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ABSTRACT

Regional seismic refraction and wide-angle re-
flection surveys conducted in Manitoba and northern Ontario
in recent years have resulted in similar but differing in-
terpretations of structure in the Earth's crust and upper
mantle. The present work was an attempt to determine, from
a modelling study of the kinematic and amplitude character-
istics of compressional reflected and refracted waves pro-
pagating in a spherically stratified earth, those events
bottoming iﬁ the Earth's crust and upper mantle which would
be most prominent on seismic records and the optimum range
of observation distances at which the arrivals of these
events could be observed.

Tt was found that the existence of positive vert-
ical velocity gradients in a crustal layer would severely
reduce the maximum observation distance of primary events
bottoming in this layer. The ioci of arrival-times versus
distance of refracted and reflected waves bottoming in the
same crustal layer were also fdundlto converge with increas-
ing distance thereby complicating resolution of the two
events beyond certain distances. One class of reflectiop

multiples was shown to produce events kinematically similar

to primary reflections which could be misintetpreted for

viii



the latter.

The model results were then used to re-interpret
the seismic data derived from a short range (127-351 km.)
survey by Hall and Hajnal in 1967-69 and a long range (427-
775 km.) survey obtained by Gurbuz in 1966 which had result-
ed in conflicting interpretations. |

The two data sets were found to conform to a single
consistent crustal model, 34 km. in thickness, having an
intermediate discontinuity at 18 km. with constant velocit-
ies of 6.05 km/sec. and 6.99 km/sec. respectively above and
bzlow thé discontinuity. Both surveys led to the interpre-
tation of a first-order discontinuity in thé upper mantle
at a depth of 50 km. with a compressional velocity of 8;17
km/sec. above the discontinuity. No unigque compressional
velocity was obtained for the layer below this interface.
This may be attributable to lateral velocity variations

over the survey area.
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INTRODUCTION

Since 1961, a number of seismic surveys have been
conducted by the University of Manitoba 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 new recordings made between 1967 and 1969.

The.energy for these surveys was initiated by under-
water explosions and recordings were made using a l2-detector
one mile spread and analog tape recording. A complete des-
cription of the seismic instrumentation 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, 1969, 1970), all

of the work has led to an average crustal model containing
two layers with bottom depths of 18.25 * 4.8 km. and 34.28 *
2.8 km. having constant compressional wave velocities of 6.05
+ 0.05 km,/sec. and 6.85 * 0.05 km./sec. respectively. This
horizontally stfatified model is based primarily on the travel
times of identified primary wide-angle reflections and head
waves with confirmation of depths obtained by the converted
(head) wave method (Hall, 1966; Hall and Hajnal, 1969).

Gurbuz inferred a three layer, horizontally stratified



crustal model from the travel times of wide angle reflections
and primary and converted head waves, whose identifications
were supported by spectral amplitude ratios and phase angle
spectra. The derived model has layer depths of 18 % 3 km.,
25,5 + 3.5 km, and 34 t 3 km. with P-wave velocities of 6.11
+ 0.01 km,/sec., 6.8l & 0.08 km./sec. and 7.10 % 0.04 km./sec.
Both Gurbuz and Hall and Hajnal report a velqcity of 7.90 %
0.05 km./sec. below the Mohorovicic discontinuity at the base
of the crust. |
A sub-Moho interface was aiso hypothesized by Gurbuz
on the evidence of a primary reflection Py and a head wave P,,
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.)
coﬁtinuous refraction profile work was reexamined and events
Ppm and P, were found on these records also,'yielding a similaf.

depth and velocity. These two events were also tentatively

piéked on recordings from the above mentioned 1967-69 mid-range
regional survey.

The objective of the present thesis is threefold:

1. 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 seismic trace and an optimum range of distances for
which these events would be ciearly distinguishable from
one another. This knowledge of optimum shot point-receiv-
er distances could be used when planning future refraction
surveys to refine crustal and upper mantle structure.

3. Before the first problem can be approached, it
is necessary to reconcile the apparently conflicting in-
terpretations of two and three layer crustal models. The
fact that Gurbuz does ndt report a reflection from the
second 1ayer'at 25.5 km. has led to the suggestion (Hall
and Hajnal, 1973) that a gradual increase in velocity with
depth may take place between 18 km. and 34 km. and that
this possibility may be consistent with both models. A
two layer model containing a positive velocity gradiéﬁt
in the lower.layef is therefore also considered in the
following sections. In addition it has been found (Mereu,
1967; Mereu and Hunter 1969) that when the depth of a re?
fractor exceeds 10 km., the effect of earth curvature be-
comes significant. Spherically stratified earth models

have therefore been employed in the theoretical studies.



CHAPTER 1

DESCRIPTION OF CRUSTAL MODELS

It was recognized that an examination of the theo~-
retical travel times and vertical amplitudes of seismic
events associated with thé two and three layer crustal models
proposed in recent yearsvis necessary. Figures la and Db
illustrate these two mcdels and the ray paths of the com-
pressional reflected and refracted waves produced in éach.
Model A contains a first order (Intermediate) discontinuity
at 18 km. between the surface and the Mohorovicic discon-
tinuity (34 km.) at the crustal base. Model B contains an
additional first order discontinuity at 25.5 km. In an at-

tempt to reconcile the conflicting interpretations, Model

C (Figure 1), similar to Model A but containing a positive
velocity gradient b 0 in the lower layer, is also consid~-

ered.

TheAfollowing designation of compressional wave
events will be used throughout this study:
For a two layer crust |

- P1l, P3, P5, etc. refer to refracted waves bott-
oming in the 1lst, 2nd, and 3rd layer respectively.

- P2, P4, P6, etc. refer to reflected waves bott-

oming in the 1st, 2nd, and 3rd layer respectively.

-P2m, P4m, P6m, etc. are ray paths of waves which
bottom and are multiply reflected once within the 1&t, 2nd

and 3rd layer, respectively.
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For a three layer crust

- the same notation as above will be used; events
bottoming in the extra crustal layer, however, will be de-
noted by P3!', P4', etc. (Figure 1 -Model C).

The refracted (body) waves existing in a spherical
medium, unlike critically refracted (head) waves which pro-
pagate along the top of a constant-velocity layer, penetrate
the bottoming layer to a depth dependent on the ray parameter

p. As p decreases, the depth of bottoming Zp and epicentral

distance X increase for a refracted ray. The theory of head
waves (Cf. Cerveny, 1967), based of the assumption of small
distances over which earth curvature is negligible, has not
been extended to account for interface curvature. A discus-
sion on the amplitude and 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 (Appendix VII), written by

R.F. Mereu, was used to calculate the theoretical travel

times of primary events for a range of distances from_O—SOO’

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 td all three crustal models:

(a) Because of the curvature imposed on the layer
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interfaces, shadow zones are created at relatively
short distances beyond which events ho longer exist.
The maximum distances of observation of all primary
events are summarized in Table Ia. The thinning of
a layer and/or the presence of a veloéity gradient
within a layer further reduce the maximum observa-
tion distance of events bottoming in it.

(b) TFor distances less than 60 km., only reflec-
ted évents and the direct arrival exist. They are
well separated in time and consequently their arri-~
val times should be picked on records with relat-
ive ease. In the apprdximate range of 100-280 km.
there is difficulty in distinguishing evenﬁs from
one another due to the onset of refracted waves
and the convergencé of all travel-time curves.

(¢) 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 disténces. Table Ib shows the rate of conver-
gence of these events for each model. This phenon-
enon has been cited (Lewis and Meyer, 1968) as a source
of large error in first arrival measurements at large
distances but its effect on later arrivals has largely
been ignored. Pakiser and Steinhart (1964) using sta-
tistical information theory, conclude that for a

S/N ratio of 2:1, first arrivals can be picked to



TABLE Ia
CRUSTAL MODELS A, B, C

RANGE OF OBSERVATION DISTANCES

CRUSTAL MODEL S CRUSTAL EVENTS UPPER MANTLE EVENTS¥*
Event Xmin Xmax » Event Xmin Xmax
| (Km) (Km) (Km) (Rm)
A Pl 0 958, 2 P5 111.9 987.3
P2 0 964,3 P6 0 987.3
P3 85.0 936.6 P7 183.9 +
P4 0 936.6
B P3 85.0 640.9 P5 117.1 992.4
' P4 0 640.9 P6 0 992.4
P3! 124,3 753.4 P7 186.8
P4 0 753.4
cl , P3 72.28 374.9 P5 113.8 989,2
(b = 0.0072 sec™?) P4 0 374.9 P6 .0 989.2
2 - _ . : P7 185.0
c2
(b = 0.0156 sec~!) : P3 70.05 274.7 P5 116.3 991.6
2 : P4 0 274.7 P6 ' 0 991.6
: P7 186.4

* using average Upper Mantle model 1.1

'+ maximum distance dependent on possible existence of underlying refractor

[



b

TABLE Tk
CRUSTAL MODELS A, B, C*

ARRIVAL-TIME SEPARATION BETWEEN REFLECTIONS / REFRACTIONS

MODEL EVENTS . MAXIMUM DISTANCE (Km)
FOR T:
7 0.30 sec 0.20 sec 0.10 sec
A P1l:P2 286 354 : 522
P3:P4 267 357 503
P5:P6
B ‘ P3:P4 | 131 141 223
P3':P4' - 186 211 4 373
P5:P6 '
- cl ” P3:P4 208 240 ! 265
(b2 = 0,0072 sec™?!) P5:P6
c2 P3:P4 172 t 196 220
(b2 = 0.00156 sec=!) P5:P6

' * using average Upper Mantle model 1.1

€T



14

an accuracy of %0.03 sec.; for later arrivals they

estimate a time uncertainty of *0.20 sec. oOr more,

Resolving two events arriving this closely in time

on a routinely processed record would therefore be

virtually impossible,

Events Pl and P2, bottoming in the uppermost layer,
whose properties are common 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 Modéls A and B are the same since both have a bottoming-
layer velocity of 6.85 km;/sec.; the pair of events terminate

: at a much smaller distance (641 km.) in Model B, however, since
its second layer is thinner than that of Model A, Furthermore,
Model B ﬁroduces an additional 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 terminate at

a relatively short distance of 753 km.

Model C, (having b2>0) appears to fail as a compromise

between the two- and three-layer constant velocity models. The
imposition of a small gradient (d<b2<0.001 sec.”!) shortens the
termination diétanée of P3 and P4 but does not noticeably reduce
- the slope of thgir travel time curves from those df Model A.
Larger gradients of 0.0072 sec.”land 0.0156 sec.~! (Figures

2c¢ and 2d ) produce curves with smaller slopes (and corre-

spondingly higher apparent velocities), but truncation at
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very short distances of 375 km. and 275 km.,respectively.

1.2 Theoretical Amplitude-Distance Curves

The theoretical vertical displacement amplitudes of com-
pressional waves impinging on the free surface were calculated
using programs XTAMP and HWAMP described in Appendices VII and
IV. The former, wriﬁten by R.F. Mereu, uses Guttenburg's (1944)
method for the solution of the Zoepritz equations (Zoepritz, 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 solu-
tion developed by Cerveny (1971) according to the principles of
geometrical optics.

The crustal amplitude curves (Figures 3a-d) were gener-
ated using an arbitrary source intensity equal to lORg where
R, is the Earth's radius. In general, as expected, the largest
amplitudes are exhibited by primary reflections which attain a
ﬁaximuﬁ value at the critical distance X, and decrease approxim-
ately as X_%zbeyond Xg- Amplitudes of refracted body waves, bot-
tominé in a constant veldcity medium, howevef, increase with dis~-
tance and, in the range of 700;800 km., exceed the amplitudes
of reflected waves bottoming‘at underlying discontinuities.

This knowledge is crucial if amplitude ratios (between
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 réfractions
bottoming in the same layer become asymptotic at intermediate
(300-400 km.) survey distances. Thus the amplitude measurements
of a reflected event may, in fact, include a significant con-
tribution from a refraction arriving nearly simultaneously, and
vice versa. This problem may be partially alleviated through
the combined use of optimum digital filtering and predictive
deconvolution (Cf. Robinson and Treitel (1967); Peacock and
Treitel (1969)) to resolve the onset of the two events in the
time domain; the wavetrains, however, each having similar but
not identical theoretical fregquency and phase spectra (Gurbuz,
1969) would still interfere with one another, thereby creating
a complex composite waveform. Unfortunately, no suitable means
of isolating near-simultanecus 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 nth

layer (bﬁ 0), increase
more sharpiy with distance than body waves having bn=b, the
rate of increase being proportional to bn' This fgature, com-
bined with the kinematic results that

(a) a diving wave together with the nearest under-
lying reflection terminate at an anomalously short distance

and

{(b) these two events are resolvable in time

may provide a useful diagnostic means of verifying a suspected

zone of continuous vertical velocity change. A simple approach.



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 reflection multiples
which attain a maximum value at the distance corresponding
to the critical angle 0, = sin™! (V,/V,y,;) (where n is the
number of the bottoming layer) and decay gradually beyond
this distance. In the zone of intermediate distances (200-
500 km.) the aﬁplitudes have magnitudes similar to those of
simple reflections. Because the travel time cur&es of pri-
mary and multiple reflections have similar slopes in this
distance range, a multiple event could easily be mispicked

as a primary reflection and still conform to an acceptable

‘velocity model,

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 P4') of Model 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

Reflections in a horizontally stratified model aﬁe

affected by the introduction of interface curvature in the

21
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following ways:

1. Termination of a reflection travel-time segment
occurs at infinity in a flat earth model. Truncation at
finite distances (as shown 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 segment, (assuming b=0), tangent
to the lower interface.

2. Theoretical T2 - X2 curves of reflections in a

flat earth model are non-linear at large X; interface cur-
vature (as shown in Appendix II and section 1.4) intensifies
this non-linearity.
A comparison of the amplitude curves of reflections
in plane and spherical models (using prdgrams RDAMP and XTAMP),

however, 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 (Appendix III, equation (3)).

negligibly.

1.3.2 Refracted waves
There are two priﬁcipal types of compressional refrac-
ted events associéted with a plane lavered earth model:
(a) Critically refracted (head) waves which prop-
agate at the top of a layer having a constant velocity.

(b) Diving waves which have a turning point in a

‘layer containing a positive velocity gradient.
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The introduction of interface curvature does not af-
fect the theory of diving waves bottoming within a medium
having b>0; the theory of critically refracted waves in a con-
stant velocity medium, however, appears to break down. Another
refracted wave type emerges, having a straight line segment in
its bottoming layer for which the depth of bottoming and angu-
lar surface distance are uniquely determined by the angle of
incidence on the lowest refractor boundary penetrated. This
wave type is termed body wave.

All interpretations of crustal surveys in eastern
Manitoba and northern Ontario to date, have incorporated a
flat earth model and relied extensively on the identification
of head wave first¥arrivals for velocity and depth determin-
ations. At large distances where curvature effects become
éignificant, the question of the validity of head waves there-
fore arises.

The bottoming segments of refracted rays, at angles
near Oc, may be reflected one or more times from the top of
the bottoming layer before returning to the surface, as in

Figure 4. The waves

/— INTERFACE

Fig. 4 Generation of interference head waves
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corresponding to these multiply refiected ray segments will
interfere with one another to form a composite interference
head wave (Cerveny and Ravindra, 1971), whose time-distance
curve would be indistinguishable from that of a ray propo-
gating' along the curved interface. Studies of the amplit-
ude and spectral properties of this interference or dif-
fracted wave have been reported by Buldyrev and Lanin (1965,
1966) and Lanin (1966,1%68). Because of the preliminary nat-
ure of their results, however, they will not be considered
here. For expediency, we shall assume that diffracted waves
exist in a spherically stratified médium, that their bottom-—
segment ray paths follow the curved refractor boundary and
that their amplitude variations with dis%ance conform to the
head wave theory of Appendix III.

A comparison of the kinematics and amplitudes of dif-
fracted waves versus those of body waves weré made using |
Crustal Model A. Results of the travel-time comparisons,
summarized in Table II, show that the arrival times of the
two wave types are nearly identical and therefore cannot
be distinguished on seismic records. The amplitude-distance
curves (Figure 5) of each type, derived for the same source
intensity, however, are markedly different. Beyond the range
of 300-400 km., the body (P) wave amplitudes surpass those
of the head (H) waves,‘the latter decreasing at a rate pro-
portional to X . Furthermore, although the head wave ampli-

tudes are exceedingly large in the vicinity of X s it has been



TIABLE TIT

COMPARISON OF THEORETICAL TRAVEL-TIMES VS, DISTANCE BETWEEN

DIFFRACTED (H) WAVES AND BODY (P) WAVES FOR CRUSTAL MODEL A

DISTANCE ' - ARRIVAL TIMES (SEC)

. (Km) H3 P3 H5 P5 H7 P7

220 34.95 34,89 ' 33.94 33.90 34,29 34.29
260 40,77 40,70 39.00 38.94 39.00 38.97
300 , 46.59 46.55 43.95 43.95 43.74 43.75
340 4 52.41 52,40 49.04 49.03 48.45 48,45
380 ' 50.23 58.22 54,10 54,05 - 53,21 53.18
420 ' 64.06 64.06 59.10 59.10 57.94 57.91
460 ‘ ' 69.88 69.87 64.18 64.12 62.70 62.63
500 75.70 75.68 69.22 69.15 67.40 67.38
540 . 81.52 81.50 74.26 74.19 72,13 72.08
580 87.34 87.31 79.30 79.24 76.82 76.81
620 93.16 93.13 - 84,31 84.26 81.57 81.54
660 98.99 98.95 89.39 89.29 86.28 86.25
700 ' 104,81 104.78 94.40 94.34 90.99 90.98
740 110.63 110,57 99.41 99.36 95.68 95.68

780 : 116.45 116.39 104.43 104,39 ' 100.46  100.42

s¢
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noted by previous researchers (e.g. Cerveny (1967)) that
theoretical amplitude 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‘waves,
their occurence on seismic records acquired at large sep—
arations from a source, would be overshadowed by refracted
(body) wave events arriving at identical times.

1.4 Effect of Earth curvature on classical velocity-
determination methods
l.4.1 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
layers. 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 déveloped here.
Head waves have formed the basis of seismic interpretations
for the following reasons:

(a) Immediately beyond X, for a head wave prop- .
agating along the boundary of a particular layer,
the arrival time of this wave repreSehts tﬁe firét
arrival on seismic records and the event is thefe—

fore readily identifiable.
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(b) The time-distance curve for a head wave
is linear, having an inverse slope equal to the
velocity of the medium along whose upper bound-

ary the wave is critically refracted.

When interface curvature is taken into consider-
ation, however, another refracted wave form, termed body
wave, emerges whose kinematic characteristics are vir-

;732* tually identical to those of the head wave (as described

-

in Section 1.3).

Mereu (1968), using spherically stratified models,
has shown that for refraction depths greater than 10 km.,
velocity measurements from first arrivals empioying a
horizontally stratified earth model will be erroneously

~

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

the earth, however, were found to be unaffected by curva-
ture. The relationship derived by Mereu between a measured
apparent velocity V' and true velocity V derived from the

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

by

V = (R~Z) V' . (1-1)

R
o

where RO is the Earth radius and Z is the depth to the re-

fractor. It is important to note that equation (1-1) is
independent of source-receiver distance since interpreta-

tions of relatively short-range surveys, which hitherto
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were 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 ﬁrace, 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
breflected waves, as shownlin Section 1.2, are the most
prominent events on seismic records, and therefore con-
stitute an important secondary source of velocity inform-
ation.

Unlike head waves, exact velocity values are not
readily extractable from the time-distance curves of re-
flections; in general, time énd 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) dinterface curvature is zero.

For this situation, the following relation holds:

Tn(x_)2 = To; + %f-:z (1-2)

n

T = 422N 2
~0n n an
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where

TO = 1s the vertical two way travel-time

n
to the nth reflector
; th .

Zn = the depth to the n reflector

Va = the RMS (apparent) velocity of the
n th

n layer

Appendix I gives an explicit derivation of equa-
tion (1-2) illustrating the fact that, except for the one-
layer case, the formula is only valid when X/Z 1. Its
direct applicability to seismic surveys involving large
offset distances is therefore questionable. Furthermore,
although equation (1-2) is exact for n=1 for any distance
(ie. Va is the true interval velocity) for a plane layered
case, it can be shown (Appendix I1) that for a reflection
in a spherical shell, T? and X? are related by

7.2 = T02 + X% -~ X% |z, + X* - 7,%X%* - x* (1-3)

1 1 1 1

T2 T2l 2 3 4
41 v R, 48RO 48RO 5760RO

1
where RO is the Eafth radius.

Therefore the application of equation (1-2) to
crustal reflection data from the first layer will result

in erroneously large velocity estimates.

Dix has also shown that, for smallX , the interval

velocity Vi for the nth layer is related to the apparent
n
velocity v, by the equation
n v
vV, 2=v 27 -v 2% 7 (1-4)
*n %n %n %1 9pa
T - T
o o

n n—-1
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To determine the magnitude of error in‘TO, Va
and Vi derived from equations (1-2) and (1-4), linear
fits were applied to the theoretical T2%-X2? curves of
reflections from Crustal Models A and B for three sets
of distance ranges: 120-360 km., 420-780 km. and 0-800
km. (Tables IIIa to ¢ ). The fitted parameters were
then comparéd with the theoretically known values. While
the fits to parameters for the one-layer case (P2) were
correct to within 3%, errors in curve fits to deeper re-
flectors ranged from 12% tov21%, the error being greatest
for the curve most removed from the origin (420-780 km.).

Durbaum (1954) has shown that T2?-X? reflection
curves can behfitted to a higher polynomial,

T2 = ) C, (x?) (1-5)

For alcurve which passes through the origin X=0
and has monotonically increasing curvature, the first two
coefficients of a polynomial fit having sufficiently large
'n shouldbequal To2 and l/Va2 respectively.

Regional seismic surveys however, often do not in-
clude recordings acquired near the shot point. Higher
order polynomial fits using pfogram POLYFIT (Appendix V)
were therefore applied to the same data sets described
above with two objectives in mind: |

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

required to fit the curves.

(ii) to determine the degree of accuracy attained

between coefficients Cl andfc2 and'theofetically



TIABIE Tlka

POLYNOMIAL FIT TO THEORETICAL T? - X? REFLECTION CURVES A: 120-360 km.

Event

i -

P2
P4

P6

Event
P4
P4f

P6

CRUSTAL MODEL A (with average Upper Mantle model 1.1)

Parameter

T (sec.)
Vg (km./sec.)
V; (km,/sec.)

To (sec.)
Vg (km. /sec.)
V; (km./sec.)

Ty (sec.,)
V5 (km./sec.)
Vi (km./sec.)

Linear Fit (n=1)

Theoretical

6.22
6.05
6.05

10.56
6.39
6.85

14.70
6.85
7.90

Fit

6.24
6.06
6.06

11.95
6.63
7.20

16.28
7.30
8.89

Ratio

1.003

1.002
1.002

1.132
1.037
1.051

1.107
1.065

1.125

Deg. of
Polyn. (n)

3

5

Best Fit

Fit

6.19
6.05

10.62
6.40
6. 85

14.77
6.90
8.03

CRUSTAL MODEL B (with average Upper Mantle model 1.1)

Parameter

To (sec.)
Vg (km, /sec.)
V; (km./sec.)

To (sec.)
Va(km./sec,)
Vi (km./sec.)

T, (sec.)
V5 (km. /sec.)

Vi (km./sec.)

Linear Fit (n=1)

Theoretical

8.17
6.25
6.85

10.57
6.45
7.10

14.62
6.88
7.90

Fit

10.56
6.61
7.33

12.34
6.78
7.71

16.10
7.32
8.86

Ratio

1.291
1.062
1.070

1.170

1.051

1.086

1.101
1.064
1.122

Deg. of
Polyn. (n)

5

Best Fit

Fit

8.07
6.22
6.75

10.554
6.451
7.150

14.62
6.91
7.98

Ratio

0.995
1.00
1.00

1.006
1.001
1.001

1.005
1.007
1.017

Ratio

0.988
0.996
0.985

0.998
1.000
1.007

1.000
1.004
1.010

Z€
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 POLYNOMIAL FIT TO THEORETICAL T° - X’ REFLECTION CURVES A: 420-780 km.

Event
P2
P4

P6

Event

P4
P4’

P6

CRUSTAL MODEL A (with average Upper Mantle model 1.1)

Parameter

Ty (sec.)
Vg (km./sec.)
V4 (km./sec.)

To(sec.)
Va(km./sec.)
Vi (km./sec.)

To (sec.)
V, (km./sec.)
V; (km./sec.)

Linear Fit (n=1)

Theoretical

6.22
6.05
6.05 -

10.56
6.39
6.85

14.70
6.85
7.90

Fit

6.39
6.06
6.06

16.75
6.76
7.16

22.86
7.65
9.66

Ratio

1.028
1.002
1.002

1.586
1.058
1.046

1.555
1.116
1,222

Best Fit
Deg. of Fit
Polyn. (n)

3 . 6.21
6.06

6.06

4 13.38
6.65

7.12

5 16.19
7.14

9.13

CRUSTAL MODEL- B (with average Upper Mantle model 1.1)

Parameter

T, (sec.)
V5 (km./sec.)
V; (km./sec.)

T, (sec.)
V5 (km./sec.)
V; (km./sec.)

To(sec.)
Vg (km./sec.)
Vi (km, /sec.)

Linear Fit (n=1)

Theoretical

8.17
6.25
1 6.85

10.57
6.45°
7.10

14.62
6.88
7.90

Fit

15.76
6.75

17.15
6.95
8.90

22.49
7.65
9.55

Ratio

1.929
1.080

1.623

1.078
1.254

1.538
1.111
1.210

Best Fit
Deg. of Fit
Polyn. (n)

2 11.57
6.63

7.23

3 12.84
6.74

7.73

5 16.85
7.24

8.64

Ratio

0.998
1.001
1.001

1.267
1,040
1.039

1.101
1.042
1.155

Ratio

1.41e6
1.061
1.056

1.215
1.045
1.089

1.153
1.053
1.095

€e



TABLE IIIc
POLYNOMIAL FIT TO THEORETICAL T - X’ REFLECTION CURVES A: = 0-800 km.

CRUSTAL MODEL A (with average Upper Mantle model 1.1)

Linear Fit (n=2) Best Fit
Event Parameter ’ Theoretical Fit Ratio Deg. of Fit Ratio
. Polyn. (n)
P2 T, (sec.) 6.22 6.29 1.011 3 6.22 1.001
Va3 (km. /sec.) 6.05 6.06 1.002 6.058 1.001
Vi (km./sec.) 6.05 6.06 1.002 6.058 1.001
P4 T, (sec.) - ' 10.56 13.83 1.310 5 10.89 1.031
Va (km./sec,) . 6.39 . 6.73 1.053 6.48 1.015
V; (km./sec.) 6.85 7.24 1.057 7.01 1.024
P6 Ty (sec.) 14.70 18.86 1.283 5 14.95 1.017
" Vg (km,/sec.) 6.85 7.56 1.104 - 6.98 1.020
Vi (km./sec.) 7.90 9.48 -1.200 o 8.18 1.035
CRUSTAL MODEL B (with average Upper Mantle model 1l.1)
Linear Fit (n=2) Best Fit
" Event Parameter Theoretical Fit Ratio Deg. of Fit Ratio
, Polyn. (n)
P4 T, (sec.) 8.17 11.85 1.450 -5 8.62 1.057
V4 (km./sec.) ' 6.25 6.69 1.071 . 6.38 1.021
P4’ To (sec.) 10.57 14.12 1.336 5 10.88 1.030
Va (km./sec.) 6.45 - 6.91 1.071 ' 6.57 1.021
Vi (km./sec.) 7.10 7.93 1.117 7.24 1,021
P6 To (km./sec.) ' 14.62 18.61 = 1.273 5 14.83 1.016
Va (km./sec.) 6.88 7.57 1.100 7.02 1.019
Vi (km, /sec.) 7.90 9.36 1.184 8.11 1.027

14
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known values Ti and l/Vi for T2~X2 curves far removed

from X=0.

Results of these fits, summarized in Tables IIIa to
¢, indicate that polynomials of relatively low n (n<5) con-
verge to sufficiently accurate fits; note that nearly exact
fits of degree 3 for P2 curves confirm the analytic expan-
sion of equation (1-2). Furthermore, as expected, least ac-
curate fits to correct Cl and C2 are obtained for the greaﬁ—
est extrapolatidn beyond the data set (ie. from the 420-780
km. curves).

The foregoing analysis suggests that more accurate
velocity estimates from reflection data than cffered by
equation (1-2) should be obtainable by utilizing the first
two coefficients of the beét fit to the TZ—X2 data and ap-
plying them in équation (1-4). The accuracy of the ensuing
interval velocity will be dependent on the error associated
With‘the derived intercept times and apparent velocities
which in turn are proportional to the degree of separation

of the nearest recording site from the source.



CHAPTER 2

APPLICATION OF MODEL RESULTS TO CRUSTAL DATA

As stated earlier, one objective of this study is
the reconciliation of the long range (420-~766 km.) region-
al survey data of Gurbuz (from which a three-layer crustal
model was inferred) with data from other, shorter range
detailed and regional seismic surveys which produced evi-
dence of a two layer crust in the same geographical area.

To facilitate additional comparisons of upper mantle
events from both long and shorter range surveys (Chapters
3 and 4), a group of 24 mid-range recordings, acquired in
the years 1967-69 and containing possible upper mantle
events, were chosen for the present investigation. Before
an interpretation is attempted, the two will first be com-
pared individually.

2.1 Mid-range Survey of Hall-Hajnal

This 24 record regional crustal survey, having
distances ranging from 127-351 km., has been interpreted
by Hall and Hajnal (1973) andvfoﬁnd to conform to the esta-
blished two-layer crustal hypothesis; the published distaﬁ—
ces and travel-times of principal arrivals are reproduced
in Table IV,‘in which the wavetype identifications corres-
pond to those of Crustal model 2 (Figure 1l). The subsur-
face coverage of this survey extends from latitude 49°30'

to 52° N. and longitude 93° to 98° W.

36



Station
No.

46-6
- 44-6
41-6
42-6
45-6
38-6
63-8
62-8 -
52-7 .
39-6
60~7
. 43-6
61-7
47-6
40-6
50-7
59-8
51-6.
58-8
53-7
48-7
57-7
- 55-8
56~-7

TABLE IV

bISTANCES.AND TRAVEL TIMES FOR PRINCIPAL ARRIVALS
ON RECORDS RECORDED IN 1967, 1968 AND 1969
(AFTER HALL-HAJNAL, 1973)

Distance
(km)

127.20
134.64
136.16
168.38
172.23
176.88
194.84
203.43
206.07
213.06
218.97
221.49
238.89
243.47
. 249.39

- 253.62

259.81
266.06
268.64
270.43
284,76
315.06
331.80
351.63

Pl

20.94

22.13
22.34
27.29
27.82

P2

21.81
23.08
23.28
28.53
29.15
29.95
32.75
34.16
34.49
34,77
36.75
37.14
39.98
40.74
41.70
42.39
43,51
44.43

- 44,82

45.15
47.48
52.45

-55.20

58,47

Travel Times (sec)

P3

21.47
22.80
22.98
27.50
28.18
29.03
31.32
32.55
32.52
34,13
34.63
35.20
37.51
38.18
38.91

39,46

40.70
41.34
41.83
41,99

44.10
48.44

50.87
53.72

P4

22.67
23.65
23.96
28.23
28.76
29.40
31.60
32.89
33.12
34.46

35.03 -

35.70
37.82
38.77
39.61
39.93

42.04

42.34

- 44,45

48,77

54.04

P5

22.40
23.31
23.62
27.53
28.00
29.03
30.65
31.78
32.12
33.58
33.38
34.09
35.95
36.79
37.51
37.58
38.75
39.54
39.81
39.90
41.83
45.38
47,51
49.92

P6

23.34
24.21
24,39
28.28
28.77
29.34
30.86
31.91
32,31
33.84
33.91
34.89
36.38
37.64
38.39
38.22

38.94
40.31
42.10
45,90

50.51

P7

23.65
23.96
27.50
28.10
29.05
30.60
31.66
31.79
33.15
33.38
33.66
35.76
36.15
36.85
36.98
38.08
38.62
39.01
39.02
41.00
44.39
46.50
48.89

LE



2.2 Long range survey of Gurbuz

Twenty recordings for this survey, having distances
from 420-776 km. were acquired from a single shot point in
Lake Superior. Recording sites were located in the area
bounded by latitudes 49° to 50°30' N. and longitudes 92° to
98° W,; the same subsurface coverage, 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 recerd to record and the correlation of
phase Velocity.from trace to trace. Travel-times and dis-
tances of primary events, as published by Gurbuz, are repro-
duced in Table v. |
‘The ensuing erustal interpretation (illustrated in

Figure ¢ together with identified wavetypes) was based on

a flat-earth assumption. Layer velocities were obtained

from the inverse slopes of refraction 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 models, the reduced travel-times of events
from both surveys were 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



Distance
(km)

426.8
434.7
445.4
501.7
559.2
606.6
618.2

624.9
633.7
650.6
661.7
667.2
681.0
696.3
703.5
709.0
717.6
731.1,
746.2
775.3

TABLE V

PROJECT EARLY RISE JULY, 1966
UNIVERSITY OF MANITOBA RECORDING STATION DATA

Pg

71.46
72.82
82.28
91.40

101.53
101.89

105.85
108.19

(AFTER GURBUZ, 1970)

Pg

69.99
73.35

72.87

83.27

93.25
10l1l.02
103.07
103.17
107.33
108.71

110,13

+113.78

- 114.79

116.86
118.48
120.44
124.42
127.56

Travel Times (sec)

P*

- 63.96
65.77
64.72
74.68
83.15
90.57
91.95
92.59
94.30

97.48 -

98.61

98.40
100.51
102.40
103.43
104.07
105.21
107.06
109,22
114.28

PR

67.31
67.52
84.00
91.72
92.74
93.47
96.40

©98.29

99.30

101.80
103.31
104.77

105.79
108.16

110.27
115.08

. P

61.12
61.95
62.70
70.34
77.28
83.44
84.01
87.08
88.90
88.94
90.15
93.15
93.73
95.01
96.33
99.12
103.19

60.12
61.02
62.34
69.29
76.21
80.60
82.62
83.67
84.24
86.32
88.11
87.99
89.85
91.54
92.62
93.36
94.15
95.83
98.32

101.88
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Fig. 6. Average crustal and upper mantle model for Superior
geologic province deduced from Project Early Rise
records (after Gurbuz 1969, 1970)
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ensuilng interpretation:
1. The mid-range data most closely matches Model
A (b,= 0) and Model Cl (b,= 0.0072 sec™!). The latter

is compatible with the hypothesis given by Hall and

Hajnal (1973) of a small gradient in the lower crustal
layer. 2Although there is a better fit to Model C1,

having a slightly larger apparent V,, a similar fit to
Model A could be achieved by assigning a slightly high-

er (constant) velocity to the lower crustal layer of

the model.

| Results of Chapter 1 have shown that the ohly
means of interpreting with certainty the presence of a
velocity gradient (b,>0) is to detect, on continuous-

survey records, an anomalously sharp rate of increase

in amplitude of a refracted wave relative to its reflec-
tion counterpart, and the termination of both reflected
and refracted events at a distance shorter than predict-

ed by the layer thickness and apparent velocity (deduced

from Ty and Va'of the refracted event). Because events
P3 and P4 have been identified at the longest shot-record-
er distance of this survey, we must therefore look to the
long range survey data for possible support of the velocity
gradient hypothesis. |

2. Although the long-range survey data resulted in
the postulation by Gurbuz of a three layer crust,.a com-

t

parison of the data with travel-time curves of Model B



42

(based on Gurbuz's crustal model) appears to contradict
this interpretation for the following reasons:
{a) Whereas a three laver crust must yield four

primary events (P3, P4, P3' and P4') bottoming be-

low the Intermediate Discontinuity, which weculd be
resolveable over the shorter distance portion of

the Gurbuz survey, only two events (P* and P?) have

been identified.

(b} Event Pi, interpreted as a reflection from
the Moho discontinuity at the base of the third
crustal layer, arrives much later than the coxres-
ponding model event P4'; similarly, thé arrival
times of event P¥*, interpreted as a wave critically

refracted in the third layef, occur mid-way between

those of Model B refracted events P3 and P3'.
(¢) Although Model B produces termination of

events P3 and P4 and events P3' and P4' at distances

of 641 km. and 753 km., respecti&ely; all events
from the long range survey were identified to the
maximum survey range (776 km.).

3. Further comparison with the remaining models sug-

gest that the long range data is most compatible with Crust-

al 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 that,
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contrary to prediction, a large time separation exists
between P? and P*, We have shown in Chapter 1, however,
that one type of reflection multiple becomes a prominent
event at large distances and has T-X slopes similar to
those of the parent reflectioné. The possibility that
event PQ is actually a multiple reflection is examined

in greater detail in the following section.

On the basis of the'precedingAqualitative examina-
tion, we are led to the conclusion that both the mid-range

and long-range surveys support a two layer crustal inter-

.pretation involving no velocity gradient and that events P1,

Pg, P2 and Pg Eottom in the upper layer while events P3, P*,

P4, and PR bottom in the second layer.

2.3.2 In order to test the correlation of events from each

survey in'a quantitative sense, curvature corrections as pre-
scribed by results of Chapter 1 must first be applied to the
data: A
Refraction‘data

Linear least squares fits were applied to the refrac-

tion T-X values to derive the intercept time Ty and inverse

slope V for each separate event and for combined events Pl/bgv

~and P3/P* (Table VIa). The accuracy in Ty and V was calcul-

ated using the Student's t distribution theory (described in
Appendix VI) for 80% confidence limits; earth curvature cor-

rections were applied to the velocity estimates using Mereu's



Data Source

MID RANGE SURVEY
(127-351 Km.)

HALL~-HAJNAL 1969

(Recorded 1967-69)

LONG RANGE SURVEY
(420~-776 Km.)
GURBUZ 1970
(Recorded 1966)
(PROJECT EARLY RISE)

COMBINED MID RANGE
and LONG RANGE
SURVEYS

Event

Pl

P3

N P *

P1l/Pg

P3/P*

TABLE VIa

' CRUSTAL REFRACTION T-X DATA
LINEAR LEAST SQUARES FIT

Intercept T, (sec.)
Fit
1.54%0,17%

3.54%0,.16

1.02£1.06

2.57%

0.02%0.24

3.52%0.21

Fit

6.55%.05

7.02%£.03

6.18%.07

6.95%

6.02%.02

7.02:.02

* Curvature corrections applying Mereu's (1967) formula
+ All errors calculated for 80% fiducial limits

curv,

Velocity V=(slope)~' (Km./sec.)
Corrected¥®

6.49%.05

6.97+.03

6.14%.06

6.97+.04

6.10£,.02

6.97%,02

RMS

Dev (sec.)

0.023

0.143

0.270

0.314

0.276

0.488

'



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. Hall and Brisbin (1961, 1965); Hall and Hajnal
(1969); Hajnal (1970, 1971)). Whereas T, and V for Pl are
la;ger than expected, they are based on 5 short-distance val-
ues, a stétistically unacceptable small number of samples.
Note that events P3 and P*, both independently and combined .
lead to the same velocity of 6.97+.02 km,/sec.
Reflection data

It was shown in the preceding chapter that while the
method of interval velocity estimation by the application of
a linear fit to the T?-X? curve of wide-angle reflection data
leads to erroneously high estimates, good £fits to theoretical
data can be attained through the use of higher degree polyno-
mials. This approach was successful when applied to the mid-
range reflection data using the criterion that the highest de-
‘gree polynomial for which the first two coefficients (corres-
ponding to To2 and l/Vaz) continued to converge to smaller ﬁa—
lues gave the best estimates of those parameters. The long
rénge reflection data, however, did not lend itself to this
method due to the presence of excessively large residuals;
(event PE, for example, has a RMS deviation of 0.950 sec. fiom
a linear T?-X? fit). Polynomials of degree greater than one,
therefore, attempted to fit oscillations in the data. An add-

itional factor prohibiting reliable estimates of T, and V4 was

45



the degree of separation'of this data from the origin X=0;
in general, the greater the extrapolation of a fit ¥(x) to
data set {xi, y;} beyond the range of xj, the greater is the
attendant error.

To overcome this problem, the following approach was

‘vtaken and applied to both mid-range and long range data sets:

Linear least-squares fits were applied to the T?-X? data of
the individual reflections and to the combined events P2/Pg
and P4/P®. The resulting T, and V, for each curve (Table VIb)
were then compared with the pafameters derived from the lin-
ear fits to the theoretical model curves for the same range
of x (given in Tables IIT 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 were then applied

using the ratios derived between the linear fits to the model
curves and the known theoretical values.

Flnally, interval velocities Vi were calculated using
equation (I-11) of Appendix I. The error in V; was obtained
through the knowledge that if the interval velocity of the nth
layer'is given by

Vi_ = £(Vp, P&, VAn_i, Téuo) a1
where Vén = Vap + o

To, = Top + B

Vap., = Vap_y z Y

Tc"n—l = Top-1 + §
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Data Source Event
MID RANGE P2
SURVEY :
(127-351 Xm,) P4

' c
LONG RANGE Pr
SURVEY r
(420-776 Km.) Pm
COMBINED PZ/Pg
MID RANGE and r
LONG RANGE P4/Pm
SURVEYS

* All errors calculated for 80%

TABLE VIb

CRUSTAL REFLECTION T2-x2 DATA

LINEAR LEAST SQUARES FIT

Intercept T, (sec)

Fit Curv.
Correct.
5.56+0.83* 5.54+0.83
12.62£0.26 11.15%0.23
11.65+5.92 11.33%5.76
23.02+3.26 14,51+2,05
7.35%1.95 7.27+1.93
14.35+1.02 10.95%0.78

Appar.Vel,. (Km/sec)

Fit

6.04%,02

6.68+.02

6.09+,04
6.88%,07

6.07+.02
6.76%.03

fiducial limits

Curv.
Correct.

6.03%t.02
6.44+.02

6.08%,04
6.50%,05

6.06%,02
6.42%.03

Int.Vel. (Km/sec)

Fit

6.04%,02
7.15%.21

6.091.04'

7.27%4.3

6.07+.02
7.50%,73

Curv.
Correct.

6.03%x,02
6.81%.20

6.08+.04
6.95%4.1

6.06£.02
7.09%.69

RMS
Dev.
(sec)

0.202
0.138

0.950
0.625

0.871
0.600

Ly
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then, to a first approximation, the maximum error in Vin is

given by

Q
Q

BE = * 9 Jdf B T v 3f i(S_____,

TOn Wén_ 1 Van_ 1 aTOn_ 1 TOn_. 1

P |

oTop

(2-2)

An explicit representation of equation (2-2) shows that |E]
is maximized using +|a], -|8|, =|v| and +|8|. The large un-

certainty in Vi exhibited by events P4, P?

and P4/PP results
mainly from the uncertainty inherent in the T, estimates and
serves to illustrate the fact that wide—angle reflections are
intrinsically @& much less accurate source of interval velocity
information than refraction data.
2.4 Reflection multiples

The excessively large intercept times.for P%, which
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
P? as a primary reflection by Gurbuz came from amplitude and
phase spectral analysis. The theoretical amplitude curve of

P4, however, as shown in FigureZa,is nearly identical to that

of P4 over the long range survey distances. Furthermore the

vspectral analysis of supposed individual wavetypes given by

Gurbuz (1969, 1970) 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 P! corresponds to P4y of Crustal Model A derives from
a comparison of the best linear fits to the T2 - X2 curves
of each,yielding Ty and V5 estimates of 18.95 sec. and 6.79
km./sec. for P4y and Ty and V5 estimates of 23.02 & 3.26 sec.

and 6.88 +* .07 km./sec. for P@.,

Summary of Results

When earth curvature is taken into account, both mid--
range and long range survey datarsubstantiate a two layer
crustal model similar to Model A but having a slightly higher
Va. Although the Hall-Hajnal survey data is consistent with
@ small positive velocity gradient in the lower layer, this
possibility is not supported by the longer range data. Further-
more, neither data set conforms to the suite of travel-times

curves 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
Canada 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 O'Brien (1968), have led to an average upper-mantle P-
wave velocity of 8.1 km./sec. and crustal thickness of-jo—
40 km. based on Ph first arrivals. An additional cooperative

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

- Ruffman (1969), Mereu (1969), Hajnal (1969) and Hall (1969))

suggests an average crustal thickness of 35 km. and a gross
average upper-mantie velocity of 8.25 km./sec.

. Project Early Rise constitutes the largest available
collectioﬂ of body-wave travel-times in the distance range
of 300-3500 km. This long range data has resulted in the
identification, at large distances, of first arrivals from
sub-Moho discontiﬂﬁities. Barr (1969) used observed cusps

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

layerings. He concluded that all cusps resulted from

50
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refractions below first order discontinuities and interpreted
two sub-Moho interfaces at 126 km. and 366 km. having constant
velocities of 8.23 km./sec. and 8.42 km./sec., respectively.
Larger intercept-times for a longer distance survey were at-
tributed to significant structural relief within the upper-
mantle. Mereu and Hunter (1969) also found evidence for a
- first~order discontinuity at 84 km. with velocities of'8.10-i
‘km,./sec. and 8,40 km./sec., above and below the interface res-
pectively. Results of sufveysvsouth of Lake Superior (Green
and Hales (1968) and Hales (1969)) further support this inter-
pretation. '

Project Edzoe, conducted in August, 1969, consisted
of twenty shots detonated in Greenbush Lake, B.C. Bates
(1971) obtained eight records in southern Saskatchewan and
Manitoba with distances ranging from 790 to 1285 km.; his
interpretation predicts a velocity gradient below the crustal
base with a second order discontinuity in the depth range of
_120—150>km. A somewhat contradictoryvinterpretation of daté
acquired in the Rockies and plains regions has been ErOposed
’bf Gettrust and Meyer (1971) who found evidence of a low vel-
ocity channel in the upper-mantie in the depth range of 90- |
140 km. ‘

Although the long range refraction survey results des-
cribed above have been quite variable, they all ne?ertheless
suggest the presence of first or second order discontinuities
in the upper 100 km. of the mantle. The question we now wish

to examine is whether evidence of upper-mantle structure of
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the types hitherto inferred exclusively from long range
data (X>700 km.) could also be observed on shortef'distance
data in the range of the Hall-Hajnal andvGurbuz 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 rangé surveys conform to Crustal Model A, with
bossible slight differences. To test the effect of crustal
variations on upper-mantle evehts, an average upper-mantle
model (Model 1.1 in Fig. 7a), consisting of a first order
discontinuity at 50 km. and containing no gradients, was
ccmbined with each crustal model previously examined; linear
fits were then applied to the fheoretical T-X curves of re-
fraction events P5 and P7 and to the T? - X? curves of re—
flection events P6; results of these fits are summariééd 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 refraétion calculations and that
only the roughest estimates of velocities of the overlyigg
layers are required for dedqcing upper mantle structure from

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

single crustal model (Model A) in the following study of upper-

mantle models.



| TABLE VIL
EFFECT OF CRUSTAL MODELS A, B AND C ON UPPER MANTLE EVENTS*

REFRACTIONS: LINEAR FIT TO T - X CURVE

CRUSTAL : Event Xmin Xmax Intercept Slope M Va=l/M
MODEL (Km) (RKm) T, (sec) (Km/sec) (Km/sec)

A P5 111.9 987.3 - 6.06 0.1261 7.927

- P7 183.9 - 8.22 0.1182 8.458

B , 'P5 117.1 992.4 5.82 0.1262 7.922

P7 186.8 - 8.03 0.1183 8.454

Cl P5 113.8 989.2 - 5.98 0.1261 7.927

(b,= 0.0072 sec~?) P7 185.0 - "8.15 0.1182 8.457

c2 P5 116.3 991.6 5.90 0.1261 7.928

- 8.05 0.1183 8.455

(b= 0.0156 sec™?!) P7 186.4

REFLECTIONS : LINEAR FIT TO T? -~ X2CURVE 1

CRUSTAL _ Event Xmax Intercept Vo= M * Vi
MODEL ' _ (Rm) To (sec) (Km/sec) (Km}sec)
A P6 987.3 18.86 7.56 9.48
B P6 . 992.4 18.61 7.57 9.36
cl ) P6 . 989.2 18.76 7.56 8.83
(b,= 0.0072 sec-!) . | .
C2 P6 991.6 18.64 - 7.57 8.85

(b= 0.0156 sec-!)

* using average Upper Mantle model 1.1
t maximum distance dependent on possible existence of underlying refractor

€S
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3.3 Examination of upper-mantle models

A thorough study involving all possible upper-mantle
structures and the effects of lateral and vertical variations
in velocity and depth is beyond the scope of the present work.

We 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 rise to events observable at short distances.

Models 1.1 to 1.3 (Eigure 7a) contain a first order
discontinuity at 50 kﬁ., the first model having no velocity
gradients while the remaining two contain positive gradients
of 0.002 sec.” ' in one or both media. Models 2.1 to 2.3 (Fig-
ure7b) exhibit second order discontinuities at 2Z=50 km,; the .

gradients chosen for each are as follows:

Model 2.1 =~ b,=0.0 i b,=0.002 sec.™!
Model 2.2 - b,=0.002 sec.”™'; b,=0.0
Model 2.3 - b,=0.002 sec.”'; b,=0.003 sec.”!

3.3.1 Compariéon of travel-time curvesf
Linear fits to the travel time curves of the primary
upper-mantle events are summarized‘in Table vIII, The follow-
ing are pertinent characﬁeristics:
(a) The imposition of a velocity gradient of 0.002
sec.”! below the crﬁstal base (within the range of
0-0.003 sec.™! suggested by Bates (1971)) does not
affect the sldpe'or intercept time of P5 (commonly

termed Pn in the literature); it does, however,
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Vp [ KM/Sec))

UPPER MANTLE Vp = 7.90 KM/ Sec. Z (KM)
MODEL A-11 '

50 KM

Vp = 8.40 KM/ Sec.
Vp (KM/Sec)
MOHO Vp = 6.85 KM /Sec. 24 KM

UPPER MANTLE | Vp = 7.90 KM/Sec. Z (KM)
MODEL A-1.2 |

50 KM

Vp=[8.40 + b, (Z-50)] KM/Sec.

Vp { KM/Sec.L

Vp = 6.85 KM /Sec.

MOHO . 34 KM
UPPER MANTLE Vp = [ 790 +b, (Z-34)] KM/Sec. Z (KM)
MODEL A-13

50 KM

Vp = [8.40 + b, (2-50)] KM/ Sec.

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



Vp

" Vp =685 KM/ Sec.
MOHO 34 KM

UPPER MANTLE
Vp = 7.90 KM/ Sec.

MODEL A-2.1
———— —=— 50 KM
Vp=[7.90 +b, (Z-50)] KM/Sec
Vp
Vp = 6.85 KM/ Sec.
MOHO 34KM
UPPER MANTLE Vp=[790 + b, (Z-34)] KM /Sec.
MODEL A-2.2 . :
—_——————— 50 KM
" Vp =7.932 KM/Sec
Vp

MOHO Vp = 6.85 KM/ Sec. 34 KM

UPPER MANTLE
MODEL A-2.3

Vp=[790 +b; (Z-34)] KM/Sec

— —————50KM
Vp=[7.932+b, (Z-50)] KM/Sec

~N

N

?‘ig. 7b. AUpper mantle models containing second-order

velocity discontinuities
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"TABLE VIII
UPPER MANTLE MODELS
COMPARISON OF TRAVEL~TIME CURVES

OF PRINCIPAL EVENTS

MODEL REFRACTED EVENTS (T-X CURVES) REFLECTED EVENTS (T2-X2 CURVES)

Event Xmin Xmax = Tx=0 Inverse Event  Xmax Ty 2=0 V_pp Vint
(Km) (Km) (sec) Slope : (Km) (sec) (KmZsec) (Km/sec)
(Km/sec) .

A-l.1 P5 112 987 6.23 7.93 P6 987 18.86 7.56 9.48
-~ P7 184 —t  8.34 8.47

A-1.2 P5 112 987 6.23 7.93 - P6 987 18.86 '7.56 9.48

P7 175 —_— 8.37 8.48 :

A-1.3 P5 103 651 6.27 7.95 P6 651 17.72 7.50 9.76
. P7 177 ——  8.33 . 8,48
A-2.1 P5 112 987 6.23 7.93
P7 988 —_— 6.53 - 8.21
A-2.2 P5 103 - 651 6.27 . 7.95
P7 665 —_—  6.48 7.99
A-2.3 P5 103 651 6.27 7.95
P7 671 — 6.55 8.03

+ dependént on underlying structure.
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appreciably offset the distance of occurence of the
travel-time cusp resulting from a lower discontin-
uity. Note also that the T2—X2 curve of event P6}
reflected from the upper mantle first—order discon-
tinuity, yields a much larger calculated interval
velocity when b3>0 than forx b3=0 due to the in-
creased T2~X2 curvature at shprter distances.

(b) Event P7 arising from a firsi—order discontin-
uity is observable at relatively short shot~receiver
separations and, for a fixed discontinuity-depth,
the inclusion of velocity gradients above and/or
below the discontinuity has little effect on its
tra&el-time curve. In general, however, the follow-

ing parametric changes reduce the shortest obser-

vation (critical) distance:

i.  decreasing the depth to the sub-Moho dis-
continuity

ii, decreasing V3 and/or increasing Vy

iii. dincreasing b4
(c) A second-order discontinuity results in a
slight increase in the slope of the first—arrival
times at a fairly large distance (650-987 km. for

the models 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, no reflections

occur at second-order discontinuities due
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to the lack of velocity contrast above and
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, are depicted in Figures 8aandb . The following
aspects of these curves are noteworthy:
(a) In the first three models, containing a first-
order discontinuity, the first arrivai 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 should therefore be
readily identifiable on short-distance records if
this interface exists.
(b} Model 1.3 demonstrates the anomalous rate of
amplitude increase with depth of refracted events
P5 and P7 together with the shafp rate of decrease
of reflected event P6 which occur when velocity
gradients are present.
(¢) Models 2.1 to 2.3 illustrate the important
fact that although second-order digcontinuities
manifest themselves to‘a small degree on travel-~-
time curves (producing a slight increase in slope
of the first arfival), there is a hiatus between
the amplitude-distance curves of the refracted
event arriving from above and below the discontiﬁ~

uity. This feature should be diagnostic in the
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detection of this type of discontinuity on records

from a continuous profile.




CHAPTER 4

INTERPRETATION OF UPPER MANTLE DATA

The 1967-69 mid-range surveys of Hall and Hajnal
(1973) and the long range survey of Gurbuz (1969, 1970)
presented in Chapter 2 both contain evidence of uppexr

mantle structure. The travel-time curves of events P5, P6

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

these éuthors to interpret a tentative upper mantle model
equivalent to that of Model A-1.1 (see preceding chapter),
containing a first—-order discontinuity at a depth of about

50 km. Gurbuz also found evidence for a sub-Mohorovicic

discontinuity within the same depth range based on two
events Pm and Pn (whose travel-times are reproduced in
Table V); this model is illustrated in Figure 6 of Chapter
2 and the reduced travel-time curves of upper mantle events

from both surveys are included with those of the crustal

‘events in Figure 2a-d.

It was shown in Chapter 1 that failure to allow
for earth curvature in the analysis of time~dis£ance and
amplitude~distance data leads to erroneous interpretations
and was subsequently demonstrated that data from both

surveys at hand lead independently to a single two-layer

crustal model when curvature is included. We now must

63



64

determine whether 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 the basis of results derived in the
preceding chapters.
A gualitative compérison of the upper mantle kin-
ematic data from the surveys with the theoretical model
data examined in the preceding chapter does not support
the existence of a second-order 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 picked
whose travel-times are consistent with primafy
events bottoming below a deeper discontinuity. If
this discontinuity were of a seéond—order, however,
no additional primary events, distinct from P35,
would be produced.
A further comparison of the upper ﬁantle kinematic
data with the theoretical curves of Model A~1.1 indicates
a favourable agreement in slopes and times, thereby suppor-
ting the first-order discontinuity 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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inally estinated; velocity functions above and below the
lower interface also appear to be greater than first predic—

tions.

4.1 Analysis of Velocities from Upper Mantle Data

Results of the preceding chapters (sections 1.1,
2.1 and 3.3) have demonstrated that small velocity gradi-
ents have little effect on the slope and intercept times

of refracted events and would be exceedingly difficult to

identify on the basis of amplitude variations of traces
on regional survey records. Travel-time cusps at anomal-—
ously small distances resulting from larger velocity gra-
dients are not evident on either data set. In addition,
the inherently large error associated with interval velo-
city estimates from reflection data (sections 1.4.2 and
2.2) would result in a wide range of theoretical velocity
functions which would satisfy the observed data.

As a first approximation, therefore, no gradients

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

continuity. Results of linear fits to the refraction time-
distance (T-X) data and reflection TZ—X2 data are summar-—
ized in Tables IX a and b. Earth curvature corrections,

applied in the same manner as for crustal events, were

based on an average upper mantle model A-1.1.
The mid-range data yielded excellent agreement
between the velocities derived independently from events

P5 and P6, suggesting an average interval velocity of 8.17



TABLE IXa

UPPER MANTLE REFRACTION T-X DATA
LINEAR LEAST SQUARES FIT

Data Source. Event Intercept T, (sec.) Velocity V=(slope)~! (Km./sec.) RMS
: Fit Fit Curv. Corrected* = Dev (sec.)
MID RANGE SURVEY ' P5 7.0120.22% . 8.20+.07 8.15+.06 0.196

(127-351 Km.)
"HALL~HAJNAL 1969 -
(Recorded 1967-69) P7 8.31+0,24 8.73+.07 8.66%,06 . 0.191

LONG RANGE SURVEY Pn 9.78%+0.67 8.48+.07  8.41+.06 0.343
(420-776 Xm.) ) : '

GURBUZ 1970

(Recorded 1966)

(PROJECT EARLY RISE

COMBINED MID RANGE  P7/Pp 6.61+0.25 . 8.15%,04 8.09+.04 0.570
and LONG RANGE » . . .
SURVEYS '

* Curvature corrections applying Mereu's (1967) formula
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Data Source Event
MID RANGE P6
SURVEY

(127-351 Km.)

LONG RANGE P
SURVEY
(420-776 Km.)

COMBINED PG/Pm
MID RANGE and

LONG RANGE !
SURVEYS

TABLE IXDb
UPPER MANTLE REFLECTION T2-X2 DATA

LINEAR LEAST SQUARES FIT

Intercept T, (sec) Appar.Vel. (Km/sec)
Fit Curv, ' Fit Curv.
Correct. Correct.

16.33+0.53*% 14.75:0.48 7.34%.05 6.89+.05

Int.Vel. (Km/sec) RMS
Fit Curv, Dev.
Correct. (sec)

9.22+,77 8.19+.68 0.346

28,66+1.67 17.43%1.07 7.90%+.06 7.08%+.06 11.13++ o 9.11%% 0.423

19.60£0.90 15.28%0.70 7.67%+.03 6.95%.03

* All errors calculated for 80% fiducial limits
T Error exceeds physically realizable limits

9.73£1.40 8.11%1.17 0.408

L9



km/sec. in the uppermost 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 Pm' which
produced a larger interval velocity of 9.11 km/sec. may
be regarded as unreliable due to the excessive scatter in
arrival times and attendant error in estimates of inter-
cept time and apparent velocity. It is, in fact, likely
that some or all of the time~distance pairs, originally
picked and interpreted as event Pm' 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 primary reflection eguivalent).
This premise is supported by the apparent velocity and in-
tercept time values deduced from a linear least squares
fit of the theoretical time~distance curve derived from
model 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 to the Pm data (7.90 +.06 km/sec. and
28.66 +1.67 sec., respectively).

Although amplitude studiés predict strong sub-
Mohorovicic refracted arrivals in the 400-800 km. range
when a first-order discontinuity exists at the crustal

base, no such event was observed on the Gurbuz seismic

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

simultaneous 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

the Gurbuz survey, which precludes the resolution of the

two events.

A confirmation of the sub-Mcho discontinuity depth
of 50 km. is established by the similarity of the inter=-
cept times derived from polynomial fits to the time-distance
pairs of P6 from the mid-range survey (Table IXb) and the
theoretical model A-1.1 (Table IIIc) for the surface dis-
tance range of 120-360 km.

Although the mid-range and long range suiveys
have independently yielded a consistent crustal mocdel and
both support a sub-Mohorovicic velocity discontinuity, the
first arrival body waves P7 and Pn produce contradictory
evidence of the velocity below this interface. The velocity

estimates, when corrected for earth curvature, are 8.66%

- 0.06 km/sec. and 8.41% 0.06 km/sec,’for the mid~range and

long range surveys, respectively. Since kinematic data

has been shown to be relatively insensitive to vertical
velocity gradients, a more likely reason for this discrep-
ancy between the two data sets is a lateral inhomogeneity iﬁ
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 range Pn arrivals and the var-
ied upper mantle interpretations produced by other surveys

summarized in Chapter 3.



CONCLUSIONS

Ray—-tracing seismic models of a spherically strat-
ified earth demonstrate that compressional reflected and

body waves theoretically cannot be detected at the surface

beyond a maximum offset distance; this distance is dependent
on the compressional velocity for the bottoming layer and its
depth. Furthermore, the loci of time-distance pairs for a re-
flected and a body wave bottoming in tﬁe same layer conVerge

with increasing offset distance so that the two events may

not be distinguishable on seisﬁic records at large source-
receiver distanées.

Surface displacement models of seismic waves suggests
that events corresponding to refracted body waves, propaga-
ting in constant velocity media, increase in distance with in-
creasing offset. Amplitudes of body waves bottoming in crus-
tal layers exceed the amplitudes 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.

Tﬁe existence of a vertical positive velocity gradient
within a given layer is manifested in the termination at anom-

alously short offsets of both reflected and body wave arri-

vals bottoming in this Yayer. This occurence would be most
readily observed through the use of a continuous in-line pro-
file having short receiver-to-receiver separations.

Amplitude and kinematic modelling demonstrate that

simple reflection multiples are prominent events with travel- .
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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.

Model data revealed that body waves bottoming in the
uppermost 100 km. below the Mohorovicic discontinuity pro-
duce prominent arrivals in the offset range of 100-800 km.
This result suggests that, theoretically, upper mantle. struc-
tural interpretation can be made on seismic records acquired
from relatively short-distance range surveys designed for
crustal research.

The application of seismic model results to the mid-
and long range data of Gurbuz and Hall-Hajnal yields a two
layer crustal interpretation; 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 were inves-
tigated but are not supported by the observed data when ihter—
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 the
depth range of 50 km., with an intermal compressional velocity
of 8.17 km/sec. above the discontinuity. No unique compres-
sional velocity was obtained for the layer below this inter-

face, suggesting the presence of lateral velocity variations.



APPENDIX I

DERIVATION OF DIX'S INTERVAL VELOCITY FORMULA

One Layer

The travel-time T, for a reflected ray in a single
layer of thickness Z and constant velocity V involving no

- dip or curvature can be expressed as follows:

2 _ 2 2
= +
Tx To ‘-}f.-z : (I-1)
where T3 = ‘igz is the intercept time at X = 0O
Vv
and X = the horizontal distance

The velocity therefore is the slope of the T? - X? curve
and Ty is the intercept time.
Two Layers

The T2 - X? reflection curve for a two layer case

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

4increasing X. The effect of the first layer for small X,
however, can be removed by considering the angle of inci-
dence 0, at the base of the upper layer.

We know that

sin 9,= 4T ' T

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

where d<<1l will have the form
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2 = M+ X2 ‘ (I-3)

* VL)

where V,(d) is the apparent velocity at X = d. Differentia-

tion of (3) with respect to X gives, at X ='d
ar = d = sin © (I-4)
dX |[x = 4d Vé(d)Td \Z

using the relation from (3).

Consider now the ray-path of a down—travelling'ray (FIG. A - 1)

with very smali X and no dip:

let | X1 + X2 =d P Ty + T2 -——"' T3
where T1 = 22 . ; T2 = 222
_ Vi - Va2
then .~ d = T:; Vi tan ©1 + T2 V2 tan 02 (I-5)

Since d<<l we can approximate

tan 0;= sin 03 o ‘ - (I-6) .
and using Snell's law, equation (5) becomes

d =V, Ty sin @, + V3 T, sin 0, (-7)
: v, ‘ .

Substituting (4) into (7)

d =~ (V% T]_ + V% Tz) d ' V -
V5 @) T, ‘ (I 8)

.

Dividing through by 4 and taking the limit as d-o (8) becomes .

Lim V3, (d) = Lim [V} T, + Vi T,
- @»o d-+o Tg
vZ (0) = ViTo+ Vi (Tg, = To,)
2 1 2 1 (I"g)
To

2
where T°1 and T02 are the two-way travel-times to the bottom
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. of the first and second layer, respectively, at X = 0.

Equation (9) can now be sélved for the unknown in-

terval velocity in the second layer V2:

ve =[v2: T vi T G o
2 = a2 02 - 1 01 v ‘ (I"lO)

N Layers

The two layer result of equation (10) may be general-
;iea to an n-layered medium. The interval velocity in the
pthblaYér is given by
‘ t
7

2 2
. Vna =1 V T -V
n an “0n apn-; “On—,

(1-11)

Ton - Ton—i

where TOi and l/véi are the coefficienté of the'best straight-

2

;ine4fit to the T? - X? curve a reflection from the ith layer.

The preceeding development, following Dix's (1955)
@erivation, is based on the crucial assumption that X isAVery
near zero,’ﬁhere the angles of incidenée areAvery small and
ghe apprpximation of equation (6) holds. At iarger distaﬁces,
straight-line fits to Tz_-.x2 curves for a givén reflection
will yield progressively larger erroheous iﬁtercept times and
apparent velocities with correspondingly high interval‘veioci-
gies.‘ | |

Deviations from theismall—angles-of—incidencé approx-
imation at relatively,short disténces aléo occur for reflec-

tions from the nth layer when n becomes large. Dix's inter-
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val velocity formula using apparent velocities derived from
inverse slopes of straight line fits to T? - X? data is there-

fore valid only when X is very near zero and the number of

layers is small,



I
|
e, i Vi y4)
|
|
| i
|©2 V2 Z;
l
|
|
| Y
o= X] —ofrmme X2 ]
2 2

FIGURE A-1 Ray-path geometry for two layer horizontally
stratified media

FIGURE A-2 Ray-path geometry for two layer spherically
stratified media
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APPENDIX II

DEVIATION OF X2 - T2 FROM STRAIGHT LINE
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 the form

2 _Qap)2 2 '
Ch A R S ' (11-1)
v v? : ‘

as shown in equation (1) of Appendix I. At large X, however, .
the effect of earth curvature becomes significant and the
72 - x? cﬁrve is no'longer a straight 1line. |

Consider the geometry‘(Figure A-2) for a refiected

ray in a singlé—layer spherically—-stratified earth where

Rg = Earth radius

Z = thickness of layer

o
o
!
o
I

i

Z' = R' - R apparent thickness of layer

X = ORg source-receiver distance at surface

X' =  apparent source-receiver distance
We can relate Z' and Z as follows:

Z' = R' - R = Ry cos(0/2) - Ry = Z (11-2)

=% - Ry (1 - cos(X/2Rg))

' Similarly, by straightforward geometry,

Sin (/2 - 0/2) o sin 072 (II-3)
or . X' = 2Ry sin KX/ZRO)

77



78

Expanding cos (X/2Rp) and sin (X/2Rgy) with Taylor series ex~
pansions and retaining only the first 3 terms of each, equa-

tions (2) and (3) become

Z' = 2 - X2 + x* | o :
B8R, 384RY (11-4)

| B - 3 ‘ 5 '
X' =X - X%+ X (11-5)

‘74R, T920Ry

Equations (4) and (5) represent the depth andvhorizontal dis-
tance corresponding to the equivalent flat earth geometry for
which equation (1) holds..:

SubStituting equations (4) and (5) into equation (1), we have
. ‘ _ !
- x* + xS + 4z - %2+ x“

24R] 1920R% 8Ry - 384RJ

P xt o x? 2+ X2 - 2x® - X' )oo g
V2 VZ |R, 48R3 18R] 5760Rg |

.Tr2 -

i
<rh <hﬂ
N

N

The first two right-side terms of equation (6) represent the
total T? for a single plane layer of thickness % while the
last term represents the difference AT between the plane and

spherically layered T2 - X? reflection curves.



APPENDIX IIIX

THEORETICAL VERTICAL AMPLITUDE DISPLACEMENTS

FOR WAVES IN A PLANE LAYERED MEDIUM

The amplitude formulae described herein are based
on a time-series solution (Cerveny and Ravindra,l197l) to
the plane wave equation (expressed in inverse powers of fre-
‘quency) having ﬁhe form 0 |

W=-exp {ig (t - 1)} Z; (iw)—kwk | (III-1)

where W is the partiéle displacement vector. Equation (1) is
" a ray series where is a phase function and Wy are the ampli-

tude coefficients.

III.1l Reflected and refracted (diving) waves

| The zero—order.solution, obtained accoraing to the
- principles of geometric.éptics, employs only the leading terms
of eg'n. (1) and has been found to be sufficiently accurate -

for reflected and refracted waves.

Restricted versions of the géneralized 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 lie at the top of the

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

C. Thé compressional-wave velocity in t‘he'jth layer can be
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expressed by v = vj{ 1+ bj(z - zj)} whereAvj is the velocity
at the top of the layer having a depth z4. and bj>0 is a con-
stant positive velocity gradlent.

Note that refracted or diving waves (as dlstlngulshed
from head waves) are those waves which have a turning point
in the bottoming layer due to a positive gradient ; the ray
therefore penetrates the bottom layer to a depth dependent
on the ray parameter. |

The amplitude fofmulae of the vertical component of
displacement for reflected and refracted waves are as fol-
lows:

g-1
r -
AZ = ..l.i'};r ilele2l—jI} quz . (T11I-2a)
|z
. -.th . ' th .
for a ray reflected in the j layer (ie. at the (j+l) in-
terface and
§-1
r _ ,
A = 1{ R.|x| R 1) III-
2 TfTTn”JH 21-517 4, (III-2b)
for a refracted ray bottoming in . the jth’layer (ie. below
the jth interface)
The variables in the RHS of 2(a) and 2(b) are defined

as follows:

L = Tér(E: .) 1-p?v } %
t
is the spreadlng functlon where

p £ sin ¢/v‘ is the ray parameter



81

§ ¢j, ¢3j'= angles of incidence and transmission
respectiVely at the jth interface
r. = distance travelled by a wave in the jth

J
layer where

] el {1202 (1 en 2y 2 _ 2%
bj>o. Ty {(1 p vj) {1-p vj(l+bj(zj+l zj)} } }/

v.b, III-5a
2 p 525 ( )

' L L
arj=rj(l—p§vi)2(l—pzvj)2‘ | (III-5b)

P _ 21%
99 pv, {1-p vj(l+bj(zj+l zj)) }

-

by=0: 1z = (zj+l-zj)pvj/(l—p2v§)% (I1I-6a)
g %
. = - . (1-p2v?2 :
ary = (2549725)v4 (1mpavi) (I1I-6b)
34)0 v, (1‘szj) 3/2
For reflected waves: r = 2 rj
| 2-1 o
For refracted waves: r = 2)r., + 1 (l-p?v3)>
A | 2

[Pe| PV

The R-coefficients of eguations (2a) andA(Zb) are

the coefficients of reflection and transmission at layer

interfaces. General equations for these coefficients were
first derived by Knott (1899) and Zoeppritz (19219); the
analytic expressions, however, are excessively cumbersome

for numerical calculations and approximate solutions have

.been derived by Gutenburg (1944), Steinhart and Meyer (1961),
Tooley et. al (1965), Berry and West (1965), and others.

The present treatment follows that of Cerveny and

Ravindra (1971) where Rﬁn is the solution of a set of four
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‘linear equations:

5: aiann = (--l)laim (i=1,2,3,4) ' (III-9)

where ain<are elements of matrix A:

sin@ cosf, ~sind ~ -cosf,
A cosf -sinb, cos6, . -sinf
p,0,cos26, -p,%,;Y,sin28, -p,a,cos20, P,0,Y,sin26,

'plalyfsinzel plalylcosze2 pzazYisinZO3 P,a,Y,cos2

The ordered subscripts m and n of the R coefficient de-
fine the ray on the upper and lower sides of an interface

where

m,n = 1 corresponds to P wave ray segment above interface

m,n = 2 " " gy " _m " o A |
m ,n = 3 Cw " p " " " below "
m,n = 4 ’ e " sy v " -_ n " "

so that, for example, R13 diagramatically,corresponds’tQ

™~

TN

- and R, corresponds to
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o Bs (i=1,2) = P wave and SV wave velocities

respectively above (i=1) and below (i=2) the interface

Py (i=1,2) = density of media above and below

the interxface

vy = o;/B; and

da, conversion coefficient for a receiver on

+he earth's surface.

1.2 Head Waves

Head waves are defined as wavés whose ray paths
are critically refracted’at a plane interface and which
travel at the top of the medium below the interface pro-
vided the medium contains n velocity gradient. Original

theoretical solutions of the wave equation were based on

integral methods (CE£. Cagniard, 1962; Petrashen, 1964)

- it was later shown, however, that for non-interfering
head waves, all results deduced by wave meﬁhods could be
derived through geometric optics by the ray method which

produces an asymptotic (ray) series solution given by

equation (1l). The following vértical>amplitude formula
(Cerveny and Ravindra, 1971) is based on a first order

{(second term) solution for a symmetric, non-converted

head wave having both source and receiver at the free

surface and bottoming in the lth layer.

1-2

<

A* = v,V '
2 L I, T RRyp 509, (rrro11)

L 5 .
rz(vi—vf)z(r—r*)3ﬂ =1
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) . - .
where r* = 2 %: rg is the critical distance (III-12)

f

* = | - . - ‘
r (zj+l z_j)(vj(l+bj(zj+l zj))+vj) (111-13)

2y 2_..2 2y%
(vi—vj) +(V2"Vj(l+bj(zj+l_zj)) )

I, = head wave coefficient for the interface at which the

‘ray_is_critiCally refracted.
The reméining variables in equafion (11) are defined
ih equations (4)lto (10). | |
Computer programs~RWAMP and HWAMP (Appendix II) were
wﬁittén to.calculate thé amplitudes of symmetrié reflected
waves, diving waves and head waves using the preceding thecry

for a horizontally stratified medium.



APPENDIX IV
PROGRAMS: HWAMP and RDAMP

IDENTIFICATION

Title: Vertical amplitude variations with distance
for head waves, diving waves and reflected
waves in a horizontally stratified earth
model.

Programmer: R, Desmarais

-~ Date: January, 1973
Language: FORTRAN IV
PURPOSE

To calculate the amplitude-distance curves of com-
pressional reflected and refracted waves using the class-
ical plane-wave theory derived for horizontally strat-

ified media.

USAGE

1. Operational Procedﬁre: Program RDAMP calculates
amplitudes for reflected waves and diving waves; program
HWAMP calculates head wave amplitudes. Program MAIN of
each reads the input parameters defining the earth model
and calculates the theoretical times and distances for
the féys bottoming in a specified layer. The amplitudes
for each distance are calculated using the refléctivity

coefficients derived from subroutine RCOEFF.
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Input Parameters:

M = number of layers + 1

Z(1), (I=1,M) = depth to top of each layer
vp (1), (I=1,M) = compressional wave velocity.
for each layer

Vs (1), (1=1,M) = shear wave velocity for each

layer

B(1),(I=1,M) = linear velocity gradient for
each layer |

RO(I);(F=1,M) = density of each layer
Output Parameters: |

Program HWAMP

. RC = critical distance

‘TC = critical time

Gl3l = transmissivity coefficients for inter-
face at which head wave is critically refracted
Programs HWAMP and RDAMP

R13(I), (I=1,M-1) = transmissivity coefficients

.for down-going ray path

R31(1),(I=1,M-1) = transmissivity coefficient
for up-going ray ﬁath

Rll = reflectivity coefficient for reflecfing
interface (where applicable)

RCOF = product of transmissivity and (where
applicable) reflectivity coefficients for all

4

interfaces encountered by ray
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RI = surface distance of ray

travel-time at distance RI

RT reduced travel-time

AMP = vertical amplitude displacement at
distance RI

Space Requirements: 84K for each program
Temporary Storage: none

Input Tape: none

Output Tape: none

Time: 3.6 sec, for 40 distance-points
Reférence: Cerveny and Ravindra (1971)
Remarks: The mathematical equations used
in the programs are given in Appendix IIT.
Due to the simplicity'of the programs, no

detailed descriptions follow.



AV 1Y 6 LEVEL 21 0 man DATE = 75258 10736/

€ PRIGRAM HWAMP PRUGRAMMER. ReJo DESMARAIS
€ HEAD WAVE AMPLITUDE VARTATIONS WITH DISTANCE

COMPLEX*16 G131
DOUBLE PRECIZION VP(Ol)VS(bl’Z(7)9Rq(b’)3(6))P:RCUF}Q:”Z’AMP’T;R(I
152B,RRsYPB,DLOG»DABS,CDABS»RISRC, TCsDELTA,AMPL, TN, TT
CUOMMAON IND,NL,VP,VS, Z,R0,8,P»RCIF,Q32Z,28,G131

10¢ READU(1,1C) M :
READ(L,11) (Z(I)s1=1oM)
NL=M-1 ’
READ(1,11) (VPLLI)»1=1,M)
RFAD(L,11) (VS(I),I=1,M)

________ READ(1,11) (B(I)} »I=1,M]
''''''' . , - READ{1,11) (ROUID)»I=1sM)
' ARITE(3,12) o
12 FORMAT(1lH }.DEPTH.)EX)'P—V'ELDCITY‘IEX!'S‘VELOCITY')SX"GRADIENT'J
19X, *DENSITY") :

WRITE{3,13) (ZUI)>VPII),VSLL)sBLI)RO0T)sI=1sM)

13 FORMAT(LlH sF5.2,8XsFb,2,11XsF4.2,8X»FB.65€EXsF5.2)

10 FORMATI(I2) R .

11 FORMAT(T7F1C.2)

€ . \ N
€ CALCULATE CRITICAL DISTANCE AND TINME
- RC=0.DC _
T=0.00
P=1.DC/VPIM)
DO 1 I=1,HL
[F(B(I)) 3,2,3
2 RIII=(Z(I+1)-Z(1))%PxVP (I} /(1. DI-PHP VP L[] k¥2, DI )*%,5D0
CT=T+ (ZUI41)=ZCID)M/7C((L.DC-P*PAVPLI)*VP(L) )*%,5D0)%*VP(I1)
: GO0 TO 1
€ DETERMINE WHETHER RAY BOTTOMS IN ITH LAVER
| 3 ZI8=(1.D2/(P«VP{I))+B{I)*Z{ 1)1-1.DC)I/BLI)
) o IF{2B.GT.Z(1}.AND.ZB.LT.Z{I#1)) GO TO 4
> RUIN=({1.DC-P*P*YP (1 )%VP (I ))*% ,5D3-(1.DO-P*P=VP (1) *VP([)*{1,D0+B
PY#{ZCI+1)-Z(1)))%%2,DD) %%, 5001 7 (P*VP (1 1%B( 1))
VPB=VP (I 14 (1.NG+#B( 1Y *(ZLI+1)-Z(1}))
T=T+{Z(1+1)=-Z(1))*DLOGU(VPB*(1.D0+(1.D0~ P*P*VP(II*VP(I)I** 5001)
1VPLT)#(1.DC+(1.DO-P*PXYPB*VPB) ¥k, 500))a/¢vpa -vP (1))
. 60 701
1 RC=RC+2.D0%R ()
- TC=2.,DL*T
TN=P*VP(1)/((1.DC~ P*P*VP(I)*VP(I))**.DDO)
DELTA=1,00
;o WRITE(3,21) RCsTC ‘ o
- WRITE(3,51) ’ - ‘
» : CALL RCOEFF ‘ L ' .
j 61 FORMAT(LIH »5(ELl4.5,2X)) _
S AMP]= RCOF#VP(M)*DELTA*(DAB)(032))*TV*CDABS(GI31)/IC DO
R AMPL=AMP1/6,29
‘ WRITE(3,61) RCOF,G131,Q03Z, TN,AMPL
z RC1=3NGLIRC/10.D3)
b ' TI=IFIX(RCL+1.)
RI=I1%10 .
DO 5¢ I=1,7) ‘
AMP=AMPL/U(RI**.5D0) *{ (RI-RCI**1,.500))
TT=TC+(RI=RC)I/VP(M)
RT=TT-(R1/7.90)
WRITE(3,52) R[:TT,AMP;RT

N N e



W IV G LEVEL

A %1}

0

21
51

52

&0

21 | TS © DATE = 75258

RI=zR[+13.DC

GO T4Q 100

WRITE(3,53) 1 :

FORMAT(1H »'RAY BOTTOMS IN LAYER *',12)

FORMAT(LH »*CRITICAL DIST. ='»F5.2/1H ,'CRITICAL TIME

FORMATU(LH »*DISTANCE *»10X, *TIME',10X» *AMPLITUDE"//)

FORMAT (3X, F6.25 9% F5.2, 10X,EL4.55F06.2)
STOP
END

89 10/36/

=1,F5,2)
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21 RCOCFF - " DATE = 75258 ' 10736/

SUBROUTIMNE RCOEFF
COMPLEX*16 Pl,P2,P3,P4,R13(6),R31(6),D,A1,A2,B1,B2,CDSART,G131

NOUBLE PRECISION VP(b):VS(6):2(7);RJ(6);8(6):RCDF:03Z;ZB:R01;RUZ;

IQ’X:Y:ZZ;PICDABS

COMMON INDsNL»VP»VS,»Z»RN,B»P,RCOF,Q3Z,28,G131

CALCULATE THE CUNVERSION COEFF Q3Z FOR RECEIVER AT SURFACE

PL=(1.D0-VP(1)%VP(L)*PXP)**,5D0
P2=(1.D0-VS{L)*YSCLY*P*P)*x%,5D0
D=(1.D0-2.00%VS(1)*VS{1)*P*P)*%2,D0+4, DO*PI*PZ*P*P*(VS(I)**3 DO/

1Pl

037=2.,0C%P1%(1,D0-2.D03%V3( 1)%VS(L)*P*P) /0D

CALCULATE THE R-COEFFICIENTS AND THEIR PRIDUCT

88

END

2C0F=1.D00C

DO 1 I=1,NL

Al=VP(lI}*(1l. DO*B(I)*(Z(I+1)—Z(I)))
A2=YP{1+1)

Bl =v3(li*(1, DO+B(I)*(Z(I+1)~Z(I)))
B2 =VvS(I+l1)

RO1=RO(I)

RO2=RO(I+1)
Q=2.DO*(RDZ*BZ*BZ-ROI#BI*B1)'

‘X=R02-Q*P*pP

Y=RO1+Q%P*p

71Z=R0O2-ROL-Q*P*P

PL=CDSQRT(1.DO-ALl*AL*P*P)

P2=CDSQRT(1.DU=BL*B1*P%P) o .
P3=CDSQRT(1.D0O-A2%A2%P*P) R - .
P4=CDSQRT(1.D0-B2%B2*P*P) '
D=Al*A2%BL#B2%P*PRZZ4LZ+A2 *¥B2*PL *¥P 24X X+A1%B L¥P3*P 4% Y« Y+ROL*R] 2 *!

LBL¥A2¥PL*PA+AL¥BZ#P24P3) +QFQHP P KPLEP2¥P3HPA

IFCI.EQ.NL) GO TOQ 2

R13t1)=2. DO*AI*RDI*PL*(BZ*PZ*X+BI*P4*Y)ID

R31{1)=2.DC*A2*R02%P3*{BL*P4*Y+B2%P2%X) /D

- WRITE(3,88) RI3(I1),R3L{1)

FORMATI{1H »2{E14.552X,E14.5))

RCOF= RCOF*CDABS(R13(il)*CDABS(RBl(I))

G0 TQ 1 :

G131=2. DC*AI*AZ*RJL*RDZ*PI*((BZ*PZ*X+BI*P4*Y)**2)/(D*D)
CONTINUE

RETURN
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PRIGPAMN RDAMP : PROGRAMMER R.J. DESMARAIS

C REFLECTIUN AND DIVING WAVE AMPLITUDE VARIATIDN) WITH DISTANCE

COMPLEX*16 CDSQRTsL,»DR
DOUBLE PRECISION VP(6):Vb(b):l(?):RD(b):B(bl;P »RCUF,Q3Z,AMP,T»RI
1),2ZB,RR,VPR,DLOGsDABSs CDABS .
COMMON IND,NL,VP, VQ,Z;RD’B)P1RCDF 03Z:ZB
READI(1,10) M
READ(1,11) (Z(1),1I=1,M)
NL=M-1
READ(1,11) (vP(l)>»I=1sM)
READ(L,11) (VStI)sI=15M)
READ(1,11) (B{I) »I=1,M)
READ(1,11) (RO(I),I=1,M)
WRITE(3,12)
12 FORMAT(IH >*DEPTH'»5X, *P~- VELUCITY':5X}'S -VELOCITY'"55X, *GRADIENT ',
15X, *DENSITY?)
WRITE{3,13) (Z{]])» VP(I);V)(I);B(I’;QJ(I):I 15 M)
13 FORMAT(1H »F35.258X,F4.2511X,F4,2,8XsF8.,656X5F5,2)
10 FORMAT(12]) .
11 FORMAT{7F1C.2)
WRITE (3,7)

7 FDRMAT(lHO:'RAY PARM - P';5X;‘DXSTANCE':5X,‘TIME':5X:‘AMPLITUDE')

P=0.0
99 P=P+0.C01

C CALCULATE TRAVEL TIMES AND DISTANCES.

RR=0.CC
DR=0.DC
T=0.D0
IND=0
DO 1 I=1,NL
o TF(8LI)) 3,2,3 o '

2 REIV=1Z(I+1)-Z{1))%PxYP(I)/ (], DO -PERPRYP (I NX%2,DD ) %%, 500
T=T+ (ZCI+1)=ZUD1))/7 ({1 DC=-P*PAVPLI)%VP (1) )**,500)*VP{1))
DR=DR+(LZLI+1L)-Z{1) I AVP(1)*(1.DO~ P*P*VP(I)*VP(I))** 500} /7CVPLL)%(

1.DG-PPRVP (I )*¥VP (1)) **x1.5D0) :
GO T 1

C DETERMINE WHETHER RAY BOTTOUMS IN ITH LAVER

c

1

3 IB2(1.D0/Z(PXVP{I)I+B (11 *ZCI)-1.0U)/B(])
IF(ZB.,GT.Z(1) AND.ZB.LT, ZUI+1)) GO TO 4
O OR(E)I=({1.DC-PxPRVP(I))**x,500-(1. D“‘P*P*VP(I)*VP(I)*(l DO+8(I)*(Z(
CL#1)=Z01) ) ) R%2,D0) %, 5DQ) 2 PEVP (1) *BLTY) o
VPB=VP{{ )% {(1.DC+BIII={(Z(I+1)-Z(1)})
DR=DR+(RIII*((1,D0-P*PxVYPL1)*VP(1))**, 500)’/(((1 DC- P*P*VP(I)*VP(
1)) %%,5D0 1% ((1.DO-P*P*VPB*VPB)*%,5D0) #PxVP (L)Y}
T=T+(ZUI+1)=ZC1))%DLOGLLVPBE(L . DU+(1.D0~ P*P*VP(I)*VP([))** 500))/
LVPUTII*(1.DC+L1.DO=-PePXYPB*VPB)*%x,503)))/7(VPB=VP (1))
GO To 1
4 IFtI JNE.NL) GO TO 5
REI)=({1.,0C-P*P*VP({I)*VP(I)) %% ,5D3)/(BLI)*PXVP(I]))
DR=D-((R{II*(1.00-P&PXVPLLI*VP( 1)) %%, 500) )/ (PRVPLL)*(1], , DO -P &P *VP
LIY*VP(1))*2.D0)
T=T+DLOGI(]1. DU+(1 DO-P*PAVPLT)I*VP{1) %%, 500)/(P*VP(I)))/(DABS(B(I
1)%VP(I))
IND=1
RR=RR+2,0U0#R(1)
T22.,00%T7T
CALCULATE SPREADING FUNCTION L
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ER=1.,00=-P%*PxVP{L)*VP{]1)
; L=CDSQRT (2. DL*RR*DR*(ER**.DDO)/(P*VP(I)))
€ CALCULATE R~COEFFICIENTS
CALL RCOEFF
WRITE(3,81) RCOF
gl FORMAT(1IH »*RCOF=*,E1l4.5)
AMP=RCOF*0Q3Z/(CDABS(L))
IFUIND .EQ. 1)GO TO 101
GO 7O 102
1C1 WRITE(3,8) Z8B
102 CONTINUE
WRITE(3,93)P,RR,TsAMP
8 FORMAT(IH »'DIVING WAVE FROM Z= ',F5.2,'KM')
G FORMAT(IH »2XsF0.4s8XsF6.2,6XsF6.255X5E12.5)
IF(RR .GT., 10CG,.) GO TO 100
60 TJ 99
5 ARITE(3,14) | . :
14 FORMAT(IH »*RAY BOTTOMS ABOVE ANTICIPATED DEEPEST LAYER?')
100 CONTINUE - ‘ '
stae
END
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SUBROUTINE RCOEFF
COMPLEX*16 Pl)PZ)P3;P4)R13(6))R31(6)!0:A1)A2)31)BZ:CDSQRT

DR DOUBLE PRECISION VP(b):VS(b):Z(?):RD(b)}B(b')RCOF’Q3Z)ZB’RUI:R02)
10,%X,Y,22,P>CDABS .
COMMON IND,NLs»VP»VS, Z,R0»B,P,RCOF,032,128
C CALCULATE THE CUNVERSION COEFF Q312 FOR RECEIVER AT SURFACE
PLl=(1.D0-VP(L)%AVP(1)*P %P )*%,500
P2=(1.,00~-VSCL)%=VS(1)*P%P)*%,5D0
N=(]1.DC-2.D0%VS{L1)*VS(L)*P*P)**2,D0+4, DO*PI*PZ*P*P*(VS(l)**3 DC}Y/
1Pp(1)
0372=2.D00%P1%(1.D0-2.D0%VSC(L)*VS(1)*P%P}/D
C CALCULATE THE R-COEFFICIENTS AND THEIR PRODUCT
LL=NL-1
IFULL LEQ. 3.AND.IND.EQ.,1) GO T3 .3
RCOF=1.DC
. ‘DO 1 I=1l.NL '
4 Al=VP({I})*{1. DU+B(I)*(Z(I+1)'Z(I)))
A2=VP(1+1)
Bl =VS{I)%(1.DO+BLI)*{Z(I+1)-Z01) D)
. B2 =V5{1+1) ‘
RO1=ROI(1)
RO2=RO{i+1)
N=2.00%(RO2%B2%B2~RO1*B1*B 1)
X=R02~Q*P*P :
- ¥=RO1+Q*P*pP
12=R32-R0O1 -Q*pP*p
P1=CDSQRT(1.DU-AL%AL*P*P)
P2=CDSORT(1.D0~-B1*B1*P*P)
P3=COSQRT(1.DO~A2%A2%P%P)
P4=CDSQRT(1.D0~-B2%B2%P*P) '
| , D‘Al*AZ*Bl*BZ*P*P*ZZ*ZZ+A2*BZ*P1*P2*X*X+A1*BI*P3*P4*Y*Y+R01*RDZ*(
‘ ‘ - lBl*AZ*Pl*P4+AI*BZ*P2*P3’+Q*0*P*P*Pl*PZ*P3*P4 , |
IFILL.EQ.OY GO TO ©
IF(I JEQ.NL) GO 7O 6 '
R13t1I)=2. DO*AL*RDI*P!*(BZ*PZ*X+BI*P4*Y)/D
R31(1)=2. DG*AZ*RDZ*P3*(BI*PQ*Y*BZ*PZ*X)/D
88 FORMAT(IH ,2({E14.5,2%X,EL14.5))
. RCOF-= RCDF*CDABJ(R13(I))*CDABS(R31(I))
IFtI-LL) 1,5,5 :

5 - IFCINDIL,1,3 ‘
& RCOF=RCOF*CDABS(-1. DO+2. DO*Pl*(AZ*BZ*PZ*X*X*BI*AZ*RD1*R02*P4+Q*Q*
1 P%P*P2%#P 3%P4) /D) |
1 CONT INVUE
3 RETURN

END
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APPENDIX V

PROGRAM: POLYFIT

IDENTIFICATION

Title: - Least squares fit of an nth degree poly-

nomial to data

Programmer: R, Desmarais

Date: May, 1975
Language: FORTRAN IV
PURPOSE

To compute the set of n+l coefficients of an nth

degree polynomial which best fits a discrete set

~of squared time and distance values for a reflect-

ed event,

USAGE

1,

Operational Procedure: Program MAIN 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.

Input Parameters:

NSETS = number of input data sets

NP = number of ordered ?airs per data set

N = maximum number of polynomial coefficients
DEL(I), (I=1,NP) = distance values

T(1,3), (I=1,NP), (J=1,NSETS) = time values

94
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Output Parameters:

AA(I,J), (I,0=1,N) = matrix elements of A where
AX=B

BB(I), (I=1],N) = elements of matrix B

X(1), (1=1,N) = elements of solution vector X

corresponding to least squares fitted polynomial

- coefficients
NSETI = data set number
RMS = root-mean-square deviation of polynomial

fit to data set NSETI
DEL2(I), (I=1,NP) = squares DEL (I)
T2(1), (I=1,NP) = squares of T(I)

ET(I), (I=1,NP) valﬁes of polynomial at DEL(I)

ET}(I), (I=1,NP5 = squares of ET(I)

Space Requirement: 96K

Temporary Storage: none

Input Tape: none

Output Tape: none

Time: 52.24 seconds for three 40 point data sets
and highest fitted polynomiél of degree 5

Reference: P.W. Williams (1972) p. 58-64



96

POLYFIT PROGRAM DESCRIPTION

The purpoée of this program is to calculate the
coefficients X;, i=1, n for an n-1 degree polynomial pld?)
which best fits a discrete set of m t? - d? values. Min-
imization, in a least squares sense, of the error between
the data and p(d?) leads to a set of n no;mal linear equa-

tions which determine the coefficients X43

ajl X1 + a3 X3t ceeveceenees *ag, xn = by

a2] X] + @22 X2 +* 4eveeceseses + asn X = bo

anl X1 + an2 X3 + ceeveeeeenes +tappy Xp = bp
where -ajy = (dﬁ)

by = t2(a@)i-1

Program MAIN reads the data and calculates the ele-
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 subrouﬁine GAUSS using the method of Gaussian
réduction. This method performs operétions on the system to
‘conveﬁt matrix A into upper triangular form; elements of X
are then solved.by back substitution.

The acduracy 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 approximations to the sol-
ution can be improved upon by using the residuals R={r;} de-

fined by AX~B=R wheré X is the first approximation. Because
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AXO-B=0 representé the'true solution, then A(AX)=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 réﬁgrd approximation is used
in GAUSS only when the magnitude of the residuals ERZ= Iril
exceeds a predeterminéd value after the first iteration.
Once the desired accuracy in X has been achieved
for the (n-1)th degree polynomial fit, the values are re-
turned to MAIN and the remaining output parameters are cal-
culated. The order of the pélynomial to be fittedbis then
reduced by one, the matrices re—initialized'apd the process
repeated. This procedure is continued unﬁil all polynomial
fits from degree 2 to n-1 have been calculated, after which
another data set is read and the entire procedure repéatea.
It should 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<l0). For higher order
polynomial fits, the method of orthogonal projection (Cf.

Sheid (1968), p.236-37) is recommended.
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EVEL 21 ; MAIN ,  DATE = 75245 12714721

PROGRAM POLYFIT
PROGRAMMER: R.J. DESMARAIS :
THIS PROGRAM FITS 1ST T0O 5TH O DEGREE POLYNOMIALS IN A
LEAST SQUARES SENSE TO THEORETICAL T2-DEL2 REFLECTION TRAVEL

TIME CURVES

NSETS=ND. OF INPUT REFLECTION CURVES

NPs NO,., DATA PTS PER CURVE »

N=l= ARDER OF FITTED POLYNOMIAL '
DOUBLE PRECISION AA(6s01),B B(b’)RM(b)}R(b)’DX(b):X(b”DEL(50))
lT(SO)?))RNl}RNZ:AT:DIF:RJ}50AT’QMS’DABS)DJQQT »B>sRA(6,6)»RBI(6)
.POYBLE PRECISION ET(50):ET2(DO)’T2(53):RT(70))RET(50)}05L2(53’
NOUBLE PRECISION RNP )
COMMON RA,RBsXsN»NSETI

98 READI{1,1) NP,NSETS

1 EORMATI215)
NSETI=C
DO 3 I=1,NP
3 READ(1,2) DEL(I):(T(X;J):J 1,NSETS)

2 FORMAT(8F1Ui.v)

INITIALIZE MATRICES TO ZERD
102 NSETI=NSETI+1
JE{NSETI .GT. NSETS) GO 70O 98
N=o , - o
p3 & I[=1,N
DO 4 J=1,N-

4  AA(1,41)=0.D0

PO 5§ K=1l,NP T
DO § I=1,N . R
NG & J=1,N C
RNZ2=2%(1+J)-4
5 AA(IJJ)‘AA(I:J)+DEL(K)**QN2
WRITE(3,10)

- 10 FORMAT(1H. :'CDEFFICIEMT MATRIX')

Do 11 I=1s4
WRITE(3512){AA(I5J)5 U= I’N}”’
FORMAT(1H ,6(EL15.752X})
N=6
B 7 1=1,N
7 BB{1)=C.D0
pa 6 I=1,N
RNl =2%[-2
. B0 6 K=ls»NP ' ' '
6 BB(I)=BB(I)*(T(K:NSETI’**Z DO)*(DEL(K)**QNI)
WRITE(3,13)

.13 FORMAT(LH ,*DATA MATRIX B')

WRITE(3,14)(8B8{I),I=15N}"
14 EORMAT(LH »6{EL15.7,2X))

- 101 DO 55 I=1,N

Ni=N+1-1
B0 55 J=1,N
NJ=N+1-J

5% RALI,J)= AA(NX)NJ’
60 67 I=1sN
Ni=N+1-1] .

67 RB(I1=BB(NI)
CALL GAUSS
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EVEL 21 . MAIN DATE
CALCULATE RMS DEV OF FIT TD CURVE
B=0.DO
DO 17 I=1,NP : o s
AT=0.DC B
- DIF=0.D0 R ,
DD 16 J=1»N
Ry=2#J-2
JI=N+1-J
16 AT=AT+X(JJI*DELLI)**RJ
' ET2(1)=AT
AT=DABS(AT)
SQAT=DSQRT(AT)
ET(1)=5QAT
T201)=T(I,NSETI)#%2.D0
RTCII=T2(1)-(DEL(T)**2,D0) /62,41
RET(I1=ET2([1-(DELUII#%2.DL)/62. 41
DEL2(I1)=DEL(I1)*%2,D0
DIF=TU{I,NSET1)-5QAT :
DIF=DABSIDIF) ' : o S,
.0 17 B=B+DIF*DIF : : ~ :
7 RNP=NP-.
B=DABS (B/RNP)
RMS =DSQRT(B) _
WRITE(3,18) N,NSET.I,RMS : e -
18 FORMAT(1H »'POLYN OF ORDER *,12,'FIT TO CUVVE ', 12, HAS RMS DEV=*
1:E15.777) . , » _
WRITE(3,19) - S o : .
DO 25 I=1,NP ‘ g
25 WRITE(3,20)(DEL(I),DEL2(I),T(I,NSETI):ET(I),TZ(I);ETZ(I),RT(X),RET(I
101))
19 FORMAT{1H :'DISTANCE';6X;'DIST2':6X;'TTHEDR',ZX,'T EST':ZX;'TSQ'}ZX:'TE)Q
1Xs *TESQ'»2Xs "REDT*»2X, *RTEST')
20 FORMAT(LH ,Fb6.2,2XsEl4. 5:2X:2(F5 2,2X)54LEL2, s,zX)a
1103 IF(N.EQ.2) GO TO 102
' N=N-1 _ =
GO TO 101
sToP
END




LEVEL 21 . ~ GAUSS DATE = 75245 12714721

.’

SUBROUTINE GAUSS

SOL'N DOF SET OF LINEAR EQN'S BY GAUSSIDN ELIMINATION WITH RES IDUAL

APPROXIMINATION
DOUBLE PRECISION AA(b,b)’BB(b))QH(é,’R(b)’X(o)’DX‘b),DABS’DSQRT
DOUBLE PRECISION TA(6)>TB(6)sPP»SCL5)
COMMON AA»BB» XsN»NSETI

SCALE ROWS OF YATRIX AA
D0 3 I=1sN

3 3C(1)=C.DO
PO 6 I=1,N
DO 4 J=1:N

4 IF(DABS(SC(I)).LT. DABS{AALI,JY)) SCULIV=AA(I»J)
DO 6 J=1-N ‘

6 AALT»J)=AA(T,J)/5CLI)

10C CONTINUE
00 5 I=1,N

&  BB(I)=BB(I)/SCLI)

23 FORMATI(LH ;6(E19.7’2X))

2182 CONTINUE

v

g e

gy

FIND LARGEST ELEMENT IN COLUMN LL ﬂ INTERCHANGE THIS ROW WITH ROW LL
NN=N-1
DO 8 Li=1,NN
PP=0.0D0
DO 66 J=LLsN

KEEP VALUES OF ROW LL
TACJ)=AA(LL, J)
TelLLI=BBILL) ' . '
~ IF(DABS(PP} .LT. DABS{AA{J>LL})}IGD TO 55
GO TO 66 .

55 LJ =J.
PPsAA(J,LL)

66 CONTINUE

INT ERCHANGE ROWS LL & LJ

DO 7 K=LL»N :
AA(LL:K)‘AA(LJ;K’

7 AA(L J,K)=TA(K)
8B8(LL)=BBI(LJ)
gL J)=TB(LL)

"ELIMINATE COLUMN LL FOQ I=LL+]1 TO N
Ll=alL+l .
00 8 L=LI,»N
LMsLl~-1

»ALCULATE MULTIPLIER ML) & APPLY
RMUL)I=AA(LLL)ZAALLLSLL)
D088 K=LLsN

g8 AA(L)K)-AA(L;K)‘RM!L)*AA(LL)K)
BBIL)=BB(L}-RMIL)*BBILL)

8 CONTINUE ’
00 22 I=1,»N

22 WRITE(3’23)(AA(l)J’:J'l:N):SC(I)rBB(I’
WRITE(3,23)(RM(TI)»1=1,N)

CALCULATE COEFFICIENTS X{N) BY BACK SUBSTUTITUTIUV
X{N)= BB(N)IAA(N;N’ .
‘Nl=N-1

00 1C J=1,N1

KzN=-J
X(K)=BB(K)
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N0 11 L=K,Nl
Li=L+1

11 X{K)=X{(K)-AA(K>L1)*X(L1)

10 X(K)=X{K)/AA{K,K)
WRITE(3,26)(X{I)»1=15N)

26 FORMAT(LIH »*X({I):*5»6(EL5.752X))

CALCULATE RESIDUALS R{N}=AA%*X {N) -BB
ER=0.DC
DD 14 I=1sN
R{])=-BB(I)
. DD 33 J=1sN - .
33 ROI)=RUII+AAC],J)%X{J)
" 14 ER=ER+DABSI(RII)) .
' WRITE(35,18) (R{I},I=1,N),ER .
18 FORMAT(LH »'RESIDUALS AFTER 1ST APPROX:',6(E15.75,2X)/1H ,*'ER= ',E1
15.7) .
S IF(ER .LT. 1.D-06) GO TO 16
L SOLVE AA%*DX=-R BY BACK SUBS. & COMPUTE FINAL X
R CXINDY=XIN)=-RY(N)*RIN) /AA{N5 N)
N1sN-1
DO 12 J=1,N1
KeN=J
NJsN+1-J
DX{K)=-R{K)I*RMINJ)
DO 13 L=KsNl
Ll=L+1
13 DX(K)‘DX(K)-AA(K,Ll)*DX(Ll)
CDXUK)I=DX{K)I/AAIK,K)
12 X(K)=X(K)+DX(K) _—
60 TO .17 :
16 WRITE (3,19)
19 FORMAT(1H ,»*CONVERGENCE ATTAINED IN Lsr APPROX')
17 MWRITE(3,26) (X{I)s1=15N)
. RETURN : T
" END
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APPENDIX VI

PROGRAM: LSTSQR

IDENTIFICATION

Title: Linear least squares fit to data
Programmer: R. Desmarais

.Date: May, 1975

Language: FORTRAN 1V

PURPOSE

To compute the coefficients a, b of a linear curve
which best fitg a discrete set of time, distance data
points; also to compute the error in a and b for a pre-

scribed set of fiducial limits.

USAGE

1. 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. It then calculates the error in the coeffi-A
cients which are correct to a factor (called "Student's .
t") dependent on the desired fiducial (or confidence)
limits,

2. FInput Parameters:

NP = number of ordered pairs (X(I),T(I)) of

data .
'REVNT = alphanumeric title of data
X(x),I=1,NP = distance valuesb

- 102
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T(1r),I=1,NP = time values
3. Output Parameters:

TO = intercept time of linear fit

TA = error in TO correct to "Student's t"
""" factor |

RM1 = slope of linear fit

TB = error in RM1 correct.to "Student's t"

factor |

V = inverse of RM1

RMS = robt—mean—square deviation of fit to

data . A

NS = NP-2 is the number of degrees of freedom

for the "student's t" factor used to obtain the
fiscal errors TA and TB
4, Space Requirements: 96K
5. Temporary Storage Required: none
6. Input Tape: none

7. Output Tape: none

8. Time: 10.13 seconds for six 35 point data sets

9. Reference: R.G. Stanton (1961)pp.52-62
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LSTSQR PROGRAM DESCRIPTION

The purpose of this program is to calculate the best
linear fit to a discrete set of refraction time~distance val-
ues using the well-known method of least squares minimization.
The two linear equations whose solution yields the unknown
coefficients a and b (corresponding to the intercept time and

slépe ; respectively) are:

Zti =na+b in - | (VI-1)

inti = ain + beJ?_ . | (VI-2)

where n is the number of data points. The output variable

RMS represents the root-mean-square deviation ¢ eXpressed by: '
T g2 = Y{t, - (a + b_.)}%/n (VI-3)
i xi

Assuming that the error in y; = a+ b, follows a

normal distribution, the errors ~Ta and TB in a and b respect-

- ively have been calculated in the followihg manner:

Ta Tn-Z[ncrz (-1- +‘§2., - 1"
n-2 |n (xi-x)v2

Tg = Tpep no? %
(n-2) {z (xi—SE) 2}

where o2 is given by equation (3),

1
]

X =
and Th—2 is a numerical constant tabulated as "Student's t",
it is dependent on the percentage fiducial limits and the

number of degrees of freedom (n).



LEVEL 21 . o oMAIN 1 _.DATE=75245 12/18/14

QQRAH LSTSQR ' :
GRAM CALCULATES LEAST SQUARES FIT T0 DATA POINTS X(I)1»TUI)s I= =1, NP
PUT INTERCEPT TIME,SLOPES VELUCXTY’RMS DEV.» AND ERRIJORS IN LINEAR
§. USING STUDENT*S T DISTRISBUTION -
UBLE PRECISION X(50)sT(50)sS{3)sR({3)»XBsRI»RM15V>TO»RN»XBsT2,RM>»
;STU’TA’TB)RMQ)TT(5U) v
D{1,30) NP,REVNT
MAT(IZ:ZX;bAZ)
E(3,32) REVNT

AT(lH ,*EVENT',2Xs6A2) : ,
DUL1,3L)(X(I)»T(1)»1=1,NP) e
AT(ZF[U o)

I=1,3

CENOICIET?
a 0

gl LY A0 O

g9

o

'W’>¢D*~7H>anq:ﬂ1w

I)+T(J)*X(J)**RI

COEFFS '

S{1)*R(2)~- S(Z)*R(l))/(S(l)*S(Bl -S(2)1*5(2))
0/RM1

>(3)*R{1)- S(Zl*R(Z))I(S(l)*S(B! S(2)1%512))
TE ERRORS IN COEFFS -

oy
an
p:
—

" i
MOVt re = OO0 O

Oy
o
b g
™
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Z-Q-GCEJ-HCID@@

mxm

M MM DI CT™ 51l - et [ s pg npane
IR~ B B Y e RPN I

[w R o
oo

" I=1sNP
}=TO+RML%X( 1)
M+(T(I)'TT(I)) *(T(I) -TTCI D)
B+X([)
2+T(I)*T(I)
X B/RN
£0.D0
I=1sNP
SIG+(X(1)~ XB)*(X(I) XB)

um

N

Z v
w1

(RHISTU)*((I DO/RN)+(XB*XB/SIG)))**O 5D0
(RM/7(STU*SIG))**0,5D0
= (RM/RN)*%0 ,5D0
E E(3, 10 NP
R TE(3:33) (X(l)rT(I);TT(l)’I=l:NP)
aR MAT(1H »3(EL5.755X))
E%?E(3;13)
RITE(3,11) TOs»TA»RMI1>TB»V.
RITE(3,12) RMS,NS '
"gRMAT(1H ,'NMBER DATA PTS= ' 1277)
RMAT(1H ,5X;'TD')5X;'ERQUR"5X:'SL0PE"5X9'ERRDR')5X»'VEL'I/)
RMAT(IH »5(EL15.752X)) '
RMAT(1H ,*STD DEV= ',EL15.7/1H "CDNVERT ABOVE ERRORS USING STUDENT
S TU*512,%))
YO 99
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APPENDIX VII

PROGRAM: XTAMP

IDENTIFICATION

Title: _ Calculation of travel-times, distances
and amplitudes for a specified ray type
in a spherically stratified earth model

Programmer: R.F. Mereu, University of Western Ontario

Date: 1972-73
Language: FORTRAN IV
PURPOSE

To compute the times, distances and amplitudes of
primary compressional wave events which would arise in

realistic models of the earth's crust and upper mantle.

USAGE

l. 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 corresponding time for the ray
segment. The total distance, time and amplitude for an
entire ray path are then calculated by subroutine DISTM.
The horizontalland vertical amplitude components are cal-

culated by subroutine ZOEPP and GELG.
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2. Input Parameters: These variables are defined
in the comment statements at the beginning of the list-
ing of program XTAMP. |

3. Output Parameters: These variables are defined
in the comment statements preceding subroutine DISTM
in the listing of program XTAMP,

4. Space Requirements:v 196K

5. Temporary Space: none

6. Input Tape: none

7. Output Tape: none

8. Time:. 18.47 sec. for a two segment ray sampled
at 40 distaﬁce—points

9. References: travel-time calcuiations - Bullen
(1963), Stewart (1968); Julian and Anderson (1968)

amplitude-distance calculations -

Gutenberg (1944); Steinhart and Meyer (1961)
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XTAMP PROGRAM DESCRIPTION

Input parameters defining the earth model and the

" ray tape for which time and amplitude versus distance cal-

culations are desired are read by program MAIN. The times

and distances are calculated by subroutines DELTA and TIME

using formulae resulting from the closed form solutions of

" Bullen's (1961) equations for a spherically stratified earth

(Cf. sStewart (1968) and Bates (1971). If 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 (Gutenburg (1944)):

where

d cosaj 1 ]%
dA sinAcos¢j
¢ is a constant depending upon the source energy

£

f is the frequency of the arriving waves

B is the ratio of ground displacement to incident
amplitude at the free surface

Fi are the ratios of transmitted or reflected én-
ergy to incident energy at each discontinuity
encountered by the ray path

Y is the absorption factor

o; is the angle of incidence at the source

¢, is the angle of emergence at the receiving point

A is the angular distance between source and receiver
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The Fi are calculated by the matrix solution (using Gaussian

- reduction) of Zoeppritz' equations (Zoeppritz (1919)).
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5498 WATFIV
: PROGRAM XTANE(INPUT +CGUTEFUT, FUNCP.TAFFI—INDUT TAPC3I=MITPUT s TAPE 7=

1 BUNCH TAPELL)
, THIS A RAY TRACING TINE LISTANCE AMFLITUDE PKOGRAM OY R.MEREU
€ FHIS PRUGPAM CALCULATES THE TIMES DISTANCES AND RELATIVF AMPLITUDE
FOR ANY KAY TYPD THRCUGH A SFHERICALLY LAYEKED EARTH
: RAY THEQRY IS ASSUMED
, RIRECT WAVFS REFLECTEDR WAVES CUNVFRTFD WAVES AND VULTIPLE WAVES
EAN HBE HANDLEC :
FHE PRIGRANM wWILL CALCULATE THE VARICUS QUANTITIES
FBR ANY RAY PARAMETER P ON ANY. ORANCH
OF FUR ANY GIVEN CISTANCE
AT THE END CNE HAS ThE CPTICN OF SORTING ALL THE ARRIVALS AT ANY
FISTANCE INTC A SEQUENCE EASED GN EXPECTED ARRIVAL TIVES
FHE PROGRAM SCLVES ZCEPPRITZ EQUATICNS AT EACKH SISCONTINUITY ALONG
THE PATHH AND TAKES INTO ACCCUNT THE FREE SURFACE EFFECT AS WELL AS
GEBMETRICAL SPREACING

INBUT CARC 1 ====NMCD,ICIP1,ICIP2,INIP3, IDIP4,LAYCH, IDIPS.KKSORT

NMDDO=NUMBRER OF MCDELS TO BE STUDIED

[PIP1=0UTFUT OFTICN ICIF1=0 OR =1

IF IDIP1=0 DETAILED CUTPUT OF STRUCT ANND TRDSTS SUBRQUTINES
wILL NCT BE PRINTEC '
IR]P2=0UTPUT CPTICN IDIF2=0 OF 1

IJF I0IP2=0 DETAILEC QUTRPUT FRCM SUBROUT INEZOEP wILL,NOT BFE PRINTRINTED

JOIP3=QUTFUT CPTICN ICIF3=0 CR 1 : :

IF IDIP3=1 OUTPUT CARCS, WILL BE FRINTED FROM SORT , ' ,
KEARPD=IDIP3 -
IN19P4=0UTPUT CPTIGN ICIF4=0 CF 1 :

JF IDIP4a=0 RESULTS OF RAY SEGMENT CCDING WILL NCT 8C PRINTEDD
[-A¥EH = LAYER CFANGE CPTICN LAYCH = 1 OR 0
CIF LAYCH =1 LAYERS MAY EE CHANGEC AFETER A RAY CARD IS READ
[RIPS = A STRUCTUKRE CFTICA

NARMALLY IDIPS =¢

[F IDIPS=1 DIFFERENT STRUCTURES SrOULC HE PEAD IN AFTER

A RAY CARD IS PEAC IN

KKSORT= A SCRTING AND FPFRINTING CFTICA

JF ¥<SORT=0 NC SORTING IS DCNE

[F KKSORT=2 CUTPUT FRCM SCKT IS GIVEN

INBUT CARD 2--=—PNUNBDMMRSTMVX ,CGAP JREDV ¢RANUS o KM
BNJM3= NUMBER OF RAY FARANETERS TO BE EVALUATED PER RAY TYPE
CNURMALLY ThIS VALUE 1S SET AT 1, THE PKHOGRANM THEN COMPUTES
BISTANCF WkICKF GCCUR FOR THE MAX ANC MIN VALUE OF THE RAY
PBARPAMLTER wkICH CAN PE USEC wITF EACH RAY TYPR
RHMNSTHE MINTMUM BISTANCE TC 0IF USEC IN THF WHOLF PROGRAM
o JuMx = MAXINUN DISTANCE TO EE USEC IN THE WHCLE PROGRAM
R PGAr = ULISTANCE INCREMERNT TC BE USEC
o JE PMMN=1C0.CeDMMA=225,C +AND DCGAF=25.0 THFN THEZPROGRAM
WIL). EVALUATE TIMES DISTANCE AND AMPLITUDES OF RAYS
ARRIVING AT THE CISTANCE 190, 128, 15Cs 175, 2)0. 225
REAYV= TH REDUCING VELCCITY
RABIIS = RADIUS OF THE EARTH
' JKM=1 1F NISTANCE CCNTROLS #RE GIVEN IN KM
[KHM=D 1F DISTANCF CCNTROLS ARE GIVEN IN CEGRFES
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St

{H0T CARN Jeeww- OCD

: FOCH LQUALS TEE FCCAL DURPTH

. Tl NEXT SET OF INPUT CAKES AGE THE BEARTH MODEL CAEDS
READ TN THE NCDwt, RARAMETERS USING NNE CARD FCR FCACH LAYFR
ML = THE MUCFUL - INENTIFYING NUMPER

. NsLAYE R MUMETR
: VIi=p VELOCITY AT TOCFE CF L AYER
VHsEVELUCITY AT OCYTCM CF LAYER
THICK = THICKAFSS (F THE LAYER
BNISS=RPCISSCNS RATIC FUR THE LAYEFR
IF VLT IS GREFATER THRAN U TRE COMPUTFER WILL USFE THF VALUES OF
VST AND VSH FCROTHE ., TP AND BCTTOM S VELCCITIES
157 VS 1S LESS THAN UNE VER=VET ]
IF VST IS L=SS THAN CANC Te$ COMRUTER WILL CALCULATE
THE 3 VELCCITIFES LSING A VALUE OF C.25 FCR POISSONS RATIO
I1F ROISSUNS BATIC=C 0 ThE CCMRUTFR wWILL CALCULATE THE VALUES
OF THEL S VELCCITIES AT THE TOP AND BCTTOM OF TiHF LAYER
USING A VALUE CF C.25 : .
DENST = THF CENSITY AT THRE TCF CF THE LAYFER
IFE ND VALUES ARF GIVEN TO DENST. THE PROGRAM WILL ASSIGN A VALUFE
PDENSII= THe CENSITY AT TRE PCTYTTOM CF THE LAYER
IF ™) VALUES ARF GIVEN TO DFNSR, THFE PROGRAM wILL ASSIGN A VALUE
BFNSITIES AWE CALCULATED FRCM A LINEAR DFNSITY VELOCITY
RELATITONSHIF UNLESS OTHERWISE SPECTIFIZED _
TRTOP = THE EACIUS OF THE FARTR AT THE TOP UOF THE LAYER
{F MO VALUDT IS GIVEN TO RTOP THE PROGRAM WILL ASSGN A VALUE
= TU THF FACIUS £F THE FRCVIOUSLY REAC IN LAYER '
T PUT A RLANK CARD AT TrRE FEND OF THE SET DF LAYER CARDS
MIXTINUM NUNMBER OF LAYERS THAT CAN OBE USED = 20
IF INC LAYEES ARF REQUIFEC THF FPROGRAM WILL HAVE TQ 3F REDIMENSIONED

Tisk NEXT INFUT CAFD IS THE LAY CARD

INPUT CARD Sem=eilXy KY sRZs ALY s NS K TEST«NDEX, ( ID(M) yM= 14160 (NL{7)BM=1,16)
RAY CARM CGDRE IS AS FCLLEWS

RX yRY,R2Z THIS IS THE RAY TYFE IDENTIFIER _

ONFE HTAY USF UFE TC 16 LETTEES TO ICENTIFY A KAY TYPRC

NILYE THT RNUNMSER OF LAYrrq NEECEC TO CALGULATE THE TOTAL RAY PATH

HNSs THE NUVMEEZR OF RAY .!:("GNFI\TS .
CKTEST IS AN CFTION CARC : ,

IF KTEST=9 CALY ONF CARD wILL BE USED TO IDENTIFY A QAY AND ITS COGES
IF KTLST =1 AT LFAST CNKE NCRFE RAY CCNDF CARD MUST 3E USED FOR THAT FAY
IF FAY HAS TKIOULICATICN ON IT SET KTEST TO BE NEGATIVE

THIS VILL CAUSE ThE CCMFUTEFR TO REAC ANOTHER CARD

THIS NFEW CAKE HAS THE PRECETERMINED LIMITS ON IT FOR THF

RAMGE (1F VALUFRS COF THF RKAY FARANETER STPTT= UPPIR LIMIT STPBR=LOW

T PREFOETERVMINE THI. PANGES CF VALUES OF P 0OR FACH PRANCH

RUN A SGLUTICN THROUGR wITH ThE VALUE OF PRNUMB SET AT 100.0

NY= NUMLDR CF THE LAYFR TG whICH A SEGMENT OBRELONGS

NDEX = 1 IF RAY IS NCT ARERPETATIVE MULTIPLE

NDEX = 2 IF RAY RPEATS [TSILF 2 TIMES ETC

IN = THE SEGMENT IDENTIFIFR USING THE FUOLLCWIKG CGDE

0 SFECOND PORTION CF APUCDY WAVE WHICH HAS BOTTUMLR

1 DO¥N GOING REFRACTEL WAVE » :

2 U GOING KREFRACTELLC wAVE




3 DGYUM O GUING HEFLECTED wAvt - 112
6 UP GOING KFFLECTEL WAVE

6 DOYN GRING FEFRACTELR SV WAVE

7 UP GOING REFRACTFL SV WAVE

HODOWMN GOING REFLFCTEC SV WAVE .

NY=LAYLR RUNVERS FNE EACH UF THE GIVEN RAY SCGMENTS

PUT A HSLANK CARD AT ENC OF THE RAY CARD SET

THFE MAXIMUM NUMBFFE CF RKAYS TC BF HARNDLED IS MXRAY _
MAXTMUM NUMBER OF PAY SEGVENTS (NCT COUNTING RCEETATIVE SEGMENTS

15 32

TE OV VY VAV NP TR UI AT V! OQLA

DIMINS TOM DV (20) sPULZ20) +SVIZN)sSU(2C) sR(20) +HHE(Z0) P (20) 4,8S(20),
1 THK(20) +PCIS(2C) «NN(20), FHCT(20) +RFOR(20).,PTTP(22).P3BP(20),

1 PTTS(2C) PRRS(20) s FTE(20) JRRT{20) «RPOLIST(20),PO0ISR(27),

1 INDIS2) ehL(SCIeUISC) 2 V(SHC)IIE(E0) 4 CPRIS0) SCPT(S5D),CSF(S50),CST(SC)
I PYT(52) «PR(SC)sPEV(SC)IsSWV(S0 ) CTH(S0) +DIST(100),

JRAX (1G5 ) s RAZ(100) +RAY(IOC)+LISMN(I0C) DISVNX(100)
c3eDD(I00) s DIEP(SC) s APKZ(SC)vAPPZ(S0 ) +PA(SED) +NDELTTA(S0)

1, TYME(50) . :

DIMEHNSION PIT(4C)»TTT(4GC)

COMMON BaUsVaFUsPV, SUsSV,RHCsCPRLCPT,CSR,CSTHLCUNF PV, SW,RADUS,P,
1 NLYs NS NL» IFFLW e FUVsSWVL,CTRRTP,RBT . .

Lo EMT L API M EDFLT s AMDEL oKR 4 FHCT 4RHCE . ANDEX 4 NSS,PHASE

JoPOVARRZ s APPZ WD IFF DELTTAZTYME, TAZCORLGIVAZ

1o IDIP1LINIFZ,LINDIF3LIDIFG,INP,ID -

1400 AR AMEG,FREQC ' ’

: MAXSEG= MAXIMUM NUMEER GF SCGNENTS . '
' MAXLAY = NMAXIMUM NUMEER OF LLAYERS . - ' ,
- MAXSLG=32 '

MAXLAY=PC
; PDTR=3.14154$265/18CC
1000 FURMAT (RIS)
| INPUT CART | _ _ . o
? READ (5,2000) NMOCODLICIPLWICIP2, ICIP3,IDIP4,_AYClH, IDIPS,KKSORT
KCARDI=IDIP3 : ’ ' ' :
CINRUT CARD 2 .
READ (S5+27G1) PRUNI JDNVMN, CAMX 4 DGAF s REDV s RANDUS y IKV
1001 FUORMAT (6HF10.2,15) ' '

: IPAD= RADUS
IT (IPADJFENU) FACUS=E3T7] N8 )

IF (IKM.T340) DGAF=CGAP#DTK*RANUS
IF (IKMeEQ.0) DMMN=DMMN*DTHARADUS
IF (IKMJEQ.C) DMMX=DMMX*DTR*RADUS

RAD=RADUS

PNUMRT =PNUMA

PNUAB2 = PHUME

MXBAY=200

JWAX=100

MY M=G 0

GlvAzZz=C.C

DO S0 NMODITL=1,NMCDC

NTAP=D ’

R(1)=PADUS

88 FORMAT(F6.1)

' INPUT CARD 3

READ (5.555) FCCD




-

113

MLAy==G

JHEUT CARE 4

Flau IN Tri MODUL LAYER DARAMETERS pFuE

Bl for (e 15 7)vDL

FORMYAT ( 3A)

firnntx=0

EQNFINUF

FrORDAT (14 e3F7 424717 43)

REAND (54+155) NeVT WU, THICKFOISSWVSTHVSH DINST,OENSR, RTOO

JE (HeEQ.D) GC TU 3 -

JE (RTOUP.GT.CeC) GU TC 156

JF (NeEQ.L) RTOP=RADUS

JF (NeGTe1) FTOP=REBT(N-1)

Rf{rN}=RTUP

ELNTINUL ,

EALL LAYPAR(VT WV, THICKFCLISS s DENST yDENSHIRTCPLPUIN) +PVIN),
18U s SYAN) PTTP(N) JPTTS(N) W PABPIN) oPPRBS (M) s THKIN) s NNIN)} o BP(N)

y *Fl.‘;(ll) SRTPAN) SREBT AN} SPCISIN) oRHUTIN) s RHOH (N} o VSTH VSBL,POIST(N) ,POISH

) )
RML R =N

fuB=s

RLAYSNLAY+]

U I 4

EANTINUE . _

FORMAT (7HIMGUEL 4 3A2 //114F LAYER B VTOP P VACT THICKNESS
1 BUI 5 UN RACTIUS S VvTCP g veeT ne , BS TOP DENS
1 BOT DENS) . o :
EORUAAT (1?“—»14;?‘"10 3 FILo(a(F~029F1(.0216F10-4) ,
MFOER=FoCh

JE (MFOCD.LT. 0) HFB==1

JE (HFOCDHFG.C) NFD=C

JE (MFOCE.EQ.D) GC TG o :

BBz INDEX FCK THE VELCCITY CEPTH LAW V=VO*RADUS*%:(-RAP)

B8 = THE VOLCCITY OFEPTH TANEX FOR S WAVES

EBNTINUF '

WRITE (6517) EMDL

WRITE (6,4G) (BN(N)-PU(N),FV(N)oTHK(N).POI%T(N),DLISB(N)oQTD(N)o
] 5”5") 1SVIND
] BRIN)SBSIN) S FHOTIN)«FHOF (M) oR=1,RLAY) , _

FORMAT (1HU +1CHP SEGMINT 41CX,10HE SECMENT ,10X,10H LAYER. o/
] BXyloHTOP P + 1 OHEOT F . s 1CHTCP s » 12HAB0T 3 )

WRITE (€.218)

WRITE (6.216) (PTTP(N)-PF‘EF’(N)cPTTS(N)oDRBQ(N)oNN(N)-N lo'\LAY )
FORMAT (1F +4F10. 3,1I5)

AMBUEL o L

NERGY=HED ‘ .
[FEIIMDEX +EC. 1) GU TO 170

NR=(: |

FINTINUE

PNy =PNUNEe

RO 30C M=1.32

[p{ =0

NEf¥)=0

EUNTINUE - .

IF (NR.FQ.MXRAY) G0 TC 21

[NRUT CARD S
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FORMAT (DA GAA L T4 HTE W IXe 18T I Xs10 1) 114

AN (e B11) RKXe e Ya KRZoBLY yh S gKTISTONCEX e (IO(NM) VTl 4105 ) .
|} ("N (1) gt4=1 41 €) :

fr (MY GaC) GU 182 21

FUOKYAT (2F1065)

IF (MTTSToL TeC) PEAL (S.60.CC) STETT,. STPAB

IF (KTESTWLLTL.C) GC TO 211 ’

I1F (KTEFST.EG.Q) G TO 211

BEAD (S3911) RXeF Y RZoALY NS KTESTSNEEX ¢ ( ID(NM) 4yM=17,32),
l(NL,(M)stl.'IOB?.) o -
COMTIMNUL
CEQORMAT (1HD «SX 202 F g A4 33X 28T1S5,1X3321 147X 32211

WERITE(SH ,G18) RXsrYe FZoNLY oNEJKTESTAREXs ({IND(N) V=1 ,32),.
PANL (M) yM=1,32) : o '
ALDEX=NDIX

N%S=NS

IF (MUFEXaGTal) NSSEENSt!

NP EME 4]

BNUMII=PMNUMTY
[F(rilelLTe2) PRNUNMAB=PRUNED

RAX(NK)=RX :

RAY (NR)=RY

RAZ(NF)=RZ _

THE PCOGRAY W ILL ACT WORK IF STRUCTURE IS CONSIDERFD ALONG WITH
MULTIPLEF SEFLFECTEC WAVES

IF {IDIFS.GT.C) ANDEX=1.0

CONTINUF

REAC(S 45C0R) (P7T(1)s1=1,31)

FORMAT (1 2F£.2)

IF (LAYCH.EG.C) GU TO 170

CONTINUE

DO =01 M=1,8¢C

VSECE1 :

ADRZ=GIVAZ

DIP=2.0

PDIREI{M)=0.0

APDRZ (M) =GIVAZ

CLUNTINUF

CONTINUE

INPUT CARD 6 .

IF (IDIFSeEG.1l) FEAC(S,20C3) MSEG.DIP,APZ

FORMAT( IS +F1C el 4F 10a2) '

IF (IDIPSeFQelsANCoNSEGEG.0) GO TO 1002

WRITE(6.1003) MSFG.CIVAZJAFZ.DIF

FURNAT (1H, 1CHSTRUCTURE +15.3F10.3)

DIFP{MSLG)=DIP
APV (MSFG)=ARZ
NG 13 M1 WNGS
CRE(MA)=C.0
CRT{M)=C o0
CSR(M) =y ,.0
CST(M) =0.0
CTI(M)=0.0
100=10( M)

N=NL (M) A
IF (IDN-8) §1,52,53



RS

e

51

e
31

50

»3

e

8

~

f?f,a
%4

Uy =oner)
VMy=nv ()

CHM) =D (N)

PRaV{iM)=1.0
SWV MY =D,

GU TN 5z

Ui =81 (N)
V(MI=SVIN)
(M)=0SIN)
SAV(MY=1.0
PRV(V) =0 .0
CONTINUS

IF (1LD=-1) S4455, 34
CPT{M)=1,.0

GO Ty 7o

JF(IDL=2) S6G B 740
CPT(A)==1.C

N

. GOy ¥ 70

IF (ITLD=-3) SE,59,54
CHE(M)=1.0

IF (N=1) 7Ce72+70C
COMTIMUF

CPWV(M~1)=-PuV(M=1)

SWY(M=1)==-SuV{(M=1)

TGO TOH 7C

IF (IPN=64) 6C+H61 4638
CPR(M)==1.0
GO T 70 )
IF (1DD=C) 320431 .30
CTR{(M)I=1.0N :
IF (3(id) LT e({~1.C))

CPP(M) ==CFR(M-1)

CST(M)=-CST(N=1)
CRT(M)=-CPT (M-1)
(M) =uC-1)

ViM)=v (M=1)
B(M)=0(M=-1)

PUVM) =Puv({N-1)
SWVY(M)=SWV(N=1)

GO TO 70

IfF (IDD=8H) 624,63 ,62
CST(M)=1.0

GU T) 7C

IF CIDD~-7) €4,.65,64
CST(M)=~1.C

Gu T 7«

IF {IDD=) PHETEH
COoR(MYI=1.0

IF(N=1) 7C+71.7C
CINTIMUF
SwV{M=1)==SuwV(M=1)
Puv(v-1)=-PwVv(M=1)
G0r TO 70

IF (IDD=3) €EB.6D468

. GC TC 116
THIS IS A TEST TQ SEE I=FAY BCTTOMS
CSR(M) ==CSR(M-1)



1lle6
CSR(M)==1 40
CUNTIMUE
CONTINUE
CONTINUF
PBR=10000.7
PYT=10C00.00
9969 COUNTINULE
IRFL=1
DO 16 M=1,NSS
IND=I0( M)
N=NL (M)
UJU=U (M)
VYV =V M)
BRIA=3( M)
C1=CPT( M)
C2=CP~ (M) ,
C3I=CST (M) ' ' i . ,
C4=CSF (M) :
CPWR=PYV (M)
SW=SWV (M)
KPW={2w
. KSw=5W
CUIF(KPW .EQeD) PTEST=PTTIS(N)
IF(KPY,EFQ.C) PRFST=FRRES(N)
IF (KSWaEQa0) PTEST=CTTRP(N)
IF (KS9.EQ.N) PBEST=ERPRP(N)
IF (PTTGT.PTEST) PIT=PTEST

-~
[T~ e e ]

IF (IRFL.ECLCY GG TC 217 : s S : S ,
- IF (IVD=-C) 218,218,216 ‘ - )
118 CIRFL=C :
v MH=M=1

IF (PTT.GT«FPE) PTT=PEH
TF (NL{M) «FECeNL(M=1)) PTT=zPTEST
IF (NL{™)FQ.l1) PIT=PTEST
pPUB=PRBCST
o GO TO 217
119 IF (PBB.LT.PBEST) GC TC 217
© PUB=PHEST
MM .
CUNTIMNUE . .
o S IF (IDIP4.€Q.C) GC TG 1€
S 08 CUNTINUFE .
o  WRITE (He14) AR MyNJIDC ULUGVVVLBEBE 4C1,C24.C3,C44,PW,SW

v

4 FORMAT (1Fs17HMAIN PART RESULTS s4I5+2F10e2+sF10e5+4FSel95Xs2F5 1)
6.  CONTINUFE . ‘ _ ‘ , '
9 . CONTINUE ~ o . .

IF (KTEST LTL0) PpR=sTrig
IF (KTESTLT.0) OTIT=S5TPTT
PT (M) =0TT

PO Mi3) =P

NPT=PNUHB41 40

IF (IFFL) 24,.2%248

‘4 FACT=(PIE(MI})=Ca0 ) /PNUNE '

P=PH(MB) +FACT - ‘ o . e
: GO TO 26 o _—
's FACT=(PT{MI)I=FH(ME) })/ENUME



DISWNL) =0 IST (1) 118

DESMAINT )= TET(HET)
NI (DMMX=DMMNI/ZDGAD +] 4 )
5 (WET WIS ' ‘
3007 FORMATYT (1F J3ENJ=,15)
WICITH (a0 07) NJ
WOITE (6G6177)- .
IF (1HFL=1) GCeS1 431
'3 CUMTINUC
PlL1=vsi
PL2=1.0
P=PR/2 0
"GO T 92
e 0 CONTINUE
PLI=CTT
Pi.2=pPi23
L RPE(OTT+PAR) /2.0
12 CONT MU :
S IF (DMX JLTDIVMNMN)Y GO TC 37
IF (OMNGGTLOMMX) CGU TC 27
J=0 ) : ’
D=DMAN=DGAP
0 CONTINUE
D=NENG AP,
Jz=Jd+1 -
IF (JeGTedMAX) GO TC 27
: ND(Jy=n ’
G IF (D=-DMN)Y 224,334,323
j2  ° D=DP+IGAP
i J=J+1
IF (JeGTaJUMAX)Y GO TO 27
nN(J)=0 :
G TN 34
IF (H-DMX) 35,35,27
IF (D=DMMX) 3€¢36437
CIONTIMUE
KT=0 i . : o
THE [TEPATICN TO THE CESIRCE DISTANCE IS BEGUN RERE
NIT=C
N=0
CCONTIMUE
KT=XT+1
TIM=2,0
DIS:0.0
NLNO=G 40
ANEX=14.0
D) 4] Mzl ,NS
I (MeF Gel e ANCoNL{M)afQal ) ACEX=ANDEX
117 (Mel'lal) GO TO #8615 -
3 Fio (NL (") a bRl ANDSNL{M~1 )eEQal ) ADEX=ANDEX
€18 CONTIMUE
i PQ(1) =P
Q=PQ(M)
ARRZ(M+1)=Ca0
PRA(M+1 )=PC(M)
BSTNQ (M) 2PQ(M)

o W




L i
47

16

16

76

77

76

a¢

80

1

1
!
!

178 PHIMARY PURPOSH

1

1

RHT=TIM=-

(PR =TTy 116, 110,110
(¢t o1 1 7) Nic
Fiir AT ((1hd s 10HRAY
Gy ™29
ELHMTINUE

=T (MUY +FACT
CHONTINUE
NH=NL (M3)
PRITA(6,170)

JF
Wi [ TE

NUINITFET, g Tty YEI4

NR o MIYy, MO o TRy RENV

IS TN

RAD=RADUS
A=PQ(M 3)
DIST(K)I=DIS
DI:TT/REDV
€ALL VELDCT
RBT ORUT)
VBAR=YBAN*BQ(NMI)/FG(NS)
SLOWN=SLOYNXEGINS )/ FC (M)
FURMAT (1H +2XesF et sF8s1eF1
PISTL=DISTT/(RADUS®2CTER)
WRITD (6e175)

CALCULATE

FesDFDAAMEQCCEF» AMCFLPHASE « AMVLD

DERS NOT EXISGT)

CEFRRAAT (1 HD s 3ENRz ¢ TS e S X s AN T 3 [ 245X s 3FMB T 4 14« EX G SHIRFL=21245%,
JRHREDUCING VELOCITY=,F7.2)

WHITE (H.177) , .

FORMAT (1FC +aX QR s QHERDA s TOHAMPG s THCCEF N
FHAMDEL « THEHASE © , 7HANMY s THURELTA o« THEMT s THAPEM ’
BHSL 0N s THYRAR CTHEMRQT s 7HVEOT W 7RTIM + THRT .
FHOISTT ) ' o o

THE DU 27 DC LOUR CALCULATLS CISTANCE TIMES AND AMPLITUDES ETC

_AS A FUNCTICN OF FKAY FARANETERK P '

THIE NUMBIOR CF CALCULATICNS = ONUMAR+1.0

THE MAX AMD MIN DISTANCE AT

COWHICH YOU WILL FIND THE FAY IN QUESTION AS WELL AS THE LIMITS
FOR THE RAY PARAMETEK WHICH CAN BF USED WITH THAT RAY
IF IRIPLICATIENS CR SRARCW ZONES ARE SUSPECTED THE USER IS ADVISED
RO A PRELIMINARY INVESTIGATION IN WHICH A LAPGE NIMRER OF RAYS
ARF CALCULATFL (SET PRUMD2 TC ALARCF NUMHFK). UNE CAN THEN SEF wWHAT
THE WHOLE T-DELTA CURVHE Wit LCOKk LIKE BEFOVE ATTOMPTS ARE MADE
AT ITERATING THE DISTANCES ‘ SRR
PMX=0.0
AMNE2S 000 .0
DO 27 K=1.AFTY
K=K
O=P=FrCT ,
IF (PetTolCa0)P=10.0 ‘
CALL DISTNM(TIMLDISTT ANV ANHJDFDA, Pqu,PHeh)
IF ([#MP.FEG.L) GO Tu 27

(MBaNL oMy Us Ve RACUSRTF L E»Qe IRFLsSLOWNLVEBIOT, VBAR,

Gal8sF7e8FTe14SF7e2sFeal,AFT742)

ISTLLEMT,APEM,

BLUWN VAR UPCT «VRCT 4 TIMNLEFETLCISTY

R=DISTT

IF (DMX W LTei2) DMX=D
IF [DMNLGTWE) DMN=D
EONTINUF

CONTIMUE

EUNTINUE

THE

NFXT PCRTION CF TH" PRCGRAM CALCULATES TIMES DISTANCE AMPLITU

PHASCS FOR ALL THE SPECIFIECC CISTANCES

Ke=0Q

117

TU

no



MENL M) 119

RISHTR(N)
LRI (N)
vy:HgM)
yisves)
ﬂ}_r%(W) .
CALL TIME (GeFSeRTIRESVT VB, Uie TVHCT 4RDPOL #DADR)
EALL DELTA (GePS FT REIVTWVELRBIRANUS AT DELT 2300, AJ)
EHONTINUTE ‘
FIMET IM4ANE X* TM
BLOP=LLLP+ECALFRADEX
H{§§01§+HFLT*AHFX
RELTTA(MI=DELT/DTR
TYME(a) =T .
JE{H:F0NS) GC TG 41
BETH=CTRIM+L)
}f (KCTQ.EQ.I) GO TG 41
jn¥1=o
S IRT 1=l
BRZZARRZ (M)
ARZSAPPZ(N+1)
DIROIPP M+ 1)
'HR—I"R(V)+CCT(M)+CSR(N)+CST(M)
IF (UP. GT.U.O) RACD=RET(N)
S IF fUP.LT.0.0) WACD=RTP(N)
HRNECP R(ﬂ+1)+CPT(N+I)+CSR(M+1)+CST(M+1)
JE (UPGTe0e0) WI=VIM)
}f_‘ (iv?D‘OLTo?-C) Wl:'-U(N)‘ o
FRACT=UPN/UP ‘ _ : . : _ .
{E (UPhJoGT-0.0) Wa2su(v+1) - ’
*E ('J”N-LT-O'O) W2=V{(N+1)
RBR=PQ (M) '
ﬁgp?(M+l)-Akk?(W)
- g=BwR
. BA{ME1) =PRR
3 EONTINUF
‘ RADERADUS .
Qs; VY[SERADUS : I : _ o )
RBAXS1.0/(DLLF¥RADUS) ~ :
DX=H-NST
RREOPDX % X
e [E (KT «GT.2C) DP=CP*C.3C .
:g ] FQRE~1AT (1H 4IS8+3F10e2+3E158,10X, HDC )
[F (KT-40) 16C,161,4161
€]  WRITE (re162)
~€§ FARMAT (1K JQH**»*#*#*************HULUTICN CSCILLATCS)
&

——
LY
a0
—a—

-
-
(K>
L

GO T 44
A FONTINUE
: ARX=A4S(NX)
IF (ADX=0e1) 444448,4C
B! EONTINUE
18 BEprO®
: AREPA(MSEG) 40P
1E {QO~PL2) AC,AC 82

13 IF (PL1-GC) BO,30.46 ‘
i@ Rs=P-oP :



8

PP=H/ 2.0 120
MNT=NIT+1

IF (NIT=-50) a5,47,47

FUIIRMAT (THCW2EHDISTANCEF WQULD NCT [TFQATFE)

WO LTE (0 e4) :

G TO 40

CONT MU .

a0 TO M1

CONTINUFR , :

THE ITERATICN TO THE CESIKEC DISTANCE ENES HERE

k=) :

CALL DISTHM(TIMDISTT ANV ,ANENPNDAPHSY,PHSH)

IF (TMPL.FQL1) GO TO 116 .

CTOTLST=DISTT

Q=G M)

RY=TIM-DISTT/KRERV SR

CALL VELBCT (MBeNLsNsLs Vo RACUS»ETP4f,Qs IRFLSLCUN,VBIT, VREAR,
1PRTNDROT) - :
SLOWN=SLCWR*FC(NS)/EQ(ME)

VHARZEVRARXEG(MB)/FQ(NS)

DISTL=DISTT/Z(RADUG*OTR)

AAZO0 0 ~EMT _

VRITE (64178 ) PsDFDAYAMEC,(CEF, AMEEL PHASE,AMVsDISTL EMTLAPEM,
1 SLOWM 4 VAR JCBRCT 4 VARCT, TIM.kT.CISTT '

YIT(J)=TIWN :

GL T 4c
DISTLC=DISTL+CISAC _ N
DISTTC=DISTT+DISTC : : . e ,

TMC = T IM+TINMNC ,

ETC=TMC-DISTTC/RERYV

JF (IDIP1.EC.0) GO TO 1COS

FORMAT ( 1k 7F8.2) , : o

WRITE (6517G) DISACHDISTCTIMC,CISTLC,DISTTC,TMC,RTC

CONTINUD , o ' ' '
DINSNIPB(MSEC)

ARZLZAPP Z{HMSEG)

IWREX)

AMGEG= MSEG

NTAR=NTAP+1

WRITE (11) nw,ﬂv,nx.c'pcDA.AMpo.coEF AMDEL s PHASE o AMV e DHSV o« AMH,
1 OHSH  EMT GAPEN,AA WD ISTL s SLCUN JVEARDRCT S VBOT 4 TIM RT3 T IMCyDISAC,

1 DISTC,DIST CoDDISTTCHTMC W RTCeJ»TOTDSTHTRUDST A7OF_V-SAZ

Q00e

9010

l'Ulpo Ap/v“"SFCopl

GuU TO 40

CUNTINUF

SuMi=C .

SUYMI=( o 0

DO QQCY I=1,21
DlLE=L7T(IY-TTT(I)
NIF2=DIFExDIF
SUMI=ESUIMY Y [F
SUM2-SUM2+NnIF2
RMIAN=3UML /31 «C
RDEVESQRT(SUNZ/Z31.0)
WRITE(H,9010) RMEANGRCEV
FORMAT (1H J*MEAN DELTA T= *,Fl0e6s"' STDe DEVe= '4F10.86)



ir (TIPS 6el) 0L TO 1071 : | ' 121

ez fFuMNTIMUE
JIanex =1
HIV T4
Ggu T0 20
2} £unTINuL
: FHE EMD OF TRE TIN: DIST AMEL CALCULATIONS FOR A PAFTICULAR RAY
: FHF COMPUTFR THIN TEACS A NEW RAY CARD AND RFEPEATS THT CYCLE UNTIL
. EARD 1S REACHED '
: FTHE NEXT STEF IS A SORTING STEP IN WHFICH THE VARICUS RAYS ARPIVING
: @F THT SPECIFIEN BISTANCES ARE SORTEC IN CRDFR CF ARRIVAL TIMES
2 JHE COMPUTER FRINTS THIS DATA CUT OGN A SET CF CARDS SO THAT IT MAY
------ 3 JN THE SYNTHETIC SFISVUGRAN PRGGRAM
- IF ‘&KSURT.EQ «C) CU TC S0
RS FURMAT (1h3. IS.2AA,6F1G.3)
~ WRITE (n.sod.) NR oY sFXsF s DFENA, ANFO 4COEF & ANDFL.DPASE
e E')'JTIP e :

eo«; ' .
SUBENUT INE CISTM (TIMNISTT ANV AVHDPDA,PHSV,,PHSH)

SUBRAUTINE DISTV LB ITTEN HY R MEREU :

FHIS SURRDUTING CALCULATES TGTAL TIMES., TOTAL OISTANCES, AND AMP

FIR A RAY AS SPECIFIEC IN THE X-T-AMP PRCOGRAM :

FHIS PRUGRAM GETS ALL KAY CESCRIPTICN DATA AND LAYERING DATA FROM
RRLGRAM ' :

FHE AQUTPUT RESULTS CF THIS FRCGRANM ARE AS FOLLIWS

EMT = ANGLE CF FMERCGENCE = 90 .0-ANGLE OF INCIDENCE

AREHM = APPARENT ANGLE CF EMERCENCE

NISTF=DISTANCE ALCNG FARTHES SURFACE , N _

FIdz TOTAL TRAVEL TIME L _ ,
ARRAE NP/N DELTA ' o : :
FRELT EQUALS ATEFM WHICH CEFEANDS CNLY ON GEOMETRICAL SPREADI -

AND THE INTENSITY OF THE SOURCE

AMY= THE VERTICAL ANPLITURF

AMIi= THE HCRIZONTAL AMPLITUCE

YR ar )

AMPEL = Trr ANPLITUDE AEFCPE THE SURFACE

RHSVE THE PHASF CHARGE CCCURRING CN THE VERTICAL

BHSH = THEZ PHASE CHANGH CCCULRRING ON THE HOR IZUNTAL
BHASE = Tr& PHASE CHFANGE CCCURRING LN TH IMPINGING WAVE

THE INTENSITY OF THE SOURCF IS ARBITRARILY SET=17.5*RADIUS**%3
FHIS VALUE wAS CHC3EN AS TREN THE OUTPUT RESULTS CCCUR IN
CCNVENIENTLY SIZEC NUMBRERS _ .

A RS T N S R AL R A AR U Nt R AR X AR A R R S R R ]

BIYENS [ON

1B§23)2U(S2) VIS c).Putzo).thzca.sv(cC).SU(ao).GHO(Zﬁ).CPQ(HO).
JEBT(SC) +CSRIEQ) L CSTISCISMLISC)I s PUWV(5D)9SWVISE)CTRISO),RTP(20),
1 B@Y(2¢C ).RHCT(?“).QHCF(ar).PO(HO).Aakz(GO).Asztﬁor.DIPD(SO).

1 BELFTA(SC)»TYME(S0),RI50),IC(SC)

EAMEON RalsVeFUI PV SUSSVIRHLCPR4CPT,CSRWCST W CORF . PW .+ SW4RADUS. Py
} NLV'N’.HL.IPFL.! PRV SRy LCTR L RTP AT :

PQ~AVP£.AIP7,PIFF CELTTA, 1YME.TA1LFR.GIVA2
INIPLINIP2,IDIF3,IDIP4, NP, IC

t3Q¢AC  AMEC,FRE GG

[IP=1nIP4

PFR=3.14136265/18C.0

FIMz0.0 ‘

RISsd.0 :

R



. 1001

1003

43

16
15

31

11

- KHO1=RHUT(N)

DILDP=C o N
CUOFF=140
PHASE=0 o 0
PT=1.0

Q=P
PaC1) =P

ARRZ(1)=GIVAZ
ADEX=140
AMPG=1.0
FREQQ=1C .0

WUWN=2,0%3.1 41892 €5%FREQQG

NO 7 M=1,KS _
IF {(MeFQels ANCeNLIM)EQel) AREX=ANDEX
IF (M.C0Qel) GO TO 6615 ,
TF (MLOM) eENe LoANDSAL(M=1)eEQ.1) ADEX=ANDELX

CONTINUE

Q=PQ(M) B
PS=PO(M) *PQ (M)
PQIM+1)=PQ(M)
ARRZ(M+1)=C .0
N=NL (M)
RY=RTP(N)
FB=RBT (N)

NVT=U(N)
Vi3=V{(M)

B3=3(M)

Pu=pPyWvV (M)

Sw=Suv (M)

CALL T]1ME (C.FS.HT.F?F_’,VT,VH,HE.TN,HCT'RDFDL.DADP)_

"CALL DELTA(Q+FSsHRTsRBa VT VB ,HE,RACUSALDELTSRCDAY)

CUONTINUF
DELTTA(M)=DELT/PNTE

TYME(M) =T
TIM=TIM+ADEX*TM
DLOP=DLDF+LACP®ACEX
CIS=D1S+DEL T*ADE X

CONTINUES

NSS=NS

IF (ANDFXeGTeleT) NSS=NS+1
IF (MJ.EQ.NSS) GU TO 2
CONTINUE

FiRS=1. 0

IF (N=1) 15.1€,15

FRS=Ca0

CONTINUE

IF, (CTR(M+1)) 31,31,2

CUNTINUFE

UP=CPRIMIFCPT (MY +CSFRINV)+CETHINV)

IF(IP FEQe=1 e «dANDe NellCel) GG TU 666
IF (UP) 11,2,13

CONTINUE

RADD=RTP(N)

V1=PJ(N) '

Ul=8U(N) ;

RHQ2=KRHORA(N=-1)

122



WAEPVIN=-1) . : o 123
H2=5VIN=-1) .
YIsV2R RS
HE=UP AF 78
RUO2=RHOD=FRS
AAZAL/DTR
) T 12
13 EHNTINUE
‘ RAND=RIT(N)
VI=PVIN)
Hi=svin)
RHOT=RHOD(N)
FHO2=RHGT (N+1)
YA=PUI N+ 1)
U2=SU( N+1)
AA=AI/DTR
;30 TO w67
666  YaA=(N
A= e
RHO?2=0,.0 _ _
AASAT/DTR ' - .
BT CUNTINUE
12 EIANT INUE
26 ENNTINUE
BR=0.0 -
Bli=0.0
P¥f=1e0
ST':_I-C
FAZz0.0
AIMP=V1I=-Vv2+UL-U2+FHCL-RRC2
ATHMP=ABS(ALIMP)
If (AIMP.LT0.0001}) GG TO & .
[nTi=1
AN ZZARRZ (™M)
BIP=DIPE(M+])
ARZZARPZ(M+1)
UBN= LPQ(W+1)+CPT(N+1)+CSQ(N*I)+CJT(N+I)
JF (UPGT+040) WI=V(M) ,
IF (UPWLTWCe0) W1=U{N)
FRAECT=UPN/UP
IE (UPN.GTeCe0) w2=U(N+1)
JF (UPNJLLT«0eC) wa=V(¥M+1)
BuR=PQ (M)
ABRRZ(M+1)=ARRZ(M)
Q=P
BE{M+1) =PRR
CALL ]rJFn(vl'l,lQF'\"“.‘l’VL’U?'RHC)!AAQPNQ.)\‘IQF'I\.pTobF ST+ PHSPR,
iPHSpTQ))H GRePFSST ANV ANER BRSAV,PHSAH s PAR P AT ¢ SAR G SATLAPREM, [DIP)

FAZ= EHSPRH*ALS(CPR{M4 1)) +PFSPTXABS(CRT(M+1) )+PHSSRX*XANS(CSR(
P4 1)) +PHSSTHABS(CST (M+1)) .

6 FUNTINUE

f UL G= QH*CPQ(N+I)+PT*FPT(N+!)+bP*C° RIM+1)I+STACSTIM+1)
BHASE=PHASE+F AZ* ACEX .
NDXXX=ADEX
AE 40 [D0X=1.NCXXX
EREF=COEF*ABS(CUEG)



JF (COEF.LT.0.,000C1) GO TO 41 R 124
40 CANTINUE
#1 LONTINUE
L IF (INIP2.ER.D) GC TG 2€
1e FORMAT (1k 48HZDEF 212447 0e245F 703, F6.1)
WRITE (A 410) NeNoV1oV2aTINGAAWPRVFT 2SR, ST COFF (PRASE
28 EONTINUF
2 EONFINUE
7 £ANT INUF
1666 FURMAT (1H +2IHTYNME DELTTA OIPP ARRZ,F10.2,F1043,2F10.2)

JF (IDIP1.EGQel) WHFITE (€4 1C05) (TYME(M)sDELTTA(M)DIPR(M)+ARRZI(M),
'} ME1aNS) : ' '
IRDA=1 « O/NLNE
NISTF=DIS*RADUS
RISAA=DIS/DTR
FHRE 34 141S92€65/2 ¢ C-ARSIN(FxL(1)/RADLS)
EFRS3.141%1265/2C~ARSIN(FXLINS)/KARUS)
BFP=E3.1415G2€5/18C.C
EMHSEHRZDTR
EMF=£TR/DTR
ALBHA=PU(1)
CRBEFATSU(1)
SQAB= ALPHA/EETA
SRABZSQARYSQAR
EFIP= SQRT((COS(ETRI*CCS CETR) I/S0AB)
EF HH=SORT ((COS(FHEF)*CCS(EHKE)) /SQAR)
FFR=ARCOS(CFTR) '
EHR=AFCOS(CFRR)
' FHMSFAR/DTR
€ LET THE INTENSITY =RABUS**3%10.0
[F (PIS.LT.0.C0C3001) ECELT=0.0
IF §PIS.LT.C.CCONN01) GO TO 112¢
» EQFLT=CCS (rHR)*DPCA/(QIh(CIC)*SIN(tTP)*SIN(FHQ))*U(l)/lO o
1125 EUNTFINUE
i ERELT=ABS(ECELT)
¥F (ANDFX"I.O, 32,32,323
33 EUNTINUE
: E€NEF=CUEF/ (ARS(CUEG) ).
RHASC=PHASE-FAZ
AMDEL=SORT(CDELT*COEF)
o GO T3 3a
.38 EONTINUFE
: AHMBEL=SART(EDELT *COEF)
M= NS
¥Y3=2.C
Ha=.C
RHI2=C o O
¥i=PU(1)
Hi=sull)
RHULI=RHOTC(1)
BWs=Pwv (M)
§Y==SwV (M)
AATI0O-EMT
EALL ZOFEP (V1,.Ul+KHOLsV2,U2, RHoz.AA.pw.sw.pn.pT.qQ STPHSPR,
1BH§PT.DUCSk.PHQST.ANPV.AMFH.PFSAV.DHSAHoDAR.PAT.SAQoSAT.ADCM'IDIP)

34 EONTINUE




c
c
c
c
C

GJd T

CEORMAT

P b

1

COMT NUFE
I (PRASE)
CAONTINUF
IF (OHASE=360G0 )
COMTINMUK )
MHAGRC =P FRA 1“" 5()\]. 0
340
CONTINUE

GU T B34
CONTIMUE

1F (PHASC+. 3€0.0)
COMTINUFE
DHASE=0OKASE+36C.0
GO T R34
CONTINUL
COMTINUE
AMHSAMDFEL $AMFH
AMV=AMDEL * AMPV
PHSH=PHASE+PHSAH
PHSV=DHASE+PHSAV
IF (IDIF2.EG.C)
CUONTINUE '
WRITE (64.8)
(1H

SRR ISR ER A 3

H32,888341123

837,936,833

GO T 17
ENTLAFEN,CIS.CPCA

«2)
CUNTINUF
RETURN
CND ‘
SUBROUT INE
SV PTTPRL,OTTS PRI,
s VST VSH L FUIST,PCISE)
SURROUTINFE LAYPAR WRITTEN BY &
THIS PROGRANM

LAYPAR (VT ,VE

+17HANFLITUDE RESULT

s THICKPOISS
FAFS o TEFKs NN EP s BS e RTP JRAIT

s ECELT +CCEF s AMDFL s AMV,PHSV , AMH s PHSH
S¢2F7-20F7-412512‘-

64F 34 +s3E1248,2FH

1DENST ¢DENSIRTUPPULPVLSU,
PCIS.RHOT, RHAOHY

IS TC PE USEC wWITH pQDCRAM XTAMP.

THIS PHOGRAM CALLECTS TH CATA FROM THF INPUT MCOEL CAQDS AND

CALCUILLATES
PROGIAM XTAMF

ALL THE NECESSARY MOCEL VALUES wHICH ARE

NEEDED 8Y

125

DIMFNSION PU(l)qPV(l)'SU(l)oHV(l).RTP(I).uHT(l)qPP(]).RQ(I).NN(l),
1 THK(l)onTP(l)oPTTC(l)oPEdP(I)'PHBo(l)oPCIQ(l).PHOT(I)-DHﬂa(l)

JPUIST(L1)WFCISH(L)

SLL=(8. 1“-5 7CI/(2.33=2.€7)
HINT’S.?O SL*2.67 '
N=1
PUIN) =VT
PV{N)=VB

IF (VST eLE«0eCOO1 dAND ePCISSeLTe0+00001)

vSH=VST

SUINY=VET
SV{HhI=VvLD
GC TC 3 -

IF (VSB.LF.Ca00C1)
IF (VST GTL.0.C0C1)
IF (VSHeGTe0a0NC L)
IE (VST eGT o3e0001)
PUIS(N) =PO 1SS

SAPS=SQAFT((1eC~2 P#FCISQ)/(?-O*(lo»-PQIS

SUIN) =BUIN)*SCPS
SVINI=PV(N)XSCPS
CONTINUF ’
ABT=PUCN)/ZSU(N)

AQH=PV (N)/SVIN)

POISS=0.2E

S)¥))



202

N XAk X

aaa

126 -
ANGOT=ARTXANT
AISO= AT AHN
POISTIN)I =S (2eC—AUSCTIZ(2.0%(1.0=-ABSOT))
POIBBIN) = (2.0=ASCR)/ (2 04(1.0=-ASQE))
JE (DENST«GTL0e0) GO Ty 202 '
PENOT= (VT=HINT) /S0
DENSOI={VO-3INT)/SL
CONTINUL:
BHOT(N)=DCNST
RHOBIN) =DENSA
THK(HN)Y=THICK
RAOT=FTNE-TH[CK

TRTP(N)=RTOP

RAT(N) =HHOT .
FIS(MN)=(ALCG (‘V(N))~ALPu(<L(h)))/(ALCG(PTUP)—ALOG(QBOT))
Hﬁ(N)—(Alﬂb(V")~ALﬂb(VT))/(ALCQ(PTDP)—ALDQ(RDOT))
PTTP(M)=RTCE/VT :

PITS(N) SRTCE/SU(N)

PHBPIN) =RIOT/VE

BHAS(N) =RACT/SVI(N)

RE TURN ' '

FND : o
SURKNOUT TNE VELBOT (NMEJNL oNsUsVIiRACUSRTP Py IRFLW SLOWNN,VROT ,VBAFR
180T .0307) : S

SUDRIJUTINE VELDCT WFITTEN BY Kk MEREU : :

THIS SURROUTINF IS TC BE USED WITKE PROGRAM XTAMB

THIS PROGHAM CALCULATES SLUOWNESS APPARENT VELOCITY DEPTH
WHEMT RAY BCTTCMS., VELOCITY AT TrE BQTTON ETC AND RETURNS ANGWERG ,
TO XTAMPE

PIMINS TON hL(rO)-b(?O)oV(ZO)’RTP(EC)oR(2C).RRT(’0)
DTR=3.141595265/18C.0. : .
N=NLIM3) '

IF (IPFL.EGel) GO TG 1

Qf=RTP(N)

D=B{MB)

VTsU{ M3 )

G=E1.0/7(1.0+0D)

NG=NHEG

VEGaVTxxG

PGPxG

RTDG=RT*%*DG

TPMDG=PRx (-G

BROT=PG:VTGXRTDG

VBROT=VTGRERTOGXPMDG

60 TO 2 . ' _

NVMHOT=V (M) , C : .
PRHT=P T () ' ’

SLJYN ="2DNTR
VHAR=RADUS/P
PRGT=RANUS—=KNCT
RETURN

CEND

SURNOUT TN FFLfA(P PSS RT ol e VT VB BIF JRACUS AL JNFLT LB3CNAI)
THIS PROGRAM CALCULATES DXQTANCEJ FOR ANY: RAY SEGMENT
FEFD IN P PSS, RT'RH‘VT’VRO%R'RACUS' :

”(}MEIJTFS CELTY AT AJ 900



127
Bz PPAY LACANETER
‘)g;,.)-'(p
R3I=HADLIUS AT BOTICM OF LAYEIR
Y=oty s AT TR G fF L AYE >
VazVELCTTY AT HUTITCM CF LAYER
HlzVELUCITY IADEX
DELT=ANGUL AR BISTANCL :
A= ANGLE FAY MAKTS WITH KARIUS VECTER AT TOB OF LAYF
AJd= AMGLF RAY MAKES WITER KARIUS VECTOR AT BOT NF LAYE
0D =1 IF RAY ROTTOMS ~ :
fN=y IF 1T CCES NOT
DTR=3.14153288/180.C
CBALEPRVT/RT
SAJ =R VIR
4 [F (1.0=-SA1)141,2
1 S SAf=143
SAJ=1 .0
AI=ARSIN(SAL)
AJzANSIN(SAY)
GA=0.0
GU T H
CAIZARSIN(SAIL)
xF'- (IOO“SAJ) 4‘495
/3 SAJ=1.9
: nOD=1 .0
AJSARSIN(SAJ)

AanancAanfAanAanN

i 60 TO 3 . v . _
5 AJ=ARSIN(SAY) : T l o v
BoN=C. 0 o : o
3 SAS(AJ=ALI/ (1 4C+HR)
6 CONTINUS _ -
NELT=SA ' A o e L
RE TUR0N " -
END ‘ - _ : L : ,
SUBRIUTINE TINE (FeFSeRTaRIEWVT L VELB2,TM, AT, BDPOL,NDANP)
THIS DROGTAM CAILLCULATES THE TRAVEL TIME FOF ANY RAY SEGMENT
FEED TN PaFSeRBIyRT. VT, V2, Ef ' : : '

CALCULATES TMLONT ,NDADF, RDFDL

P=RAY . DPARAMETER. )

pPe=pep

RB=RADIUS AT ROTTCM OF LAYER

RT=RADIUS AT TOP CF LAYER

VijsVELOCITY AT 3CTTCM OF LAYER

CBH=sVELUCITY INDEX

TM=TRAVIL TIME

HUT=1 IF RAY PUTTCMS

MOT=C 1IF IT DOES NAT _ - ' :
DADP=F ATE: OF CHANCE  DF ANCGULAR UISTANCE wITH RAY PAR
CRDPDLERATE CEF CHANGE CF DFEA NITH B

ASTPS+I0 D %X (~T) o

QAT=RTHRT/(VTAVT)
QAJ=RE*RE/ (VA%VHE)
: IF(UATI ~-QS) 1.1,2
l TM=0.0‘ .

‘ GO TN A

2 SNOAI=SQRT(QA1-PS)

NAAANAAAANAAAA

Ve




F (A= u@) T

SOA G =0 N

AOYT=1.0

G TR

SNAJ=SAORT(DAI=S) -

3T =0q 0

TM=(SOQAT-SQAJ)/ (1.0 +411F)
DADR=(1.0/53C0AJ=1.C/SQAT )/ (1.,04+8N) .
ROPDLZP%({1 .0/ (SQAJ*%3, O)—I.C/(JCAI**J 0))/7(1.0+30)
GO TO 6 :

T = (SQAI-5QAJ)/ (1 .0+4001)
DANP=(=1.0/SGAT) /(] «04R8)

TRDOPINL=PA (-1 .0/7{(SQATI%%3.0))/7(1 0+8R)

CONTIMUTF
RETURN

S END

SUBROAUTINEG ZCEP(VIsUL sRREC1eV2U2+RHC24AA PR3 SUIPR PTSR,3T,PHSPR,
IPHSHT yPHSSK s PHSST JANEV  ANFH PESAV P HSAHPAR S PAT 4 SAR, SAT y APEM, IR)
DIMENSIOMN F(As8) sAl844) {4t o ANB(G+64) yBAL(44)FB{A4,4),

1 F(Q.ﬂ)'F(&.u).C(ﬁ)gP("),F((4)gFC(4)-ED(&).FD(a).X(4).Y(Q).AN(Q'Q)
NDTR=3.14159268/18C.¢C :

CAARSAAXDTR

CSNN=SIMN({AAR)

P=ASS(PW ) *SAN/VI+ARS(SWI*SNAZUL

PS=P&P )

SINA=P%V]

SINN=P*iJ]

SINF=pP*xV2

CSINE=P U2

DHNRT=RHU2/KREO1L

 Q1=1.0-SINA%SINA

3
1

11

Q2=1.C-SINE*S INE

S1=1.C-SINB%SING

S2=1.C-SINFxSINF

COSP=SQRT(S1)

SINZ2UB=2.0%S INEXCOSP

COS2=2.0%S1-140 - _ _ _ )
IF(O1) 2,1.1 ' o e o .
CASA=SOKRT(=-G1) o S o -
Gl=0.C

Ghl1=1.0

G0 TO 3

COSA=SQRT(C1)

Gl=1.0

GGl=0.0

COMTINUE

CUSI2AZZ o« 3XCUSAXCOSA=] 0O

SINZA=2,0*CCSAXSINA

IF(N2) 12,11,11

CUST=-SQRT(-C2)

G2=0eC

6G2=1.0

GO TU 13

COSC=SQRT(Q2)

62=1.0

GGP2=0.0

128



12 CONTINUL
COHOA T gD CLSFR (U =1 of
QLM =2 o D ClS I'-_*_S I N¢
1F(S2) 2221421

122 COSF==8SNnET(=52)
H2=0 o0
HH2=1 o C
cCo T 23

21 COSF=SART(SZ)
H2=1.0
HH2=04 O

.23  CUNTINUE
OG22 e TRCOSFECOSF =1 0
SINZF=Z  C*CCEF*SINF
IF () S41C 47

& CUNTINUE
LF==SIN2A

. BF=VIaCNS2Z2i/UL
EF=SIN2A
CF=CnNsS2H
DF=U1%SIN2R/V1
Fr=Cus2i
F11=SINA
FU2==STNA
FU3I=CUSH
Fa1=CCUSA
Fu2=CO5A ) _ '

| Fw3=SINR ‘ o R ' S S

R 0O T 108 o : - o T ‘ '

10 IF(38) 15,41,6

15 CONTINUE

AF=-U1XSIN2A/V]

BF=CUS2H , . _ ‘
EF=—F : B
CF=Cos2akrviszul _ - e
DF=SIN2A -
FF=5IN2H

FUl=-COsSA

FU2==STNA

FU=Cosn

Fal=51ND

Fw2=COSA

Fw3=SINB

. GO TO 105 _

105 CUNTINUE : . S
DN=GL1x (AP DF—HF*CF ) +GG1 % (EF *BF x CFxCF+AF®AF=DF *DF )
PDATI=GOY 2 {(AFXUFPREF 2CF=AFXFACFXFF )Y /DN
DA=GL A ( AFR T F=EF2CF ) /DN+GG L% (FFABF xCFACF+AF+AFSFF #NF )./ 0N
CA=GI = (EF*OF~FF*AF ) /DN+CCIn (FR*PF2RF ¥ CF-EF =D *RF*CF ) /DN
CAI=GG LR (AFXDF¥(FE*EF=FF*LF) ) /DN -
LAT0.C00%001
FA=C.000CCO1
EAI=C. 0
FAI=0.0 .

AAPHR=F U1+ FUZ*CA +FU3% DA
AMBHIZFUZ2*CAT+FU3*DAL




AMPVRZF WL +F W2HCAKGlI —FR22CAI*GGl4FW3*DA v : 130
AVPVI=GG1¥FWA%CA +FW3A[DA ] '
AMPV=SORT{AMEVRE AMPYRAANPV I XANPY )
AMPH=SQRT (ANPHRAANDFR4ANPR I AAMPRI )
AMPVII= AMPVR+0.00001
AMDHR=AMPFR+0.0C0C1
PHSAVZATANZ (ANPV I LANPVR)
PHSAH=ZATAN2 (AMPH I, ANPHR )
APEM=ATAN2 ( AMEV , ANPI)
APEMZAPEM/DTER
PHSAV=PHSAV/LCTR
PHSAH=PHSAH/DTR
GO TO 102
7 CONTINUF
A(l,1)==SINA
B(1s1)=CeC
A(1,2)=COSH
B( 1:,2)=0.0
A(1+3)==SINE
" B(1+32)=0.0
A(1+4) =CASF*%E2
B(].+4)=COSIF%HH2
A{2.,1)=CUSA '
B(2+1)=0.0
A(2,2)=SINB
B(2.2)=0.0
A(2:3) ==CHISE*G2
- B(2,3)=-COSE*GG2
A(2+4)=-SINF
H(Z_'04)=000
"A(3+1)==2 +CHSINAXCOSA
B(3,1)=0.0
A(32,2)=V1xCCS2B/U1
B(3.2)=0.0
A(3,3)=G2%DNRT*U24U2% V1 ASIN2E/(UL*U1%V2)’
N(3,3)=GG2*%CARTH*U2%U2#V1*SIN2E/(UL%U1%*V2)
A(3,4)==-DNRTXUZ*U2% V1 *¥COSSF/(UL1*XU1*xU2)
B(3,6)=0.0 o
A(4,1)=C0s28
5(4'1)=003‘ .
A(4.2)=Ul=S[NZB/V ]
Rla.2)=0.0 '
CA(4.3)=DNRT*V2%COS2F/ Vvl
B(4,3)=C.C
Ala 4 )= H2HDONRY *UY24S IN2F/V L
B(Ge4)=HH2 xDNRTHUZXSIN2F/ VL o .
C(1)¥=-SINA : :
C(2)1=61*(~CCSA)
C(3)=G1*SIN2A
C(4)=C0S522
DE1)=C e ‘
; D(2)=GG1l ¥(~-COSA)
| D(3)=GG1%SIN2A ‘
"ND(4)=C.0 ‘
: GO TO 2
6 CONTINUE




61
60

A{14+1)=31%CLSA
Bl1el)=LGIYCOTA
ACL o2 ) =GN0
3(1le2)=D4H
AC143) 2-CUAmRGR
H{1.3)=-CCSEAGG2
A(l44)==SINF
B(1+4)=0.9
A{2.1)=SINA
BE2:1)=0.9
A(2+2) ==CUSAH
R(2,2)=Ce0
AL243) =S INF

{2+ 3)Y=067

A(2.4)==CCSFAH?
B(2.,4)=-CCSFxFH2 v
AC341)==Gt¥UL*SINZA/VI
B(3.1)==GG1*ULl*SIN2A/V]
A(3,2)=C0528

B(3+2)=CeD

.A(Joé)—G?*Jl\RT*Uc_*U?*‘:INZF/(UI*—'VR)

P(3,3)=GCR*ONRTHUZ#U2*SINZE/(UL*VZ)
A(3,4 )= (-DNRTxU2xCOS2F/UL)
B(3,4)=0.0 '

A(asl)=V 1ansza/ux

_f’(‘ivl)—— o)

A(a ,2)=SIN2P
B{442)=C.0
A(4,3)=D NQT*VZ*COSZF/LI
N{4+3)=0.
A(4.4)=H3*ONRT*U?*SIN?F/UI
G4 +4)=HH2DNRT*U2%SINZF/U1

C{1)=-S1IN"

C(2)=-CC3AH
C(3)=—-C0S21N
C{4)=5IN2D
D(1)=C.0
N{(2)=Ce0
DE3)=0."
D{(41=0 ._O
CONTINUE

N AGC I=1,4
£EC(I1)=C.C
FClI)=C.C

CED(I)=C N0

FO(I)=0.¢
DU AL J=1.4
ANCTJ)=ACT o)

ANI(L s J)=00

BAB(I + J) =00
Flled)=T0e" ’
CONTINUF

CIONTINUE

N=4
NC=4
EPS=10. **(—8-0)
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1001
10C0

1ce2

1004

- 1003

1c07

a6

65
64

76

NO 10C0 J=1A
Nno 1731 =1.NC
R{IsJ)=0e0
CONTINUE

PO 1002 1=1.N

P(I+I)=1e0

CALL GELG (RsANGNIyNCsFEFS, INT)
PO 1603 J=1,N

PO 10C4 I=1,NC
AN(T+J)=R(I+J4)

R(IsJ)=99

CONTINUF

PO 1827 1I=1N

P(I,I)=1.0

ITNDA=THNND
DO 54 I=l +
Nna 65 =1s+4

DO 6nH -19

ANB(I+J)=ANE( ], J)*AN(I.K)*P(KoJ)
CONTINUE

CIUNTINUF

CONTINUE

DU 74 1=1.4

Ng 735 J=1.,46

DO 76 K=1.+4

HAR{L . J)=BAS( I-J)**‘(I-K)*ANC(K-J)

CONTINUF
ECI+J)=A( 1, J)4HAB(IJ)

CEB(IeJ)=E(I+J)

75
74

1006
10C5

7

71
8

CONTINUE

CONTINUF

cAaLL GEL(}(R yEsNe NCs IEP S, INC)
DO 1005 J=1.N

DA 10CA T=1+NC
ECTJ)=R({1,4)

CONTINUE

INDR=IND

INDP=TNDA+INCH

IF(INDP) 77.78+77

CCNTINUFE

WRITE(6471) INDALINCS
FORMAT( 1H «4HINDG=+214,37HVATRIX DID
CONTINUE

DO 72 I=1.4

PO 73 J=1,4

NGO 70 K=1e6

FQLed) =P (LyJ)=ANDCT, h)*F(K.J)
CONTINUE

CONTINUE

CONTINU¥ 4

IF(INNE.2) GC TC 6C2

CONTINUE

WPITE(H «35)

FORMAT (11 + 1SHMATRI X CLEMFNTS)
PO HO 1=1,.4

NO 81 J=1.+4

NOT

INVERT

NOTE NOTF

. 132



TI=AC1+J) 133

TO=AM( L . J)
T3=8(1 4 J)

Ta4=AN3I{ 1+J)

TH=BAN( L v J)

TH=FA(16d)

YI={1,J?

TH=F(1+J)

601 CONTINUE ,

WOITE(A B2 )T+ JsTl e T2eT342T44TS5,TELT7,T8

B2 FURMAT(LH ,2132,2%X,3F1C«3)

81  CONTIMUF

BO CONTINUF

602 CONTIMULD
D S) I=1.4
PO 52 J=1en
ECUIY=EC{ I)+8 (14 J)%C ()
FOCDI=FO(I)+F (I, J)*C(J)
FCOII=FCLI)4F(1.4)%C(J)
ENMII=ED(I)+0{I+I)&«C(J)

52 CONTINUT
X(I)=FECLI)=-FO(I)
Y(IY=FCLI)+ERLT)

SC  CUONTINUE ot
cA=X(1) :
CAI=Y(1)

DA=X(2) _ _ - , _
NAL=Y(2) , . o . :
FA=X(3) ‘ - E '

Eal=Y(3)

~ FA=X(4)

FALI=Y(4)

102 CONTINUF
cAal=-Cal
CA=-CA ’

“PAR=SORT (CA*CA+CA I*XCA 1)
CA=CA+0.22701
PHSPR=ATANZ{CAI.CA)
PHSPR=PHSRBE/LTR
PAT=SQRT(CA*EA+EA JA*FA L)
FASEA+40,.000C1 '
PHSPT=ATAN2(EATLLFA)
PHSPT=PHSPT/DTK
SAR=SORNT (LCAXCA+DA I¥DA )
3 DA=DA+ 000NN
, PHSSRZATANZ(CATLNA) .
PHSSR=P IS SK/C TR
SAT=SORT(FAXFA+FAIYEAT)
FASFA+0.CC001
OHSST=ATARND(FATLFA)
PHSST=PHSST/D IR
[F(Pw) 31.,30+31
30 AA=ARSIN(SINB)I/DTR
' GOy TO 32
31  AA=ARSIN(SINA)/DTR
32 CONTINUE




SINPAGSAHS (SW) S INZDAADRS (W) %S TH2A - ’ - 134
PR=GLF S THAARPARSP AR /S INPAC ‘ '
PTG AARHO2=SINPEXFATAF AT/ (FFD1AS IN2AC)
SRTSGING? DESARSSAR/SINIAG
ST =N ESTASIT A SATAEATZ (PO LI*S INZAG)
TOTEN=PE +DT+SH+ST
IF{In.[0.%) 6C TO 41
40 COUTINUF _ |
51 FORMAT (I oF 76l 08X 3F 7¢308X 023F 7 e308Xs3FT7e344%X433F7a345%X4F7e3)
MRITELH 9510 AAPR,NARJFHSER WP Ty PAT, PHSPT ,SR4SARyPHSSR, ST+ SAT,PHSST
1.TOTEN ' ' :
41 CONTINUFE
RF TURN
XA} .
SUBFOUT IND GELGI R s A e eNtEFS s TER) -
DIMENSTION A(L1£)R(16)
IF(M)23.23,1

o SEARCH FCR GREATEST ELEMERT IN MATRIX A
e [FiR=C o ' o
L PIV=0.
M t=Mx M

MM =N M
DN 3 L=1,MH-
THR=AAS (A(L))
D IF(TR=-P V) 3,3,.2
2 PIV=T4

; 1=L
3 C O CONTINUE

TROL=FEPSxPIV

: A{1) IS PIVOT ELENMFNT. FIV CONTAINS THE ARSCLUTE. VALUS CF AC(I).
o START SCLIMINATICN LLCOP
LST=1 .o
DO 17 K=14M
c TEST UN SINGULARITY

I77 (PIV)22+:2344
[IFCIFRR)YT+547
IF(PIV=TOL)ELEL7

i
5 1 R=K=-1
4 PIVI=1«/A(1)
o J=(1-1) /M
I=I-JAM=-K
: J=J+1 =K -
- I+K IS ROW=INCOX, J4K CCLULMA=INDEX UF PIVOT ELEOMENT
z PIVOT ROW RECUCTICN ARD RCW INTERCHANGE IN RIGHT HAND SIDE R
: N ] LK s NN . : E
LL=L+1 .
TH=PIVI R (LL)
. RILL)=R(L)
) R(L)I=TH
o
c IS FLIMINATICN TERMINATEY

TF(K=M)S+18,.18



c . 135
C CulURA INTFECHANGE IN MATHIX A
Y LEND=LS THv-K
g (VL2 12010
10 T1=gnm
D 11 L=LST,LEND
THR=A(L)
LL=L+11
A(L)=A(LL)

ALL)=TH

Fuw INTFDCHFANGE AND PIVCT KCW RECUCTION IN MATRIX A
DO 13 L=LST NN M : o
LL=L+1 ' '

TH:O] VI A(LL )

ACLL)Y=AC(L)

3 A(LYI=TAH

SAVE COLUMN INTERCHANCE INFOCRNMAT ICN
A(LST) =J '

‘oo

CLEMINT RECUCTICN AND NEXT FIVOT SEARCH
PIV=0. . p
LET=LST+1

J=9

DD 16 1T I=LST,LEND
FIVI==A(T 1)
| IST=II+M
1 J=J+1

PN 15 L= IST MMM

Li=L~J .
A(LI=SA(LLYEFRIVESRACLL)
TH=ARS(A{L))
P IF(TR-PIV)18,15,14 -
14 pPlV=TH
L =L
15 CONTINUE
T DO 16 LT=KeNMgW
LL=L+d .
e PLLL)=R(LL)+PIVI*R(L)
RIS 4 LST=LST+M ’ -

€ FND_OF FLIMINATICN LCCP

C AACK SUNSTITUTION ANC HBACK INTERCFANGE
18 IF(M=1)23,22,19 '
19 IST=MM4en

LAT=M+1

DO 21 [ =2,V

[1=LST-1

IST=IST-LST

.=187T-M

LaA(L) +.5

DO 21 J=II1.NNM,M

TI=R(J)

Li.=J



DA 22 K= 15T MMM 136

=1L+

20 TH=TU=A(K)=E(LL)
o KzJ+L
R(JI=F (K)
21 f<(K)=TH
22 RCTUNN
(o
c
c ERRNOR RETURN
23 1FR=~1
RETURN
END
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