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PART EIGHT 

EARTH MODELS 

Ar thur  D. L i t t l e ,  I nc .  

I. INTRODUCTION 

The ques t i on  of e a r t h  models has  r epea t ed ly  a r i s e n  i n  our  work. An 

accu ra t e  r e p r e s e n t a t i o n  of t h e  se i smic  p r o p e r t i e s  i s  r equ i r ed  f o r  t h r e e  

reasons : 

1. To b e  a b l e  t o  determine from a  s e t  of rece ived  a r r i v a l  t imes ,  t h e  

l o c a t i o n  of a  s e i smic  sou rce  i n  t h e  e a r t h ,  and secondly t h e  degree of 

accuracy r equ i r ed  i n  t h e  model used f o r  c a l c u l a t i n g  sou rce  l o c a t i o n  

from t h e  s e t  of a r r i v a l  t ime d i f f e r e n c e s .  

2 .  To b e  a b l e  t o  determine t h e  expected a r r i v a l  t imes a t  an a r r a y  of 

g e o p h ~ n e s  produced i n  response t o  a  h y p o t h e t i c a l  source  i n  t h e  

e a r t h .  

3. To b e  a b l e  t o  e s t i m a t e  rece ived  s i g n a l  s t r e n g t h s  more a c c u r a t e l y .  

The work r epo r t ed  h e r e  on e a r t h  models i s  based on in format ion  from sever -  

a l  consu l t an t s  and from o t h e r s  who expressed  an i n t e r e s t  i n  t h e  problem and 

supp l i ed  in format ion  t o  u s .  

11. COAL MINE GEOLOGY 

On one of ou r  e a r l i e r  assignments f o r  t h e  Bureau of Mines, Ea r th  Sc ience  

Research Inc .  of Cambridge, Massachuset ts  prepared f o r  us a  s h o r t  d e s c r i p t i o n  of 

t h e  l i t h o l o g y  t o  b e  expected a t  c o a l  mine si tes.  This  d e s c r i p t i o n  fo l l ows ,  to-  

g e t h e r  w i t h  t h e  ranges of compressional s e i smic  v e l o c i t i e s  ( ~ i g u r e  I*) a s s o c i a t e d  

w i th  t y p i c a l  m a t e r i a l s  comprising t h e  l aye red  s t r u c t u r e  of a  c o a l  mine a r ea .  

Coal i s  p r i m a r i l y  a s s o c i a t e d  wi th  f r e s h  wa te r  sediments i nc lud ing  s ands tones ,  

s h a l e s ,  and c l a y s ,  and occas iona l l y  may b e  metamorphased t o  vary ing  degrees .  

I n  t h e  Appalachian Basin t h e  c o a l  beds occur  w i t h i n  c y c l i c a l  sequences of 

non-marine s h a l e s ,  sands t ones ,  conglomerates ,  l i m e s  t ones ,  and c l a y s .  The beds 

range i n  t h i cknes s  from a  few inches  t o  60 f e e t ,  averaging between 2 f e e t  and 

10 f e e t .  They have gene ra l l y  broad a r e a l  e x t e n t ,  occas iona l l y  up t o  5,000 

squa re  m i l e s ,  and have an o v e r a l l  t a b u l a r  o r  l e n s - l i k e  shape.  Within a  p a r t i c u l a r  

l e n s ,  l o c a l  changes i n  t h i cknes s  a r e  normal. 

* References t o  F igu re s ,  Tables ,  and Equations apply t o  t hose  i n  t h i s  P a r t  
un l e s s  o therwise  noted.  
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Coal beds t y p i c a l l y  con t a in  t h i n  bands of c l a y ,  s h a l e ,  f i n e  gra ined  

o r  nodula r  p y r i t e ,  ma rcas i t e ,  and s i d e r i t e .  Graphi te  i s  a l s o  p r eva l en t  

w i th  t h e  con t en t  depending on t h e  degree  of metamorphism. I n  t h e  s t e e p l y  

fo lded  rocks  of t h e  a n t h r a c i t e  r eg ion  i n  no r the rn  Pennsylvania ,  which have 

undergone dynamic metamorphism, t h e  g r a p h i t e  con t en t  i s  above average.  

Cyclothems a r e  c y c l i c a l  sequence d e p o s i t s  which r e p e a t  i n  success ion  

throughout t h e  geo log ic  column of a  c o a l  ba s in .  When i d e a l l y  developed, 

a  t y p i c a l  cyclothem, s t a r t i n g  w i th  t h e  o l d e s t  beds ,  i s  a s  fo l l ows :  

1. Fine  gra ined  micaceous sandstone and s i l t s t o n e  grad ing  i n t o  

conglomerate vary ing  from t h i n  t o  massive bedded, i n  which 

occas iona l  p l a n t s  a r e  found. 

2. Grey sandy s h a l e  which o f t e n  con t a in s  i r o n s t o n e  conc re t i ons .  

3 .  Fresh wate r  l imes tone  occu r r i ng  a s  nodules  o r  d i scont inuous  

beds.  

4. An underclay,  medium o r  l i g h t  grey i n  c o l o r  and somewhat 

ca lcareous .  

5. Coal seam. 

6. Grey s h a l e  wi th  p y r i t i c  nodules  and i r o n s t o n e  conc re t i ons  

towards t h e  base.  F o s s i l s  are r a r e .  

7. Marine l imes tone .  

8. Black laminated s h a l e  wi th  l a r g e  conc re t i ons  and o f t e n  

f o s s i l i f e r o u s .  

9 .  Marine l imes tone  w i th  f o s s i l s .  

10. Grey sandy s h a l e  o r  s h a l y  sands tone  o f t e n  grad ing  i n t o  

conglomerates.  The s h a l e s  may have f o s s i l s  and sometimes 

i r ons tone  conc re t i ons .  

P a r t  o r  a l l  of t h i s  sequence may be repea ted  many t imes i n  t h e  c o a l  s e r i e s .  
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J .  Powell  of t h e  U.S. Bureau of Mines has  conducted an i n v e s t i g a t i o n  of c o a l  

mine geology f o r  t h i s  p r e s e n t  i n v e s t i g a t i o n .  U t i l i z i n g  d a t a  ob ta ined  from 

References  ( I ) ,  ( 2 ) ,  and (3) and in format ion  supp l i ed  by M r .  George Smith, a 

g e o l o g i s t  w i t h  U.S. S t e e l ,  Powell  concludes: 

Geologic s t r a t a  a r e  u sua l l y  h o r i z o n t a l ,  a s l o p e  of 100 f e e t  pe r  mi le  

would be unusual ly  l a rge .  

Although t h e  s t r a t a  a r e  h o r i z o n t a l ,  they o f t e n  pinch ou t  o r  grade i n t o  

d i f f e r e n t  rock types .  

The ou ts tanding  example of t h i s  pinch-out would be sand and g r a v e l  

d e p o s i t s  l a i d  down i n  s t ream beds.  I n  c ro s s  s e c t i o n ,  a bed may be 

t ens  of f e e t  t h i c k  i n  one s p o t  and have disappeared completely a few 

hundred f e e t  away a s  shown i n  F igure  2. 

Geologic c r o s s  s e c t i o n s  keep t h e i r  gene ra l  c h a r a c t e r i s t i c s  f o r  d i s -  

t ances  of s e v e r a l  m i l e s .  For example, i f  most of t h e  overburden a t  

p o i n t  A is l imes tone ,  most of t h e  overburden a t  a p o i n t  2 m i l e s  e a s t  of 

A w i l l  probably be l imes tone .  

Geologic s e c t i o n s  can change. cons iderab ly  ove r  a d i s t a n c e  of t e n  mi l e s .  

To cont inue  t h e  above example, t h e  overburden a t  a p o i n t  10 m i l e s  e a s t  

of A could w e l l  b e  s h a l e .  

Items 4 and 5 above i n d i c a t e  t h a t  f o r  many mines ( i  . e .  , t hose  which 

could b e  conta ined  w i t h i n  a squa re  a few mi les  on a s i d e )  t h e r e  e x i s t s  

much common geology. 

I n  Pennsylvania  and no r the rn  West V i r g i n i a ,  t h e r e  i s  l i t t l e  f a u l t i n g .  

A s  one goes sou th  f a u l t i n g  becomes more common. I n  wes te rn  Kentucky 

f a u l t s  w i th  v e r t i c a l  displacements  of t e n s  of f e e t  a r e  n o t  unusual .  

Coal i s  one of t h e  most p e r s i s t e n t  beds ;  t h a t  i s ,  i n  g e n e r a l  a c o a l  

bed w i l l  con t inue  f o r  g r e a t e r  d i s t a n c e s  than  o t h e r  rock beds.  

Arthur D Little, Inc 



Arthur D Little Inc 



From t h e s e  d a t a  and d e s c r i p t i o n s  some genera l  comments can be made. 

Seismic compressional v e l o c i t i e s  i n  t h e  r eg ions  of t h e  e a r t h  through which 

a  miner ' s  s i g n a l  must t r a v e l ,  from t h e  mine t unne l  a r e a  t o  t h e  s u r f a c e ,  w i l l  

range from t h a t  of l imes tone  ( a s  h igh  as 14,000 f e e t  p e r  second) t o  t h a t  of 

t h e  weathered l a y e r  ( a s  low a s  500 f e e t  pe r  second) .  I t  w i l l  g ene ra l l y  be 

t r u e  t h a t  t h e  h ighe r  v e l o c i t i e s  w i l l  be encountered a t  t h e  g r e a t e r  dep ths  

and t h e  lower v e l o c i t i e s  nea r  t h e  s u r f a c e .  The extreme range of compres- 

s i o n a l  v e l o c i t i e s  encountered sugges t s  t h a t  a ccu ra t e  knowledge of t h e  

v e l o c i t y  p r o f i l e  i n  t h e  r eg ion  under which t h e  miner is t rapped may be  

r equ i r ed  i n  o rde r  t o  perform a c c u r a t e  l o c a t i o n  c a l c u l a t i o n s  based on a r r i v a l  

t i m e  d i f f e r e n c e s .  

111. BASIC SEISMIC DATA REQUIRED 

I f  t h e  a r r i v a l  t imes a r e  p e r f e c t l y  ob t a ined ,  then  t h e  accuracy of t h e  

l o c a t i o n  i s  dependent on t h e  accuracy of t h e  model used t o  r e p r e s e n t  t h e  

e a r t h  i n  t h e  computation of l o c a t i o n .  Elsewhere i n  t h i s  Volume, Crosson 

and P e t e r s ,  and Powell ,  t r e a t  t h e  e f f e c t  of model e r r o r s  on l o c a t i o n  e r r o r s .  

These ana ly se s  compare h y p o t h e t i c a l  l a t e r a l l y  homogeneous, h o r i z o n t a l l y  

l aye red  e a r t h s  r ep re sen t ed  by s i m i l a r l y  l ayered  models o r  cont inuous models 

where t h e  s e i smic  v e l o c i t y  i n c r e a s e s  l i n e a r l y  wi th  dep th ,  and homogeneous 

ha l f - spaces .  These two s t u d i e s  show t h a t  t h e  l o c a t i o n  e r r o r s  t h a t  can be 

ass igned  t o  model e r r o r s  of t h i s  c l a s s  a r e  much less than  t h e  e r r o r s  expe- 

r i enced  wi th  t h e  p r e sen t  s e i smic  l o c a t i o n  system. This sugges t s  s e v e r a l  

p o s s i b i l i t i e s  : 

1. Hor i zon t a l l y  l aye red  e a r t h  models may be inadequate  t o  

r e p r e s e n t  t h e  r e a l  e a r t h .  

2 .  Gross t iming e r r o r s  may have been in t roduced  by t h e  system 

in s t rumen ta t i on  and/or  by ope ra to r  m i s i n t e r p r e t a t i o n  of t h e  

s e i smic  record ings .  

3 .  The depth of t h e  weathered l a y e r s  under t h e  r e c e i v i n g  geo- 

phones may n o t  be  p rope r ly  taken i n t o  account wi th  t h e  

p r e sen t  sys  tern. 

4 .  Source cavity-produced e r r o r s  may be  p r e s e n t  and unaccounted 

f o r .  

5. Survey e r r o r s  may have been l a r g e .  
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We a r e  concerned he re  on ly  w i th  t h e  p o s s i b l e  inadequac ies  of t h e  e a r t h  

models used t o  d a t e .  It i s  no t  p o s s i b l e  t o  s ay  a t  p r e s e n t  what e f f e c t s  g ro s s  

model e r r o r s  have,  because t h e  se i smic  p r o p e r t i e s  of t h e  r e a l  e a r t h  over  coa l  

mines a r e  n o t  adequately  known. This  l a c k  of knowledge emphasizes t he  need 

f o r  comprehensive se i smic  surveys a t  a  few e a s t e r n  c o a l  mine s i t e s . *  These 

comprehensive t e s t s  would r e v e a l  what p r o p e r t i e s  of t h e  r e a l  e a r t h  need t o  

be included i n  t h e  model, i n  o rde r  t o  make t h e  model e r r o r s  smal l  enough t o  

reach  t h e  d e s i r e d  l o c a t i o n  accuracy.  The survey t e s t s  a r e  o u t l i n e d  elsewhere 

i n  t h i s  r e p o r t  bu t  would i nc lude :  

Sur face  r e f r a c t i o n  surveys configured t o  y i e l d  l a y e r  d a t a  t o  
a t  l e a s t  t h e  working dep th  of t h e  mine. 

High r e s o l u t i o n  v e r t i c a l  r e f l e c t i o n  surveys t o  s u b s t a n t i a t e  t h e  
r e f r a c t i o n  survey and/or  i d e n t i f y  s p a t i a l l y  va ry ing  l a y e r  p r o p e r t i e s .  

Core h o l e s  wi th  geo log i ca l  logging.  

Core h o l e  t o  co re  h o l e  v e l o c i t y  measurements t o  s u b s t a n t i a t e  
l a r g e r  v e l o c i t y  p r o p e r t i e s .  

A r r i v a l  time p l o t s  from mine l oca t ed  impuls ive sources  as an 
a d d i t i o n a l  conf i rmat ion  of se i smic  p r o p e r t i e s .  

P r e c i s e  measurement of weathered l aye red  t h i cknes s  a t  seismom- 
e t e r  p o s i t i o n s .  

One of t h e  o b j e c t i v e s  of t h i s  comprehensive se i smic  survey i s  t o  e s t a b l i s h  

i f  a  s u r f a c e  s e i smic  survey can provide adequate  d e t a i l  f o r  t h e  p r e p a r a t i o n  of 

a  s u f f i c i e n t l y  a c c u r a t e  e a r t h  model f o r  l o c a t i o n  computation purposes .  Our 

d i s cus s ions  wi th  persons exper ienced i n  s u r f a c e  r e f r a c t i o n  surveys ( 4 )  i n d i c a t e s  

t h a t  a  c a r e f u l  r e f r a c t i o n  survey done by an experienced survey team can i d e n t i f y  

w e l l  def ined  l a y e r  boundaries  t o  w i t h i n  a  few f e e t  t o  dep ths  n e a r  a  thousand 

f e e t ,  and t h a t  se i smic  v e l o c i t i e s  can be measured t o  w i t h i n  a  few pe rcen t .  

The work of Crosson and P e t e r s  i n d i c a t e s  t h e  degree  of l o c a t i o n  accuracy t h a t  

would r e s u l t  f o r  models of t h i s  accuracy.  I n  a d d i t i o n  t o  under tak ing  conven- 

t i o n a l  r e f r a c t i o n  surveys ,  i t  may be d e s i r a b l e  t o  cons ider  t h e  technique of 

Donath and K U O ( ~ )  as d i scussed  below. 

The method of r e f r a c t i o n  surveys  f o r  determining t h e  s e i smic  v e l o c i t y  

s t r u c t u r e  of t h e  e a r t h ,  which i s  based on f i t t i n g  s t r a i g h t  l i n e s  through s e t s  

of p o i n t s  on a d i s t a n c e  ve r sus  a r r i v a l  t i m e  p l o t ,  i s  geared t o  t h e  s p e c i f i c a t i o n  

of p lane  l aye red  models of t h e  e a r t h .  It w i l l  n o t  p i c k  up f e a t u r e s  such a s  

vary ing  l a y e r  t h i cknes se s  o r  f r a c t u r e s .  However, i t  i s  p o s s i b l e  t o  i n t e r p r e t  

r e f r a c t i o n  survey d a t a  i n  a more s o p h i s t i c a t e d  manner t o  r e f l e c t ,  i f  a p p r o p r i a t e ,  

* See Appendix A. 
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t h e  complex n a t u r e  of t h e  underlying s t r u c t u r e .  The cons t ruc t ion  of wave- 

f r o n t  diagrams (Donath and Kuo) enables  observed t ravel- t ime curves t o  be 

f i t t e d  we l l  when d i s c o n t i n u i t i e s  o r  t i l ts  i n  t he  topography a r e  p re sen t .  

This type of i n t e r p r e t a t i o n  of r e f r a c t i o n  d a t a  can be accomplished by a  

computer program implementable on a minicomputer. 

It should be  noted t h a t  r e f r a c t i o n  methods do no t  always g ive  a  unique 

s o l u t i o n  and t h a t  t h e i r  i n t e r p r e t a t i o n  depends on knowledge of t h e  genera l  

geo log ica l  environment a s  w e l l  a s  on geometr ical  s o l u t i o n  of t he  t rave l - t ime 

curves.  The accuracy with which v e l o c i t y  models can be determined i n  Eas te rn  

c o a l  mining r eg ions ,  and t h e  need f o r  t he  wavefront,  a s  aga ins t  t he  s t r a i g h t f o r -  

ward, methods of i n t e r p r e t a t i o n  of r e f r a c t i o n  surveys i n  t hese  a r e a s ,  a r e  mat te rs  

u l t ima te ly  t o  be reso lved  by con t ro l l ed  f i e l d  measurements. It can be es t imated  

however, t h a t  v e l o c i t y  models should be  measurable t o  w i th in  a  few percent .  

The conduct of t h e  comprehensive se i smic  survey and t h e  a n a l y s i s  of t h e  

d a t a  obta ined  should provide answers t o  a  number of ques t ions  t h a t  have been 

r a i s e d .  Among t h e s e  ques t ions  a r e :  Are e a r t h  p r o p e r t i e s  o t h e r  than h o r i z o n t a l  

l aye r ing  of importance t o  l oca t ion?  Is t h e r e  any v e l o c i t y  an iso t ropy  of i m -  

portance? What ranges do t h e  v e l o c i t y  p r o f i l e s  occupy? Can a  s imple e a r t h  

model s u f f i c e  f o r  most mines? Is a s imple su r f ace  survey adequate t o  c h a r a c t e r i z e  

t h e  underlying region? 

I V .  A?? INTERIM EARTH MODEL 

Based on a v a i l a b l e  information,  and recognizing t h e  unce r t a in ty  of impor- 

t a n t  d a t a ,  Powell has  developed a se ismic  e a r t h  model which can be expected t o  

be t y p i c a l  of e a s t e r n  s o f t  c o a l  reg ions .  The model i s  no t  intended t o  be one 

f o r  use  i n  t h e  l o c a t i o n  of miners a t  a mine d i s a s t e r ,  but  is  r a t h e r  one 

which can be  used t o  determine t h e  behavior  of a r r i v a l  t imes f o r  h y p o t h e t i c a l  

source l o c a t i o n s  i n  an e a r t h  t h a t  has t h e  s t r u c t u r e  of t h e  model. From such 

sets of a r r i v a l  t i m e s  t h e  accuracy of va r ious  loca t ion  e a r t h  models can be  

e s t a b l i s h e d ,  and a  grasp of how accu ra t e ly  the  l o c a t i o n  e a r t h  model must approach 

t h e  r e a l  e a r t h  can be  obta ined .  A s  such we consider  t h i s  model t o  be an i n t e r i m  

one, which can b e  used f o r  t h e o r e t i c a l  ana lyses  of l oca t ion  e a r t h  model perform- 

ance,  and can be  va r i ed  t o  determine the  s e n s i t i v i t y  of a l t e r n a t i v e  l o c a t i o n  

e a r t h  models. The model, which i s  composed of l a t e r a l l y  homogeneous ho r i zon ta l  

l a y e r s ,  is described i n  Table 1. Crosson and Pe ters ,  i n  P a r t  Three of t h i s  Volume, 

use  e a r t h  models based on t h i s  i n t e r im  model, bu t  s imp l i f i ed  t o  cases  of 2 and 

4 l a y e r s  and t h e  case  of a  continuous v e l o c i t y  v a r i a t i o n .  
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TABLE 1 

INTERIM EARTH TIODEL 

Layer  
number 

S u r f a c e  

Layer  Layer 
t h i c k n e s s  v e l o c i t y  
( f t )  ( f  t / s e e )  

V .  CONCLUSIONS 

A comprehensive s e i s m i c  su rvey  a t  a number of c o a l  mine s i t e s  i s  recom- 

mended a s  a means of o b t a i n i n g  d a t a  t o  t h e  accuracy  n e c e s s a r y  f o r  f u r t h e r  miner  

l o c a t i o n ,  e a r t h  model development,  i n c l u d i n g  a comparison of a l t e r n a t i v e  models. 

An i n t e r i m  s e i s m i c  v e l o c i t y  e a r t h  model i s  sugges ted  on t h e  b a s i s  o f  g e n e r a l  

g e o l o g i c a l  p r o p e r t i e s  of s o f t  c o a l  r e g i o n s .  T h i s  model i s  based on l a t e r a l l y  

homogeneous h o r i z o n t a l  l a y e r s ,  which may b e  inadequa te  t o  p r o p e r l y  d e s c r i b e  a 

r e a l  mine environment.  I ts accuracv  can o n l v  b e  determined when a l l  p o t e n t i a l  

s o u r c e s  of e r r o r  i n  a r r i v a l  t ime measurements have been accounted f o r .  
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APPENDIX A 

SEISMIC SURVEY OVER THE CLARION 4A COAL SEAM 

S i n c e  t h e  comple t ion  of t h e  work upon which t h i s  r e p o r t  i s  b a s e d ,  we 

have  o b t a i n e d  s e i s m i c  v e l o c i t y  p r o f i l e s  th rough  t h e  good o f f i c e s  of  M r .  

Dennis Rubin of American E l e c t r i c  Power S e r v i c e  C o r p o r a t i o n .  These pro-  

f i l e s  were  t a k e n  f o r  AEP by Weston Geophysica l  E n g i n e e r s ,  I n c .  of Weston, 

l l a s s a c h u s e t t s .  These  p r o f i l e s  were  t a k e n  i n  t h e  Meigs County a r e a  of  Ohio 

o v e r  t h e  C l a r i o n  4A c o a l  seam. E l e v a t i o n s  and d i s t a n c e s  on t h e s e  p r o f i l e s  

a r e  s c a l e d  w i t h  ma jo r  d i v i s i o n s  e q u a l  t o  100 f e e t .  V e l o c i t i e s  a r e  i n  f e e t  

p e r  second.  The p r o f i l e s  a r e  shown i n  F i g u r e s  A l ,  A2, A3, and A4. 

These  d a t a  p r o v i d e  p a r t  of t h e  needed b a s e  f o r  d e v e l o p i n g  good e a r t h  

models a s  n o t e d  i n  t h i s  P a r t .  The n a t u r e  of t h e s e  d a t a  a l s o  emphas ize  t h e  

need f o r  f u r t h e r  d a t a ,  t o  g r e a t e r  d e p t h s  and h i g h e r  accuracy o v e r  o t h e r  

c o a l  seams. 
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Feet 

Source: American Electric Power Service Corp. and Weston Geophysical Engineers, Inc. 

FIGURE A4 SEISMIC VELOCITY PROFILE 




