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INTRODUCTION 

This i s  t he  f i n a l  repo r t  f o r  t h e  p r o j e c t  t i t l e d  "CSDP: Seismology o f  

Cont inenta l  Thermal Regime". Under t h e  cur ren t  grant, we have made 

considerable progress i n  t h e  study o f  both wave propagation i n  complex 

s t r u c t u r e s  and source mechanism o f  geothermal seismic events. 

d e t a i l  i n  t h e  next section, we have accomplished t h e  fo l low ing  work i n  the  

pas t  one year  period. 

As described i n  

I n t e r p r e t a t i o n  o f  long-period events observed a t  M t .  S t .  Helens and a t  

t h e  Fenton H i l l  hot d ry  rock experimental s i t e  i n  terms o f  seismic 

r a d i a t i o n  from a f l u i d - f i l  l e d  crack. 

I n t e r p r e t a t i o n  o f  te lese ismic  data c o l l e c t e d  i n  and near t h e  Va l les  

ca ldera  i n  terms o f  a model w i t h  i r r e g u l a r  topography, ca ldera f i l l ,  and 

magma chamber. 

I n t e r p r e t a t i o n  o f  VSP ( V e r t i c a l  Seismic P r o f i l i n g )  data from t h e  O r o v i l l e  

f a u l t  zone by ray t r a c i n g  and p o l a r i z a t i o n  c a l c u l a t i o n  f o r  P, SV and SH 

waves i n  heterogeneous and an iso t rop i c  media conta in ing  a l igned 

f l u i d - f i l l e d  and/or d ry  cracks. 

Development o f  a new 

media w i t h  i r r e g u l a r  

Gaussian Beams. 

powerful method f o r  c a l c u l a t i n g  seismic motions i n  

topography and i n t e r f a c e s  by t h e  superposi t ion o f  
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Summary Report f o r  t h e  Past Year 

I n t e r p r e t a t i o n  o f  long-period events observed a t  Mt .  S t .  Helens and a t  
t h e  Fenton H i l l  h o t  dry  rock experimental s i t e  i n  terms o f  seismic 
r a d i a t i o n  from f l u i d - f i l l e d  crack. 

Since Fehler (1983) found t h a t  vo lcanic  tremor and so c a l l e d  " long-period 

( 1 )  

events'' observed a t  M t .  S t .  Helens share t h e  same peaked spectrum, t h e  former 

has come t o  be regarded as a sequence o f  

events. Recently, Bame and Fehler  (1986) 

occur du r ing  hyd rau l i c  f r a c t u r i n g  i n  v i r g  

rock s i t e  are long-period events. Fig. 1 

M t .  S t .  Helens and Fenton H i  11. The s imi  

,andomly occur r ing  1 ong-peri od 

showed t h a t  t he  f i r s t  events which 

n rock a t  t he  Fenton H i l l  ho t  dry 

compares the  long-period events from 

a r i t y  i n  both wave form and spectrum 

i s  s t r i k i n g  although t h e  t ime scale d i f f e r s  two orders o f  magnitude between 

t h e  two. This s i m i l a r i t y  n a t u r a l l y  suggests t h a t  t he  long-period event and 

tremor a t  M t .  S t .  Helens may a l so  be due t o  hyd rau l i c  f r a c t u r i n g  by excess 

magma pressure (Nakamura, 1977; Aki -- e t  al., 1977). 

F igure 2 shows observed waveform o f  several long-period events a t  Fenton 

H i l l  and t h e  corresponding spectra. The d i v e r s i t y  o f  waveform i s  

considerable; a l l  these events have been recorded a t  t h e  same s t a t i o n  w i t h i n  

one hour o f  the  s t a r t  o f  p ressur iza t ion .  We bel ieve,  however, t h a t  they are 

a l l  generated by t h e  same f l u i d - f i l l e d  crack because t h e  two lowest frequency 

peaks are i d e n t i c a l  f o r  a l l  events. The one a t  t h e  bottom o f  Fig. 2 i s  

probably a tremor composed o f  several long  pe r iod  events. 

I n  order t o  s imu la te  these events, we used t h e  computer program w r i t t e n  

by Chouet (1986) who so lved t h e  coupled equat ion o f  motion f o r  f l u i d  and s o l i d  

by a f i n i t e  d i f f e r e n c e  method. As shown on t h e  r i g h t  hand s ide  o f  Fig. 3,  a 

f l u i d - f i l l e d  crack o f  rec tangu lar  shape w i t h  l eng th  L and width W i s  embedded 

i n  an i s o t r o p i c  homogeneous unbounded e l a s t i c  medium. 

e x c i t e d  by the  sudden f a i l u r e  o f  a b a r r i e r  o f  area WS as i nd i ca ted  i n  the  same 

Seismic r a d i a t i o n  i s  
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f igure.  

s t ress  over t h e  area AS given a shor t  r i s e  time. 

c a v i t y  newly created by t h e  openiny of t h e  b a r r i e r ,  v i b r a t i o n  i s  se t  up i n  t h e  

f l u i d  and seismic waves are  radiated. 

The f a i l u r e  of t h e  b a r r i e r  i s  simulated by apply ing a step i n  normal 

The f l u i d  f lows i n t o  t h e  

The contour map a t  t h e  l e f t -hand  s ide  o f  Fig. 3 shows t h e  spec t ra l  

ampli tude of f a r - f i e l d  P and S waves as a func t i on  o f  frequency and wave 

number k. 

cross-sect ion along a s t r a i g h t  l i n e  passing through t h e  o r i g i n  (k=o, 0 = ~ ) ,  

w i t h  a slope determined by 8. For example, t he  two l i n e s  i nd i ca ted  as 

"P-radiat ion"  corresponds t o  8=0 and e=18Oo. The contour map i s  used f o r  a 

qu ick comparison of model p r e d i c t i o n  and observation. The P-waves f a r f i e l d  

displacement and spect ra corresponding t o  th ree  d i f f e r e n t  cases o f  b a r r i e r  

l oca t i ons  are shown i n  Fig. 4 f o r  e=30°. We f i n d  t h a t  t h e  yeneral appearance 

o f  p red ic ted  records i s  q u i t e  s i m i l a r  t o  t h e  observed. 

The f a r - f i e l d  spectrum i n  t h e  d i r e c t i o n  8 can be obta ined as a 

Depending on t h e  l o c a t i o n  o f  b a r r i e r ,  exc i ted  modes are d i f f e r e n t .  

t h e  b a r r i e r  i s  loca ted  a t  a node o f  a given mode, t h i s  mode w i l l  not  be 

exc i ted.  

fundamental mode w i t h  wavelength x=L disappears. The character  o f  wave-form 

changes q u i t e  d r a s t i c a l l y  depending on t h e  b a r r i e r  loca t ion .  

b a r r i e r  a l so  a f f e c t s  t h e  wave form considerably as shown i n  Figs. 5 and 6. 

When t h e  b a r r i e r  l i e s  a lony t h e  whole w id th  o f  t h e  crack ( top  case), on ly  

l o n g i t u d i n a l  modes are exc i ted,  and t h e  amplitudes o f  spectrum peaks decay 

r e g u l a r l y  w i t h  frequency. 

shortened, both l o n g i t u d i n a l  and t ransverse modes are  e x i t e d  and i n t e r a c t  t o  

g i ve  r i s e  t o  s t rong peaks a t  in te rmed ia te  frequencies. This fea tu re  can be 

seen i n  observed cases as shown i n  Fig. 2. The case 3 shows a s t rong peak i n  

t h e  middle o f  t he  spectrum w h i l e  t h e  case 4 shows a regu la r  decay w i t h  

If 

For example, when t h e  b a r r i e r  i s  a t  t h e  center  o f  t he  crack, t h e  

The length  o f  

On t h e  o the r  hand, as t h e  b a r r i e r  leng th  i s  
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i ncreasi ng frequency . 
Thus, we can not  on ly  reproduce t h e  general appearance o f  observed 

seismogram, but  a lso  exp la in  t h e i r  v a r i a b i l i t y  us ing a s i n g l e  model o f  f l u i d  

f i l l e d  crack w i t h  d i f f e r e n t  t r i g g e r  l oca t i ons  and geometry. 

The model parameters best  const ra ined by the  f i t  t o  observat ion are  the  

l eng th  L and t h e  w id th  W o f  t h e  crack. For t h e  episode shown i n  Fig. 2, L and 

W are estimated as 5 and 1.25 meters. 

be determined i f  we can cons t ra in  crack s t i f f n e s s  f a c t o r  C. Although we need 

more parameter s e n s i t i v i t y  study t o  ga in  confidence i n  the  es t imat ion  o f  C, 

C=100 y ives a reasonable agreement w i t h  observed features o f  seismograms, and 

corresponds t o  t h e  th ickness o f  5 mm. We a lso  estimated t h e  magnitude o f  

excess pressure from t h e  absolute ampli tude o f  tremor, and obta ined a 

reasonable value o f  several tens of bars. 

The th ickness o f  crack can i n  p r i n c i p l e  

F i n a l l y ,  we would l i k e  t o  demonstrate t h e  u b i q u i t y  o f  long-period events 

and tremors i n  t h e  wor ld  volcanoes by showing t h e  record o f  unusual events 

observed a t  k h i m a  one year  be fore  t h e  recent e rup t ion  i n  F g. 7. 

i s  obtained by Ukawa and Ohtake ( w r i t t e n  communication) and i s  compared w i t h  

t h e  Fenton H i l l  event shown a t  t h e  bottom o f  Fig. 2. The s m i l a r i t y  i s  again 

str ik ing.  Since the time scale between the two events d i f f e r s  by a factor  of  

100, the f l u i d - f i l l e d  crack a t  Oshima should have t h e  s i z e  o f  500 m x 125 m. 

The record 
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DcrS. If t 

f f t  len:  4096 da ta  p t s  used: 2400 msec sk ip:  4000 

Long-period event 

a t  Fenton Hill (New Mexico) 

on 11-  8-82 (Fclilcr). 
llydrofrrclure experlmeol. 

0.15 sec. 
I 
d 

I 

2500. Hz 
inst: i i e v t :  11 chan: 1 r a x  a t  freq: 127.0 max value: 0.66E-09 

l i n e a r  f req. .  mln freq: 1.0 max freq: 2500.0 t i c k  space: 249 
109 amp l i t ude  p l o t t e d .  nax va lue  i s  a t  top. t i c k  marks every decade 

f f t  len: 512 d a t a  p t s  used: 500 msec sk ip :  24 
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I n t e r p r e t a t i o n  o f  t e l  esei smic data c o l i e c t e d  i n  and near t h e  Va l  1 es 
ca ldera  i n  terms o f  a model w i t h  i r r e g u l a r  topography, ca ldera fi1T and 
magma chamber. 

F igure 1 shows a map view o f  t he  s i t e  occupied by s i x  3-component d i g i t a l  

event recorders i n  t h e  Jemez Hts. du r ing  t h e  f i e l d  experiment i n  t h e  summer 

and f a l l  of 1986. The s i t e s  i n  t h e  Va l les  ca ldera a t  KDT, JAR and PUA were 

moved t o  FLK, BRY and WAC f o r  t h e  second h a l f  o f  t he  experiment. The th ree  

eastern s i t e s  P IP ,  GKE and GCA were maintained throughout the  e n t i r e  

experiment. 

o f  record ing normally i n c i d e n t  t e lese im ic  events from the  Tonga Trench f o r  

comparison w i t h  the  syn the t i c  r e s u l t s  computed by the  method o f  Aki and Larner 

(1970) f o r  an appropr ia te  ca ldera model. By ad jus t i ng  t h e  model u n t i l  a good 

f i t  i s  obtained we in tend  t o  o b t a i n  an accurate p r o f i l e  o f  P and S-wave 

v e l o c i t y  f o r  t he  ca ldera and under ly ing  s t r u c t u r e  i n c l u d i n g  t h e  presumed magma 

chamber . 

The l i n e a r i t y  and azimuth o f  t h e  array were chosen w i t h  t h e  aim 

Figure 2 shows t h e  f r e e  sur face topography model used i n  t h e  syn the t i c  

ca lcu la t ions .  The loca t i ons  o f  t h e  n ine  f i e l d  s i t e s  i n  F igure 1 are  a l so  

ind icated.  The Aki-Larner method produces estimates o f  t he  displacement 

f i e l d ,  i n  t h e  frequency domain, a t  x-coordinates along t h e  f r e e  s u r f a t e  o f  t h e  

model and comparisons w i t h  observed data a re  made a t  t h e  p o s i t i o n s  

corresponding t o  t h e  f i e l d  s i t es .  

f u l l  3- layered model geometry. The model i s  de f ined from x=o t o  x=256 km w i t h  

t h e  i n t e r f a c e  i r r e g u l a r i t i e s  conf ined t o  a 40 km i n t e r v a l  centered a t  x=128 

km. We have been t e s t i n g  t h i s  and o the r  geometries w i t h  var ious degrees o f  

i n t e r f a c e  cont ras ts  and i n c i d e n t  wave frequencies t o  attempt t h e  f i t  w i t h  rea l  

data. 

and loca t i ons  and about poss ib le  v e l o c i t i e s  and dens i t i es  f o r  t h e  media i n  

each layer .  The s u r f i c i a l  l a y e r  i s  low v e l o c i t y  ca ldera f i l l  and i t s  

F igure  3 shows one poss ib le  choice f o r  t he  

We have used what i n fo rma t ion  e x i s t s  about poss ib le  i n t e r f a c e  shapes 
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th ickness and v e l o c i t i e s  a re  f a i r l y  we l l  known. We model t h e  magma chamber as 

a low v e l o c i t y  i n t r u s i o n  i n t o  an otherwise uni form g r a n i t e  basement, ass ign ing 

t h e  same medium parameters t o  both l a y e r  2 and t h e  halfspace. Since l i t t l e  

conc lus ive evidence e x i s t s  concerning t h e  size, shape and v e l o c i t i e s  i n  t h e  

magma body we be l i eve  t h a t  these th ree  aspects o f  t he  model a re  more f r e e l y  

ad jus tab le  than those d e f i n i n g  t h e  g r a n i t e  basement, ca ldera f i l l  o r  sur face 

topography. We have se t  about i s o l a t i n g  those features o f  t h e  f ree  sur face 

displacement p r o f i l e  which can be a t t r i b u t e d  mainly t o  i n t e r a c t i o n  w i t h  the  

magmas by exami n i  ng several simp1 e r  models . 
Using the  model i n  F igure  3 as a s t a r t  we generated t h e  displacement 

p r o f i l e s  f o r  two d i f f e r e n t  frequencies o f  p lane P-waves normally i n c i d e n t  i n  

t h e  halfspace. F igure 4 shows t h e  r e s u l t s  f o r  f=0.5 and 1.0 Hz f o r  t h e  

v e r t i c a l  and ho r i zon ta l  components o f  motion. A l l  p l o t s  o f  t h i s  k i n d  a re  

shown normalized by t h e  v e r t i c a l  component s o l u t i o n  f o r  t h e  corresponding 

problem i n  which a l l  i n t e r f a c e  i r r e g u l a r i t i e s  a re  removed ( f l a t  l a y e r  

problem). 

r e l a t i v e  t o  the  f l a t  l a y e r  so lu t ion .  

dominant e f f e c t s  o f  t h e  s u r f i c i a l  l a y e r  and sur face topography and i t  i s  

d i f f i c u l t  t o  assign any fea tures  t o  t h e  magma chamber. F igure 5 shows resu 

f o r  t he  same model w i t h  t h e  sur face topography removed, F igure 6 shows t h e  

0.5 Hz p l o t  o f  F igure 5 a lony  w i t h  t h e  r e s u l t s  obta ined w i t h  t h e  s u r f i c i a l  

l aye r  and magma chamber removed i n  turn. 

l a y e r  produces t h e  peak ampli tude i n  t h e  v e r t i c a l  component bu t  t h e  mayma 

chamber i s  p r i m a r i l y  responsib le  f o r  t h e  peaKs i n  t h e  ho r i zon ta l  component. 

The p l o t  amplitudes then represent a m p l i f i c a t i o n  o r  a t tenua t ion  

The p l o t s  i n  F igure 4 a re  complicated 

Here we can see t h a t  t h e  s u r f i c i a  

bY 

t s  
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Also the  v e r t i c a l  component shows zones of m i l d  a t tenuat ion  a t  about x=112 and 

144 km and a s i g n i f i c a n t  drawdown o f  t h e  peak amplitude, both o f  which are 

c l e a r l y  caused by the  magma chamber. 

con t ras t  between t h e  g r a n i t e  and magma and eventua l l y  w i l l  produce a t tenua t ion  

i n  t h e  v e r t i c a l  component a t  x=128 km f o r  f=0.5 Hz. Concurrently t h e  peaks i n  

t h e  ho r i zon ta l  component w i l l  grow u n t i l  v e r t i c a l  and ho r i zon ta l  amp1 i t udes  

overlap. These numerical experiments he lp t o  desiyn fu tu re  f i e l d  experiments 

f o r  c r u c i a l  observations. 

These e f f e c t s  increase w i t h  inc reas iny  

Duriny t h e  1986 f i e l d  experiment we recorded a magnitude 6.0 te lese ism 

f rom the  Tonga Trench a t  s i t e s  RDT, JAR, PIP, GRE and GCA. A l l  s i t e s  except 

GRE d isp layed ho r i zon ta l  motions comparable i n  ampli tude t o  t h e  v e r t i c a l  

component. Since Tonya i s  f a r  enough away ( d e l t a  = 88 deyrees) t o  assume 

near ly  v e r t i c a l  inc idence f o r  waves a r r i v i n g  below t h e  ca ldera model we 

assumed t h e  ho r i zon ta l  motion t o  be due t o  sca t te red  waves yenerated by t h e  

ca ldera  sub-structure. The GHE v e r t i c a l  record  was used as t h e  reference i n  

t h e  spec t ra l  r a t i o s  because s c a t t e r i n g  was t h e  l e a s t  a t  GRE. The north-south 

components were ignored s ince t h e  syn the t i c  so lu t i ons  f o r  P-SV s c a t t e r i n g  

problems only  y i ve  motions p a r a l l e l  t o  t h e  x-z model plane. 

The spec t ra l  r a t i o s  a t  0.2, 0.5 and 1.0 Hz are summarized i n  t h e  

f o l  1 owi ng tab1 e. 



1 Hz 

0.5 Hz 

0.2 Hz 

RDT 
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Table 1. Spectral Rat ios 

0.3 I 0.3 

0.5 0.5 

------------ ------------ I 
0.5 I 1.0 

0.6 1.0 

tiRE 1 GCA 

1.0 1 0.5 

I 0.2 

1 .o 0.5 

I 0.5 

1.0 1 1.0 

The most i n t e r e s t i n g  r e s u l t  from Table 1 i s  t h a t  t he  v e r t i c a l  component 

amplitudes a t  s ta t i ons  w i t h i n  Caldera (RDT and JAR) are lower than a t  s t a t i o n s  

loca ted  on t h e  r i m  o r  outside. As shown e a r l i e r  by the  numerical experiment, 

we know t h a t  t he  topography and magma chamber have t h e  e f fec t  o f  reducing 

v e r t i c a l  component amplitude, bu t  t h e  ca ldera  f i l l  have t h e  e f f e c t  o f  

i nc reas ing  it. 

s t ronger  than t h e  l a t t e r .  

Our observat ion appears t o  support t h a t  t he  former e f f e c t  i s  

The observed horizontal-component ampli tude should f u r t h e r  reso lve  t h e  

question. 

e r r a t i c ,  and cannot g ive  conclus ive resu l ts .  

a t  0.2 Hz shows a systematic increase toward t h e  r i m  cons is ten t  w i t h  t h e  

e f f e c t  o f  magma chamber as shown i n  Fig. 6. 

Thei r  s p a t i a l  p a t t e r n  a t  0.5 and 1 Hz i s ,  however, somewhat 

On t h e  o ther  hand, t h e  amplitude 
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Thus, our prel iminary r e s u l t s  suggest t h e  presence o f  magma chamber under 

t h e  caldera. Further numerical experiments and addl t i o n a l  observations would 

g ive  us more d e f i n i t i v e  r e s u l t s  on t h e  geometry and seismic proper t ies  of  the  

mayma chamber. 
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(3)  I n t e r p r e t a t i o n  of VSP da ta  i n  terms o f  a heterogeneous an iso t rop i c  
medium conta in ing  a l i gned  cracks. 

A m u l t i - o f f s e t  and mul t i -depth  3-component VSP ( V e r t i c a l  Seismic 

P r o f i l i n g )  survey was c a r r i e d  ou t  i n  a ho le  i n  Orov i l l e ,  Ca l i f o rn ia ,  d r i l l e d  

through a f a u l t  zone where an earthquake occurred i n  1975. 

seismograph may be o r i e n t e d  and pinned securely against  t he  borehole w a l l .  

We used a wei ght-droppi ng se i  smi c source c a l  l e d  "thumper". 

was placed a t  various depths and t h e  thumper walked away from t h e  top o f  t h e  

ho le  toward and perpendicu lar  t o  t h e  sur face t r a c e  o f  t he  f a u l t  as 

schemat ica l ly  shown i n  Fig. 1. 

The borehole 

The se i  smograph 

The observed 3-component records were r o t a t e d  i n  such a way t h a t  t h e  

r a d i a l  component (P) p a r a l l e l  t o  t h e  ray path, t h e  ho r i zon ta l  component (SH) 

perpendicu lar  t o  ray path and t h e  SV component orthogonal t o  P and SH are 

separated on t h e  bas is  o f  an i n i t i a l  model o f  v e l o c i t y  d i s t r i b u t i o n .  

t h e  observed P, SV, and SH records are  shown i n  Fig. 2. The thumper generated 

Some o f  

coherent SH waves probably because o f  t h e  i n t e r a c t i o n  w i t h  the  near-surface 

anisot ropy w i t h  non-ver t i ca l  a x i s  o f  symmetry. 

We observed a very c l e a r  shear-wave s p l i t t i n g :  SH waves a r r i v e d  e a r l i e r  

than SV waves roughly by 0.05 ms per  1 meter o f  propagation path. 

Q u a l i t a t i v e l y ,  t h i s  can be expla ined by dry  o r  wet cracks a l igned p a r a l l e l  t o  

t h e  f a u l t  zone. I n  order  t o  o b t a i n  a q u a n t i t a t i v e  r e s u l t ,  we modeled t h e  
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medium by an e l a s t i c  body w i t h  e l a s t i c  constants C i j ,  (i,j=1,2 ... 6), given by 

0 1 

C i j  = C i j  + C i j  

0 1 
where C i J  i s  an i s o t r o p i c  e l a s t i c  constant, and C i j  i s  t he  an iso t rop i c  

pe r tu rba t i on  due t o  t h e  presence o f  a l i gned  cracks. 

Fol lowing Hudson (1981), we have 

here U 1 1  = 16/3 ( ~ + Z p ) / ( 3 ~ + 4 p )  and U33 = 4/3 ( ~ + 2 p ) / ( x + p )  and e i s  t h e  crack 

densi ty .  The crack dens i ty  i s  def ined by O'Connel 1 and Budiansky (1974) and 

i s  equal t o  N<a3> f o r  c i r c u l a r  cracks, where N i s  t he  number o f  cracks i n  u n i t  

volume, and a i s  t h e  rad ius  of crack. 

a func t i on  of d is tance from t h e  f a u l t  plane, and expressed t h e  v a r i a t i o n  by 

simple curves s p e c i f i e d  by a small number o f  parameters. 

We assumed t h a t  t h e  crack dens i ty  e i s  

We used t h e  ray t r a c i n g  system descr ibed by Cerveny and Psencik (1972) 

f o r  a two-dimensional a n i s o t r o p i c  heterogeneous medium. 

a ray path and a slowness vec tor  (p,q), t h e  equat ion f o r  ray t rac ing ,  w i t h  

For a p o i n t  (x,z) on 
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t r a v e l  t ime, as t h e  independent v a r i a b l e  can be w r i t t e n  as 

f o r  P-SV waves, and 
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f o r  SH waves, where 

D 1  = 1 - A 1 1  p2 - A55 q2, D2 = 1 - A55 p2 - A33 92 

A = A132 t ZA13 A55 - A 1 1  A33, 0 = D1 + D2 

F = p2 + ~ 1 2  - A 1 1  p4 - A33 94 + 2 ~ 2 ~ 1 2  A13, 

and A i j  = C i j / p .  

There are  th ree  vectors  associated w i t h  t h e  waves i n  an i so t rop i c  medium. 

The f i r s t  i s  t h e  group v e l o c i t y  w i t h  components (dx/dT, dz/dT). 

i s  t h e  d i r e c t i o n  o f  t h e  propagat ion o f  wave f ron t ,  o r  t h e  slowness vec tor  w i t h  

The second 

components (p,q). The l a s t  one i s  t h e  d i r e c t i o n  o f  p a r t i c l e  motion, o r  

p o l a r i z a t i o n  vector. 

vec tor  problem f o r  p lane harmonic waves i n  an i so t rop i c  media (Ak i  and 

Richards, 1980, p.  185). 

This i s  determined by s o l v i n g  t h e  eigen-value and eigen- 

Using t h e  above equations, we formulated an inverse  problem f o r  t h e  

t r a v e l  t ime P, SV and SH waves. Fig. 3, 4 and 5 shows t h e  f i t  o f  observed 

(do ts )  and ca l cu la ted  t imes (curves i n  t h e  i n s e t )  f o r  t y p i c a l  ray paths f o r  

t h e  case o f  P, SV and SH respec t ive ly .  F ina l  r e s u l t  i s  shown i n  Fig. 7, where 

t h e  crack dens i ty  i s  p l o t t e d  as a f u n c t i o n  o f  d is tance from t h e  f a u l t .  

f i n d  t h a t  

We 

( 1 )  

(2 )  

t h e  maximum crack dens i ty  a t  t h e  center  o f  f a u l t  zone i s  78, 

t h e  e f f e c t i v e  w id th  o f  t h e  f a u l t  zone i s  about 25 m, and 

(3 )  although t h e  crack dens i ty  decreases w i t h  d is tance from t h e  f a u l t ,  

t h e  hanyiny wa l l  con ta ins  much more cracks than t h e  f o o t  wal l .  

The comparison o f  observed and ca l cu la ted  p o l a r i z a t i o n  vec tor  o f  f i r s t  P 

waves a l so  supported t h e  model determined from t r a v e l  t i m e  data as shown i n  

Fig. 6. The model exp la ins  w e l l  some ext raord inary  observations such as t h e  

reversa l  o f  t h e  s ign  o f  f i r s t  motion w i t h  t h e  depth o f  seismograph. 
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footwall denoted by early ar r iv ingd energy a t  the bottom of each 
panel. Note also the clear ve loc i ty  difference between SH and SV 
energy a t  loner receiver locations. Fig. 2 
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( 4 )  Development o f  a powerful new method f o r  c a l c u l a t i n g  seismic motions i n  
media w i t h  i r r e g u l a r  topography and i n t e r f a c e s  by the  superpos i t ion  o f  
Gaussian Beams. 

Despite recent development i n  t h e  theory o f  Gaussian Beams t o  so lve  some 

seismoloy ica l  problems, s ince  i t s  i n t r o d u c t i o n  i n t o  seismology by Cerveny - e t  

- a l .  (1982), t he re  i s  a c e r t a i n  lack o f  experience i n  determining t o  what 

ex ten t  t he  advantayes and l i m i t a t i o n s  o f  t h e  theory can be o f  p r a c t i c a l  

importance. 

Most o f  t he  e a r l i e r  app l i ca t i ons  were a c t u a l l y  given w i t h i n  t h e  context  

o f  i n t roduc ing  t h e  theory, assuming s i m p l i f i e d  cases and c a l c u l a t i n g  

syn the t i c  t r a v e l  t imes and seismograms due t o  i d e a l  i n c i d e n t  seismic waves 

(Cerveny, 1983; Cerveny -- e t  al., 1983). 

performed f o r  more complicated cases i n  2-D (Nowack and Aki, 1983) and 3-D 

(K1 imes and Cerveny , 1983) and on v e r t i c a l  l y  heterogeneous medi a (Madariaga, 

1983). App l ica t ions  t o  study t h e  crust - lower  l i t hosphere  us ing  an e f f i c i e n t  

dynamic ray t r a c i n y  has been performed by Mu1 l e r  (1983) and a h y b r i d  method 

La te r  on, on ly  a few hard t e s t s  were 

.. 

which combines both t h e  Gaussian beam and t h e  normal mode theo r ies  has been 

app l i ed  t o  c a l c u l a t e  t h e  waveform syn thes is  o f  sur face waves i n  l a t e r a l l y  

heteroyeneous ea r th  (Yomoyida and Aki, 1984). These works have con t r i bu ted  t o  

est imate t h e  c a p a b i l i t i e s  o f  t h e  Gaussian beam s o l u t i o n  i n  dea l i ng  w i t h  

problems t h a t  se ismologis ts  meet i n  r e a l  cases. 

I n  t h i s  work we w i l l  t r y  t o  c o n t r i b u t e  t o  t h i s  purpose by app ly ing  t h e  

theory t o  c a l c u l a t e  t h e  sca t te red  waves i n  a homogeneous half-space w i t h  an 

i r r e g u l a r  topography. 

p r a c t i c a l  value i n  t h i s  problem, i s  t h a t  i t  i s  regu la r  a t  every p o i n t  where 

t h e  f i e l d  i s  t o  be ca lcu lated,  overcoming problems inherent  t o  o the r  methods, 

such as the  breakdown o f  t h e  ray theory a t  caus t ics  and t h e  i n s t a b i l i t y  o f  t h e  

source p o i n t  d i s c r e t i z a t i o n  o f  t h e  boundary i n t e g r a l  method. 

An impor tant  f e a t u r e  o f  t h e  yaussian beam so lu t ion ,  o f  
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The general expression f o r  an i n d i v i d u a l  gaussian beam represent ing a 

SH-wave i n  a homogeneous medium i s :  

where: 

s ,  n are t h e  ray-centered coordinates, SO t h e  ray coord inate o f  t h e  beam's 

o r i g i n  po in t ,  (F igure 1) 

G(So) i s  t h e  i n i t i a l  amplitude, 

AS 2 1/2 
L ( s )  = LM [l + (----) J i s  t h e  w id th  o f  t h e  

II L M ~  

beam, which var ies  a long t h e  ray path from an i n i t i a l  w idth LM a t  so f o r  a 

g iven c i r c u l a r  frequency W. 

frequency can be de f ined by 

A more convenient parameter Lo independent o f  

LM = (2B/~)1/2Lo, 

1 1 
T ( s , n )  = - [s + 1/2 K(s) n2], K ( s )  = ---------------- 

B I I L M ~  
s[1 + (----)2] 

AS 
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The quan t i t y  K ( s )  can be i n t e r p r e t e d  as t h e  curva ture  o f  t h e  wave f r o n t  as a 

f u n c t i o n  o f  d is tance s measured along t h e  c e n t r a l  ray. 

represents a t ime delay a t  a p o i n t  o f f  t h e  c e n t r a l  ray r e l a t i v e  t o  t h e  t r a v e l  

t ime a t  t h e  cen t ra l  ray. The complex valued func t i on  

s - iLo2 1 /2  

so - iLo2 
J ' / 2 ( ~ )  = ( --------- 1 

i s  ca l cu la ted  such t h a t  -H < a rg  ( J ( s ) )  < H f o r  s > so, i. e., a long t h e  

p r i n c i p a l  branch. 

Since a s i n g l e  Gaussian beam has l i t t l e ,  o r  perhaps no relevance i n  

seismology, we are  d r i ven  t o  represent our t o t a l  wave f i e l d  due t o  t h e  

i n c i d e n t  and sca t te red  waves as a superpos i t ion  o f  many beams propagat ing a t  

d i f f e r e n t  d i rec t i ons .  The i n c i d e n t  wave can be a beam representa t ion  o f  a 

p lane wave o r  a l i n e  source (Nowack and Aki, 1983). To represent t h e  

sca t te red  waves we se lec t  P p o i n t s  a long t h e  topography and shoot Q beams from 

each p o i n t  (F igure 2), a t  d i f f e r e n t  t ake -o f f  angles, cover ing a broad range o f  

d i rec t i ons .  The ray-centered coord inates are  ca l cu la ted  i n  terms o f  t h e  

yeographical coordinates and t h e  take -o f f  angles i n  a simple way, s ince  t h e  

medium i s  homogeneous. The t o t a l  f i e l d  i s  then expressed by: 

P O  
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where k i s  a parameter c h a r a c t e r i z i n g  t h e  source beams, w i t h  amplitudes Go, 

and Gpq a re  t h e  complex amplitudes o f  t h e  beam o r i g i n a t e d  a t  p- th  p o i n t  i n  t h e  

d i r e c t i o n  q. The dependency on w i s  understood. We c a l c u l a t e  t h e  

c o e f f i c i e n t s  Gpq by imposiny t h e  boundary cond i t ions  a long t h e  f r e e  sur face i n  

t h e  l e a s t  squares sense. 

To do t h i s ,  l e t  us assume an e r r o r  e i n  t h e  values o f  t r a c t i o n s  a t  p o i n t s  

i along t h e  surface: 

where J(x) i s  a func t i on  desc r ib ing  t h e  topography. 

e r r o r s  i n teg ra ted  along t h e  f r e e  surface, 

We minimize t h e  squared 

dx 
J z=J(x) 

( 4 )  

w i t h  respect t o  each c o e f f i c i e n t ,  accordiny to :  

P u t t i n g  equat ion (2 )  i n t o  (5 )  y i e l d  t h e  l i n e a r  system o f  P x (J equations which 

i s  solved f o r  Gpq. 
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a v i i *  avpq 

an an 
Apq i l  = J -- -- dx 

a v * i  1 a Vok 
bpq = J -- (-ti0 -- ) dx 

3 an an 

and i = 1,---, P, 1 = 1,---, u are  dummy indices. 

I n  equation 6, A i l p q  represents t h e  c o n s t r a i n t  imposed over t h e  

t r a c t i o n  due t o  t h e  beam a t  i i n  t h e  d i r e c t i o n  1 by a l l  t h e  values o f  t h e  

t r a c t i o n s  due t o  t h e  beam a t  p i n  t h e  d i r e c t i o n  q along t h e  surface. 

represents t h e  cons t ra in t s  imposed by t h e  source. 

- - 
b i l  - - 

As an example f o r  i l l u s t r a t i n g  our method, we consider t h e  problem of 

v e r t i c a l l y  i n c i d e n t  p lane SH waves upon a canyon o f  s inusoida l  shape (F igure  

3a). 

case us iny t h e  Aki-Larner method (1973). 

waves having wavelenyth a = 5h, where h i s  chosen as a f r a c t i o n  o f  t h e  h a l f  

w id th  w. A reasonable agreement w i t h  Bouchon's r e s u l t  i s  obta ined fo r ,  h = 

Our r e s u l t s  are compared w i t h  those obta ined by Bouchon f o r  a s i m i l a r  

Fo l low ing  Bouchon, we study i n c i d e n t  

0.8, 0.53, 0.4 t imes w, which correspond t o  r a t h e r  steep topography. 

I n t e r e s t i n g l y ,  u n l i k e  t h e  Aki-Larner method, our method gives more s t a b l e  

r e s u l t  f o r  rouyh topography than smooth one, because o f  t h e  m a t r i x  s i n g u l a r i t y  

f o r  t h e  case o f  f l a t  topography. 

f o r  t h e  f l a t  case, t h e  two approaches MY compensate each other. 

Since t h e  Aki-Larner method i s  most s tab le  

Fur ther  t e s t i n g  o f  our method was made us ing  t h e  case of semi -c i rcu la r  

canyon. Results are compared w i t h  t h e  c losed form exact s o l u t i o n  f o r  t h e  

f i e l d  obta ined by T r i f unac  (1973). The amplitude o f  t he  displacement a t  t o t a  
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t h e  sur face i s  shown aga ins t  t h e  normalized frequency 

OW 2w 

nS A 
0 = ---- - - ---- , f o r  q = 0.75, 1.0, 1.25, 1.75 and 2.0 (F igure  4). 

From these examples we immediately n o t i c e  tha t ,  although the re  i s  a good 

l o c a l  agreement o f  t he  gaussian beam s o l u t i o n  w i t h i n  t h e  i n t e r v a l  -W, W w i t h  

both Aki-Larner and Tr i funac  so lu t ion ,  t h e  s o l u t i o n  ou ts ide  t h e  i n t e r v a l  i s  i n  

general poor ly  matched. We found t h a t  t h e  sca t te red  wave f i e l d  i s  h i g h l y  

s e n s i t i v e  t o  t h e  choice of parameter Lo which determines t h e  i n i t i a l  beam 

width. 

I n  f i g u r e  5 t h e  res idua l  s t ress  a t  t h e  sur face i s  ca l cu la ted  f o r  

d i f f e r e n t  values o f  Lo. The best  match o f  t he  boundary cond i t ions  occurs f o r  

Lo = 1.3 km-l/2 and la rge  res idua ls  occur f o r  a departure o f  as l i t t l e  as 0.4 

from Lo. 

frequency. 

a long t h e  surface. 

We n o t i c e  a l so  t h a t  t h e  op t i ona l  values o f  Lo may depend on t h e  

Every sca t te red  beam i s  charac ter ized  by a unique Lo, a t  any p o i n t  

Obviously, t h i s  decreases t h e  r e s o l u t i o n  a t  p o i n t s  o f  

s t rony  d i f f r a c t i o n  ( a t  t h e  border o f  t h e  c i r c u l a r  cannyon f o r  example) 

whenever we chose a wide Lo t o  s a t i s f y  t h e  boundary condi t ions a t  t h e  f l a t  

s u r f  ace. 

The optimal choice o f  LO i n  terms of  o the r  parameters o f  a g iven 

s c a t t e r i n g  problems is s t i l l  t o  be inves t iga ted .  The f a c t  t h a t  t h e  s o l u t i o n  i s  

poor ou ts ide  t h e  v a l l e y  i s  probably due t o  two reasons: 

t h e  beam source p o i n t s  on ly  i n  and near t h e  v a l l e y  and t runca te  t h e  ou ts ide  

F i r s t l y ,  we consider 

cont r ibu t ions .  Secondly, t h e r e  i s  no representa t ion  o f  inhomogeneous waves i n  

our gaussian beam synthesis. 

Regarding t h e  s t a b i l i t y  o f  t h e  l e a s t  squares approximation i n  our method 

as mentioned e a r l i e r  i t  i s  more s t a b l e  when t h e  s lope of t h e  i r r e g u l a r i t y  i s  

s t ronger  o r  when frequencies are higher. This can be seen from t h e  expression 
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f o r  t he  ma t r i x  A i lpq;  products  of d e r i v a t i v e s  w i t h  respect t o  t h e  normal are 

i n teg ra ted  along t h e  topography. If t h e  i r r e g u l a r i t y  i s  smooth, neighbored 

beams are not very d i s t i n c t  from each o the r  and make A an i l l - c o n d i t i o n e d  

operator. 

i n  the  wave number domain as was done i n  t h e  Aki-Larner method. 

much exc i ted  by t h i s  i n i t i a l  success, because t h e  Gaussian beam synthes is  

method described above can be extended t o  t h e  heterogeneous medium w i t h  

i r r e g u l a r  topography and d i s c o n t i n u i t i e s  i n  a s t ra igh t - fo rward  manner. 

This problem can be e l im ina ted  i f  we determine t h e  beam amplitude 

We are  very 
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Figure 1. 

Figure 2. 

F igure  3. 

Figure 4. 

F igure  5. 

FIGURE CAPTIONS 

Gaussian "bel 1-shaped" s o l u t i o n  o f  

equation concentrated c lose  t o  t h e  

- n are tangen t ia l  and normal t o  the  

the  e l  astodynami c wave 

ray Q. The u n i t  vectors t and 

ray a t  t h e  observat ion p o i n t  P 

- 

respect ive ly .  

o r i y i n  p o i n t  So. 

Source p o i n t  d i s c r e t i z a t i o n  of t he  topography. 

p o i n t  p, Q beams are shot a t  d i f f e r e n t  d i r e c t i o n s  t o  represent 

t h e  sca t te red  waves. a i s  t he  slope o f  t he  i r r e g u l a r i t y  a t  p. 

An i n c i d e n t  p lane wave i s  represented by a superpositon o f  

Gaussian beams depending on t h e  parameter k. 

Comparison o f  t he  normalized displacement amplitudes due t o  a 

v e r t i c a l l y  i n c i d e n t  SH plane wave upon a s inusoida l  canyon 

ca l cu la ted  by us ing (a) Gaussian beams and (b)  Aki-Larner 

techniques. 

Comparison o f  t he  displacement amp1 i tudes due t o  v e r t i c a l  l y  

i n c i d e n t  SH plane wave upon a c i r c u l a r  canyon, ca l cu la ted  by 

us ing  (a), (b)  Gaussian beams and (c )  t h e  a n a l y t i c  s o l u t i o n  

obta ined by Tri funac. q i s  a normalized frequency de f ined by 

q = -- = -- . 

The d is tance s i s  measured along t h e  ray from t h e  

From a se lected 

ow 2w 

rS A 
No Gaussian beam s o l u t i o n  i s  shown f o r  n=0.25 and 

q =O . 5 0. 

Residuals o f  t h e  shear s t ress  ca l cu la ted  a t  t h e  sur face  by us ing 

Gaussian beams f o r  t h e  case shown i n  F igure 4 (c). 

Lo, t h e  i n i t i a l  beam w id th  parameter, i s  emphasized. 

The e f f e c t  o f  
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