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SUMMARY 

T h e o r e t i c a l  P  wave seismograms a r e  shown, computed us ing  an 
ear thquake source  model of f i n i t e  s i z e  and f i xed  rup tu re  v e l o c i t y .  The 
examples shown a r e  chosen t o  i l l u s t r a t e  the  i n f luence  on t h e  computed 
seismogram of c r u s t a l  l a y e r i n g ,  record ing  system, a n e l a s t i c  a t t e n u a t i o n  
and source  s i z e ,  shape and o r i e n t a t i o n .  

INTRODUCTION 

Short  per iod  P  wave seismograms from ear thquakes a r e  u sua l ly  
d i f f i c u l t  t o  i n t e r p r e t .  Occasional ly  they show t h e  c l a s s i c  p a t t e r n  of 
d i r e c t  P  and t h e  s u r f a c e  r e f l e c t i o n s  pP and sP but  more o f t e n  they a r e  
e i t h e r  s impler  o r  more complex than t h i s .  Douglas e t  a l .  [ l ]  have shown 
t h a t  i t  is p o s s i b l e  t o  reproduce many of t he  f e a t u r e s  of observed 
seismograms wi th  s imple t h e o r e t i c a l  models, but t o  o b t a i n  a f i t  between 
a  model and any given seismogram is  a  t ed ious  process  because t h e r e  a r e  
s o  many v a r i a b l e s  i n  t h e  models and s o  l i t t l e  is known about d e t a i l e d  
e a r t h  s t r u c t u r e .  Douglas e t  a l .  [ 2 ] ,  however, have descr ibed  a  r e l a t i v e l y  
s imple observed seismogram which can be reproduced r a t h e r  c l o s e l y .  I n  
t h i s  r e p o r t  we make no at tempt  t o  match theory and obse rva t ion  but  simply 
p re sen t  t h e o r e t i c a l  seismograms f o r  a  range of models t o  show t h e  v a r i e t y  
of seismograms t h a t  can be produced by a  very s imple model of an ea r th -  
quake source.  We hope these  w i l l  be h e l p f u l  t o  o t h e r s  who t r y  t o  i n t e r p r e t  
observed seismograms. 

The major p a r t  of t h i s  work was done whi le  AWRE was p a r t  of 
t h e  UKAEA. 

2 .  COMPUTATION OF SEISMOGRAMS 

The method of computation is adequately descr ibed  elsewhere [ l ]  
and is only  repea ted  here  i n  o u t l i n e .  The ear thquake source  is  assumed 
t o  be  a double couple type of source  of f i n i t e  s i z e .  The source  model is 
based on t h a t  proposed by Savage 131; a  f r a c t u r e  is assumed t o  be 
i n i t i a t e d  a t  a  po in t  and t o  spread wi th  uniform v e l o c i t y  i n  a l l  d i r e c t i o n s  
i n  a  nodal  p lane  of t h e  double couple r a d i a t i o n  p a t t e r n .  The f r a c t u r e  
f i n a l l y  comes t o  rest along a c i r c u l a r  o r  e l l i p t i c  contour.  F r a c t u r e  may 
be  i n i t i a t e d  at e i t h e r  t h e  c e n t r e  of t h e  c i r c l e  o r  e l l i p s e  o r  a t  a  focus 
of t h e  e l l i p s e .  S l i p  occurs  ins tan taneous ly  a s  t he  f r a c t u r e  passes  
through a  po in t  i n  t h e  f a u l t  p lane  and, f o r  t h e  models descr ibed  here ,  
t h e  displacement i s  l a r g e s t  a t  f h e  c e n t r e  of t h e  f a u l t  and f a l l s  o f f  
towards t h e  edge a s  ( 1  - x2/s2)2 ,  where x is t h e  d i s t a n c e  of any po in t  
from t h e  c e n t r e  and S is t h e  d i s t a n c e  of t he  edge of t h e  f a u l t  from 
t h e  c e n t r e  a long  a  r ad ius  through t h e  p o i n t ,  

The motion of t h e  source  of r a d i a t i o n  in t roduces  a  Doppler 
s h i f t  i n  t h e  spectrum of t h e  s e i smic  pu l se  which is apparen t  i n  t h e  pu l se  
shape i t s e l f .  I f  t h e  source  were a  crack running down a l i n e  of l eng th  
1 a t  speed v  and wi th  uniform amplitude, t h e  pu l se  shape a t  a d i s t a n t  
observer  would be a  box-car func t ion  of du ra t i on  T = R[(l /v)  - (cos 8 / a ) ]  
and amplitude p ropor t i ona l  t o  T'~, where 8 is the  angle  between t h e  l i n e  



of f a u l t i n g  and t h e  d i r e c t i o n  of t h e  observer  and a is t h e  wave speed. 
The corresponding spectrum has a peak a t  zero frequency of width 2~17. 
An observer  i n  l i n e  with t h e  approaching crack (0 = 0) s e e s  a s h o r t  
high amplitude pu l se  wi th  a broad spectrum ( a  Doppler s h i f t  t o  high 
f requencies ) ,  whereas an observer  i n  t h e  oppos i te  d i r e c t i o n  (0 = T) s e e s  
a long, low amplitude pu l se  wi th  a narrow, low frequency spectrum. 
Observers a t  in te rmedia te  p o s i t i o n s  would s e e  something between t h e  
two extremes. I f  t h e  crack r an  from an i n i t i a l  po in t  a t  t h e  c e n t r e  of 
t h e  l i n e ,  i n  both d i r e c t i o n s  t o  t h e  ends, an observer  i n  l i n e  with t h e  
c rack  would s e e  a supe rpos i t i on  of t h e  two cases  above; a s h o r t  high 
amplitude beginning, from t h e  approaching s e c t i o n  of crack. and a low 
amplitude t a i l ,  from t h e  receding sec t ion .  An observer  a t  a p o i n t  in t h e  
p lane  perpendicular  t o  t h e  crack (9 P n/2), however, would see ,  as before ,  
a s imple box-car func t ion  of l eng th  R/2v. 

The c h a r a c t e r i s t i c s  of t h e  pu l se  shapes from an e l l i p t i c  o r  
c i r c u l a r  f a u l t  a r e  s i m i l a r ,  but  r a t h e r  more complicated. Let  us  cons ider  
a c i r c u l a r  f a u l t  wi th  a crack moving out  i n  a c i r c l e  from t h e  c e n t r e  
w i th  speed v and uniform amplitude. I n  f i g u r e  1, AOB is a c ros s  s e c t i o n  
through t h e  f a u l t  plane. The f r a c t u r e  s t a r t s  a t  0 and spreads  ou t  
towards A and B. An observer  at P2 s e e s  t h e  f r a c t u r e  approaching along 
OA, receding  along OB, and moving wi th  in t e rmed ia t e  speeds i n  o t h e r  
d i r e c t i o n s  i n  t h e  f a u l t  plane.  The pu l se  shape is t h e r e f o r e  a s t e e p  
wave-front wi th  a high amplitude beginning and a long,  low amplitude 
t a i l .  The pu l se  length  is s [ ( l / v )  + ( l / a ) ]  where S is t h e  r ad ius  of t h e  
c i r c l e .  The na ture  of t h e  c i r c u l a r  f a u l t  smooths out  t h e  extremely 
abrupt  cha rac t e r  of t h e  pu l se  from a l i n e  f a u l t .  An observer  a t  P1, on 
t h e  o t h e r  hand, rece ives  a t  any i n s t a n t  r a d i a t i o n  from a f r a c t u r e  
contour  which grows a t  a cons tan t  r a t e  p ropor t iona l  t o  v. The l ead ing  
edge of t h e  pulse  is t h e r e f o r e  a ramp which drops t o  zero  a f t e r  a time 
s /v .  The pu l se  is s h o r t e r  than a t  P2, has  a l e s s  s t e e p  f r o n t ,  and high 
ampli tudes appear a t  t h e  r e a r ,  r a t h e r  than a t  t h e  beginning. For 
observers  a t  p o s i t i o n s  between P1 and P2, t h e  pu l se  shapes a r e  
i n t e rmed ia t e  between t h e  two extremes with l eng ths  between s/v and 
s (v- l  + a-l).  

p1 
I 

FIGURE 1. CROSS SECTION OF FAULT PLANE WITH OBSERVERS 
AT RIGHT ANGLES AND IN LINE WITH THE FAULT PLANE 

E l l i p t i c  f a u l t s  genera te  pu l se s  of a similar kind. I f  t h e  
minor a x i s  is much less than t h e  major a x i s ,  t h e  r a d i a t i o n  w i l l  c l e a r l y  
be s i m i l a r  t o  t h a t  from a b i l a t e r a l  l i n e  f a u l t ,  i f  t h e  f r a c t u r e  
i n i t i a t e s  a t  t h e  c e n t r e  of t h e  e l l i p s e ,  o r  a u n i l a t e r a l  l i n e  f a u l t ,  if 



the fracture starts at a focus. Figure 2 shows the geometrical 
relationship between the dip of the fault plane, the direction of slip 
on the fault and the azimuth of the observer. 

F IGURE 2. RELATIONSHIP BETWEEN DIP OF FAULT PLANE, l 
DIRECTION OF SLIP ON THE FAULT AND THE AZIMUTH 

l 
I 

OF THE OBSERVER l 
l 

The earth model used comprises three parts:- 

(a) Crustal layers which contain the source. 

(b) The earth's mantle which is allowed for simply by two 
terms, one a multiplier to allow for geometrical spreading 
of the wave-front, the other a term to allow for the effects 
of anelastic attenuation. The attenuation at each angular 
frequency W is assumed to be exp (-wt*/2) where t* = T / Q ~ ~ ,  
T is the travel time between source and receiver and QAV the 



average Q o r  q u a l i t y  f a c t o r ,  A small d i spe r s ion  term has  a l s o  
t o  be introduced t o  s a t i s f y  c a u s a l i t y .  A s  QAV f o r  t h e  e a r t h  i s  
only imperfec t ly  known and is  probably not  t h e  same f o r  a l l  
ray pa ths ,  seismograms a r e  given here  f o r  va lues  of t* 
ranging from 0.0 t o  2.0 which we hope covers the  range of 
va lues  i n  t h e  ea r th .  

( c )  Crus t a l  l a y e r s  underlying t h e  r ece ive r .  

The e f f e c t s  of source and r ece ive r  c r u s t a l  l a y e r s  a r e  allowed 
f o r  using Thomson-Haskell matr ix methods. 

The only o the r  e f f e c t  which w i l l  be taken i n t o  account is  t h a t  
of t he  recording equipment. We have looked a t  t h e  e f f e c t s  of conventional  
(narrow band) long period (LP) and s h o r t  period (SP) systems, and of broad 
band systems. Narrow band LP systems produce r a t h e r  c h a r a c t e r l e s s  records 
s o  only one example is shown here.  Short  period (UK a r r a y  response) and 
broad band (Kirnos response) seismograms a r e  shown f o r  a l l  models. The 
amplitude response of t he  t h r e e  systems is  shown i n  f i g u r e  3. 

Two s e t s  of seismograms a r e  shown f o r  a l l  models; they a r e  
designated MnK f o r  Kirnos seismograms and MnSP f o r  §P seismograms, where 
Mn is the  model number. Five seismograms are shown f o r  each response, t he  
top one (Channel 1)  being t h e  ground displacement a t  the  r e c e i v e r  ( f o r  
t* = 0.0))  i e ,  before passing through the  recording system and assuming 
no a t t enua t ion .  The o t h e r  four  seismograms (Channels 2 ,  3, 4 and 5 
reading  from the  top) a r e  a s  recorded by t h e  p a r t i c u l a r  recording system 
f o r  d i f f e r e n t  va lues  of t* ( see  t a b l e  1 ) .  Time is shown along t h e  bottom 
of each f igu re ,  t ime marks being a t  i n t e r v a l s  of 6 seconds. 

To cur down t h e  number of va r i ab le s  i n  the  model some 
parameters have been kept constant  throughout a l l  t h e  models, These 
parameters a r e  l i s t e d  i n  t a b l e  2, 
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FIGURE 3. AMPLITUDE RESPONSE OF RECORDING SYSTEMS 
USED IN COMPUTATION OF THE SElS M OGRAMS 



TABLE 1 

Channels Computed f o r  Each Model and Recording System - 
Channel 1: Displacement a t  rece iver  before  passing through recording 

sys  t e m  t* = 0.0 

Channel 2: Recorded seismogram t* = 0.0 

Channel 3: Recorded seismogram 

Channel 4: Recorded seismogram 

Channel 5: Recorded seismogram t* = 2.0 

Time - time marks a t  i n t e r v a l s  of 6 seconds. 

TABLE 2 

Parameters Kept Constant f o r  a l l  Models 

Depth of focus 25 km 

Ep icen t r a l  d i s t ance ,  source t o  r ece ive r  : 60' ( t ake  o f f  angle  f o r  P a t  
source  23.22' t o  v e r t i c a l )  

F rac tu re  v e l o c i t y  2.364 km S" 1 
S t r e s s  drop 

Recording systems 

D i s t r i b u t i o n  of displacement over f a u l t  plane : 

100 b a r s  

(a )  Kirnos (broad band) system 

(b) UK a r ray  system (SP) 
1 

F a l l s  of f  a s  (1 - x2/s2)2,  
where X i s  the  d i s t a n c e  of any 
poin t  from t h e  c e n t r e  of t h e  f a u l t  
p lane  and S i s  t h e  r ad ius  of t h e  - 
f a u l t  p lane  pass ing  through t h e  
po in t  



3. HALFSPACE MODELS: M 1  TO M5 

Models M 1  t o  M 5  have been computed assuming the  source is i n  a 
ha l fspace  with P wave v e l o c i t y  6.7 km s'l , S wave v e l o c i t y  3.96 km S'' 

and dens i ty  2.9 g cm-3 and t h a t  the  r ece ive r  is a l s o  on a ha l fspace  
with the same proper t i e s .  The only a r r i v a l s  on these  seismograms o t h e r  
than d i r e c t  P a r e  thus t h e  f r e e  su r face  r e f l e c t i o n s  pP and sP, These 
ha l fspace  models a re  included t o  i l l u s t r a t e  t h e  inf luence  of the  shape 
and s i z e  of the  f a u l t  plane and the  pos i t ion  of i n i t i a t i o n  of f r a c t u r e  
on t h e  pulse  shape uncomplicated by r e f l e c t e d  and re f rac ted  a r r i v a l s  
from laye r ing  i n  t h e  c rus t .  



Model M 1  

Dip of f a u l t  p l ane  90' 

Direc t ion  of s l i p  on f a u l t  p lane  v e r t i c a l  

Shape of f a u l t  plane c i r c u l a r  

Dimensions of f a u l t  plane 1 km rad ius  

Az imu t h  90' t o  s t r i k e  

F igure  4 shows a  c ros s  s e c t i o n  through t h e  source  i n  t h e  p l ane  
of t h e  observer .  For a l l  t h r e e  phases P, pP and sP, t h e  r ays  l eave  t h e  
source  a t  r e l a t i v e l y  smal l  angles  t o  t h e  f a u l t  plane.  Thus, t h e  l ead ing  
edges of  t h e  pu l se s  should be s t e e p e r  than t h e  t r a i l i n g  edges.  This  is 
only c l e a r l y  seen  f o r  sP  where t h e  S  wave v e l o c i t y  and t h e  f r a c t u r e  
v e l o c i t y  a r e  not  g r e a t l y  d i f f e r e n t .  

For t h i s  model only,  a  s e c t i o n  of t h e  LP seismogram i s  shown 
( s h i f t e d  6 seconds t o  t h e  l e f t  r e l a t i v e  t o  t h e  broad band and SP 
seismograms). The almost s i n u s o i d a l  form of t h e  LP seismogram is 
t y p i c a l  of t h e  LP seismograms, 

I* 

FIGURE 4 









Model M2 

Dip of f a u l t  plane 45 O 

Direction of s l i p  on f a u l t  plane : 90' t o  s t r i k e  

Shape of f a u l t  plane c i r c u l a r  

Dimensions of f a u l t  plane : 5 km radius 

Azimuth : 90° t o  s t r i k e  

Figure 5 shows a cross sec t ion through the  source i n  the  
plane of the  observer. Direct P i n  t h i s  model is radia ted  i n  a d i rec t ion  
t h a t  makes a r e l a t i v e l y  small angle with the  f a u l t  plane so  t h a t  the  
leading edge of the  pulse is s teeper  than the  t r a i l i n g  edge. For pP the  
d i r e c t i o n  i n  which the  pulse leaves t h e  source is more nearly a t  r i g h t  
angles t o  the  f a u l t  plane. The leading edge of t h i s  pulse is thus less 
s t e e p  than the  t r a i l i n g  edge, For sP, because the  S ve loc i ty  is much 
c l o s e r  than the  P ve los i ty  t o  the  f rac tu re  veloci ty ,  the  e f f e c t s  of the  
moving source i n  steepening the  leading edge of the  pulse a r e  again 
c l e a r l y  seen even though t h e  angle between f a u l t  plane and sP ray paths 
is q u i t e  large.  







Model M 3  

Dip of f a u l t  plane 90' 

Direc t ion  of s l i p  on f a u l t  plane v e r t i c a l  

Shape of f a u l t  plane : e l l i p t i c a l  

Dimensions of f a u l t  plane 

Azimuth 

O r i e n t a t i o n  of major a x i s  of e l l i p s e  : v e r t i c a l  

Po in t  of i n i t i a t i o n  of f r a c t u r e  : upper focus 

F igure  6 shows a  c ros s  s e c t i o n  through t h e  source  i n  t h e  p lane  
of  t h e  observer .  For d i r e c t  P t he  source is e f f e c t i v e l y  moving towards 
t h e  observer  dur ing  t h e  whole t i m e  of f r a c t u r i n g .  For pP and sP t h e  
f r a c t u r e  spreads  towards t h e  observer  f o r  only a  s h o r t  time ( t h e  t i m e  
t o  t r a v e l  from t h e  upper focus t o  t h e  upper l i m i t  of t h e  e l l i p s e )  which 
g ives  a sha rp  f r o n t  t o  t h e  pulse.  For t h e  remainder of t h e  t i m e  t he  
f r a c t u r e  is  moving away from t h e  observer .  pP and SP a r e  t hus  much 
broader  than  t h e  d i r e c t  P pu l se ,  

FIGURE 6 







Model M4 

Dip of f a u l t  plane 

Direc t ion  of s l i p  on f a u l t  plane v e r t i c a l  

.Shape of f a u l t  plane : e l l i p t i c a l  

Dimensions of f a u l t  plane 2.5 X 2.0 km 

Azimuth 90 O 

Orien ta t ion  of major axix  v e r t i c a l  

Point  of i n i t i a t i o n  of f r a c t u r e  lower focus 

Figure 7 shows a cross  sec t ion  through t h e  source i n  t h e  plane 
of t h e  observer. A s  f r ac tu r ing  begins a t  the  lower focus i t  is the  P 
pulse  t h a t  is broadest  and t h e  pP and sP narrowest, t he  converse of 
Model M3. 

PLANE 







Model M5 

Dip of f a u l t  p lane  90 * 

Direc t ion  of s l i p  on f a u l t  plane v e r t i c a l  

Shape of f a u l t  plane : e l l i p t i c a l  

Dimensions of f a u l t  p lane  2.5 X 2.0 km 

Azimuth . .  . 90' t o  s t r i k e  

Or ien ta t ion  of major a x i s  of e l l i p s e  : h o r i z o n t a l  

Po in t  of i n i t i a t i o n  of f r a c t u r e  a focus 

Figure 8 shows a  c ross  s e c t i o n  through t h e  source i n  the  p lane  
of t he  observer .  A s  t h e  major a x i s  of t h e  e l l i p s e  is h o r i z o n t a l  t h e  
model is symmetrical f o r  P  and pP s o  the  pulse  shapes a r e  i d e n t i c a l ,  
The sP pulse  is very s i m i l a r  t o ,  but  s l i g h t l y  longer  than,  P  and pp. A l l  
t h e  pulses  have a  sharp f r o n t  because i n i t i a l l y  they a l l  have a  
component of f r a c t u r e  towards the  observer .  The main no t ion ,  however, is 
the  f r a c t u r e  spreading across  the  f i e l d  of t h e  observer .  







4. INTERPRETING MODELS WITH CRUSTAL LAYERING: M6 TO M27 

I n  computing seismograms with c r u s t a l  l aye r ing ,  one source  
c r u s t a l  model has been used, a s tandard  c r u s t  with sediment and one 
r e c e i v e r  c r u s t ,  t he  c r u s t a l  model f o r  Eskdalemuir, Scot land.  The 
p r o p e r t i e s  of t hese  models a r e  l i s t e d  i n  t a b l e  3. The r e c e i v e r  l a y e r i n g  
has no very l a r g e  impedance c o n t r a s t s  and thus con t r ibu te s  l i t t l e  t o  t h e  
shape of t h e  f i n a l  seismogram. The impedance c o n t r a s t  t h a t  c o n t r i b u t e s  
most tq t he  shape of t h e  seismogram (apa r t  from t h e  f r e e  su r f ace )  is 
t h a t  between t h e  sediment ( l a y e r  1 )  and basement ( l a y e r  2) of t h e  source 
c r u s t  . 

TABLE 3 

Crus t a l  Models Used i n  t h e  Computation of Seismograms: M6 - M27 

1. Standard Cont inenta l  Crust  wi th  Sediment [4]  

2. Eskdalemuir, Scot land [5] 

Layer 1 

Layer 2 

Layer 3 

Layer 4 

Halfspace 

F igure  9 shows t h e  ray  pa ths  t h a t  produce t h e  most prominent 
a r r i v a l s  (al though no t  a l l  t h e  seismograms show a l l  t h e s e  a r r i v a l s ) .  
These a r r i v a l s ,  A 1  t o  A8, a r e  i d e n t i f i e d  i n  f i g u r e  10 ( t h e  seismogram is 
t h e  displacement a t  t h e  recording s t a t i o n  computed f o r  Model M6). Note 
t h a t  f i v e  of t h e s e  a r r i v a l s  a r e  due t o  S t o  P conversion. 

S Wave Veloc i ty ,  
km s'l 

1.66 

3.50 

3.68 

3.94 

4.75 

I 

P Wave Veloci ty,  
km s'l 

3.0  

6.1 

6.4 

6.7 

8.15 

Layer 1 

Layer 2 

Half space  

For each model t h e  maximum p o s i t i v e  and negat ive  amplitude 
( i n  nanometres) f o r  each seismogram is given. The e f f e c t  of t* and 
record ing  system on amplitudes can thus  be seen. 

T 

Densi ty,  
g cmm3 

2.35 

2,7 

2.9 

2.9 

3 . 3  

6.14 

7.28 

8.09 

Thickness,  
km 

2 .O 

9.0 

9.0 

18.0 

m 

3.55 

4.20 

4.67 

2.8 

3.2 

3,4 

5.3 

19.7 

a 





FIGURE 10. ARRIVALS A1 - A8 IDENTIFIED ON SEISMOGRAM FOR MDDEL M6 



5 .  VERTICAL DIP SLIP AND VERTICAL STRIKE SLIP  MODELS: M6 TO M 1 1  

Because t h e  f a u l t  p lanes  f o r  t hese  models are v e r t i c a l  t h e r e  
is very l i t t l e  change i n  shape of t h e  seismogram with azimuth. Seismograms 
a r e  t h e r e f o r e  shown f o r  only one azimuth: 90' t o  s t r i k e  of f a u l t  f o r  
v e r t i c a l  d i p  s l i p  and 45' t o  s t r i k e  of  f a u l t  fox v e r t i c a l  s t r i k e  s l i p .  
Both models show prominent sP a r r i v a l s .  For t h e  v e r t i c a l  d i p  s l i p  t h e  
v e r t i c a l  through the  f a u l t  p lane  is an an t inode  of  S. 



Model M6 

Dip of  fau l t  plane 

Direction of  s l i p  on fault  plane 

Shape of fau l t  plane 

Dimensions of fau l t  plane 

Azimuth 

Amplitudes 

Channel 1 Channel 2 

M6K 

Maximum 426.3 407.6 

Minimum -528.5 -478.5 

M6SP 

Maximum 426.3 755 . 3 

Minimum -528.5 -601.3 

. 90' 

: vert ica l  

circular 

1 km radius 

: 90' t o  s tr ike  

Channel 3 Channel 4 Channel 5 

FIGURE 11. CROSS SECTION THRQlJGH THE SOURCE. 
IN THE PLANE OF THE OBSERVER 







Model M7 

Dip of f a u l t  plane 

Direc t ion  of s l i p  on f a u l t  p lane  

Shape of f a u l t  plane 

Dimensions of f a u l t  p lane  

Azimuth 

Amplitudes 

Channel 1 Channel 2 

M7K 

Maximum 12582 13015 

Minimum -13209 -9781.5 

M7 SP 

Maximum 12582 2263.6 

Minimum -13209 -2932.8 

90" 

: v e r t i c a l  

c i r c u l a r  

5 km rad ius  

90" t o  s t r i k e  

Channel 3 Channel 4 Channel 5 

FIGURE 12. CROSS SECTION THROUGH THE SOURCE 
IN THE PLANE OF THE OBSERVER 
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Model M8 

Dip of fault plane 

Direction of slip on fault plane : vertical 

Shape of fault plane : ellipse 

Dimensions of fault plane 2.5 X 2.0 km 

Azimuth : 90' to strike 

Orientation of major axis of ellipse vertical 

Point of initiation of fracture : upper focus 

Amplitudes 

Channel 1 Channel 2 Channel 3 Channel.4 Channel 5 

M8K 

Maximum 1105.7 974.9 804.4 455.2 

Minimum -2041.9 -1661.9 -1228.6 -503.3 

M8SP 

Maximum 1105.7 762.4 280.2 45.3 

Minimum -2041.9 -987.2 -366.5 -41.4 

I 
FIGURE 13. CROSS SECTION THR 

IN THE PLANE OF T 







Model M9 

Dip of fault plane 

Direction of slip on fault plane vertical 

Shape of fault plane : ellipse 

Dimensions of fault plane 2.5 X 2.0 km 

Azimuth 90' 

Orientation of major axis of ellipse vertical 

Point of initiation of fracture : lower focus 

Amplitudes 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 

M9K 

Maximum 2981.2 2661.7 2020.4 728.2 299.4 

Minimum -1526.6 -1581.7 -1281.0 -565.4 -349.3 

M9SP 

Maximum 2981.2 2605.9 583.1 51.2 6.0 

Minimum -1526.6 -2628.8 -719.9 -64.5 -11.0 

FIGURE 14. CROSS SECTION THROUGH THE SOURCE 
IN THE PLANE OF THE OBSERVER 







Model M10 

Dip of fault plane 90' 

Direction of slip on fault plane : vertical 

Shape of fault plane : ellipse 

Dimensions of fault plane 2.5 X 2.0 km 

Azimuth : 90' to strike 

Orientation of major axis horizontal 

Point of initiation of fracture : a focus 

Amplitudes 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 

MlOK 

Maximum 1865.5 2179.1 1582.4 754.8 380.6 

Minimum -1629.8 -1693.8 -1233.8 -737.5 -461.6 

MlOSP 

Maximum 1865.5 1199.7 314.3 5.3 

Minimum -1629.8 -1293.9 -384.1 -7.6 

FIGURE -15. CROSS SECTION THROUGH THE SOURCE 
IN THE PLANE OF THE OBSERVER 







Model M11 

Dip of fault plane 90' 

Direction of slip on fault plane : horizontal 

Shape of fault plane circular 

Dimensions of fault plane 1.0 km radius 

Azimuth 4 5 O  

Amplitudes 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 

M1 lK 

Maximum 84.2 72.0 34.1 11.0 7.0 

Minimum -112.0 -102.6 -54.1 -19.8 -8.9 

Maximum 84.2 159.2 37.7 2.1 0.3 

Minimum -112.0 -115.4 -30.1 -1.9 -0.2 

FIGURE 16. CROSS SECTION THROUGH THE SOURCE 
IN THE PLANE OF THE OBSERVER 







6. 4s0 DIP SLIP MODELS - SLIP DIRECTION 90' TO STRIKE: M12 TO M22 

The ve r t i ca l  through a 45' dip s l i p  model is a node of S s o  
t ha t  S t o  P conversions contribute i n  general l e s s  t o  t he  seismograms 
i n  t h i s  sect ion than i n  sect ion 5. S derived a r r i va l s  a r e  par t i cu la r ly  
small r e l a t i v e  t o  P along azimuths of 0° and 18Q0 ( the  s t r i k e  of the  
f a u l t  plane), Obeerved on an azimuth of 90' d i r ec t  P haa a sharper f ron t  
than on azimuths of -90'. This is because on an azimuth of 90° the  
f rac ture  spreads i n i t i a l l y  towards the observer, whereas on an azimuth 
of -90' the motion f o r  d i r ec t  P is essen t ia l ly  across the  f i e l d  of the  
observer, 



Model M12 

Dip of f a u l t  p l a n e  

D i r e c t i o n  of  s l i p  on f a u l t  p l a n e  90' t o  s t r i k e  

Shape of f a u l t  p l ane  c i r c u l a r  

Dimensions of f a u l t  p l a n e  1 km r a d i u s  

Azimuth -90" t o  s t r i k e  

Amplitudes 

C h a n n e l 1  C h a n n e l 2  C h a n n e l 3  C h a n n e l 4  C h a n n e l 5  

M12K 

Maximum 524.3 464.1 246.6 54.9 21.7 

Minimum -367.8 -315.6 -143.9 -37.2 -18 f+ 

M12SP 

Maximum 524.3 464.9 133.6 7.7 0.7 

Minimum -367.8 -804.8 -226.1 -10.0 -1.0 

FIGURE 17. CROSS SECTION THROUGH THE SOURCE 
IN THE PLANE OF THE OBSERVER 







Model M13 

Dip of fault plane 

Direction of dip on fault plane 

Shape of fault plane 

Dimensions of fault plane 

Azimuth 

45" 

: 90' to strike 

circular 

1.0 km radius 

oO 

Amplitudes 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 

M13K 

Maximum 615.2 547.0 282.6 66.8 26.6 

Minimum -479.2 -402.0 -183.0 -41.6 -21.5 

M13SP 

Maximum 615.2 675.6 173.9 9.8 0.9 

Minimum -479.2 -849 2 -220.3 -11.9 -1.3 

FIG RE 1 1 
IN THE PLANE OF THE OBSERVER 







Model M14 

Dip of fault plane 45" 

Direction of slip on fault plane 90' to strike 

Shape of fault plane circular 

Dimensions of fault plane 5.0 km radius 

Azimuth -90' 

Amplitudes 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 

M14K 

Maximum 12988.0 7351.7 6440.3 3925.1 2151.4 

Minimum -9420.2 -10185.0 -7924.1 -4139.6 -2218.0 

Maximum 12988.0 1961.4 807.6 172.0 37.1 

Minimum -9420.2 -2256.0 -760.3 -111.6 -40.3 

FIGURE 19. CROSS SECTION THROUGH THE SOURCE 
IN THE PLANE OF THE OBSERVER 







Model M15 

Dip of fault plane 

Direction of slip in fault plane 

Shape of fault plane 

Dimensions of fault plane 

Azimuth 

Amplitudes 

Channel 1 Channel 2 

M15K 

Maximum 15499.0 10342.0 

Minimum -11127.0 -10406.0 

M15SP 

Maximum 15499.0 2110.6 

Minimum -11127.0 -2775 3 

45 O 

: 90' to strike 

circular 

: 5.0 km radius 

oO 

Channel 3 Channel 4 Channel 5 

FIGURE 20. CROSS SECTION THROUGH TH6 SOURCE 
IN THE PLANE OF THE OBSERVER 







Model. M16 
?_-C 

Dip of  f a u l t  p lane  : 45O 

Di rec t ion  of s l i p  on f a u l t  p lane  90' t o  s t r i k e  

Shape of f a u l t  p lane  c i r c u l a r  

P$mensions of f a u l t  plane 5.0 km r a d i u s  

Azimuth 90° t o  s t r i k e  

Amplitudes 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 

M16K 

Maximum 12683.0 8611.1 6822.8 3792.5 2017.1 

Minimum -8542 8 -8137.7 -6841.5 -3812.0 -2107 .Q 

Mf 6S'P 

Maximum 12683.0 2041.8 661.6 82.4 28.8 

Minimum -8542 8 -2270.7 

FIGURE 21. CROSS SECTION THROUGH THE SOURCE 
IN THE PLANE OF THE OBSERVER 







Model M17 

Dip of fault plant : 45' 

Direction of slip on fault plane : 90' to strike 

Shape of fault plane : elliptical 

Dimensions of fault plane 2.5 X 2.0 km 

Azimuth -90' 

Orientation of major axis of ellipse : along line of dip 

Point of initiation of fracture : lower focus 

Amplitudes 

Channel l Channel 2 Channel 3 Channel 4 Channel 5 

M1 7K 

Maximum 1032.7 1015.0 756.7 331.1 176.0 

Minimum -1455.5 -908.1 -634.4 -332.9 -173.9 

M17SP 

Maximum 1032.7 460.8 230.5 34.4 5.1 

Minimum -1455.5 -851.9 -262.8 -31.1 -4.0 

FIGURE 2 2 .  CROSS SECTION T , H ! U G H  WE $OURCL 
JN THE PLANE OF THE OBS- 







Model M18 

Dip of  f a u l t  plane 

Direc t ion  of s l i p  on f a u l t  plane : 90" t o  s t r i k e  

Shape of f a u l t  plane : e l l i p t i c a l  

Dimensions of f a u l t  plane 2.5 X 2.0 km 

Azimuth 0" 

Orien ta t ion  of major a x i s  of e l l i p s e  : along l i n e  of d i p  

Poin t  of i n i t i a t i o n  of f r a c t u r e  . lower focus 

Amplitudes 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 

Maximum 1131.5 1248.2 964.2 490.1 257.9 

Minimum -1472.0 -898 5 -696.6 -371.3 -202.9 

M18SP 

Maximum 1131.5 605.9 ,253.0 27.9 S. 3 

Minimum -1472.0 -840.5 -226.2 -26.8 -4.3 

FIGURE 23. CROSS X C T I O H  m U G H  THE SOURCE 
IN THE PLANE OF THE OBSERVER 
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Model M19 

Dip of f a u l t  p l an t  

Direc t ion  of s l i p  i n  f a u l t  plane 

Shape of f a u l t  plane 

Dimensions of f a u l t  plane 

Azimuth 

Or ien ta t ion  of major a x i s  of f a u l t  plane : 

Poin t  of i n i t i a t i o n  of f r a c t u r e  

Amplitudes 

Channel 1 Channel 2 Channel 3 

M19K 

Maximum 859.8 1010.1 665.7 

Minimum -1011 a 3 -737*1 -594.6 

M19SP 

Maximum 859.8 533.6 151.5 

Minimum -1011.3 -724.6 -178.2 

4 5 O  

90° to strike 

e l l i p t i c a l  

2.5 X 2.0 km 

90.0' 

l i n e  of d i p  

lower focus 

Channel 4 Channel 5 

FIGURE 2 4 .  CROSS SECTION THROUGH THE SOURCE 
IN THE PLANE OF THE OBSERVER 







Model M20 

Dip of f a u l t  plane 45O 

Direc t ion  of s l i p  on f a u l t  plane 90' t o  s t r i k e  

Shape of f a u l t  plane : e l l i p t i c a l  

Dimensions of f a u l t  plane 2.5 X 2.0 km 

Azimuth -90' t o  s t r i k e  

Or ien ta t ion  of  major a x i s  of e l l i p s e  : l i n e  of d i p  

Poin t  of i n i t i a t i o n  of f r a c t u r e  : upper focus 

Amplitudes 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 

M20K 

Maximum . 1409.4 1130.5 852.5 412.5 198.3 

Minimum -786.4 -878.0 -716.4 -348.7 -179 .O 

M2OSP 

Maximum 1409.4 482.1 140.7 19.0 3 , 9  

Minimum -786.4 -493.8 -199.9 -23.0 -5.6 

FIGURE 25. CROSS SECTION THROUGH THE S O U R E  
IN THE PLANE OF THE OBSERVER 







Model M21 

Dip of fault plane 4S0 

Direction of slip of fault plane : 90' ta strike 

Shape of fault plane : elliptical 

Dimensions of fault plane . 2.5 X 2.0 km 

Azimuth 0° 

Orientation of major axis of ellipse : line of dip 

Point of initiation of fracture : upper focus 

Amplitudes 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 

Maximum 1968.0 1617.7 1203.9 542.7 252.3 

Minimum -1005.5 -979.0 -794.8 -411.4 -217.5 

M2lSP 

Maximum 1968.0 

Minimum -1005.5 

NULL VECTOR 

FIGURE 26. CROSS SECTION THROUGH THE SOURCE 
IN THE PLANE W THE OBSERVER 







Model M22 

Dip of fault plane 45O 

Direction of slip of fault plane 90° to strike 

Shape of fault plane : elliptical 

Dimensions of fault plane 2.5 X 2.0 km 

Azimuth 90. 0° 

Orientation of major axis of ellipse : line of dip 

Point of initiation of fracture : upper focus 

Amplitudes 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 

M2 2K 

Maximum 1961.5 1587.4 1173.5 479.2 212.2 

Minimum -879.5 -930.6 -776.3 -360.5 -184.0 

M22SP 

Maximum 1961.5 

Minimum -879.5 

FIGURE 22  CROSS SECT1 ON THROUGH THE SOURCE 
IN THE PLANE OF THE OBSERVER 







MODEL WITH SLIP ON PLANES DIPPING AT 45' OR 67.5' ,  SLIP DIRECTION 
-45' TO STRIKE: M23 TO M27 

I n  a l l  t h e  models shown i n  the  previous sec t ions  the  motion on 
the f a u l t  plane is e i t h e r  p a r a l l e l  to ,  o r  a t  r i g h t  angles to ,  the  s t r i k e  
of t h e  f a u l t .  I n  t h i s  sec t ion  the  s l i p  d i rec t ion  makes an angle of -45' 
with the  s t r i k e .  These models show widely d i f f e r e n t  seismograms f o r  the  
same model when observed i n  d i f f e r e n t  azimuths. I n  p a r t i c u l a r ,  f o r  
azimuths where the  n u l l  vector  of the  foca l  sphere lies c lose  t o  the  
pa ths  followed by pP and sP a s  they leave the  source, the  seismogram is 
very simple cons is t ing  p r inc ipa l ly  of a l a r g e  P pulse.  



kdel 123 

Dip of fault plane : 67.5" 

Direction of slip on fault plane -45O to strike 

Shape of fault plane . . circular 

Dimensions of fault plane . 1.0 km radius 

Azimuth 90° 

Amplitudes 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 

Maximum 205.2 

Minimum -407.4 

Maximum 205.2 578.0 150.7 8.5 0.8 

Minimum -407.4 -313.5 -83.1 -4.9 -0.6 

FIGURE 28. CROSS SECTION THROUGH THE WUWCE 
IN THE PLANE OF THE OBSERVER 







Model M24 

Dip of fault plane 

Direction of slip on fault plane 

Shape of fault plane 

Dimensions of fault plane 

Azimuth 

Amplitudes 

: 67.S0 

. . -45O 

. circular 

: 1.0 km radius 

. o0 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 

M24K 

Maximum 449.5 407.7 198.8 48.7 19.5 

Minimum -118.4 -95.1 -54.7 -29.2 -15 . 6 
M24SP 

Maximum 449 . 5 
Minimum -118.4 

FIGURE 29. CROSS SECTION THROUGH THE SOURCE 
IN THE PLANE W THE OBSERVER 







Model M25 

Dip of f a u l t  plane 

Direct ion of s l i p  on f a u l t  plane 

Shape o f  f a u l t  plane 

Dimensions of f a u l t  plane 

Azimuth 

Amplitudes 

Channel 1 Channel 2 

M25K 

Maximum 354.7 320.8 

Minimum -272.2 -227.8 

M25SP 

Maximum 354.7 449.8 

Minimum -272.2 -505.6 

: 45O 

-45O 

c ircular  

1 .0  km radius 

90.0° 

Channel 3 Channel 4 Channel 5 

FIGURE 30.  C R W  SECTIW THROUGH THE S O U R E  
IN  THE PLANE Qe: THE OBSERVER 







Model M26 

Dip of fault plane 

Direction of slip on fault plane 

Shape of fault plane 

Dimensions of fault plane 

Azimuth 

: 45O 

-45O 

circular 

: 1.0 km radius 

0. o0 

Amplitudes 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 

M2 6K 

Maximum 699.5 622.1 321.4 75.9 30 3 

Minimum -200.1 -147.2 -83.7 -45.2 -24.2 

M26SP 

Maximum 699.5 491.3 143.6 7.6 0.7 

Minimum -200.1 -965.2 -250.6 -13.5 -1.4 

FIGURE 31.CROSS SECTION THROUOW THE SOURCE 
IN THE PLANE OF THE OBSLEUVER 







Model M27 

Dip of fault plane 

Direction of slip on fault plane 

Shape of fault plane 

Dimensions of fault plane 

Azimuth 

Amplitudes 

Channel 1 Channel 2 

M2 7R 

Maximum 264.4 283.8 

Minimum -548.3 -472.0 

M2 7 SP 

Maximum 264.4 772.7 

Minimum -548.3 -435.5 

: 45O 

-45' to strike 

circular 

1.0 km radius 

180" 

Channel 3 Channel 4 Channel 5 

FIGURE 32. CROSS SECTION THROUGH THE SOURCE 
IN THE PLANE CIF THE OBSERVER 
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