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ABSTRACT

The propagation of P-waves through nodels of the
Earth's crust and upper mantle with slightly random |latera
I nhonogenei ti es superinposed on one conposed of |ayers wth
vertical velocity gradients was investigated. The nmaxi num
deviation of velocity froma nmean value at a given depth,
and a correlation distance derived from a two-di nensi onal
snmoothing filter were tw paraneters wused to vary the
anpl itude and size of the velocity anonmalies. The resulting
nmodel s show short discontinuous reflectors scattered about
at various depths throughout the nodels, and are thus in

agreenent with nany deep seismc reflection experinents.

O the other hand, nuneri cal experinments usi ng
ray-traci ng techni ques showed that the effect of the |ateral
and vertical velocity anonalies is to scatter the energy,
and break up the continuous travel-tine lines fromverti cal
gradient nodels into travel-time segnents wth different
slopes simlar to those observed in many long range seismc
refraction experinents, and to those resulting fromlayering
effects in the nedia. The travel-tinme segnents produced an
apparent internediate layer at depths which could be

correlated to the correl ati on di stance.



In a simlar manner, the effect of the velocity
anonalies in the wupper nmantle nodels is to cause severa
arrivals of distinctly different slowness (dT/dA) to be
observed over very short distances simlar to observations
obtained from a nunber of array studies, thereby suggesting
that it mght not always be necessary to invoke major
di scontinuities in the upper nantle to explain these rapid

variations in slowess and travel -ti ne observati ons.

O the basis of some long-range refraction data from
t he 1979 COCRUST experinent in southern Manitoba and
Saskat chewan, a random nodel was produced for the crust of
t hat region, and showed that the optinmum correlation
distance and r.ms. velocity fluctuation that best describe

the travel-tine fluctuations are 5 km and 1% respecti vely.

A method was al so developed to extract the infornation
about the scattering characteristics of different P-wave
travel paths fromthe ratio of the incoherent energy to the
total incident energy of the signal recorded at an array
station. It is based on the assunption that if a ray passes
t hrough a honogeneous earth, the energy arriving at an array
station should be relatively coherent, whereas if the ray
encounters |ateral and vertical inhonbgeneities, its energy

w Il be incoherent and much nore conpl ex.

A series of coherence neasurenents were nmade on nore

than 300 earthquake recordings (distance 15 -36 , azimuth

0°-360°; and distance 40° -67° , azimuth 0° -130°) at the

Y,



Gauri bi danur medi um aperture ( 25 km) seismc array (@BA in
southern India, and over 65 earthquake recordings (distance
12°~30°, azimuth 165 -285 ) at the Yellowknife seismc array
(YKA) in western Canada

The analyses showed that there is relatively nore
het erogeneity for the continental upper mantle region around
India than for the correspondi ng oceanic structure, with the
structure above 400 kmtending to be nore conplex than the
structure below that depth. The YKA analyses showed that
the wupper mantle structure under the north-western part of
the North American continent could be progressively nore

het er ogeneous with depth between 400 km and 750 km
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

One of the advantages of using more than just the first
arrival times of P waves in the analysis of seismic data is
the fact that in travelling between the scurce and the
receiver, the basic waveform of the signal becomes
significantly altered in character, preserving a wealth of
information about the structures encountered along its
travel path. This information may, in theory, be extracted
with suitable and appropriate techniques. By the same
token, one of the major problems of observational seismology
is the correct interpretation of the large amount of details
often observed in seismic record sections. The problem is
often complicated by the fact that, as with most geophysical
problems, no unique solution is possible and one must be
content with a solution that is consistent with presently

available data.

Part of the complexity in recorded signals is caused by
noise generated by the recording system, but advances in
instrumentation and data processing techniques have
eliminated this problem to a large degree. By far the

greatest cause of signal complexity is, therefore, due to



various scattering processes in different regions of the
Earth's interior during transmission of the signal from the
source to the receiver. This problem has been the subject
of investigation by many workers, and the diversity of both
the approach and the interpretation of the cause is

testimony of the complexity of the problem.
1.2 BACKGROUND FROM PREVIOUS STUDIES

P-wave scattering studies were not very widespread
until relatively recently for a good reason. The major
disadvantage of using conventional single station
seismograms for studying the scattering phenomenon is that
details of other arrivals apart from the main seismic phases
(e.g. P, PP, e.t.c.) are often completely lost in the maze
of arrivals. 8Since scattered waves generally arrive at a
receiver simultaneously from a range of different directions
with different apparent velocities (King et al., 1975), it
was not until the advent of array networks that a reliable
estimate of the slownesses and azimuths of the various

contributions became possible.

It was apparent for a long time that certain arrivals
could sometimes be recognized on seismic records which were
not accounted for in the Jeffreys-Bullen (JB) tables or
travel-time curves, and it was clear from their travel times
that these were none of the regular phases. One of the
earliest interpretation of the coherent signals between P

and 60 seconds after PP was by Nguye-Hai in 1963 who



interpreted them as topside or underside reflections from
upper mantle discontinuities (King et al., 197%5). This 1is
the sco-called PdP hypothesis (d 1is the depth of the
discontinuity) which was subsequently used by many others to
explain various coda arrivals (see for example, Bolt et al.,
1968; Husebye and Madariaga, 1%70; Davies et al., 1971;
Gutowski and Kanasewich, 1974). However, Wright and
Muirhead (1969), and Wright (1972) showed from array studies
that the observed travel times and slownesses of these
precursors were inconsistent with the PdP hypothesis, and

suggested an interpretation involving asymmetric reflection

at distances near 20 degrees from the source or recording

station..

Cleary et al., (1975), on the other hand, suggested that
the travel times and slownesses o©f body wave coda which
follow P and the precursors to PP were consistent with
écattering by random inhomogeneities in the crust and
uppermost mantle. This interpretation was also applied to
precursors to PKP (Wright, 1275), and precursors toc PKPPKP
{(Haddon at éi;,ﬁ'1977}. Precursors to PKPPKP were also
interpreted as a result of scattering at various depths in
the mantle (Doornbos and Vlaar, 1973; Doornbes, 1975).
Alternative interpretations of P signal complexity include
those of aki (1969}, Aki and Chouet ({1973) who interpreted
coda waves from small local earthguakes as backscattering
from numerous hetercgeneities distributed uniformly in the

crust; and Douglas, Marshall and Corbishley (1971), Douglas



et al. (1973), and Barley (1977) who interpreted signal
complexity as the result of differential attenuation or
absorption; the effect of attenuaticn of the direct P

signal relative to the later arrivals.

One other important manifestation of P-wave scattering
in seismic data which has been the subject of more recent
investigations is the relatively large amount ¢f small-scale
fluctuations 1in seismic parameters such as travel times and
amplitudes. These fluctuations which are significantly
larger than the corresponding measurement errors (Dahle et
al., 1975) were explained by modelling the crust and upper
mantle as a Chernov {Chernov, 1960) random'medium (Aki,1973;
Capon, 1974; Christoffersson, 1975; Berteussen et al,.,

1975, 1977}.
1.3 OUTLINE OF THESIS

With the above background in mind, the prime objectives
of the present study are: (1) to invesfigate how
small-scale fluctuations in travel-time, amplitude, and
slowness measurements may be accounted for by P-wave
scattering in the c¢rust and upper mantle, and (2) to
investigate the relationship between P-wave scattering along
the signal travel path, and upper mantle heterogeneity,
Accordingly, a random mecdia method of modelling the crust
and upper mantle was adopted for the first part, and a

coherence method was developed for the second part.



In Chaptef 2, numerical experiments are developed to
test and predict the observed behaviour of travel-time data
for crustal models. A ray tracing program which was written
te produce travel-time curves for various two-dimensional
random models is also described (see also Mereu and Ojeo,
198Q0) . In Chapter 3, the results and observations of
Chapter 2 are applied to some refraction data from a
long-range experiment in southern Manitoba and Saskatchewan.
Chapter 4 discusses the numerical experiments of Chapter 2
as they apply to the upser mantle. In Chapter 5, a
coherence method of determining the relative sScattered
energy in a signal by using array record sections is
developed. The factors that affect the efficiency of the
method are also investigated with synthetic data in Chapter
5, and with real data in Chapter 6. 1In order to relate the
measured scattered energy to the P-wave scattering
characteristics of the signal ray paths, over 340 earthguake
recordings from Gauribidanur array {GBA) in 1India for
earthquakes in the distance range 15-35 degrees and 40-79
degrees, and Yellowknife array (YKA) in Canada for the
distance range 12-30 degrees were analyzed. The earthquake
data had been used in a previous study {Ram and Mereu,
1977), and were divided according to four seismic zones for
GBA daﬁa,. and two seismic zones for YKA data. The results
of these analyses are described in Chapter 7 (see also O0jo
and Mereu, 1980). A summary of the major findings of this

work is given in Chapter 8.



CHAPTER 2

| P-WAVE SCATTERING THROUGH A CRUST

< WITH RANDOM “NHOMOGENEITIES

2.1 INTRODUCTION

When large~scale, deep seismic refraction experiments
fof crustal studies were started more than three decades
ago, interpretation of the data was often based on the two
or three-lavered model in which the velocity in each layer
was asssumed to be constant. On this basis several
intra-crustal discontinuities, including the Conrad
discontinuity which ostensibly separates two regions with
boundary velocities £rom 6.0-6.6 to 6.8-7.2 km/s and depth
ranging from about 10 to 20 km, have been widely reported in
the 1literature (Hdodgson, 1953; Katz, 1955; Bolt et al.,
19587 Hales and Sacks, 1958; Dovyle et al., 1959; Press,
1960; Woollard, 1959; Berry and West, 1966 and others,)}
However, neither the Conrad discontinuity nor any of the
other intra-crustal discontinuities are consistent in their
occurrence, velocity, or depth on a world wide basis (see

for example Steinhart and Woollard, 1961, Table 1).

More recently detailed crustal investigations based not
only on the refraction method, but also the reflection

method, the dynamic characteristics of seismic record
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sections, and geological evidence have shown that this
simple layered model does not adegquately explain all the
data observed. Most workers therefore accept that there are
shortcomings in this simple interpretatioh, and that it |is
unlikely that intra-crustal discontinuities are continuous
over the large distances covered in seismic refraction

surveys.,

When, for instance, Ehé résults from deep seismic |
crustal reflection experiments are compared with those of
refraction experiments (see for example Malr and Lyons,
1976; Berry and Mair, 1980), two relatively different
pictures of the crust emerge in general. The reflection
exper iments (see for example Figure 2.1; or Cumming and
Chandra, 1975; or the Cocorp data, Smithson et al,, 1979)
show that, (i) apart from the sedimentary layers near the
surface, very few sub-surface discontinuities including the
Mcho are continucus, and (ii) the ohbserved reflector
segments are numerous and are scattered about at various
depths through the section, On the other hand, because of
the basic assumption inherent in the refraction method, the
varicus observed travel-time lines {see Figures 3.2-3.6 in
Chapter 3) are associated with wvarious layers within the
Earth. Simple earth models thus have a two layered crust
separated by the Conrad discontinuity, this being based on
the observation of Pg and P* branches. More complex models
may have several layers with gradients including low

velocity ones and lateral structures to explain the
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complexity of many sections,

It is well known that refraction experiments do not
have the resolving capabilities of reflection experiments,
and that structures derived from them tend to be much more
simple. This, however, only partially explains the two
results, and although some of the cbserved features of the
record section are accounted for by such simple models
numerous inconsistences remain particularly concerning the
erratic Dbehaviour of amplitudes which sometimes vary by an
order of magnitude over only a few kilometers, and are
frequently not associated with any theoretical travel-time
line predicted by the model. A detailed review of the
problems of interpreting crustal data was given by James and
Steinhart (1966). Part of the problem obviously stems from
the fact that the crust and mantle are heterogeneous media.
Indeed, the other extreme of the conventiocnal layered model
approach is to assume that the seismic structure of the
crust and upper mantle is so complex that it behaves as a
medium with random inhomogeneitias (see for example_

Nikolajev and Tregub, 1970).

In recent years considerable péogress was made in using
the Chernov random media theory (Chernov, 1960) to explain
travel-time and amplitude anomalies (Aki, 1973; Capon,
1974; and Berteussen et al., 1975). The Chernov theory is
based on a statistical description of the medium in terms of
the mean square of fractional fluctuation of velocity, the

correlation distance, and the linear extent of the
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inﬂdmogénéous région. .The dbrfelaﬁion éiétéhde is defined |
as the distance between two points at which the velocity
fluctuations become uncorrelated, There is evidence from
some of these studies that a correlation distance of 10 to
15 km exist under the LASA and NORSAR arrays, and in the
paper of Berteussen et al. it was shown that 50% to 60% of
the variance of time and amplitude anomalies at NORSAR could
be explained by random media theory. Aki et al. (1976,
1977y also found from three-dimensicnal earth modelling
studies that the 1lower 1limit of true t.m.5. velocity
fluctuations in the lithosphere under these arrays is about
3%, A similar value was obtained for upper mantle structure
beneath the United States (Romanowicz, 1979). How such
fluctuations affect the travel-time lines is the subject of

this chapter.

2.2 DEVELOPMENT_OE THE NUMERICAL EXPERIMENTS

In spite of the uncertainties in the interpretation of
defailed sﬁructﬁres from refraction data, there still
remains the breoad agreement from numerous sSuch experiments
that large vertical velocity gradients exist within the
crust as well as the uppeﬁ mantle (see for example Mereu et
al., 1977). If this 1is the case then it would not be
realistic to model the crust as a random medium in the
#ertical direction in the same manner that it is modelled in
the horizontal direction., A reasonable picture of the real

Earth would therefore have a simple deterministic character
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hin the véftiéai direction wiéh a certain 'Ideéree of
randomness superimposed on 1t in both the horizontal and
vertical direction. The vertical velocity gradients can be
associated with high pressure physical effect, and the

lateral variations with compesitional changes in the various

rock types.

With the above in mind, numerical models were generated
uéing the following equation (Mereu and 0jo, 1980).
Vo =Ug mvl] e
i and ] are, respectively, the horizontal (distance) and
vertical {(depth) location of the point with velocity vij' |
where gNij= K (Aij* Fij) S | {2=2)
Here vij= the discrete two dimensional array of
| velocities used in the model | |
U. = the discrete vertical velocity values for a
given simple spherically symmetric earth model.
AV, .= the lateral variations in velocity.
A . = a two-dimensional array of randem numbers.
Fjj a simple smoothing filter of dimensions L x L
K = a scaling factor such that the maximum value
- of the smoothed random numbers is equal to Avmax

where &vmax is the maximum variation which the

velocity will be allowed to have at any depth.".

K and L are two parameters that affect the amplitude
and size of the velocity anomalies respectively. Figure 2,2

illustrates a hypothetical starting meodel (Uj} with the
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Figure 2.2:

Starting velocity model with smooth lateral variation
superimposed on a velocity gradient,



13

-

parailelllineé sﬁowing thé ﬁakimum vafiaﬁion allowed ét each
level, 1In all the models used K was chosen 8o that only
small wvalues of Nvmax (i.e. 0.26 km/s or less) were
generated. This value corresponded to a maximum root mean
square (r.m.s.) fluctuation in velocity of about 2.5% for
the models. Figure 2.3 is a velocity contour plot of the
final model, and shows how the velocity varies with
horizontal distance and depth., It is interesting to note
that if a reflection experiment were done over an earth
depicted by the model of Figure 2.3, reflectors with
relatively small slopes would probably be dJetected at
1o¢ations where the velocity contour 1lines are close
together. There will therefore be numerous short reflectors
distributed at various depths throughout the model, and the
overall appearance of Pigure 2.3 will be similar to the
record sections obtained from near vertical reflection

crustal experiments.

Figure 2.4 is a velocity contour plot of a different
medel similar to that of Figure 2.3, but derived from a
different suit of random numbers. In this manner, different
models can be generated with the same controlling parameters
of Uj and &Vnwu{so that the characteristics determined for

these parameters may be statistically significant.

One important peoint to note about the model concerns
the parameter L, It is defined as the correlation distance,
and the corresponding correlation function is defined as the

two dimensional autocorrelation function of the smoothing



Figure 2.4: Velocity contour plot similar to
Pigure 2.3 for a different set of

random numbers.



Figure 2.3:

Velocity contour plot of model
shown in Figure 2.2. Contour
intervel is 0.025 km/s. The two
bands &t the top and middle of the
plot were caused by a large concen-
tratior. of contours due to high
velocity gradients at those depths
in the model.
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filter Fij' Such a function is triangular in shape (for
example, the autocorrelation of (1,1,1) is {1,2,3,2,1) ),
and is similar in form to the Gaussian function used in the
Chéfnov random. media theory. It 1is well known that the
autocorrelation function of a set of completely random
numbers is a delta function, whereas the autocorrelation
functioﬁ of the filtered numbers will have the same form .éé
the filter's autocorrelation function (Robinson, 1967b). It
therefore follows that by smoothing the set of random
numbers with Flj' the size of the observed structure is
determined by L. Figure 2.5 and Figure 2.6 1illustrate the
effect on the model of changing the guantities L and &qﬁax
respectively. It will be noted that while the 1layering
effect appears to be enhanced by decreasing L (Figure 2.5),
or increasing AgnaX{Figure 2.6), the continuity of the
layers are greatly reduced Ey so doing, thereby centributing

to the overall picture cf short reflectors interspersed by

transparent zones.

2.3 DETERMINING THE CHARACTERISTICS QF NUMERICAL MODELS

One of the most powerful ways of determining the
complete response of a medium to a point source is through
the use of a finite difference approach {(Kelly et al., 1976;
Alterman and Karal, 1968). Such a method is capable of
predicting all transmissions, reflections, diffractions and
wave conversions. In other words it should be possible to

determine the complete scattered f£field of energy at any

!
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 _= particular point and at anytime. However, 1its major

limitation is the fact that the computing cost and core
reguirements on a large-size computer rapidly become
excessive as the number of grid points used increases.
Kelly et al. (1976) used 140 x 100 and 250 x 100 grid mesh
with a grid spacing of 20 ft in their models. They found
that the approximate central processing unit (CPU) time for
an average model with traces of length 0.6 to 0.8 seconds
was 8 minutes, By compariscon, our typical crustal models
were 220 x 60 km, and the size of the upper mantle models
were at least 3000 x 1000 km. It would therefore have
required excessive computer +time, core requirements, and
cost to solve such a problem adequately with the finite
difference approach. This method was not used here for that
reason, and in its place, travel-time curves were cobtailned
with the ray theory using a methed similar to that described
by Gebrande (1976). This restricted meaningful solutions to
only those cases where the correlation distances were much
longer than the wavelength of typical short period waves,
and to the first arrival enetgy.

2.3.1 THE RAY TRACING PROCEDURE AND COMPUTER PROGRAMS

Ray tracinglhéthods can be divided into twe brda&ﬂ
categories. The first category traces rays between two
.specified end points {see for example Julian and Gubbins,
1977; Pereyra et. al., 13980), and in the gecond the

starting point and direction of the ray at the source are
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specified (e.g. Jackson, 1970; Gebrande, 1976). Although
both methods have adaptations for use 1in inhomogeneous
media, the latter method was preferred because it would
allow a study of the focussing and de-focussing effects of
local velocity gradients in the models. The method we have
used traces rays through a rectangular or spherical two-
dimensional grid of points representing a cross~section of
the earth, where each point of the grid corresponds to a
given spatial 1location with a sampled velocity. The
calculation of ray paths and travel times were based on
Snell's Law, and the equations used are those for a
continuously changing velocity model with discontinuities
being treated as transition 2zones with steep velocity
gradients, 1In general, therefore, the ray path is an arc of
a circle with a radius of curvature equal to (Telford et

al., 1976 p. 274; Gebrande, 1976),
o= V/(lgrad v|.sin a) (2~3)

where V is the velocity, grad V is the velocity gradient and
a is the angle between the direction of the ray and the
velocity gradient at the starting point of the ray. If the
velocity is piece-wise constant the radius of curvatur; will
also be constant, and one can proceed along a ray £from one

point to another by following the curvature through a very

O
[==
>

small angular increment A¢corresponding to a small arc

(Figure 2.7).



25

Initial ray
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\ A —3» Final ray direction

.V

Figure 2.7: Ray-tracing configuration for flat earth model.
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The computational procedure then consisted of
determining at the point corresponding to the seismic source
(for instance point A in Figure 2,7) the wvelocity gradient
(grad V), the angle (o), and the radius of curvature (p).
The new point (B) which 1is reached by bending the ray
through the small arc plg was determined by moving a

distance

£ = p sin A¢ (2-4)
in the direction of the ray and,

n = pll=cos A%) (2-5)

in a direction normal to the ray. The coordinates of the
new points (XB,ZB} with respect to the old point (XA'ZA) is

then given by
Xg = X, + 5 cos ¢ + n sin ¢ (2-6)

Zg = Z, + £ sin ¢ - n cos ¢ (2=7)
where ¢ is the angle the ray makes with the x-axis,

Alternatively for a spherical earth model the polar
coordinates of A is {RA,aA), and the coordinate of the new
point B c¢an be computed from the geometry of the

configuration (Figure 2.8), i.e.

" —
RE = [R£+4pzsin2(&.@/2)—4&}\;3:1_“(ﬂ¢/2)costi+alb/2}]li (2-8)

Now since
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Initial ray
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Final ray
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Figure 2.8: Ray-tracing configuration for spherical earth model.
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AB/sin(48) = R /sin(a$/2 + 1) . o (2e9)

AB = sin_l [29 sin{&¢/2}Lsin§&¢/2 + i}] ._; :. (2-10)

Rp o

and
The travel-time from point A to point B is (Gebrande,
1976},
| N : - - (2-12)
At [Arctanh(cosy) -Arctanh{cos {a+Ad) ) ] :

=[grad Vi
At the new point B a new initial ray direction was found,
and a new velocity gradient was determined by interpolation,
By successively repeating the process the ray paths could be

traced step-by-step from their source to the earth's

surface,

In the special case when grad v=0 or sin{)=0, the ray
path is not curved but straight, A¢ must therefore be set to

zero and ; fixed to a small value. Then

At = &/ _ L (2-13)
for grad v = 0, or
M= L 1n{V./V,) o - (2-14)
lgrad V| B’ 'A S o

for sin(a) = 0.:
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Other points to be noted regarding computational procedure
are the signs of p, n and A¢. The radius of curvature is a
signed gquantity and is positive if the centre of curvature
is located to the left side relative to the direction of the
ray, and vice-versa. Similarly, a positive sign of

indicates an anti-clockwise curvature of the ray. The sign

of A¢ must be chosen to be identical with that of p.

Because the incremental value A¢ was chosen arbitrarily
small, the ray path would, in general, not terminate at the
earth's surface. When the ray therefore penetrated the
earth's surface by a distance greater than a pre-set small
value, the last point was abandoned, and the incremental
value reduced. This process was then repeated until the ray
terminated at the earth's surface to within the pre-set

value.

Two computer programs were written in Fortran IV for a
two-dimensicnal flat earth model and a spherical earth model
according to the equations described in the 1last section,
Table 2-1 summarizes the various computational steps in the
computer program, and the program lists are given in
Appendix A, In step 5 of Table 2-1, the variation of
velocity and velocity gradient within any cell made up of
four neighbouring grid points were assumed to be linear
within the cell, and were interpolated from the values of
the four neighbouring grid points. This approximation was
found to be sufficiently accurate provided the grid size was

not too large; typical values were 1 km for the flat earth



TABLE 2-1

MATN COMPUTATIONAL STEPS IN RAY TRACING PROGRAM

1. Read from 4disc file grid parameters,
e.g. ;rea {LX by LZ}, grid size (HX by HZ);
and fix incremental arc length (ARC=pAd) as a
fraction of the grid interwval.

2. Read from cards initial starting
coordinates of ray, initial angle of
incidence, maximum angle of incidence to be
investigated, and incremental value; compute
ray parameter.

3., Read velocity data from disc file, and
compute corresponding spacial coordinates,

4, Compute horizontal (or tangential)
component, and vertical (or radial) component
of wvelocity gradient, and the resultant
velocity gradient at each grid point (GRADV).
5. Locate position of ray head with respect
to the origin, and determine the velocity and
the magnitude, and direction of the velocity
gradient (GRADV) at this point., Compute the
angle between GRADV and the direction of the

ray path (ANGI).

30



TABLE 2-1 Continued

6. Compute the radius of curvature of the ray
péth- (REQ) , and the incremental angle
{DELPHI) ; project ray through arc, and
compute the new coordinates c¢f the ray path.
7. Check to ensure that ray has not
penetrated the earth's surface, and compute
the piece-wise time {DELT) , and the total time
{TY to new point. '\.

8. Compute new ray directicon and repeat steps
5 to 7 wuntil ray wpenetrates the earth's
surface. | .
®

9. When ray penetrates the earth's surface,
terminate the ray within specified distance of
the surface, and compute the total time (TV,
the total distance (ANDY, the reduced
travel-time (RTM), and slowness (SL).

10. Change the angle of incidence, and fepeat
steps 2 to 9,

11, Output results onte line-printer, and

plotter if desired.

31
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"model and 5 km for the spherical earth model,

When the pfogram was appliéd té uniform s?ﬁerically
symmetric earth models as a check, the results obtained were
found to agree véfy closely to that predicted by
conventional spherical ray theory ({(Bullen, 1963}, An
example is shown in Figure 2.9. It should be noted that the
procedure described above works best in the absence of sharp

discontinuities.

All computations were performed. on a Controi Data
Corporation (CDC) Cyber 73 computer at the University of
Western Ontario. The computer has 96K words ‘Pf Central
Memory and 125K words of Extended Core Storage.. The travel
times of a typical crustal model for rays separated by 0.5
degrees of incident angle required an average of 37K words
of memory and 4 minutes CPU time. For the average upper
mantle model, the eguivalent values are 25K words of memory
and 10 minutes CPU time. The upper mantle model required

less core memory because more disc facilities were used to

cut down cn the core requirements,

2.4 GENERAL TRAVEL~TIME RESPONSE OF NUMERICAL MODELS

The starting velocity model which was the basis of all
our. numerical experiments is shown 1in Figure 2.2. Two
relatively large velocity gradients were incorporated in
this starting model Dbased on evidence, in the literature,

from numerous seismic refraction experiments (sze for
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exampie Berry and Fuchs, 1973); The first steep gradient
from 5.0 ~ 6.0 km/s in the top 2 km is based on the general
knowledge that velocities of about 3.0 - 5.0 km/s are
characteristic for the sedimentary, or metémorphic} rocks
which cover the consolidated crust. The thickness of this
layer is very variabie and an arbitrary value of 2 km was
chosen for the model. The second steep gradient from 7.2 ~
 :8.0 km/s at a depth of 32 km is associated with the Moho
f_discontinuity, and one of the strongest evidence for this is
- the large amplitude retrograde reflection branch which is
commonly observed on seismograms in the distance range
120~200 km. Apart from these two regions the c¢rust was
assumed to contain no velocity discontinuities, and to have
a gentle linear gradient from the earth's surface to the
M-discontinuity. | “ |
If fhere were no lateral heterogeneities (i.e. &Vij=
0.0), the travel-time curve of such a model would be a
smooth continuous curve. Figure 2.10 shows the travel-time
points and ray paths for a number of rays, separated by )
equal intervals of incident angle, emanating from a surface
point source which were traced step by step through the
laterally homogeneous model. The rays were not plotted near
the shot point because the density of rays at this point
tended to smear the plot. For this reason also, travel-time
points for the first 10-15 km of distance representing the
top layer with the high velocity-gradient were not plotted

in all the subsequent plots. It will be noted in Figure
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2.10 that apar£ Efom the first 20:km} and the ends of the
branches AB and BC where the points are highly concentrated,
all the other points increase in concentration progressively
along the forward branch, and the retrograde branch. Since
areas of large concentration of points on the curve indicate
large amplitude arrivals and vice-versa, the travel-time
curve predicts that there should be no erratic variation in

first arrival amplitudes for a laterally homocgeneous earth,

¢

Figure 2,11 shows the travel-time plot and ray paths
through a model with velocity perturbations such that &Vm .
was 0.13 km/s (maximum r.m.s. velocity fluctuation was 1%),
and the <correlation distance was 15 km. An examination of
this figure shows that the smoocth continucus nature of the
curve for the homogeneous model has disappeared, and in its
place is a travel-time curve which can clearly be broken up
into different line segments. Furthermore, amplitude
variations now appear along the line segments indicated by
the concentration of the travel-time points at certain

distances along the profile.

Figure 2.12 is an.exaﬁple of two of the travel-time
plots obtained for a saries of models using different
combinations of AV ax and L, The apparent velocities
computed from linear least-sgquares f£it to the points of the
resulting line segments are also shown in the figure.
Attention is particularly drawn to the apparent velocities
and intercept times of the second line segments of the

travel times which show an apparent rise when the
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Figure 2.12: A comparison of travel-time plots and least-squares
regression velocities for a model with (a) correlation
distance of 5 km, (b) correlation distance of 15 km,
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correlation distance L was increased. Some further
illustrations will be found at the end of this chapter
(Figures 2.17-2.24). BAn examination of the figures show the

| following main features {excluding the top 1ayer};

(i) The travel-~time curves are breoken up into two or
more line segments with variable apparent velocities
and cross-over points. This suggests that one or more

apparent discontinuities are present.

{ii} The average velocity of the different  line
segments depends on the number of apparent refractors

in the layer, and the boundary velocities.

(iii) The first segment (Pq} has much less scatter on

- _it than the second segment (P*).

(iv) If the breaks in the travel-time line are
interpreted as resulting from intermediate
discontinuities, their depths range 1in value from

about 5 km to 14 km.

(v) No large retrograde reflection branch is observed

with respect to these apparent discontinuities,

All the above features zre typical of what is observed
in.practice. In addition, the P* line appeared to be better
defined when the correlation parameter L was increased, and
the depth to the apparent intermediate discontinuities

appeared to be dependent on this parameter. Figure 2.13 and

Figure 2.14 show how the depth to the apparent intermediate
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layer varies as a function of the correlation distance for

7f=_two different AV values respectively. Four different models

- were generated for each of the three correlation distances
5, 10 and 15 km to check the repeatability of the results.
The figures show, especially from L is 5 and 15 km, that the

apparent depth to the intermediate discontinuity increases

as L increases.

To 1illustrate the effect of changing the maximum
velocity fluctuation that a model was allowed to have,
travel-time residuals were computed for models in which L
was kept constant, and the fluctuations were varied. The
residuals were defined as the deviation of the travel times
from the 1least-squares fit line correspending to the
relevant segment of the travel-time plot. The velocity
. £fluctuations have been expressed as a r.m.s. variation
because this is more representative of the model, since it
describes the true velocity variation in the model for which
it was determined. The figqures show that the travel-time

residuals do not change significantly for the P, branch but

g
increase progressively as the r.m.s. velocity fluctuation
increases for the P* branch which is also consistent with

the behaviour of real data. This approach will be used

later {(Chapter 3) to determine the amount of £luctuation

that best describe the travel time fluctuations observed in

a true refraction section, As mentioned earlier, these
observations are very gimilar to those observed with real

data, and a simple explanation for them is proposed here.
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The travel path t for a ray going from the source to a

station can be considered to be made up of three components

as follows:
t=d+ h +u (2-15)

where d is the downgoing component, h is an approximately
horizontal component, and u is the upgoing component. When
the ray does not travel deep in the medium, d and u are
small compared to h (see Figure 2.10 or 2.11). Since the
component h tends to average out the effects of the lateral
velocity variations very little scattering of the
travel-time points would be expected for shallow paths such
as ?g. As the ray penetrates deeper into the model,
however, components d4d and u form a much more significant
part of the total travel time. Since the upgoing component
will be very sensitive to the correlation distance L, the
scatter in the travel-time curve will tend to reflect
variations in u and hence will be a function of L. 1In other
words the lengths of the observed travel-time segments
should be directly related to the correlation distance or
the scale of the inhomogeneities present. Breaks will
therefore occur in the travel-time curve when the upgoing
portion u begins to sample a new correlation region of the
medium, and the depth to the apparent discontinuity will in

turn be directly related to the correlation distance.
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Two examples of travel-time plot for a model
with correlation distance of 5 km, and
maximum velocity fluctuation of 0.13 km/s.
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Figure 2,19: Two examples of travel-time plot for a model
with correlation distance of 15 km, and
maximum velocity fluctuation of 0.13 km/s.
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CHAPTER 3

A SCATTERING MODEL FQR THE 1979 COCRUST

REFRACTION DATA

3.1 INTRODUCTION

In August 1979, the University of Western Ontariec
participated in a cooperative seismic survey in the southern
part of Manitoba and Saskatchewan. The experiment was
organized by the Consortium for Crustal Reconnaissance Using
Seismic Techniques (COCRUST) as a continuation of a program
which was started in 1977 to study the crustal structure
across the boundary of the Superior and Churchill tectonic
Provinces in southern Canada. The rationale for the program
and some of the initial results were discussed by Green and
Stephenson (1978), Green, Cumming and Cedarwell (1979},

Green et al., (1980), and Hajnal et al. (1980).

Qur present interest is the application of the results
of the numerical experiments discussed in Chapter 2 to some
of the refraction data of the 1979 experiment, The
considerable similarity between travel-time plots such as
those in Pigures 2.17 to 2.24 of Chapter 2, and those
described £for the 1977 experiment (Green et al., 1980;
Figures 2 and 3) strongly indicates the relevance of this

approach to the problem.

52
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3.2 THE REFRACTION SURVEY

The field work was conducted during a two-week period
in August 1979, including six days for travelling to and
from the location. The general layocut of the refraction
lines are shown in Figure 3.1, and consists of two reversed
profiles in the north-south direction (Lines A and B), and
one unreversed profile in the east-west direction (Line C).
Line A was located wvery close to the Superior Province
boundary in Manitoba along an approximate longitude of 101
02'W while Line B was located in Saskatchewan within the
Churchill Province along approximate longitude of 103 45'W.
The approximate latitude of Line € is 49 40'N and it
extended from Assiniboia 1in Saskatchewan to just east of
Carlyle, 2also in Saskatchewan. The average separation

between recording stations was about 8 km,

Instrumentation consisted of twelve recording systems
‘provided by the T®arth Physics Branch of the Department of
Enéfgy, Mines and Resources (EMR), and eight units provided
by the Department of Geophysics, University of Western
Ontario (UWQ). The EMR units recorded digitally with one
vertical and one horizontal component seismometers, while
the UWO systems recorded fregquency modulated (FM) analog
signals with vertical component seismometers except for
three units which recorded one vertical and two horizontal
components seismometers., The UWO units also reqorded a WWvs
radio signal. All units were pre-programmed to switch the

systems on at several specific shot times in the early
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merning, and once in the evening for the east-west'profile.

A minimum of two shots was fired at everyl shot point,
and consisted of a small shot of 400 kg in two holes and a
larger shot of 1200 kg in six holes. The procedure
consisted of deploying the units at dne-half of the line,
the smaller shot was fired at the end closest to the
receivers and the larger shot at the other end of the

profile. The receivers were then moved to the other half of

the profile, and the process repeated with the centre o

recorder being common to the two spreads. Further details
on the 1logistics of the survey, stations and shot point
locations, elevations, charge sizes and other pertinent
information were discussed in a preliminary report (Hajnal,

1980).

3.3 THE TRAVEL TIME DATA

The refraction data were compiled on a digital tape in
ten digital files. One file contains all the headers for
each individual trace for a single 1line, and this 1is
followed by the file that contains all the data traces for
that specific line. The first three data samples contain

the receiver number, shot number, and the component number.

The computer plots of the vertical component records
are shown in Figures 3.2 to 3.6 on a reduced time scale,
— using a reducing velocity of 6.5 km/s. As the plots show,

the records are, in general, of good quality and onset times
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could be determined for many of them with an accuracy of
0.02 seconds. However, a few of the traces (for example,
Line C (W~E): traces (0-390; and Tine B(S-N): traces
310-340) show very low signal-to-noise ratio, and onset time
determinations may be in error by as much as 0.1 seconds or
more. All the plots show some gaps between traces which
" were caused by recovery problems with some of the EMR
digital magnetic cassette tapes. The uniformly high
amplitudes of the first few records in the section of Figure
3.3 was caused by overloading of the UWO recorders. Each
record was normalized to the maximum amplitude in the
interval plotted, and the normalizing factors are shown at r
the top of the traces. It siculd bhe pointed out that these
factors provide only a rough gquide to the amplitude
variation of the records sirce the two halves of each figure
correspond to two\different shots, and each half is made up

of records from two different recording systems. N f

Also shown 1in the figures just described are the
least-squares fit to the first arrival times, and the
apparent velocities obtained from them. A summary of the
apparent velocities and intercept times are given in Table
3-1(a-e). It will be noted that with the exception of Line
2, the first arrivals te a distance of about 220 km can be
fitted to two or three travel-time segments, but as Figures
3.2 and 3.3 =show, the arrival times of Iine & for =z
corresponding distance are best fitted to a single

travel-time segment. Because of the relatively more scatter
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of the arrival times for Line A(S-N)} in this distance range,
and the gap in the records between 90 km and 120 km (Figure
3.3}, an attempt was made to fit two regression lines to the
data; but as Pigure 3.7 shows this results in a lower
apparent velocity for the later branch which might have been
caused by lateral changes in the structure of this area.
Since the gap in the section precludes a proper definition
of the structure, and since it does not show up on the
reversed profile, we consider that these arrival times

should be treated as one travel time branch instead of two.

On the basis of the ‘ first arrival times, a
layered-model analysis of both the present data and those
from the 1977 experiment were given by Hainal et al. (1980),
and Green et al. (1980). It iz therefore not our intention
to repeat that aspect of the interpretation here, zand the
important findings of those studies can be summarized by
Figure 3.8. It should bhe mentioned that the variation of
apparent velocities and intercept times indicate
considerable lateral heterogeneity beneath all the profiles,
and a preliminary interpretation of some reflection data
from the area [Green et al. 1980) showed that the crustal

structure in the area is very complex.

3.4 A RANDOM.VELOCITY MODEL FOR THE TRAVEL TIME DATA

The interpretation which follows is based on a model
derived by using the principles develcoped in the last

'chapter. The aim was to determine the correlation distance
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and the root»mean~é§uare {(r.m.s.) fluctuation in velocity
which statistically predict the observed fluctuation in the
travel time data and, to some extent, the amplitudes,
Accordingly, the parameters which were varied include the
depth to the Moho, the correlation distance, and the maximum
fluctuation which the velocity was allowed to have at any
depth. The velocities at the surface and the Moho boundary
were fixed, and a linear gradient was assumed between the
two boundary values. The surface velocities were obtained
from velocity logs as reported by Hajnal (1980). Rays were
traced through the model as described in Chapter 2, and the
predicted travel times were compared with the observed
travel times from the refraction survey. The model was then
-modified and the procedure was repeated until there was a
satisfactory fit between the predicted and observed travel

times,

~ As the above clearly shows, the procedure was a trial
ané error process and was not only time-consuming, but was
also expensive. For this reason it was decided that, since
no big advantage would be gained by repeating the procedure
for each and every one of the refraction lines, it would bhe
more prudent to run all the tests on one of the better
record sections. The record section shown in Figure 3.4 for
Line B(N-3) was selected for two main reasons. PFirstly, the
onset times for all the traces except trace #70 were
relatively quite distinct; and secondly, the retrograde

reflection branch was fairly well defined in this section,



thus providing some additional constraint in the modelling.
The gaps in the record section at distances less than 80 Kkm
were not considered a serious problem since it is fairly
well known that the travel-time branch in this distance

range is relatively well behaved.

Figure 3.9 shows the pfedicted reduced travel times
{(stars) that best fit the observed refraction section, and
Figure 3.10 (Table 3-2a) shows the corresponding velocity
model from which the travel times were obtained. The
correlation distance was 5 km, and the maximum variatien in
velocity was 0.15 km/s. This corresponded to a mean r.m.s.

fluctuation of 0.06 kKm/s or 1%.

| The stars in Figure 3.9 represént'travel times for rays
whiéh were separated by equal intervals of slowness (or ray
parameter), and areas of large concentration of stars imply
high amplitude arrivals, whereas areas of low concentration
suggest low amplitude arrivals., We thus see that the random
model predicts erratice large amplitudes for parts of the
direct and retrograde branchass, and low amplitudes for the
other areas especially the P, branch. It would be noted
that the observed refraction section shows high amplitude
arrivals for the retrograde branch. It was also found that
in several trials with different models, the concentration
of stars changed from model to model except with respect to
the P, branch for which 1low amplitude arrivals were
constantly predicted. This 1is again consistent with the

present data (and most refraction data) which show weak



Figure 3.9:

Refraction section showing
the travel times (stars)
obtained “rom the best-fit
random model shown in
Figure 3.10.
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LINE B(N-S) - RANDOM MODEL

Figure 3.10: Best-fit random model for the
of Figure 3.9.
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TABLE 3-2

Velocities and depths for random model

LINE B (N-S)

DEPTH (km) VELOCITY (km/s)
0.0- 1.0 3.05-3.35
1.0-43.0 5.92-6.22

(a) 43,0-44.0 6.95-7.25
44,0~60.0 8.10~-8.40
60.0~- 8.45-8.75

LINE A(N-8)

DEPTH (km) VELOCITY (km/s)
0.0~ 3.0 3.45-3.75
3.0-43.0 6.07-6,.37

(b) 43.0-45.0 6.65-6.95
45.0-60.0 7.85-8,1%

60.0- 8.10-8.40
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onsets for the g1 branches in all the sections.

It is instructive %o .observe what the effect of
chénging the shot point location would be on the amplitude
variation. PFigure 3.11 shows the predicted arrival times
{stars) for the same model that produged the results shown
in Figure 3.9, but with the sgtarting point of the rays
shifted 50 km to the south. A comparison of Figures 3.9 and
3.11 shows that large amplitude arrivals are predicted for
varieus arrivals in the distance range 30-100 km in the
latter figure whereas the former predicts low amplitude
arrivals for this distance rvange. Furthermore, the
predicted locaticn of the large amplitude arrivals in the
retrograde branch has shifced from about 145 km in the
former figure to 165 km in the latter figure. It is
therefore conceivable that a shot point location can be
found for this model for which the retrograde branch will

become very poorly defined.

Clee et al., (1974) observed a similar effect in
travel-time sections obtained from a detailed
reflection-refraction experiment conducted near Yellowknife,
Northwest Territories, in Canada. Figures 3 and 4 of their
paper show that two sections obtained from shot points which
were sgseparated Dby only 15 km produced remarkably different
seismic sections., It therefore appears that the detaiis
observed on a seismic record section depends on the location
of the shot point. ©One may thus explain, in this term, _the

absence of a retrograde branch in Line C {(Figure 3.6), or
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its poor definition in Line A (Figures 3.2 and 3.3}, and the

erratic behaviour of amplitudes along the record sections.

It is also interesting Lo observe the behaviour ¢f the
travel-time curve, in compariscn with the above, when in the
limiting case the velocity pertu.rbation is allowed to
approach the zero value, 1i.e. for the homogeneous case.
Figure 3.12 shows the travel times for such a case. In
contrast to the results for the heterogenecus case, Figure
3.12 predicts that amplitude should increase progressively
aleng the forward branch and the retrograde branch., It was
also noted that the travel times for the homogenaocus model
were slightly less. It follows therefore that an additional
- effect of the velocity perturbations in the heterogeneous

case is to increase the mean vath length of the rays.

When the correlation disﬁance for the model of Figure
3.10 was increased to 10 km or 15 km, an egually good fit of
the observed travel times were obtained upto about 200 kn,
but the B branch was not defined at all. Since. a
quantitative compariscon of amplitudes is not posgsible ff@m |
these results, it is difficult to draw any firm conclusions
about the correlation distance that best describe the dJdata.
Intuitively, however, and from the results using the model
with a correlation distance of 5 km and the homogeneous
model, it is felt that a low value near 5 km rather than 10
km or 15 km is the more probable answer. This is supported

by the results of the numerical experiments in Chapter 2

which showed that short correlation distances could be
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correlated with shallow apparent discontinuities; and as
the results of Green et al. (1930} and Hadnal (1980) show,
an interpretation of the least-sguares apparent velocities

and intercept times lead to  some shallow  apparent

intermediate discontinuities,

In order to determine the r.m.s. fluctuation in
velocity that best describe the observed travel time
fluctuations, a series of traval-time curves ware generated
by varying the maximum velocity perturbation in Figure 3.10
and determining the corresponding mean r.m.s fluctuation of
the whole model. For a better gualitative comparison with
the observed data, the results were not plotted in the form
shown in Figures 3.9 and 3.1., but as travel-time residuals
relative to the least-square cegression line of the first
arrival times for the corresponding travel-time segment.
Figure 3.13 shows a comparison of the residuals £for the
observed travel times and the random model which best fit
the observed. As the figqure shows, the residuals are
comparable in wmagntiude. Figure 3.14 shows the result of
increasing the r.m.s. veloci“y fluctuation to 0.10 km/s (or
1.5¢) and 0.15 km/s (or 2.2%) respectively. It will clearly
be noted that the residuals are now too large to satisfy the

observed variation.

In order to ascertain that these parametets describe
the whole of the crust under the study area, a similar model
was computed for one of the travel +time profiles o©of the

other north~-south line (Line A{N-S)) wusing the same



8l

00€

(43) 3ONVISIA
08¢ 09¢ 042 pee 00¢ pet 091 0% 021 00T 08 09 0+ 0¢ 0
—--—--——-—-»-_-b_nbllﬂnh-“-—-—-—-—--.-—n—nh—_F-ﬂl—-ﬂh-L
[
o
x
=]
— o O g8 A —— * D
5 aaaaaﬂu nm_Eaaa w om .Dm
® o " o=
[ o
o
g/WN 90°0 = AQ SWy-"1300M WOONVYH
&
| <
i o
@ I R
. & €0 9) ) o7 b " 69_@6 ® @ % _“.UQ
N o

(5-N) 8 3NIT 1SNYd0J

(9)

(®)



82

eg/ux GT°0 ()
1 Y3TM Tapou 103 sTenpisal auT3-ToARIL HE % 2a1nb1d

(W) FONYLSIO
oo 082 09¢ 0¥ pzz 002 081 091" 0¥l 021 001 08 09 0% 02 0

rg/uy QT°0 (@) 309 uyotjenionr3d °"s°U

~Pu-H--ﬂ-Dﬂ—-#--—urn—nn-—-P_-nnw—-—----—--—-n—-t
1
—
o
i ()
I
[ o= )
po- — —88—— = o mwvamf1.ﬂ e e =¥} (4)
» @ - @ @ - O
a St
aa 9 g - % |
a -
® @ k
[ o |
n] PP
g/uA S1°0 = AC SUY-1300U WOONVY
1
=]
) ﬁm:
| 9
@ Fg | [,
~a— w — —m a8 ™
@ o % n) g © n} F £
] Q 7] £ i
] | QE @ -
n} Wmu
o0

g/Wd 01°0 = A SUY-13000 WOONYY



83

*(S-N)y @uL7 40} |SpowW WOPURJ JO (S4BIS) SaWL3 [IARA} Jp3-359g :G[-¢ aqnbyy

(WX) X JINVISIA
00€ 08¢ 09¢ 0%c 0¢¢ 00C 081 081 O#1 021 001 08 09 0+ 0¢ 0

—-th-L——-—Hun-_b-.—-—_-—._.—-nn#”nnh--_wﬂnr-lhllwvu-__-qL-hw
o

a o

w [ L

— o o

Lot (=] w

_— =
- N W
(=]

091
0.1

s I AN A A A D

061
002
012
gce
0ee
Sec
0¥C
S¥e
08e
062
0oe
0te
SEE

—_

¥
%

Ny %

— N>
3

]

WWWWWMJNWWHWWWW

— O

imm%“? M‘m‘*’}m’v 0

'lo

€

A _ad r._
abg WA RN AA A
409 Meeivw AL A Ay

S6
6el

¥
Ak
A L
631 FAWIAR ettt ———— g0
- W¢Jﬂ I
— :
¥

45

@
w
- W N W
o W w n
-~ @ O ~n

ﬁwlzu YV INIT--6461 LN3

69¢
9
9L

“:bsz
992
161

P
~3
wm

21e

¥
u_j 8%

2608 WMWMWWM
| Sm— T T T
I 2

¥39¢€

p- 15
—
-

SNYJ03I

(338) S-9/X-1



84

correl%tion disténce and r.m.s. velocity fluctuatlicon that
were determined earlier. Fijgure 3.15 shows the predicted
travel times (stars) that fit the observed travel times, and
Figure 3.16 (Table 3-2b) shows the the corresponding
velocity model from which the travel times were obtained. A
comparisen of the travel-~time residuals for Figure 3.15 is
shown in Figure 3.17. One may thus conclude with some
confidence that the travel-time and amplitude fluctuations
for the crust of this area may be described by a random
model with a correlation distance close to 5 km and a mean

r.m.s., fluctuvation in velocity of about 0.06 km/s or 13%.

3.5 EXTREMAL INVERSION OF TRAVEL TIME DATA

:In recent vyears, emphasis has shifted from the
conventional travel-time inversion technigue in which
layering is assumed in the crust, and a constant velocity is
ascribed to the layers towards a model of the crust in which
the velocity is allowed to wvary continucusly with depth.
The aim 1is then to obtain extremal bounds on the possible
velocity-depth distributions which fit the travel-time data.
These bounds themselves do not represent suitable velocity
profiles, nor do all velocity profiles which lie between the
bounds (Kennett and Orcutt,1976). The approach however,
recognizes the often stated fact that since only a finite
data set is usually available, with observational errors, an
infinite number of possible solutions to the inverse problem

exist (Rackus and Gilbert, 1968).
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;

Results of this approach to travel time inversion is
modestly represented in the literature. McMechan and
Wiggins (1972) introduced a method for the determination of
the envelope of possible veloeity models, by constructing in
the ray parameter-distance (p-4) plane, an envelope around
the data. The envelope was defined by the scatter of the
data points, the uncertainties in the measurements, and
various assumptions regarding the bhehaviour of the curve.
Bessonova et al, (1974, 1976} described a method for

deriving extremal bounds on possible velocity models from

estimates of bounds on the function tau(p) defined by;

. 1{p) = T(p)} - pX(p) . 3-n

where p is the ray parameter, T is the travel.time, and X is
the epicentral distance, They also discussed a practical
method of estimating the function tau(p). Kennett (1976)
compared the method of Besscnova et al. (1974) and the
linearized inverse technigue of Johnson and Gilbert (1972,
which alse wused the funchkion tau(ov) in which iterative
improvement is made to a trial medel until it is in
agreement with the data. Other studies which used the
linear inversion technique include those of Kennett and
Creutt (1976): and Dorman and Jacobson (1980}. Davies and
Chapman {1975} applied the classical Herglotz~Wiechert
method to obtain an envelope which contains all possible
models by assuming that the data are from one hranch of a
travel-time curve. Jurkevics and Wiggins {(1980) obtained

their velocity~depth envelope from a family of p(x) (ray

/s
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parameter versus distance) functions consistent with the
data, and Garmany et al. (1979) described a geometrical
approach which provides extremal solution using linear

PR

programming. .-

3.5.1 VELCCITY-DEPTH BOUNDS FOR THE COCRUST REFRACTION DATA

The method that was usad to obtain velocity-depth
bounds for the present data was suggestesd by Dr., R.F, Mereu
who also kindly supplied the computer subroutine. The
method is a simplified tau inversion technique similar to
that of Bessoncova et al. (1974) in that it uses the function
given by equation (3-1), and similar to the method of
Garmany et al. (1979} in that it exploits to full advantage
the geometrical nature of the problem. It eliminates the
rather complicated mathematical approach of some of the
other methods, and its major advantage is therefore its
simplicity. Basically, it determines a set of minimum and
maximum depths at which some computed velocities would occur
for layers derived from a se: of discrete slowness values,
and minimum and maximum taa corresponding to each value of
the slowness. A brief outline of the method and the

necessary equations are given in Appendix B.

Tau is the delay time function, and represents the
intercept on the time axis of a tangent to the travel-time
curve at the point where the 1local <glope is p (i.e. the
apparent velocity equals 1/p). It may therefore be

determined by numerical differentiation of the travel-time
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curve to obtain p, followed by a direct substitution in
equation (3-1). Johnson and Gilbert (1972), and Dorman and
Jacobson (1980) have shown that errors in p generate only
second-order errors in tau, which is one of the attractions
of the function. The other major advantage is that tau is
single-valued with respect to p, decreases monotonically
with increasing p and is continuous except at values of p
corresponding to the tops of any low~velocity zone at which

points it has a negative jump.

Since the present data were occassionally sparse
because of recovery problems with some of the records, it
was decided that interpolatior of the travel-time data and
differentiation to obtain p would not be very suitable. Tau
bounds were therefore determined by using the technique of
Bessonova et al. (1974) =“rom the knowledge that the

function:

I(x,po} = T(x) =~ pox (3-2)

has a single stationary point which is a maximum for the
generally direct, and a mirimum for the generally receding
branch of the travel-time curve; the extreme value of the
function 1is tau for the rav parameter, R As Kennett and
Orcutt (1976) reported in their comparison of the two
methods, the technigue of Bessonova et al. (1974) appeared

to have greater numerical stability.

The procedure then was to determine tau from the maxima

or minima of reduced time (T-pX) versus distance plots for
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trial values of p. From equation (3-1), one finds that for
an error in travel time §T and distance 3X for a particular

ray parameter, p the error in +t(p) will be approximately,

8t = 8T - p&x (3-3)

Since the error in distance is often very small, the error
in tau 1is approximately the error in the travel time. The
tau bounds may then be constructed with the estimated

travel-time errors.

Preliminary determination of tau using only the first
arrival times showed that an undesirable gap existed in the
tau and p data which corresponded to the retrograde branch
and parts of the B, branch. 1In order to reduce the portion
that would have to be interpolated to as small an area as
possible, retrograde arrival times were determined for Line
A(S-N), Line B(N-S), and Line B(S-N) where they could be
identified. Since these arrivals are second or later
arrivals, they were often obscured and it is estimated that
some of the travel times for this branch could be in error
by as much as 0.5 seconds. Similarly, the B branch was
often defined poorly by veary few arrival times, and the
maxima of the reduced time versus distance plot was not very

well defined., Errors in tau estimates for this branch could

therefore also be as high as J.5 seconds.

With the above in mind, tau bounds were constructed
with a width of 0.5 seconds, except for p values greater

than 0.15 s/km for which the width was 0.3 seconds to
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refléct the r;latively lowerlefrors for the earlier parﬁ of
the travel-time curve. The travel times for Line A{N-S) and
its reverse profile Line A(S-N) were very similar, so the
data were combined to give a single solution, The travel
times of Line C(W-E) was not inverted because the gaps in
the records between 140 km and 230 km, together with the
large scatter of the travel times for the Pn branch due to
poor signal-to-noise ratio mezant that the tau estimates

could not he determined satisfactorily.

Figure 3.18 (a), (h), and (¢) show the tau(p) extremal
bounds for Line A({combined), Line B(N-S), and Line B(S-N).
The fiqures show that the tau(p) bounds are essentially
similar excé§£ for values of o gréater.than about 0.155
s/km. This corresponds toe apparent velocities 1less than
6.45 km/s which indicat2s that considerable lateral
variation exists for the very shallow crust in this area.
This was also reflected 1in the large fluctuation in the
intercept times of the £first branch o¢f the travel-time
curves (see Table 3-1, 3-2, and 3-3). The small jump in
tau (p) between p equals 0.128 s/km and 0.133 s/km (Figure
3.18 b} corresponds to a change in tau estimates from the
retrograde branch to the Pn hranch, and 1is therefore
probably not real. The tau bounds for Line A required
interpolation in the interval of p between 0.143 and 0.156
g8/km, Since none of the sections showed any marked jump in
tau, no low velocity layer is associated with the c¢rust in

this area. ! Y

|
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Figures 3.19, 3.20, and 3.21 show velocity-depth bounds
obtained from the tau-p curves with the layer solutions
{dashed lines) of Hajnal (1980) superimposed for comparison.
The bounds of velocities less than 6.0 km/s are not shown in
the figures because the tau values in this region were
extrapolated to zero for the surface velocity and cannot be
meaningful., With the exception of Line A the layered
golution appear, for the most vart, to be well constrained
by the velocity-depth extremal bounds. The large bounds for
depths below 30 km is a reflection of the uncertainty in tau
bounds for this region. The unusual behaviour of the
- velocity-depth bounds of Line A with respect to the layer
solution might have been caused by an uncertainty in the tau
bounds due to the relatively wmore interpolation required for
this line. We, however, recall that the travel-time curve
of this profile also behaved exceptionally, leading us to
suspect that the problem with this profile may have 1its
origin 1in the local c¢rustal structure of this area. The
fact that the profile lies along portions o©of the Superior
Province boundary as delineated bv Green et al. (1979) (see
.-Figure 3.1} might be responsible for the anomalous
behaviour. Additional investigation along this line of

thought is planned for the future,

In Figures 3.22 and 3.23, a comparison of the
velocity-depth bounds 1s made with the random veldcity
models of Pigures 3,10 and 3.16. The figures again show

that good agreement occurs for depths above 30 Kkm,
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corresponding to portions of thé. refractiﬁn séétions from
which relatively accurate tau bounds could be estimated.
The similarity of the models above 30 km, and the relatively
good fit of the travel times shown in Figures 3.9, 3.11, and
3.1% all suggest that the random model may be considered as
a tightly conqtrained extremal solution of the data.:u ;

i
j



CHAPTER 4

P-WAVE SCATTERING THROUGH AN UPPER MANTLE

WITH RANDOM INHOMOGENEITIES

4.1 VELOCITY STRUCTURE OF THE UPPER MANTLE

The upper mantle is another region of the Earth where a
great deal of uncertainty and complexity exist. However,
the considerable progress which has been made in determining
body wave velocities in this region of the Earth's interior
has, to some extent, enhanced our understanding of its
properties, Because of the implications of the results of
our numerical experiments to the interpretation of upper
mantle travel times, a brief review of existing upper mantle
velocity models and their travel-time curves is appropriate

in providing a basis for comparison.

The large number of velocity models in the 1literature
today, and the differences 1in detail between them is an
indication that there are significant regional and lateral
variations 1in structure of the upper mantle. Other reasons
for these differences include limitations in the
interpretation of the observed data caused by incomplete and
inaccurate data, and the non-uniqueness of the geophysical

inverse problem.
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Two of the earliest models commonly referred to are
those of Jeffreys (1939) and Gutenberg (1959). The velocity
distributions in these models are similar in many respects
except that the distribution of Jeffreys has a sharp
velocity increase at a depta of 413 km (Figure 4.lc),
whereas that of Gutenberg shows a low-velocity zone from
just below the crust to a depth of 200 km (Figure 4.2c).
The justification for Gutenberg's low-velocity 2zone was
amplitude data from shallow focus earthquakes, which show a
rapid decrease in amplitude with distance up to about 15
degrees where they suddenly become large, and thereafter
decrease more slowlv. The minor triplication around 20
degrees in Jeffreys' travel time curve (Figure 4.1b) is
caused by the sharp velocity increase at 413 km depth and is
absent in a later model by Jeffreys and Shimshoni (1966).
There was, in later vyears, evidence from surface-wave
dispersion studies in support of Gutenberg's low-velocity
layer in some regions (Press, 1959, Takeuchi et al., 1959;
Dorman et al., 1960); and there were also indications oOf
two 2zones with rapid increase in shear velocity with depth
between 350 to 450 km and 600 to 700 km (Anderson and
Toksoz, 1963; Toksoz and Anderson, 1966; Toksoz et al.,

1967).

Other gross earth models include those of Lehmann
(1964) which explain the sames general features as those in
the Gutenberg model, and Herrin et al. (1968) which 1is an

over-simplified model of the upper mantle adopted in order
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to provide a standard for the 1investigation of regional

variations in travel times (Figqure 4.3).

' The development of arrays in the late 1850's made it
possible to determine dT/dy  directly without having to
smooth and numerically differentiate widely spaced data,
This facilitated measurements for the first arrivals as well
as for later arrivals which could then be included in the
inversion of travel time dJdata for more reliable results.
Since then, a large number of studies have been done on the
velocity structure of the ea:th‘s.mantle, and comprehensive
reviews may be found by Lehmann (1967}, Julian and Anderson
{1968), Hales (1972), and Simpscn (1973). A sunmary of
recent models include those of Niazi and Anderson (196%),
: Lukk and Nersesov (1965), Johnson (1967}, Kanamori (1967),
Green and Hales (1968), Lewig and Meyer (1968), Archambeau
et al. (1969), Helmberger and Wiggins (1971), Wiggins and
Helmberger (1973), Mass and Alexander (1974), Simpson et al.
(1974}, King and Calcagnile (1976), Dey-Sarkar and Wiggins
(1976), Ram and Mereu (1977), Burdick and Helmberger {(1978),

Ram Datt (1981}, and others.

While all these models also differ from one another in
detail, most of them contain the same general features, i.e.
“discontinuities or large pecsitive velocity gradients near
| depths of 400 km and 600 km (see f{or example Figures 4.4c,
~4,5¢ and 4.8¢); and a low=velocity zone at some depths in
the upper-most mantle (Figures 4.5c and 4.6c). The presence

- of these transition zones implies that two major
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triplications
- distances less than 30 degrees as indicated in the examples

shown in Figures 4.4b to 4.8b.

4,2 RESULTS FROM EXPERIMENTS FOR THE UPPER MANTLE

The numerical experiments for the upper mantle followed
the same general procedure described in Chapter 2 for the

crustal models. The basic starting velocity model is shown

' in Figure 4.10 and consists of the Herrin model (Herrin et

al., 1268) for depths below 40 km. The top of the model was

. represented by a single-layered crust with a transition zone

‘where the velocity increases Irom 6,75 to 8.0 km/s bhetween
depths o¢f 30 and 35 km. The theoretical travel-time curve
for such a model is a smooth continuous curve without any
- triplications or Dbreaks, and is shown in Figure 4.11. The
crosses in that figure represent travel times calculated for
the model by the ray tracing vrogram described in Section
2.3.1 of Chapter 2, wheresas the continuous curve was derived
ffom coﬁvénfiénal ray theory (Bullen, 1963). As the figure
indicates, agreement between the two 1s very good, and
Figure 4.11 represents ancther check of the ray tracing
procedure, Figure 4,12 shows ray paths that would be

obtained for such a homogenecus model.

The basic model was then modified with random
variations in vwvelocity in the same manner as the crustal
" model of Figure 2.3. The max.mum velocity perturbation was

0.2 km/s {or 0.07 km/s r.m.s.), and the correlation

should exist in the travel-time curve for
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parameter was fixed at 15 km Dbecause this value is
consistent with results from other upper mantle studies
(e.g. Aki, 1973). The resulting ray path diagram for one
of the models is shown in Figure 4.13. An examination of
this figure reveals that the smooth predictable travel paths
evident 1in Figure 4.12 has now been replaced by complicated
paths which show many local retrograde patterns, and in some
cases appeared to be affected by a channelling effect
probably caused by small-scalz, local negative gradients.
The manner in which these features are translated on to a
travel-time plot is shown in Figure 4.14 where the travel
time of each ray has been 2lotted on a reduced time scale
(reducing velocity is 10 km/s) as a short line. The slopes
of the short 1line segments show the slowness (dt/dd) for

each arrival point.

Figure 4.14 predicts that as a result of multi-pathing,
several arrivals of distinctly different dt/dA should be
observed on any seismogram, and that rapid changes in dt/da
should be observed over very short distances. This is
particularly true for the dis:ance range 17 to 25 degrees,
and was consistent when the experiment was repeated for a
different set of random numbe:s (Figure 4.15). This pattern
of points is very similar to the overall appearance of
observations obtained from a number of array studies; e.g.
Simpson et al. (1974), Ram and Mereu (1977), England et
al. (1977), Ram et al. (1978), and Ram Datt (1981). An

example from Simpson et al. (1974) is shown in Figure 4.16,
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and another from Ram et al, (1978} is shown in Fiqure 4.17.

If one attributes the rapid changes in the slowness of
the first arrivals to the effect of the discontinuities near
400 and 650 km, major triplications are introduced into the
theoretical travel-time results such as indicated in Figures
4.5b-4.9b. Signal amplitudes should therefore be observable
on the forward ends of the later-arrival branches. Howevef,
considerable difficulties have been encountered when
attempts were made to ident:ify these branches by following
through the pattern of later-arrival dt/d4 measurements.
.Green and Hales (1968) in theilr study of P-wave travel times
- in the central United States also found little evidence for
the .triplicated branches. Mereu et al. (1974) explained
their absence by varying Q such that the values of @ above
each of the two high velocity gradient zones were at least
 50% less than the values just below the zones, and Ram Datt
{(1981) attempted to examine the extensions in terms of
reflections produced by the underside of the
discontinuities. However, the complexity of the Ram Datt
(1981) model (Figure 4.,9) does however suggest that a random
media approach to the problem may provide an alternative
explanation for the absence of the branches. In other words
the branches are not observable because they do not exist,
and the complex pattern of slowness observations 1s the
direct result of scattering from lateral and vertical
inhomogeneities as is shown in Figure 4,14 and Figure 4,15,

This contention will be further illustrated by an inversion
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of the synthesized travel-time and slowness data of Figure
4.14 to obtain a velocity-depth profile which will be

compared with the models derived from the array data.

4.3 APPARENT VELOCITY MODEL

The procedure which was ised here to obtain a velocity
model for the synthesized data 1is the simplified tau
inversion method described in Chapter 3. As was indicated
in that chapter, the method is similar to other methocds that
define a velocity-depth envelope which bounds the range of
earth structures consistent with the data (for example
McMechan and Wiggins, 1972; Bessonova et al., 1974;
Jurkevics and Wiggins, 1980). It determines a set of
minimum and maximum depths at which some computed velocities
would occur for layers derived from a set of discrete
slowness values and minimum and maximum tau corresponding to

each value of the slowness.

Figures 4.18 and 4.19 chow 1 -p plots for the two
scattering models described earlier and, for comparison,
Figures 4.20 and 4.21 show corresponding 1-p plots for the
travel-time plots of Figures 4.16 and 4.17 from array
studies in the Australia region (Simpson et al., 1974), and
western Canada (Ram et al., 1978) respectively. As may be
seen from these figures, the general shape of the plots are
similar, and the scatter in the data is of comparable
magnitude for the four cases especially when the results

from the scattering models are compared with the
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first-arrival array data. Also shown in Figures 4.18 and
4,19 are the 1-p curves for the corresponding homogeneous
model (unbroken line), and further comparisons were made
between the array data an¢ the J-B and Herrin models
(Figures 4.20 and 4.21). On the basis of comparisons
between the scatter of points about the homogeneocus T -p
curve in Fiqures 4.17 and 4.18 for the synthesized data, and
the scatter of points about the J-B and Herrin curves
(Figures 4.19 and 4.20) for the array data, it is concluded
that the J-B model gives a better fit to the array data for
the deeper upper mantle regions. The Herrin model appears
to give a better fit for the uppermost mantle of these two

regions.

The velocity-depth bounds obtained from the 1-p
inversion of Figure 4.18, and the velocity structures
obtained from the SMAK II mod=l (Mereu et al., 1974), the
RMW-2 model (Ram et al., 1978), and the Ram Datt model
(1981) are compared in Figure 4.22, The Ram Datt model was
also obtained for north of Australia. The figure shows that
the velocity models derived from the array data are well
bounded, for the most part, by the extremal model from the
synthesized data. This indicates that the random model |is,
in general terms, a plausitle upper mantle model. It will
also be noted that the extremal velocity bounds show several
velocity Jjumps, thereby predicting discontinuities where
none, in fact, existed. The indication, therefore, is that

it may not always be necessary to invoke velocity
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discontinuities in the upper mantle to explain breaks in the
travel-time curve or the rapid variations in 4T/4 data from

array studies.



CHAPTER 5

ARRAY SIGNAL COHERENCE AND ITS
RELATIONSHIP TO P-WAVE SCATTERING

; . ) . : T
[ : ’ :

5.1 RATIONALE o _ o .

If the aésumpﬁion is valid, as. evidencé from
travel-time, slowness, and amplitude anomalies seem toO
suggest, that various regions of the Earth are
heterogenecus, the question arises as to whether. hore
scattering takes place along certain travel paths as opposed
to others. To investigate this further, use was made of the
fact that when a ray path passes through a homdééﬁeﬁus
earth, the energy that arrives at a seismic array will be
relatively coherent and the complexity of the signal will
depend mainly on the source function. However, when the ray
path passes _through both lateral and vertical
inhomogeneitiés, much of the signal energy is scattered and
arrives at the array as incoherent energy. The signal
complexity in this case w.lll therefore depend not only on
the source function, but alse on multipathing effects caused
by the rapid changes in velocity gradient and on random
gscattering of the signal energy along the travel path,
Since the individual P-wave recording at any seismic station

must necessarily consist of b2oth the coherent and incoherant
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-or scattered energy that arrive at the station, a separation
. of the incident energy into these two components should
- provide some information about the relative scattering

| properties along the travel path of the incident signal,

in this réspecﬁ, the advantages of a seismic array dﬁer
a single seismic station are of particular importance.
Fifstly, arrays make it possible to measure directly the
slowness (or apparent velocity), and the azimuth of the
signal. Secondly, by applying time delays to bring the
sigﬁéls into phase and summing the coherent outputs from
each seismometer, an improvement in signal-~to-noise ratio
(SNR} is achie?ed. Since srcattered waves generally arrive
at a station :éimultaneously from a range of different
directions with different apparent velocities (King et al.,
1975), a reliable estimate of the slownesses and azimuths of
the various contributions is only pessible from this type of
processing. Array signal processing technigues thus wprovide
some attractive capabilities for the study of scattered

waves.

| Othe? te&hniques based on the complexity of P-wave
signals have been emploved, to some extent in the pask, to
study the wvariations 1in earth's structure, and source
characteristics. Lambert et al.(1969) in a study of signals
from the LONGSHOT explosion described a complexity factor
(F,) based on a time distribution of P energy in the signal.
They found that F., was distance dependent, and noted that

average complexities should be interpreted carefully since
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'én average from near statiohs would bé much differént than
.an average from distant stations. They also pointed out
that égmplexity i5 meaningful in studying several events
only when these events are at approximately the same
distance from the stations. Douglas et al. (1973) also
studied the complexities, spectral ratios, and magnitudes of
some explosion signals from different tectonic regions.
They c¢oncluded that the conplexity of P signals is caused
when the direct P travels by a path of lower average Q

relative to the later arrivals.

The major limitation of this complexitf factor,'
however, is 1its inability to effectively discriminate
between complexity generated at the sourée, and that
generated by structure between the source and the station or
under the station. This greatly restricts its application
to  earthguake signals which, as often as not, have
complexity generated near the source region. The parameter
which 1is developed in this chapter depends on the coherence
of the signal, and appears to have that discriminating

property.

5.2 THEORETICAL CONSIDERATIONS

A convenient way of separating the coherent energy from

the scattered energy incident at the array 1s by the beam
forming process (see for example Birtill and Whiteway,
1965). In its basic form, beam forming consists essentially

of applying appropriate steering delays to the individual



"chanhel. of an array..to borrect for .the .hon—vertical
incidence of seismic energy, summing them and taking the
mean to obtain the beam. The assumption is that the signal
is coherent between stations and the noise random or
incoherent. For medium aperture type arrays like the
Yellowknife (YKA) in Canada, Gauribidanur (GBAY in India and
Warramunga {WRA) in Australia, the inter-seismometer spacing
of 2.5 km is such that these simple assumptions about the

noise field are essentially valid.

Displayed in Figure 5.l1la are a set of synthetic array
data 16 seconds long generated with a single 3-second
wavelet iptroduced across the array with an appavent azimuth
of 191 degrées, and an apparent velocity of 8.0 km/s. The
physical parameters of the array are those of GBA Dbecause
some of the earthquake data later used in this study were
recorded at that array. The arréy consists of two L-shaped
arms {called blue and red Llines) each containing ten
short-period, l=-second vertical seismometers spaced at 2.5

km intervals,

The adapiive processed solutions obtained by’ a method
criginally described by Gangi and Fairborn (1968), and
discussed by King et al. {1873), wusing the computer
programs of Mereu and Ram (1975) are shown in Figure 5.1lb.
Each sampled point of the seismometer channels may be

represented as

gij = sij + nij; where 1 = 1,.,.M; J = 1...K (5-1)
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Figure 5.1: (a) Synthetic array data without noise using
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wavelet.

{b) Adaptive processed solutions (SR is the
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g = the j-th sample of the output at the i-th
seismometer

n.. = the j-th sample of noise at the i-th
seismometer.

s. = the j-th sample of the signal.

M is the number of seismometers in the array, and K 1is the

total number of sampled points per channel. The noise term

consists of two components made up of random, and signal

generated noise. The random part includes instrument

generated noise, and wind noise which are stationary and

independent of the presence of a signal. On the other hand,

the signal generated noise arises as a result of incoherent

energy caused by scattering along the travel path due to

lateral, and vertical inhomogeneities.

Thus the beam is

iy, (5-2)

It is therefore obvious that when noise 1is absent as in
Figure 5.la, the beam (SEB) 1is identical to each of the
individual channels with tte appropriate steering delay
applied. The steering delays are calculated according to

(see for example King et al,,1973)

R.cos($-5.)
£, = 1 ’ 1 (5-3)
1 v

where R, and 9; are the polar coordinates of the sites for



137

¥
L

the i-th seismometer with respect toc the cross~over point of

the array; ¢ and V are the expected or given azimuth and

- . apparent velocity respectively.

One other useful output from beam forming processing is
" the Time Averaged Product (TAP), and it represents the
. square root of the variation of the correlation coefficients
”fof .a fixed window-width [TAP window) moved along the
partial sum outputs of the beam. It is obtained by taking
the sgquare root of the product of the sum of the red (SRED)
~and the sum of the blue (SBLUE) channels averaged over the

TAP window (see Figure 5.1lb).

When the éignal is perfectly coherent across the afray
and the steering delays accurately determined, the enerqgy of
the beam (E;) defined as the sum of the squared amplitude of
the beam 1is equal to the energy &f the individual channels
| or, more appropriately, the mean energy of all the
individual channels (B, ) since as indicated earlier, SRB is
now identical to the individual channels with appropriate

delay appliedé'_L

Similarly, the beam of the red channels (SRED) and the
beam of the blue channels (SBLUE) are identical to SRB and

- from equation (5-2)
R.= B, =P, =g, - (5-4)

for the ncise-free case, where Rj’ Bj and Fj are the sampled
. * - f
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beam of the red, blue and total channels respectively. From

the definition of TAP, we have that

=]
]
A
[l
(S

s )
R.B.1¥s kw4 =1 5-5)
j+B5] J (

where N is the number of points in the TAP window. For

example

Al = si + s§+ s§+ G = e B s;

o in 53+ 5§ t8g *eeu * Sy sy

Ay = sg +si +s§ Fowes * s§+l + s§+2 (5-6)
A4 = si +s§ +56 Woae i u rars A s§+2 +5§+3

etc.

If the energy as defined earlier 1is the sum of the

squared amplitude trace, then the energy of the TAP trace is

given by
K
E, = LA
T 4oy 3
_ 2 2 & 2 2
= s] + 2s; + 355 +... N.[sN + Syeq (5-7)
2 2 " 2
Sy42 * e ? 5K-N+1'+"‘+25K—1 + s

From equation (5-7) we observe that when the end effects are

avoided, the TAP energy is
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K=-N+1 2
Ep = N. L s (5-8)
j=n J
But Es? is the energy of the individual channels, or Eav.

Therefore the energy of the TAP is equal to the mean energy
of the individual traces multiplied by the number of points

in the TAP window.

From the preceding, it follows that when all the energy
incident at the array is coherent, the ratio of the energy
of the beam to the mean energy of all the individual traces
equals unity; or the ratio of the TAP energy to the product
of the mean energy of all ind:ividual traces and the number

of points in the TAP window equals unity, i.e.

EB/Eav 1.0

and (5-9)

1.0

ET/Eav.N

Fiqure 5.2a and 5.2b illustrate another synthetic
example in which three wavelets were introduced across the
array of records representing a case with two additional
arrivals coming in with the same apparent azimuth and
velocity as the first arrival. Equation (5-9) would be

found to be equally valid for this case.

Very few seismic signals, however, exhibit the simple
configuration of these examples. A problem therefore arises

when we have a complex signal with different parts of the
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signal train arriving at the array with different apparent
azimuths and velocities due to multipathing, coherent
scattering and random scattering. The problem 1is
illustrated in Figure 5.3, and arises because in the
conventional beam forming and adaptive processing routine,
the initial trial velocity ard azimuth must be close to the
true values, and the optimum beam formed is for one
particular velocity and azimuth. Other c¢oherent energies
which arrive with different apparent velocities and azimuths
have a degenerated beam, and appear incoherent, In Figure
5.3a for instance, the three arrivals have different
apparent azimuths and velocities and only the central event
with a velocity of 9 km/s, azimuth 195 degrees appears
coherent in the beam and TAP traces. As can also be seen in
Figure 5.3b, even the decenerated events have very good
adaptive processed solutions, but in spite of the fact that
the three arrivals are coherent, the established relations

of equation (5-9) would not rold for this case.

To overcome this problem, the beam was formed 1in an
iterative manner by using a range of apparent velocities and
azimuths, and preserving the maximum wvalue of the beam so
formed for each point of the signal trace. In this manner,
a good beam (SRBMX in Figure 5.4) was formed for coherent
energies arriving at the array with different apparent
azimuths and velocities, and all incoherent energies still
remain degenerated 1in the beam. Equation (5-9) with SRBMX

and TAPMX energies substituted for the SRB and TAP energies
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respectively should then always remain valid when all the
energy incident at the array is coherent. In the presence
of random noise, the noise term in equation (5-2) for the
beam has a near-zero average value, and the beam energy (EB)
is approximately the energy of the coherent signals. Since
B, is the mean energy of the coherent signals plus noise,
then Eg/E,, or ET/{N.Eav] should give the fraction of the
total energy that 1is coherent. In the presence of
incoherent energy which is not random, destructive
interference reduces the incoherent energy in the beam but
does not reduce it to zero, In the TAP trace however, the
incoherent energy has a near-zero value, and the ratio
EE/(N'EEV) should then always give the fraction of the total
energy that is coherent, and the incoherent or scattered

fraction can thus be determined.

The velocity~ and azimuth-sweeping process just
described resulted in some slight distecrtion to the beam
{Figure 5.4b), and also generated some random noise which
caused the beam energy tc increase slightly. However,
because the TAP is a measure of the correlation of the
coherent energy along the trace, the iterative TAP energy
for TAPMX was not adversely affected by the sweeping
process, and the average errcr introduced was only about 2%,
For th}s reas?n, the relationship given by equation (5-9)

which uses the TAPMX enerqy instead of the SRB energy is

considered the more reliable of the two.

| _ _ o
. \ : _
. . :
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5.3 DATA ANALYSIS PROCEDURE

Since the initial computing steps for the hédherence
parameters described in the last section is very similar to
those used in adaptive processing techniques, a computer
program was developed around a package for the analysis of
array data using adaptive processing methods described by
Mereu' and Ram (1975). The program which was written in
Fortran IV reads data from cards for synthetic data, and off

a magnetic tape for earthquake data.

Table 5~i lists the main computational steps required
.'for processing both synthetic and real data. 1In steps 4 to
10 of the table, the range of velocities and azimuths which
must be scanned 1is determined by the apriori information
that is available about the events. For example, an
inspection of the adaptive processed solutions of some of
the earthquake data used (Ram and Mereu, 1977) showed that a
velocity sweep of 5 km/¢ and an azimuth sweep of 8 degrees
about the starting values selected in step 4 were
sufficiently adequate ta cover the spread which occurred for
most of the events. If records which have not been
previously processed are +to be used, however, a larger

sweeping range must be used.

In steps 11 to 14, the energy per point was used in all
computations instead of the total energy per trace in order
to compensate for the slightly wvariable data length from

ahannel to .channel, and from record to record. The
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TABLE 5~1

v

MAIN STEPS IN COMPUTING SCATTERED ENEﬁéY ?ﬁOM ARRAY ﬁATA
1. Read 1in c¢ontrol parameters e.g. array
location, sampling rate, cutoff freguencies,
expected azimuth and velocity, etc,

2, Select earthquake event, and read data
from tape;l..  | _ | o “ | |
3. Filter and normalize data.

4. Select starting velocity and azimuth
sufficiently smaller than”expected values.-. |

N 5. Calculate steering delays, form beam and

Time Averaged Precduct (TAP), and store. |

6. Add increment to starting velocity. and

repeat step 5.

7. Compare each point of the new beam and TAP

with the o0ld, and store the values of greater

magnitude.

8, Repeat steps 6 and 7 until adequate

velocity sweep has been obtained, and store

the optimum beam and TAP.

e
s



TABLE &5-1 Continued

9. Repeat steps 6 to 3 for the azimuth, and

store the optimum beam aﬁd TAP,

10. Compare the velocity and azimuth beams of
steps 8 and 9, and obtain "super" beam (SRBMX)
and TAP (TAPMX).

11, Determine onset fimes of event on all
traces autcmatically and compute energy per
point of the individual traces. Also compute
the average energy per point of all the traces
(Eav), and of the first few seconds prior to
the P-wave onset for noise correction.

12. Compute energy per point of SRBMX and

TAPMX. ..

13. Compute the complexity factor (Fc] of the

beam {(see for example Lambert et al. (1969)).
14, Compute the coherence parameter using
equation (5-9) after correcting for noise if
necessary. | |

15. Print results and punch on cards.

147
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complexity factor (F

c) (Lambart et al., 1969) was also

computed for comparison. It involved squaring the digitized
signal amplitudes and smoothing the result with a 3-second
integrating window moved by increments of 1/20 of a second
to produce each point on the integrated trace. The square
root of this trace was then taken as the final trace.
Finally, the ratio of the area under the curve from 5 to 35
seconds to the area under the curve in the first 5 seconds
was taken to obtain F,. For simple signals Fc was close to
2 or less, for complex signals F_, is usually greater than 2

(Douglas et al.,1973).

In order to correct for moderate random noise levels in
the signal, the P-wave onset for each channel was determined
by an automatic procedure, and the energy per point of 1
second of noise sample at the beginning of the trace, prior
to the onset of the signal was determined, and subtracted

from the total energy per point to remove the effect of

random noise.

Thirty-six seconds of 20 channel array data were
available for investigation, and all computation was
performed by the CDC Cyber 73 computer described in Chapter
2. For a typical run of one earthquake record consisting of
20 by 36-second traces, an average of 56K words of memory
and 42 seconds execution time was required. All the

synthetic data were restricted to 16 seconds,
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5.4 TESTS WITH SYNTHETIC DATA

In order to investigaté Ehé'perfofmaﬁce and.feasibility
of the method, tests were carried out with the aid of some
synthetic data. The tests were directed at determining the
effectiveness of the wvelocity and azimuth sweep, the
effectiveness of the ncise correction procedure, and the
ability of the method to determine accurately from array
data the relative amount of incoherent energy incident at
the array. They were also to serve as a check for the

computer program used.

' Coherence measurements were made on synthetic records
similar to those shown in Figures 5.1 to 5.3 using different
values of velocity and azimuth to initiate the sweeping
process. It was found that the procedure werked very well
and predicted the apparent velocitiés and azimuths used to
generate the records accurately. The maximum deviation from
unity of the ratio Er/(N.EaV) for coherent wavelets was in
all the tests less than 0.05.

i : R
i -

fnffTh; norﬁal prccédure for redﬁcing the effecﬁ Lof noiée
on a signal "is to substract a noise correction from the
signal using a portion of trace prior to the P arrival to
determine the correction factor. 1In order to establish the
effectiveness of such a procedure for the coherence
.I.!i.e.a.!..s.lu.'r':'9111.1(='3x"|t':.=_'.,,'i .variable amounés bf randoﬁh ﬁoise..ﬁere
generated and added to a set of synthetic data made up of a

single wavelet which was c¢oherent between the traces.



150

Figure 5.5 shows such a set of synthetic data for a
noise~-free case, and for two other cases where the total
trace energy was made up of 20% and 60% random noise
respectively. The deviation from unity of the ratio
ET/(N.EaV) for the synthetic array data after the noise
correction has been applied was plotted as a function of the
per cent noise content of th2 signals, and is shown in
Figure 5.6. It will be noted that for moderately low noise
levels, the correction is relatively very good as shown by
the low deviation; but for high noise levels, the deviation
increased rapidly reaching 0.9 for 90% noise energy (not
shown in the figure). This result was justification for
later rejecting excessively noisy records in the analyses

with real data.

Finally, to establish the ability of the method to
accurately predict the amount of incoherent energy present
in the signal, the incoherent part of the test signals was
again represented by variable amounts of random noise of
pre-determined energy. As the SRBMX traces and, especially,
the TAPMX traces of Figure 5.5 show, such randomly generated
signals are incoherent between the traces when generated
independently for each trace. The ratio ET/(N.Eav} was
computed for several test signals with incoherent energies
which varied from 0% (Figure 5.5a) through 60% (Figure 5.5c¢)
to 90%. At least five measurements were made for each
incoherent energy value using a differently generated random

signal each time, and then determining the mean because the
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results were very much dependent on the characteristics of
the random signal used for the incoherent part. The
predicted mean values of the incoherent enerqv given as a
percentage of the total energy are compared with the real
values in Figure 5.7, where the error bars on the predicted
values represent the standard deviation of the mean. As
Figure 5.7 shows, the predicted values are relatively
accurate, but generally fell slightly below the expected or
real values especially as the percentage of incoherent
energy increases. It would therefore appear that the beam
formed for signals with large incoherent energy levels

failed to completely suppress all the incoherent energy.

5.4.1 ADDITIONAL TESTS WITH NTH ROOT BEAM FORMING

The Nth root beam forming method was first suggested by
Muirhead (1968) because it was found pvarticularly effective
in enhancing coherent energy, and suppressing noise spikes
in an automatic event detection system. It is a non-linear
multichannel filtering technique, and has been described and
applied by Kanasewich et al. (1973), Ram and Mereu (1975),
and Muirhead and Ram Datt (1976). It 1is very similar in
principle to the beam forming process described earlier, but
involves taking the Nth root (usually 2, 4 or 8) of each
signal before summing, and then raising the summed result to
the Nth power with the original sign preserved during the
Nth root and Nth power processes. The Nth root beam forming

equations are then,
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)
Sj is tﬁe fiiter output, gj islthe seismometer output of the
i-th channel and j-th time for the case with M channels; G
and Gi are the common gain to which all channels are
normalized and the gain of the i-th channel respectively;

To is the arrival time of the wavefront at the cross-—-over

point; and ti is defined by eguation (5-3).

The'sigﬁéi.'eﬂhaﬂéeménﬁi capability bf the Nth robt
method suggest that some improvements on the results of our
- coherence measurements might be achieved by this method.
Consequently, known gquantities of coherent and incoherent
signals were again mixed as in the earlier tests, and
predicted values were computed using Nth root beam method
for Nth root of 2 and 4. A comparison of the results with
that of the reqular beam forming method is shown in Figure
5.8 without the error bars which were generally of the same

order of magnitude as those shown in Figure 5.7. As Figure

5.8 indicates, considerable improvement 1in the predicted

N
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W

values was achieved, and the values which are in closest
agreement with the expected or real values were obtained
with Nth root of 2. FPor Nth root of 4, predicted values

generally tend to be greater than the real values indicating

L that part of the coherent signal was suppressed by the high

'rdoﬁ. L

In summary, although the Nth root method appeared to
give more accurate predictions of the percentage of total
trace energy that was inccherent, it also resulted in an
average 1increase of about 48% 1in the computing time and
cost. On the other hand, reasonable accuracy was achieved
by the direct beam forming approach for incoherent energy
less than 60%, PFor 60% incoherent energy which as will be
geen in Chapters 6 and 7 is about the upper limit determined
for the earthquake data investigated, the error in
prediction was 1less than 7% and down to 4% for 30%
incoherent energy. These values, as will also be seen
later, fall well within the range of the scatter of points
for the events investigated. For this reason, it would be
prudent to employ the regular method when a very large data

set is to be used,



CHAPTER 6
PRELIMINARY ASSESSMENT COF COHERENCE

MEASUREMENTS ON GBA AND YKA DATA

6.] OBJECTIVE AND RATIONALE

.ﬁaving deﬁefmined ffom teéts Qiﬁhhéynﬁheﬁié déta that
the procedure developed 1in Chapter 5 was capable of
producing a quantitative measure of the c¢oherence of a
seismic signal, it was decided to apply the method to a real
data set from the GBA and YKA arrays. The aim was to
determine to what extent the coherence parameter could be
used as a measuring instrument for comparing the

heterogeneity of different upper mantle regiongf |

EThe GBA and YEKA arrays were chosen.for the study for a
.numéer of reasons. Firstly, data froﬁ the a:rays, which
formed a reasonably uniform distribution of events for the
distance range of interest were already available in
digitized form on tape. In addition, there were the
adaptive processed solutions for these data together with
the results of some earlier studies on the slowness and
travel-time anomalies (Ram and Mereu, 1977; Ram et al.,
1978) which provided a good starting point for the present
study. Secondly, GBA is ideally situated for upper mantle

158
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studies because the earthquake belts associated with the
Himalayan mountaing to the north of the arrav, the spreading
centre of the mid-oceanic ridges to the scuth-west, and the
subducting plate margin to the south-east (Figure 6.1)
suggest that the upper mantle structure in this region is
considerably heterogeneous. Thirdly, because the Nevada
Test Site (NTS) lies within our distance of interest from
YRA, it provided a set o0Ff events with near-identical
epicentral distances and azimuths which could be used to
test the consistency of the method, and hence help to
determine what the effects of other signal factors might be

(see Figure 6.2).

The extent to which the coherence measurements may then
be related to the heterogeneity of the upper mantle will
depend on the extent to which these other factors can be
successfully identified and removed, or corrected for. 1In
some of the following sections therefore, we shall discuss
the effects which the intrinsic signal complexity, the
frequency composition of the signal, the focal depth of the
source, and the local crustal structure near the array and
in the source region are likely to have on the results.
This discussion should hopefully illustrate why such a
knowledge would lead to an objective selection and analysis
of events which would minimize these effects, and allow for

a meaningful interpretation of the results.
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Figure 6.1:

Epicentral map for earthquakes
{(GBA) used in the upper mantle
study around India. Concentric
circles denote epicentral
distances of 20°, 409, 60° and
80° from inner to outer circle.
The azimuth distributions of
events are: 1, Himalayan
region (0°-90°), 2. Java trench
(90°-180°), 3, Mid-Indian
oceanic ridge {1800—2800), and
4. nindukush region (280°-
360°), The select Hindukush
events used for the Focal

depth study in Section 6.7

are identified by "H".
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Figure 6.1:

Epicentral map for earthquakes
{(GBA) used in the upper mantle
study around India. Concentric
circles denote epicentral
distances of 20°, 400, 609 and
80° from inner to outer circle,
The azimuth distributions of
events are: 1, Himalayan
region (0°-909), 2. Java trench
(90°-1800), 3. Mid-Indian
oceanic ridge (180°-2807), and
4. Hindukush region (280°~
360°). The select Hindukush
events used for the Focal

depth study in Section 6.7

are identified by "H".
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Figure 6.2:

Epicentral mep for earthquake
recorded at the YKA. Cen-
centric circles denote
epicentral distances of 20°,
40° and 60° from inner to
outer circle. The azimuth
distributions of events are:
1, California region (165°9-
265°), 2., Alaska Peninsula
(2650-2859) .,
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6.2 THE GAURIBIDANUR SEISMIC ARRAY

The Gauribidanur seismic array (GBA) was sponsored by
the United Kingdom Atomic Energy Authority (UKAEA) in the
early sixties with cooperation of the Bhabha Atomic Research
Centre (BARC), Government of India. A detailed description
of the array was given by Mowat and Burch (1974), and some
of the relevant information about the array are described

here for completeness,

It is L-shaped, and each leg contains 10 short-period
vertical Willmore MK II seismometers spaced at intervals of
2.5 km (Figure 6.3). The output of each instrument is
carried by a telemetry system to a central laboratory where
it is recorded in analog form on a 24~channel FM magnetic

tape.

The area around GBA is almost flat and the array is
underlain by Archean gneisses, schists and igneous
metamorphosed rocks with foliation which trend NNW-SSE
(Berteussen et al., 1977). A thin layer of soil varying in
thickness from 1.5 to 4.6 meters covers the siting area.
GBA records of several local earthquakes and chemical
explosions gave evidence of a two-layered crust of thickness
16 and 19 km respectively, and corresponding P-phase
velocities of 5.7, 6.5 and 8.0 km/s (Arora et al., 1970;
Arora, 1971). Corbishley (1970) found that site corrections
required for the array were very small and concluded that

GBA 1is situated on a uniform layered structure. Berteussen
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et al. (1977) also concluded from an extensive analysis of
travel time residuals at GBA that the structures in the

array siting area are exceptionally homogeneous.

6.3 THE YELLOWKNIFE SEISMIC ARRAY

The Yellowknife array (YKA) was also established in
cooperation with the URAEA in 1962 by the Canadian
Department of Energy, Mines and Resources. It 1is 1located
near Yellowknife in the Northwest Territories, and consists
of two orthogonal lines (called blue and red 1lines) each
containing ten short-period vertical Willmore MK 1II
seismometers spaced at interwvals of 2.5 km to make an
overall 1length of 22.5 km for each arm (Figure 6.4), The
output of each instrument is transmitted by a
radio-telemetry system to a Control Centre where it is
recorded on a 24-channel FM tape, as well as digitized and
entered into a small on-line computer (Weichert, 1975). The
original construction and instrumentation of the YKA were
described by Manchee and Somers (1966), and details of the
subsequent improvements to the system may be found in

Weichert's review.

Geologically, the array siting 1location is near the
western margin of the Canadian Precambrian Shield. The
granitic outcrops of the Slave (structural) Province, about
2400 million vyears old, extend far to the north and
northwest of the array (Weichert and Whitham, 1969) .

Immediately to the east and south-east, however, the
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uniformity of the shield is interrupted by the
south-westerly tip of an extended area of Archean
sedimentary and volcanic rocks, 1including the Yellowknife
Greenstone Belt., Apart from an upper layer of about 1 to 2
km thickness, Weichert and Whitham (1969) found £from a
refraction experiment that the crust surrounding the array
has a well established P velocity of 6.04 £+ 0.01 km/s and
extends downwards to about 34 km without evidence for an
intermediate layer; the %1 velocity was found to be 8.15 +
0.05 km/s. They also found the azimuth-dependent component
of the site corrections to be very small., Corbishley (1970)
also found from an average slowness curve derived from
earthquakes and underground explosions recorded at the array
that site corrections for the seismometer locations showed
very little dependence on azimuth, and were small. He
therefore concluded that YKA is situated in a region of very

uniform crustal material with horizontal layering.

6.4 ANALYSES AND CORRECTION OF THE DATA

As indicated earlier, all the data used in this study
were already available in digitized form on tape. The
sampling rate was approximately 20 samples per second, and
the analogue pre-filter settings were 0,25 - 8 Hz. The
digital tape was written in 7 tracks at 800 bpi (Ram, 1976).
The exact sampling rate together with all other pertinent
information on the earthquakes (e.g. origin time, epicentral

distance and azimuth from array, etc.) which were punched
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on cards were supplied by Dr. Mereu. The epicentral map for

all the event used are shown in Figures 6.1 and 6.2.

Computation was performed by a CDC Cyber 73 computer
during the block-time hours of the Computing Centre
(midnight to 0400 Hrs) to reduce cost, All events were
bandpass filtered digitally (0.4 - 3.0 Hz) and normalized
before processing. All YKA events were processed by the Nth
rocot method, and all GBA events were processed by the normal
beam forming method (see Chapter 5). A summary of the
results is 1listed in Appendix C.1 (for GBA), and C.2(for
YKA). Because the method is very sensitive to noise, plots
of all the earthquake data were scrutinized beforehand, and
recordings which were considered excessively noisy were
discarded. Other events with moderate noise levels were

corrected for noise by using the method described in Chapter

5

Ram (1976) discussed some of the problems which were
encountered with the original GBA analogue tapes during the
transcription of the data. Some of these problems were
still evident in this study, and one particular problem
which was encountered during the data processing, was the
realization that some of the channels were recorded with
reversed polarity. The important significance of this will
be discussed later. The reversed polarity was indicated by
a direction of first motion which was opposite to those of
the other <c¢hannels in the same arm of the array. This

suspicion was further strengthened by the fact that the
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polarity reversals all appeared to have occurred in the
channels after the stations were reactivated, following some
period when they were dead, suggesting some inadvertent
human error. A case in point is illustrated in Figure 6.5,
in which the record of GBA 164 shows that station B9 was
reversed after GBA 155 was recorded. In fact, a closer
scrutiny of all the data showed that stations B6, B7, B9 and
R8 were reversed during certain intervals of an extended
six~month period which started in Aapril 19, 1973; all
reversals and corrections occurred after the stations had

been dead for some time and were reactivated.

The preceding 1is very important because while the
effect of one or two reversed channels on the adaptive
processing method is to reduce the TAP amplitude and the
measuring threshold of the various events in the signal, the
effect on the coherence measurement is more drastic. For
example, when coherence measurements were made on the record
of GBA 164 the computed scattered energy (incoherent energy
of the incident signal expressed as a percentage of the
total incident energy) was 52%, When B9 was corrected
(multiplied by -1), the value dropped to 17.9%, and when B9
was blanked out the wvalue was 29.2%. It is thus seen that
correcting for the polarity reversal in B9 resulted in a
more coherent beam. That this did not occur fortuitously
was established by inverting B8 instead of B9 resulting in
even poorer coherence indicated by an apparent scattered

energy of 56.1%. These tests led to the conclusion that a



Figure 6.5: Two array record section
from GBA illustrating the
polarity reversal of
station B9 for the record
section on the right.
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reversed polarity in any of the channels would affect the
coherence measurements in a disastrous manner. For this

reason, all the records were therefore carefully checked for

reversal, and channels with doubts about the correctness of

their polarity during recording were blanked out.

6.5 EFFECTS OF SIGNAL COMPLEXITY

The earthquake data used may be broadly divided into
two groups consisting of events with relatively simple
signals (F,<2.0), and those with very complex signals
(F,>2.0). These could in turn be divided into two subgroups
of events with high scattered energy (>30%) and events with
low scattered energy (< 30%). Examples of these four types
of signals are shown in Figqures 6.6 and 6.7 together with
their adaptive processed soclutions. The size of the points
used to display the answers in the solutions is a measure of
how well the signals correlated (King et al., 1973; Ram and
Mereu, 1977), and the error bars are those from the least

square solutions (Kelly, 1964; Otsuka, 1966).

Figures 6.6a and 6.6b snow two examples of signals with
complexity factor less than 2.0 and scattered energy of 12%
and 7% respectively. It will be noted that the slowness
solutions show little variation while a large scatter occurs
in the azimuth solutions, However, the solutions generally
appear good as are indicated by the size of the points. The
pertinent features of Ficures 6.6c and 6.64 are low

complexity factor, but high scattered enerqgy (61% and 56%



Figure 6.6a, b, ¢, and d: Examples of
record sections from GBA to
illustrate the relationship
between simple signals and
scattered energy. The
adaptive processed solutions
of the sections (after Ram
and Mereu, 1977) are also
shown for ccmparison.

(a) Complexity factor (Fg)
if 1l.4; scattered energy
(S.E.) is 12%,

7%

(b} Fo = 1,7; S.E.

i

61%

i

(c) Fgo 1.25 B.E.

(d) Fe = 1.1; S.E. = 56%
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respectively), and poorer solutions which are particularly
evident 1in Figure 6.6¢c. The signals also appear to contain
more higher frequency component than those of Figures 6.6a,b

which may explain the high scattered energy.

In Figures 6.7a and 6.7b, the pertinent features are
high complexity factor and low scattered energy (9% and 7%
respectively). Solutions are again gocod, and relatively
more sScatter is still evident in the azimuth solutions. 1In
Fiqgqures 6.7c and 6.7d, the signals have high complexity
factor and high scattered energy (49% and 54% respectively).
Solutions, however, show more scatter in both slowness and
azimuth, and several poorer solutions are also evident.

Figure 6.7d also shows relatively higher frequency content,

It would therefore appear from this wvisual inspection
that scattering is not necessarily a function of the
complexity factor of the signal since both simple and
complex signals appear to show equal affinity for low and
high scattered energy. It would also appear that while the
scatter in the azimuth solutions is more profuse than the
scatter in the slowness solutions, the latter however has
the dominant effect on the coherence of the signals, which
suggests that the vertical variations or perturbations in
velocity of the upper mantle are more significant in causing

scattering than the lateral variations.
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6.6 EFFECTS OF SIGNAL FREQUENCY

Figure 6.8 shows the computed scattered energy for 25
recordings from NTS explosions plotted as a function of
their epicentral distances from YRA. The locations of these
events (see Figure 6.2) are very accurately known and as the
figure shows, their epicentral distances from YRA are
approximately identical. The mean epicentral distance for
these events is 25.41 degrees, and the maximum deviation
from this wvalue 1is 0.16 degrees. The corresponding mean
azimuth with respect to YKA, and the maximum deviation from
this mean are 182.72 and 0.58 degrees respectively. Since
their focal depths are also approximately identical, the
propagation paths of the signals from NTS to YKA should
almost be identical and their scattered energies should be
the same approximately. Figure 6.8 shows that although
there is a fair degree of consistency in the results, some
scatter does exist in the points. Except for three points
which have the lowest scattered energy, and three points
with the highest scattered energy, all other points lie
within 7% of the mean scattered energy. Clearly, some
explanations are necessary for this scatter which is more
than could be accounted for by errors in the computational

procedure.

In the last section, it was indicated that some of the
high scattered energy obtained might be accounted for by the
higher frequency component of those signals. Following that

observation, the relative amplitude spectra of the signal
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Scattered energy versus distance for NTS events.

Figure 6.8:
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beams formed without pre-filtering were computed using a
Fast Fourier Transform (FFT) NLOGN subroutine (Reobinson,
1967a). The beams were tapered with a 26-second Hamming
window to prevent truncation errors. Four spectra for YKA
recordings of NTS events are shown in Figure 6.9, and for
completeness and comparisons, a set of four spectra of
recordings from each of the regions investigated are shown
in Figures 6.10(a-f). The regions are the California region
and Alaska Peninsula for the YKA study; and the Himalayan
region, the Java trench, the Mid-Indian Oceanic ridge, and

the Hindukush region for the GBA study.

A visual inspection of the amplitude spectra showed
that most of the signals contained very little energy in the
frequency range above 3 Hz, and in general, have one or two
prominent peak amplitudes in this frequency range. Others
have multiple-peaked amplitude or spiky spectra. For a more
quantitative assessment of the frequency effect on the
scattered enerqgy, spectral amplitude ratios were computed
for all the beams using a method similar to that discussed
by Kelly (1968), and described and applied by Lambert et
al. (1969), Douglas et al. (1973). In this determination,

the spectral amplitudes were computed using the equation

£ £,

R =25 A(£,) / I A(£.) (6-1)
- l £ %
3 1

where A(Ei) = value of amplitude spectrum at each 0.1 Hz

interval.
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Figure 6.%2: Some typical beams and their corresponding
relative amplitude for NTS events recorded
at YKA.
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Figure 10a: Some typical beams and their corresponding
relative amplitude spectra for events
recorded at YKA from the Alaska region.
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Figure 6.10b: Some typical beams and their correspond-
ing relative amplitude spectra for
spectra for events recorded at YKA from
the California region.



191

— ]

GBA 48 GBAS4
3 16 2% o 8 ___ 16 24
TINE (8) TINE (8)
> N 6 N - g g 5
QUENCY (HD) FREQUENCY (HD)
GBA 47 GBA 52
8 6 26 0 8 16 26
TIME (8) TINE ($)
N 6 9 ST BRI ;
FREQUENCY (HZ) FREQUENCY (HZ)

Figure 1l0c:

Some typical beams and their correspond-
ing relative amplitude spectra for events
recorded at GBA from the Himalayan region.
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Figure 6.10d4:

Typical beam and relative amplitude
spectra for events reccrded at GBA
from the Java trench.
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Figure 6.l0e: Typical beams and relative amplitude
spectra for events recorded at GBA
- from the Mid-Indian ocean ridge.
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Figure 10f: Typical beams and relative amplitude
spectra for events recorded at GBA
from the Hindukush region.
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fl = 0.4 Hz
f2 = 1.65 Hz
f3 = 1.75 Hz
f4 = 3.0 Hz

The frequency bands used were arbitrarily chosen to be
equal, and the cutoff of 3 Hz was determined by the fact
that there was very little enerqy in the signal above this

frequency as earlier indicated,

The variation of the scattered energy with spectral
amplitude ratic for the 25 NTS recordings is shown in Figure
6.11 from which it will be seen that the scattered energy
increases slightly as the spectral ratio increases, All the
points with spectral ratios grszater than 0.3 have scattered
enargy which are greater than the mean for all the events,
while those points with spectral ratios less than 0.3 have
scattered energy distributed almost evenly about the mean.
The implication therefore is that some of the high scattered
energy observed are, in fact, caused by the high frequency
component of those signals. Correction for this bias in
subsegquent interpretation (Chapter 7) was achieved by
inspecting the spectral ratio plots, and resctricting
comparisons, 1f necessary, to signals with spectral ratios
less than a given value determined £from the plots. This
procedure was found to marginally reduce the scatter in most

of the observations,
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In FPigure 6.11 the points with spectral ratios 1less
than 0.3 still show a scatter which could not be accounted
for by the frequency content of the signals. Some cother
explanations must therefore be sought for this. It was
noted earlier on that the explosions were located very close
together and far from the array. It follows then that the
signal ray paths especially remote from NTS and, in
particular, under the array must essentially be the same.
Structure between NTS and the array, or for that matter
under the array must therefore affect the signals in the
same manner and cannot account for.the differences in the
measured scattered enerqgy. The explanation for this
difference must therefore lie in the effect of the <¢rustal
structure in the vicinity of the explosions. This
possibility is probably the only logical one, and will bhe

further explored in the following section.

6.7 EFFECTS OF FOCAL DEPTH

The NTS events which were used in the last section
because of their approximately identical epicentral
distances and azimuths from YKA could not be used in
investigating the effects of focal depth variation because
of their equally identical focal depths. Instead, 63
earthquakes from the Hindukush focal region (see Figure 6.1)
with very similar epicentral disgtances and azimuths from GBA
but focal depths varving from 11 km to 236 km were selected

from a large number of events which were later investigated
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from that region, Like the NTS events, the similar
epicentral distances and azimuths should reduce to a minimum

the azimuthal and epicentral bias in the data.

Figure 6.12 shows the variation of scattered energy as
a function of the focal depth of the events. It will be
noted that, as with frequency, the scattered energy
increases gradually with increasing focal depth for the
depth range investigated., 1In fact, the trend is so similar
to that observed in Figure 6.11 that the inclination is to
conclude that the deeper events must propagate signals with
a higher spectral ratio than the shallower events. This
impgesaion is, however, not borne out by Figure 6.13 which
shows the variation of spectral ratio with focal depth for
the same events. As the figure shows, there is no definite
relationship between the focal depth of the events and the

spectral ratic of the signals.

Figure 6.14 shows that except £for events with focal
depths less than 65 km, the first arrival slownesses for all
but a few of the other signals have values which 1lie close
to 9.4 sec/degree. This fact suggests that the signal ray
paths for most of the events with focal depths greater than
65 km have very similar bottoming depths, and should
therefore approach the array along approximately identical
paths. The increased scattered energy with focal depth
cannot therefore be accounted for by structure under the
array, and must be explained by a significant disturbance of

the source region with depth.
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The large scatter in first arrival slownesses of
signals with focal depth 1less than 65km suggests that

considerable multiplicity in ray paths of signals occurs for

shallow focus events. This also probably explains the large
scatter which was evident in Figure 6.12 for shallow focus
events, and also for the large scatter evident in Figure
6.11 for the surface focus NTS events. The effect of local
crustal structure near the source would then always be to
increase the scatter in the data. This may be reduced by
selecting events with moderately deep focus, which was not
possible in this study because shallow focus events were in
the majority, and their exclusion would result in a paucity

of data which was undesirable.

6.8 SUMMARY

In the preceding discussions, some clear patterns
emerged which indicate that certain considerations must be
given to the results before a meaningful interpretation
could be achieved. Of these problems, the frequency bias in
the measurements was found to be straightforward to deal
with because its effect could easily be identified and
corrected for, On the other hand, it was found that the
effect of structure in the source region could not be easily
removed, and could only be minimized by a careful selection
of events with intermediate or deep focus. Since that was
not possible in this study, a larger scatter in the data

than is considered ideal will be observed in some of the
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results that will be presented in Chapter 7. However, as
will be seen later, this did not preclude the identification
of trends which were either sufficiently consistent in
pattern, or at variance for different regions to permit some
definite conclusions about the relative scattering

properties of these regions.



- CHAPTER 7

INTERPRETATION OF DATA FROM GBA AND YRA

7.1 INTRODUCTION

After discarding the excessively noisy records and
those for which adaptive processed scolutions did not
converge because of poor signal quality, over 300 earthgquake
recordings from GBA and over 40 recordings from YRKA were
available for analysis. The distance range covered by thege
events was approximately 15-36 degrees for GBA, and 12-30Q
degrees for YKA; the corresponding azimuth range were 0-360
and 165-285 degrees respectively (see Figures 6.1 and 6.2).
Also incliuded in the GBA events were 46 recordings for
earthguakes 1in the distance range 40-67 degrees from the
Celebes, Philippines, Mariana and Japan~Kurile Island
regions. This latter set of events afforded us some
comparisons of the responses of lower mantle structure with
those of the upper mantle for the region under

investigation.

The total distance range o©f 12-36 degrees that was
covered by the former set of ewvents gsuggests that the
bottoming depths for ray paths from these regions have an
approximate range of 100-~850 km. The results and

interpretation to be described here therefore apply, for the

204
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most part, to the upper mantle structure between the source
region and the array from the uppermost mantle down to
depths of about 850 km. This depth range was further
extended to about 1750 km in the lower mantle for the
regions to the north-east and south-east of GBA by the

several events beyond 40 degrees,.

The events were divided 1into groups based on their
regional distribution since to treat them as ¢ne single set
of data would be to ignore the effect of lateral variations
which, without doubt, exist over such a wide region.
Besides, as indicated earlier (Chapter 6), it was desirable
to confine observations to narrow azimuth ranges in order to
minimize the effects of local structure near the array. For
GBA, events in a moderately narrow azimuth range were
available in the Java trench region (115 % 15 degrees).
However, in order ¢to achieve a uniform distribution of
events in the other ézimuths, a wider range had f£o be chosen
for the Himalayan region (0-90 dJdegrees), the Mid-Indian
ocean ridge (180-280 degrees), and the Hindukush region
{280-360 degrees), For YKA (Figure 6.2), the events from
the Alaska Peninsula also provided a narrow azimuth range
(275 £ 10 degrees), and the events from California region

consisted of those in the azimuth range 165-265 degrees.
7.2 RESULTS - GBA

The important diagnostic parameter of interest was the

scattered energy of the array signals which has been defined
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and discussed in Chapters 5 and 6. Figure 7.1 shows how the
scattered energy for all the GBA events in the distance
range 15-38 degrees vary with the azimuthal distribution of
the events. A careful examination of the figure shows that
the scattered energies for events in the Mid-Indian ocean
ridge (azimuth = 180-280 degrees) are out of character with
those for the other regions since, for the most part, they
are consistently low and less than 20% while the others are
in general greater than 20%. Since the range of distances
covered by the events was a common factor for all the
azimuth range, it was suggested in our preliminary
interpretation (0jo and Mereu, 1980) that the low scattered
energy for ray paths from the Mid-Indian ocean might be
evidence for differences in oceanic and continental upper

mantle structure.

The fact that results for azimuths between 90 and 130
degrees, which also represent oceanic upper mantle paths,
show relatively higher scattered energy can be explained by
inhomogeneities caused by descending slabs of the subducting
plate margin in the Java trench. As Figure 6.1 shows, part
of the surface manifestation of the subduction zone
(i.e. the epicentres of the earthquakes in the Java trench
region) has a bearing which is almost in line with GBA. The
region where the ray paths from events at the farther end of
this distance range bottom would therefore be expected to be
under structures close to the subduction zone, and parts of

the ray paths would in fact pass through the subduction
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zone,

Figure 7.2 shows how the spectral ratio varies with the
azimuthal distribution of the events. It will be clearly
observed that a striking similarity exists between Figure
7.1 and Figure 7.2 which suggests that the apparently low
scattered energies in the azimuth range 180-280 degrees
might be due to the relatively large, low-frequency
component in the signals from the Mid-Indian ocean ridge
events, This fact again emphasizes the point that adequate
consideration must be given to the frequency factor before

any interpretation can be meaningful.
7.2.1 THE HIMALAYAN REGION

The set of events from the Himalayan region which
describe the region to the north-east of GBA is shown in
Figureg 7.3 and 7.4. An examination of Figure 7.3 shows
that for this set of data, the scattered energy does not
increase with spectral ratioc, However, it does appear that
there 1is a low-frequency bias for those signals with
spectral ratios less than 0.1, but since the problem affects
only a few events, it was considered 5ustifiable to neglect

the frequency effect on this set of data.

Figure 7.4 shows how the scattered energy varies with
the epicentral distance of the events. At the relatively
shorter epicentral distances between 15 and 21 degrees, the
scattered energies are predominantly high and greater than

30%, rising to over 50% near 15 degrees. Between 21 and 25



01X (471/4H) OILVY Wd133dS

=
=<0
b % ™
X X x I
x"?f % I

x
x* x "’Q"ﬁ#xx’% i
X 3% f_g
% _N
x|
x
N ’;xx "
o S
- —
8 L
o I
- L
< -
X X 20 X % i
X Q& M :
p: XX X -
X | O
Lo b ]

X X

>2‘§ % X s
X xxxx i
X x)°*$<"°fox -
X X ‘ 5 A
[lIl'l'li"l'll%lll]lilllllll r‘l%llll L L] Lo ]
08 04 09 0°'S 0+ 08 03 OIU'U

~ AZIMUTH (DEG)
Signal spectral ratio versus azimuth of events.

Figure 7.2:

209



210

-0T3RX Texzoads TeubTs snsasa ABIosus poislleds pPaAlILsqQ

tg*t 9anbrg
(471/74H) OIlvd Vd1l33dS

g0 L0 9-0 50 +:0 €0 ¢'0 1:0 090
_...-_.-.__..._...._-.._...——...._..-.0
. o I°

@ N -
® @ ° wa@ -5
e e
@ F w

@ eAu_Eﬂ @ ° "
) @ @ mve o

® 9 o @ © ) [
-
n e
Q WMW
3
SINIA3 NVAVIVHIH S

(%) A943IN3 Q343LLVIS



211

‘puaxj poAxasqo ay3l azitseydws 03 posn ST SIXEe
20URISTP 8ay3 03 [arreaed auT[ BYJL ‘'SIUSAS SY3 JO SJDURJSTP

TerjuaoTrda ayj Jo uorjouny e se ABIsud paI9lleos pPaAISsSqO F°/ 2anbT g
(93d) 3JONVLSId

LE S€ €€ 1€ 6¢ Le G¢ €¢ | £4 61 L1 ST
— 1 — 1 — L — L — 1 — L — 1 _ 1 — 1 ﬂ 1 — L o
: - =
@ @ 2 %9 ¢ . & ”_6
o) @ =

%e aeee @ ® S s
@ Q ™ W

||°

. - . ® . e%ee 0 © g

(0] e

I’ ®, © e
@ @ 4+ ,.I%

o ©°F
@ muw
-
o
X @
SIN3A3 NVAYIYHIH o

() A9Y3N3 Q34311V3IS



212

degrees the points are evenly dispersed about a scattered
energy of about 30%, and beyond 25 degrees they are
predominantly lower than 30%, averaging near 24%, This
trend, which has been emphasized in Figqure 7.4 by drawing a
line parallel toc the distance axis at the 30% mark, is
clearly evident in spite of a scatter of the data points.
This scatter which, as stated earlier, could not be
accounted for by errors in the computational procedure is
caused by many factors which include errors in epicentre
determinations, complexity of structure along the ray paths,
differences in focal depth of events, the local crustal
structure in the source region and beneath the array, and
the effect of lateral variation in source-receiver paths

caused by the slightly large azimuth range used.

From the trend shown in Figure 7.4, it is inferred that
vertical wvariation exists in the heterogeneity of upper
mantle structure between GBA and the Himalayas to the
north-east. It would also appear that considerably more
heterogeneity exists for the uppermost mantle, and upper
mantle structure above a depth of 400 km than for the

structure below this depth.
7.2.2 THE JAVA TRENCH

The events from the Java trench describe the region to
the south-east of GBA, and are presented in Figure 7.5 which
shows that the frequency effect is again negligible. Figure

y shows how the scattered energy varies with the
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epicentral distance of the events. At the relatively
shorter distances between 15 and 20 degrees, the points
indicate scattered energies which are predominantly greater
than 25%, but beyond 20 degrees, the scattered energies
oscillate about the 25% level., The scatter of the data is
only marginally less than that for the Himalayan region and,
using the 25% scattered energy level as reference, we note
that except for the slight increase of the general level of
the scattered energy between the distance of 15 and 20
degrees, there appears to be a relatively uniform average
response for all the distances shown. It would therefore
appear that, in contrast to the Himalayan region, the
complexity of upper mantle structure between GBA and the
Java trench shows little variation with depth except in the
uppermost mantle where the effect of the subducting plate

margin may be significant.
7.2.3 THE MID-INDIAN OCEAN RIDGE

The results for events from the Mid-Indian ocean ridge
are presented in Figures 7.7 and 7.8. It is immediately
clear that the events described by Figure 7.7, 1in general,
contain a lower high-frequency component than those
described in Figures 7.3 and 7.5. We suspect that this
could be a manifestation of the differences in focal
mechanisms of the mid-ocean ridge events which are
associated with transform faulting as opposed to the events
in the other regions which are generally associated with

zones of plate convergence and subduction. More probable is
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an explanation to be foundlin an oceanic upper mantle with a
Q value which causes differential attenuation of the
high-frequency component relative to the lower frequencies,
This latter explanation is in agreement with the results of
Ram and Mereu (1977) who found that inversion of slowness
data revealed that there was evidence for a larger low-Q
layer along the oceanic paths as compared to the continental

paths.

In view of the low-frequency bias of this set of
events, comparisons of the results for the Mid-Indian ocean
region with those of the other regions are made with some
caution. However, comparisons for different ray paths
within this region are still very wvalid since there is an

internal consistency in the set of data.

Figure 7.8 shows that the scattered energies, which are
predominantly very low in wvalue, are not dependent on
epicentral distance up to the 35 degrees covered by these
events. There is a gap between 27 and 33 degrees for which
no data was available, and the general paucity of data for
this region is a reflection of the relatively low seismicity
of the ridge compared to the convergence zones. In spite of
this however, there 1is sufficient consistency in the
available data from which it would appear that there is
little wvertical variation in the heterogeneity of the upper
mantle structure between GBA and the Mid~Indian ocean ridge.
In addition, it would also appear from the low scattered

energies that this region is more homogeneous than the
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Himalayan, the Java trench, or the Hindukush region to be

described in the next section,
7.2.4 THE HINDUKUSH REGION

This is a region in which it would appear that
considerable complexity exists. 1In a study of some selected
events from this region (Chapter 6), it was found that this
source region indicated the presence of increased
inhomogeneities with depth., Allusion was also made to the
fact that more scatter was observed in the data. Figures

7.9 and 7.10 show the complete set of data for the region.

In Figure 7.9, one notes that for spectral raticos 1less
than 0.4 the points are almost uniformly distributed between
scattered energy values of 7% and 57%, while for spectral
ratios greater than 0.4 the points represent, for the most
part, scattered energies greater than 30%. A frequency bias
therefore exists for this set of data. Figure 7.10 shows
how the scattered energy varies as a function of epicentral
distance for the same events, from which it will be noted
that a trend which is unlike that shown in Figure 7.4 for
the Himalayvan region is indicated; 1i.e. there is a gradual
migration of points from high scattered energy at the
relatively shorter distances to low scattered energy for the
more distant events. The large scatter which 1is prominent
around 23 degrees distance is caused by the select Hindukush
events which were shown in Chapter 6 to indicate very strong

focal depth effects. In order to remove both the focal
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depth bias and the high frequency bias from Figure 7.10, the
data have been re-plotted for only those events with

spectral ratio less than 0.4, and withocut the select

Hindukush events. The result is shown in Figure 7.11, and
the similarity with Figure 7.4 is again emphasized by the

30% scattered energy reference line.

One may again conclude from these figures that, as with
the Himalavan region, considerable lateral and vertical
variations in complexity exist for different ray paths
through the upper mantle between GBA and the Hindukush
region, with the region below a depth of about 400 Km

tending to be much simpler than the region above this depth.
7.3 LOWER MANTLE DATA FROM GBa

Over 40 earthquake recordings from events in the
distance range 40 to 67 deqrees from the Celehes,
Philippines, Mariana and Japan-Kurile Island regions were
also available, and have been included here for comparison.
The azimuth range of these events was 45 to 130 degrees.
The vwvertex of the ray paths between these events and GBA
have depths which range from about 950 km to 1750 km, and
for this distance range, the greater part of the ray path
would travel through very deep mantle. One would therefore
expect the dominant characteristic of the signals to be

derived from the lower mantle.

In order to reduce the effect of lateral wvariation in

structure, the events were divided into the following
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azimuth ranges: (i) 45-90 degrees, and (ii} 90-130 degrees:
and 1in order to show how they compare with the upper mantle
raesults, they were combined with the upper mantle data of
the corresponding azimuths, The resulting variation of
scattered energy with epicentral distance are shown in
Figures 7.12 and 7.13 for events with spectral ratio values
legs than 0.4 to minimize the effect of the wvariation in

frequency content,

Figure 7.12 shows the combined result for the azimuth
range 0-90 degrees (i.e. including the Himalayan events).
It is clear from this figure that the scattered energy
beyond 40 degrees remain consistently low with an average
which dropped %o about 14% from the average of about 24% for
the distance range 25-40 degrees, Similarly, Figure 7.13
shows the combined result for the azimuth range 90-130
degrees (i.e., including the Java trench events), from which
it will again be observed that the scattered energy remains
low beyond 45 degrees, dropping down to values ¢lose to 0%
near 60 degrees, Tt would thus appear that the lower mantle
heterogeneity Ffor this region is considerably less than was

observed for the upper mantle.
7.4 RESULTS - YKA

The ray paths described by the YRA data lie
predominantly in continental upper mantle for the California
region events, and partly in oceanic upper mantle for the

Alaska Peninsula events. The former rays bottom under parts
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of north-western United States and south-western Canada,
while the latter bottom under parts of Gulf of Alaska and

north-western Canada.
7.4.1 THE CALIFORNIA REGION

The plot of the scattered energy as a function of the
signal spectral ratio for the California region events is
shown in Figure 7.14., It is apparent from the figure that
events with spectral ratio greater than 0.4 tend to have
high scattered energies, and for this reason, the £frequency
bias was removed in the plot of scattered energy versus
distance (Figure 7.15) by using only those events with

spectral ratio less than 0.4.

An examination of Figure 7.15 shows that the scattered
energy rises gradually from a value of about 25% between the
distance of 18 and 21 degrees to 50% near 28 degrees. This
is markedly in contrast with the results for the region
around GBA which either showed relatively constant scattered
enerqgy, or scattered energy that decreases with distance.
This trend between 20 and 30 degrees c¢ould be caused by
upper mantle structure which is progressively more
heterogeneous with depth between 400 and 750 km; or by
near-array structure if the difference in ray paths from the
extremities of the source region is significant near the
array. However, this latter possibility is considered a
remote one because the narrow azimuth range covered by these

events, and the distances involved were such that if some
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structure was present beneath the array, it would affect the
ray paths similarly. Furthermore, results from a refraction
experiment in the array area (Weichert and Whitham, 1969;
Barr, 197]) showed that only shallow teleseismic ray paths
from the east to scouth-east were likely to be affected by
crustal structure, Manchee and Welchert (1968) also found
some anomalies of both slowness and azimuth for P arrivals
at YRKA which could not be explained by near-array structure,
.but could bhe accounted for by lateral variations in the deep

mantle {(Weichert, 1972).
7.4.2 THE ALASKA PENINSULA

Figure 7.16 shows how the scattered energy varies as a
function of the spectral ratio for the complete set of
events from the Alaska Peninsula. It will again be noted
that a frequency bias exists for these events with those
with spectral ratio greater than 0.4 having high scattered
energy. Figure 7.17 shows the variation of scattered energy
with distance for only those events with spectral ratio less
than 0.4. We note that near a distance of 12 degrees, the
scattered enerqgy is relatively high, and this is attributed
to the presence of a large number of inhomogeneities in the
uppermost mantle. However, the scattered energy becomes low
near 15 degrees (about 20%), and then gradually increases
with distance to about 40-45% near 30 degrees, This trend
is apparent in spite of the scatter of the data, and is
similar to that obtained for the California region, although

the absence of a large number of data points around 12
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degrees pgecludes é éatisfactory comparison of this portion
of the figures. One cannot explain the scatter of the data
in Figure 7.17 by lateral variation in structure because the
Alaska Peninsula events occurred in a relatively narrow
azimuth range with respect toc YKA,. A more prcbable
explanation must again be sought in the socurce region for as
was demonstrated in Chapter 6, the effect of anomalies in
the source region appeared to be to increase the scatter of

the points.'

«

For the same reasons that were proposed for the
C&lifornia region, the high écattered energy which is
evident for more distant Alaska events relative to the
ﬁearef events between 15 and 30 degrees cannot be accounted
for by near-array structure, Explanation for this must
therefore 1lie in upper mantle heterogeneity which increases
with depth below 400 km, and up tc at least 750 km which is
the maximum depth which the more distant events here relate

to.
7.5 DISCUSSION

These past three chapters (including this oﬁe} have

.been concerned with relating P-wave =signal coherence to
P-wave scattering along the signal travel path, and a method
was developed that produced a quantitative measure of this
scattering. We héﬁe theﬁ proceeded to infer and compare the
lateral and vertical variations in the heterogeneity of

upper and lower mantle structures from such measurements for

ks
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e
.

different ray paths. The validity of this procedure was
- demonstrated with results from tests with synthetic data,
and from the subsequent application to both GBA and YKA

- data.

Most of thé bther previous upper mantle studies around
the 1Indian subcontinent were on the velocity structure,
seismicity, and earthquake focal mechanisms in the region
{e.g. Tandon, 1967; Kaila et al., 1968, 1969, 1978; Pitch,
1870; vinnik et al., 1977; Ram and Mereu, 1977; Singh et
ai.", 1979; Chen, 1980; Simpson, 1980), and very little is
known about the upper mantle heterogeneity of this region.
Ram and Mereu {(1977) found evidence for a large low-velocity
or low~Q layer along oceanic paths as compared to the
continental paths 1in their study. This is consistent with
the result illustrated in Figure 7.2, especially for the
Mid-Indian ocean region which showed considerable
attenuation for the high frequency component. They also
found that both the slowness and azimuth anomalies from Java
tfénch, Mid-Indian ocean ridge and far east regions showed
consistent patterns as compared to the Himalayan and
Hindukush regions., This is also consistent with our results
which indicated that the former regions showed less

variations in scattered energy than the latter.

Berteussen et al. {1977} wused the Chernov medium
approach in an extensive analysis of travel time residuals
from 20 events recorded at GBA, and concluded from thelr

results that the crust/upper mantle beneath GBA appeared to
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be relatively homogeneocus. .Similar.cénclusibns wére reached
by Corbishley (1970) who found that the residual site
corrections for GBA and YKA were small. These fesults,
combined with the precautions taken in this study to
minimize the effect of near—-array structure, suggest that
- the dominant factor in the changes that occurred in the
observed scattered energy described in this study was the
variations in upper mantle heterogeneity in regions where

the rays bottom, and not beneath the arrays.

.

It is fair to éésume frdm the resulté presented in this
chapter for <the region around India that the continehtal
upper mantle structure to the north of GBA is, in general,
more complex than the equivalent oceanic upper mantle
structure to the scuth. It is equally apparent that some
differences exist between the Mid-Indian ocean ridge region
and the Java trench region, the latter being more complex.
This latter difference between the oceanic .regicns is
'ﬁonsistent with the hypothesis that the oceanic lithosphere
changes in character with increasing age. P and S waves
_which travel through oceanic upper mantle, for instance,
show delays .relative to standard earth models which can be
correlated with the age of the sea floor above the travel
path (Forsyth, 1977). Girardin (1980) found that P-wave
travel-time delays decrease with the age of the plate for
oceanic structures, and that the average oceanic lithosphere
(100 my) has a residual similar to that of a typical

continental platform. It would thus appear that the
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increase in the.average scattered enérgy fdr ray paths £rom
the Java trench relative to the Mid-Indian ocean ridge can
"be attributed partly to the descending slabs at the
" gubduction zone, and. partly to the changes in structure
caused by the ageing plate as cne moved from the ridge to

the subduction zone.

For YKA results, the same assumptions about the GBA
array site and events were still essentially wvalid; in
other words, structure beneath YKA is relatively uniform and

horizontal as evidenced from refraction experiments in the

. area (Weichert and Whitham, 1969; Barr, 1971), and the very

small site corrections required for the array (Cdrbishley,
1970}, 1In addition, the azimuth range of the Alaska and
California events were small, which also minimized the
effect of structure beneath the arrays. The dominant factor
in the changes which were observed in the scattered energy
for various distances must therefore also 1lie in regions
where the rays bottom, and not near the array, _This is,
however, as far as the similarities between the two'.regions
appeared to go, for in contrast to the region around GBA
where the upper mantle heterogeneity decreases with depth,
the reverse was found to be true for the upper mantle in the
Alaska and California reqgion between 400 and 750 km depths.
It is therefore appropriate to consider these latter results
in the light of results from other existing studies for the

region.
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ﬁestern ﬁéfth Amefica has been exﬁensively stﬁdiéd to
determine upper mantle P velocity structure (Niazi and
Anderson, 1965; Johnson, 1967; Masse et al., 1972;
Wiggins and Helmberger, 1973; Dey-Sarkar and Wiggins, 1976;
Burdick and Helmberger, 1978; and others). An important
result of these investigations is that there are significant
‘lateral variaticens in the upper mantle structure, and a
general feature is a low-velocity =zone (LVZ) in the
.uppermost mantle and twe zones of sharp P-velocity increases
.:'near depths of 400 km and 650 km. Many other studies of
.teleseismic P and S5 delays alsc showed consistent late
.arrivals in most parts of western United States as compared
- to central or eastern United States (Cleary and Hales, 1966;
Lilwall and Douglas, 1970; Sengupta and Julian, 19276). 1In
" general, the arrivals are early in shield areas and late
where there has been tectonic activity within the past 100
million years, or where the heat flow is high (Hales et al.,
1968). The major part of the variations in these anomalies
" were attributed to a change in the thickness of the upper
mantle LVZ. f'lv" o R |

Daviez and Sheppard (1972} wusing d4dT/dA and azimuth
andmalies detected at LASA, and Powell (1975) in a similar
study with data from the Hanford array, Washington found
streng evidence that lateral heterogeneity occurs at all
depths throughout the Earth's mantle, There are also other
indications that mantle heterogeneities are not confined to

the upper mantle (e.qg. <Chinney, 1969; Jordan and Lynn,
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1974; Engdahl, .1975; Dziéwonséi et ai.,1977); .Althbugh
most of these studies give no quantitative estimates on the
relative scale of upper mantle heterogeneity, they however
all describe a general trend in which the largest part of
_the anomalies were attributed to structure in the top

200-250 km of the upper mantle.

The résults of.the ﬁreseﬁtlstudy ére not Inconsistent
- with the above deductions for the uppermost mantle, although
" the scanty data in the distance range 12-15 degrees
precludes a definite conclusion. Howewver, the consistency
_ of our results for distances between 20 and 30 degrees leads
us to believe that our interpretation for the depth range
400-750 km of this region 1is, in general, correct. The
interpretation of certain anomalies of dT/d2 and azimuth of
P-waves at YKA from the Bleutians (Weichert, 1972), which
could not be accounted for by near-array and near-source
structure, as Dbeing caused by lateral variation of
velocities near depths of 800 km is in line with the present
results, Furthermore, the results of Romanowicz (1979} who
in a study by three-dimensicnal inversion of bedy wave
éfrival times in the United States located the primary
heterogeneities responsible for the travel~time delays in
the first 250 km of the upper mantle, but also found that
significant heterogeneities subsist to depths of at least
700 km, indicate that it 1is also probable that large

variations exist in some parts of the deep mantle.
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" CHAPTER &
. DISCUSSION AND CONCLUSIONS
8.1 MINERALOGICAL CONSIDERATIONS FOR VELOCITY FLUCTUATIONS

Oﬁer.the yeéfs a wide variety of models for the crust
have evolved. The commonest and, perhaps, the oldes£ éne
" divides the crust into an upper granitic layer, and a lower
gabbroic layer. This division was mainly based on the fact
that velocities which are characteristic of the upper and
lower crust readily c¢orrespond to the velocities of rocks
with granitic composition, and to those of bWbasalts and
gabbros tespectively. As Pakiser and Robinson (1966)
pointed out, it is not entirely valid to relate compositions
to seismic velocitieé egpecially 1if individual velocity
measurements were related to individual chemical analyses of
rock samples. Hewever, generalizations are possible since
the seismic refraction method averages the velocities of
- large volumes of rocks, and averaged composition of rocks

are aften used for comparison.

Although layering is now not considered continucus, the
abbve model appears consistent, in general terms, with
_geological obgervations of the composition of the upper
étﬁst. However, Ringwood and Green (1966) observed that the

suggestion that the lower crust is composed of gabbroic or
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basaltic rocks cannot be correct. They pointed out that the

mineral assemblage of gabbros indicate chemical equilibrium
at temperatures and pressures which are inconsistent with
'.conditions in the stable lower crust, and concluded Efrom
some experimental investigations that the lower crust
_ consists on the average of intermediate rocks in the
eclogite facies. Other variations on this theme with
slightly different end results for the composition of the
lower c¢rust will be found in the literature, for example,
Green and Lambert (1965), Berckhemer (1%69), Green (1970),
and others. Smithson and Dekker (1%74) observed that
general geologic considerations and geological observations
suggest a lower crust composed of dry granulite facies
metamorphic recks that would have very low heat production
as 1is necessary for plausible values of heat flow from the
mantle. They summarized the overall impression on
compositional considerations adequately when they stated

that heterogeneity is the rule rather than homogeneity.

o It is therefore appropriate to consider how
mineralogical considerations relate te the magnitude of the
velocity fluctuation that we found to be consistent with

certain observations in Chapters 2, 3, and 4.

Although seismi¢ velocity distributions in the crust
and upper mantle vary considerably from place to place there
is, however, strong evidence both from numerous refraction
experiments and laboratory measurements that large vertical

gradients exist (numerous laboratory measurements of P-wave

240



241

velocities are available in the literature, for example,
Birch, 1960, 1961; Christensen, 1965; and Manghnani et
al., 1974). The gradients may be associated with high
pressure physical effects with depth. The characteristic
curve of velocity versus pressure shows an initial rapid
increase of velocity with pressure due to closure of pore
space followed by a rapid decrease in slope at a pressure
near 1 kb and approximate linearity at pressures between 4

and 10 kb (Christensen, 1965).

On the other hand, lateral variations may be explained
in terms of the variation in mineral composition. Figure
8.1 shows compressional wave velocities for plagioclase
feldspar series as a function of composition. As the figure
shows, considerable velocity variation occurs for
plagioclase rocks as they change from purely albite
composition to purely anorthite composition. On a larger
scale, Figure 8.2a is a diagram showing proportions of
principal minerals in a series of igneous rocks ranging from
granite to dunite; and Figure 8.2b is a diagram showing the
variation of calculated velocity with composition £for the
same sequence of rocks in Figure 8.2a. Again, the same

compositional dependence of velocity is observed.

Other factors responsible for velocity differences in
rocks are porosity (Nur and Simmons, 1969), and the degree
of orientation of the mineral components. While the effect
of porosity becomes neglible above the relatively low

pressure of 1 kb, the effect of mineral anisotropy is still
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Figure 8.1: Velocity versus plagioclase

composition calculated from
aggregate theory. Crosses
represent Voigt and Reuss averages.
Dots refer to observed velocities

in plagioclase rocks at 1l.5kb (after
Christensen, 1965),
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éignificadﬁ'.aﬁ' high pressures. For example, the greatest
difference in veloecity among the three mutually
perpendicular directions at 10 Kb reaches 7 to 10% for
dunites (Birch, 196l}. By extension, these small-scale
anisotropic effects have also been investigated on a larger
scale in upper mantle material, In a seismic refraction
experiment carried out in the 6cean basin off the coaszst of
British Columbia, Canada, to measure anisotropy of the
" mantle P-wave velocity, Keen and Barrett (1971) observed
significant anisotropy of the mantle rocks with a change in
velocity of as much as about 8% of the mean value. Morris
et al. (1969) alsc obtained similar results in studies of
mantle anisotropy near Bawaii, and discussed the pdssibility
that it might result from a reqional orientation of olivine

in the upper mantle; or by stress-strain field associated

with sea-floor spreading.

In general terms, the.uﬁper-ﬁantle consists essentially
of pyrolite which might occur as the mineral assemblage
clivine-pyroxene-plagioclase or olivine~pyroxene-garnet
(Ringwood, 1962), and variations in mineraleogical
compositiong are mainly caused by phase transformations due
to high 'préésure and temperature effects. Such phase
transitions have been used to explain or predict the
presence of large velocity gradients or discontinuities in
the upper mantle, for example, the pyroxene-garnet
transformation near 350 km, and the olivine-spinel

transformation near 400-500 km (Ringwood, 1967). Graen and
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Ringwood (1967) also demonstrated that mineralogical
variation along geothermal gradients, particularly in
oceanic regions, may be expected to strongly influence the

seismic velocity distribution in the upper mantle.

All the velocity variations discussed above are, for
the most part, considerably more than the maximum value of
0.15 km/s that was necessary to account for the observed
fluctuation in travel times and amplitudes (Chapter 3), and
0.2 km/s for the rapid wvariation in dT/dX necessary to
predict the existence of velocity discontinuities in the
upper mantle where none existed (Chapter 4). In addition,
the density variation that would result from a P-wave
velocity variation of 0.15 km/s is 1less than 2%. It |is
therefore significant that the order of magnitude of the
velocity perturbation required in our models to predict
variations similar to observed ones is comparable or much
less than those which have been found from other studies

(e.g. Aki, 1973; Capon, 1974; Berteussen et al., 1975).
8.2 SUGGESTIONS FOR FURTHER WORK

The results of the study on P-wave scattering and upper
mantle heterogeneity described in this thesis suggest a few
avenues for further work which could be pursued along the
same lines described in this work. 1In particular,

(1) the numerical experiments on the random crustal models
indicate the need to study other arrivals beyond the first

arrival times. There is therefore a need for some wave-form
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analysis using synthetic seismograms. In this respect, a
limited version of the finite difference approach
(e.g. Kelly et al., 1976) or a similar method is essential.
(2) There 1is also a need to study the crust-mantle
transition zone in more detail with respect to the magnitude
of the wvelocity fluctuation at this boundary that is
consistent with the behaviour of the retrograde branch.

(3) A better control on the effect of the source parameter
was desired for the coherence studies described in this
thesis. Further studies along this 1line should therefore
attempt to use one or two earthquakes as the source, and
numerous recordings of the earthquake(s) from a network of
seismic array with similar azimuth with respect to the
gsource. Some encouraging preliminary results were obtained
in the application of the method, by this approach, to two
seismic arrays which were located 200 km apart, on either
side of the boundary between the West Africa Precambrian
craton, and the relatively young Mauritanide orogenic belt
in eastern Senegal (see Briden et al., 1980). The signals
arriving at one of the arrays (on the orogenic belt) were
consistently less coherent than those on the craton beneath
which the structure is simpler (Briden, personal

communication}.
8.3 CONCLUSIONS

The principal aim of this work was (1) to investigate
how small-scale fluctuations in travel-time, amplitude and

slowness measurements may be accounted for by P-wave
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scattering in the c¢rust and upper mantle, and (2) to
investigate the relationship between the scattering along
the signal travel path, and upper mantle heterogeneity. The
principal results of the work may then be summarized as
follows:
1. Numerical experiments on models of the Earth's crust and
uppermost mantle created from a single layered crust with a
vertical gradient and horizontal random velocity model
showed that (Chapter 2):
(i) the resulting two-dimensional models exhibited
short discontinuous reflectors at various depths in
agreement with deep seismic reflection experimental
observations.
(ii) On the other hand, results using ray-tracing
techniques showed that the effect of the velocity
anomalies is to scatter the energy and break up the
continuous travel-time curve into segments with
different slopes similar to those observed in many
long range refraction experiments.
(iii) The arrival times also showed focussing and
defecussing effects that could be related to erratic
amplitude variation similar to the behaviour of
observed refraction amplitudes.
(iv) Interpretation of the apparent velocities and
intercept times using conventional refraction
techniques gave depths to an apparent discontinuity in
the crust which could be correlated to the correlation

distance used in deriving the random models.
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(v} The effect of increasing the maximum vwvelocity
perturbation used in deriving the modelis was to also
increase the travel-time fluctuations.

The application of the above results to the 1979 COCRUST

refraction experiments in southern Manitoba and Saskatchewan

showed the following (Chapter 3):

3.

(i) travel-time and amplitude fluctuation. of the
refraction data could be explained by a random medel.

(ii} The <correlation distance and r.m.s. velocity
fluctuation that best describe the crust in this area are
35 km and 1% respectively.

(1ii) An extremal inversion of the refraction data using
tau (T) estimates from the travel times vyielded
well-constrained velocity~depth bounds for the crust
above depths of 30 km, A compafison .of the
velocity—-depth bounds with layer solutions showed that
the latter were, for the most part, well constrained by
the former; and a comparison of the random model with
the extremal bounds indicated that the random model may
be considered as a tightly constrained extremal solution.

Numerical ray-tracing through models of the upper mantle

¢reated by superimposing some random velocity variation on a

basic Herrin model showed that (Chapter 4}:

(i) As a result of multipathing caused by the smallll,
velocity fluctuations, several arrivals of distinctly
different AT/dA should be observed over very short
distances. This is similar to observations obtained

from a number of array studies,
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(ii) An inversion of the travel-time and slowness data
obtained from such a model gave wvelocity-depth bounds
which when compared with velocity models £from array :
data in Australia and Western Canada were found to
contain significant similarities.
(iii) The experiments indicated that it might not
always be necessary t¢ invoke major discontinuities in
the upper mantle to explain rapid variations in.
slowness and travel-time observations. |
4. The development of a coherence method (Chapter 5) for
measuring the amount of scattered energy in a recorded
gsignal showed that: -
(i) Array signal processing techniques (including beam._lﬁ
forming) provide an attractive method for achieving
this. . |
(ii) The ccherencé péramééer that was .évolved is
relatively independent of the intrinsic signal;ﬂ
complexity (e.g. source generated complexity). =
(iii) The coherence parameter effectively determinés
the ratio of the c¢oherent energy to the incoherent
energy in the signal. . | | | |
{iv) The method confirms tﬁe signal .enhancemenf
capability of the nth root beam forming method.
§. Coherence measurements on array data from GBA in
southern India, and YKA in western Canada were made to study
the heteroqeneity of the upper mantle in these regions
(Chaptefs 8 and 6). OQur major findings showed that: B

(i} the observed scattered energy is not a function of
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.éignal .coﬁplé#ity. Complex signals showed both high
and low scattered energy.
(ii) The observed scattered energy was found to be
dependent on the frequency content of the signal. -
{iii) It was also found to depend significantly on the
. local structure in the source region. It might
therefore be a function of earthquake focal depth.
6. Specific results for GBA showed that the observed
scattered energy was azimuthally dependent, with the signals
having oceanic travel paths (especially from the Mid-Indian
ocean ridge) showing relatively less scattered energy. The
summary for GBA results are: o |
(1) Analyses of Himalavan regién eveﬁté indiéated that
vertical wvariation exists in the hetercgeneity of the
upper mantle structure 1in the this region, with
structures above about 400 km tending to be more
complex.
(ii) The heterogeneity of the upper mantle of the Java
trench region showed 1little wvariation with depth
except in the uppermost mantle where the effect of the -
subducting plate margin may be significant. | |
(i1ii) The Mid-Indian ocean region showed | little
vertical wvariation in heterogeneity of the upper
mantle, and appeared to be more homoegeneous than the
Himalayan, the Java trench, and the Hindukush region.
{iv) Analyses of earthquake recordings £from the
Hindukush region, showed that considerable lateral and

vertical variations in complexity exist for different
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fay“ pathé thfough 'thé upper mantle of this feéibn,
with the region below 400 km tending to be simpler
than the region above this depth.

(v) Analyses of some earthguake events in Ehe diétancé
range 40 to 70 degrees from the far east region, for
which ray paths bottom in the lower mantle showed that
the 1lower mantle heterogeneity for this region is
considerably less than was oObserved for the upper
mantle, _ . : : ,I | |

7. Earthguake recordings at YRA from two azimuthal regioné

- were analysed. In contrast to the GBA results, the YKA

results which are consistent for both the Alaska Peninsula
events and the California region events showed that the
upper mantle structure under the north-western part of the
North  American continent could be progressively more
heterogenecus with depth between 400 and 750 km. This
gsurprising result was discussed in light of the existing
knowledge of the structure of the region at the end of

Chapter 7.



APPENDIX A.1l

Listings of the ray tracing computer

program for flat earth model
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PROCRAM AT RACZ (INPUT, QUTPUT 4PUNCH, TAPESsINPUT . TAPEG=QUTPUT ,TAPET=
LPUNCH, TAPELD)

THIS PPOGRAN THACES RAYS THROUGH A FLAT CARTH HMOISL CONSISTING OF
QF A TWO-DIMENSICMAL GRID OF POINTS WITH RANDCM VELOCITY vARIATIOAN

INPUT PARAMETERS

EES SRR SRR R T

Lx HO OF GRID POINTS IN THE HOIIZONTAL DIRECTION
(% 4 MO CF GRIOD POINTS IN THF VERTICAL DIRECTION
HYzHZ OISTANCE RETWEEN GRID POINTS IN KH.

XI1.2IM COOROTMNATES OF THE STASTING POINT OF mAaY, NORMALLY
THE ORIGIN.

RINC MAXYTIMUM INCIDENT ANGLE TO G INVESTIGATED
RHIN MINIMUN TINCIDENT ANGLE TO BZ INVESTIGATED
AINC INCReFr NTAL vALUS OF I[ANC[OENT ANGLE

IPLOT AN OPTION FOR PLOTTING OUTPUT

IPLCT=2 TRAVEL TIMZI ANO WAY PATH PLOTTED
PLOT=Y TRAaveL TIWE PLOTTZIO
1PLOYsS NO PLOTY

IPUNCH AN OPTION TO FUNCH TRAVEL TIME RESULTS ON CARDS
IPUNCH=: OQUTPUT PUNCHEID CN CAFDS
IPUNCF=0 NQ CARD QUTPYT

Twar AN OPTION 10 PRINT DETALL SAY INFO FN? ERROR SEARCH
IWRT=1 DETALIL INFO PRINTED..«ONLY FOR ERROR SEARCH
IWRT=g NGO PRINT ING
COMPLEX 2

OIMINSTON ASP(Zy)BSPL300),08319:7)
DIFENSION X2(520) o2206550) «TOTINE23)),TATD21C)RTHI220)
COFMON /S80/ AXCI 043y AZUI00 30 V0050 aVGXIICA4 31 4¥GLI130G,43)

RADTUS=6371.028
PI=3,1L159265
ONPI=185.0/P1
La=3

REWIND L0
QEACTI0ILNLZeHXyHT
ARC=HZ/5.0

ARK=APC

XMX=FLOAT (LX=1) *HX
IHY=FLOATILZ~-1)*HZ
TMx=3,0
OMNa =1 ,0% XHX

READIS 42V XT s ZINGJRINC s IPLOT 4 IWRT , IPUNCH
READI5+JIRMING AINC
PH1T1=9C . 0=RINC
Alrx=9(.0-AHIN
IFCIPLOT WGT o GICALL RAYPLTA(XMX 7MY, THX XN, X008, 24N, 208, THN TOA, IPL
1aT1)
Xi=x[
Zia21IN
CALL WRITERILXGLZ,HA HZ X1 s ZLHINCAMIN, AINC,08,05P)

DATA HAY AF RESAD FROM DOISC CR TAPE OR CARDS.
V= WELOCITY OF GRID ZLEMENTS.
A=CDORUINATE OF GRIO POINTS.

CALL VELALOCILZ MOIST,HX,HZ,0842.0)

Attt R R R R R R R R R I T I I R A N U SO S S N U S I S S SR S S e e

el o
S NPEVFEnProdoe~Nn & W N

e Bl
("R

~NR Ry N
~Twns

wNnN
oW

ey e e
o N

SOV AVAMANN AN E P PR PSR Wi
N!-n.n:-ua'mc'uanu:hon'nm'nr|-|4nun:-ﬂo

>
-

253



e

50

51

Sob

55

oOon

a2

QETERMIME AODST CELL OF RAY READ.

D9 &0 I=1,3

ASP(1)=2%(1,1)

0O 53 J=1,L7

BSPIJI=altJ. 1)

IF(INRTLEQ IIWRITE(6412)
WRITElBWLT)
LL=IFIX((IAT MX=PHTII) FAINC) #1 .0}
J= 6

KM=(

JEgel

T26.3

DIST=0.0

DEPTHaHZ® 2.1

IF(J.GT LIPHITI=PHLI+AINC
PHI=PHIL"PI/180.0

il=x]

I1=7IN

PA=RADIUS-I1

x2¢1i=ky

T2(1)=21

CaLL LOCATE (LR ASPo X2 +ELEHeXKL +X2 4 %33 CON)
IFICON.ZA.C-C2GD TO 110

CALL LOCATEILZ,OSP.ZL4FLeFH,JL¢J24J3,000)
IF(CONLEQeu+ D) KM3KMel
IFICON,.EQ,2.5)60 TO 110

DETERMINE VELOCIYY GRADIENT AT £ACH GRID POINT.

CALL GRADXZILX LZ MOIST HX,H2,J1,J2,0.0)
CLl=(XL-AX(JL KLDDIHY

C2=0.0
VIVl v (VI JL, K20 -VEJLlx1))"CL

N2V lJ2. K10+ ivIg2,82)=VIid2,X1))*GL
VISVIJE L)+ (VI3 k2)-VIJiKL})*CL
VAsVie (M2-V1)*C2

GI=IVI=V11712.0*HL)
IFIJ3EQ.J2IGTs(WI~V1D /KT

GEEVOX(JL s KI) ¢ TYGXIJLWKZI=VOE(JL KL)% CL
PP (RADIUS-2L1*SIN(PI/2.0-PHIN/VL

=6

CONTINUZ

I=1+1

IFCI.2N.11G0 TO 80

IF11.67.3)X21])=X1

IF(I.GT.102210)=121

DETESMINE GRAD ¥ AT RAY HEAD LOCATION.

CGAL=VGY I J1 e ML) S IVORTJ2 41D =NGE AL, KL (22~821J14%XL))/NHE
GAHSVGHE JL o K2V (VEX(J2 K2 =VOX L1 K2) I (ZL=A2 1 J14X2) )V /KT
GA=GAL ¢ (GAH=GAL)®IXZ-AX(J1XL) ) /HX

CilslZ1=-a71J1,K1))/H2

C2=1x1-AX(JL442))/HX

VisViJla1) #{VIJ2,K201=VIJL,K1))%CL

W2=v )1 K20 IV IJ24K2 =V IJL,K2}1*CL

IFL1.GT .4 VA=VR

R4=RADIUS~-TL

GRL=VGZLIL i XA) #(VGZIJL K2 =VGT L J2 ML) IR (XL =AX (11D )/ HX
GEZPTVGI(JIC KL AVG2UJ2 K2 =Gy KL I LA = 2X LI KLV B SHE
GZ=GZL*(GIH=LZLI®IZ1-A21J1,K1)) /nZ

CONT INUE

2=CHPLEIGK G

GRADV=CRISI2)

THETA=AQCTANIGZ 4GX)
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b
85
b6
&7
ha
69
ro
7L
12
73
Y
75
76
4
78
79
a0
g1

83
a4
a5

a7
sa
29
92
91

93
e LY
9K

a7

93

99
iceo
ict
102
103
104
165
106
ier7
ica
1€9
110
i11
112
113
11
115
116
117
113
119
12¢
121
122
123
126
125
126
127
128
129
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13

14

as

.12
L ¥4

Soo0

0

ANGIzYHETA-PHI
1F(GRAQV.LQ.0.C1G0 TO 90
IF{SINEANGI)LEQ.Q0.D)GD TO 46O

GOMFUTE RADIUS OF CURVATURE OF RAY FATH AND DETERMINE NEW POSITION

RHO=VA/{GRADY*SINCANGIH]

[F 1885 [2H0) JGE. J00. IV ARK=HI/ S, 0

IF1AAS{ANDN LT . 100 C) ARK=4BS(LHZ®*AHOI /IS 0G*10G.0))

DELFH [z 4RK/ RHO :
ZI=FHO*SINIDELPHI} : .
ETA=QHQ= {§.L-CASIDELPHTI Y :
K1=X1+«ZL*COSHLPHII*ETAPSINIFPRID
21=21 2 2I*SINCPHTII=ETACCOSIPHIN
ROPZRAQIUS-ZL

IF 28 IS GREATER THON EARTH RAOLUS, THEM RAY HAS PENETRATED E£ARTH
SURFACE .., THEREFORE DETERMINE PRECISE ENO OF RAY AT SURFACZE

IF{RS.GT.RAOIUSILI, 14
Z1=X1=ZI*COStPHII~ETAPSINC(PHID
21=221-FI*SIHNIPHLI+ETA*COSI{PH)

CALL INTFACE IXL14Z1,PHI,FHOVDELPHLT +GRADVLANGT)
BETASOELPAMI*1AL . O/FI

AMGL=ANGTI®ONPYL

TETA=THZITA®DONPI

GANE=PHIS ONPT

[FLINRT JEQ. LI HRITE(D 20 XL 4 ZL s GAMARNO,BETAL VA, TETA L ANGL
DISTaxy

I=IsL .

x2t1=xt

22L11=71

GO 7O 110

CONT INYS

OELT= (L C/GRADVI *(ATANHICOS (ANGLEL ~ATANHECOS(ANGT ¢QELPHEY D)
T=T+0ELT . . :
PHIaPHM~OELPHT

CAnTINUE

BETA=DOFLPHI* AL, 0/0]

ANGL=ANGI®" QNPT

TZToeTHETA*ONPL

GAMASPHI®ONPT

IFTIWRT . EQ.LIWRITE (B4 45N, ZLa0ANA FHO L EITALYALTET A ANGE
IFimMOISTEN.LX) BT 486

IFIX1.0TLASPIZIICALL CLEAKILY L2 ,NOIST4HX HZ,B8,45P)
CALL LOCATEILO+ASP 4 XL 4EL EH KL K2, K53,C0H)
IF{CON.ER.J.3160 TO it : !
CALL LOCATE(LZ4OSP+IL4FLFHyJL,J2403COND
IFICON.EQud + QI KHMZKHL

IF(CONVED.0.0)GO T L14

DEP=FLOAT I JZ=1)"H2

IFtX1.GT ASP(2] .0ORs DEP.GT.DEATHICALL GRADXZILX L Z,HMIISTHR4HZ » 4L
ted2+l.6)

IFICEP.OT.OFPTHIDERTHEDEP

C1=t21-8TtJ1 K1) 4NZ

L2=iX1-8X(Jl, K10 )/HEK

VIZV R, KL 4V L2 KL=V L, KL FCL

VEaV AL (2 + IV [J24K2) =V IJ1 K2} }*CL

VRSV iv d2=-V11402

GO TO 55

SPECIAL CASE OF GRAD(VIZO
TI=ARC

ETA=0.0
DELT=ZIs¥A

F'"P”FP"DPH'Dhbbh‘bhhhbhhhrhhbnhxnhbnhbb»bhhhbhbhbrbhb-hh&hhhhhhhph

255

i3
131
132
133
134
115
136
137
138
139
140
1wl
142
1t3
14k
145
146
147
148
tuy
150
15%
152
153
154
155
156
157
158
159
1ed
161
162
163
b3
165
166
ie7
168
169
i7d
ir:
172
173
1746
175
17§
177
178
179
1484
iag
182
ta3
184
185
146
187
4,1 ]
189
190
191
192
193
194
195
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P00

102
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L

X1z ¢ 71*COSIPHTII*ETA*SINIPHI)
I1=214 7I*SINIPHI)-c TAPCOS(PHI)
RA=RADIUS~T1
IFIFB.LT.RACTUS)T=T+DELT
IFIR8.6T.PADTIUS) 99445
11zx1-21*COS(PHI)
21=721=-21*SIN(PHI)

CALL INTFACLI(X1,Z714PHL.VA,T,ARC)
HETA=DFLPHI®I80,0/PL
ANGL=ANGI®ONPY

TETA=THETA®ONPT

GAMA=PHI*ONPI

IF(IARTLEN LINRITE(OL5) XL 421 4GAMA RHOLEETA WA, TETA,ANGL
DIST=x1

I=1et

r2elr=nt

2211121

GO 10 110

SPECIAL CASE OF SIN(ANGI) =0

11=amC

ETA=0.0

212147 1COSIPHI)

ZLi=21 2 [*SINIPHIL)

RA=£A0TYS-71

PHI=PMT

IF(20.6T,.2A0TUSYI 108,402

X1sX1=-27%COS(PHI)

Z1=221=-21*SINIPHI)

CALL INTFACL(XL1,21,PHI,.vA , ,DUNH,ARC)
DIST=x1

[=1s4

X2(1)=x1

I2(I)=21

CONT INUE

JTELMOIST.E2.LX) 104,103
IFIX2.GTLASPI2))ICALL CLEAN(LX L2 MOIST rX HZ438+ASP)
CGALL LOCATE(LGASP XL ELsEheKLaK2,4K3,C0N)
[FICON.SN.?.C1G0 TO 110

CALL LOCATEILZ ASPyIlaFLeFhaJdl,4J2,43,00M)
IFICON.CQac oL KK=KNeL

[FICCN.ZQ.0.61G0 TO 110
DEPFLNATIJIZ2=1)*H2

IFIXL.GT ,ASPI2) .0R. DEP.GT.OEPTHICALL GRADXZILY,LZ HOISTHXH],Ji
1sd241.0)

IF(CE2,GT,JEPTH) CERPTH=DEP
CL=(21=-821J1+X1))/HEZ

Ca=(XL1-AXIJL1:K1) D/HX

VLBV E DL L MUV L2,k =V gL, K43 )sCY

V23V IJL.K2) v IV (J2,k2) -V LIl K2) ) *CY
VA=V1+(V2=-V1)*C2
DELT=(1.0/GRADV)I*ALOGIVESYA)

T=T+DELT

AETA=NELPHI®LA0,.0/P1

ANGL=ANGL*ONP]

TETA=THETA®ONPT

GAMASPHI®*ONPT

IFCIHRT LENCIIWRITE(B 415 XL 2 7L oGAMALRHO4BETA VA, TETA L ANGL
[F(RA.GT.RADTUS) 110,55

SUFMARIZE TRAVEL TIHE PRESULTS

.."-bﬁlI-"-F,.h‘--hh-hrl-’h’ﬂrb,i’.ﬁ..vﬁ"-..'-"hh.bh-hh,hh

146
197
198
199
200
2rt
262
2C3
204
208
206
2or
208
2c9
214
211
212
213
214
215
216
217
218
219
220
221
2z2
223
224
225
226
22r
228
229
230
231
232
233
234
235
236
23r
238
239
260
2u1
262
2ul
LYY
65
246
2467
263
249
250
251
252
253
254
255
256
257

256



110

i19
120

14

TotTIMt ) =T

TOTCLJ) =01IST

ATHIIN =T -{DIST-X2(1))/6.5

IFI{IPUNCH.EQal +ANO« CONGEQelaOImRITE(T19) TOTO(J) s TOTIMII) ,RTHLY)
1,PP

WRITE(619)TOTDUIY) (TOTIMIJ) SRTHCI) (PP

LPLT=1

IF(CON.EQ.o-0)PTMLI) =999, 9999

IFIKM.EN.18)LL=Y

IFLIPLOT .GT QICALL RAYPLTBULPLY %2,7T0T0,22 RTH,CMN, X0/, IHM, I0A, THN
13TRAsJLL,IPLOT)

REWIND 13

READCIC) IDUMWJDUM,CUNL,CUMNZ

CALL VELALOCILZ MDIST  HX,HZ+8845240)

00 119 ®=1,3

ASPIK) =AX(L4K)

IF(J.EQ.LLY 120,51

CONT INUE

WRITELB, LT

00 14 J=i,LL

HAITZ (EL 1 TOTOUI) s TOTIMIY) HRTHIN

CALL PLTE®R2(Y)

IF(IPLOT.GT.O)CALL ENOPLT

STce

FORMHAT (2F5,. 1 ,F5.2,415)

FORFAT (2F5,2)

FCRPAT(IMC,* x1 P48 PHI RHO DELPHE
L ovA THETA ANGE®)

FORFATILX  SF 1001 X 481864 X2 (F7.3,1X),2(F8:3,12))
FORMAT ELMY,2TOTAL TRAVEL TIME =+ ,Fll.u,*32C."%)
FORMAT(LHD,* DISTIKM) TIME REDWTT, RAY p*)
FORMAT 11X, 3F20,445X+FLC.%)

END

ol I P e e e B e e P o B D B e b B B e

258
259
260
261
262
281
2€46
265
411
267
268
269
270
27
2re
273
27
275
276
217
27a
279
280
281
282
283
AL
285
286
2ar
284
289
290
291
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FUKCTION ARCTAN(Y,x)
THIS FUNCTION COMPUTES THE ARCTANGENT OF PARAMETER

PI=3.14159265
IFIX.ER.0.302,1
ARCTANSATANZ (Y, X)
GO TO &
IFIY=0,0)3,4,5
ARCTAN=~-PI/2.0
GO T0 &
ARCTAN=0.0

GO 13 &
ARCTAN=PIS2.0
RETUAN

END

SURROUTINE PAYPLTALXHMXy ZMX o YHXy XM o X0 2 2NN 20, MU I D,y [PLOTY
PLOTS AXES

QIMENSION TITLLCLI) ,TITL2(LL)

CALL PLOTS(A0+25402L047542)

CALL FACTOR(D.9)

IMN=3.C

YHN=D0.0

x0=22.0

Y0=5.0/8.0

fo=xg

AL=xMX/ XD

YLE(YMX=YMNI/YO

IL=IMX/ 2D

AIN=(1.0/%0)%5.0

YIN=(1,0/Y0)1%0.2

ZIN={1.2/720D) 5.0

IMN==IMX

TITLL(11=L0MT~-X/6+5 IS
TITLL(CY=3IHECD)

TITL2(L)sLNHOEPTH (XM)

41=1.7

A2=15.0

[FUIPLOTLEQ.LICALL PLOT12,0,10.5,~-3)
IFCtIPLOT.EQ,2) CALL PLOT (9.5,10.5,=3)
CALL AXISHEl,0+sledglenDTISTANCE X(XH) o lby=02y=a154XL =904 XMN,XD,~1
LeXTINs i)

CALL XBXISIC e slosTITLLol3su2aalSeL s0as Y N9 YD YINyLo0,s5+A0,1)
IFLIPLOTLEQ, ) CALL PLOTIJ.0,-2L,~3)
IFLIPLOT.EN,.1)G0O TC &

CALL PLOTI=1.5+4C.0,4=3}

CALL PLUT{0.0,~XL,y2)

CALL PLOT (340400430

CALL XAXISIC o oCasTITL2920sa29sl5sZL 180 oXMNgXDoZINg=1.0s3,424=1)
CALL PLOT{=ZLy=XLy=3}

CONT INUE

RETURN

END

DU CSscoooconooooO@®m
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SUBROUTINE XAXISOXQ o Y0 o TITLE o NSYMoTHT JHT XL o THETALXMNy XD, XINySTGN,y
1Ky F 2CT 4 [DEC)

THIS SUNROUTINF 1S USED T0O ORAW A Y=AXIS WITH UPRIGHT LABELS.

XS +¥0.444CO0RN OF START OF axiIS.

TITLEwaauTITLE COF AXIS. NSYM....NO OF CHARACTERS IN TITLE,

THT oHT e e MEIGHTS OF TITLE AND ANOTATION. YLsosLENGHT OF AXIS.
THETAwa o e ANGLE [M DEGREES OF 4XISs YMNoYDeaaoMINIMUM ¥ AND SCALE F
YINeeoosOISTANCE BPETWEEM TICK MAKKS, SIGA=1aleca.7-AXIS IS #VE.
SIGN"I.J----Y-EIIS IS "'E| FlC'u.- ¥ IN’ER!’.“ENI.

DIMENSION TITLE(1)

AXL=XL*SIGN

CALL PLOTI?2,d,0.3,3)

CALL PLCT(AXL,G.042)

CALL PLOTIL .3,0.0,0)
XLCC=XMN-NT /2.0

ALOCT=XMN

ATIC=2(MN

Az xMN

HTF=HT*6.0/7.0

E=2.0

F=3.0

Gau,1l

H=S .0

1=0

IF(IDEC.EQ.~-1160 TO 1

E=E+2.0L

FsF+¢2,C

G=Gr2.C

Hzhel2, 0

CONT INLE

IFI{XLOCT .GT.XLYGO TO 2

IFIALT L3.C)YYSE*HTF

IFLALGE 2045 +AND. AGLT . 15G.0) YYSFONTF
IFUA.GEL 11040 «ANOe AeLT 10LA4LIYYGOHTF
IF(AGE Loo0ed «+ANDs ALTo1d33C.30YYSHONTF
YLOC=YY

I=1et

[I=s(f=-11

KX=MODIITK)
IFIK%.£EQ.3)TICL=d.12

IF IR NZ D) TICL=0.06
[FI{XLOCT.Gr.XL)GO TO 2

CALL PLOTU(XTICsuel 43D

GALL FLOTIXTIC,TICL,2)

CALL PLOTUXTIC,TICL,3)

AT IC=XTIC+ (XIN*STGN]
IF(TICL.ER.CLL2)CALL NUMBERIXLOC,YLCC HT,4,-92,C,IDEC)
KLCC=XLOC+(XIN*SIGN]
ALCCT=XLOCT#+XIN

IFI(XK.eQa0) A=A+FACT
IFIXKLNELJIGD TO 1S

GO T0 1

CONT INYE

YLCC=YLOC ¢HT

XA (AL~ (NSYMETHT®B G /70007240
IFISTON.GT . Cad) XXSXA
IFISIGN.LT L2 XX=XA=XL

CALL SYMIOLEAX, YLOG s THT yTITLESC.QuNSYN)
RETURN

END

Rl N-E-R-R-R-J-N-E<R-R-N-R-N-R-N-R-J-R-R-R-R-F-F-R-R-N-R-R-y-E-F-F-E-S-F-R-N-R-F-N-E-F-N-N-R-R-J-R-N-T-N . N-N-F-F-R-R-E-N-]
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SUBROUTINE WRITERILX yLZ oMK HZ X 14L1,PHL,PHHN\PAIN,BB,EBSP)

THIS SUSROUTIAE PRINTS OUT THE INPUT DATA

COMMON /7S00/ AX (33043} ,A70(300,3) V133030, VOXI3C0,20,VG21303,3)
DIFENSION BB(900)

WP ITELR.10)

WRITE(6,11)

W ITE(B.12}

HRITEL 641 D)

WRITELG, L) LX<l 2 ,HXHZ

WAITE(6,15) X1 ,24,PHI

WRITE (4251 PHMN,PA LN

WRITE(Gy16)

LLZ=LI/ )

READCLOIMOIST

READCICY (OBLI) +I=L,L )

DO S J=i.LLZ

K=JgelL2

KXK=KM LZ

JJseeLLZ

AZ(JY=(J=1)"HE

A7 ()= (=1} *HZ

A2 (XK= (KK=1)"*HZ

AZ(JIr=lJi=1) "]

WRITELE 210 J0A2(J) 4880} oKy AZ(X) IBIKY KL, AZ (KK FRUIKK) 4 4, AZT IS,
183000

CONTINUE

QENIND 10

READ(LC) IDUM, JOUM, DUML ,OUH2

AP ITEtB,19)

HR1TEL6,200

WRITE(E,22)

FORMAT (IH s 4(15,2F10.5%+51))

FOPMAT LIMIZL2Z222X)

FCRMAT (LOX,*FINAL AMGLE DF INCIDEMCE =*%,F5.2,5%,*INCREMENTAL ANGLE
1 =%,F5,2)

FOFMATILHL, 30X, *3AY TRACING®)

FORAT (S1X, . Hessssnssara)

FCRFAT (iW]y *INPUT OATA®)

FORMAT (41X, I Hos=mmmm=aa)

FORMAT (LH?, *NO OF X-ELEMENTS =22,15,5X,*°K9 OF Z-cLIMENTS 34,15.5X,°*
L1X=SPACTIMG =2,F5.1.* XM *,#2-5PACING 3#,F5.1,% KXM*)

FCPMAT (LHI+*COGRD CF RAY ENTRY IS® ,FSele®e®eF5.1,5X,*INITIAL ANGLE
1 OF INCINENCE =*,F5.1,"0EGREES®)

FCRPAT(IH) ,*VELNCTITY DAlA®)

FORMAT [1HI,*0UTPUT DATA®)

FCRMAT (1 XyllH=mmmmncaaan)

RETURN

END
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SUBFOUTINE VELALCC (L ZyMDISToHX ¢HZBE,SIGND

VELALDOC (YELOCITY 4ND LDCATION) IS CESIGHED TO PEAQD 3 COLUMNS OF
VYELOGTITY AND LOCATION GHIJ FROM OIGC. OR SINGLE COLUMNS FOR
UPULTIKG VELOGCITY AND LOCATION DATA.

CORMOR FSBO/ AXI3G0 231 A2 (300, 30,9 (3003 aVOX(30,3),¥62{303,+3)
DIMENSION BBI9GD}

IFLSIGH.EQ.D.0) 10,11
CONT [NUE

e 2 Jai,3
READ{LSIHOTSY
READILOY198{TI4I=L.sL2)}
ae 1 I=14L2

AX{Ly JISFLOAT(MOIST -2} *Hx
AZ(T+J)=FLOATII-1})242
VAL, JY =98¢}

CONRTIMNUE

CONT INUE

GO T0 12

COKTIHUE
READLIGIMDIST
REAQLLCY 4B LY, [21,L2)
00 3 I=l.L12
VI, 31 =38(0)

ANII M =FLOATINDIST =11 7uX
AZEI43)=FLOATH(I~2}*HE
CAOKTINUE

RETURN

END

SUBROUTINE LOCATE{LMyXpAsXLlygA241I,JJ«KKGONST)

THIS SUARQUTINE LOCATES THE POINT (A) WRT (X) ~APQAY LACATION FOP
USE IN THTSFPOLATING GRATCIENT FUNZITIGNS OF THE POINTS.

Xly X2 BRF THE TW0 DISCRETE BOUNOS OF &), II IS IHME ARRAY LOCATIO
GF THE LOWER BOUND. LM IS THE HMAXIMUM NUYBER OF ARRAY POINTS.

QIMENSION XI[30Q)

CONSF21.0

I=0

I=T1et

IF(LLGE,LNIGD TO &

IF{A.EQ.XU11)G0 TO 3

TF{2.GT . XET} AND. ALEXNUI*I2IGE T 2
G0 T0 3

KL=xtly :
nZ=x{I+1} ) - -
IIsl : : '
JA=I1T#1

KKzI{s2

IF 1 {XK~LHY L EQ, L IKX2SY

GO TO &

X1=X(1}

X220.0

If=1

Jaslist

KK=11+2

GO 10 5

HRLITE16,46)

COxST=6.0

RETURN

FCRMATIIHY «*PCINT IS DUYSIDE GRID*)
END

MEA AN AN ADTAN AN AT EAAARAA NN ARA DAY

R N N R R N E AN N R N R N S W B W A N W W~ N WO W A o W

LN e NN N P
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SUBROUTINE GRADMZILX.LZ MOIST.HX,HZ,J1:02,5IGN}

GRADXZ COMPUTES THE K- ANO 2= COMPONINIS OF VCLOCITY GRADILENT
FOk 2 COLUMNS OF A 3-CoOLUMN GRIC DATR OR THE CENTRE
COLUHN FOR UPOATING THE GRID IN RAYTRALZ PROGRAN

COMMON 7590/ AX (300,30 ,A203C0,3),¥(30J43},V0REILD,I0,¥02L30C,5)
IFISIGN.EQ.C. 00100401

CONT INUE

00 2 I=i.LZ

00 1 J=1,2

IFIJ.50.11K=)4
TFAJLEQ.ADVOR LT 3 m Nt Do (K+L 3 =gl T, (X«L) ) S R2.0%HY)
IFA2, 0 2IVGN L (b IV EJ* 1)~V (J-2J1 17 (20 HXY
IF(T.EQaLiL=]»]

[F4T EQui Vo ZO I b =tVIIL L) v Y =V EfL-1L) s 1A 2.0 R2}
TFAT.6T1 «AND. Lol T LZIVGZILaisiN{II 1) d)=VIiT=1) o J}2212,0"HT)}
IF{1.EQ.LZVLZI~1

IFII.EQ. L2 NGl =t dil ey () =4 il =), 3V A02.0"RE)
CONT INUE

CONTINUE

G0 To 12

CONTINUE

0N & [=J1,J2

VEXRT, 232V IS, 20 -Y{ L+ 1/ 2.0 HX}
TF(MAISTLENLXI NG I T30 aviX L ,21

IFCTLENWLIK=Tst

IFAY . EQaIIVG20T, 233 VI tKeL) 2=V IIK=1}Y,2))/E7.0%HT

IF{T.EQeLl +AND, MOIST.EQuLXIVGZ T30 20w i+ IN=-vI{K~11,300/¢2.0%*

1HZY

IFIILETA1 L ANO. L.LT.LZ) YGZU(T,29=ivitlel),2)=-Viil~1342107{2.0%H2)
IFI1.G6T,Y +ayp, I.LTsl 2 ~AND, MOIST.EQLAYVOGZII30ulvi1TIed) 30 VI

LI=10,.311/12..LHED
1F¢T.2Q. L2 2]~}
[FAL EQLZIVYEZ T 21287 ELKe L) 2 =V dK-1) , 21 F/12,0"H]]

TFAL.E0.LL JANO. POIST.EQuLXIVEZIL +3) =V IIK+L) = 0(K=L2,3007(2.0

1*HZ)

CONTINUS : . :
RE TURN o -
END ' )

SUBRDOUTING CLEANILX (LZ HOLST s HA HT 28 +ASPD

THIS SUBROUTINE SHIFTS CATA GRID ONC CCLUHMN T0 THE RIGHT

COFMON 7S307 AX (30043 yAZI3C0,3),VIINGL 32, VOX TGO ,3) VG2 1300,3)
DIFENSIAN RAB (JJC)4ASPIIQ)ASPI30D)

0O 1 IslsL2Z

AX{L+11=4X(142}

BX{l42138X(L:3)

VT8 =viT4 2)

FiIs20=ViT, )

VOXLI41r=V0R{],2)

VOZET, 1=V I(L,2})

CONTENUS

CALL WELBLOCKLZ ,mOLST HX ,HI+BBy1.0)

oo 2 J=1.3 '

EBSPL =X J) ’
RETURN o ' N
END : : '

Pk 0 b el e bl el B ek ek e e e ey el ey gt e ey
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SUBROUTINE INTFACLIXL.Z1.,PHL,.Y.C0.4RC)

THIS SUBROUTINE BRINGS RAY END PRECISELY TO EARTHES SURFACE FCR

SPECIAL CASE OF GRAD(VI=0 OR SINIANGI)=0

ALMT=0.01
DEN=10.2
RE=£371,028
DEN=DEN®2.Q

GO TOo 3
DEN=DEN*Q .2

1= ARC/DEN
I2=71vZ°SINIPHI)
RB=RE-122
[FIRD.GTWRE) Ly
AT =sRE-RD
IF(FT.GTLALMIN 2,5
XL=X1+2"COS(PHI)
I1s22

r=2/sv

00=00+T

RETURN

END

SUBEOUTINE INTFACEIXL,21,PHIPHCOPHIO0,GV.AL)

THIS SUAROUTINE BRINGS RAY END PRECISELY TO EAPTHES SURFACE

ALFT=0,.01

RE=6371.,02%

NEN=10.)

ALFA=],0

GO Ta 2

ALFA=0.4

OEN=DEN®2.02
ALFA=ALFA»(NPHIL/ODEN)
Z:RHO*SINIALFA)
ET=RHO*(1.2-COSIALFAM)
22=T4vZ*SINIPHI) =ET*COSIPHI)
Aq=RE-72

IFIRA.GT.RENL,3

RT=RE=0A

TFIRT GTLALMTIZ N
X1=XL4ZPCOS(PHI)«ET SINIPHI)
Zi=22
T=(1.0/GVI*(ATANHICOSLAT)) ~ATANHICOS(AT*ALFAY))
0O=00+T

RE TURN

£ND

AERRARARARAAERRERPALR AR XA X
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SUEBROUTINE RAYPLTBUILP (F X GX 4 FT 4F Ty XMN X0 ZHN, 20 TN, TO,I51,152,1IPL
101}

THIS SUOROUTINE PLCTS THE RAY PATH
AND THE REDUCED TRAVEL TIME-DISTANCE fPLCT

DIMENSION FY (1) .GXIL)FZIL)4FT (L)
DIFENSION BX{4500),82Z(4500)
[F(LP.LT.Z21GO TO 2
IF(IPLOTLEQ.LIGO TO &

LO=Q

00 13 xX=1,LP

IFIFXIR) JLT.20,0 AND, FZIK).LT.15.43G0 TO 10
La=LA*1

BAILN =FXIK)

SZILQAYI=FZLKD

CONT INUE

0o 1 K=1,LQ

A (Kh==1,0"BXIK)

AZ2(K)==1,2"82(K)

IF(LQ.LT.21G0 TO &

CALL LINFSUBZyOXsLOslsZMKyZ0XMNoX0404047)
GO TO &

HRITE (6., 3)
FORMAT(AHC yiTHe s sas pageassi pa()
CanTINUE

[F{ISL.EN.IS2)5,7

IL=AASIINN/ZD)

AMY=1.5+7L

IF(IPLOT ,EN.ZICALL FLOTIAMV,d.0,~3)
00 & [=1,1I52

IFIFTIT).GT.5.001G0 TO &

IFIGXCTI) LT.20.0)GO TO &
GELIl=~1.u*GXNI])

= (GALT)=XHN)Z7XD
Ts(FTII)V=THN)/TQ

CALL SYMBOLIT Xed 08310496 0,~1)
GALI)==1.0"GXKL])

CONTINUE

RETURN

END

Uk ikt il kit ol il el et sl el oll syl okl it 2ok ol aall el sk el el it gl = e ot et ad o el 2l

C R B R
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APPENDIX A.2

Listings of the ray tracing computer
program for spherical earth

model
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PROCRAM RATRACKLINPUT ,OUTPUT , PUNCH (TAPES=INPUT,,TAPER=OUTPUT ,TAPET= AA 1
LPUNCHs TAPELL,TAPEL) AA 2
A 3

AA .

THIS PROGRAM TRACES RAYS THFOUGH A SPHERICAL EARTH MODEL CONSISTIN AA s
OF A4 THWO=DIMENSIONAL GRIOD OF POINTS WwiITH RANDOM WELOCITY VARIATION 44 6
8Y S.8. 0JO. Ak 4
AA L1

INPUT PARAMETERS Al 9
LT T T P ) AA 10
Lx NQO OF GRI0 POINTS IN THE HCRIZCNTAL DIRECTION AdA 11

Lz NO OF GRID POINTS IN THME VERTICAL DIRECTION Ax 12
nXENZ OISTARCE DETWEEM G2ID POINTS IN KM, AR 13
XTI+ Z1IN COCRDINATES OF THE STARTING POINT OF RAY, NORMALLY AR 1
THE ORIGIN. AA 15

RINC MAXTHUM [NCIDENT ANGLE TO BE INVESTIGATED AA 186
RAMIN MINIFUM INCIDENT AAGLE TO B2 INVESTIGATED AR 17
AINC INCREMENTAL VALUE CF INCIDENT ANGLE AA 18
ITYPE AN OPTION REQUCIANG VELCCITY FOR PLOT QuTPUT AR 19
ITYPE=L FEDUCING VELOCITY = b.5 AA 20

ITYPE=2 REDUCIMG vZLOCITY = 8.4 AA 21

ITYFE=2 REDUCING VELOCITY = 1d.0 AN 22

1PLOr AN OPTION FOR PLOTTING OUTPUT Ap 23
IPLCT=1 TRAYEL TIMZ PLOTTED WITH SLOKNESS AN 28

IPLOT=C NO PLOT AL 25

IPUNCH AN OPTION TO PUNCH TRAVEL TIME RESULTS ON CA AL 28
IPUNGH=1 OQUTPUT PUNSHED OM CAROS AA 27

TPUNCP=C NO CARD OUTPLT AA 23

IWRT AN QPTION TO PRINT NDETAIL RAY INFD, FOR ERROR SEARCH AA 29
THRT=1 DETAIL INFO PRIMTED...ONLY FOR ERROR SEARCH 4A 30

[HET=g NGO PPINTING LY T 1

108x AN OPTION 10 STORE RAY - «TH COCRD. OM DISC...FOR RAY A& 32
OIAGRAM ONLY, AL 33

I0SKk=t SIToRED ON OISC 44 36

I10Sk=0 NO DISC STORAGE Al 35

sa  Is

AA I7

COMFLEX I 2a Ia
DIFENSION ASPI3L),ASP(BGI),HB190)),SLIZ0]),0OPHAX(200} AL 19
DIMENSION TOTIMI220) ,TCTDIZ2L0) ,DA1250) 4RTHI200) AA WD
COFFON /S307 VIEIT 314 VOXIEL043) WG2IH0G43) A wi
AR W2

RADIUS=6371L.028 LY TS |
P1=3.14159265 AR &b
ONFI=1£2.0/P1L AA &S5
AL uh

REWIND 10 AR W7
READILOILX,LZsHX,HZ AA &8
ARC=MI/10.19 AA W9
LAK=ARC A3 50
. as 51

READUS ¢ 2VXT 4 ZINLOINC (ITYPE [PLOT,IPUNGH, [WART, IDSK LY T
READIS+JIRMINy AINC 44 53
RI=RADIUS~ZIN A3 5S4
THI=8.0 AA S5
x1=x1 AR 58
Z1=71IN AR 57
IF(ITYPZ.EN.1) PEDV=6.5 AL 58
[FCITYPELEN.2) REOV=8.C AR 59
IFCITYPZ .EQ.3) REDY=1G.0 AA &0
CALL WRITER(LX LZaPX  HZ XL 71 RINCJFMINLAINC,20,85P) AA b1
ar 82

DATA HMAY RE READ FRCM DISC OR TAPE OR CAROS. AL B3
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c VaVe LOCIIY OF GMIU cLEMENIS. AR be
c A=COOROINATE OF GRID ELEMENTS A4 &5
c AL 66
CALL LOCAVEL (L 2+ASP,35PHOTIST HX,HZ,88,0.0) LY Y
LLEIFIXCUIRINC=RMINIZAINC) ¢+1.0) AX 68

J=0 aa A9

KM=0 AA 7D

51 J=del AL T
T=0.0 ar 72
01ST=4a.2 AL 73
DPMx=0,0 AL 7%
OFPTHEWTI* 2.0 AR TS
IFLJ.GT.LIRINCERINC~AINC AA 7B
RIN=RIKLJONPI Aa 77
PHI=(PI/2.0)=R]IN AL T3

RA=RT AL 79

RA=R[ AA 20
THETA=THI AR 31

c AR 82
c DETERMINE HOST CELL OF RAY HEAOD. AA A3
c 44 8%
CALL LOCATY [LX ASPoTHETAGELsEHk14K2,X3,CON) AA &S
IF(CONEQ.J . 0) KM=KML AA B
IFICON.2Q.2.0)G0 TO 110 AA &7

CAll LOCATZ(LZ  OSPyPALFLyFH UL, J2,43,C0N) LLIL Y
IFLCONEDN ) QI KMKPeL AMR a9
IFICONLEQ.Y.Q3G0 TO (40 AR 99

c aa 51
e DETERMINE YELOCITY GRADIENT AT EACH GRIU POINT. A 52
G a4 93
CALL GRANXZILYGLI4MOIST M HZ4J14J2,0:0) AL 9

CALL HELPA(RADIUSRA HX yHZsDTETAKL 4 K2,J0,J2,J3,VA,VL,GX,GZ,THETA) AA 95
PP=RADIUS*SINIRINI/VY AA 98

I=0 AA 97

55 CONTTINUE AA 98
[a]+y A4 99
IF{1.E0.3)G0 To A0 A4 100

RA=kA a8 10t

c a4 102
e DETERMINE GPAD V¥ AT FAY MEAQ LOCATION. A4 163
c AA 104
JA=yH AR 105

80 CONTINUE AA 106
I=CHPLALGX,,GT) AA 107
GRADV=CABS(2) ad 1cs
T1=8RCTANIGZ ,GX) AA 109
ANGT=T1=-(PI/2+C)*R]IN AA 110
IF(G2A0OV.E0.2.31G0 TO 98 AA 114
IF(STNIANGE) ,EQ.G.01GO TO 100 Aa 112
IFUIDSK.EQ.1)ICALL CISQUE(RADIUS,RA,THETA,X1,21) AA 113
PHI=IPTI/2.0)1=RIN AA 116

c ap 115
c COMPUTE RADIUS OF CURVATURE OF RAY PATH AND DETERMINMNE NEW POSITION AR 116
c Aa 117
RHO=VAZ [GRADVYSINIANGI)) Aa 118
IFLABS(PHO) GELLIC.GIARK=HIZLD Y AA 119

IF AT C2HO) W LT+ L0042V ARK=ABS ((MZ*RNGI 7012, L7100.00 ) AR 120
DELPHTI=ARK/RHO AR 121
TFLIARTLED.LICALL WRTERIRACP ONPTDELPHILANGT T, PH],RHO,VA,GX,G2 AL 122
LsGRADV.THITALTHEIN) Ad 123

CALL RPUOVE (RALDELPHT ,RIN,RHO, THET A, ATETA,RB) AR 124
AMRh=RADIVUS-PA AL 125
IFEeMe LT, 0PML) DPM=RMR AA 126

€ AAa 127
c [F #3 I3 GREATER THAN FARTH RADIUS, THEN RAY HAS PENZTRATED EARTH AA 128
c SURFACZ 4+« THEREFORE ODETERMINE PRICISE END OF RaY AT SURFACE Aa 129
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c : AM 180
IF(RA.GTRAQIUS)ILI, 16 AA 131

13 CONT INUE A8 132
CALL INTFACE(RA RB RINsRHOsCELPHI T GRADV,ANGT sTHETALATETA) AdA 1313

I=1+1 AA 134

GO TO 110 AA 135

16 CONTINUE AA L36
DELT=(1.0/GRACY)I*LATANHICOS LANGI) ) =ATANHICOSI(ANGI*DELPHID)) AA 137
T=T+QELT AR 138

AS CONT TNUE AR 139
IF (MOIST.EQ.LX) 47,06 aAA 140

.11 TFATHETALGT JASP(2)ICALL CLEAN(LXGLZoHOIST HX4HZ,83.A5P,BSP) ah 141
ar SALL LOCATX (LY yASP,THETAEL EH KL KZ,KI,CON) AR 162
IF(CONEQad o) KHSKM*Y AA 143
IFICON.ZN.2.3)6G0 TO 119 Al 1Lk

CALL LOCATZI(LL RSP 4B, FL,FHJ1+42,43,C00 A4 145
IF(CON.cQel s 0) KMaKM#L ah 146
[FICOM.EQ.J.u)6GO TO 110 AL 147
DEP=FLOAT U2 =1)"H2 Ad 148
IF{THETA.GT.ASP{2) .OR, DEP.GT.DEPTHICALL GRADXZILX sLZ HOIST,HX 4HZ Ak 149
lLed1sd2e1a0) a4 150
IF(CEP.GT.OEPTHICEPTH=0EP an 151

c AA 152
CALL HELPO(RADIUSFB MY HEIJOTETA KL K2 4J14J2¥B,GX4G62,THETA) AL 153

GO0 TO 5% AR L5

C AA 155
c SPECIAL CASE OF GRACQ(V)=g Ad 156
c AA LS7
99 I1=8RC Ad 158
ETA=0.0 iA 159
QELFHI=0,.3 AA 168
[FUIWRT €N, 1ICALL WRTER{RAOP,CNPI CELPHILANGL s T1,PHI,RHO.VA,GX,GZ 24 161
LoGPADVLTHETA T ,PIN) AA L1862
IFUINSK.ENLICALL DISQUE (RADIUS B, THETA,X1,21) AA 183
DELT=21/vA A2 lblk

CALL RFMOVI(RAZZL,RIN,THETALATETA,RA) AA 165
RMR=RADIUS=-QB AA LBK
[FiRMR ST DPH) CPHX=A MR Ad LBT7

IFIRA LT ,RA0TUS)IT=T+DELT Ad 164
IFtRA,GT.2A001US) 99,85 AA 169

599 CALL INTFACI(RA.RE,RIN,VA,T:THETAATETA,2I) aa 170
I=1¢t AA 1TL

G0 1O 140 AA 172

c aa L73
c SPECIAL CASE OF SIN(ANGI)=0 AA 176
G AL L75
160 ZI=ARC AR LTE
ETA=0.C Aa 17T
[FIINAT.CS0L1)CALL WATER(RA 0P, OKPL,DELPHI ANGI +TLoPH]I ,AHO VA .GXGZ 44 178
LGRADY ,THETA ;T ,RINY AM 179
IFCIDSK.E2.L)CALL DTSOQUEIRADIUS,33,THETAX1,21) aA 180

CALL 2PAOVIIRAZZ I RINSTHETALATETARB) AA 181
RMR=RAQIUS-R8 AA 182
IF(RMR,GT,0PHX) OPHX=RMR AA 183
PH1=PHT As 184
IF(R8.GT,.240IUS) LL1,102 AA 185

162 CALL INTFACL (RA ¢RB,RINVA,OUMM,THETALATETAWZI) AL 188
I=1+1 AN 187

102 CONT INUE AL 1228
IF(MDISTLEN.LX}104,103 A4 189

193 IF(THETALGT LAGP(2)ICALL CLEANCLXLLZHDIST.HX ,HZ,83,A52,85P) AA 190
106 CALL LOCATX (LY ASPTHETAZEL oEH kL 4K2,K3,C0N) AR 191
[FICON.EN.C.0)MM=xMel a4 192
IF(CCN.EQ.0.0V60 TG 11¢ A4 193

CALL LCCATT7 (L2 ,8SP A2, FL,FH,J1,32,43,C0ON) Ab 196

[F(CONEQai e JI KM XML a4 195
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IF{COM.EQ.3.01G0 TO 110
DEFRSFLOATId2~L19HE

IFITHETA.LGT.ASP{2} JOR. DEP.GT.DEPTHICALL GRADXZAL X, LZ ,MOIST,HX,HZ

1eJlyd2el.0)
IFIDZP .GT.OEPTHIDEFTHRDEP

CALL HELPAIRADIUS RO, HX 4HZ+sDTETA LKL 4K2,4JlyJ29¥B+GX4G2, THETA)
DELY=(1.0/GPabDV)*aLAG(yAsVER]

T=T#DELY

IFIRA.GT ,BAQIUSI110,55

SON*ARIZE TRAWEL TIME RESULTS

TOQUINMESY =T
IFICON.EQ.L L0 I=T+1

IFITIART €T« IICALL WRTERIRA+OPyQHPL  OELPHIVANGI 4Ty PHIWPHO VRLGX4GZ

LaGRADVTHETA LT o R INM}

[F{IDSK4EN. 1ICALL DISQUE (RADIUS,VSTHETALXL,21)
ANDTHETA .
DAL =RADTUS*AND

1T =AND™18]. J/7P1

RTML N =T={RADIUSPANDI AREDV

Shiuiaraepr/s180.0 L
QPHAXL I =NPMY

IFLIPUNCH.ER.L +AND: CONSEQ L 0 VMWIATITEL 74130 DX L) 3 TATOCID L TOTEMLE ST

LRTHEJY (SLEJE
WARITEIE WL OEC ) o TATO o TATIAL G RTHOJE SL{JYDPHAX L]
LPLT =1

WRITEIGLALILFLT

IFICON.EQ.0.01PTH{J)=999,34999

IF (KM TO.5ILLY Y

AICWING 10

REAQ(ICY TIUM, JOUMLLUNL, DUNZ

CALL LUCAVILILZ ASP BSP HDISTe M, HZ,B3,0,3)

IF (JaEN4kL} 123451

CONT ITNUF

WRITELG.17)

DA 21 J=1.LL

WRITEIE, 190 0XIJ) ,TATDII 4TOTIMAIY 4 RIMED) SL LI}, DPMAX L)
IFCIMOTLEQLIECALL TTPLOTILLTOTO+TCTIMRIM 45L+REQV)
CALL PLTERRILL)

IF{IALOT.EQ,.LJCALL ENOPLT

5TOP

FORFATLIFS.L1.5I5}

FORMAT (FS.1,F5.2)

FORMAT (1M34* DISTO(KN} DIST TINE RED.TT. SLIOWMESS
LPMY*) . .
FOR®RT[L1X,1I5)

FORMAT (LK, BF 10 .4}

FORMAT 13X ,2E11.5)

FORMATILH 4 *TOTAL MUMBER OQF RAY SEGMENTI I3*,:[51

END . . .

Al
ok
Ah
AA
LY
AR
aA
AR
AR
AR
AR
A4
AA
LY ]

Al
LY ]
.Y.]
Al
LY}
Al
LY |
(Y]
L 1.5
AR
Al
ald
Ad
AL
LY ]
RaA
(Y]
AR
LY ]
AA
[ ¥ ]
LY]
Ak
AR
Ak
AA
(Y}
AR
AA
AR
Aa
AR
Ba
AR
.Y %
AR
AA

19%
197
198
199
200
201
202
243
20%
205
21&
207
2La
269
210
21l
212
213
21¢
218
16
217
214
Z19
220
221
222
223
224
22%
226
zzy
228
229
230
231
232
233
234
23%
236
23
23n
233
2u0
2ul
242
243
F41)
245
246

2u7
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FUNCTION ARCTANIY,X)

PI=3.1L159265
IFIX.EQ.0.00241
ARCTAN=ATANZ LY, X)
GO T0 &
IFLY=0.003,4,5
ARCYAN==PL/2,10
GO TO B
ARCTAN=0.0

Gd TO &
ACTANEPI/2.0
RETURN

END

SUBROUTINE DISOUE(RE.ABLTHETA.X1,Z4)
THIS SUPROUTINE WRITES THE COORDIMATES OF RAY PATH ON QISC

X1=RO*SINITHETA)
Z1=RE-(2A*COSITHETA))
WRITE(2)IX1,2L

RETURN

ENC

SUBROUTINE EBPMOVE(RAOPHI,RIN,#HQ, THETALDTETA ,RE)

THIS SUDROUTINE HMOVES RAY HEAD TO NEW POSITICN ANC COMPUTES THE

NEW POLAR COOROINATES.

RE=26371.02%
Pl=3,16159265
QPuUI2=0PHTZ2 .0
ALFERINCOPHIZ
A=SINIDPHIZ)

LEF LY

C=COS(ALF)
O=STINCALF)

Pz=RA'@A
Q=4.0*RHO*RHO"A
R=4 . 0*RAP IHO*AYC
Ry=5QRTIP+n=R)
DIETA=ASINIZ.0*AHOATD/RE)
THETA=THETA+DTETA
RIN=RIN+OPHI+OTETA
RETURN

END
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LS ]
aa
AB
A48
L]
ap
A8
AR
AR
aB
A8
AB
a8
a8
Al

aAC
aC
AC
ac
AC
AC
AC
AC
AC

a0
AD
AD
an
aAQ
AD
AD
an
40
AD
AD
AD
AD
AD
A0
AD
AD
AD
AD
an
AD
a0

p
B QNP N

e e
WS e P

Do N DV e
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SUBROUTINE RPMOVIIRALZ,RINSTHETA,OTETALRT)

THIS SUMROUTINE MOVES RAY WEAD TO Niw PCINT FOR SPECIAL CASE GRADYV

RE=6371.028

AzRA*RA

B=2*7

C=2,1%PA* = COS(RLIN)
RA=SN2T(A+0-0)
OTETASASIN((Z*SINI(RIN) ) /RB)
THETA=THETA+DTETA
RINSRINSDOTETA

RETURN

END

SUBROUTINE WRTER(RAA,OP,ONPIsDPH AT s TE sPHRHOy VA GX,GZ,CRAOV,ALF ,TM

1yR N

anooo

12
1

ooo

THIS SUBROUTINE PRINTS DETAIL PARAMETERS OF RAY PATH FOR DEBUGGING

PURPOSES ONLY

RE=63T1.0248
OP=RE-RA
BETA=DPHPONPI
ANGL=AT*ONPT
TETA=TE*ONPI
GAMAZPHeONPL
ALFA=ALF*ONPT
HAITE (ks L2)

FCRMAT (tHD4® LL! DEPTH PHI FHa
1 va T ANGI GX Gz GROV

TInE®)

WRITELEZLIPA,OP sGAMA ,PHOAETA VA, TETALANGL +GX 4GZ,GRADV ALFAL RN, TH
FORPATILX o 3F2l ool Xy ELE bo X tFT.T01X),8(FB.3,120)

QE TURN
END

SUBROUTINE INTFACZ(RA,RO.RIN,RHG,OPMI,00C,GV+AT,TETA,DTETA)

THIS SUIROUTINE BRINGS RAY END PRICISILY TO EARTH2S SURFACE

RE=£371.023

ALMT=20,.01

ALFA=0.0

BETA=0PHI®{(.01

I=0

IF(ABS(VHE~RB) .GT.ALNT) 2,6
TETA=TETA-QOTETA
RIN=RIN=OTETA~OPHT
ALFA=ALFA+BETA

I=1+1

IFIL.GT.5279G0 TQ 7

CALL RPMOVE (RA,ALFARINJRHO,TETA,OTETA,RY)
[FLA8S(RE-RB).GTLALMT) 4,45
TETA=TFTA-OTETA
RIN=RIN-QTETA~ALFA

GO T2 3

OPHI=ALFA

T=(1.0/GV)I* (ATANH(COSTAT) ) -ATANKICAS (AL*OPHIN)
ON=00+T1

Go Tao &

WRITE(E,10)

FCRMAT (LML, 52iHes8esass [ NFINITE LOOP ENCOUNTERED IN INTERFACE®®®vss)

stoP
RE TURN
END

AG
AG
AG
AG
AG
AG
AG

AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
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SUARDUTINE INTFACLIRALROLRIM, V0D, FETA,OTETA,ARCY

THIS SUIRGUTINE BRIWNGS RAY END PRECISELY TQ EARTHZS SURFACE FOR

SPECIAL CASE OF GRADI(VI=D Ok SINIANGI?=C

RE=6371.025

ALHYs0.01

ALFB=G .0

BETA=ARC®D . 0L

t=0
IF(ARSIRE=-RPY.GTLALMTE2 45

TZ1a=TETA=-DTETA

IIN=RIN-0TETA

ALFA=ALFR+BETA

trer 1 GO YO ?
F1l.67.500)

énli RPMOVLIRALALFALRTN.TETA,OTETA,RA)
IF ARG IRE=RAN . GTLALRY ) by
TETA=FETA-DTETA .
RINSRIN=-OTETA

co 10 3

ARCsALFA

Tz ARGV

DO=CcDeT

GO 10 8

WEITE(Bs10)

FORFAT (LHL,5LN***# ¥ [NFINITE LOOP ENCOUNTERED IN INTERFAGL=**7*")

S¥of
RETURM
ENQ

SUBRQUTING TTPLOTILT OIST.TT,ATT,SLAREDV)

THIS SUSROUTING PLOTS TRAVEL TIMNT GCURVE QUTPUT PLUS SLOWHESS

DIPENSION OFSTOL . FT (20 ,RTIT (L} ,5L11).
PIz?,14159245

REQF25I71.025"FI/ 180,10
REDVI=L.0/REQV

UMN=10.4

DMXa38,.0

Q]’ FE=2%,0

RTMX27G O

SLMA=T.0

SLlmxmLE.0

ona=2.4

RTOLx2 ,5

SLDA=1.0

XLE [OMX-OHN) 70DA

AMuUSXL ¢S,

CALL TTAYISIOMA,DMX 008 RTHM,ATHX, RTOA,SLAN,SLIHY, SLOAD
a0 1 Ixi,LT

IFICISTIT)LGT.OMX 0% OQIST(I).LF.2HNIGO TO 1
IFIRTT(I) LGT,RIMX OR., RITLI).LT.ITFMIGE TO L
X=(0ISTIL)=-0MHK) /DDA

YT{RTTA(I)-RTHN) 7/RTDA
SLO={{SLITI/RZDF ) ~REDVEI*REDF*0ODA/ RTOA
QECL=ATANCSLO}

DIGL=(PL/2.0}-0ECL

TETA®-1.0%NECL" 180.G/P]

CALL SYNOOLEX Y, 0.5+13,FETA, =1}

COMT THUT

CALL PLOTLAMY,0.8,~-1)

00 2 K=ai,LT

IFIRTT (K} EQ.999.9999160 T6 2

IFCCTISTIKE LCT.DHYX ,OR, DISTIK}.LYT.ONNIGO TO 2
XXz {OISTIK) «bMNY Z0CA

YYSESLEKY -SLHAN) ZSLDA

CALL SYHMAQL LEX 4 ¥Y¥ 3. 25311, 5+L =1}

CONT INUE ) .

RE TURN ]

END . : .

AL
a1

ar
Al
AT
af
Al
4l
AT
AL
Al
L4
al
AT
Al
ax
Al
At
a1
Al
At
Al
Al
Af

Al
AT
Y4
Al
Al
Al
Al
Al
Al
al
Al
at
Al
Al
81
ar
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SUBROUTING TTAXISIXMN, XMX XA, THN, THX ,TDA, SHN,S5MX,SDA)
THIS SUIROUTINE PREPARES PARAMETER FOR PLOT

CALL FLOTSI!J-?H-B-.‘LU.?S-!)

CALL FAGCTOR(1.0/2.54)

XL = (XMX=-XMN)/XOAR

YL=ITHY=TMN)/TQA

IL=(SHX =SMN) /SDA

AMVE XL +5,3

XIh=(1.0/%X0A)

TIh=11.G2704)

SIN=(1.)/5081%0.2

CALL PLOT(5:0+45.,8,=3)

CALL AXISA Ul oGalalHMOISTANCE (DEG) wlleg=e S a5 XL aDa s XMNyXDA,~1yX
1IN.S)

CALL AXIS4(Ca04GeCo25HREDUCED TRAVEL TIME (SEC) 1254454454 TLy9044+TH
INs TDAy =1, TIN.5)

CALL PLOT(AMV40.04~3)

CALL AXTSHICaJdsCelpALHOISTANCE (DEG) sllg=uF9=u54XLy 0o s XMNLJXOA s =1 ,4X
LIN.S)

CALL AXTS&(0.04040+18HSLOWNESS (SEC/DEG) 1844544547030, 451N, S0A,~
11451My13)

CALL PLOTI=-AMV,ce«Qy=3)

RETURN

ENC

SUBROQUTINE CLEAMILXWLZ MOIST HX,HZ,38,45P,85P)
THIS SUARGUTINE SHIFYS OCATA GRID 3Y OMNE COLURN TO THE RIGHT

COMFON /SBOY Vibude3) 4VGXIALT+3),WG2(600,.)
DIMENSTION ABC(L)ASPIL) ,B5P (1)

00 1 L=1,LZ

VEiTol)=svel,2)

ViIs2)=v(L,3)

VXTI i)=VGX(],2)

VEZLL.1)=VGZ(1,2)

CONT [NUE

CALL LOCAVELILZ,ASP ,BSP MOIST HX,HZ,89,1,0)
RETURN

END

AJ
Ay
Ad
L]
AJd
aJ
Ad
4l
AJ
a4
AJ
AJ
ay
a4
aJ

Ad
AJ
aJ
AlJ
aJ
aJ
aJ
a4
aJ
aJ

273

e e
WNESO0ND N F N

s e s e
Se~NEwe

L L
- o

NN
ownF

DTN .



SUBROUTINE GRADXILLX L7 +MOIST HX HMT,d1442.51GN)

GRADYZ COMPUTES THE X= BND Z- CONPONENTS OF VELCCITY GRADIENT
FOR 2 COLUMNS OF & J-COLUMN GRID , O THE CENTRE
GOLUMN FOR UFDATING THE GRID IN RAYTRACZ PROGRAM

aonoaon

COMPON /5807 vI(60¢,3)VeXt6Ld,3VNGZIG0T,3)
RE=p371.028
DTETASHI/RE
IFISTIGN.EN. T+ 02310,12
it CONMT THUE
a0 2 I=1,LZ
OS2 (RE~CII=1)1*HZY)*SINCOTETA)
0o 1t Jsi,2
FFLJ.EQ. LYK+t
IFLJeEQ LINGRAIT (b= I T (KL= YT (K=1300/702.0%05)
[FIJEQu2IVOX ML+ 22V tT il J+ L} =VIE4 il =200/ 12.0"05)
IFtL.EQaLEL=T21
IFIELEQ LINGZIL 12 (VEIL el ), ) =V UIL~1) 0 P}/ (2. 0"H Y
IFL{E.6T.1 +aND. [JLT.LZ215,8
£ TFLTLGT42 JANO. LilT.iLZ=2V1647
6 VEZIT I 2 W (=29 d b~ G VOl =Ll DI #B I% (VUM 4 JII =V LT *2) 400
i2412.0%K2}
Gd To 1
H VEZIT MV + L) oy =d L=l oJV1 712, 0%HT)
G0 TO
2 CONTINUE
IF{1.EQ.LZIIL=1~1
IF LI W EOLZIVGZ UL, I mAV O ILeLd g b=l EL=1} 42} } 7 (2, C HT)
CONTINUE
CONT INUE
Go TO 20 .
1 COMTINUE :
D0 4 I=J1,42
DS ={RE-({T-LI*MZII*SINCOTETA)D
VEXLT. 2 =V T 3 avil y1)0202.0%05]
IF(FDISTEN.LEIVGE (L JI=VERT 2}
IFIL ED.LYK=T¢1
IFIT.2010WGZ (T4 2)=iVItReLD 2V~ VIEK=1) 42D07{2.G%HE)
értt.zﬂ.i ZAND: MOIST.EQLXIVWGTIL 3=t liKel)l 431 =d1iK~1b 3D/ L2.0*
1HZ}
T IF(Z.6GT.1 ENO. T.LT.LZ2812,19
12 TFiTWGTe2 «ANDy L L TW{LZI=23)1L3s16
13 [FirDIST EQ. LN}ty ds '
14 VGZ e 31Vl =2+ 1) =800 (VI L= 1D 48,09 (V{{T+L) (3N = {{T+2),30)
tAU12.0%HI)
GO TO &
15 VOZIT 2t CT -0~ 0o V(I =10 423 v B2 (NI 200 -YILI+21,42))
LA012.0%KZ)
GO 10 &
i6 IF(FOISTWEQ.LXY L7012
ir VEZIT, I VLTI 0=V iil=13,31 ) /02.0%H7}
GO TQ G
18 VGZAUIW2h= VT IT4#1),20=VIiT=1),2)}712.0%H2)
GD TO &
19 CONTINUE
IFtI.EQ.LZ1K=[-1
IFCT vEQLZINVGZUT, 2 el i+, 20 =VIIK-13 420} FU2. G HD)
IFEILEQ.L? +AND. MOIST LQ.LNIVEIIT, 3=tV it el ,Jh=V{UIK-20,330712.0

LR

1*H7)
o CONTINUZ
20 RETURN B

14

AL
AL
AL
AL
AL
AL
aL
AL
AL
AL
AL
AL
AL
AL
At
AL
AL
AL
AL
AL
al
a1,
AL
L1S
AL
AL
AL
At
At
AL
AL
at
AL
AL
AL
LN
AL
AL
AL
AL

AL
AL
AL
(18
AL
AL
AL
AL
aL
AL
AL
AL
iy
aL
AL
AL
AL
aL
aL
at
AL
aL
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10

i

12

sonnn

SUBROUT IHE LOCAVEL (LI, ASP ASP MOISTHY HI,BB.5ICHN

LOCAVEL (VELOCITY AND LOCATION} IS CESIGMED TO READ 3 COLUMNS OF
¥ELCCLITY ANO LOCTATION GRID FROM DISC, ©OR SINGLE COLUMNS FOR

WPDATING JELOCITY ANO LOCATVION DATA,

COrMON ZSD0/ MIGLD,3),VOCX18LD,3),¥G21600,3)
OIMENSTION O0(L),A5P {1} ,85P(1)

RE=H3IT1.02%

PTHETATHX/RE
IF{SIGN.EQ.f.0)1d,1%
CONTINUE

an 2 J=1,3

READCLOYMOLST
ASPLJISFLDAT (MOIST=L)*OTHETA
FEAD(ILMLARITY ,T=t,L2)
0t I=t.L2
BIPITI=RE-{FLOATII~-1)"H]T)
ViI.Jdr=8a¢L!

CONT INUE

CONTINUE

GO TO 12

CONTINUE

READLLLIMUIST

THETA=FLOAF {KOTST=1)} *OTHETA
ASPrL)aaSpP(2y
ASPL2)=4SP{3}
ASPITI=THETA
READCLEY IAG{TY I, LIY

Do J I=1.L2

Vil,3)=8Q¢(1)

GOKT TNUE

RETURN

END

SUBROQUTINE HELPA(RE ,RALHR yHT JOTETA W KL,K2, 00 3 23 3V A4V 46X G2 ALFY

THIS SWIRQUTINE INTERPOLATES VELOCITIES AND VELOCITY GRADIENTS

BETWEEN GRIC ACINTS.

COMMON FEROS J4EOC, 33w ¥GXIGLD 21 ¥GL1600+3)
ATETA=HA/RE

BA=AMOD(ALF.DTETA)

GRE=4ILY A S {RASOTET AY
AG={R=={FLOATtJ1=1}*HZ) =24}
VIsVIJIPKII IV TJL RE) -V UL X1} )*08

V22 WL * N1 J24 X2 =N 1J2,¥1) 148D
IEENANATS SUR SN INEIN RSN SRR RS ]

WA=V L+ iv2-vidrOC M2

GXBVGAIIL oKL+ IVOXT AL+ RS ~VGXLJL1, K1) ?BLAHZ
GX=(w3-vib/ (2. C"HZ)

RETURN

ENO

in
AM
AM
4N
Y]
AN
Y]
AN
AN
L L]
LM
AN
AM
[1.]
AM
LT
aM
AN
AH
AM
AN
A
aM
AM
AN
am
AM
AM
aM
1L ]
AM
AM
AN
AM
AM

N
AN
AN
AN
AN
AN
AN
AN
AN
an
AN
&N
aN
AN
aN
AN
AN

© AN

AN
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SUBROUTINE HELPAIRE +RAHX HILOTETA K1 4K 4J1,J2,VA,GX,GZ,ALFA)

THIS SUIROUTINE INTEQPOLATES YELOCITIES AND VELCCITY GRADIENTS

BETMEEN GRID POINTS.

CCHMON /S00/ VIEID 3] 4 VGX(60043)4VGEI1500:3)
BA=AMOD(ALFALOTETA)

B3=(A*3A)/ (RA*NTETA)
GC={RE~(FLOATIJLI~1)"HZ)=RA)

VISV IJL K1) v IVIJD, K1) =V IJL,KL) 1% OC/HZ

V2=l K20 v IV IJ2, K21 =V (JL,K2) ) *3C/HZ
VA=Vie(V2-Vi)*88

GALZVGXIJL K1+ IVEX(JZ K1) =VOXTJLaK1D ) *BOIHE
GAMT ORI JL 828 ¢ IVGEX U2 4 K2) ~VEX(JL,K2) ) *BC/HE
GR=GKL*IGXH=GXL] *AB
GILVGZUJL, KL o INGT LI, K2) =VGZTJL1,KL)0 %87
G2raWGZLJ2 K1) 4 IVE21U2,K2) =¥G21JI2,K1) )BT
GZ=GIL*(GIH-G2L)}*BCIHZ

RE TURN

END

SUBROUTINE LOCATXILMuXoA4XL,X2,1T.JJsKK,CONST)

THIS SUNROUTINE LOCATES THE POINT (A) WRT (X)=-ASRAY LOCATION FOR
USE [N INTEWPCLATING GRADIENT FUNCTIONS OF THE POINMTS.

I1 1S THE ARFPAY LOCATIO
OF THE LOWE® BOUND. LM IS THE MAXIMUM MNUMBER OF ARRAY POINTS.

X1y X2 ARE THE TWwO DISCFETE 30UNIS OF (&),

OLMENSION XI(1)
CONST=4.0

=0

[=1+1

IF(I.EQ.31CO TO &
IF(A.EC.X(1))GO TO 3
IFIALGTXITI) +JANO. ALLE.X(T+1)16GO TO 2
GO Yo 1

XL=X1([)

X2=X(I+1)

II=1

Jd=11+1

KK=[I+2

Go Ta S

fi=211)

12=0.0

I1=1

JId=1T1e1

KK=[1+2

GO T0 S

WRITELE,6)

CONST=C,.0

RETURN
FORFMAT LMD, *POINT [S DUTSIDE GRID®)
END

a0
a0
A0
AQ
A0
A0
A0
A0
Aa
A0
AQ
AQ
AQ
LD
L]
AQ
aaQ
AQ
a0
AQ
AC

AP
Y
(1.4
ap
AP
AP
AP
AP
AP
AP
AP
AP
AP
AP
AP
AP
AP
AP
Ap
ap
AP
AP
Ap
AP
AP
ap
AP
AP
AP
AP
AP
AP
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APPENDIX B
A simplified Tau Inversion method

for the inversion of slowness data (by R.F. Mereu)

Given a set of discrete velocity values in km/s

v i=0.llp|aoaN B-l

i!
or a set of discrete slowness values in s/km

Mg ™ 3}""
i

also given a set of minimum values of tau corresponding to

each value of Uy

Ty i = 0,1,000:8

—

and maximum values of tau corresponding to each value of uj

T,

e MR « [ PO | B-4

The problem is to find a set of minimum depths to layer with
velocity LY

ey &m0, Lpuunill

and a set of maximum depths to layer with velocity vj

di' i=20,1,....N B-6

i.e. 4d; and d; are depth limits for velocity v

i-
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'_The travel-time equation for a one layer problem is o

- 1 1 \% R
g (b B) el
e . L v

= 431%;

where z is the layer thickness. For a two layer prcblem,

the equation is
t -2 =1 =‘éz u2 - u? i + 22 u2 - u2 '
v, 2 1( 9y - u3) 2( v1 2) - B-8
ST %217 * A% |
Por a three layer problem, the equation becomes

: ]

® _ _ .2 2 - 2

E~5 =157 2:1( 2y u3) + 232( ul u3) + 8-9
2 2 .42 * = 2. + z, + a ﬁ
23 (U2 = w3) = a2y oAz toaggEy

In matrix form these equations become

a 0 0 pA
11 1 /Tl .
a a 0 Z =
21 22 2 Kﬁz ~ B-10
= =] :
%31 %32 %3 2, Ty
therefore
0 .-
Zl all 0 1 (Tl
= 0
%2 221 *22 Ty . -1l
Z3 831 %32 %33 T3
—and
b
1 11 0 /71
={b b0 - -
%2 21 22 T2 . Bl2
Z b T '

b b
3 31 32 233 N3



A
Z, Vo
;
Z
pd V|
v
A
Z, v,
¥
Vi
de
VN

Figure B.1l: Simple three layer model showing

parameters discussed in equations
B=-7 to B-9.
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where the matrix B=A "t

therafore
_ . B-13
Z, = byy 1yt Pyy T,
Zy = byy Ty * Pyy 1yt D3y T3
Depth to v, = dl =2z =Db, T,

Depth to v2 = 62 = zl+ Z, = (bll+ bZl}Tl + b22 1'2
Depth to v3 = d3 zl+ zz+ z3 = {bll+ b21+ b3l}rl

il

byt By dTyt B33 Ty
dy = 917 71
dy = gp1 11 * Ip T2 B-14
a

3 = 931 T3 Y 933 Tp 933 T3

where g__= b e.t.c.
31

b
1l 31
Equation B-14 is the equation to use if exact values of tau

+
+ b21

-are given, If bounds of tau are given for each slewness

value i.e. T, to ?i' then minimum and maximum velocity depth

limits c¢an be computed from the following equation for a

general N layer case bearing in mind which values of 9,3 are

positive or negative

dy = 933 I3 T 93 5.y Tiarteert 951 Ty
- B-15
Tyt 9y -1 TiaaTeeeT 94 1

4 = 933

where di and ai are the minimum and maximum wvalues of the

depth for vy



APPENDIX C.1

GBA data for complexity factor, spectral

ratio, and scattered energy data
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L1

32
L1
bl
W2
&3
L5
hb
&9
52
53
55
5h

58
14
61
B3
16
117
118
113
122
121
122
122
126
125
12a
127
123
13¢
131
133
134
136
139
He 14
161
142
lis
145
1ub
lar
ing
183
‘5&
151
152
153
154
156
187
159
i61
162
163
i1be
163
167

1.0.
G344
GaA
G3a
GaA
Gia
GIA
524
Gaa
Gaa
GAA
G634
GAA
3
GBa
GBa
G8a
1Y
G4a
Ga4a
A1)
G3a
G3A
Gaa
GBA
Gaa
GBa
GAA
G3s
Goa
Gaa
G3a
Gaa
G3A
FELY
LEA
G3a
Gaa
Gaa
GAaa
GRa
GAaaA
GAa
GAa
G34
LBa
G3a
Gas
(1}
Gaa
G3a
LAa
GBA
e
Gaa
Gaa
GBA
Gna
caa
Gaa
Gia
G3a
Goa

2
2
3
17
i3
24
238
29
5
[

TARBLE C.:

AZ=GREAT CIRGLE AZIMUTH,

FC=COMPLEXITY FACTOM,

DATE

e e

R R R R e B e e L e e R e e L L s

re
rz
rz
re
rz
e
Te
7
re
re
r2
re
Te
Tz
Tz
re
Te
rz
rz
T2
rz
rz
rz
rz
T3
r3
1 2]
T8
3
73
T3
r3
73
73
T3
73
Ty
73
T3
7y
ry
13
r3
73
73
ry
r3
7
73
r3
rs
T3
T3
73
T3
T3
r:
ry
T
T3
T3
rs

DELTA
2209
22.85
23.7%
2iet2
25.81
19.32
2303
23405
21459
264019
23.54
25.08
2h.063
22.E7
19.i6
2597
<i.19
19.13
Hy 1
23.72
13. 96
L7.87
FATLE ]
21.99
23413
25.8%
28.02
23,13
28,66
L7ani
29.27
13.58
1T.0h
11.76
22. 62
2T.=9
22.43%
23.55
23. 3%
20.45
31.73
Ji.79
23.52
2T .58
21 .43
24,83
2u.T8
33.88
33.71
J3.861
2lenl
31.32
23.32
r P
32.A0
18.32
2u. 37
21.50
32,62
20.52
313.52
26,82

az
352.0
351.7
310.6
Ju5.8
ILbaT
na.r
LY T8
Jube s
116.9
3J6.1
Jhba?
31.8
123.5
Suiealy
3093
2754
2T75.6
328.9
167.3
3546
1406
52.3
123.2
23.5
2T b
I5).1
153.4
ILs. T
122.7
J15.14
2i+6
355.7
3113.6
21%.9
351.1
L.l
346, 3
Jub.bh
47,9
115.7
12644
128,.2
Ga.(
.-5. t
£E5.2
1583.4%
353.4
2T0.9
2T0.8
270.7
e, 5
123.6
IuT .5
Tabob
2r1.0
1(7.3
Jaq.?
Shal
338, 4
Jii.n
123.3
122.3

Fo
W7
b1
52
33
33
33
92
2386
33
54
o7
33
23
175
33
33
32
.l
33
33
13
re
33
i3
33
33
33
126
1c5
5a
13
LY
27
33
53
33
s
139
Ts
3e
63
60
33
33
33
123
120
i3
33
1
33
1.0
125
159
33
229
L1is
i3
57
W€
82
51

SPReSPECTAL <ATIC (HF/ZLF) ,SE=SSATTERED EMERGY (%)

Ha
5.4
w. 4
548
5.3
b9
a7
beb
5.2
gl-s
4.9
‘-;
5.2
5.8
.9
5.5
47
5.2
5.5
5.1
5.2
5.4
5.3
5.8
“.9
5.2
5.5
LTE
5.2

S5ei
.1
5.1
5.3
LIS
S
50.
L5
“. 8
5.0
e ]
5.7
5.2
..r
Sed
e 8
5.3
5.2
543
Sen
5.5
5.0
5.2
a8
b9
4ad
G
542
el
5.0
5.2
S
5.9

SL=F1RST ARRIVAL SLOWNESS

aRlG.

3

7

L]
it
is
L0
16
i9
23
184
15

2
ir
22

1
15
15
19

]
21
20
i1
13
23
22
is
ib
23
11
is
12
21
12
13

-
16
14
id

7

b
15
16

]
19

2

¥

]
13
is

7

i
{94
is

5
le
12

|

5
21
ik
i1
23

Ja
53
r
a
17
12
52
7
L7
E
23
23
k|
4]
12
3&
53
k]
ir
b
9
21
57
5
25
3L
ir
15
13
is
55
31
s
T
3z
L]
57
28
r
32
-
53
16
ia
b g
54
33
W2
13

>

27
z2
r
b
L3
3
is
«E
23
3
L3}
56

TINE
27.8
Sa.l
6.8
5.9
ih:1
3.2
ZT9
ba.0
33.7
“3.3
22
2.8
5.6
4.3
5.
5544
55.6
33.5
Ir.3
43.1
Jeu 8
Jl. 6
J. 5
5.9
5r.C
5
53.2
5.9
Clele
“lsl
“ea
26.3
13. 8
7.1
8. 6
C3.L
51.3
32.5
3%.8
1d.2
4.l
9.3
23.3
53.1
32.7
L2, 7
lg.e
6.7
52.3
aT.2
Fed
hoed
ol ate
T.a
5649
54,9
52.3
cle9
57.2
Gale
3.2
bel

LOCATION
36.1IN T73.62E
I6.,07N T3.51E
Z8.U2N 5T.L9E
33.50N 714 956E
38.49N PGWLTE
13.06N 57.59E
15, 94N  TL.8LE
J6JIMN  TO.T6E

J.22N  96.63E
26.86N 53,37E
16.2IN 69.67E
32,59N  95,.89E

5.045 1J1.G5€
J5.641N 70.18E
25,078 81,236
14,640 55.8LE
ie.71N 55,82E
25.03N b1.13E

793N 34 ,.09E
32,429 B3.07E
1.715 89,33¢
21.23IN  Ju,17E
1.835 99,.85E
33.8I4  87.72%
31.28N  38,.09E
J9.LIN  T1.89E
J9.5iN 73 .57F
15,930 TL.5%E

2715 1J1.3T7E
25.59N @83.94
TS L J1.LTE
33.2iM TS.TZE
29.24N HA,.S5TE

1.135 67.37C
35,828 rj.29€
J1.WBN 1JC.29%
35.54N [Fi.L1E
36.49N TG.82E
3b., 09N T1.52E
boZAN 95.57¢
51495 133.24
5.835 t02.07¢
22.02n 10C.62¢
J1.84N 10(.36E
21.62ZN  38,32F
JE.33N T73.33%
38,230 73,9
11.7uM w2.75E
271N N2,93E
11.86N w3.06E
2T.03N b1 .5€EE
5,625 103.19€
38.3TR  T1.358
I6.&1N 70 .84E
L2948 3,792
T.STN  95.0(5E
317.61N TZ.1LE
STBTH LI4.CTE
CeTaubh «9,483E
274338 60 A4E
Led+S 102.64E
1.475 39,.85E

GOA EAPTHQUAXE OATA USED FOR THE METERUGENZITY STLCY

sSL
9,91
9,35
1g.32
11.50
F.61
10.57
Fukb
9.08
10,22
9.2¢
§9.2¢
5.38
3.561
3.18
12,13
1080
16Tl
11.586
11.30
9.5k1
11,43
10.2%
.69
3.9
10469
9.27
9.21
R L
8.37
11.71
8.73
1.7
12.79
1C.87
9.47
8.7
9. £6
9.10
9.52
13.52
8.27
8.29
$.59
8. 26
9.91
.18
9.19
3.56
8.52
8.28
1177
8.92
Q.49
5.50
8.52
1C.85
9.1¢
B.67
9. 33
11.21
8.219
8.64

FC
3.2
6.7

S.7
7
hel
6.2
+ B
3.7
1.7
a.1
J.0
2.2
3.8
GaF
1.6
Li.3
Ba7

GNP D SN YA WD

A e e e e P P e

(SEC/DEG)y AFTER RAMI1975)

spR

.s
.l
-
-1
.t
.
'.
‘1
02

2
-1
b
«1

ol
«1
«Z
2
-2
o1
o7
2
«3
d
o3
3
«7

3
T4
3
ol
ol
4
-0
-
e
«3
«2
od
«3
-1
ol
4
o3
-
o3
]
.d
o2
wle
o3
«5
ol
o3

s

2
3
Il
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SE
13.6
Ja.8
25.1
53.9
wZ.8
1h.1
W7.3
89.7
33.7
18.10
In.8
33.8
25.8
S58.7
7.8
21.8
11.6
18.8
38.C
8.3
L5.5
32.7
19.2
39.%
29.2
22.7
2r.1
3.0
i5.8
8.5
2%.7
39.0
272
Z23.6
2l.%
16.2
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APPENDIX C.2

YKA data for complexity factor, spectral

ratio and scattered energy data
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