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ABSTRACT

Elastic wave propagation in a muitilayered crust with causally
or acausally attenuating layers is formulated directly in.terms of linear
systems theory. The solution of the linear systems analog determines
the wave motions at the>freé surface, motions of all internal boundaries
and the waveforﬁs propégated into the mantle in response to plane P or S
waves generated within the layering or enfering into the crust. The
particular problem solved is the determination of the résponse of an
n-layered crust to téleéeismic P or S waves incident with arbitrary
angle at the crustal base. Trivial extensions ofvthis problem would
allow reflection solutions.

Numerical solutions have been accomplished in both the
frequenéy domain and the time domain. The.Fourier solution restricted
to a non-attenuating crust is equivalent to the standard Haskell matrix
solution of elastic Qave équations. Direct time domain solutions allow
the syntheses of seismograms considering internal crustal absorption.

. For demonstration of the utility and advantéges-of the theory,
the linear systems formulation has Been applied to studies of the elastic
wave response of the central Alberta crust using P waves from 6 tele-
seismic events. -

Frequency domain comparisons between the theoretical and
experimental spectral amplitude V/H ratios have shown that, although
the theoretical effect of attenuation within the crust caﬁ be
considerable, little improvement in correlations'between theory and
experiment has beén achieved by considering plausible crustal
absorption models. Although significant simiiarities between the

theoretical and éxperimental V/H ratios were found below 2 Hz, little
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correlation was apparent at higher frequencies. Background and
scattering noise partly contributed to this effect and it is also
probable that insufficient detail and accuracy was available for the

model crustal sections.

Time domain synthetic seismograms have been determined which
well correspond to ﬁhe early P coda of several of the experimental records.
Assumptions on the event source motions and the mantle properties are
required to detgrmine incident P waveforms for tﬁese solutions. Causal
attenuation within the crustal layering was included. Correlations
between the synthetic seismograms and the experimental records has
been found to decrease rapidly with time following the P onset. It is
suggested that this effect is primarily due to backgroﬁnd noise
and possible scattering of the waves within the crust. Fﬁrthérmore,
it is probable that the waveforms used for these solutions based on
the source motion and mantle attenuation assumptions were not sufficient.

A major apparent.advant;ge of the new formulation is that
causal and acausal attenuation s;lutions are permitted in both the
‘frequency and time domains. Also, the large bédy of commﬁnications
ﬁheory mathematics can now be applied directly to the prdpégation
problém and could prove useful in attempts at the solution of the

non-normal incidence inverse problem.
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CHAPTER I-

GENERAL INTRODUCTION

'tt.ltlf Introduction
| Seismologists have'been investigating the propagation of elastic
‘waveforms in horizontally’multilayered media since the early developnent'
-'of-saismic expioration methods in ordér to determine the oruétalbstructute~
‘and the effects of the:sttuctnte on saismic waves. In addition to the
obvions praotical_apolications in oil and mineral exploration,_a knowledge
of Ctustalkptooagation is necessary;to tne continuing advance of earthquakeo,:f
seismology. For.examplé, much of the. character of a seismogram is”genér-'Ff
"ated by the élastic_propetties of the crustoundarlying_a seismograpn
atation. Thus it is:useful to remove;thase-complicating effects in ordet‘
 to study the détails of focal mechanisms and to refine our knowledge of
'_ tha earth's interior. Furthermore,zsince crustal information is contained
iniaarthquake seismograms, analysis'proceouras basedlupon.a'thorough
v4understanoing ofvalastic propagation could be useful.to>obtain crustal

structure from these seismograms.

The first satisfactory mathematical analysis.ot elastic Wavé'

. propagation in horizontally layered sttuctutes was that of Thomson (1950) .
which was subsequently_generalized to incluoe Both body waves andA |
'.surfaoe waves by Haskell (1953). Aa‘well as surface wave'applications;fv.jt

several in&eétigatots (e.g., Phinney, 1964; Ibrahim, 1969) have
applieo the Haakeli matrin method tobthe.analfsis of earthquakevbody
naves.‘ The Haskell—Thonson approaanobtainS the:propagation‘solution'

in terms of frequency component amplitudes;. the more recent work of
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Wuenschel (1960) for normal incidence>and Frasier (1970) for non-normal P
and SV motions pérmit the determination of time domgin crustal responses.
For vertical incidence P waves, extensions of these methods andiother
analytical approaches to the inverse problem of determination of the

layér paramentgrs from earthquake and eﬁploration seismograms have received
considerable attention in the recent literature (e.g., Goupillaud, 1961;
Claerbout, 1968; Ware and Aki, 1969).

This thesis presents a new formulation for the direct propagation

problem using linear systems theory which allows both P and SV motions of
arbitrary angle with the vertical within the layering and solution in
either the frequency or time domain. Linear systems and analog procedures
Ahavé been used previously. For example, the more restrictive one;
dimensional problem of vertical P-wave propagation has been studied in
systems (Lindsey, 196Q), analog (Sherwood, 1962) and communications theory

(RoBinson and Treitel, 1966) terms. Also, surface wave normal dispersion
has been described by Mueller and Ewing (1962) by means of a linear systems
model. -

It is notable that when an elastic wave travels through a .
struntured material, a complex record of‘the elastic properties along the
travel path is retaingd by the wave. Hence; analysis of the wave can
provide structural information. This is the essential goal of the inverse
seismic problem; The relatively simple geonetry of the horizontally
multilayered crust leads one to expect tnat invefse solutions may be
firét pdssible for this problem. However, the complete inverse solution

- also demands that the propagation characteristics dne to all elastic
effects in the crust are well understood. This thesis éhould help to‘

extend this understanding.



3
The inclusion of attenuation, both causal and acausal is new in
this work. However, extensions of other approéches may also allow the
" feature. For instance, Haskeli.(1§S3) suggested a possible means for
including attenuation in His formulation; derivatives of the Haskell
method‘(e.g., Wuenschel, 1960; Frasier, 1970) cbuld possibly be mo&ifiéd
to permit crustal absorption.

The linear éystems approachlhas a further advantage that the
direct time and frequency domain problems are cast in very similar forms.
Thus, the correspondenée,of time éeries and specﬁrainrésponse character— 
istics are particularly apparent. The equivalence of the time and
frequency solutioné by other approaches is not direct.

One outstanding feature of a systems formulation is that a great
body of analytical techniques already exists, particularly in automatic
control engineering and communications engineering, which now can be
applied to the problem. Possible further success in determining crustal
propértiés,from earthquake and reflection seismograms could be derived by
psing these mathematical tools. In the past, communications theory has
been of great interest to many geophysicists and much recent advance of
geophysics has been.gained using these methods. Thus, a direct formu-
Iagion of the propagation problem in the systems form may even broaden
the interest among these geophysicists already using éommunications theory
methods. A last consideration which may be of §onsequence is the fact
that the systems form of the probleﬁ can lead to_direct mechanical and
electrical analog procedures. With the recent developments in micro-
electronic digital logic, for exaﬁple, small hard-wired computers could
efficiently solve propagation problems. The possibility of analog time

domain approaches also exists.



The basic assumptions required by the linear systems approach
are similar to those used in other methods. Distinct layers having
isotroéic velbcities, uniform densities and welded boundaries are necessary.
‘Plane rotational and compressional waves are considered. Attenuation
with an arbitrary complex dependence on frequency is also allowable in
each layer. The general solutioﬁ of the problem rgquires the determination
of the motions on the free surface and within the medium in résponse to
source wave mo;ions generated within the layeriﬁg or entering into the
medium. The choice of the.source~l§;ation of the plane wave generation

determines the nature of the physical problem; either the reflection or

transmission problem is soluble.

1.2 Outline of Thesis

(a) The systems description of crustal transmission of elastic
waves 1is first obtained in the frequency domain for normal incidence
plane waves impinging on a horizontally multilayered crust from a basement
halfspacé. This restricted fofmulationlis then generalized to non-normal
conditions.

(b)v The analogous time doﬁain formulation is derived from the
general frequency description.

(c) The utility of the theory is demonstrated in comparison
analyses with a set of earthquake and nuclear event seismograms recorded
in central Alberta. Both time and frequency analyses as well as seismo-
grém synthesis are obtained.

(d) Extensions of the method are suggested which could allow
analysis'of propagation in érusts possessing éoﬁplex linear and non-

linear properties. The possibility of inverse solutions is also indicated.



The problem has been specifically formulated to describe
properties of teleseismic seismograms: that is the crustal transmission
problem. The obvious extension to permit normal incidence reflection

solutions is noted.



CHAPTER II

THE LINEAR SYSTEM THEORY FOR A MULTILAYER CRUST

2.1 Description of the Problem

In this work elastic propagation is to be formulated in th
dimensions for waveforms inéiaent on a horizontally layered medium from
a halfspace beneath. Thisbmodgl represents a té}eseismic arrival
impinging on a layered crust from a basement.

Each crustai layer i is speéified by its compressional and
shear wave velocities e Bi; density Py and thickness ny- The P and SV’
ray angles in each layer, designated e, and fi respectively, represent the
angles between the ray path and the vertical axis (Figure 1). The free
surface"displacemenp, the intermediate boundary displacements and the
displacement waves propagated.doﬁnwards into the basement generated by a
plahe P or S wavefront incident on the crgsﬁ from the basement are sought.

In this chapter the‘;ormal incidence wave propagation problem
will be formulated first and then generalized to the non-normal problgm.
This approéch should most simply demonstrate the essenfial nature of the
formulation without obscuring the method in thé-details of the genéral
proﬁlem. Time domain system descriptions will then be derived from these

frequency formulations.

2.2 Linear Systems Approach

The linear system formulation describes wave propagation in terms
of filter or communications theory. In this manner, the crust can be

regarded as a filter system or communications channel which receives an
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Fig. 1. The horizontally multilayered medium with n layers overlying

a basement halfspace. Each layer i is specified by P- and S-wave
velocities oj and B8j; density pj and thickness nj. The plane wave from
the basement is incident at angle en+l for P wave (or fn+1 for S wave).

input signal and operates on it to create the output signal (or the signal
set in the case of many outputs). For crustal transmission the input is
a teleseismic P or SV wavemotion incident on the cruét at the basement
boundary; the output signal set contains the cartesian coordinates of
the free surface motions. The waveforms re;transmitted into the basement
and all internal.boundaryVmotions are also available. These input—outpﬁt
relations can be block diagrammed as in Figuré 2,

Under the assumption that the crustal response is linear, the

response operator is independent of the input waveform. Thus, 1f two
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Fig. 2. The input-output diagram for a linear system crust. The output
signal set os(t) is obtained from the convolution of the input signal
i(t) with the crustal response vector hj(t).

among the input, the output set and the résponse operator are known, the
third is uniquely determinable. In particular, if the input signal and
~ response operator are known, the output signals can be calculated.

A filter system is often described in terms of the output
signal set éenerated by speéific inpug.signals such.aS‘tHé Dirac delta
fuﬁction §(t). Thié particular response is called the.impulée—response
function set of the system, hj(t). The output signal set oj(t) is
obtained by the convolutions of the input signai i(t) with the impulse

response function vector hj(t):

f i(t')hj(t—t')dt'
—o : - (2-1)

(t)

o

3

i(t)*hj(t)



For a linear system, an equivalent equation in terms of complex frequency

components may be obtained by the Laplace integral transformation such

that:

0,(s) = 1(s)-H,(s) @)

where s = otiw is the complex frequency and the functions of the variable

s designated with capitals are the'Laplace transformed time functions,

e.g. CI(s) = L{i(t)} = [ i(t)e-Stdt. (2-3)
. ! o
This'representation relates the transformed input signal to the transformed
output signal set by multiplication with the system transfer function .
vector at each complex frequency s. Both equations completely characgerize
the system and the parallel functions in the time and frequency domains
are generally obtainable from‘each other through the Laplace transform and

its inverse.

2.3 The Linear System Analog for Normal Incidence

The linear system analog for the simple case of nérmal incidence
is now constructed to show the essential concepts. This festriction
eliminates any conversions between compressional and rotational motions
~at the layer boundaries and limits the analog to two equivalent signal
channels for each of the up and down-travelling P (or S) waveforms.

The multilayer linear system model may be developed in terms
of individual layers as follows. On the boundaries of any one layer i,
four possible input-output signals represent the up and down-travelling
waveforms; the Signals ui(t) and di(t) represent the input displacement

waveforms to layer i, while ui—l(t) and 4 (t) represent the output

i+l
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Uj-| (1)

LAYER i-1
d; (t)
LAYER i = - Co ‘
Ui (f) . .
z=0
LAYER i+1

di"'l(,t)

Fig. 3. A representation of the possible input and output waveforms in
layer i under normal incidence.

waveforms from layer i and the equivalent input waveforms to layers i-1
ana i+1 respectively (Figure 3). ~iZetween the boundaries; the up- and
down—travelling waveforms are not coupled to each other because the
propagation characteristics are assumed to be linear. However, these
 waveforms are linked at the boundaries by the standard displacement . wave
reflection and transmission coefficients. The four possible input-
outﬁut signals afe related through four impulse response functions,
hil(t), hiz(t)’ hi3(t) and hiu(t),representing the layer. These functions‘

must be determined from the layer parameters. Convolution of the input
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signals and impulse response function pairs yields the output signals

[1]

as follows:

ui_l(t)=hi1(t)*ui(t)+h12(t)*di(t)

(2-4)
di+1(t)=hi3 (t)*ui(t)+hiq (t)*di(t) .

2.4 The Frequency Domain Description - =

It is convenient to determine these input-output relations in
the frequency rather than the time domain by the Laplace (or Fourier)

transform methods. The first equation above under the Laplace trans-

"formation becomes:

Ui—l(S)=Hil(S)Ui(S)+HiZ(S)Di(S)

(2-5)
Di+l(s)=Hi3(s)Pi(S)+Hiu(S)Di(s)'

In this representation each impulse response function corresponds to a

‘transfer function:

H, (s) = L{h, (£)} ‘ ' (2-6)
i e ' '

and each time signal corresponds to a transform signal:

Ui(s) = L{ui(t)} . . | (2-7)

[llThe existence of these convolution integrals demands that the transfer
functions Hik(s) are sectionally continuous. Any physically reasonable

choice of reflection and transmission coefficients and fhe attenuation
functions Ai(s) will fulfill these requirements.
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f / / f ooe‘SUM“Ui_‘(S)

LAYER i
' '
: ti.ri _
/ \ \ \ \ e SR
Fig. 4. A ray path representation of the internal reverberations within

layer i giving rise to output transform signals Ui—l(s) and Di+l(s). The

transmission and reflection coefficients for the top and bottom boundaries
are ty and ri and ti' and ri' respectively. This diagram represents the

normal incidence condition; the diagram is expanded horizontally for
clarity. o

Direct calcﬁlation for the layer transfer function is possible
on the basis of ray theory by the'folléwing procedure. Consider all
reverberations due.to an input P (or S) wave within a layer i (Figure 4).
-The’transfer function Hil(s) relating inpﬁt signal Ui(s) to ogtput |
signal Ui—l(s) may be determined as a series in which the first term
represents the direct path transmission and each advéncing term represents

an increasing order of internal reverberation (1,2,3,...):
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. —sTi 5 =3sTi
= . '
Hil(s) ti{Ai(s)e +Ai (s)e r,r

(2-8)
-5sT

+7A15(s)e i 2, 124...}
where the displacement wave transmission and reflection coefficients at
the upper and lower boundaries are represented by s Ty and ti' and r,'
respectively. Ai(s) represents an arbitrary attenuation function of the

i is the travel

complex frequency per single transit through the layer and T
time through the layer determined by the wave phase velocity and layer

thickness. The exact limiting sum of this series is:

—sTi
A, (s)e ) .
H (s) = 1 -ty (2-9)
i ) -ZSTi .
l—A1 (s)e r, T,
___6(s) ., | _
= 1°F(s)e(s) _ (2-10)
—sTi
where G(s) =»Ai(s)e and F(s) = G(s)riri'.

Similarly, the three remaining transfer functions for layer i are:

. _G(s) ., e’ —'
Hiz(s) ~ 1-F(s)G(s) id . (2-11)
Hi (S) = GZ(S) t. 'r.;
3

1-F(s)G(s) ) i_ 1 i | >(2_12)
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H, (s) = G(s) R _ 2-13
iy 1-F(s)G(s) - (213

These infinite series limiting sums consider all possible internal rever-
beraﬁion and ray paths wifhin a layer for the normal incidence condition.
The Laplace inversion of these transfer functions to obtain an equivalent
set of time domain impulse response functions is discussed in Appendix I.
A parallel formulation for S waves requires only the appropriate choice

of the shear wave phase velocity and reflection and transmission

coefficients.

I -G(s) .
The evident analogy of the form 1-F(s)G(3) to the simple linear

positive feedback network (Bohn, 1963) leads to a functional block
representation of the linear system analog for the layer i (Figure 5).
This system exactly diagrams all four layer transfer functions. For
example, the input signal Ui(s) entefs the system at tﬁe lower boundary
and circulates throughout the system as indicated by the arrows. The
Vresulting output response-signal Ui_l(s) becomes the product of this
input signal and the exact transfer function Hil

three remaining transfer functions of layer i are described in the single

(s). Similarly, the

diagram. Any number bf such networks, each ;epresenting one layer can be
combined to construct a total multilayer crust linear system network.

To completely determine the problem, input signals and»free
surface boundary~conditions are required. The necessary input signal
condition relateg the incident waveform coming from the basement to the

signal un(t) in the bottom layer n:

U (0) = w0ty . ‘ o (2-14)
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.Ui(s) o Uj-(s)
— Tisl b >(+ Ai(s)e’gﬁ {1 —>
ri ri
Y 1
1 t] Ai(s)e=sTi Ho | fe—
JATE] | i (s)]
LAYER i+ LAYER i LAYER i-|

Fig. 5. A functional block representation of the linear system analog for
- layer i under normal incidence. The heavy vertical lines denote layer
boundaries.

The corresponding transform signals are also similarly related:

U, () = Upppyp(sd oty - ' o (2-19)

The- free surface boundary condition is inc¢luded by the ‘choice of the

transmission coefficient t;=0 and the signal dl(t)ﬁo for layer 1. These
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two conditions imply that no wavemotion energy is lost or gained at the -
free surface boundary.

Fof the case of n layers above a basement halfspace, a set of
2n complex linear simultaneous equations in terms of the individual layer

transfer function sets and the signals transforms represents the system:

Uy (s) By ($)U(s)+H, (s)Da(s)

Tl Uz(S) H3 1(S)U3(S)+H32(S)D3(S)

D, (s) Hla(s)Ul(s)

Us(s) qu(S)Uq(S)+Hg2(S)D4(S) ‘ (2-16)

Dn(s) = Hn_lgs)Un_l(s)+Hn_1£s)Dn_1(s)

Uy (8) = top1 Unnpyr (8)

Dn+l(s) = an(S)Dn(s)+Hn3(S)Un(s)+r (s)

o+l YINpUT

The solution of the problem requires the evaluation of each Ui(s) and
Di(s).. Then, the desired surface vertical displacement amplitude trans-

form wo(s) is related to the signal Uj;(s) by

. W(s) = H_(s)U) (s) I . (2-17)
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Ho(s) may be obtained from the block diagram for layer 1 (refer to
‘Figure.S) noting that t;=0, rj=-1 and D;(s)=0. The surface displacement
signal, Wo(s), is the sum of signals due to the incidenf and reflected
- waveforms at the free surface boundary. Since the reflection coefficient
is -1, the two signals have opposite signs and directions so that the sum
is twice the incident signal displacement amplitude. This incident
signal is formed by U;(s) which has been delayed (multiplicaﬁion by e-ST?),
attenuated (multiplication by Aj(s)) and reverberated (divided by

1+A12(s)r1e-25T1) so that:

2A1(s)e-ST1-

. (2-18)
2sT

H (s) = —
° 1+A12(s)r1e

~ In cases involving only one or two layers, a solution by éirect
algebraic manipulations on the matrix of the functional coefficients is
possible. However, for many layers, the analytical solutions for the
transform surfacevﬁotion and reflected signals and the subsequent Laplace
in@ersion to give the oqtput time domain response functions is not
feasible. In lieu of the analytical épproach, numerical solutioms of the
simﬁltaneous equation set at incremented Fourier frequencies (obtained |
_from the Laplace frequencies by setting s=iw) may be éccomplished to give
a Steadyvstate frequency respénse function for the multilayered medium.
This more limited analysis corresponds to the Haskell matrix numerical
computation fof spectral responses. Results of such numerical analyses

will be presented in a later chapter.
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2.5 The Linear System Analog for Non-normal Incidence

The formulation for non-normal incidenée plane waveforms proceeds
analogoﬁsly to that for normal incidence. However,.immediate complication
arises in the problem of handling conversions between compressional and
rotétional motions which occur at each layer boundary. Because such.
conversions occur, the independent P and SV motions must be considered
separately requiring a four-channel réther than a two-channel analog
approach (Figure 8).

For normal incidence, the waveféfm ra; paths directly corfespond
to the positive and negative cartesian z directions, but for non-normal
conditions, the ray paths are not coincideﬁt with the coordinate axes.
~ Consequently, it is convenient to create a set of pseudo-coordinates in
which -the separate P- and S-wave motions effectively comprise thebo:thogonal
vector pair (Figure 6). In each layer, the directions along the ray paths
determine the required pseudo-coordinate set and are related to the
‘cartesian coordinates by‘the angles betweep the normal and the P and S
rays. It is evident that a different transformation is required for every
layer. With horizontal layering, the compressional and shear motions
throughout the medium possess a constant apparént horizontal phaée

velocity c determined by the input conditioms. For example, for an

input P-waveform from the basement:

c=a /sin_, ) ‘ (2-19)

n+l

where e is the P ray normal angle and o is the P phase velocity in

n+l n+l

the basement. Snell's law then determines the P and S ray angles with the

normal in any other layer i:

c = ai/sin(ei) = Bi/Sin(fi) . - (2-20)
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Up- and down-travelling waveforms are thus represented by the positive and
negative directions of the two axes. The four possible directions on the

two pseudo-coordinate axes determine the four required signal channels.

Su.. S
l PUL-: Ui
PD;. PU&
_PUL PD.‘,
sUi. ' so; So.‘

Fig. 6. A representation of the 'pseudo-coordinate" transformation for
layer i. The arrows on the rays of the cartesian representation show
the positive displacement conventions used throughout this work. The
pseudo-coordinate representation is for layer i only. The second

diagram shows the P and SV displacements in layer i transformed into the
pseudo-coordinate representation. -



20

Z NODES OF REFRACTED WAVE

NODES OF INCIDENT WAVE

Fig. 7. A diagram showing the non-coincidence of wave constant phase
positions (e.g. nodes) and ‘a horizontal layer boundary.

A further complication arises for non-normal incidence because
the phase of a plane wave is not constant along a boundary or along any
surface of constant depth (Figure 7). For each layer i, the introduction

of phase advance (negative time delay) transfer functions with the forms

STg. ST
e Y for SV motions and e 1 for P motions (Figure 8) to the linear

'system analog re-establish the correct phase relations for the signals
at the boundaries. For a description and calculation of these phase
advance tranéfer functions see Appendix II.

- Just as each layer in thé normal ineidence-problem was character-

ized by two equations in layer transfer functions and signals, each layer
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Fig. 8. A functional block representation for'nonénormal incidence for layer i. Note that four"

travelling SV waves.

- channels are shown, two for the up- and down-travelling P-waves and two for the up~ and down-

YA
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in the non-normal preblem is represented by four such equations; the

transfer function relations for a layer i in a matrix form is:

r . - - - 1

Uiél(s) Hil(S)HiZ(S)Hi3(S)Hiq(S) Ui(s)

v, (s « e o 0 | V(e |
= . ¢ (2-21)

Di41(s) ’ ° ‘ * D, (s)

Ei+1(s) » ™ o Hils(s)‘ -Ei(s)-

where the transforms Ui(s) and Di(s) correspond to the up- and down-
»travelling P waves, the Vi(s) and Ei(s)vcorrespona to the up- and down-
travel;ing SV waves and the Hik(s) are the transfer fﬁnction set for the
layer. A direct algebraic determination of these transfer functions is
iﬁpractical. However, it is possible to construct directly the layer
linear systems block diagram representatioq (Figure 8) by analogy to the
_ normal'incidence system and simplify it using "block diagram reduction
. procedures" (Kuo, 1962). One example reduction is performed in Appendix III.
For frequency component analysis, such reductions are best accomplished
during numerical analysis; for time domain analjsis,_redﬁctions are
unnecéssary.
The equivalent linear-system block représentation'of one layer
for non;normal ray conditions contains four channels interconnected ;t the
’bouﬁdaries by the conversion reflection and transmission coefficients
calculable using the Zoeppritz' displacement relatiomns (Richter, 1958).

For ray angles less than the critical angle, the sign of the real valued

Zoeppritz' coefficients represents phase changes at refractions and
PP )% P g
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reflections. Supercritical angles between the ray directions and the
boundary normal angles determine complex transmissionm and reflection
coefficients representing phase changes othef‘than 0 and w. The linear
system approach described in this thesis has not béen extended to permit
such supercritical conditiéns. Thus, trapped wave phenomeﬁa are not
described.

In the functional block diagraﬁ of Figure 8, the subscript i
refers to the layer i. The single subscripts p and s designate the
separate channels for the P and SV waveforms; each functional block so
- indicated pertains only to the corresponding wave tyée. For example,

Ap (s) is the transfer function representing the attenuation of a P wave
duiing one transit through layer i. The double subscripts of the
Zoeppritzf coefficients indicate conversion from the waveform type indi-
catéd by the first subScript to the waveform type indicated by the second.
For example, tspi is the transmission coeffic;ent which determipes the
conversion of S waves from laye# i into P waves in layer i-1; rpp;i
>the reflection coefficient which determines the P wave to P wave reflection

is

at the lower boundéry of the layer i. The waveform types for the separate
channels are indicated by P and S symbols. All other symbols retain the
definitions of the normal incidence case.

; An n—layeredbnoﬁ—normal incidence problem requires the solution
of 4n compiex linear simultaneous:équations formed similarl& to those. -

discussed in the normal incidence problem:
’ .
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Ul (S) = Hz 1U2 (S)+H22V2 (S)+H2 3D2 (S)‘*’HZL’EZ (S)
CVy(s) = H, Uy(s)+H, V,(s)+H, D, (s)+H, E,(s)
5 6 7 8.
D,(s) = Hy Uy (s)+H Vq,(s) )
2 19 1 . 110 1
E,(s) = Hy U ;(s)+H; V,(s)
2 113 1 _11'+ 1
UZ(S) = H31U2 (S)+H3éV2(S)+H33D2 (S)+H3L‘E2(S)
) S 6 ‘ 7 8
Dn(s) - Hn—lgﬁss)+Hn—11ovn+1(s)+Hn-11IDn-l(s)+Hn-112En-l(s)
En(s) = Hn_ll3Un_1(s)+Hn_len_l(s)+Hn._115Dn_l(s)+Hn_116 n_l(s)
U(s) =t U (s)
n PP 41 IN?UT ‘
(2-22)
V(s)=t._ U (s)
n vpsn+l INPUT
Dn+1(s) = HngUn(s)+Hn10Vn(s)+Hnlan(s)+Hn12En(s)
r U (s) -
. ppn-l-l‘INPUT
En+l(s) = Hnl3Un(s)+Hnlhvn(s)+ﬂn15Dn(s)+Hn15En(s)
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The‘necessary free surface boundéry conditions are included by
4the free surface Zoéppritz reflectlon coefficients ‘and the requirement
: thét no wavemotions enter from the vacuum halfspace (i.e. D;(s)=E;(s)=0).
The required input conditions relate the incident signal from the basement
to.the input signals at the lower boundéry.of the bottom layer n. For
exémple, the input condition transforms generated by an input SV wave

(2]

are:

|
(a4
<
-~
» -
~

Un(S) =

- 7 - | ) (2-23)
v (s) =

|
(a3
~

n
~

A solution requires evaluation of .all signals U (s) D (s), V (s) and E (s)
which are unspecified by. elther the boundary or input conditions. .A
following functional operation then relates the P and SV motions incident
on the free surface boundary to the signals U;(s) and V;(s) obtained from *

. the solution of the 4n simultaneous equations:

U (s) H, ($)U1(s)4H ($)Vy(s)

(2-24)

]

Vo(é) H°3(s)U1(s)+H°u(s)V1(s)
where Uo(s) is the P and Vo(s) the SV surface incident mqtions. The set

of Ho (s) are obtained by reduction procedures on the functional block
S

[Z]If S waves with arbitrary polarization determine the incident waveform,
the two dimensional analysis is not strictly valid. However, any S motion
can be separated into SV (vertical polarization) and SH (horizontal

polarization) components. The response to each component can be calculated
_separately.
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Fig. 9. The free surface reflection for non-normal incidence. U, and Vg,

are the incident P- and S-waves and Uy and VR are the reflected P- and
S-waves.

representation of layer 1 considering the freg»surface boundary conditions
in a manner similar to the normalAinéidence case. Then,.the surface
motion transforms, vertical component Wo(s) and horizontal component Yo(s),
are obtained by re-combination of the displacement components in the
cartesian z and x directions due to the P and SV waveforms incident on

and reflected frombthe free surface (Figure 9). The reflectéd transform

- signals, UR(s) and VR(s), are related to the surface incident signals by

the Zoeppritz' free surface reflection coefficients:
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= . + .
Up(s) = U_(s) Top1 vV, (s) L,
(2-25)
YR(S) = Uo(s)-rpsl+Vo(s)-rSsl .
The surface displacement amplitude coefficients are then:
Wo(s)=[Uo(s)+UR(s)]cos(e1)+[Vo(s)+VR(s)]sin(fl) |
o - (2-26)

YO(S)=[U0(§)-UR(S)]sin(el)-[Vo(s)—VR(S)]cos(fl)

Because the algebraic forms of the transfer functions are so

complex, even the simple one layer system is not readily soluble

_analytically. Again, numerical methods with incremented real frequencies

are most easily used.to determine the spectral response of the medium.

2.6 Time Domain Formulation

A development of the time domain systems description is now

- derived from the parallel frequency description for normal incidence

-

conditions. The generalization to permit noﬁ—nqrmal incidence is not
described explicitlyi but the complete system analog is.presented. The
transform approach described'ea;lier is often used in the analysis:of
system«reséonse characteristics. However, for digital analyses, transform
methods can be less efficient (in terms of computer time and storage
requirements) if little convolution is necessary for a direct time domain
solution.

- Two direct approaches to a time domain>1inear systems solution -
exist.- First, the system of linear simultaneous equations 1n térms of

the signél transforms and layer transfer functions (Equations 2-16, 2-22)
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can be:transformed into ﬁhe equivalent system of linked convolution
integrals. This system of equations in convolutions may be solved by
standard numerical procedures for solution of integral equatidns using
“digital computers. (e.g., Carﬁahan et al, 1969). However, the approach
has some drawbacks as each layer requires sixteen equivalent convolutions
in the general non—ndrmal case. For non-attenuating conditions, each of
the sixteen required impulse responses for each layer is an infinite
impulse train witb decreasing impqlse amplitudeé with increasing time
(Figure 10). The rate of the decrease of amplitude depends upon the
reflection coefficients at the two layer boundaries. Efficient com-
putation using digital methods requires finite (and preferably short)
convolutions which necessitates the truncation of the infinite duration
impulse responses. However, for accﬁfacy, the truncated impuise responses
must be at least as long as the time required for several waveform
transits through the layer in order that the reverberation properties of
each layer are well characterized. With the inclusion of attenuation the
‘layer impulse response funétions are no longer simple impulse trains but
rathér each impulse is broadened by the preferential low-pass nature of
attenuation and the attending dispersion (Figure 10). This broadening
increases with time at a rate determined by the layer Q.

The second approach which is computationally more efficientband
‘used in this work accomplishes a time domain formulation in terms of
systeﬁ block representations by analogy to the frequency descriptioms of
Figures 5 and 8. Each frequency domain system biock transfer function
corresponds to an equivalent time function thch can be diregtly obtained
from the frequency function through the inverse Laplace transform. The

time domain system descriptions of Figures 11 and 12 have been obtained
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IMPULSE RESPONSE
Q=00

Fig. 10. A comparison of a normal incidence layer impulse response for
infinite Q and causally .absorbing conditions. '

in this way. For example, for layer i at normal incidence the frequency
-sT

domain delay and absorption transfer function ai(s)e (Figure 5) is

inverse Laplace transformed to give the equivalent time domain delay and

absorption function G(t—Ti)*ai(t) (Figure 11) where ai(t) describes the

impulse response of the layer per single transit determined by the layer
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| uj-1(t)

1

;4 (1)

LAYER i +1

S(t—T;) = oi(ﬂe‘é’;“— ti-| e—

LAYER i ‘ LAYER i—|

Fig. 11. The time-domain representation of the system analog of one layer
at normal incidence. Compare to the frequency representation of Figure 5.

absorption properties. (The form of this absorption function is discussed

later in this chapter).

To describe the essential nature of the time domain description,

the normal incidence formulation (Figure 11) is now further demonstrated.

At the lower boundary of layer i, a waveformtii(t) enters the system.

This waveform combines by addition to any waveform ur(t) which results
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Fig. 12, The time-domain representation of the system analog of one layer for non-normal incidence,
Compare to Figure 8. ' '
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from the reflection of any down-travelling wave at the lower boundary.
: ur(t) is the output signal from thé_system block ri; which represents
the lower boundary reflection coefficient. The sum waveform is then
delayed by the delay operator G(t—Ti) and absorbed according to theA

function ai(t) during its transit to the top boundary so that the

equivalent waveform incident on the top boundary is:

1

yi(t) = (ui(t)+ur(t))*6 (t—Ti)*ai(t)
_ (2-27)
= (ui(t—Ti)+ur(t*T1))*ai(t)' .
If the layer possesses no internal attenuation:
a(8) = 1, ' (2-28)
and ooy (®) = u (T (T (2-29)

The remaining system blocks are merely constants describing the other
reflection and transmission coefficients at the layer boundaries and are
identical to those of the frequency domain system. For example, the

waveform yi(t) incident at the top boundary of the layer is partially

i

to form ui_l(t):

ug (8 = gy (®) (2-30)

yi(t) is also partially reflected back into layer i to form dr(t) = ri-yi(t)

which combines by addition to any input down-travelling waveform di(t).
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This combined waveform is delayed and absorbed during its transit to the

lower boundary to form:

x, (£) = (d (£-T )+d_(e-T,))#a, (t) . T (2-3D)

xi(t) is partially ?eflected at the lower boundary to form ur(t) = ri'-xi(t)
which again combines by addition to ui(t)_entering the layer at‘the
lower boundary. | B

For normal incidence, oniy £wo convolutions with the attenuation
and delay operator are neéessary for each léyef; four are required for
non-normal incidence. If attenuation is not present, the form of these
convolutions simplifies to mere delays of the input waveforms. Then only
the past histories of ;he input function must be retained for a duration
equal tévthe transitvtime. |

. Two linked integral equations thus describe the normal layer

responses:

) T
u_(0) = ti[ui(trTi)+';ET-di+1(t)]*ai(t)
1
(2-32)
. , ri
di+1(t) =t [di(t-'l‘i)+ e ui_l(t)]-kai(t) H

i

a similar set of four equations describe the non-normal case.

For digital time simulations, each operator and signal within
the system model must be time incremented. Then, for time incremented
solutions (simulations) of the n-layered crust response to an input

waveform, a set of 2n linked equations of the above form must be solved.
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(4n such equations describe non-normal incidence). As in the frequency
formula;ion, the necessary input conditions are determined by the input
signal at the basement boundary; the correct free surface reflection
coefficients determine theArequired boundary conditions. For the digital
simulation, it is importaht to choose the constant time increment to be
small enough as to prevent aliasing of the system frequency response or
the spectral character of the input waveform due'to sampling.

2.7 Attenuation and Dispersion in the System Model

Elastic wave attenuation in an absorbing medium is usually
described in terms of the material Q factor (Knopoff, 1964). For a Q
- constant at all frequencies, a spatial absorption factor a(w)= E%E

determines the decreasing amplitude of an harmonic wave with distance:
U(x,0) = U(o,w)exp(-alw)x) . ' ‘ (2-33)

If the ébsorption function is real and the phase velocity ¢ is independent
of frequency a non-physical acausal attenuation law results. Futterman
(1962) extended this description of attenuation to allow the principle of
causality to hold while retaining the essential linear nature of the
absorption (Q remains constant in'freqhency) and wave motion in order
that superposition remains valid. Subsequent analyses by Wuenschel (1965)
deméﬁstrated that Futterman's theory well described aftenuation in real
materials.

Under the condition of causal attenuation, a plane wave having
travelled through distance x can be represented by a superposition

integral in terms of the origin Fourier coefficients:
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[~

u(x,f) = f U(o,w)egp(i[K(w)x—mt])dm_, (3]

- (2f34)
where K(w) = k(w)+io(w).

K(w) also describes the dispersion properties of the material. For

Futterman's modél (A1,Dl) which is used in later analyses K(w) has the

form:

) 1 w2 1 o
E[l— Ef-d ln| (m—o) —l|+1(2—Q-)] w > wo

K@) = 4 (2-35)

ole

w LW

where W, is an arbitrary cutoff angular frequency below which Q can be
considered to be infinite. For frequencies well above w Futterman
shows that the dispersed wave phase v(w) and group u(w) velocities are

related to the limiting‘undispersed phase velocity c by:

' -1 _
v(w) ¥ u(w) 2e(l- L 1@y - - (2-36)
mQ )
v o
¢, thus describes a lower velocity limit on an inverse dispersion
condition. The absorption transfer functions and impulse responses
which are required by the linear systems formulation are described by

this attenuation model. TFor the time domain system:

[3! The integral representation for Fourier superposition in this case
is that normally used in wave propagation problems. Throughout the rest

of this thesis, the communications theory convention is used.
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[--1

ai(t)_= [ e#p(i[Ki(w)ni—wt])dw (2-37)

-C0

where nivis the thickn¢55'ofAlayer i and Ki(w) the complex propégagion
function determined by the layer Q, phase velocity and the cutoff

ffequency W, This ai(t) is the Futterﬁan model iﬁpulse respon;e (i.e.
U(o,w)=1) of the layer. The equivalent frequency description (for‘the

frequehcy domain linear system anaiog) in Fourier terms is:
= i (2—38)
Ay (w) = exp(iK; (wIny) . o .

If the causal property for attenuation is not required (i.e. no phase
information is desired) then the Futterman absorption function can be
simplified to the usual acausal form:

~wT

i | _ -
Ai(m) = egp( 2Qi) ‘ o A | 52 39)

: wﬁere Qi is the layer Q value and Ti fhe layer transit time.

| It should be noted that the Futtérman analysis of éﬁténuation
requires @, and c. In practice, howevér, the disperséd phase velocity
v(w) aﬁd-groupvvelocity u(w) are the observablé'qﬁantities while W, andv
c must be obtained by calculation. Because the form of the absorption
 impulse response function ai(t) is only weakly dependent upon the actual
cutoff frequency, w, can be chosen arbitrarily to be very small compared
to the frequencies of interest. Futterman's choice of-mo=10‘3 sec™! has

been used in the computation of the absorption functions used later in

this thesis.
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In the preceding discussion,.tﬁe absorption transfer-fnnction,
Ai(w), and the absorption time function, ai(t); can represent eithet
P-wave or S-wave attenuatidn. Itdis only necessary.to specify the
particular trensit.time and Q cotresponding to the weve type to”determine:

_ the frequency or time function desired.

The transmission—teflection conditions at a flat boundary between:
.twovcausally absorbing media‘are'affected‘by the.coincidentvdispersion cfjﬂ
the'eiastic naves; Becanse the'velocity ratios”between the tno mediaiére
not necessatily constant at all.frequencies, each Fourier comnonent
obsetves transmission and reflection-coefficients which are different frcm‘
tthennon-dispersed casé.t The velocity retios also determine.the ray
directions of the transmitted'ffequency components By Snell's-Law.;nIf‘the”
- ratios are not constant,.the transmitted frequency component ray directionste
are not all coincident and a'gecmettical cdnditicn on.dispersion resulth_'}
In a trequency domain anelysis, this dispersiqn property'is not a majof
broﬁlem because.transmissicn and refiecticn coefficients and_rey directionsi:'

~can be computed for esch Foufier componentvfrequencyT cHowever, in a time

ldomain approach, the seperation of ffequency'components cannot be accomp—i;d>
f  llshed and the method becomes an approx1mat10n of the trde solutlcn.-
Wuenschel s (1965) analy31s of attenuatlon end dlsper51on in- the Plerre‘
Colorado shales suggests that the frequency dependence of the dlspersed
phase veloclty is small over frequency ranges of several octaves. . Con-‘
sequently, a constant transm1s91on—reflect10n coefficient and ray
dlrectlon approx1matdon anpears to Be valld and‘ls assumed in the follow1ng

analyses.
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CHAPTER III

ANALYSIS OF THE ALBERTA SEISMOGRAMS

3.1 ‘Introduction
In order to demonstrate the unique features and utility of this

‘:_ theory, the results of analyses of seismograms recorded in central Alberta

will be compared to linear systems solutions in both time and frequency

'7f,A_domains. The effects of crustal attenuationvon spectral ratios will be

éhown to be éignificant'fqr the low.Q values which are‘thought_to

éharacterize crﬁstal-sediments; it'wii%‘be'observed thét the correlation
between experiment and théory is'besf'at frequencies below 1 Hz. fime
'doﬁain'syntﬁetic seismogfams'will also be calculated by the systéms 
' approagh and_éompared Withiexperimental recordings. The éffects'of‘
crustal attenuatioﬁ and the assumed_fdrm of the'iﬁcident &avelét Qill bé I
.éhown; ‘Although exact syntheses haQe not. been obﬁained, éignificant
simflafity with experiment will be evident..

The,primary aim of the'thésis has notvbeéﬁ.té détermine the

. AlBerta crust, but rather t§ develop the new-liﬁear,éystems technique apd.‘
&emoﬁstrate its“particulér usefulﬁess. Thus, the nature of each of #helf

folloWing experimental analyses is basicélly one:of example.

3.2 The Analysis Prdblem

The character of the P coda of a seismogram depends uponi

:‘a) the source generated waveform, b) the physical properties of the.

"source to receiver paths such as Q, mantle layering, and the near

receiver crustal structure and c) the response characteristics of the
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f?ecéraing'instfuments; This lasﬁléffgét_can bé well-dgtermihed.by thé:;
calibration of the seismograph-syséem.f TheiComﬁination of theisOche‘{;.'
waveforms and the mantle;path effects determinéé'thébwévéform incident-vf
;on the base éf'thé cru§£ Qﬁich is ﬁeéessary fof the.éolutionatecﬁﬁiqﬁeg-'
2preéeﬁted iﬁ this-work. |
The aSsumea linear hatufé of elastic propagatipn‘in'the cfus;l
‘ '{permits invgrse'aﬁg:oaches.' Fof ékample,‘if a seismogfam is known and .
ﬁthe érﬁstal‘respoﬁsé is iiﬁear éﬁd‘kﬂown,,the cérreépoﬁding input‘wavéé;.
form éan be directly computed. Also, from a known in§ut signal‘and iﬁé
‘..reSulting‘Séismogram, the:gnique‘responsé of thé cfust to.elastic waves. ‘
‘M féén'bevbBtained. Howéver, since ﬁhere ié-seldomvany>§omﬁariéon ;
lﬁvinformaﬁion on the nature of the source or incident teleseismié'wave—;?fvfu_“'
f' fofm$; thesg invers;_approaches ﬁre not usefui:to‘demonstrage the | |
i'-  ﬁtili;y of.tHe present theory withpuf fufﬁher assﬁmpti§ns.  Rathgr,'}k'
;_;;frequenCy.and time-dpﬁaiﬁ propagation.soiﬁtiéné_willbﬁeiéompared_ﬁithil “;“uﬂ

_analyses of the experimental seiémog;ams.

.:.'.3'3 Thé'Expefiment'v :
For analyses-a choSen'set Qf seismOgrams recorded south of
._Z'Edmonton, Alberta during a field program of October and NoVember:l968’j"i

has been used. Three portable FM tapé recording shortlperiod seismo—:“

graph stations at.the_University of Alberta Edmonton Seisﬁological Obserf
1vatory (oﬁr seismogrgph is designated LED in this thesis), and at the.nearb§ i
| Chamulka (CHA) and Larsen (LAR)‘farms (FigUfe-l3) recorded 16 o
~useful events ffdmifeleseismic distancesf Six of these weré ¢hosen-_ “'
'l::.ifor aﬁa1yticé1 cdﬁéarisons Qith‘tbelfheo}y ksee iaﬁe?.Figﬁré.l6,'fabié?iii).%j

This region of Alberta is characterized by avflatlyAbedded'sédimentaryit\‘
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'section which can in geﬁeral be approximated by the horizonﬁal layer
model. Maximum dip angles on the notably continuous formation boundaries
are generally less than 1° e;cept in anomalous areas such as the Leduc-
Woodbend oilfielﬂ (which lies beneath station CHA) in which oil;bearing
Devonian reef structures exist. Thereforé, these records are ideally
suited to this problem. Also, the sedimentary section isbwell known from
reflection seismic surveys and oilwell borehole geophysics for several

nearby drill sites.

3;4’ The Crust Model

The station locations formed a triangular pattern 15 kilometers
on a side. Over these relatively short distances, velocity and resisti-
vity:logs from deep oilwells in the vicinity permitted easy and cértain
correlagions of the major sedimeﬁtary formations to determine an intér-
polated profile section for the upﬁer crust (Figure 14, Table I). A
regiqnai dbwnward dip normal to the Rocky Mountain strike in a direction
N 130°W“was assﬁmed in order to facilit;tevthe inferpolation between the
weli sites to the station locations. (e.g.‘Ellis and Basham, 1968).

In order to affect the character of a seismogram, a formation
layer'must have a thickness comparable to the wavelength of the highest
frequencies recérded by the seismograph. More exactly, a linear systems
solution shows that the fundamental reverberation frequencyiof a layer
is determined by the imaginary component of the Laplace frequency S at
the principal pole of the transfer function set (Aﬁpendix I). For a
nén-atténuating layer‘under normal incidence, this condition corresponds
ﬁo'one of two frequencies depending upon the reflection coefficients at

the layer boundaries:
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1l
either £ = =
’ . oi 2Ti
o (3-1)
v 1
or f = -
oi 4T1

where Ti is éhe layer P-wave (or S-wave) tranéit time. (4] Thus, fb
determines the minimum frequency component for which the layer reveri
berates; frquencies significantly lower than this are unseen. The
sediﬁentary cfust models (FigureA14, Table I) include all distinct
laygrs for which the.t;aﬁsit timé, Ti’ is greater than 0.05 seconds.
donsééuenely,.the layer modeiling ig sufficiently detailed to include
the fundamental layer reverberation character for frequencies ﬁarkedly
less than 10 Hz. Furthermore, all other layer boundaries which showed -
notable velocity contrasts were also considered in the crustal models, .’
thus allowing layers for which Ti approximates only 0.025 seconds 4'-
(f°i4= 20Hz). The frequencies recorded by the seismographs are limited
to a bapd bélow Ssz. The crust model detail should be sufficient to
Vdescribe reverberations in this band.
The subsedimentary crustai section included in the total cfustal'

model of Table I follows the gross crust of Cumming and Kanasewich (1966)
o for southern Alberta. The total crust model is desirable since the
Mohorovicic diséontinuity first causes a part of an incident P wave to

be converted into SV motiogns and particularly affects much of the early

character of the horizontal seismograms.

[4]'The first condition results if the product of the two reflection
coefficients is positive; the second if the product is negative. Also
for the positive product, there is a pole on the w = 0 axis (i.e. £ = 0).
This pole determines only the zero frequency character of the °1
layer response and does not affect wave propagation (Appendix I).



TABLE 1
CRUSTAL SECTIONS

LAYER

P-VELOCITY (km/sec)

DENSITY (gm/cc)

 FORMATION (TOP) THICKNESS (km)

LED CHA  LAR LED - CHA  LAR LED CHA  LAR

1 Post Alberta 0.62 0.58 0.71 2.7 2.7 2.7 2.2 2.2 2.2
2 Alberta 0.46  0.49  0.49 3.0 3.0 3.1 2.3 2.3 2.3
3 Blairmore 0.31 0.28 0.35 3.7 41 41 2.4 2.4 2.4
4 Wabumum 0.16 0.23 0.21 5.5 5.6 5.6 2.6 2.6 2.6
5 Ireton 0.17 '0.22 0.19 4;0‘ 4.2 4.5 2.4 2.4 2.5
6 Cooking Lake 0.26 0.27 0.30 5.3 5.4 5.5 2.6 2.6 2.6
7 Elk Point 0.19 0.19 0.18 4.6 4.7 b7 2.5 2.5 2.5
8 Cambrian 0.42  0.40 0.37 4.1 4.2 4.2 24 2.4 2.4
9 Precambrian 10.0 10.0 10.0 6.1 6.1 6.1 2.7 2.7 2.7
10 Sub-Layer I 26.0  24.0 24,0 6.5 . 6.5 6.5 2.8 2.8 2.8
11 Sub-Layer II 11.0  11.0 11.0 7.2 7.2 1.2 2.9 2.9 2.9
12 Mantle Boundary - - - 8.2 8.2 8.2 3.0 -3.0 3.0

vy
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These model considerations do not exactly represent non-normal
incidence as the fundamental resonance frequeﬁcieé are slightly increased
as the incident angle.increases. But since the waveform incident angles-
are generally Small for the teleseismic source distances, énly small
effects are to be expectéd. |

Independent data on the layer S velocities, fofmation densities
and elastic wave attenuation properties are not available for the Alberta
crust. Howevér, reasonably probable values for the S-wave velocities
were determined assuminé Poisson's ratio is 1/4 so that:

By = ag//3 (3-2)
Fdrmatidn densities were obtained from the P-wave velocity-density
‘relatioﬁ of Nafe and Drake (érant and Wgst,'l965).

Féw results have been reported for the attenuation properties
of body wa&e; within the crust and among these little consistency is
’appareng. The studies of McDonal et al'(l958) on the thick shale
formations near Pierre, Colorado are among the most widely quoted. How-
ever, other in situ Q measurements by subsequent workers (e.g., Tullos
and. Reid, 1969) have not shown attenudtion coefficignts which closely
agree-with their resulﬁs. Various autﬁors (Préss,‘1964; “Anderson et al,
1965) have inferred body wave Q's from surface wave analyses. But such
studies do not provide the resolution required in the present analysis.
Clowes and Kanasewich (1970) experimentally obtained Q for the central
Alberfa crust using deep reflection seismograms. Théy detérmined average
Q near 300 in the sediments and approximately 1500 in‘the lower crust.

Their sediment Q appears to be significantly greater than that found by
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McDonal et al for similar materials. In fact, order of magnitude
differenceé  -appear to be common among the several Q's reported for
sediméntary crusts.

For this thesis, material Q values have been obtained from the
literature (Knopoff, 1964; McDonal et al, 1958; Savage, 1965) and
correlated with the known formation materials in the sedimentary portion
of the Alberta crust. Within the lowef crust, Q;s have been estimgted
on the basis of the average crustal atténuation-(Press, 1964). Com-—
prehensive data on the composition of the Alberta sediments has been
compiled by the Alberta‘Society of Petréleuﬁ Geoloéists (1964). Since,
most of the major formations are substantially homogeneous, the
correlations between the forﬁation rock material and published Q factors
. for the materials.should give plauéible values. Q has been reported to
be app?oximately frequency independent over a wide range of frequencies
_between 1 Hé and 10% Hz (Knopoff and MacDonald, 1958 and 1960). Thus,

Q factors whiqh have béen published for relatively high frequencies have

been assumed to be constant to the Fﬁtferman cutoff angular frequency 0,
Furthermore, at frequencies below 1 Hz, realistic Q values have almost no
effect on body wave propagation in the crust and the assumption that Q is
constant with frequency to the cutoff_presents‘no apparent difficulties.

Shear and compressional Q's have been assumed to be identical;

The crustal model Q factors for the individual layers which
have been chosen'for this work are tabulated and referenced in Table II.
of these; only tﬁose from the Alberta and post Alberta formations can:be
expeéted to be accurate. These formations are basically uniform shales

which appear to be contiguous with the Pierre, Colorado shales for which |
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TABLE II

FORMATION Q's -

" - FORMATION

MATERIAL

Q- B - REFERENCE "

CHOSEN APPLICABLE

{Ppst Alberta{;? jsaﬁdysshalef 'l é3l._ ZBFkPierre:shele)v.lfi>'21;2 i{
' :Albef;a | lbshele .: | : ?3d'sl él-szz B l‘i"' ) 1
Biaifmoref' shale, . - 30 21-52' . B 1
' . ~ sandstone ‘ -
Wabuhum_ dolomite | 1Q0»j:-45-19o? (limestone) ORI
‘Ireton. ‘shele | védii »21—52‘- ;.- T ,'."fl» l,l
:“Cooklng Lake._ {:llmestoneﬁ T ldOljl 45-1902'. o . ;: } :klli
. Elk Point . - salt, ioof ' 70-220 (nard chalt) 3
' ~evaporites s : . SRR ‘
* Cambrian ;sandsﬁoﬁes; | SOl”: 52l(sanastdne)fe' : _ :l
‘clastics‘ N ' ‘ | l :
 ’Precambrien . :gfapi;e?f ZGCVf 57—200,?.lf .,:Vl 1
'Sss—LayefﬁI - SOOAi '-‘ - B 'estimated,j4‘:
;‘1Sub—Layer II - ' SOC.l - g s; .% estimased, 4“l:’?
Q (average for whole crust) = 186 Q (average for sediments) = 40.

. The average Q's were computed con31der1ng the travel ‘times through

',‘the individual layers

" References:

1) .Knopoff (1964)

2) McDonal et al (1958)
- 3) Savage (1965)

4) Press (1964)

:'The valldlty of the Q's for the sub- sedlmentary layers is questlonable

The results of Press (l964) apply partlcularly to Pg waves in the .

tectonically actlve region of the. Nevada Test Site.

For the remaining -

-'s'chosen Q's, values obtalned in the lab must be assumed to apply in 31tu;'
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aﬁtenuation properties are well known (Williams and Burk, 1964). McDonal
et al (1958) obtaiﬁed Q=23 fof P waves and Q=10 for é waves with frequencies
beyond 20 Hz in this formation. In order to conform to the Q assignments
to other layers the Q=23 value has been assumed to describe the S wave
attenuation in this»layer'aléo.

The average Q for the sedimentary portion of the crust above the

Precambrian by the above model is approximately 40 while the average Q for

thg whole cruét is near 200.

3.5 Data Preparation

‘The FM tape”recorded seismogfaﬁs were digitized with a sampling
rate of 20 per second for the numerical analyses. The rapid falloff of
the seismograph sensitivity from 5 Hz ensures that thgre is little seismo-
gram coﬁtent beyond the 10 Hz Nyquist frequency so that aliasing‘effécts
are-minimal. Transient calibration pulses were recorded at the beginning
of each S-day tape record. From these pulses, the absolute grbuna motion
amplituée frequency response of each stétion,componént seismograph was
determined using the transient calibration procedure outlined by Deas:
(1969); However, the high frequeﬁcy instrumental response character is
poorly determined by this method since the digitization (quantiz;tion)
nolse swamps the high'frequency components in the éalibration pulses
(Figure 15). Consequently, the theoretical response for frequencies
beyond 2 Hz was assumed to be representative of the systems. The response
characteristics of the three components of any one station were designed
to be virtually ideﬁticai; only the absolute sensitivitigs significantly
véried between componenté.» The results of the pulse.célibrations were

used to establish absolute sensitivities.
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Fig. 15. The theoretical standard seismograph response (dotted line)
compared to a response calibration obtained by the transient method
(solid 1line).

The nature of the propagation problem is eésentially two
dimensional; motions only occur vertically and horizontally along the
wéve réy paths. For the comparisons of the theory with the seismograms,
it is then necessary to perform a transformation on the N and E horizontal
components to establish the equivalent radial component motion along the

surface projection of the ray path and the transverse component normal. to
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it. For transformation, the two horizontal seismogramicomponents must
.haQe identical responses. For this purposé, all station component sensi-
tivities were normalized to the response calibration of the vertical
component of station LED on October 4, 1968. The absolute sensitivities
of the instruments varied with time. Effects of temperature on -the

transistorized amplifiers and seismometers partially account for this

effect.

3.6 The. Seismograms

The six events used in these comparison analyses (Table III,
Figures 16a-f) were chosen primarily for their short and apparently
simple P coda. For these events, the wave motion incident on the base
of tﬁe‘crust should comprise a basically transient P wave of shért
dﬁration.' If the source to receiver path is not gtructured in its
‘elastic properties, P to S wave conversions do not occur along the path.
However, it should be noted that distinct structure in the upper mantle
and continuous velocity and density Variétions'(hence acoustic impedance
"variations) along the source to receiver pafh must cause some conversion
of energy from compressional to rotational motions. For these analyses,
source generated P and .S motions -are gssumed to arrive at the receiver
several minutes apart with the incident waveform-enﬁirely compressional.
The P coda is thus considered to be the result of the purely compressional
wéVefofm impinging on the base of ;he crust at the Mohorovicic
discontinuity.

Ellis and Basham (1968) have sugges;ed that an increase in the

transverse component amplitude with time (this increase is observed for
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" Fig. 16a-f. The vertical, radial horizontal and transverse horizontal
components of the experimental seismograms for the events studied in
this work. The P-coda onset for each event is exactly 5 seconds from

" the beginning of each record.
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EVENT 4 KURILE IS.
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(d) Kurile Islands
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EVENT 6 RYUKYU IS.

_LED

LAR

5 SEC.

(f) Ryukyu Islands



TABLE III

EVENTS USED IN ANALYSES

DEPTH

EVENT LOCATION LAT LONG MAG DELTA INCIDENCE AZIMUTH (S-E)
1 Venezuela 10.7°N  62.6% 97 km 4.8 58.6° 30° 117° E of N
2 Fiji Is. 20.9% 178.8% 607 km 5.7 92.9° 19° 238°
3 Chile 19.6°  68.9% 107 km 5.3 82.;° 21° 138°
4 Kurile Is. 49.7°N 155.8% 35 km 5.5 53.0° 31° 305°
5 Novaya Zemlya  73.4°N  54.9°F 0 km 6.0 53.4° 31° 4°
6 Ryukyu Is. 27.5°N 128.4°E 5.8 83.4° 21° 308°

48 km

LS
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example on the‘Vénezuelan event recorded at stafion LAR in Figure 16a)
may be due to signal generation of noise by scattering within the
crustal layering or topographic features. This éffect may then indicate
the rate of degradation of the record for the purposes of this analysis.
For most of the chosen e§ents, the radial and transverse motion ampli-
tudes become comparable within 15 to 30 seconds of the P onset. Twenty-
five seconds of the record has been usea in the subsequent frequency
domain analyses of the seismograms. Generally,‘ohe would not expect the
noise generated transverse amplitﬁdes to exceed the radial amplitudes
for horizontally layered structures. However, somé records such‘as the'
CHA seismograms from the Chilean earthquake (Figure l6c, Table III) show
a predominance of horizontal transverse motion. It should be noted that
the staﬁion CHA was located on the flank of the Leduc-Woodbend oilfield,
a region in which there exists significant departure from horizontal

. layering in the sedimentary crust (see Figure 14). Indeed, it appears
that the oil bearing Devonian reef structure causes the overlying sedi-
mentation layers to be lifted. The coﬁplicated subsurface geometry at
the station CHA does not permit easy prédiction of the departurgs'frém
the éxpected zero transverse motions. Also, strongly topographiic
features of the nearby North Saskatchewan river valley (typically

" 1 kilometer across and 100 meters deeb) could affect. the CHA records.
Furthermore, although the CHA record of the Chilean event is notably
anomalous with réspect to tranéverse motions, the Névaya Zemlyé records
are not. This may indicate that there is an azimuthal dependence of
anomalous transverse motions. The essentially anomalous natufe of the

CHA location was known before analyses and the two events were included
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only for the purpose of comparing the distinctly horizontal layering at

LED and LAR with the more structured geometry of CHA.

3.7 Frequency Analyses - Theoretical Spectral Amplitudes

For the detefmination of theoretical frequency ampiitude
response characteristics of the model crusts, impulse (white, zero phase
spectrum) signals repreéenting P waveforms were used. as inputs to ghe
iinear system analogs. Amplitude and phése speEEra were calculated for
the surface motions, for all internal boundary motions and for the wave-
for&s retransmitted into the basement halfspace. For non-normal.
incidence cﬁnditions, both .the vertical and horizontal motion amplitude
components have been obtained. A freqdency sampling interval of 0.1 Hz
between O and 5 Hz was éhosen to reveal the major spectral peaks in this
range while limiting'the computational time.

| The surface motion amplitude response for the sedimentary
portion of the Leduc model crust (Table III) abové the Precambrian,for_
normal incidence is shown in Figure 17.> The phase spectra showed mainly
a lagging trend ﬁith frequency due to the time delay betweén the input
waveform ana the surface motions. The phase spectra and internal
boundary motion specfra will not be presented in this analysis.

It is ﬂotable that revérberétion'resoﬁances occur’ at several
frequencies (Figure 17). The first resonéﬁce peak of the LED crustal
reéponse at approximately 0.4 Hz is primarily due to the reverberation
multiple with the longest path bounded by the surface and thg Precambrian
basement. (Appendix I descriﬁes a procedure for the computation of the

fundamental reverberation frequency and harmonics for one layer). -
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Fig. 17. The spectral amplitude response of the theoretical non-
attenuating Leduc crustal section to a normal incidence white amplitude
spectrum P-wave incident at the Precambrian-Cambrian boundary.

Spectral peaks for higher frequencies are the result of the combined
effects of higher harmonics of this reverberation and primary resonances

for multiples with shorter paths (which cause higher frequency reverber-

ation) along with their coincident_ harmonics.

The spectral amplitude'response-for a 309 (at the
Precambriahxboundary) incident P wave gonsists of both vertical .and
horizontal components (Figure 18). There is a marked similarit; in the
fﬁrm of the vertical amplitude comppnent with that for“thé-normal

incidence condition although its amplitudes are reduced. Particularly
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Fig. 18. The spectral amplitude response of the theoretical non-

attenuating Leduc crustal section to a 30° incident P wave at the
Precambrian-Cambrian boundary. W, represents the vertical component
motion, Y, the horizontal. :

the resonance of the fundamental reverberation and the peaks near 1.6 Hz,

2.3 Hz ‘and 2.9 Hz are common to both responses. This is expected because

for small iﬁcidence angles, the P motions within the layering dominate

the vertical component while the SV motions dominate the horizontal com-
ponent. In this example, the horizontal amplitudes are lower than the
vertical; however, for S wave inputs or P wave input motions with much
larger incident angles the opposite condition would occur. A 300 incident
angle at the Precambrian boundary corresponds to a 42° angle at the

Mohorovicic discontinuity. This incidence angle corresponds to a source
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. at oaly 25° epicentral distance (after Ichikawa, See'Basham, 1967). For_
such.nearby sources, signals from refractive and reflective paths “
vcontaminatebthe earlyAP coda.' Alse,.geemetrical'spreading'of the
.wafefront invalidates'the necessary plane wave aseumption. :Experimentally,
source distances greater ‘than approx1mately 35° should be used. -

The effect of crustal abserptlon oﬁ the spectral amplltudes .
for'tﬁe 300 1nc1dence condition is shown in Flgpre 19, For the cal~
culation'of'these example'spectra Q=50 was chosen to represent every

’ layer for both P apd S'motions. This'Q is near the computed average
A”for“the—sediments (Table.Ii). Acaueal, zero phase atteauation'with no

~ attending dispersioh is_considered,7-Significantly, there is a decrease

LEDUC SECTION
30° INCIDENT. P WAVE-

8.0

65)
.-oé
|

i
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20 40

o o 20 300 40 50
| FREQUENCY  (H2) - N

Flg 19. The spectral amplitude response of the theoretical crustal
section to a 300 incidence P wave at the Precambrlan—Cambrlan boundary.vif‘
The crust” is assumed to have a Q of 50 in every layer. v S
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of the spectral amplitudes with increasing frequency for both vertical
and horizontal components. The constant Q model gives a negative
vexbonential dependence of amplitudes with frequency which describes this
condition. A further sigﬁificant effect of the absorption is the
apparent reduction in the quality of the resonances, particularly ét
higher frequencieé. The resonance quality is determined by the energy
absorbed per cycle at the resonant ffequencyvharmonic and is a direct
measure of the crustal attenuation. It was noted previously that
physical attenuation ﬁust be causél which aemandé a dispersion effect
such as in the Futterman model. The dispersion of phase velocities
would cause a‘slight shift of the resonance peaks but the form of the
curve amplitude dependence on frequency would remain nearly unchanged.
Sinée'the effects of dispersion on the spectral amplitudes are minimal,
the acausal model reasonably represents the crustal amplitude'resﬁonSe

of an attenuating crust.

3.8 Frequency Analysis - Spectral Ratio Technique

To compare the spectral amplitude responses with gfound dis-
placément'amplitudes due to earthquakes, it is necessary to remove. the
éffects,of the seismograph response. This requires.extreme enhancement
of low frequency components where microseismic and instrument noise may
exceed signal levels and high frequencies where wind, water and cultural
noise may swamp motions generated by the teleseismic waves. Also, these
seismograms are basically a record of the ground motion velocities rather
than displacements and an integration of the records with respect to
timé would be necessary before spectral‘amplitude comparisons could be

made. Rather than apply such reconstructions to the data, the technique
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using spectral ratios (Phinney, 1964) is more usefgl. Since the frequency
response chafacter of the seismographs were normalized, all motion com-
ponents can be assumed to have been identically affected by the instruments.
For a given P arrival, the Qertical and radial horizontai seis-
mogram P coda are responses to the same input waveform which is incident

at the base of the crust. Their Fourier spectra may be described:

w

Wb(w) Hv(w)-U

INPUT

(3-3)

]

ToW) = B @ Uppyp @) -

where Hv(w) and Hh(w) are the total crust vertical and radial horizontal
transfer functions and UINPUT(w) is the Fourier spectrum of therarbitrary
input waveform. It is evident that the vertical-to-horizontal spectral

-amplitude ratio -depends only upon the crustal transfer function ratio and

is completely independent of the input waveform (Phinney, 1964):

BLACIENLES)

V/H = = —
Y @] 8 @]

(3-4)

. Furthermore, over small horizontal distances, one may expect that‘the low
frequéncy content of a P arrivél incident on the base of the crust due‘to
a teleseisﬁic source would not vary significantly. Therefore, the ratios
between the vertical component spec;ral amplitudes at two nearby sites
should describe another ratio which ié independent of the input waveform.

For example:
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wo(w)]1

= B @ Unpyr @)
(3-5)
Wo(w)]2 = Hv(w)]2°U1NPUT(w)
and:
|Wo(w)]1| |Hv(w)]1l
V/V) = = (3-6)
LNON MO

These vertical?to—veftical component spectral amplitude ratios may be
useful in the comparisons of the crustal sections at two stations. Also,
because the vertical components usually possess high signal-to-noise |
ratios relative to the horizontal components, the accuracy obtainable
from such analyses should be Better.

Phinney showed that a comparison of the V/H-ratios'determined
experimentally from long period P-wave seismograms and by direct cal-
culation using the Haskell method could be useful for crﬁétal interpre~
tations. Although, his work yielded good comparisons between theory and
experiment, other investigations have been lessAsuccessful at’ short
'periods (Utsu, 1966; Ellis and Basham, 1968). Tﬁe work of,Ellis'and
Basham.included an area in central Alberta near that studied in these
analyses. They ascribéd part of their limitedvsuccess to scattering
which generates noise from signal. Howeyer, their Haskell matrix analyses
did not include attenuation. The pfesent work will attempt to determine
the $ignificance of crustal abso:ption to spéctral ratios. Later, it
will be shown that for short periods and the low Q's of crustal sediments,

the effect of absorption can be considerable.



Fig. 20a. Spectral V/H ratios for various attenuation conditions in the
sedimentary crust compared to the non-attenuating ratios. The designated
Q's have been applied to every layer; the solid line is for infinite Q.

Fig. 20b. Spectral V/H ratios for Q values in each layer assigned
according to Table II compared to non-attenuating ratios. The solid line
is for infinite Q; the dashed line for the chosen Q's.
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The work of Ellis and Basham in central Alberta included the
analysis of 41 events which allowed them to use a statistical approach
in their experimental comparisons. In this present work only 6 events

are used and statistically valid inferences cannot be deduced.

3.9 Theoretical Spectral Ratios

Theoretical V/H ratios were computed for the three station crust
models for an incident P wave making a 22°‘ang1e’with the Precambrian
upper boundary (whiqh‘is equivalent to a 30° incidence angle at the
ﬁohorovicic boundary). The éomputed ratios are presented in Figures 20a
and 20b. Sevéral different internal layer attenuation conditions are
compared. - Since the broad features of the V/H ratios are not greatly
affecte@ by neglecting the large scale layering of the sub-sedimentary
Alberta crust (Ellis and Basham, 1968), only the portion of the crust
above . the Precambrian has been considered in these analyses. The major
effect of néglecting the three deeper model layers is to remove closely
.spaced harmonic peaks due to the long péth multiples iﬁvolviﬁg the deep
crustal boundaries. Smoothing of the computed ratios was not considered
neéessary but the frequenéy sampling increment was chosen suffiéiehtly
small to determine all of the major spectral ratio features. Small
changes in the P wave incidence angle have little effect on the-location
of the‘V/H'peaks although the peak amplitudes are modified. Consequently,
if the absolute ratio amplitudes are not required, the one set of ratios
for 22° incidence should be sufficient for comparisons with the ratios
gxperimentally determined from the suite of earthquake events with
incidence angles ranging from 14° to 23°. The theoretical ratios for

220 incidence should underestimate the ratio amplitudes for the smaller
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angles of P-wave incidence.

The curves designatéd by infinite Q (Figures 20a and 20b)
describe non-attenuating crustal conditions; designations with other
Q's represent the V/H ratios for the crust model with the specified Q
applied to each 1ayer. The wvalue Q=100 iévthought to be a conservative
estimate of the absorption in the Alberta sedimenté but the value Q=25
-must be implausibly low. The Q values of Table II average 45 for the
sediments. .

In these ratio comparisons, it is apparent that at low
fréqhencies the effeﬁt of crustal absorption is virtuallf insignificant.
But, above 1 Hz absorption effects increase noticeably. For example,
the LED and LAR V/H ratio peaks near 1.2 Hz are increased sharply by
loﬁering Q while the fatio peaks near 1.7 Hz are decreasea. Furthermore,
;he LED‘V/H peak near 2.4 Hz is more than doubled by decreasing the
theo;etical Q from infinity to 25. For all three crustal modéls; large
increases in the ratio amplitudes are particularly evident beyond 4 Hz
for éttenuating conditions. Attenuation of a harmonic waQe increases
exponentially with frequency and the effect of absorption must become a
dominant factor:in V/H ratios at high frequencies.

The positions of several of the major V/H peaks are not affected
by the addition of attenuation. Therefore, these features should be .
uéeable for comparisons of the basic crustal models with experiment.
Similarly, the features which. strongly depend on.attenuation could pro-
vide separate information'on the crustal absorption characteristics.

Theoretical ratios of the vertical component spectral amplitudes
from station pairs are shown in Figure 21. Vertical-to-vertical ratios
have been computed only for non—atfenuating crust conditions because the

absorption characteristics at the three close locations should be very
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Fig. 21. Vertical-to-vertical spectral ratios for non-attenuating crust
models. '

similar and the effect on the ratios must be small. Significantly, ;he
theoretical LAR/LED vertical ratios are featureless below 3 Hz while the
CHA/LED ratios possess more character. This is not surprising since the
ratio describes the relative vertical cfustal responses and sinCe.the
LED and LAR crust models are quite similar their response characteristics
should be similar, The CHA crust model describes an anomaléus location
on the Leduc-Woodbend oilfield. The difference in the CHA and LED models

is manifested by the greater vertical-to-vertical spectral ratio character.
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3.10 Experimental Spectral Ratios

For comparisons of experimental and theorétical spectral rartios,
discrete Fourier spectra have been computed using the algorithm of
Cooley and Tukey (1965) on the first 25 seconds (500 sample pointsi of
the normalized records following the P onset. Vertical-to-horizontal
experimental spectral ratios computed from these spectra are shown for
the chosen events in Figures 22a-f. Within the 25 second time window
the transient P—codé has generélly deéayea to géound noise levels (e.g.
Figure 16a-f) so that it may be assumed that the spectrum. calculated
from the truncated records generally represents the infinite duration
transient. The choice of a longer record would decrease the average
signal-to-noise fatio and reduce confidénce iﬁ>the ratio calculations.
Also later arriving phases could be admitted. The 25 second record
length is a reasonabie compromise for the.chosen event records. The

"sampling interval of 0.05 seconds from the digitization and the record
length of 25 seconds gives a frequency resolution of 0.04 Hz using the
Cooley-Tukey algorithm. Tﬁis resolution is excessive for comparisons
with the theoretical ratio computations. Smoothing of the experimental
‘spectra using 5 aﬁd 9 point,Fejer.(triangulér) running-operatqrs was
apélied to réduce the highly resolved detail while retaining the_broad
spectral features which should result fromAreverberations in the upper
sedimentary crustal layers.

For three chosen event seismogram sets, smoothed ratios of the
Fourier spectra of the signal and 25 seéonds of pfe—event noise for both

vertical and horizontal components were compared (Figufe 23a—c)bto

determine confidence limits on the computed V/H ratios. For these three
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Fig. 22a-f. Experimental‘V/H spectral ratios obtained from the suite of
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comparison. These error conditions are thought to be typical.
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Spectral signal-to-noise ratios for the vertical (solid
line) and horizontal (dotted line) for three events.

was obtained from the 25 seconds preceding the P onset of each event.

The noise spectrum
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analyses, large signal-to-noise ratios were found between 1 and 3 Hz. The
ex@ected root meaﬁ squared efrors due to the background noise are desig-
nated by the error bars on the corresponding spectral ratios (Figures

22a,d,e). The LED Venezuela recording showed typical relative pre-event
noise; only the Fiji Islands records at LED and LAR possessed lower
apparent signal-to-noise ratios. Thus the relati&e errors found for the
LED Venezuela ratio is considered to be typical of (or worse than) the
rgnéining ratios for which error conditions were not obtained. (One
further possible exception is the LAﬁ Venezuela recording for which there
is a particularly.higﬁ frequency noise contamination. However, the

signal-to-noise ratio at useable frequencies does not appear to be poor).

3.11 General Features of Spectral Ratios

The most notable general feature of the experimental V/H rétios
is that‘the amplitudes are much lower than the theory predicts. (the
theoretical computations for the large 22° incidence angle should under-

"estimate ratio amplitudes for the steeper angles). The only possible -
exception is the CHA Chile seismograms (Figure 16c, Table III) for which
high ratios aré evident between O and 2 Hz but return to the anomalous
lower values beyond this. This event recording is also anomalous with
respect to horizontal motions since the transverse émplitudes exceeded
radial amplitudes.

Reduced ratio amplitudes must result from a relative enhance-
‘ment of the horizontal gfound motions compared to the vertical motions.
Possible causes include background noise and signal generated noise by
écattéfing. It is significant that the horizontal component background

noise was generally higher than the vertical. This effect would be
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expected to reduce the ratio amplitudes towards values less than 1 at
frequencies where the signal-to-noise ratio is small. However, records
 for which the average signal-to-noise ratio appears to be very high
would.tﬁen be expected to éﬁow substantially better agreement with the
theory. But even those with the least relative background noise also
éxhibit reduced ratio amplitudes. For example, the LED seismograms
from ﬁhe Chile and Novaya Zehlya events show anomalously low fatio
vamplitudes. The;computed ratios for which error conditions were cal-
culatéd (Figures 22a,d,g) determine that these reduced amplitudes are
not due to background noise, at least in the band from 1 to 3 Hz.

In their work on V/H ratio comparisons, Ellis and Basham (1968)
suggested that scattering noise genérated from the signal could have
_caused_part of their lack of comparison bgtween their theoretical and
experimental results. Scattering can result from both internal crustal
irregularities and from surface topography which determines a non-flat
free éurface boundary. To explain a reduction of ratio amplitudes by
scattering, it is necessary that the mechanism preferentially reduces
vertical component motions or prefefentially converts vertical motions
‘to horizontal. Since a vertical to horizontal conversion is basically
a P to S conversion, a scattering mechanism which iﬁcreased shear motions
.relative to compressional motions could explain the reduced apparent
experimental ratios. The effects of.topographic scattering should most.
affect tﬁe LED statibn which was located near é broad ﬁalley and the CHA
- station which was situated within 2 km of the North Saskatchewan River
| valley which is approximately a half km wide and 100 ﬁ deep. Surprisingly,

ohly the CHA station gave spectral ratios which were not anomalously low.
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An attenuation condition which preferentially absorbed P
‘motions relative to S motions could also help to explain this condition.
However, most experimental evidence (e.g. McDonal et al, 1958) shows

that S attenuation is greatef than P which would determine the inverse

effect.

3.12 Details of the Spectral Ratios

The V/H ratios from the'recbrdings of the six events have a
common'significant speceral ratio.magimum between 0.5 and 1 Hz. (The
ratios computed for the CHA recordingé show 1és§ character fér this
peak and its validity is questionable iﬁ this case). The theoretical
calculations find a major ratio maximum near 0.7 Hz which correlates
with the experimental feature. Most ratios compdted for the LAR and
LED station events show a further common maximum between 1.5 énd 2 Hz.
However, for the LED Novaya Zemlya ratios, this peak is displaced to
approximately 1.3 Hz which is suspicious although the'record quality
and signal-to-noise ratio are especially good. Theoretical ratios for
LED and LAR show maxima at 1.6 and 1.7 Hz which apparently correlate
withvtﬁese‘experimental featufes. Low frequencies are primarily
affected by the structures of the crust which have alscale.size of the
or&er of the harmonic wavelength.. Since the g?oss crustal features
shou1d be well modelled, it is not surprising that this area of agree-
ment between theory and experiment existé. However, Beyond.approximately
2 Hz the little correlation between the theory and'experiment could
indicate that the small scale model structure inadequately describes

the actual crusts. Also, since P-arrival signal levels decrease rapidly
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with frequency, background noise begins to play an increasing role at
higher frequencies. Beyond 3 Hz, the signal-to-noise ratios become so
low (Figure 23) that good correlations caﬂnot be expected. Where the
-signal—to;noise ratio is near (or below) 1, background noise must
largely determine the V/H ratios. But, even beyond 3 Hz the smoothed
ratios computed solely from the bre—event noise for the three events
were found not to be éimilar to the equivalent event ratios. Con-
seq&ently, if the:background noise can be assumed to be a stationary
process, it does not appéar to be-thé wHole cause of tﬁe high frequenéy
discrepancies betweeﬁ tﬁegry and experiment. This lends weight to a
scattering noise hypothesis. The cause of the 1afge LAR V/H ratio peak
near 3.5 Hz is not evident. However, signal-to-noise ratios are veryﬁ
small (as evidenced by the large error bars (Figure 22&)) beyond 3 Hz
and thé~pe§k is probably not an indication‘of crustal features.

Any similarity in the experimental and theoretical ratios for
the CHA Chile event recordiﬁgs is surprising because this station was
the most anomalous in terms of subsurface layering and topography.
Furthermore, the Chile event records showed particularly large transverse
horizontal motions. Apparent correlations should be discounted as
accidental.

The incluéion of attenuation in the theoretical solutions did
not improve the agreement between theofy énd experiment. Furthermore,
the experimental details do not discriminate the wvarious crustal Q
models. TFor example, although the 1.7 Hz peak was noted as a possible
 indicator of crustai attenuation conditions it is apparent that there
is ' no consistency in its relative amplitude among the experimental

ratio results.
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For ideal horizontal layering, the V/H ratio is independent of
the azimuth of the P-wave ray approach. However, two pairs of experi-
‘mental ratios show strong azimuthal dependence. The LED ratios from
the Venezuela (azimuth ll7°.ﬁ of N) and Chile (azimuth 138° E of N)
events give nearly identical ratio character, within the expected error
limits, throughouf the strong signal band below 3 éz. A striking
gimilarity is not so noticeable on the corresponding LAR recordings.
Also, the LED Ryukyu Is. (308° E of N) and Kurile Is. (305° E of N)
ratiosAare quite similar to about 3 Hz; again) the LAR ratios do not
exhibit much similarity. Fér the LED recordings, such azimuthal
correlations are more’notable than correlations between events at
simiiar receiver—to-event epicentral'distances. Admittedly this sample
of events is small, but the results seem to indicate that the ideal
horizontal layering condition does not explicitly apply to the crust
beneath LED.

Experimentally determined spectral ratios between station
vertical component pairs are shown in Figure 24a-c. The LAR/LED ratios
from the Venezuela, Chile, Novaya Zeﬁlya and Kurile Is. events generally
show tﬁe,expected relatively featureless ratios below 2.5 Hz. But,
beyond 3 Hz the ratios become much larger than the théory predicts.

The fiji and Ryukyubratios also appear to be aanalous at the low
frequencies. Both have more character and larger amplitudes than
'éipeéted. Little character from the theoretical ratios correlates with
‘the experimental ratios; however, the Kurile Is., Venezuela and

Novaya Zemlya experimental ratios all show similar characte; below -3 Hz.
Siﬁce’the signal-to-noise ratios are generally high at these frequencies,

some of this similarity must be significant although its interpretation
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~is not evident. The CHA/LED ratios from the Chile and Novaya Zemlya
events show little correlation with theory. However; beyond about 3 Hz

a ratio enhancement relative to théory.is also obsérved as for the
LAR/LED ratios. The enhancement suggests that the LED vertical com-
ponent lack high frequencies relative to the other two stations. The -
LEb instruments were locafed on the Canadian seismic network pier on
bedrock while the LAR and CHA instruments were less ideally located on
alluvium. High frequency noise is easily generated by wind in unconsoli-

dated materials and prbbably contributes to the greater noise at stations

LAR and CHA.

3.13 Time Domain Syntheses

In principle, it is possible to determine exactly one among
the crustal transmission response, the incident waveform from the base—
ment and the output seismogram set provided the other two are known
explicitly. However, the nature of the propagation prqblem only allows
direct knowledge of the feceived seismograms. In the following
Syntheses; the approach taken is to obtéin syﬁthetic seismograms from
the response of the system model of the crust to incident waveforms
created on the basis of simple and plausible assumptions. Then, com~
parisons between the synthetic and expefimental seismograms are expected
to demonstrate the usefulness of the linear sysﬁems approach gnd the:
validity (in part at least) of the Alberta crust models for propagation
- problems at low frequencies.

It is arguable that the inverse approach which strives to
théin the input waveform or the crustal response function from the -
exéerimental seismograms is scientificaliy beﬁter. Ho@ever, it is

evident that assumptions on both the nature of the waveform and the
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crustal response function will étill be requifed for comparison. Thus,
by the Inverse approach, comparisons can be directed only between com-
puted and assumed solutiohs.v However, the creation of synthetic
seismograms allows the direct_comparison of solutions (which are
dependent on the applied assumptions) with the reality of the experi-
mental seismograms. V

By simulating the continuous 1in¢ar systems crust models
using the methods diséussed in Chépter IT, time aoﬁainvresponses of the.
crust to any input displacemgnt waveform can be calculated. A FORTRAN
simﬁlation prqgraﬁ for these syntheses is listed in Appendix IV. A
requirement of this digital synthesis procedure is that eacﬁ layer
tranéit time is an integer multiple of the sampling interval. However,
if the éampling interval is chosen small enough to allow a Nyquist
frequency beyond the frequencies of interest, the requirement is not
particularly,restrictive. The experimental seismograms used in ﬁhis
.work'are band limited to frequencies below about 5 Hz. The.FORTRAN
.program of Appendix IV assigns a minimum layer transit time of one time
'sample.interﬁal; For the following syntheses the time increment of 0.05
seconds has been used for comparisons with the digital experimental

- data.

Vertical component synthetic responses of the upper sedimentary
portion of the LED crust model to an example arbitrary incident P dis-
placement waveform at normal and 30° angies are shown in Figure 25. The

. feverberations of the primary motion lasting severai seconds due to long
patﬁ multiples within the modelled crust are particularly notable. The

small scale high frequency character results from shorter path multiples
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05 SEC.

Fig. 25. Comparison of non-normal (a) and normal (b) incidence synthetic
seismograms. Wavelet (c) incident on the Precambrian-Cambrian boundary

at 30° produces synthetic seismogram (a), at normal incidence produces
synthetic seismogram (b).

within the thinnest layers. For the 30° incidence synthétic response,
the iate reverberations arrive earlier than the corresponding reverber-
ations for normal incidence. In frequency solutions this same effect
'appears as a displacement of the reverberation spectral peaks toward
higber frequencies as the incidence angle increases. (This effect can

also be noted in Figures 17 and 18). For non-normal incidence, the
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horizontal motion response is also available. The method permits the
P and S waveforms retransmitted into the basement to be found but these

were not generally used in this work.

3.14 Syntheses with Layer Attenuation
| Causal minimum phase attenuation within éach layer of the crust

is allowed in the time domain syntheses by the inclusion of the attenu-
ation time Opefatérs ai(;) (see Chépﬁer 11) where each operator is the
impulse response of the attenuating layer for one transit. In this
work, tﬁe Futterman (1960) absorption model (Al,D1) described earlier
has been used to compute the time incremented attenuation operators
which represent each layer for its particular Q and transit time. An
‘example of one such attenuator impulse response of the post Alberta
crustal layer formation with Q=23 is presented in Figure 26. It is‘
particularly significant that its response rapidly decays to values
near zero by 0.1 seconds following onset. The transit time through the
post Alberta formation at its P-wave phése velocity (undispersed) is
approximately 0.23 seconds which is éonsiderably longer than this
efchtiVeAO.l second "length" of the operator. The effective "length"
‘inc:eases with decreasing Q. Therefore, other crustai layer formations
which‘have‘ﬁigher Q's determine attenuation opefators which are even

[5]

shorter relative to their layer tramsit times.

(5] The FORTRAN simulation program of Appendix IV demands that the
operator is shorter than the layer transit time which limits layer Q's
to values greater than approximately 5. Although such Q's are already
unrealistically low, program modifications could be made to allow the
very long operators which correspond to arbitrarily low Q's.
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Fig. 26. The impulse response of layer 1 of the crustal section (Table I)
~assuming causal attenuation with Q=23. Assuming the Futterman attenuation
description the non-attenuated impulse would arrive at 0.23 seconds. - The -
amplitude scale is arbitrary. : ’

The time incremented layer attenuators must be sampled and
properly normalized;to preserve the relative spectral response; For
the 0.05 second sampling interval, the layer attenuator operator weights
for the P and S motions of all model layers are given in Tablé IV. For
<each'1ayer, the Q values represented by these attenuator operators are
approximately equivalent for botﬁ P and S motions>to those given in
Table II. However, several of the thinnest model layers produce such

small attenuation in one transit that no broadening or dispersion of an
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TABLE IV

ATTENUATOR WEIGHTS FOR THE 0.05 SECOND SAMPLING INCREMENT

FORMATION : Q : P WEIGHTS .S WEIGHTS
Post Alberta 23 0.839,0.139,0.022 ©  0.621,0.320,0.044,0.015
Alberta - 30 0.932,0.06 0.831,0.154,0.015
Blairmore 36 0.953,0.047 -0.947,0.053
Wabumum 100 1.0 1.0
Ireton 30 1.0 1.0
Cooking Lake 100 1.0 v 1.0
Elk Point _ " 100 1.0 1.0
Cambrian 50 . 0.979,0.021 0.974,0.026
Precambrian 200 . 0.946,0.054 0.940,0.060
Sub-Layer I 500 0.915,0.085 0.815,0.168,0.017

Sub-Layer IT 500 0.946,0.054 © 0.940,0.60
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Fig. 27. The theoretical frequency response of the crust for one passage
of an impulse for average Q=200 compared to the frequency response due to
the sum of the time domain attenuation operators of Table IV. The value
Q=200 is near the average model Q value of 186.

impulse can be seen on the 0.05 second time scale. Fof these layers, the
single weight value unity which corresponds to infinite Q or. zero
absorption must be applied. The spectral résponse of-thevlayer attenu-
ators for one transit of an iﬁpulse through the total crustal séétion is

compared to the theoretical spectral amplitude response for an average
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Q eqﬁal to 200 (Figure 27).. At the low frequencies, it is evident that

the computed layer atténuatioq operaﬁbrs underestimate the average Q

while they slightly overestimate Q at high frequencies. Arbitrarily better
agreement can be achieved by using smaller time sampling intervals ;t the
expense of increased computationai time. However, the chosen attenuators
are considered to be an adequate déscription of attenuation in ﬁhe following
syntheses.

o Normal incidence synthetic crust:respoﬁées for the upper sedi-
mentary portion of the crust model and for the waveform used in the
syntheses of Figure 25 show the effect of increasing the crustal attenuation
(Figure 28). The infinite Q response is compared to the crust response
>with the appropriate attenuators of Tablé IV and to aﬁother response for
which Q was arbitrarily éhosen to be approximately 15 in every layer. The
significant dispersioﬁ effects on the initial waveform and the preferential
removal of the high frequencj characte; are evident. The apparent energy

and the effective length of the record are also reduced.

3.15 Impulse Synthetic Crustal Responses

" The Dirac delta function is often'a convenientiinput signal for
many continuous lineaf systems problems, However, numerical simulations
with infinite amplitude zero iengtﬁ iméulSes”are:not possible., Rather,
it is useful to represent the impulse area numerically and compute-the.
areas of the response impulses. Synthetic crust responses to a 30°
incidence P impulse at the Mohorovicicbdisconfinuity for the three crustal
models are presented in‘Figure 29, Significantisimiiarity in both thé

vertical and horizontal component syntheses for the three station crust

models is evident.
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Fig. 28. Normal incidence synthetic seismograms dependence on Q.
Infinite Q (a) is compared to the model Q values of Table IV (b) and
to an average crustal Q=15 (c). Note the dispersion of the primary
arrival. The incident waveform of Figure 25 has been used.

A larger scale P impulse normal incidence synthetic response
for the LED crust model is shown in Figure 30. Several of the rever-
beration multiples which cause delayed impulses are designated by

integer sets. For these, each boundary of the crust model is numbered
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from O for the surface to 11 for the crust-mantle bouﬁdary. The first '

integer represents the first reflection; the next represents the
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Fig. 29. The vertical and radial horizontal synthetic impulse responses
of the three crustal sections representing the three stations.



 TRANSMISSION IMPULSE RESPONSE

LEGEND
' A: DIRECT
A B: 5-7-5-0
C: 0-4-0
D: 0-7-0
E: 0-3-0-2-0 & 0~2-0~3-0
F: 0-3-0-3-0
G: 0-3-0-8-0 & 0-8-0-3-0
_ H: 2-3-2-0
B CDEFG 1: 0-2-0
- J: 0-3-0
1 SECOND i; 8_;_8
— M: 0-3-0-4-0 & 0-4-0-3-0
N: 0-7-0-8-0 & 0-8-0-7-0
0: 0-9-0
Y P: 0-10-0
o B T Q: 0-11-0
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Fig. 30. The normal incidence‘synthetic impulse response for the LED crustal section., Various multiples or
reverberations are designated by letters. The legend describes the internal reverberation paths which cause

these later arrivals.
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- BASEMENT REFLECTION IMPULSE RESPONSE

LEGEND

A: 11-BASEMENT
B: 10-BASEMENT

C: O9-BASEMENT

D: 8-BASEMENT

E: 3-BASEMENT

F: 1-BASEMENT

G: SURFACE BASEMENT
H 0-8-0-BASEMENT
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-
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Fig. 31. The basement reflected wave synthetic impulse response for the LED crustal section. Reflectionms
from various internal crust boundaries into the basement are designated by letters. One reverberated
multiple, H, is also shown. The legend describes the internal reverberation paths causing the later

arrivals.
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second and so on. The last integer represents the bogndary on which the
moﬁion is observed. Erimary multiples which first reflect from the
surface and then from an internal boundarf before returﬁing to the
surface usually display the largest amplitudes. However, some high
amplitude impulses from entirely internal multiples are also evident.
For example, the mu}tiples desigﬁated (2-3-2-0) and (5-7-5-0) are not
reflected from the sufface. The particularly strong (0-3-0) multiple
due to the Wabumum upper boundary and surface and the (0-8-0) due to the
Precambrian upper boundafy should'affect the early charécter of the
experimental seismogram§.> The impulse response displacement wave propa-
gated back into the mantle shows several reflectiéns from the major
boundaries of the crust (Figure 31). These waveforms reflected back

into the mantle can retain much character created in crustal reverber-

ations.

t 3.16 Incident Waveform Models

The computation of any reasonéble synthetic seismogram requires
a realistic input waveform for the linear systems model which is based
upon the known properties of the mantle path and the nature of seismic
source motions. But, because the form of P motions at sources are not
generally known, plausible assumptions must be épplied.

For the Novaya Zemlya event, which resulted from a Soviet:
underground nuclear test of a device in the 0.1 to 1.0 megaton TNT
equivalence range, the results of Werth and Herbst (1967) for explosion
waveforms have been considered. Their work.on small nuclear explosions
(Werth and Herbst, 1967; Figure 1) shows that the radial displacement

time function near an explosion source has the form of a positive pulse
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of short duration (less than 0.5 seconds for their three examples).
Based on their evidence, an impulse displacement time function source
model has been assumed for the ﬁovaya Zeﬁlya event. Werth and Herbst
suggested that waveforms at teleseismic distances are not highly
dependent upon the exact nature of the explosion source motion pulse so
that the impulse éppro#imation should be an adeqpate description. It
should be noted that the field seismograpﬁ instruments observed only a
band of frequencies below about 5 Hz, As$suming 5 linear nature for th;
wavemotions from the source through the mantle, only those source
frequencies within the instrument bandpass canlafféct the seismogram.
Consequently, the "impulse model" merely requires that the source wave-
forms look like an impulse below 5 Hz. The exact infinite impulse of
infinipesmal duration is not required.

An impulse model is also particularly attractive because it
. imposes the minimum possible character on the source displacement
motions. It determines no spectral amplitude or phase character and
describes only an origin time; it is fhe maxiﬁum entropy {(minimum
information) waveform. |

The chdsen events in this work were limited to those exhibiting
very short P coda. Since crustal reverberations can only lengthen the.
P coda, the incident P wave-must'havéseven shofter duration. .Among the
events, the LED recording of .the Veneéuela event has ch;racter.which is-
surprisingly similar to the Novaya Zemlya seismogram; This should indi-
cate that the waveforms incident on the crust were also quite similar.
Furthermore, since the two events occurred at nearly equal epicentral
distances from the stations, the effects of the mantle path shouldwglso

be similar. This implies similarity in the source generated waveforms,
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at least as seen by the narrow band instruments. However, the remaining
, eafthquakes do not appear to generéte such strikingiy similar seismograms
and the strict impulse model cannot be qsed as confidently.

| Some step displacement source models were also considered and-
syntheses using these combared to impulse source syntheses. It seems
reasonabie that a step model could better represenc elas;ic motions near
the source of an earthquake fault.

Following the 1ead of Werth and Hérbst’(l967) and Carpenter

(1967), the effect of the mantle path on the source wavefcrm is considered
tc be due only to absorptionvand attending dispersion. Carpenter shows

the Futterman absorption model obeys a principle of similarity which he

describes:

F(e,7/Q) = (Q/T)F, (tQ/T) | (3-7)

‘where F(t,T/Q) is the waveform amplitude at time t for an event-to-station
travel time of T and a medium with quality Q. Thus, Fo(tQ/T) para-
metrically describes only the shape of the waveform and T/Q is a
characteristic time which is the essential parameter of Fo. In Figure 32,
Futterman model responses to impulse displacement source motions are com—
» pared for varicus mantle Q's ranging from 500 to 3000 fcr-a source to
stacion travel time of 600 seconds. For these responses, the
characteristic time parameter ranges ffom‘l.2 seconds down to 0.2 seconds.
~the 10 minute travel timevcofresponds roughly to the epicentral distance
to the Novaya Zemlya and Venezuela event sources or approxiﬁately 559,

The combined source motions and.mantle absorption wavefcrms

may be further combined with the seismograph response to determine the
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Fig. 32. The effect of various mantle path average Q values on an impulse
source displacement motion which has travelled 10 minutes at the undis-
persed phase velocity through the mantle. Q=1500 has been found to be

the best representation for construction of synthetic seismograms in this
work. ' :

input wavelet to the systems model. Since thé source motions, mantle
absorption and instrument response-characteristics are all linear: their
order of combination does not affect the resultant seismogramAsyntheses.
Wavelets obtained by the convolution of the seismégraph impulse response
and‘the response of the mantle absorption model to impulse and step
source motions for various T/Q are presented in Figure 33. Similar
wavelets were obtained by Carpeqter using somewhat different instrument

response characteristics.
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IMPULSE SOURCE

T/Q=1.2 SEC 0.6

0.4 o - 0.2

STEP SOURCE

06 03
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Fig. 33. Wavelets constructed by convolution of the seismograph response
with absorbing mantle responses for various T/Q parameters for both
impulse and step sources. T/Q=0.4 seconds has been found to be the best
representation for seismogram synthesis at an epicentral distance of 55°.



IMPULSE  SOURCE AT 55°
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Fig. 34. Vertical and horizontal component synthetic seismograms for various T/Q wavelets of the
form shown in Figure 32 for :!.mpulse source motions.
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Fig. 35. Vertical and horizontal cpmponeﬁt synthetic seismograms for various T/Q wavelets for
step source motions. :
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Using these computed wavelets for the input source to the

- linear systems model of the LED crﬁst for 30°.incidénce (which corres-
ponds to the 55° teleseismic distance) a set of synthetic seismograms
have been calculated (Figure 34). Step source synthetic‘seismogramé are
also presented (Figure 35). Comparisons of these syntheses with the

LED Novaya Zemlya and Venezuela records indicates that the impulse

soufce model for T/Q = 0.4 seconds best represents the frequency character
of ‘the initial motions. (Ihese two particuiar events are used in this
compgrison because their epicentral distances result in the 300 incidence
angle used in this.synthesis); Carpenter suggested that for.teleseismic
P waves, T/Q sﬁould approximate unity. However, those syntheses for

T/Q = 1.2 seconds and 0.6 seconds lack high frequency character observed
in the experimental records. Short duration source motions which could
contain relatively more high frequency character than an impulse are
physitally-pnreasonable. It is better to retain the impulse model and
require a lower T/Q = 0.4 seconds value which appears to best fit
éxperiment. This T/Q value determines a mantle Q=1560. Q's in the mantle
exceeding this (to 6000) for P waves with frequencies near 1 Hz have
been'reﬁorted by several investigators (Jackson andVAndérsdn, 1970) so 

. that this mantle absorption model is not unrealistic. For all subsequent
syntheses Q has been held constant to 1500 while T/Q varies‘with‘fravel
time.

Synthetic seismograms for impulsive displacement sources at 55°
and 85° epicentral distances are shown in Figure 36. In these com-
‘putafions, the internal crustal attenuation has been included using the
étt;nuator weights of Table IV. For-the 550 distance, the travei time

determines T/Q = 0.4 seconds; for 859, T/Q = 0.6 seconds. Impulse
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Fig. 36. Impulse source motion synthetic seismograms for 55° and 85° epicentral distances. The
mantle Q has been chosen to be 1500 for all syntheses. Internal crustal absorption (causal) of
Table II has been included. ‘ ' :
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source wavelets with these mantle absorption mo&el parameters were used
as systems inputs., A comparison between a vertical component non-
attenuating crust seismogram and the corresponding absorbing crust
seismogram showed little difference. Only a slight reduction in the

apparent high frequency content was evident.

3.17 Seismogram Syntheses

Most of the recorded~vertical component seismograms possess
early character which is quitevsimilar to the equivalent syntheses. 1In
particular, the appareng frequency of the first fe& cycles of the
synthetic responses compares well to the frequency nature of the early
part of all of the equivalent experimental seismograms. This is not
trivial, since the mantle Q assumption which actually determines the
incident wave frequency content was based only on the Novaya Zemlya and

_Venezuela records. The freQuency content of the syntheses for the
larger 85° epicentral distance also favourably compares with the
experimgntal records. The horizontal records are not so visibly com-
parable. This partially results from the greater relative noiée
contamination of the low amplitude horizontal motions. Noise also
reduces the possibility of good comparisdns with low amplitude vertical
motions in the later portions of the Vertical.component,records. It

is apparent that all the recorded seismograms, and- particularly those -
from the Novaya Zemlya, Kurilé Islands and Ryukyu events, do not decay
as rapidly as the equivalent syntheses. Furthermore, the Kurile Islands
and Ryukyu events show distinct secondary‘arrivals'(probably pP) within
the first 25 seconds which suggests thét the-ihcidéht‘waveforms are

longer and more complex than these simple source and mantle absorption



107

models can describe. It would be difficult to create the theoretically
~possible buﬁ complicated sourée motion models which would exactly
describe the experimental records. Therefore, it is reasonable to
restrict any comparisons to the initial few seconds of record which

are dominated by the béginning of the incident waveform resulting from
the onset of source motions. However, even within these first few
seconds, many discrepancies between the theory and experiment are

still obvious.

In particular, the synthetic seismograms appear to exaggerate
thebémplitude of’the‘first pulse of onset. This primary character
should result from the insfrument response to the surface motions
generated by the very first passage of the incident waveform through
the crust to the surface. In;ernal crustal reverberations can only
slightlyﬂaffect these very early mtoions. Thus, it becomes obvious
that";hé source motion or mantle attenuation models are not completely
‘adequate. Most probably, the source displacements are not as abrupt
- as thé impulse and step displacement models. But, since the experi-
mental seismograms are contaminated by background noise, precise»
‘correlations couid not have been expected even from exact source
motion models.

In the following more detailed comparisoné between theory
and experiment, the LAR recqrdings from the Venezuela event are not
used because of their high apparent noise levels:

3.18 Comparisons of the Syntheses and Records for 559 Epicenter

Neglecting the noisy LAR Venezuela records, all vertical com-

ponent seismograms show some motions which are correlatable with the



COMPARISON OF EXPERIMENTAL AND SYNTHETIC

SEISMOGRAMS FROM STATION LED

" (a) Venezuela ‘(e) Fiji Islands

(b) Kurile Islands . . . ' -kf) Chile

(¢) Novaya Ze@lya ‘ (g)' Ryukyu Islands

© (d) Synthesis fo; 559 epicenter (h) Synthesis for 85° epicenter

_ , 5 SEC. _
Fig. 37. A comparison of the vertical synthetic seismograms with the experimental seismograms of
Figure 16 for station LED,

80T
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equivalent synthetic motions to beyond 4 seconds following onset. One
sucﬁ notable correlatable feature is a strong, short negative pulse at
2 seconds which corresponds to a consistent experimental feature (compare
Figure 36‘and Figure 1l6a,d,e; see also Figure 37). This pulse could
resﬁlt from the strong re&erberation of the initial motions involving a
reflection from the free surface and the upper Precambrian boundary.
(See Figure 30). Anothér broad positivé pulse beginning at 1 second
appears. to correlate with similar but more compliéated experimental .
features. The synthesized pulses particularly well represent those of
the Kurile Islands eventé in both general character‘and relative ampli-
tude. The LED Novaya Zemlya seismogram contains more character in this
~area (near 1 second) than the equivalent syntheses. However, the CHA
synthesis and record compare surprisingly well. Tﬁe several strong
multiples which arrive between 1 and 2 seconds (Figure 29) must largely
contribute to the formation of thisvbréad characteristic pulse.

Apart from the preceding comparisons, it is also possible to
correlate the vertical component syntheées and the equivalent experi-
mental seismograms on a peak to peak basis to almost 5 seconds following
onset (compare Figure 37). However, the theory predicts amplitudes for
these later motions which are lower than those observed. This indicates
that these later motions are at least bartially-generated-by some--con-
tinuing incident wavemotion at the 1ower*crustal.boundaryu Also, noise
could contribute.A Little significant correlation is obvious between any

of the horizontal seismograms and their equivalent syntheses.
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3.19 Comparisons of the Syntheses and Records for 850 Epicenter

Only the Fiji event vertical seismograms'display initial
charactei which directly corresponds to the equivalent syntﬁeses (compare
Figure 37). However, the Chile event records can also be made compatible
by inversion (multiplication by -1). Thisvsuggests that the source
motions for this event are better represented by a dilatational impulse
model rather than the compressional impulse model used, The Ryukyu
seismograms poésess such very complex early character that correlations
are somewhat ambiguous. The broad pulse feature at i second followed by
fhe ﬁarrow pulse at 2 seconds is also evident on these synthetic seis-
mégrams and again corresponds to similar features of the Fiji and Chile
records. For a Fiji correlation, the small amplitude precursor to the
strong positive motion of the early record has been neglected. The
horizontal motions from this event also appear to compare duite
favourably with the theory. However, the high Eackground noise level

makes a detailed comparison difficult.

3. 20 Synthesis Using an Input Wavelet Obtained by Deconvolution

Ulrych (1970) has recently developed a method of-sepafating
‘ the convolved incident wavelet from the crustal impulse response
functién-in a seismogram using homomorphic non-linear filtering-
methods (Oppenheim et al, 1968). The technique requires no assumptions
_on the chérécter of thé wavelet except a choice of its representative
length and requires no assumptions of crustal properties except
linearity. Using his homomérphic deconvolution procédure on the LED
Venezuela seismogram, Ulrych obtainéd a'short (30 sampie,pointsj input

wavelet which was used for the re-synthesis of the seismogram by the
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Fig. 38. A comparison of the vertical component LED seismogram for the
Venezuela event (Event 1, Figure 16a) and the re-synthesis using the
Ulrych wavelet. The internal crustal causal absorption of Table II has

" been included.
linear systems approach. (Figure 38). The seismogram synthesized with
this wavelet provides a good.test of the crust model_a@d method. -

It is not surprising that the synthesized seismogram is not
identical to the experiments. Such a fortuitous result would demand
an exact crust model and wavelet. However, the remarkable degree of
similarity between the theory and experiment for the vertical component

is extremely encouraging. The easily correlated character extends to
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almost 6 seconds following the onset. Since the input wavelet was only -

1.5 seconds in length, it is obvious that these later motions are
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generated by the crustal response. The synthesis still poorly represents
the horizontal component. Because the horizontal motions are mostly
converted SV energy which arises at the internal crustal boundaries, it

is apparent that significant model discrepancies must exist.
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CHAPTER IV

CONCLUSIONS

4.1 Summary of Analyses

Between O and 2 Hz most of the experimeﬁtal V/H spectral ratios
exhibit general features which were theoretically predicted by the linear
systems solutions. In particular, expected 0.7 and 1.7 Hz ratio peaks
were found. However, eXcept for such low frequencies, the spectral ratio
comparisons between‘theory and experiment have revealed little further
confirmation of the chosen crustal models. The observed correlations
below 2 Hz suggest that on a scale determined by the long wavelengths of
the low frequencies, the crust models are almost sufficient, but on a
small séale, significant model discrepancies must exist. The effect-of
attenuation was virtually indetermiﬂable experimentally since the spectral
peaks which theory indicated should reveal crustal absorption properties
-werevnot conéistent enough to derive any conclusions. However, the
theoretical solutions conclusively demonstrated that attenuation effects
.are.considerablé beyond 2 Hz for a realistic crustal absorption model
and must be included in any comprehensive ratio analysis.. The-visible
effects of caﬁsal crustal attenuation of the time synthesized seismo-
'grams.appeared to be slight. This, however, does not imply-that.
attenuation cannot be important at higher frequencies.

The vertical—to;vertical experimental ratioé showed little
character as was theoretically prédicted below 3 Hz. Unfoftunately,
thé spectralbdetail necessary to distinguish ana interpret‘relative
crustal layering and absorption préperties does not appear to be

available.
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Considering the extremely simple aésumptions on source motions
and mantle properties‘which were used for the time domain syntheses, the
similarity_between the early portions of the theoretical and most of the
experimental vertical componeht seismograms was very encouraging.
However, theré wés also a disturbing lack of correlation between the
equivalent horizontal records and syntheses. The Ulrych homomorphic
deconvolﬁed input wévelet determined the best comparison between. the.
theoretical synthesis and experiment. ' With these reasonable successes
already'achieved using thé simplesﬁ of models for source motions, one
could expect that better conceived input incideﬁt wavelets could provide
some remarkably accurate syntheses.

The possible causes of any moderation.of‘the success are varied.
Background noise, inexact crustal models, scattering and possible non-
linear effects could all contribute to discrepancies between theory and
experiment. Among these possible factors, scattering effects due to
inhomogenieties in the layers, non-plane interlayer boundaries and
surface (topography) could invalidate this simple linear systems solution
for a real sedimentary bedded crust. Chernov (Grant and West, 1965) has
shown that the effect of scatfering in an inhomogeneous medium increases
rapidly with frequency. The correlations obtained at low frequencies is

‘not inconsistent with this scattering hypothesis., Although, fhe chosen
events appeared to possess large average signal-to-noise ratios, back-
ground noise dominates the P coda outsid¢ the signal‘band from 0.5 Hz
to 3 Hz. This undoubtedly contributed to the lessened success at high

frequencies.

It is possible that inaccuracy and insufficient detail in the

crustal models has been attained using the interpolation between the
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available oilwell drill sites. Correlations between theory and experiment
vmay be~great1y improved at high frequencies by using more accurate models
which‘would require more complete knowledge of the crust. Although the
frequency domain computations can provide theoretically exact solutions
fof any model, further.aésumptions which generate model inaccuracies are
necessary for digital time domain syntheses. TFor example, the time
domain solutions require that the 1ayef transit time for both P and SV
motions is an exact integral multiple of the sambling increment. For

the 0.05 second intervaliusedAin the thesis, the thinnest layers would
exhibit both P and SV transit times precisely equai to this interval.
Such difficulties. could easily be overcome by reducing the sampling
increment to obtain any desired level of accuracy. vHowever, parallel

increases in computer time and storage requirements must be tolerated.

. 4.2 Concluding Remarks and Suggestions

The 1ineér systems solution of the multilayer propagation
problem has already shown some particuiarly useful features. It becomes *
the first mathemétical procedure to explicitly include layer attenuation
for both normal and non-normal incidence although this extension has
been suggested for the standard techniques. The fact tha; the theor-
etical P coda V/H ratio‘gnalyses‘for'the crust;and attenuation models
used herein showed the significant dependence on attenuation beyond 2 Hz
demonstrates thaﬁ crustal absorption cannot be neglected in any comﬁlete
propagation analysis ‘using short period P-coda. Also, since attenuation
showed little effect beléw 1 Hz, the previous V/H ratio work of»sevéral

authors at low frequencies has been validated with respect to attenuation.’
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fhe linear systems: approach has thé particular advantage that
the time and frequency formulations are completely parallel. This
should aid in the concepfioh of the relations between the characteristics
of frequency and time solutions. Furthermore, two independent viéﬁpoihts
should prove to be very.useful.

The formulation admits an;lysis and solution using the large
body of cbmﬁunications theory mathematics. Sﬁch methods have, in the
past, been invaluable‘for the reéuction and anaiysié of geophysical
data. Their further application to the direct formulation of the
propagation problém may prove as useful by providing new insights and
producing generalizations of solutions.

It should be possible to extend solutions to include crustal
properties which are non-linear. For example, appropriate non—linear
operators which could deécribe possible non-linearities of crustal
propagation could be insefted into tﬁe lineafly restricted formulation
‘ana solved by the time synthésis appro;ch. Since superposition is not
strictly valid for non-linear systeﬁs, previous methods which require
frequency incremented or modal solutions would not be sufficient in this
regard. Also, the solution of sets of non-linear differential equations
describing non-linear propagatién would érobably be much mqrevdifficult
than the non-linear extension of the time doma?n systems solution. It
may be difficult to conceive non-linearities in ideal infinitesmal
strain propagation. But, iﬁvreal crustai materials where scattering
and absorption are known to occur, non—linear>descriptions have been
hyéothesized (e.g., Walsh, 1966).

Although no solutions for incident S waves were attempted in

this thesis, the linear systems fofmulation'is directly applicable,
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Fu;thefﬁore, reflection seismology could be considered by a trivial
extension of tﬁe normal incidence transmission problem. However, it

. is important to note that the s&stems formuiation demands plane waves

so that point sources withinAthe crust cannot be allowed. Most other
reflection seismic solutibns also require plane waves, normal incidence,
and neglect the effects of geometrical spreading wﬁich actually results
from explosion sourcés.

The éys&ems fqrmuiationjma? pfovide a new viewpoint which
would pérmit a general solution of the important inverse problem. For
ideally layered crusts, the layer transfer functions (see Appendix I)
appear. to contain all the information required to determine layer
transit times and relative acoustic‘impedance variations for both normal

'aﬁdbhbn—normal incidence conditions. It should be possible to obtain
this information from the equivalent séismogram. This approach, however,
cannot be so unambiguous as to determine layer velocities, densities and
thicknesses. Inverse solutions are now being attempted.

The author feels that studies usiﬁg the linear systems
formulation could prove to be extremely fruitful for both more

generalized propagation and inverse solutions.
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APPENDIX I

IMPULSE RESPONSE FUNCTION FOR NORMAL INCIDENCE

AL.1

.Laplace Inversion of Transfer Functions

The normal incidence transfer function set:

G(s)

5,8 " Teem o
3, (%) = T:F%§§§%§7 ' tiri;
By, (8) = 1-1:((;2)(3)(3) Tty w1-)
)= F}%%ZYE’)’ "ty
~sT,

where G(s) = Ai(s)e ‘ and

F(s) = G(s)-riri'

must be inverse Laplace transformed to obtain the characteristic layer.

impulse response set:

“h, (t) = L"NH, (s)} .
_ik ik

Rather than directly attempt to invert the closed forms above, it is
easier to return to the series representation and accomplish invérsion
ferm by_term. This approach is used, for example, in transmission line
theory (e.g., Bohn, 1963, Chapter li) because the closed forms are

generally unsuitable for Laplace inversions. Also, with the inclusion

of a general absorption function Ai(s), the pole set required for diredt
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inversion cannot be calculated.

Thus for:
A —s'l‘1 5 —3ST1 s —SsTi s 12
= ' T
Hi (s) ti{Ai(s)e +Ai (s)e T, +Ai (s)e r frg + ...}
(a1-2)
the impulse response series is easily determined by term by term
inversion:
= ’ - - 1
Eil(t) ti{ai(t)*d(t Ti)+ai(t)*ai(t)*ai(t)*6(t 3Ti)riri
, v (A1-3)
) - 2, 2
+ ai(t)*...*ai(t)*G(t STi)ri r, + ...}
where ai(t) = L'I{A (s)}
. i
Noting that:
’ -sTi
-— L
Hiz(s) = (zr;'A;(s)e .)Hil(S)
t,'r -sT :
A S i :
H13(S) = ( . A, (s)e )Hil(S) (Al-4)
t L
i
and | Hiu(S) = ti Hil(s)

we may further determine:

hiz(t) = ri"a (t):’:f‘S(tv—Ti.)*hi,l(t)x (A1-5)
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t.'r
- il. - * -
hi3(t) = ) ai(t)*é(t Ti)*hil(t) (A1-5)
.t,' i
1
and hiu(t) = ;;— *hiICt) .

For non-attenuating conditions, ai(t)=1 and the four response functions

may be represented in simplified infinite series form:

hy () =ty zl(riri')“'lc(t—[zn-l]Ti)
n:
® ' -1
hiz(t) = tirinzl(riri )n 6(te2nTi)
(A1-6)
hi3(t) = ti'ri Z (riri')n—lé(t—ZnTi)
: n=1
‘and . hy (6) = ;" ] (r,r, D Yo (- [20-11T)

n=1

AI.2 Poles and Zeros of the Normal Incidence Transfer Functions

The four transfer functions (equation Al-1) each have a
common denominator which determines the pole set at complex frequencies
for which:

) -ZSTi
- ' = -
1 (riri )Ai (s)e 0 (Al1-7)
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Since the Ai(s) can represent any general attenuation function, no
specific pole set can be determined without assumptions on Ai(s). For
the non-attenuating case, Ai(s) = 1. A physical constraint (conservation
of energy) demands that the reflection coefficients at the two elastic

boundaries of layer i obey:
lriri'[ <1 . _ ~ (A1-8)

s is a complex number.and the exponential must obey the periodic

relationship:

-2sT -2sT

e i_ e i.eiZnn (A1-9)
where n is any arbitrary integer.
-Thus a solution of equation (Al1-2) follows:

Z(inn-sTi) 1

e = — T : (Al-lO)

i1 .

Taking the natural logarithm of this equation:

2(inw STi) ln(riri ) _ (A1’11)
and there are an infinite number of solutions for s:

s = l'—{in1r+-l-ln(r r,')} ; (Al—lé)

- n T 2 i~i v _ .

i
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Two conditions on the coefficients yield different general pole

patterns:

Case I - O<r.r,'" <1
_— ii

Thus ln(riri') is negative real and the pole positions are. shown in

Figure 39. The poles are periodic with the rate w = 1r/Ti (f =.-};9

1 i

the first non-zero freﬁuency pole‘is at £, = 27
i

=R

Fig. 39. Pole maps of the one layer transfer function for normal
incidence: Case I. '
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Case IT - -1 <r,r,' <0
= i'i

im

t v t . . . .
Set rr, [riri [e”". Thus ln(riri ) is complex with principal

value:

In(r,r.") = In|r,r '[|+im . . (A1-13)
. ii R A

The poles s_ = %ﬁi{i(n+l/2)+l/21n|riri'[} are shown in Figure 40. Again,
i

the poles are periodic with rate f ='E%4 . However, the fundamental,

[~

pole has the frequency -component fo = These fundamental poles

e
=

+55 v
+S,
+S3
+52 ‘

{ 45, 1
+S_,

—

+fig
~+Sg

+S_4
+S_5'

—_—

|n| |

Fig. 40. Pole maps of the one layer transfer function for normal
incidence: . Case II.
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at f; = X for Case I and £ = - for Case I1I represent the fundamental
2T o T

reverberation resonance frequencies due to the layer; the periodic poles

. represent the harmonics. Each transfer function has zeros at infinite s.
For non-normal incidence, the computation of poles and zéros

is much more difficult because the nature of the denominator of the

transfer function is highly complicated (Appendix III). However;

similar general features should prevail for incidence angles which are

+

not large.
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APPENDIX IT
PHASE ADVANCE TRANSFER FUNCTIONS
Consider any layer i with origin as shown in Figure 41. The
direct P wave ray which exits the upper boundary at. x=0, z=ni-enters
the lower boundary at x=a, z=0. The phase at a given instant at (a,0)
is time advanced relative to the phase at point P and hence at the

origin (0,0) according to the trigonometric relation:

Tpi = (nitan(ei)sin(ei))/ai . ' (A2-1)

LAYER i

(a,0) (b,0)

Fig. 41. A representation of phase advance time calculations necessary
for non~-normal condition analyses.
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Similarly for the direct S wave entering at (b,0), the time advance

between_(b,O) and point Q is:

fs = (ngtan(f)sin(£))/8, . (A2-2)
i

These advance times represent any one transit from one boundéry.to the
other for the P and S waves respectively. Highér orders of reflections
are included tﬁro;gh further multiplicaéion by identical advance
functions. The included advance transfer functions of layer in Figure 8
exactly establish the correct phase relations for any possible com-
binations of internal reverberations.

The phase advance transfer functions and the layer deléy

" functions may be combined into single delay functions:

-sT' -sT!

s P
e 1 and e 1
A ng
where T' =T -t =.E—cos(ei) : (A2-3)

and T! =T -1 =-—icos(fi) . © (A2-4)
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APPENDIX III

EXAMPLE BLOCK REDUCTION PROCEDURE

It is desirable to obtain a single transfer function H{s) to

represent a system component (Figure 42) such that,Vo(s) = H(s)Vi(s).

Vi (;S).

._ Vofs) 5

H(s)

Fig. 42. The desired block diagram representation in terms of transfer
function and transformed signals. '

Two. common system block diagrams can be easily conformed to this form
using the standard block diagram reduction methods (Kuo, 1963).

Case I - Summed parallel systems (Figure 43):

> HI (S)

L | H2(s )

Fig. 43. Block diagram of parallel summing paths.
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Vo(s) = (Hl(s)+H2(s))Vi(s) (A3-1)
Set: _  H(s) = H; (s)+H; (s) ' (A3-2)
Case IT - Continuous (féedback systems) loops (Figure 44):
Hy(s) _
Yo(®) = T, Vi) (A3-3)
Hy (s)
Set: H(s) = (A3-4)

1-H;(s)H,(s)

Fig. 44. Block diagram of the linear positive feedback system.
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Example Reduction:

Refer to Figure 8 during the following reductions.

Given the equation:

Ui—l(s) = Hil(s)Ui(s) : (A3-5)

which relates an up travelling P wave entering layer i to the equivalent

up travelling P wave én;ering layér i-1, determine -
',Hil(s) = Ui—l(s)/Ui(s)' (A3-6)

It is first necessary to determine the P and SV motions incident on the
upper boundary due to the P and SV motions at the lower boundary. For
simplicity, let the forward absorption and delay transfer functions be

represented by (see Appendix II for definition of Tp ' and st'):

i i
-sT , '
Py
Gi(s) = A_ (s)e (A3-7)
Py B
, —sTsi,
Go(s) = A (s)e : (A3-8)
[ o
i
and the return transfer functions:
Bi(s) = r r 1G1(s)
PPy PPy
B,(s) = Tos rspi,Gz(é) (A3—?)
B3(s) = 1G1(s)
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By(s) = rssirS 1‘G2(S)

Bs(s) = rpsir i.Gz(s)

P60 " o Ty, 1) N | (43-9)
B7(s) = rssifvsi,Gz(s)

Bg(s) = r;pirpsi:cl(s) -

Combining the pafallel transfer functions (Case I) the simplified block
representation of Figure 45 is ﬁossible. Further combining G;(s) with

its return path transfer function and G,(s) with its return path é}ﬁﬁgfer

function form:

Gi(s)
F1(8) = 1267 GY (81 (5)+8, (5)) o
| (A3-10)
Ga(s)
Fo(s) =

12G,(s) (B7(s)+B4(s))

Since it is intended only to obtain the layer respoﬁse to the incident

P wave, the only non-zero input signal is Ui(s). The total open loop |
trﬁnsfer function (obtained by breaking the continuous loop of Figure 44)
is'Fl(s)Fz(s)(B3(s>+Bq(s))(Bs(s)+B5(s)).b'The open loop and forward

transfer functions combine to form (Case II):
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Fi(s) _— ,U'(s)

A\
N

83(3)4-84(3)

Vi (s)@E A Fy(s) » LV'(s)

Fig. 45. The reduced system block diagram having the layer response to
inputs Ui(s) and Vi(s). '

u'(s) Fy(s)
U (s) T I-F1(8)F,(s) (Bs (s)+B5 (s)) (B3(s)+B4 (5))

(A3-11)

V' (s) F1(s)F2(s) (Bs(s)+Bg ()
U (8) T I-F1(s)F2 () (Bs (s)+Bg (5)) (B3 (s)¥By (s))

The firal transmission of these P and SV motions incident on the upper

boundary through the upper boundary determines Ui_l(s):
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= ' ' A3-12
U l(s) tppiU (s)+t$in (s) ( )

so that:

Ui—l(s) Fl(g)'tppi+F1(s)Fz(s)(B5(s)+B6_(s))-tSpi

U (s) ~ 1-F1(s)F(s) (Bs(s)+Bg (s)) (B3(s)+B, (5))

H, (s) =

(A3-13)

Each transfer function Hi (s) can be'obtained in a similar manner.
. "k o :
All 16 transfer function possess the same denominator.



136

APPENDIX IV

FORTRAN COMPUTER PROGRAMS FOR TIME DOMAIN SEISMOGRAM SYNTHESES AND
FOURIER COMPONENT SOLUTIONS BASED ON THE LINEAR SYSTEMS THEORY

The following FORTRAN IV-G programs were used for the

numerical solutions of the transmission problems in this thesis.
I: NON-NORMAL INCIDENCE CRUSTAL FOURIER TRANSFER
FUNCTION PROGRAM

This program was used for the frequency domain transfer

function solutions.

II: NON-NORMAL INCIDENCE SYNTHETIC SEISMOGRAM FOR ANGLES
LESS THAN CRITICAL

This program was used for the timé domain seismogram

' syntﬁeses for non-normal incidence conditions. On an IBM

System 360 Model 67 computer operating under the Michigan
Terminal System, the coﬁputational time was approximately 0.005 second
per layer per time increment for non-attenuating cruﬁt models. The
computationél time was slightly increased-for attenuating layer
moéels.

' IIT: SUBROUTINES

All subprograms reqﬁired by the above two programs are

following.
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e

[ REe]

LR TS

e R e A e B

N

POy

IO

[eRSEe

(9

ADEBNORHAL TNSIDENCEZ SRUSTAL FOURIER TRAMSFEZ ~UNCTI O

2 312 ST sle shz she sle she 'z ale wha wie ote ahe ube sl ule ats uby wlg ghe sle sl ale fe sls sle gl ate ale sle ale ule ale sls ate e
AP APATERXP AP AP LB AR AP HR A PRI AR LI K LR AL FEPAP XS XA X AP RIS AP A A%

PROGRAM

alrste o ale ote sle nie aly ol
PAPRBASASKIENIPAS K S

PROGRAM DESTCRIPTION : . .

THE PROGRAM USES THE FREOUENCY DOMAIN LIMEAR SYSTEMS CRUSTAL MODSL FOR

SOMPUTATION OF SAMPLUED FREQUEMCY COMPONERNT FOURIER TRANSFRR FUNS T TONS
PROGRAM 1LLIMITATIONS

AnY Tt M0 e O LAYERS=10

SAXTHUS NO . OF FREOGUENMCY POIMTS CALCULABL E=50

ACAUSAL Z2RO@PHASE ATTENUATION IS ASSUMED wwva THE PROGAIAM HAY 372

GESERALTIZED T CAUSAL ATTENUATION  BY ALLOWING COMPLEX ABSORPTION FNCS.
TRPUT CARDS a

CAaRD 1 TITLE :

TARD 2 dl)e (F LAYSERS, MO. UF FREQUENCY POIMTS, INITIAL FREOUANITY , -

FIMAL FRECGUENCY
SARD 3T OUTPUT LIST ANMD ATTENUATOR FLAGS
LIP OUTPUT LIST NEFLAGL=0

SKIP ATTEMUATIT M M=, AG2=1)
CARD 43 FLAGS TO CHOOSE PROGRAM OPTIONS e .-
SKIP RATI PROGRAM : NRATIN=0

SKIP DISPLACEMENT PRIJGRAT - NDISPL=0 . :
CARD SFF: LAYER THICKMESS, P VELOCITY, S VELOCITY, DENSITY, O FDR 2,
0 FOR SV, == IF THE ATTENUATOR FLAG = O SKIP THE O SPECIFICATINNS
TARD A P OR SeadaV=z TelCINENCE ANGLE WITH NOAMAL ems THiZ IMPUT HWAVE TYDP3
IS DETERMIMED BY WHICH ANMGLE IS MUMNwZERO, FORNCRMAL ITNS TDEMCE
VERY SelALL INCIDENCE AMGLES MAY Sk USED WITHOUT DETECTARLE SRR
DIAENSTNr ALP LYY ) yBET(LL) g RHOCLIL) 5 HELOY 32 (1L) o F(L11) o TPP(21),TPS(21
1) g TSPOZL) 4 TSSU21)4RSPL2L),RSS{21L) 4yRPS{21)yR22(2)),FR20(50),VP(11)
2oMSEI1) 2 TPLIO) 3 TSHLLO)2AP(LO) 2 ASCLO) JEXPPLLO) ZEXPS(10)Y,STAT(15),UX(
B3LL) G MZ ALY )y PANGLE(LL) 9 SANGLECLL) 3 A(40,41)3B8(40,341) 4 X(40, 1), SINE(LL
4)y STHFE( 1Y) 3COSE(LL)4COSFLLILYSTAUPLLOY, TAUSTLO) yRAT(H0),UAIEP(11,50)
SyUPHSELL 950 ) gMARP(LL 950) 3/ PHS(11,50),0P(10),9S5(10)
COMPLEX EXPPEXPS 361 9G2 A gHL gH2 3 H3 4 HA g Xy DETy By D14 D29D3,044,0D5,0D64N7
l,r)gﬂ?l o ST JUX W7 : )
DATA PL/3.,1415927/ _
REaD TITOE CARD S 8 CHARASTERS TO 85 2RINTED el DUTPUT
ReEahlb,2) STAT
ARITE(642) STAT

LET



C

O

e Oy

= 2
=W

READ TMPUT : NUMBER 0OF LAYERS NUMBER OF FREQUENCY POINTS,INITIAL FREOUENCY
ARD FTMAL FREOENY : ‘
READIS 9 10) NaMMAX JFREQ(L) 9 FREQ(FMAX)
yiP=ht+]
IIH(-(FVrO(HMAX)ukhb”(l))/FIUAT(IHAX"1)
D 1 =2 4HrAX )
CFREN(T) =FREO(T] ) +F INC

READ TAPUT: FLAGS T DETERMINE OPTIONS
READ(543) MFLAGL ¢MFLAGY
READ(S 33) NRATIO anND ISP
TFONRAT I GENLO JAND sNNDTSPL JFOL.0) STOP
HRITE{64,29)

REAN(5411 ) ANGIMP 4ANGINS

IF(MFLAGS oF0L0) G TO 13 .
READ IMPUT ¢ LAYER THICKNESS, P VELOCITY, S VELOCITY, DENSITY, ATTENUATIONM
COMSTAMTS  FOR P ARD SV M0OTIONS ‘

BEAD(S54312) (HUI)gALPITI) 9BET(I)yRHO(I) yOP (1) 40OS(I),I=1,N)

Giy T 111

READ INPUT: LAYER PARAMETERS WITHOUT ATTENUATION CONSTAMTS o= THIS OPTION

IS USED WHEN ATTENUATOR FLAG IS SET T 0
READES,12Y ) (H{T)4ALPLT)4BET(I) 4RHO(TI)yI=1,N)

L READ(5,12)1) DUAHY ALP (MP),BET(NP) ,RHO(NP)
MRITE(G6 914 ) (T9ALP(T)4BETII)ZRHO(I)ZH(I)I=1,N)
URITE(6416) NPLALP(NP) $BET (M) 4yRHO(NP)
FOUTVALENCE (VP yALRP ),y (VS 4BET)

REFLECTION AMD TRANSHISSIUN ZOEPPRITZ' COEFFICIENTS ARE CALCULATED
ARG TiHP=ANG INP=PT/ 180, R ‘
AMGINS=AMGTINSHPTI/18), '

CALL CUFGFN(H,VP VS yRHO ZANGINP g ANGINS yE 3 F o TPP s TPS,RPPyRPS,TSP,TSS,
LRSP4RSS) ' . :

LAYER TRANSIT TIMES AND PHASE ADVANCE TIMES ARE CALCULATED

DO 5 I=1,

COSE(I)=COS(E(I))

SINE(T)=STIN({E(L))"

COSF(I)=COS{F(I))

SINF(I)=SIN(F{[))

TPEI)=H{T)/{(VPLI)=COSE(TI))
TSOI)=H{I)/(VYSET)RS0OSA(T))

TAUPCT) =H{I)=STNE (T)XSTIME(T) Z(VP(I)*COSE(]L))

8tT



TAUS(I)=H(I)*SINF([)*SINF(I)/(VS(I)*COSF(I)}
5 CUONTINUE : :
SOSE(NP)I=COS (F(NMP))
STREINMP)=STM{E(NP))
CSHSFENPY=COS (F(NP))
STHNF(MNP)=STHNIF(NP))
S CALCSUHLATION NF TRANSFER MATRIX VS. FREOUENCY
IFINFLAGZ SNELO) G TO 221
DO 222 I=1,n
C  ABSURPTIOM FUNCTIONS ARE SET TO ONE FOR NO ABSORPTION
AP(T)Y=1, ‘
222 AS(TI)Y=1.
221 CONTINMUE
DO 99 =1 4y MiMA X
W=pPIarREO(M) 2,
C CALCULATIUMN OF ABSORPTIOM FUNCTIOMS OF FREOUENCY
T IFINFLAGZ 420 ,0) GO TO 24
DO 22 I=1,MN
AS{T)=EXP (=0 5M=TS(I)/0S(1)).
272 AP =EXP 0534 2TP(TI)/QP (1))
24 CONT InUE : ‘ , ‘
C  CALCHLATION OF OF DELAY TRANSFER FUNCTIONS AT FREQUENCY COMPONENT
D) 4 I=1,0
AL=tE2 (TP )=TAUP(T))
AZ=4R{TS (I )=TAUS(I))
EXPP(I)=CMPLX(COS{AL)y=SIN(AL))
SXOSHT)=CHMPUX(20S(42),SIN(A2))
4 CONTINUE _ ‘
CIA X =4 3503
LA XP =K FAX+ 1
DO 20 K=1,KMAX
A DO 20 L=1,LMAXP
20 AlK,L) =0,

65T



-C FORM AA TN DIAGUNAL OF MATRIX == ALL VALUES=w],
1} 21 K=1,KMAX
21 ALK yK)=eal,
C COrPUTE REMATINING MATRIX CUMPONENTS
O IF(MGERNLYLY GO TO 23
iy A I=2 ,!\?
GL=AP{T)YEXPRPA(T)
G2=AS(T)REXPSI{T)
J=1+iP ' -
SUSROUT TriE TRANSL COMPUTES THE COMMOMN PARTS UF THE LAYELD TRANSFER =N TIONS
FOR UPsTRAVELL ING OUTPUT SIGNMALS
SALL H\L\NS[(RU’(I),RPS(I),RSP(I),‘{SS([)’{PP(J),RPS(J),{SD(J),RS§(J
l)y(; 7(7 9”] 7H) 1H‘5,H4)
DI=TPP LT )=HL+TSP{[)#=H3
DN2=TPP(T):=xH2+TSP (] )*H4
PDA=TPS AT )HHL+TSS ([ ) ==H3
D4=TPS(T)#H2+TSS (1) xH4
D5=RPP (J )51
N6=RPS(J) =61
DY=RSP{J):=G2
D=RSS(J)=G2
K=4ImT]
L=K+4
P=K+1
LP=L+1
o INPUT=0UTPUT RELATIONS ARE INDICATED BY THE FUOLLDWING L01MENT CARDS
C ACUCT=L)Y/UL1))
AlK,L)=D1
C ACUCT=L) /V(T))
A(K,LP)=0D2
C ACV(Tal)/U(T))
A(KP,LL)=03
C AlV(TIeaal)/VI1))
A(KPLP)=D4G - ) v
L=K+2 !
R '
c AUULTI=1)/DUT))
A(K ) =DbH =D +34301)2
C ACULT=L)/E(T))

O

0%t
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(]

(] O

O

A(K,LP)=DT7%D1+)8%D2
CA(V(I=1) /D))

A{KP,L)=0D5%D3+)6%D4

A(V(Ie=l)/E(T))

A(KPLP)=D7=D3+D83N4 A , o
SUBRDUTIN& TRANS1 COMPUTES THE COMMON PARTS OF THE LAYER TRANSFER FUNCTIONS
FOR DOWN=TRAVELLING OUTPUT SIGNALS

CALL TRANSl(RPP(J)yRPS(J),RSP(J)yRSS(J),RPP(I),RPS(I),RSP(I),RSS(I

1) 3Gl 43G2 yHL yH2 yH3 4H4& )

DI=TPP({J)=H1+TSP (J)=H3 : '

DZ=TPP(JJ“H7+TSP(J)“ . .

D3=TPS(J) =H1+TSS(J)*H3

D4=TPS (J)* H2+TSS(J) H4

D5=RPP{ 1) %G1

D6=RPS(1)%xG1

DT=RSP( 1) %62

D8=RSS ()62

K=43[m]

L=K=4

KP=K+1

LP=L+]

ACDII+1)Y/D(T))

AlK,L)=D1
INPUT=0OUTPUT RELATIONS ARE INDICATED®*BY THE FOLLO®ING CDMMENT CARDS

A(D(I+1)/E(I))

ALK, LP)=D2

ACECTI+1)Y/D(I))

A{KP,L)=D3

A(ECI+))/E(D))

ALKP,LP)=D&

L= (r-?

LP=L+1

A(D(I+1)/U(1))

A{KL)=N5D1+D6%D 2

ACDCTI+LY/VIET))

A(K,L,LP)Y=DT%EDL +D8%D2 - ‘

ACE(TI+1)/U(L)) ‘

BIKP,L) =N5%D3+D6%DG

ALECT+I)I/V(T))

T



ALKPLP) =D /%034D8*D4&

6 C ONT INUE

23 COMTINUE

C CALCULATE TRANSFER MATRIX COMPONENTS FOR LAYER 1
I=1
J=1+NP

=AP(1)}#EXPP (1) ‘ : )
b? AS(Y1)*REXPS(L)
CALL TRANSL(RPP(J), RPS(J),RSP(J),RSS(J),RPP(I) RPS(I),RSP(I),RSS(I
1) 3Gl 3G24HI yH24H3 4H4 ) '
Dl= TPP(J) SHL+TSP(J)*H3
D2=TPP (J)*#H2+TSP(J)*=Hs
D3=TPS(J)=HI+TSS(J)%H3
D4=TPS (J)=H2+TSS (J)kH4
DS=RPP( 1):61
N6=RPS (I)%G1
D7=RSP(1)%G2
D8=RSS(T)=xG2
c A(D(2)Y/U0(1))
A(3,1)=D5%DL +D6%D2
C A(D(2)Y/vI(1))
A(3,2)=D7%DL+NB%D2
C ALE(2)Y/U(1))
Al4y1)=D5%D3 +DA%D4G
C CACE(2)/vIL1))
Al4,2) =DT=D3 +D8#D4G
K=4%Ne3
KP=K+1
KPP=KP+1
KPPP=KPP+1
L=K+4 o
C THE CONSTANT VECTOR DETERMINING INPUT CONDITIONS (S COMPUTED
IF(ANGINS.EN.0.) GO TO 7

(44"



IF(ANGINP.EQ.0.) GO TO 8
ACUCN)ZU(N+1)) .
CA(K,L) ==TPP(NP)
ACVIN)I/U(N+1))
A{KP, )==TPS (NP)
o ACDIN+1) ZUIN+L))
A(KPP,yL)==RPP{NP)
A(E(N+1)/U(N+l))
ALKPPP 4L )==RPS [NP)
GO TO 9 :
ACUIN)/VIN+L))
A(K 4L )=esTSP(NP)
ACVIN)/VN+1))
ACKP,L)==TSS(NP)
ACDIN+L)/VIN+L))
A{KPP L) ==RSP (NP)
o ACE(N+Y)/VIN+L))
A(LKPPP,L)==RSS (NP)
9 SONT INUE
DO 30 K=1,KMAX
NO 30 L=1,LMAXP
30 BIK,L)=A(K,L)
CALL GAUCOM(KM’—\X,B QX ,DET 940941)
I=1 '
J=1+NP
CALL TRANSL(RPP(I), RPS(I1)4RSP(I)4RSS{I)yRPP(J)4RPSIJ)sRSPLJ)HRSS(Y
1) yGL G2 4yHL 4H2 yH3 ,H4)
'C COMPUTE TRANSFER FUNCTION THROUGH UPPER LAYZR TO FREE SURFACE BOUNDARY
Pl=HL%X{141)+H2:X[241)
S1=H3%X(141)+Ha%X(2,1)
C CALCULATION OF SURFACE DISPLACEMENTS == COMPLEX
D1=Pl=RPP (1)
D2=S1%RSP (1)
D3=S1*RSS (1)
D4=PL*RPS (1)
D5=(P1+D1+D2)*COSE(1) .
D6E=(PLwleaD? )aeS INE(L) "
D7=(S1+D3+D4) %SINF (1)
NB=(=S1+N3+N4)%=COSF(1)

O aO~NO

OO O
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32
C
C

33

25

26

UxX(1)=D6+0D8
WZ{1)=D5+D7 v
IF(HDISPLLEOLO) GU TO 321 .
COAPUTATION O INTERIOR BOUNDARY DISP
D) 32 I=2,MP
[i1= Tw]
- La=4xIn
3=l 4]
L2=L3e]
L=L2=]
D1=X(L41)*COSE(IM)+X{L3,1):=COSE(T)
D2=X{L gL )*SINE(IM)eaX (L3 ,1)%SINE(I)

LACEMENTS o= COMPLEX

D3=X({L2 y1)SINF(IM)+X(L4,1)%SINF(T)

D4==X{L2 41 )%COSF(IM)+X(L4,41)3C0OSF(
UX{1)=D2+D4 -
WZ{I1)=D1+03

I)

COMPUTE SURFACE AND INTERNAL BOUNDARY DISPLACEMNTS VS. FREQUENCY IN TERMS OF

AMPI. ITUDE AND PHASE COMPONENTS
DO 33 I=1,NP '

UXI=ATMAG(UX (1))

UXR=REAL (UX{I))

WZI=AIMAG(WZ (1))
WZR=REALA{WZ(I))

CUAMPL T 5 ) =SQRT (UXRAUXR+UXTI*UXI )
WAMP(141) =SORT (WZRMWZR+WZI*WZI)
UPHS{ I M)=ATANZ2 (UXI yUXR)

S WPHS(I4M)=ATAN2(WZI 4WZR)

DO 25 I=1,0P

CPANGLE(I)=E{I)*180.,/P1I
SAMGLE (I )=F(1)*180./PI
CONTINUE
IFINFLAGL .EQ.0) GO TO 26
WRITE(6,18) FREQ(M)

WRITE(6,15) ( (A(K,L)yL=14LMAXP) K=1,KMAX)

WMRITE(6415) (X({Lyl)sL=1,KMAX)

CONT INUE o

WRITE(6,17) ~
 OHRITE(6516) (L UX(T)yWZI(I) UAMP(I
Ly PANGLE( 1) ySANGLE (1) ,I=1,4NP)

1

2M) sUPHS (T4 M) g WAMP ([ yM) y WPHS( T, 4)

1



27
321
C

C
C

322
99

2

10
11
110
12
121
14
15
16
17

18
19
29

WRITE(6,19) DET
CONTINUE
"IF(MRATIUL.EO,O0) GO TO 322

COMPUTATION OF SPECTRAL AMPLITUDE RATIOS FOR SURFACE MOTIONSe== INTERNAL
BOUNDARY SPECTRAL RATIGS COULD ALSO B85 OBTINED : :
BOUMDARY SPECTRAL RATIOS COULD ALSO BE OBTAINED

UXI=AIMAG(UX (L))

UXR=REAL (UX(1))

WZI=ATHAGIWZ (1)) -
WZR=REAL(WZ (1)) _ !
RAT(M) =SORT (WZRIWZR+WZIHWZT) /SQRT (UXR*UXR+UX[*UXT)
COMTINUE

S ONT INUE -

IF(NMRATIONE.O) WRITE(6,110) .
IF(NRATIOGNE ,0) WRITE(6411) (FREQ(M)RAT(M)yM=1,MMAX)
sTOP

FORMAT (15A4)

FORMAT(511 )

FORMAT(21242F6.2)

FORMAT(2F642) :

FORMAT (' FREQ RATIO')

FORMAT(6F8.4)

FORMAT (4F8.4)

FORMATI 14 44F9,.3)

FORMAT(LB(LXF5.2)/)

FORMATI3X,12531X,10F11.4)

FORMAT(//2Xy5HLAYER 8X,9HU=COMPLEX 13X, 9HWmCOM0IEX 99Xy 5HU=AMP 6X,
15HURPHS 6X ySHW=AMP 6X 4SHW=PHS 6X ySHP=ANG 6X.95HS=ANG/ 12X 4 4HREAL TX,

74HIMAG TX y4HREAL TX,4HIMAG/)

FORMAT(//35X,10HMATRIX FOR F6.2,17THCYCLES PER SECDND .//)
FORMAT(/15H DETERMINANT= 2E17.7///)

FORMAT{1X,5HLAYER 2X,5HP=VEL 4X,5HS=VEL 3X, 7HDtNSITY 3Xy5HDEPTH /)
END

St
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NUK"NDRMAL INCIDENCE SYNTHETIC SEISMDGRAM FOR ANGlES LESS THAN CRITICAL
S8 3 e Mg i sleole ot esie ole s sl e ! PXFIR P21 Sk PR iR R PR PL P LPAP AP L P L PAPAPARES LR LR P PESAE IR A PP PAPRE AR L PAPKIPL 1P 1
PRUGRAM DFS(RIPTION ‘ .
CTHE PROGRAM USES THE TIME DOMAIN LINMEAR SYSTEMS CRUST HMODEL FOR
SYMTHES IS OF SAMPLED TIME SERIES SYMTHETIC SEISMOGRAKS
PROGRAMA 1L THITAT IS
AAXTFUM N e OF LAYERS=20
MAXTHUM NO. OF HELD POINTS PER LAY=ER=20Y
FMAXTHUM NO, OF ATTEMUATOR OPERATOR WEIGHTS PER LAYFR ?0
THE ATTEMUATORS MUST 3 CAUSAL
MAXTHMUKM MDD, OF OUTPUT TIME POINTS=1000
INPUT CARDS:
CARD 1: TITLE :
CARD 2 FLAG FOR ATTENUATION MODEL: FOR NO ATTENUATION ENTER 00
CARD 3: N(. OF LAYERSy NO. OF TIME SAMPL: POINMTS, TIME INCREMENT
P OINCIDENIE ANGLE, S INCIDENC: ANGLE. THE NOM=ZERQ ANGL=
PDETERMIMNES THE FORM OF THE INPUT WAVEFORM,
CARD &FF: LAYSR THICKNESS, P VELOCITY, S VEFLDZITY, DENSITY
_ COMTINUE TO BASEMENT .
THE FOLLOWING CTARDS ARE INCLUDED ONLY I+ NATTEN IS NOT EOUAL TO 0)
CARDSFF: P AND S ATTENMUATOR LEMGTHS. FOR LAYERS 1 TO N
CARD 6FF: P ATTEN WEIGHTS AND S ATTEN HZ2IGHTS FOR LAYERS 1 TO N
THE INPUT WAVEFORM TIME SERIES SAMPLE POINTS OF ANY LENGTH ARE
PF&D rROM DrVI E 4 ' :

* )
s e 3830 5 st e sie sig 3ol S st s sl ol sl i ol il sjesie sl 3l sl e sle s sl i s sje e ol sle g sle e st e aig ole ot 3ie sie sl ol sl ofe Bz sl e e ek

UIIFNSIUM FPD!AY(?U),FSDUAY(?O),EPDIAY(?U),PSD'AY(?O),IP(/O 200)
$ES(20,200),FP{20,200)4FS (20, 200),RPP(#I),RPS(41),RSP(41),{85(41),
STPP{41)yTPS(41),T5P(4L),TSS(41), NTAUP(?O),NTAUS()O),\IAT(?O),AIP(
1) yBET(21) 4RHO(2L ) ,H(2L) 3 AIN(1000) 4POUT(L000)ySOUTLLI000) ,HUSURF( 100
SO),USURE(IOOO),E(&I),E(ZI),ATTENP(ZO 20) yATTENS(20, 20),JP(?0),J5(£
$0)

DATA P1/3.1415927/

INMITIALTIZE ALL OUTPUTS

D10 I=1,20

EPDLAY(T)=0.

ESDLAY(I) =0,

FSNLAY(TI)=0.

99T



10

50

C .

FPOLAY(1)=0."

NTAUR(T)=0.

NTANS{T)I=0.

DO 10 J=1,200

EP{14,J)=0.

ES(I14J)=0,

FP(T4J)=0.

FSI{T43J)=0.

Mid T=0

REAND(541) STAT

YRITE(H6,41) STAT

READ(5499) NWATTEN

READ(5472) WNaiirlAX 4 TING y AMGINP  ANGINS

NP=p+1 -

NIEER)] :

REAN(543) (HIT)4ALP(T)ZBET(I)4RHO(I)yI=1,4)
READ(S 33 ) DUMAY 3ALP(NP) sBFTINP) yRHI{IP)

WRITE(6 94)

WRITE(6y5) (T9ALP{L)y3ET(T)RHO(T) HII)y{=1yN)
YRITE(SH 95 ) NP JALP(NP) 4BETINP) yRHO(NP)
ANGINP=AMNGINP=P /180,

AMGTINS=AMGINS =PI/ 180, :

CALCULATE TRANSHMISSION AMD REFLECTINON COEAFFICIENTS -
CALL COUFEGEN(MN yALP 4BET RHO,ANGINP y ANGINS yE4F,TPP,TPS,RPP,RPS, TSP,
STSS 4 RSP ZRSS)

CALCULATE TRAMSIT TIMES AND DELAYS .
D0 50 I=1,N o .
TAUP=H{ T)=COStE(L))/aLP(T)
TAUS=H{T)*=COS(~A(L))/BET(I)
MTAURP(I)=TFIX(TAUR/TINC+0,5)
NTAUS(I)=TFIX(TAUS/TINI+0.5)

IF(NTAUP (I )EQ.O0) MTAUP(I)=1

IF(MTAUS(I).EQ.O) NTAUSH({I)=]

CONTINUE

IF{HATTEN .=0.0) GU TO 21

READ I HMODEL ATTENMUATIOM PARAMETERS

Rizan I ATTENUATION OPERATUR LEMGTHS

PEAD(549) (JPLI)ydS(I),1=1,4id)

REaN ATTEMUATOR H2EIGHTS

LYT



21

99

98

N
N

O IN
LS

oo

C

WRITE(6,101)
DO 21 I=1,0

JPLIK=4P (1)

JSLTHA=JdS ()

READ(55102) (ATTENP(14K) 4K=1 sJPLIM)
READIS 9102) (ATTENS(I $<) 4K=14JSLIM)
HRITE(6,103) (ATTEMP{TI 4K)yK=1yJPLIH)
CHRITE(H,103) (ATTENS (I 4K)4<=1,JSLIA)
COMTINUE

HRITE(6,8) :

READ INPUT WAVEFORM FROM DEVICE 4
REAND( 4 37 ,END=99) (AIN(I),1=1,1000)
MEMD=T

D0 98 I=MEND §MHAX

CAITN(TY=0.0

SONT IMUE

DO 100 t=1 ,MiHAX '

[F{AMGINP NELOL0) GO TO 22
STNPUT=ATN (M)

PINPUT=0.0

GOOTD 23

PINPUT=ATN(#)

SINPUT=0.0

S OMT TMUE

UPDATE ALL DELAY OUTPUTS

FOR ALL LAYERS .
IF(NATTENGLEDLOQ) GU TO 24
ATTENUATING MODEL SYMTHESIS DELAY OPERATIONS FNR ALL LAY=RS
DELAY o ‘
DO 28 I=1,.0

HTP=NTAUP (1)

NTS=NTAUS (I)

NT Pid=NT Pea]

NTSHM=NTS=),

EPINTP=EP{TI,NTP)

FPINTP=FP (I 4NTP)

ESINTS=ES(1,NTS)

FSIMTS=FS ([ 4NTS)

ATTENUATION DPEKATOR CONVOLUTIONS

8YT



26

25

301

392

EPDLAY(I)=EPINTPH*ATTENP(I,1)
ESHDLAY(I)=ESINTS=ATTENS(I,1)
FPOLAY (I )=rPINTP=ATTENRP(I,41)

CFSDLAY( 1) =FSINTSHATTEMS(1,1)

D25 K=14MTPM

IF(K,GEJJP(T)Y) GO T 26
*P(I,UT““K+])—PP(I,NTP“<)+PPINTP SATTENP{ [ 4K+1)
FPUT MTPRPesK+1)=FP (1 ¢MTPa ) +FPINTPRPATTENP ([ 4K+1)
Gy T 2%

EP( 14T Pesil+]
FRIT yNTPaK+]
COMTINUE
N 28 K=140TSH

IF(K.GELJSEIY)Y GO TO 27
ES{TyNTS=XK+1 ) =ES{TyNTS=C()+ESINTSHATTENS( [ 4K+17)
FS(T,NTSeK+1)=FS (I ,NTS=K)+FSINTSHATTENS(I 4K+1)
GO T 23

ESCTyNTS=aK+1)=ES{] yNTS=K)
FSITyNTS=K+1 ) =rS L 4MTS=()

CUNTINUE

GO TO 30

) =EP (1 ,NTP=aK )
y=FP (L, NTPK )

MON=ATTENUATING MODZL SYNTHESIS DELAY OPZRATIONS

S0NT INUE
DELAY

DO 30 I=1,i

MTP=NTAUP(I)

NTPH=NTP=]

NTS=NTAUS (1)

NTSHM=NTSw] -
EPDILAY(1)=EP(T4NTP)
ESDLAY {1)=ES (I,NTS)
FSOLAY(I)=FS{I,NTS)
FPDLAY(T)=FP(I,NTP)

PO 301 K=1,NTPH
EP(T,NTP=K+1) =3P ([ ,NTPK)
FP(1,MTPeK+1) =FP (1 ,NTPeK )
DO 302 K=1,MTS4
ES(I,NTS=X+1)=ES(1,NTSK)
FSOT MTSwR+L)=FS ([ yMTS K )

64T
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41)

oo

CONTINUE
JUHMPUTE WAVEFORMS RETRANSHMITTED INTO BAS!-M!:NT AT TIMEZ SAMPLE #
POUTPT=TSP (N+NP)#FSOLAY (N)+TPP (N+NP)%FPDLAY (N)+RSO (NP)=SINPUT+RPP

SONPYRPINPUT

SQUTPT= TSS(I\H-'\!P)»FQDLAY(N)+TPS(N+NP)’FPDLAY(I\')-!‘RSS(ND) <SINPUT+RPS
S{MP) =P INPUT :
JUMCTION UPDATE TO TIME SAMPLE H

30TTOHW LAYER ‘
EP(Ny1)=TSP(NP)HSINPUT+TPP (NP )P INPUT+RPP (N+NP)#FPDLAY (M) +RSP (N+NP
$)HFSDLAY () : :
ES{Ny1)=TSS(NP)%SINPUT+TPS (NP )P INPUT+RSS{N+NP)=FSDLAY (N)+RPS { N+NP
S)RFPDLAY (V) ) '
FP{My1) =TSP N +UPeal ) HFSDLAY (Nes1) +TPP (N+NPes1 ) #EPDLAY (Ne=1) +RSP(N) HESD
SLAY(N)+RPP (N )= PDLAY (N)

- FS{Ny1)=TSS (N +NPe=] )= FSDIAY(N"1)+TPS(N+NP'-1) )-PDI AY(N=1)+RSSIN)*ESD

$LAY(N)+R)§(N) <ZPHLAY (M)
INTERMEDIATE LAYERS

IF(N.F0.2) GO TO 41

PO 40 I1=2,NM

EP(T41)=TSP{I+L)% PbDLAY(I+l)+TPP(I+l)*EPJLAY(I+1)+&SP(I+NP) <FSOLAY
S{I)+RPP( I+#P) =FPDLAY (1)

ES(I4L)=TSS{I+L)=ESDLAY (I+L)+TPS(I+1)% EPDLAY([+1)+QSS(I+NP)*FSDL&Y
S{I)+RPS( I+MP) =FPDLAY(]) :

FPITy))=TSPI+NPenl )HFSDLAY (Il ) +TPP (I +NPa] ) :FP DAY (1@l ) +RSP(I)=ESDH
SLAY(I)+RPP (1) *EPDLAY(I) '
FS(I,1)=TSS(I+9P=l)*FSDLAY (I=]1)+TPS(I+NP=l)=FPNLAY ([=1)+RSS(T)*ESD
SLAY(I)+RPS(1)==EPDLAY ()

S OMT INUE .

TOP LAYER
EP(Lyl)=TSP{2)%ESOLAY(2)+TPP(2)EPDLAY (2)+RSP( L+NP)=ESDLAY(1)+RPP(
S1+NP)FPDLAY(L)

ESELyl )=TSS(2)%ESDLAY(2)+TPS(2)%EPDILAY (2) +RSS{ L+NP)®FSDL_AY({ 1) +RPS(
$1+NP) =FPDLAY(1) .
FP{1,1)=RSP(1)% ESDLAY(1)+RPP(1) <EPDLAY (1)
FS({141)=RSS(1)XESOLAY(1)+RPS(1)=EPDLAY (1) . :

Enn OF JUMSTION UPDATE TO TIMFE SAMPLE M ,
COMPUTE SURFACE MUTTIONS FROM IMPINGING S AND P WAVEFURNS
PZ=(EPULAY (L) (1 +RPPLL)I+ESDUAY (1) =RSP{1))*xCOS{E(1))
PX=(EPOLAY (1) (Lo=RPP (1)) *ESDLAY (1) #RSP (1) )*SINIE(L))

0sT



100

DN

PN A

9

101
192
103
1)4

%

SZ={FESOLAY (1 )3 (1 +RSS{L))+EPD_AY (L) HRPS{L) }HSIN(F(L))
SX=(wESDLAY (L )5 (1 4waRSS{LY)+EPDLAY (L) *RPS(1IIIRCOS(F(L))
UO=PX+SX '

HO=PZ+S7

XH=FLOAT (el )3T INS

WRITE OUT FIRST 200 TIME SAMPLES FOR CHECK

TF(i4al.Te200) HRITE(Ay6) XiHaPINPUT,SINPUT,PIUT2>T,,SOUTPT,HWO,U0
SAVE OUTPUT SURFACE MOTIONS AND BASEMENT WAVEFORM TIME SEQIES FOR
LATER PLOTTING OR WRITEQUT

POUT{ ) =POUTPT '

SOUTIH)Y=SOUTPT

USURF (M) =U0

WSURE () =10

CONTIMUE

STOP

FORMAT( 20A4)

FORMAT(I2 314 43F844)

FORMAT(4FB o 4)

FORMAT (Y LAYER PeaV/iE I S=VEL DENSITY DEPTHY)
FORMATIZ2X31291X44F1044) '

FORMATIF8 44 46ELT47)

FORMAT(LIOFB8.5) ' :

FORMAT (Y TIME INPUT P PULSE INPUT S PULSF BASEMENT P RSAL

BASEMENT S REFL VERT SURF MOTION HORZ SURF MOTION')
FORIFAT(2012) . '

FORMAT(Y FILTER WEIGHTS FOR P AND S MOTIONS IM LAYERS 1 TO N')
FORMAT(L6F543) :

FORMAT(I16F6.3) ‘

FORMAT(L0ELO 43)

END .

TIST
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ZOP PRIT? ‘]E F CIENT GPNPRATIUJ PROGRAM
1o <5t e Mg s e 2 32 38 sie st sig se e siesie sl o
Sl}s%UJTII b UIS«I’I’TIUN
VARTABLES TRANSMITTED FROM MAIN
obe MUEBER OF LAYERS
ALP BT RHD 2 P AR S VELOCITIES AND LLAYER DENSITIES
ANGTIANPZANGINS: THe INIIODENT P AND S ANGLES AT THE BASEHEENT BUUND\R{
EsFe THE TWNTERNMAL LAYER P ANMD § ANGLES WITH THE NORMAL
Te2y RPP ETZS: ZOSPPRITZY CORFFICIENTS FOR TO2 BOUNDARY 1 FO N+1
Fﬂh HUTTOM HUUNDARY N+? TU /N
SUHPUUTIHt CUEGFN(N,ALP BtT,RHU,ANGINP ANGINS F F TPP,TPS,RPP,
1RPS,TSP,4TSS,RSP,RSS)
[MCCAMY MOTATION FOR ZOEPPRITZ' EQUATIOMS
DIAENSTON ALPIL) 33T L)Y yRHOIL) yE(L) oF{1)TPP{L),TPSI1),RPP[1),RPS{
$l)ylSP(l)7TSS(]),PSP(l)yPSS(l)yd(ZyZ)71(213),CDP(Z l)
NP=M+1
IF(ANGINPEQ.O.) GO TO 2
ECHP)Y=ANGTIMP
C=ALP{NP)/SINIE(NP))
GU T3
FONP)=ANGINS
C=BET(NP)/SIN(F(NP))
COMTIMUE
NO 4 I=1,4KP
X=ALP(1)/C
Y=8ET{(I}/C
IF(X.GT.le) GO TO 10
ECI)=ATANZ{X $SQRT (L s=X%X) )
IF(Y.GTLle) GO TO 15
F(I)‘A]AN?(YySQRF(l.“Y <Y ))
GO T0 4
ARITE(6,11) 1
E{I)=1.5707964
GO THO 14
WRITE(6,11) 1
FII)=1.5707964

TSt
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GO T 4

FORMAT(47H CRITICAL, REFLECTION= NO TRANSMISSION TO LAYER

CONTINUE

FREE SURFACE REFLECTION COEFFICIENTS
TPP(1)=0.
TPS(1)=0.
TSP(1)=0,

TSS(1)=0,

W{Ll a1 )=sSIN(2e%E(L)
W{241)=4+C0OS{2a%F (L)
W2 )=+ALP (L )3COS
(2 42) =FBET{L1)=SIN(
D 20 L=1,2

D) 20 M=l ,2
ZOLyM)y=Wl4M)

Z() ¢3)=eabi{1,41).

202 43)=44 (2,41}
CAaLL (;f\UELI(Z,Z,':UF yDET 12 43)
RPPL1)=COF(1,41)
RPS({1)=COF(2,41)

DO 21 L=1,2

DO 21 #M=1,2

ZOL gH) =W (L 44)

211 43)=utd{1,2)

I(243)=UI(2,42)

CAaLL GAUELI(2,24C0F4DET$2,3)
RSP{1)=COr(1,1)
RSS(1})=COF(2,1)

DU 12 I=2,i0P.

J=1=1 =

K=1

)
)
2%F(1))/BET(1)
2% (L))/ALP(L)

CALL. CUEFF(ALPsBET yRHOyE+FoyTPPTPS,RPP4RPS, TSP, TSS4yRSP 4RSSy 14J,sK)

DO 13 I=1,N
J=1+1
KNP=T+NP

CaLw CDEFF(ALP,BET,RHO,E,F,TPP,TPS,RPP,RPS,TSP,TSS,RSP,RSS,I,J,KMP

1)
RETURN
B

€¢T
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SE‘UNU uOtFkI IFNF SUSRUUTINt

R s 2 wle oo ste i sle sz vie st o
5g ek <302 oje sl e e sl e s

THIS SUHRUUIINP IS Rr“UIRFD ﬁY CUEGEN

% s 2 30¢ sfe sie sl e nie e 3 sesiesi sieolesie st
SUnkUU]Ihr ,O‘FF(&IP,ﬁET RHO,P,r,TPP,TPS RPP4RPSy TSP, TSS,R5P,RSS, T

1,4 9K)
DIFEMS TON AiP([)15[T(l)qRHﬂ(])yt(l)yk(l)yTPP(l)yTPS(l),KPP(l)'RPS(

%l)yTSP(1),TSS(l),RSP(l),RSS(l),C(4,4),Z(4,b), OF(4,1)

C(1ly1l) =S TN(E(L
L(l 2)=+COS(F (I
C(1,43)==SIN(E(J
C(1,4)=+COS(F(J
C(2,1)=+COS(E(]
C{2,2)=+SIN(F (I
$(243)==C0S(E(J
Cl2,4)=aSTM(F (J
CE34L)=+COUS(2.%F(([))
Cl342)=+BET(I)/ALP{I)%*SIN{2.%F (1))

C(3,3) =+RHO(J)/RAHDIT ) HALP (J) JALP (1 )%COS(24%F(J))
CU3,4)=+RHO(JY/RHO(T)SBET(J) JALP (I ):SIN( 2. %F (J))
Cl44L)Y=STIN(245%12(1))
Cl&442)=+ALP(I)/BET(I)*COS(2.%F (1)) :
'(413)-hHU(J)/RHO(I)>((BET(J)/BET([))>i2)>A'P([)/AlP(J) <SIN(2e%E(J
1)) ‘
Sy i) =eRHOCI)/RHO (1 )% ( (BET (J) /BET (1)) #%2) 5 ALO(I)/BET(J)“COS(7.>P(
1J)) . .
DO 20 L=l 44
DO 20 k=14
ZOL ) =C (L o)
Z{1,5)==SIN(E(])
Z2(245)==COS(E(])
Z(3,5)=+C0S(2 «*F
3=
’

))
))
»)
)
))
)}
))
))
F(

)

)

(1))
Z{445)=+SIN(2.% ( ))
CALL GAUELI{4,4,72,CUF,
RPPIK)=COF(L,1)
RPS(IK)I=COF(2,1)

TPP(C) =CUF(3,1)

DET 94,5) ,

76T



CTPSIKI=COF (441)

DO 21 L=1,4

DO 21 M=1,4

Z(L,ll) =C(’_,M)
2(1,5)=+COS(F(I))
2(245)=aSIN(F([))

Z03,5)=+BET{I)/ALPIT)*SIMN(2.>
Z(445)==AlLP(T)/BET(1)3#208(24%

CALL GAUERLI(4 77_ 1CUF 9DET 7475)
RSPIK)=CUF({L,y1)
RSS(K)I=COF(2,1)
TSP(K)=C0F(3,41)

TSSIK)=COF (4,4,1)

RETURN

END

F(
F(

I
I

))
))

SST



c HASIC LAYER TRANSFER rUN TION GENERATINN PRIGRAM
C sence nenneneg Nene e e sl sl 2213 308 38 51 20 e e Sl e e e le s el sk sl B e sk s st e sl
c THIS SUARUUFINP Ib rWL'ED dY THF FUUQIFR COFFFI([FMT MA[N PRUGRAM
C ste sle sy 3T g e sl ey 5o s e e ket Aeslesie PAEXEX]
sU%WHU1INF |RAN§1(RPPI,RPSI,R§PI RSSI RPPJ,R’SJ,%SPJ,{SSJ Gl G?,HL
2 H2 $H3 4 H4 )

;UMPLEX'RPPI,RPSI,RSPI,RSSI,RPPJ,RPSJ,RSPJ,RSSJ,GI,GZ,HL,HZ,
1H3.yH‘PyBl 7[52 753 784 9[‘55 ,H()yB—, 7B8 ,DEN

31=GL#RPPY

B3=RL RSP I

31=R1=RPPI

B6=GL=#RPSJ

38=RBAEKSPI

B6=R6=RPPI

35=62x=RSSJ

B7=B5%RSS1

=By :=RPST

B4=G2 RSP

32=34%RPS I

B4=R&*RSS 1

Bl=81+B2 .

B3=R3+84 ’
85=8B5+36 _ .

B7=R7+8 8 ‘ )
32=G1/(1.=Gl*31)

B4=6G2/(1,2G2%BT)
CDEN=L L/ (] o=B2%33%34%B5)

Hl1=R2%DEN

H2=184%H]

H3=B5%H2

H2=33%H2

H4 =34 %D EN _

RETURRN C ‘
ExD

96T
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GQUSS F!IMINATIUN SUBROUTINE FOR REAL SIMULTANEOUS. EQUATIONS

als olo o Yo oo wle wls abe 1o Wb 3ls ale ale wle als she wls s ats Wlo 4l 1o WVs als wls w0 21 dle Wle ate ate 1s Yo o, 1 ats ol
ool ol st e sie 3l sl e ol e sl st sl sie sl sl se siesie e sie sk e sl e sl e e e sy

PP(H:QAVII)IS(!(IPFI(HI
TRAMSHITTED VARTAILES

M O MUMBER OF EQUATIONS

At IWPUT COEFSICSIANTS ( CONSTANT VECTOR [ ROM N+1)
X: OUTPUT SOLUTION VECTOUR

DET s CHECK DETARYINANT

[t MAIN PROGRAM DIMEMSION OF FIRST DIMENSION OF A

JU IAIN PRUGR\H UIWFNSIUN 0Or StCOND DI”FNb[Uﬂ UF A _

S skoiee

SUs&UUIIN& GAUtLI(N,A x DET 410, JD)

DIMENSTON ACIDJD) o X{(ID,1)
NP=N+1

M= Mea }

DET=1.0

TRIAMGULARTI ZATION

N L2 K=140M

KP=K+1

R=]1 0/4(K,4K)
DET=DETxA{K 4K)

DO LL J=KP P

A{K 3y )=R*A(KyJ)

DL} 12 I=KP,i

S=A(1,K)

D} L2 J=KP,yNP

A(T 3d)=A(T 4J)aSHkA(KyJ)

DET=DET=A (M, M)

BACK SUBSTITUTION ,
K{Ny L) =A(NYNPY/A(NGN)
D) 22 1=1yNM
( N"
=K+1
S A((,NP)
DO 21 J=KP N
5-—5“A(K1J) X(J,l)
A(K41)=S
RETURR

EalD

(ST



OO0 OEO

(@]

11

J—
%

PPDG‘{AM HIbCRIPTIt)M
TRAMSMITTED VARIABLES
MO ONMUMBER OF ZOQUATIONS

A InNPUT COEFFICIENTS ( CONSTANT VECTOR IN RO%W N+1)
X: ODUTPUT SOLUTION VESTOR ‘
DET e CHECK DETERMINANT

I maIn PRUGRARM DIAENSION OF FIRST DIMENSION 0OF A

ek

JD' IIL\II\I PP(](JRAH UII’ I\ISI(}I\I OF SFC(]I\ID l)IM NSIUN Di‘ A

s el b4 38

SUBRHUTINE GAUC(M(N A X,!)}-T ID,JD)

GAUSS ELTIMINATION SUBROUTINE FOR  COMPLEX SIMUL_TANEQUS
COMPLEX AyX DET,S

DIMENSTON ACID,JID) s X(ID,1)

NP=MN+1

Mij= el

DET=1,0

TRIAMGULARIZATION

DI 12 K=1,ilH

AP=K+1

R=10/A(K,4K) .
DET=NDETA (K 4K) \
DI} 11 J=KP NP
A(Kgd)=REZA(K 9d)

D) 12 I=KP,N

S=L\( I,K)

DO 12 J=KP NP
A{TyJ)=A{]4J)=S%A(KyJ)
DET=0DETn (NN

BACK 5U3SFITUTION
X(NJII=A(NJNP)/A(NGN)
D0 22 I=1 MM

K=Ne=]

KP=K+1

S'—'/-\(KyNP)

DG 21 J=KPyN
S=SeaA (K g )X (Jgl)
X(K91)=S

KETURN

F 0

GAUSS F'IHINATION SUBROUTINF FDP CDMPLEX STHMULTANSOUS EQUAT TONS

se aie als ols o e J e als wio ale wbs als sty als alo als als als als als 2o afs wls v'e ol ola wls Wiy by
' 312 31 3 sk 312 3% ol 3l e sl sle sle se sle 50 aie 31 slesle st sle sie she e sl sk e sl sl sk sk

ZOUATIONS

8ST



