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INTRODUCTION 

Commercial u t i l i z a t i o n  of t h e  geopressured  b r i n e s  under ly ing  t h e  Gulf Coast 
as unconvent iona l  geothermal-methane energy  sources  i s  dependent upon h igh  
vo lumet r i c  p roduc t ion  rates.  The p roduc t ion  requi rements  f o r  e f f e c t i v e  
wi thdrawal  and d i s p o s a l  of t h e s e  h i g h l y  s a l i n e  b r i n e s  i s  be l i eved  t o  be n e a r  
3 X lo4 bb l /day /we l l .  
t i a l l y  t h e  ambient s ta te  of stress of t h e  l o c a l  g e o l o g i c a l  column p o t e n t i a l l y  
r e s u l t i n g  i n  r e a c t i v a t i o n  of p r e e x i s t i n g  zones of weakness as w e l l  as caus ing  
new f r a c t u r e  development. 

Such high vo lumet r i c  product ions  can  a l t e r  subs tan-  

To i n v e s t i g a t e  normal ambient s e i s m i c i t y  as w e l l  as p o t e n t i a l l y  enhanced 
seismic a c t i v i t y  induced by b r i n e  p roduc t ion ,  Teledyne Geotech, w i t h  t h e  
a u t h o r i z a t i o n  of t h e  Texas Bureau of Economic Geology, has  conducted a se i smic  
moni tor ing  program i n  t h e  v i c i n i t y  of t h e  Chocolate  Bayou geopressured  tes t  
w e l l  ( t h e  P l e a s a n t  Bayou No. 2 )  s i n c e  September 1978. The P l e a s a n t  Bayou No. 
2 w e l l  has  been completed and p e r f o r a t e d  a t  dep ths  of 14,467 - 14,707 f e e t  
(4464.4 - 4482.7m). The b r i n e s  produced from t h e  P l e a s a n t  Bayou No. 2 w e l l  
a r e  r e i n j e c t e d  a t  a dep th  of 6226 - 6538 f e e t  (1897.7 - 1992.8m) i n  t h e  
P l e a s a n t  Bayou No. 1 w e l l .  Th i s  r e p o r t  d e s c r i b e s  t h e  se i smic  monitor ing net-  
work and r e s u l t s  ob ta ined  from Janua ry  through November 1981. 
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THE BRAZORIA SEISMOGRAPH STATION DESIGN SPECIFICATIONS 

The d e t e c t i o n  and a n a l y s i s  of seismic s i g n a l s  recorded by a r r a y s  o r  networks 
of seismographs u l t i m a t e l y  depend upon t h e  des ign  s p e c i f i c a t i o n s  of t h e  
i n s t r u m e n t a t i o n .  Although e a r t h  movements can cover  a spectrum of frequen- 
cies from DC t o  k i l o h e r t z  w i th  ampli tudes which may range over  many o r d e r s  of 
magnitude, seismic ins t rumen t s  are capab le  of f a i t h f u l l y  reproducing 
a m p l i f i e d  r e p l i c a s  of t h e s e  movements o n l y  over a f i n i t e  s p e c t r a l  window wi th  
l i m i t e d  dynamic range. The conc lus ions  drawn from t h e  d a t a  c o l l e c t e d ,  
t h e r e f o r e ,  w i l l  have f i n i t e  s p e c t r a l  and dynamic range l i m i t a t i o n s  imposed by 
t h e  s e l e c t i o n  of t h e  seismograph response c h a r a c t e r i s t i c s .  The r a t i o n a l e  
f o r ,  and l i m i t a t i o n s  o f ,  t h e  Brazor i a  seismograph s t a t i o n  w i l l  be d i scussed  
n e x t .  

The basic r e s o l u t i o n  l i m i t a t i o n s  of t h e  Brazor i a  seismograph s t a t i o n  can  be 
d i s c u s s e d  most e a s i l y  wi th  t h e  t h r e e  i l l u s t r a t i o n s  of f i g u r e  1. The f i r s t  
two diagrams i l l u s t r a t e  t h e  s ta t ic  end members (a. be fo re ,  b. a f t e r )  f o r  a 
d i sp lacemen t ,  S, of one block w i t h  respect t o  t h e  o t h e r .  It i s  assumed t h a t  
t h e  displacement  is  confined t o  t h e  f a u l t  p l ane  and t h a t  no s e p a r a t i o n  of t h e  
b locks  normal t o  t h a t  p l ane  ( d i l a t a n c y )  occurs  (WW). F i g u r e  IC i l l u s t r a t e s  
t h e  important  dynamic c h a r a c t e r i s t i c s  of t h i s  displacement .  I f  t h e  t i m e  ra te  
o f  displacement ,  S, i s  n e a r l y  e q u i v a l e n t  t o  t h e  s h e a r  wave v e l o c i t y  of t h e  
medium, p, t h e  e a r t h  movement would be r e f e r r e d  t o  as a normal ea r thquake .  
I f  t h e  t i m e  rate of displacement  i s  much slower than  t h e  s h e a r  wave v e l o c i t y  
of t he  medium, t h e  e a r t h  movement would be r e f e r r e d  t o  as a slow ea r thquake .  
I f  t h e  t i m e  ra te  of displacement  is  very long ( i . e . ,  minutes o r  more) t h e  
o b s e r v a b l e  e a r t h  movement would be r e f e r r e d  t o  as creep. F i n a l l y ,  i f  t h e  
d i sp lacemen t  S i s  accomplished i n  two o r  more temporal ly  d i s c r e t e  i n t e r v a l s ,  
t h e  e a r t h  movement would be r e f e r r e d  t o  as a m u l t i p l e  event  o r  s w a r m .  
Whether o r  not t h e  seismograph is  capable  of f a i t h f u l l y  reproducing ampl i f i ed  
v e r s i o n s  of t h e s e  d i sp lacemen t s  i s  dependent on t h e  m a g n i f i c a t i o n  and f r e -  
quency response of t h e  in s t rumen t .  Useful l i m i t i n g  parameters t o  know, t h e r e -  
f o r e ,  are (1) t h e  minimum displacement  observable  above t h e  ambient n o i s e ,  ( 2 )  
t h e  maximum disp lacement  observable without  t h e  signal being d i s t o r t e d  or 
c l i p p e d ,  and (3) t h e  range of t i m e  rate behav io ra l  c h a r a c t e r i s t i c s  r e s o l v a b l e .  

These t h r e e  r e l i a b l e  data a c q u i s i t i o n  l i m i t a t i o n s  f o r  t h e  Brazor i a  
seismograph s t a t i o n  are determined by o p e r a t i o n a l  c h a r a c t e r i s t i c s  which are 
s p e c i f i e d  i n  terms of t h e  i n s t r u m e n t a l  response curves.  In  p r a c t i c e ,  t h e s e  
l i m i t s  are e s t a b l i s h e d  from e m p i r i c a l  s t u d i e s  of t h e  ambient noisg-charac- 
terist ics and source s p e c t r a l  c h a r a c t e r i s t i c s  f o r  t y p i c a l  r e g i o n a l  
ea r thquakes .  

F i r s t ,  we w i l l  cons ide r  t h e  sou rce  spectral c h a r a c t e r i s t i c s  which a re  
expected to  be encountered f o r  normal ear thquakes.  Examination of any 
s e i s m i c i t y  map f o r  t h e  United S t a t e s  c l e a r l y  i n d i c a t e s  t h a t  t h e  l a r g e s t  
ea r thquake  t o  occur i n  t h e  Gulf Coast has  never exceeded a magnitude 5.5; so,  
t h e  upper bound on t h e  size we need c o n s i d e r  i s  c e r t a i n l y  less than  t h a t .  
Source spectra from c e n t r a l  United S t a t e s  ear thquakes which have had magni- 
t u d e s  less than  5.5 a re  i l l u s t r a t e d  i n  f i g u r e  2 .  One measure of s i z e ,  t h e  
magnitude, is given on t h e  right-hand l o g a r i t h m i c  o r d i n a t e .  Although magni- 
t u d e s  are p h y s i c a l l y  meaningless ,  they do provide a means of ranking t h e  
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FIGURE 1. a. BLOCK DIAGRAM OF EARTH PRIOR TO SLIP DISPLACEMENT 
b. BLOCK DIAGRAM OF EARTH FOLLOWING SLIP DISPLACEMENT 

ASSUMING NO FRACTURE DILATANCE 
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r e l a t i v e  s izes  of t he  ear thquakes .  A r e c e n t  a l t e r n a t i v e ,  p h y s i c a l l y  
meaningfu l ,  measure of s i z e ,  t h e  moment (product  of t h e  stress drop and f a u l t  
a r e a ) ,  is given  on t h e  lef t -hand loga r i thmic  o r d i n a t e  i n  u n i t s  of 
dyne-cent imeters  . The loga r i thmic  a b s c i s s a  i s  frequency of ground v i b r a t i o n .  
The source  s p e c t r a  f o r  t he  c e n t r a l  United S t a t e s  ear thquakes  are g e n e r a l l y  
composed of two segments, one wi th  c o n s t a n t  moment as a f u n c t i o n  of f requency 
and t h e  o t h e r  wi th  moment which dec reases  as t h e  squa re  of t h e  i n c r e a s i n g  
f requency .  The frequency where t h e s e  two asymptotes  j o i n  i s  c a l l e d  t h e  
c o r n e r  f requency and i s  r e l a t e d  t o  t h e  phys ica l  dimensions of t h e  f a u l t  area. 
The f l a t  o r  low f requency asymptote of t h e  spectrum c l e a r l y  i s  a measure of 
t h e  s i z e  of t h e  ear thquake ,  and the  high frequency asymptote i s  r e l a t e d  t o  
t h e  stress drop t i m e  h i s t o r y  and some o t h e r  geometr ic  parameters .  The s i g n i -  
f i c a n c e  of f i g u r e  2 i s  t h a t ,  as t h e  s i ze  of t h e  ear thquakes  i n  t h e  c e n t r a l  
United S t a t e s  dec rease ,  t h e  co rne r  f requency s h i f t s  t o  h ighe r  f r equenc ie s .  
This r e l a t i o n s h i p  is  i l l u s t r a t e d  more c l e a r l y  i n  f i g u r e  3 which demonst ra tes  
a l o g a r i t h m i c - l i n e a r  i n c r e a s e  i n  co rne r  f requency as a logari thmic-decrement  
i n  s i z e .  The i m p l i c a t i o n  of t h e s e  s t u d i e s  t o  t h e  performance of t h e  
Brazor i a  seismic a r r a y  i s  t h a t  i f  ear thquakes  smaller than magnitude 3.0 
and l a r g e r  than magnitude 0.0 a r e  t o  be recorded ,  t h e  s p e c t r a l  band of domi- 
n a n t  i n t e r e s t  i s  from 2 t o  20 h e r t z .  Accordingly,  f i g u r e  4 i l l u s t r a t e s  t h e  
r e l a t i v e  ampli tude frequency response of t h e  seismograph s t a t i o n  s e l e c t e d  f o r  
t h e  Brazor ia  a r r a y .  

T h i s  response curve provides  a we l l - ca l ib ra t ed  , r e l a t i v e l y  f l a t  response over  
t h e  s p e c t r a l  band of i n t e r e s t  and s imul taneous ly  r a p i d l y  dec reases  t h e  sen- 
s i t i v i t y  a t  f r equenc ie s  above one h e r t z  where e a r t h  no i se  becomes a problem 
p a r t i c u l a r l y  near  c o a s t a l  reg ions .  

Return ing  t o  the  problem of maximum r e s o l u t i o n ,  o r  a l t e r n a t i v e l y  t h e  smallest 
even t  r e s o l v a b l e  by t h e  Brazor ia  a r r a y ,  i t  i s  next necessary  t o  de te rmine  
t h e  ambient no i se  cond i t ions  f o r  Chocolate Bayou i n  t h e  s p e c t r a l  band of 
i n t e r e s t .  This  i s  an empi r i ca l  measurement which is  both tempora l ly  and spa- 
t i a l l y  h igh ly  v a r i a b l e .  That means t h a t  t h e  u l t i m a t e  s e n s i t i v i t y  of t h e  spa- 
t i a l l y  f i x e d  a r r a y  t o  d e t e c t  s i g n a l s  w i l l  vary wi th  t i m e  according t o  weather  
c o n d i t i o n s ,  c u l t u r a l  n o i s e ,  e tc  . By measuring the  recorded ampli tude of 
ground d isp lacements  a t  va r ious  f r equenc ie s  a t  va r ious  t i m e s ,  i t  was d e t e r -  
mined t h a t  t he  average ambient background n o i s e  leve l  was 4.5 x meters. 
Design s p e c i f i c a t i o n s  f o r  t he  S-500 seismometer used as t h e  ground senso r  f o r  
t h e  Brazor ia  a r r a y  rate t h e  t y p i c a l  i n s t rumen ta l  no i se  l e v e l  as 2.5 x 
(0-P) .  Thus, t h e  t y p i c a l  ground no i se  a t  Chocolate  Bayou i s  a f a c t o r  of 
approximate ly  two above the  i n h e r e n t  i n s t rumen ta l  no i se  l e v e l .  

From o t h e r  empi r i ca l  s t u d i e s ,  i t  is  known t h a t  t he ,d i sp lacemen t  ampli tude f o r  
ea r thquakes  dec reases  as the  square  of t h e  d i s t a n c e  i n c r e a s e s .  S i m i l a r l y ,  i t  
i s  p o s s i b l e  from many s t u d i e s  t o  e s t a b l i s h  displacement  ampli tude ve r sus  
d i s t a n c e  curves f o r  s p e c i f i e d  magnitudes. One such set of curves  i s  
i l l u s t r a t e d  i n  f i g u r e  5 f o r  magnitudes 0.5, 1.0, and 1.5. The average 
observed ambient no i se  l e v e l  f o r  Chocolate Bayou is  i l l u s t r a t e d  as a change 
from unshaded t o  shaded background. S igna l  ampli tudes which f a l l  i n  t h e  
shaded p o r t i o n  of t h e  diagram can be cons idered  unrecognizable  from no i se .  
What t h i s  f i g u r e  d i a g r a m a t i c a l l y  i l l u s t r a t e s  is  t h a t ,  dur ing average 
c o n d i t i o n s ,  any ear thquake  wi th  magnitude l a r g e r  than  1.25 w i t h i n  t h e  dimen- 
s i o n s  of t he  a r r a y  will be recorded by a l l  seismographs of t h e  a r r a y .  Under 
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FIGURE 3. CORNER FREQUENCY VERSUS SEISMIC MOMENT FOR CENTRAL UNITED STATES 
EARTHQUAKES (AFTER STREET, HERRMANN, AND NUTTLI, 1975) 
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e x c e p t i o n a l l y  q u i e t  c o n d i t i o n s ,  ear thquakes  wi th  magnitudes as low as 0.5 
w i l l  be recorded adequa te ly  by a l l  s t a t i o n s .  

The maximum s i g n a l  observable  without  s i g n i f i c a n t  d i s t o r t i o n  o r  c l i p p i n g  i s  
complicated by a number of f a c t o r s  such as t h e  frequency of t h e  s i g n a l ,  t h e  
proximi ty  of t h e  sou rce ,  and t h e  band l i m i t i n g  n a t u r e  of t h e  e l e c t r o n i c s .  
Thus, i t  i s  not g e n e r a l l y  p o s s i b l e  t o  s p e c i f y  a maximum magnitude observable  
wi thout  d i s t o r t i o n  unless some a d d i t i o n a l  parameters are  s p e c i f i e d  , e.g. ,  
t h e  d i s t a n c e  and s p e c i f i c  f requency t o  be observed. The m a x i m u m  (0-P) ground 
d isp lacements  observable  wi th  t h e  Brazor ia  seismogra h i n s t r u m e n t a t i o n  a t  
one,  
1 .2  xf:E'd meters. 

and t en  h e r t z  are r e s p e c t i v e l y  7 . 4 3  x 10' 5 , 2 . 6  x and 

Having def ined the  o p e r a t i o n a l  l i m i t a t i o n s  of t he  Brazor ia  seismograph 
sys tems,  i t  i s  now p o s s i b l e  t o  p l ace  conf idence  c o n s t r a i n t s  on t h e  d a t a  
acqu i r ed  by any of t h e  s t a t i o n s  and thus  on conclus ions  which can be drawn 
from t h e  d a t a .  I n  summary, any e a r t h  movement occurr ing  w i t h i n  s i x  kilome- 
ters of any s t a t i o n  having displacement  ampli tudes g r e a t e r  t han  5 x 
meters and less than  5 x meters wi th  f r equenc ie s  between one and twenty 
h e r t z  w i l l  be recorded without  d i s t o r t i o n  and have s igna l - to-noise  r a t i o s  of 
a t  l eas t  1:l. I n  o t h e r  words, a l l  of t h e  s i g n a l  types  i d e n t i f i e d  on f i g u r e  
IC wi th  the  excep t ion  of c reep  could be recognizably  recorded by t h e  
Brazor i a  seismographs provid ing  t h a t  t h e  s igna l - to-noise  r a t i o  i s  g r e a t e r  
t han  1:l. 
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THE BRAZORIA NETWORK DESIGN AM> LIMITATIOKS 

The u t i l i t y  of t h e  d a t a  recorded i s  not  on ly  l i m i t e d  by t h e  performance 
c h a r a c t e r i s t i c s  of t h e  i n d i v i d u a l  s t a t i o n s ,  but a l s o  by t h e  performance of 
t h e  e n t i r e  network. I n  t h i s  s e c t i o n ,  we w i l l  examine t h e  l i m i t a t i o n s  imposed 
on the  d a t a  and t h e  conclus ions  drawn by t h e  a r r a y  o r  network de-sign. 

The Brazor i a  seismic a r r a y  c o n s i s t s  of f i v e  i n d i v i d u a l  seismograph s t a t i o n s  
which are schemat i ca l ly  i l l u s t r a t e d  i n  f i g u r e  6. Each s t a t i o n  c o n s i s t s  of a 
Geotech S-500 seismometer ,  42.50 a m p l i f i e r  w i th  s i g n a l  c o n d i t i o n e r s ,  a 
vo l t age -con t ro l l ed  o s c i l l a t o r  (VCO) and d i s c r i m i n a t o r ,  and a dual-recording 
medium on magnetic tape and 16 m i l l i m e t e r  f i lm .  The f u n c t i o n  of t h e  seismom- 
e te r  i s  t o  sense t h e  e a r t h  v i b r a t i o n s  i n  v e r t i c a l  mode and conver t  t h e  ver- 
t i c a l  ground motion t o  an e l ec t r i ca l  v o l t a g e  p ropor t iona l  t o  t h e  ampl i tude  of 
t h e  ground motion. The f u n c t i o n  of t h e  a m p l i f i e r  i s  t o  amplify t h e  v o l t a g e s  
produced by t h e  seismometer and shape t h e  frequency response of t h e  system 
through f i l t r a t i o n .  The f u n c t i o n  of t h e  vo l t age -con t ro l l ed  o s c i l l a t o r  (VCO) 
i s  t o  conver t  t he  ampl i f i ed  v o l t a g e s  t o  d e v i a t i o n s  of a c e n t r a l  carr ier  f r e -  
quency ( f r equency  modulated,  FM, s i g n a l s )  which can be t r a n s m i t t e d  over 
t e l ephone  l i n e s .  This  permi ts  t r ansmiss ion  of s e v e r a l  s i g n a l s  over  t h e  same 
p a i r  of wi res  f o r  very long d i s t a n c e s  without  i n t roduc ing  a d d i t i o n a l  n o i s e  
produced by the  long t r ansmiss ion  path.  The FM s i g n a l s  from t h e  i n d i v i d u a l  
Brazor i a  s t a t i o n s  are t r ansmi t t ed  over i n d i v i d u a l  voice-grade (uncondi t ioned)  
t e l ephone  l i n e s  to  L ive rpoo l ,  Texas. A t  L ive rpoo l ,  t h e  i n d i v i d u a l  s i g n a l s  
are added t o g e t h e r  o r  mul t ip lexed  f o r  t r ansmiss ion  t o  Gar land ,  Texas, using 
AT&T long- l ine  services. A t  Gar land ,  Texas, t h e  mul t ip lexed  FM s i g n a l s  a r e  
s e p a r a t e d  and demodulated from t h e i r  r e s p e c t i v e  carr ier  f r equenc ie s  by t h e  
Geotech 46.12 d i s c r i m i n a t o r s .  Some a d d i t i o n a l  f i l t r a t i o n  of t h e  s i g n a l s ,  
which c o n t r i b u t e s  t o  the  shaped response i l l u s t r a t e d  i n  f i g u r e  4 ,  i s  a l s o  
performed by t h e  d i s c r i m i n a t o r s .  The s i g n a l s  from t h e  i n d i v i d u a l  s t a t i o n s  a t  
t h i s  po in t  have been r e tu rned  t o  v o l t a g e  d e v i a t i o n s  on i n d i v i d u a l  p a i r s  of 
wires. Thus, t h e  purpose of t he  V C O ,  m u l t i p l e x e r  and d i s c r i m i n a t o r  e l e c t r o n -  
i c s  is  t o  permi t  remote record ing  of s e v e r a l  s imultaneous d a t a  channels  as i f  
t h e  record ing  equipment were a t  t h e  i n d i v i d u a l  si tes.  The s i g n a l s  from t h e  
seismograph s t a t i o n s  are recorded then a t  t h e  Teledyne Geotech l a b o r a t o r y  i n  
Garland i n  analog form on magnetic tape and on 16mm microfi lm t o g e t h e r  w i t h  
encoded t i m e  in format ion .  

The d i s t r i b u t i o n  of t h e  f i v e  seismograph s t a t i o n s  i n  t h e  Brazor ia  array i s  
i l l u s t r a t e d  i n  f i g u r e  7 as s o l i d  t r i a n g l e s .  The l o c a t i o n  of t h e  P l e a s a n t  
Bayou No. 2 w e l l  is i d e n t i f i e d  by a d iv ided  circle,  and known growth f a u l t s  
a r e  i d e n t i f i e d  a t  t h e  15000 f e e t  depth  as shaded l i n e s .  The l o c a t i o n s  of t h e  
i n d i v i d u a l  s t a t i o n s ,  e l e v a t i o n s  of t h e  S-500 s e n s o r s  below mean sea l e v e l ,  
m a g n i f i c a t i o n  f a c t o r  a t  f i v e  h e r t z  and VCO c e n t e r  f requency are l i s t e d  i n  
t a b l e  1. A l l  seismometers are i n  boreholes  one hundred f e e t  deep. 

Given the  d i s t r i b u t i o n  of s t a t i o n s  wi th  known response c h a r a c t e r i s t i c s ,  w e  
are  now ready t o  e v a l u a t e  t h e  c o n s t r a i n t s  which t h e  network des ign  p l a c e s  on 
t h e  d a t a  recovered.  This ,  i n  p a r t ,  depends on what t h e  f u n c t i o n  of t h e  a r r a y  
i s  t o  be. I f  t h e  f u n c t i o n  of t h e  a r r a y  i s  d e t e c t i o n ,  t hen  t h e  c a p a b i l i t i e s  
o f  t he  network depend only  on the  sum of t h e  d e t e c t i o n  p r o b a b i l i t i e s  of t h e  
i n d i v i d u a l  s t a t i o n s .  I f ,  on t h e  o t h e r  hand, l o c a t i o n  of t h e  sou rce  of t h e  
s i g n a l s  i s  an impor tan t  f u n c t i o n ,  t h e  j o i n t  p r o b a b i l i t i e s  of d e t e c t i o n  by 
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t h r e e  o r  more s t a t i o n s  is s i g n i f i c a n t .  
D e t e c t i o n  c a p a b i l i t y  i s  analogous i n  p r o b a b i l i t y  set  theory t o  t h e  set union, 
whereas t h e  l o c a t i o n  c a p a b i l i t y  i s  analogous t o  set i n t e r s e c t i o n .  Both of 
t h e s e  c a p a b i l i t i e s  are s p a t i a l l y  and temporal ly  v a r i a b l e  depending upon t h e  
ambient n o i s e  c o n d i t i o n s  and the r e l a t i v e  amplitude of t h e  s i g n a l .  This  i s  
c o n v e n i e n t l y  i l l u s t r a t e d  f o r  Brazor i a  i n  f i g u r e  8, by assuming t h e  de t ec -  
t i o n  t h r e s h o l d  f o r  a magnitude 1.0 ear thquake during average background noise 
c o n d i t i o n s  i s  3.0 k i l o m e t e r s  as i n d i c a t e d  i n  f i g u r e  5. 
l i g h t l y  shaded area demonstrates  t he  d e t e c t i o n  c a p a b i l i t i e s ;  on t h e  o t h e r  
hand, t h e  d a r k l y  shaded area demonstrates  t h e  r e g i o n  of t h r e e  o r  more s t a t i o n  
l o c a t i o n  c a p a b i l i t i e s .  It i s  c lear  from f i g u r e  8 t h a t  l o c a t i o n  c a p a b i l i t i e s  
are  s t r o n g l y  dependent upon s t a t i o n  d i s t r i b u t i o n  and o p e r a t i o n a l  performance 
of the  i n d i v i d u a l  s t a t i o n s .  

This  d i s t i n c t i o n  i s  q u i t e  important .  

On t h e  one hand, t h e  

I n  summary, t he  design of t h e  network can d r a m a t i c a l l y  a f f e c t  t h e  c a p a b i l i -  
t ies  t o  perform s p e c i f i c  t a s k s  wi th  t h e  d a t a .  Loca t ion  c a p a b i l i t i e s  i n  par- 
t i c u l a r  a r e  profoundly a f f e c t e d  by s p a t i a l  d i s t r i b u t i o n  of t h e  s t a t i o n s  and 
i n d i v i d u a l  s t a t i o n s  o p e r a t i o n a l  performance. Opera t iona l  performance t a b l e s  
f o r  network s t a t i o n s  are t h e r e f o r e  one measure of t h e  l o c a t i o n  c a p a b i l i t y  of 
t h e  network. It i s  f o r  t h i s  reason t h a t  we i nc lude  such t a b l e s  i n  t h e  
monthly r e p o r t s  and reproduce them he re  as Appendix I. 

Table  1. B r a z o r i a  County Texas Seismic Array 

La t i tude (N)  Longitude(W) E l e v a t i o n  Magn i f i ca t ion  VCO 
Hz - S i t e  Deg Min Sec Deg Xin Sec F e e t  x 1000 @ 5 E2 - --- --- 

BEG 1 29 17 28 95 16 53 -8 7 134 1360 

BEG2 29 17 32 95 14 01 -8 7 138 2380 

BEG3 29 16 54 95 15 22.5 -9 7 141 1020 

BEG4 29 15 54 95 14 45.2 -90 98 2040 

BEG5 29 15 53.4 95 16 10.3 -84 136 1700 
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DATA ANALYSIS PROCEDURES 

Data genera ted  by monitor ing systems are analyzed using s t anda rd  microseismic 
d a t a  a n a l y s i s  techniques  t o  y i e l d  basic informat ion  about t h e  o r i g i n  times, 
l o c a t i o n s ,  and magnitudes of observed events .  The s t anda rd  a n a l y s i s  sequence 
used by Teledyne Geotech i s  i l l u s t r a t e d  i n  f i g u r e  9.  

The 16  mm f i l m  seismograms a r e  reviewed c a r e f u l l y  t o  d e t e c t  any microseismic 
e v e n t s  t h a t  may occur .  When an event  i s  d e t e c t e d ,  t h e  a n a l y s t  measures t h e  
ampl i tude ,  p e r i o d ,  and a r r i v a l  times of t h e  P ( compress iona l ) ,  S ( s h e a r ) ,  and 
LR ( s u r f a c e )  wave of t h e  event .  
estimates i s  M.01 second f o r  P waves and +0.05 second f o r  S waves. I f  t h i s  
deg ree  of accuracy  cannot  be achieved u t i l T z i n g  t h e  f i l m  r e c o r d s ,  t h e  a n a l y s t  
may r eques t  a f i l t e r e d  v e r s i o n  of t h e  s i g n a l  recorded on magnetic t ape .  
F i l t e r  op t ions  inc lude  v a r i a b l e  high pass ,  low pass ,  and band-pass o p e r a t o r s .  
The ampl i tude ,  pe r iod  and a r r i v a l  t i m e  d a t a  are s t o r e d  f o r  subsequent  i n p u t  
i n t o  a computer code (MEHYPO) which estimates t h e  o r i g i n  times, sou rce  coor- 
d i n a t e s  and l o c a l  magnitudes of t h e  observed events .  This  code u t i l i z e s  t h e  
a r r i v a l  time d a t a ,  t h e  senso r  l o c a t i o n  d a t a  and a p lane  l aye red  se i smic  ve loc-  
i t y  model of t h e  l o c a l  subsu r face  s t r u c t u r e  t o  estimate t h e  o r i g i n  times and 
t h e  source  coord ina te s  of t he  observed even t s .  The e s t i m a t i o n  a lgo r i thm i s  
s imi la r  to  t h a t  desc r ibed  by Lee and Lahr (1972) i n  t h a t  i t  f i n d s  t h e  o r i g i n  
t i m e  and set of sou rce  coord ina te s  which minimizes t h e  mean squa re  d i f f e r e n c e  
between observed and p red ic t ed  a r r i v a l  t i m e s  a t  t h e  v a r i o u s  senso r  l o c a t i o n s .  
The code a l s o  provides  va r ious  l o c a t i o n  u n c e r t a i n t y  estimates which are  based 
upon the  assumption t h a t  t h e  a r r i v a l  time e r r o r s  are  normally d i s t r i b u t e d  and 
t h a t  t h e  seismic v e l o c i t y  s t r u c t u r e  is  known without  e r r o r .  The senso r  f r e -  
quency response d a t a ,  t h e  P-wave ampli tude and per iod  d a t a  a r e  used t o  com- 
pu te  the  l o c a l  magnitudes of t h e  observed even t s .  

The d e s i r e d  accuracy of t h e  a r r i v a l  time 

The P-wave v e l o c i t y  s t r u c t u r e  f o r  t h e  Gulf Coast used i n  t h e  a n a l y s i s  of 
event  l o c a t i o n  i s  i l l u s t r a t e d  i n  f i g u r e  10 and l i s t e d  i n  Table 2 .  This  ve lo-  
c i t y  s t r u c t u r e  i s  a blend of d a t a  from E r a z o r i a  County, Texas and Parcperdue ,  
Louis iana .  

The S-wave v e l o c i t y  s t r u c t u r e  was der ived  from t h e  P-wave v e l o c i t y  s t r u c t u r e  
us ing  the  fo rmula t ion :  

1 
vs = vp/ (1 +*1-2a) 1/2 

where: Vs = Shear  t3ave v e l o c i t y  
V p  = Compressional wave v e l o c i t y  
0 = Poisson r a t i o  

Water has a Poisson  r a t i o  o f  0.5 and most competent rock has  a Poisson  r a t i o  
of  0.25. Lash (Geophysics,  1980, pp. 1373-1411) h a s  determined t h e  Poisson  
r a t i o  f o r  s u r f i c i a l  Gulf Coast sediments  t o  be g r e a t e r  t han  0.45  w i t h  t h e  
r a t i o  dec reas ing  wi th  i n c r e a s i n g  depth.  For S-wave v e l o c i t i e s  i n  Table 3 ,  w e  
have assumed a Poisson  r a t i o  of 0.45 f o r  l a y e r s  1 through 7 ,  0.40 f o r  l a y e r s  
8 through 1 9 ,  and 0.30 f o r  l a y e r s  20 through 22. To u t i l i z e  S w a v e s  f o r  
hypocenter  l o c a t i o n ,  we a r e  using a f i x e d  Vp/Vs  r a t i o  of 1.732 and t r e a t i n g  
them as pseudo P-wave a r r i v a l s .  
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Table 2 

Layer P-Wave V e l .  S-Wave V e l .  Thickness 
P a r a m e t e r s  (Km/ s ec ) ( Km/ s ec ) (Km) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
1 7  
18 

0.6100 
1.7070 
1.7500 
1.8000 
2.0120 
2.0730 
2.2550 
2.2860 
2.6210 
2.9260 
3.3530 
2.6210 
2.4380 
2.7430 
2.9260 
3.1700 
3.5000 
3.8000 

-2 0- 

,352 
.986 

1.010 
1.039 
1.162 
1.197 
1.302 

1.513 
1.689 
1.936 

1.403 
1.584 
1.689 
1.830 
2.021 
2.194 

1 e320 

1.513 

0.0091 
0.1000 
0.0400 
0.1500 
0.1220 
0.2140 
0.2900 
0.3100 
1.036 
1.0500 
0.5500 
0.5200 
0.3100 
0.3100 
0.3000 
0.3000 
0.3000 

1000.0000 



E p i c e n t e r s  are computed only  f o r  even t s  observed a t  t h r e e  o r  more s t a t i o n s  
because of p o s s i b l e  ambigu i t i e s  of s o l u t i o n s  based on d a t a  from fewer 
s t a t i o n s .  

Some of t h e  s i g n a l s  of i n t e r e s t  c o n s i s t  p r i m a r i l y  of s u r f a c e  waves. The 
v e l o c i t i e s  of t h e  fundamental ,  f i r s t  and second h ighe r  mode Rayleigh ( s u r f a c e )  
waves f o r  t h i s  r eg ion  a r e  i l l u s t r a t e d  i n  f i g u r e  11 and l i s t e d  i n  t a b l e  3 .  
Because the  average s u r f a c e  wave observed has  a frequency less than  two h e r t z ,  
i t  is  p o s s i b l e  t o  g e t  a g e n e r a l  (no t  a c c u r a t e )  l o c a t i o n  of t h e  sou rces  of 
t h e s e  s i g n a l s  using a f i x e d  average a c o u s t i c  v e l o c i t y .  Occas iona l ly ,  t h e s e  
e v e n t s  w i l l  be l i s t e d  i n  t h e  monthly event  c a t a l o g .  

Local  seismic magnitudes a r e  based upon maximum s u r f a c e  wave ampli tude and 
a re  c a l c u l a t e d  as: 

where ML i s  t h e  l o c a l  magnitude 

where A i s  t h e  peak t o  peak s u r f a c e  wave ampli tude i n  nanometers 
(10-9 m e t e r s )  

where X = [ ( e p i c e n t r a l  d i s t a n c e ) 2  + (hypocent ra l  dep th )  2 ] 1/2 
( i n  k i l o m e t e r s )  ( i n  kilometers) 

x > 1.0 - and 

The c o n s t a n t  -1.15 i n  t h e  magnitude equa t ion  assumes a s u r f a c e  wave t o  P-wave 
ampl i tude  r a t i o  of 10. Thus, a magnitude 0 even t  a t  1 km d i s t a n c e  would 
g e n e r a t e  s u r f a c e  waves wi th  a peak t o  peak ampli tude of 28.3 nm and p waves 
w i t h  an ampli tude of about 2.8 nm. 

Magnitudes may be c a l c u l a t e d  a l t e r n a t i v e l y  using dura . t ion  as 

FID = -2.22 + 2.28 l o g  ( D )  

where I) i s  d u r a t i o n  i n  seconds from onse t  of P t o  r e t u r n  of code t o  ambient 
n o i s e  l e v e l .  
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Table  3 

FUNDAMENTAL MODE RAYLEIGH WAVE 

Frequency 
(Her tz  ) 

1.00000 
1.50000 
2.00000 
2.50000 
3.00000 
3.50000 
4.00000 
4.50000 
5.00000 
5.50000 
6.00000 
6.50000 
7.00000 
7.50000 
8 .OOOOO 
8.50000 
9.00000 
9.50000 

10.00000 

Frequency 
(Her tz  ) 

1.50000 
2.00000 
2.50000 
3.00000 
3.50000 
4.00000 
4.50000 
5.00000 
5.50000 
6.00000 
6.50000 
7.00000 
7.50000 
8.00000 
8.50000 
9.00000 
9.50000 

10.00000 

Per iod  
(Set 1 

1.00000 
0.66667 
0.50000 
0.40000 
0.33333 
0.28571 
0.25000 
0.22222 
0.20000 
0.18182 
0.16667 
0.15385 
0.14286 
0.13333 
0.12500 
0.11765 
0.11111 
0.10526 
0.10000 

Per iod  
(set> 

0.66667 
0.50000 
0.40000 

0.28571 
0.25000 
0.22222 
0.20000 
0.18182 
0.16667 

0.14286 
0.13333 
0.12500 
0.11765 
0.11111 
0.10526 
0.10000 

0 33333 

0.15385 

Wave Number 
(Km-l) 

19.29860 
31 .go403 
45.92595 
60.593 10 
75.24859 
89.75047 

104.85898 
133.38976 
176.47058 
242.44373 
308.23688 
362.21878 
409.04129 
451.68350 
491.70151 
529.96375 
566.97290 
603.06219 
638.48730 

-- 
Phase Ve loc i ty  

( Km/ s e c ) 

0.32558 
0.29541 
0.27362 
0.2592 4 
0.25050 
0.24503 
0.23968 
0.21197 
0.17802 
0.14254 
0.12231 
0.11275 
0.10753 
0.10433 
0.1G223 
0.10077 
0.09974 
0.09898 
0.09841 

1ST HIGHER MODE RAYLEIGH WAVE 

Wave Number Phase Ve loc i ty  
-- (Km-l) (Km/ sec ) 

22.80624 

43.77451 
55.12251 
77.18942 

101.83848 
118.03994 
132 -47482 
147.03320 
161.87672 
177.17639 
193.15668 
210.12578 
228.45786 
248.51895 

294.85092 
321 37187 

33 51661  

270 -57816 

0.41325 
0.37493 
0.35884 
0.34196 
0.28490 
0.24679 
0.23953 

0.23503 
0.23289 
0.23051 
0.22770 
0.22427 
0.22002 
0.21490 
0.20899 
0.20244 
0.19539 

0.23715 

Group Ve loc i ty  
( Km/ s e c ) 

0.26618 
0.23458 
0.21664 
0.21358 
0.21464 
0.22083 
0.17546 
0.077 72 
0.06247 
0.04259 
0.05330 

0.07079 
0.07635 
0.08049 
0.083 62 

0.08795 
0.08 93 3 

0.06311 

0.08607 

Group Ve loc i ty  
(Km/sec) 

0.27451 
0.30512 

0.22885 
0 30399 

0.10324 
0.16670 
0.21264 
0.21849 
0.21372 
0.20898 
0.20141 

0.17864 
0.16413 
0.14944 

0.12338 
0.11223 

0.19137 

0 13583 
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Frequency 
( He r t z ) 

2.00000 
2.50000 
3.00000 
3.50000 
4.00000 
4.50000 
5.00000 
5.50000 
6.00000 
6.50000 
7.00000 
7.50000 
8.00000 
8.50000 
9.00000 
9.50000 

10.00000 

2ND HIGHER 

Pe r iod  
(set) 

0.50000 
0.40000 
0.33333 
0.28571 
0.25000 
0.22222 
0.20000 
0.18182 
0.16667 
0.15385 
0.14286 
0.13333 
0.12500 
0.11765 
0.11111 
0.10526 
0.10000 

Table  3 ( con t inued)  

MODE RAYLEIGH WAVE DISPEKSION FUNCTION 

Wave Number 
(Km-l )  

27.89075 
39.13124 
53.70377 
64.90845 
75.871 06 
86.96890 
98.28802 

109.97196 
122.19407 
135.11926 
148.96704 
164.21091 
181.19171 
199.00099 
216.40881 
233.01805 
248.91968 

Phase Ve loc i ty  
( Km/ s e c ) 

0.45056 
0.40142 
0.35099 
0.33880 
0.33126 
0.3251 1 
0.31963 
0.31424 
0.30852 
0.30226 
0.29525 
0.28697 
0.27742 
0.26838 

0.25616 
0.25242 

0.26130 

Group Ve loc i ty  
(I(ln/sec> 

0.35147 
0.22453 
0.24685 
0.292 49 
0.28384 
0.28110 
0.27371 
0.26349 
0.25039 
0.23564 
0.21737 
0.19476 
0.17817 
0.17696 
0.18465 
0.19351 
0.20164 
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DATA ALALYSIS LIPIITATIONS 

The d a t a  a n a l y s i s  procedures  descr ibed  i n  t h e  prev ious  s e c t i o n  and t h e  
assumptions made f o r  r o u t i n e  hypocenter  l o c a t i o n  impose a d d i t i o n a l  
c o n s t r a i n t s  on t h e  conclus ions  which can be drawn from t h e  da t a ,  I n  t h i s  
s e c t i o n ,  we w i l l  add res s  t h e  l i m i t a t i o n s  imposed by t h e  a n a l y s i s  procedures .  

The p r e c i s i o n  of l o c a t i n g  explos ions  o r  ear thquakes  using seismic a r r a y  d a t a  
i s  dependent upon t h r e e  dominant f a c t o r s ;  (1) t h e  q u a n t i t y  and q u a l i t y  of t h e  
seismic a r r i v a l  t i m e  d a t a ,  ( 2 )  t h e  accuracy  of t h e  e a r t h  model, i . e . ,  t h e  
v e l o c i t y  s t r u c t u r e ,  and ( 3 )  t h e  type of i n v e r s i o n  procedure being used. 

The l o c a t i o n  procedure used is  a leas t  squa res  e r r o r  a n a l y s i s  i n  which a 
t r i a l  l o c a t i o n  and o r i g i n  t i m e  are s p e c i f i e d  wi th  a g iven  v e l o c i t y  s t r u c t u r e ,  
and a r r i v a l  times f o r  given s t a t i o n  l o c a t i o n s  are computed and compared wi th  
observed a r r i v a l  t i m e s .  The i t e r a t i v e  process  then  moves t h e  t r i a l  l o c a t i o n  
and o r i g i n  t i m e  t o  b e s t  f i t  t he  observed va lues  of t h e  g iven  a r r i v a l  t i m e s .  
The accuracy  of t h e  f i n a l  l o c a t i o n  i s ,  t h e r e f o r e ,  dependent on t h e  c e r t a i n t y  
o f  t h e  v e l o c i t y  s t r u c t u r e  and a r r i v a l  t i m e  readings .  It i s  impor tan t  t o  no te  
h e r e  t h e  d i s t i n c t i o n  between accuracy and p r e c i s i o n  of l o c a t i o n .  The 
accu racy  of l o c a t i o n  is  a measure of how l i k e l y  t h e  computed l o c a t i o n  i s  t h e  
r ea l  l o c a t i o n .  The p r e c i s i o n  of l o c a t i o n  i s  a measure of t h e  f i n i t e n e s s  of 
t h e  s o l u t i o n ,  i . e . ,  t h e  conf idence  of t h e  s o l u t i o n .  Depending on t h e  r e a l i t y  
o f  t he  assumptions made, t h e  s o l u t i o n s  der ived  from least squa res  i n v e r s i o n  
o f  t he  a r r i v a l  t i m e  d a t a  could be very p r e c i s e  but not  a c c u r a t e .  bleasures of 
p r e c i s i o n ,  i .e . ,  90% conf idence  i n  t h e  l o c a t i o n  determined,  can be genera ted  
based on the  e a r t h  model used and t h e  d a t a  q u a l i t y .  Accuracy, on t h e  o t h e r  
hand, r e q u i r e s  a d d i t i o n a l  i n fo rma t ion  such as c a l i b r a t i o n  even t s  from which 
a b s o l u t e  t r a v e l  t i m e  e r r o r s  can be known. For t h i s  reason ,  most event  loca- 
t i o n  schemes s t a t e  p r e c i s i o n  parameters  such as e r r o r  e l l i p s e  dimensions,  and 
t h e  accuracy  of t h e  l o c a t i o n  is  u s u a l l y  not  know. 

The l a c k  of f i d e l i t y  of computed hypocenters  t o  a c t u a l  hypocenters  i s  most 
o f t e n  r e l a t e d  t o  t h e  i n a p p r o p r i a t e n e s s  of t h e  assumed v e l o c i t y  s t r u c t u r e .  
The e a r t h  models used assume i s o t r o p i c  f l a t  l a y e r s  g e n e r a l l y  wi th  a f ixed  P- 
wave t o  S-wave v e l o c i t y  r a t i o .  Any d e p a r t u r e  of t h e  real e a r t h  model from 
t h i s  assumed model r e s u l t s  i n  sys t ema t i c  m i s l o c a t i o n  e r r o r s  which may o r  may 
n o t  r e s u l t  i n  s i g n i f i c a n t l y  i n a c c u r a t e  l o c a t i o n s .  We are conf iden t  t h a t  t h e  
s t r u c t u r e  is s u f f i c i e n t l y  complex i n  comparison t o  a s i m p l e  f l a t  e a r t h  model 
t h a t  sys t ema t i c  mis loca t ions  are h i g h l y  l i k e l y .  A t  t h i s  time, without  speci- 
f i c  c a l i b r a t i o n  even t s  f o r  accuracy ,  we cannot s p e c i f y  any accuracy 
c o n s t r a i n t s  on the  s o l u t i o n s  r epor t ed  f o r  t h e  Brazor ia  a r r a y .  We can only  
assume t h a t  sys t ema t i c  i n a c c u r a c i e s  are small and t h a t  t h e  imprec i s ion  prob- 
a b l y  embodies the  real  event  l o c a t i o n .  

Unlike the  accuracy,  however, t h e  p r e c i s i o n  of t h e  hypocenters  i s  g iven  f o r  
each  s o l u t i o n  set. The p r e c i s i o n  parameters  are embodied i n  90% conf idence  
e r r o r  e l l i p s e  parameters which inc lude  t h e  semimajor and semiminor axis 
l e n g t h s  and the  o r i e n t a t i o n  of t h e  e r r o r  e l l i p s e  semimajor axis wi th  r e spec t  
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t o  nor th .  The p r e c i s i o n  parameters  embody t h e  sum of a l l  p o s s i b l e  e r r o r s  
such as t iming e r r o r s  f o r  i n d i v i d u a l  a r r i v a l s ,  i n a c c u r a c i e s  i n  t h e  v e l o c i t y  
model, s t a t i o n  m i s l o c a t i o n s ,  e tc .  I f  t h e  s t a t i o n s  had no n i s l o c a t i o n s ,  were 
e q u a l l y  spaced az imutha l ly  around t h e  e p i c e n t e r  and t h e  e a r t h  model were per -  
f e c t l y  known, t hen ,  t h e  p r e c i s i o n  parameter would r e f l e c t  on ly  t h e  conf idence  
of i n d i v i d u a l  a r r i v a l  t i m e  p i cks .  The sources  of e r r o r  are  hope-lessly 
i n t e r t w i n e d ,  however, so the  conf idence  e l l i p s e  i s  a composi te  p i c t u r e  of a l l  
e r r o r s .  Thus, t h e  p r e c i s i o n  parameters s ta te  t h a t  g iven  a l l  sou rces  of 
e r r o r ,  t h e  computed l o c a t i o n  of t h e  event  can be anywhere w i t h i n  t h e  e r r o r  
e l l i p s e  g iven  90% conf idence  i n  a l l  i npu t  parameters. F i n a l l y ,  i t  i s  impor- 
t a n t  t o  rea l ize  t h a t  g iven  an e p i c e n t e r  l o c a t i o n ,  t h e r e  i s  a d i r e c t  t rade-off  
between t h e  o r i g i n  t i m e  and depth  i n  s o l u t i o n  space .  What t h i s  means i s  t h a t  
wi thout  a d d i t i o n a l  in format ion  such as a depth  phase a r r i v a l  t i m e ,  t h e  dep th  
e r r o r  and o r i g i n  time e r r o r  are not  c l e a r l y  s e p a r a b l e .  Thus, t h e  hypocenter  
depth  w i l l  u s u a l l y  be very poor ly  cons t r a ined  i n  t h e  least  squa res  e r r o r  pro- 
cedure  even i n  t h e  b e s t  of cases. For t h i s  reason ,  hypocenter  dep th  e r r o r s  
are  not  s t a t e d  i n  our r e p o r t s .  

I f  s o l u t i o n s  are based on s u r f a c e  wave a r r i v a l  times, as s t a t e d  i n  t h e  pre- 
v ious  s e c t i o n ,  on ly  e p i c e n t e r  l o c a t i o n  and o r i g i n  t i m e  can be determined.  

I n  summary, t h e  l o c a t i o n s  of e v e n t s  recorded by t h e  Brazor i a  a r r a y  have 
s t a t e d  p r e c i s i o n  parameters i n  terms of a 90% conf idence  e l l i p s e .  It i s  
l i k e l y  t h a t  t h e r e  are sys t ema t i c  e r r o r s  due t o  complex v e l o c i t y  s t r u c t u r e  
which lead  to  u n c e r t a i n  i n a c c u r a c i e s  of r epor t ed  l o c a t i o n s .  Because of t h e  
t rade-of f  between depth  and o r i g i n  t i m e  de t e rmina t ion  i n  t h e  l ea s t  squa res  
procedure ,  depth  de t e rmina t ions  may be n e i t h e r  p r e c i s e  nor  a c c u r a t e .  
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THE MONTHLY EVENT CATALOG 

Each month an event  c a t a l o g  i s  produced and event  l o c a t i o n s  computed using 
t h e  MEHYPO a lgo r i thm.  Data u t i l i z e d  t o  produce t h e  event  c a t a l o g  are  
i d e n t i f i e d .  Three types  of e v e n t s  may be included i n  t h e  c a t a l o g s :  
e x p l o s i o n s ,  n a t u r a l  even t s  which have i d e n t i f i a b l e  compressional  and/or  shea r  
waves, and s u r f a c e / a c o u s t i c  wave even t s ,  t h e  o r i g i n  of which are unknown but 
suspec ted  to  be n a t u r a l  Acous t ic  s i g n a l s  r e l a t e d  t o  a tmospheric  e v e n t s  such 
as thunder are not  inc luded .  

Explosions such as e x p l o r a t i o n  s h o t s  are en tered  as fo l lows:  t h e  b e s t  
recorded shot  of t h e  sequence i s  timed and loca ted  using MEHYPO. No magni- 
t udes  are c a l c u l a t e d ,  and t h e  remainder of t he  sho t  sequence i s  i d e n t i f i e d  by 
t i m e  of occur rence  only .  The one i d e n t i f i e d  shot  l o c a t i o n  can be taken as a 
g e n e r a l  l o c a t i o n  f o r  t h e  sequence. Explosions more than  t e n  k i lome te r s  out-  
s i d e  the  a r r a y  cannot be loca ted  a c c u r a t e l y  and are i d e n t i f i e d  only by d i r e c -  
t i o n  of approach. 

Na tu ra l  even t s  f o r  which P and /o r  S phases are i d e n t i f i e d  are  thoroughly 
ana lyzed .  The a r r i v a l  times and ampli tudes of s i g n i f i c a n t  phases  a re  ca t a -  
loged and the  hypocenter  parameters determined.  I f  t h e  e v e n t s  a r e  prominent,  
photo d u p l i c a t e s  of t h e  records  are inc luded .  Magnitudes are  computed. 

S u r f a c e / a c o u s t i c  wave s i g n a l s  w i l l  be i d e n t i f i e d  by o r i g i n  t i m e  d u r a t i o n  and 
s u s t a i n e d  ampli tude i f  they are suspected to  be n a t u r a l  geodynamical events .  
I f  l o c a t i o n s  are a b l e  t o  be determined,  they w i l l  be inc luded .  

A composite map i l l u s t r a t i n g  loca ted  even t s  i s  g iven  i f  r e l e v a n t .  The map 
base used i s  a 1:62,500 d i r e c t  over lay  of t h e  15'  U.S.  topographic  maps of 
t h e  area. 

A c a t a l o g  of even t s  f o r  November, 1981, i s  included i n  t h i s  annual  r e p o r t .  
The data f o r  November are g iven  i n  Table 4 and the  results i n  Table 5. Event 
l o c a t i o n s  f o r  November are i l l u s t r a t e d  on f i g u r e  1 2 .  
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DISCUSSION OF NOVEIIBER. 1981. ACTIVITY 

During the  month of November, 1981, seventeen e v e n t s  of i n t e r e s t  were 
recorded by t h e  Brazor i a  seismic a r r a y .  The d a t a  f o r  t h e s e  e v e n t s  are  g iven  
i n  Table  4 .  Three of t h e  e v e n t s  (1, 2 ,  4 )  were occur rences  of mmble-type 
n o i s e  desc r ibed  i n  previous t e c h n i c a l  r e p o r t s .  One ear thquake ( 1 6 )  was a 
teleseism. Nine of t h e  e v e n t s  (5, 7 ,  8 ,  9, 10, 11, 12, 1 4 ,  1 7 )  were explora-  
t i o n  shot  series e i t h e r  w i t h i n  o r  o u t s i d e  t h e  a r r a y .  Events 3 ,  6 ,  13, and 15  
may have been ear thquakes o r  s i n g l e  exp los ions .  Events 13 and 15 d id  not 
have convergent s o l u t i o n s  given t h e  a r r i v a l  t i m e s  r ead .  Event 6 was l o c a t e d  
u s i n g  Rayleigh waves and occurred a t  a l i k e l y  t i m e  f o r  an explosion;  we  have 
t h e r e f o r e  c l a s s i f i e d  t h i s  event  as an exp los ion .  Only event  3 meets a l l  of 
t h e  c r i t e r i a  t o  be an ear thquake.  A copy of t h e  seismogram f o r  t h i s  even t  i s  
i l l u s t r a t e d  as f i g u r e  1 3 .  The computed l o c a t i o n s  of t h e  November a c t i v i t y  
are  given i n  Table 5 and i l l u s t r a t e d  i n  f i g u r e  12 .  
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E n t r i e s  f o r  t he  t a b l e  4 d a t a  log  u t i l i z e  t h e  fol lowing n o t a t i o n  convent ions : 

S t a t i o n  I d e n t i f i c a t i o n  

B E G 1 ,  B E G 2 ,  B E G 3 ,  B E G 4 ,  B E G 5  

Phase I d e n t i f i c a t i o n  
~~~ 

P - compressional  wave 

S - s h e a r  wave 

LR - Rayleigh s u r f a c e  wave 

i - impu l s ive  f i r s t  motion 

e - emergent f i r s t  motion 

c - compressional  f i r s t  motion 

d - d i l a t a t i o n a l  f i r s t  motion 

? - ambiguity of d e s i g n a t i o n  

pP - P-wave r e f l e c t e d  a t  t h e  c r u s t  nea r  t h e  e p i c e n t e r  

sS - S-wave converted to  P-wave a t  r e f l e c t i o n  l i k e  pP 

A i r y  - A i r y  phase (minimum group v e l o c i t y )  of Rayleigh wave. 

Phase Timing 

T i m e s  are des igna ted  i n  Un ive r sa l  Coordinated T i m e  (UTC) which i s  e q u i v a l e n t  
t o  Central  Standard T i m e  + s ix  hours.  
d e s i g n a t e d  by hour and minute only.  

Explosions i n  a sequence may be 

Phase Amplitude and Pe r iod  

A, = maximum 0-peak ampli tude of t h e  phase i n  mm observed on develocorder  
review (20  x m a g n i f i c a t i o n )  

A = s u s t a i n e d  0-P ampl i tude  i n  mm observed on develocorder  review ( 2 0  x 
m a g n i f i c a t i o n )  of a t r a i n  of waves. 

T = p e r i o d  of t h e  wave i n  seconds.  

D = d u r a t i o n  of s i g n a l  i n  seconds from o n s e t  of P t o  code = ambient n o i s e .  

C = number of c y c l e s  i n  a wave t r a i n .  
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Table  4. Brazor i a  Data Log f o r  November, 1981 

1. 81-11-3 
1 9  : 08 : 20 
Rumble 

Dura t ion  50 seconds  maximum ampl i tude  on BEG5 peak t o  peak i s  20 mm. ,  
s u s t a i n e d  ampl i tude  peak t o  peak i s  11 mm. Order of a r r i v a l  i s  s t a t i o n s  
5, 1, 3 ,  4 ,  2.  

2. 81-11-3 
20:29:00 
Rumble 

Dura t ion  45  seconds ,  s u s t a i n e d  ampli tude on EEG 5 i s  approximate ly  1G nm. 

3 .  81-11-5 
09:46:58.0 
E a r t  hq uak e 

BEG 1 e P  09:47:01.5; 
BEG2 i P  09:46:59.1; 
BEG3 i I’ 09:46:59.95; 
BEG4 i P  09:46:59.95; 
BEG5 eP 09:47:00.4 

4. 81-11-6 
19: 32 : 00 
Rumble 

Duration 1 2  seconds.  

5. 81-11-6 
21:39:47.8 
Explos ion  Series 

BEG 1 eP? 
i s  
LR 

B E G 3  S 
LR 

BEG4 i P  
LR 

BEG5 iP 
LR 

21:39: 51.5; 
21:39:53.5; 
21:39:56.3; 
21:39:53.45, 
21:39:56.4; 
21:39:51.75, 
21:39:56.1; 
21:39:51.6, 
21:39:56.2, 

A d d i t i o n a l  s h o t s :  21:43:03, 21:44:30, 22:42:50, 22:47:08, 22:49:27, 
22:54:20, 22:58:14, 23:05:09, 23:08:08. 
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6. 81-11-9 
19: 19:49.7 
Explos ion  o r  Earthquake ? 

BEG 1 LR 
BEG2 TAL? 

LR 
BEG3 P? 

LR 
BEG4 LR 
BEG5 LR 

7. 81-11-11 
18:09:47.7 
Explos ion  Series 

BEG 1 P 
BEG2 iPd 

i s  
i L R  

BEG3 iPd 
i s  
i LR 

BEG4 iPc  
i s  
LR 

e S  
BEG5 iPc  

19:19:54.7; 
19:19:57.7, 
19:20:06.0; 
19:19:54.5, 
19: 20:01.5; 
i9:20:04.5; 
19:19:59.15 

18:09:51.15; 
18:09:49.65, 
18:09:50.2, 
18:09:51.15; 
18:09:49.3, 
18:09:50.25, 
18: 09 : 50.9; 
18: 09: 48.85, 
18:09:49.55, 
18:09:50.1, D = 8.5; 
16:09:49.25, 
18: 09: 50.1 

Add i t ionna l  s h o t s :  18:26:02, 18:32:00, 18:37:25, 18:49:50, 18:55:20, 
20:09:00, 20:13:46, 21:14:56, 21:23:37, 21:31:04, 21:37:06, 21:43:38, 
21:52:43, 21:57:55, 22:02:07, 22:09:15, 22:27:36, 22:33:29, 22:40:08, 
22:48: 1 4  

8 .  81-11-12 
16:55:02.0 
Explos ion  S e r i e s  

BEG 1 i P  
BEG2 i P  

S 
BEG3 i P  

S 
BEG4 i P  

i s  
BEG5 i P  

S 

16: 5k04 .15 ;  
16:55:03.45, 
16:55:05.1; 
16:55:03.5, 
16: 55:04 .O; 
16 : 55 : 03.5, 
16:55:04.1; 
16: 55 :03.6, 
16 : 55 : 04.35 

A d d i t i o n a l  s h o t s :  16:15:10, 16:36:50, 16:43:30, 16:48:22, 17:18:19, 
17:23:53, 17:29:10, 17:52:30, 18:00:09, 18:08:13, 18:27:26, 18:33:11, 
18:39:48, 18:45:38, 18:51:18, 18:57:47, 19:18:37, 19:24:42 
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9. 81-11-22 
14:41:44.8 
Exp los ion  S e r i e s  

BEG 1 P 14:41:48.75, 
? 14:41:49.1; 

BEG2 eP 14:41:47.9; 
BEG3 P 14:41:47.9, 

? 14:41:48.7; 
BEG4 eP 14:41:47.5; 
BEG5 P ' 14:41:47.7 

A d d i t i o n a l  shots: 14:45:27, 14:49:45, 14:53:30, 14:57:06, 16:25:08, 
16:31:57, 16:41:07, 16:58:33, 17:10:32, 17:15:14, 17:22:46, 17:29:55, 
17:37:22, 17:45:29, 17:52:34, 18:05:40, 18:45:48, 18:50:14, 18:54:43, 
18:59:14, 19:03:51, 19:08:58, 19:13:24, 19:24:06, 19:43:50, 19:48:20, 
20:02:22, 21:00:42, 21:10:45, 21:29:46, 21:38:53, 21:44:33, 21:54:42 

10. 81-11-23 
19:46:49.3 
Explos ion  S e r i e s  

BEG 1 i P  19:46:51.4; 
BEG2 eP 19:46:51.25, 

i s  19:46:52.05; 
BEG3 i P  19:46:51.0; 
BEG4 i P  19:46:50.25; 
BEG5 i P  19:46:50.35 

A d d i t i o n a l  s h o t s :  14:25:37, 18:44:47, 19:07:59, 19:14:39, 19:53:08, 
19:58:01, 20:02:44, 20:37:36, 20:42:53, 20:50:43, 21:00:56, 21:27:47, 
21:32:21, 21:37:02, 21:41:27, 21:45:30, 22:02:10, 22:06:59, 22:15:18*, 
22:20:45, 22:24:55, 22:29:20, 22:49:02, 22:50:31, 23:30:00 

* P t o  LR s e p a r a t i o n  is  approximate ly  22 seconds .  

11. 8 1-1 1-24 
17:17:55.8 
Explos ion  S e r i e s  

BEG 1 i P  17: 17: 57.85; 
BEG2 i P  17 : 17 : 58.35; 
BEG3 i P  17:17:57.7; 
BEG4 i P  17:17:57.2; 
BEG5 i P  17:17:56.8 

17:10:41, 17:23:41, 17:46:23, 17:50:06, 18 10:39, 18 
18:23:44 18:29:51, 18:35:17, 18:41:15, 18:46:00 
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12. 81-11-24 
22:53:27.5 
Explosion Series 

BEG 1 iP 22 :53 : 30.5, 

BEG2 iP 22:53:29.7; 
BEG3 iP 22: 53 : 28.9; 
BEG4 iP 22: 53 : 28.35, 

BEG5 iP 22: 53 : 28.75 

i S? 22 : 53 : 31.45; 

i S? 22:53:29.1; 

Additional shots: 21:12:26, 21:21:15, 21:25:20, 21:29:46, 21:33:55, 
21:38:10, 21:42:10, 21:47:00, 21:52:11, 21:56:14, 22:21:10, 22:26:54, 
22:44:10, 22:48:42, 23:09:20, 23:13:42, 23:17:54, 23:22:14/ 81-11-25: 
17:15:27, 17:39:18, 17:49:07, 18:08:15, 18:16:55, 18:46:31, 18:51:36, 
19:54:08, 20:00:12, 20:06:38, 20:13:58, 20:46:03, 21:00:27, 21:11:12, 
21:17:55, 21:23:32 

13. 81-11-27 
18:50: 10  
Explosion ? 

BEG 1 iP 
BEG2 eP 
BEG3 eP 
BEG4 eP 
BEG5 iP 

14. 18-11-28 
22:39:38.3 
Explosion Series 

BEG 1 iP 
BEG2 iP 
BEG3 iP 
BEG4 iP 
BEG5 iP 

18: 50: 20.1; 
18:50:22.4; 
18: 50: 21.55; 
18: 50 : 23 .O; 
18:50:21.75 

22:39:42.0; 
22 :39: 41.55; 
22:39 : 41.4; 
22 : 39 : 40.55; 
22:39:41.05 

Additional shots: 20:25:09, 20:45:12, 20:55:25, 21:00:24, 21:13:01, 
21:22:58, 21:27:47, 22:52:14, 23:01:32, 23:11:25 

15. 81-11-29 
04:20:30 
Acoustic Signal 

BEG 1 
BEG3 
BEG4 
BEG5 

04: 20: 54.05; 
04:20:45.1; 
04:20:48.5; 
04:20:54.4 
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16. 81-11-30 
15:51:27.7 
Te le se i sm 

BEG 1 eLR? 15:51:27.45, Am = 10.0; 
BEG3 eLR? 15:51:27.45, Am = 3.5; 
BEG4 LR? 15:51:27.45, Am = 4.5; 
BEG5 iLR? 15:51:27.45, Am = 6.0, T = 0.5 

Probable  sequence of a r r iva l  from Am phases is  SE 

17. 81-11-30 
19:42:15.2 
Explos ion  S e r i e s  

BEG 1 i P  19: 42: 17.7; 
BEG2 i P  19:42:17.3, 

i S? 19:42:17.85; 
BEG3 i P  19:42:17.05; 
BEG4 i P  19:42:16.3; 
BEG5 i P  19: 42 : 16.8 

A d d i t i o n a l  shots: 16:47:02, 16:53:21, 17:40:08, 19:52:17, 19:56:40, 
20:17:05, 20:33:37, 20:43:24, 20:50:57, 21:03:42, 21:09:23, 21:26:46, 
21:38:22, 21:48:57, 21:54:16, 22:13:22, 22:20:03, 22:24:10, 22:28:23, 
22:34:11, 22:39:02 

-3 5- 



Y 
E Tab le  5. BEG a r r a y  even t  l o g  f o r  November, 1981 
El 
I O r i g i n  Time (UCT) L a t i t u d e  (N) Longitude (U) Depth Magnitude 90% Confidence E l U p s e  
N No. & I 0' - 0 '  - " (km) Sem. Major Axes E 

46 58 .1  29 17 03.2 95 14 18.8 - - - 7.8 km x 1.5 km 90 3. 5 09  

6 2 1  39 47.8 29 20 31.2 95 14 31.1 0.0 - - 5.6 km x 2.6 km 135 5 .  

6.* 9 19 19 49.7 29 17 02.0 95 16 20.2 0.0 - - 2.9 km x 1.9 km 45 

7.  11 18 09  47.7 29 16 25.0 95 14 27.8 0.0 - - 1.9 km x 0 .7  km 1 1 5  

8. 12 16 55 02.0 29 16 35.6 95 14 52.8 0.0 - - 0.9 km x 0.5  km 72 

9. 22 14 4 1  44.8 29 14 20.1 95 13 39.1 0 . 0 '  - - 10.3 km x 4.7 km 151 

10. 23 - 19 46 49.3 Outside a r r a y  

11. 24 17 17 55.8 29 15 52.1 95 15 06.8 0.0 - - 2.9 km x 1.0 km 180 

12.  24 22 53 27.5 29 15 53.5 95 15 17.0 0 . 0  - - 2.2 km x 0.7 km 6 

- - -  13.  27 18 37 29.3 - - - 
14.  28 22 39 38.3 29 14 07.3 95 14 06.4 0.0 - 2.0 km x 1.2 km 143 

- - - - - - 
I 

LJ 

I 
- 

- -  - - -  - - 15.* 29 04  2 0  -- - 
1 7 -  30 19 42 15.2 29 16 23.9 95 14 38.9 0.0  - 

- - - - 
- 2.6 km x 1.1 km 116 

Comment 8 

Earthquake 

Explosion S e r i e s  

Explosion or Earthquake? 

Explosion Series 

Explosion S e r i e s  

Explosion S e r i e s  

Explosion S e r i e s  

Explosion S e r i e s  

Explosion S e r i e s  

Explosion? 

Explosion S e r i e s  

Acm 8 t ic  Signal  

Explosion S e r i e s  

* Located using Rayleigh waves 
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FIGURE 12. EVENT LOCATIONS FOR NOVEMBER, 1981 
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DISCUSSION OF 1981 EVENTS LOCATED USING SURFACE WAVES 

During 1981, n i n e t e e n  even t s  t e n t a t i v e l y  c l a s s i f i e d  as ear thquakes  o r  s i n g l e  
exp los ions  were recorded by t h e  Brazor ia  seismograph a r r a y  f o r  which no body 
waves were i d e n t i f i a b l e .  Ep icen te r s  f o r  t hese  e v e n t s  were compu_ted assuming 
t h a t  recorded phases were s u r f a c e  waves which have d i s t a n c e - i n v a r i a n t  
v e l o c i t i e s .  Because of t h e  slowness wi th  which t h e  wave f r o n t s  t r a v e r s e d  the  
a r r a y ,  i t  was thought  i n i t i a l l y  t h a t  t h e s e  a r r i v a l s  were a c o u s t i c  coupled 
Rayle igh  waves which should have v e l o c i t i e s  of approximate ly  330 
meters/second.  Subsequent ana lyses ,  however, cast some doubt on t h e  singu- 
l a r i t y  of t h i s  assumed v e l o c i t y .  We dec ided ,  t h e r e f o r e ,  t o  reexamine t h e s e  
n i n e t e e n  even t s  and r e l o c a t e  them based on t h e  b e s t  s o l u t i o n  o b t a i n e d ,  i . e . ,  
on the  s o l u t i o n  having the  smallest e r r o r  e l l i p s e .  

For  each of t h e  n i n e t e e n  even t s ,  e p i c e n t e r s  and 90% conf idence  e l l i p ses  were 
gene ra t ed  given t h e i r  r e s p e c t i v e  a r r i v a l  times and f i x e d  ha l f - space  
v e l o c i t i e s .  So lu t ions  were genera ted  g iven  v e l o c i t i e s  from 150 m/sec t o  5 5 0  
m/sec i n  25 m/sec increments .  It was assumed t h a t  t h e  area of t h e  90% e r r o r  
e l l i p s e  would pass through a minimum value  when t h e  a p p r o p r i a t e  v e l o c i t y  was 
used i n  the  s o l u t i o n .  The r e s u l t s  of t h e s e  ana lyses  s t r o n g l y  suggested t h a t  
t h e r e  was more than  one c h a r a c t e r i s t i c  v e l o c i t y  of s u r f a c e  waves impor tan t  
f o r  e p i c e n t e r  computat ions a t  t h e  Brazor ia  a r r a y .  

Because of t h e  small sample s i z e  and v a r i a b i l i t y  of d a t a  q u a l i t y ,  i t  was 
n e c e s s a r y  t o  dev i se  a methodology t o  examine t h e  d i s t r i b u t i o n  of observed 
s u r f a c e  wave v e l o c i t i e s  which might r e p r e s e n t  more a c c u r a t e l y  t h e  results 
expected f o r  a l a r g e r  d a t a  set. The methodology we s e l e c t e d  was t o  create 
i n d i v i d u a l l y  normalized modified p r o b a b i l i t y  d e n s i t y  f u n c t i o n s  (mpdf) f o r  
each of t h e  n ine teen  even t s  from p l o t s  of v e l o c i t y  ve r sus  area of 90% con- 
f i d e n c e  e l l i p s e s .  These i n d i v i d u a l  mpdf c o n s t i t u t e  t h e  b e s t  estimates of t h e  
s u r f a c e  wave v e l o c i t i e s  necessary  t o  o b t a i n  the  most l i k e l y  l o c a t i o n s  f o r  t h e  
e p i c e n t e r s .  The i n d i v i d u a l  mpdf were then  i n t e g r a t e d  to  y i e l d  a composite 
IPdf ( I n t e g r a t e d  p r o b a b i l i t y  dens i ty  f u n c t i o n )  f o r  t h e  n i n e t e e n  events .  
Maxima f o r  t h e  IPdf are the  most l i k e l y  s u r f a c e  wave v e l o c i t i e s  r ep resen ted  
i n  the  d a t a  set. 

F igu re  14 a and b i l l u s t r a t e  two t y p i c a l  p r o b a b i l i t y  d e n s i t y  f u n c t i o n s  f o r  an 
even t  26 June and 3 September r e s p e c t i v e l y .  The event  26 June ( f i g u r e  14a )  
i s  an example of a s o l u t i o n  which converges t o  a very s h a r p l y  def ined  minimum 
i n  e r r o r  e l l i p s e  dimensions a t  a v e l o c i t y  of 350 m/sec. On t h e  o t h e r  hand, 
t h e  event  3 September ( f i g u r e  14b)  converges t o  a minimum i n  e r r o r  e l l i p s e  
dimensions over a much broader  range of v e l o c i t i e s .  The a b s o l u t e  e l l i p s e  
area e r r o r s  f o r  t he  two even t s  are a l s o  s i g n i f i c a n t l y  d i f f e r e n t .  These d i f -  
f e r e n c e s  are r e l a t e d  to  the  q u a l i t y  of t h e  a r r i v a l  t i m e  d a t a  used i n  t h e  
s o l u t i o n s .  To ensure  the  p r o b a b i l i t y  d e n s i t y  f u n c t i o n s  from each event  
c o n t r i b u t e d  e q u a l l y  t o  an i n t e g r a t e d  p r o b a b i l i t y  dens i ty  f u n c t i o n ,  we nor- 
mal ized each pdf and t runca ted  the  pdf a t  10% of t h e  modal minimum value  i n  
area.  We d e f i n e  these  new f u n c t i o n s  as normalized modified p r o b a b i l i t y  den- 
s i t y  f u n c t i o n s  (mpdf). The mpdf f o r  t h e  even t s  on f i g u r e  1 4  a and b are 
i l l u s t r a t e d  by t h e  shaded reg ions  of each diagram. The mpdf then  are nor- 
mal ized t o  span t h e  range of va lues  from 0 t o  1 (1 being t h e  va lue  of t h e  
modal minimum). The s e l e c t i o n  of t h e  10% i n c r e a s e  i n  e l l i p s e  area as t h e  

-39- 



C 

N 
E a - 2 5  
w 
x! 

f 10 

8 

d 

w 
w 
0 

G 
LL 
z 

# 
0 

U 
15 

0 

0 
5 
a 

20 

VELOCITY (m/sec) 

a. 

\ 
MODAL MINIMUM 
+lo% 

325 350 3 
EXPANDED mpdf 

, 
400 450 ! 

1 ---- - 
op 
n o w  u. 
n s 
fi 

z 
N 
d 
- 
a 

0 
2 

250 300 350 400 450 500 150 200 

VELOCITY (m/sec) 

b. 

FIGURE 14. a. PROBABILITY DENSITY FUNCTION (pdf) FOR EVENT 26 JUNE 1981. b. pdf 
FOR EVENT 3 SEPTEMBER 1981. MODIFIED NORMALIZED pdf's (SHADED 
AREAS) ARE DEFINED BY MODAL MINIMUM VALUE +lo%. SEE TEXT FOR 
ADDITIONAL DETAILS. 

G 12419 

-4 0- 



c u t  of f  p o i n t s  f o r  t h e  t runca ted  mpdf i s  a r b i t r a r y  and could have been any 
o t h e r  percentage .  We chose t h i s  percentage  i n c r e a s e  i n  e r r o r  t o  r e f l e c t  what 
w e  cons ide r  t o  be a reasonable  e s t i m a t i o n  of our conf idence  i n  t h e  d a t a .  
Three of t h e  n i n e t e e n  even t s  d id  not g e n e r a t e  p d f ' s  which had s o l u t i o n  
m i n i m a .  These t h r e e  were d i sca rded  from the  i n t e g r a t e d  p r o b a b i l i t y  d e n s i t y  
f u n c t i o n .  

The normalized mpdf's f o r  t he  remaining s i x t e e n  e v e n t s  were i n t e g r a t e d  t o  
form t h e  IPdf  ( i n t e g r a t e d  p r o b a b i l i t y  dens i ty  func t ion ) .  The IPdf as a func- 
t i o n  of v e l o c i t y  i s  i l l u s t r a t e d  as f i g u r e  15.  No u n i t s  are  s p e c i f i e d  on t h i s  
f u n c t i o n  because it has not been normalized t o  range from 0 t o  1. The ho r i -  
z o n t a l  dashed l i n e  on f i g u r e  15  i l l u s t r a t e s  t h e  l e v e l  of t h e  IPdf i f  t h e  area 
under  t h e  curve were uniformly d i s t r i b u t e d  ac ross  t h e  v e l o c i t y  band 150 m/sec 
t o  500 m/sec. 

The IPdf  of f i g u r e  15  c l e a r l y  i n d i c a t e s  t h e r e  are two p r e f e r r e d  s u r f a c e  wave 
v e l o c i t i e s  which y i e l d  e p i c e n t e r  s o l u t i o n s  wi th  m i n i m a l  e r r o r s .  These are a 
band from 225 t o  250 m/sec and a second a t  350 m/sec. This  does not mean 
t h a t ,  g iven  an a r r i v a l  t i m e  d a t a  set ,  e i t h e r  v e l o c i t y  w i l l  y i e l d  a s o l u t i o n  
w i t h  an equ iva len t  minimal e r r o r .  It does mean t h a t  two types  of e v e n t s  are  
be ing  recorded by t h e  Brazor ia  a r r a y  which have no i d e n t i f i a b l e  body waves. 
One propagates  energy as s u r f a c e  waves wi th  a v e l o c i t y  of approximately 240 
m/sec, the  o t h e r  wi th  a v e l o c i t y  of approximate ly  350 m/sec. 

Table  6 l i s t s  t h e  even t s  of 1981 which were loca ted  using s u r f a c e  waves. The 
recomputed e p i c e n t e r s  based on the  b e s t  estimates of t h e  s u r f a c e  wave velo-  
c i t y  are l i s t e d  i n  Table  6 ,  and t h e  l o c a t i o n s  a r e  i l l u s t r a t e d  i n  f i g u r e  16. 

Why t h e  v e l o c i t i e s  are bimodal ly  d i s t r i b u t e d  is  not  c l e a r l y  unders tood .  
There is no obvious geographic  d i s t i n c t i o n  between even t s  which have pre-  
f e r r e d  s o l u t i o n s  a t  240 m/sec ve r sus  350 m/sec. In  a d d i t i o n ,  t h e r e  i s  no 
appa ren t  s i m i l a r i t y  o r  d i f f e r e n c e  i n  t h e  c h a r a c t e r i s t i c  appearance of t h e  
e v e n t s  w i t h  t h e  same p r e f e r r e d  o r  d i f f e r e n t  s o l u t i o n  v e l o c i t i e s .  Th i s  w i l l  
be an area r equ i r ing  f u r t h e r  i n v e s t i g a t i o n .  

Whether o r  not t hese  even t s  are ear thquakes  o r  s i n g l e  explos ions  i s  
unreso lved .  It can only  be specu la t ed  a t  t h i s  t i m e  t h a t  t h e  e v e n t s  w i t h  unu- 
s u a l  t i m e s  of occur rence  are ear thquakes .  
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Y 

N 
I 
N 

E 

No. 

1 

- 

2 

3 

4 

5 

6 

7 

8 

9 

L 10 c- 
I 

11 

12 

13 

14 

15 

16 

no - 
5 3  

5 3  

5 4  

5 10 

6 5  

6 25 

6 27 

7 7  

7 7  

8 20 

8 29 

8 29 

9 3  

9 15 

10 14 

10 27 

Table 6 .  1981 Events Relocated Using Surface Waves 

Origin Time (UCT) 
Hr 

14 

18 

01 

00 

07 

07 

10 

08 

09 

06 

07 

08 

12 

14 

01 

17 

- Hln 

30 

26 

25 

27 

06 

52 

16 

59 

42 

54 

33 

35 

33 

57 

51 

43 

- Sec 

32 .O 

26.8 

38.5 

13.2 

42.3 

19.8 

40.2 

17.0 

21.3 

01.8 

07.8 

13.2 

39.8 

22.1 

30.1 

05.5 

- 
Latitude ( N )  

1 *- --- 
29 18 13.4 

29 17 43.7 

29 16 27.1 

29 16 31.9 

29 16 27.5 

29 15 35.6 

29 14 04.6 

29.10 31.0 

29 16 00.9 

29 16 49.3 

28 54 57.1 

29 16 10.3 

29 15 59.6 

29 16 16.0 

29 16 07.4 

29 15 58.3 

Longitude ( W )  Depth Magnitude 90% Confidence Ellipse 
0 9  

95 15 

95 15 

95 15 

95 16 

95 15 

95 13 

95 10 

95 11 

95 15 

95 15 

95 16 

95 15 

95 15 

95 15 

95 15 

95 15 

- -  
21.4 

20.0 

19.0 

10.6 

27.9 

11.9 

46.7 

44.9 

22.2 

19.6 

36.0 

19.9 

25.9 

19.7 

24.9 

22.9 

(km) & F&- Sem. Major Axes 

1.0 km x .2 km 

-6 km x .4 km 

3.5 km x .4 km 

.1 km x .1 km 

3.3 km x 1.8 km 

.4 km x .1 km 

14.5 km x 1.1 km 

24.8 km x 1.4 km 

3.1 km x 2.0 km 

5.3 km x 4.3 km 

241.0 km x 5.9 km 

-6  km x .2 km 

2.5 km x 1.9 km 

2.9 km x 2.1 km 

2.3 km x 1.5 km 

2.8 km x 1.7 km 

Az1 

1 

174 

108 

63 

64 

126 

123 

28 

1 

143 

31 

65 

138 

93 

144 

4 

Velocley (m/sec) 

325 

400 

200 

3 50 

225 

350 

350 

37 5 

250 

2 50 

350 

300 

425 

2 50 

300 

225 



DISCUSSION OF 1981 MICROEARTHQUAKES LOCATED USING BODY WAVES 

F i f t e e n  p o s s i b l e  microear thquakes f o r  which body phases were recorded i n  1981 
were reexamined t o  determine i f ,  i n  r e t r o s p e c t i o n ,  they could be d i s c r i m i -  
na t ed  p o s i t i v e l y  as microear thquakes and not exp los ions  and t o  r e l o c a t e  t h e  
e v e n t s  given r e v i s e d  e a r t h  models and phase a r r i v a l  t i m e s .  
g i n a l  f i f t e e n  e v e n t s  were determined t o  be e i t h e r  exp los ions  o r  t o  have 
i n s u f f i c i e n t  d a t a  f o r  d i s c r i m i n a t i o n  o r  r e l o c a t i o n .  Phase a r r i v a l s  f o r  t h e  
remaining t e n  e v e n t s  were retimed and hypocenters recomputed. Because t h e  
c o r r e c t  Po i s son  r a t i o  (a measure of r e l a t i v e  elastic parameters) f o r  t h e  Gulf 
Coast is  i n  q u e s t i o n ,  we recomputed hypocenters assuming a Po i s son  r a t i o  of 
0.25 ( a  t y p i c a l  value f o r  most rock)  and 0.45 (a va lue  suggested by Lash f o r  
Gulf Coast sediments based on s u r f a c e  wave s t u d i e s .  This  Po i s son  r a t i o  is  
t y p i c a l  of wa te r - sa tu ra t ed  but r e l a t i v e l y  unconsol idated sediments.  ) . The 
purpose of t h i s  exercise is  t o  determine t h e  b e s t  p o s s i b l e  hypocen t r a l  
s o l u t i o n .  Since S-wave a r r i v a l s  are t r e a t e d  as pseudo P r a v e  a r i v a l s  i n  t h e  
MEHYPO a l g o r i t h m ,  i t  is important  t o  have t h e  most r e p r e s e n t a t i v e  P r a v e  t o  
S-wave v e l o c i t y  r a t i o ,  p a r t i c u l a r l y  f o r  l o c a t i n g  e v e n t s  which have s i g n i f  i- 
c a n t  numbers of S-wave o b s e r v a t i o n s  r e l a t i v e  t o  P r a v e  o b s e r v a t i o n s .  In a l l  
cases, we found t h a t  hypocenter s o l u t i o n s  computed using a Po i s son  r a t i o  of 
0.25 (Vp/Vs = 1 .732)  had smaller a s o c i a t e d  e r r o r s  t han  those computed using a 
Po i s son  r a t i o  of 0.45 (Vp/Vs = 2.445).  A l l  hypocenters r epor t ed  h e r e  a r e  
smallest e r r o r  s o l u t i o n s .  The t e n  r e l o c a t e d  ear thquakes and t h e i r  i d e n t i f i e d  
phase a r r i v a l s  are  l i s t e d  i n  Table 7 .  The l o c a t i o n s  of t h e s e  e v e n t s  are  
i l l u s t r a t e d  i n  f i g u r e  1 7 .  All hypocen t r a l  depths  are c o n s t r a i n e d  t o  less 
t h a n  +250 mete r s .  Most of t h e s e  even t s  have s m a l l  90% conf idence  e r r o r  
e l l i p s e s ,  but it i s  important  t o  realize t h i s  s t a t i s t i c a l  u n c e r t a i n t y  para- 
meter is very c o n s e r v a t i v e ,  and the  computed and exact  l o c a t i o n s  are l i k e l y  
w i t h i n  a few hundred meters of each o t h e r  i n  the  worst  case. Seismograms of 
a l l  even t s  l i s t e d  i n  Table 7 (except  f o r  event  6 )  are  included i n  t h i s  
r e p o r t .  These seismograms have been included t o  i l l u s t r a t e  t h e  q u a l i t y  of 
t h e  d a t a  used i n  each s o l u t i o n .  The ear thquakes appear  t o  be d i s t r i b u t e d  
from the s u r f a c e  to  a depth of 6.0 k i l o m e t e r s .  A l l  e v e n t s  are  a p p a r e n t l y  
r e l a t e d  t o  movements along t h e  north-south t r end ing  growth f a u l t  which passes 
between BEG3 and BEG5 on the  l o c a t i o n  maps. 

F i v g  of t h e  o r i -  
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Table 7. Earthquakes Located Using Body Phases During 1981 

1. 81-01-01/G11700A 
03:32:29.3 +0.04 
2 9 ' 15 ' 2 6 "N 
95 '15 '36.3"W 
H = 6.0, = 
90% confidence error ellipse Az = 17', a = 0.5 km, b = 0.3 km 

- 

BEG1 ePd 
S 
LR 

BEG2 ePc 

LR 
BEG3 ePc 

LR 
BEG4 eP 

is 

eS 

LR 
EEG5 ePd 

LR 
is 

03:32:31.80 - M . 0 3 ,  
03:32:33.35, 
03:32:34.82; 
03:32:31.95 M.05 ,  
03:32:33.61, 
03: 32: 34.87; 
03:32:31.61 M.02 ,  
03:32:34.57; 
03: 32: 31.44 M .02, 
03 : 32: 32.79 % .02, 
03 : 32 : 34.46; 
03:32:31.38 M.02, 
03: 32 :32.77 % .02, 
03:32:34.46 

- 

- 

- 

- 

2. 81-05-12/G12421 
21:03:42.9 M . 0 2  
2 9 ' 15 ' 38.2 ''G 
95'16 '04.5"W 
H = 5.0, % = 
90% confidence error ellipse Az = 138", a = 3.4 km, b = 3.2 km 

BEG3 iPd 21 :03 :44.95; 

BEG5 P 21 :03 :44.7; 
S 21:03:45.9; 
? 21 :03:46.45; 
LR Am = 19 

BEG4 P 21:03:44.9; 

3.  81-05-13/G12422 
16:14:12,8 M.19  
29 '15 ' 12.6% 
95'16 '12.0"W 
H = 1.0, % = 
90% confidence error ellipse Az = 26", a = 0.9 km, b = 0.5 km 

BEG 3 P 16: 14:14.7; 
BEG4 P 16 : 14: 14.5; 

BEG5 P 16 : 14: 14 .O; 
S 16:14:15.55; 

LR Am = 12 
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Table  7. Ear thquakes  Located Using Body Phases  Dur--ig 1981 ( con t inued)  

4. 81-05-13/G12423 
16:23:33.05 W.44 
2 9 O 14 ' 20.5 "N- 
95'16 '21.6"W 
H = 0 km, r"D = 
90% conf idence  e r r o r  e l l i p s e  Az = 133", a = 1.8 km, b = 1.5 km 

- 

BEG3 eP 16:23:36.1, 
s 16: 23: 37.95; 

BEG4 P 16 : 23: 35.55; 
S 16 : 23 :37.35; 

BEG5 i P  16:23:35.3 
s 16:23:36.65 

5. 81-05-28/G12424 
13:39:02.5 +0.13 
2 9 O 17 ' 09 .7 ''K 
95 O 14 ' 56.0"W 
H = 0 km, 
90% conf idence  e r r o r  e l l i p s e  Az = 148O, a = 0.6 km, b = 0.3 km 

Pb = 

BEG2 iPc  
BEG3 i P c  

s 
BEG4 i P  

S 
D 

BEG5 i P  
S 

13:39: 03.95; 
13:39:03.6, 
13: 39 : 04.5; 
13: 39: 04.4, 
13: 39 : 05.45; 
4.5 
13: 39: 04.75 
13:39:06.0 

6. 81-06-20 
20:57:20.2 W.47 
29'16 '59.8% 
95 16 ' 16.5 "W 
H = 0.0 km, % = 
90% conf idence  e r r o r  e l l i p s e  Az = 37", a = 2.7 km, b = .7 km 

BEG 1 . P  20:57:21.07, 
s 20:57:21.55; 

BEG2 P? 20: 57 :23.15; 
BEG3 P 20:57:22.1, 

s 20:57:22.5; 
BEG4 LR 20:57:23.5; 
BEG5 P? 20:57:21.75 
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Tab le  7. Ear thquakes  Located Using Body Phases  During 1981 ( con t inued)  

7. 81-06-21/G12425 
16:23:02.7 
2 9 ' 17 ' 42.8'" 
95 '15 '03.4"W 
H = 0.0, % = 
90% conf idence  e r r o r  e l l i p s e  Ax = 155', a = 3.7 km, b = 1.5 km 

BEG 1 i P  16 : 23 :04.9; 
BEG2 i P  16: 23: 03.95; 
BEG3 i P  16: 23 :03.95; 
BEG4 i P  16:23:05.28; 
BEG5 i P  16:23:05.3 

8.  81-10-02/G12426 
07:27:32.9 #.28 
2 9 O 16 '03.7 **E 
95O15 '26.2"W 
H = 0.0 km, % = 
90% conf idence  e r r o r  e l l i p s e  Az = O', a = 1.3 km, b = 0.5 km 

BEG 1 i P  
i s  
LR 

BEG3 eS? 
LR 

BEG4 eP 
i s  

BEG5 i P  
i s  

LR 

LR 

07:27:35.7, 
07:27:36.4, 
07:27:37.9; 
07:27:35.4, 
07: 27: 37.35; 
07:27:34.0, 
07:27:34.7, 
07:27:36.2; 
07:27:33.95, 
07:27:34.8, 
07:27:36.15, Am = 4.5 

9. 81-10-02/G12426 
07:27:43.9 
2 9 ' 15 ' 22 .4 "N 
95'15 '26.6"W 
H = O.OL, MD = 
90% conf idence  e r r o r  e l l i p s e  Az = 179', a = 3.0 km, b = 0.5 km 

BEG 1 eP 
S 
LR 

BEG2 i P  
BEG3 iP 

BEG4 iP 
i s  

BEG5 i P  
i s  

LR 

LR 

LR 

07:27:46.7, 
07:27:47.6, 
07:27:48.9; 
07:27:46.85; 
07:27:46.4, 
07:27:48.5; 
07:27:45.4, 
07:27:45.9, 
07: 27 : 47.55; 
07:27:45.1, 
07:27:46.1 
07:27:47.4, Am = 4.5 
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Table 7. Earthauakes Located Us in r  Body Phases During 1981 ( c o n t i n u e d )  

10. 81-11-05 
09:46:58.1 +1.81 
29"17 '03.2"~ * 

95 "14 '18.8"W 
H = 0.0, % = 
90% conf idence  e r r o r  e l l i p s e  Az = 92", a = 7.8 km, b = 1.5 km 

BEG 1 eP 09:47:01.5; 
BEG2 i P  09:46:59.1; 
BEG3 i P  09 : 46: 59.95; 
BEG4 i P  09: 46: 59.95; 
BEG5 eP  09:47:00.4 
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I cn 
P 
I 

BCD TIME 

BEG1 (101K) 

BEG2 (101K) 

BEG3 (118K) 

BEG4 (126K) 

BEG5 (151K) 

03:32:20 UCT (UNCORRECTED) 

F I G U R E  18. EARTHQUAKE 1 JANUARY 1981,03:32:29.3 UCT (EVENT 1 OF TABLE 7)  
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I cn 
Q\ 

I 

BCD TIME 

BEG1 (116K) 

BEG2 (136K) 

BEG3 (130KI 

BEG4 (128K) 

BEG5 (136K) 

4 b- 10SEC 

16:23:20 UCT (UNCORRECTED) 

1 

* ~ ~ . . ....... * ~ ~ , . . ~ .  I) . .... ~ . t ...* .- .'..l".. ..- .., .... . ' ".. . , ~."...* 

FIGURE 23. EARTHQUAKE 21 JUNE 1981, 16:23:02.7 UCT, DEPTH 5 km (EVENT 7 OF TABLE 7 )  
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07:27:30 UCT (UNCORRECTED) 

k- 10SEC -d 

-m * . .  f . . . '  I- BCD TIME , *  

BEG1 (121K) 

BEG2 ( l l O K )  

BEG3 (112K) 
I cn 
\ 
cn 
co 
I 

BEG4 (116K) 

BEG5 (116K) 

t t 
EVENT 8 EVENT 9 

FIGURE 24. EARTHQUAKES 2 OCTOBER 1981 (EVENTS 8 AND 9 OF TABLE 7 )  
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DISCUSSION OF RUMBLE AND HARMONIC TREtlOR A C T I V I T Y  

During 1981, we began t o  document o t h e r  types  of recorded seismi a c t i v i t y  i n  
a d d i t i o n  t o  more t y p i c a l  microear thquakes.  The sources  of t h e s e  s i g n a l s  may 
be  very  d i f f e r e n t  than those  which g e n e r a t e  more t y p i c a l  microear thquakes.  
Only more ana lyses  of t h e s e  even t s  w i l l  y i e l d  any i n s i g h t  i n t o  f i e i r  o r i g i n .  

One type of s i g n a l  recorded by t h e  Brazor ia  a r r a y  which is  a t y p i c a l  of con- 
v e n t i o n a l  microseismic even t s  is  i l l u s t r a t e d  i n  f i g u r e s  2 5  and 26.  We have 
r e f e r r e d  t o  t h i s  event  type as rumble. It c h a r a c t e r i s t i c a l l y  has  an emergent 
o n s e t  prec luding  normal hypocenter  c a l c u l a t i o n s ,  a d u r a t i o n  which i s  v a r i a b l e  
but  ranges from t e n  t o  e i g h t y  seconds,  and incoherent  phases  a c r o s s  t h e  
a r r a y ,  a l though a l l  s t a t i o n s  w i l l  be a f f e c t e d  by it .  This  type of s i g n a l  has  
been observed throughout  t h e  r eco rd ing  h i s t o r y  of t h e  network, but  i t  was 
thought  i n i t i a l l y  t o  be some t e l eme t ry  n o i s e  of unknown o r i g i n .  Table 8 
l i s t s  t h e  occurrences  which have been documented s i n c e  May 1981. It i s  
impor t an t  t o  r e a l i z e  t h a t  t h i s  l i s t i n g  is  complete only  from August t o  t h e  
p r e s e n t .  There i s  no a p r i o r i  reason  t o  b e l i e v e  t h a t  t h e  a c t i v i t y  w a s  less 
f r e q u e n t  e a r l y  i n  t h e  network o p e r a t i o n .  

We can on ly  s p e c u l a t e  as t o  t h e  o r i g i n  of t hese  s i g n a l s .  We b e l i e v e  t h a t  t h e  
phase incoherence a c r o s s  the  a r r a y  i s  an i n d i c a t i o n  t h a t  t h e s e  s i g n a l s  a re  
gene ra t ed  by the  coa lescence  of t h e  phase a r r i v a l s  from a l a r g e  number of 
s m a l l  microear thquakes which are d i s t r i b u t e d  over some f i n i t e  area. Thus, 
t h i s  type of s i g n a l  may be what one should expect from a "noisy"  c reep  as 
i l l u s t r a t e d  i n  the  displacement  h i s t o r y  of f i g u r e  1. These may be t y p i c a l  
s i g n a l s  genera ted  during an episode of subs idence .  An i n t e r e s t i n g  experiment 
would be to  see i f  t h e  occurrences  of t h e s e  even t s  correspond wi th  long- 
pe r iod  t i l t  and/or  s t r a i n  s t e p s  l o c a l l y .  During t h e  next  y e a r ,  we hope t o  
document enough of t hese  even t s  t o  proceed wi th  f u r t h e r  process ing .  A t  t h i s  
t i m e ,  t he  o r i g i n  of t h e s e  s i g n a l s  is unknown. 
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BEG 2 (103K) 
BEG 3 (130K) 
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093650 
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FIGURE 25. EVENT 25 MAY 1981. THISTYPE OF SIGNAL OCCURS PERIODICALLY. THERE ARE NO CLEAR ARRIVAL 
ONSETS, AND, FREQUENTLY,THESE EVENTS WILL BE FOLLOWED WITH TRAINS OF ONE HERTZ WAVES 
LASTING MANY HOURS. THE ORIGIN OF THESE SIGNALS IS UNKNOWN. PART B IS A CONTINUATION 
OF A. WITH AN ELEVEN-SECOND OVERLAP. G 1 1 9 9 1  
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Table 8. Occurrences of 1981 Events  I d e n t i f i e d  as Rumble. 

I10 

5 

8 

8 

8 

8 

8 

8 

8 

8 

8 

9 

9 

9 

10 

10 

10 

10 

Day 

25 

6 

15 

15 

15 

22 

3 1  

31 

3 1  

3 1  

8 

8 

8 

6 

18 

18 

18 

09 

02 

14 

15 

15 

11 

08 

08 

08 

15 

02 

02 

02 

08 

11 

11 

19 

36 

57 

26 

21 

22 

09 

19 

52 

56 

02 

08 

10 

14 

5 1  

30 

51 

51 

Dura t ion  Amplitude 
(Set 1 (mm) * . 
60 

6 4  

50 

30 

45 

75 

40 

34 

40 

25 

35 

20 

25 

15 

15 

8 

22 

* Amplitude measured P-P on develocorder  f i l m  viewer (X20) 

mrrn.3 .3 
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A second type of s i g n a l  which has  on ly  been observed e i g h t  times ( a l l  sub- 
sequent  t o  t h e  phase I1 t e s t i n g  of t h e  P l e a s a n t  Bayou No. 2 w e l l )  w e  have 
r e f e r r e d  t o  as harmonic tremor.  The reason  f o r  t h i s  nomenclature comes from 
s t u d i e s  of volcanoes where harmonic tremor i s  commonly observed p r i o r  t o  
e r u p t i o n .  The c h a r a c t e r i s t i c  of harmonic tremor which i s  e a s i l y  i d e n t i f i e d  
i s  a n e a r l y  pu re ly  monotonic v i b r a t i o n  which is  r e g i o n a l l y  pe ruas ive .  The 
source  of t hese  s i g n a l s  a t  volcanoes i s  s t i l l  deba ted ,  but i t  i s  s t r o n g l y  
argued t h a t  t hese  s i g n a l s  are genera ted  by f l u i d  t r a n s p o r t  through a complex 
condu i t  system. Table 9 l i s t s  t h e  times when harmonic tremor has  been 
observed by t h e  Brazor ia  a r r a y .  

Month Day Approximate Onset T ime  
( UCT 1 

Table  9. 1981 Occurrences of Harmonic Tremor 

Approximate Terminat ion 

8 
8 
8 
8 
8 
9 
10 
10 

4 
17 
22 
23 
31 

7 
2 

18 

12: 19 
15 : 13 
15 : 59 
05 : 14 
04 : 43 
15 : 08 
00 : 30 
08 : 40 

Two examples of t h i s  phenomenon are i l l u s t r  t ed  

(UCT) 

13 : 49 
15 : 47 
16 : 01 
05 : 26 
10:32 
15 : 11 
07 : 39 
12: 14 

f i g u r e  27 nd f i g u  e 28. 
Although t h e  s i g n a l  l e v e l  of f i g u r e  28 i s  s i g n i f i c a n t l y  smaller than  t h a t  of 
f i g u r e  27, t h e  per iod  of t he  harmonic wave is  i d e n t i c a l ,  0.8 + 0.05 seconds .  - 
Pre l imina ry  a n a l y s i s  of t h e  main epos ide  of harmonic tremor on 4 August 1981 
from 12:19:24.7 UCT u n t i l  13:49:20 UCT has  been performed using analog tape 
playback through a Hewlett Packard spectrum ana lyze r .  Although t h e  harmonic 
t remor appeared on all Brazor i a  a r r a y  s t a t i o n s ,  channel  4 of t h e  tape  sys t an  
mal func t ioned ,  so a n a l y s i s  of t h e  s i g n a l  on BEG4 was not p o s s i b l e .  

The spectrum a n a l y s i s  procedure c o n s i s t e d  of p lay ing  the  va r ious  d a t a  chan- 
n e l s  through t h e  spectrum a n a l y z e r  which d i g i t i z e d  t h e  analog d a t a  i n  e igh t -  
second b locks ,  bandpass f i l t e r e d  (Hanning o r  Boxcar windows) t h e  results and 
d i s p l a y e d  the  REIS ( r o o t  mean squared)  ampl i tudes  as a f u n c t i o n  of f requency.  
The s p e c t r a  presented i n  t h i s  r e p o r t  are t h e  result of i n t e g r a t i n g  the  a m p l i -  
t u d e  d a t a  f o r  several blocks ( e i t h e r  l i n e a r l y  o r  exponent ia l  decay weighted) .  

C h a r a c t e r i s t i c  ambient s p e c t r a  a t  t h e  Brazor ia  a r r a y  f o r  8 August 1981 a r e  
i l l u s t r a t e d  i n  f i g u r e  29a. Fourteen-minute t i m e  segments which were f r e e  
from c u l t u r a l  and/or  n a t u r a l  events were s e l e c t e d  f o r  ana lyses .  The d a t a  f o r  
s t a t i o n s  BEG1, BEG2, BEG3, and BEG5 were analyzed using a Hanning f i l t e r  win- 
dow wi th  l i n e a r  summation of t h e  eight-second block s p e c t r a  f o r  105  b locks .  
The RMS ampl i tude  s p e c t r a  f o r  t he  frequency range 0 through 3 seconds a r e  
i l l u s t r a t e d  i n  f i g u r e  29a. A l l  of t h e  channels  except  BEG2 d i s p l a y  N I S  

-63- 

TR82-2 



FIGURE 27a. NORMAL BACKGROUND AT THE 'BRAZORIA ARRAY. HIGH LEVEL NOISE AT THE 
PARCPERDUE ARRAY TYPICAL WITH GULF STORMS. 

I I  p , 

BEGl (116K) 

FIGURE 27b. HARMONIC TREMOR AT THE BRAZORIA ARRAY, AUGUST 4, 1981. 
DURATION NINETY MINUTES FROM 12: 19:24 UCT. MAXIMUM 
GROUND DISPLACEMENT 6.5 NANOMETERS AT A PERIOD OF 
0.8 k0.05 SECOND. 

G12176  



4 I- 1 MINUTE 

B E G l  ( 1 1 6 K )  
BEG2 ( 1 0 3 K )  
BEG3 ( 1 3 0 K )  
BEG4 ( 1 0 2 K )  
BEG5 ( 1 0 8 K )  

B E G l  
BE G 2  
BEG3 
BE G4  
BEG5 

( 1 1 6 K )  
(103K)  
(130K)  
( 1 0 2 K )  
(108K)  

t t  ,. 
MICROEARTHQUAKES 

FIGURE 28. HARMONIC TREMOR WITH THREE MICROEARTHQUAKES 2 OCTOBER 1981,0726 - 0730 UCT 
G 12290 
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AMBIENT NOISE 

0 

t 

l a  m m 
I 

-60 

I 1 
FREOUENCV IHzI 

HARMONIC TREMOR 

\ 

Boxcar Filter 
- 70 I I 1 -  

I I 
F R E O E N C V  IHtl 

C 

TRAIN 

-?O -'I 
-50 t 4ol Hanning Filter 
- 70 I I I I I 

1 
FREOUENCV I H d  

FIGURE 29. a. AMBIENT AMPLITUDE SPECTRA FOR BEGl, BEG2, BEG3, AND BEG5 FOR 8 AUGUST 1981. b. AMPLITUDE SPECTRA FOR 
BEGl, BEG2, BEG3, AND BEG5 FOR 8 AUGUST 1981 FROM 12:19 THROUGH 12:35 UCT DURING THE OCCURRENCE OF THE 
HARMONIC TREMOR c. AMPLITUDE SPECTRUM FOR BEG1 DURING THE PASSAGE OF A TRAIN ON 8 AUGUST 1981. SEE 
DISCUSSION FOR ADDITIONAL DETAILS. 
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ampli tude s p e c t r a  i n  t h i s  f requency range which are approximately of -50 db. 
The g e n e r a l  ampli tude dec rease  wi th  dec reas ing  frequency i s  a c h a r a c t e r i s t i c  
of t he  i n s t r u m e n t a l  f requency response.  The h ighe r  ampli tude lobe  of energy 
on BEG2 a t  f r e q u e n c i e s  less than one h e r t z  is  caused by l o c a l  d r i l l i n g  opera- 
t i o n s  near  t h a t  s t a t i o n .  I n  comparison, t h e  s p e c t r a  d i sp l ayed  i n  f i g u r e  29b 
were obtained f o r  a fourteen-minute a n a l y s i s  pe r iod  beginning at, 12:19 UCT on 
8 August during t h e  t i m e  of t h e  harmonic tremor.  A boxcar f i l t e r  window w a s  
used r a t h e r  than a Hanning f i l t e r  window t o  improve t h e  ampli tude accuracy.  
T h i s  s a c r i f i c e d  the  s p e c t r a l  r e s o l u t i o n  s l i g h t l y  which e x p l a i n s  t h e  more 
rounded appearance of s p e c t r a  i n  f i g u r e  29b compared wi th  those  of 29a.  Note 
t h a t  t h e  REIS ampl i tude  of t h e  harmonic tremor is  20 db (10 t imes) above t h e  
ambient n o i s e .  The dominant f requency i s  1.24 h e r t z ,  and t h e  bandwidth i s  
ex t r eme ly  narrow ( i n d i c a t i n g  high s e l e c t i v i t y  of resonance o r  high Q ,  
a t t e n u a t i o n ,  away from t h e  dominant r e sonan t  f requency) .  The o f f s e t  of t h e  
s p e c t r a  from BEG5 i s  due t o  h ighe r  m a g n i f i c a t i o n  of t h i s  t a p e  recorded chan- 
n e l  and does not have any n a t u r a l  s i g n i f i c a n c e .  This  high-amplitude,  narrow 
f r equency  band spectrum i s  a l s o  c h a r a c t e r i s t i c  of harmonic tremor observed a t  
volcanoes.  

During t h e  d u r a t i o n  of t h e  main episode of harmonic tremor on 4 August 1981, 
two t r a i n s  passed the  a r r a y .  The s t a t i o n  n e a r e s t  t o  t h e  t r a c k s  i s  BEG1. 
F i g u r e  29c i l l u s t r a t e s  t h e  spectrum of t h e  t r a i n  passage a t  BEG1 f o r  can- 
p a r i s o n  wi th  both 29a and 29b. Kote t h a t  t h e  passage of a t r a i n  g e n e r a l l y  
i n c r e a s e s  t h e  ampli tudes throughout t h e  frequency band from 0 t o  3 h e r t z  
w i thou t  producing a pronounced s p e c t r a l  peak a t  1.24 h e r t z .  We b e l i e v e  t h a t  
t h i s  is  a d d i t i o n a l  evidence t h a t  t h e  harmonic tremor is  n a t u r a l l y  and not 
c u l t u r a l l y  produced. S i m i l a r l y ,  no teleseismic e v e n t s  nor  Gulf of Mexico 
t u r b u l e n c e  has been r e p o r t e d  which might account f o r  t h e s e  s i g n a l s ;  t h u s  w e  
conclude t h a t  t h e s e  harmonic tremors which appear on a l l  Brazor i a  s t a t i o n s  
a r e  of l o c a l ,  n a t u r a l  o r i g i n .  

Because the  ampli tude spectra i l l u s t r a t e d  i n  f i g u r e  29 a r e  summed f o r  105 
c o n s e c u t i v e  eight-second d a t a  blocks,  i t  is  not p o s s i b l e  t o  r e s o l v e  any t e m -  
p o r a l  c h a r a c t e r  of t h e  harmonic tremor.  To examine t h e  temporal a s p e c t s  of 
t h e  harmonic tremor o n s e t ,  t h e  s p e c t r a l  a n a l y s i s  method w a s  changed. The REfS 
ampl i tude  a t  1.24 h e r t z  f o r  each eight-second block weighted e x p o n e n t i a l l y  
w i t h  t h e  ampli tudes of p rev ious  blocks w a s  recorded f o r  each d a t a  channel  f o r  
t h e  t i m e  per iod from 12:20 UCT through 12:33 UCT. The results of t h e s e  ana- 
l y s e s  are graphed as ampli tude v e r s u s  t i m e  of t h e  1.24 h e r t z  s i g n a l s  on 
f i g u r e  30. The a n a l y s i s  of channel  5 begins  a t  12:18 r a t h e r  t han  12:20 t o  
i l l u s t r a t e  o n s e t  of t h e  f i r s t  tremor episode.  

The temporal v a r i a t i o n  of t h e  recorded harmonic tremor ampli tude i s  q u i t e  
i n t e r e s t i n g .  The i n i t i a t i o n  of t h e  s u s t a i n e d  event  i l l u s t r a t e d  i n  f i g u r e  27 
occur red  i n  f i v e  s t a g e s .  The f i r s t  pe r iod  of tremor began a t  approximately 
18:30 UCT and had a d u r a t i o n  of approximately th i r ty - two  seconds.  The cessa- 
t i o n  of t h e  tremor was r e l a t i v e l y  ab rup t  even though t h e  o n s e t  was emergent. 
The second per iod of tremor had a more ab rup t  o n s e t  a t  approximately 12:20, 
r each ing  a maximum ampli tude a t  12:20:20 UCT and dec reas ing  i n  ampli tude 
u n t i l  i t  w a s  not obse rvab le  a t  approximately 12:20:52. The t h i r d  p e r i o d  of 
t remor had an ab rup t  o n s e t ,  (12:21 UCT), h ighe r  ampli tude than e i t h e r  t h e  
f i r s t  o r  second, a l a r g e r  d u r a t i o n  (80 seconds)  and more g radua l  decay i n  
ampli tude than e i t h e r  of t h e  f i r s t  two pe r iods .  The f o u r t h  p e r i o d  of tremor 
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was s l i g h t l y  longer  i n  d u r a t i o n  than t h e  t h i r d  (96 seconds ) ,  approximately 
t h e  same ampli tude as the  t h i r d  and was not s epa ra t ed  by t o t a l  qu iescence  
from t h e  t h i r d  event  as were t h e  prev ious  per iods  of t remor.  Low l e v e l  tre- 
mor con t inues  from the  end of t h e  f o u r t h  per iod  a t  approximately 12:24:20 
u n t i l  12:25:50 when the  main ep isode  of l a r g e  ampli tude tremor begins .  The 
ampl i tude  of t h e  main tremor per iod  g r a d u a l l y  i n c r e a s e s  from 12:_26 UCT u n t i l  
12:28 UCT where it  reaches  the  maximum peak ampli tude.  The ampli tude of t h e  
main episode of tremor i s  s u s t a i n e d  a t  a high l e v e l  u n t i l  12:33 when t h i s  
a n a l y s i s  was te rmina ted .  A complete temporal a n a l y s i s  through 13:50 UCT w i l l  
be presented  i n  the  annual t e c h n i c a l  r e p o r t .  The purpose of t h i s  a n a l y s i s  
was t o  d e t a i l  t h e  i n i t i a t i o n  process .  The r e s u l t s  of t h i s  a n a l y s i s  i n d i c a t e  
t h a t  t he  harmonic tremor of 8 August was begun i n  f i v e  s e p a r a t e  pe r iods .  
Each subsequent  per iod  w a s  c h a r a c t e r i z e d  by l a r g e r  ampli tudes and longer  
d u r a t i o n  than  t h e  prev ious  one. Thus, whatever i s  t h e  source  of t h e s e  
t remors ,  it i s  an ep i sod ic  phenomenon which r equ i r ed  a t  l eas t  f o u r  s e p a r a t e  
s tarts be fo re  the  main event .  Th i s  i n i t i a t i o n  behavior  a l s o  s t r o n g l y  
s u g g e s t s  a n a t u r a l  g e o l o g i c a l  process .  Complete a n a l y s i s  of t h i s  and sub- 
sequent  smaller harmonic tremor ep i sodes  may improve s i g n i f i c a n t l y  our 
unders tanding  of t h e  process  which man i fe s t s  i t s e l f  as t h e  harmonic t remor.  

A s  a f i n a l  p re l imina ry  a n a l y s i s ,  c r o s s  covar iance  (coherency)  ana lyses  were 
computed f o r  s i x  s t a t i o n  pairs. The a n a l y s i s  procedure w a s  t o  l i n e a r l y  
average  the  RIIS ampl i tudes  computed i n  t h e  105 eight-second t i m e  windows and 
then  examine the  coherence between t h e  channels .  Hanning windows were used 
t o  enhance s p e c t r a l  r e s o l u t i o n ,  somewhat s a c r i f i c i n g  ampli tude accuracy.  The 
r e s u l t s  of t hese  coherency estimates f o r  t he  per iod  of harmonic tremor a r e  
i l l u s t r a t e d  i n  f i g u r e  31. The s ix  s e p a r a t e  coherency estimates c l e a r l y  ind i -  
ca te  the  importance of t h i s  s i g n a l  a c r o s s  the  a r r a y .  

The per iod of harmonic tremor on 2 October may have provided a key obser-  
v a t i o n  t o  unders tanding  the  o r i g i n  of t h e  harmonic t remor.  Three microear th-  
quakes are i d e n t i f i e d  on f i g u r e  28 and d iscussed  i n  t h e  prev ious  s e c t i o n  of 
t h i s  r e p o r t .  S h o r t l y  fo l lowing  these  t h r e e  l o c a t a b l e  microear thquakes,  t h e  
harmonic tremor episode ceased.  Although t h i s  may be pu re ly  c o i n c i d e n t a l ,  we 
b e l i e v e  t h a t  t he  two phenomena are r e l a t e d .  The occurrence  of t h e s e  t h r e e  
e v e n t s  e v i d e n t l y  changed subsu r face  c o n d i t i o n s  which caused the  sou rce  of t h e  
harmonic tremor to  s t o p  emi t t i ng  energy. 

A f lu id -d r iven  crack  hypo thes i s  t o  e x p l a i n  t h e  source  of harmonic tremor a t  
vo lcanoes  has been g iven  by Aki, Feh le r  and Das ( Journa l  of Volcanology and 
Geothermal Research,  v o l .  2 ,  1977, p.p 259-287) and subsequent ly  supported by 
a t h e o r e t i c a l  s tudy  of Chouet ( J o u r n a l  of Geophysical Research, v o l .  86 ,  1981, 
p.p. 5985-6016). We b e l i e v e  t h i s  e x p l a n a t i o n  f o r  harmonic tremor a t  t h e  
Brazor i a  a r r a y  i s  e q u a l l y  a p p l i c a b l e .  
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Figure  32 i l l u s t r a t e s  i n  block diagrams what may occur  t o  cause t h e  harmonic 
t remor .  F igure  32a i l l u s t r a t e s  a f a u l t e d  r e s e r v o i r .  For s i m p l i c i t y ,  i t  i s  
assumed t h a t  t he  pe rmeab i l i t y  of t h e  d i sp laced  s e c t i o n s  is  t h e  same and t h a t  
t h e  f a u l t  acts as a pe rmeab i l i t y  b a r r i e r  t o  flow between t h e  two s e c t i o n s  
under normal cond i t ions .  Because t h e r e  is  a depth  d i f f e r e n t i a l  between sec- 
t i o n s  1 and 2 ,  t h e  h y d r o s t a t i c  l oads  of t h e  two ha lves ,  P1 and P2,  w i l l  not  
be  e q u i v a l e n t .  Under normal c i rcumstances ,  t h e  p re s su re  d i f  f e r 6 n t i a l  (P2-P1) 
would be i n s u f f i c i e n t  t o  permi t  d i l a t a n t  opening of t h e  f a u l t  as i l l u s t r a t e d  
i n  f i g u r e  32. 

U n t i l  r e c e n t l y ,  t h e  ma jo r i ty  of i n v e s t i g a t i o n s  i n t o  the  r o l e  of pore f l u i d s  
on f a u l t  behavior  have tended to  emphasize t h e  i n f l u e n c e  of f l u i d s  i n  s h e a r  
f a i l u r e  such as i l l u s t r a t e d  i n  f i g u r e  l b .  Recent s t u d i e s ,  however, such as 
those  of Bowden, Curran and Roegiers  ( I n t  J o u r  Rock Mech and Mining S c i ,  v o l .  
17,  1980, pop .  265-279) and Gowd and Rummel ( I n t  J o u r  Rock Mechan and Wining 
S c i ,  v o l .  17,  1980, p.p. 225-229) which used porous r a t h e r  t han  r e l a t i v e l y  
unporous rocks ,  have shown t h a t  t h e r e  i s  a complex r e l a t i o n s h i p  between f a u l t  
behavior  i n  porous media and both s h e a r  and h y d r o s t a t i c  stresses. 
on the  c o n d i t i o n s ,  f a u l t s  can act as pe rmeab i l i t y  barriers o r  pe rmeab i l i t y  
c o n d u i t s  t o  f l u i d  mig ra t ion  ( d i l a t a n t  behavior )  wi thout  s u f f e r i n g  shea r  
d i sp lacements .  A l t e r n a t i v e l y ,  t h e  i n f l u e n c e  of t h e  f l u i d s  may be such t h a t  
t h e y  i n c r e a s e  o r  r e t a r d  t h e  l i k e l i h o o d  of shea r  f a i l u r e  ( s h e a r  behav io r ) .  
Aki e t .  al., (1977)  have shown t h a t  a t  volcanoes,  because of stress con- 
c e n t r a t i o n s  a t  c rack  t i p s ,  t h e  amount of stress n o m a 1  t o  f a u l t  s u r f a c e s  
r e q u i r e d  t o  cause s i g n i f i c a n t  d i l a t a n t  opening is very small (on t h e  o r d e r  of 
20 b a r s  [290 p s i ] ) .  Thus, i t  is  p o s s i b l e  t h a t  f a u l t e d  r e s e r v o i r s  which are 
geopressured  wi th  p o t e n t i a l l y  h igh  d i f f e r e n t i a l  p re s su res  between f a u l t -  
s e p a r a t e d  segments may be i n  a very  n e a r l y  c r i t i ca l  s ta te  t o  induce d i l a t a n t  
r a t h e r  than shea r  f a u l t  behavior .  F u r t h e r ,  because t h e  f low ra te  i s  r e l a t e d  
t o  the  cube of t h e  average c rack  a p e r t u r e ,  an enormous volume of f l u i d  can 
p o t e n t i a l l y  mig ra t e  through such a d i l a t e d  f a u l t  zone. We b e l i e v e  t h a t  t h e  
harmonic tremor observed a t  Brazor ia  is  r e l a t e d  p l a u s i b l y  t o  repea ted  d i l a -  
t a n t  opening of a f a u l t  and t h e  f l u i d  mig ra t ion  through t h e  f a u l t  zone as 
i l l u s t r a t e d  i n  f i g u r e  32b. The behavior  i s  induced by i n c r e a s i n g  t h e  
p r e s s u r e  d i f f e r e n t i a l  along t h e  f a u l t  u n t i l  i t  exceeds s o m e  c r i t i ca l  va lue .  
Th i s  could be accomplished by e i t h e r  reducing the  h y d r o s t a t i c  load P1 on s i d e  
1 of  f i g u r e  32a (drawdown), o r  i n c r e a s i n g  t h e  h y d r o s t a t i c  load P2 on s i d e  2 
( i n j e c t i o n ) .  The f a u l t  would remain i n  an uns t ab le  d i l a t a n t  s t a t e  u n t i l  t h e  
p r e s s u r e  d i f f e r e n t i a l  drops below t h e  c r i t i ca l  va lue .  A t  t h i s  t i m e ,  t h e  
f a u l t  would aga in  act as a pe rmeab i l i t y  b a r r i e r .  Although t h e  c r i t i c a l  
p r e s s u r e  d i f f e r e n t i a l  r equ i r ed  to  a c t i v a t e  the  harmonic d i l a t a n t  f a u l t  
behavior  i s  unknown f o r  t h e  Brazor i a  r e s e m i o r ,  t h e r e  is  some in fo rma t ion  
which may he lp  restrict the  l i k e l y  va lue .  

Depending 
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a. FAULTED RESERVOIR 

b. DILATANT FAULT BEHAVIOR PERMITTING 
FLUID FLOW 

I TIME '-> 
c. DILATANT DISPLACEMENT TIME HISTORY 

FIGURE 32. HYPOTHETICAL DILATANT FAULT BEHAVIOR 
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Figure  33 i l l u s t r a t e s  t h e  d i s t r i b u t i o n  of f a u l t s  and t h e  contoured depth  of 
t h e  T 5  ho r i zon  as mapped by t h e  Texas Bureau of Economic Geology f o r  t h e  
Brazor i a  geopressured well s i t e .  Note t h a t  t h e  n o r t h  sou th  t r end ing  f a u l t  
a long  t h e  wes tern  edge of t h e  map s e p a r a t e s  a down dropped wes tern  p o r t i o n  of 
t h e  r e s e r v i o r  from t h e  e a s t e r n  p o r t i o n .  Th i s  f a u l t  i s  a p p a r e n t l y  seismically 
a c t i v e  because a l a r g e  number of microear thquakes have been l o c s t e d  i n  i t s  
v i c i n i t y .  I f  f l u i d  i s  t o  mig ra t e  from the  wes tern  downdropped p o s i t i o n  of 
t h e  r e s e r v i o r  t o  the  e a s t e r n  p o r t i o n ,  assuming t h e  f a u l t  i s  normally a per- 
m e a b i l i t y  barrier, i t  must do so by t h e  c i r c u i t o u s  pa th  i l l u s t r a t e d  by t h e  
lower arrow. I f ,  on the  o t h e r  hand, p e r i o d i c a l l y  t h e  f a u l t  can conduct f l u i d  
when t h e  p re s su re  d i f f e r e n t i a l  i s  r i g h t ,  then  the  s h o r t e r  m i g r a t i o n  pa th  of 
f l u i d  from one p o r t i o n  of t h e  r e s e r v i o r  t o  the  o t h e r  i s  i l l u s t r a t e d  by t h e  
upper arrow. Although we do not  know from c u r r e n t l y  a v a i l a b l e  d a t a  i f  t h i s  
i s  the  case, the  argument is c e r t a i n l y  p l a u s i b l e .  
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Appendix I 



Brazor i a  Lou i s i ana  Seismic Array Monthly 
Develocorder  Record Performance - Janua ry ,  1981 

S t a t i o n  BEG1 BEG2 BEG3 BEG4 BEG5 

Opera t iona l  e f f i c i e n c y  98% 7 7% 9 6% 7 7% 98% 

Tot a1 ope r a t i o n a l  hours 732 

~~~ ~ ~ 

573 71 4 574 73c 

T o t a l  hours of down t i m e  12 171 30 170 14  

Down t i m e  due t o  r o u t i n e  
changing procedures  

6 6 6 6 6 

Down t i m e  due t o  record ing  
system f a i l u r e  

5 5 5 5 5 

Down t i m e  due t o  t e l eme t ry  
f a i l u r e  

1 0 1 0 3 

Down t i m e  due to  s t a t i o n  
f a i l u r e  

0 160 * 18 ** 159 0 

Other  - *See e x p l a n a t i o n  0 0 0 0 0 

Explana t ion  

* High no i se  l e v e l  developed,  then no d a t a .  

** Recharging batteries a t  s i te .  



Brazor i a  Lou i s i ana  Seismic Array Monthly 
Develocorder  Record Performance - February ,  1981 

S t a t i o n  BEG1 BEG2 BEG3 BEG4 BEG5 

Opera t iona l  e f f i c i e n c y  99% 99% 99% 9 9% 9 9 x  

Tot a1 o p e r a t i o n a l  hours 665 665 665 665 6 65 

T o t a l  hours of down t i m e  7 7 7 7 7 

Down t i m e  due t o  r o u t i n e  
changing procedures  

6 6 6 6 6 

Down t i m e  due t o  record ing  
system f a i l u r e  

0 0 0 0 0 

Down t i m e  due to  t e l eme t ry  0 0 0 0 0 
f a i l u r e  

Down t i m e  due t o  s t a t i o n  0 0 0 0 0 
f a i l u r e  

Other  - *See e x p l a n a t i o n  1 1 1 1 1 

Exp lana t ion  

* Routine maintenance 



Brazor ia  County, Texas  Seismic Array Monthly 
Develocorder Record Performance Log - March 

S t a t i o n  BEG1 BEG2 B E G 3  BEG4 B E G 5  

O p e r a t i o n a l  e f f i c i e n c y  98% 8 5% 9 5% ~ 98% 84% 

T o t a l  o p e r a t i o n a l  hours 726 630 7 09 726 6 27 

T o t a l  hours  of down t i m e  18 114 35 18 117 

Down t i m e  due t o  r o u t i n e  
c hang ing  procedures  

6 6 6 6 6 

Down t i m e  due t o  record ing  
system f a i l u r e  

12 111 

Down t i m e  due t o  telemetry 
f a i l u r e  

0 0 0 0 0 

Down t i m e  due t o  s t a t i o n  
f a i l u r e  

~~ ~ 

0 0 0 0 0 

Other  
*See exp lana t ion  

0 0 0 0 0 

Explana t  i o n  



Brazoria County, Texas Se i smic  Array Monthly 
Develocorder Record Performance Log - A p r i l  

Stat  i o n  BEG1 BEG2 B E G 3  BEG4 B E G 5  

Operational e f f i c i e n c y  99% 9 6% 99% 9 9% 9 9% 

Total operational hours 713 691 713 713 713 

Total hours of down t i m e  

~ ~~ 

7 29 7 7 

~ 

7 

Down t i m e  due to routine 
changing procedures 

7 7 7 7 7 

Down t i m e  due to recording 
system fa i lure  

0 0 0 0 0 

Down t i m e  due to telemetry 
f a i l u r e  

0 22 0 0 0 

Down t i m e  due to s tat ion 
f a i l u r e  

~~ 

0 0 0 0 0 

Other 
*See explanation 

0 0 0 0 0 

Explanation 



Brazoria County, Texas Seismic Array Monthly 
Develocorder  Record Performance Log - May, 1981 

S t a t  i o n  BEG1 BEG2 BEG3 BEG4 BEG5 

Opera t iona l  e f f i c i e n c y  94% 51% 94% 94% 94% 
n 

Total o p e r a t i o n a l  hours  

~ ~~ 

699 377 699 699 698 

T o t a l  hours of down t i m e  45 367 45 45 

~ 

46 

Down t i m e  due t o  r o u t i n e  
changing procedures  

10 10 10 10 10 

Down t i m e  due t o  r eco rd ing  
system f a i l u r e  

35  35 35 35 36 

Down t i m e  due to  t e l eme t ry  
f a i l u r e  

0 322 0 0 0 

Down t i m e  due t o  s t a t i o n  
f a i l u r e  

0 0 0 0 0 

Other 

~ 

0 0 

Explanation 
B a t t e r i e s  needed charging at BEG2 
Galvo c o n t a c t s  on BEG5 working i n t e r m i t t e n t l y  



Brazor ia  County, Texas Seismic Array Monthly 
- Develocorder  Record Performance Log - June ,- 1981 

S t a t i o n  BEG1 BEG2 BEG3 BEG4 BEG5 

Opera t iona l  e f f i c i e n c y  96% 9 6% 9 6% 94% 9 5% 

T o t a l  o p e r a t i o n a l  hours 688 6 90 6 90 675 6 84 

T o t a l  hours of down time 32 30 30 45 36 

Down t i m e  due t o  r o u t i n e  
c hang ing  proced u r  es 

8 a 8 8 8 

Down time due t o  record ing  
system f a i l u r e  

20 18 18 31 19 

Down t i m e  due t o  t e l eme t ry  
f a i l u r e  

4 4 4 6 9 

Down t i m e  due t o  s t a t i o n  
f a i l u r e  

0 0 0 0 0 

Other  0 0 0 

Explana t ion  
B a t t e r i e s  needed charging a t  BEG2 
Galvo contacts on BEG5 working intermit tent ly  



Brazor i a  County, Texas Seismic Array Monthly 
Dcvelocorder Record Performance Loe - J u l v .  1981 

S t a t i o n  BEG1 BEG2 BEG3 BEG4 BEG5 

O p e r a t i o n a l  e f f i c i e n c y  94% 7 0% 94% 94% 94% 

T o t a l  o p e r a t i o n a l  hours 

-~ 

699 519 699 699 699 

T o t a l  hours of down t i m e  45 225 0 0 0 

Down time due to  r o u t i n e  
changing procedures 

~~ 

10 10 10 LO 10 

Down t i m e  due t o  recording 
system f a i l u r e  

35 35 35  35  3 5  

Down t i m e  due to  t e l eme t ry  
f a i l u r e  

~ ~~ 

0 0 0 0 0 

Down t i m e  due to  s t a t i o n  
f a i l u r e  

0 0 0 0 0 

Other  
See e x p l a n a t i o n  

Exp lana t ion  
Extreme noise on REG2 f o r  f i f t e e n  days occur s  on ly  during r e g u l a r ,  
weekly working hours.  



Brazor ia  County, Texas Seismic Array Monthly 
Develocorder  Record Performance Loe - August. 1981 

S t a t i o n  BEG1 BEG2 BEG3 BEG4 BEG5 

O p e r a t i o n a l  e f f i c i e n c y  98% 29% 98% 96% 98% 

T o t a l  o p e r a t i o n a l  hours 73 1 219 73 1 71 3 73 1 
~ ~ ~ ~~ 

T o t a l  hours  of down time 13 13 13 34 13 

Down t i m e  due t o  r o u t i n e  
c hang ing  pr oc  ed u r  es 

11 -5 11.5 11 -5 11.5 11.5 

Down time due t o  record ing  
system f a i l u r e  

Down t i m e  due t o  t e l eme t ry  
f a i l u r e  

1.5 1.5 1.5 22.5 1.5 

Down t i m e  due t o  s t a t i o n  
f a i l u r e  

0 0 0 0 0 

Other  
See e x p l a n a t i o n  

0 51 2 0 0 0 

~~~ ~~ 

Explana t  ion 
D r i l l i n g  w i t h i n  one kilometer of BEG2 c r e a t e s  a background no i se  
l e v e l  t e n  times h ighe r  than normal a t  t h a t  s t a t i o n .  This t o t a l l y  
obscures  a l l  s i g n a l s  a t  least 64% of t h e  t i m e .  It is unknown how 
long t h i s  a c t i v i t y  w i l l  cont inue  



Brazor i a  County, Texas Seismic Array Monthly 
Develocorder Record Performance Log - September, 1981 

- _. - 

S t a t i o n  BEG1 BEG2 BEG3 BEG4 BEG5 

O p e r a t i o n a l  e f f i c i e n c y  89% 4 7% 89% - 87% 89% 

To t a l  o p e r a t i o n a l  hours 639 338 637 626 639 

T o t a l  hours of down time 81 97 83 94 81 

Down time due t o  r o u t i n e  
c hang ing  pr oc ed u r  es 

7 7 7 7 7 

Down t i m e  due t o  r eco rd ing  
system f a i l u r e  

74 74 74 74 74 

Down t i m e  due t o  t e l eme t ry  
f a i l u r e  

16 2 13 

Down t i m e  due to  s t a t i o n  
f a i l u r e  

0 0 0 0 0 

Other  
See e x p l a n a t i o n  

285 

Explanat ion  
High no i se  l e v e l  on REG2 due t o  cont inued d r i l l i n g  o p e r a t i o n s .  



Brazor i a  County, Texas Seismic Array Monthly 
Develocorder Record Performance Log - October ,  1981 

S t a t i o n  B E G 1  BEG2 B E G 3  BEG4 B E G 5  

O p e r a t i o n a l  e f f i c i e n c y  95% 90% 9 5% 93% 9 5% 

Tot a1 o p e r a t i o n a l  hours 706 667 706 691 706 

T o t a l  hours of down t i m e  38 77 38 53 38 

Down t i m e  due t o  r o u t i n e  
c hang i n g  procedures  

37 37 37 37 37 

Down t i m e  due t o  recording 
system f a i l u r e  

1 25 1 1 1 

Down t i m e  due t o  t e l eme t ry  
f a i l u r e  

15 15 

Down t i m e  due t o  s t a t i o n  
f a i l u r e  

Other  
See exp lana t ion  

Exp lana t ion  



Brazor i a  L o u i s i a n a  Seismic Array Monthly 
Develocorder Record Performance - November, 1981 

S t a t  i o n  BEG1 BEG2 BEG3 BEG4 BEG5 

O p e r a t i o n a l  e f f i c i e n c y  86% 8 6% 8 6% 8 6% 8 6% 

Tot a 1  ope r a t i o n a l  hours 619 619 619 619 619 

T o t a l  hours of down t i m e  101 101 101 101 101 

Down t i m e  due t o  r o u t i n e  
c hang ing  procedures  

11 11 11 11 11 

Down t i m e  due to  r eco rd ing  
system f a i l u r e  

55 55 55 55 55 

Down t i m e  due t o  telemetry 
f a i l u r e  

0 0 0 0 0 

Down t i m e  due to  s t a t i o n  
f a i l u r e  

0 0 0 0 0 

Other  - *See e x p l a n a t i o n  35 35 35 35 35 

Exp lana t ion  

* Routine maintenance: changing of develocorder  galvo bank; r e a d j u s t i n g  
g a i n s  and s e t t i n g s ;  p o l a r i t y  checks; b a t t e r y  cha rg ing .  
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THE PHASE I PRODUCTION TEST 

A short- term b r i n e  product ion  test of t h e  P l e a s a n t  Bayou KO. 2 w e l l  (Phase I 
t e s t )  extended from 16  September through 31 October 1980. Analyses of t he  
d a t a  t o  determine r e s e r v o i r  c h a r a c t e r i s t i c s  have been r epor t ed  by Hartsock 
(1981) and Garg, Riney, and Fwu (1981).  The product ion  h i s t o r i e s  publ ished 
by t h e s e  two a n a l y s i s  groups are mutua l ly  i n c o n s i s t e n t .  S ince  the  t es t  
moni tor ing  was performed by Gruy and Assoc ia t e s ,  we have included only  t h e  
pub l i shed  bottom hole  p re s su re  and product ion  rate h i s t o r y  of Hartsock (1981)  
( f i g u r e  1) t o  i l l u s t r a t e  the  Phase I product ion  c h a r a c t e r i s t i c s .  S p e c i f i c  
p e r t u r b a t i o n s  t o  the  p re s su re  log are numer ica l ly  i d e n t i f i e d  and keyed t o  
t a b l e  1. Figure  1 i l l u s t r a t e s  t h a t  t h e r e  were e s s e n t i a l l y  t h r e e  s i g n i f i c a n t  
p r e s s u r e  d e c l i n e s  and two p r e s s u r e  i n c r e a s e s  during t h e  performance pe r iod .  
These correspond t o  times when f low rate w a s  a l t e r e d  d rama t i ca l ly .  Thus, 
f o r  example, the  product ion  rate r educ t ion  from 15,324 B/D t o  13,386 B/D d i d  
n o t  c o n s t i t u t e  a s i g n i f i c a n t  bottom hole  p re s su re  p e r t u r b a t i o n .  

The t o t a l  volume of b r i n e  produced during the  Phase I test  w a s  537,300 b a r r e l s .  
P r i o r  t o  t h i s  short- term (47 days )  t es t ,  274,000 b a r r e l s  of b r i n e  had been 
produced from the  P l e a s a n t  Bayou No. 2 w e l l  between 15  November and 3 
December 1979. 

THE PHASE I1 PRODUCTION TESl 

On 2 J u l y  1981, b r i n e  product ion  was r e i n i t i a t e d  i n  what was expected to  be 
t h e  Phase I1 long-term f low test .  Because of a v a r i e t y  of problems wi th  
i n s t r u m e n t a t i o n  and the  P l e a s a n t  Bayou wells, t he  high-volume, long-term flow 
t e s t  w a s  abor ted  on 18 J u l y  1981. 

The t o t a l  volume of b r i n e  produced i n  the  Phase I1 test of 2-18 J u l y  1981 w a s  
220,904 b a r r e l s .  A p l o t  of t he  b r i n e  and gas  product ion ve r sus  flow t i m e  i s  
i l l u s t r a t e d  i n  f i g u r e  2. The a c t u a l  product ion  rate h i s t o r y  f o r  t h e  Phase I1 
t e s t  is i l l u s t r a t e d  i n  f i g u r e  3. Th i s  f i g u r e  c l e a r l y  demonstrates  t h e  d i f -  
f i c u l t i e s  encountered during the  test which r equ i r ed  fou r  s i g n i f i c a n t  
shu t - in s  before  the  test was abor t ed .  The corresponding product ion  w e l l  and 
d i s p o s a l  w e l l  bottom hole p r e s s u r e  h i s t o r i e s  are i l l u s t r a t e d  i n  f i g u r e s  4 and 5 
r e s p e c t i v e l y .  Although the  Phase I1 tes t  of J u l y  1981 was not s u c c e s s f u l ,  
for ty-one percent  as much b r i n e  was produced i n  t h e  254 hours  of f low time as 
w a s  produced i n  the  1116 hours  of Phase I f low t i m e .  Thus, t h e  Phase I1 tes t  
may be more s i g n i f i c a n t  as a format ion  s t r a i n  p e r t u r b a t i o n  than the  Phase I 
t e s t .  
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Table  1. Sequence of Events i n  Phase 1 Tes t ing ,  P l easan t  Bayou No. 2 Well 

Time Event Time. 
no.* Date h r s  Event no.* Date h r s  Event 

1 9-16-80 1130 Opened well f o r  Phase I 

2 9-21-80 1710 Well shut i n  t o  r e p a i r  

3 9-21-80 1932 Opened w e l l  f o r  second 

4 10-01-80 1102 Increased  flow r a t e  t o  

5 10-05-80 0632 Reduced r a t e  t o  15,324 BID 

t e s t  a t  6,624 B I D  

a d j u s t a b l e  choke 

flow r a t e  a t  10,896 B I D  

19,200 B I D  

t o  reduce i n j e c t i o n  
p res su re  

t o  reduce i n j e c t i o n  
p res  s u r  e 

6 10-08-80 1230 Reduced r a t e  t o  13,386 B I D  

7 10-17-80 1550 

8 10-29-80 2240 

9 10-31-80 1532 

10 11-02-80 0940 

11 11-08-80 1700 

1 2  11-10-80 0511 
13 11-15-80 1800 

*Refer t o  F ig .  1 .  
14 12-15-80 1304 

Lost s i g n a l  in s u r f a c e  
record ing  system 
Abnormal pressure-  
product ion  response 
Well shut i n  to  monitor 
p re s su re  bui ldup  
Lost s i g n a l  from HP gauge. 
Moved gauge and regained 
s i g n a l  
Lost s igna l  from HP gauge. 
Pul led  gauge, r e p a i r e d ,  
and re-ran.  
Gauge on bottom 
E r r a t i c  pressure  readings 
for one h o u r  
Pu l l ed  Hewlett-Packard 
bottomhole pressure  gauge 

FIGURE 1. BOTTOMHOLE PRESSURE VS. TIME, PHASE I TEST, PLEASANT BAYOU NO. 2 WELL 

G 13032 
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THE TEMPORAL AND SPATIAL DISTRIBUTION OF SEISMICITY AT PLEASANT BAYOU 
DURING 1981 

The temporal d i s t r i b u t i o n  of s e i s m i c i t y  a t  P l e a s a n t  Bayou s i n c e  - t h e  i n i t i a t i o n  
o f  t he  Phase I t e s t  i s  i l l u s t r a t e d  i n  f i g u r e  6.  The times of t he  Phase I and 
a b o r t e d  Phase I1 tests are i l l u s t r a t e d  i n  f i g u r e  6 by b racke t s .  T i m e s  when 
f low rate w a s  a l t e r e d  w i t h i n  each test are i n d i c a t e d  by arrows.  The seismi- 
c i t y  is  d i sp layed  as a his togram of the  number of even t s  per five-day incre-  
ment ve r sus  t i m e .  

Q u a l i t a t i v e  examinat ion of f i g u r e  6 r e v e a l s  t h a t  t he  s e i s m i c i t y  a t  P l e a s a n t  
Bayou i s  d i s t r i b u t e d  unequal ly  wi th  t i m e .  There i s  only one event  w i t h i n  t h e  
f i r s t  2 3 0  days  fo l lowing  the  i n i t i a t i o n  of the  Phase I test program. On the  
o t h e r  hand, t h e r e  are twenty-six even t s  c l u s t e r e d  i n  t h e  second 2 3 0  days .  
The seismic a c t i v i t y  i n  the  per iod from 2 3 0  days t o  4 2 0  days fo l lowing  t h e  
i n i t i a t i o n  of t h e  Phase I t e s t  is d i v i s i b l e  s i m i l a r l y  i n t o  two pe r iods  of 
a c t i v i t y  sepa ra t ed  by t h i r t y - f i v e  days of i n a c t i v i t y .  I n t e r p r e t a t i o n  of a 
c a u s e / e f f e c t  r e l a t i o n s h i p  between geopressured-geothermal w e l l  b r i n e  produc- 
t i o n  and/or  d i s p o s a l  and ear thquake  a c t i v i t y  from these  data i s  tenuous a t  
b e s t .  It i s  obvious t h a t ,  fo l lowing  both the  Phase I and abor ted  Phase 11 
tes ts ,  t h e r e  is  a per iod  c h a r a c t e r i z e d  by no s e i s m i c i t y .  This  is  par- 
t i c u l a r l y  apparent  f o r  the  Phase I1 test  s i n c e  it c o n s t i t u t e s  a gap i n  
ambient a c t i v i t y  of one t o  two even t s  per five-day per iod .  Defining pe r iods  
o f  enhanced s e i s m i c i t y  r e l a t i v e  t o  b r ine  product ion pe r iods  is not q u a n t i -  
t a t i v e l y  meaningful  from these  data. I f ,  f o r  example, t h e  seismicity 
beginning 2 3 0  days  fo l lowing  the  Phase I t e s t  i s  suggested t o  be r e l a t e d  t o  
t h e  w e l l  p roduct ion ,  t h e r e  is no similar c l u s t e r i n g  of a c t i v i t y  2 3 0  days  
fo l lowing  the  abor ted  Phase I1 tes t .  I n  a d d i t i o n ,  cons ide r ing  t h a t  t he  
s e i s m i c i t y  supposedly r e l a t e d  t o  the  Phase I t e s t  is  per turbed  by the  Phase 
I1 t e s t ,  t he  c a u s e / e f f e c t  r e l a t i o n s h i p  is contaminated and u n c l e a r .  Only t h e  
a c t i v i t y  p r i o r  t o  2 J u l y  1981 can be cons idered  f r e e  of p o s s i b l e  contarii ination 
by the  Phase I1 t es t .  

The s p a t i a l  d i s t r i b u t i o n s  of t he  s e i s m i c i t y  a t  P l e a s a n t  Bayou f o r  1981 a r e  
i l l u s t r a t e d  in f i g u r e s  7 and 8 f o r  even t s  l oca t ed  using body waves ( P  and S)  
and s u r f a c e  waves (LR) r e s p e c t i v e l y .  
comparison of f i g u r e s  7 and 8 i s  t h a t  even t s  l oca t ed  using both body and sur- 
f a c e  wave i n v e r s i o n  techniques  c l u s t e r  i n  the  same region .  This  s t r o n k l y  
s u g g e s t s  t h a t  t hese  two popu la t ions  of microear thquakes are l i k e l y  r e l a t e d  
and do not r e f l e c t  s i g n i f i c a n t l y  d i f f e r e n t  sources .  The two event  popula- 
t i o n s  may r e f l e c t  d i f f e r e n t  source  dep ths ,  but  depth r e s o l u t i o n  f o r  t he  body 
wave i n v e r s i o n s  is  extremely poor,  and nonex i s t en t  f o r  t h e  s u r f a c e  wave 
i n v e r s i o n s ,  so t h i s  i s  only  a s p e c u l a t i v e  conclus ion .  S ince  t h e r e  i s  no 
obvious  reason  t o  s e p a r a t e  the  body wave and s u r f a c e  wave event  popu la t ions ,  
t h e y  are t r e a t e d  as a s i n g l e  s e i s m i c i t y  d i s t r i b u t i o n .  

An important  obse rva t ion  der ived  from 
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FIGURE 7. RELOCATED EARTHQUAKES FOR 1981 (USING BODY WAVES) 
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FIGURE 8. 1981 EVENTS RELOCATED USING SURFACE WAVES G 11907K 
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The d i s t a n c e  between the  c e n t r o i d  of t he  s e i s m i c i t y  popula t ion  and the  
P l e a s a n t  Bayou No. 2 and No. 1 wells i s  approximatley 3600 meters. The t e m -  
p o r a l  c e n t r o i d  of t h e  f i r s t  s e i s m i c i t y  c l u s t e r  is  approximately 265 days  
a f t e r  the  Phase I tes t .  I f  t h i s  s e i s m i c i t y  is  r e l a t e d  t o  the  Phase I t e s t ,  
t h e n  i t  can be concluded t h a t  t he  s t r a i n  pulse  d i f f u s i o n  rate is approximately 
f o u r t e e n  meters per day. Whether o r  not  t h i s  number i s  meaningful i s  
d e f i n i t e l y  ques t ionab le .  It i s  a p p a r e n t l y  l a r g e r  than expected f l u i d  d i f -  
f u s i o n  rates f o r  e i t h e r  t he  product ion  o r  i n j e c t i o n  hor izons  but not  by an 
o r d e r  of magnitude. Thus, t h e  s e i s m i c i t y  observed i n  1981 may be r e l a t e d  to  
t h e  geopressured-geothermal w e l l  test of 1980. A l t e r n a t i v e l y ,  t h e  s e i s m i c i t y  
may be a random process  un re l a t ed  t o  the  w e l l  tests a t  a l l .  A t  t h i s  t h e ,  
t h e  d a t a  are i n s u f f i c i e n t  t o  exclude t h i s  p o s s i b l i l i t y .  

I n  summary, t he  r e s u l t s  of t h e  mic rose i smic i ty  monitor ing program a t  t h e  
P l e a s a n t  Bayhou geopressured-geothermal w e l l  are inconc lus ive .  The p o s s i b i l -  
i t y  t h a t  high-volume product ion  and/or  d i s p o s a l  of b r i n e s  can r e s u l t  i n  
enhanced seismic a c t i v i t y  i s  unknown because r e s u l t s  froui t he  Phase I and 
a b o r t e d  Phase I1 tests are n e i t h e r  mutual ly  c o n s i s t e n t  nor exc lus ive .  
Seismic a c t i v i t y  a t  P l e a s a n t  Bayou fo l lowing  the  Phase I test i s  s t r o % l y  
d i s t r i b u t e d  toward the  l a t te r  half of 1981 and i s  not  uniformly d i s t r i b u t e d  
w i t h  t i m e .  A t  t h i s  t i m e ,  i t  i s  unknown i f  t he  s e i s m i c i t y  i s  r e l a t e d  to  the  
t e s t  product ion  programs. I f  t h e  s e i s m i c i t y  is  r e l a t e d ,  i t  i s  unknown 
whether  the  s e i s m i c i t y  i s  r e l a t e d  t o  withdrawal o r  r e i n j e c t i o n  procedures .  
Because of t he  c h a r a c t e r  of t he  recorded microear thquakes,  we  b e l i e v e  t h a t  
t h e  even t s  are of sha l low o r i g i n  and, t h e r e f o r e ,  more l i k e l y  a s s o c i a t e d  wi th  
i n j e c t i o n  r a t h e r  than withdrawal of t h e  b r i n e s .  Th i s  i s  a fundamental ly  
impor t an t  ques t ion  to  be reso lved  which can be addressed most e f f e c t i v e l y  
u s i n g  numerical  modeling procedures .  Hopeful ly ,  a d d i t i o n a l  t e s t i n g ,  moni- 
t o r i n g  and ana lyses  w i l l  r e s u l t  i n  more d e f i n i t i v e  c h a r a c t e r i z a t i o n  of t he  
p o t e n t i a l  seismic hazard a s s o c i a t e d  wi th  development of t h i s  a l t e r n a t i v e  
energy  r e source .  
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