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PART NINE 

SEISMIC NOISE CHARACTERISTICS 

F ranc i s  Crowley 
A i r  Force Cambridge Research Labo ra to r i e s  

I. SUMMARY 

Elementary concepts  of s e i s m i c  wave p r o p e r t i e s  a r e  reviewed t o  e s t a b l i s h  a  

framework f o r  d i s c u s s i n g  s e i smic  n o i s e  and i t s  supp re s s ion .  A l i b e r a l  number of 

r e f e r e n c e s  i s  inc luded  f o r  t h o s e  who wish t o  pursue t h e  t o p i c  i n  d e t a i l .  A base  

motion n o i s e  l e v e l  i s  e s t a b l i s h e d  f o r  a  s i n g l e  s u r f a c e  seismometer.  It i s  argued 

t h a t  s imple  a r r a y  p roce s s ing  and seismometer b u r i a l  should  r e g u l a r l y  permi t  us t o  

approach t h i s  b a s e  n o i s e  l e v e l  which i s  found i n  a r e a s  f r e e  of conspicuous man-made 

s e i s m i c  n o i s e  sou rce s .  

The s e n s i t i v i t y  of t h e  b a s e  s e i s m i c  l e v e l  t o  a  number of common d i s t u rbances  

is  p r e sen t ed .  S o l u t i o n s  t h a t  promise t o  ho ld  t h e  " e f f e c t i v e "  s e i s m i c  n o i s e  a t  a  

s i t e  n e a r  t h e  ba se  l e v e l  a r e  given f o r  a c o u s t i c ,  me t eo ro log i ca l  and f i x e d  l o c a l  

s u r f a c e  s o u r c e s .  Guide l ines  a r e  sugges ted  f o r  c o n t r o l l i n g  o t h e r  l o c a l  man-made 

s o u r c e s ,  e .g .  v e h i c u l a r  t r a f f i c ,  by keeping them a t  s u f f i c i e n t l y  l a r g e  d i s t a n c e s  

away from t h e  seismometers t o  keep n o i s e  a t  p e r m i s s i b l e  l e v e l s .  These g u i d e l i n e s  

a r e  s p e c u l a t i v e  and conse rva t i ve .  They should  be  t h e  s u b j e c t  of  f u t u r e  s t u d y .  

The a b i l i t y  t o  p rocess  a g a i n s t  g e n e r a l  l o c a l  a c t i v i t y ,  d r i l l i n g ,  and i n t r a -  

mine sou rce s  i s  l i m i t e d .  C e r t a i n l y  no dramat ic  ga in  i s  t o  be  expec ted .  When 

s t r o n g  man-made and /or  i n t r amine  n o i s e  sou rce s  a r e  n o t  c o n t r o l l a b l e ,  d e t e c t i o n  may 

w e l l  be  imposs ib le  t o  a ch i eve ,  un l e s s  t h e  seismometer can b e  moved c l o s e  enough 

t o  t h e  su spec t ed  miner p o s i t i o n ,  i . e .  v i a  very  deep h o l e s ,  t o  compensate f o r  t h e  

l i k e l y  v a s t  d i f f e r e n c e s  i n  s t r e n g t h  of t h e  miner s i g n a l  and t h e  u n c o n t r o l l a b l e  

man-made n o i s e  sou rce s .  However, many ' int ramine sou rce s ,  e . g . ,  f a l l i n g  w a t e r ,  

rock b u r s t s ,  exp lo s ions ,  e t c .  , may w e l l  p rec lude  t h e  e x i s t e n c e  of  a  h a l e  miner i n  

t h e i r  v i c i n i t y ,  and t h e r e f o r e  any need t o  a t t emp t  d e t e c t i o n  of a  miner a t  such 

l o c a t i o n s .  

The fo l lowing  recommendations a r e  made t o  enhance t h e  d e t e c t i o n  and l o c a t i o n  

of a  miner s i g n a l i n g  s e i s m i c a l l y .  They a r e :  

1. Seismometer b u r i a l  i n  s l i m  h o l e s .  

2 .  Narrow band d e t e c t i o n ,  u s ing  m u l t i p l e  narrow band f i l t e r s  t o  cover  
t h e  l i k e l y  s i g n a l  band. 

3 .  Broadband r eco rd ing  and a n a l y s i s  f o r  t ime -o f - a r r i va l  e s t i m a t i o n .  

Arthur D Little. Inc 



11. INTRODUCTION 

A. Some Seismic  E lementa l s  

The b u l k  of s e i s m i c  n o i s e  i s  t h e  a g g r e g a t e  of p ropaga t ing  s e i s m i c  waves. 

Being waves,each coheren t  e l e m e n t a l  c o n t r i b u t i o n  can be  r e p r e s e n t e d  a s  

u  = U(kR - a t ) .  ( I > *  

Here t h e  mot ion,  u ,  appears  t o  have c o n s t a n t  phase  when an  o b s e r v e r  moves a t  

a  v e l o c i t y  c  = w / k .  The a n g u l a r  f requency o  i s  2n t i m e s  t h e  number of c y c l e s  of a  

p e r i o d i c  element s e n s e d  by a  s t a t i o n a r y  o b s e r v e r  p e r  u n i t  t i m e ,  w h i l e  k ,  t h e  wave 

number, i s  2n t i m e s  t h e  number of c y c l e s  observed a t  an  i n s t a n t  o v e r  a  u n i t  d i s t a n c e .  

The ampl i tude  of t h e  wave i s  determined by t h e  s o u r c e  and pa th  a t t r i b u t e s .  

I n  t h e  f a r  f i e l d  and f o r  s m a l l  s o u r c e  dimensions ,  u  a t t e n t u a t e s  a s  1/R i n  i t s  

body phases! l )~ody waves are t h e  only  waves t h a t  e x i s t  i n  a homogeneous, i s o t r o p i c ,  

e l a s t i c  body of i n f i n i t e  e x t e n t  a t  s m a l l  motion levels!2)They a r e  of two k i n d s ,  a  

P wave whose p a r t i c l e  motion i s  d i r e c t e d  a long  t h e  p ropaga t ion  p a t h  and an  S  wave 

whose motion is normal t o  t h i s  p a t h .  T y p i c a l  parameters  of body waves a r e  given 

i n  Tab le  1. 
+- 

The p  wave displ-acement u  due t o  a  l o c a l i z e d  f o r c e  F  ( t )  observed i n  t h e  f a r  

f i e l d  i n  a medium of  v e l o c i t y  V and d e n s i t y  p i s  g iven  by: 
P  

. . 
+ +- 

The v e l o c i t y  of motion a t  a p o i n t  u  i s  a  complete r e p l i c a  of F ( t )  delayed i n  

t i m e  by t h e  p r o p a g a t i o n  d e l a y ,  R/V . Far  f i e l d  p a r t i c l e  v e l o c i t y  r a t i o s  of s o i l  
P 

t o  rock f o r  a common F ( t )  and d i s t a n c e  a r e  t h e n  

fiS P R  V S  = s o i l  
- = - * %  100 ; where 
G P 

R  S  p s  R  = rock 

Looking ahead t o  our  d i s c u s s i o n  of s e i s m i c  n o i s e  l e v e l s ,  w e  shou ld  e x p e c t  motion 

l e v e l s  i n  s o i l s  t o  b e  s u b s t a n t i a l l y  l a r g e r  t h a n  t h o s e  i n  r o c k ,  when t h e  d i s t r i b u -  

t i o n s  of s o u r c e s  and s o u r c e  s t r e n g t h s  a r e  roughly e q u i v a l e n t .  

An a l t e r a t i o n  of s e i s m i c  body waves always occurs  a t  a  boundary.  The waves 

are conver ted  i n  k i n d ;  boundary phases  develop.  Techniques f o r  computing t h e  t r a n s -  

m i s s i v i t y  of l a y e r e d  media have been t h e  aim of much t h e o r e t i c a l  work ( 3 , 4 ) .  

* References  t o  F i g u r e s ,  T a b l e s ,  and Equat ions  apply  t o  t h o s e  i n  t h i s  P a r t  
u n l e s s  o t h e r w i s e  n o t e d .  

9 . 2  Arthur D Little, Inc 



TABLE 1 

TABLE OF SEISMIC VELOCITIES FOR COMMON MATERIALS 

Material 

IGNEOUS AT SHALLOW DEPTH 

GRANITE 

DIORITE 

GNEISS 

SEDIMENTARY ROCKS 

LIMESTONE 

MARBLE 

CHALK 

SLATE 

UNCONSOLIDATED SEDIMENTS 

WETCLAY 

SAND (TIGHT) 

SAND (LOOSE) 

SOIL 

ALLUVIAL CLAY 

ALLUVIAL SAND 

TALUS 

WEATHERED LAYER 

* SHIMA ** WATKINS 

( 3 7 )  ( 3 8 )  

4 , 9 2 0  - 5 , 4 1 3  3 7 5  - 1 , 1 5 0  *** 
1 , 9 7 0  - 6 , 0 7 3  1 , 1 5 0  - 1 , 3 4 0  *** 
6 5 5  - (min. m e a s . )  

*** GEOLOGICAL SOC. OF AMER, MEMOIR 9 7  

(39)  
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-1 We speak  of waves observed on t h e  e a r t h ' s  s u r f a c e  t h a t  a t t e n u a t e  a s  R i n  t h e  

f a r  f i e l d  a s  body waves,  and t h o s e  t h a t  a t t e n u a t e  a s  R -'I2 a s  s u r f a c e  waves,  each 

a l s o  hav ing  d i f f e r e n t  phase  v e l o c i t i e s .  Between t h e s e  two l i e  t h e  s o - c a l l e d  l eaky  

modes. For  h o r i z o n t a l l y  s t r a t i f i e d  media ,  l eaky  mode b e h a v i o r  shou ld  dominate 

t h e  m i n e r ' s  s i g n a l ( 3 ) .  Normal o r  locked  mode t r a n s m i s s i o n  s h o u l d  govern an a r e a ' s  

n o i s e  a t t r i b u t e s  when e x c i t e d  by d i s t a n t  s u r f a c e  s o u r c e s  (4 ,361 

Much of  t h e  a n a l y s i s  of s e i s m i c  wave t r a n s m i s s i o n  t o  d a t e  a c h i e v e s  mathemat ica l  

s u c c e s s  on ly  when a p p l i e d  t o  t h e  c o m p l e x i t i e s  met on a  s m a l l  s c a l e  n e a r  t h e  e a r t h ' s  

s u r f a c e .  Computat ional  t o o l s  a r e  on ly  now becoming g e n e r a l l y  a v a i l a b l e  t o  d e a l  w i t h  

t h e s e  c o m p l e x i t i e s  (27)  i n  a  more g e n e r a l  f a s h i o n .  

For a  r e g u l a r l y  l a y e r e d  a r e a  and l a r g e  d i s t a n c e s  from t h e  s o u r c e , s u r f a c e  

waves e x h i b i t  t h e  f o l l o w i n g  p r o p e r t i e s :  

(1 )  An a t t e n u a t i o n  w i t h  d i s t a n c e  a s  116 

(2)  An a t t e n u a t i o n  from t h e  s ~ r f a c e  i n  terms of k  

(3)  A h i g h l y  s e l e c t i v e  enhancement of t h e  motion i n  k,w s p a c e  

(4 )  A phase  v e l o c i t y  dependence on k ,  o ( D i s p e r s i o n )  

For t h i s  c a s e ,  u ,  i s  n o t  a  de layed  v e r s i o n  of  F ( t ) .  Indeed p a t h  a t t r i b u t e s  

h e a v i l y  mask t h e  t r u e  h i s t o r y  o f  t h e  s o u r c e .  Schemat ica l ly  w e  can view t h e  e a r t h  

a s  a  h i g h l y  compl ica ted  f i l t e r  t h a t  d e l a y s  and c o l o r s  t h e  s o u r c e .  

I n  summary t h e  e a r t h  i s  a  l i n e a r ,  p a s s i v e ,  t ime i n v a r i a n t ,  r e a l i z a b l e  f i l t e r  

w i t h  t h e  f o l l o w i n g  p r o p e r t i e s :  

(1 )  Adding i n p u t s ,  adds o u t p u t s  

( 2 )  Measurements between t h e  s o u r c e  and r e c e i v e r  a r e  coheren t  
( i n  t h e  absence  of n o i s e )  

(3 )  F i l t e r i n g  is  mult  i -d imens iona l  i n  k  , w . 
(4)  R e c i p r o c i t y  e x i s t s  between t h e  s o u r c e  and r e c e i v e r .  

(5)  When t h e  c o l l e c t i v e  s o u r c e  a t t r i b u t e  i s  g a u s s i a n ,  t h e  o u t p u t  i s  
g a u s s i a n .  

B. The R e p r e s e n t a t i o n  of a  Se i smic  Wave 

We d e f i n e  G(a ) ,  t h e  s p e c t r a l  e s t i m a t e  of our  mot ion measured a t  a  s t a t i o n a r y  

p o i n t  a s  

G(w) = F.T. { u ( t )  -u( t+nAt)  ) t ime average  (4 )  

I n  l i k e  manner G(k) i s  

s p a c e  average  (5) 

Arthur D Little Inc. 
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-1 
We speak of waves observed on t h e  e a r t h ' s  s u r f a c e  t h a t  a t t e n u a t e  a s  R i n  t h e  

f a r  f i e l d  a s  body waves,  and t h o s e  t h a t  a t t e n u a t e  a s  R 
-112 

a s  s u r f a c e  waves,  each 

a l s o  hav ing  d i f f e r e n t  phase  v e l o c i t i e s .  Between t h e s e  two l i e  t h e  s o - c a l l e d  l eaky  

modes. For h o r i z o n t a l l y  s t r a t i f i e d  media,  l eaky  mode behav ior  shou ld  dominate 

t h e  m i n e r ' s  s i g n a l ( 3 ) .  Normal o r  locked mode t r a n s m i s s i o n  shou ld  govern an a r e a ' s  

n o i s e  a t t r i b u t e s  when e x c i t e d  by d i s t a n t  s u r f a c e  s o u r c e s  (4,361 

Much of t h e  a n a l y s i s  of s e i s m i c  wave t r a n s m i s s i o n  t o  d a t e  ach ieves  mathemat ical  

s u c c e s s  on ly  when a p p l i e d  t o  t h e  complex i t i e s  met on a  s m a l l  s c a l e  n e a r  t h e  e a r t h ' s  

s u r f a c e .  Computational t o o l s  a r e  only  now becoming g e n e r a l l y  a v a i l a b l e  t o  d e a l  w i t h  

t h e s e  c o m p l e x i t i e s  (27)  i n  a more g e n e r a l  f a s h i o n .  

For a  r e g u l a r l y  l a y e r e d  a r e a  and l a r g e  d i s t a n c e s  from t h e  s o u r c e , s u r f a c e  

waves e x h i b i t  t h e  f o l l o w i n g  p r o p e r t i e s  : 

(1)  An a t t e n u a t i o n  w i t h  d i s t a n c e  a s  l/& 

(2)  An a t t e n u a t i o n  from t h e  s ~ r f a c e  i n  terms of k 

(3)  A h i g h l y  s e l e c t i v e  enhancement of t h e  motion i n  k , ~  s p a c e  

(4)  A phase  v e l o c i t y  dependence on k ,  w .  ( ~ i s p e r s i o n )  

For t h i s  c a s e ,  u ,  i s  n o t  a  de layed  v e r s i o n  of F ( t )  . Indeed p a t h  a t t r i b u t e s  

h e a v i l y  mask t h e  t r u e  h i s t o r y  of t h e  s o u r c e .  Schemat ica l ly  we can view t h e  e a r t h  

a s  a  h i g h l y  compl ica ted  f i l t e r  t h a t  d e l a y s  and c o l o r s  t h e  s o u r c e .  

I n  summary t h e  e a r t h  i s  a  l i n e a r ,  p a s s i v e ,  t ime i n v a r i a n t ,  r e a l i z a b l e  f i l t e r  

w i t h  t h e  fo l lowing  p r o p e r t i e s  : 

(1) Adding i n p u t s ,  adds o u t p u t s  

(2) Measurements between t h e  s o u r c e  and r e c e i v e r  a r e  coheren t  
( i n  t h e  absence of n o i s e )  

(3) F i l t e r i n g  is  mul t i -d imensional  i n  k ,  w. 

(4)  R e c i p r o c i t y  e x i s t s  between t h e  s o u r c e  and r e c e i v e r .  

(5) When t h e  c o l l e c t i v e  s o u r c e  a t t r i b u t e  i s  g a u s s i a n ,  t h e  o u t p u t  i s  
g a u s s i a n .  

B. The R e p r e s e n t a t i o n  of a  Se i smic  Wave 

We d e f i n e  G(o ) ,  t h e  s p e c t r a l  e s t i m a t e  of our  motion measured a t  a  s t a t i o n a r y  

p o i n t  a s  

G(w) = F.T. { u ( t )  -u( t+nAt)  ) 

I n  l i k e  manner G(k) is  

t ime average  (4 )  

s p a c e  average  (5) 

Arthur D Little. Inc. 



and G(k, w) = F.T.{u(x, t )  *u(x+nhx, t+nht)  1 

spat io- temporal  average 

(F.T. = t he  - Four i e r  - ~ r a n s f o r m )  

(---- = complex conjugate)  

Let  us now r ep re sen t  t h e  a t t r i b u t e s  of an impulse i n  a  non-dispers ive medium 

f o r  t he se  var ious  r e p r e s e n t a t i o n s .  The impulse i s  

u = 6 (kx-wt). 

The r e p r e s e n t a t i o n s  a r e  shown i n  Figure  1. 

C.  Elementary Array Process ing  

Arrays a r e  space  f i l t e r s .  The i r  response H(k) i s  determined by t h e i r  arrange-  

ment i n  space .  For a  uniform d i s t r i b u t i o n  of seismometers about a  p o i n t ,  s e i s -  

mometer summing has  t he  e f f e c t  of low pass  f i l t e r i n g .  Hankel t ransforms apply i n  

t h i s  s imple  case(30) .  The response of a  seven element ,  hexagonal a r r a y  i s  given 
(6) i n  F igure  2 . 

I f  we now combine frequency and s p a t i a l  f i l t e r i n g  we can pass  o r  r e j e c t  ce r -  

t a i n  reg ions  i n  w ,  k  (F igure  3 ) .  For a  gene ra l  d i s cus s ion  of a r r a y s  i n  d e t e c t i o n ,  

s e e  P a r t  Ten. 

D. S i g n a l  Represen ta t ion  

The presumed f e a t u r e s  of t h e  miner ' s  s i g n a l  a r e :  

(1) High apparen t  ve loc i t y ,  c  = w/k l a r g e  

( 2 )  R e p e t i t i v e  coherent  wave le t s  

a )  F ( t )  Impulsive: t h e  frequency of t h e  maximum 

p a r t i c l e  ~ e l o c i t ~ ( ~ ) . y  t o  t h e  r e c i p r o c a l  of t h e  

h a l f  pe r iod  of  t h e  con t ac t  time . 
b; Path i n v a r i a n t  

(3)  P ropo r t i ona t e ly  l a r g e  v e r t i c a l  component 

(P wave and f l a t  l aye r ing )  

( 4 )  A lowering of peak frequency w i th  d i s t a n c e  due t o  

1 )  I n t e r n a l  l a y e r i n g  (32) 

2) I n e l a s t i c  response ,  e s p e c i a l l y  i n  s u r f a c e  a l luvium 

(5)  Quar te r  wave leaky resonance of upper l a y e r  can enhance t he  s i g n a l  
(3) wavelet  a t  d i s c r e t e  f requenc ies  

(8) (6) The s i g n a l  appears  coherent  only over  a  sma l l  a r e a  a t  t h e  s u r f a c e  . 
9.5 Arthur D Little. Inc 



G (k )  = 1 

FIGURE 1 REPRESENTATION OF AN IMPULSE 
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FIGURE 2 K PLANE RESPONSE FOR EQUALLY WEIGHTED 7-SEISMOMETER 
HEXAGONAL ARRAY WITH SEISMOMETER SPACING d 
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FIGURE 3 SPATIAL AND BANDPASS FREQUENCY FILTERING 
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The approximate location of the miner's signal in the U, k plane is 
shown in Figure 4. 

FIGURE 4 LOCATION OF THE MINER'S SIGNAL IN  (w,k) PLANE 
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111. BASE SEISMIC NOISE LEVEL 

A. S t a t i s t i c a l  C lass  
(18) I n  t h e  main,  s e i s m i c  s o u r c e s  have been found t o  b e  random and independent  . 

I n  t h e  absence of  a  conspicuous s o u r c e ,  l imit-in-the-mean theorems app ly  s o  t h a t  t h e  

motion l e v e l  a t  a  p o i n t  h a s  g a u s s i a n  a t t r i b u t e s .  For t h e  c a s e  a t  hand,  t h e r e  i s  

l i t t l e  t o  s u g g e s t  e i t h e r  e x p e r i m e n t a l l y  o r  c o n c e p t u a l l y  t h a t  motions cannot  be  e f f e c -  

t i v e l y  t r e a t e d  a s  g a u s s i a n  v a r i a t e s .  A s  such a l l  t h e  p r o b a b i l i t y  i n f o r m a t i o n  of 

t h e  motion of a  p o i n t  i s  g iven  by i t s  covar iance  o r  i ts  F o u r i e r  t r a n s f o r m  s p e c t r a  

(mean = 0 ) .  The t r e a t m e n t  of s e i s m i c  n o i s e  f i e l d s  f o r  d e t e c t i o n  i s  a  n a t u r a l  

e x t e n s i o n  of t h e  t r e a t m e n t  of  random s c a l a r  p r o c e s s e s .  The s u b j e c t  i s  w e l l  develop- 

e d .  For  our  immediate p u r p o s e s , s p a t i a l  sampling a l lows  us t o  p r e f e r e n t i a l l y  a c c e p t  

e lementa ry  wave components i n  t h e  s i g n a l  r e g i o n .  The e f f e c t i v e n e s s  of a r r a y s  funda- 

menta l ly  r e s t s  on our  p r o p e r  r e c o g n i t i o n  of t h e  p ropaga t ion  a t t r i b u t e s  of t h e  n o i s e  

and s i g n a l  i n  t h e  w , k p l a n e .  

B .  Data  A n a l y s i s  and E s t i m a t i o n  o f  Base Noise Leve l s  of Motion Between 10-100 Hz 

Se i smic  n o i s e  above 10 Hz i s  n o t  a  w e l l  developed t o p i c ,  and t h e  bu lk  of t h e  

open l i t e r a t u r e  t h a t  does e x i s t  r e q u i r e s  some i n t e r p r e t a t i o n  b e f o r e  b e i n g  compared 

t o  periodograms o r  s p e c t r a .  

Approximately 20 y e a r s  ago Wilson conducted a  c a r e f u l  exper iment  i n  England 

t o  d i s c e r n  t h e  o r i g i n s  and n a t u r e  of microseisms o v e r  t h e  band 4-100 Hz. I n  h i s  

exper iments  he  found ground p a r t i c l e  v e l o c i t y  rms n o i s e  l e v e l s  a s  low as 0 . 2  p i p s  i n  

c h a l k  a r e a s  and a s  h i g h  a s  1 p i p s  i n  c l a y  s o i l  a r e a s ,  over  t h e  4-100 Hz passband ,  

i n  t h e  p r e s e n c e  of sys tem n o i s e  of 0 . 1  p i p s .  These l e v e l s  r e p r e s e n t  t h e  r m s  n o i s e  

l e v e l s  remaining a f t e r  s o u r c e s  such a s  v e h i c u l a r  t r a f f i c  , machinery,  a i r c r a f t ,  wind- 

v e g a t i o n ,  r a i n  e t c . ,  were removed. 

More r e c e n t l y  F r a n t t i  r e p o r t e d  s u r f a c e  measurements i n  t h e  band 10-100 Hz. 

H i s  r e s u l t s  a r e  p r e s e n t e d  i n  a  series of  r e p o r t s  (11 ,12 ,13) .  Given i n  F i g u r e  5  a r e  

t h e  smoothed r e s u l t s  of h i s  1965 r e p o r t .  Here w e  have t a k e n  t h e  l i b e r t y  t o  modify 

h i s  o r i g i n a l  p l o t s  by r e s t o r i n g  t h e  measurements t o  t h e  peak-to-peak v a l u e  i n  a 

1 1 3  o c t a v e  band by m u l t i p l y i n g  h i s  s p e c t r a l  v a l u e  by 113  o c t a v e .  T h i s  m u l t i p l i c a -  

t i o n  is c o n s i s t e n t  w i t h  s p e c t r a l  u n i t s .  R e s u l t s  a r e  g iven  i n  t e r m s  of t h e  

upper  and lower q u a r t i l e s  and t h e  median, a s  found a t  some 90 l o c a t i o n s .  He s e l e c t -  

ed  sample d a t a  "dur ing t i m e  p e r i o d s  t h a t  appeared t o  be  f r e e  from obvious ,  l o c a l  

anomalous s o u r c e s  of n o i s e  n e a r  t h e  s i t e  a t  t h e  t i m e  of  r ecord ing1 ' .  A s  such h i s  
l e v e l s  s h o u l d  a l s o  approximate  "base s e i s m i c  l e v e l s .  " 
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Both ÿ rant ti's (1962)and ~ i l s o n ' s  d a t a  show a s t r o n g  t r e n d  towards c l u s t e r i n g  

t h e  s m a l l  l e v e l s  i n  a r e a s  w i t h  a s u r f a c e  geology of rock.  Both no ted  a s i g n i f i -  

c a n t  i n c r e a s e  of l e v e l  w i t h  wind. The upper q u a r t i l e  l e v e l s  of F i g u r e  5 ( a f t e r  

F r a n t t i )  a r e  t a k e n  t o  b e  more s u g g e s t i v e  of t h e  b a s e  l e v e l  f o r  a l l u v i a l  a r e a s .  

Rock a r e a s  i n  t u r n  a r e  more n e a r l y  r e p r e s e n t e d  by t h e  lower q u a r t i l e  l e v e l s .  

Also g iven  i n  F igure  5 a r e  Westinghouse s p e c t r a  t aken  a t  t h e  USBM exper iment-  
(8) i- a 1  mine a t  Bruce ton ,  Pa.  Again we have conver ted  t h e  d a t a  t o  t h e  peak-to-peak 

v a l u e  t o  b e  found i n  1 / 3  o c t a v e  bands ,  by summing t h e  s p e c t r a  o v e r  113  o c t a v e  and 

c o n v e r t i n g  t o  a peak-to-peak e s t i m a t e  by m u l t i p l y i n g  t h e  r m s  v a l u e  by 1 . 7 .  These 

Westinghouse v a l u e s  f a l l  between w rant ti's median and lower q u a r t i l e  v a l u e s  i n  t h e  

range  10-100 Hz. Above 100 Hz we have only  t h i s  Westinghouse da ta* .  For t h i s  r e g i o n  

 rantt ti's e s t i m a t e s  a r e  e x t r a p o l a t e d  beyond 100 Hz u s i n g  t h e  s l o p e  of t h e  Westing- 

house  d a t a  t aken  a t  Bruceton mine above 100 Hz. This  p o r t i o n  of t h e  s p e c t r a  above 

100 Hz must b e  c o n s i d e r e d  q u i t e  s p e c u l a t i v e .  

Also shown i n  F i g u r e  5 a r e  d a t a  t aken  by Bradner  e t  al!16)and Gofor th  (17) 

The Bradner v a l u e s  a r e  t aken  n e a r  t h e  ocean.  Using F r a n t t i ' s  r e g i o n a l  d i s t r i b u -  

t i o n  ( I 3 )  of s e i s m i c  l e v e l s  Bradner ' s  r e s u l t s  appear  low, t h e  e x p l a n a t i o n  probably  

l y i n g  i n  t h e  c a r e  used by Bradner i n  i n s t a l l i n g  t h e  se ismometers .  By c o n t r a s t  

t h e  Gofor th  d a t a  a r e  w e l l  r e p r e s e n t e d  by t h e  F r a n t t i  d a t a .  A s  w i t h  Wilson,  Gofor th  

h a s  p r e s e n t e d  a b a s e  v a l u e .  The upper v a l u e  can b e  a s s o c i a t e d  w i t h  a l o c a l  anomaly 

caused by geothermal  a c t i v i t y  known t o  e x i s t  i n  t h e  a r e a .  Having e s t a b l i s h e d  a 

b a s e  s e i s m i c  l e v e l  and i t s  v a r i a t i o n  under v a r i o u s  c o n d i t i o n s  f o r  a s i n g l e  s u r f a c e  

s e n s o r ,  a judgement must now b e  made as t o  how t h i s  s e i s m i c  energy is  d i s t r i b u t e d  i n  

t h e  LJJ , k p l a n e ,  i n  o r d e r  t o  de te rmine  t h e  b a s e  l e v e l  t h a t  would b e  passed  by a 

s m a l l  a r r a y .  

Very few i n v e s t i g a t o r s  have  cons idered  t h e  s t r u c t u r e  of h i g h  f requency s e i s m i c  

n o i s e  f i e l d s .  Aki 'I8) i n  an e x t r a o r d i n a r i l y  comprehensive paper  on s e i s m i c  n o i s e  

h a s  d e r i v e d  t h e  e s s e n t i a l  t o o l s  f o r  t r e a t i n g  t h e  problem. I n  t h i s  work h e  cons ider -  

ed  t h e  s p a t i a l  a t t r i b u t e s  of an i s o t r o p i c  s e i s m i c  n o i s e  f i e l d .  These concepts  were  

t e s t e d  by s u r f a c e  o b s e r v a t i o n s .  Using on ly  a p a i r  of se ismometers  and n e g l i g i b l e  

computa t iona l  hardware ,  Aki c o n s t r u c t e d  a r e a s o n a b l e  p i c t u r e  of t h e  n o i s e  a t  his 

r e c o r d i n g  s i t e .  He found much of t h e  n o i s e  t o  occur  a s  fundamental  mode s u r f a c e  

waves. I n  t u r n  Akamatu ( I 9 )  consc ious  of t h e  work of Wilson and Aki ,  c o n c e n t r a t e d  

Westinghouse C o n t r a c t  H0210063 w i t h  Bureau o f  Mines. 

* 
The "seismic"  n o i s e  l e v e l s  r e p o r t e d  by Westinghouse p r i o r  t o  t h e  Bruceton mine 

exper iment  a r e  n o t  used t o  e s t i m a t e  t h e  d i s t r i b u t i o n s  i n  s e i s m i c  b a s e  l e v e l  n o i s e ,  
because  t h e  lower  bounds of t h a t  n o i s e  d a t a  were masked by sys tem n o i s e .  
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on t h e  d i s t r i b u t i o n  of s e i s m i c  waves w i t h  v e l o c i t y .  She found t h e  b u l k  of t h e  

n o i s e  conf ined  t o  v e l o c i t i e s  much less t h a n  3,000 f t . / s e c .  Guided by t h e s e  two 

works and t h e  work of P h i l l i p s ( 2 0 )  on s m a l l  sha l low b u r i e d  a r r a y s ,  t h e  conc lus ion  

i s  t h a t  a small a r r a y  w i l l  have l i t t l e  e f f e c t  on baseband n o i s e  i n  sha l low rock  

a r e a s .  I n  c o n t r a s t ,  f o r  a l l u v i a l  a r e a s  d i r e c t  summing of a s m a l l  a p e r t u r e  seismo- 

meter a r r a y  w i l l  d imin i sh  t h e  b a s e  l e v e l  by 6 db o r  more a t  t h e  f r e q u e n c i e s  of 

i n t e r e s t .  

Westinghouse n o i s e  d a t a  t a k e n  a t  t h e  Bruceton mine can b e  used t o  s u g g e s t  t h e  

impact of seismometer b u r i a l  on b a s e  n o i s e .  Given i n  F i g u r e  6 a r e  t h e  motion l e v e l s  

a t  a 23 f t .  dep th  d u r i n g  a s u r f a c e  h igh  n o i s e  c o n d i t i o n .  The r e p o r t e d  v a l u e  a t  t h i s  

dep th  f a l l s  below q u i e t  s u r f a c e  l e v e l s  by 2-12 db.  Also shown a r e  t h e  c o r r e s p o n d i n g .  

h igh  s u r f a c e  n o i s e  l e v e l s ,  and t h e  average  s u r f a c e  n o i s e  l e v e l s  a t  t h a t  s i t e .  

T h e r e f o r e  a combination of sha l low b u r i a l  and t h e  u s e  of a r r a y s  might b e  reason-  

a b l y  expec ted  t o  a t t e n u a t e  b a s e  s e i s m i c  l e v e l s  by 10 db i n  low v e l o c i t y  a l l u v i a l  

a r e a s .  I n  sha l low h a r d  rock a r e a s ,  t h e  a t t e n u a t i o n  w i l l  b e  s u b s t a n t i a l l y  smaller 

i f  o u r  e x p e r i e n c e  i n  t h e  1-10 Hz band remains v a l i d .  Consequently t h e  b a s e  s e i s m i c  

n o i s e  l e v e l  i n  t h e  m i n e r ' s  s i g n a l  band, a f t e r  b u r i a l  and a r r a y  summing, shou ld  be  

reasonab ly  c l o s e  t o  v a l u e s  i n  F r a n t t i  's lower q u a r t i l e  . Futhermore , v a r i a t i o n  

abou t  t h e  median shou ld  b e  s i g n i f i c a n t l y  reduced below t h e  o r i g i n a l  " u n t r e a t e d "  

s u r f a c e  n o i s e  d i s p e r s i o n .  

Es t imated  b a s e  n o i s e  peak-to-peak l e v e l s ,  as s e e n  by 1 1 3  o c t a v e  passbands  

have been p l o t t e d  i n  F i g u r e  7 f o r  sha l low b u r i e d  a r r a y s .  F i g u r e  7 i n d i c a t e s  t h a t  

t h e  upper quar t i l e - to -median  n o i s e  l e v e l s ,  a f t e r  b u r i a l  and a r r a y s ,  shou ld  f a l l  t o  

l e v e l s  between median-to-lower q u a r t i l e  l e v e l s  of F igure  6 f o r  a s i n g l e  s u r f a c e  

se ismometer ,  o v e r  t h e  f requency range approximately  bounded by 40 t o  120 Hz. 

T h i s  i s  t h e  band where most of t h e  miner  g e n e r a t e d  s i g n a l  energy h a s  been found 

t o  d a t e .  F i g u r e  7 a l s o  r e v e a l s  t h e  f l a t t e n i n g  of t h e  F i g u r e  6 n o i s e  spectrum 

o v e r  t h e  10-100 Hz r a n g e ,  and t h e  mo2e r a p i d  r o l l - o f f  above 100 Hz,expected w i t h  

sha l low b u r i e d  a r r a y s .  

The v a l u e s  shown a r e  s e n s i t i v e  t o  bandwidth.  A s  g i v e n ,  they  a r e  d i r e c t l y  

a p p l i c a b l e  on ly  t o  narrow band s i g n a l  d e t e c t i o n .  The curves  a r e  r e a d i l y  a d j u s t e d  

t o  l a r g e r  bandwidths i n  t h e i r  f l a t  a r e a s  by m u l t i p l y i p g  t h e  v a l u e  shown by 

where n is  t h e  number of t h i r d  o c t a v e  bands i n  t h e  d e s i r e d  l a r g e r  bandwidth.  
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A t  low f r equenc i e s ,  seismic s p e c t r a l  l e v e l s  appear t o  be f l a t  wi th  

v e l o c i t y .  A t  h igher  f requenc ies ,  s p e c t r a  tend t o  be f l a t  w i th  a c c e l e r a t i o n .  

S ince ,  a t  very  high f requenc ies ,  t h e  base l e v e l  becoiiies exceedingly sma l l ,  

and system n o i s e  i s  approximately f l a t  wi th  v e l o c i t y ,  (8) we can the re fo re  

expect  t h a t  any measuring system w i l l  eventua l ly  become system-noise-limited, 

i f  t h i s  s p e c t r a l  t rend  cont inues i n  t h e  base  se i smic  no i se .  

The Figures  6 and 7 p l o t s  r ep re sen t  our b e s t  e s t ima te s  based on the  

l i m i t e d  n o i s e  d a t a  a v a i l a b l e  t o  d a t e  i n  t h e  10-100 Hz frequency band of 

i n t e r e s t .  A s  such,  they should s t i l l  be considered s p e c u l a t i v e  base  l e v e l s  

r e q u i r i n g  v e r i f i c a t i o n ,  p a r t i c u l a r l y  f o r  t h e  Eas te rn  coa l  mining reg ions .  

I V .  COMMON NOISE SOURCES 

Having e s t a b l i s h e d  a  base se i smic  n o i s e  through our  system, t h e  impact 

of conspicuous n o i s e  sources  must now be assessed .  Three common sources  of 

se i smic  s u r f a c e  n o i s e  a r e  acous t i c ,  wind ( r a i n ) ,  and f i x e d  l o c a l  machinery. 

Each source  w i l l  be considered i n  t u r n  w i th  a  method of dea l ing  wi th  i t  t o  

main ta in  an o v e r a l l  s e i smic  no i se  va lue  nea r  our base l e v e l .  

A. Acoustic:  P i s ton  A i r c r a f t  

According t o  Wilson, low f l y i n g  a i r c r a f t  a r e  capable  of i nc reas ing  t h e  

se i smic  base  l e v e l  when they c l o s e  t o  w i th in  about 10,000 f t .  I n  t h i s  ca se ,  

t h e  ground d i s tu rbance  sensed by t h e  seismometer should take  t h e  form of an 

air coupled se i smic  s u r f a c e  wave, assuming t h a t  t h e  seismometer i s  s u f f i -  

c i e n t l y  bur ied  t o  p r o t e c t  i t  from t h e  d i r e c t  a i r  wave. Such d i s tu rbances  

occur when t h e  h o r i z o n t a l  phase v e l o c i t y  of t h e  a i r  wave matches t h a t  of 

t h e  se i smic  s u r f a c e  wave i n  t h e  ground. I n  t h i s  s i t u a t i o n ,  l a r g e  motions 

r e s u l t  (Crowley) ( 3 3 )  but  t h e  s t r u c t u r e  of t h e  d i s tu rbance  is  such t h a t  

s imple a r r a y  process ing  should be q u i t e  e f f e c t i v e .  A s  shown i n  Figure 8 ,  

such behavior  occurs  a t  t h e  i n t e r s e c t i o n s  of t h e  v l i n e  with t h e  Rayleigh a  
wave curves (1) and (2 ) .  

The s e n s i t i v i t y  of a s i t e  t o  a i r -coupled d i s tu rbances  i s  b e s t  determined 

by f i r i n g  a sma l l  explos ion  on t h e  s u r f a c e .  Once t h e  wave number, k ,  of t he  

air -coupled term is known, an omnid i rec t iona l  a r r a y  can be cons t ruc ted  t o  

suppress  i t  by something nea r  20 db. A s  a i r c r a f t  approach c l o s e r  t o  t he  

sensor  a t  low l e v e l s ,  a t  a  d i s t a n c e  of say 5,000 f t . ,  t h e  air-coupled wave 

po le  i n  (w, k )  w i l l  s tar t  t o  migra te  towards t h e  s i g n a l  zone. Also,  t h e  

a r r a y  w i l l  cease  t o  suppress  t h e  d i s tu rbance .  A t  a  d i s t a n c e  of say 1,500 f t . ,  

t h e  d i s tu rbance  w i l l  probably start  t o  s a t u r a t e  any system working a t  a  base  

se i smic  l e v e l  i n  a uniformly layered  a r e a  wi th  an a l l u v i a l  s u r f a c e  geology. 
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Locked Modes Region - va = Velocity of Sound in Air 
(horizontal component) 

d = seismometer separation 

k 

Lea kin!, m.muuVQ 

Locked Modes Region 

va = Velocity of Sound in Air 
(horizontal component) 

or 7-element array 

4 Path of Pole Migration for c > va 

(1) Fundamental mode Rayleigh wave 
(2) Higher order mode Rayleigh wave 

FIGURE 8 AIR-COUPLED SURFACE WAVES I N  LAYERED MEDIA 
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O t h e r  s o u r c e s  of a c o u s t i c  n o i s e ,  such  a s  d i e s e l  g e n e r a t o r s ,  can b e  d e a l t  w i t h  

by combinat ions  of se ismometer  b u r i a l  and coheren t  p r o c e s s i n g  a s  d i s c u s s e d  i n  

S e c t i o n  C below. 

B. Wind and Rain  

A s i n g l e  s u r f a c e  se ismometer  i s  s e v e r e l y  a f f e c t e d  by wind and r a i n .  A s  

n o t e d  by Wilson,  F r a n t t i  and Westinghouse o u r  b a s e  n o i s e  l e v e l  can b e  exceeded by 

two o r d e r s  of magnitude d u r i n g  a  m e t e o r o l o g i c a l  d i s t u r b a n c e .  S u r f a c e  a r r a y s  when 

summed i n  t h i s  c o n d i t i o n  s u p p r e s s  t h i s  type  of n o i s e  by no b e t t e r  t h a n  d'%-' . 
T h i s  p r o c e s s i n g  g a i n  i s  t r i v i a l  i n  l i g h t  of  t h e  d e s i r e d  b a s e  l e v e l .  I n  c o n t r a s t  

t o  a r r a y  p r o c e s s i n g ,  b u r i a l  a p p e a r s  t o  b e  ex t remely  e f f e c t i v e .  Westinghouse re -  

p o r t e d  a  6 db a t t e n u a t i o n  by b u r y i n g  t o  on ly  0.5 f t .  and an a t t e n u a t i o n  between 

20-40 db was ach ieved  by 20 f t .  of b u r i a l .  Modest b u r i a l  of a  s i n g l e  s e n s o r ,  o r  

s h a l l o w  b u r i a l  of a  s m a l l  s u b a r r a y ,  should  h o l d  most m e t e o r o l o g i c a l  d i s t u r b a n c e s  

t o  p e r m i s s i b l e  n o i s e  l e v e l s .  

C. F ixed L o c a l  D i s t u r b a n c e s  

Wilson n o t e d  pumps d i s t u r b e d  h i s  b a s e  l e v e l  a t  a  d i s t a n c e  of l e s s  t h a n  

10,000 f t .  Such disturbances a r e  q u i t e  c a p a b l e  of degrading o u r  s i g n a l  zone 

a s  d e p i c t e d  i n  F i g u r e  9 .  Normal a r r a y  p r o c e s s i n g  can b e  e f f e c t i v e  only  f o r  

t h a t  p o r t i o n  of t h e  n o i s e  e x t e r i o r  t o  t h e  s i g n a l  zone. An a l t e r n a t i v e  approach 

f o r  r e j e c t i n g  t h e s e  d i s t u r b a n c e s  i s  o f f e r e d  based on t h e  f a c t  t h a t  t h e  n o i s e  

s o u r c e  a r e a  is c o h e r e n t  w i t h  t h e  d i s t u r b a n c e  sensed  by t h e  s u b a r r a y .  The problem 

is  s c h e m a t i c a l l y  r e p r e s e n t e d  i n  F i g u r e  10 .  

S i n c e  t h e  e a r t h  is  a  l i n e a r  f i l t e r ,  a  measurement i n  t h e  neighborhood of t h e  

s o u r c e  w i l l  b e  comple te ly  c o h e r e n t  w i t h  n '  ( t ) ,  i . e . ,  t h e  u n p r e d i c t a b i l i t y  of t h e  1 
motion n  ( t )  i s  a  s o u r c e  a t t r i b u t e ,  n o t  a  t r a n s m i s s i o n  a t t r i b u t e .  Hence a  

1 
measurement a t  p  of n  ( t )  can remove t h e  n '  ( t )  c o n t r i b u t i o n  s e n s e d  a t  t h e  1 1 1 
s u b a r r a y  l o c a t i o n  p  Following Levinson 2 '  

a  p r e d i c t i v e  f i l t e r  can b e  c o n s t r u c t -  

ed between two p o i n t s  even w i t h  a  minicomputer.  The key t o  t h e  s u c c e s s  of t h i s  

c o h e r e n t  p r o c e s s i n g  i s  t h a t  t h e  dynamic range of  t h e  measur ing sys tem b e  s u f f i c i e n t  

t o  o b t a i n  an  adequa te  r e p r e s e n t a t i o n  of n  ( t ) .  1 
For t h e  b u l k  o f  s t a t i c  s o u r c e s ,  e . g . ,  machinery ,  t h e  r e s u l t i n g  d i s t u r b a n c e  

is narrow band.  I n  t h i s  c a s e  a  s h o r t  p r e d i c t i o n  o p e r a t o r  i s  adequa te .  P r o c e s s i n g  

g a i n s  of 20 db s h o u l d  b e  r e a d i l y  a t t a i n a b l e .  

D. Moving Sources  a t  a  D i s t a n c e  

Moving s e i s m i c  sources ,  e . g . ,  v e h i c l e  t r a f f i c ,  man w a l k i n g ,  d r i l l i n g  e t c . ,  

d i s t u r b  o u r  s i g n a l  band i n  t h e  manner of F i g u r e  9 .  N e i t h e r  s h a l l o w  b u r i a l  n o r  

a r r a y s  o f f e r  much hope of  a  d r a m a t i c  p r o c e s s i n g  g a i n .  For  t h i s  c a s e  t h e  on ly  
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Ray leigh Waves Lowest vs in area 
(locked modes) 

Lowest Velocity for Propagation 
Fundamental Rayleigh Mode 

Nonpropagating Disturbances 
(moving or time dependent loads: near field) 

FIGURE 9 SIGNAL AND NOISE ZONES EXCITED BY 
DISTANT SOURCES IN  LAYERED MEDIA 
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nb ( t )  Base Noise 

Linear Transmission 
P, (Source) 

I 

s(t)  Signal 

h F  = Predictive Operator 1+2 

n1 i t) >> nb( t )  near P, 

Note: F r o m  reciproci ty t he  noise source and observation p o i n t  can be exchanged. Such exchanges w o u l d  

provide a basis f o r  evaluating inelastic effects a t  t he  miner's source. 

FIGURE 10 A REPRESENTATION OF A SINGLE FIXED NOISE SOURCE 
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way t o  e n s u r e  a S/N g a i n  i s  t o  move t h e  d e t e c t o r  c l o s e r  t o  t h e  s o u r c e  and away 

from t h e  n o i s e .  A s  a  r u l e  of thumb t h e  n o i s e  of a  s u r f a c e  n o i s e  s o u r c e  g i v e s  r i s e  

t o  a  s i g n a l  below t h e  s u r f a c e  t h a t  i s  t w i c e  t h a t  of a  p o i n t  b u r i e d  s o u r c e .  Hence 

f o r  a  d e t e c t a b l e  s i g n a l  ( 3  = S /S ) i n  t h e  f a r  f i e l d  f o r  a  common p a t h  m a t e r i a l  
m n  

we have:  

6 (</R,) /  in/^,) = 3 ,  (8) 

i . e . ,  a  c o n c e n t r a t e d  n o i s e  s o u r c e  a t  t h e  s u r f a c e ,  F  ,mus t  b e  removed a  d i s t a n c e  
n  

e q u a l  t o  6 d e t e c t o r  d i s t a n c e s  i n  o r d e r  t o  d e t e c t  a  miner source ,  F of t h e  same 
m' 

s t r e n g t h ,  a l l  e l s e  b e i n g  e q u a l .  

For t h e  purpose  of t h i s  d i s c u s s i o n  we have ignored  t h e  p o s s i b i l i t y  of a  s i g -  

n a l  s e p a r a t i o n  i n  f requency due t o  t h e  s o u r c e  c h a r a c t e r ,  t h e  l o s s e s  normal ly  met 

i n  t h e  s u r f a c e  l a y e r  caused by i n t e r n a l  r e f l e c t i o n s ,  and i n e l a s t i c i t y .  Our con- 

c l u s i o n  s h o u l d  b e  on t h e  c o n s e r v a t i v e  s i d e  f o r  a  deeply  b u r i e d  d e t e c t o r .  C l e a r l y ,  

a s  t h e  d e t e c t o r  e n t e r s  t h e  n e a r  f i e l d  of t h e  s o u r c s  a l a r g e  enhancement i n  t h e  
-3 

miner ' s  s i g n a l  occurs  s i n c e  wave l o s s e s  i n  t h i s  r e g i o n  vary  a s  R . 
E. Int ra-mine Sources  

Int ra-mine d i s t u r b a n c e s  w i l l  produce s i g n a l s  i n  t h e  miner ' s  s i g n a l  zone; hence 

an a r r a y  p r o c e s s o r  w i l l  t e n d  t o  p a s s  them. The impact of "hard" n o i s e  s o u r c e s  such 

a s  t h e s e  and s e i s m i c  d i s t u r b a n c e s  caused by deep d r i l l i n g  a r e  d i f f i c u l t  t o  a s s e s s .  

For a  comparable s o u r c e  s t r e n g t h ,  t h e s e  s o u r c e s  shou ld  b e  removed from t h e  a r r a y  

a t  l e a s t  t h r e e  (3) t imes  t h e  d i s t a n c e  o f  t h e  miner i n  o r d e r  n o t  t o  i n t e r f e r e  w i t h  

d e t e c t i o n .  I n  t h e  e v e n t  t h a t  t h e s e  n o i s e  s o u r c e s  a r e  s u b s t a n t i a l l y  c l o s e r ,  t h e  

b a s e  n o i s e  l e v e l s  sugges ted  h e r e  cannot  b e  main ta ined .  Tab le  2 i s  sugges ted  a s  a  

gu ide  f o r  c o n t r o l l i n g  n o i s e  s o u r c e s  t o  h o l d  s e i s m i c  l e v e l s  n e a r  t h e  b a s e  v a l u e s  

o f  F i g u r e  7 .  
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TABLE 2 

SEPARATION GUIDELINES FOR DEALING WITH MAN-MADE NOISE SOURCES* 

Type 

Light  Vehicular  

P i s ton  A i r c r a f t  

Lone Trees  and 
Telephone Poles  
(heavy wind condi t ion)  

D r i l l i n g  

Man Walking 

Machinery (heavy) 

Intra-Mine Sources 

(miner equ iva l en t )  

Dis tance Detec tor  

10,000 f t .  

5,000 f t .  

20,000 f t .  

5,000 f t .  

400 f t .  

150 f t  

7,500 f t .  

5,000 f t .  

1,000 f t .  

500 f t .  

10,000 f t .  

2,000 f t .  

3,000 f t .  

3,000 f t .  

S ing l e  Phone 

Buried Array 

S ing l e  Phone 

Buried Array 

S ing l e  Phone 

Buried Array 

S ing le  Phone 

Buried Array 

S ing le  Phone 

Burr ied Array 

S ing l e  Phone 

Coherent Process ing  

S ing l e  Phone 

Buried Array 

* The d e t e c t o r  scheme and n o i s e  source-de tec tor  s e p a r a t i o n  d i s -  
t ances  shown a r e  those  which should be s u f f i c i e n t  t o  keep t h e  
d i s t u rbance  of t h e  a s s o c i a t e d  n o i s e  source w i t h i n  t h e  "base" 
n o i s e  l e v e l s  d i scussed  i n  Chapter I11 of  t h i s  P a r t .  These 
g u i d e l i n e s  should be considered bo th  s p e c u l a t i v e  and conse rva t i ve .  
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V. H I G H  FREQUENCY LOW LEVEL SEISMIC NOISE 

The measurement of h igh  frequency low l e v e l  s e i smic  d i s t u rbances  w i l l  probably 

always b e  e v e n t u a l l y  l i m i t e d  by system n o i s e  due t o  t h e  i n h e r e n t  p r o p e r t i e s  o f  a  

seismometer (25) , i t s  coupl ing t o  t h e  ground(7) ,  and t h e  l o s s y  c h a r a c t e r  of t h e  

ground(2) .  The problem is  dep i c t ed  i n  F igure  11. 

(1)  The f r e e  pe r iod  of t h e  seismometer,  f  (4-20 Hz),  depending on 
a  

cho ice  of seismometer.  

(2) The cu to f f  frequency of t h e  seismometer due t o  

ground coupl ing  (100-300 Hz). 

(3)  The cu to f f  f requency due t o  t h e  seismometer c o i l  induc tance  (10-70 x f  ) a 
(4) P a r a s i t i c  responses  of t h e  sesimometer (50-100 x f  ) a 

Here i t  is  assumed t h a t  t h e  seismometer i s  b u r i e d  a t  l e a s t  t o  a  depth s u f f i c i e n t  

t o  suppress  d i r e c t  f o r c e s  on i t s  ca se  by o t h e r  than  e a r t h  motion, i . e . ,  r a i n  d rops ,  

wind l oad ing ,  a c o u s t i c .  A depth of b u r i a l  i n  t h e  range of a  few f e e t  should  s u f f i c e .  

For t h e  problem a t  hand t h e  need t o  t r e a t  e v e r  h i g h e r  f requenc ies  i s  even tua l l y  

l i m i t e d  by t h e  expected performance/cost  r a t i o  of t h e  system. It i s  w e l l  known t h a t  

t h e  impact of h o r i z o n t a l  l a y e r s  on h i g h l y  i n c i d e n t  s e i smic  waves i s  b a s i c a l l y  t h a t  

of a  low-pass f i l t e r .  This  l o s s  and l o s s e s  due t o  i n e l a s t i c  p r o p e r t i e s  of a  r e a l  

e a r t h  s e r v e  t o  f o r c e  us t o  cons ide r  "low frequency" s i g n a l s  even f o r  impuls ive  

sou rce s  a t  d i s t a n c e s  of say  1000 f t .  Also a s  we a r e  fo rced  t o  cons ider  f r equenc i e s  

s u b s t a n t i a l l y  h i g h e r  than  100 Hz, uniform, hard  coupl ing of t h e  seismometers t o  

t h e  e a r t h  becomes eve r  more d i f f i c u l t .  I n  a d d i t i o n ,  d a t a  r a t e s  rise, and t h e  

u s e f u l  dynamic range of any measuring s y s  tem is i n v a r i a b l y  bandwidth-limited . 
Comparing t h e  reduced expec t a t i ons  f o r  s i g n a l s  sugges ted  by t h e  p r e s e n t  observa- 

t i o n s  and t h e  p e n a l t i e s  i n c u r r e d ,  i t  i s  recommended t h a t  t h e  upper frequency of 

a miner ' s  rescue  system be  no more than  250 Hz. 

V I .  OPTIMUM ARRAY PROCESSING 

The v a l u e  of optimum a r r a y  process ing  i n  a  gene ra l  s ense  cannot b e  now a s se s s -  

ed.  However s e v e r a l  f a c t o r s  m i t i g a t e  a g a i n s t  normal optimum p roces s ing .  

(1) The computat ional  burden exceeds t h e  l i m i t e d  capac i t y  

of a  f i e ld -dep loyable  system. 

(2) The t ime r equ i r ed  t o  determine t h e  covar iance  m a t r i x  e s t i m a t e s  of t h e  

n o i s e  f i e l d  appear  exces s ive .  

( 3 )  The n a t u r e  of  t h e  n o i s e  f i e l d  be ing  of  man-made o r i g i n  should e x h i b i t  

s t r o n g  non-s ta t ionary  p r o p e r t i e s .  

(4)  The s i g n a l  c h a r a c t e r  over  t h e  sub-array is  n o t  w e l l  known i n  advance. 
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Thermal Noise 

Frequency 

fa = Free period of seismometer fa 2, (4-20)Hz depending on choice 
of seismometer 

fb = Cutoff frequency due to ground coupling, 100-300 Hz 

f, = Cutoff due to coil inductance, 2, 50 x fa 

dl ,d2 = Parasitic responses of seismometer, 2. (40-50) x fa 

FIGURE 11 THE PROBLEM OF HIGH FREQUENCY, LOW LEVEL MEASUREMENTS 
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V I I .  NARROWBAND DETECTION 

A s  s t a t e d  by G r e e n f i e l d  i n  P a r t  Ten, bandpass f i l t e r i n g  can improve t h e  

s i g n a l  t o  n o i s e  r a t i o  when t h e  major  e n e r g i e s  of s i g n a l  and n o i s e  are s e p a r a t e d  

i n  f requency .  S i n c e  t h e  response  of a l a y e r e d  e a r t h  i s  s e n s i t i v e  t o  t h e  depth  of 

t h e  s o u r c e ,  we can  a n t i c i p a t e  on s e i s m i c  grounds t h a t  t h e  s p e c t r a l  c o n t e n t  of t h e  

m i n e r ' s  s i g n a l ( 3 )  w i l l  d i f f e r  markedly from t h e  n o i s e  l e v e l  s p e c t r a  caused by s u r -  

f a c e  s o u r c e s  (36) .  For  example t h e  Westinghouse d a t a  from t h e  Geneva mine ( F i e l d  

Rept.  2 )  e x h i b i t  a  s i g n a l  t o  n o i s e  (SIN)  r a t i o  v a r i a t i o n  as a  f u n c t i o n  of f r equency  

which shows maxima n e a r  45 and 150 Hz. Fur thermore ,  t h e  r a t i o  i s  q u i t e  v a r i a b l e  

o v e r  t h e  sys tem passband;  i . e . ,  t h e r e  i s  a l a r g e  s e p a r a t i o n  of s i g n a l  and n o i s e  i n  

f r equency .  

Based on t h e  above r e s u l t ,  some form of narrow band envelope d e t e c t i o n  s h o u l d  

b e  e x p l o r e d  as a  p o t e n t i a l l y  v a l u a b l e  t e c h n i q u e .  As e n v i s i o n e d  i n  t h i s  t e c h n i q u e ,  

d a t a  from each  s u b a r r a y  would c o n c e p t u a l l y  b e  f i l t e r e d  through something l i k e  1 1 3  

o c t a v e  bands .  Each e lementa ry  band would t h e n  b e  normal ized ,  r e c t i f i e d ,  and low 

p a s s e d  w i t h  a f i l t e r  hav ing  a t ime  c o n s t a n t  somewhat s h o r t e r  t h a n  t h e  d u r a t i o n  

of  t h e  m i n e r ' s  s i g n a l .  The r e s u l t i n g  l e v e l s  would t h e n  b e  passed  t o  a v a r i a b l e  

d e n s i t y ,  area o r  e v e n t ,  d i s p l a y  t o  g e n e r a t e  exceedence p a t t e r n s .  The s t a t i s t i c s  

f o r  t h i s  k i n d  of narrow band s i g n a l  enve lope  d e t e c t i o n  p r o c e s s i n g  are w e l l  known. (35) 

For t h e  miner  d e t e c t i o n  problem, c o i n c i d e n c e  of t h r e s h o l d  exceedences  can 

b e  looked f o r  between s u b a r r a y s ,  Fur thermore ,  t h e  r e p e t i t i v e  c h a r a c t e r i s t i c  of  

t h e  m i n e r ' s  s i g n a l  can s e r v e  as t h e  f i n a l  b a s i s  f o r  r e j e c t i n g  f a l s e  a l a r m s .  It  

is  recommended t h a t  t h e  p o t e n t i a l  of narrow band f i l t e r i n g  and enve lope  d e t e c t i o n  

b e  c o n s i d e r e d  u s i n g  t h e  e x i s t i n g  d a t a  b a s e .  C l e a r l y ,  i t s  v a l u e  s h o u l d  b e  compared 

w i t h  o t h e r  d e t e c t i o n  schemes t h a t  are s i m p l e ,  w e l l  known, and e a s i l y  automated.  

Arthur D Little. lnc. 
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