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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



_ 11
5
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,
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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).
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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.






