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A REVIEW OF THE EFFECTS OF EARTHQUAKES ON UNDERGROLJliD MINES 

1 / By P e t e r  R. S t e v e n s  

ABSTRACT 

The n a t u r e  and geography of earthquakes i s  summarized and 

t h e  e f f e c t s  of ear thquakes  on underground s t r u c t u r e s ,  due bo th  

t o  t h e  c a u s a t i v e  process ,  f a u l t i n g ,  and t h e  secondary p rocess ,  

shaking,  p r i m a r i l y  i n  t h e  c o n t i n e n t a l  United S t a t e s ,  i s  reviewed. 

The p r i n c i p a l  sou rces  'of information a r e  eyewitness r e p o r t s ,  as 

i n s t r u m e n t a l l y  der ived  se ismologica l  d a t a  have been a v a i l a b l e  

f o r  on ly  about  70 yea r s .  Reference i s  made t o  t h e  r e s u l t s  of 

instrumented s t u d i e s  i n  mines and da ta  pe r t a in ing  t o  mine bumps 

and rock  b u r s t s '  i n  mines. The p e r c e p t i b i l i t y  and p h y s i c a l  e f f e c t s  

of ea r thquakes  i n  mines and underground workings deserve  more 

sys t ema t i c  s t u d y  than  they  have received.  Severe damage i s  

i n e v i t a b l e  when a mine o r  t u n n e l  i n t e r s e c t s  a f a u l t  a long  which 

movement o c c u r s  dur ing  an earthquake. Nines i n  t h e  e p i c e n t r a l  

reg ion  o f  s t r o n g  ear thquakes ,  b u t  not t ransec ted  by f a u l t  movement, 

may s u f f e r  s e v e r e  damage by shaking. Plines o u t s i d e  of t h e  epicen-  

t r a l  r e g i o n  a r e  l i k e l y  t o  s u f f e r  l i t t l e  o r  no damage from a s t r o n g  

earthquake.  Other f a c t o r s  be ing  equal ,  i t  appears  reasonable  t h a t  

t h e  s e v e r i t y  of  damage due t o  shaking would probably be l e a s t  i n  

a mine l o c a t e d  i n  f r e s h ,  h i g h l y  competent rock; somewhat g r e a t e r  

UU. S .  Geologica l  Survey, Nat ional  Center ,  Reston, V i r g i n i a  



damage would probably b e  expected i n  a mine i n  weathered o r  l e s s  

competent rock;  and t h e  g r e a t e s t  damage would be expected i n  a 

mine loca ted  i n  l o o s e  unconsol idated o r  incompetent rock. 



PURPOSE AND SCOPE 

The purpose  of  t h i s  paper  i s  t o  review t h e  l i t e r a t u r e  

p e r t a i n i n g  t o  t h e  e f f e c t s  of  ear thquakes  on underground mines,  t o  

de te rmine 'whether  o r  no t  underground mines have been damaged by 

se i smic  a c t i v i t y ,  and t o  record  t h e  n a t u r e  and e x t e n t  of  such  

damage a s  may have been r epo r t ed .  

Requests  f o r  p e r t i n e n t .  in format ion  were made t o  F e d e r a l ,  S t a t e ,  
. . 

and Foreign a g e n c i e s  concerned w i t h  mining, geology, and se i smology ,  

and t o  s e v e r a l  recognized  a u t h o r i t i e s  i n  t h e s e  f i e l d s .  Th i s  pape r  

is p r i m a r i l y  concerned wi th  t h e  c o n t i n e n t a l  United S t a t e s .  E f f o r t  

was c o n c e n t r a t e d  on t h e  most s e i s m i c a l l y  a c t i v e  a r e a s .  I n  t h e  

United S t a t e s  s e i s m i c  a c t i v i t y  i s  g e n e r a l l y  g r e a t e s t  i n  a  narrow 

b e l t  f r o n t i n g  on t h e  P a c i f i c  Ocean and decreases  eas tward  th rough 
b 

t h e  Basin and Range and Rocky Mountain Provinces .  

I n s t r u m e n t a l l y  de r ived  s ' e i smologica l  d a t a  have been a v a i l a b l e  

f o r  only about  70 y e a r s .  The p r i n c i p a l  sources  of i n fo rma t ion  f o r  

t h i s  s t udy  have  been eyewi tness  r e p o r t s  which a r e  s u b j e c t  t o  e r r o r ,  

e s p e c i a l l y  when t h e  obse rva t ions  a r e  made under c o n d i t i o n s  of  

s u r p r i s e ,  menta l  s tress,  and f e a r .  Such accounts  a r e  f r e q u e n t l y  

d i f f i c u l t  t o  a p p r a i s e  because  p e r t i n e n t  d e t a i l s  a r e  o f t e n  omi t t ed .  

I n  t h e  e a r l y  days  much of  t h e  country was u n s e t t l e d ,  communication 
* 

was d i f f i c u l t ,  and much of t h e  in format ion  has  been ga the red  from 

newspapers. It i s  q u i t e  p o s s i b l e  t h a t  when t h e  g r e a t e s t  e a r thquake  

i n t e n s i t y  was i n  a remote and i so l a t ' ed  a r e a ,  no r e p o r t s  were r ece ived .  

Many mines a r e  l o c a t e d  i n  remote a r e a s  and un le s s  s i g n i f i c a n t  damage 

occur red ,  i t  i s  q u i t e  p o s s i b l e  t h a t  no  r e p o r t  was made. 
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NATURE AND GEOGRAPHY OF EARTHQUAKES 

Earthquakes r e s u l t  from s t r e s s e s  which accumul.ate i n  rocks 

composing t h e  o u t e r  700-km of  t h e  e a r t h ' s  s h e l l .  The o r i g i n s  of  

t hese  s t r e s s e s  a r e  imper fec t ly  understood as  t o  t h e  sou rce  of 

energy and t h e  mechanism by which t h i s  energy i s  converted t o  

s t r a i n .  It i s  g e n e r a l l y  assumed t h e  energy is of thermal o r i g i n  

( r a d i o a c t i v i t y ,  coo l ing  of t h e  e a r t h ,  e t c . )  a l though g r a v i t a t i o n a l  

- 
f o r c e s  may a l s o  be  involved.  T r a n s f e r  'of thermal energy i n t o  

mechanical energy o r  e l a s t i c  s t r a i n  may be accomplished by t h e  

fo l lowing  mechanisms: 1 )  convec t ion  c u r r e n t s ;  2)  change of phase 

o r  s t a t e ;  3)  expansion;  4 )  c o n t r a c t i o n ;  5) d i f f u s i o n  p roces ses ;  

and 6) p o s s i b l y  o t h e r  a s  y e t  unknotm mechanisms. 

Earthquakes a r e  g e n e r a l l y  b e l i e v e d  t o  r e s u l t  from r e l e a s e  of  

s lowly accumula t ing  s t r a i n  i n  c r u s t a l  rocks d u e ' t o  sudden r u p t u r e  . 

of t h e  rock  i n  accordance w i t h  t h e  e l a s t i c  rebound theory  of Reid 

(1910). According t o  t h e  e l a s t i c  rebound theory,  an ear thquake  i s  

i n i t i a t e d  a t  a po in t  where t h e  g r a d u a l l y  accumulating e l a s t i c  s t r a i n  

becomes e q u a l  t o  t h e  s t r e n g t h  of t h e  rock and rup tu re  occurs'. The 

r u p t u r e  s u r f a c e  is  commonly c a l l e d  a  f a u l t .  Two p r i n c i p a l  wave 

types  are produced dur ing  an ear thquake ,  l o n g i t u d i n a l  and t r a n s -  

v e r s e ,  which proceed wi th  d i f f e r e n t  speeds depending upon t h e  

p h y s i c a l  proper  t i e s  of  t h e  rock.  Longi tudina l  waves (P, compression 

waves) a lways t r a v e l  f a s t e r  t han  t r a n s v e r s e  waves (S, s h e a r  waves).  



The energy  i s  n o t  p ropaga ted  un i formly  i n  a l l  d i r e c t i o n s  and t h e  

d i r e c t i o n a l  p a t t e r n  o f  l o n g i t u d i n a l  waves i s  no t  t h e  same a s  

t h a t  o f  t r a n s v e r s e  waves. The d i r e c t i o n s  of  maximum r a d i a t i o n  

of  t r a n s v e r s e  waves and minimum r a d i a t i o n  o f  l o n g i t u d i n a l  waves 

l i e  p a r a l l e l  and p e r p e n d i c u l a r  t o  t h e  f a u l t  i n  t h e  p l a n e  d e f i n e d  

by t h e  g r e a t e s t  and l e a s t  compress ive s t r e s s  axe s ,  whereas  t h e  

l o n g i t u d i n a l  r a d i a t i o n  p a t t e r n  h a s  minima i n  t h e  d i r e c t i o n  of  

t h e  f a u l t  p l a n e  and a t  r i g h t  a n g l e s  t o  i t .  I n  e a r t h q u a k e s  t h e  

amp l i t udes  and p e r i o d s  o f  t h e  t r a n s v e r s e  waves a r e  u s u a l l y  

g r e a t e r  t han  t h e  amp l i t udes  and. p e r i o d s  o f  t h e  l o n g i t u d i n a l  

. waves. P and S waves t r a v e l  th rough  t h e  i n t e r i o r  of t h e  e a r t h .  

There  i s  a n o t h e r  c l a s s  o f  daves  t h a t  t r a v e l  a l o n g  t h e  s u r f a c e  

only.  These  a r e ' s u r f a c e  waves and i n c l u d e  t h e  t y p e s  known a s  

Love waves and Rayle igh  waves. I n  seismology, when an  S wave i s  . 

s o  t h a t  a l l  p a r t i c l e s  o f  t h e  subs t ance  move h o r i z o n t a l l y  

d u r i n g  i t s  pa s sage ,  i t  i s  denoted SH; when t h e  p a r t i c l e s  a l l  move 

i n  v e r t i c a l  p l a n e s  c o n t a i n i n g  t h e  d i r e c t i o n  of  p ropaga t i on ,  t h e  

wave is denoted  SV. I n  most c a s e s ,  t h e  d e s t r u c t i o n  produced by 

s h e a r  waves i s  g r e a t e r  t han  t h a t  produced by t h e  o t h e r  types  o f  

waves. 

The p o i n t  a t  d e p t h  where f a u l t i n g  is i n i t i a t e d  is c a l l e d  t h e  

f o c u s  o r  hypocen t e r .  The s u r f a c e  p o i n t  v e r t i c a l l y  above t3e focus  

o r  hypocen t e r  is c a l l e d  t h e  e p i c e n t e r .  From t h e  focus  o r  hypocen te r  



f a u l t i n g  proceeds a long t h e  f a u l t  s u r f a c e  i n  two dimensions. The 

d i r e c t i o n  of s l i p  on t h e  f a u l t  may be  h o r i z o n t a l ,  v e r t i c a l ,  o r  

a  combination of  t h e  two. Under favorable  condi t ions  t h e  f i r s t  

motion of t h e  ground recorded on a  seismograph r e f l e c t s  t h e  

d i r e c t i o n  of  s l i p  on t h e  f a u l t .  The i n t e r s e c t i o n  of  t h e  f a u l t  

wi th  t h e  s u r f a c e  of t h e  e a r t h  is  t h e  f a u l t  t r a c e .  The e p i c e n t e r  

of an earthquake i s  u s u a l l y  n o t  on t h e  f a u l t  t r a c e  except  when 

t h e  f a u l t  s u r f a c e  is  v e r t i c a l .  

The energy rel-eased i n  t h e  g r e a t e s t  ear thquakes i s  very 

roughly equ iva len t  t o  10,000 of t h e  o r i g i n a l  at-omic bombs, such  

a s  t h e  one dropped on Hiroshima; t h e  energy r e l eased  i n  t h e  

s m a l l e s t  f e l t  ear thquakes  is approximately equiva lent  t o  t h e  

energy r e l e a s e d  i n  t h e  explos ion  of  1 l b  (453.6 grams) of TNT. 

Because i t  is  no t  s imple  t o  ca l cuxa te  t h e  energy of ear thquakes  

from g e n e r a l l y  a v a i l a b l e  d a t a ,  R ich te r  (1935) devised  a magnitude 

s c a l e  f o r  c l a s s i f y i n g  ear thquakes  by ' s i z e '  o r  ' s t r e n g t h '  a t  

t h e  ear thquake  source  on t h e  b a s i s  of ins t rumenta l  da t a .  The 

s c a l e  i s  based on t h e  maximum recorded amplitude of a  s t anda rd  . 

t o r s i o n  seismograph l o c a t e d  a t  a d i s t a n c e  of 100-km 

from t h e  source  f o r  sha l low earthquakes.  The s c a l e  i s  loga r i thmic ;  

thus  a magnitude 8 ear thquake  r ep resen t s  recorded ampli tudes 10  

t imes l a r g e r  than  t h o s e  of a magnitude 7 ear thquake,  100 t imes  



l a r g e r  than  a  shock of magnitude 6 ,  e t c .  Empir ical  t a b l e s  were  

cons t ruc t ed  f o r  c a l c u l a t i o n  of t h e  magnitude a t  a l l  e p i c e n t r a l ,  

d i s t a n c e s  and f o r  v a r i o u s  f o c a l  d e p t h s  and f o r  s e v e r a l  t y p e s  o f  

waves. Each whole u n i t  i n c r e a s e  i n  magnitude represent is  approxi -  

mately a  30-fold i n c r e a s e  i n  energy  r e l e a s e .  

Whereas magnitude is  an  i n s t r u m e n t a l  measure of t h e  s i z e  o r  

s t r e n g t h  of an  ear thquake ,  s e i s m i c  i n t e n s i t y  i s  a  s u b j e c t i v e  measure 

of  t h e  v i o l e n c e  o f  shak ing  a t  a  g iven  po in t .  The s c a l e s  o f  i n t e n -  

s i t y ,  such a s  t h e  modi f ied  M e r c a l l i  s c a l e  ( t a b l e  I), a r e  ba sed  on 

t h e  e f f e c t s  of ground v i b r a t i o n  on people ,  s t r u c t u r e s ,  and n a t u r a l  

o b j e c t s .  I n t e n s i t y  v a r i e s  from p o i n t  t o  po in t  depending on t h e  

d i s t a n c e  from t h e  sou rce ,  t h e  n a t u r e  o f  t h e  s t r u c t u r e s  o r  o b j e c t s  

involved ,  t h e  . d e n s i t y  o f  t h e  poph la t i on ,  and t h e  e f f e c t s  o f  ground . 

c o n d i t i o n s  at  t h e  s i t e  and a l o n g  th-e propagat ion pa th .  I n  r e f e r e n c e  

t o  t h e  e f f e c t s  o f  ground c o n d i t i o n s  on i n t e n s i t y ,  R i c h t e r  (1958, 

p. 143) s t a t e s ,  ' l I so se i sma l s  drawn from adequate  d a t a  a r e  r a r e l y  

c i r c u l a r  and o f t e n  show e l l i p t i c a l  e longa t i on  i n  t h e  d i r e c t i o n  o f  

t h e  major s t r u c t u r a l  t r e n d s . "  ( I s o s e i s m a l s ,  o r  l i n e s  o f  e q u a l  

i n t e n s i t y ,  a r e  commonly mapped as boundaries  between a r e a s  of 

s u c c e s s i v e  i n t e n s i t y  r a t i n g s ,  such  as I V  and V . )  "There is o f t e n  

a l onge r  con t inuous  e x t e n t  o f  competent rocks a long  a  s t r u c t u r a l  

t r e n d  t han  i n  t h e  t r a n s v e r s e  d i r e c t i o n ;  when t h e  waves emerge from 

such rocks  i n t o  a l l uv ium o r  unconso l ida ted  sediments  t h e r e  i s  

c o n s i d e r a b l e  a b s o r p t i o n ,  accompanied by i n c r e a s e  o f  l o c a l  i n t e n s i t y . "  



Table 1.--Modified M e r c a l l i  I n t e n s i t y  S c a l e  of 1931 (Abridged) 

I Not f e l t  excep t  by a  v e r y  few under e s p e c i a l l y  f a v o r a b l e  
c i rcumstances ,  ( I  Ross i -Fore l  S c a l e )  

' I1 P e l t  on ly  by a few pe r sons  a t  r e s t ,  e s p e c i a l l y  on upper f l o o r s  
of  b u i l d i n g s .  D e l i c a t e l y  suspended o b j e c t s  may swing. ( I  t o  
111 Rossi-Forel  S c a l e )  ,, 

I11 F e l t  q u i t e  n o t i c e a b l y  i n d o o r s ,  e s p e c i a l l y  on upper f l o o r s  of  
b u i l d i n g s ,  b u t  many people  do no t  recognize  i t  a s  a n  e a r t h -  
quake. S t and ing  motorcars  may rock  s l i g h t l y .  V i b r a t i o n  l i k e  
p a s s i n g  t r u c k .  Dura t i on  e s t i m a t e d .  (111 ~ o s s i - F o r e l  S c a l e )  

I V  During t h e  day f e l t  i n d o o r s  by many, ou tdoors  by few. At 
n i g h t  some awakened. D i shes ,  windows, and doors  d i s t u r b e d ;  
w a l l s  make c r e a k i n g  sound. Sensa t i on  l i k e  heavy t r u c k  s t r i k i n g  
b u i l d i n g .  S t and ing  motorc.ars rocked no t i ceab ly .  (IV t o  V 
Ross i -Fore l  S c a l e )  

V F e l t  by n e a r l y  everyone;  many awakened. Some d i s h e s ,  windows, 
e t c .  b roken;  a  few ' i n s t ances  of  cracked p l a s t e r ;  u n s t a b l e  
o b j e c t s '  ove r tu rned .  D i s tu rbance  of t r e e s ,  po l e s ,  and o t h e r  
t a l l  o b j e c t s  sometimes n o t i c e d .  Pendulum c locks  may s t o p .  
(V t o  V I  Ross i -Fore l  S c a l e )  - 

V I  F e l t  by a l l ;  many f r i g h t e n e d  and run ou tdoors .  Some heavy  
f u r n i t u r e  moved; a  few i n s t a n c e s  of f a l l e n  p l a s t e r  o r  damaged 
chimneys. Damage s l i g h t .  ( V I  t o  V I I  Rossi-Fore1 S c a l e )  

V I I  Everybody runs  ou tdoors .  Damage n e g l i g i b l e  i n  b u i l d i n g s  of . good d e s i g n  and c o n s t r u c t i o n ;  s l i g h t  t o  moderate i n  w e l l  b u i l t  

o r d i n a r y  s t r u c t u r e s ;  c o n s i d e r a b l e  i n  poor ly  b u i l t  o r  b a d l y  
des igned  s t r u c t u r e s .  Some chimneys broken. Not iced by  p e r s o n s  
d r i v i n g  motorcars .  (VI I I  Rossi-Fore1 Sca l e )  

V I I I  Damage s l i g h t  i n  s p e c i a l l y  des igned  s t r u c t u r e s ;  c o n s i d e r a b l e  
i n  o r d i n a r y  s u b s t a n t i a l  b u i l d i n g s  w i t h  p a r t i a l  c o l l a p s e ;  
g r e a t  i n  p o o r l y  b u i l t  s t r u c t u r e s .  Panel  w a l l s  thrown o u t  o f  
£kame s t r u c t u r e s .  F a l l  o f  chimneys f a c t o r y  s t a c k s .  columns, 
monuments, w a l l s .  Heavy f u r n i t u r e  over turned .  Sand and mud 
e j e c t e d  i n  s m a l l  amounts. Changes i n  w e l l  wate r .  Pe r sons  
d r i v i n g  mo to rca r s  d i s t u r b e d .  (VII I  t o  1X.Rossi-Fore1 S c a l e )  



X Damage c o n s i d e r a b l e  i n  s p e c i a l l y  des igned  s t r u c t u r e s ;  w e l l -  . 
d e s i g n e d  f rame s t r u c t u r e s  thrown o u t  o f  plumb; x r e a t  i n  - 
s u b s t a n t i a l  b u i l d i n g s ,  w i t h  p a r t i a l  c o l l a p s e .  B u i l d i n g s  
s h i f t e d  o f f  f o u n d a t i o n s .  Ground cracked consp icuous ly .  
Underground p i p e s  b roken .  ( I X +  Rossi-Fore1 S c a l e )  

X Some w e l l - b u i l t  wooden s t r u c t u r e s  d e s t r o y e d ;  most masonry 
and frame s t r u c t u r e s  d e s t r o y e d  w i t h  f o u n d a t i o n s ;  ground 
b a d l y  c racked .  R a i l s  b e n t .  Land s l i d e s  c o n s i d e r a b l e  f r o m  
r i v e r  banks  and s t e e p  s l o p e s .  S h i f t e d  sand and mud. Water 
s p l a s h e d  (sl.opped) o v e r  banks .  (X Rossi -Fore1 S c a l e )  

X I  Few, i f  any (masonry) ,  s t r u c t u r e s  remain s t a n d i n g .  B r i d g e s  
d e s t r o y e d .  Broad f i s s u r e s  i n  ground. Underground p i p e l i n e s  
c o m p l e t e l y  o u t  b f  s e r v i c e .  E a r t h  slumps and l a n d  s l i p s  i n  
s o f t  ground. R a i l s  b e n t  g r e a t l y .  

X I 1  Damage t o t a l .  Waves s e e n  on ground s u r f a c e .  L i n e s  o f  s i g h t  
and  l e v e l  d i s t o r t e d .  O b j e c t s  thrown upward i n t o  t h e  a i r .  



The i n c r e a s e  of i n t e n s i t y  on emergence from rock  i n t o  alluvium i s  

followed b y . r e l a t i v e l y  r a p i d  f a l l i n g  o f f  of i n t e n s i t y  wi th  d i s t a n c e  

i n  t h e  a l luv ium b u t ,  even a t  a d i s t a n c e  from basement rock ,  s o f t  

ground is e s p e c i a l l y  s u b j e c t  t o  heavy shaking. 

Often l a r g e  ear thquakes  a r e  preceded a t  i n t e r v a l s  of hours  or  

days by foreshocks ,  u s u a l l y  smal l .  A foreshock  i n c r e a s e s  t h e  s t r e s s  

on t h e  f a u l t  i n  its neighborhood and thereby may has t en  t h e  b reak  of 

t h e  main shock a l though t h e  f i n a l  increment of g radua l ly  accumulat ing 

s t r e s s  nay a l s o  be a r e s u l t  of sone e x t e r n a l  f o r c e  such a s  t i d a l  

s t r e s s  o r  of some weakening mechanisn i n  t h e  rock  such a s  i nc reased  

pore f l u i d  p re s su re .  A l a r g e  sha l low ear thquake  i s  t y p i c a l l y  

fol lowed by thousands of af tershoclcs  of sma l l e r  magnitude. The 

frequency of occurrence  of af tershoclcs  i s  g r e a t e s t  immediately 

fo l lowing  t h e  p r i n c i p a l  shock and dec reases  r a p i d l y  wi th  t i m e  s o  

t h a t  t h e  sequence u s u a l l y  ends wi th in  1 o r  2 y e a r s .  A l a r g e  e a r t h -  

quake sometimes i s  fol lowed w i t h i n  a few hour s ,  days ,  o r  months 

by ano the r  of s i m i l a r  o r  g r e a t e r  magnitude i n  t he  same a rea .  

Occas iona l ly  swarms of s m a l l  ear thquakes  occur  wi thout  any p r i n c i -  

p a l  l a r g e  shock. 

The m a j o r i t y  of ear thquakes  and t h o s e  wi th  t h e  g r e a t e s t  energy  

occur  i n  t h e  upper  40-km of t h e  e a r t h ' s  c r u s t .  Deeper ear thquakes  
' . 

occur  w i t h  dec reas ing  frequency down t o  250-km; below 250-lun 

t h e  frequency of occurrence  p e r  u n i t  depth  i n t e r v a l  becomes about  

cons t an t  t o  a depth of 700-km. 



Although earthquakes may occur anywhere on t h e  e a r t h ,  epi- 
- 

c e n t e r s  occur c h i e f l y  i n  a few narrow b e l t s  o r  zones. The g r e a t  

major i ty  a r e  concentrated i n  t h e  circurn-Pacific b e l t  ( f i g s .  1 and 

2 ) ,  which inc ludes  about 80 pe rcen t  of t h e  shallow shocks ( i . e - ,  

f o c a l  depths  l e s s  than 60-km), 90 percent  of shocks occurr ing  

a t  depths between 60- and 300-km and n e a r l y  a l l  of t h e  deeper ones 

(Benioff and Gutenberg, 1955, p. 131). Nearly a l l  of  t h e  r e ~ a i n i n g  

l a r g e  shocks a t  in termedia te  and shal low depths occur i n  t h e  Alpide 

b e l t .  A sma l l e r  number of ear thquakes  inc luding a few major shocks 

occur a long t h e  p r i n c i p a l  r i d g e s  of  t h e  A t l a n t i c ,  A r c t i c ,  and 

Indian  Oceans. The P a c i f i c  b a s i n  and t h e  con t inen ta l  s h i e l d s  a r e  

r e l a t i v e l y  aseismic.  

I n  t h e  Americas, earthquakes occur most f r equen t ly  i n  t h e  

a r c s  f r o n t i n g  westward on t h e  P a c i f i c  ba'sin; t h e  Aleutian-Alaskan; 

t h e  Ca l i fo rn ian ;  t h e  Mexican; t h e  c e n t r a l  American; and t h e  Andean. 

Two a r c s ,  one i n  t h e  West I n d i e s  and one i n  the  sou th  A t l a n t i c ,  

f r o n t  eastward on t h e  A t l a n t i c  Ocean. 

F igure  3 shows l o c a t i o n s  f o r  a l l  known h i s t o r i c  earthquakes 

wi th  i n t e n s i t i e s  of V o r  g r e a t e r  i n  t h e  United S t a t e s  through 1970. 

Earthquakes i n  C a l i f o r n i a  and wes te rn  Nevada rep resen t  approxima- 

t e l y  9 0 a p e r c e n t  of t h e  se ismic  a c t i v i t y  of the  continguous United 

S t a t e s .  Most of t h e s e  shocks occur a t  shallow f o c a l  depths  (16- 

t o  24-km) and along known f a u l t s  o r  f r a c t u r e  zones. In  C a l i f o r n i a ,  

t h e  major t e c t o n i c  t r end  i s  roughly northwest-southeast;  t h e  f a u l t -  

ing  i s  p r i m a r i l y  s t r i k e - s l i p  i n  charac tex  and is  dominated by a 

master  f a u l t  system, th,e San Andreas. 
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Figure  3. Earthquakes ( i n t e n s i t y  V and above) i n  t h e  United S t a t e s  through 1970. 



Many ea r thquakes  of i n t e n s i t y  V o r  g r e a t e r  have occu r r ed  i n  

Washington and Oregon; o t h e r s  o c c u r r i n g  e i t h e r  o f f s h o r e ,  i n  B r i t i s h  

Columbia, o r  i n  a d j a c e n t  s t a t e s  have  been  f e l t .  Most of t h e  shocks 

occur red  i n  t h e  wes te rn  p a r t  of t h e  a r e a ;  t h e  s t r o n g e s t  shocks have 

been i n  t h e  Puget  Sound a r ea .  

Alaska and t h e  A leu t i an  I s l a n d s  a r e  p a r t  of t h e  c i rcum-Pac i f ic  

s e i smic  b e l t  and ear thquake  a c t i v i t y  i s  g r e a t e r  h e r e  than  i n  any 

o t h e r  s t a t e .  Two p r i n c i p a l  s e i s m i c  zones  a r e  p r e s e n t ;  one ex t ends  

from Fa i rbanks  th rough  t h e  Kenai P e n j n s u l a  and a long  t h e  A l e u t i a n  

I s l a n d s ;  t h e  second zone ex tends  f rom n o r t h  of Yakutat  Bay sou th-  

eas tward  t o  t h e  west  c o a s t  of Vancouver I s l a n d .  Two of t h e  n o t a b l e  

ea r thquakes  of t h e  l a s t  c en tu ry ,  i n c l u d i n g  one accompanied by t h e  

g r e a t e s t  k n o ~ a  v e r t i c a l  deformat ion  of  t h e  ground, have  occu r r ed  

a long  t h e  second zone. 

Much e a r t h q u a k e  a c t i v i t y  h a s  occu r r ed  i n  t h e  Rocky Plountain 

and i n t e r m o u n t a i n  a r e a s  t o  t h e  w e s t .  Many of t h e  ea r thquakes  have  

occur red  i n  s p a r s e l y  populated r e g i o n s  and accounts  have been 

i nadequa t e  a l t h o u g h  some of  t h e  shocks  have been of c o n s i d e r a b l e  

s e v e r i t y .  

Se i smic  a c t i v i t y  i n  t h e  non-mountainous c e n t r a l  r eg ion  of t h e  

United S t a t e s  is  g e n e r a l l y  low e x c e p t  f o r  t h e  upper M i s s i s s i p p i  and 

Ohio v a l l e y  a r e a s  where ea r thquakes  are r e l a t i v e l y  f r equen t .  I n  

1811-12, t h r e e  of t h e  g r e a t  earthqualces of knowri h i s t o r y  occu r r ed  

n e a r  New Madrid,  Mo., i n  t h e  Upper M i s s i s s i p p i  Val ley .  



A moderate amount of  low- leve l  s e i smic  a c t i v i t y  i s  a s s o c i a t e d  

with t h e  Appalachian Mountains i n  t h e  e a s t e r n  p a r t  o f  t h e  United 

S t a t e s .  I n  a d d i t i o n ,  major ear thquakes  such a s  t h e  Cha r l e s ton ,  

S.C., ear thquake  have occu r red  a l o n g  o r  o f f  t h e  A t l a n t i c  c o a s t .  

New England and New York con ta in  zones of r e l a t i v e l y  h igh  s e i s m i c  

a c t i v i t y  and a r e  a l s o  a f f e c t e d  by l a r g e  ear thquakes o r i g i n a t i n g  i n  

t h e  Lauren t i an  t rough and S t .  Lawrence River Valley. 



EFFECTS OF EARTHQUAKES UNDERGROUND 

E f f e c t s  Due t o  F a u l t i n g  

Earthquake e f f e c t s  may b e  c l a s s i f i e d  a s  pr imary ,  due t o  t h e  

c a u s a t i v e  p roces s ,  such  as f a u l t i n g ,  o r  secondary,  due t o  t h e  

passage of e l a s t i c  waves gene ra t ed  by t h e  primary process .  

Displacement a long  a  f a u l t  i n v o l v e s  f o r c e s  which a r e  v i r t u a l l y  

i r r e s i s t i b l e  so  f a r  as man-made s t r u c t u r e s  o r  excava t ions  a r e  

concerned. Some man-made e x c a v a t i o n s  and s t r u c t u r e s  have been s o  

u n f o r t u n a t e l y  l o c a t e d . a s  t o  b e  damaged i n  t h i s  manner. 

In  t h e  San F ranc i sco  ea r thquake  of 1906, two tunne l s  on t h e  

narrow gage Southern  P a c i f i c  Ra i l road  were damaged. The 213.97-m 

deep,  1,863-m t u n n e l  (Wrights  No. 1, Santa  Cruz Mts.) a t  Wright 

S t a t i o n  was o f f s e t  1.37-m t r a n s v e r s e  h o r i z o n t a l  where i t  c ros sed  

t h e  San Andreas f a u l t .  Other  damage cons i s t ed  of t h e  cav ing  

of rock from t h e  roof  and s i d e s ,  t h e  breaking  i n  f l e x u r e  of 

u p r i g h t  t i m b e r s ,  and t h e  upward heaving of r a i l s  and b reak ing  

of t ies.  The 1,737-rn t u n n e l ,  206.65-m deep ( I t r igh ts  No. 2 ,  n e a r  

Glenwood) d i r e c t l y  t o  t h e  s o u t h  d i d  n o t  c r o s s  t h e  f a u l t  and w a s  

somewhat less damaged from s h s k i n g ;  t imbers  were broken and 

t h e  roof  caved b lock ing  t h e  t u n n e l  a t  s e v e r a l  p o i n t s .  The 

l l o r r e l l  .house, which s tood  above t h e  No. 1 t u n n e l  and was on 

t h e  San Andreas f a u l t ,  was t o r n  i n  two. 



The I z u '  ea r thquakes  ' i n  Japan  i n  1930 occu r r ed  a l o n g  t h e  Tanna 

f a u l t  which i n t e r s e c t e d  one o f  t h e  d r a i n  t u n n e l s  which extended ahead 

of  t h e  Tanna Tunnel connec t i ng  Atami and Mishima and which was under  

c o n s t r u c t ~ o n  d u r i n g  t h e  ea r thquake .  A t  a d i s t a n c e  of about  0.61-m 

beyond t h e  main t u n n e l  head ing ,  f a u l t i n g  r e s u l t e d  i n  t r a n s v e r s e  
. . 

h o r i z o n t a l  o f f s e t  of 2.29-111. The on ly  damage t o  t h e  main t unne l  

was a few c r a c k s  i n  t h e  w a l l s .  I n  Karuizawa, 160-m above t h e  

t u n n e l ,  55 pe rcen t  of t h e  d w e l l i n g s  were thr0w.n down and a t  Tanna 

and Hata ,  nearby  v i l l a g e s  i n  t h e  Tanna b a s i n ,  40 pe rcen t  o f  t h e  

l ~ o u s e s  were des t royed .  S u r f a c e  d i sp l acemen t s  a long  t h e  f a u l t  

occu r r ed  ove r  a d i s t a n c e  of 24-km. The Tanna b a s i n  c o n s i s t s  o f  

about  40-m of  unconso l ida t ed  l akebeds  of sandy c l a y  and b o u l d e r s  

o v e r l y i n g  - a n d e s i t e  and agglomera te  through which t h e  t u n n e l  p a s s e s .  

Dur ing  t h e  I m p e r i a l  V a l l e y ,  C a l i f o r n i a ,  e a r t hquake  i n  1940, an  

abode s t r u c t u r e  a s t r i d e  t h e  f a u l t  t r a c e  was demolished and Sou the rn  

P a c i f i c  Ra i l road  was broken  by s t r i k e - s l i p  f a u l t i n g ,  b o t h  a t  Cocapah. 

D i r e c t  b r e a k i n g  and o f f s e t  of r o a d s ,  c a n a l s ,  and i r r i g a t i o n  d i t c h e s  

by f a u l t i n g  a l s o  occu r r ed  d u r i n g  t h i s  ea r thquake .  

Four t u n n e l s  on t h e  r o u t e  of t h e  Southern  P a c i f i c  R a i l r o a d  be- 

tween B e a l v i l l e  and Tehachapi  c r o s s  t h e  White Wolf f a u l t  zone and 

were g r e a t l y  damaged by t h e  Kern County ea r thquakes  of 1952. Tunne l  

No. 3  b a s  h e a v i l y  damaged a t  i t s  Tehachapi  end and 61-m of i t s  

o r i g i n a l  213-rn l e n g t h  w a s  d a y l i g h t e d  a f t e r  t h e  quake. An a c t i v e  f a u l t  

c r o s s i n g  t h e  t u n n e l  was found d u r i n g  d a y l i g h t i n g .  A t  one p l a c e ,  t h e  



buckled  r a i l  extended under  t h e  c o n c r e t e  w a l l ,  i n d i c a t i n g  t h e  w a l l  

had r a i s e d  s u f f i c i e n t l y  t o  p e r m i t  t h i s .  No.4 t u n n e l  w a s  b a d l y  

s h a t t e r e d  and subsequen t l y  d a y l i g h t e d  f o r  i t s  f u l l  l eng th .  Tunnel  

No. 5 was b a d l y  damaged. Cracks  and h o l e s  were formed i n  t h e  ground 

above, and r o c k  and s o i l  f lowed th rough  t h e s e  open ings  i n t o  t h e  t u n n e l .  

The roo f  c o l l a p s e d  i n  s e v e r a l  p l a c e s ,  b u t  t h e  t u n n e l  w a s  r e c o n s t r u c t e d  

w i thou t  d a y l i g h t i n g .  Tunne l  No. 6  s u f f e r e d  t - r an sve r se  d i sp lacement  

a l o n g  a  f a u l t  and- was s u b s e q u e n t l y  d a y l i g h t e d .  . 

Blancliard and Lave r ty  (1966) r e p o r t  t h r e e  c r a c k s  i n  t h e  Claremont ' 

Water t u n n e l  a t  i t s  i n t e r s e c t i o n  w i t h  t h e  Hayward f a u l t  zone n e a r  

Berke ley ,  C a l i f o r n i a .  The c r a c k s ,  which were n o t  p r e s e n t  i n  1950,  

occur  n e a r  s t a t i o n  172+00 where  t h e  t u n n e l  i s  abou t  45.7-m benea th  

t h e  s u r f a c e .  I n  1966, a r e s u H e y  of t h e  a l ignment  of t h e  t u n n e l  
, 

showed r i g h t  l a t e r a l  o f f s e t  a c r o s s  t h e  zone of  f r a c t u r e  t o  b e  

1 6 8 - m  s i n c e  i t s  c o n s t r u c t i o n  i n  1929,  measured from t h e  o r i g i n a l  

t a n g e n t i a l  a l ignment .  Of t h i s  amount, on ly  48-mm ( sou th  w a l l )  o r  

20-mm ( n o r t h  w a l l )  can  b e  accounted  f o r  a s  d i sp lacement  due  t o  

f r a c t u r e  o f  t h e  l i n i n g .  The remain ing  119. t o  147.-mm a r e  

a c c o u n t e d . f o r  as f l e x t u r e  o f  t h e  l i n i n g .  The o f f s e t  t a k e s  p l a c e  

i n  a segment of t h e  t u n n e l  less than  30-m i n  l e n g t h .  Except f o r  

b u c k l i n g  o f  t h e  i n v e r t  i n  t h e  zone of f r a c t u r e ,  no i n d i c a t i o n  o f  

v e r t i c a l  d i sp lacement  was found. Displacement i n  t h i s  t u n n e l  i s  

n o t  known t o  b e  a s s o c i a t e d  w i t h  any s e i s m i c  e v e n t  and probab ly  

r e f l e c t s  cumu la t i ve  d i sp l acemen t  by g r adua l  c r e e p  a long  t h e  Hayward 

f a u l t  zone. 



B o n i l l a  (1967j h a s  summarized h i s t o r i c  s u r f a c e  f a u l t i n g  t h a t  

ha s  occu r r ed  i n  t h e  Uni ted S t a t e s  and a d j a c e n t  p a r t s  of Plexico. 

Repor t s  o f  damage t o  mines as a d i r e c t  r e s u l t  of f a u l t i n g  a r e  

conspicuous by t h e i r  absence.  However, a  mine i n t e r s e c t i n g  a  f a u l t  

would i n e v i t a b l y  s u f f e r  damage shou ld  s l i p p a g e  occu r  a l o n g  t h e  f a u l t .  

I n  a t '  l e a s t  two i n s t a n c e s ,  s u b s u r f a c e  f a u l t i n g  h a s  been l e s s  

ev iden t  on t h e  s u r f a c e :  1 )  The November 26,  -1930, e a r t hquake  on 

t h e  I z u  P e n i n s u l a ,  Japan:   he p r i n c i p a l  macro'seisrnic even t  was 

d i sp lacement  on t h e  Tanna f a u l t ,  which had been known s i n c e  1924, 

when i t  was encounte red  i n  e x c a v a t i n g  a r a i lway  . tunne l .  The ev idence  

of f a u l t i n g  d u r i n g  t h e  ea r t hquake  was g r e a t e s t  i n  t h e  t u n n e l ,  w i t h  

l e f t - hand  s t r i k e - s l i p  o f  2 .4  me t r e s  (7  f e e t  10  i n c h e s )  and a  westward 

down throw o f  60 c e n t i m e t r e s  (nAt q u i t e  2  f e e t ) .  On t h e  s u r f a c e  above 

t h e  t u n n e l  t h e  d i sp l acemen t s  were  !much l e s s '  ( s t r i k e - s l i p  a t  one  

pointr w a s  70 c e n t i m e t r e s ) " ,  ( R i c h t e r ,  1958, p. 580) .  2) The J u l y  21 ,  

1952, e a r t h q u a k e  i n  Kern County, C a l i f o r n i a :  "Cracking and o t h e r  

- ev idence  i n d i c a t e d  less d i sp l acemen t  a t  t h e  s u r f a c e  immediate ly  above 

t h e  t unne l s " ,  ( R i c h t e r ,  1958, p. 528) .  

E f f e c t s  Due t o  Shaking 

Most r e p o r t s  o f  mine damage sugges t  t h e  damage i s  probab ly  

due t o  secondary  e f f e c t s  of ea r thquakes- - the  pa s sage  of  e l a s t i c  

waves g e n e r a t e d  by t h e  pr imary p roce s s .  



The l i t e r a t u r e  c o n t a i n s  s c a t t e r e d  s t a t emen t s  t h a t  t h e  

e f f e c t s  of ea r thquake  s h a k i n g  a r e  l e s s  i n  mines o r  caverns  t han  

a t  t h e  s u r f a c e .  Most mines a r e  l o c a t e d  i n  s o l i d  rock which i s  a 

good t r a n s m i t t e r  and t h e  wave energy  is passed on through t h e  rock  

w i t h  minimum dec rea se  i n  speed  and t h e  s m a l l e s t  d i sp lacement  p o s s i b l e .  

However, porous rock  and unconso l ida t ed  m a t e r i a l s  a r e  more compress- 

i b l e ,  and upon e n t e r i n g  s u c h  mater ia -1s  t h e  speed of t h e  wave i s  

reduced. With d e c r e a s i n g  speed ,  t h e  k i n e t i c  energy f l u x  i n  t h e  wave 
J .  

i s  main ta ined  by i n c r e a s i n g  amp l i t ude  which g ives  r i s e  t o  i n c r e a s e d  

s h a k i n g  and i n c r e a s e d  i n t e n s i t y .  To e x p l a i n  t h e  d e c r e a s e  i n  shak ing  

w i t h  d e p t h ,  t h e r e  i s  a l s o  t h e  c o n s i d e r a t i o n  t h a t  t h e  s u r f a c e  ampl i tude  

f o r  a normally i n c i d e n t  SH-wave i s  tw ice  t h e  ampl i tude  of t h e  i n c i d e n t  

wave. Hence, i f  t h e  dimensions of  t h e  mine ,excava t ion  a r e  cons ide rab ly  

s m a l l e r  than  t h e  wave l e n g t h  of  an  i n c i d e n t  SH wave, t h e  ampl i tude  

of  t h e  s u r f a c e  motion w i l l  b e  about .  twice  t h a t  measured a t  dep th  i n  

t h e  mine. 

R i c h t e r  (1958, p. 147)  c i t e s  t h e  fo l lowing  examples. of t h e  

reduced  e f f e c t s  o f  e a r t h q u a k e s  underground, " t h e r e  were many r e p o r t s  

o f  t h i s  n a t u r e  f o r  t h e  J a p a n e s e  ear thquake  of  1923. A t h o u g h t f u l  

d e s c r i p t i o n  of s i m i l a r  o b s e r v a t i o n s  i n  Arizona f o r  t h e  Sonora 

ea r thquake  of  1887 h a s  been  g i v e n  by S taunton  (1917, p. 25-27). On 
' . 

~ August 22, 1952, t h e  s t r .ong a f t e r s h o c k  of t h e  Kern County ea r thquake  

s e r i e s ,  d e s t r u c t i v e  a t  B a k e r s f i e l d ,  was f e l t  g e n e r a l l y  i n  t h e  Giant  

F o r e s t  a r e a  o,f Sequoia N a t i o n a l  Park ,  and caused some anx i e ty  f o r  

t h e  s a f e t y  of a p a r t y  b e i n g  conducted through C r y s t a l  Cave; however, 

no one i n  t h e  p a r t y  n o t i c e d  t h e  ear thquake."  

2 0 



Alan R y a l l  ( w r i t t e n  commun., October 30, 1974) p r o v i d e s  t h e  

fo l lowing  i n fo rma t ion ,  "In  t h e  June  8 ,  1887, i s s u e  of  t h e  Walker 

Lake ~ u l l e t i n ,  an ear thquake  was r e p o r t e d  f e l t  1 ,500 f e e t  (457rrn) 

underground a t  V i r g i n i a  C i t y ,  which shows t h a t  t h e  town was e i t h e r  

very n e a r  t o  t h e  c e n t e r  of d i s t u r b a n c e  o r  t h a t  t h e  quake was a  

very deep ly  s e a t e d  one." I n  t h e  Esmeralda Union of June  6,  1868,  

an ea r thquake  w a s  r epo r t ed  a t  V i r g i n i a  C i ty  and t h e  r e p o r t  s t a t e s :  

"\fiat seems a lmos t  miraculous i s  t h a t  t h e  g r e a t  mines a t  V i r g i n i a  

and Gold H i l l  were no t  caved i n  o r  o the rwi se  i n j u r e d .  In some of  

t h e  V i r g l n i a  mines t h e  flow of w a t e r  was g r ea t19  i n c r e a s e d ,  w h i l e  

i n  Gold H i l l ,  it was g e n e r a l l y  diminished."  

The f o l l o w i n g  is  quoted from t h e  t e x t  of a  t a l k  by R. W. Lemke, 

p r e sen t ed  t o  t h e  Colorado S c i e n t i f i c  Soc i e ty  fo l l owing  h i s  examinat ion 

of t h e  e f f e c t s  o f  t h e  1960 Chi lean  ear thquake.  "One i n t e r e s t i n g  

obse rva t i on  concern ing  t h e  l a c k  of r e a c t i v a t i o n  of f a u l t s  due t o  t h e  

ear thquake  was made by D r .  Watanobi,  a  Japanese g e o l o g i s t .  He went 

down i n t o  some c o a l  mines t h a t  ex t end  under t he .ocean  f o r  a d i s t a n c e  

of t h r e e  m i l e s  (4.8-km) j u s t  s o u t h  of t h e  e p i c e n t e r .  Here he  observed 

s e v e r a l  o l d  f a u l t s  i n  t h e  mines b u t  he s.aw no new movement t h a t  cou ld  

b e  a t ' t r i b u t e d  t o  t h e  ear thquake .  I n  f a c t ,  t h e r e  was p r a c t i c a l l y  no 

damage whatsoever .  The miners  had heard  some s t r a n g e  n o i s e s  d u r i n g  

t h e  quakes b u t  o the rwi se  f e l t  no e f f e c t s  of t h e  quake- - for tuna te ly  

f o r  them. " 



Pardee (1927, p .  9) r e p o r t i n g  on t h e  e f f e c t s  upon mines of 

t h e  Montana earthquake of June  27, 1925, s t a t e s ,  "Contrary t o  a  

r a t h e r  widespread apprehension,  t h e  workings of mines were no t  

damaged by t h e  earthquake,  and i n  f a c t ,  t h e  shock was not  

gene ra l ly  no t i ced  by t h e  miners  who were underground a t  t h e  t i m e .  

A t  Barker ,  a  group of miners who were a t  work i n  a  s tope  a t  a  

depth of 250 f e e t  (76-m) d i d  n o t  f e e l  t h e  shock, though i t  was 

gene ra l ly  n o t i c e d  i n  t h a t  neighborhood by persons a t  t h e  s u r f a c e .  

So f a r  a s  l ea rned ,  t h e  thousands of miners a t  But te  who were under- 

ground a t  t h e  time were g e n e r a l l y  unaware t h a t  an ear thquake  had 

occurred .  I n  view of t h e  f a c t  t h a t  mine workings a r e  g e n e r a l l y  

cons t ruc ted  s o  a s  t o  w i t h s t a n d  t h e  j a r s  from b l a s t i n g ,  i t  is not  

s u r p r i s i n g  t h a t  they would r e s i k t  damage by t h e  l e s s  v i o l e n t  

v i b r a t i o n s  of t h i s  ear thquake .  Owing t o  t h e  common occurrence of 

t h e  j a r s  caused by b l a s t i n g ,  miners  a t  work would no t  be l i k e l y  t o  

n o t i c e  e s p e c i a l l y  t h e  somewhat s i m i l a r  v i b r a t i o n s  of se ismic  o r i g i n .  

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

s o l i d  rock than i n  l o o s e  m a t e r i a l s ,  they would be l e s s  n o t i c e a b l e  

underground than  a t  t h e  su r face . "  

S taunton  (1917, p.  25-27) r e p o r t s  on t h e  e f f e c t  of t h e  Sonora 

ear thquake  on a  mine a t  Tombstone, Arizona: 

8 .  

"EvSdence r e g a r d i n g  t h e  degree t o  which earthquake 

v i b r a t i o n s  a r e  p e r c e p t i b l e  below t h e  s u r f a c e  of  t h e  ground 

and t h e  phys ica l  e f f e c t s  of such v i b r a t i o n s  seems t o  b e  

meager. This  i s  d o u b t l e s s  due t o  t h e  f a c t  t h a t  people 



who have had such exper iences  seldom t a k e  t h e  t r o u b l e  t o  

record  them. The w r i t e r  has  been t o l d  by persons  who have 

been i n  mines du r ing  ear thquakes  of q u i t e  marked s u r f a c e  

i n t e n s i t y  t h a t  no th ing  was f e l t  underground; whi le  o t h e r s ,  

i n  o t h e r  mines,  have r epor t ed  t h a t  they  were p l a i n l y  f e l t .  

It i s  p o s s i b l e  t h a t  bo th  a r e  r i g h t ,  and t h a t  t h e  vary ing  

test imony is due t o  d i f f e r e n c e s  i n  rock s t r u c t u r e ,  t h e  

ne ighbor ing  rocks  i n  one c a s e  t r a n s m i t t i n g  t h e  v i b r a t i o n s  

r e a d i l y  and i n  t h e  o t h e r  absorb ing  and deadening them, o r  

p o s s i b l y  they  a r e  l o c a l l y  .cut  o f f  by i n t e r v e n i n g  cushions 

of i n e l a s t i c  m a t e r i a l  such a s  decomposed d i k e s .  It is 

conce ivable  a l s o  t h a t  wave i n t e r f e r e n c e  may l o c a l l y  cause 

s t a t i o n a r y  s p o t s ,  o r  t h e r e  may be  nodes. Such phenomena 

a r e  understood t o  b e  recognized by s e i s m o l o g i s t s  regard ing  

t h e .  s u r f a c e  e f f e c t s .  " 

"The w r i t e r -  h a s  had t h e  exper ience  of be ing  i n  a  

mine du r ing  an ear thquake  and i t  i s  t o  record  a  few 

obse rva t ions  regard ing  t h i s  exper ience  t h a t  t h e s e  n o t e s  

a r e  made." 

I 1  I n  May, 1887, t h e r e  was a succes s ion  of  ear thquake 

shocks f e l t  p r e t t y  g e n e r a l l y  throughout t h e  southwest ,  bu t  

i n  more pronounced degree  i n  sou theas t e rn  Arizona,  and t o  

a s t i l l  g r e a t e r  e x t e n t  i n  n o r t h e r n  Sonora, Mexico, where 



cons ide rab l e  damage was done, and where i t  would have been 

very  g r e a t  i f  t h e r e  had been many l a r g e  s t r u c t u r e s  i n  

t h a t  l o c a l i t y .  It was found l a t e r  t h a t  t h e  c e n t e r  of  t h e  

d i s t u r b a n c e  was i n  Sonora,  over  100 mi les  (161-km) sou th  

. o f  t h e  i n t e r n a t i o n a l  boundary l i n e .  A committee of  i n v e s t i -  

g a t i o n  was s e n t  down t o  r e p o r t  on t h e  e f f e c t s  of t h e  ea r thquake ,  

and,  a s  I remember, found a  ve ry  e x t e n s i v e ' f r a c t u r e ,  open i n  

p l a c e s ,  and w i t h  v e r t i c a l  d i sp lacements  of many f e e t  i n  t h e  

w a l l s  a t  i n t e r v a l s .  Doubt less  t h e  r epo r t  of t h e  committee 

can be  found i n  t h e  papers  o f  t h a t  time. An account  was 

p r i n t e d  i n  t h e  Engineer ing  and Mining J o u r n a l  of June  11, 

1887, cover ing  s u r f a c e  e f f e c t s  i n  southern  Arizona." 

"It appea r s  t o  be  w e l l  e s t a b l i s h e d  t h a t  t h e  v i b r a t i o n s  

w e r e  o f  s u f f i c i e n t  i n t e n s i t y  t o  c o n s t i t u t e  a  f a i r  working 

test  of  what ea r thquake  v i b r a t i o n s  might be  expected t o  do 

t o  mine workings i n  t h e i r  p a t h s .  A t  t h a t  t i m e  t h e  mines o f  

Bisbee and Tombstone were ve ry  ex t ens ive ly  opened, and t h e r e  

were many m i l e s  o f  underground workings, i n c l u d i n g  many 

l a r g e  cavernous open s t o p e s  i n  t h e  l imes tone ,  w i t h  l i t t l e  

t imber ing .  Notwi ths tanding  t h e s e  cond i t i ons ,  t h e  a c t u a l  

damage underground was on ly  t r i f l i n g ,  whi le  on t h e  s u r f a c e  

t h e  shocks were s u f f i c i e n t  t o  cause  p l a s t e r - t o  f a l l ,  t o  

throw down chimneys, and d i s a r r a n g e  foundat ions s o  a s  t o  

r e q u i r e  t h e  r e s e t t i n g  o f  engines .  " 



"Up t o  t h a t  t ime I had always understood t h a t  ear thquake  

v i b r a t i o n s  were not  ve ry  p e r c e p t i b l e  f a r  underground, bu t  .I 

found t h i s  t o  be a  g r e a t  mistake i n  some cases .  I n  company 

wi th  an a s s i s t a n t  I was engaged on some survey work i n  a 

mine a t  Tombstone i n  a  l a r g e  inc l ined  open s t o p e  about 150 

' f e e t  (45.7-m) below t h e  s u r f a c e .  The f i r s t  warning was a 

heavy r o a r i n g  n o i s e ,  fol lowed almost immediately by t h e  

beginning  of v i b r a t i o n  which seemed t o  culminate i n  a  very 

prondunced j o l t .  The f i r s t  impression was t h a t  t h e r e  had 

been an explos ion  of  some k ind ,  but  I quickly  recognized 

t h e  v i b r a t i o n s  f o r  what they r e a l l y  were, .as I had f e l t  

ear thquakes  bs fo re .  The loosened rocks from t h e  hanging 

w a l l  crashed down w i t h  mu& n o i s e ,  s t r i k i n g  sparks  a s  they  

came i n  con tac t  w i t h  t h e  hard  footwal l ,  and f o r  a few 

moments our-  s i t u a t i o n  w a s  one of - cons iderable  danger and 

such a s  t o  l e a v e  a  v i v i d  mental impression." 

I t  A t  ano the r  mine where men were working- a t  a depth  of 

500 f e e t  (152.4-m), c u t t i n g  ou t  a  chamber i n  hard  l imes tone  

about  a  hundred f e e t  from t h e  s h a f t ,  they dropped t h e i r  t o o l s  

and rushed f o r  t h e  s t a t i o n ,  where they needed no  u rg ing  t o  

coqe up. They s a i d  they  thought - the  mine was caving  i n ,  as 

everythj.ng seemed t o  be  moving. One of t h e  men t o l d  me t h a t  

h e  was s t a n d i n g  i n  a  d r i f t  i n  hard white l imes tone;  t h a t  h e  

f e l t  impelled t o  b r a c e  h imsel f  aga ins t  t h e  w a l l s  t o  main ta in  

e q u i l i b r i u m  and t h a t  h e  d i s t i n c t l y  saw a wave of d e f l e c t i o n  



' in  t h e  s o l i d  rock approach and pass  him. H e  i s  not  an 

imag ina t ive  person,  and he  h a s  repea ted  t h i s  s ta tement  t o  

m e  w i th in  t h e  p a s t  few days ,  a s  he  l i v e s  i n  Los Angeles,  

and I sought him t o  q u e s t i o n  him 'again about h i s  

experiences ' and s e n s a t  i ons .  " 

"A man went t o  f i n d  a miner who was working a lone  i n  

a  very  s o f t  r a i s e  b e i n g  pu t  up from t h e  500-foot (152-m) 

l e v e l ,  bu t  s t r a n g e  t o  s a y ,  h e  had no t i ced  no th ing  unusual  

and took t h e  warning c a l l e d  up t o  him a s  a  joke ,  r e f u s i n g  

t o  come down. The v i b r a t i o n s  s o  apparent  i n  t h e  hard  rock  

seemed t o  have been absorbed by t h e  s o f t e r ,  spongy rock." 

I I  So f a r  a s  t h e  w r i t e r ' s  exper ience  goes,  i t  seems t o  

show t h a t ,  wh i l e  ea r thquake  v i b r a t i o n s  extend a t  t i m e s  t o  

dep ths  of s e v e r a l  hundred f e e t  i n  a , v e r y  pronounced deg ree ,  

t h e r e  i s  l i t t l e  t o  b e  f e a r e d  i n  t h e  way of m a t e r i a l  damage 

t o  mines from them even when o f  cons ide rab le  i n t e n s i t y . "  

Other  r e p o r t s  on t h e  e f f e c t s  of ear thquakes on mines i n c l u d e  

t h e  fo l lowing:  

Cedar Mountain, i932:  "An ear thquake of magnitude 7 . 3  

o r i g i n a t e d  i n  West-Central Nevada on December 20, 1932 

(December 21, 06:10:05 G.C.T.)  . It was f e l t  over t h e  whole 

of ~ e v ~ d a  ( i n t e n s i t y  V I  a t  Reno) and i n  ad j acen t  s t a t e s ,  

a s  f a r  as San F ranc i sco ,  Los Angeles,  and S a l t  Lake C i t y  

( f i g .  28-16). The meizoseismal  a r e a  was i n  one of t h e  



grahen-type v a l l e y s  of  t h e  Great Basin ,  f l anked  by f a u l t -  

b l o c k  mountains .  It i s  one of  t h e  i e i s t  i n h a b i t e d  p a r t s  

o f  t h e  Uni ted  S t a t e s ;  a t  t h e  t ime  of  t h e  ea r t hquake  h a r d l y  

a dozen pe r sons  were  i n  t i l e  r eg ion .  A s t o n e  c a b i n  was 

demolished,  a  m i l l  a t  one mine was cons ide r ab ly  damaged, 

' 

and t h e r e  was some underground s l ough ing  i n  v a r i o u s  mine 

workings" ( R i c h t e r ,  1958, p.  507).  

E x c e l s i o r  Mountains e a r t hquake  sequence,  1934: "This  

e a r t hquake  p rov ided  an o p p o r t u n i t y  t o  o b t a i n  d a t a  on t h e  

r e l a t i v e  p e r c e p t i o n  of  shocks  on t h e  s u r f a c e  o f  t h e  ground 

and underground i n  mines.  A s  t h e  p r i n c i p a l  shock  occu r r ed  

d u r i n g  t h e  noon hou r  when most of  t h e  miners  we re  a t  t h e  

s u r f a c e ,  no d a t a  on it a r i  a v a i l a b l e .  The mine r s  were a l l  

ag r eed ,  however, t h a t  such  shocks as they  f e l t  were s t r o n g e r  

a t  t h e  s u r f a c e  t h a n  underground. Miners i n  a t u n n e l  a t  

M a r i e t t a  r e p o r t e d , t h a t  t hey  f e l t  ob l i ged  t o  s t e a d y  themse lves  

d u r i n g  t h e  s t r o n g  fo r e shock  b u t  were l e s s  concerned about  

t h e  shock  and h e a r d  l e s s  n o i s e  t han  persons  a t  t h e  s u r f a c e .  

Miners  a t  S i l v e r  Dike s c a r c e l y  n o t i c e d  shocks underground 

, t h a t  were  a c u t e l y  p e r c e p t i b l e  t o  t h o s e  a t  t h e  s u r f a c e .  It 

seems p robab l e  t h a t  t h e  d i f f e r e n c e  i n  p e r c e p t i o n  of shocks  

b e t w e e n ' t h e  s u r f a c e - a n d  underground may b e  r e l a t e d  t o  a 

d e c r e a s e  i n  amp l i t ude  o f  s u r f a c e  ea r thquake  waves w i t h  

dep th  much as t h e  amp l i t ude  o f  water waves d e c r e a s e s  from 



t h e  s u r f a c e  downward" (Cal laghan and Giane l l a ,  1935).  

Concerning t h i s  ear thquake ,  Alan Ryal l  (wr i t  t en  cornmun. , 

Oct. 30, 1974) s t a t e s ,  " . . . . t h e r e  i s  cons iderable  damage 

t o  t h e  workings of t h e  Quai ley  Mine, on t h e  northwest  

s i d e  of t h e  Exce l s io r  Mountains,  and t h i s  was s a i d  by t h e  
. . 

owner t o  have occurred  d u r i n g  t h e  1934 earthquake." 

The fo l lowing  r e p o r t  is taken  from Ulr ich (1946; p. 31-34) : 

May 9 ,  1944, "A s h a r p  l o c a l  ear thquake,  r e a c h h g  

i n t e n s i t y  of a t  l e a s t  V I ,  was repor ted  from Mullan and .  

Burke, Idaho. The fo l lowing  i s  quoted from a  p r e s s  r e p o r t :  

I 1  The shock caused a  s t a g i n g  t o  f a l l  i n  a  s tope  o f f  t h e  

4,450-foot (1,345-m) l e v e l  i n  t h e  Morning Mine a t  Mullan, 

and one worker was b u r i e d  i n  t h e  muck t o  h i s  knees,  caus ing  

body b r u i s e s ,  two broken r i b s ,  and p o s s i b l e  i n t e r n a l  i n j u r i e s .  

Three o t h e r  Morning ~ k e  workers  were peppered by f l y i n g  rock 

when t h e  s l i p p a g e  broke t i m b e r s  and knocked out  headings i n  

ano the r  s e c t i o n  of t h e  mine. Morning Mine o f f i c i a l s  s a i d  

t h i s  morning tha' t  no cave-in occurred and no ground was l o s t  

a l though t h e  t remor was f e l t  throughout t h e  workings." 

From se i smolog ica l  n o t e s  (October, 1945, p. 195) : 

11 Lone P ine ,  C a l i f o r n i a ,  August 24, 1945. An ear thquake  

" d i s t i n c t l y  rough" i n  c h a r a c t e r  s e t  windows r a t t l i n g  a t  1: 27 

p.m., P.W.T. No damage was r epo r t ed  throughout Inyo and Mono 

Count ies ,  bu t  mine o f f i c i a l s  i n  Upper P ine  Creek s a i d  t h a t  

i t  ' w a s  accompanied by a  r o a r  t h a t  "drowned out" b l a s t i n g  

going on i n  t h e  Canyon. 18 



Addi t ional ' ev idence  p e r t a i n i n g  t o  t h e  degree t o  which 

- ear thquake  v i b r a t i o n s  a r e  pe rcep ' t i b l e  underground and t h e  

p h y s i c a l  e f f e c t s  of such v i b r a t i o n s  is  presented i n  t a b l e s  2 ,  

3,  and 4.  The a v a i l a b l e  records  range from r e p o r t s  of ear thquakes  

be ing  f e l t  o r  no t  £ e l t  i n  mines t o  r e p o r t s  of f lood ing  of mines, 

s p a l l i n g  o f  rock i n  mine workings, and co l l apse  of mine workings 

and tunne l s .  Seldom do t h e  r e p o r t s  6ontain s u f f i c i e n t  d e t a i l  t o  

a p p r a i s e  t h e  e x t e n t  of t h e  damage o r  i t s  immediate cause. Thus 

i n  t h e  r e p o r t s  of f lood ing  of mines, no d e t a i l s  a r e  g i v e n . a s  t o  

t h e  cause of t h e  f lood ing  o r  whether one o r  s e v e r a l  l e v e l s  o r  

t h e  e n t i r e  mine was f looded.  One can only s p e c u l a t e  t h a t  t h e  

ear thquake  may have r e s u l t e d  i n  renewed movement along e x i s t i n g  

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

quake and provided avenues .of  wa te r  movement i n t o  t h e  mine. 

S i m i l a r l y ,  repor ts .  of f a l l i n g  rock seldom s p e c i f y  t h e  e x t e n t  

of damage o r  t h e  immediate cause,  such a s  s p a l l i n g  of l oose  roof  

pendants ,  c o l l a p s e  of w a l l s  o r  roof  due t o  renewed movement a long 

o l d  f r a c t u r e s ,  e t c .  Also, r e p o r t s  of mine tunne l s  t h a t - c a v e  i n  

do n o t  s p e c i f y  t h e  e x t e n t ,  a l though i t  i s  improbable a l l  o f  t h e  

workings c o l l a p s e d ,  o r  t h e  i-mmediate cause of t h e  c o l l a p s e ,  

whether ,due  t o  renewed movement a long o ld  f a u l t s  o r  j o i n t s ,  

d e s t r u c t i o n  of roof-support ing s t r u c t u r e s ,  e t c .  



I n s t rumen ted  S t u d i e s  i n  Mines 

The niost d e t a i l e d  i n fo rma t ion  on t h e  p e r c e p t i b i l i t y  o f  

e a r t hquakes  and t h e i r  p h y s i c a l  e f f e c t s  underground i s  t h a t  

ob t a ined  by i n s t rumen ted  s t u d i e s  i n  mines. 

Carder  (1950, p. 13-14) r e p o r t i n g  on t h e . o p e r a t i o n  of  

se ismographs a t  t h e  s u r f a c e  and a t  t h e  5 ,000-foot  (1,524-m) 

l e v e l  i n  t h e  Homestake Mine, South Dakota,  found t h a t  t h e  

r e c o r d s  a t  5 ,000  f e e t  (1,524-m) showed no s i g n i f i c a n t  d i f f e r e n c e  

from t h o s e  a t  t h e  s u r f a c e ,  excep t  f o r  t h e  l a c k  of  minor l o c a l  

and s u p e r f i c i a l  d i s t u r b a n c e s  a t  t h e  5 ,000-foot  l e v e l .  I n  a  l a t e r  

s t u d y ,  P-waves o f  1-second p e r i o d  were  recorded  a t  a d e p t h  o f  , 

300 f e e t  (91.4-m) w i t h  t w i c e  t h e  amp l i t ude  recorded  a t  5 ,000-foot  

(1,524-m) dep th .  

Kanai  and Tanaka (1951, p. 107-113) compared i n  d e t a i l  t h e  

seismograms from i n s t r u m e n t s  o p e r a t e d  s imu l t aneous ly  a t  t h e  

s u r f a c e  and a t  d e p t h s  o f  150,  300, and 400 me t r e s  (492, 984, 

and 1 ,312  f t )  i n  t h e  Ha t ach i  Pline; t h e  d i f f e r e n c e s  were  n o t  l a r g e .  

Subsequent ly  se i smographs  ope ra t ed  a t  t h e  s u r f a c e  and a t  dep th s  

of 150,  300, and 450, and 600 me t r e s  (492, 984, 1 , 476 ,  and 1 ,969  f t )  

i n  a  :copper inine i n  I l a t a c h i  r e co rded  a very  l a r g e  number of s m a l l  

e a r t hquakes .  The r a t i o  o f  maximum s u r f a c e  d i sp lacement  t o  d i s p l a c e -  

ment a t  300-metres ( 9 8 4 i f t )  deep w a s  about  6  a t  t h e  mine and 1 0  a t  

a s c h o o l  r e s t i n g  on a l l u v i u m  6 - k i l o m e t r e s  (3.7-mi) away. Ear thquakes  

w i t h  an  a v e r a g e  p e r i o d  of  incoming waves c l o s e  t o  t h e  f r e e  p e r i o d  



of t h e  s u r f a c e  l a y e r  caused t h e  maximum r a t i o s ,  b u t  i n  many 

. ear thquakes  t h e  r a t i o s  were a s  small a s  one t h i r d  of t h e  above. 

The pe r iod  of t h e  shor t -per iod  waves ( r i p p l e s )  recorded on 

s u r f a c e  seismograms b u t  n o t  underground, corresponds t o  t h e  pre-  

dominant pe r iod  of t h e  s u r f a c e  l a y e r ;  r i p p l e s  dominate t h e  s u r f a c e  

record  when t h e  incoming waves inc luded  components wi th  pe r iod  

equa l  t o  t h a t  of t h e  r ipples . --See Kanai, Osada, and Yoshizawa, 

1953, 1954 .  

Concerning t h e  depth  f a c t o r  i n  t h e  e f f e c t s  of ear thquakes  

on t u n n e l s ,  and c i t i n g  t h e  above d a t a  on seismograms from mines, 

Duke and Leeds (1959, p. 308-309) s t a t e :  " ~ u a l i t a t i v e l ~ ,  t h e s e  

r e s e a r c h e s  demonstrate  expe r imen ta l ly  t he  fol lowing e f f e c t s  a t  

depth:  

1. A t  s h o r t  p e r i o d s ,  s u r f a c e  displacements  a r e  l a r g e r  t han  

underground d isp lacements .  

2. The r a t i o ' o f  s u r f a c e  t o  underground displacement depends 

on t h e  type  of ground. It is g r e a t e r  f o r  a l luvium t h a n  

f o r  weathered rock. It may reach a  va lue  of a t  l e a s t  10.  

3.  For wave p e r i o d s  ovex one second, t h e  r a t i o  becomes compara- 

, t i v e l y  s m a l l ,  approaching un i ty  a s  t h e  pe r iod  i n c r e a s e s .  

4. There i s  a p a r t i c u l a r  average per iod  of incoming waves f o r  ' .  
which a  g iven  t y p e  of  ground w i l l  p rovide  a maximum r a t i o  

of s u r f a c e  t o  underground displacement.  I f  t h e  ave rage  

pe r iod  of  incoming waves is not approximately equa l  t o .  

t h i s  p a r t i c u l a r  p e r i o d ,  t h e  r a t i o  w i l l  be m a t e r i a l l y  

sma l l e r .  " 



. Mine Bumps and Rock Bur s t s  i n  Mines 

Phenomena c l o s e l y  r e l a t e d  t o  ea r thquakes  a r e  "mine bumps" 

and "rock b u r s t s "  i n  mines.  Pline bumps a r e  v i o l e n t ,  spontaneous 

d i s r u p t i o n s  of  r ock  f a c e s  and r i b s  i n  mines and are a  hazard  t o  

l i f e  and p rope r ty  i n  t h e  mines i n  which t hey  occur .  , Mine 

bumps and rock  b u r s t s  i n  mines are due t o  f a i l u r e  o f  t h e  rock  

under s t r e s s e s  r e s u l t i n g  from removal of m a t e r i a l .  Commonly 

- 
such  f a i l u r e s  occur  g r a d u a l l y  a s  mining proceeds;  however, i n  

competent and s t r u c t u r a l l y  r e s i s t a n t  rock ,  t h e  s t r e s s e s  may 

accumulate  t o  h i g h  l e v e l s  b e f o r e  f a i l u r e .  The energy r e l e a s e d  

when f a i l u r e  does  occu r  produces  t r u e  s e i smic  waves which have  

been recorded  on d i s t a n t  se ismographs.  Because t h e  l o c a t i o n  of  

t h e  o r i g i n  is known, t h e s e .  f e a t u r e s  have been t h e  s u b j e c t  o f  

s p e c i a l  s e i sm&log ica l  i n v e s t i g a t i o n s  i n  t h e  United S t a t e s ,  South 

A f r i c a ,  Canada, Europe,  and e l sewhere .  The U.S. Geo log i ca l  

Survey i n s t rumen ted  s t u d i e s  of t h e s e  f e a t u r e s  i n  c o a l  mines i n  

C e n t r a l  Utah i n  1967 and 1968 and a t  t h e  Somerset Coal Mine i n  

Colorado i n  1969. The r e s u l t s  o f  t h e s e  i n v e s t i g a t i o n s  a r e  con- 

t a i n e d  i n  two r e p o r t s :  Osterwald and o t h e r s ,  1971,  1972. Concerning 

t h e s e  s t u d i e s ,  Frank  W .  Os te rwald  ( w r i t t e n  comrnun., June  5,  1974) 

s t a t e s :  "Some e a r t h q u a k e s  i n  t h e  surrounding r e g i o n s  have been 

. . 

fo l lowed w i t h i n  a sho ' r t  t i m e  by l a r g e  bumps ( rock  b u r s t s )  i n  t h e  



mine, o t h e r  ear thquakes have produced no e f f e c t s ,  s o  no v a l i d  

conclus ions  can be drawn. We c a n ' t  r e a l l y  say t h a t  bumps 

fo l lowing immediately a f t e r  ear thquakes a r e  caused by t h e  

earthquakes.  " 

N. G.  W.  Cook, D i r e c t o r ,  Mining Research, Chamber of Mines 

( w r i t t e n  commun., August 25, 1974) provides t h e  fo l lowing summary 

of i n v e s t i g a t i o n s  i n  South Afr ica .  

I t  ~ l l  t h e  evidence i n d i c a t e s  t h a t  e a r t h  t remors,  rock 

b u r s t s ,  and bumps a r o s e  i n  t h e  Witwatersrand a s  a  r e s u l t  

of  mining and have followed t h e  p a t t e r n  o f -min ing  i n  

terms of frequency of i n c i d e n t s  and e p i c e n t r a l  p o s i t i o n  

and f o c a l  depth." 

I1 Measurements of t h e  v i r g i n  s t a t e  of stress i n  sedi -  

ments of t h e  IJ i twatersrand system have shown t h a t  t h e  

v e r t i c a l  component is  due t o  t h e  weight of  t h e  overburden 

and t h a t  t h e  h o r i z o n t a l  component has  a  magnitude about h a l f  

t h a t  of t h e  v e r t i c a l  component. Even though t h e  Witwatersrand 

sediments  a r e  f a u l t e d  and in t ruded  by dykes, s t r e s s  d i f f e r e n c e s  

should  n o t  be  g r e a t  enough t o  mobilize these  d i s c o n t i n u i t i e s  

. i n  t h e  absence of t h e  d i s tu rbances  c rea t ed  by mining. A s  a  

r e s u l t  of mining, which progresses  a t  a  r a t e  of  about 30 km 
2 

2 yea; (?..23 x l o 5  f t  r )  , t h e  weight o f t h e  overburden r e s u l t s  
# 

i n  stress concen t ra t ions  around t h e  per imeter  o f  t h e  mine 

excava t ions .  S t r e s s e s  i n  t h i s  v i c i n i t y  may reach va lues  o f  
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up t o  1 0  k i l o b a r s  (1 .02  x 1 0  kg/,m o r  1 .45  x 1 0  p s i )  and 

a r e g u l a r  p a t t e r n  o f  r ock  f r a c t u r e  a d j a c e n t  t o  t h e  mine 

excava t i on  i s  formed. There  i s  ev idence  t o  i n d i c a t e  t h a t  

t h e  p a t t e r n  i s  a f f e c t e d  by g e o l o g i c a l  d i s t u r b a n c e s ,  which 

have  t h e  e f f e c t ,  b r o a d l y ,  o f  c o n c e n t r a t i n g  t h e  energy and 

caus ing  more s e i s m i c  a c t i v i t y  t han  would b e  p r e s e n t  i n  

t h e i r  absence .  On t h e  Fa r  West Rand i n  t h e  Kle rksdorp  a r e a ,  

post -Witwatersrand normal  f a u l t s  of sha l l ow  d i p  a r e  e x t e n s i v e .  

We b e l i e v e  t h a t  t h e  stress changes caused by mining h e r e  

mobi l i zed  t h e s e  f a u l t s  r e s u l t i n g  i n  minor e a r t hquakes ,  b u t  

t h i s  matter i s  s t i l l  b e i n g  s t u d i e d .  The s e i s m i c  a c t i v i t y  

caused by mining seems t o  f o l l ow  many of  t h e  p a t t e r n s  o f  

e a r t hquake  s e i s m i c  a c t i v i G ,  i n c l u d i n g  a  l i n e a r  r e l a t i o n s h i p  . 

between t h e  l o g a r i t h m  of t h e  .number of e v e n t s  and t h e i r  

magnitude.  However, t h e r e  is  no obvious  r e l a t i o n s h i p  between 

t h e  amount of damage caused  by l a r g e  rock  b u r s t s  and t h e i r  

i n t e n s i t y  ." 



CONCLUSIONS 

The p e r c e p t i b i l i t y  and p h y s i c a l  e f f e c t s  of ear thquakes i n  . 

mines and underground workings dese rve  more sys t ema t i c  s tudy  

than they have rece ived .  

The fo l lowing  g e n e r a l i z a t i o n s  a r e  cons i s t en t  with t h e  

a v a i l a b l e  da t a :  

1. Severe damage i s  i n e v i t a b l e  when a  mine o r  t unne l  

i n t e r s e c t s  a - f a u l t  a long  which movement occurs  du r ing  

an ear thquake.  P o s s i b l e  damage inc ludes  o f f s e t  o f  t h e  

workings on e i t h e r  s i d e  of  t h e  f a u l t ,  d e s t r u c t i o n  of 

t imber ing ,  c o l l a p s e  of roof and wa l l s  of workings, and 

f l o o d i n g  of t h e  mine--all  of which could have d i s a s t r o u s  

consequences i n  a  mine. 

2. Mines i n  t h e  e p i c e n t r a l  region of s t rong  ear thquakes ,  bu t  

n o t  t r a n s e c t e d  by f a u l t  movement, may s u f f e r  s eve re  damage 

' b y  shaking.  Timbering may f a i l  and c o l l a p s e  of roof o r  

w a l l s  and mine s h a f t s  o r  t h e i r  l i n i n g s  may occur .  Flooding 

o f  mine workings by enlargement and in t e rconnec t ion  of  

j o i n t s  o r  o l d  f r a c t u r e s  is  poss ib l e .  

' 3. Mines o u t s i d e  of t h e  e p i c e n t r a l  region a r e  l i k e l y  t o  s u f f e r  

, l i t t l e  o r  no damage from a  s t r o n g  ear thquake.  Some s p a l l i n g  

of  rock,  f a l l i n g  of l o o s e  o r  weakened roof  pendants ,  o r  

some shaking  a r e  t h e  o n l y  e f f e c t s  t o  be expected and i n  

many c a s e s  t h e  ear thquake  is not  even no t i ced  i n  mines s o  

l o c a t e d .  



Other  f a c t o r s  b e i n g  equa l ,  i t  appea r s  r e a sonab l e  t h a t  t h e  

s e v e r i t y  of damage due t o  shak ing  would p robab ly  be  l e a s t  when 

t h e  mine i s  l o c a t e d  i n  h i g h l y  competent ,  unweathered rock ;  

somewhat g r e a t e r  damage would p robab ly  b e  expected i n  a  mine i n  

wea thered  o r  l e s s  competent  rock ;  and g r e a t e s t  damage would b e  

expec t ed  i n  a mine l o c a t e d  i n  l o o s e  unconso l i da t ed  o r  incompetent  

rock .  However, compara t ive  d a t a  o n , t h i s  a r e  inadequa te .  

The i n t e n s i t y  of  shak ing  below ground i s  commonly l e s s  

s e v e r e  t h a n  on t h e  s u r f a c e  due seemingly  t o  r o c k  type .  I n  g e n e r a l  

t h e  p r o g r e s s i o n  of r ock  type  upward from dep th  i s  from h i g h l y  

competent unweathered rock ,  th rough  weathered - r ock ,  t o  l o o s e  

unconso l i da t ed  rock .  



Table 2 . - -Observat ions  P e r t a i n i n g  t o  t h e  E f f e c t s  o f  Ear thquakes 
on Mines appea r ing  i n  Holden 's  Catalogue (Holden, 1898, 
253 p.)  

Jan.  7 ,  1869 . "Two sha rp  shocks n e a r  t h e  Newton Copper Mine, 
Amador? County,  Cal." No mention i s  made of e f f e c t s  o r  
damage i n  t h e  mine. 

Mar. 26,  1872 "Cerro Gordo and E c l i p s e  Mines, Inyo County, Ca l .  
The rock ing  motion was d i s t i n c t l y  observed,  e s p e c i a l l y  i n  t h e  
t i m b e r i n g ,  and t h e  miners  went t o  t h e  s u r f a c e  bu t  soon resumed 
work." T h i s  was t h e  g r e a t  Owens Val ley ear thquake.  Commenting 
on t h i s  r e p o r t ,  Dr. C. F. R i c h t e r ,  w r i t t e n  communication, 
Aug. 12 ,  1974,  s t a t e s  "The r e p o r t  i s  odd because t h e  t ime  o f  
occu r r ence  was about  2:30 a m . "  

Mar. 26, 1872 11 Geyser Gulch n e a r  headAiaters  of t h e  San Joaqu in  
River .  Miners  c a b i n s  i n  t h i s  v i c i n i t y  were thrown t o  t h e  
ground w i t h  v i o l e n c e .  T h i s  p l a c e  i s  40 o r  50 mi les  (64 o r  
80-km) from Independence,  Inyo County." No mention is made 
of  e f f e c t s  of e a r thquakes  i n  t h e  mines. 

May 3 ,  1887 " I have  no r eco rd  of  t h i s  shock a t  For t  Yuma, b u t  
I assume it  t o  have been f e l t  t h e r e .  I n  Sc ience ,  1887, 
May 20, p .  483, under  t h e  head ing ,  "The - -- Sonora Earthquake,  
i s  a good accoun t  by G .  E. Goodfellow, o f  t h e  shock a t  
Tombstone, Ar izona .  At t h i s  p l a c e ,  t h e r e  were loud detona- 
t i o n s .  The s e v e r e  shak ing  l a s t e d  10 seconds,  t h e  modera te ly  
s e v e r e  about  20, and t remors  a l i t t l e  over  one  minute .  No 
b u i l d i n g  o f  any s t a b i l i t y  was damaged, and no person was 
i n j u r e d .  The r a i l r o a d  t r a c k  of t h e  A.T. and S t .  I?. R.R.  a t  
a p o i n t  where i t  r an  e a s t  and wes t ,  was thrown 4 1 / 2  i n c h e s  
(11.4-cm) o u t  o f  l i n e ,  t h e  convexi ty  looking sou th .  The 
bend was 300 f e e t  (91.4-m) long.  For 48 hours  a f t e r  t h e  
shock  t h e r e  were t r emors .  Miners 600 f e e t  (183-m) below t h e  
s u r f a c e  f e l t  t h e  shock s e v e r e l y  and some became s i c k .  Pfi-ners 

. a t  150 f e e t  (46-m) n o t i c e d  t h e  shock l e s s .  The a r e a  of d i s -  
t u r b a n c e  i s  e s t i m a t e d  a t  1 ,200 by 600 miles  (1,930 by 965-km). 
I n  F r o n t e r a s  Va l l ey ,  Sonora,  o l d  Mexico, and t h e  ne ighborhood ,  
t h k  shock  was d e s t r u c t i v e  t o  houses and t o  human l i f e .  F i s s u r e s  
n o r t h  and s o u t h  were produced. The c e n t e r  is probably  s o u t h  
o f  F r o n t e r a s .  A t  San Bernadino Ranch, 90 mi l e s  (145-kn! sou th -  
east o f  Tombstone, a l l  t h e  houses  were thrown down. The re  a r e  
e x t i n c t  c r a t e r s  a t  t h i s  p lace . "  



Table  2. -- (Continued) 

A p r i l  28, 1888 "Reno (Nevada), a  smart  shock: t h r e e  waves 
i n  3 s e c . ,  fo l lowed  by a g e n e r a l  t r embl ing  f o r  10  s ec .  
The t i m e  o f  t h e  t h i r d  and s e v e r e s t  shock w a s  8  h. 48  m. 
38  s. p.m., d i r e c t i o n  S. t o  N. ( l e t t e r  from U.S. Surveyor  - 
Genera l  I r i s h ) .  Two o t h e r  o b s e r v e r s  say  W. t o  E.--Grass 
Val ley :  f e l t  i n  t h e  Idaho mine below t h e  1 ,600  f t  (468 m) 
l e v e l .  A l t a ,  May a. Very heavy ,  l a s t i n g  5  s e c . ,  from E. 
t o  W .  Ch ron i c l e ,  A p r i l  30--Grass Val ley :  t h e  Or leans  mine 
was f looded .  The shock  was a t  8:45 p m  and very  heavy (VII)  
It w a s  proceded by a  loud n o i s e .  The d u r a t i o n  w a s  about  
5 s e c .  and t h e  wave was E.  t o  W . .  . . .. I t  

May 1 9 ,  1889 "Cen t r a l  C a l f o r n i a :  at  t h e  Lick Observa tory ,  
nobody was awakened, a l t hough  t h e  motion r e g i s t e r e d  by t h e  
se ismographs was c o n s i d e r a b l e .  Th is  i s  probably owing t o  
t h e  l o n g  p e r i o d  of t h e  v i b r a t i o n s .  The t ime  recorded  by 
t h e  ea r t hquake  c l o c k  was 3:96 am."--"Forest H i l l :  i n  t h e  
Ifayflower mine, no s i g n  of an  ea r thquake  a t  600 o r  800 f e e t  
(183 o r  244-m) underground. , D i r e c t l y  over  t h e  mine t h e  
shock was s t r o n g  enough t o  r a t t l e  a washbowl a g a i n s t  a 
p i t c h e r . ' '  



Table  3.--Reports P e r t a i n i n g  t o  t h e  E f f e c t s  of Ear thquakes on Mines. 
Taken from t h e  Cata logue  of  Townley and Al len  ( T o m l e y  
and A l l e n ,  1939, 297 p . )  

Dec. 19 ,  1869 S e v e r a l  shocks i n  Mariposa,  C a l i f o r n i a ,  and i n  
t h e . m i n e s  of V i r g i n i a  C i t y ,  Nevada. Also A.M. December 20.-- 
Fuchs. I n  t h e  A.M.,  s e v e r a l  shocks  a t  Mariposa.--Perry.  It 
i s  v e r y  probable  cha t  t h e s e  shocks  were f e l t  a t  t h e  Mariposa 
M i l l ,  V i r g i n i a  C i t y ,  Nevada, and n o t  a t  Mariposa, C a l i f o r n i a - -  
Townley and Al len .  

J u l y  31, 1900 Utah and Juab  Coun t i e s ,  U t a h . '  A t  Goshen, Utah 
Co. , d i s h e s  were broken, p l a s t e r  f e l l  from w a l l s ,  and a 
chimney w a s  broken.  A t  San t aqu in ,  Utah Co.; an adobe house  
was s p l i t  i n  two, and peop le  thrown from beds.  Miners under- 
ground a t  T i n t i c ,  Juab Co., came t o  t h e  s u r f a c e ,  f r i g h t e n e d ;  
t h e  deep s h a f t  of t h e  Manunoth mine w a s  s o  t w i s t e d  t h a t  t h e  
cage could  n o t  b e  lowered t o  t h e  bo t tom--Sa l t  -- - Lake __-, Tr ibune  
Nov. 1 4 ,  1901. 

J u l y  9, 1871  Kern County, C a l i f o r n i a .  Severe  shock f e l t  i n  t h e  
J o e  Walker mine, which a lmos t  i n s t a n t l y  was f i l l e d  w i t h  water . - -  
Los Angeles News, J u l y  1 6 ,  T871. - 

A p r i l  28, 1888 Nevada C i t y ,  C a l i f o r n i a .  Walls o f  cou r thouse  
c racked .  Two s e v e r e  shocks ,  proceded by a deep rumbling 
sound. D i r e c t i o n  n o r t h ,  Grass Val ley .  F e l t  i n  t h e  Idaho  
mine below t h e  1 ,600  f o o t  (483-m) l e v e l .  A l t a ,  May 2. Very 
heavy,  l a s t i n g  f i v e  s econds ,  from e a s t  t o  wes t .  - -Chronicle ,  
A p r i l  30. The Or leans  mine w a s  f l ooded .  

Oct. 28, 1909 "The m i n e r s . a t  t h e  Bu l ly  H i l l  mine a t  Delamar, 
S h a s t a  County (Cal . )  were s o  bad ly  f r i g h t e n e d  by t h e  rumbl ing  
and shak ing  of  t h e  e a r t h  t h a t  t h e y  s t a r t e d  t o  come t o  t h e  
s u r f a c e .  I n  Redding, s e v e r a l  pe r sons  occupying rooms on t h e  
upper f l o o r s  of b r i c k  b u i l d i n g s  rushed i n t o  t h e  s t r e e t s .  
The c1.ock i n  t h e  dome o f  t h e  cou r thouse  s topped  a t  10 :45  pm. 
Repor t s  g e n e r a l l y  a g r e e  t h a t  t h e  d u r a t i o n  of t h e  earthqualce 
was t h i r t y  seconds.  The re  were t h r e e  sha rp  shocks ,  b u t  t h e  
v i b r a t i o n s  were cont inuous .  It--Santa Rosa P r e s s  ~ e m o c r a t  , --- 
0 c t b b e r  30, 1909. 
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March 21, 1917 Bishop, I nyo  County,  C a l i f o r n i a .  Rapid t r e m b l i n g ,  
n o r t h  t o  s o u t h ,  d u r a t i o n  twenty- f ive  seconds,  f e l t  by many. 
F e l t  a l s o  a t  t h e  Crooked Creek Camp of  t h e  Los Angeles  
Power Bureau,  twenty-four  m i l e s  nor thwest  of  Bishop,  as 
two shocks ,  each  o f  f i f t e e n  seconds  du ra t i on .  The shocks  
were  n o t i c e a b l e  i n  t h e  t u n n e l  which was be ing  d r i v e n  at  t h a t  
p o i n t .  Repo r t s  s t a t e d  t h a t  t h e  shock d i s lodged  rocks  on 
mountain s i d e s  w e s t  o f  Bishop. A t  o t h e r  p l a c e s  i n  t h e  
mountains  t h e  shocks  were l i g h t .  The d i s t u r b a n c e  was n o t  
r e p o r t e d  f rom Laws o r  Benton, n o r  from p o i n t s  s o u t h  o f  Bishop.  

Sep t .  4,  1917 Owens Va l l ey ,  I nyo  County, C a l i f o r n i a .  S l i g h t  
shock ,  f e l t  by one a t  r e s t  a t  Reward Gold Mine, n i n e  m i l e s  
s o u t h e a s t  of  Independence.  

Nov. 7 ,  1939 "An ea r t hquake ,  accompanied by a  r e p o r t  r e s emb l ing  
an  e x p l o s i o n ,  rocked Grass  Va l l ey  a t  7:25 pm, c a u s i n g  doo r s  
t o  f l y  open,  d i s h e s  t o  f a l l  from s h e l v e s ,  and b r i c k s  from 
chimneys. Tile shock e x c i t e d  s p e c i a l  remark because  i t  was 
f e l t  underground t o  a  dep th  o f  4,500 f t  (312-m) o r  more a s  
w e l l  a s  on t h e  s u r f a c e ,  and ' because  e a r l y  r e p o r t s  c r e d i t e d  
t h e  cause  of  t h e  shock t o  t h e  c o l l a p s e  of  underground work ings .  
USCGSSF" from Se i smo log i ca l  Soc.  America Bul l .  , v. 30 ,  no. I ,  
p. 88. 



T a b l e  4.--Reports o f  t h e  E f f e c t s  o f  Ear thquakes  on Mines, Taken 
from: Ear thquake  H i s t o r y  o f  t h e  Uni ted  S t a t e s ,  Rev ised  
E d i t i o n  ( th rough  1970) .  

J u l y  9 ,  1 8 7 1  "Kern County. S e v e r e  shock f e l t  i n  t h e  J o e  Walker 
Mine, which was f i l l e d  a l m o s t  i n s t a n t l y  w i t h  water ."  

A p r i l  28, 1888 "Nevada C i t y .  Walls of  c o u r t h o u s e  c racked .  A t  
G r a s s  V a l l e y ,  t o p s  of chimneys f e l l .  O r l e a n s  mine f l o o d e d ;  
f e l t  i n  Idaho mine below 1 , 6 0 0  f o o t  (488-m) l e v e l .  A t  B r i g g s ,  
I d a h o ,  p l a s t e r  c racked .  F e l t  from San F r a n c i s c o  n o r t h e a s t w a r d  
i n t o  Nevada. " . 

J u n e  8 ,  1894 "F i sh  S p r i n g s ,  Utah.  Peop le  r a n  o u t s i d e  a t  Emma 
Mine; d i s h e s  w e r e  thrown down a t  Utah Mine. Rumbling sounds."  

Aug. 1, 1900 "Utah. Deep s h a f t s  of mine t w i s t e d  s o  t h a t  cage  
c o u l d  n o t  b e  o p e r a t e d .  Dishes  were thrown from s h e l v e s .  
P l a s t e r  f e l l ,  d i s h e s  brolce, and a  chimney was damaged a t  
Goshen. A t  S a n t a q u i n ,  a n  adobe house  s p l i t  i n  two; p e o p l e  
were thrown from t h e i r  b e d s  . ' I  

J u l y  26,  1905 "Calumet,  Mich. An e a r t h q u a k e ,  which was a p p a r e n t l y  
a s s o c i a t e d  w i t h  t h e  p e c u l L r i l y  u n s t a b l e  c o n d i t i o n s  b rought  . 

a b o u t  by mining o p e r a t i o n s ,  w a s  f e l t  a l l  o v e r  t h e  Keweenaw 
P e n i n s u l a ,  Mich. It  was h e a y i e s t  a t  Calumet. There  was a  
t e r r i f i c  e x p l o s i o n ,  chimneys f e l l  w i t h  a  c r a s h ,  and p l a t e  
g l a s s  windows broke .  The e x p l o s i o n  w a s  h e a r d  f a r  down i n  
t h e  mine. F e l t  a t  M a r q u e t t e ,  Mich." 

May 26,  1906 " Keweenaw P e n i n s u l a ,  Mich. A t  t h e  A t l a n t i c  Mine, 
t h e  e f f e c t s  were  s u c h  a s  might  b e  produced b y ' a  g r e a t  e a r t h -  
quake.  R a i l s  were  t w i s t e d ,  and t h e r e  was n o t a b i e  s i n k i n g  o f  
t h e  e a r t h  above t h e  work ings .  Such e f f e c t s  were n o t  n o t e d  
e l s e w h e r e .  The a r e a  a f f e c t e d  was a b o u t  30 o r  40 m i l e s  (48  o r  
64-km) i n  d iamete r . "  

Oct .  28,  1909 " ~ u m b o l t  County (Ca l . )  A l l  chimneys were thrown 
,down and c o n c r e t e  s t r u c t u r e s  were  wrecked a t  R o h n e r v i l l e .  A t  
Upper M a t t o l e ,  chimneys were wrecked and cemetary  monuments 
weFe thrown down. The shock  was s e v e r e  th roughout  S h a s t a  
County,  b u t  damage w a s  moderate .  b l iners  were  b a d l y  f  r i-ghtened 
i n  a mine a t  Delamar. The shock was f e l t  i n  Sou thwes te rn  
Oregon as f a r  as M a r s h f i e l d  and G r a n t s  P a s s ,  n o r t h e a s t  from 
i t s  e p i c e n t e r  t o  beyond Redding,  s o u t h e a s t  t o  Nevada C i t y  
and Grass V a l l e y ,  and s o u t h  t o  Okiah. The shock was f e l t  
on b o a r d  a s h i p  25 m i l e s  (40-km) sou thwes t  of Cape Piendocino. 
Magni tude 6 f  . I 1  
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Oct. 2 ,  1915 " Time o f  occurrence.--22:54.  
Ep icen te r . - -P leasan t  V a l l e y ,  Nevada. 

2 
Area a f fec ted . - -Approx imate ly  500,000 s q u a r e  m i l e s  (12.9 x 10" m ) 
In tens i ty . - -X a t  e p i c e n t e r .  
Magnitude.  --7-3/4 
Descr ip t ion . - -Th is  e a r t h q u a k e  o c c u r r e d  a l o n g  a  f a u l t  on t h e  
e a s t e r n  s i d e  o f  P l e a s a n t  V a l l e y ,  which l i e s  s o u t h  o f  Winnemucca. 
While f e l t  o v e r  a l a r g e r  a r e a  t h a n  t h e  C a l i f o r n i a  e a r t h q u a k e  
o f  1906,  i t  d i d  l i t t l e  damage because  of  few s t r u c t u r e s  and  
peop le .  T h e r e  were  two shocks  s c a r c e l y  f e l t  o u t s i d e  Nevada, 
one a t  15:40 and a n o t h e r  a t  17:49.  A t  Kennedy, t h e r e  w a s  a 
r o a r  and p e o p l e  had t r o u b l e  remain ing  on t h e i r  f e e t ;  t h e  shock  
was i n t e n s i t y  V a t  Reno. A t  Kennedy, t h e  motion c o n t i n u e d  u n t i l  
t h e  main shock  a t  22:54. A t  t h i s  t ime ,  t h e r e  was a g r e a t  r o a r ,  
p e o p l e  were  thrown from t h e i r  b e d s ,  and some were thrown t o  t h e  
f l o o r .  Adobe h o u s e s  were  d e s t r o y e d .  Concrete  mine f o u n d a t i o n s  
c racked  and  mine t u n n e l s  caved i n .  As u s u a l ,  e f f e c t s  were  g r e a t e r  
where m a t e r i a l s  were  u n c o n s o l i d a t e d .  I n  such c a s e s ,  ground c r a c k s  
appeared  f o r  c o n s i d e r a b l e  d i s t a n c e s .  A t  Winnemucca, damage was 
moderate  and was c o n f i n e d  t o  t h a t  p a r t  of  t h e  c i t y  on low ground. 
A t  Love lock ,  l a r g e  w a t e r  t a n k s  were  thrown down and c r a c k s  
appeared  i n  t h e  road.  There  w a s  a  g r e a t  i n c r e a s e  i n  f l o w  o f  . 
w a t e r ,  s o  much s o  t h a t  a p p l i c a t i o n s  were  f i l e d  f o r  new water 
r i g h t s .  A r i f t  w a s  formed w i t h  a  f r e s h  v e r t i c a l  s c a r p  5  t o  
1 5  f e e t  (1 .5  t o  4.6-m) h i g h  and 22 m i l e s  (85-km) l o n g ,  p a r a l l e l  
t o  t h e  b a s e  o f  t h e  Sonoma Mountains .  I t  was f e l t  from Baker ,  
Oregon, t o  San Diego, C a l i f o r n i a ,  and from t h e  P a c i f i c  C o a s t  t o  
beyond S a l t  Lake C i t y ,  Utah." 

Nov. 27, 1926 "Idaho n e a r  Rathdrum. Two d i s t i n c t  shocks .  F e l t  a t  
1 ,000- foo t  (300-m) l e v e l  i n  H e c l a  hline, b u t  n o t  a t  2 , 0 0 0 - f e e t  
(310-m). S t r o n g l y  f e l t  a t  Wal lace .  V e r t i c a l  j a r  n o t e d .  S l i g h t  
damage a t  Ke l logg .  F e l t  a r e a  e x t e n d e d  t o  Thompson F a l l s ,  Montana." 

J u l y  21,  1952 Kern County Ear thquake  
11 Time o f  occurrence. - -03:52 

0 
Epicen te r . - -35 .0  N . ,  1 1 9 . 0 ° ~ ,  s o u t h  o f  B a k e r s f i  I d .  9 
Area a f fec ted . - -160 ,000  s q u a r e  m i l e s  (4 x 10" m ) 
Magnitude.--7.7 
In tens i ty . - -XI  

, Descr ip t ion . - -Th is  was t h e  main shock  o f  t h e  Kern County s e r i e s  
and t h e  l a r g e s t  e a r t h q u a k e  i n  t h e  Uni ted S t a t e s  s i n c e  1906.  
Damage t o  p r o p e r t y  w a s  e s t i m a t e d  a t  $50 m i l l i o n .  I n t e n s i t y  X I  



Table 4. -- (Continued) - 

e f f e c t s  were observed i n  a very  s m a l l  a r e a  on t h e  Southern  
P a c i f i c  Ra i l road  n e a r  B e a l v i l l e .  Reinforced c o n c r e t e  t u n n e l s  
w i t h  w a l l s  18 i n c h e s  (45.7-cm) t h i c k  were cracked,  t w i s t e d ,  
and caved i n .  The d i s t a n c e  between p o r t a l s  o f  two t u n n e l s  
was sho r t ened  about  8 f e e t  (2.4-m) i n  300 f e e t  (91-m). Rails 
were s h i f t e d  and ben t  i n t o  S-shaped curves .  Urban i n t e n s i t i e s ,  
however, d i d  n o t  exceed V I I I  . . . . ! I  

Dec. 18 ,  1957 "Na'llace, Idaho.  Ex t ens ive  damage a t  Galena 
S i l v e r  Mine ( 1  m i l e  (1.6-km) wes t  o f  Wallace).  Timber f e l l  
and w a l l s  caved i n ,  f r i g h t e n i n g  miners  3,400 f e e t  (1,036-m) 
underground. Awakened a l l  and f r i g h t e n e d  many a t  Wallace.  
Also f e l t  a t  Osburn and Mullan." - 

J u l y  13,  1969 " E a s t e r n  Tennessee.  F e l t  i n  Tennessee,  Nor th  
C a r o l i n a ,  V i r g i n i a ,  Kentucky, and Georgia.  S l i g h t  damage 
occur red  a t  J e f f e r s o n  C i t y ,  Tenn. ,  where a few b r i c k s  
loosened on chimneys and some roclcs f e l l  i n  z i n c  mines. 
A t  Knoxvi l le  p l a s t e r  and c o n c r e t e  cracked,  houses  shook 
s t r o n g l y ,  and f u r n i t u r e  jumpqd up and down. P l a s t e r  
cracked a t  Seymour and s m a l l  o b j e c t s  f e l l  from she lves .  
No damage occu r r ed  o u t s i d e  Tennessee.  Magnitude 3.5". 

D r .  Al lan R. Sanford  ( w r i t t e n  comrnun. , ' ~ u l ~  26, 1 9 7 2 ) .  p r o v i d e s  
t h e  fo l l owing  i n fo rma t ion ,  "A mine i n  Socorro PIountain whe re  
we have s e i s m i c  i n s t rumen t s  ha s  had s l i p  o f  a few m i l l i m e t e r s  
a long  a f a u l t  s i n c e  t h e  t u n n e l  was d r iven .  However, we have 
no i d e a  whether  t h i s  movement was caused by slow c r e e p ,  v i b r a -  
t i o n s  from a s t r o n g  nearby ea r thquake ,  o r  by sudden r e l e a s e  
of s t r a i n  energy  a long  t h e  f a u l t . "  
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