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ABSTRACT

Ten q u a r tz -b a r  s t r a in m e te r s  w i th in  45 k i lo m e te r s  o f

NE Denver have been i n  o p e r a t io n  fo r  a minimum o f  14 m onths.

A lthough th e r e  are la r g e  (5 x 10~^) s e a s o n a l  v a r ia t i o n s  in

th e  rock a t  some s i t e s , t e c t o n i c  s e c u la r  s t r a i n  r a te s  o f
— 5th e  order  o f  3 x 10 p er  y e a r  are o b serv ed . These can be 

a n a ly z ed  o n ly  i f  a l l  th r e e  h o r i z o n t a l  components are  

r e c o r d e d ,  in  which c a se  th e  d ata  are b e s t  d i s p la y e d  as s t r a i n  

e l l i p s e s . S t r a in  s t e p s  from earthquakes are a l s o  record ed  

and are u s e f u l  f o r  f a u l t  mechanism i n t e r p r e t a t i o n .

The s e c u l a r  s t r a i n  r a te  in  t h i s  area  v a r ie s  by two 

o r d e rs  o f  magnitude w i th in  45 k i lo m e t e r s .  I f  c h a r a c t e r i s t i c  

o f  o t h e r  a r e a s , t h i s  v a r ia t i o n  im p l ie s  t h a t  f i r s t - o r d e r  

g e o d e t i c  su rv e y s  are  s u p e r io r  to  s tr a in m e te r s  f o r  p r e l im in ­

ary r e g io n a l  s t u d i e s f and t h a t  earthquake p r e d ic t io n  i n s t r u ­

ments must be w i t h in  one h a l f - f a u l t - l e n g t h  o f  a f a u l t .

The l a r g e s t  earthq uak es occu rred  on r i g h t - l a t e r a l , 

s t r i k e - s l i p  f a u l t s  o r ie n t e d  N79W in  NE Denver. During the  

f i r s t  9 months o f  196 8 the  r i g h t - l a t e r a l  sh e a r  on t h i s  

f a u l t  zone in c r e a s e d  s t e a d i l y .  In June 196 8 th e  s t r a i n  

normal t o  t h i s  f a u l t  zone and th e  a r e a l  s t r a i n  b oth  reached  

maxima in  e x t e n s i o n .  F a i lu r e  was t h e r e f o r e  most l i k e l y  a t  

t h i s  t im e .  A "creep  ep iso d e"  d id  occu r  in  NE Denver on
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24-25 June 1968 . These e v e n ts  have n o t  been r e p e a te d  a t  

any o th e r  t im e .
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INTRODUCTION

Most t h e o r i e s  c o n c er n in g  mechanisms fo r  th e  g e n e r a t io n  

o f  earth q u ak es  h y p o t h e s iz e  t h a t  energy i s  s t o r e d  i n  th e  

c r u s t  in  th e  form o f  e l a s t i c  s t r a i n  and t h a t  an earthquake  

r e s u l t s  from th e  sudden r e l e a s e  o f  some o f  t h i s  energy by 

s l i p  on a f r a c tu r e  su r fa c e*  I f  t h i s  i s  s o ,  s t u d i e s  o f  the  

s t a t e  o f  s t r a i n  o f  the  c r u s t  in  a s e i s m i c a l l y  a c t i v e  r eg io n  

sh o u ld  c o n t r ib u t e  to  th e  u n d ers ta n d in g  o f  earthquake so u rce  

mechanisms and u l t im a t e ly  t o  earthquake p r e d i c t i o n .

S in c e  1964 a c l u s t e r  o f  ten  s tr a in m e te r s  has been con­

s t r u c t e d  w i t h in  45 k i lo m e t e r s  o f  a s m a l l ,  s e i s m i c a l l y  

a c t i v e  r e g io n  n ea r  Denver, C olorado . No comparable con­

c e n t r a t io n  o f  s t r a in m e te r s  p r e s e n t ly  e x i s t s  in  North  

Am erica. This paper i s  con cern ed  p r im a r i ly  w ith  s t u d i e s  

o f  s e c u l a r  s t r a i n  during  1968 u t i l i z i n g  data  from t h i s  

netw ork . I t  w i l l  be argued t h a t  a s i g n i f i c a n t  p o r t io n  o f  

th e  d e fo rm a tio n s  ob serv ed  are  in d e e d  r e a l  c r u s t a l  s t r a i n s  

o f  t e c t o n i c  o r i g i n .

The s i t e  which e x p e r ie n c e s  the  l a r g e s t  s e c u l a r  s t r a i n  

i s  l o c a t e d  d i r e c t l y  o v e r  th e  s e i s m i c a l l y  a c t i v e  zo n e . A 

r e l a t i o n s h i p  probab ly  e x i s t s  betw een th e  s e c u la r  s t r a i n s  

a t  t h i s  s i t e  and the  e a r th q u a k e s . S t r a in  s t e p  data  w i l l  

be used  to  deduce f a u l t  mechanisms fo r  th e  th r e e  l a r g e s t

1
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earthq uak es s o  t h a t  th e  s e c u l a r  s t r a i n s  can be i n t e r p r e t e d  

in  r e l a t i o n  to  th e  o r i e n t a t i o n  o f ,  and se n s e  o f  motion on,  

th e  i n f e r r e d  f a u l t  zone»

The s t r a i n  d a ta  from t h i s  s i t e  w i l l  be tran sform ed  i n t o  

a c o o r d in a te  sy s te m , one a x is  o f  which p a r a l l e l s  th e  f a u l t  

zon e . This w i l l  show t h a t  during June 196 8 the  sh e a r  s t r a i n  

was i n c r e a s i n g  and th e  s t r a i n  normal to  th e  f a u l t  zone  

reach ed  a maximum in  e x t e n s i o n .  These c o n d i t io n s  seem  

fa v o r a b le  f o r  f a i l u r e ,  and c o in c i d e n t a l ly  a c r e e p - l i k e  

e p is o d e  was reco rd ed  on th e  Rocky Mountain A rsen a l  s t r a i n ­

m eters on June 2 4 -2 5 .  F o llo w in g  t h i s  "creep  ep iso d e"  the  

s t r a i n  normal to  th e  f a u l t  zone went i n t o  c o m p ress io n , and 

no fu r t h e r  s i g n i f i c a n t  f a i l u r e  has s in c e  o c cu rr ed .
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. INSTRUMENTATION

Table 1 shows the l o c a t i o n s  and i n d iv i d u a l  param eters  

o f  a l l  s t r a in m e te r s  used  in  t h i s  s tu d y .

The sev en  s t r a in m e te r s  lo c a t e d  in  NE Denver are shown 

on F ig u re  1 (downtown Denver i s  about 15 k i lo m e te r s  SW o f  

t h i s  a r e a ) • The fo u r  in s tr u m e n ts  on th e  Rocky Mountain 

A r se n a l  ( S i t e  RMA-1 and S i t e  RMA-3) were com pleted  during  

th e  s p r in g  and summer o f  19 6 7 . A f i f t h  in s tru m en t p lanned  

f o r  a s i t e  (RMA-2) about 1%  k i lo m e te r s  s o u t h e a s t  o f  the  

Rocky Mountain A rsen a l Deep D is p o s a l  W ell (RMA W ell in  th e  

f ig u r e )  was under c o n s tr u c t io n  when th e  f i r s t  Denver e a r th ­

quake o f  Magnitude 5 o ccu rred  on A p r i l  1 0 ,  1967. A p r e ­

l im in a r y  i n t e r p r e t a t i o n  o f  the  f o c a l  mechanism was done 

(Major and Simon, 1968) u s in g  d a ta  from th e  s t r a in m e te r s  

a t  th e  C e c i l  H. Green G eo p h y s ica l  O bservatory (GOL), l o c a t e d  

about 45 k i lo m e te r s  WSW o f  th e  area shown on th e  map. The 

r e s u l t i n g  f a u l t  o r i e n t a t i o n  i s  shown on F igure  1. Based on 

t h i s  knowledge co n cern in g  the  f a u l t ,  a d e c i s io n  was made to  

abandon S i t e  RMA-2 and, i n s t e a d ,  to  c o n s tr u c t  a t h r e e -  

component s i t e  near  th e  f a u l t .  The r e s u l t  was the  Quimby 

s i t e  (QBY), which was c o n s tr u c te d  in  O ctober 1967 and 

became f u l l y  o p e r a t io n a l  th e  end o f  December 196 7.

3
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At each s i t e  shown on F igu re  1 a s ta n d a r d  o f  l e n g t h ,  

c o n s i s t i n g  o f  1 0 - f o o t  s e c t i o n s  o f  fu sed  q u a rtz  tu b in g  

s h i e l d e d  by 5- i n c h ” d iam eter  j a c k e t  p i p e , i s  b u r ie d  in  a 

s h a l lo w  tr e n c h  w ith  one end f i x e d  to  a c o n c r e te  p i e r .  The 

s e c t i o n s  o f  q u a r tz  are  th e r m a lly  com pensated by aluminum 

com pensating  e le m e n ts  (Major, 1 9 6 6 ) ,  The f r e e  end o f  the  

q u a rtz  e x te n d s  i n t o  a c o n c r e te  in s tru m en t  v a u l t  which con­

t a i n s  a tr a n sd u c e r  t o  measure th e  r e l a t i v e  d isp la ce m en t  o f  

th e  q u artz  w ith  r e s p e c t  to  th e  in s tr u m e n t  v a u l t  p i e r .  This  

i s  a B e n io f f  c a p a c i t i v e  tra n sd u c er  m o d if ie d  to  in c lu d e  

i n t e g r a l  m icrom eter c a l i b r a t i o n  and read ju stm en t (Romig,

1 9 6 7 ) ,  S t r a in  i s  th en  computed by d i v id in g  th e  apparent  

d isp la c e m e n t  by th e  t o t a l  b a s e - l e n g t h .

At QBY th e  th r e e  in s tru m en ts  te r m in a te  in  one i n s t r u ­

ment v a u l t ;  a l l  o th e r  in s tr u m e n ts  have in d iv i d u a l  v a u l t s .

The in s tr u m e n t  v a u l t  a t  QBY has two rooms, a low er t r a n s ­

ducer  room 4 f e e t  h ig h  and an upper r e c o r d in g  room 30 

in c h e s  h ig h .  T h is  upper room i s  a d e a d -a ir  sp ace  which  

p r o v id e s  s u p e r io r  therm al i n s u l a t i o n  f o r  the  s t r a in m e te r s  

as compared t o  th e  s in g le -r o o m  v a u l t s  used  on th e  o th e r  

in s tr u m e n t s , F ig u re  2 i s  a photograph taken during  the  

c o n s t r u c t io n  o f  QBY. The 5 - in ch  j a c k e t  p ip e  and the  con­

c r e t e  in s tr u m e n t  v a u l t  are seen  c l e a r l y  in  t h i s  p i c t u r e .

Both RMA s i t e s  are l o c a t e d  in  w eathered  s h a l e , com­

p e t e n t  rock n o t  b e in g  found n ear  th e  s u r fa c e  in  t h e s e  a r e a s .
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F igu re  2 . Photograph o f  QBY durin g  c o n s t r u c t io n  showing th e  
c o n c r e te  in s tr u m e n t  v a u l t  and th e  j a c k e t  p ip e  fo r  
the  th r e e  s t r a in m e t e r s .
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The p i e r s  f o r  QBY are  lo c a t e d  on r e l a t i v e l y  f r e s h , h o r i ­

z o n t a l l y  bedded sa n d s to n e .  The f o o t in g s  f o r  t h i s  s i t e  are  

s u p e r io r  t o  th o s e  f o r  a l l  o th e r  s i t e s  e x c e p t  th e  two under­

ground in s tr u m e n ts  a t  GOL.

The QBY s i t e  i s  near  populous a rea s  o f  NE Denver? thus  

th e  l o c a t i o n ,  a lo n g  a r a i l r o a d  r ig h t - o f - w a y ,  was in f lu e n c e d  

by th e  la ck  o f  o th e r  a v a i la b l e  sp a c e ,  A r a i l r o a d  cu t  n ear  

th e  i n s t a l l a t i o n  (F igu re  3) in tr o d u c e s  minor bou nd azy-va lu e  

e f f e c t s  in  th e  o b ser v ed  s t r a i n .  I t  i s  assumed t h a t  t h i s  

has r e l a t i v e l y  l i t t l e  e f f e c t  on r e g io n a l  s t r a i n s .

In s tr u m e n ta t io n  o f  th e  RMA s i t e s  in c lu d e s  te le m e tr y  

f o r  th e  s t r a i n  s i g n a l  and a t e l e m e t r y - c o n t r o l l e d  d r iv e  motor  

on th e  tr a n sd u c e r  m icrom eter. The s i g n a l s  are record ed  on 

1 0 - in c h  s t r i p - c h a r t  r ec o rd er s  lo c a t e d  in  th e  G eophysics  

Department a t  th e  Colorado S ch o o l o f  M ines, C a l ib r a t io n  

and r ea d ju stm e n t  o f  th e  s t r a in m e te r s  are accom p lish ed  from 

th e  S ch o o l by means o f  a te le p h o n e  d i a l  sy s tem . The con­

t i n u i t y  o f  d a ta  from t h e s e  in s tr u m e n ts  i s  good? very  

l i t t l e  i s  l o s t  b ec a u se  o f  the r e c o rd er s  b e in g  o f f - s c a l e ,  

e t c .  On the  o th e r  hand, the  QBY in s tr u m e n ts  r eco rd  on­

s i t e ,  and r ea d ju stm e n t  i s  accom p lish ed  m anually  when the  

s i t e  i s  v i s i t e d  — norm ally  once per week. S in ce  t h i s  i s  

th e  area  o f  h i g h e s t  s e c u l a r  s t r a i n  r a t e ,  th e  r ec o r d e r s  are  

o f t e n  o f f  s c a l e  f o r  lon g  p e r io d s  o f  t im e . For purposes
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F ig u re  3. Topographic map o f  QBY showing th e  r a i l r o a d  c u t
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o f  s e c u l a r  s t u d i e s , how ever, the  r e b a la n c e  numbers p r o v id e  

adequate d a ta .

The RMA in s tr u m e n ts  were com pleted  d u r in g  th e  f a l l  o f  

1967 and have o p e r a te d  c o n t in u o u s ly  s i n c e  th e n .  RMA-1 -  

R a d ia l was n o t  b u r ie d  u n t i l  th e  summer o f  1968« S h o rt^ p er io d  

tem perature  e f f e c t s  are pronounced on t h a t  component p r io r  

t o  b u r i a l .  The QBY s i t e  was com pleted  by November 1967,  

b u t  power was n o t  a v a i la b l e  u n t i l  the  end o f  December so  

th ree -com p on en t reco rd s  are n o t  a v a i la b l e  p r io r  to  January  

1968.
Temperature measurements used  in  t h i s  paper are taken  

from th e  monthly ESSA p u b l i c a t i o n  "Local C l im a t o lo g ic a l  

Data." T h is  p u b l i c a t i o n  r e p o r ts  measurements made a t  

S t a p le t o n  I n t e r n a t i o n a l  A ir p o r t  in  E Denver® S in ce  a l l  

o f  th e  s i t e s  in  NE Denver are w i t h in  10 k i lo m e te r s  o f  t h i s  

r e c o r d in g  l o c a t io n ,  th e s e  r e p o r ts  p ro v id e  adequate i n d ic a ­

t i o n  o f  the  s u r f a c e  tem p erature  a t  th e s e  s i t e s .
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RELIABILITY OF THE ORIGINAL DATA

A l l  o f  the  m icrom eters u sed  in  the s t r a in m e t e r s  are  

Model DS-501 d i f f e r e n t i a l  m icrom eters m anufactured by 

L ansing  R esearch . Three o f  t h e s e  have been t e s t e d  i n t e r -  

f e r o m e t r i c a l ly  and found to  be a c cu ra te  w ith in  ± 3%

(Sm ookler, 1 9 6 8 ) .

S h o r t -p e r io d  e r r o r s  are in tr o d u ce d  i n t o  the  d ata  by 

v i r t u e  o f  the  f a c t  t h a t  1) th e  in s tru m en ts  are n o t  n e c e s s a r ­

i l y  r eb a la n ce d  a t  the same tim e during th e  d a i l y  c y c l e ,  and 

2) o f t e n  th e  adju stm ent i s  s u f f i c i e n t  to  b r in g  th e  r ec o rd er  

o n - s c a l e  b u t does n o t  b a la n c e  th e  in s tru m en t to  n u l l .

L im it s  on t h e s e  e r r o r s  are s e t  by the  f a c t  t h a t  (1) the  

d a i l y  c y c l e  i s  l e s s  than f u l l  s c a l e  on th e  r e c o r d e r  and 

(2) th e  rea d ju stm en t  i s  a lw ays s u f f i c i e n t  t o  b r in g  the

r e c o r d e r  o n - s c a l e .  The upper l i m i t  o f  e r r o r  i s  thu s th e
— 7f u l l - s c a l e  s e n s i t i v i t y  o f  th e  r e c o r d e r ,  o r  about 2 x 10 

on th e  a v e ra g e .  At QBY th e  s t r a in m e te r s  are always  

a d ju s te d  to  as n ea r  zero  as p o s s i b l e ;  thus th e  u n c e r ta in ty  

i s  l e s s  a t  t h a t  s i t e .  These e r r o r s  are n o t  c u m u la t iv e ,  

s o ,  f o r  t h i s  s tu d y ,  the  lo n g - te r m  e f f e c t s  are n e g l i g i b l e ,  

i . e . , about 1%.

The most im p o rtan t  u n c e r ta in t y  in  th e  d ata  p e r ta in s  to  

th e  amount o f  co n ta m in a tio n  o f  th e  r eco rd  by n o n - t e c t o n i c  

en v iro n m en ta l ch an ges . A lthough t h i s  u n c e r ta in ty  cannot be

11
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c a l c u l a t e d ,  com parison o f  th e  p l o t s  o f  th e  in d iv id u a l  

components w ith  each o th e r  and w ith  known n o i s e  so u r c e s  

( e . g .  s e a s o n a l  tem perature  f l u c t u a t i o n s )  p r o v id e s  some 

i n s i g h t  in t o  th e  r e a l i t y  o f  th e  s e c u l a r  d a ta .

F ig u r e s  4 and 5 are  p l o t s  o f  the  o r i g i n a l  data  from  

th e  s t r a in m e te r s  a t  RMA and QBY. An apparent annual v a r ia ­

t i o n  i s  se e n  a t  a l l  fo u r  RMA in s tr u m e n ts ;  i t  i s  th e  l a r g e s t  

s i g n a l  on t h e s e  r e c o r d s .  S in c e  s e a s o n a l  tem perature  v a r ia ­

t i o n s  seem th e  most l i k e l y  cau se  o f  t h i s  e f f e c t ,  the  mean 

d a i l y  s u r f a c e  tem perature  a t  S t a p le t o n  A ir p o r t  ( a d jo in in g  

th e  RMA) i s  a l s o  p l o t t e d  on F ig u re  4 . That th e  annual 

v a r ia t i o n  in  s t r a i n  i s  n o t  s o l e l y  due t o  th e  d i r e c t  e f f e c t  

o f  tem perature  on th e  in s tr u m e n ts  i s  in d ic a t e d  by the  

f o l lo w in g  o b s e r v a t io n s  ;

1) Both in s tr u m e n ts  a t  RMA-3 la g  th e  s u r fa c e  tempera­

tu r e  by 2 months ; in s tr u m e n t  RMA-1 T ran sverse  

l a g s  RMA-3 by 2 months and th e  tem perature  by

4 months. S in ce  a l l  th r e e  in s tr u m e n ts  are  

i d e n t i c a l ,  t h i s  phase  d i f f e r e n c e  o f  2 months 

can n ot be a t t r i b u t e d  s o l e l y  t o  s u r fa c e  tem perature  

v a r i a t i o n s .

2) In stru m en t RMA-1 -  R a d ia l  was exp o sed  to  th e  a i r  

u n t i l  midsummer 196 8. I f  s e a s o n a l  tem perature  

v a r i a t i o n s  on th e  in s tr u m e n t  were a t  f a u l t ,  th e r e  

sh o u ld  have been a marked change in  th e  d ata  from  

RMA-1 -  R ad ia l a f t e r  b u r i a l ,  e s p e c i a l l y  s in c e
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F ig u re  4 , Rocky Mountain A r se n a l  s t r a i n  record s  and s u r fa c e  
tem p era tu re .
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19691967 1968 1968

Quimby Strain

ne/ sw/

e/Wj

4 x 10
Extension

—+50 —
— +40 —
— +30 —
—  +20 —

Temp. -  °F

F ig u re  5 .  QBY -  o r i g i n a l  s t r a i n  record s p lu s  tem p eratu re .
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th e r e  was a s i g n i f i c a n t  change in  th e  d a i ly  c y c l e ,  

which i s  a lm o st  c e r t a i n l y  tem perature  in d u ced .  

S in c e  b u r i a l , how ever, RMA-1 -  R ad ia l has tr a c k e d  

th e  p r e v io u s  y e a r  a lm ost  e x a c t l y .

These annual v a r ia t i o n s  a t  RMA are s e a s o n a l  e f f e c t s  

probab ly  in v o lv in g  v a r i a t i o n s  in  rock tem p erature  and s o i l  

m o is tu r e  c o n te n t  c o m p lic a te d  by l o c a l  topography and s o i l  

co m p o sit io n  n ear  each s i t e ,  A d e t a i l e d  a n a ly s i s  o f  t h i s  

c o m p lic a ted  problem i s  n o t  n e c e s s a r y  h ere  b ecau se  a t  the  

end o f  any g iv e n  1 -y e a r  p e r io d  th e r e  i s  a permanent change  

in  th e  s t a t e  o f  s t r a i n .  T his i n d i c a t e s  the  p r e se n c e  o f  

some s e c u l a r  s t r a i n  in  a d d i t io n  to  th e  s e a s o n a l  v a r i a t i o n .

The s e a s o n a l  v a r i a t i o n s  a t  QBY, i f  any (F igu re  5 ) ,  

are f a r  l e s s  ob v iou s than th o s e  a t  RMA (F ig u re  4 ) .  I f  the  

mean s t r a i g h t - l i n e  y e a r ly  d r i f t  i s  removed, th e r e  i s  some 

s u g g e s t io n  o f  an annual p e r io d .  In each case  th e  time  

i n t e r v a l s  betw een su b seq u e n t  peaks and trou gh s are e i t h e r  

5 or  7 m onths, n o t  6 m onths. F u r th er , th e  "peak" o f  

the  annual v a r i a t i o n  o ccu rs  i n  June on the  N /S , J u ly  on 

th e  NE/SW, and Septem ber on the  E/W. S in ce  the  th r e e  QBY 

in s tr u m e n ts  are i d e n t i c a l  i n  d e s ig n  and a l s o  ter m in a te  in  

th e  same end h o u se ,  th e  e x i s t e n c e  o f  t h e s e  phase d i f f e r e n c e s  

s u g g e s t s  t h a t ,  as was co n c lu d ed  fo r  the  RMA s i t e s , t h i s  

annual v a r ia t i o n  i s  n o t  a r e s u l t  s im ply  o f  s e a s o n a l  tem pera­

tu r e  change in  the  in s tr u m e n t .  I t  i s  o b v iou s t h a t ,  even i f
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the  apparent annual v a r ia t i o n s  are  removed, the  t o t a l  

" secu lar"  o r  " r es id u a l"  s t r a i n  a t  QBY i s  very la r g e ,  e . g . ,  

as la r g e  as th e  s t e p  a s s o c i a t e d  w ith  a la r g e  earth q u a k e .

The E/W, fo r  exam ple, e x p e r ie n c e d  an e x te n s io n  o f  about  

25 x 10"6 durin g  196 8. By com parison, t h i s  in s tr u m e n t ,  as 

w i l l  be d i s c u s s e d  l a t e r  i n  d e t a i l ,  in d ic a t e d  an e x t e n s i o n a l  

s t r a i n  s t e p  o f  19 x 10*"̂  a s s o c i a t e d  w ith  the earthquake o f  

November 2 7 ,  196 7.

The QBY data  w i l l  be t r e a t e d  as i f  th e r e  were no 

s e a s o n a l  component b eca u se  i t  seems i n s i g n i f i c a n t  by com­

p a r is o n  w ith  the  l a r g e r  s e c u l a r  s t r a i n s  ob served .

L o n g -p er io d  n o i s e  i s  s i g n i f i c a n t  a t  many o f  th e  s i t e s ,  

so  i t  i s  p e r t i n e n t  t o  q u e s t io n  w hether  the  r e s id u a l  s e c u l a r  

s t r a i n  i s  "real"  ( r e s u l t i n g  from a t e c t o n i c  sou rce)  or  

w h eth er  i t  i s  s im ply  th e  r e s u l t  o f  a n o th e r ,  as y e t  

u n i d e n t i f i e d ,  type  o f  " n o is e ."  The f o l lo w in g  a n a ly s e s  

w i l l  a ttem p t to  show t h a t  th e r e  are c e r t a in  o th e r  c o in ­

c id e n c e s  and c o n s i s t e n c i e s  in  th e  s e c u l a r  s t r a i n  d a ta  which  

make i t  u n l ik e l y  t h a t  n o i s e  i s  th e  cause  o f  the  s t r a i n .

Wideman and Major (196 7) s t u d ie d  the  s t r a i n  "step s"

( i . e .  e l a s t i c  rebound) a s s o c i a t e d  w ith  earthq uak es a t  a

w ide  range o f  e p i c e n t r a l  d i s t a n c e s  and conclu ded  t h a t  the
— 3 / 2r a t e  o f  decay w ith  d i s t a n c e  f o r  th e s e  s t e p s  i s  l i k e  R z . 

E a rly  t h e o r e t i c a l  s t u d i e s  u s in g  d i s l o c a t i o n  models p re ­

d i c t e d  a decay w ith  d i s t a n c e  l i k e  R™̂  ( P r e s s ,  1965f
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C h in n ery , 1961)* I f  th e  s e c u l a r  s t r a i n  in  th e  Denver area  

i s  a r e s u l t  o f  d eform ation  w i t h in  th e  a c t i v e  zone in  NE 

D enver, i t  i s  c o n c e iv a b le  t h a t  t h i s  s e c u l a r  s t r a i n  m ight  

decay w ith  d i s t a n c e  a cco rd in g  t o  a s i m i l a r  ru le*  F igu re  6 

i s  a l o g - l o g  p l o t  o f  d i s ta n c e  from the a c t i v e  zone v e rsu s  

approxim ate average  n e t  y e a r ly  s e c u la r  s t r a i n  a t  QBY, RMA-1, 

RMA-3 , and GOL. A so u rce  app rox im ate ly  4 k i lo m e t e r s  deep  

d i r e c t l y  under QBY i s  assumed. A l l  s t r a i n  d a ta  e x c e p t  GOL 

are th e  t o t a l  annual change f o r  each in s tr u m e n t  w ith  the  

in s tr u m e n ts  a t  each s i t e  averaged  t o g e t h e r .  Long-term  data  

are n o t  a v a i la b l e  f o r  GOL, s o  th e  v a lu e  used  f o r  t h i s  p o in t  

i s  t h a t  determ ined  by Homuth (1968) e x t r a p o la t e d  to  one year*  

T h is s t r a i n  r a te  f o r  GOL i s  probably  h i g h , s i n c e  no a ttem p t  

has been made to  c o r r e c t  f o r  a p o s s i b l e  s e a s o n a l  component 

t o  the  d r i f t .  Decays w ith  d i s ta n c e  o f  R*"̂  and R ~^^ are  

a l s o  shown f o r  com parison.

S in c e  th e  e p i c e n t r a l  r e g io n  i s  n o t  r a d i a l l y  sym m etric,  

th e  ob serv ed  s t r a i n  r e s u l t i n g  from movement in  t h i s  zone 

w i l l  vary s i g n i f i c a n t l y  w ith  s t r a in m e te r  o r i e n t a t i o n  and 

w ith  the  azimuth o f  the  s t r a i n  s i t e  from th e  a c t i v e  a rea .  

S in ce  each  o f  th e  in s tr u m e n ts  concerned  has a d i f f e r e n t  

o r i e n t a t i o n  o r  azim uth , F igu re  6 has l i t t l e  v a lu e  as f a r  

as d e ter m in in g  a s p e c i f i c  r a te  o f  decay w ith  d i s t a n c e .  I t  

i s  a p p a re n t ,  how ever, t h a t  in  s p i t e  o f  th e  l i m i t a t i o n s  o f  

the  d a ta ,  a l l  o f  th e  p o in t s  do f a l l  w i t h in  th e  area  on the
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F ig u re  6 . S e c u la r  s t r a i n  r a t e s  as a fu n c t io n  o f  d i s ta n c e
from the  NE' Denver a c t iv e  zone to  the s t r a in m e t e r  
s i t e .
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graph bounded by th e  two l i m i t s  R ™a n d  R . T h is ten d s  

t o  su p p o rt  the  c o n je c tu r e  th a t  the o b served  s e c u l a r  s t r a i n  

i s  a r e s u l t  o f  r e a l  l o c a l  deform ation  in  the  c r u s t ,  s in c e  

i t  seems h ig h ly  u n l ik e l y  t h a t  p u re ly  in s tr u m e n ta l  d r i f t  or  

f l u c t u a t i o n s  in  s u r fa c e  c o n d i t io n s  would produce the  

ob serv ed  decay w ith  d i s t a n c e .

I t  i s  a p p r o p r ia te  now to  undertake c e r t a in  m anipula­

t i o n s  o f  the  d a ta ,  s p e c i f i c a l l y  t o  compute th e  sh ea r  s t r a i n  

(e 12) and th e  d i r e c t i o n  o f  maximum e x t e n s io n  a t  QBY. The 

m athem atics have e i t h e r  been taken from , o r  checked by com­

p a r iso n  t o ,  Love (1944) « There i s  a b a s i c  d iscr ep a n c y  

betw een h i s  d e f i n i t i o n  o f  sh ea r ;

6 1 2  -  ! ^ 1  +
3*! 3x2

and t h a t  used  in  t h i s  paper;
1 Bu-i 3up 

e 12 I  ( 3xJ +

T his in t r o d u c e s  a f a c t o r  o f  ,,2'5 a t  v a r io u s  p l a c e s ,  which i s  

th e  o n ly  d i f f e r e n c e  between e q u a t io n s  g iv e n  in  Love and th o se  

used  h e r e .

The sym bols used  th rou gh ou t the  paper are ; 

p. . —  s t r e s s
1 3U4 3U-:e • • —— s t r a i n  — ~6 d x j d x ̂

6 — d i l a t i o n  (e^j. /  e 22 /  e 33^

g . . —  m e tr ic  (Kroneeker d e l t a  in  t h i s  paper)
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W —  energy  

X  —* p r i n c ip a l  s t r a i n

s u b s c r ip t  "I" — h o r i z o n t a l ,  E a st  a x i s

s u b s c r ip t  ”2 ” —» h o r i z o n t a l ,  North a x i s

s u b s c r ip t  ” 3" —  v e r t i c a l  a x is  

An o r th o g o n a l  c a r t e s ia n  c o o r d in a te  sy s tem  i s  assumed.

The o r i g i n a l  QBY d a ta  (F igu re  5) are p l o t t e d  as s im p le  

e x t e n s i o n a l  s t r a i n  in  th r e e  d i r e c t i o n s .  Shear s t r a i n  ( e ^ )  

can be computed by f i r s t  assum ing an E/W ~ N/S c o o r d in a te  x 

sy s te m , then a p p ly in g  a d i r e c t i o n  c o s in e  tr a n sfo r m a tio n  o f  

ax es  (m o d if ied  from L ove, 1944, p .  4 3 ) .  The e x p r e s s io n  f o r

th e  e x t e n s i o n a l  s t r a i n  in  th e  d ia g o n a l  d i r e c t io n  becomes :
2 2 

e NE/SW “ e l l  c o s  (a 1 ) + e 22 cos  (%2) + 2 e 12c o s ( a ^ ) c o s ( a 2 )

where and a2 are th e  a n g le s  between th e  d ia g o n a l  d i r e c t i o n

and th e  "1" and "2" a x e s ,  r e s p e c t i v e l y .  A pply ing  t h i s  to  QBY 

where th e  a n g le s  are a l l  45° and th e  d i r e c t io n  c o s in e s  are  

a l l  0 .7 0 7 ,  th e  above e q u a t io n  g iv e s  an e x p r e s s io n  fo r  e^ 2 in  

term s o f  th e  th r ee  o b serv ed  e x t e n s io n a l  s t r a i n s  :

e 12 = e NE/SW ~ 2  ( e H  + e 22^

S in ce  e x t e n s i o n a l  s t r a i n  in  th e  NE/SW d i r e c t i o n  i s  contam in­

a te d  by the  p r e se n c e  o f  N/S or  E/W e x t e n s io n a l  s t r a i n ,  a 

p l o t  o f  th e  sh ear  s t r a i n  i s  a more e l e g a n t  d i s p la y  o f  t h i s  

p o r t io n  o f  th e  s t r a i n  d a ta .  I t  i s  a l s o  s i g n i f i c a n t  t h a t  

any en v iro n m en ta l f a c t o r s  a f f e c t i n g  a l l  the in s tr u m e n ts
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e q u a l ly  ( i . e .  tem p era tu re ,  e t c . )  w i l l  be removed by t h i s  

c a l c u l a t i o n .

In  any s t r a i n e d  body th e r e  e x i s t s  one c o o r d in a te  sy s tem  

where a l l  o f  th e  sh e a r  terms are  z e r o .  When th e  s t r a i n  

i s  e x p r e s s e d  in  term s o f  t h i s  c o o r d in a te  sy s te m , th e  s t r a i n  

t e n s o r  i s  s a i d  to  be "d ia g o n a l i z e d ” ( i . e .  a l l  o f f - d i a g o n a l  

t e r m s , o r  sh e a r  te r m s , are zero) and the  n o n -z e r o  components 

are th e  " p r in c ip a l  s t r a i n s ."  The problem  o f  d ia g o n a l i z in g  

i s  one o f  f i n d in g  s o l u t i o n s  t o  th e  e q u a t io n  (McConnell,

1957 , p . 274) :

(e i j  -  = 0

where C1 i s  th e  u n i t  v e c t o r  o f  the  d ia g o n a l i z e d  a x i s  in  the  

o r i g i n a l  c o o r d in a te  sy s tem  and X i s  th e  magnitude o f  th e  

p r in c ip a l  s t r a i n .  T h is  e q u a t io n  i s  n o n - t r i v i a l  o n ly  i f  

(from L ove, 1944 , p. 42) :

e l l  ~ X e 12

- 2 l  e 2 2  ~  X

= 0

The r o o t s  (X) o f  t h i s  e q u a t io n  ( i . e .  th e  e ig e n v a lu e s )  are  

th e  p r i n c ip a l  s t r a i n s .  Once th e s e  p r in c ip a l  s t r a i n s  are  

o b ta in e d  th ey  can be used  to  s o lv e  th e  p r e v io u s  e q u a t io n  

f o r  C1 , thu s o b ta in in g  the  o r i e n t a t i o n  o f  th e  p r in c ip a l
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The fo r e g o in g  e q u a t io n s  have been programmed f o r  a 

Wang c a l c u l a t o r  so  t h a t  the  in p u ts  are e ^ ,  e 2 2 '  eNE/SW’

and the  o u tp u ts  are (e n + e22^ '  e 1 2 / ^ 1 *  ^ 2  '  an<̂  Tan & where 

0  i s  th e  an g le  between th e  " I " -a x is  (E/W) and th e  d i r e c t io n  

o f  th e  maximum e x t e n s i o n a l  p r i n c i p a l  s t r a i n  (A ).

A p p ly in g  th e  above c a l c u l a t i o n s  t o  the QBY d a ta  r e s u l t s  

in  F ig u re  7 , which d i s p la y s  the  cum ulative  a r e a l  s t r a i n  

(e H + e22^ cu m u la tive  sh e a r  s t r a i n  (e^p) and th e  in c r e ­

m ental v a r ia t i o n  in  th e  d i r e c t i o n  o f  maximum e x t e n s io n  from 

week t o  week.

S e v e r a l  f e a t u r e s  o f  t h i s  p l o t  are o f  i n t e r e s t  :

1) The a r e a l  s t r a i n  shows an e x trem e ly  sudden r e v e r s a l

n ea r  th e  end o f  June. I t  i s  d i f f i c u l t  to  a t t r i b u t e  

such a sharp d i s c o n t i n u i t y  in  s lo p e  t o  e n v ir o n ­

m ental n o i s e .

2) Although the  o b ser v ed  components o f  s t r a i n  v a r ie d  

r a d i c a l l y  d u rin g  196 8 , the  computed sh e a r  s t r a i n  

showed a s t r a i g h t - l i n e  in c r e a s e  from m id-January  

u n t i l  m id-Septem ber. S in ce  th e re  was such r a d i c a l  

v a r ia t i o n  in  th e  in d iv i d u a l  o b served  components o f  

s t r a i n ,  i t  seems u n l ik e l y  t h a t  t h i s  l i n e a r i t y  was 

a c c i d e n t a l .  T h is  s u g g e s t s  t h a t  th e  QBY area  was 

b e in g  s u b j e c t e d  to  a r e a l  sh ea r  durin g  t h i s  t im e .

In the  f u l l  1 4 -month p l o t  o f  sh ea r  th e r e  i s  a

s u g g e s t io n  o f  some c y c l i c  v a r ia t io n  around a
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F ig u r e  7. QBY -  c a l c u l a t e d  cu m u la tive  a r e a l  and sh e a r  s t r a i n s  
and th e  in c r e m e n ta l  d i r e c t i o n  o f  maximum e x t e n s i o n .
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s t e a d i l y  i n c r e a s i n g  mean. S in ce  th e  c a l c u l a t i o n  o f  

sh e a r  removes a tm osp heric  e f f e c t s  in  th e  in s tr u m e n t s , 

any " s e a s o n a l” so u rce  fo r  t h i s  v a r ia t i o n  must be a 

s e a s o n a l  d eform ation  o f  the ground. The a l t e r n a t i v e  

i n t e r p r e t a t i o n ,  t h a t  the  v a r ia t io n  i s  n o t  s e a s o n a l ,  

i s  p r e fe r r e d  b eca u se  th e  shape o f  t h i s  v a r ia t i o n  i s  

very  u n l ik e  th e  smooth 1 -y e a r  s i n e  wave shown by 

th e  RMA in s tr u m e n ts .

3) The d i r e c t i o n  o f  maximum e x te n s io n  shows s h o r t -  

p e r io d  n o i s e  as m ight be e x p e c te d  in  v iew  o f  the  

f a c t  t h a t  i t  i s  an in c r e m e n ta l  plot® I f  the  s h o r t -  

p e r io d  changes ( i . e .  th o se  a s s o c i a t e d  w ith  on ly  

one p o in t )  are  ig n o r e d ,  80% o f  the  p o i n t s  f a l l  

w it h in  20 d e g r ee s  o f  a c o n s ta n t  c lo c k w is e  d r i f t  a t  

th e  r a te  o f  10 d eg rees  per  month. I f  due to  

e n v iro n m en ta l c o n d i t i o n s , i t  m ight be e x p e c te d  t h a t  

th e  s t r a i n  would show a change in  one d i r e c t i o n  fo r  

6 months, then  as the  se a so n s  r e v e r s e ,  th e  s t r a i n  

change sh o u ld  s i m i l a r l y  r e v e r s e .  Under th e s e  con­

d i t i o n s  the  d i r e c t i o n  o f  maximum e x te n s io n  sh o u ld  

have one o r i e n t a t i o n  fo r  6 months, th en  r o t a t e  

90 d eg rees  f o r  th e  o th e r  6 m onths. The f a c t  t h a t  

t h i s  p a t te r n  i s  n o t  apparent in  th e  QBY s t r a i n  

aga in  s u g g e s t s  t h a t  th e r e  i s  l i t t l e  s e a s o n a l  

component®
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S in c e  the occu rren ce  o f  an earthquake i s  g e n e r a l ly  

c o n s id e r e d  to  r e p r e s e n t  th e  r e l e a s e  o f  s t r a i n  energy  which  

was p r e v io u s ly  s t o r e d  in  th e  ground, i t  i s  p e r t in e n t  t o  

c o n s id e r  th e  energy  s t o r e d  o r  r e l e a s e d  by th e  s e c u l a r  s t r a i n  

S in c e  a l l  components o f  s t r a i n  are in c lu d e d  in  th e  compu­

t a t i o n ,  t h i s  one s c a l a r  q u a n t i t y  g iv e s  some in fo r m a tio n  

about the  o v e r a l l  s t a t e  o f  s t r a i n  in  the  a rea .

The t o t a l  energy  s t o r e d  in  th e  form o f  e l a s t i c  s t r a i n  

may be computed from ( a f t e r  M cConnell, 1957, p , 2 8 0 ):

W =  i  / ; /  P i j  e .  . d V

S in c e  th e  QBY s t r a i n  i s  reco rd ed  a t  a s i n g l e  p o in t  o n ly ,  th e  

i n t e g r a t i o n  can be e l im in a t e d  to  g iv e  :

2W = pi j  e i j

A p ply ing  Hooke1s Law and assum ing hom ogeneity  and i s o t r o p y  ; 

2W = X62 + 2y e .  . e .

F u rth er  assum ing t h a t  X ~ y ,  and t h a t  th e  s u r fa c e  o f  the

ground i s  a f r e e  s u r f a c e  ( i . e . ,  p ^  = 0 where the  s u b s c r ip t

M3” r e f e r s  t o  th e  v e r t i c a l  a x i s )  an e q u a t io n  in v o lv in g  o n ly

th e  th r e e  h o r i z o n t a l  components o f  s t r a i n  can be d e r iv e d :

W __ 2 ,  ̂ . 2 2
2y 3 (e l l  e 22 e l2  ” e l i e 22

T his a g r ee s  w ith  th e  e q u a t io n  shown by Love (1 944 , p . 1 0 2 ) .
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For an in c r e m e n ta l  change in  th e  s t a t e  o f  

s t r a i n  o f  a b od y , th e  c o rresp o n d in g  change in  th e  p o t e n t i a l  

energy  depends upon the  s t r e s s  l e v e l  a t  which t h i s  change  

took  p l a c e ,  as i s  ob v iou s  from the  f i r s t  e q u a t io n  above.

T h is  im p l ie s  t h a t  in  o rd er  to  q u a n t i t a t i v e l y  compute the  

tr u e  en ergy  r e l a t i o n s h i p s  from the QBY data, i t  i s  n e c e s s a r y  

t o  know th e  i n - s i t u  s t r e s s  in  e f f e c t  f o r  a t  l e a s t  one p o in t  

on th e  cu rv e .  T his q u a n t i ty  i s  n o t  known; however, i f  i t  i s  

assumed t h a t  th e  a b s o lu t e  s t r a i n  d id  n o t  p ass  through zero  

d u rin g  th e  i n t e r v a l  o f  o b s e r v a t io n ,  i t  i s  p o s s i b l e  t o  

determ ine  the  g r o s s  shape o f  th e  s t r a in - e n e r g y  curve during  

t h a t  i n t e r v a l .  Under th e  assumed c o n d i t io n  th e  shape o f  the  

en ergy  curve v a r i e s  s lo w ly  w ith  change in  the  zero  s t r a i n  

l e v e l  ch o sen . Of c o u r se  no q u a n t i t a t i v e  r e s u l t s  can be  

o b ta in e d  u s in g  t h i s  a ssu m p tion , n o t  even  the  s i g n  o f  any 

change.

I t  i s  common to  p l o t  s t r a i n  r e l e a s e  from earth q u ak es  

as th e  square r o o t  o f  energy  r e l e a s e  (R ic h te r ,  1958 , p . 3 6 6 ) .

The r e s u l t i n g  form ula i s :

h  2Log(E ) = 4 .4 5  + 0 .9 5  -  0 .012

where i s  th e  magnitude d e r iv e d  from Wood Anderson  

seism ogram s in  the  o r i g i n a l  manner. The e q u iv a le n t  s e c u la r  

s t r a i n  r e l e a s e  can be s i m i l a r l y  computed by ta k in g  th e  

sq uare  r o o t  o f  the r e s u l t  o f  the  energy  c a l c u l a t i o n  o u t l in e d  

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

r e l e a s e  t o  t h e  s e c u l a r  s t r a i n  r e l e a s e  a t  QBY b y  u s i n g  d a t a  

f r o m  t h e  D e r b y  e a r t h q u a k e  o f  N o v e m b e r  27 / 1 9 6 7 f t o  r e l a t e  

s t r a i n  r e l e a s e  ( s t r a i n  s t e p s )  t o  M a g n i t u d e .  T h e  r e s u l t  o f  

t h i s  a p p r o a c h  i s  sh o w n  i n  F i g u r e  8 .  I n  t h i s  f i g u r e ,  s t r a i n  

r e l e a s e  ( t h e  p o s i t i v e  v e r t i c a l  a x i s )  d u r i n g  196 8 i s  t h e  

su m  o f  t h e  s e c u l a r  s t r a i n  o b s e r v e d  a t  QBY p l u s  t h e  l o c a l  

e a r t h q u a k e  d a t a .  T h e  o r d e r " o f - m a g n i t u d e  s i m i l a r i t y  b e t w e e n  

t h e  s l o p e s  o f  t h e  s e c u l a r  s t r a i n  d a t a  a n d  t h e  e a r t h q u a k e  

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

s e c u l a r  s t r a i n  o b s e r v a t i o n s .

There i s  an in h e r e n t  d i f f i c u l t y  in  a ttem p tin g  t o  i n t e r ­

p r e t  th e  t o t a l  s t r a i n  f i e l d  by use o f  such l i n e  p l o t s .  I t  

i s  im p o s s ib le  t o  i n t e r p r e t  the  meaning o f  th e  v a r ia t i o n s  in  

any p a r t i c u l a r  curve u n le s s  a l l  o th e r  components o f  s t r a i n  

are a l s o  c o n s id e r e d  s im u l t a n e o u s ly .  For exam ple, a t  

Quimby d u rin g  th e  p e r io d  Septem ber t o  O ctober 196 8, the  

a r e a l  s t r a i n  w ent through zer o  and th e  sh e a r  term began  

d e c r e a s in g .  At f i r s t  g la n c e  t h i s  m ight s u g g e s t  t h a t  a 

r e l a x a t io n  in  th e  s t r a i n  f i e l d  was ta k in g  p la c e .  On the  

c o n t r a r y ,  i t  w i l l  be shown t h a t  the  c r u s t  in  t h i s  r e g io n  

was b e in g  s u b j e c t e d  to  c o n t in u o u s ly  in c r e a s in g  s t r a i n  dur­

in g  t h i s  t im e .
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t o  s e c u l a r  " s t r a in  r e le a s e "  a t  QBY.
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A s u p e r io r  method o f  p r e s e n t in g  any two d im e n s io n a l  

s t r a i n  d a ta  i s  t o  produce th e  s t r a i n  e l l i p s e , r e p r e s e n t in g  

th e  shape which a c i r c l e  would assume i f  s u b j e c t e d  to  the  

s t r a i n  o b ser v ed .

The Wang program m entioned  e a r l i e r  fo r  " d ia g o n a l iz a -  

t io n "  has been  adapted to  th e  CDC 8090 computer. The 

r e s u l t i n g  p r i n c ip a l  cu m u la t iv e  s t r a i n s  were e x a g g e r a te d  by 

a f a c t o r  o f  about 15 ,000  and th en  used to  s p e c i f y  the  

o r i e n t a t i o n  and magnitude o f  th e  axes o f  an e l l i p s e .  S in c e  

t h i s  la r g e  e x a g g e r a t io n  f a c t o r  was r e q u ir e d  t o  make the  

s t r a i n s  v i s i b l e ,  th e  a r e a l  s t r a i n  was g r o s s ly  d i s t o r t e d .

For exam ple , i f  one o f  th e  p r i n c ip a l  s t r a i n s  becomes - 1 / 1 5 , 0 0 0 ,  

th e  m agnitude o f  t h a t  a x i s  o f  th e  e l l i p s e  becomes z e r o .

The s t r a i n  e l l i p s e  then d e t e r i o r a t e s  i n t o  a s t r a i g h t  l i n e  

o f  f i n i t e  l e n g t h , which has no area  r e g a r d le s s  o f  what the  

o r i g i n a l  a r e a l  s t r a i n  w as.

An a l t e r n a t i v e  approach i s  t o  make th e  e c c e n t r i c i t y  a 

c o n s t r a i n t  on the e l l i p s e  and th en  a d ju s t  th e  s i z e  o f  th e  

e l l i p s e  t o  agree  w ith  th e  o b serv ed  a r e a l  s t r a i n .  T h is  was 

done by s o lv in g ,  two s im u lta n eo u s  e q u a t io n s  :

1) One e q u a t io n  s p e c i f y i n g  the  r a t i o  o f  th e  two major 

axes o f  th e  e l l i p s e ,  and
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2 )  a  s e c o n d  e q u a t i o n  r e q u i r i n g  t h a t  t h e  a r e a  o f  t h e  

e l l i p s e  b e  e q u a l  t o  t h a t  o b t a i n e d  b y  a p p l y i n g  t h e  

s a m e  e x a g g e r a t i o n  t o  t h e  o r i g i n a l  a r e a l  s t r a i n .

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

( e l l i p t i c i t y ) a n d  m a g n i t u d e  ( a r e a l  s t r a i n )  o f  t h e  t o t a l  

s t r a i n , s o  t h i s  l a t t e r  m e t h o d  w a s  u s e d  i n  t h i s  p a p e r .  T h e  

d i s a d v a n t a g e  i s  t h a t  t h i s  m e t h o d  d i s t o r t s  t h e  a c t u a l  com ­

p o n e n t s  o f  s t r a i n  a s  m e a s u r e d  i n  a n y  d i r e c t i o n  f r o m  t h e  

s t r a i n  e l l i p s e .  T h e  p u r p o s e  o f  t h i s  s e c t i o n , h o w e v e r ,  i s  

t o  d e v e l o p  an  a c c u r a t e  m e n t a l  p i c t u r e  o f  t h e  t e m p o r a l  

d e v e l o p m e n t  o f  t h e  s t r a i n  a t  QBY, f o r  w h i c h  t h e  l a t t e r  

d i s p l a y  i s  s u p e r i o r  t o  t h e  f o r m e r .

A l l  o f  t h e  e l l i p s e s  ( o n e  f o r  e a c h  d a t a  p o i n t  f r o m  QBY) 

w e r e  p h o t o g r a p h e d  o n  16mm m o v i e  f i l m  a t  a  t i m e  r a t e  o f  6 

f r a m e s  p e r  d a y , t h u s  p r o d u c i n g  a  t i m e - l a p s e  m o t i o n  p i c t u r e  

o f  t h e  d e f o r m a t i o n  i n  NE D e n v e r .  T h i s  m o v i e  i s  E n c l o s u r e  

"A" a t t a c h e d  t o  t h e  b a c k  c o v e r  o f  t h i s  p u b l i c a t i o n .

T h e  s p e c i a l  a d v a n t a g e  o f  p r e s e n t i n g  t h e  d a t a  i n  t h i s  

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

t h e  o v e r a l l  t o t a l  s t r a i n .  T he  e x a m p l e  m e n t i o n e d  p r e ­

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

a r e a l  a n d  s h e a r  s t r a i n s  d u r i n g  O c t o b e r  a n d  N o v e m b e r  i s  an  

e x c e l l e n t  i l l u s t r a t i o n ;  t h e  s t r a i n  e l l i p s e s  c l e a r l y  s h o w  t h e  

d e f o r m a t i o n  t h a t  i s  t a k i n g  p l a c e :  an  i n i t i a l  e l o n g a t i o n  i n

t h e  NE d i r e c t i o n  ; f u r t h e r  NE e l o n g a t i o n  a n d  a  g r o w t h  o f  t h e
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e n t i r e  e l l i p s e  during May and June; in c r e a s e d  e l l i p t i c i t y , 

s h r in k in g  o f  th e  a r e a ,  and r o t a t io n  o f  the e l l i p s e  t o  a 

n e a r ly  E/W lo n g  a x is  through O ctober; r e l a t i v e  q u ie s c e n c e  

f o l lo w in g  O ctober . There i s  no q u e s t io n  o f  am bigu ity  or  

m isu n d ers ta n d in g  in  t h i s  m ental p i c t u r e .  C o n str u c t io n  o f  

th e  s t r a i n  e l l i p s e s  seems t o  be th e  on ly  e f f e c t i v e  way o f  

p rod u cin g  t h i s  r e s u l t .

When the QBY s e c u l a r  s t r a i n  data  are v iew ed in  t h i s  

manner, the  dominant im p r ess io n  i s  o f  a p r o g r e s s iv e  s e c u l a r  

d efo rm atio n  o f  th e  r e g io n .  I f  th e r e  i s  a s e a s o n a l  v a r ia t i o n  

i t  i s  to o  sm a ll  to  be apparent in  t h i s  p r e s e n t a t io n .

In summary, th e  s e c u l a r  s t r a i n  measurements a t  th e  

Rocky Mountain A rsen a l e x h i b i t  a s i g n i f i c a n t  s e a s o n a l  v a r ia ­

t i o n .  This i s  due, how ever, to  env ironm enta l e f f e c t s  on 

th e  ground d i r e c t l y  ; th e  e f f e c t  o f  tem perature on th e  

in s tr u m e n t  i t s e l f  i s  i n s i g n i f i c a n t .  The measurements a t  

QBY may have a s i m i la r  annual component; i f  s o ,  i t  i s  sm a ll  

compared to  the  s e c u la r  s t r a i n  and w i l l  be n e g le c t e d  u n t i l  

enough d ata  are a v a i la b l e  s o  t h a t  i t  can be b e t t e r  e s t im a te d

A l l  o f  the  in s tr u m e n ts  i n d ic a t e  v a ry in g  amounts o f  

permanent s e c u la r  s t r a i n .  A lthough i t  i s  n o t  p o s s i b l e  t o  

prove c o n c lu s i v e l y  t h a t  t h i s  s e c u la r  s t r a i n  i s  n o t  due t o  

in s tr u m e n ta l  d r i f t ,  the  fo r e g o in g  a n a ly s e s  have produced  

a number o f  f a c t o r s  which s u g g e s t  t h a t  the s e c u la r  s t r a i n  

i s  r e a l  c r u s t a l  d e form ation :
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1) The phenomenon o f  a "decay w ith  d i s t a n c e " f o r  the

s e c u l a r  s t r a i n  r a te  dem on stra tes  an i n t e r n a l

c o n s i s t e n c y  in  a l l  o f  th e  s t r a i n  d a ta .  I t  i s  h ig h ly

im probable  t h a t  d r i f t  or  n o i s e  would produce t h i s  

c o n s i s t e n c y .

2) The sudden d i s c o n t i n u i t y  in  s lo p e  in  th e  a r e a l  

s t r a i n  a t  QBY about June 2 5 , 1968 i s  s i g n i f i c a n t .

I t  i s  d i f f i c u l t  t o  im agine a n o i s e  so u rce  t h a t  

would produce such a sharp change in  th e  m iddle o f  

a lo n g  p e r io d  o f  o th e r w is e  smooth data«

3) The rem arkable s t r a i g h t - l i n e  in c r e a s e  i n  th e  sh ea r

a t  QBY ( in  v iew  o f  the  r a d ic a l  v a r ia t i o n s  in  the  

i n d iv i d u a l  components) im p l ie s  a coh erence  between  

th e  i n d iv i d u a l  components o f  s t r a i n  such as would  

r e s u l t  i f  th e r e  were a s i n g l e  r e g io n a l  mechanism  

prod u cin g  t h i s  s t r a i n .

4) A s e a s o n a l  v a r ia t i o n  would o s c i l l a t e  in  some manner 

about a "z e r o - l e v e l "  s t r a i g h t  l i n e .  At maxima or  

minima in  t h i s  v a r ia t i o n  th e r e  i s  a r e v e r s a l  o f  the  

d i r e c t i o n  o f  d r i f t .  Such a r e v e r s a l  o f  d r i f t  in  

s t r a i n  ( i . e . ,  changing  from a com p ress ion  t o  an 

e x te n s io n )  would produce a sudden 90-d e g r e e  

r o t a t i o n  o f  the  in s ta n ta n e o u s  d i r e c t i o n  o f  maximum 

e x t e n s i o n .  This e f f e c t  does n o t  occu r  in  th e  QBY 

d a ta .
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5) The s lo p e  o f  th e  s e c u l a r  " s tr a in  r e le a s e "  curve  

o f  th e  same ord er  as the  s lo p e  o f  th e  earthquake  

" s t r a in  r e le a s e "  curve fo r  the p r e v io u s  5 y e a r s .  

I f  th e  s e c u l a r  s t r a i n  were j u s t  n o i s e , i t  i s  

im probable t h a t  th e s e  s lo p e s  would match s o  w e l l
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EARTHQUAKE MECHANISMS

I t  has been p o in te d  o u t  t h a t  th e r e  i s  an apparent  

r e l a t i o n s h i p  between th e  s e c u l a r  s t r a i n  in  1968 and the  

earthq uak es o f  th e  p r o c ee d in g  5 y e a r s , I t  i s  t h e r e f o r e  

p e r t in e n t  t o  c o n s id e r  th e  mechanisms o f  th e  earthquakes  

b e f o r e  i n v e s t i g a t i n g  t h i s  r e l a t i o n s h i p  fu r th e r .  S in ce  

a lm ost a l l  o f  the  energy  was r e l e a s e d  by th e  th r e e  l a r g e s t  

e a r th q u a k e s , th e s e  w i l l  be c o n s id e r e d  in  d e t a i l  in  t h i s  

s e c t i o n .

Wideman and Major (196 7) dem onstrated  the  e x i s t e n c e  o f  

" s t r a in  s te p s"  (permanent r e s id u a l  changes in  th e  s t r a i n  

f i e l d )  a s s o c i a t e d  w ith  ea r th q u a k es .  A lthough most o f  t h e i r  

d ata  were record ed  a t  t e l e s e i s m i c  d i s t a n c e s , they  su g g e s te d  

th e  p r e se n c e  o f  much larger; s t r a i n  s t e p s  in  the  area  

im m ed ia te ly  around an earth q u ak e.

T his r e s u l t  had been p r e d ic t e d  by Chinnery (1961) and 

P r e ss  (1965) , who p u b l i s h e d  maps o f  the  s t r a i n  and d i s p l a c e ­

ment f i e l d s  a s s o c i a t e d  w ith  b a s i c  d i s l o c a t i o n  models « The 

e x i s t e n c e  o f  a la r g e  number o f  s tr a in m e te r s  near  the  NE Denver 

a c t i v e  zone p r o v id e s  one o f  th e  f i r s t  o p p o r t u n i t ie s  t o  use  

th e  r e s u l t s  o f  P r e ss  and Chinnery in  f a u l t  i n t e r p r e t a t i o n .

Of the  hundreds o f  earthquakes o c c u r r in g  in  NE Denver 

durin g  th e  l a s t  7 y e a r s , most o f  the  energy  has been

34
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r e l e a s e d  by th r e e  o f  Magnitude 5 or g r e a te r ;  A p r i l  1 0 ,  1967 

(M = 5 , 0 ) ,  August 9 ,  1967 (M = 5 . 3 ) ,  and November 2 7 ,  1967  

(M = 5 . 1 ) .  The f i r s t  o f  t h e s e  was record ed  on the  s t r a i n ­

m eters a t  GOL on ly  (F ig .  9 ) ,  the  secon d  was reco rd ed  on a l l  

th e  s t r a in m e te r s  a t  RMA, and th e  t h i r d  was record ed  on a l l  

in s tr u m e n ts  used in  t h i s  r e p o r t .

The h y p o c e n tr a l  l o c a t i o n  f o r  the A p r i l  e v e n t  was com­

p u ted  u s in g  a r r i v a l - t i m e - d i f f e r e n c e  c h a r ts  f o r  GOL and 

th r e e  o th e r  s h o r t - p e r io d  s t a t i o n s .  These c h a r ts  were con­

s t r u c t e d  from t r a v e l - t i m e  c h a r ts  fo r  th e  Denver B asin  

computed by Wang ( 1 9 6 5 ) .  The l o c a t io n  was checked a g a in s t  

one computed u s in g  a s h o r t - p e r io d  network on the  Rocky 

Mountain A rsen a l o p e r a te d  by th e  U.S.  G e o lo g ic a l  Survey  

( U . S . G . S . ) .  The l a t t e r  l o c a t i o n  (Hoover, 1967,  p e r so n a l  

communication) a g r ee s  w i t h in  1 k i lo m e t e r  h o r i z o n t a l l y  and 

2 k i lo m e t e r s  v e r t i c a l l y .

The August e v e n t  was n o t  record ed  by th e  U. S . G. S .  n e t ­

work, b u t  th e  t im e - d i f f e r e n c e  c h a r ts  produced a good f i t  

u s in g  a l l  6 s h o r t - p e r io d  s t a t i o n s  o p era ted  by the  Colorado  

S c h o o l  o f  M ines. This l o c a t i o n  sh ou ld  a l s o  be a c cu ra te  

w ith in  1 k i lo m e te r  h o r i z o n t a l l y  and 2 k i lo m e te r s  v e r t i c a l l y .  

The November earthquake was n o t  w e l l  reco rd ed  by the  

CSM s h o r t - p e r io d  netw ork; how ever, a good l o c a t i o n  was 

o b ta in e d  by use o f  d a ta  from the  U. S . G. S ,  netw ork . T h eir
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F ig u re  9 .  Sample s t r a in m e t e r  record s  from GOL show ing th e
s t r a i n  s t e p s  a s s o c i a t e d  w ith  th e  NE Denver e a r t h ­
quake (M=5•0) o f  A p r i l  10 , 1967.



T 1260 37

r e s u l t  i s  used  in  t h i s  paper  (Hoover, p e r so n a l  com m u nication ),

The e p i c e n t e r s  are  shown by th e  b la c k  d o ts  on F ig u res  

10 through 12 . The s t r a i n  s t e p s  record ed  f o r  t h e s e  e v e n ts  

are  shown in  th e  f i g u r e s .  A lso  in c lu d e d  in  th e  f i g u r e s  

are  r e p r o d u c t io n s ,  p r o p e r ly  o r ie n t e d ,  o f  th e  r e c o r d s  from 

a network o f  Wilmot S e ism o sco p es  i n s t a l l e d  in  NE Denver. 

F o llo w in g  th e  August e a r th q u a k e ,a  number o f  p erso n s  i n  NE 

Denver were in t e r v ie w e d  and M od ified  M e r c a l l i  I n t e n s i t y  

r a t in g s  were a s s ig n e d  to  t h e i r  e x p e r ie n c e s .  These i n t e n ­

s i t i e s  r e s u l t e d  in  th e  co n to u rs  on F i g u r e ' l l .

A p r e l im in a r y  r e p o r t  on th e  f i r s t  two earth q u ak es  has 

a lr e a d y  been made by Major and Simon (1 9 6 8 ) .  The f o l lo w in g  

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

d ata  now a v a i l a b l e .

5 earthq uak e (Wideman and Major, 1967) th e  GOL i n s t a l l a t i o n  

i s  l o c a t e d  about n in e  h a l f - f a u l t - l e n g t h s  W2 7S from the e p i ­

c e n t e r .  P r e s s '  maps were used  by Major and Simon (196 8) to  

compute the  components o f  s t r a i n  a t  GOL fo r  v a r io u s  f a u l t  

o r i e n t a t i o n s ,  and th e  r e s u l t a n t  b e s t  f i t  was a r i g h t - l a t e r a l  

s t r i k e - s l i p  f a u l t  o r ie n t e d  about N70W.

The t h e o r e t i c a l  decay w ith  d i s ta n c e  d e r iv e d  by P re ss  i s  

a t  c o n s id e r a b le  v a r ia n c e  w ith  t h a t  ob serv ed  by Wideman and

( t Q = 19h00m3 3 .6 SGMT, M = 5 .0 )

Given a f a u l t  l e n g t h  o f  10 k i lo m e t e r s  f o r  a Magnitude
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F i g u r e  1 0 ,  F a u l t  m echan ism  i n t e r p r e t a t i o n  ~ NE D e n v e r  e a r t h ­
q u a k e  o f  A p r i l  1 0 ,  1 9 6 7  ( M = 5 . 0 ) .
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F i g u r e  i l .  F a u l t  m e c h a n ism  i n t e r p r e t a t i o n  -  NE D e n v e r  e a r t h ­
q u a k e  o f  A u g u s t  9 ,  1967  (M=5. 3) .
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F i g u r e  1 2 .  F a u l t  m echanism  i n t e r p r e t a t i o n  -  NE D e n v e r  e a r t h ­
q u a k e  o f  November 2 7 ,  196 7  (M=5. 1 )  •
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Major (1 9 6 7 ) .  The a c t u a l  s t r a i n  s t e p  am p litu d es  a t  GOL 

d i f f e r  s i g n i f i c a n t l y  from th o s e  p r e d ic t e d  by P r e s s ,  S in ce  

th e  d i r e c t i o n  o f  maximum e x te n s io n  i s  in d ep en d en t o f  the  

am plitude decay w ith  d i s t a n c e , t h i s  d i r e c t i o n  was computed 

f o r  GOL and f o r  each 10 d e g r ee s  o f  arc on P r e s s '  maps. 

U t i l i z i n g  t h i s  approach , the  b e s t  f i t  was o b ta in e d  fo r  a 

r i g h t - l a t e r a l  s t r i k e - s l i p  f a u l t  o r ie n te d  N79W, T h is  o r ie n ­

t a t i o n  a g r ee s  w e l l  w ith  th e  nod al p lan e  fo r  P-waves as 

record ed  by the  U ,S ,G ,S ,  netw ork , as in d ic a t e d  by the  d o t te d  

l i n e  on F igu re  10 (Hoover, p e r so n a l  com m u nica tion ),

There i s  th e  p o s s i b i l i t y  th a t  th e  m otion on th e  f a u l t  

i s  ed i p - s l i p ; how ever, th e  fo r e g o in g  a n a l y s i s  would r e q u ir e  a 

d i p - s l i p  f a u l t  p la n e  o r i e n t a t i o n  o f  e i t h e r  N45E or  N9E,

T his i s  n o t  c o n s i s t e n t  w ith  f i r s t  motion d a ta  from P -w av es , 

There i s  a l s o  a 9 0 -d e g r e e  am bigu ity  in  th e  u se  o f  P r e s s '  

s t r i k e - s l i p  maps: th e  same r e s u l t  would a l s o  be o b ta in e d  from

a l e f t - l a t e r a l ,  s t r i k e - s l i p  f a u l t  o r ie n t e d  N11E,

Although th e  se ism o sc o p e  data  do l i t t l e  e l s e  than  

i l l u s t r a t e  th e  c o m p le x ity  o f  the  ground m otion , the  s i m i l a r ­

i t y  o f  th e  e x c u r s io n s  on numbers 1 and 47 does ten d  to  

e l im in a t e  the  am bigu ity  in  th e  c h o ic e  o f  s t r i k e - s l i p  f a u l t  

p la n e  o r i e n t a t i o n ,

A ugust 9 .  196 7 ( t Q = 13h 25m3 0 . 0s , M = 5 .3 )

T h is  e v e n t  was n o t  reco rd ed  on th e  underground s t r a i n -
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m eters a t  GOL as th ey  were o u t  o f  com m ission. I t  was 

reco rd ed  a t  RMA and R e g is . Comparison o f  th e s e  record s  

w ith  C h in n ery1s (1961) v e r t i c a l  and h o r i z o n t a l  d isp la c e m e n t  

maps s u g g e s t s  a s t r i k e - s l i p  f a u l t  p la n e  o r ie n t e d  N77W fo r  

r i g h t - l a t e r a l  m otion or  N13E f o r  l e f t - l a t e r a l  m o tio n . A l l  

s t r a i n  s t e p s  are c o n s i s t e n t  w ith  t h i s  i n t e r p r e t a t i o n .

The se ism o sc o p e  data  aga in  s u g g e s t  a p r e fe r e n c e  fo r  

th e  N77W f a u l t  o r ie n ta t io n ^  s i n c e  numbers 34 and 79 would be 

to o  la r g e  i f  th e  o th e r  o r i e n t a t i o n  were u sed . The p r e ­

dominant m otion i n d ic a t e d  by th e  se ism o sc o p e s  i s  l a r g e l y  

normal t o  th e  s t r i k e  o f  th e  N77W f a u l t .  That t h i s  a g rees  

w ith  o b s e r v a t io n s  o f  th e  Park f i e  Id ,  C a lifo rn ia ^  earthquake  

o f  1966 ( s t r i k e - s l i p  m otion , v e r t i c a l  f a u l t  p l a n e , M = 5 .6 )  

f u r th e r  su p p o rts  th e  c h o ic e  o f  f a u l t  p la n e  shown.

The f e l t - r e p o r t  i n t e n s i t y  con tou rs  show two h ig h s  tr e n d ­

in g  WNW and SSW from th e  e p i c e n t e r .  The southward tr e n d in g  

h ig h  i s  probab ly  a s s o c i a t e d  w ith  th e  P l a t t e  R iver  bottom .  

There i s  no comparable e x p la n a t io n  f o r  the  westward tr e n d in g  

h ig h  u n le s s  t h i s  o r i e n t a t i o n  i s  chosen  fo r  the f a u l t .

November 2 7 ,  1967 ( t c  = 05h 09m3 1 .3 s , M = 5 .1 )

T h is  e v e n t  was record ed  on a l l  in s tr u m e n ts  in  th e  a rea .  

The s t r a i n  f i e l d  a t  GOL was a lm ost i d e n t i c a l  t o  t h a t  f o r  th e  

A p r i l  earthquake ; thus a s i m i l a r  i n t e r p r e t a t i o n  r e s u l t s .

The RMA d ata  i s  c o n s i s t e n t  w ith  a r i g h t - l a t e r a l ,  s t r i k e - s l i p
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f a u l t  o r ie n t e d  about N79W w ith  th e  e x c e p t io n  o f  the  reco rd  

from RMA-3 -  R a d ia l .  This component record ed  a very  la r g e  

s t e p  whose s ig n  i s  o p p o s i t e  t h a t  e x p e c te d  fo r  th e  f a u l t  

o r ie n t a t i o n  shown. There i s , a t  p r e s e n t ,  no e x p la n a t io n  fo r  

t h i s  anomalous o b s e r v a t io n .  The QBY s i t e  i s  w i t h in  th ei
r e g io n  o u t l i n e d  by p r o j e c t i n g  the f a u l t  zone up through th e  

s e d im e n t s , thus i t  i s  n o t  p o s s i b l e  t o  p la c e  i t  p r e c i s e l y  on 

C h in n ery 1s map. The QBY data  are n o t ,  how ever, i n c o n s i s t e n t  

w ith  the  i n t e r p r e t a t i o n  shown.

The d isp la c e m e n t  and s t r a i n  maps o f  Chinnery and P ress  

are u s e a b le  in  p r e d i c t i n g  the  g e n e r a l  s e n s e  and o r i e n t a t i o n  

o f  d isp la c e m e n ts  or  s t r a i n s  a s s o c i a t e d  w ith  earthq uak es  

s i m i l a r  to  the  m od els . There are s e v e r e  c o n s t r a in t s  on the  

m od els ,  thou gh , which l i m i t  t h e i r  u s e f u ln e s s  as a so u rce  o f  

q u a n t i t a t i v e  in fo r m a t io n .  This problem i s  p a r t i c u l a r l y  

n o t i c e a b le  when th e  o b s e r v a t io n  i s  made w i t h in  one f a u l t  

l e n g th  o f  th e  e p i c e n t e r .

As in t e r p r e t e d  h e r e ,  the  th r e e  f a u l t s  are w i th in  2 

k i lo m e te r s  o f  each o th e r  and are o r ie n t e d  w i t h in  2 d egrees  

o f  the  same d i r e c t i o n .  The u n c e r t a i n t i e s  in  l o c a t i o n  are a t  

l e a s t  1 k i lo m e te r  f o r  each h y p o cen ter  and the  u n c e r ta in ty  

in  o r i e n t a t i o n  i s  more l i k e  10 d e g r e e s .  Given th e s e  

u n c e r t a i n t i e s ,  i t  i s  q u i t e  p o s s i b l e  th a t  the th r e e  e a r th ­

quakes o c cu rr ed  on a s i n g l e  f a u l t  zone b u r ie d  in  th e  basement
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Even i f  th ey  d id  n o t  o ccu r  on th e  same "f a u l t , " i t  

i s  p r o b a b le , from th e  p r o x im ity  o f  th e  f a u l t s , t h a t  th e r e  i s  

a zone o f  weakness o r ie n t e d  about N80W. This c o n t r o l  over  

th e  o r i e n t a t i o n  and l o c a t i o n  may be due t o  a p r e - e x i s t i n g  

f r a c t u r e  p a t te r n  o r  may be th e  r e s u l t  o f  im p o s i t io n  o f  * 

r e g io n a l  s t r e s s  on a random fr a c t u r e  p a t t e r n .

From th e  fo r e g o in g  i t  i s  p robab le  t h a t  the  th r e e  l a r g e s t  

NE Denver earthquakes o c cu rr ed  on the same f a u l t  zone in  the  

Precam brian basem ent under th e  Denver B a s in .  This zone  

s t r i k e s  ap p rox im ate ly  N80W, i s  n e a r - v e r t i c a l f and th e  s e n s e  

o f  m otion i s  r i g h t - l a t e r a l  s t r i k e - s l i p .
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INTERPRETATION OF THE SECULAR STRAIN AT QUIMBY

S in c e  the  f a u l t  zone o r i e n t a t i o n  i s  a p p a ren tly  w e l l  

d e f in e d  by th e  p r e v io u s  a n a l y s i s , i t  i s  p o s s i b l e  to  

i n t e r p r e t  th e  s e c u l a r  s t r a i n  w ith  some p r io r  knowledge as 

to  where f a i l u r e  m ight most l i k e l y  o c cu r .

The s e c u la r  s t r a i n s  a t  QBY are r eco rd ed  in  a N/S-E/W 

c o o r d in a te  sy s tem . By means o f  the  d i r e c t i o n  c o s in e  t r a n s ­

form ation  o f  axes m entioned e a r l i e r  (L ove, 1944 , p , 43) , i t  

i s  p o s s i b l e  t o  compute e ^ ,  e i 2 '  an<̂  e 22 where th e  " 1 * "- a x i s  

i s  o r ie n t e d  p a r a l l e l  t o  th e  f a u l t .  In  t h i s  c o o r d in a te  sy s tem ,  

sh ea r  s t r a i n  ( e ^ )  i s  a s s o c i a t e d  w ith  a s t r i k e - s l i p  type o f

movement betw een th e  two s i d e s  o f  the  f a u l t ,  e ^  i s  e x t e n s io n a l

s t r a i n  p a r a l l e l  to  th e  f a u l t ,  and e ^  i s  the  e x t e n s i o n a l  

s t r a i n  normal to  the  f a u l t .  These th r e e  s t r a i n s  are p l o t t e d  

in  F ig u re  13 , a lo n g  w ith  th e  a r e a l  s t r a i n  ( e ^  /  e 22  ̂ e A 

p o s i t i v e  change in  the  sh ea r  p l o t  i s  a s s o c i a t e d  w ith  r ig h t -  

l a t e r a l  d e form ation  i n  t h i s  p a r t i c u la r  c o o r d in a te  system .

Two f a c t o r s  sh o u ld  c o n t r o l  movement on the  f a u l t ;  

sh ea r  s t r a i n  i n d i c a t e s  a tendency  to  s l i p  and th e  s t r a i n  

normal to  the  f a u l t  i s  r e l a t e d  to  how s t r o n g ly  th e  f a u l t  i s  

h e ld  t o g e t h e r  or " lo ck ed  up," An e x te n s io n  normal, to  the  

f a u l t ,  i n d i c a t i n g  a p u l l i n g  apart o f  th e  s u r f a c e s  on each  

s id e  o f  the  f a u l t ,  sh o u ld  be a p r e r e q u i s i t e  fo r  f a i l u r e .

45
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F ig u re  13 , QBY s t r a i n  d ata  tran sform ed  so  th a t  th e  "I" a x i s  
i s  p a r a l l e l  to  th e  e s t im a t e d  f a u l t  o r i e n t a t i o n .
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F igu re  13 shows t h a t  the  sh ea r  s t r a i n  in c r e a s e d  (w ith  a 

r i g h t - l a t e r a l  s e n s e )  s t e a d i l y  during th e  f i r s t  n in e  months 

o f  1968, w ith  an in c r e a s e  in  the  s lo p e  in  June* The s t r a i n  

normal to  th e  f a u l t  in c r e a s e d  in  e x te n s io n  u n t i l  Jun e, a f t e r  

which i t  went i n t o  com pression  fo r  the  rem ainder o f  the  y e a r .  

The s i t u a t i o n  in  June was c h a r a c t e r iz e d  by a s t e a d i l y  i n c r e a s ­

in g  sh ea r  on th e  f a u l t  co u p led  w ith  a maximum o f  e x te n s io n  

normal to  th e  f a u l t .  I f  fu r th e r  f a i l u r e  were to  occu r  on 

t h i s  f a u l t ,  the  optimum c o n d i t io n s  appear to  e x i s t  during  

June 196 8.

The a r e a l  s t r a i n  i s  more dram atic  (F igu re  7 )•  A f te r  

r e l a t i v e  q u ie s c e n c e  through A p r i l ,  the  area  expands r a p id ly  

d u rin g  May and Jun e. An ex tr em e ly  sharp peak i s  reached  

w it h in  a few days o f  June 2 7 ,  a f t e r  which the  area  c o n tr a c t s  

r a p id ly .

Rocks appear t o  f a i l  in  t e n s io n ,  w ith  t e n s i o n a l  f r a c ­

tu r e s  open ing  normal to  the  l e a s t  com p ress ive  s t r e s s  j u s t  

p r io r  to  f a i l u r e . The volume o f  the rock sample expands 

r a p id ly  j u s t  p r io r  t o  f a i l u r e  as th e s e  f r a c t u r e s  open. In  

t h i s  c o n te x t  the  r a p id  in c r e a s e  in  a r e a l  s t r a i n  a t  QBY may be 

analagous to  volume in c r e a s e  p r io r  to  f a i l u r e . T h is  may im­

p ly  t h a t  d u rin g  196 8 , t h a t  f a i l u r e  was most l i k e l y  t o  occu r  

a t  the  peak o f  th e  a r e a l  s t r a i n  — i . e . ,  w i th in  a few days 

o f  June 27 .

E vidence from th e  rock mechanics la b o r a to r y  i n d ic a t e s  

t h a t ,  under c o n d i t io n s  o f  h igh  c o n f in in g  s t r e s s  and long



T 1260

t im e ,  f a i l u r e  occu rs on a p la n e  o r ie n t e d  a t  45 d eg rees  to  

th e  p r in c ip a l  s t r e s s e s  (S ilv erm an , 1 9 5 7 ) .  In th e  Derby c a se  

th e  f a u l t  o r i e n t a t i o n  has been p r e v io u s ly  e s t a b l i s h e d  by 

o th e r  f a c t o r s .  The e x p e r im e n ta l  r e s u l t s  im ply t h a t  f a i l u r e  

i s  most p rob ab le  when the  p r in c ip a l  s t r e s s e s  (or s t r a i n s )  

are o r ie n t e d  a t  45 d egrees  t o  th e  Derby f a u l t  p la n e .

The p r i n c ip a l  s t r a i n s  c o in c id e  w ith  th e  major and minor  

axes o f  th e  e l l i p s e s  shown p r e v io u s ly  in  th e  m ovie. Twelve 

o f  th e s e  e l l i p s e s  are shown in  F igure  14 a t  monthly i n t e r v a l s  

d u r in g  196 8. T h is  f ig u r e  i l l u s t r a t e s  t h a t  th e  p r in c ip a l  

e x t e n s io n  was i n i t i a l l y  o r ie n t e d  NNE, and t h a t  d u rin g  th e  

y e a r  i t  r o t a t e d  c lo c k w is e  to  ENE. The r a te  o f  r o t a t io n  was 

a maximum durin g  Ju n e , and th e  d i r e c t io n  o f  cu m u la tive  

p r i n c i p a l  e x t e n s io n  was o r ie n t e d  E34N on June 2 7 ,  196 8.

This o r i e n t a t i o n  i s  45 d eg rees  o f f  th e  E11S s t r i k e  o f  th e  

f a u l t  p la n e ,  thus fu r th e r  e s t a b l i s h i n g  l a t e  June as a tim e  

when f a i l u r e  might be most l i k e l y  t o  o ccu r .

A unique e v e n t  which may be a s s o c ia t e d  w ith  th e  s e c u l a r  

s t r a i n  d id  occu r  b e g in n in g  about 22^45m GMT on June 2 4 ,1 9 6 8 .  

This t r a n s i e n t ,  which o c cu rr ed  in  two phases about tw enty  

m inutes a p a r t ,  was p a r t i c u l a r l y  w e l l  record ed  a t  s i t e  RMA-3 

(F ig u re  1 5 ) .  At s i t e  RMA-1 th e  T ra n sverse  in s tru m en t  d id  

n o t  show a r e c o g n iz a b le  t r a n s i e n t ;  the R ad ia l in s tr u m e n t  

(n o t  y e t  b u r ie d  a t  t h a t  tim e) had d r i f t e d ,  in  e x t e n s i o n ,  

beyond th e  range o f  the  tr a n sd u c e r  by 22^00m  ̂ thus th e
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F ig u re  15 . RMA-3 s t r a i n  r eco rd s  f o r  24-25  June 19 6 8 , showing  
th e  c r e e p - l i k e  e v e n t .
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f i r s t  p o r t io n  o f  th e  t r a n s i e n t  was n o t  reco rd ed . This  

(R ad ia l)  in s tr u m e n t d id  reco rd  a .com pressiohal t r a n s i e n t  

which reached  ap p rox im ate ly  1 x 10~^ by 0 300^m GMT on 

25 June. The s p ik e s  b e g in n in g  about 0 3^00m on both  RMA-3 

reco rd s  are i n d ic a t o r s  o f  m icrom eter movement durin g  remote  

r eb a la n ce  : each  s p ik e  r e p r e s e n t s  50 m ic r o - in c h e s  movement

o f  the  "f i x e d ” c a p a c i t o r  p l a t e s .  As i n d ic a t e d  by t h i s  

r eb a la n ce  d a ta ,  4 hours a f t e r  the  b e g in n in g  the  t r a n s i e n t s  

a t  RMA-3 were about 1 x 10”  ̂ com pression  on th e  R adia l  

in s tr u m e n t and about 0 .5  x 10~^ e x t e n s io n  on th e  T ran sv erse  

in s tr u m e n t .

As m entioned  p r e v io u s l y ,  te le m e tr y  i s  n o t  a v a i la b l e  fo r  

QBY; thus d u rin g  p e r io d s  o f  h ig h  d r i f t  th e  r e c o rd er s  are  

o f t e n  o f f - s c a l e  w i t h in  a few days a f t e r  manual r e b a la n c e .

T h is  was u n fo r tu n a te ly  th e  c a se  on June 24, 1968 f o r  a l l  QBY 

s t r a i n  in s tr u m e n ts .

In s tr u m e n ta l  m a lfu n c t io n s  (w ater drops on th e  c a p a c i t o r  

p l a t e s ,  e l e c t r o n i c  f a i l u r e , e t c . ) are norm ally  s t e p - l i k e  or  

e r r a t i c  in  sh a p e ,  n o t  smooth cu rves as shown in  F igu re  15. 

M oreover, t h a t  anomalous in s tr u m e n ta l  m a lfu n c t io n s  sh o u ld  

o c cu r  a t  th r e e  s e p a r a te  in s tru m en ts  a t  p r e c i s e l y  the  same 

t im e i s  so  im probable  t h a t  i t  may be e l im in a t e d  as a p o s s i b l e  

e x p la n a t io n .

The o n ly  equipm ent common t o  th e  RMA s i t e s  are the  

te le m e tr y  power s u p p l ie s  a t  each end o f  th e  te le p h o n e  l i n e .
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Any t r a n s i e n t  in  th e  power s u p p l ie s  would have a f f e c t e d  a l l  

fo u r  in s tr u m e n ts . The f a c t  t h a t  in s tru m en t RMA-1 -  T ransverse  

d id  n o t  i n d i c a t e  any t r a n s i e n t  e l im in a t e s  the  p o s s i b i l i t y  o f  

power su p p ly  f l u c t u a t i o n s  b e in g  a t  f a u l t .

The shape o f  the  t r a n s i e n t s  a t  S i t e  3 i s  remarkably  

s i m i l a r  to  t h a t  o f  the creep  e p is o d e s  record ed  on the San 

Andreas f a u l t  as r e p o r te d  by Tocher (1 9 6 0 ) .  P a r t  o f  T ou ch er 's  

F ig u re  9 i s  reproduced here  as F igu re  16 to  i l l u s t r a t e  t h i s  

s i m i l a r i t y , which s u g g e s t s  t h a t  the e v e n t  a t  RMA might be a 

s i m i l a r  "creep e p i s o d e . " Tocher has a l s o  r e p o r te d  t h a t  many 

creep  e p is o d e s  on the  San Andreas e x h i b i t  th e  "two phase"  

n a tu re  shown in  both  F ig u r e s  15 and 16.

The am p litu d es  o f  the  s t r a i n  changes a s s o c i a t e d  w ith  

t h i s  e p is o d e  are in te r m e d ia te  between th o s e  o f  th e  s t r a i n  

s t e p s  a s s o c i a t e d  w ith  th e  earthq uak es o f  August 9 and 

November 2 7 , 1967 (M = 5 .3  and 5 .1  r e s p e c t i v e l y ) .  This  

e p is o d e  a l s o  s i g n a l l e d  an abrupt change in  th e  lo n g -te r m  

c h a r a c t e r i s t i c s  o f  th e  s e c u l a r  d e fo rm a tio n . I t  i s  th e r e ­

fo r e  t e n t a t i v e l y  con c lu d ed  t h a t  a "creep  ep isod e"  o ccu rred  

in  NE Denver b e g in n in g  22*145m GMT on June 24 , 196 8, and 

t h a t  t h i s  creep  r e p r e se n te d  s lo w  movement in  th e  f a u l t  zone ,  

which produced an amount o f  s t r a i n  r e l e a s e  t h a t  m ight  

o t h e r w is e  have been a s s o c i a t e d  w ith  an earthquake o f  th e  

o r d e r  o f  Magnitude 5.
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CONCLUSIONS

The e x i s t e n c e  o f  a c l u s t e r  o f  en tren ch ed  s t r a in m e te r s  

i n  NE Denver p r o v id e s  a unique o p p o r tu n ity  t o  s tu d y  s e c u l a r  

s t r a i n s  in  a s e i s m i c a l l y  a c t i v e  r e g io n .  A n a ly s is  o f  d a ta  

c o l l e c t e d  from t h i s  network s i n c e  the  f a l l  o f  1967 has  

r e s u l t e d  i n  some g e n e r a l  c o n c lu s io n s  c o n cern in g  s e c u l a r  

s t  r a i  n meas ureme n t s :

1) Annual v a r ia t i o n s  a v era g in g  about 5 x 10”  ̂ are  

apparent on some in s tr u m e n ts . These are  s e a s o n a l  

f l u c t u a t i o n s  in  th e  r o c k , n o t  j u s t  tem perature  

v a r ia t i o n s  in  th e  s t r a in m e t e r s .

2) S e c u la r  s t r a i n  r a t e s ,  o f  a t e c t o n i c  o r i g i n ,  are o f  

the  o rd er  o f  3 x 10~^ p er  y e a r  in  the  NE Denver 

a c t i v e  zone . These are r e a d i ly  o b se r v a b le  in  s p i t e  

o f  the  s e a s o n a l  v a r i a t i o n s .

3) A l l  th r e e  components o f  h o r i z o n t a l  s t r a i n  must be 

o b serv ed  in  o r d e r  to  perform  c e r t a in  n e c e s s a r y  

a n a ly s e s  o f  th e  d a ta .

4) The most com p reh en s ib le  method o f  d i s p la y in g  the  

com plete  h o r i z o n t a l  s e c u l a r  s t r a i n  i s  by c o n s tr u c ­

t i o n  o f  s t r a i n  e l l i p s e s  * Temporal v a r ia t i o n s  i n  

th e  e l l i p s e s  are c o n v e n ie n t ly  i l l u s t r a t e d  by use o f  

a t im e - la p s e  m otion p i c t u r e .

5 4
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5) S tr a in m e te r s  o p e r a t in g  in  an a c t i v e  zone w i l l  a l s o  

r ec o rd  s t r a i n  s t e p s  a s s o c i a t e d  w ith  l o c a l  e a r t h ­

q u ak es . These s t r a i n  s t e p s  are u s e f u l  in  i n t e r p r e t ­

in g  l o c a l  f a u l t  mechanisms, upon which the  i n t e r ­

p r e t a t i o n  o f  l o c a l  s e c u la r  s t r a i n  i s  b a sed .

S e c u la r  s t r a i n  r a te s  in  the  Denver area  vary r a d i c a l l y  

w ith  d i s t a n c e  from th e  a c t i v e  zone. Two ord ers  o f  magnitude  

d i f f e r e n c e  are  o b ser v ed  w i t h in  45 k i lo m e te r s  o f  NE Denver  

where earth q u ak es w ith  f a u l t  l e n g th s  o f  10-15  km have  

o c c u r r e d . I f  t h i s  r e s u l t  i s  a p p l ic a b le  t o  o th e r  r e g io n s ,  

two c o n c lu s io n s  f o l lo w :

1) W id e ly -sp a c ed  s t r a in m e te r  netw orks are n o t  s u i t a b l e  

f o r  p r e l im in a r y  r e g io n a l  s e c u l a r  s t r a i n  s t u d i e s .  

D e t a i l e d  f i r s t - o r d e r  su rv ey s  are  probab ly  p r e fe r a b le

2) Only in s tr u m e n ts  w ith in  ap p rox im ate ly  one h a l f -  

f a u l t -  le n g th  o f  a f a u l t  w i l l  c o n t r ib u te  to  the  p re ­

d i c t i o n  o f  earthq uak es on t h a t  f a u l t .

F a u l t  mechanisms in  NE Denver were deduced u s in g  s t r a i n  

s t e p  d a ta ,  and th e  s e c u l a r  s t r a i n  was th en  a n a ly zed  in  a 

c o o r d in a te  sy s te m , one a x is  o f  which was o r ie n t e d  p a r a l l e l  

t o  th e  r e s u l t a n t  f a u l t  zone . I t  i s  con c lu d ed  t h a t :

1) The th r e e  l a r g e s t  (M 5) Denver earthq uak es  

o ccu rred  on r i g h t - l a t e r a l , s t r i k e - s l i p  f a u l t s  

o r ie n t e d  N79W.

2) During th e  f i r s t  n in e  months o f  196 8 th e  r i g h t -  

l a t e r a l  sh ea r  in  t h i s  c o o r d in a te  sy stem  in c r e a s e d
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s t e a d i l y .  In June 1968, both  th e  s t r a i n  normal to  

the  f a u l t  and th e  a r e a l  s t r a i n  reached  maxima in  

e x te n s io n  t h a t  have n o t  s i n c e  been d u p l ic a t e d .  

F a i lu r e  was t h e r e f o r e  most probab le  d u rin g  June.

3) On June 2 4 -2 5 ,  1963 , a "creep ep iso d e"  o ccu rr ed  in  

NE Denver. No o th e r  s i m i l a r  e v e n t  has e v e r  been  

reco rd ed .

4) S in ce  the  c o n d i t io n s  ob serv ed  during  June 196 8 do 

n o t  p r e s e n t ly  e x i s t  in  NE Denver, no major f a i l u r e  

i s  a n t i c i p a t e d  in  the  immediate f u t u r e .
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APPENDIX A —  ORIGINAL DATA

F o llo w in g  i s .  a t a b u la t io n  o f  th e  cu m u la tive  s t r a i n  a t  

QBY. The numbers are th e  t o t a l  d isp la c e m e n t  o f  the  "f r e e  end" 

o f  th e  q u a rtz  in  m ic r o - in c h e s , p o s i t i v e  v a lu e s  s i g n i f y i n g  

rock e x t e n s i o n .  S t r a in  i s  computed by d iv id in g  t h i s  d i s ­

p lacem ent by th e  b a s e - l e n g t h  (a p p rox im ate ly  40 f e e t ) .

Date

December 31 
1967

January
1968

February

March

A p r i l

May

June

5
10
15
20
25
31

5
10
15 
20  
25 
28

5 
12
19
20 
27

1
6

16 
25

2
9

16
23
29

3
12
13
21
27

E/M

1150

1170 
1105 
1060 
1070 

9 40 
620

600
560
520
440
350
400

500
600
157
227
227

483
842

1300
1126

1000
1717
2537
3311
4175

4799
6219
6219
7574
8607

N/S

0

— 45 
- 2 0 0  

-9 0  
0 

100 
170

265 
295 
260 
235 
2 80 
300

500
425
229
249
289

588
588

1188
318

493 
1419 
1916 
1948 
204 8

2011
1837
1736
1196

637

NE/SW

” 1760

-1660
-152 0
-1520
-1680
-1230
-1040

-7 9 0  
— 440  
-3 2 0  

40 
150 
210

500 
910 
85 3 
914 

1424

1998
3056
3546
4202

4258
5339
6348
7110
7519

7867
8969
9180
9837

10817
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Date E/W N / S NE/SW

J u ly 3 9127 -126 10 89 8
196 8 11 9 827 -1 3 3 5 11007

15 10010 -2 0 72 11155
1 5 (EQ) 99 31 -2090 11030
23 10537 -3390 11076
26 10819 -3 7 50 11172

August 2 11616 — 42 9 6 11572
12 12419 -7 0 0 0 11292
23 12739 -7 7 00 11142
30 13019 -8 6 90 11092

September 9 13599 -1 049 0 10752
16 13099 -1 2 0 5 0 10392
24 13959 -1 3 000 9982

O ctober 1 14079 -1 360 0 9642
8 13969 -14 560 9120

15 13669 -1 5 2 8 0 8270
22 13740 -15700 7080
29 13760 -16180 6370

November 5 13780 —16460 5910
12 14050 -1 675 0 5650
19 14280 — 169 30 4910
26 14220 -1 7 0 8 0 4150

December 5 14220 -17650 3800
10 14040 -17630 3140
17 13810 -1 783 0 3230
31 13830 -1 8 1 9 0 2710

January 14 13340 -17610 2710
1969 28 13150 -17240 3040

February 6 13140 -17430 3310
13 12990 -1 730 0 3410
20 12980 -17130 3530
27 12990 — 16 740 3540

March 6 13270 -1 684 0 4450
13 13630 -1 728 0 4730
20 13630 -17280 4620
27 136 30 -17 000 5100
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