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assuncd dlotrlbutlon of double couples,  A sophisticated error analysit 
io performed to ectinate the uncertainties ol the calculated model 
variables. 

One of the IntercBtinß r.lde results from this inversion technique 
is the a priori dotcrnination of what azlruthal dictrihution of olncr- 
vations in most bcnelicial in dcteimlning the source r irameters, the 
uncertainties in the calculated model paramotern, nnd the relative 
coupling between various parnr.ctets.  Of the 18 \7WSSN stations used for 

this event, two etntions contain a total of 30'i of the total information 
in the data set.  In fact, the data set coald have been reduced by one-half 
and only 257.  of the total inlorinatlon which constrains the model variables 
would have been lost. 

Transversely polarized shear waves (SH^ from well located earth- 
quakes are "iscd to determine an upper mantle chear velocity structure 
compatible vith both travel tines and waveforrm of observed seismograms. 
Vertically yolarizcd shear waves (SV) arc shown to be Inadequate in 
identifying triplications because of contamination by PL-couplcd thear 
waves and other P-SV interactions. The oboerved Sil travel liaea ore 
conoiderably slower than the JO values out to 30 decrees. 

1^. 

jm ■MM ■   .^__^_ 



"■  —— — 

CONTENTS 

I. Summary 

II. Abstracts of publications and reports during this 

contract period 

III. Least-squares Inversion of surface wave spectra to obtain 

source parameters:  The 1971 San Fernando earthquake 

IV. Upper-mantle shear structure 

V. Previous technical reports 

Page 

1-1 

II-5 

111-12 

IV-113 

V-162 

■ 

'.  is 
•  ■    (7b). 

.k 

  



1-1 

I.  jummary 

This year's research in Seismic Phenomena Connected with Earthquakes 

and Explosions has concentrated on four task areas. 

1) Evaluation of seismic discriminants 

2) understanding and determination of seismic source 

characteristics 

3) Determination of the earth's seismic properties (i.e. 

velocity and density structure and Q-1) 

4) Inversion of observations using crust and upper mantle 

properties to obtain the spatial and temporal charac- 

teristics of earthquakes and explosions 

In the semiannual technical report, we reported on two different 

approaches for investigating the characteristics of the seismic source, in 

particular the determination of the corner frequency for P and S waves. The 

first uses theoretical volume source models of tectonic release of the 

Archambeau type and obtains numerically their P- and S-wave spectra. The 

spectra for these particular models show a definite difference in the P-waves 

and S-wave corner frequencies. This approach yields theoretical Ms vs n^ 

curves which can be discussed in terms of scaling by the various source 

parameters. The second approach is to obtain the earthquake P-wave source 

history from comparison of theoretical and observed seisn .grams. This history 

is then used as the S-wave source history to obtain theoretical seismograms 

which are compared with S-wave observations of the same events. 

TVo possible criticisms of uhe first approach is that the Archambeau type tec- 

tonic release source does not model the tectonic region realistically and that the 

.MMaMM -  -   -■ — 
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presence of a zero frequency minimum on the far-field spectrum is due to a 

questionable termination of the tectonic release region at a finite distance 

from the source.  Archambeau claims that the approximation using a finite 

termination is realsistic and closer to actual field situations than using 

the same spatial release distribution to infinity.  We are continuing research 

on tectonic release sources using more realistic models of tectonic stress 

distributions.  In particular we are trying to determine for what stress 

and body force distributions the zero frequency minimum is a valid result. 

The use of synthetic body and surface waves is becoming an extremely 

valuable tool in not only determining the character of the seiumic source 

but also in defining the seismic propagation properties of the earth.  In 

the semiannual report, we gave an example of a method using amplitudes and 

arrival times of body and Rayleigh waves from NTS events to determine an 

average crustal model from NTS to mid-Arizona.  In this report, transversely 

polarized shear waves (SH) from well located earthquakes are used to determine 

an upper mantle shear velocity structure.  It is further demonstrated that 

observations of travel times for vertically polarized shear waves (SV), the 

most common technique, can lead to erroneous shear structure models dur to 

continuation of P-SV interactions. 

In Section III, the spatial and frequency distribution of path-corrected 

Rayleigh waves from the San Fernando earthquake are systematically related 

to the faulting process as a multiple event.  The surface wave source is 

taken to be a depth-distributed set of double couples.  A least-squares 

inversion is used to find the set of source parameters which optimally fit 

mmmmm^mm—^^, ■ ■ ■   
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the variance-weighted data.  In this study the strength, the slip angle, 

and the rupture delay times are optimally determined for the spatially 

assumed distribution of double couples. A sophisticated error analysis is 

performed to estimate the uncertainties of the calculated model variables. 

One of the interesting side results from this inversion technique is 

the a priori determination of what azimuthal distribution of observations 

is most beneficial in determining the source parameters, the uncertainties 

in the calculated model parameters, and the relative coupling between 

various parameters.   Of the 18 WWSSN stations used for this event, two 

stations contain a total of 30X of the total information in the data set. 

In fact, the data set could have been reduced by one-half and only 25% 

of the total information which^constrains the model variables would have 

been lost. 

One could visualize, using these in/ersion operators to design multiple 

explosion events which would make discrimination criteria unreliable except 

in azimuths where data was difficult to obtain. Of course, the inversion 

operators used here were for Rayleigh wave data only.  For discrimination 

techniques based on Love and Rayleigh waves possibly combined with body waves 

the design would probably be extremely complicated and economically unfeasible. 

Of equal importance, this section describes and uses techniques for 

correcting surface wave data for mixed path crustal structure between source 

and receiver, and for multipath propagation interference. The error bounds 

associated with these corrections are estimated, and their Influence on the 

reliability of the model are determined. 

Since the crust and upper-nantle shear structure dominate the propa- 

gation characteristics of Rayleigh and Love surface waves. Section IV deals 

—^  i^——— —i     .... 
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with an attempt at constructing a preliminary shear velocity model compatible 

with both travel times and waveforms of observed seismograms.  Transversely 

polarized (SH) LRSM and WWSSN observations are used in the study.  Vertically 

polarized shear waves (SV) are shown to be Inadequate in Identifying tripli- 

cations because of contamination by PL-coupled shear waves and other P-SV 

interactions.  Accurately located west coast earthquakes, modeled as shear 

dislocations, are used as sources.  The observed SH travel times are con- 

siderably slower than the JB values out to 30 degrees.  Select profiles of 

observed waveforms in conjunction with the travel-times provide the data for 

model determinations. This is accomplished by fitting the observed waveforms 

with synthetics. 

Research is continuing on the relations between seismic source charac- 

teristics and magnitude.  Recently Anderson a_ Kanimori have made a study on 

the relationships between energy, moment, magnitude and source dimensions. 

Using both deterministic and statistical source models, they have shown that 

the empirical Gutenberg-Richter magnitude-energy relationship has strong theo- 

retical support and implies that rupture times for large earthquakes are much 

longer than rise times.  In general, earthquake magnitudes (M) are proportional 
2 

to L , where L is a linear source dimension, but M - L3 for small events and 

M - L for very large events.  Interplate and intraplate earthquakes form 

separate populations in moment-magnitude, or moment-dimension plots.  In each 

population the inferred stress drop and effective stress is roughly constant. 

The large scatter in plots involving magnitude is considerably reduced when 

earthquakes are grouped according to type.  The scatter virtually disappears 

when magnitude is removed as a variable, e.g., dimensions versus moment 

plots. 

«Mk.  ■  ■ - -- I I  «li  r- 



"•   " "   " ' '  "!■■ "—I H««nn ■ ■ '■"  '  ■"' • 1 ■"■ 

II. Abstracts of Publications and Reports 

During This Contract Period 

II-5 

tmm ■UMMMMMtt —   - 



■■"■■■—'■  '       '" ■—■^■w^w——  11 1. 11 —     II     ■■ ■ 

II-6 

Helmberger, D.V., "Generalized Ray Theory for Shear Dislocations," Bull. 
Seism. Soc. Am., in press. 

Displacements at the surface of a layered halfspace produced by a point 
source dislocation is investigated.  Expressing the source in terms of 
P, SV and SH displacement potentials allows the solution to be expanded in 
generalized rays. The transient response for each ray is obtained by the 
Cagniard-deHoop method.  First-motion and high-frequency asymptotic 
approximations of the exact solutions are discussed. 

Numerical experuients on the far-field response produced by shallow 
dislocations are presented.  Synthetic seismograms computed for a strike-slip 
dislocation art compared with some observations from the Borrego Mountain 
earthquake.  Preliminary results indicate an equivalent point source depth 
of 9 km with the far-field time ''unction approximated by a step function 
with an exponential decay.  This time function fits both the P and S wave- 
forms.  The apparent shift in corner frequency between the P and S waves 
for shallow events as reported by some investigators is explained by surface 
reflections. 

Kurita, T., "Upper Mantle Structure in the Central United States From P 
and S Wave Spectra1," Phys. Earth and Planet. Inter., in press. 

In order to study regional variations in the upper mantle structure in 
the central United States, t>-j second step of a two step procedure formulated 
in Kurita (1972a) has been taken and experimentally shown to be very powerful 
method for elucidating the fine configuration of the low-velocity zone. 
The strong advantage of this method as compared with the other methods, is 
a mutual independency of the extent of the velocity decrease and the depth 
to the bottom of the low-velocity zone.  The upper mantle structure down to 
abuut 220 km in this region has been inferred from complex transfer ratios 
of long period P and S waves from deep-focus earthquakes recorded at FLO, 
OXF, and SHA on the basis of the crustal models obtained in Kurita (i972b). 
From the Interior Plain to the Gulf of Mexico the low-velocity zone shifts 
to a shallower dep'.n while increasing its thickness and decreasing its 
velocity.  Thio zone is about 50 km thick layer ranging in depth from about 
150 to 200 km under the Interior Plain, about 75 km thick layer from about 
120 to 195 km under the Gulf Coastal Plain, and about 80 km thick layer 
from about 95 to 175 km under the continental shelf of the Gulf of Mexico, 
all nearly along 890N longitude.  The decrease in S wave velocity at the top 
of this zone is about 0.30, 0.45, and 0.70 km/sec under each of the areas 
above, although the last value may be sonnwhat an overestimate.  Both 
boundaries of this zone are sharp, the transition occurring over at most 
about 10 km.  In this region the existence of the high-velocity lid zone 
is possible. 

mmt 
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Geller, R.J., "Body Force Equivalents for Stress Drop Seismic Sources," 
submitted to Geophys. Journ. 

When an earthquake point source is represented in the most general 
way (a stress drop source) six independent functions of time (the six 
stress drop elements) are required to describe the source.  The common 
seismological practice of using a single time function for a point source 
model of actual earthquakes is not valid unless all six time functions 
are independently obtained from observed data and found to be the same. 
The difficulty first noted by Knopoff and Randall (1970) (that one double 
couple lacked sufficient degrees of freedom to represent an arbitrary 
point source but that there was not a unique decomposition of a source 
into -\  combination of a double couple and a compensated linear vector 
dipole (CLVD)) is shown to result from their choice of non-orthogonal 
basis elements.  The unique equivalent force representation of an earth- 
quake source is shown to be three perpendicular force doublets parallel 
to the principal axes of the stress drop tensor.  The success of the 
double couple source model, a special case of the stress drop source, in 
matching most observations of shallow earthquakes implies, but does not 
require that most shallow earthquakes result from shear dislocations 
along essentially flat surfaces. 

Geller, R.J., "Representation Theorems for an Infinite Shear Fault," 
submitted to Geophys. Journ. 

The Green's function solutions for a shear dislocation with symmetry 
in the direction of infinite length have been integrated analytically 
over the direction of infinite length.  The displacement solution is 
reduced from a surface integral over the fault plane to a line integral 
of temporal convolutions over the width of the fault.  If the time history 
function of fault displacement is any piecewise linear function the con- 
volutions can be integrated analytically, reducing the solutions to line 
integrals.  Numerical results and plots are presented for a simple example. 
The two-dimensional solutions give exact first motions at points "over" 
the fault.  Also the solutions can be used to test two-dimensional finite 
difference and finite element computer programs. 

Helmberger, D.V. and Engen, G.R., "Upper-Mantle Shear Structure," submitted 
to Journ. of Geophys. Res. 

This is an attempt at constructing a preliminary shear velocity 
model compatible with both travel times and waveforms of observed seismo- 
grams.  Transversely polarized LRSM and WWSS observations are used in this 
study.  SV signatures are demonstrated to be inadequate in identifying 
triplications because of contamination by PL-coupled shear waves and other 
P-SV interactions.  Well located west coast earthquakes, modeled as shear 
dislocations, are used as sources.  The observed SH travel times are con- 
siderably slower than the JB values out to 30 degrees.  Select profiles 

MMMBBH - —- 
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ABSTRACTS OF PAPERS PRESENTED AT MEETINGS DURING THIS CONTRACT PERIOD 

Selsmologlcal Society o. America. 1974 Joint Annual Meeting. May 29-31. 1974. 
Hilton Hotel. Las Ve^as, Nevada. 

Hanks, T.C., "Long-period Strong Ground Motion Following the San Fernando 
Earthquake." 

Two hundred thirty-four components of ground displacement are the basis 
of an Investigation of long-period (approximately 2-10 seconds) strong 
ground motion following the San Fernando, California, earthquake at local 
(A i  100 km) distances.  Seismic moment, source dimension, radiation pattern, 
so-irce propagation, the development of surface waves together with their 
subsequent dispersion, and the local structure of the Los Angeles Basin 
all appear to have first order significance in the shaping of observed 
ground displacements and their variation with azimuth and epicentral distance. 
Long-period strong ground motion occurred with considerably greater amplitude 
at southern azimuths than at northern azimuths; at comparable epicentral 
distances amplitude differences approached a factor of 10.  Radiation pattern 
alone seems insufficient to explain the observed variations.  Especially 
strong signals at azimuths due south of the epicenter and the development 
of large amplitude (3-5 cm), long duration surface wave trains at stations 
along the southeastern margin of the Los Angeles L-'sin suggest the signi- 
ficant effect of this geologic structure on the ooserved ground displacements. 
Data redundancy at closely spaced stations in Los Angeles and at Lake 
Isabella Dam suggest that errors in ground displacement at periods near 8 
seconds are approximately 1 cm and at periods near 15 seconds are several 
cm, for a record sensitivity of 7.6 cm/g. 

Newton, C.A., "Temporal Changes in P-Wave Velocity Near Riverside, California.' 

P  travel times from NVS to Goldstone and Riverside, California have been 
measured for the last eight years.  During this period there have been four 
or more cycles of compresslonal velocity changes in the crust NNE of River- 
side, but not necessarily limited to that area.  Periods of lower velocity 
are associated with decreased seismicity and periods of higher velocity are 
associated with Increased seismicity.  These data suggest that this area 
which Includes portions of the San Jacinto and San Andreas fault zones have 
repeatedly stnlned to a dilatant state and then fractured.  The largest 
earthquake related to these velocity changes was a magnitude 5.4 shock which 
followed a low velocity period of approximately 450 days.  It appears that 
this area is now in a dilatant state which began on August 1972. 

Whitcomb, J.H., "p'p1 Times and Average Mantle Velocities Under Continents 
and Oceans." 

P'P' times are an important data type because they provide one of the 
few means at hand for comparison of mantle structure under different litho- 
spheric regions such as continents and oceans.  However, scatter of the 
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data for this phase has long discouraged investigators from using the 
readings for anything more than an approximate check, on P'P* times.  A 
partial explanation for this matter is asymmetric P'P' which arrives 
earlier than the symmetrically reflected phat s, but at least some of 
the difficulty lies in assignment of the Incorrect P'P' branch to a 
reading and in assumption of the incorrect velocity structure at the 
reflection point.  These problems are avoided and the analysis suggests 
that one-way travel of P waves through oceanic mantle is delayed by 0.65 
to 0.95 sec relative co United States mid-continental mantle. 

American Geophysical Union. Fifth-Fifth /nnual MeetlnR. April 8-12. 1974. 

Washington, P.C. 

Kanamori, H. and Cipar, J.J., "Focal Proces? of the 1960 Chilean Earthquake." 

Long-period seismograms recorded at Pasadena are used to determine the 
focal proce-'.-, of the 1960 Chilean earthquake.  Synthetic seismograms 
computed for various fault models are matched with the observed strain 
seismograms to determine the fault parameters,  A low-angle thrust model 
with rupture length of 800 km and rupture velocity of 3.5 km/sec ia consi- 
stent with the observed Rayleigh to Love wave ratio and the radiation 
assyrametry.  A seismic moment of 1 to 3 x 1030 dyne cm, the largest ever 
reported, is obtaineo over a period range from 200 to 300^sec.  This value 
together with the estiiriated fault area of about 2 x 105km*- fits into the 
recently established moment vs. fault area systematics.  The excitation 
efficiency seems to increase with the period. The strain seismogram clearly 
shown unusually long-period (300 to 600 sec) wave arriving at the P time 
of a large foreshock whicr occurred 15 minutes before the main shock, 
suggesting a large slow de ormation in the epicentral area prior to the 
major failure; the entire focal process ma- be envisaged in terms of a 
large-scale defornutlon which started rather gradually and eventually 
triggered he foreshocks and the "main" shock. This mechanism may explain 
»■he large ^reroonlnory deformations decumented, but not recorded instru- 
mentally, for several Japanese earthquakes. 

Alewine, R.W. Ill, "Application of a Least-Squares Inversion Technique to 
Surface Wave Spectra to Determine Source Parameters of a Finite Source." 

A linear inversion scheme is presented to fit in a least-squares sense 
discretized surface wave spectra.  With this technique, an estimate of the 
uncertainty in the predicted source model is given when errors in the 
observed data are considered.  An earthquake source Is represented by a 
series of double couplfs which can be offset both spatially and temporally 
to approximate a moving rupture.  A comparison ot this representation of a 
moving source and that clissically representing a finite source is given. 
The inversion scheme yields the source parameters (moment and slip angle) 
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for the individual double couples as well as rupture velocity.  Rayleigh 
wave spectra from a suite of stations recording the 1971 San Fernando, 
California eaithquake are examined and the resolvability of the inverted 
source parameters arr> discussed. 

■ -       —. 
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III.  Least-Squares Inversion of Surface Above Spectra co Obtain 

Source Parameters:  The 1971 San Fernando Earthquake 

This section Is Chap^ r 5 and Appendices 3 and 4 of Ralph Wilson 

Alewlne's thesis (1974' tltlec "Application of Linear Inversion Theory Toward 

the Estimation of Seismic i-urce Parameters".  References and details cited 

In this section can be found la the thesis. This Thesis has been submitted 

and successfully defended as partial fulfillment of the requirements of the 

Degree of Doctor of Philosophy at the California Institute of Technology, 

Pasadena, California. 

tmmmm 



 —W^BW 

117-13 

-163- 

Chapter 5 

Least-Squares Inversion of Surface Wave Spectra 
to Obtain Source Parameters: 

The 1971 San Fernando Earthquake 

5.1 Introduction. 

In this chapter, we will examine the spatial and fre- 

quency distribution of Raylelgh waves from the 1971 San 

Fernando, California, earthquake, and how this distribution 

Is related to the faulting processes of that event.  The 

use of surface waves to determine gross source parameters 

has been a common tool In recent selsmologlcal investiga- 

tions, e.g. Wu (1968), Tsai and Aki (1970, 1971), Canltez 

and Toksoz (1971, 1972), and Mitchell (1973).  Unfortunate- 

ly, the problem of systematically finding values of the 

source variables which optimally fit tbi observed data has 

not yet received the attention due the problem.  With the 

exception of a Monte Carlo technique by Tsai (1972) and an 

iterative technique by Turnbull et al. (1973), the "trial 

and error" method was usually employed in finding suitable 

variables which describe the data. 

We hope to extend the usefulness of surface observa- 

tions by showing how an inversion procedure can be applied 

to surface wave observations in order to see what informa- 

tion can and cannot be gained about the earthquake source. 
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Along with this inversion, we will use a method of express- 

ing the flnlteness of the fault plane by numerically sum- 

ming point source solutions.  This method will allow for 

the variation of parameters over the fault surface. 

Finally, we would like to compare the solution that we ob- 

tained for the San Fernando source mechanism from the sta- 

tic study In the previous chapter to that obtained by the 

dynamical surface waves. 

5.2 Theoretic, 1 Model. 

Spectra from a Point Soump.  Theoretical surface wave 

spectra will be computed for a source In a multllayered 

medium which approximates the San Fernando area.  The 

elastic parameters for this medium are given in Appendix 5. 

Far-field amplitude spectra depend on the surface wave 

amplitude response of the layered medium and also the 

source type, depth and orientation.  Expressions for the 

frequency dependent media response factor, which is depen- 

dent of the source, are given by Harkrider (ISSh).     Compu- 

tation of this factor Involves use of the Thomson-Haskell 

matrices for the multllayered half-space (Haskell, 1953). 

The formulation for the component of the surface wave 

spectra which is due to different source types and the 

orientation of the source was developed by Ben-Menahem and 

Harkrider (196k).    The far-field solution for Rayleigh wave 
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spectra for a point double-couple can be written as 

S(u)) k AD x(e,h)e'
1(kT'rJT') 

A(a)) ■ ^—  . (5.1) 

where 

S(a)) * transformed spectral source function 

k   ■ Raylelgh wave wave number 

Ap  = medium response factor 

r   = radial distance to receiver 

X(6,h) = complex radiation pattern function, where e 

Is the azimuth of the station relative to the 

source and h Is the source depth. 

The radiation pattern function Is given by Ben-Menahem 

and Harkrlder (196^) and by Harkrlder (1970).  This func- 

tion Is dependent on the source parameters and the source 

depth.  At a given depth, this azimuth dependent function 

Is characterized by the slip,or rake, angle and the dip of 

the source-equivalent fault.  The numerical techniques used 

in the computer programs which calculate these functions 

are discussed by Harkrlder (107C). 

The source function is assumed to be a step function 

in moment.  This is given by 

;»,. I 0  for t < 0 
S(t) - { (5.2) 

( M0  for t > 0    , 

M ■ —^—i - 
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where t Is the origin time of the event. 

Source Flnlteness Effects.  In the above discussion, the 

source was represented by a point source.  However, If the 

dislocation on the actual fault surface Initiates at one 

point and propagates to another point, the fault flnlteness 

and rupture velocity can become Important.  Ben-Menahem 

(1961) has shown how the dimensions of the source and the 

speed of rupture play an Important role In the resulting 

spectral radiation patterns. This author shows that spec- 

tra from a source which radiates energy evenly as propaga- 

tion occurs was modulated by the shift factor, 

äi2-m e1'   , (5.3) 

where 

X = lc^ Cv " cos^o)] ' 

The following parameters are defined1 

a» ■ angular frequency 

C ■ Raylelgh wave phase velocity 

b ■ horizontal rupture length 

v ■ horizontal rupture velocity 

ß0 ■ angle measured from the direction of rupture. 

■ i 1 1 
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However, If the source radiates energy unevenly during 

p-opagatlon, then this simple modulation no longer applies. 

One such method or uneven radiation can occur by having the 

dislocation (I.e., moment) vary along the fault.  The fact 

that surface fave excitation Is depth dependent means that 

a fault which has a vertical component of propagation can 

also give rise to uneven radiation during propagation. The 

analytic modeling of such rupture would be very difficult 

for a layered medium, however, we give here a numerical 

approximation to this phenomena. 

Numerical Approximation of a Propagating Fault.  In this 

section, we will present a method of numerically approxi- 

mating the surface wave spectra due to a propagating rup- 

ture. To do this, we will consider the fault to be 

modeled by a discrete number of double couple sources 

arranged spatially to reflect the length of a fault.  Prop- 

agation along the fault occurs by "turning on" each of the 

sources sequentially at a time given by 

T   =   - 
d V     ' al    VR 

where A„ is the distance to the ith individual source 
si 

from some origin and Vp is some rupture, or propagation, 

velocity that we wish to approximate. The ?>ectra from 

^m 
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each of the sources wlu.1 have a different phase at some 

fixed observation point. The total spectra measured at 

this point will be the complex sum of the Inlivldual con- 

tributions.  The phase delay of the Individual propagation 

sources relative to the Initial source taken to occur at 

the origin Is given by 

Pi    CU)   di 

where R0 Is the distance from the Initial, or reference 

source, to the exterior observation point and R^ are the 

distances from the other sources to the observation point. 

C(a)) Is the phase velocity. The geometry of this problem 

Is Illustrated In Figure 5-1. From this figure, we can 

write 

*i " ^ + Ro - 2 dSiR0cos(xR-eF)]
1/2. 

where d  Is the horizontal separation of the Individual 
51 

sources relative to the Initial source taken In the direc- 

tion of rupture, XR. Gp Is the "azimuth" to the station 

relative to the Initial source.  Appendix I goes Into the 

details of how the spectra are summed given this phase 

Information. Both strike slip and dip slip faulting can 

be approximated with this geometry. 

_______ 
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Flgure 5.1.  Geometry of the assumed multiple double 
couple source. 

m^mmm I II  aillMMM—   III I T   III     !■! 
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We caution here that the angle &„  as defined In 

Figure 5.1 Is not the same angle as the angle 8 In the 

complex radiation pattern term of equation (5.1).  A pre- 

liminary examination of Figure 1 In the Ben-Menahem and 

Harkrlder (1964) paper would Indicate that these two angles 

are equivalent, .>ut their definition of 9 Is In error.  The 

angle 6 should be measured positively clockwise from the 

positive strike direction when viewed above the half-space. 

As a check to this numerical approximation, we will 

model a vertical strike slip earthquake and check the re- 

sulting spectra with that calculated by the method of 

Ben-Menahem (1961).  This model consisted of 16 sources, 

each at a depth of 20 km, with dip 90°, slip angle 0° (pure 

left lateral faulting), and Identical moments.  The sources 

were spaced at 2 km Increments along the strike of the 

origin source (A =180°) so that the fault length and prop- 

agation length were 30 km. Spectra were computed for appa- 

rent propagation velocities of 1.5, 3.0 and Ü.5 km/sec at 

a point in a direction 45° to the direction of propagation 

in order to avoid a node in the radiation pattern of strike 

slip events.  These spectra were then compared to that 

calculated for a single point source with the shift term 

for this fault length and propagation velocities. The 

moment of the single source was taken as the simple sum of 
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the moments In the dlscretlzed mode..  The results are 

shown In Figure 5.2. 

In this figure, we have normalized the amplitudes to 

the values calculated for a non-propagating point source 

at the depth of the source at the point of Initial rupture. 

By utilizing this normalization, we cancel the media source 

depth effects on the spectra.  The ratio shows only the 

effects of the fault flnlteness.  In Figure 5.2a. we see 

that the directivity calculated by this numerical technique 

matches very closely that given by Ben-Menahem (1961).  For 

propagation velocities 3.0 km/sec and greater, there Is 

less than 1* difference In the two calculations.  We see 

that the directivity Is a very pronounced function In the 

period range of Interest for slow propagation velocities. 

Now that we have shown that the directivity function 

can be accurately calculated numerically, we now examine 

the effect of dip slip propagation on surface wave ampli- 

tude spectra.  A model of a ^ pure dip slip fault was 

constructed.  The initial motion occurs at a depth of 20 

km and propagates at a constant velocity up the fault to a 

depth of 2 km.  A total of 10 double couple sources were 

spaced at a 2 km depth and lateral Increments to approxi- 

mate this fault.  The propagation distance along the fault 

is 28.3 km. and the pure horizontal propagation distance is 

- 
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1.0 

0.8 - 

0.6 

0.4 

-   0.2 

>     0 

VR=3.0 km/sec     ~^ 

Ben-Menahem (1961) 
This study 

VERTICAL STRIKE SLIP 
b = 30 km 

i 
0 20 40 60 

Q 

20       40 
Period, sec 

Figure 5.2.  Comparison of the frequency-dependent 
directivity function given by the Ben-Menahem formu- 
lation and the rumerical approximation.  Upper— 
results for a 30 km long left lateral strike slip 
fault.  Lower—results for a 28.3 km wide h*,0  dip 
slip fault. 
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18 km.  The spectra were calculated at an exterior point 

which is in the direction of propagation.  Spectra were 

also calculated using the Ben-Menahem formulism for the 

same parameters.  All the amplitudes were normalized to a 

non-propagating point source at a depth of 20 km.  Figure 

5.2b shows a comparison of the resulting directivities for 

this dip slip case. 

We ^ee in this figure that there is a vast difference 

in the spectra computed by the two methods. The most sig- 

nificant difference is the accentuation of the amplitudes 

in the 25-60 sec period range. As a check as to whether 

the large amplitudes calculated in the numerical case were 

due to a Doppler effect or due to the non-uniform depth 

excitation along the propagation length, we normalized 

these amplitudes to the spectrum which was calculated using 

the numerical approach when an infjnito propagation velo- 

city was used.  This normalization cancels any non-uniform 

depth excitation since the dto'-.h distribution was identical 

in both cases.  The resulting directivity was almost iden- 

tical to that calculated by the Ben-Menahem method and 

shown in the lower part of the figure. 

We thus conclude that the effect of a source radiating 

energy as it propagates from one depth to another during 

faulting can be much larger than the Doppler effect and 

■M 
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cannot be Ignored when spectra due to this type of faulting 

are being modeled. The depth effect on the spectra will 

vary from medium to medium and from source type to source 

type.  No attempt was made here to catalogue this effect 

for various media and propagation parameters. 

Approximation of San Fernando Faulting.  In the previous 

chapter, we discussed the geophysical observations which 

constrained the fault model geometry for the 1971 San 

Fernando, California, earthquake.  In this chapter, we 

would like to adopt an approximation to this same geometry 

to try to explain the radiation of surface wave energy from 

this fault.  This approximation Is accomplished by using 

four double-coupU sources.  The primary constraint for 

limiting the approximation to only four sources was econo- 

mic, since the forward problem had to be recalculated after 

each Iteration for the partial derivative matrix.  However, 

we consider that the approximation chosen Is adequate In 

light of the periods of the surface waves used.  The para- 

meters which describe this fault geometry and remain fixed 

In the Inversion are listed below. 

Source No.   depth(km)   dip 

1 
2 

I 
U.5 
10.5 
6.25 
2.00 

52° 
52° 
35° 
350 

ds(km) 

0.0 
2.H9 
7.51 

111.36 
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These loci of the four point sources do not lie on a 

straight depth-distance line, but rather define the centfr 

line of a fault plane whose dip Increases with depth.  In 

calculating the propagation delay time for each of the 

elements, the distance. A., Is used.  A. Is given by 

(hs " hs ) + ds sl  sl   sl 

These distances are the straight line distances from the 

Initial source to the three other double-couples. The 

delay time error caused by using this distance rather than 

the distance measured along the curved "fault plane" Is 

less than 1 sec In the extreme case. 

5.3 Forward Problem Formulation. 

In this section, we wish to pose a relationship be- 

tween the source model parameters and the observed spectr 1 

In a linear form as In equation (2.3).  As we did for the 

static problem, we will propose some fault geometry «nd 

use an Inversion scheme to solve the fault model parameters 

for this geometry.  In order to describe the data, we will 

use a set of double-couple sources that are arranged spa- 

tially to approximate the fault model system which was 

presented In the previous chapter.  Some of the parameters 

of the Individual sources, specifically those which 
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describe the geometry of the fault system, will be set 

Initially and not changed In the Inversion.  These para- 

meters are the depth and dip associated with Individual 

source elements and the spatial relationship between ele- 

ments. The variable parameters for each element are taken 

to be the moment and slip angle.  In addition, we will In- 

clude the propagation velocity and propagation direction 

as variables for the entire system. 

The model response matrix. A, for this problem Is 

given to be composed of partial derivatives of the form 

3 S. 

where S^ Is the spectral amplitude value at some frequency 

f^ (£=1,L) measured at some "azimuth" |. (J=l,J) with 

respect to the fault system.  X. (k»l,K) Is the source 

parameter which Is allowed to be varied.  The matrix A has 

K columns and L x J rows, where K Is the number of model 

variables (specified below), L Is the number of discrete 

spectral points at a single station and J Is the number of 

stations used.  For this case, L^IO, Jsl8, K=10. 

We see from Appendix k  that the addition of multiple 

sources Is a non-linear operation.  This problem can be 

overcome by mapping only small Increments of the mode] Into 
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changes In the dr.ta.  The crlterlor for this linearization 

Is the same as was discussed In Chapter 2.  The partial 

derivatives which compose the matrix A were computed 

numerically for a given model.  This was done by the simple 

differencing^ 

3 S, S^m+An^) - S.(m) 

Am,. (5.5) 

J m 

The Incremental values of the source parameters used were 

M0 " 

AX - 

AXR - 

AV,, - 

26 
moment ■ 0.1 x 10  dyne-cm 

slip angle « 10° 

propagation direction ■ 10° 

propagation velocity ■ 0.25 km/sec 

5- Il Inversion Procedure. 

An Inversion procedure will be adopted to find the 

model parameters which best fit the observed spectral data. 

Since the number of data points far exceed the number of 

variables, we will fit the data In a least-squares sense. 

Appendix 3 gives the derivation of the Inversion operators 

for the general least-squares case. 

Since we have mixed units In the source model para- 

meters and thus mixed units In A and 6in, a problem of 
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scallng arises.  One way of correcting for the dimension- 

ality of the parameters Is through the use of the weight- 

ing, or model correlation, coefficients.  The weights of 

the source parameters can be adjusted so that the weighted 

coefficient.! of the rows of A are about equal.  For a non- 

linear problem, this scaling would be model dependent and 

thus would probably vary In the Inversion. This method, 

although It can give satisfactory results In obtaining a 

fit to the data. Is not esthetlcally pleasing.  A satis- 

factory method was found to solve this scaling problem. 

This was accomplished by non-dlmenslonallzlng the problem, 

A 6m = 6d  , 

by dividing through by the data and model parapeterJ. The 

dimensional matrices and vectors are replaced by their non- 

dlmenslonal counterparts In the Inversion.  The components 

of the quantities are defined as: 

11J L1J 
6di-d: 6d 

nn 11 

1 
nn 11 

6m, ■ —— 6m1 . 

We note that this scaling Is also non-linear. 

— 
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Throughout the Inversion calculations carried out In 

this chapter, we will limit the absolute value of a model 

perturbation In one Iteration to that used In the differ- 

encing method of calculating the partial derivatives In the 

forward problem.  This was done to avoid projecting any 

model perturbation outside the range of assumed linearity. 

As a test to the Inversion scheme, we will calculate 

the theoretical spectra at 18 far-field points (correspond- 

ing to the location of the 18 stations which are described 

IB the next section) for a given set of source parameters. 

The non-variable source parameters are the same as those 

used to describe the San Fernando faulting.  These theo- 

retical spectra were then Input Into the Inversion scheme 

as "data" to see how accurately the corresponding variable 

source parameters could be recovered.  The results of this 

test are shown In Figure 5.3.  The Initial values for the 

source parameters are that shown on the left at Iteration 

=0. The source values used In calculating the "data" are 

sN)wn by the arrows on the right hand side of the figure. 

We see that at least 6 Iterations are required before the 

solution starts to converge to the true values, and after 

11 Iterations, the estimated values are very close to the 

true values. The restriction that the maximum slit of the 

perturbations can be no larger than the differencing 
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Figure 5.3.  Test to check the amplitude spectra In- 
version technique.  Initial values of the fault param- 
eters are shown on the left; the theoretical values 
are Indicated by arrows on the right. 
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values slows the convergence somewhat.  Not shown in this 

figure Is the estimate of the propagation velocity and 

propagation direction for each Iteration.  Tnese two quan- 

tities varied more smoothly and converged more quickly to 

the theoretical values than did the moments and slip angles, 

The propagation velocity and propagation direction con- 

verged to ^.2 km/sec and 120° from an Initial value of 

3.2 km/sec and 100°,respectively. 

In this test, the variance of each "datum" was taken 

to be 5%  of the calculated value. The test was repeated 

with the data variances set at 25%  of the calculated 

values. Although the convergence to the true model values 

was not as good as In the previous example, the solution 

remained stable through 4-v,Q Iterations, and a fair estimate 

of the model parameters was obtained.  The results from 

these experiments were encouraging enough to attempt to 

apply the technique to actual observed surface wave spectra, 

5.5 Data. 

The source of the surface wave data used In this study 

was from the long period vertical component Instruments of 

the World-Wide Standard Seismograph Network (WWSSN).  Only 

the vertical Raylelgh wave component at each station was 

considered In this study. Data from the Canadian Standard 

Stations and the WWSSN stations located In the continental 
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Unlted States could not be used since either the long 

period vertical component was Inoperative or off-scale 

during the passage of the Raylelgh wave train.  The original 

Intent In collecting this data was to limit the stations 

used to those whose eplcentral distances were less than 

60o-70o.  However, to provide a more uniform and extensive 

azlmuthal coverage of stations, this condition was relaxed 

somewhat.  The closest station In a given azlmuthal Incre- 

ment from the epicenter which gave a readable record was 

chosen.  A total of 18 records was chosen to be examined, 

and these stations provided a fairly good azlmuthal coverage 

for this event.  Table 5.1 gives a list of all these sta- 

tions used, the eplcentral distances, and the geodetic 

azimuth of the station with respect to the epicenter. 

The Raylelgh wave signal was Identified on each of 

the records and digitized at an Irregular Interval taking 

adequate care to sufficiently define the tr^^e. The'-c data 

were then linearly Interpolated to an equal Increment rate 

of one sample every two seconds. The digitization was 

restricted to a velocity window of between about ^.3 km/sec 

to about 1.5 km/sec. There was a slight variance to this 

window depending or. the distance and source-receiver path. 

The choice of the velocity window was based on a visual 

Judgment as tc when the signal arrived and essentially 
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ended at a particular station and on the dispersion curves 

expected for the traveled path.  Typical of the dispersion 

curves used were those of Brune and Dorman (1963), McEvllly 

(196*), Santo (1963), Tryggvason (1962). and Brune (1969). 

The Fourier spectra of these records were then taken 

with a numerical transform routine. The spectra were cal- 

culated for the frequency range from 60 sec period to 8 

sec period, with 512 discrete frequency points In this 

range.  The spectra were smoothed slightly with a two-point 

Manning filter such that for the 1th frequency component of 

a particular record 

InstiMment Correction.  The Instrument frequency and ampli- 

tude response fot the World-Wide long period seismograph 

system were calculated from the published instrument and 

coupling constants for that Instrument.  These calculations 

are based on the relations given by Haglwara (1958) and 

Mitchell and Landlsman (1969).  Both an amplitude and fre- 

quency correction were supplied.  Since some of the sta- 

tions that were used In this study operate at different 

Instrument gains during different parts of the year, a 

check was made on each selsmogram to verify the lifted 

_„_ 
■ 
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Instrument gain.  This vas done by comparing the height of 

the calibration pulse to the applied current Impulse.  The 

magnification computed In this fashion was within about 10^ 

of the listed magnlflcatlcn except for station SBA which 

appeared to be off by a factor of 2. 

Geometrical Spreading Correction.  All of the amplitude 

spectra A(») are corrected back to a common distance, A 

by multiplying by the well-known relation for spreading on 

the surface of a sphere 

r      -    J  sin A 
GS   1  Pin Ac   > (5.6) 

where A and Ac are given in radians. For the data in this 

case, we chose our reference distance, A , to be 2000 km. 

Attenuation Correction.  Following the Instrumental and 

geometrical spreading corrections, the spectral amplitudes 

were conicted for attenuation.  This correction takes the 

form 

kAm)  = A(iO eyM  x     , (5.7) 

where yU) is the amplitude attenuation coefficient appro- 

priate for the particular source to receiver path, and x is 

the epicentral distance.  Since the paths from the San 

Fernando epicenter to most of the WWSSN stations used In 

    - ■ 
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Figure 5.^.  Amplitude attenuation coefficients 
assumed for the two structures used In this study. 
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thls study involve mixed ci ustal type paths, the appropriate 

attenuation coefficient would necessarily be a path- 

averaged value. We attempted to take this Into considera- 

tion In the following manner. 

We assume that each of the transmission paths can be 

divided Into t*o types:  continental and oceanic.  Prom 

the literature, we compiled estimates of the fundamental 

model Raylelgh wave attenuation coefficients for these two 

media.  These estimates are summarized In Figure 5.k.     The 

continental attenuation coefficients are reduced from data 

given by Gutenberg {19*5),  Gutenberg and Richter (1936), 

Tryggvason (1965), Nuttll (1973) and Mitchell (1973). The 

oceanic attenuation coefficient curve was reduced from data 

in papers by Gutenberg (19^5), Ben-Menahem (I965), and Tsal 

and Akl (1969). The partitioning of continental and 

oceanic travel paths was estimated for each station, and 

the spectral amplitudes measured at that station were 

corrected by multiplying by the following relation, 

CxTYT(u))+xr.Yn(a))] 
C - e L L    0 0 (5.8) 
A » 

where 

YL(w) - the continental, or land, amplitude dissipation 

coofflclent 
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Yn(u) ■ the oceanic amplitude dissipation coefficient 

x. ■ the distance traveled over a continental type 

path 

xn " the distance traveled over an oceanic type path 

Table 5.1 lists the percentage of the total path length 

that Is spent In each of thtf assumed attenuation provinces. 

Also listed In this table Is the geometrical spreading 

factor given by the equation In the above paragraph. 

Local Crustal Correction.  This correction attempts to com- 

pensate for the effects of surface waves traveling later- 

ally from one structure to another.  In the case under con- 

sideration, there are marked variations In the structure 

of the crust and upper mantle between the area In which the 

surface waves were generated and the area around the sta- 

tions at which they are measured.  Fortunately, the correc- 

tions applied along the path between these two points 

cancel out so that only a local crustal correction at the 

receiver needs to be applied to correct the spectral amp- 

litudes back to the medium In which they were generated. 

An approximation which has given satisfactory results In 

predicting the amplitude changes of Raylelgh waves travel- 

ing across a lateral boundary has been given by McGarr 

(1969) and McGarr and Alsop (1967).  The validity of this 

mm 
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approxlmatlon has been verified by wave propagation studies 

In laterally heterogenous media using the finite-difference 

numerical technique (D. Boore, personal communication, 

197*0. 

If we assume that the total energy In the fundamental 

mode Raylelgh wave remains constant In the process of 

transmissions across the boundary margin, then we can write 

/ a;s(ü)) 

where 

As(u)) ■ the amplitude In the source medium 

AR((i)) ■ the amplitude In the receiver medium 

WS(ü)) = the normalized energy flux In the source medium 

WR(ü)) ■ the normalized energy flux In the receiver 

medium. 

The normalized energy flux Is given by 

W(u)) = 2 E(u)) U(w) 
» 

where E((JJ) IS the total potential or kinetic energy at a 

particular frequency normalized to the surface displace- 

ment. The calculation of this energy excited In a given 

layered earth model Is given by Harkrlder and Anderson 
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TABLE 5.2 

Crust & Upper Mantle Type 

San Fernando Crust over 
Gutenberg Continent 

Greenlandlc Shield with 
Ice Cap 

Iceland 

Irish Continental Shelf 

Iberian Shield 

Mld-Atlantlc Ocean 

Western America Tectonic 

Pacific Ocean East 

Pacific Ocean West 

Andean 

Central Japan 

Station 

Source Medium 

NOR, KTG, SBA 

AKU 

VAL 

MAL 

BEC, SJG 

CAR, BHP, COL 

GIE 

API, KIP, GUA, WEL 

PEL 

MAT 

Table 5.2.  Crust and upper mantle structure used 

for the local crustal structure spectral 

amplitude correction.  Velocity-density 

models for the different structures are 

given in Appendix 5. 

1A__^^MMaal _. _. 
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(1966, equation 1).  U(w) Is the group velocity for the 

particular medium. 

At each of the 18 WWSSN stations used In this study, 

the crustal structure at that station was approximated and 

the velocity dispersion and the spectral energy density 

calculated.  The crustal models used In this calculation 

and the references for these models are given in Appendix 

5.  The energy flux, W(u), given by these calculations Is 

summarized In Figure 5.5.  The stations for which each 

crustal model correction was used are listed In Table 5.2. 

In order to correct the spectral amplitudes back to a 

common medium, we multiply by a correction which normalizes 

the amplitudes to the source medium.  This correction takes 

the form 

'LC (5.9) 

Multlpath Propagation Removal.  The complex cepstrum tech- 

nique which was established by Schafer (1969) has proven 

to be an effective means of removing spectral modulatlois 

caused by the Interference of simultaneously arriving 

signals.  Two or more signals can arrive simultaneously at 

a given station due to either multlpathlng of a single 

signal or can result from the addition of several seismic 

mam 
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slgnals, multlsourclng, or some combination of these two 

effects.  In this study, we want to eliminate as best we 

can from our observed spectra that modulation which Is due 

to any multipathing effects and retain any modulations 

which may arise from the addition of multiple sources.  The 

spectra which have been de-modulated from multipathing 

effects can then be examined by this method to try to 

determine the existence of whether the source is a single 

or multiple event. 

Cohen (1970) and Fllnn et al. (1973) have used the 

technique to detect the separation of the body phases P and 

pP for very shallow events, while Linville (1971) and Tsal 

(1972) have applied the method to surface waves.  In the 

cepstrum technique, a homomorphic deconvolutlon is applied 

to separate the components of a convolution of a seismic 

signal and a multipath operator.  Basically, the method 

acts like a filter applied to the amplitude spectra where 

the interferrence effect appears as a scalloping of the 

spectra over a wide frequency range.  When a long pass 

filter is applied, the spectrum modulating effects are re- 

moved.  This filtering is done by applying the appropriate 

bandpass to the cepstrum.  Tsai (1972) and Linville (1971) 

give a summary of the technique involved and the appro- 

priate filter bands to use in correcting spectra in the 

■M^B ._ _ .    
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bandwldth which Is Involved in this study.  Such a long 

pass filter was applied to the observed spectra.  This 

spectral filtering had little effect except to smooth the 

spectra.  A typical example of the removal of the spectral 

modulations Is shown In Figure 5.6.  The spectra are pre- 

sented as a function of frequency to show how the modula- 

tions are frequency distributed.  In this figure, the 

original spectra are shown by the dashed line, and the 

spectra after the application of the cepstrum technique 

are shown as a solid line. 

We saw In the last chapter from the static dislocation 

models of the San Fernando earthquake that there appeared 

to be two areas of large dislocation — one In the hypo- 

central region and one near the surface.  If the disloca- 

tions from these two areas acted like two separate sources, 

separated spatially and temporally, then the Interference 

of these two sources should appear In the complex cepstrum. 

The cepstra were calculated at several of the stations cho- 

sen In the opposite direction of the apparent rupture. 

This was done to maximize the effect of the final separate- 

ness of the sources.  At station COL, there appeared to be 

some signal Interference at a delay time of about 8 sec 

and at 11.5 sec.  This might be Interpreted as the Inter- 

ference of the signal excited at the hypocenter by another 

>__^^___a 
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slgnal which was excited when the fault became near or 

broke the surface.  This effect was not as apparent at 

station NOR, so we feel that no firm conclusions should be 

'jrawn from this particular analysis. 

Corrected Data.  All of the above corrections were applied 

to the measured amplitude spectra at the WWSSN stations. 

These spectra are shown In Figure 5.7.  The upper part of 

this figure shows the location and azlmuthal distribution 

of the stations used.  The lower part of the figure gives 

the corrected amplitude spectra at each of the stations. 

The spectra are arranged by columns with geodetic azimuth 

Increasing from top to bottom.  The spectral values Indi- 

cated by a dashed line In the figure are the values for 

which the total correction exceeded a factor of 10.  These 

data will have to be considered less reliable than the 

longer period data because of the uncertainties In the 

corrections.  Samples of the spectral values were chosen at 

ten discrete periods:  60, 50, ho,   Jl», 30, 26, 22, 20, 18, 

and 16 sec.  It was felt that this sampling Interval was 

adequate to reflect the spectra shape at the individual 

stations.  Periods shorter than 16 sec were not Included 

into the inversion data set because of the larger uncer- 

tainty in the corrections at these periods, particularly 

in the attenuation factor. 

MMM^^MB^M... 
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Figure 5.7.  Observed spectral amplitudes after all cor- 
rections have been applied.  Dotted line Indicates when 
the corrections exceed a fator of 10. 
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Estimated Error. 1n the n1ta.  Error, to the spectra which 

we have measured for this event arise from two sources: 

1) errors In measuring the spectra at the different sta- 

tions and 2) errors In applying the corrections to the 

spectra. 

Errors from actually measuring the spectra could arise 

from digitizing errors and from takjng too short a signal 

to get all the spectral Information at certain frequencies 

One station. KIP. was redlgltUed to Include a much larger 

signal and the spectral amplitudes recomputed.  The recal- 

culated amplitudes „ere found to be at most ).«| different 

on the average than that originally computed, A value of 

3* error was taken as the estimate for this error. 

By far, the largest error Invoked In the appUcatlon 

of the spectral corrections arises from the attenuation 

correction.  If we assume that we know the attenuation 

values to only 25, of the values given In the ngure, then 

the estimated error for this correction would be 

«-(•) - e^ . 

small. 

We next can assume that we know the crustal corrections to I 

only 25,. This turns out to be a small error, except at 

very short periods, because the original correction Is 
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Dlstrlbutlon of Data Information.  In Appendix 3, we have 

derived an operator. J , which tells how the information In 

the data set is distributed. The use of this operator has 

been demonstrated by Minster et al. (1974). and these 

authors give a lucid description of its properties. The 

importance of a particular datum, which is a spectral amp- 

litude at a particular frequency measured at a particular 

spatial location, depends on both the location and the 

accuracy of the datum.  If we consider each WWSSN station 

to be a subset of the entire data set. then the relative 

importance of that station is simply the sum of the impor- 

tances of the data in that subset.  Figare 5-8 shows how 

the information in the chosen data set is distributed.  In 

this figure, we have summed the relative importances of the 

frequencies at the individual stations and plotted this 

importance as a function of the geodetic azimuth of those 

stations.  The results of this plot are somewhat surpris- 

ing. We see that two stations. COL and KTG. contain a 

total of 30%  of the total information in the data set.  In 

fact, the data set could be reduced by half and only 25%  of 

the total information which constrains the model variables 

would be lost. 

From Appendix 3, we Be« that the importance of a 

datum does not depend on the actual value of the datum 

mmmmm 
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Figure 5.8.  Distribution of data Information with 
respect to summed Information density at a single 
station.  Information density Is normalized such that 
the total from all stations Is 100*. 
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Itself but rather the estimated error In the datum and the 

model response operator, A. The Importance values are 

dependent on the source model only In the sense that A Is 

model dependent.  Although not done In this case, this type 

of calculation could be carried out before the data set Is 

gathered to determine an optimum distribution of stations 

to use. 

5.6 Inversion Results. 

Fault Model.  The ten model parameters which describe the 

source system were found by the least-squares fit to the 

observed spectral data measured at the 18 WWSSN stations. 

The best fit model parameters as determined from the In- 

version procedure are as follows: 

Source f Depth 
(km) (10 

Moment 
26^ 
dyne-cm) 

Slip Angle 

1 U.5 0.62 66° 

2 10.5 0.20 78« 

3 6.25 0.51 82° 

II 2.0 0.39 70° 

propagation direction (\-) » 990 

propagation velocity «2.95 km/sec. 

Figure 5.9 Illustrates the degree of fit to the data 

that this model exhibits. The dashed straight line In the 

center or each radiation pattern Indicates the orientation 

r^a 
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of the strike of the fault system, taken to be In the 

direction of N70oW.  Rupture Initiates at a depth of U.5 

km and propagates In the direction of S110W.  The fit to 

the long period data (40-60 sec) shows that the radiation 

pattern Is a symmetric dlpole pattern.  These two patterns 

show very little, If any, signs of fault flnlteness.  The 

flnlteness of the fault starts to become apparent In the 

middle two figures.  For these periods (26-30 sec), the 

patterns are symmetric In a direction perpendicular to the 

direction of propagation but not In the direction of prop- 

agation.  For the shorter periods -(16-20 sec), the effects 

of the rupture length and non-uniform excitation become 

very Important In shaping the radiation patterns. 

Uncertainty In Model. We would now like to estimate the 

uncertainties In these best fit model parameters.  As done 

In Chapter 2 for the stochastic Inverse case, we will cal- 

culate these uncertainties at a particular confidence level 

by mapping the estimated errors In the data Into errors in 

the model.  The least-squares solution matrix for unweighted 

model parameters which performs this mapping Is the matrix 

given by Mathews and Walker (1964, p. 366-367) 

Q nn (5.10) 

We note here that this solution does not take Into ac^unt 

mm 
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the possible weighting of the different model parameters. 

This Is no problem In this case, or In any other case, 

since the problem can be non-dlmenslonallzed as we have 

done here.  The non-dlmenslonal form of this operator has 

the same form as that given above. 

The bilinear product of the matrix, Q, and some model 

perturbation,q , yields a confidence region of resolvabll- 

Ity.  That Is, 

q*Qq - k2(c) . (5.11) 

This equation defines the hyperelllpsold of uncertainty for 

a particular model perturbation at a confidence Interval, 

k(c). 

By fixing k(c) to a particular value, taken to be 1.96 

In this problem, we calculate possible model perturbations 

for which the equation of the ellipsoid Is solved.  Any 

model perturbation vector which lies Inside this ellipsoid 

Is unresolvable at the confidence Interval, k(c), while any 

model perturbation vector which protrudes this ellipsoid Is 

resolvable at that confidence level.  In the example con- 

sidered here, we will limit the analysis to two dimensions. 

With this limitation, we can define an ellipse of uncer- 

tainty for combinations of model parameter pairs.  As we 

will see In the examples below, this analysis also allows 
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the consideration of the coupling between the various 

model parameters. 

The ellipse of uncertainty Is shown for various fault 

model parameter pairs In Figure 5.10.  In Figure 5.10, the 

moments are given In units of 10  dyne-cm., and the angles 

are expressed In degrees.  In Figure 5.10a, we have con- 

sidered the area of uncertainty when the moments of the two 

deepest source double couples ire allowed to vary. We see 

that M  has an uncertainty of only .05 x 10  dyne-cm when 

It Is allowed to vary alone. Perturbations larger than 

this value would be resolvable by the data unless the 

magnitude of the moment on the advicent double couple 

(M ) was also allowed to vary. The maximum uncertainty 
02 

that M  can take In this coupled system Is shown by the 

projection of the maximum excursion of the ellipse onto the 

M  axis.  The maximum uncertainty of M  Is similarly 

calculated. 

The ratio of the uncertainty measured at the point 

where the ellipse crosses the axis of a model variable and 

the maximum uncertainty of that variable defines a coeffi- 

cient which reflects the coupling of the two variables. 

We will call this ratio the model co-variance coefficient 

(MCVC). For a co-variance coefficient equal to 1.0, there 

Is no coupling between parameters.  That Is, the maximum 
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(f) 

-Mo, 

(i) 
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Figure 5.10 (f-1).  Uncertainty ellipses for various 
fault model parameter pairs. Combinations of pertur- 
bations which fall Inside the ellipses are not detect- 
able by the data at the 95* confidence level.  Moments 
are given In units of 1026 dyne-cm; angles are 
expressed in degrees. 
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uncertalnty of one variable Is not dependent on the uncer- 

tainty of the other variable.  For coefficient values less 

than 1.0, the coupling Increases with decreasing values. 

Figures 5.10a-c show how the coupling between the Indivi- 

dual sources decreases with Increasing distance between the 

sources.  We see that there Is strong coupling between M 
01 

and M  (MCVO.30) but very little coupling between M 
2 o1 

and M  (MCVO.85).  In part a of the figure, we see that 

the coupling Is In a positiv? sense between M  and M  . 
o1     o2> 

i.e., an Increase In one moment Is traded-off with an In- 

crease In the other.  Between M  and M  , the coupling Is 
01     03 

In the opposite sense, and between M  and M  the couDllne 
o1     o^ 

that exists Is In a positive direction. Figures 5.10d-e 

show that adjacent slip angles are slightly coupled, but 

much less so than their respective moment values. The MCVC 

for the \1-\2  pair Is .75. As the distance increases be- 

tween sources, the relative coupling between the slip 

angles of the sources decreases rapidly.  Flgur?s 5.10f-l 

show how the moment and slip angle for the Individual 

sources are related.  These results are somewhat surprising 

in that the slip angle and moment for individual sources 

are almost completely decoupled.  The MCVCs for these param- 

eter pairs range from .90 to .95. 

In these figures, we observe that the maximum coupled 



m-^^mmm ~m^mm^^ ■""- " 

111-59 

-209- 

uncertalnty a particular variable can acquire Is constant 

from comparison to comparison.  This uncertainty Is the 

standard error for that variable. Mathews and Walker 

(19Sh)  show that this standard error Is given by 

RT- 
Generalizing this expression, we can say that the values 

of the model parameters are known at a confidence level c 

when the errors are expressed as 

^[ k(c) (5.12) 

This Is the uncertainty which we will assume for the model 

variables. These uncertainties at the 95%  confidence level 

are given below: 

AM 

AM 

AM 

AM, 

AX- 

AX, 

= 0.15 x 1026 dyne-cm 

■ 0.21 x 1026 dyne-cm 

= 0.13 x 1026 dyne-cm 

= 0.11 x 1026 dyne-cm 

- 13° 

- 18° 

■ ■       
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"3 ■ 10° 

AA4 = 9° 

"» " 5° 

AVR    =       0.2  km/sec. 

Comparison with Static Solution. We would now like to com- 

pare the solution for the fault model of the San Fernando 

earthquake derived with surface data to that obtained with 

the static displacements.  To do this, we will sum the 

moments of the Individual static fault elements for the 

elements that fall within a depth range around the location 

of the double couple sources. We will assume that the 

actual static moment distribution will be bracketed by the 

acceptable dislocation models which gave the maximum and 

minimum moments.  The moments fo." the two models are shown 

in Figure 5.11.  We see here that for the upper 10 km of 

the fault system there is very good agreement in the static 

and dynamical solutions.  The only significant difference 

between the two solutions is the moment In the hypocentral 

region. The surface wave study Indicates a moment which is 

a factor of 2-3 times greater than that predicted by the 

static data. We recall from the previous chapter that the 

uncertainties in this area were larger than for the more 

shallow areas.  In the surface wave study, this was not the 

case. The uncertainty in the hypocentral region was not 
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Figure 5.11.  Comparison of the moment-depth distri- 
bution ftictlon found from the static study and the 
surface wave study.  Static moments are averaged over 
the Indicated depth ranges.  The static moment dis- 
tribution from the dislocation model shown In Figure 
^4.5 and 4.10 is  shown as a solid and dashed line 
respectively. 
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substantlally different from the other areas.  If we assume 

that the fault geometry used In the last chapter Is correct, 

then the surface wave study Indicates 5.5 m of displacement 

over an area of 36 km In the hypocentral region.  This 

compares favorably with that derived by Hanks (197^) of 

7.5 m over about the same area.  This last calculation was 

based on still another data set of this event, namely 

near-field strong motion records. 

5.7 Conclusions. 

In this chapter, we have seen how theoretical spectral 

values of surface waves can be calculated numerically for 

an approximation to a finite source. We have shown that 

when non-uniform excitation of energy occurs during fault- 

ing over some depth-distributed fault surface, the result- 

ing spectral amplitudes can be far different from that of 

a non-depth-dlstrlbutcd source at the same depth of Ini- 

tiation. 

Raylelgh wave data were calculated from a set of 18 

WWSSN stations and normalized by correcting for the various 

source to receiver paths.  An Inversion scheme was used to 

find the set of fault model parameters which fit the ob- 

served spectral data In a least-squares sense.  The best 

26 
fit solution gave a distributed moment of 1.7 x 10  dyne- 

SXB| and It was found that both the moment and slip angle 

for this event varied along the down-dip width of the fault. 
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The slip angle varied In such a way that the displacements 

became more predominantly dip slip as the dislocation 

propagated upward from the point of Initial rupture at 

about 3.0 km/sec.  Also Indicated by the surface wave data 

Is that the propagation proceeded In a direction 5o-10o 

away from the normal of the strike of the fault.  The fault 

model solution obtained by the surface wave inversion com- 

pares very favorably with that given by the inversion of 

the static displacement data with the exception of the 

initial dislocation in the hypocentral region where the 

static data field gives poor resolution. 

Wyss (1971) obtains an average moment from the long 

period surface waves at two European stations (which were 

not Included in this data set) of 1.9 x 10  dyne-cm. 

Canltez and Toksöz (1972) fit the surface wave spectra at 

6 stations in the northeast and southeast geodetic azimuths 

with a single point source at a depth of 1^ km.  These 

authors obtain a moment of 0.75 x 10  dyne-cm and a rake 

angle of ^5°.  Obvious reasons for obtaining different 

values of moment and slip angle by these authors and the 

present study are 1) the non-depth-distributed source gives 

rise to a different radiation pattern than a depth- 

distributed source, and 2) the azimuthal coverage of sta- 

tions was more limited in the Canitez-Toksöz data set than 

■ 
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ln the data set used here.  Comparing their data set to 

that used here, we find that, If the spectra at the sta- 

tions used In those authors' study were dlscretlzed In the 

same manner as In this chapter, then their data set would 

have only approximately l0| of the total Information which 

constrains the model variables as was used In this study. 

Finally, we feel that the technique of the hybridiza- 

tion of the numerical approximation of a finite fault and 

the least-squares Inversion formalism allows the maximum 

derivation of Information about the source from a set of 

corrected surface wave observations. Use of the operators 

assoclaced with the Inversion methods provides a powerful 

tool to determine a priori which data would be most bene- 

ficial In determining the source parameters and to estimate 

the uncertainties In the calculated model parameters and to 

determine the relative coupling between various parameters. 

It Is hoped that these techniques can be extended to the 

Inversion of other seismic data.  The simplest extension 

would be the Inversion of Raylelgh/Love spectral ratios. 

This type of data would yield far better results tb^n when 

each Is analyzed separately because of the cancellation of 

error Inducing path effects. 
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Appendlx 3 

Derivation of Least-Squares Inversion Operators 

In this appendix, we will derive the least-squares 

Inverse and the associated operators for three cases.  For 

convenience with respect to manuscript preparation, matrices 

will be given here In regular typed form, not boldface as 

In the rest of this thesis.  This practice should cause no 

confusion In this case. 

Case I;  Least-Squares Inverse with no weighting of the 

model components and no inclusion of the data 

variances. 

We define the forward problem to be 

A 6m - 6d, (A3.1) 

where 6d Is the observed data vector, 6m Is the true 
o 

model, and A Is the operator which maps a function from 

the model space to Liie data space.  We define the vector 

b=6m to be the best estimate of the model, 6m, that we can 

obtain. 

In this case, we wish to minimize the fit to the data 

such that 

ij(b) ■ M6do - 6d||
2 (A3.2) 

mm* ■MM_H 
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ls minimized.  Here we have ||zM2 - Z»Z, and <d Is the 

calculated fit to the data given by 

A b - 6d . 
(A3.3) 

Substituting  (A3.3)   Into   (A3.2)   and expanding,   we  get 

ej(b)   =  «do
#6do-6do»A  b-b»A»6do^

,,AtA b   . (A3.*) 

Now performing a first order perturbation In 6b of (A3.*) 

and setting to zero Implies 

b - 6m » (A*A)+A*6d  . 
o * (A3.5) 

which Is the result we are seeking. 

Case_II:  Least-Squares Inverse with no weighting of model 

components and with the Inclusion of the data 

variance. 

Here we have the same forward problem as befo-e, however, 

each datum, d , has associated with It son:e variance, a2. 

If we assume that the data are unbiased and are statisti- 

cally Independent, then we can write the variances lit 

diagonal fcr-rr 

MMaaHM 
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We want to minimize the fit to the data In a least-squares 

sense such that 

t2(b) - ||«d0 - 6d\\2c 
(A3.6) 

nn 

Is minimized. This weighted norm, , Is defined by 
nn 

Zl\l       ■ 2*C  "1Z . "''C      nn nn 

Substituting (A3.3) Into (A3.6) and expanding, we get 

-1, 
*l™'"o*C™"o-"o*C™* b-{kb)§Cnn  6do 

+ (Ab)*Cn;
1(Ab) 

Performing the first order perturbation of 6b on this last 

equation and setting the result to zero, we obtain 

b - 6m » (AÄCn;
1A) + A,,Cn;

16d0 . (A3.7) 
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Case III:  Least-Squares Inverse with weighting of the 

model components and with the Inclusion of the 

data variance. 

For some problems, It mlghi. bo useful to consldfr a set of 

non-zero positive weights for the model components.  This 

weighting, or model correlation coefficients, can be 

defined In the I blowing manner, 

ss 

.  0 

•     • 

0 . . . . w M 
-■' 

The  error Induced through  the  use  of this  correlation 

coefficients  is  given as  the   following. 

.|(b)   =  b^b   . (A3.8) 

The error of the fit to the data is still given by 

equation (A3.6).  For this case, we want to minimize some 

quadratic sum of these two errors. 

e2(b) « G2(b)cose + t^b^lne 
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Thls minimization of e (b) proceeds as before giving 

b « 6m = Q+(e)AllC '16d nn  o (A3.9) 

where Q+(e) = (A*C "-"-A + tan9C '1) + nn        ss 

Substitution of (A3.9) Into (A3.3) enables us to write 

6d = J 6d  . o 

J Is called the data Importance matrix and Is given by 

J - A Q+(e:A*cn^
1 

The data Importance matrix tells how the Information 

In the data set Is distributed (Wiggins, 1972).  This 

operator serves the same role In the least-squares Inverse 

as does the model response operator (equation 2.29) In the 

stochastic Inverse. The oata Importance matrix gives us 

Information as to how the model components as a whole 

"see" how large an effect Individual data values have on 

the estimation of a model.  Minster et al. (197^) show 

that the trace of this operator Is Invariant and given to 

be the number of Independent linear combinations of the 

tmatmmmm  i  ■ n 
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data.  For the Inversion problem to be determinant, this 

sum must equal tne nui.iber of Independent model parameters. 

In both the Inversion procedures discussed In this 

thesis, we have neglected an obvious operator.  We will 

call this operator the perturbation relaxation operator. 

These operators are defined below. 

6d - PSj6do 

6m ■ PL s 6m 

(Stochastic Inverse) 

(Least-squares Inverse) 

where 

fm     '  AWAI,(AWA*+Cnntan9) + 

PL.S. - (^m;1^;1»3"6'^™1^ 

Thei,e operators s^iow simply that In the stochastic Inverse 

case, whön C  has large values for certain data, thsse 

data will be essentially neglected In the fit for the sake 

of fitting other better determined data.  In the least- 

squares Inverse case, when C  has a very small value for 

certain model components, the model will try to fit the 

data by Ignoring the contributions from these particular 

modsl components.  Also, we see that for Crn and C88 fiAed, 

■ Mi——i '-■-: ■  - ■ 
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the point along the trade-off curve Influences the per- 

turbation sizes In the Iterative Inversion scheme. 

i 

mm — - - 
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Appendix  ^ 

Spectral  Summation  of Two Sources 
In  the  Frequency  Domain 

Consider the  addition of two  seismic  sources by 

spectral  summation.     The  first  source  is  represented by  an 
IM») 

amplitude  and  a phase  spectrum of the   form A^Cu)  e 

The phase  spectra  (|)-,(u))  contains   information  about both 

the source  and the  propagation path.     To  this  spectra we 

wish to add   an  additional  source   represented by 

Ap(u))  e , where  A?(u))   Is  the   amplitude 

spectra of the secondary source,   ^(w)  Is  the phase spectra 

of the  secondary  source,  and A4)2(ü))   is   the  additional phase 

of the  secondary  source caused by   a spatial  or temporal 

offset  of the  second source   from the   first  source.     Propa- 

gation  effects   for traveling a slightly  different path 

from origin to  receiver are  taken  into  account with this 

term.     If we   let z   be  the  total  of the  two sources,  then 

we can write. 

1^(UJ) i<Ma)) 
z »   7(a))   e =   *.(«)   e     1 + 

(A4.1) 

ApCw)   e 
iU2(ü))  + A#2(M)] 

iMMMBMi   
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Thus , 

1/2 
Um)   '   {A^(u)) + A^(u)) + 2A1(u))A2(u))cos[(>1(u))-(t.2(u))-A(>2(u)]} 

(A* .2) 

and 

A1(u))sin[»l(u))]-»-A2(ü))sln[»2(a))+A»2(a))] 

^(M)   =  tan"       A   (u)cos[4)1(a))]+A2(a))cos,:*2(u))+A02(u))] 

(A4.3) 

The  phase  delay  of the  single  original  source  Is 

given by 

M») (A*.*) 
u 

and the  new  phase  delay  of the  summed signal  is 

T =    ftiSl     . (A4.5) 
bj 

The  group  delay   of the  summed signal   is   given  by 

I. 
3^(ü)) (A4.6) 

In practice  in order to avoid as  much as possible the 

difficulties  encountered by  the  multivaluedness  of the 

  i 11        mal»« tii 
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trigonometrlc   functions,  we wish  to  compute  only  the  addi- 

tional  group  delay  the   additional  source  has   over the 

nroup  delay   of  the  single  original   source.     If we  define 

this  additional  group  delay  by  6T   .   then 
g 

6T 
> =     Tg    -T 

Si (A*.7) 

where  r       is   the  group  delay of the   original  signal.     By 

defining    _t_ . t      and _J_ .  ^   . ue have by 

equation   (A^.6) 
52s 

^r. 
A1(a))Tg^+A2(a))—^ +   T^^o)) A2(a)) cos (a) 

gz       A1(a,)+A2(u))+2A1(u))A2(u))cos(a) 
(A^.8) 

where 

a  =   4,2  +  A(j)2   -   ^1 

r+   =   T
ff     

+   T
ff     

+   ^ F ^ g2s 

r       =    T^      +    T -    T 
g2 g2s «1 

Substituting  this expression  into equation  (A*.?)   we  get, 

6T 

A2(w)   r_  +  A1(üJ)A2(U))   cos(o)   r_ 

I 
A1(ü)) + A2(a)) + 2A1(oü)A2rv)cos(a) 

(A*.9) 

^ 



■iBWi 

■•"■■ ■ v~*m*mmmmm*^* 

IHHBl 

111-99 

-290- 

The additional phase delay caused by the spatial and 

temporal offset of the secondary source Is given by 

'2s 

A(|)2(u)) 

H 
R-R + T (AH.10) 

Here  R Is  the   distance   from the hypocenter of the   first 

signal  to  the  observer and R is  the  distance   from the  hypo- 

center of the  second signal  to the  observer.     C(«0   Is  the 

phase  velocity  of the  medium.     T.    is   the   delay  in time 
a2 

after the  Initiation of the   first  source  before  the  origin 

of the  second  source.     This   time  delay  can be  expressed as 
R 

an apparent  rupture  velocity  given by  T       =  rr-  ,  where  R 
2       VR s 

is  the  separation  distance   for the  two events. 

Differentiation of   (t       •  u)  with  respect  to OJ yields 
p2s 

the  secondary  group  delay,   t given by 
g2s 

8 2s 

R-R 
+     T 

d2   ' 
(A4.11) 

where  D(M)  is   the  group   velocity  of the  medium. 

It  Is  seen  that  calculation of the   group  delay  does 

not  1. /olve  any   Inverse   trigonometric   functions  so  that   the 

multivaluedness  of the   functions  is  not   Important.     However, 

this  is not the  case  for the  calculation of *(»).     in 

practice,   the   values  of ^U)   are numerically  differenced 

_* 
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to obtain an approximate expression for the group delay. 

If this approximate group delay Is more than one period 

different from the exact calculated group delay, then a 

period Is added to the phase delay, t  , and the approxl- 
pz 

mate group delay Is recalculated.  By starting with the 

phase and group delays of the long period end of the spec- 

trum, the true phase can be unwound from that calculated 

numerically. 

For the addition of many different sources, each off- 

set In time and space with respect to one another, the 

above calculations are repeated for each source, with tne 

original amplitude and phase spectrum replaced by the 

partial sum spectra after each individual summation. 
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Appendlx 5 

Velocity-Density Models for Local Crustal Corrections 

This appendix lists the multi-layered velocity-density 

models of the crust and upper mantle used In the computa- 

tion of the local crust il corrections for the WWSSN sta- 

tions used In the surface wave study In Chapter 5. 

The following syiabols are employed In the tables: 

D = layer thickness In km 

Alpha ■ compresslonal velocity in km/sec 

Beta = shear velocity In km/sec 

Rho = density In gram/cm . 

References for the origin of the data used In tne 

models are given below each table. 
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San Fernando  Crust  over Gutenberg  Continent 

D Alpha Beta Rho 

0.50 2.50 1.20 2.10 

3.00 3.80 2.50 2.50 

2.00 5.50 3.20 2.60 

14.50 6.06 3.40 3.00 

15.00 6.70 3.80 3.00 

13.00 7.96 4.60 3.37 

25.00 7.85 4.50 3.39 

50.00 7.37 4.21 3.40 

75.00 S.00 4.111 3.45 

50.00 8.20 4.50 3.47 

100.00 8.40 4.60 3.50 

100.00 9.00 4.95 3.63 

100.00 9.63 5.31 3.89 

Source:     Jungels   (1973),   Gutenberg  (1944),   Wood and 

Richter   (1933),   Harkrlder et  al.   (1963). 

r: 
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Greenlandlc Shield with Ice Cap 

111-103 

D        Alpha Beta Rho 

2.50 3.93 1.91 0.91 

16.50 6.25 3.7^ 2.80 

23.70 6.60 3.85 2.85 

37.30 8.05 i».67 3.30 

25.00 8.10 4.72 3.30 

100.00 8.20 4.54 3.44 

100.00 8.30 4.51 3.53 

80.00 8.70 4.76 3.60 

100.00 9.30 5.12 3.76 

Source:  Gregersen (1970), Brune and Dorman (1963) 
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Iceland 

D Alpha Beta Rho 

4.50 4.70 2.70 2.60 

3.50 €.30 3.60 2.80 

10.00 6.71 3.90 3.08 

10.00 7.38 4.30 3.15 

50.00 8.00 4.68 3.30 

160.00 7.90 4.40 3.35 

100.00 8.20 4.58 3.MJ 

200.00 8.20 4.68 3.40 

Source:     Tryggvasor   (1962),  BSth   (I960),  Tyggvason and 

Blth  (1961),  Tryggvason   (1973). 

. 
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Trlsh Continental Shelf 

f .50 

1.50 

2.00 

20.00 

6.00 

50.00 

100.00 

100.00 

200.00 

Alpha 

1.52 

2.20 

5.^0 

6.10 

7.30 

8.10 

8.10 

8.10 

8.10 

Beta 

0.00 

1.57 

3.18 

3.55 

11.21 

4.61 

4.60 

4.89 

Rho 

1.03 

2.55 

2.70 

2.82 

3.10 

3.30 

3.40 

3.55 

3.60 

Source:  Blundell and Parks (1969), Bamford (1971). 

t 
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Iberlan Shield 

III-106 

_D_ Alpha 

2.00 

18.00 

10.00 

20.00 

30.00 

100.00 

100.00 

100.00 

200.00 

3 AO 

5 .90 

6 .60 

7 .60 

8. 10 

8. 15 

8. ^9 

8. 81 

8. 81 

Beta 

2.00 

3.50 

3.70 

^.50 

^.70 

4.20 

4.77 

4.89 

4.89 

Rho 

2.30 

2.80 

2.90 

3.30 

3.35 

3.40 

3.53 

3.60 

3.60 

Source:     Payo   '1970),   Payo  (1964). 
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Mld-Atlantlc Ocean 

D        Alpha Beta Rho 

4.50 1.51 0.00 1.03 

0.05 1.52 0.15 1.65 

0.10 1.60 0.19 1.70 

0.10 1.71 0.37 1.79 

0.10 1.80 0.53 1.36 

2.00 5.00 2.85 2.66 

4.50 6.69 3.90 3.06 

50.00 3.00 4.68 3.30 

160.00 7.90 4.60 3-35 

200.00 8.20 4.68 3.40 

Source:  Ewlng (1969), Talwanl et al. (1965), Ewing et al. 

(1966), Katz and Ewlng (1956), Officer et al. 

(1952). 

■^ 
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Western America Tectonic 

TII-108 

D        Alpha Beta 

2.50 

2H.50 

13.00 

15.00 

50.00 

100.00 

100.00 

100 00 

3.00 

6.20 

6.80 

7.80 

8.20 

8.20 

8.20 

8.20 

1 .73 

3 ,54 

3 .87 

H 25 

1 38 

k 38 

1 50 

1 70 

Rho 

2.10 

2.83 

2.99 

3.30 

3.13 

3.52 

3.57 

3.62 

Source: Kanamorl (1970), Bücher and Smith (1971), 

Alexander (I963), Ewlng and Press (1959), 

Heezen (1972). 

X 
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Paclflc Ocean East 

D        Alpha Beta Rho 

3.80 1.5i 0.00 1.03 

0.01 1.52 0.15 1.65 

0.10 1.60 0.19 1.70 

0.10 1.71 0.'7 1.79 

0.10 1.80 0.53 1.36 

1.30 5.07 2.8G 2.67 

5.00 7.20 3.98 ^.90 

50.00 8.00 ^.68 3.30 

60.00 7.90 4.60 3.35 

100.00 7.90 4.60 3.35 

200.00 8.20 4.6^ 3.40 

Source:     Plemat tel   and  Nowi "oorl   nqfiql . ."1 a n f. rk    ( 

Salto and Takenjhl (1966), Dorman et al. (I960), 

Raitt (1956), Ewlng et al. (1969), Uthan and 

Nowroozl (1968), Kovach and Press (1961). 

M^ 
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Paclflc Ocean West 

III-11Ü 

D        Alpha 

5.50 

0.10 

0.70 

^.50 

50.00 

60.OC 

100.00 

200.00 

1 .51 

1 .60 

5 .07 

7 20 

8 20 

7. 90 

7. 90 

8. 50 

Beta 

0.00 

0.30 

2.88 

3.98 

1.72 

*.*Q 

h.ko 

*.7< 

Rho 

1.03 

1.65 

2.67 

2.90 

3.30 

3.35 

3.35 

3.HO 

Source Plermattel and Nowroozi (1969), Santo (1963), 

S?lto and Takeuchl (1966), Dorman et al. (i960), 

Raitt (1956), Ewlnf et al. (1969), Latham and 

Nowroozi (1968). 

K 
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Andean 

III-lll 

D Alpha Beta 

5.00 

15-. 00 

25.00 

100.00 

100.00 

100.00 

100.00 

100.00 

5.00 2.88 

6.00 3.46 

('..6o 3.58 

7.90 HA5 

8.CO k.ko 

8.00 ».HO 

8.20 4.67 

8.20 4.68 

Rho 

2 .67 

2 .87 

2 .99 

3 30 

3 32 

3 32 

3. 38 

3. 38 

Source:  James (1971), Fisher and Raitt (1962), Clsternas 

(1961). 

^ 



— ^ w^1 
nwi 

-303- 

Central Japan 

III-112 

D       Al£ha Beta Rho 

1.00 2.50 l.*7 2.50 

5.00 5.50 3.18 2.70 

16.00 6.00 3.^0 2.80 

10.00 6.50 3.70 3.00 

30.00 7.70 ^.37 3.20 

100.00 8.00 ^4.50 3.30 

200.00 8.00 ^.50 3.30 

Source:  Kamlnuir.a (1966), Mlkumo (1966), Asada and Asano 

(1972), Kurlta (1971). 
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various traces.  Note the change of period as a function of distance.  This 

type of dispersion has been studied by Chander et al. [1968] and can be used 

r 
to establish the range at which the PL-coupling occurs. Uslpg their figure 

on phase velocity versus period Indicates that for the SCB observation the 

ii . occurred near 20°. The PL onset at this range Is about 20 sec behind 

Irst arrival and falls on the travel time branch associated with the 

fciutto« transition zone as defined by Ibrahim and Nuttll [1967], thus the confusion. 

In fact, a number of workers have pointed out that for some reason the arrival 

from the bottom transition Is most easily Identified on the vertical or radial 

component, for example see Figure 8 of Kovach and Koblnson (1969J. 

There are other difficulties with working with SV waveshapes such as 

converted P waves arriving before the direct SV (see Kanasewlch et al.. 1974]. 

This feature can be seen in Figure 13 where the S onset Is unclear.  There 

is also the problem of waveform distortion caused by receiver function complexity 

-.car 20'.    That Is, when the reciprocal of the SV ray parameter approaches 

the surface compressionnl velocity one obtains a complex Interaction.  The 

result Is a waveshape distortion that Is a function of receiver geology and, 

obviously, difficult to assess.  For the above reasons we will rely entirely 

on SH although this made the data search much more dem/indlng. 

Table 1 lists the travel ''mes and events used in this study.  The 

times have been corrected for source depth and Instrumental delay.  That Is, 

we found that the WWSS instrument has about a two second lag in Its transient 

response compared to three seconds for the LRSM Instrument.  These v.ilnos 

wert rtocermined from Figure 2 so they also contain the correction for .in assurned 

0 and source dt--rlption.  The data are plotted in Figure 14.  We Included 

tin« f.M data from NTS events as given by Nuttll (1969) and found Rood af'.r»M"in>nt . 

The data from the Arctic event plot near the Borrego obsprvat inn« al 

Large ranges but plot progressively early moving towards smaller ranges 

- 
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i.ure 14).  This feature suggests shallow lateral varl. tlons as might 

■an .1 by the absence of a low velocity zone.  This conclusion Is 

uhscatitUtMl by the presence of a very strong Sn or high frequency S 

for r miw less than 20° for shield observations.  The waveforms beyond 

ire Joninated by deep structure and appear similar to the other 

11-i-rvations. 

SHEAR MODEL 

Our search technique for finding acceptable models was essentially 

trial and error with the goals of fitting the travel times of Figure 14 

and observed high quality SH waveforms.  We were guided In this search by 

.imilaritles in previously generated synthetic selsmograms and observed 

waveforms.  For Instance, the synthetic at A - 14° for model STAN3 (Figure 3) 

looks similar to the observations at A - 15.6* displayed In Figure 12.  From 

this comparison, one can roughly determine the relative position of the 

triplication.! by examining the step function response of S'. 1.    Proceeding 

In this fasM.on we obtained the models given In Figure 15.  The corresponding 

travel time triplications for the preferred model SHR14 are given in 

figure 14 for comparison with the first arrivals.  The synthetics are 

displayed in Figures 16 and 17. 

Some of the general features of our final model SHR14 are quite 

• i  ! r to those of STAN3.  The two maJ<Jr triplications associated with 

the 400 and 650 km transition zones still exist although considerably 

subdued.  Reflections from these two zones cross at 20°.  The small 

triplication produced by the velocity jump near 500 km  in conjunction 

with the constructive interference caused by the above cross-over 

produces extremely strong shear waves near 20«. Note the amplitudes 

near 20° are nearly an order of magnitude greater than at 30*. 
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"—:ui 20«. the synthetics are don.lnated by the first arrival with 

sonc- interference near 28° and with Uttl* «i»« f witn little sign of a second arrival 

beyond 30*. 

». ..jor featur« of th. d,ta tk.. dlctate thl, «.d.l .„ „03t 

-.«, dUcu.aed „lth resp.ct „ nsure Ui „„„. the mi]or trlpllcaUoii 

pouts and braoch croaalogs are labalUd.     „ ftttl„g the ob.erved 

-«f.». Ue var.f, the rel.tlve pOBltlon8 „  these ^^ ^^ ^ 

associated ««..     «. „U! d.vou th. tmaM„ „  thlB 8„tlon „ ^ 

a detailed comparison. 

Conparloa t- „„tootle, g.n.rated 1„ rigor.  16 „lth observations 

«Wt». a graat d.al of patch ™rk do. to th. lack of . con,iete profUe 

of Jata.    This Situation r.qulr.6 usi„8 8h<)rt protUe8 ^ „^„„^ 

• .rtlcular aourc.  functions; on, such comparison  Is given In 

"«-„ ,..     By fitting thaa. obs.rvatlon. „. hop. to d.t.rMn. th. ^.Ulon 

of branch DB .lth r..p.ct to braoch AB.    this d.t.r.l„atlon la .sp.claUy 

-portant sine. th. apparant v.locltl.s a. „.asur.d by flr.t ,rrlvals 

hetzen RE ar. consld.rabiy hlgh.r than th. branch DB Indict...     First. 

« »t. that  th. two IMH oba.rv.tlo„s In rigur.  U ar. v.ry „uch Ulta. 

and  that  th.y aUo agra. .lth th. aynth.tlcs of Figur. 16.     Me .8s„„e 

that «. s„6 source function 1, appropriate and group th... tuo .v.nts 

tog.th.r at ahortar rang.a aa given In Plgur. 18.     Th. da.h.d Une In 

in tl»e picks aa given In that rf., c.„ b, e.8lly 8een by ^^ ^ 

ob..r.atlon. In W^, „.    „„. „. ^ con.lder.ble dlfference8 ^ 

..v..h.p.. .lthou,h „. ot thu .f(8ct u ^^^ tmttmmM ^ ^ the 

c... o, mi.    Th... dl.to,tlon. or „v.^p. l„.t.bUltl.. could b. 
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caused „, lateral atruetur, or p.rlulp. „„,,., r-Utt)- ^ ^ 

-u.a.  „a „Ul ba p.WU, c0„c.rn.d wlth the ^ 50 ^ of ^^ 

nee tha lattar portion of th. racordlng. at. Infloaocad by .hallo, 

r«.»,. aova wavas, ... Fl8ura U).  „ „ „.,„ diffIciiU ^ eac<biish 

• - r-*-. ., flt of tu 8ynth.tlcs to the ob8erv.tlon8 ulthout i forMi 

'"" '^ b"t ^ ",,,  Ch™1" "- "« ^ «•- r.Utlva ,.p.r,tlo„ batwaao 

- «.«  .oa.tlv. P.aks a, a function of dl.t.nca.     , tr.c.d ov.rl.y  1. u..fui 

r«  «hi.  putpoaa.    Tha  llt  „ .,„„ ^^ ^ im|-tu  first ^^ ^ 

■«• «ppeat, .„all.  P.rt „ thl. dl..gr.enent .. cau8ed by ^^ ray 

™ eU„e in th.r ue n.8]ec^ ,. vertIc<l ridiation ^^^^ ^^^ ^ ^^ 

the first arrival about 10Z. 

Th. „.v.a„p.a of th. WWSS ob..r».tlon. at. .onald.r.bly „or. 

'«.rmta, than tha LRSM ax.,pl.. of Plgora 18 although thay .r. rath.r 

.p.rM (M. Flgura. 9 .„d 10,. Mo.t of th..e event. m ,tItkt_aHp ^ 

d.t.r.l„.d in th. llt.r.tur. and c.n b. co.Par.d dlractly .fth th. aynth.tlca 

of Figur. 16. „o„.v.r. thelr .ource ^ ^^^ ^    ^^ ^ ^ 

.»„..hat dlff.r.„t du. to „nation. In .„„re. d.pth lnd dl.locatlor 

«story.  Th. Mtch „ the synthK±c ^ ^^ ^ ^ ^ ^ ^ 

particularly convincing.  Th. lnt.rf.r.nc. In th. flrat P.ak of tha 

synthetic n.ar 17* Is obsarvad a. «.11 „„ ,1, a.rv.a aa «ell aa the aPPar.nt Pulaa broadening. 

It should also be noted that th» CH _Ba. j 
th. SH .«^Itudea Incr.aae rapidly .„roa. h,„v 

M- aS can be aeen by cohering the SH „ulae directly „.th th. Love „av. 

-sat.  It 1. „ot unco«™ to obaerve th. SH «.ve atronger than thv 

-race «avea near 20'.    Thl. .tron, focualn. of energy allo«. relatively 
»»all earth,„.k... Mriltud.. ,... t)M ^  ^ ^  ^^ ^ ^ ^^ 



"^^ 1 p««—•—^^^■w— 

IV-123 

11, 

' : '^^ ^ the ^ Nervation of n*^^  5 at „.,. „ Figure f< 

- - amplitude near 20» can al.o be observed In Nu^ (1969] data 

(- His Figure 6).  The synthetics fro« „odel SHRU dl,pl.Khese features 

™ry  «11.  This 1. not the case for the models IN and US26.  STAN 3 predicts 

strong amplitudes near 20° hm- I-K*. „».- near zu but the shapes are somewhat discordant, 

especially at 17°. 

Another Co«p.rU„„ „, USM obs.r..tl<m, „1th .,„th.tlc8 U glv.n 

i" rt,.,. ».   w. .88UMd . dlp.,llp .ource DS]4 (8ee ^^ n ^^^ ^^ 

.««M« sou,ce u**  the ^ llke ^ ^^^ ^^ ^ u> ^ is 

co^t^ie with tt. P w.ve r.dutl0„. Me „pUln ehe ^^^^ ^^^ M 

26* .a a coiiibIn.tlon of br.nch«. BC mt  CD. 

Beyond W it beco... Buch »,r. ditficit to „bt.in ,„.Uty tott 

- to th. .hear coupled PL „av. a. di.cua.ad ea-lier.  W. hav. to ral, 

" —-""" »—try to raaolva SH ao SV aloce rotating doaa not 

«.= too effootiva.  Th. latt.r portion of the BLC „av.ahap. (rigUr. „ 

>. dotted because of po.aibl. co„t.„i„.tlo„ by .trong SV TOtiou (PL problem) 

The front portion of the recording Indicating interference appear, accurate 

since thl. .hape 1. reproduced by „ny event. ,„ch a. th. ob..rv.d .hape 

.. MM fr„„ the Borr.go event.  Th. int.rf.r.nce at thl. rang. 1. the 

■n.v indication of the pre.ence of a triplication.  Thl. fe.tur. U used 

'■    1 I» rt. branch HI.  Paced „ith the lack of „uality „ave.h.pe. .t 

— rMM. „e atte»pted to „plore the d„„ain of po.aibl. „„del. that 

.«!.£, th. travel ti„e data, the If interference, end .av..h.p., beyond 

30» (U.k of ..cond arrival.). Th. «d.! ED« giv.n in Figur. l5 U „ 

•t.^pt .t including . lov v.loclty ..„. b.tVM11 400 .nd ,„„ ^ ^ 

interferenc. at 28« 1. relatively ...,  „ p^..,.. ,„..,„_ „ flt 
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'Au-  f-ril times requires that the 600 km transition be very large 

win li produces strong second arrivals beyond 30°.  One can suppress this 

feature by making the first arrival stronger (see Figure 17).  Yhe increase 

in velocity occurring at 850 kin produces this effect from 28 to 32° but the 

problon recurs at 35° (see Figure 20).  Synthetics for some other models 

are included for comparison.  We don't feel that the data supports much 

of a second arrival at these ranges (see Figure 8).   This model 

also predicts complicated waveforms from 20 to 24° as does the models 

l'S26 and IN.  The  first arrival is essentially diffracted energy 

.ind is thus small compared to the strong arrival returning from the 

f.00 km transition. 

On the other hand, most observations In the range 20 to 24° appear quite 

simple, for example, see MNN In Figure 9.  This observation is espeially 

clear since it occurs on a P-SV radiation node.  There is llttxe evidence 

of any motion on all three components other than SH and Love.  However, a 

small first arrival could still be lost in the background noise. To resolve 

the question we examined relatively strong signals as displayed in Figure 21. 

The OXF observation of the Borrego event which is well located has a back 

azimuth of 274°.  The trace goes off scale as expected but there does not 

appear to be a significant precursor. The same is true for the 5 July event 

as recorded at MNN.  This event Is also on a F-SV radiation node. A detailed 

«•arch ;or this small arrival proved fruitless.  For this reason, rfe conclude 

rhat ehe strong arrival occurring within the first few seconds of onset at these 

ranges is coming from the 600 km transition and that, therefore, the velocity 

must increase below 500 km. Any decieaae would move this strong arrival 

back in time as demonstrated in Figure 7 7. 

_ _____ 
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13. 

DISCUSSION 

At this point It seemB useful to compare the travel times predicted 

by the proposed models and discuss the various disagreements with respect 

to inadequate Inversion techniques versus problems of lateral variation. 

The reduced travel times relative to the Jeffreys-Bullen [1958] tables are 

displayed In Figure 22 assuming a surface focus.  The difference between IN 

; in travel times Is due to Interpretation of selsmograms as 

.. . t u n-ri earlier.  There does not appear to be any significant difference 

In S!! travel times as given by Nuttll [1969] even though we used different 

events.  Ut think the reason for this is that he used explosions which are well 

located and we used mainly well located and timed earthquakes such as 

Borrego Mountain, San Fernando, and Truckee.  The travel times predicted 

from the STAN3 model are substantially faster.  However, the change of 

slope was the actual measurement and the rapid increases at 20 and 

:;c are also apparent in SHR14.  The difference between 17° and 19° is 

due to the disagreement in branch crossings at B (see Figure U).    The 

•bovc differences are mostly disagreements in data handling and probably 

not caused by lateral variation.  On the other hand, the travel time 

difference between SHR14 and the Jeffreys-Bullen [1958] tables could 

easily be caused by regional structure. That is, the travel times appropriate 

for midwestern United States may be anomalous compared to Europe and other 

continental shield regions as suggested by the results from the Arctic 

üvent (Figures 8 and 14).  There is also the problem of distinguishing 

between Sn and S when processing shield observations for ranges less than 

20°.  This may be the reason why the major transition rone at 400 km was 

not discovered earlier. 
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1A. 

RESULTS 

We have attempted to determine a shear model that fits both 

travel times and waveshapes, essentially by trial and error.  Flttlnc fine 

ütnirmn hv this method Is extremely difficult and somewhat inef f ic i.-nt.  For 

this     »n w>' have tried to produce a starting model for formal inversion 

i >w being developed by exploring the possible domains of solutions 

nv.ill.ii'lc.  Wc think SHR14 Is a promising candidate.  A slightlv smr-V.td 

v. r-: .. ilong with a P-raodel, essentially L1A proposed by Helmberger and 

.. [tt»ina [19711 that has transition zones In roughly the same loctluns, 

Is given In Figure 23.  We also Included a mod 1 proposed by Jordan a.d 

■Vderwon [1967] for comparison.  The model parameters are given In Table 2. 

In summary, we will review the major structural features of our model 

thai predict realistic seismograms fitting the data.  However, due to the 

data distribution we have determined some parts of the model considerably 

better than others.  We will attempt to convey the features which ve think 

are well constrained by this study.  First, the structure near the surface 

is taken from Stewart and Pakiser [1962] who have observed both P (8.2; and 

S (A.45) on the same profile of the Gnome explosion.  These velocities are 
n 

In agreement with measurements made in southern California using quarry blasts 

presently being investigated.  The structure of the low velocity zone, LVZ, 

taker, from Helmberger [19731.  But since the structure of the LVZ is highly 

variable in western United States [York and Helmberger. 19731, this model 

cm only be considered as representative. Fortunately, the details of the LVZ 
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15. 

.in not j'.itMtly influence our upper mantle structure except by slight vertical 

shifting.  The velocity below 200 km is fixed by the (dT/dA) values, essentially 

the slope of the branch AB In Figure 14.  This branch appears to start at 

about 13'', In that the first arrival contains higher frequency than the correspond- 

ing Love wave with these high phase velocities (see Figure 9).  At larger 

ranges, the AB branch bends downward indicating a positive velocity gradient. 

This feature suggests relatively strong first arrivals which can be seen 

in Firt'ire 18. The overall fit of the synthetics to observed waveforms over 

he rAnge 14 to 19° is quite good which leads us to conclude that the model 

fron 200 to 450 km is reasonably accurate.  (We will postpone questions about 

hew accurate to a later date.)  The transition at 500 km is based mostly 

on amplitude and waveshape data.  Since the velocity must increase substantially 

below 450 km to obey the first arrival times (s:e Figure 14) we simply added 

this structure to produce the proper waveshapes and produce the large amplitudes 

•;ear 20°.  At larger ranges the apparent velocity increases rather abruptly 

ce Figure 14) at about 23°.  Similar values were obtained by Kovach and 

ivobinaon [1969] as is evident from the slope of the reduced travel time curve 

.ilsplayed in Figure 22.  The magnitude of the 600 km transition zone can 

be (lotcrmined by the jump in velocity whereas its smoothness can be ascertained 

by the lack of prominent second arrivals as indicated in Figure 8.  At greater 

■: »pths the velocity approaches Bl. 

In conclusion, a preliminary model of both compressional and 

shear velocities is presented.  The importance of the seismic parameter. 

«a* 
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determined from these velocities. In assessing phase changes versi's 

conDositlonal changes Is obvious.  We expect the model to be "leered 

sonewltat with the addition of wide-band array measurenents ana better 

Invi'i-^ion techniques.  Nevertheless, a mlneraloglc Interpretation of 

these combined profiles phcild prove Interesting. 
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Table 1. 

IV-I33 

IV-132 

Location 
I.at, Long. 

n\u.\r    »I 

31 Mar oA 

4. ... N 126.2 W 

50.8 N 130.2 W 

>»v ■ t 

Origin Tlae 
h m a 

09/27/9.3 

09/01/30 

3   5 July M  26.2 N 110.2 W    19/7/59 

4  LI July 64  44.7 N 129.9 W    06/47/54 

*4  43.5 N 127.5 W    13/59/37 

6 1 Oct 64    45.7 N 122.8 W    12/31/24.6 

Station 

MNN 

MDS 

GOL 

MDS 

B0Z 

COR 

LON 

MNN 

ATL 

MNN 

KNUT 

SGAZ 

JRAZ 

LCAZ 

HRAZ 

GEAZ 

RTNM 

JRAZ 

LGAZ 

GEAZ 

RTNM 

LUB 

Distance 
A.deg 

24.05 

26.69 

20.60 

28.63 

19.25 

21.05 

22.35 

23.04 

23.48 

24.25 

12.94 

13.49 

14.81 

15.37 

15.69 

16.42 

18.<>2 

14.44 

14.99 

16.04 

18.49 

21.87 

Trav»! Time 
(mir. ft  sec'* 

r 
10 

8' 

10' 

8' 

I« 

9' 

9' 

9 

9' 

I' 

5' 

6* 

I' 

6" 

7' 

7' 

6' 

6' 

6' 

V 

8' 

.5" 

21" 

37" 

42" 

8.5" 

44" 

11" 

19" 

28" 

40" 

34" 

«♦6" 

22" 

35" 

45" 

I" 

59" 

ir 

25" 

51" 

50" 

59" 

m 



"able 1    (continued) 
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n 11 c Location 
Lat.       Long. 

31.9 N    117.1 W 

S        H   St -t   66 >9.4 N    120.1  W 

*        23  Nov 67 80.2 N        1. W 

Origin Time 
♦-ma 

Station 

MNN 

Distance 
A.deg 

22.70 

Travel 
(min & 

Time 
aec) 

20/54/35.3 12H 

FLO 22.81 15" 

MDS 24.38 40" 

16/41/1.7 FSJ 15.31 40" 

JCT 18.80 59" 

PFC 19.60 4" 

MDS 23.04 19" 

13/42/02 UME 17.48 17" 

KON 20.90 33" 

NUR 21.16 39" 

PBC 24.29 36" 

CMC 27.75 31" 

BLC 28.33 43" 

YKC 32.78 33- 

LOR 33.10 58" 

FCC 33.27 57" 

STJ 37.17 8" 

PTO 39.29 2^" 

TOL 40.46 50" 

SES 43.99 38" 

PHC 45.93 12" 

nrr 46.27 16" 
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No Date Location 
Lat.      Long. 

Origin Tl»e 

1 >  Her  67 44.2 N    128.8 U 06/26/16 

•  Apr  68 33.1 N    116.1 W 02/28/59 

Station "H stance 
A.deg 

Travel Time 
(mln & sec) 

DUG 12.52 5 >  24" 

SES 13.56 5 1  48" 

EDM 13.61 5 '  50" 

GOL 17.98 7 '  36" 

TUC 18.43 7 1  50" 

ALQ 19.5 « '   U" 

YKC 20.12 3 '  18" 

COL 23.30 9 '  22" 

LUB 23.37 9 '  27" 

CMC 24.77 9 •  45" 

LON 14.30 6 1       9M 

OXF 22.21 9 5" 

ATL 26.51 10 13" 

AAM 27.13 10 22" 

BLA 29.35 10' 59" 

SCB 30.55 21" 

SCP 31.31 36" 

OTT 33.26 1" 

BLC 33.62 12.5 

OGD 33.78 12.5" 

WES 36.25 51.5" 

SFA 36.83 56" 

SCH 40.55 50" 

HAL 41.81 12" 
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No.    Date 

i o  ■> •. };ov 7n 

1J   0 Feb 71 

Location 
Lit.  Long. 

Origin Ti« 
h m s 

3.78 N 12745 W    3/11/43 

34.41 N 118.40 W    17/00/42 

. '.  /I A9.6 N 129.5 W 5/50/5.8 

Station Distance Travel 
(min & 

Time 
aec) 

GOL 16.96 7' 17»' 

ALQ 18.44 V 49»? 

JCT 25.59 10' 2" 

FLO 28.14 10* 40" 

OXF 30.69 ir 24" 

DAL 18.06 V 38" 

FLO 22.88 9' 15" 

SHA 23.87 r 34.5" 

LHC 26.16 10' 5" 



■■PWHHIMaaM 

IV-U6 

Table II 

Depth 
% 

V. 
♦ 0 

25 6.80 3.69 28.09 .291 

50 8.20 4.45 40.84 .291 

75 7.81 4.30 36.34 .282 

100 ;.92 4.43 36.56 .272 

125 8.02 4.44 38.04 .279 

150 8.14 4.46 39.74 .285 

175 8.24 4.48 41.14 .290 

200 8.32 4.50 42.22 .293 

225 8.36 4.52 42.65 .293 

250 8.41 4.54 43.25 .294 

275 8.45 4.56 43.68 .294 

300 8.49 4.58 44.11 .294 

325 8.53 4.62 44.30 .292 

350 8.57 4.65 44.62 .291 

375 8.63 4.72 44.77 .286 

400 9.10 4.98 49.74 .286 

425 9.53 5.12 55.87 .297 

450 9.57 5.17 55.95 .293 

475 9.62 5.18 56.77 .295 

500 9.71 5.23 57.81 .295 

525 9.92 5.39 59.67 .290 

550 10.07 5.43 62.09 .295 

575 10.13 5.43 63.31 .2*? 

600 10.19 5.48 63.80 .296 

\ 
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Depth 

625 

650 

675 

700 

725 

750 

775 

800 

825 

850 

875 

400 

91'5 

950 

975 

1000 

1025 

1060 

p 8 

10.29 5.59 64.22 .290 

10.41 5.76 64.13 .279 

10.74 5.94 68.30 .279 

10.93 6.07 70.34 .277 

10.98 6.09 71.11 .277 

11.02 6.12 71.50 .277 

11.06 6.15 71.90 .276 

11.11 6.19 72.35 .274 

11.15 6.23 72.57 .273 

11.19 6.26 72.97 .272 

11.23 6.29 73.36 .271 

11.27 6.32 73.76 .270 

11.31 6.34 74.32 .270 

11.35 6.36 74.89 .271 

11.39 6.38 75.46 .271 

11.44 6.40 76.26 .272 

11.49 6.42 77.07 .273 

11.53 6.43 77.82 .274 
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FIGURE CAPTIONS 

Figure 1.  Comparison of models proposed from shear wave observations 

with a predicted shear profile based on rheoretical mineralogic 

considerations. 

Figure 2.  Effective source function containing surface Interaction as a 

function of epicentral depth; contains time history, instrunent 

and abso^pilon. 

Fieure '\.     Synthetic profile based on STAN3 assuming SH6 as the effective 

source function. 

Figure 4.  Synthetic profile based on IN assuming SH6 as the effective 

source function. 

Figure 5.  Synthetic profile baaed on US26 assuming SH6 as the effective 

source function. 

Figure 6. Map locating stations and events.  Events are identified in 

Table 1 according to date (see Table 1). 

Figure 7. Map locating an event in the Greenland Sea relative to stations 

using an Arctic projection. 

Figure 8.  Profile of observations from events 23 Nov 67 (Arctic) and 

9 Apr 68 (Borrego). 

ri«ur« y.  Sample recording of WWSS observations of simple events.  Note 

that FBC and BLC are of the Arctic event. 

figure 10. Examples of large amplitude arrivals near 20*. 

Figure 11. LRSM observations of two simple events off Oregon as recorded by 

the same station. 
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I ■ •!.• iJ.  Example of Interference caused by upper mantle triplication. 

Observations are of one of the events displayed in Figure 11. 

ligure 13. Observations of the Borrego event as recorded on three components. 

Particle motions as well as a component product Z*EW is 

included for studying the PL problem. 

Figure 14.  Reduced travel time plot based on SH data. 

Figure 15.  Proposed upper mantle models. 

Figur« 16.  Synthetic profile based on SHR14 assuming SH6 as the effective 

source function. 

Figure 17.  Synthetic profile based on ED42 assuming SH6 as the effective 

source function. 

Figure 18.  Comparison of synthetics with observations assuming SH6 as the 

effective source function. 

Figure 19.  Comparison of synthetics with 4 June 64 observations assuming 

a dip-slip source (DS14). 

Figure 20.  Comparison of proposed models at 35* displaying the magnitude of the 

second arrival. 

Figure 21.  Example seismograms showing the strong onset of arrivals.  Arrows 

mark the arrivals as determined by the authors. 

Figure 22.  Comparison of residuals of travel times as referenced to the 

Jeffrey-Bullen tables. 

fi^a.v. .'3. Comparison of SHR14 with a model determined from free-oscillations 

by Jordan and Anderson. 

■ 
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STRIKE-SLIP DIP-SLIP 
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