ll2 + r.H c I -íìhc 2
Aff'-tP=ArJS(AIMrr)
tl= (AIM¡'ì.LT.C.t1 C0t I G6 TO t:'

lrìT!=l
', Atr l;A.l R ¿ ( "l Ir tllP=OIl,P(M+l )

Ì åR É=qPPZ(þl+l)
, urìF{=cpR(t4+l )+cPT(1,+t )+csÞ (l'l+l )+csT(u+l )

IF (LrFr.Gf .C.O) wl=V(Îvl)
IF l(rF.l-Ï.C.O ) v/l=tJ(¡/)
FfìAC 1= t.tPrJ./t)P

tt {UF'N.GT.C.O} r.l,z=U('M+l} .

IF (UPN.l.-T.0.C) w?=v(v+l ¡

âFBZ( Pt+ 1 ) =AFiR Z ( t'l )

1¡¡þfr ì l

Ftì(M+l ):rrRiì
€.{trL ?-OF n( V l' 1., l . ltl-'t} l r V2 r U Z r RHC2 r AA r P'rf tSVJ t l-ìli r FT r SF r ST r trHSPP r

I lFl lEf)Trt)t-t 5Stlrfrl-SST.Alr'f,V.^Mp'H't:FS^VtFìHSAI-lrFrÂfi rf)ÂT.S.lt¡'SÂT'APEMT Il.)IP)
, F.^ã= trHsFfì.y.At-)s ¡çntì (M{ I ) ) +Pl-.sPTyAtJ S (ctrT ( ¡"t+ I ) )+Pl-rSSf-ì*AtlS ( CSrì (

, ¡i.,t1 ))+f)r{ssT,t¡¡35(CST(M+l ) }

ó euhirl¡tuË
I gu[:.(;= Érti* cP.R ( fú+ I ) +PT*CpT( M+ t 

' 
+SFr*CSlì( t4+ t ){'S'T*CST( M+ I }

I ÞI'IASE=pttA5fl+F AZt AcEX
NBXxx=At)Ex) tìtj 40 IDx=l'NCXXX
€inE F=CO EF * /\ t3S ( Ctitl G I

123



lf' fC(lHf'.Lr.0.01OCl ) Gí) rn ¿rl L24

fi g çl l1'lr
fi | f,rlfi r

IFI
NIJf:
Nrrt:
f) J f)2 . lìc. 0 ) Gc Tc ?-a

lp f iìflf¡Af ( t l-. r4\z\tl,t2l2tttj- (r.,lr5f:7. J. F(i.l )

wft I Tl: ( r', . I O ) M rNr r Vl r V2 i T I lv r ÂA rl)fr r FT, Sf:, ST' l'OFF' rtl-ÂSl

?ç FfltlrI NUr
? eflÈjTINt,E
7 €f ìryr I NtrF

l995 f tìßflAT ( lt{ '2tl-tTYvtï DELTT^ DIpP AF¡F:¿rF1O. ¿,FlO..J.2FrO.?l
IF (It)lPl.EO.l) wl-ITF-: (6rt0C5t (TYl.4É(M)TDELTTA(M)'DIÞP(M)TARRZ(M)r

flBiJA=l ' O'lr)LDtr
DI çf+=í) t 5*lì^DtJS
triqAA=Drs/t)rç)
f:fltl=.1. l4 t 5')2 êa/2.C-ARS IN( tr¡FL( t ),/R^l)US )

FTfi=.:. I /¡ I A )265/? .C-ARSI r\ ( F*L (t'¡S )/t<Antrs )

þFfl =3. I 
4l 5 e,? e?/ I ¡.1 C. C

FrMfl¡EHr? /lr'ÍR
Fr:fT=çrtì./DTR
ALFHq=ÞU( I )

fìFTA=srJ ( t )

EfIAF= ¡U Pttp''/ caErA

Sf-lAtt=so^R* sc^'l
Ff.TFr=StlaT ( ( COS( FTlr ) *CCS ('f:rF? ) )./5OAt¡)
î-f þft¡SOr.'T ( ( CCS( Fl-11' ) ¡tCCS(i:Ht ) )/SGAR,
FTll=AF:CoS(CFrrl)

i FFIB=AÍ;ct)s(cFhF'
i FilH=¡'rrR/DTR
6 tf-T TFllî IfrTt-liSITY =RADUS;'*.J*l0.Lr

IF f!)IS.Lr.0.COCCOOl ) EDHLT=O.O
trF fD I S .¿r. C. CCCCOO t ) GO TO I 125

EDF,!:r= C 0:; ( ËHR ) *t)P CA / ( S IN( D I S t *S tr N (Ë TR I xS t N( EHR | ) *U ( l t / | C. A

,l l? 5 Íì!lt{r I r;t-,¡¡

[=l)Et-T=AB5(EDÊLT)

$qri¡=ç ÐÊ.F / ( 
^t'lS( 

CLIEG ) )
Êtf A$F=PHAS E-FAZ
ÂÍfllh.L= sr)RT ( Et)L:Lr+CDFF.)
(içl TíJ 3t+

3A €fiNrI r'¡uF

^llrìi:L= 
SaR T ( EiJÊLT ÈCOEF )' 

M=Ua
V3=9:e
tlâ =Q: 

c
Fttllì?-O ' 0

Vl=ilu( 1)
Ill'=1u( t )

lltllrl=RHor( I t
lìl{g=Pwv ( M )

Ç'?==s*v(M)
å{CgO. O-rjM f
€^FT= ZoEp ( V l,(Jl r FiH0 | ¡y 2r u2 r RHOZ r 

^A 
. PWr Sl,l rPR .PT r SQ r ST TPHSPfì r

lFt tqPT rPttS-(itiitrl-lSSTrAfrttrVr ÂMFH'lrFSAVrrrhSÂH'oARTFAT.SAQTSATTAPEi'lr IDIf')

IF f^r.rDEX-l.ol 32'32t33
3 €lìf'!TI NUt-3

34 Ê(rNrt NUt:



Í14o c, ),,rTI rJrJ F 125

Jl' (fr|rAÍ-if- ) l lr¡, r1J'ir r;-lfi
815 C j),'.JrI \trt-

:''¡¡:(r)||^fìt'-'l()ô.4}.t.3¿rtt.ìJr'l3J
n33 r:tlrtTtfl(Jl:

rrrl,iÍìí-=P t-.¡l:i É- Ir.r0. O

GJ rl òho
é32 crll¡TfN,tJF-

G0 Tr) rl 3á :

834 c(ìl'Jr I t'l uE
tF loHASr+. 3É0.0) fl-¿7'33c¡rJf,3

a-17 ClrrtTr\JUr::
,. , rrÌ{^sf.:=rrFi ,A5F+-?4-CrO

G(J rr¡ ,l =,4

I38 Cf iNT I r.JtJ L

I36 C{ì.¡lTI\r'Jti
A itþ=d Nií) F L +.\ l¿l f:l {

Ahlv=A.vtDÊjL* AMtrV

'.,.. pi-l SV=Érl-l 
^SË+pHS^Vtr rf )lFz.riG.c) G0 To 17

,,t e ciJNTtNtrF
i{ÊITF: (trr¡-r¡ EfvT¡AFEVTDISTDPEÁTEDELT,CCEFiAMt)FLrAlvVtFF{SVrAl'tl{'F)HSH

g FnRvAT ( tl-,i rlTHÁMtrL IrUDE FËSULTSr2F7.2¡F7.4,'Lll2./¡¡F'ì.4r-3E l2.tt'?f-Ít

T'7 CIJNTI NUF
.Rf Tl ,Ë'\,
cr¡D

I S,II-IFìOUf INl: LAYFATì (VT'Vt-i'THICKTPCISS,DËNSTrfil-:triS?!;?T(lF'rPUrPVrSU, '

, f SV '!rr ¡fl ' FrT TSi rl)F-¡l-ìl:-'r FBfjs tT l-K.llf\r PP ' rlS o fìTP I Rf lT r PC I S t f?l-{OT r PrlOtì

I I,VsT.V.SrtrÍ:OlSf ,pCISE)
C S|/TIROIJTINE LAYf]AR wfìITTEî\ 8Y rì IúERFU

C Tl-lIS PROGfìAÍv ¡S TC eE USËD ttITH PROGRAM XTArltP.

C Tt-tIS P;(OGRAM CALLF.CTS TH DATA FROr,4 THF IÑP(JT MCDFL CAçDS AND

C C,\LCi.,I-ATES ALL THE NECESSAI]Y I'4ODT:L VALUES ìFHICH ATIE Nf:EDED BY

C PñOGQA¡4 XTAMtr
. - 9¡r.rFNSlfjñ FtJ(1l,PV(l),SU(l),SV(t).FlTP(llriìÍ-lT(l)rFP(l).BS(llrNt\l(tt,

I THK(l),r)f T.p(l),trTTS(l),F)EüP(l)rPriSS(l)oPCIS(l).f?Ht)T(l)'RH(liJ(f )

. l rlr(Jl-c,T(1),trCISir(1¡
r.:.,,'-, sl-=( 8.15r- 5.7C1/13.33-2. ê7 |

ßl I r.¡ T= 5 .7 D - S L s 2 . 6 7

.,:'.: ,? PtJ(fi) =VT
Pv(N)=Vtl
lF (vsT.LE.O.COCl .Af\D.PCISS.LT.0.oo0b l) PoISS=0.25
IF (VSB.LF.C.0OC I ) !Sfì=VST
Ir (VSr.Gr.C.COCl ) SU(Nl-VST
IF (V:;ll .(ìT.O.OOC I ) SV(f\ )-:Vl'u

' ., ,', tF: (VSf .Gf .r).crOol ) GC TC J
ß¡rJ I S( N l.=F)o ¡ ss
SOPS=ciultrT( ( l.C-2.C*trCISS)/ (2.O*( 1'C-POtSSl ) )

SU(N¡ -Þtl( r\,*SCPS
SV(Nl=PV(Í\)*f:GPS3 ::iilåÏil. 

' 
,su '\, '

ABH=PV(N)/SV(f\t



L26

^llfìQT 
=A lì Í *Â f'lT

^f]5Qr¡- 
Arltl+ AtJf l

PCI t SI ( ¡.¡ ) = ( ¿. ü-At.tS c1' | / ( 2 .O + ( I .O-^fJsrr T ) )

F(fJ lrJ( l!) - (2.()-AnsCll,/ l;:..0,+( I .c-¡\tJS()tl ) )

. tf- (t)i:Ns;f .6T.o.C) G[] Tr) ?O?
fìf=¡l 1,T= ( VT-r,li'iT | /51.
0r:Ns:l= ( vtì-lì ¡ NT | / Sl-

20â ct,N 1 I t'¡ tJ t:
RÞlrJT( N )=Of NST
f{HrlrJ( N ) =Dt:NSi-l
T¡.{K(ÌJ)=T}llCK

, fiflt)T=l.TOr)-Tl-'l,CK
RTI)(f'¡)=fì1Of¡
qr!T (l.J ) =r.lÉìfJT
íl.q I ¡¡) = ( A LCG ( SV ( l.l ) )- ALC(; ( SL ( r\ I ) , / ( 

^L 
CG( ÍTT(.JP ) -ALOG ( RtltlT ) I

Bf]lr.l) = ( At-r-ìG (ve )-ÂLnc(vr ) ¡ / | 
^LCG( 

RTtitr )-ALOG( RUOT ) t
FrTTtr( l.l ) = lì T CÍ: / Vf
ÊtTT5( l.l ) =fìTCF,/Str( N )

çt¡-1r¡ Fr ( N ) = $ì llt'l'f / Vrl
FFIgS( ¡ ) =RrìCT./SV ( N ) ..:
Hh; TUt{r'¡
ENI)
SUnËì (tJTINL Vt--LllOT (fverNL¡NrUrV,flADtJ-çrf?TPrtlrF rIF{FLrSLOrdNrVFl9TrV13Añ'

t FtlT rr)il llT )

iC $tJJFìi)t.,lÎINË VLL[.TCT r^TFITTEN t-iY li MçAEU

Ç TÞ{ts suaìR{)urtr..F I-c TC llE LStD wITF PiìOGRAi!' XTAMp

C TFIIç T.RO(JIìAIvI CÂLCUI.-ATF5 SLÜIrJ¡iFSS APPA}ìENT VEL(]CITY DE!'TH

ie þ/HHtJ- RAY ECTTCMS r VELOC t TY af TF.E ECITTOÍv ts-TC Al\D trf-TUtlNS ANSwERS

ic 10 xrAt,lÈ¡
ÞIMTNS InfJ NL(20)'U(?O )rV(2C ) rRTP(2C, )ß(2C) rRtlf( 2C)
DTn=3r I ¿¡ L592rr5ll ¡1 C.0
N=i¡t( NrB )

lF (lrF[-.r]G.l) G(ì TO I
R1=lìTP(lJ)
Q=t1(l.tB )
y1_=g( Mrl )
G=l,o/11.o+f))
DG=-Dt G
V 1r.r=VT * ,k G

PG=Þi¿ * G

llT[)(;=F.'T:t*DG
FMI)G=P¡t-+ ( -l)G t
RBFT=PG+V TG*IìTDG
VLIO T= V 1 G :"- t.l T O G + Ptvr !) G

6tl rtl )-

t vltl)1:Y ( lvlll )

lìrltIf::f)tlt (l'1)

3 St,') vN ='r tl) f lì
, vlr,lll=lì A t)us/ p

tlnÇr=tìÂnU';-ËllCT
f'lETt'i{N
F:NU

:CT}{I5PRT)GÍIAMCALCULATES?ISTANCESFORANYRAYSEGMFNT
iC Í¡EED lf"l l)rPS¡ RT r[.]-lrVfrVfSr-ì8'FADUST
c O¡.lPrJTÊs l:ELT AT A.' flol)



C. Lr= í¿¡lY Þ\,,^M'.:rl-t.' L27

ç [t,! 5¡: t f t

C ,l ls,')Altl lrs 
^ 

T tJtìT f Cf.l [if' LAYI. lì
tC fJT--¡:,,\!)frr! r\T T(ìr,, rl: Lôyr:i.'

c v't:vÍl L'lf: r tY 
^T 

trt)f rctl Lf: L^YtÎ fì
(: l,'ìsvr:t_'JcJïY ¡Í\t)ijX
C, l)f:L 1= ¡\irl t jtJ[- ÂR lì IS f ÂNCÜ
c Al= Ar.t.;Lf: f?Ây.¡\4AKi-s rn¡'rl. F¡ircJrJs vÍ:r'tt,'f¡ /\T Tr.Jt¡. tlF L/tyt:
C hJ= 

^l'¡GLt- 
tì^Y MAKf::; lvITl-. FiAl,'tU$ VFCTr)fì /rT rlOT flr: LAYe

C rlOl) :l If- f?^Y l'-l(-ìTTtlt4s

C flf tr)sC I l= t f DCf: S NU T

,. ,, Df R= J' 14 1592'i5/1¿10' C
',,', $^t-=îr:ú.Vf /i|T

ii';i:J:í^.'i ,,.,,n
I !iÂt-¡ ' ^

g'^J=l '0
Al=4rl'Sl l'¡ ( SA I )

^J=¡\îSIN(SAJ).: ,:, (iA=û.3
GU T¡.] I,

:-2 ¡¡=ARSIN(SAlt

4 $A J=1.7
ßOD=l .1
ÂJ=Â:ìSI¡{(S¡\J)

:GOTn'j
i5 AJ=AtlsIf'i(sÂJ¡
i rìCD=C. C 

:

i.t SÂ=(AJ-Â I l/(l.C+i-|c¡
t6 er)t¡fI NIJç
i DEt-T=sA

ÉlF- TUrì¡'¡
ENf)
$ult,{JtJT Ir.rF- TItvrî ( F,l-:SrfiTrílfJrVTrVPr.RerTþlrB0lrPf)t)r)L,DAí)P)

jc Tl-t¡ ç pnf)GDÂv cAr-cut- ATES 1t-E TiìAvEL T IVË FOË ,ÂNY rìAy -;EGr4ËNr
c Ft:t:l) T'J tr'Ës.RRrRTr VT'\ri-r.El-ì
C Cr\LCULÂ TqS TM rtl nT 'DADFT RDFDL

,,:,ìC F'=RAY l-'ÂRAtlETER
:,.:,.' Ç fi$= Pù Þ

c RTSTPAfJIUS ATì nOTïCf"t Oh' LAYÊÞ
.'..iC 

'ìÎ=IiAr') I US A T TDP C|: LAYËfI'
ç liJ=r/fILiJCITY fI tsCTfCM OF LAYER
C r.lrlgVELUC i TY I Nt)Ë X

C TM=rFiAVt-l- f tilË
C I|UT=I I r RÂY EUTTCMS
ç itltl =C ¡ I' I T r)Of: S ¡rl T

c l)Åt)[,:f'ÂTi: flr cF,tr\Llr of: .âNGtll-/ltì ¡)IST^NCË rr'lTt flAY p^Fl
:'-:C l{l}[rl)L=r:'¡.Tl: Cl' (:l-{^N(;l: Cf: DFI:^ '4ITH tr

QS=t¡S+10.,)ì(+(-7)
o|\l--Rr+t¿1/ (vT*vT )

0ÂJ=äFrttltl./(Vrl*Vlì) '. i..l
¡F(ù^I-OS| [rlr2 

lt 1M=0.0
G(¡ Trt 6

e Sr)A I=S ORT ( AA l-r'S t "':j
. ...:, ,.1.



128
It' (/)AJ-(JS) ,ir4r5

q tiOlr.J=C .1
RllT=l.O
(if) l'J I

5 SQAJ-Sa¡t.'T ( 1)AJ-lr1)
f lr.'l f :fi . ¡¡

. Tl't=(s()AI -so AJr/ ( l.o +ftFl )

r)/\t);)= ( I . o /5a^J-l . c/so ìl l/ ( l.o +f,F )

fìt)pDL= P* ( | .O/ (SUAJrt +3.0 l- l.C/ (SCA I* *3o Ol | / ( I .0+']fì)
G(¡ I(.J f,

3 Ti'| = (S0,1i-SAAJ','/ (1.0+Ríl)
l)Al¡F>=( - I' O/SG 

^I 
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