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ABSTRACT 

The well-known first motion method of Nakano and Byer]y is extended, generalized and com- 
bined with recent new ideas in body wave theory in order to set up a routine procedure for 
extracting source parameters from spectral analysis of isolated P and S pulses recorded at a 
net of standardized stations around a non-shMlow source. 

The method consists of compensating the observed spectrums for instrumental and propaga- 
tional effects. A combined study of the resulting radiation patterns, initial phases, and the 
initial amplitudes will render information regarding the spatial and temporal nature of deep 
and intermediate earthquake sources as seen through the spectral window of 10-100 seconds. 
The shorter periods can be used for source studies only if an accurate station correction is 
available. 

INTRODUCTION 

Early observations on the existence of certain regularities in the distribution of 
the sense of first-motions led seismologists to the development of a technique by 
which first-motion data was interpreted in terms of the orientation of an equivalent 
force system at the source. Numerous earthquakes have been analyzed by various 
investigators since Byerly (1926) first applied Nakano's  theory (1923) to the Mon- 
tana earthquake of June 28, 1925. The mere fact that  the initial motions from many 
earthquakes could be fitted with a reasonable amount  of scatter, to Nakano's 
simple model, indicates that seismic sources can be classified according to certain 
categories and hence can be expressed in terms of some parameters which may vary 
from one earthquake to another. However, in order to derive these parameters from 
the seismogram one nmst consider not only the initial motion but rather the entire 
spectrum of the pulse. 

Recent investigations by Brune (1964a, b) and Ben-Menahem (1964a) have 
clarified the relationships between isolated body wave pulses and the total dis- 
placement field which the seismic source induces in the spherical earth. These 
studies show that  each ray arrival carries with it source information which can be 
retrieved by the same technique used previously for the analysis of long period 
surface waves. Thus, it becomes unnecessary to go through the fornfidable process 
of the numerical solution of Lamb's  problem for a layered spherical earth if one 
wishes to study only very particular portion of the total field. 

Assuming the validity of ray-theory and considering the earth's mantle as a 
linear system we may look on the spectrums of P and S pulses at the far field as a 
product of a number of factors which depend on the history of the signal. That  is to 
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say, we may trace the ray back from the station to the source and correct, one by 
one, for all the factors which took part in shaping the waveform of the signal. In 
the present paper we shall restrict our discussion to non-shallow shocks which we 
shall define by the condition p*P-P > 45 sec (h > 300 kin) where p*P is the first 
reflection arrival from either the free surface or the bottom of the crust at the source. 

1. Removal of Crustal Distortion 

Haskell (1960) carried out the calculations for the response of an arbitrary 
layered elastic medium to incide~lt plane harmonic waves of P and SV types using 
the layer matrix technique which he had outlined earlier. Neglecting the curvature 
of the wave-fronts, we have used here Haskell's formulation to calculate the ampli- 
tude and phase of horizontal arid vertical components of the surface motion due to 
plane waves incident at the base of a stack of layers. This calculation was made for 
a number of well documented crustal models in an attempt to determine if the dis- 
tortion of the body wave signal by near surface layering is significant enough to be 
considered when making source mechanism studies. In order to compare the forms 
of P and S waves at different stations, the frequency dependent transmission coeffi- 
cients for each layered model were multiplied by the frequency response of a criti- 
cally damped long period seismograph of the type used in the USCGS Worldwide 
standard stations (30 second pendulum, 100 second galvanometer). Then, using a 
synthesis technique described by Aki (1960), a plane wave, with a delta function 
time dependence, was simulated at the base of a stack of layers, and the resulting 
transient pulse in both horizontal and vertical motion was calculated at the surface. 
As a check on the quality of the frequency synthesis, a model was used where all of 
the layer parameters were the same, thus there should be no change in the pulse 
form due to the layered medium. The resulting surface motion was rectilinearly 
polarized and closely approximated the impulse response of the seismograph system. 

A machine output for a particular case is shown in Table 1. A plane wave of unit 
amplitude is incident at an angle of 23.64 ° (apparent velocity of C = 20 km/sec) 
below a Gutenberg CEGH Upper mantle model. The colunms from left are: Fre- 
quency F (cyc/sec), period T (sec), phase difference (deg) between vertical and 
horizontal spectral ground motion, horizontal surface ground motion, vertical sur- 
face ground motion, phase of vertical ground motion minus ~/2 (parts of circle). 
The last four columns from the right give the spectrums of horizontal and vertical 
seismogram traces written by a standard seismograph system (30-100) with peak 
magnification of 2.2. Phase delays are in seconds. 

The crustal structures which were used in the various examples are given in 
Table 2. The last row in each structure refers to the half-space below the layers. 
The structures were taken from Healy (1963), Roller and Healy (1963), Jackson, 
et al (1963), Aki and Press (1961), and Aki (1961). 

Crustal amplitude responses for these models are shown in Figures 1-5. These 
results show very clearly that the different geologic provinces are significant even 
for periods as long as 10 seconds. This agrees with former results of Phinney (1964). 
I t  is thus evident that the shorter" periods cannot be used for source studies unless 
an accurate station correction is applied. 

Phase delays vs. period are exhibited for a number of models in Figures 6 and 7. 
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The combined effect of the layering and the seismograph system (30-100) is 
shown in Figure 8 for the Gutenberg CEGH model together with the response of 
the 30-100 seismograph system. The function {amp (~)e 'e~(')} (such as is shown in 
Fig. 8) may be considered as an inverse filter to be applied to the observed spee- 
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truins of body waves from nonshallow shocks The application of such a filter to 
periods above 10 see virtually projects the body wave pulse below the crust. 

Figures 9 and 10 show the combined impulse response of various layered strue 
tures and a long period seismograph to incident S and P waves respectively The 
synthesis was performed using 80 frequency bands of equal width between 00  and 
0.5 eps, and the time function was computed at intervals of 1 second The general 
shape of the P wave is predominantly eontrolled by the seismograph characteristics; 
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however, the peak amplitude and some of the shorter period oscillations are strongly 
affected by the layered structure. This is as expected, the predominant distortion 
of the waves that occurs for wavelengths comparable with the layer thickness. 

The S wave pulse distortion shown in Figure 10, appears to be somewhat more 
complicated than the P waves shown in Figure 9. This is because some of the con- 
verted waves arrive before the direct S wave. The first arrival visible in most cases 
is converted from S to P at the base of the stack of layers and travels through the 
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crust as a P wave. Many of the other apparent arrivals can be identified with par- 
ticular paths in the layered structure. The largest pulse in all examples shown in 
Figure 10 corresponds to the direct S wave. In Figure 9 the first arrival in all cases 
is the direct P wave. 

The object of displaying these pulses is not to identify the multiple reflections 
and converted arrivals but to show the kind of pulse distortion that can be expected 
from a layered structure and to obtain an estimate of how long a time interval 
should be considered when doing experimental analysis of real seismograms. In the 
experimental analysis it will be important to include all the converted waves and 
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FIG. 4. Crus ta l  and  subcrusta l  spectral  ampl i tude  responses to an  incident  body shear wave 
(horizontal  component  of SV) of uni t  ampl i tude  and phase  veloci ty  of 25 km/see.  

multiple reverberations in the time sample selected. From Figures 9 and 10 it is 
clear that  a typical time will be 45 seconds. I t  is important  that no other phases 
interfere during this time interval, so the analysis must be restricted to earthquakes 
that  occur at depths greater than about 300 km where the time for the first reflec- 
tion from either the free surface or the bot tom of the crust is greater than 45 seconds. 
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2. Compensation for Effects of Wave Propagation in the Spherical Earth 

The proper interpretation of the body wave spectrums requires that  we establish 
a correspondence between the particular pulse under consideration and the com- 
plete eigenvalue solution in the spherical earth. Ben-Menahem (1964a) used 
Watson's transformation and the W K B J  approximation to obtain relations between 
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Fio.  7. Phase response of plane shear wave (vertical corn portent) for d iffere n t  structures.  
Wave is incident  with a phase velocity of 25 km/see  aad zero in i t ial  phase.  

the index trio (/, m, n) of a normal mode in a sphere and the corresponding param- 
eters of the ray trajectory associated with this mode. These are given in the form 

dt~ R sin i 1 -~ ½ a 
p = a dA v(R) ~1  c 

1 <  n < ncol_a 
v(a) 

(1) 

where p is the conventional ray parameter, a is the radius of the earth, R is the 
radial coordinate, l is the order of the normal mode and n is the mode number. 
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. ~ ,  is the angular frequency of a normal mode, c is the phase velocity of the normal 
mode (apparent velocity of ray) ,  v is intrinsic body wave velocity of the medium at 
level R, i is the angle between the radius vector and the tangent to the ray at level R. 
Finally, dtp/dA stands for the derivative of the phase travel time tp with respect to 
the epicentral distance A (kin). The spectrum of the direct arrivals of P or S waves 
at  the far field from a dipolar source in a non-absorptive earth, are given approxi- 

o 5 ~ - i ,  , I I ; / - . ~  I f ,  I , I 
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FIG. 8. a. The combined response of a surface layering (P-GG) and a seismograph (30-100 
Press-Ewing) to the vertical component of a dilatationul body wave of unit amplitude and 
phase velocity of 25 km/sec. Peak magnification of seismograph is set at 2.2. b. Amplitude and 
phase response of a 30-100 Press-Ewing long period seismograph system with zero coupling and 
critical damping. 

mately (Bremmer, 1949, Ben-Menahem, 1964a) by  

1 P R 2 ) 

u(~)  - J_~ e ~ 
~ / s i ~  . f ( h  ~ , )  ~/~k,~R~ - Z(Z + 1) 

(2) 

where some numerical constants in front of the integral have been suppressed. The 
function f(1; , ~ )  represents the amplitude response of the layered earth. I t  depends 
on the source-type, the wave-type (P, SH, SV) and on the elastic constants of the 
layered earth (Gilbert and MacDonald, 1960, Ben-Menahem, 1964b). In equation 
(2) A = aO, ~k,v(R) = ~ and ~rz is the radius vector to the position i = ~r/2. 
m is the degree of the normal mode. For a non-rotating earth, m will depend only 
on the source. 
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The error term in equation (2) is O(m2/l sin t~) with the additional condition 
< n < ~wza/v(a), as given in equation (1). 
Next, the integral in equation (2) is evaluated by the saddle point method 

(Bremmer, 1949). I t  is easy to verify that the saddle point l0 for the direct arrival is 
given by 

fff lo dR 
~(lo) = 2 ~ R~c/nk~2R ~ --  -lo(lo -~ 1) (3) 

Comparing this expression with its analog in ray theory (Bullen, 1953) we can 
write the saddle point as l0 = ~oz sin i /v  (a), which in light of equation (2) is Snell's 
law in disguise. The evaluation of the integral in equation (2) at the saddle point 

2 2 1 = l0 contributes the factor 1/a l d x(lo)/dlo r-1/~-lo 1/~ (cos i)-1, where x(10) is the 
phase of the integrand. But since I d2x(lo)/dlo~"[ = I dO(lo)/dlol we obtain the well 
known divergence factor D, 

D =-1 ~ /  tani0di0 ( 4 ) 
a ' V  sin v~ dO 

For a deep source we must replace dio/dO tan i0 by (sin/h/cos i0)(dih/dO) where i~ 
is the angle of emergence of the ray at the source and i0 is the angle of incidence of 
the ray at the base of the low velocity layer. The ease dih/dt~ = 0 indicates the 
presence of a caustic and requires a third order saddle point approximation. 

The divergence factor can be obtained by simple geometric arguments (Jeffreys, 
1926) or equivalently from the Eikonal function with the aid of Gauss's theorem 
(Karal and Keller, 1959). 

The initial phaseq~0(~0) of the direct P and S waves is obtained from the spectrums 
of these waves analogous to its derivation from the spectrums of surface waves. 
Namely, 

~b0(*0) = f ( A  to)~- Fourier phase + [n(¢o)-  1 ] -  ~Pinst. - -  ( ~ p )  . . . .  t .  ( 5 )  

In this expression c is the phase velocity, assumed to be common to all the modes 
which constitute the isolated signal, to is the difference between the time of origin 
and the first arrival of the pulse. The Fourier phase is also measured relative to this 
fidueial time. The mode number function n(~0) for the propagating body wave is 
that introduced and measured by Brune (1964b). The function (~ )  .... ~ is the 
excessive phase advance due to the crust below the recording station. I t  is assumed 
that the mantle does not introduce phase shift other than those which are already 
included in the term f ( t  - A/c). 

It  remains to compensate for the loss of energy due to the anelastieity of the 
mantle. Recent studies in this field (Anderson and Arehambeau, 1964) express the 
departure from pure elasticity by the intrinsic Q function which depends on the 
depth alone. Thus the total attenuation of a given angular frequency ¢o along a 
given ray is governed by the factor exp { - f  ~ (~o, s) ds} where s is the ray parameter 
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and 3,(o~, s) is the attenuation coefficient along the ray. Inserting 

ds - v dR . o~ R 
s )  = ; , - 

' 2Q(R)v(R) v(R) 
(6 )  

Making use of equation (1), we obtain the total attenuation correction 

2 
¢o f V dR log (attenuation correction) = ~ "~' " V " ~  RQ(R) - ~g (a ;  h) (7) 
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FIG. 11. To ta l  d iminu t ion  of a spectral  componen t  of a S-wave due  to divergence 
and  a t t e n u a t i o n  along i ts  ray  for a realistic spherical  ea r th  model.  

The integration is performed along the radius from the source level to the bottom of 
the ray and from there to the free surface, including the crust. 

It  is assumed that Q is independent of frequency. Causal phase shifts are neg- 
lected. For a constant Q = Q0, the attenuation is approximately given by 
exp {-o~r/2Q0}, r being the travel time along the ray, as given in the Jeffreys- 
Bullen tables. 

The total diminution De -~a(a:h) which combines the effects of divergence and at- 
tenuation is shown hi Figure 11, for the spectral period T = 30 sec. It was computed 
for this period and others with the aid of (i - A) curves of Ritsema (1958). At- 
tenuation correction was obtained by numerical integration for a Bullen A velocity- 
depth profile (Bullen, 1953) and model H for Q(R) (Anderson and Archambeau, 
1964). The numerical evaluation of the function g(A, h) led to the approximation: 

a [ s i n ( i h - - i o )  l lO-ase c 
g(A; h) ~ ~ sin ~h (8) 

where ih is measured from the vertical to the tangent of the ray (0 _< ih =< 360 °, 
0 -< i0 =< 90 °) as shown in Figure 12. A typeout of a routine program which com- 
putes the attenuation and the divergence coefficients for a set of rays emanating 
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from a given depth, is shown in Table 3. The columns from left to right read: epi- 
central distance in degrees, epicentral distance in kin, angle of emergence in degrees, 
angle of incidence in degrees, divergence factor D, the attenuation factor 
exp {-~g(A,  h)}, the total diminution and its reciprocal. Note the slow variation 
of the attenuation with both the epicentral distance and the sources depth, for A 
24 ° . 

3. Point-Source Models and Their Radiation Patterns 

For the purpose of our study it is sufficient to assume that  the source is imbedded 
in a homogeneous bulk of elastic material which extends over a region that  is smah 

FIG. 12. Curved ray pa th  in the ear th  and ruy parumeters.  

as compared to the epicentral distance of the nearest station. Let k~, k~ be the 
longitudinal and shear wave numbers respectively in the source's linear region. 
The spectral displacement field on the boundary of this region is assumed to be 
solutions of the Helmholtz vector wave equation, 

1 g r a d d i v U ~ -  1 curl cu r lU  (9) U = - k,--~ k--i 

with a given distribution function for the initial displacement vector U0 at the 
source. 

The general solution of this equation, written in the compact operational notation 
of Morse and Feshbaeh (1953, Chap. 13) 

4rUp = v~ ~ ~ { (Gp. n) div U0 - (U0. n )  div G~ } dS (io) 
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T A B L E  3 

C O M B I N E D  A T T E N U A T I O N  ~kND D I V E R G E N C E  F ~ C T O R S  F O R  T = 3 0  S E C .  

D [ / D O t L I A  - 0 . 4 4  {)EP TH :~76. OOKM VO 7. I~KM/S~:C VH 8.86~M/S~C RHO~, 3 . 3 2  RHOH 

D I S T | D L G )  D I ~ I i K M )  1~ lO OlV AT1 DIMINU 
2 4 . 0 0  2656.64 12~.56 42.55 0.0012~5 0.916 0 . 0 0 1 1 4 9 2  
/5 .00 2 1 1 7 . 1 5  129.00 42.23 0.00122~ 0.915 0.00111o9 
16.0~ 2 8 8 8 . 8 6  12~.44 41.91 0.001192 0.915 0.0010903 
17.00 2999.97 1 2 } . 8  41.5~ 0.001163 0.914 0.0010632 
~ . 0 0  3111.08 I~U.3Z 41.25 0.001135 0.914 0 . 0 0 1 0 3 7 4  
Z9.00 3 2 2 2 . 1 g  130.16 40.93 0.001109 0.913 0.00|0129 
~U.o0 3333.30 l ~ l . 20  40.60 0.001084 0.913 0 . 0 0 0 9 8 9 6  
~1.00 3444.41 131.6~ 60.27 0.001080 0.912 0.0009671 
32.00 3555.52 1~2.0~ 39.93 0.001038 0.912 0.0009457 
33.00 3666.63 1 3 2 . 5 /  39.60 0.001016 0.g11 0.0009253 
~ 4 . 0 0  3 1 1 7 . 1 4  132.96 39.27 0.000995 0.910 0.0009056 
35.00 3888.~5 I ~ . 4 ~  38.93 0.00097~ 0.910 0.000886/ 
36.00 3999.95 133.8~ 38.59 0.000955 0.909 0.0000686 
37.00 4111.07 134.2o 38.26 0.000936 0.909 0.0008511 
J 8 . 0 0  4 2 2 2 . 1 8  1 3 4 . 7 Z  3 7 . 9 2  0 . 0 0 0 9 1 8  0 . 9 0 8  0 . 0 0 0 8 3 4 2  
39.00 4 3 3 3 . 2 9  135.16 3 7 . 5 8  0.000901 0.908 0.0008180 
4 0 . 0 0  4 4 4 4 . 4 0  1 3 5 . 6 b  3 7 . 2 4  0 . 0 0 0 8 d 4  0 . 9 0 7  0 . 0 0 0 8 0 2 3  
4 1 . 0 0  4555.51 130.04 36.89 0.000858 0.901 0.0007811 
4 2 . 0 0  4666.62 136.45 36.55 0 . 0 0 0 8 5 2  0.906 0 . 0 0 0 7 7 2 4  
~3.00 4 / /7 .73  130.9c 36.21 0 . 0 0 0 8 3 1  0.906 0.0007581 
44.00 4 8 8 8 . 8 4  13/.36 35.86 0 . 0 0 0 8 2 2  0.905 0.0007443 
45.00 4999.95 I~1.85 35.52 0.000808 0.905 0 . 0 0 0 / 3 0 9  
46.00 5111.06 13d.24 35.17 0.000794 0.904 0.0007179 
4 / .00  5 2 2 2 . 1 1  I ~ . 6 ~  3 4 . 8 2  0 . 0 0 0 1 8 0  0.904 0 . 0 0 0 7 0 5 3  
48.05 5 3 3 3 , 2 8  139.12 34.41 0.000767 0 . 9 0 3  0 . 0 0 0 6 9 3 0  
49.0U 5 4 4 4 . 3 9  119.55 34oI~ 0 . 0 0 0 7 5 4  0.903 0 . 0 0 0 6 8 1 |  
5 0 . 0 0  5 5 5 5 . 5 0  140.0~ 3 3 . 7 7  0 . 0 0 0 7 4 2  0 . 9 0 2  0 . 0 0 0 6 6 9 4  
51.00 5606.51 160.4~ 33.42 0.000730 0 . 9 0 2  0 . 0 0 0 6 5 8 1  
~Z .O0  5 ? 7 7 . 7 2  1 4 0 . 8 o  3 3 . 0 7  0 . 0 0 0 7 1 8  0 . 9 0 1  0 . 0 0 0 6 4 / 1  
~ 3 . 0 0  5 8 8 8 . H 3  1 4 1 . 3 2  3 2 . / 2  0.000706 0 . 9 0 1  0 . 0 0 0 6 3 6 3  
5 4 . 0 0  5 9 9 9 . 9 4  l q l .  Tb 3 2 . 3 6  0 . 0 0 0 6 9 5  0 . 9 0 0  0 . 0 0 0 6 2 5 8  
55.00 6111.05 I~2.2{ ~ 3 2 . 0 1  0 . 0 0 0 6 8 4  0 . 9 0 0  0 . 0 0 0 6 1 5 5  
5 6 . 0 0  6 2 2 2 . 1 6  ~ 2 r .  6~ 3 [ ' ~ b  0 . 0 0 0 6 1 3  0 " 9 0 0  0 . 0 0 0 6 0 5 5  
~ 1 . 0 0  6 3 3 3 . 2 1  1 4 ~ . 0 h  3 1 . 3 0  0 . 0 0 0 6 6 3  0 . 8 9 9  0 . 0 0 0 5 9 5 1  
5 8 . 0 0  6~44.38 143.5~ 30.94 0 . 0 0 0 6 5 2  0 . 8 9 9  0.0005861 
5g.GO 0 5 5 5 . 4 9  1 4 3 . 9 o  3 0 . 5 9  0 . 0 0 0 6 4 2  0 . 8 9 8  0 . 0 0 0 5 / 6 7  
6 0 . 0 0  6 6 6 6 . 6 0  1 4 4 . ~ 0  3 0 . 2 ~  0 . 0 0 0 6 3 2  0 . 8 9 8  0 . 0 0 0 5 6 7 5  
6 1 . 0 0  6 7 7 7 . 1 1  1 4 ~ . 8 ~  2 9 . 8 7  0 . 0 0 0 6 2 2  0 . 8 9 7  0 . 0 0 0 5 5 8 6  
6 2 . 0 0  6 ~ 8 8 . U ~  1 ~ 5 . 2 ~  2 9 . 5 i  0 . 0 0 0 6 1 3  0 . 8 9 7  0 . 0 0 0 5 4 9 8  
6 3 . 0 0  6 9 9 9 . 9 3  1 4 5 . 7 2  2 9 . 1 5  0 . 0 0 0 6 0 4  0 . 8 9 7  0 . 0 0 0 5 4 1 1  
6 4 . 0 0  7 1 1 1 . 0 4  1 4 6 . 1 6  2 8 . 1 9  0 . 0 0 0 5 9 4  0 . 8 9 6  0 . 0 0 0 5 3 2 ~  
6 5 . 0 0  7 2 2 2 . 1 5  1 4 6 . 6 0  2 8 . 4 3  0 . 0 0 0 5 U 5  0 . 8 9 6  0 . 0 0 0 5 2 4 4  
6 6 . 0 0  7 3 3 3 . 2 6  141.04 2 8 . 0 1  0 . 0 0 0 5 1 ?  0 . 8 9 5  0 . 0 0 0 5 1 6 2  
~ 7 . 0 0  7 ~ 4 4 . 3 7  1 4 7 . 4 ~  2 1 . 7 1  0 . 0 0 0 5 6 8  0 . 8 9 5  0 . 0 0 0 5 0 8 2  
6 8 . 0 0  7 5 5 5 . 4 8  1 4 1 . 9 2  2 7 . 3 4  0 . 0 0 0 5 5 9  0 . 8 9 4  0 . 0 0 0 5 0 0 4  
~ 9 . 0 0  7 6 6 6 . 5 9  14~.35 26.98 0.000551 0 . 8 9 4  0.000492? 
1 0 . 0 0  7 1 7 7 . 1 0  148 .8C  2 6 . 6 2  0 . 0 0 0 5 4 3  0 . 8 9 4  0 . 0 0 0 4 8 5 1  
71.00 7688.61 149.24 2 6 . 2 5  0.000535 0.8~3 0 . 0 0 0 4 7 7 6  
/ 2 . 0 0  7999.9~ 143.6~ 25.59 0 . 0 0 0 5 2 1  0 . 8 9 3  0 . 0 0 0 4 / 0 3  
1 3 . 0 0  8 1 1 1 . 0 3  1 5 0 . 1 2  2 5 . 5 2  0 . 0 0 0 5 1 9  0 . 8 9 3  0 . 0 0 0 4 6 3 1  
/ 4 . 0 0  8 2 2 2 . 1 4  1 5 0 . 5 6  2 5 . 1 6  0 . 0 0 0 5 1 L  0 . 8 9 2  0 . 0 0 0 4 5 5 9  
7 5 . 0 0  8 3 3 3 . 2 5  1 5 1 . 0 ~  2 4 . 7 9  0 . 0 0 0 5 0 3  0 . 8 9 2  0 . 0 0 0 4 4 8 9  
7b.O0 8 4 4 4 . 3 6  1 5 1 . 4 4  2 4 . 4 2  0 . 0 0 0 4 9 6  0 . 8 9 1  0 . 0 0 0 4 & 2 0  
7 1 . 0 0  8 5 5 5 . 4 7  1 5 1 . 8 b  2 4 . 0 6  0 . 0 0 0 4 8 8  0 ~ 8 9 [  0 . 0 0 0 4 3 5 2  
7 8 . 0 0  8 6 6 6 . 5 8  1 5 2 . 3 2  2 3 . 6 9  0 . 0 0 0 4 8 ~  0 , 8 9 1  0 . 0 0 0 4 2 8 5  
7 9 . 0 0  8 1 7 7 . 6 9  1 5 2 . 7 6  2 3 . 3 2  0 . 0 0 0 4 1 4  0 . 8 9 0  0 . 0 0 0 4 2 1 9  
8 0 . 0 0  8 U 8 8 . 8 0  1 5 3 . 2 0  2 2 . 9 5  0.00046/ 0 . 8 9 0  0.0004154 
81.00 8999.91 1 5 3 . 6 4  2 2 . 5 8  0 . 0 0 0 4 6 0  O.8gO 0 . 0 0 0 4 0 9 0  
82.00 9111.02 154.08 2 2 . 2 1  0.000453 0.8~9 0.0004026 
8 3 . 0 0  9 2 2 2 . 1 3  1 5 ~ . 5 /  2 1 . 8 4  0 . 0 0 0 4 4 6  0 . 8 8 9  0 . 0 0 0 3 9 6 4  
8 4 . 0 0  9 3 3 3 . 2 4  1 5 4 . 9 0  2 1 . 4 7  0 . 0 0 0 4 3 9  0 . 8 8 9  0 . 0 0 0 ~ 9 0 2  
85.00 94&4.35 155.40 21.10 0.000432 0.888 0 . 0 0 0 3 8 4 0  
8 6 . 0 0  9555.46 155.84 20.73 0.000426 0 . 8 8 8  0.0003?80 
87.00 9066.57 156.2~ 20.36 0.000419 0 . 8 8 8  0.0003720 
8 8 . 0 0  9777.68 156.72 19.99 0 . 0 0 0 4 1 2  0 . 8 8 8  0 . 0 0 0 3 6 6 0  
8 9 . 0 0  9 8 8 8 . 7 9  1 5 1 . l b  1 9 . 6 2  0 . 0 0 0 4 0 6  0 . 8 8 7  0 . 0 0 0 3 6 0 2  
9 0 . 0 0  9 9 9 9 . 9 0  1 5 / . 6 0  1 9 . 2 4  0 . 0 0 0 4 0 0  0 . 8 8 7  0 . 0 0 0 3 5 ~ 6  
91.00 I0111.01 158.06 1 8 . 8 /  0 . 0 0 0 3 9 3  0 . 8 8 ?  0 . 0 0 0 3 4 8 6  
9 2 . 0 0  1 0 2 2 2 . 1 2  1 5 8 . 4 8  1 8 . 5 0  0 . 0 0 0 3 0 7  0 . 8 8 6  0 . 0 0 0 3 4 2 9  
9 3 . 0 0  1 0 3 3 3 . 2 3  1 ~ 8 . 9 1  1 8 . 1 2  0 . 0 0 0 3 8 1  0 . 8 8 6  0 . 0 0 0 3 3 7 2  
9 4 . 0 0  1 0 4 4 4 . 3 4  1 5 9 . 3 6  1 7 . 1 5  0 . 0 0 0 3 ? 4  0 . 8 8 6  0 . 0 0 0 3 3 1 6  
9 5 . 0 0  30555.45 159.80 1 7 . 3 8  0 . 0 0 0 3 6 8  0 . 8 8 6  0 . 0 0 0 3 2 6 1  
9 6 . C 0  1 0 6 6 6 . 5 6  1 6 0 . 2 4  1 7 . 0 0  0 . 0 0 0 3 6 2  0 . 8 8 5  0 . 0 0 0 3 2 0 5  
9 7 . 0 0  1 0 / T 7 . 6 7  1 6 0 . 6 t  1 6 . 6 3  0 . 0 0 0 3 5 6  0 . 8 8 5  0 . 0 0 0 3 1 5 0  
98.00 1 0 8 8 8 . 7 8  161.IL 1 6 . 2 5  0.000350 0 . 8 8 5  0 . 0 0 0 3 0 9 6  
99.00 10999.89 161.56 15.88 0.000344 0.885 0.0003042 
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2 2 9 1 .  ~ 
2 3 3 3 . ,  
2 3 6 9 . '  
2 4 0 7 .  
2445.1 
2483 . ,  
2 5 2 2 .  
256~.1 
2 6 0 3 .  ~ 
2 6 4 5 .  
2 6 8 8 .  
2 7 3 1 .  
2 7 7 6 .  
2 8 2 1 .  
2 8 6 5 .  
2916. 
2 9 6 5 .  
3 0 1 5 .  
3 0 6 8 .  
3119. 
3 1 7 4 .  
3 2 3 0 .  
3 2 8 1 .  
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4rUs -- --v~ ~ ~ {[G~.(n X curl Uo)] + [curl G~.(n X Uo)]} dS  (11) 

Here Up and Us are the longitudinal and shear vectorial displacement fields on the 
boundary of the source region, n is the outer normal to a surface S surrounding the 
source, Gp and Gz are the corresponding Green dyadics for the compressional and 

shear waves. 

+ x  3 

FIG. 13. Geometry of source elements and relative position of station on the free surface. 

1 V -~kaR 
O ~ -  l~R 

v~ ~ R 

1 e -~k~R 
G~ - (oo + ,~v) 

Us 2 I~ 

(12} 

The displacement vector U0 is chosen as a spatial delta function of strength L0 
step function in time and directed along a unit vector a 

f 
ei°~t~ 

uo = v ÷  - u -  = Lo \ ~ j  ~ ( R  - R o ) a  (13} 

We next set up two coordinate systems at the source: a spherical system (R, 0, ih) 
with a right hand base (R0(0) and a cartesian system (xlx2x.~) with a right hand base 
(ele2e3), as shown in Figure 13. Two types of displacement faults will be considered; 
shear faults in which the displacement vector is in the fault plane and tensile faults 
for which the displacements are perpendicular to the fault. The first is equivalent to 
a double couple force system while the second is equivalent to a force dipole (with- 
out a moment) normal to the fault with a superimposed purely compressional com- 
ponent (Knopoff and Gilbert, 1960, Haskell, 1964). Considering point sources of 
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these types we may assume that the integrands in equation (10) remain constant 
over the infinitesimal source area which consists of the two sides of a plane of area 
dS with a normal n. 

We next evaluate the integrands of equations (10) and (11) according to the 
laws of the calculus of dyadics (Morse and Feshbach, 1953, chap. 1). 

v~ R + 0 (14) 

- - i k ~ { - ~ }  ( ~ 0 -  0 ~ ) +  0 (~-~) (15) curlGs - v,3 

div U0 = --Lo~7-~ ~'(R -- Ro)(a.R) (16) 

curl U0 = Lot.-~ ) ~'(R -- Ro)[(a'0)V -- (a'v)0] (17) 

Inserting these expressions into the integrands and integrating over an infinitesimal 
surface, we finally obtain for a shear fault with a step-function time dependence. 

Up = ( 2~--p ( a - R ) ( n . R ) R  

~Lo dS~ 
Usv = [ 4~-v~ ) [ ( n ' R ) ( a ' v )  -~ ( a 'R ) (n ' v ) ]V  (18) 

= ~L0 dS~ 
Us. [ 4-4~-~ ) [ (n .R)(a .0)  -]- (a .R)(n.0)]0  

For a tensile fault with the same time function and 

Uo = Lo\7 - j f  5(R - Ro)n 

= z(h) 
we find UP [ 2~-vpfL° dS \v-p](Y~2~) [80 ~- (n.R)2]R s 0 - - 1  -- 2a(h) 

(19) 

= fLo dS\ (n'R)(n'~)(0  

aS\ (..R)(..0)0 

where the factors exp [iw(t -- R/%)]/R and exp [iw(t - R/v~)]/R were suppressed 
and terms of the order ( l /R)  2 were deleted, a(h) is the poisson ratio at depth. 
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To ob ta in  the rad ia t ion  field we first express all un i t  vectors in terms of the base 
(~e,~). 

a = cos Xet 4- sin X cos ~e2 -4- sin X sin ae~ 

n = - -s in  ae2 + cos ae~ 

R = sin ih cos 0et -F sin i~ sin 0e~ 4- cos i~ea 

0 = - - s in  0el 4- cos 0e~ 

(2o) 

~0 = cos/~ cos 0el -F cos i~ sin 0e= -- sin i,ea 

TABLE 4 
"VERTICAL RADIATION PATTERNS FOR THE FAR FIELD OF BODY WAVES 

A(i~,) = c0 + el sin ih -4- dl cos ih + e2 sin 2ih + d~ cos 2i~ 
£~ = cos 0 cos X 4- sin 0 sin X cos 
ft2 = cos 0 cos X cos a A- sin 0 sin X cos 2a 
~a = sin 20 sin X cos a -4- cos 20 cos X 
f~ = cos 0 cos 2a sin X - sin 0 cos X cos a 

P 

5 H  

5V 
tO~ 

0. 

Co c, d, c~ % 

~-s,,~ ~,n2,:; 0 0 ~ ,-a2 ~r~" '~ '"2~ 

O - stud" d2 3 224. 0 0 

/ s l n 2 d ' s m 2 0  / . 0 -'~ ~ sm2d'c.os 0 0 0 

I Sm~ a J n 2 ~  

0 0 0 -smesinof ~"2 b d'~2" 

0 0 0 I 51n~s,n2c~ 
-= ,oM~=2a]  2 

The  explicit expressions for the rad ia t ion  pa t t e rns  from faul ts  of a l b i t r a r y  dip and  
slip are ob ta ined  in  a s t ra ight  forward fashion by  the combined use of equat ions  
(18),  (19) and  (20).  The  final results were assembled in  Tables  4 and  5. Some 
typical  cases have been calculated and  these are presented in Figures 14-18. All 
pa t t e rns  obey the s y m m e t r y  relat ions:  

Amp  (0; i~) = Amp  (0; ih 4- 180 °) P and  S V  (21) 

A m p  (0; ih) = - - A m p  (0; ih -4- 180 °) S H  (22) 
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Amp (0; ih) = ± Amp (~ + 180°; 360 ° - i~) (23) 

where the plus sign is for P waves and the minus sign for S waves. 

Amp (k + 180 °) = - Amp (X) for shear faults (24) 

Amp (0; ~) -- Amp (0 + 180°; 180 - ~) for tensile faults (25) 

Unlike the surface wave patterns there is no azimuthal synmletry and in generaI 
Ainp (0) is not equal to Amp (0 + 180°). All patterns are three-dinlensional. I t  

TABLE 5 
HORIZONTAL I~ADIATION PATTERNS FOR THE FAR FIELD O1~ BODY WAVES 

A(O) = a o +  az s ine+  b~cosO+ a : s in2e+  b~cos2O Q0 = ¼(4s0+ 2 -  sin~) 

P 

S H  

5 V  

% 

~o ~, ~, % ~ 
s~n ~ sm 2 o r ,  

"{ ~ =os2 i~ -O 

• cos 2 i h 

! . 

~m ~ cos 2jsm2z, 

- ~  ,stn Zor ,,n 2 i~ 

0 - cos ~ cos g ~ s  i h 

o o 

- ~ s,,7 ~ ~,,, z d.  5,,~ ~ ~os 21t =,s 2 d 

• s m  2 ll~ 

! 

- ~  ~ t ,  2 i  h s;n2o t 
"(I-5=,'~/ 

-~ cos ~ a,s Js,,, 2 9, 

0 

I 2. 
-~ co, ~ s, nds,. t h 

0 s,,,2d (,o, 2, - / ]  7 

i . I ~ , 2 o , , , , .  ~ 0 ,- -~ sm2ot ¢os z h -~ 

cOa ~.t:o.~o£~os2t, h / ~ stn.~sln2o~s,'~2~h --~ c o  s ~ ~,,~ot=,. 2 zi, 

can be visualized by observing simultaneously the azinmthal and vertical cross sec- 
tions as shown in Figures 14-18. Radiation patterns for shear and tensile faults with 
arbitrary parameters can easily be computed with the aid of the simple trigono- 
metric coefficients given in Tables 4 and 5. Samples of computer outputs are shown 
in Tables 6-9. I t  includes the calculation of the polarization angle, defined as the 
phase of a complex number, 

= phase [Usv + i U s . ]  (26) 

where Usv and U s ,  are given ill equations (18) and (19). This angle is given in 
units of degrees and circles for both azimuthM and vertical patterns. Figure 19 
shows the variation of E with the fault elements. The polarization angle can be ex- 
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pressed analytically for the case of shear faults in the form, 

221 

t a n  e = cos  ih sil~ (0  - -  ~,) I cos  q l + s i n  i~, l c o s  p Isin 6 cos  (20 - 7 )  ( 2 7 )  

½ sin 2ih I COS P l sin 6[3 sin ~ + sin (20 -- 7)] 
- -  cos 2ih [ cos q l cos  (0 - ~)  

p 
\ - 

/ 
_ IOfSi 

\ 
\ 

I h = 1 9 8  ° - -  _ L  ~ ~- 
k = 25" 
8 = 55 ° 

- i  I ( ( + ) ] ] 

8=45  ° 

i h =70 '~,  
X=60 o \ .  
8=54045 ' / 

X=O o 
8 = 9 0  ° 

8=94 ° 

X=45 ° "" " 
s:9o° ~-~ j _ . ~  

010 ~ ] -  
- I  I I I f+l 

fro. 

(~=75 ° 

f h = 4 6 ° ~  / 

8=55 ° ~ L ~  ~ 

F[o. 14. Horizonta l  r ad ia t ion  pa t t e rns  of the  far  field of P waves in a boundless elastic 
medium from shear  type  po in t  sources. Posi t ive  altd negat ive  signs indicates  compression 
(outward mot ion  in source coordinates)  and  d i l a ta t ion  respectively.  

and as 

tan ~ = cos 0 tan ~ (28) 
cos ,& sin 0 tan  ~ + sin ih 

for tensile faults, p is the plunge angle, ~ is the azimuth of the trend and q and 
are defined in terms of the dip angle and the slip angle by  
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cos ~ cos k = cos ~leos ql 

cos k cos 

cos ~ = %/cos~ k cos 2 ~ -5 sin2k cos~2~ 

(29) 

The same angles appear in the expressions for the radiation patterns of surface 
waves (Ben-Menahem and Harkrider, 1964). 

°0o / 

ih=70°~ 
~, :60"~  

: 5 5  o ~ \ 

FIG. 15. Horizontal radiation patterns of the far field of SV waves in a boundless elastic 
medium from shear type point sources. Positive sign refers to clockwise motion in the vertical 
plane 0 = const in source coordinates (SVH on downgoing rays changes sign in the real earth). 

4. A Test for a Propagating Source 

A departure from a localized source may result in frequency-dependent patterns 

and initial phases which are azimuth-dependent. Both effects are observable only 

if the dimensions of the source are of the order of the observable wavelengths. 

Data  processing of surface wave spectrums of major shallow earthquakes revealed 

that  a uniformly propagating rupture took place along a finite fault (Ben-Menahem 

and Toksoz, 1963). To test this hypothesis against the spectrums of body waves we 



8=90 o "-4'_ ~ I ~ " \  " 

.~-  r ? .  

8=45 ° \ /  . ~ ' 

ih :~  t-) - - . /  
X=25 ° \ v / 

4t I SH 
I SHEAR FAULTS 

8 

• = 

' + 2, 

t I 
ih=198 
X=60°~" 
8=55 ° . / 

ih=198° 
X = 4 5 ° ~  / 
8=45° "-~._.__ I 

X=lSO ~ ' (  l / 

FIG. 16. Hor izonta l  rad ia t ion  pa t t e rns  of the  far  field of S H  waves  in a boundless  elastic 
m ed iu m  from shear  type  point  sources.  Posi t ive s ign indicates counterclockwise mot ion  in the  
cone e = const  in source coordinates.  

SH 

8 -- 90 ° 

SHEAR 
P u P L ~ ,  ih FAULTS 

/ \ 

\ / 
60 ° 6 Y 

X ; ~ o  _ 9 4 5 o  ;~(forh 375km) 

S V  

8 = 4 5  ° 

x. oo~-"-- / , 
a.9o o ~-.._, j ~  

FIG. 17. Vertical rad ia t ion  pa t t e rns  of the  far  field of body  waves  in a boundless  
elastic med ium.  
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m u s t  first  ex tend  previous  theore t ica l  resul ts  ob t a ined  b y  B e n - M e n a h e m  (1962) 
for  the  f ini teness fac tors  of s t r ike  slip mot ion .  Fol lowing  the  same p rocedure  given 
there in  we consider  a un i fo rm r u p t u r e  in t he  d i rec t ion  of the  d i sp l acemen t  vector .  
E x p a n d i n g  the  t r ave l - t ime  a long the  r a y  in to  T a y l o r  series a b o u t  t he  po in t - source  

SH 

+ 

8 -- 9 0 '  

p 8 TENSILE FAULTS 

8-  8=75 ° "" 

s v  

0 ] 4 ~  i I 

FIG. 18. Horizontal radiation patterns of the far field of body waves in a boundless 
elastic medium due to tensile faults. 
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FIQ. 19. Examples illustrating the dependence of thepolar izat ion angle on the 
azimuth (counterclockwise from strike of fault) a n d t h e  fault parameters. 
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T A B L E  6 

VERTICAL ~=~ADIATION PATTERNS FOR THE FAR FIELD OF BODY WAVES D U E  TO X 

SHEAR FAULT (AN EXAMPLE). POLARIZATION e IS GIVEN BOTH 1N DEGREES 

AND CIRCLES IN THE TWO RIGHT COLUMNS 

T e E T A e . Z 2 3 . D E G R E E  . . . . .  
LAMBCA = 6C.CEGREE CELTA = 5 5 . 0 [ G R E E  

I I P | I £ [ G )  P 5H SV E(CEG)  E ( P C C !  

O* 0 . 1 3 2  0 . 4 0 8  - C . C 1 4  9 1 . q 4 9  0 . 2 5 5  
5 . 0  0 . 1 2 5  0 . 3 6 9  - C . 1 5 3  1 1 2 . 5 2 3  0 . 3 1 3  

1 0 o 0  0 . 1 0 5  0 . 3 2 6  - C . 2 8 7  1 3 1 . 3 5 2  0 . 3 6 5  
15~C . . . . . . . .  Q , ~ Z 5  0 ° 2 8 2  . . . . .  - C , 4 1 3  . . . . .  ~ 4 5 ~ 7 0 0  . . . . .  0 , 4 0 5  
~ 0 . 0  0 . 0 3 4  0 . 2 3 5  - C . 5 2 6  1 5 5 , 9 6 1  0 . 4 3 3  
2 5 , 0  - 0 , 0 1 7  0 , | 8 6  - ¢ . 6 2 3  1 6 3 . 3 9 0  0 , 4 5 4  
3 0 . 0  - 0 * C 7 5  0 , 1 3 6  - 0 . 7 0 1  1 6 9 o 0 6 7  0 , 6 7 0  

. . . . . . . .  ~ . 0  . . . . .  ~ 0 . 1 3 8  0 . 0 8 5  - C . 7 5 8  1 7 3 . 6 3 9  0 . 4 8 2  
4 0 , 0  - 0 . 2 0 6  0 . C 3 3  - 0 . 7 q 2  1 7 7 , 6 3 7  0 .4 9 3  
4 ~ , 0  -Q.~2._7~ . . . . . . . . . . .  7 0 . C 1 9  . . . . . .  - C - 8 ~ 2  . . . . .  181 .386  ._ 0 . 5 0 4  
5 0 . 0  - 0 . 3 k 5  - 0 . C 7 1  - C . 7 8 7  1 8 5 . 1 7 8  0 . 5 1 4  

. . . . . . . . .  ~ 5 + 0  . . . .  - 0 ~ 1 3  - 0 . 1 2 3  - C . 7 4 9  . . . . .  1 8 9 o 3 1 0  . . . . . .  0 . 5 2 6  
6 0 o 0  - 0 . ~ 7 5  - 0 . 1 7 3  - 0 . 6 8 7  1 9 6 , 1 4 2  0 , 5 3 9  

. . . . . . . . . .  ~ 5 ~ 0  - C . ~ 3 2  _ - 0 . 2 2 2  - C . 6 0 5  2 0 0 o 1 7 1  0 . 5 5 6  
7 0 . 0  - 0 . 5 8 1  - 0 . 2 7 0  - C . 5 0 5  2 0 8 , 1 2 6  0 . 5 7 8  
75~Q . . . . . . .  - 0 . 6 2 0  _ _ _ _ _ r C ~ 3 1 5  . . . . . . .  ~_C~389 _ _  Z ] . ~ L ~ 7  . . . . . .  0 , 6 0 8  
8 0 . 0  - 0 ° 6 4 8  - 0 . 3 5 8  - C . 2 6 1  2 3 3 . 9 0 4  0 . 6 5 0  

. . . . . . . . . .  ~ 5 ~ C  . . . . . .  ~ 0 = ~ 6 5  . . . .  - 0 . 3 9 8  ~ C , 1 2 6  . . . . . . .  2 ~ , 5 1 2  . . . . . . . .  0 , 7 0 1  
9 0 . 0  - 0 , 6 7 0  - 0 , 4 3 6  C , C 1 4  2 7 1 , 8 2 6  0 , 7 5 5  

. . . . . . .  ~ 5 = 0  . . . . . . .  - 0 ~ 6 6 3  _ _ ~ 0 . ~ 7 0  ~ . 1 5 3  . . . . . .  2 ~ 8 , 0 3 5  __ .  0 . 8 0 0  
I C C . O  - 0 , 6 4 3  - 0 . 5 0 0  C . 2 8 7  2 9 9 . 8 8 1  0 . 8 3 3  
1 0 5 . ~  . . . .  - ~ _ . 6 1 3  . . . . .  : C . 5 2 6  . . . . .  C o 4 1 3  3 0 8 . 1 0 4  .... 0 . 8 5 6  
1 1 ~ . 0  - 0 . 5 7 2  - 0 . 5 4 9  C . 5 2 6  3 1 3 , 7 7 1  0 . 8 7 2  

. . . . . . . . .  1 1 ~ 0  - 0 . 5 2 1  - 0 . 5 6 7  C ° 6 2 3  3 1 7 ~ 6 7 8  0 . 8 8 2  
1 2 0 . 0  - 0 ° ~ 6 3  - 0 . 5 8 1  C , 7 0 1  3 2 0 . 3 3 7  0 . 8 9 0  

. . . . . . . .  l s~5 .0  - 0 . 4 0 0  - 0 . 5 9 1  0 . 7 5 8  3 2 2 . 0 5 9  0 . 8 9 5  
1 3 0 . 0  - 0 , 3 3 2  - 0 . 5 9 6  C . 7 9 2  3 2 3 . 0 2 8  0 . 8 9 7  
1 3 5 ~  . . . . . .  ~0_e262  . . . . . . . .  - 0 , 5 9 7  . . . . . . .  C . 8 0 2  . . . . .  3 2 3 ~ 3 3 9  0 . 8 9 8  
1 4 0 . 0  - 0 . 1 9 3  - 0 . 5 9 3  C . 7 8 7  5 2 3 . 0 1 7  0 . 8 9 7  

. . . . . . . . . .  ~ , Q  . . . . . .  - 0 . 1 2 5  - 0 , 5 8 4  C . 7 4 9  3 2 2 . 0 2 7  0 . 8 9 5  
1 5 0 . G  - 0 . 0 6 3  - 0 . 5 7 1  C , 6 8 7  3 2 0 . 2 6 4  0 . 8 9 0  

. . . . . . . . .  ~ 5 ~ . 0  . . . . . . . . .  ~ 0 ~ 0 6  - C . 5 5 4  C , 6 0 5  3 1 7 , 5 2 4  0 . 8 8 2  
1 6 0 , 0  0 ° C ~ 3  - 0 . 5 3 3  C . 5 0 5  3 1 3 . 4 5 7  0 . 8 7 1  

- -  2 5 5 , 0  . . . . . . . . . . . .  OeCP2 . . . . . . .  - 0 , 5 0 7  . . . .  C , 3 8 9  . 3 0 7 . 4 8 0  _ -  _ 0 . 8 5 4  
17G.C  0 , 1 1 0  - 0 . ~ 7 8  C . 2 6 1  2 9 8 . 6 6 5  0 . 8 3 0  
1 7 6 . 0  0 . 1 2 7  - 0 . 4 4 5  0 . 1 2 6  2 8 5 . 7 6 5  0 . 7 9 4  
1 8 0 . 0  0 . 1 3 2  - 0 . ~ 0 8  ' - C . 0 1 4  2 6 8 . 0 5 1  0 , 7 4 5  
1 0 5 . 0  0 . 1 2 5  - 0 . 3 6 9  - 0 , 1 5 3  2 4 7 , 4 7 7  0 . 6 8 7  
2 9 0 . C  0 . 1 C 5  - 0 . 3 2 6  - C . 2 8 7  2 2 8 . 6 4 8  0 . 6 3 5  
1 9 5 . C  C . 0 7 5  - 0 . 2 8 2  - - C . 4 1 3  2 1 4 . 2 9 2  0 . 5 9 5  
200oG 0 ° 0 3 4  - 0 . 2 3 5  - C . 5 2 6  2 0 4 . 0 3 9  0 . 5 6 7  
2 0 5 . G  - 0 , C 1 7  - 0 . 1 8 6  - C . 6 2 3  1 9 6 . 6 1 0  0 . 5 4 6  
2 1 0 . C  - 0 . 0 7 5  - 0 . 1 3 6  - C o 7 0 1  1 9 0 . 9 5 3  0 . 5 3 0  

. . . . . .  2 1 5 . 0  - 0 . 1 3 8  - 0 . 0 8 5  - C . 7 5 8  1 8 6 , 3 6 1  0 . 5 1 8  
2 2 0 . C  - 0 . 2 C 6  - 0 , 0 3 3  - C . 7 q 2  182,363  0 . 5 0 7  
2 2 5 . 0  - 0 . 2 7 6  0 . 0 1 g  - 0 . 8 0 ~  1 7 8 . 6 1 4  0 . 4 9 6  
2 3 0 . 0  - 0 . 3 4 5  C . 0 7 1  - C . 7 8 7  1 7 4 . 8 2 2  0 . 4 8 6  

.. 2 ~ 5 ; ~  ~ - 0 . ~ 1 3  C . 1 2 3  - C . 7 4 9  1 7 0 . 6 9 0  0 . 4 7 4  
2 ~ 0 . 0  - 0 . 4 7 5  0 . 1 7 3  - 0 . 6 8 7  1 6 5 . 8 5 8  0 . 4 6 1  
2 4 5 . 0  - 0 . 5 3 2  0 . 2 2 2  - C . 6 0 5  1 5 9 . 8 2 9  0 . 4 4 4  
2 5 0 . 0  - 0 . 5 8 1  0 . 2 7 0  - 0 . 5 0 5  1 5 1 . 8 7 4  0 . 4 2 2  
256~0 . . . .  T ~ L ~ O  . . . . . . . . . .  ~ 3 ! . 5  . . . . . . .  - 0 ~ 3 8 9  . . . . . .  ~0.e97_3 .... 0,392 

2 6 0 ~ 0  - 0 . 6 6 8  C . 3 5 8  ~ - 0 . 2 6 1  1 2 6 . 0 9 7  0 . 3 5 0  
. . . .  " 2 8 5 . 0  - 0 . ~ 6 5  0 . 3 9 8  - C o 1 2 6  1 0 7 . 6 8 8  0 . 2 9 9  

2 7 0 ° 0  - 0 ~ 6 7 0  0 , 4 3 6  0 . 0 1 4  8 8 . 1 7 4  0 . 2 4 5  
. . . . . . . .  2 7 5 ~ 0 _  _ - 0 J 6 6 3  0 . 4 7 0  C . 1 5 3  7 1 . 9 6 5  0 . 2 0 0  

2 8 0 . 0  - 0 . 6 4 3  0 , 5 0 0  C . 2 8 7  6 0 . 1 1 9  0 . 1 6 7  
~8~LQ - 0 . e 1 3  . . . . . . .  ~ 5 2 6  C . § 1 3  . . . . .  ~ 1 ~ 9 6 _ _  0 , 1 4 4  
2 9 0 . C  - 0 . 5 7 2  0 . 5 6 9  C . 5 2 6  4 6 . 2 2 9  0 . 1 2 8  
2 9 5 . 0  . - 0 . 5 2 1  0 . 5 6 7  C . 6 2 3  A 2 . 3 2 2  0 .1 1 8  
3 0 0 . 0  - 0 . ~ 6 3  0 . 5 8 1  C . 7 0 1  3 9 . 6 6 3  0 . 1 1 0  

. . . .  3 0 5 ~ 0  . . . . . . .  ~ 0 . ~ 0 0  0 . 5 9 1  ¢ , 7 5 8  3 7 . 9 4 1  0 , 1 0 5  
310 .0  - 0 ° 3 3 2  0 . 5 9 6  0 . 7 9 2  3 6 . 9 7 2  0 .1 0 3  
~ 6 , 0  - 0 ~ 2 6 2  _ J ~ . 5 9 7  _ 4 ~  . . . . . . .  ~ 3 ~ 6 ~ ]  . . . . . . . . . .  0 ~ 0 2  
3 2 0 . 0  - 0 . 1 9 3  0 . 5 9 3  0 . 7 8 7  3 6 . 9 8 3  0 . 1 0 3  

. . . . . .  3 2 5 . D  . . . . . .  - Q ~ 1 2 5  . . . .  0 ~ 5 8 4  . . . . . .  0 . 7 4 9  3 7 . 9 7 3  0 . 1 0 5  
3 3 0 * 0  - 0 . 0 6 3  0 , 5 7 1  0 . 6 8 7  3 9 . 7 3 6  0 . 1 1 0  

. . . . . .  $ 3 5 . 0  . . . . . . .  r~ ,CO.6  . . . . . .  0 , 5 5 4  .......... C,605 _ . . 4 Z + ~ 7 6  . . . .  0 .118  
~ 4 0 . 0  0 . 0 4 3  0 . 5 3 3  C . 5 0 5  46 .543  0 . 1 2 9  
~ 4 5 , 0  0 . 0 8 2  0 . 5 ~ 7  C . 3 8 9  5 2 . 5 2 0  . . . . .  0 . 1 4 6  
3 5 0 ~ 0  0 ; 1 1 0  C o 4 7 8  0 . 2 6 1  6 1 . 3 3 5  0 . 1 7 0  

. . . .  3 ~ 5 ; ~  . . . . . . .  ~ _ | ~ 7  . . . . . . . .  0 , 4 4 5  C . 1 2 6  7 4 . 2 3 5  _ 0 . 2 0 6  

225 



T A B L E  7 

VERTICAL I:~ADIATION PATTERNS FOR THE F A R  FIELD OF BODY WAVES D U E  TO A 

TENSILE FAULT (AN EXAMPLE) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ! ~__E_LA__a_?I~_?_'_PA g R_k E_ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - ~ E C Y ~ - - = - - - - ~ G : f f ~ : K R - ~ : - ~ -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I I~ I I  IC I ;£  | P SF SV E(CEG}  E(POCI 

. . . . . . . . . . .  ~ ;  . . . . . . . . . . . . . . . . . . .  K ;~ iT  . . . . . . . . . . . .  ~ 2 ~ ¥ E  . . . . . . . . . . . . . .  ~ J ~ X Y  . . . . . . . . . . .  K /EJ00 f f  . . . . . . . . . . . . . .  0 ~ 6 ~  . . . . . . . .  

5 . 0  4 . 7 3 9  -0.386 0 . 3 1 3  309.000 0.858 
. . . . . . . . . .  i ~  . . . . . . . . . . . . . . . . .  W:~E . . . . . . . . . . . .  ~ K  . . . . . . . . . . . . . .  ~ K  . . . . . . . . . . .  ~ -0~ ;2~ I  . . . . . . . . . . . . . . .  0 JB~5  . . . . . . . . . . .  

15.0 5.121 -0.418 0 , 2 2 8  298.672 0 . 8 3 0  
~ C . 0  5 . 2 ~ 2  - 0 . ~ 2 9  ~ . 1 7 5  2 9 2 . 2 2 6  0 . 8 1 2  
2 5 . ~  5 . 3 6 ~  - 0 . ~ 3 7  0 . 1 1 7  2 8 4 . 9 6 5  0 . 7 9 2  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . .  z ~ T  . . . . . . . . . . . . . .  E : ~ E  . . . . . . . . . . .  ~ L - O ~  . . . . . . . . . . . . . .  OJ?VG . . . . . . . . . . .  
3 0 . 0  0 . 7 4 7  35.C 5.~40 -0.4~3 -0.C09 268.832 

......... &~2~ ................. ~2Wi~ ............ ~ 2 ~  ............ ~J~-fE ........... ~3~&~-E . . . . . . . . . . . . .  O - ;T2~  . . . . . . . . . . .  

~ 5 . 0  5 . 3 0 0  -0.435 - e .  134 2 5 2 . 9 0 9  0.703 .............. 
50.0 5 . 2 2 6  - C . 4 2 6  -0.191 2~5.866 0 . 6 8 3  
55.0 5.075 -0.41~ -0.2~2 239.665  0 .666  

. . . . . . . . .  ~K~K  . . . . . . . . . . . . . . . . .  ~ -B~G . . . . . . . . . . . . .  ~6% } ~  . . . . . . . . . . . .  ~8% } ~ E  . . . . . . . . . . .  ~ \  3~& . . . . . . . . . . . . . . .  0L&~ l  . . . . . . . . . . .  

6~ ~ ~ AT~ -0 ~81 - 0  322 229 798 0.638 
.......... ~ ................. ~44~ ............ ~ : ~ 5 V  ............ ~C~-3W? ............ ~25.993 0.6~ 

7 5 . 0  4.195 -0.336 - 0 . 3 6 2  222.814 0.619 ...... 
8 C . 0  3 . 5 4 0  - 0 . 3 C 9  - ~ . 3 6 6  2 2 0 . I 6 9  0 . 6 1 2  
8 5 . 0  3 . ~ 8 6  - 0 . 2 8 0  - C . 3 5 9  2 1 7 . 9 8 0  0 . 6 n 6  

. . . . . . . . .  ~ . . . . . . . . . . . . . . . . . .  5 ~ [  . . . . . . . . . . . . .  ~ . . . . . . . . . . . . .  ~ L - ~ W i  . . . . . . . . . . . .  ~ & % - i ~ O  . . . . . . . . . . . . . . .  ~ \ - & b ~  . . . . . . . . . .  
95.0 3 o 2 1 2  - 0 . 2 1 7  - C . 3 1 3  2 1 ~ . 7 1 5  0.596 

. . . . . . . .  i ~ G % - E  . . . . . . . . . . . . . . . . .  ~ ?  . . . . . . . . . . . .  ~ G ~ i ~  . . . . . . . . . . . . .  ~ \ - ~ Y ~  . . . . . . . . . . . .  E f ~ L - ~ W I  . . . . . . . . . . . . . . .  G~-~V~ . . . . . . . . . . .  
1 0 5 . 0  2 . 8 3 1  - 0 . 1 4 6  - C . 2 2 8  2 1 2 . 6 2 6  0 . 5 9 1  
l lO.C 2.689 -0 . IC9  -C.175 211.944 0.589 
115.0 2 . 5 8 7  - C . 0 7 1  -C . I17  211.477 0.587 

. . . . . . . .  Y } ~ E  . . . . . . . . . . . . . . . . .  ~ -  . . . . . . . . . . .  ~ o ~ 3 ~  . . . . . . . . . . . .  ~c \ - c~ -5  . . . . . . . . . . . .  E [ i \ - ~ /~  . . . . . . . . . . . . . . .  G%-~  . . . . . . . . . . .  

125.0 2.511 0 . C 0 5  C.COg 31.I~3 0.087 
. . . . . . . .  ~ - ~  . . . . . . . . . . . . . . . . .  ~ K  . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . .  ~ V ~ V ~  . . . . . . . . . . . . .  ~ i V ~ ?  . . . . . . . . . . . . . . .  GVG~/  . . . . . . . . . . .  

135~0 2.612 0.082 C . 1 3 4  3 1 . 5 8 8  0 . 0 8 8  
1 4 0 . 0  2 . 7 2 5  0 . 1 2 C  C.lql 3 2 . 1 1 ~  0 . 0 8 9  
1 4 5 . 0  2 . 8 7 7  0 . 1 5 7  C . 2 4 2  3 2 . 8 6 0  0 . 0 ~ 1  

. . . . . . . .  ~ . . . . . . . . . . . . . . . . .  ~ b ~  . . . . . . . . . . . . . .  ~ E  . . . . . . . . . . . . . .  ~ &  . . . . . . . . . . . . .  ~ - : B ~  . . . . . . . . . . . . .  O : 09~  . . . . . . . . . .  

1 5 5 . 0  3 . 2 7 5  0 . 2 2 6  C . 3 2 2  3 5 . 0 9 7  0 . 0 9 7  
. . . . . . . .  TA~E  . . . . . . . . . . . . . . . . .  ~2~E  . . . . . . . . . . . . . .  K2~3~  . . . . . . . . . . . . . .  ~ T ~  . . . . . . . . . . . . .  ~ & T ~  . . . . . . . . . . . . . .  bV  %~  . . . . . . . . . .  

165.0 3.757 0.289 G.362 38.556 0.I07 
17C.0 4.012 C.317 0 . 3 6 6  40.867 0 . I I% 
~75 0 4 266 0 .343 0 .359  ~3.654 o . l z l  

. . . . . . . .  i ~E :E  . . . . . . . . . . . . . . . .  ~ \ -~Y i  . . . . . . . . . . . . . . .  ~ \ -~%-~  . . . . . . . . . . . . . . .  ~V~£  . . . . . . . . . . . . .  ~ o d 6  . . . . . . . . . . . . .  o~z3 i  . . . . . . . . . .  

185.0 4 . 7 3 g  0.386 C.313 5 1 . 0 0 0  0.I~2 
. . . . . . .  ~ - ~  . . . . . . . . . . . . . . . . . .  ~ \ -~%-~  . . . . . . . . . . . . . . .  ~ \ - h~  . . . . . . . . . . . . . . .  ~?~V~  . . . . . . . . . . . . .  ~ 7 4 8  . . . . . . . . . . . . . . . .  b . i ~  . . . . . . . . . . .  

195.0 5.121 0.418 0.228 ...... 61.328 0.170 
200.0 ~.262 0.42~ c.17~ 67.774 o .188  

205°0 5.36~ 0.~37 C.117 75°035 0.208 
. . . . . . . .  ~ [~Y~  . . . . . . . . . . . . . . . . . .  ~ -&~4  . . . . . . . . . . . . . . .  ~ i  . . . . . . . . . . . . . . .  ~V6~  . . . . . . . . . . . . .  8~.936 . . . . . . . . . . .  o ; 23o  . . . . . . . .  

215.0 5 , 4 4 0  C.443 -C.009 91.168 0.253 
. . . . . . . .  2 2 0 ~ O  . . . . . . . . . . . . . . . . .  5 ~ 4 1 2  . . . . . . . . . . . . . . .  O : ~ 4 C  . . . . . . . . . . . .  ~6TCY2 . . . . . . . . . . . . .  9 g . 3 4 ~  . . . . .  0 . -276  . . . .  

225.0 5.340 0.435 --C.134 I07,090 0.297 
230.0 5.226 0,426 -C.191 114.13~ 0.317 

. . . . . . . . .  ~2~Q . . . . . . . . . . . . . . . . . .  5~03~ . . . . . . . . . . . . . . .  Q ~  . . . . . . . . . . . . .  ~ 2  . . . . . . . . . . . .  120~335 . . . . . .  0.334 
240.0 ~.890 0.3~g -0.286 125.674 0.3~9 

........ _2_6~CL ........... ~611 ............... 0~3~I ............. :_{~322 ........... I~G~Z~ ............... Q~3~ ........... 
2 5 0 . 0  ~ . 4 4 3  0 , 3 5 9  - - C . 3 4 7  1 3 ~ . 0 0 7  0 . 3 7 2  
255.0 4.195 C.336 -C.362 137.186 0.381 
260~0 3.9~0 0.309 -C.366 139o831 0.388 
2 6 ~ . 0  3 . 6 8 6  0 . 2 8 0  - - C . 3 5 9  [ 4 2 . 0 2 0  0 . 3 9 ~  

. . . . . . . .  ~ G ~ - O  . . . . . . . . . . . . . . . . . .  ) L - ~  . . . . . . . . . . . . . .  C ~ V  . . . . . . . . . . . .  ~L -~X  . . . . . . . . . . . .  i % - ~ V ~  . . . . . . . . . . . . . . . .  O V ~  . . . . . . . . . .  

275.0 3.212 C,217 -C.313 145.285 0.40~ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  280 .0  ~ U ~ ?  . . . . . . . . . . . . . . .  EJ i~E  . . . . . . . . . . . .  ~ T ~  . . . . . . . . . . .  i ~6~45~  . . . . . . . . . . . . . . . .  o - . ~o?  . . . . . . . . . .  

2 8 5 . 0  2 . 8 3 1  C . 1 4 6  - ¢ . 2 2 8  1 4 7 . 3 7 4  0.~09 
29C.0 2.689 C.IC9 -C.175 I~8.056 0.411 
2 9 5 . 0  2 . 5 8 7  0 . C 7 1  - C . 1 1 7  1 4 8 . 5 2 3  0 . 4 1 3  

........ ~ ................. ~ : ~  .............. E:~-~ ............. ~ ............ i ~ f i ~ §  ............. ~ i ~  ........... 

305.0 2.511 -0.C05 0.ccg 328.857 0.913 
........ ~ ................. ~%~E ............ ~ E : ~  .............. ~ ............ ~ .............. ~ i ~  .......... 

315.0 2,612 -0.082 C.134 328.412 0.912 
3 2 0 . 0  2 . 7 2 5  - 0 . 1 2 0  C . l g l  3 2 7 . 8 8 6  0 . 9 1 1  
325 .0  2 .877  - 0 .156  C .242  327 .140  0 .909  

........ ~\-E ................. ~\-~ ............. ~ i ~  ............... ~ ............ ~ T [ ~  .............. ~ b ~  .......... 

3 3 5 . 0  3 .275  - C . 2 2 6  0 .322  324 .903  0 .903  

........ ~\-5 .................. ~-~b~ ............. ~ Y ~  .............. ~ ............ ~ .............. o ~  .......... 

3~5.0 3.757 -0.28~ 0.362 321.~ 0.893 

350.0 41012 -0.317 C.366 319.133 0.886 
...... L_}s_%. o_ ................. _4_._ 2A_6 ............ -e. 3.4_3_ ............. c.!52 ........... )_!a .!i6 .............. _o_ ;.B_Zg_ .......... 

. . . . . . . . .  - ~ i , ~ Y ~  K C K  -fi T~-iTd - - -  - d 7 2 - ~ - E  - i ~ : ~ K f f ~ i Y E - ~ Y - b - ~  ~ - i V  - : - ~  T ~ -  ~ E f  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 2 6  



TABLE 8 
HORIZONTAL I~ADIATION 1)ATTEI~N I~OR THE FAR FI~LI~ o~ BODY WAYES DUE TO A 

T~,NSI~ FA~ (AN EXAMPLE) 
l t ~ )  : 19e.OEGR~E ........................... 

f L 

'rFIETA 

5 . 0  
......... I C . O .  

1 5 ~ 0  
......... ZG.O . 

2 5 . 0  
_ _ _ _ ~ ¢ L O  

3 5 . 0  
......... ~(~.0 . 

4 5 . 0  
......... 5 0 . 0  . 

55~,0 
6 C . 0  .... 

6 5 . 0  
. . . . . . . . .  .7_¢ ,_Q . . . . . . .  

7 5 . 6  
. . . . . . . . .  8¢._Q . . . .  

8 5 . 0  
90~,0 
9 5 . 0  

........ Afl_fi~O... 

1 0 5 . 0  
. . . . . . .  110~  0 

115.0 
. . . .  JLZO.~, 0 

|25~,0 
..... 130~0 

1 3 5 . 0  
. . . . . . .  I~0~ 0 

1 4 5 . 0  
150~.0 
,155.0 
1 6 0 . 0  
1 6 5 1 , 0  

. . . . . . .  1 7 0 . 0  
175.0 
1 8 0 . 0  
1 8 5 . 0  

. . . . . . .  19o.n 
1 9 5 . 0  

. . . . . . . .  _299.0 
205~,0 
21~L~ O . . . .  
2 1 5 . 0  

....... ~ 2 0 , Q  
2 2 5 . 0  

. . . . . . . .  2 ~ 0 . 0  
2 5 5 ° 0  
240~,0  
2 4 5 . 0  

....... ~ _ _ .  
2 5 5 . 0  

2 6 5 . 0  
2 7 0 . 0  ..... 

275~0 
. . . . . . .  2 ~ , ~  . . . .  

285.0 

. . . . . . .  2 9 0 . 0  

2 9 5 . 0  
~ 0 0 . 0  
3 0 5 . 0  

P 

5 . 7 C 5  
5 . 6 4 0  
5 , 5 7 6  
5 . 5 1 3  
5 . 4 5 2  
5 . 3 9 4  
5 . 3 3 9  
5 . 2 8 7  
5.238 
5.193 
5 . 1 5 3  
5 . 1 1 6  
5 . 0 8 5  
5.057 

5 . 0 3 5  
5 . C 1 7  
5 . 0 0 5  
4.S97 
4,$94 
4.997 
5.CC5 
5 . C 1 7  
5.035 

5 . 0 5 7  
5=085 
5 ; 1 1 6  
5 . 1 5 3  
5 . 1 9 3  
5 , 2 3 8  
~ . 2 8 7  
5.339 

5 . 3 9 6  
5 . 4 5 2  
5 . b 1 3  
5 . 5 7 6  
5.640 
5.705 
5 . 7 7 2  
5 . 8 3 8  
5 . 9 0 4  
5.969 

6.033 

6.094 
6.154 
6 , 2 1 0  
6.262 

6 , 3 1 0  
6 . 3 5 6  

. . . 6 . 3 9 3  
6.627 

...... ~ , 3 9 3 _  . . . . .  

OELVA ~ _,2.,~,~EER~E .............................. 

.... O ~ Q ~  .... - 0 . 2 6 0  13C~.~32 ..... 0 . 3 6 2  
0.301 -C.282 133.090 0.370 
0.295 ............. r ~ / Q A  ............ 13~.841.. 0 . 3 7 7  
0.286 - C . 3 2 5  138.588 0.385 
0,216 ............. r _ q ~ / ~ A  ........... A ~ 1 , 3 3 3  .... 0 . 3 9 3  
C . 2 6 3  - C . 3 6 3  144.077 0.400 
0 . 2 4 9  - C . 3 8 1  1 4 6 . F 2 2  , 0 . 4 0 8  
0.233 - C . 3 9 7  149.570 0.415 

0 . 2 1 ~  ............. :~.~I~ ........... 1 5 ~ 3 2 0 _  . . 0 . 4 2 3  
C.198 -C.~26 1 5 5 . 0 7 4  0.631 

. q . ~ I ~  ............. r ~ } ~  ........... ! ~ 1 ~ 8 3 1 _  0.4J~, 

0.158 -C.66g 160.592 0.~46 

. . . . . .  0 , 1 ~ 7  - C . ~ 5 9  1 6 3 . 3 5 7  . . . . . . . . .  0 . 6 5 4  
0 . 1 1 5  - C . 4 6 7  1 6 6 . 1 2 5  0 , 4 6 1  

0.C70 -C.479 171.670 0.477 
_ 0 , ~ Z  ............. = ~ A ~  ........... ~ 1 ~ 6  ........ Q . 4 8 5  
00C26 -C.484 1 7 7 . 2 2 2  " 0.492 

. . . . . . . .  O~,_~C - C . 4 8 5  1 8 0 , 0 0 0  . . . . . . . .  0 . 5 0 0  
- 0 . 0 2 4  - C . 4 8 6  182.778 0 . 5 0 8  
- 0 . C 6 7  ........... ~ . A B Z  ............ A05,5~6 .... 0 . 5 1 5  
-0.C7C -C.67q 1 8 8 , 3 3 0  0 . 5 2 3  
-0.C93 ......... ~ . ~ 7 3  .......... 191.10~ 6.531 

-0.115 - 0 . 6 6 7  193.875 0.539 
- 0 . 1 3 7  ....... - ~ 5 ~  ...... 196.o43 0 . 5 ~ 6  
- 0 . 1 5 8  -C.64q 199.A08 0.554 
-0.179 - C , 4 3 9  .. 202.169 0 . 5 6 2  
- 0 . 1 9 8  - C . 4 2 6  2 0 4 . 9 2 6  C . 5 6 9  
-0.216 ............ = ~ . ~ d 2  .......... 2G7~6B0 0.577 

- 0 . 2 3 3  - C . 3 9 7  2 1 ~ . 4 3 0  0 . 5 8 5  
- 0 . 2 6 9  - 6 . 3 8 !  2 1 3 . 1 7 8  0 . 5 9 2  
- 0 . 2 6 3  - C . 3 6 3  215.923 0.600 
-0.276 - 0 . 3 4 4  2 1 8 . 6 6 7  0.607 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
-0.286 -C.325 2 2 1 . 4 1 2  0.615 

- o . 2 ~ 5  ........ : ~ - ~ 9 ~  ........... ~7%1~9 0.623 
- 0 . 3 0 1  - 0 . 2 8 2  2 2 6 . 9 1 0  0 . 6 3 0  

. . -  - 0 . 3 0 6  - 0 . 2 6 0  2 2 9 . 6 6 8  0 . 6 3 8  
- 0 . 3 0 8  - C . 2 3 7  2 3 2 . 4 3 8  0 . 6 4 6  
- 0 . 3 0 7  . . . . . . . . . . .  ~C. .213 . . . . . . . . . . .  2 3 5 . 2 2 3  C . 6 5 3  
- 0 . 3 0 4  - C . I ~ C  2 3 ~ . 0 3 0  0 . 6 6 1  
- 0 . 2 5 g  . . . . . . . . . . . . .  ~C_t167 . . . . . . . . . . . . .  24U.867 0 . 6 6 9  
- o . 2 9 1  - c . 1 4 3  2 4 3 . 7 4 3  0 . 6 7 7  

- 0 ~ 2 8 ~ _ _ _  - ¢ . 1 2 1  __ 2 4 6 z 6 _ ] 1  . . . . . . . . . .  0 , 6 6 ~  
- 0 . 2 6 7  - C . 0 S 9  2 ~ 9 . 6 6 9  0.69~ 

, r0.25~ ............. r ~ ] ~  . . . . . . . . . . . .  252.762 0.702 
- 0 . 2 3 4  - C . 0 5 8  2 5 5 . 9 8 3  0 . 7 1 1  

.... ~ 0 . 2 1 6  . . . . . . . . . . .  Y_{e~5~ . . . . . . . . . . . .  ~ . ~ 8 5  ..... 0 . 7 2 1  
- 0 , 1 9 2  - C . 0 2 3  2 6 3 . 0 6 6  0 ; 7 3 1  
-0.168 -0.C09 2 6 7 . 0 9 ~  0 . 7 4 2  
- 0 . 1 4 3  G.CC4 2 7 1 . 7 5 3  0 . 7 5 5  

6 . ~ 5  ............. ~ ~ .............. ~ ........... ? Z ~ S h ~  .... o . 7 7 1  
6.~77 - 0 . 0 a 8  0.02~ 285.0s8 0.792 

o . 4 ~ 3  r o , c ~ 9  . . . . . . . . . . . . . .  ~ , ~ 3 ~  . . . . . . . . . . .  ~ 7 ~ !  o.82~ 
6 . 5 0 3  -0.C30 C.036 318.473 0.885 

6.5C6 ......... ?.O_~C~._~.._ C,O~5 3 6 0 . 0 0 0  ....... 1.000 

6 . 5 0 3  0 . C 3 0  C . 0 3 4  4 1 . 5 2 6  0 . 1 1 5  
6 . 4 9 3  . . . . . . . . . . . .  ~ , ~ 5 _ ~  . . . . . . . . . . . . . .  ~ s ~ 3 _ ~  . . . . . . . . . . . . .  b ~ 3 ~  . . . . . . . .  0 . 1 7 6  
6 ° 4 7 7  0 . 0 8 8  0 . C 2 4  7 4 . 9 6 2  C . 2 0 8  
6-~55 .......... ~-_U~ .............. ~,~I~ ............ ~ 5 ~  ........... 0.229 

6 . 4 2 7  0 . 1 4 3  0 .C06  8 8 . 2 4 7  0 . 2 4 5  
0 . 1 6 8  - C , C ~ 9  9 2 . 9 0 6  . . . . .  Q . 2 5 8  

6.354 0 . 1 9 2  - 0 . C 2 3  96.954 0.269 
....... ~ Q  ~_Q ........... 6 • 3 ~0 .............. ~ j_~ J_~ ............. r-Q ~-Q ~_Q ............ ~9~a~J~ ............. 0. 279 

3 1 5 ~ 0  6 . 2 6 2  0 . 2 3 4  - 0 . C 5 8  1 0 4 . 0 1 7  0 . 2 8 9  
. . . . . . .  ~ Q . _ Q  . . . . . . . . . . . . .  6 . 2 1 0  . . . . . . . . . . . . . .  ~ , 2 ~ 2  . . . . . . . . . . . . .  z _ ~ _ ~ 1 _ ~  . . . . . . . . . . .  X O _ Z , _ ? } _ ~  . . . . . . . . . . . . . .  0 . 2 9 8  

3 2 5 . 0  6 . 1 5 4  0 . 2 6 7  - G . G g g  1 1 0 . 3 3 1  0 . 3 0 6  
• ~ O . O  ......... & . f l q 4  f l . 2 B O  - 0 . t 2 1  1 1 3 . 5 2 9  . . . . .  0 . ~ ] ~ .  
3 3 5 . 0  6 , 0 3 3  0 . 2 9 1  - 0 . 1 4 3  1 1 6 . 2 5 7  0 . 3 2 3  

....... ~+,,~t .............. 5.969 .............. ~a25~ ............. r~a~bl ........... /LaA.l~X ............... 0,33I 

3 4 5 . 0  5 . 9 0 4  0 . 3 0 4  - 0 . 1 9 0  1 2 1 . 9 7 0  0 . 3 3 9  
....... ~5_Q~ ................. ~.638 ............ ~ _ Z  ............. : ~ , 2 1 , 3  ........... 3 ~ I I Z  .............. ~.3~7 

3 5 5 , 0  5 . 7 7 2  0 . 3 C 8  - 0 . 2 3 7  1 2 7 . 5 6 2  0 . 3 5 4  

__~3~I315£ f . ,N_t !g l  I C _ = 0 . 2 7  a21__{ E ~ L U A T E ~ _ A  X_ _{1E eff3~ _ _=_ _ ..3_5_~ _ K E t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 2 7  



T A B L E  9 

H O R I Z O N T A L  R A D I A T I O N  P A T T E R N  FOR THE F h R  F I E L D  OF B O D Y  W A V E S  D U E  TO A 

S H E A R  F A U L T  (AN E X A M P L E )  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  _L t _%L - _ _ _ Lo_ _. p_e_ 9 Z  _e_e_ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  t k i 4 ~ ) i :  i , 6 : 6 ~ = ~  E f~ . . . . . .  b ~ i f  X 6 ~ Y 5 ~ i ~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

~M~& P SH SV EIOEG| £|POC) 
............................................................................................................... 

0. 0.140 -0.483 --0.~83 224.949 0.625 

5,0 _ __ 0.098 . . . . . . . . . .  :~,~! ............. :~,~ �A . . . . . . . . . . .  !~A±!~ .............. ~sA#A__ 
I0,0 0.050 -0.606 -0.494 230.802 0.641 

15.0 -0.001 -0.665 -0.502 232.124 0.645 
20.0 -0.055 -0.667 -0.509 232.636 0.646 

.___Z_5_.~_ :0_,.3 t___q_0 ............ :~,AZZ ............. :~,~!Z ........... !}~19~ ............ ~z#A~__. 

30.0 -0.165 -0.659 -0.522 231.599 0.643 

40.0 -0.267 -0.586 -0.527 227.916 0.633 

4 5 . 0  --0.313 -0.523 _. -e.525 . . . . .  224.932 0.625 
5o.c -0.353 -0.450 -o.318 220.997 o.614 

60.0 - 0 . 4 1 3  - 0 . 2 7 5  -0.492 2 0 9 . 2 4 6  0 . 5 8 1  

. . . .  # A ~  . . . . . .  : A : ~ 3 _ t  . . . . . . . . . . . . .  : A : A ~ A  . . . . . . . . . . . .  : A z A Z Z  . . . . . . . . . . .  Z g A ~ ? ± !  . . . . . . . . . . . . . .  9~#AZ__ 
70.0 --0.442 -0.079 -0.446 190.069 0.528 
7 5 . 0  -0;444 0.020 -0.416 177.305 0.493 
80.0 -0.439 0.115 -0.382 163.246 0.453, 

. . . .  J } . , ' i , ~_  :~_~4..~i . . . . . . .  n ~ ,  4 _ . . . . . . . . . . . . . . . . . . . . . . . .  ~ _ ~  . . . . . . . . . . . . .  : ~ . ~  .......... l ~ . & ~  ............... ~,__I~_.. 
90.6 -0.406 0.285 -0.303 I~6.781 0.380 

100.0 -0.348 0.412 -0.215 117.625 0.527 
I05.0 -0.312 0.454 -0.170 110.562 ~ . ~  

110.0 -0.274 0.482 -0.126 104.662 0.291 

120.0 -0.193 0.488 -0.043 95.057 0.264 

._i?-%=il ............... __-~_LS~ .............. ~.~b~ ............ ~.~01 . . . . . . . . . . . . .  9D.~47 _ _ . 0.252 _ 

[30oC. -0.I17 0.432 0.025 ~6.738 0.241 

I 4 0 . 0  - 0 . 0 5 4  0 . 3 2 3  0 . 0 7 0  7 7 . 7 6 1  C , . 2 1 6  

._J&5=n ................ : ~ . ~ 3 ~  .............. ~.15~ .............. ~.~8& ........ 71.~31 . _ .  C.200 
150.0 -0~013 0.[77 0.u88 63.551 0.177 

.-l~0 ................ r~]-0~ .............. ~ . ~  .............. O.I18~ .... 4S.IIY ....... L=I/4 
160.0 0.003 0.012 0.075 8.949 0.025 

170.0 -0.009 -0.149 0.03l 281.6~3 0.782 
. _ ~ Z . & - n  . . . . . . . . . . . . . . .  = ~ . d 2 ~  . . . . . . . . . . . . .  : ~ . 2 . 2 ~  . . . . . . . . . . . .  ~ . Q O Z  . . 2 6 9 . ~ 6 8  0 . 7 4 ~  

1 8 0 . 0  - 0 . 0 4 5  - 0 . 2 8 5  -0.041 2 6 1 . 7 4 7  0 . 7 2 7  

._~9-- ............... :~.~ZI ............ ---~.-&31 ............. -~.085 
1 9 0 . 0  - 0 . 1 0 0  - 0 . 3 7 7  - 0 . 1 3 6  
)95.O - - 0 . 1 ~ 2  -O.403 -Q.189 

200.0 -0.166 -0.414 - - 0 . 2 4 5  

210.0 -0.232 -0.389 -0.361 277.150 
_!/.&~r~ ................ r~.-2J52~ ............ ---~1~3-5~ ............ -Q.415 220.269 

220.0 -0.290 -0.305 -U.473 2t~.829 

2 3 0 . 3  - 0 . 3 3 0  - 0 .  t T Z  - 0 . 5 7 3  1 9 6 . 7 0 0  

_ _ ~ 3 _ 5 . - n  . . . . . . . . . . . . . . . .  = ~ . ~ . L  . . . . . . . . . . . .  ~ D . ~ £ ~  . . . . . . . . . . . .  ~ . J 6 J . &  . . . . . . . .  k8S~457 

2 4 0 . 0  -0.345 -0.005 -0.654 180.474 

2 5 0 . 0  - 0 . 3 3 1  0 . 1 7 4  - 0 . 7 1 1  1 6 6 . 2 5 1  

255.9 -0.313 0.261 -0.729 160.283 
260.0 -0.288 0.344 -0.741 159.126 
2~5.0 -0.257 0.418 -0.747 150.754 

205.002 . . . . .  0 , 7 L 0  

250.186 0.69~ 

239.328 0.665 

2 3 3 . 4 1 2  . . . .  0 ~ 6 ~ 9  

0.6~1 

. . . .  0 ~ G I Z  
0 . 5 9 1  

....... O.SAq 

0.546 
. . . .  0 ~ 5 1 3 . _  

0.501 
. . . . . . . . . . .  O _ . ~ L _ _  

0.662 

0.445 
0.431 
0.419 

270.0 -0.220 0.482 -0.746 147.118 0.409 

275.0 ............... ~ 7 8  .............. O,53~ ........... :~!9~ ............ !9~,~Z~ .............. ~±~9~-- 
2 s o . o  - 0 . 1 3 3  0 . 5 7 2  - 0 . 7 2 s  1 4 1 . 8 7 0  e . 3 9 ~  
2 e 5 . 0  - o . o a 5  0 . ~  - 0 . 7 1 3  1 4 0 . 1 ~ 8  o . ~ s ~  
290.0 -0.036 0.599 -0.693 139.158 0.387 

__295~ ............... ~ ! ~  .............. ~,~9~_ ............. r~,A]3 ............. L ~ z A ~  .............. ~A~_- 

300.0 0.060 0*560 --0.648 159.155 0.387 

. . . . . . .  305.0 ................................................................................................ 0.t05 0.516 -0.623 140.391 o.A �o ...... 

~ 1 0 . 0  0 . 1 ~ 5  0 . 4 5 6  - 0 . 5 9 9  , 4 2 . 6 8 6  0 . 3 9 6  

315.0 0.179 0.383 -0.575 146.313 0.406 
220.0 0.207 0.299 -0.553 151.626 00421 
~25;0 0.228 .... ~,I05__ ............ :~,~)! ............ i~a �~Z .............. ~A~-- 
330.0 0.241 0.104 -0.516 168.610 0.468 
335.0 0.245 -0.001 ..... r~.~Ol ............ [9~.~I ............ ~.__5_09___ 
340.0 06240 -0.]07 ~0.492 192.213 06534 
~WS.G 0.227 -0.210 -0.485 203.~51 0.565 
350~0 0.206 -0.310 -0.4R2 212.738 0.591 
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arrival time, 

Ot Ot 
tv(A; R) = tv(~0; R0) + ( ~ )  ~ + (~R) g~ + " "  (30) 

/ , , ,  

~o o ~ o 

u 

Cot p coS(O "q 

o 

FIG. 20. Nodal lines on.Byerly's extended distance projection plane. P(C-DC) P waves due 
to couple and double couple SH(C-T) SH waves due to couple and tensile fault. 

and making use of the relations 

h . ~  a -  Ro 

Otp _ sin i0 Ot~ cos ih 
OA v(a) OR v(h) 

(31) 

We finally obtain a finiteness factor for a shear fault in the form sin -~  x / x e  ,where  

x = 2 V . [ V /  [cos p]cos  (O -- 7) -- sin p cot i (32) 

As before b is the fault-length in the direction of rupture, V, is the apparent body 
wave velocity (phase velocity) at the surface, p is the plunge angle of the displace- 
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ment  vector and n is the azimuth of trend, defined by 

sin p = sin h sin 

cos X 
cos 7/ X,/1 -- sin 2 h sin 2 

(33) 

For a strike-slip fault p = 0 ~ = 0 and equation (32) reduces to the form x = 
( w b / 2 V a ) ( V a / V f  - cos 0). Note  that  we have assumed quite arbitrari ly tha t  the  
rupture is progressing in the direction of the initial displacement vector. I f  the 
fault  propagates in an independent direction, equation (32) will still be valid, 
provided that  the angles p and ~ are replaced. 

~X 
(~ t1~ SH (~) 

e -= " ~ ~ - 7 ) ) ,  
/ / / / /  

_ Z 

90 ° 

o 30 8 60 90 

FIG. 21. Nodal  lines on the extended distance pro ject ion plane for SH  waves due to 
shear faults (double couple) Equation of nodals: 

(x ~ +  y~) (x sin X cos 26 -- ycosXcos6) = x y s i n X s i n 2 6 +  (x 2 -  y~) cosXcos6 

Note  also that  for P and S waves at  distances A > 70 ° and plunge angles p > 30 °, 
the finiteness parameter  will be approximately equal to x = ~ b / 2 V f .  In  most  
cases the finiteness factor will depend only slightly on the azimuth. Moreover, due 
to the linear dependence of x on the frequency, the effect of the finiteness on the 
spectrums will be equivalent to tha t  of a filter with a box-car impulse response, the 
length of this box-car being equal to the t ime of rupture. 

5. Nodal Curves 

In  Byerly 's  method one obtains the nodal curves from the sign distribution of the 
first motion. The body wave spectrums preserve these curves without change, a t  
least to the extent tha t  the angle of emergence ih is frequency independent. A prop- 
agating rupture may,  in principle, introduce an additional nodal curve which is 
frequency dependent. Nodal  curves for a couple relative to a shear fault  (X; 5) and 
a dipping tensile fault are shown together in Figure 20. Nodal  curves of S H  due to 
a shear fault  can be put  in the form 
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cos 20 cos X 4- sin 20 sin X cos 
cot  ih = sin 

cos 0 sin h cos 2~ -- sin 0 cos k cos 

= r c°s ~/1 cos (20 - 7) 
Lc-O~ j sin (3' --  O) t an  

231 

(34) 

8=  9 0  ° z = X = O  

~xZ+ y2_ 2y tan ~ ~!1 / 

FIG. 22. Nodal lines on the extended distance projection plane for SV waves due to 
shear faults (double couple) Equation of nodals: 

(y sin X cos 23 + x cos X cos ~)(x ~ + y~ -- 1) = 2xy cos X sin ~ + sin X sin 2~(x ~ + 2y ~) 

The  curves can be classified in three groups:  
1. Typical:  (Figure 21 a) The  nodal curve is a s t rophoid which divides the  plane 

of project ion into three sections. This curve corresponds to downgoing rays  only 
(270 ° > ih > 90°). The  nodal  curve for the  upgoing rays  (Iih l < 90°) is obta ined 
f rom the one shown in Figure 21% by  a reflection around a line parallel to  the asymp-  
tote  th rough  the origin. This is an immedia te  consequence of the s y m m e t r y  relations 
given in equat ion (22).  

2. Atypical:  For  par t icular  combinat ions of 8 and X (7 /2  = ~' ± 45 °) the  nodal  
curves reduce to a circle with a bisecting s t ra ight  line (Figure 21). The  points  in 
the  (X; ~) plane for which this reduct ion is possible are shown in the same figure. 
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Here again one obtains the reflected circle r = - tan 5. cos (0 - ~ ) / 2  sin ~, for the 
upgoing  rays, l i~] < 90 °. 

T A B L E  10 

NODAL LIN]~S ON THE EXTENDED DISTANCE PROJECTION PLANE FOR A SttEAR TYPE 

FAULT ~ = 61 °, X = 28 ° (AN EXAMPLE) 

T H E T A  SH SV TFtFT6 SH SV IHETA SH SV THETA SH SV THFTA SH SV IHEI"A SH SV 
o ~ m l e m m o o e m e ~ m l m *  m * * * ~ . t  I I Q ~ * ~ W O * *  i l t i l l t l @ l l l t l t l  o i i t i l t ~ t i l l t t t t l  t l ~ t t t t ~ t t ~ l t R l t t t  t l l l l i t t l t l l l n l t l  

0 ,  - 4 , 0 . ~ 8  1 , 8 6 8  0 0 , 0  0 . 5 6 6  0 , 0 0 1  1 2 0 , 0  2 , 9 6 6  0 , 9 6 8  1 8 0 , 0  8 , 0 5 8  0 . 6 3 8  2 4 0 . 0  - 0 , 5 6 6 9 6 1 . 8 2 8  3 0 0 , 0  - 2 , 9 6 ~ .  1,0311 
1 , 0  - 3 , 9 7 3  1 . 8 2 1  6 1 , 0  0 * 6 3 5  0 , 0 0 7  1 2 1 , 0  2 , 9 4 7  0 , 9 9 0  1 8 1 , 0  3 , 9 7 3  0 , 6 1 7  2 4 1 . 0  - 0 , 6 3 5 1 3 ~ , , , 9 5 6  3 0 1 . 0  - 2 . 9 4 7  1 , 0 | 0  
2 , 0  - 3 * 8 9 0  1 , 6 7 6  6 2 . 0  0 . 7 0 5  0 , 0 1 4  1 2 2 . 0  2 . 9 2 6  1 , 0 1 1  1 8 2 , 0  3 . 8 9 0  0 . 5 9 7  2 4 2 , 0  - 0 . 7 0 5  7 2 . 1 4 8  3 0 2 . 0  - 2 , 9 2 8  0 , 9 8 9  
3 , 0  - 3 , 8 0 7  1 , 7 3 5  6 3 , 0  0 , 7 7 4  0 , 0 2 0  1 2 3 , 0  2 , 9 0 1  1 , 0 3 1  1 8 3 . 0  3 . 8 5 7  0 . 5 7 7  2 4 3 , 0  - 0 , 7 7 6  4 9 . 0 1 4  3 '33 .0  - 2 , 8 0 1  0 , 9 7 0 '  
4 , 0  - 3 ° 7 2 6  1 . 7 9 6  6 4 . 0  0 . 8 4 5  0 . 0 2 7  12¢, .0 2 . 8 7 1  1 , 0 5 1  1 8 4 , 0  3 * 7 2 6  0 * 5 5 7  2 4 4 . 0  - 0 . 8 4 3  3 6 . 9 7 3  3 3 4 , 0  - 2 , 8 7 1  0 * 9 8 2  
5 . 0  - 3 , 6 4 5  1 , 8 6 0  6 5 , 0  0 . 9 1 2  0 . 0 3 6  1 2 5 . 0  2 , 8 3 6  1 , 0 6 9  1 8 5 . 0  3 . 6 4 5  0 . 5 3 8  2 ~ 5 . 0  - 0 , 9 1 2  2 9 * 5 8 0  3 0 5 . 0 - 2 . ~ 3 6  0 . 9 3 5 .  
6 . 0  - 3 . 5 8 5  1 . 9 2 7  6 6 , 0  0 . 9 7 9  0 , 0 4 1  1 2 6 . 0  2 . 7 9 6  1 . 0 8 7  1 8 6 , 0  3 , 5 6 5  0 . 5 1 9  2 4 6 . 0  - 0 . 9 7 9  2 6 . 5 7 4  3 0 6 , 0  - 2 . 7 9 5  0 . 9 2 C  
1 , 0  - 3 , 4 0 5  1 , 9 9 8  6 7 , 0  1 , 0 4 6  0 , 0 6 8  1 2 7 , 0  2 , 7 5 0  1 , 1 0 4  1 8 7 . 0  3 , 4 8 5  0 . 5 0 0  2 4 7 , 0  - 1 , 0 4 6  2 0 . 9 5 6  3 " )7 .0  - 2 . 7 5 0  0 , 9 0 6  
8 . 0 - 3 . 6 0 6  2 . 0 7 2  6 8 . 0  1 . 1 1 3  0 . 0 5 5  1 2 8 . 0  2 . 6 9 7  1 . 1 1 9  1 8 8 . 0  3 . 4 0 6  0 , 4 8 3  2 6 8 . 0 - 1 . 1 1 3  1 8 , 2 1 5  3 0 8 , 0 - 2 . 6 9 7  0 . 8 9 3  
9 . 0 - 3 . 3 2 8  2,149 69.0 1.179 0.062 129.0 2.637 1,134 i89.0 3.328 0,465 249 .0 -1 .179  16.065 309 .0 -? .657  0.882 

1 0 , 0 - 3 . 2 6 9  2 , 2 3 0  7 0 . 0  1 . 2 4 4  0 . 0 7 0  1 3 0 . 0  2 . 5 6 9  1 . 1 4 8  1 9 0 . 0  3 , 2 4 9  0 , 4 6 8  2 5 0 . 0 - 1 . 2 4 4  1 4 . 3 3 2  3 1 0 . 0 - 2 . 5 6 9  0 , 8 7 1  
1 1 , 0 - 3 , 1 7 1  2 , 3 1 5  7 1 , 0  1 , 3 0 8  0 , 0 7 8  1 3 1 , 0  2 , 6 9 1  1 , 1 6 0  1 9 1 , 0  3 , 1 7 1  0 . 4 3 2  2 5 1 . u - 1 . 3 0 8  1 2 , 9 0 3  3 1 1 . 0 - 2 . 4 9 l  0 . 8 6 2  
1 2 . 0  - 3 , 0 9 3  2 . 6 0 4  7 2 . 0  1 . 3 7 1  0 , 0 8 5  1 3 2 . 0  2 . 4 0 3  1 . 1 7 2  1 9 2 . 0  3 . 0 9 3  0 . 4 1 6  2 5 2 . 0  - 1 . 3 7 1  l l . 7 0 6  ] 1 2 . 0  - 2 . 6 0 3  0 . 8 ~ 3  
1 3 . 0 - 3 . 0 1 6  2 . 6 9 6  7 3 . 0  1 . 4 3 4  0 . 0 9 6  1 3 3 . 0  2 . 3 0 1  1 . 1 8 2  1 9 3 . 0  3 . 0 1 6  0 . 4 0 1  2 5 3 . 0 - l . 4 3 4  1 0 . 6 8 3  3 1 3 . 0 - 2 . ~ 0 1  0 . 8 4 6  
16.0 -2.938 2.593 74.0 1.496 0.102 134.0 2.186 1.191 194.0 2.938 0 . 3 8 6  254.0 -1.696 9.803 311,.0 -2.186 0.839 
15.0 - 2 , 8 6 1  2.694 ?5.0 1,557 0.111 135,0 2,053 1.199 195.0 2.861 0.371 255.0 -1.557 9.034 315.0 -2.053 0.834 
1 6 . 0  - 2 o 7 8 3  2 , 8 0 0  1 6 . 0  1 , 6 1 8  0 . 1 2 0  1 3 6 , 0  1 . 8 9 g  1 . 2 0 6  1 9 6 , 0  2 . 7 8 3  0 . 3 5 ?  2 5 6 . 0  - 1 . 6 1 8  8 . 3 5 3  3 1 6 . 0  - [ . 8 9 9  0 .82~"  
1 7 , 0  - 2 . 7 0 8  2 . 9 1 0  7 7 . 0  1 . 6 7 7  0 . 1 2 9  1 3 7 . 0  1 . 7 2 0  1 . 2 1 2  1 9 7 . 0  2 . 7 0 6  0 . 3 4 4  2 5 7 . 0  - 1 . 6 7 7  7 . 7 5 8  3 1 7 , 0  - 1 . 7 2 0  0 .825"  
18*0 -2.629 3.026 78.0 1.735 0.138 138.0 1.509 1.217 198.0 2.629 0.330 258.0 -1.715 7.221 318.0 -1.510 0.822 
19,0 -2,551 3,147 79.0 1.793 0.148 139,0 1.259 1,221 199.0 2.551 0.318 259.0 - [ .793  6,738 319.0 - l . 259  0,81~ 
2 0 , 0  - 2 . 4 7 4  3 . 2 7 3  8 0 . 0  1 . 8 5 0  0 . 1 5 9  1 4 0 . 0  0 . 9 5 7  1 . 2 2 3  2 0 0 . 0  2 , 6 7 4  0 , 3 0 8  2 6 0 * 0  - 1 . 8 5 0  6 . 3 0 2  3 2 0 . 0  - 0 . 9 5 8  0 . 8 1 8  
21,0 -2.397 3,405 81,0 1,905 0.169 141,0 0.587 1.225 201,0 2,397 0.294 261.0 - i , 908  5.904 321.0 -0~587 0.81T 
2 2 . 0  - 2 , 3 1 9  3 , 5 4 4  8 2 , 0  1 , 9 6 0  0 , 1 8 0  1 4 2 , 0  0 , 1 2 3  1 , 2 2 5  2 0 2 . 0  2 , 3 1 9  0 , 2 8 2  2 6 2 * 0  - l , 9 6 0  5 , 5 4 2  3 2 2 . 0  - 0 . 1 2 3  0 , 8 ] . 8  
2 3 , 0  - 2 , 2 4 2  3 , 6 8 9  8 3 , 0  2 , 0 1 4  0 , 1 9 2  1 4 3 , 0  - 0 , 4 7 ?  1 , 2 2 4  2 0 3 . 0  2 . 2 4 2  0 . 2 7 1  2 6 3 . 0  - 2 . 0 1 6  5 , 2 0 9  3 2 3 . 0  0 . 4 7 7  0 . 8 1 7  
2 4 . 0  - 2 . 1 6 5  3 , 8 4 1  8 6 . 0  2 . 0 6 6  0 . 2 0 4  1 4 4 . 0  - 1 . 2 8 l  1 , 2 2 2  2 0 4 . 0  2 . 1 6 8  0 . 2 6 0  2 6 4 . 0  - 2 . 0 6 6  4 . 9 0 4  3 2 4 . 0  1 , 2 8 0  0 . 8 1 8  
2 5 , 0  - 2 . 0 8 7  4 . 0 0 1  8 5 . 0  2 , 1 1 8  0 . 2 1 6  1 4 5 . 0  - 2 . 6 1 6  1 , 2 1 9  2 0 5 . 0  2 , 0 8 7  0 . 2 5 0  2 5 5 . 0  - 2 . 1 1 8  4 . 6 2 1  3 2 5 . 0  2 . 4 1 8  0 .82(>  
2 6 . 0  - 2 . 0 1 0  4 , 1 6 9  8 8 . 0  2 o l 8 8  0 . 2 2 9  1 4 6 . 0  - 4 . 1 3 3  1 , 2 1 8  2 0 6 . 0  2 , 0 1 0  0 . 2 4 0  2 6 6 . 0  - 2 . 1 6 8  4 . 3 6 U  3 2 6 . 0  4 . 1 3 3  0 . 8 2 3  
2 7 , 0  - 1 , 9 3 2  4 , 3 6 6  8 7 . 0  2 , 2 1 7  0 , 2 6 3  1 4 7 . 0  - 7 , 0 5 8  1 , 2 0 9  2 0 7 . 0  1 . 9 3 2  0 . 2 3 0  2 6 7 . 0  - 2 . 2 1 7  4 , 1 1 8  3 2 7 . 0  7 . 0 5 7  0 . 8 2 7  
2 8 o 0 - 1 . 8 5 5  4 . 5 3 3  8 8 . 0  2 . 2 6 6  0 . 2 5 7  1 4 8 . 0 - 1 3 . 1 5 6  1 . 2 0 3  2 0 8 . 0  1 . 8 5 5  0 . 2 2 1  2 6 8 . 0 - 2 . 2 6 6  3 . 8 9 3  3 L 8 . 0  1 3 . 1 5 4  0 , 8 3 1  
2 9 o 0  - 1 , 7 7 8  4 , 7 3 0  ~ 9 , 0  2 , 3 1 3  0 , 2 7 2  1 4 9 , 0 - 3 3 , 8 1 5  1 , 1 9 6  2 0 9 , 0  1 , 7 7 8  0 .211.  2 6 9 . 0  - 2 . 3 1 3  3 , 6 8 3  3 2 9 , 0  3 3 . 8 0 3  0 . 8 3 6  
30.0 - I .700  4.938 90.0 2.358 0.287 150.0196.713 1.188 210.0 1.700 0.203 270.0 -2.358 3.487 330.0197.030 0.842 
3 1 . 0  - I ,623  5.159 91.0 2.403 0,303 151,0 31.237 1.178 211,0 1.623 0.196 271.0 -2.408 3.305 331.0-31.244 0.84~ 
3 2 , 0  - 1 . 5 4 5  5 . 3 9 4  9 2 . 0  2 . 4 4 6  0 . 3 1 9  1 5 2 . 0  1 8 . 6 5 3  1.1`68 2 1 2 . 0  1 . 5 4 5  0 . 1 8 5  2 7 2 . 0  - 2 . 4 4 6  3 . 1 3 4  3 3 2 . 0 - 1 8 . 6 5 6  0 . 8 5 6  
~ 3 . 0  - 1 , 4 6 8  5 . 6 4 3  9 3 . 0  2 . 6 8 8  0 . 3 3 6  1 5 3 . 0  1 4 . 0 0 8  1 . 1 5 7  2 1 3 . 0  1 . 4 6 8  0 . 1 7 7  2 7 3 . 0  - 2 . 6 8 8  2 . 9 7 4  3 3 3 . 0 - 1 6 . 0 0 9  0 . 8 6 4  
3 4 , 0 - I . 3 9 0  5.910 94.0 2.529 0.354 154.0 11.583 1.145 216.0 1.390 0.169 274.0 -2.529 2.824 334.0-1`1.584 0.8?4 
3 5 . 0  - 1 , 3 1 3  6 , 1 9 5  9 5 . 0  2 . 5 6 8  0 . 3 7 3  1`55.0 1 0 . 0 8 7  1`.132 2 1 5 . 0  1`.313 0 . 1 6 1  2 7 5 . 0  - 2 . 5 6 8  2 . 6 8 4  3 3 5 , 0 - 1 0 . 0 8 8  0 . 8 8 4  
36.0 -1.235 6.502 96.0 2.606 0.392 156.0 9.068 1.118 216.0 1.235 0.154 276.0 -2.606 2.553 836.0 -9.068 0.895 
3 1 . 0  - 1 , 1 5 8  6 , 8 3 2  9 7 . 0  2 . 6 4 2  0 , 4 1 2  1`57.0 8 . 3 2 5  1 . 1 0 3  2 1 7 . 0  1 , 1 5 8  0 . 1 4 6  2 7 7 . 0  - 2 . 6 4 2  2 . 4 2 9  3 3 7 . 0  - 8 . 3 2 6  0 . 9 0 7  
3 8 . 0  - 1 , 0 8 1  7 . 1 9 0  9 8 . 0  2 . 6 7 7  0 . 4 3 2  1 5 8 . 0  7 . 7 5 7  1 . 0 8 8  2 1 8 . 0  1 . 0 8 1  0 . 1 3 9  2 7 8 . 0  - 2 . 6 7 7  2 . 3 1 4  3 3 8 . 0  - 7 . 7 5 7  0 , 9 l ¢ ~  
3 9 . 0  - 1 , 0 0 6  7 . 5 7 8  9 9 . 0  2 . 7 1 1  0 , 6 5 3  1`59.0 7 . 3 0 6  1 . 0 7 1  2 1 9 . 0  1 , 0 0 4  0 . 1 3 2  2 7 9 . 0  - 2 . 7 1 1  2 . 2 0 6  3 3 9 . 0  - 7 . 3 0 6  0 . 9 3 3  
6 0 , 0  - 0 . 9 2 7  8 . 0 0 1  1 0 0 , 0  2 . 7 4 2  0 . 6 7 5  1 6 0 . 0  6 . 9 3 7  1 . 0 5 4  2 2 0 . 0  0 . 9 2 7  0 . 1 2 5  2 0 0 . 0  - 2 . 7 4 2  2 . 1 0 ~  3 4 0 . 0  - 6 . 9 3 7  0 . 9 4 8  
6 1 o 0  -0,850 8,465 tv l .O 2.773 0.498 161.0 6.627 1.037 221.0 0.850 0.118 281.3 -2.773 2.009 341.0 -6,62? 0.96~ 
6 2 . 0  - 0 . 7 7 3  8 , 9 7 7  1 0 2 . 0  2 . 8 0 1  0 . 5 2 1  1 6 2 . 0  6 . 3 6 2  1.01`9 2 2 2 * 0  0 . 7 7 3  0 . 1 1 1  2 8 2 . 0  - 2 . 8 0 1  1`.820 3 6 2 . 0  - 6 . 3 6 2  0 . 9 8 2  
6 3 . 0  - 0 , 6 9 6  9 . 5 4 5  1`03.0 2 . 8 2 8  0 . 5 4 5  1`63.0 6 , 1 3 2  1 . O 0 0  2 2 3 . 0  0 , 6 9 6  0 . 1 0 5  2 8 3 . 0  - 2 , 8 2 8  1 , 8 3 7  3 4 3 . 0  - 6 . 1 3 2  1`.000 
4 4 , 0 - 0 . 6 2 0  I0.180 I~4.0 2.854 0.569 [64.0 5.928 0.980 224.0 0*620 0.098 284 .0 -2*854  1.758 344.0-5 .928 [.02(> 
65,0 -0.544 10,894 108.0 2.877 0.593 165.0 5.746 0.960 225.0 0.544 0.092 288*0 -2.877 1.686 345,0-5 .T46 1`.041 
6 6 . 0 - 0 . 4 6 8  11.707 I66.0 2.899 0.618 [66.0 5*880 0*940 226.0 0.468 0.085 286.0 -2.899 I . ¢ [ 7  346.0-5.881` 1.064 
6 7 o 0 - 0 , 3 9 2  1 2 , 6 8 9  1 0 7 . 0  2 . 9 1 9  0 . 6 4 4  1 6 7 . 0  5 . 4 2 9  0 .91`9  2 2 7 . 0  0 , 3 9 2  0 , 0 7 9  2 8 7 . 0 - 2 . 9 1 9  1 . 5 5 4  3 4 7 . 0 - 5 , ~ 2 9  1 . 0 8 8  
6 8 , 0  - 0 , 3 1 6  1 3 . 7 2 2  1 0 8 . 0  2 . 9 3 6  0 . 6 6 9  1 6 8 . 0  5 . 2 8 9  0 . 8 9 8  2 2 8 . 0  0 .31`6  0 . 0 7 3  2 8 8 . 0  - 2 . 9 3 6  1 . 4 9 4  3 4 8 . 0  - 5 . 2 8 9  l . l l 3  
6 9 . 0 - 0 , 2 4 1  1 6 . 9 9 7  1 0 9 . 0  2 , 9 5 2  0 . 6 9 5  1 6 9 , 0  5 , 1 5 9  0 , 8 7 7  2 2 9 . 0  0.241` 0 . 0 6 7  2 8 9 . 0 - 2 . 9 5 2  1 . ~ 3 9  3 8 9 . 0 - 5 . 1 ` 5 9  1 . [ 4 1  
~ 0 . 0 - 0 . 1 6 8  1 6 . 5 2 3  11`0.0 2 . 9 6 6  0 . 7 2 [  1 7 0 . 0  5 . 0 3 ?  0 . 8 5 5  2 3 0 . 0  0 . 1 6 6  0 , 0 6 1  2 9 0 * 0  - 2 , 9 6 6  1 . 3 8 7  3 5 0 . 0 - 8 . 0 3 7  1` .169 
51 .0 -0 ,091  18.384 11`1.0 2.977 0.747 171`.0 4.921 0.833 231.0 0.091 0.054 291`.0 -2.977 1.339 351.0-4.921 1,20(~ 
52,0 -0.017 20,711 I12.0 2.986 0.773 172.0 4.811 0.811 232.0 O.Ol7 0,048 292.0 -2.986 1`.294 352.0 -4.811 1.232 
~ 3 . 0  0 , 0 5 7  2 3 . 7 0 5  1 1 3 . 0  2 , 9 9 3  0 . 7 9 8  1`73.0 4 . 7 0 6  0 . 7 8 9  2 3 3 . 0  - 0 . 0 5 7  0 . 0 4 2  2 9 3 . 0  - 2 . 9 9 3  1 , 2 5 3  3 5 3 . 0  - 6 . 7 0 0  1`,267 
5 8 , 0  0 , 1 3 1  2 7 . 7 1 1  1 1 6 . 0  2 , 9 9 8  0 . 8 2 4  1 7 6 o 0  4 , 6 0 5  0 . 7 6 7  2 3 4 . 0  - O . 1 3 1  0 . 0 3 6  2 9 4 . 0  - 2 * 9 9 8  1 . 2 1 4  3 5 4 * 0 - 4 . 6 0 5  1 . 3 0 3  
5 5 , 0  0 , 2 0 4  3 3 . 3 8 8  l l 5 . 0  2 . 9 9 9  0 . 8 4 9  1 7 5 . 0  4 . 5 0 8  0 . 7 4 5  2 3 5 * 0  - 0 . 2 0 6  0 , 0 3 0  2 9 5 . 0  - 2 . 9 9 9  1 . 1 7 8  3 5 5 , 0  - 4 . 5 0 8  1`.341 
5 6 . 0  0 , 2 7 7  4 1 . 9 2 6  1 1 6 . 0  2 . 9 9 8  0 , 8 7 4  1 7 8 , 0  4 . 4 1 3  0 . 7 2 4  2 8 6 . 0  - 0 . 2 7 7  0 . 0 2 4  2 9 0 . 0  - 2 . 9 9 8  1 . 1 8 4  3 5 6 * 0  - 4 . 6 ] 3  1 . 3 8 2  
5 7 . 0  0 , 3 5 0  5 6 , 5 1 0  1 1 7 . 0  2 . 9 9 5  0 . 8 9 8  1 7 7 . 0  6 . 3 2 1  0 . 7 0 2  2 3 7 . 0  - 0 . 3 5 0  0.01`8 2 9 7 . 0  - 2 . 9 9 5  1 . i13 3 5 7 . 0  - 4 , 3 2 1 `  1 . 4 2 5  
5 8 . 0  0 . 4 2 2  8 6 . 9 3 7  1 1 8 . 0  2 . 9 8 8  0 . 9 2 2  1 7 8 . 0  4 . 2 3 2  0 . 6 8 0  2 3 8 . 0  - 0 . 4 2 2  0 . 0 1 2  2 9 8 . 0  - 2 . 9 8 8  1 . 0 8 4  3 5 8 . 0  - 4 . 2 3 2  1 . 4 7 0  
59o0 0o493190o097 119.0 2.978 0 . 9 4 5  179.0 4.148 0,659 239.0 -0.493 0.005 299.0 -2.978 1,058 359.0 -4.146 1,51~ 

3. Singular: For h = 90 ° and ~ ~ 4 5 ° N  the nodal  curve consists of the  l ine 
0 = ~ / 2  and the circle r = tan 25 sin 0 which is obtained from the atypical  case in 
the  l imit  ~ = ? ~ / 2 .  The  four cases: ~ = 0; ~ = 90 ° ~ = 90°; X = 90 ° ~ = 45°; 
X = 0 ~ = 90 ° produce nodes which  do not  depend on ih • 

For S V  we find, 

2 cot  2ih = 
sin 20 cos X -t- sin X cos ~ (3  -- cos 20) s in 

sin 0 sin h cos 25 -t- cos X cos 5 cos 0 

_ / c o s _  3, _t_an a\  sin (20 --  v)  + 3 sin v 

L c o s y  J c o s ( O - - 3 , )  

(35) 
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The nodal curves can be arranged in two groups: 
1. Typical: (k ~ 45°N; 6 ~ 45°N) Nodals consist of an opeu curve having an 

asymptote at (0 -- */ - 90 °) and a closed line passing through the origin (Figure 
22a). Nodals for upgoing rays and downgoing rays do coincide. 

I 
TIME OF ORIGIN 
DEPTH OF SOURCE 
EPICENTRAL DISTANCES 
ANGLES OF INCIDENCE 
ANGLES OF EMERGENCE 
AZIMUTHS FROM SOURCE 
AZIMUTHS FROM EPICENTER 

I HASE SPECTRUMS 14 

f 
i 

CORRECT FOR CRUSTALI 
AND INSTRUMENTAL [ PHASE SH ETS TEST FOR DEPENDENCE 

OF PHASES ON AZIMUTH 
I AND FREQUENCY 

PHASE SHIFTS DUE TO 
PROPAGATION IN A A N 
SPHERICAL EARTH 

f 

_~ SEISMOGRAMS 
I FROM WWSS AROUND THE SOURCE 

I 
[ FOUSlERANA'YS'S l JAMPL,TUDESPECTROMS_I 

i CORRECT FOR CRUSTAL 
TEST FOR DEPARTURES AND INSTRUMENTAL 

FROM SYMMETRY RELATIONS I ~  I AMPLITUDE DISTORTION 
AND DEPENDENCE OF I I " I 

PATTERNS ON FREQUENCY I[ 

AZIMUTHAL DISTRIBUTION ABSORPTION AND 
OF SPECTRAL AMPLITUDES ~ DIVERGENCE IN A 

FOR P, SH, sv ] I I SPHERICAL EARTH 

DERIVE EQUI PARAMETERS FROM 
- -  FORCE SYSTEM I ] I DIRECTIVITY 

DERIVE THE SOURCE I AT THE SOURCE I I 
CORRECT FOR 

FINITENESS (IF ANY) 

PERFORM FOURIER ANALYSIS OF A SINGLE REFERENCE STATION i!11 / 
COMPARE WITH FAULT 
PLANE SOLUTION FROM 

i 

COMPUTE THE CORRELATION--MATRIX FOR A SELECTED rli I FIRST-MOTIONS 
SUB-NET OF STATIONS INCLUDING REFERENCE STATION I 

=uJ 
EVALUATE THE CROSS-SPECTRUM MATRIX FOR A FEW 

SELECTED FREQUENCIES 

CHECK RESULTS OBTAINED BY n STATION FOURIER ANALYSIS 

PLOT AZIMUTHAL 
DI STRI BUTION OF 

POLARIZATION ANGLE 

FIG. 23. Data processing scheme for source studies of deep shocks from spectrums of 
isolated body-wave pulses. 

I 

h 

2. Singular: F o r  6 = 90 ° ( F i g u r e  22 ¢) a n d  X = 0 (Fig .  22 d) they reduce to lines 
and circles. For X = 90 ° ( F i g u r e  22 b) one obtains a tiny closed curve on one side 
of the strike and an open curve on the other side. 

T a b l e  10 shows a computer print-out of the SH and SV nodals for a shear fault 
with arbitrary elements. 

CONCLUSION 

A flow-diagram (Figure 23) summarizes the procedure which we have outlined 
throughout this paper. In addition we suggest at the lower left corner of this dia- 
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gram,  an  a l t e r n a t i v e  m e t h o d  t h a t  uses cor re la t ion  t echn ique  and  power  spec t rums  
in s t ead  or  in con junc t ion  w i th  t he  conven t iona l  Four i e r  analysis .  

S tud ies  of source mechan i sm b e g a n  a t  t he  h igh  f requency  end of the  seismic 
s p e c t r u m  ( ini t ia l  mot ion) .  I t  t hen  shif ted to  the  low f requency  end (surface waves,  
free osci l la t ions) .  T h e  t ime  is r ipe now to close the  gap  and  explore  t he  mid- f requency  
range.  I n  the  contex t  of the  p resen t  p a p e r  we have  shown t h a t  such a p ro jec t  is 
feasible  and  t h a t  source in fo rma t ion  can be  ex t r ac t ed  f rom the  spec t rums  of P and  
S waves  in the  pe r iod  range  10-100 sec. W e  bel ieve  t h a t  s imilar  t echn ique  can be  
devised  for a n y  i so la ted  pulse on the  se ismogram.  
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