
THE DENIER AREA EARTHQUAKES &ID 

THE ROCKY MOUNTAIN ARSENAL DISPOSAL WELL 

DAVID M. EVANS: Consulting Geologist. Denver. Colorado 

ABSTKACT: Dur lng  1961, a  d e c p  well w a s  dr i l l ed  a t  the Rocky Mountain A r s e n a l  n o r t h e a s t  of 
Denver ,  Colorado ,  to  d i spose  of contaminated w a s t e  water .  The  well  i s  bot tomed i n  7 5  f e e t  of 
highly f r a c t u r e d  P r e c a m b r i a n  gne iss .  P r e s s u r e  inject ton of was te  w a t e r  into the f r a c t u r e d  P r e -  
c a m b r i a n  r o c k  w a s  begun in M a r c h  1962. Slnce t h e  s t a r t  of fluid inject ion,  710 D e n v e r - a r e a  e a r t h -  
quakes have b e e n  r e c o r d e d .  The m a j o r i t y  of t h e s e  ear thquakes had e p i c e n t e r s  within a  f i v e - m i l e  
r a d i u s  of the A r s e n a l  well.  The volume of fluid and  p r e s s u r e  of f luid inject ion a p p e a r  to  be d i rec t ly  
r e l a t e d  to  the  f requency  of ea r thquakes .  Evldence a l s o  s u g g e s t s  tha t  r o c k  m o v e m e n t  is due  t o  the 
i n c r e a s e  of f luid p r e s s u r e  within the f r a c t u r e d  r e s e r v o i r  and that  open f r a c t u r e s  m a y  e x i s t  a t  depths 
g r e a t e r  than prev ious ly  cons idered  poss ib le .  

INTRODUCTION 

P r o d u c t s  f o r  c h e m i c a l  w a r f a r e  have been 
manufac tured  on a l a r g e  s c a l e  under  the d i r e c -  
tion of the C h e m i c a l  C o r p s  of the U. S. A r m y  
a t  the Rocky Mountain A r s e n a l  s i n c e  1942. A 
by-product  of t h i s  opera t ion  is contaminated 
w a s t e  wate r  a n d ,  until  1961, th i s  w a s t c  w a t e r  
w a s  disposed of by evaporat ion f r o m  d i r t  
r e s e r v o i r s  (Scopel ,  1964). 

When i t  w a s  determined that A r s e n a l  
w a s t e  wate r  w a s  contamlnat lng the loca l  ground- 
w a t e r  supply and endangering c r o p s  ( G a h r ,  
1961; Walker ,  1961), the Chemica l  C o r p s  t r i e d  
evapora t lon  of the  contaminated w a s t e  f r o m  
water - t igh t  r e s e r v o i r s .  T h i s  proved u n s u c c e s s -  
fu l .  T h e  C h e m i c a l  C o r p s  and the C o r p s  of 
E n g i n e e r s  then decided to d r i l l  a n  injection d i s -  
posal  well. f o r  the  purpose  of d i spos ing  of the 
contaminated w a s t e  wate r  (Scopel,  1964). 

T h e  U. S. A r m y  C o r p s  of Enginecrs ,  
Omaha  D i s t r i c t ,  c o m m i s s ~ o n e d  the  f i r m  of 
E. A. Po lumbus ,  J r . ,  and  A s s o c i a t ~ s ,  I n c . ,  
t o  des ign  the well ,  s u p e r v i s e  the d r i l l ing  and  
complet ion,  provide the n e c e s s a r y  engineer ing  
geological  s e r v i c e s ,  and manage  the pro jec t .  
Louls  J. Scopel ,  a s  a n  a s s o c i a t e ,  w a s  the  
P r o j e c t  Geologist  and w a s  respons ib le  f o r  a l l  
g e o l o g ~ c a l  a s p e c t s  of the operat ion.  Another  
geological  a s s o c i a t e  w a s  George R .  Downs, 

F i g u r e  1. S t ruc tura l  m a p  of a  portion of the 
Denver - J u l e s b u r g  Bas in  ( a f t e r  Anderman and 
Ackrnan, 1963). showing the locat ion of the  
Rocky Mountain A r s e n a l  well.  
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F i g u r e  2 .  C r o s s - s e c t i o n  showing the  s u b s u r f a c e  geology f r o m  t h e  A r s e n a l  wel l  t o  the  o u t c r o p  of 
P r e c a m b r i a n  grani te  gne iss  w e s t  of Denver  ( a f t e r  M. F. and C. M. Boos ,  and H. H. Odiorne) .  
The  l ine of c r o s s - s e c t i o n  i s  shown i n  f i g u r e  1 .  

who contr ibuted mate r ia l ly  t o  the in t ia l  design P r e c a m b r i a n  gran i te  gne iss  w e s t  of D e n v e r .  
of the  p r o ~ e c t  and a c t e d  in  a n  a d v i s o r y  capaci ty The  gran i te  gne iss  is identified a s  the 

throughout t h e  the opera t ion .  Mount M o r r i s o n  F o r m a t i o n  by C. M. and 

The wel l  was loca ted  and dr i l l ed  i n  the  M. F. Boos (1957), who d e s c r i b e  typ ica l  
NW/4 N E / 4  s e c .  26, T .  2 S.. R .  67 W .  /39O- lMount M o r r i s o n  gran i te  a s  medium to f ine  

5 1 . 5 '  N . ,  104'-51' W . ) ,  
r a d o .  I t  w a s  spudded 10 
pleted a t  a to ta l  depth of 
b e r  1961. 

REGIONAL GEOLOGY 

The  Rocky Mountain 

A d a m s  County, Colo- g ra ined ,  pink to tan,  and de l ica te ly  gne iss ic .  

M a r c h  1961 and c o m -  P a r t s  of the g ran i t i c  gne iss  a r e  p e r m e a t e d  

12, 045 f e e t  11 sep tem-  with i l l -def ined pegmat i te .  

Approximately 13, 000-feet  of s t r u c t u r a l  
re l i e f  e x i s t s  between the  top of the P r e c a m -  
b r i a n  i n  the A r s e n a l  wel l  and t h e  P r e c a m b r i a n  
o u t c r o p  w e s t  of Denver .  

A r s e n a l  Disposa l  wel l  
i s  loca ted  on the gently dipping e a s t  f lank of 
the Denver -  Ju lesburg  Bas in ,  just  a few m l l e s  
w e s t  of the a x i s  of the  bas in .  A s  indicated in  
f i g u r e  1, the Arsena l  wel l  is loca ted  i n  a reg ion  
of the s u b c r o p  of Cambro-Ordovic ian  r o c k s ,  
n e a r  the a r e a  where t h e s e  r o c k s  a r e  t runca ted  
by Pennsylvanian s e d i m e n t s .  

F i g u r e  1 i s  a s t r u c t u r a l  m a p  of a port ion 
of t h e  Denver -Ju lesburg  Bas in  i n  the  vicinity 
of the  Rocky Mountain A r s e n a l  well a f t e r  
A n d e r m a n  and  Ackman (1963). F i g u r e  2 i s  a 
c r o s s  sec t ion  a f te r  M. F. and C.  M. Boos and 
H. H. Odiorne  whlch shows  t h e  s u b s u r f a c e  
geology f r o m  the A r s e n a l  wel l  t o  the ou tc rop  of 

STRATIGRAPHIC SECTION IN INJECTION 
DISPOSAL W E L L  

A d i a g r a m  and log of the  wel l  a r e  shown i n  
f i g u r e  3 (Scopel ,  1964). F i g u r e  4 is a log  of 
the  p re -Pennsy lvan ian  port ion of the  wel l  by 
Scope1 (1964).  Scope1 (1964) d e s c r i b e d  the  
P r e c a m b r i a n  sec t ion  cu t  by the  well  a s  fol lows:  

P r e c a m b r i a n  

The above-descr ibed  s e d i m e n t s  [ordo-  
vician o r  ~ a m b r i a n ]  o v e r l i e  20 f e e t  of 
b r igh t  g r e e n  wea thered  s c h i s t  which con-  
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ROCKY MOUNTAIN ARSENAL 
L C O C I O  

E A P O L U M B U S .  JR. AND ASSOCIATES. INC. 

Figure  3 .  Diagram and l o g  of the Rocky Mountain Arsenal  Injection Disposal  Well (Scopel ,  1964). 
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F i g u r e  4 .  Log of p re -Pennsy lvan ian  port ion 
of d i sposa l  wel l  (Scopel,  1964). 

t a m s  brown to c o p p e r - c o l o r e d  m i c a  and 
kaol ini te .  The p r  e -Pennsy lvan ian  sed i -  
m e n t s  and  the P r e c a m b r i a n  w e r e  not 
c o r e d .  

The  P r e c a m b r i a n  s c h i s t  i s  i m m e d i a t e l y  
above  highly f r a c t u r e d  hornblende g r a n i t e  
gne iss  which conta ins  pegmat i te  in t rus ions .  
T h e  top  eight-foot sec t ion  of the gne iss  w a s  
c o r e d .  Hedge and  Walthall (1963 have 

old.  

b dated t h e  gneiss t o  be  1, 350 x 10 y e a r s  

A por t ion  of the c o r e  mentioned above w a s  
examined by  the p r e s e n t  au thor .  T h e  f r a c t u r e s  
o b s e r v e d  w e r e  a l m o s t  ver t i ca l  and f r o m  one-  
half - inch  t o  two inches  a p a r t .  When taken 
f r o m  the c o r e  b a r r e l ,  the c o r e  was  found to b e  
sp l i t  a p a r t  a long one f r a c t u r e  plane, and t h e  
l a c k  of cementing m a t e r i a l  sugges ted  that  th i s  
might  have been a n  open f r a c t u r e .  T h e  o ther  

f r a c t u r e s  o b s e r v e d  w e r e  par t i a l ly  to  comple te ly  
cemented  with q u a r t z .  

TESTING O F  T H E  W E L L  

A d r i l l  s t e m  t e s t  w a s  taken of the b a s a l  
Founta in  F o r m a t i o n ,  the p re -Pennsy lvan ian  
r o c k s  and P r e c a m b r i a n  r o c k s  f r o m  the  bot tom 
of the 8 -518- inch  c a s i n g  a t  11, 171 f e e t  to  t h e  
total  depth of 11, 985 f e e t  Recovery  w a s  
5 ,400  f e e t  of s a l t  w a t e r ,  i n  addi t ion to  2 ,000  
f e e t  of wate r  cushion,  i n  156 m i n u t e s .  Ninety- 
t h r e e - m i n u t e  f ina l  shu t - in  p r e s s u r e  w a s  4, 128 
pounds, m e a s u r e d  a t  11, 002 f e e t .  Densi ty of 
the  w a t e r  w a s  1 . 0 5  gm.  / c c .  

T h e  well w a s  dr i l l ed  ahead  to 12 ,045  f e e t  
w h e r e  i t  w a s  comple ted  i n  P r e c a m b r i a n  gne iss  
Cons iderab le  l o s t  c i rcu la t ion  w a s  exper ienced  
while  cor ing ,  t es t ing ,  and dr i l l ing  the P r e c a m  - 
b r i a n  gne iss  f r o m  11, 970 t o  12, 045 f e e t .  

A 5-112-inch l i n e r  w a s  cemented  f ive  f e e t  
into the  P r e c a m b r i a n  g n e i s s  f r o m  the bot tom 
6 4  f e e t  of the  8-518-inch cas ing .  F i v e - a n d -  
one-half- inch tubing w a s  r u n  t o  9,  01 1 f e e t  to  
c o m p l e t e  the  wel l .  

During November  and D e c e m b e r  1961 a  
conventional  oi l  f ie ld pump w a s  r u n  i n  t h e  well ,  
and pumping t e s t s  w e r e  conducted.  A f t e r  
pumping 1, 100 b a r r e l s  of w a t e r ,  a  quantity i n  
e x c e s s  of the  amount  of fluid that  had been  l o s t  
in to  the  f o r m a t i o n  dur ing  dr i l l ing  opera t ions ,  
the wel l  pumped down and fluid r e c o v e r y  b e -  
c a m e  negl igible .  It  w a s  concluded,  a t  the  t i m e  
of test ing,  tha t  fluid r e c o v e r y  w a s  f r o m  f r a c -  
t u r e s .  It w a s  f u r t h e r  bel ieved that  a s  f luld 
w a s  withdrawn f r o m  t h e s e  f r a c t u r e s ,  they 
w e r e  squeezed  shu t  by c o m p r e s s i v e  f o r c e s  
which r e s t r i c t e d  fluid e n t r y  i n t o  the wel l  b o r e .  

F'i-essure inject ion t e s t s  w e r e  conducted on 
the  well  dur ing  January  1962 t o  d e t e r m i n e  the 
r a t e s  and inject ion p r e s s u r e s  a t  which t h e  P r e -  
c a m b r i a n  would take  the  f luld.  A s  a  r e s u l t  of 
t h e s e  t e s t s ,  i t  w a s  not iced that  ca lcu la t ions  of 
the  d r a i n a g e  r a d i u s  and f o r m a t i o n  capac i ty  in-  
c r e a s e d  a s  fluid w a s  in jec ted  ( s e e  Calhoun, 
1953, f o r  m o r e  on r e s e r v o i r  c a l c u l a t i o n s ) .  

A s  a  r e s u l t  of the t es t ing  p r o g r a m ,  i t  w a s  
concluded t h a t  the f o r m a t i o n  would t a k e  f r e s h  
w a t e r  a t  400 gal lons p e r  m i n u t e  under  650 
pounds p r e s s u r e ,  and tha t  the  r e s e r v o i r  con-  
s i s t e d  of f r a c t u r e s  which expanded a s  addi t ional  
vo lumes  of fluid w e r e  in jec ted .  

T H E  PRESSURE INJECTION PROGRAM 

Contaminated w a s t e  f r o m  the  A r s e n a l  
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Flgure  5 .  Upper half: number of earthquakes per  month recorded In the Uenver a r e a .  
Lower half: monthly volume of contaminated waste water Injected into the Arsenal  w e l l .  
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plants  is f i r s t  collected and  allowed t o  s e t t l e  in  
a two-hundred-million-gallon w a s t e - s e t t l i n g  
bas in  tha t  i s  sea led  with a n  aspha l t i c  m e m -  
b r a n e  t o  p revent  seepage.  It is then f locculated 
and c la r i f i ed .  Next i t  i s  f i l t e red  t o  l e s s  than 
20 p a r t s  per  mil l ion of suspended so l ids  l e s s  
than 5 m i c r o n s  i n  d i a m e t e r .  It  i s  sterilized 
and m o n i t e r e d  f o r  bac te r ia ,  then pumped Into 
the well .  F o u r  130-horsepower posl t ive-  
d i sp lacement  e lec t r ic  pumps a r e  ava i lab le .  
Normal ly ,  two o r  t h r e e  pumps a r e  used .  

T h e  f i r s t  contaminated w a s t e  w a s  injected 
in to  the  well during M a r c h  1962, when 4 . 2  
mi l l ion  gallons of waste  w e r e  injected into the  
well .  T h e  monthly volume of w a s t e  injected 
in to  the well  is shown i n  the lower  half of 
f i g u r e  5 .  During the fir s t  y e a r  of opera t ion ,  
cons iderab le  t rouble w a s  experienced with the 
f i l t e r  plant with the r e s u l t  that  the inject ion 
well  w a s  often shut down f o r  a few days  o r  
weeks  a t  a t i m e .  F r o m  M a r c h  1962 unt i l  
Sep tember  1963 the maxlrnum in jec t ion  p r e s s u r e  
i s  r e p o r t e d  t o  have been about  550 pounds, with 
a f luid injection r a t e  of 200 gallons p e r  minute .  

At the end of September 1963 the inject ion 
well  w a s  shut  down, and n o  fluid w a s  injected 
until  opera t ions  were  r e s u m e d  17 September  
1964. During t h e  shut-down per iod ,  s u r f a c e  
evapora t ion ,  f r o m  the se t t l ing  bas in ,  w a s  
suff icient  to  handle the plant output.  

F r o m  17 September 1964 unt i l  t h e  end of 
M a r c h  1965, injection opera t ions  w e r e  r e s u m e d  
by grav i ty  d i scharge  into the well .  No well-  
head p r e s s u r e  w a s  n e c e s s a r y  t o  Inject  the 
m a x i m u m  of 2 . 4  million gallons of w a s t e  per  
month  into the well.  

Beginning i n  Apri l  1965 l a r g e r  quant i t ies  
of fluid w e r e  injected. The  f i l t e r  plant opera ted  
eff ic ient ly,  and fluid w a s  usual ly injected 16 to 
24 h o u r s  dai ly.  During A p r l l  and  May a m a x i -  
m u m  pump p r e s s u r e  of 800 pounds w a s  r e q u i r e d .  
F r o m  June t o  the  end of Sep tember  1965 a 
m a x i m u m  p r e s s u r e  of 1 , 0 5 0  pounds w a s  r e -  
qu i red  t o  inject  300 gal lons per  minute  in to  t h e  
well  

THE DENVER EARTHQUAKES 

T h e  U. S. Coast  and Geodetic Survey r e -  
p o r t s  that  on 7 November 1882 a n  ear thquake  
w a s  f e l t  i n  the  Denver, Louisvi l le ,  George-  
town, and  S. E. Wyomlng a r e a  (Wang, 1965). 
F r o m  that  da te  until A p r l l  1962 n o  ear thquake  

e p i c e n t e r s  w e r e  r e c o r d e d  i n  the  Denver  a r e a  
by e l t h e r  the U. S. C o a s t  and Geodet ic  Survey 
o r  by the Regis  College Se ismologica l  O b s e r v a -  
t o r y ,  loca ted  ten m i l e s  sou theas t  of the Rocky 
Mountaln A r s e n a l  wel l  ( J o s e p h  V. Downey, 
persona l  communicat ion,  1965). 

During tVle per iod  f r o m  Apr i l  1962 t o  the  
end of Sep tember  1965, 710 ear thquakes  w e r e  
r e c o r d e d  with e p i c e n t e r s  i n  the vicinity of the 
A r s e n a l  a t  the C e c i l  H. G r e e n  O b s e r v a t o r y ,  
B e r g e n  P a r k ,  Colorado ,  opera ted  by the  
C o l o r a d o  School of Mines ( P a n ,  1964, Wang, 
1965, J o n e s ,  1965, Mines  Magazine,  1965). 

T h e  total  n u m b e r  of ea r thquakes  r e p o r t e d  
i n  the Denver  a r e a  is plotted i n  the upper  half 
of f i g u r e  5. The  magnitude of the  ea r thquakes  
r e p o r t e d  r a n g e  f r o m  0 . 7  to  4 . 3  on the  R i c h t e r  
s c a l e .  Tab le  1 l i s t s  the ea r thquakes  i n  Colo-  
r a d o  of magnitude 3 and l a r g e r ,  a c c o r d i n g  t o  
the  U. S. C o a s t  and Geodetic Survey r e p o r t s  
(Wang, 1965). Wang (1965) ca lcu la ted  the  epi-  
c e n t e r s  and hypocente rs  of the  1963-65 Denver  
ea r thquakes ,  and the  r e s u l t s  of h i s  calculat ions 
a r e  shown in f i g u r e  6 .  

T h e  m a j o r i t y  of the  ea r thquake  e p i c e n t e r s  
a r e  within a f i v e - m i l e  r a d i u s  of the  wel l .  All 
e p i c e n t e r s  ca lcu la ted  f r o m  f o u r  o r  m o r e  r e -  
cording s ta t ions  a r e  withln seven  m i l e s  of the 
wel l .  

Wang (1965) ca lcu la ted  the best-f i t t ing 
plane pass ing  th rough  the  zone of hypocente rs  
ca lcu la ted  f r o m  f o u r  o r  m o r e  r e c o r d i n g  s ta t ions .  
He concluded tha t  th l s  plane might  be  a fau l t  
a long  which m o v e m e n t  w a s  taking p lace .  The  
plane d i p s  to t h e  e a s t ,  and p a s s e s  benea th  the 
a r s e n a l  wel l  a t  a dep th  of about  six and  one-  
half m i l e s  (f ig .  6 ) .  

ROCK MOVEMENT AND EARTHQUAKES 

An a t t e m p t  h a s  been m a d e  t o  develop a 
method of es t imat ing ,  d i r e c t l y  f r o m  s e i s m o -  
g r a m s ,  wave e n e r g y  rad ia ted  dur ing  a n  e a r t h -  
quake.  Using the  f o r m u l a  f a v o r e d  by T o c h e r  
(1964) and  R i c h t e r  (1958),  the  e las t i c  wave 
e n e r g y  of a magni tude  3 ear thquake  could b e  
provided by dropping  a 100 foot cube of r o c k  a 
d i s tance  of a few f e e t .  

Admittedly, the  f o r m u l a  app l ies  t o  d i s tan t  
ea r thquakes  and  is not rout inely app l icab le  t o  
l a r g e  n u m b e r  of e a r t h q u a k e s ,  but  i t  d o e s  sugges t  
tha t  t h e  Denver  e a r t h q u a k e s  m a y  b e  c a u s e d  by 
r e l a t i v e l y  m m o r  r o c k  m o v e m e n t s .  
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T a b l e  1 .  COLORADO EARTHQUAKES, MAGNITUDE 3 AND L A R G E R  
( F r o m  U. S. C o a s t  a n d  Geode t i c  S u r v e y  R e p o r t s )  

No. G r e e n w i c h  M e a n  T i m e  **Longitude L a t ~ t u d e  Dep th  Mag-  
Y e a r  Mon. Day Hour  M m .  S e c .  (N) (w) ( k m )  n i tude  F e l t  A r e a  

Nov.  7 

O c t .  11  

Nov. 27 

J u n e  18 
Aug. 7 
D e c .  4 
Dec .  5 
J a n .  30 
A p r i l  8 
A p r ~ l  24  
May 2 5  
J u n e  5 
J u l y  2  
J u l y  28 
J a n .  5  
F e b .  16  
F e b .  16  
Ju ly  31 
Sept .  1 4  
Sept .  2 9  
Sept .  2 9  

* D e t e r m i n e d  f r o m  l o c a l  seismogram d a t a .  

D e n v e r ,  L o u i s v i l l e ,  George town a n d  
S. E. Wyomlng  
C i m a r r o n ,  L a k e  Ci ty ,  M o n t r o s e ,  O p h i r ,  
O u r a y ,  P l a c e r v i l l e ,  P o w d e r h o r n ,  R idge-  
way ,  Telluride 
F a ~ r p l a y ,  H a r t s e l ,  L e a d v i l l e ,  J e f f e r s o n ,  
B u e n a  Vis t a ,  A l m a  
D e n v e r ,  D e r b y ,  H e n d e r s o n  
D e n v e r ,  D e r b y ,  H e n d e r s o n  
D e n v e r ,  J e f f e r s o n ,  A d a m  s 
D e n v e r ,  P u e b l o  
D e n v e r ,  B o u l d e r  
D e n v e r ,  D e r b y ,  H e n d e r s o n  
D e n v e r ,  D e r b y ,  H e n d e r s o n  
D e n v e r ,  Derby ,  H e n d e r s o n  
D e n v e r ,  D e r b y ,  H e n d e r s o n  
D e n v e r ,  B o u l d e r  
D e n v e r ,  D e r b y ,  H e n d e r s o n  
W e s t e r n  D e n v e r ,  L o u l s v i l l e  
W e s t e r n  D e n v e r ,  L o u i s v i l l e  
W e s t e r n  D e n v e r ,  L o u ~ s v r l l e  
W e s t e r n  D e n v e r ,  L o u ~ s v r l l e  
W e s t e r n  D e n v e r ,  L o u i s v l l l e  
W e s t e r n  D e n v e r ,  L o u l s v i l l e  
W e s t e r n  D e n v e r ,  L o u i s v l l l e  

- 
44 F o r  Mountain  S t a n d a r d  T i m e ,  s u b t r a c t  7 h o u r s .  

**lt F o r  Mounta in  Dayl ight  Sav lngs  T i m e ,  s u b t r a c t  6  h o u r s .  

(Wang ,  1965, wi th  a d d ~ t i o n s )  
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E X P L A N A T I O N  

EARTHQUAKE H'iPOCENlER39 
COUPUTEO FROM 

D - I-l,.T,O* O A T .  

P R O J E C T I O N  O N  S E C T I O N  A - A  

I I S E D I M E N T A R Y  " R O C K  I 

I.A \ . y. A P R E C A M B R I A N  M E T A M O R P H I C  R O C K  

L ----- -- -- .- - - - - - - - - - - 
U P P E R  M A N T L E  -soh- 

F i g u r e  6 .  Earthquake hypocenters  dur ing  1963-64 f r o m  loca l  s e i s m o l o g i c a l  s ta t ions  In the Denver  
a r e a  ( a f t e r  Wang, 1965). All  e p i c e n t e r s  calculated f r o m  f o u r  o r  m o r e  r e c o r d i n g  s ta t ions  a r e  within 
seven  m i l e s  of the A r s e n a l  wel l .  All hypocente rs  ca lcu la ted  f r o m  four  o r  m o r e  r e c o r d i n g  s ta t ions  
a r e  within a r e a  indicated on sec t ion  A - A. 
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PRESSURE INJECTION AND EARTHQUAKE 
FREQUENCY 

P r e s s u r e  inject ion began i n  M a r c h  1962. 
The  f i r s t  two ear thquakes  w ~ t h  e p i c e n t e r s  in 
the A r s e n a l  a r e a  w e r e  r e c o r d e d  dur ing  April 
1962. 

T h e  lower  half of f igure  5 i s  a  g r a p h  of the 
monthly volume of w a s t e  injected into the 
A r s e n a l  wel l .  The  to ta l  number  of ea r thquakes  
r e c o r d e d  i n  the A r s e n a l  a r e a  i s  plotted each 
m o n t h  i n  the upper  half of the graph.  

Dur ing  t h e  in i t i a l  Inject ion perlod f r o m  
M a r c h  1962 t o  the  end of Sep tember  1963, the 
in jec t ion  p r o g r a m  w a s  often shu t  down f o r  r e -  
p a i r s  t o  the f i l t e r  plant.  During t h s  period 
t h e r e  d o e s  not a p p e a r  to  be a  d i r e c t  month  by 
m o n t h  c o r r e l a t i o n .  However ,  the high injection 
m o n t h s  of Apr i l ,  May and June  1962 s e e m  to 
c o r r e l a t e  with the  high ear thquake  frequency 
m o n t h s  of June,  July and August.  T h e  high 
in jec t ion  months  of F e b r u a r y  and M a r c h  1963 
m a y  c o r r e l a t e  with the high ear thquake  month 
of A p r i l .  

T h e  period of n o  inject ion f r o m  September 
1963 t o  Sep tember  1964 coincides with a  period 
of m i n i m u m  ear thquake  f requency .  T h e  period 
of low volume inject ion by grav i ty  f low,  from 
September  1964 t o  Apr i l  1965. i s  c h a r a c t e r i z e d  
by two months  (October  and F e b r u a r y )  of 
g r e a t e r  ea r thquake  f requency  than experienced 
d u r i n g  the preceed ing  y e a r .  

T h e  m o s t  d i r e c t  c o r r e l a t i o n  of f luid injec- 
tion with ea r thquake  f requency  i s  dur ing  the 
m o n t h s  of June  th rough  September 1965. This  
per iod  w a s  c h a r a c t e r i z e d  by the pumping of 
300 gal lons p e r  minute ,  16 t o  24 h o u r s  a  day, 
a t  p r e s s u r e s ,  of f r o m  800 to 1 , 0 5 0  pounds. 

A rev iew of the inject ion p r o g r a m  revea ls  
that  t h e r e  have been f ive  characteristic periods 
of inject ion into the well  (fig. 7) :  - 

I .  Apr i l  1962-Apri l  1963: High injection 
a t  medium p r e s s u r e .  

2 .  May 1963-September 1963: Medium i n -  
je'ction a t  medium p r e s s u r e .  

3 .  October  1963-September 1964: No in-  
ject ion.  

4 .  Sep tember  1964-March  1965. Low in- 
jectlon a t  z e r o  p r e s s u r e  (g rav i ty ) .  

5 .  Apr l l  1965-September 1965. f i g h  in- 
jection a t  high p r e s s u r e .  

T h e  a v e r a g e  n u m b e r s  of ea r thquakes  per 
m o n t h  a r e  plotted in  f i g u r e  7 above t h e  average  
vo lumes  of fluid injected per  month  f o r  each of 
t h e s e  f i v e  p e r i o d s .  T h e  inject ion f o r  March 

1962 is not  used i n  t h e  a v e r a g e  because  the 
e x a c t  day when inject ion w a s  s t a r t e d  is no t  
known. 

F i g u r e  7 ind ica tes  that  t h e r e  i s  a  d i r e c t  
c o r r e l a t i o n  between a v e r a g e  monthly inject lon 
and ear thquake  f requency  when a n  inject ion 
p r o g r a m  i s  c a r r i e d  out f o r  a  per iod of f ive  
m o n t h s .  

Bardwel l  (1966) h a s  p r e p a r e d  a  s t a t i s t i c a l  
a n a l y s i s ,  p resen ted  e l s e w h e r e  in th i s  i s s u e  of 
T h e  Mountain Geologist ,  that  s u g g e s t s  that  a  
m a t h e m a t i c a l  re la t ionsh ip  e x i s t s  between the 
Denver  ea r thquakes  and t h e  volume of con tami-  
nated w a s t e  injected into the A r s e n a l  well.  

E F F E C T  O F  EARTHQUAKES ON INJECTION 
PRESSURE 

The  w e l l h e a d - p r e s s u r e  inject ion c h a r t s  
w e r e  not ava i lab le  f o r  the y e a r s  1962 and 1963. 
Only the ea r thquakes  of magnitude 3 o r  l a r g e r  
w e r e  checked a g a i n s t  the  p r e s s u r e  inject lon 
c h a r t s  f o r  1965. T h e s e  ear thquakes  a r e  l i s ted  
i n  t ab le  1.  

No c h a r t s  w e r e  being r e c o r d e d  a t  the t i m e  
of the F e b r u a r y  and July 1965 ear thquakes .  
T h r e e  pumps w e r e  main ta in ing  a  p r e s s u r e  of 
725 pounds when the Sep tember  14 ear thquake  
o c c u r r e d .  T h e r e  w a s  no change i n  inject ion a t  
the  t i m e  of the  event .  

Allowing f o r  a  few m i n u t e s  t i m e  d i s c r e p -  
a n c y  between the c h a r t  t i m e  and r e c o r d e d  t lme 
of the e a r t h q u a k e s ,  the two ear thquakes  of 29 
September  m a y  have affected the  inject ion 
p r e s s u r e .  Dur ing  the f i r s t  ea r thquake ,  a t  
12:59 P . M .  MDST, the  p r e s s u r e  r e c o r d i n g  
needle on t h e  p r e s s u r e  c h a r t  jumped f r o m  970 
pounds to  940 pounds and a l s o  repea ted  a  ten 
minute  t i m e  i n t e r v a l  on the c h a r t .  During the 
second  ear thquake ,  a t  1:20 P. M. MDST, the 
p r e s s u r e  dropped f r o m  960 pounds to 780 
pounds. Whether  th i s  180-pound p r e s s u r e  d r o p  
w a s  due t o  the ea r thquake  o r  to  the s lowing up 
of one of the pumps is not known. 

F L U I D  PRESSURE AND T H E  ARSENAL 
EARTHQUAKES 

The  evidence f r o m  dr i l l ing  and  
tes t ing  the  A r s e n a l  d i s p o s a l  well ind ica tes  that  
the  P r e c a m b r i a n  r e s e r v o i r  is composed  of a  
highly f r a c t u r e d  gran i te  g n e i s s  which i s  sub-  
s tan t ia l ly  i m p e r m e a b l e .  T h e  f r a c t u r e s  a r e  
a l m o s t  v e r t i c a l ,  and porosl ty  of the  r e s e r v o i r  
is f o r m e d  by t h e s e  f r a c t u r e s .  T h e  ev idence  
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60 
AVERAGENUMBEROFDENVEREARTHQUAKES I 

1 AVERAGE GALLONS OF WASTE 1NJECTED 

AXIMUM INJECT1 

Figure  7 .  Earthquake frequency - waste injection relationships during five character is t ic  periods. 

indicates that a s  fluid was pumped out of the 
r e se rvo i r  the fractures closed, and a s  fluid 
was injected into the reservoir  the f rac tures  
opened. In other words, the pumping and in- 
jection tes ts  indicated that rock movement 
occurred a s  fluid was withdrawn o r  injected a t  
relatively low pressures.  

The pressure-depth relations of the P r e -  
cambrian reservoir ,  showing hydrostatic and 
lithostatic p res su re  variations with depth, a r e  
shown in figure 8. These data were deter -  
mined from the dri l l  s tem test .  As shown on 
the chart ,  the observed p ressu re  of the P r e -  
cambrian reservoir  is a lmost  900 pounds l e s s  
than hydrostatic pressure.  

Hubbert and Rubey (1959) devised a simple 
and adequate means  of reducing by the requlred 
amount the frictional reststance to the sliding 
of large  overthrust  blocks down very gentle 

slopes.  This a r i s e s  from the circumstance 
that the weight of such a block i s  jointly sup- 
ported by solid s t r e s s  and the p res su re  of in ter -  
st i t ial  fluids. As the fluid p res su re  approaches 
the lithostatic pressure ,  corresponding to a 
flotation of the overburden, the sheer  s t r e s s  
required to move the block approaches zero.  

If high fluid p res su res  reduce frictional 
res is tance  and permit  rocks to sl ide down very 
gentle slopes, i t  follows that, a s  fluid pressure  
i s  decreased,  frictional res is tance  between 
blocks of rock i s  increased,  thus permitting 
them to come to r e s t  on increasingly steep 
slopes. The steeper the slope upon whlch a 
block of rock i s  a t  r e s t ,  the lower the required 
r a i se  in fluid p res su re  necessary  to produce 
movement. 

In the case  of the Precambrian  r e se rvo i r  
beneath the Arsenal  well, these rocks were  a t  
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FORMATION PRESSURE ( lb/m2) 

O P E N  FRACTURES 

F i g u r e  8 .  P r e s s u r e - d e p t h  relations, P r e -  
c a m b r i a n  r e s e r v o i r ,  Rocky Mountain A r s e n a l  
Disposa l  wel l .  

equilibrium on hlgh-angle f r a c t u r e  planes with 
a  f luld p r e s s u r e  of 900 pounds l e s s  than hydro- 
static p r e s s u r e  before  injection began. 

A s  f luld was  Injected into the  P r e c a m b r l a n  
reservoir, the fluld p r e s s u r e  ad jacen t  t o  the 
wel l  b o r e  r o s e ,  and the  frictional r e s i s t a n c e  
a long  the  f r a c t u r e  planes was  thereby  reduced.  
When, f lnal ly ,  enough f luld p r e s s u r c  w a s  
e x e r t c d  over  a  l a r g e  enough a r e a  movement  
took p lace .  The e l a s t l c  wave energy  r e l e a s e d  
w a s  r e c o r d e d  a s  a n  ear thquake .  

Smce  the fo rmat ion  fluid p r e s s u r e  1s 900 
pounds sub-hydrostatic, m e r e l y  flll lng the holc 
with contamlnated was tc  (mos t ly  s a l t  w a t e r )  
r a i s e s  the fo rmal lon  p r e s s u r e  900 pounds, or 
to  the  equivalent of hydros ta t ic  p r e s s u r e .  Any 
appl ied mjec t ion  p r e s s u r e  abovc  that of gravity 
flow b r i n g s  about  a n  I n c r e a s e  In p r e s s u r e  r c -  
su l t ing  In a  total  i n  e x c e s s  of hydros ta t ic  
pressure. F o r  example ,  a n  mject lon p r e s s u r c  
of 1 , 0 0 0  pounds would r a i s e  the  r e s e r v o i r  
p r e s s u r e  ad jacen t  to  the well b o r e  1 ,900  
pounds, o r  by the amount  n e c e s s a r y  to  b r ing  
the p r e s s u r e  to  hydros ta t ic  (by filling t h e  hole) 
plus  1 , 0 0 0  pounds. 

Apparen t ly  a  r l s e  in  fluld p r e s s u r e  wlthin 
t h e  P r e c a m b r l a n  r e s e r v o i r  of f r o m  900 t o  
1, 900 pounds is suff icient  t o  al low movement  
t o  t a k e  place.  

The hypocente rs  i n  the  A r s e n a l  a r e a  
plotted f r o m  data  der ived  f r o m  f o u r  o r  m o r e  
recording s ta t ions  indicate  tha t  m o v e m e n t  is 
taking place beneath the A r s e n a l  well a t  depths 
of f r o m  1-112 to 12 m i l e s .  If the P r e c a m b r i a n  
f r a c t u r e  s y s t e m  extends to  a  depth of 12 m i l e s ,  
then fluld p r e s s u r e  could be  t r a n s m i t t e d  to  thls  
depth by m o d e r a t e  s u r f a c e  mjec t lon  p r e s s u r e  
a s  long a s  the f r a c t u r e  s y s t e m  w a s  open f o r  the 
t r a n s m i s s i o n  of th i s  p r e s s u r e .  

Secor  ( 1965) concluded that  open f r a c t u r e s  
c a n  occur  to  g r e a t  depths even wlth only mod-  
e r a t e l y  high fluid p r e s s u r e - o v e r b u r d e n  welght 
r a t i o s .  I t  a p p e a r s  possible  that  hlgh-angle,  
open f r a c t u r e s  m a y  be p r e s e n t  beneath the 
A r s e n a l  wel l  a t  g r e a t  depths with m u c h  lower  
fluid p r e s s u r e - o v e r b u r d e n  welght r a t l o s  than 
h a s  f o r m e r l y  been considered possible. 

Almos t  I50 mi l l lon  gal lons of con tammated  
w a s t e  had been m j e c t e d  into the A r s e n a l  wel l  
by  the  end of Sep tember  1965. Since th i s  .- 
amount  of wate r  would be enough to f i l l  f o u r  
continuous I /  16-lnch f r a c t u r e s  e a c h  seven  
m l l e s  long (the m a x i m u m  dls tance  of epicenters 

f r o m  the wel l  located by four  o r  m o r e  r e c o r d -  
m g  s ta t ions)  and f ive  m l l e s  deep,  ~t  c a n  be 
s e e m  that  a  re la t ive ly  s m a l l  a r e a  i s  b e m g  
affected by the Injection p r o g r a m .  

T I M E  LAG BETWEEN FLUID INJECTION AND 
EARTHQUAKES 

T h e  c o r r e l a t i o n  of fluld injected wlth e a r t h -  
quakc f requency  (f ig .  5)  s u g g e s t s  that a  t i m c  
l a g  e x i s t s  betwcen the two. Bardwel l  (1966) 
no tcs  that  the frequcncy of Denver  ea r thquakes  
a p p e a r s  t o  l a g  injected was te  by approximate ly  
onc to four  months .  T h i s  phcnomenon i s  prob-  
ab ly  the s a m c  a s  that  described by Seraf im and 
d e l  C a m p o  (1965).  They d e s c r i b c  the  observed  
t l m c  l a g  betwccn watc r  l c v c l s  i n  r e s e r v o i r s  
and  the p r c s s u r e s  m e a s u r e d  in thc foundations 
of d a m s ,  and a s c r i b c  th i s  to  a n  unsteady s t a t e  
of percolat ion through open joints  in  the r o c k  
m a s s  due t o  the  opening and c l o s l n g  of t h e s e  
p a s s a g c s  resulting f r o m  i n t e r n a l  and ex te rna l ly  
appl ied p r e s s u r e s .  

The  t i m e  l a g  bctwecn w a s t c  injected i n  the. 
A r s e n a l  wel l  and ear thquake  f requency  i s  
probably due to a n  unsteady s t a t e  of percolat ion 
through f r a c t u r e s  i n  the P r e c a m b r i a n  r e s e r v o i r  
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due to the opening and c los ing  of t h e s e  f r a c t u r e s  
r e s u l t i n g  f r o m  the  applied fluid p r e s s u r e  of the  
in jec ted  w a s t e .  The delayed appl icat ion of th i s  
p r e s s u r e  a t  a  dis tance f r o m  the well  b o r e  i s  
bel ieved t o  t r i g g e r  the movement  r e c o r d e d  a s  
a n  ear thquake .  

EARTHQUAKES DURING SHUT-DOWN PERIOD 

In cons ider ing  the ea r thquake  f requency  
dur ing  the y e a r  the injection well  w a s  s h u t  down, 
i t  i s  unfortunate  that  ne i ther  per iodic  bot tom- 
hole p r e s s u r e  t e s t s  nor checks  of the f luid 
l e v e l  i n  the hole  were  r u n .  Had t h e s e  m e a s u r e -  
m e n t s  been m a d e ,  then speculat ion a s  t o  how 
long  i t  took f o r  the bottom-hole p r e s s u r e  t o  
dec l ine  would have been u n n e c e s s a r y .  

By the  end of September 1963, 102. 3  
mi l l ion  gal lons of fluid had been injected into 
the  well .  It  i s  believed t h a t  th i s  inject ion had 
r a i s e d  the fluid p r e s s u r e  i n  the r e s e r v o i r  f o r  
s o m e  d i s tance  sur rounding  the wel l  b o r e .  Dur -  
ing  the shut-down period th i s  e levated p r e s s u r e  
w a s  equal izing throughout the r e s e r v o i r  and a t  
i n c r e a s i n g  d i s tances  f r o m  the wel l  b o r e .  A s  
th i s  fluid p r e s s u r e  reduced the f r i c t iona l  r e -  
s i s t a n c e  i n  f r a c t u r e s  f a r t h e r  away f r o m  the  
well ,  m o v e m e n t  o c c u r r e d ,  and s m a l l  e a r t h -  
quakes w e r e  the resu l t .  

SUMMARY AND CONCLUSION 

The  Rocky Mountain A r s e n a l  P r e s s u r e  In- 
jectlon Disposal  well w a s  dr i l l ed  f o r  the p u r -  
pose  of d i spos ing  of contaminated w a s t e  w a t e r ,  
which i s  a  by-product  of c h e m i c a l  w a r f a r e  
p roduc ts  manufactured a t  the A r s e n a l .  

During the month following the  ini t ia t ion of 
injection of w a s t e  water  into the a l m o s t  v e r t i -  
ca l ly  f r a c t u r e d  P r e c a m b r i a n  r o c k s  t h e r e  w e r e  
two ear thquakes  with ep icen te rs  i n  the A r s e n a l  
a r e a .  

A s u m m a r y  of the evidence r e l a t i n g  t h e  
A r s e n a l  inject ion program with the ea r thquakes  
1s '  

1 .  T h e  f i r s t  ea r thquakes  observed  dur ing  
the p r e s e n t  century with e p i c e n t e r s  i n  
the Denver  a r e a  w e r e  r e c o r d e d  dur ing  
the month  following the ini t ia t ion of the 
A r s e n a l  injection p r o g r a m .  

2 .  Since the initiation of the inject ion pro-  
g r a m  in  march 1962, 150 mi l l ion  gal lons 
of w a s t e  have been injected into the 
A r s e n a l  well,  and t h e r e  have been  7 10 
ear thquakes  (to 1 October  1965). 

3. T h e  m a j o r i t y  of the  ea r thquake  ep i -  
c e n t e r s  a r e  loca ted  within f ive  m i l e s  of 
the A r s e n a l  wel l .  All  e p i c e n t e r s  d e t e r -  
mined  f r o m  four -or -more  s ta t ion  da ta  
a r e  within seven  m i l e s  of the  well .  

4. T h e r e  i s  evidence t h a t  the ea r thquake  
ac t iv i ty  i s  taking place along a  plane 
that  dips  e a s t w a r d  and p a s s e s  beneath 
the A r s e n a l  wel l  a t  a  depth of 6 . 5  m i l e s  
(Wang, 1965). 

5 .  When the  A r s e n a l  inject ion p r o g r a m  is 
c o n s i d e r e d  on the b a s i s  of high, m e d i u m ,  
low, o r  n o  inject ion,  t h e r e  i s  a  c o r r e l a -  
tion between the fluid injected and e a r t h -  
quake f requency .  

6. T h e  b e s t  c o r r e l a t i o n  of ea r thquake  f r e -  
quency with fluid injected o c c u r r e d  
dur ing  July,  August  and September  1965, 
when re la t ive ly  l a r g e  a m o u n t s  of fluid 
w e r e  injected a t  higher  p r e s s u r e s  and 
f o r  longer  per iods  of t i m e  than p r e -  
viously.  

7 .  A s t a t i s t i c a l  a n a l y s i s  (Bardwel l ,  1966) 
i s  c i ted tha t  s u g g e s t s  a  m a t h e m a t i c a l  
re la t ionsh ip  between A r s e n a l  e a r t h -  
quakes  and vo lumes  of w a s t e  injected 
in to  the A r s e n a l  wel l .  

The  volume of fluid injected a p p e a r s  t o  be  
affect ing the P r e c a m b r i a n  r e s e r v o i r  only f o r  a  . 

l imi ted  d i s tance  f r o m  the  wel l  bore ,  and r o u g h  
e s t i m a t e s  of the e n e r g y  r e l e a s e d  by a  s ing le  
ea r thquake  sugges t  that  re la t ive ly  m i n o r  r o c k  
m o v e m e n t  is involved.  

T h e  P r e c a m b r i a n  r e s e r v o i r  r e c e i v i n g  the 
A r s e n a l  w a s t e  is highly f r a c t u r e d  g r a n i t e  
gne iss  of v e r y  low permeabi l i ty .  T h e  f r a c t u r e s  
a r e  n e a r l y  v e r t i c a l .  T h e  f r a c t u r e  poros i ty  of 
the r e s e r v o i r  i s  f i l l ed  with s a l t  w a t e r .  R e s e r -  
voir  p r e s s u r e  i s  900 pounds sub-hydros ta t ic .  

It a p p e a r s  that  m o v e m e n t  i s  taking place 
in  th i s  f r a c t u r e d  r e s e r v o i r  a s  a  r e s u l t  of the 
inject ion of w a t e r  a t  p r e s s u r e s  f r o m  900 to 
1 , 9 5 0  pounds g r e a t e r  than r e s e r v o i r  p r e s s u r e .  

Hubber t  and Rubey (1959) point out tha t  
r o c k  m a s s e s  in  f luid-f i l led r e s e r v o i r s  a r e  
suppor ted  by sol id s t r e s s  and the p r e s s u r e  of 
i n t e r s t i t i a l  f lu ids .  A s  fluid p r e s s u r e  a p p r o a c h e s  
l i thos ta t ic  p r e s s u r e ,  t h e  s h e a r  s t r e s s  r e q u i r e d  
to  m o v e  r o c k  m a s s e s  down v e r y  gently s l o p e s  
a p p r o a c h e s  z e r o .  

It  a p p e a r s  tha t  t h e s e  pr inc ip les  offer  a n  
explanat ion of the  r o c k  m o v e m e n t  i n  the 
A r s e n a l  r e s e r v o i r .  T h e  highly f r a c t u r e d  r o c k s  
of the  r e s e r v o i r  a r e  a t  r e s t  on s t e e p  s l o p e s  
under  a  condition of sub-hydros ta t ic  fluid 
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p r e s s u r e .  A s  t h e  f luid p r e s s u r e  i s  r a i s e d  
within the  r e s e r v o i r ,  f r i c t i o n a l  r e s i s t a n c e  
a long  f r a c t u r e  planes 1s reduced  and ,  even-  
tual ly ,  m o v e m e n t  t a k e s  place.  T h e  e l a s t i c  
wave energy  r e l e a s e d  1s r e c o r d e d  a s  a n  e a r t h -  
quake.  

Lf ear thquake  hypocente rs  ind ica te  the  
point a t  whlch m o v e m e n t  is taking place and 
in jec ted  fluid 1s triggering th i s  m o v e m e n t ,  then 
t h e r e  is evidence that  open f r a c t u r e s  e x i s t  a t  
dep ths  of 12 m i l e s  under  condit ions of lower  
fluid p r e s s u r e - o v e r b u r d e n  weight r a t i o s  than 
h a s  f o r m e r l y  been cons idered  possible  (Secor ,  
1965).  I t  is bel ieved that  the high angle  of this 
f r a c t u r e  s y s t e m  i s  a n i m p o r t a n t f a c t o r .  Be-  
c a u s e  t h e  f r a c t u r e s  a r e  a l m o s t  ver t i ca l ,  only a  
s m a l l  p a r t  of the l l thos ta t lc  p r e s s u r e  i s  ac t ing  
to  f o r c e  the f r a c t u r e s  c losed ,  and  they c a n  r e -  
m a i n  open under  condit ions of lower  fluid 
p r e s s u r e ,  and a t  g r e a t e r  depth than if they 
w e r e  hor izon ta l  o r  incl ined a t  a  lower  ang le .  

T h e  t i m e  l a g  between fluid inject ion and 
ear thquake  f requency  1s bel leved to b e  d u e  to  
the unsteady s t a t e  of percolat ion of fluid through 
the f r a c t u r e s  i n  the r e s e r v o i r  due t o  the open- 
ing and c los ing  of t h e s e  p a s s a g e s  r e s u l t i n g  
f r o m  t h e  appl ied p r e s s u r e  of the  lnjected was te .  

It is bel ieved that  a s  fluld cont inues t o  be  
in jec ted  into th i s  r e s e r v o i r  fluid p r e s s u r e  will 
be  i n c r e a s e d  a t  g r e a t e r  d i s t a n c e s  f r o m  t h e  well 
b o r e ,  and  r o c k  m o v e m e n t  wil l  be  o c c u r r i n g  a t  
e v e r  i n c r e a s i n g  d i s t a n c e s .  

In the  p r e s e n t  c a s e  i t  1s believed tha t  a  
s t a b l e  s i tuat ion i n  th i s  P r e c a m b r i a n  r e s e r v o i r  
is bcing m a d e  unstable  by the appl icat ion of 
f luid p r e s s u r e .  However ,  i t  i s  i n t e r e s t i n g  to 
s p e c u l a t e  that  the p r inc ip le  of i n c r e a s i n g  fluid 
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