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ROCK FAILURE DURING MASSIVE HYDRAULIC STIMULATION OF THE BACA LOCATION GEOTHERMAL RESERVOIR 

Chris  Pearson, Hans Keppler,* James Albright ,  and Robert P o t t e r  

Earth and Space Sciences Divis ion,  Los Alamos National Laboratory, Los Alamos, New Mexico 87545 
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ABSTRACT v 
The a n a l y s e s  o f  m i c r o e a r t h q u a k e  s i g n a l s  The Baca Geothermal l e a s e  is loca ted  i n  t h e  

occurr ing during hydraul ic  s t imula t ion  provide an Jemez Mountains, a wel l  known Miocene t o  Quater- 
es t imate  of  t h e  s i z e  and l o c a t i o n  of  t h e  f r a c t u r e s  nary volcanic  c e n t e r  i n  Northwestern New Mexico. 
thus  produced, We r e p o r t  s t u d i e s  o f  microearth- Volcanic a c t i v i t y  h e r e  culminated i n  t h e  formation 
q u a k e s  o c c u r r i n g  d u r i n g  two l a r g e  (>103m3) of  t h e  Val les  Caldera 1 .l Myr ago (Smith and 
hydraul ic  s t imula t ions  of  t h e  hydrothermal rese r -  Bai ley,  1980). The two wel l s  (Baca No. 23 and No. 
v o i r  a t  t h e  Baca Location in t h e  Jemez Mountains 20) ,  which were s t imulated during t h i s  program a r e  
of  Northeastern New Mexico. Both s t imula t ions  l o c a t e d  i n  Redondo Creek v a l l e y ,  a prominent  
c o n s i s t e d  o f  w a t e r ,  v i s c o s i t y  e n h a n c e r ,  and g r a b e n  s t r u c t u r e  s l i g h t l y  n o r t h w e s t  o f  M t .  
proppant. The mioroearthquake event r a t e  was low Redondo, t h e  resurgent  dome. 
but v a r i a b l e  throughout most of  t h e  t reatment .  
Rock f a i l u r e  a s  ind ica ted  by t h e  d i s t r i b u t i o n  of  The graben s t r u c t u r e  is f i l l e d  with 1200-1800 
t h e  microearthquakes'  f o c i  appeared r e s t r i c t e d  t o  m of  t u f f  which is underlain by 300-600 m of  
a n e a r l y  v e r t i c a l  NE s t r i k i n g  zone. This or ien-  andesi te .  A l l  of  t h e  t u f f  has  been hydrothermally 
t a t i o n  is  i n  good agreement with t h e  l o c a l  e a r t h  a l t e r e d  r e s u l t i n g  i n  q u i t e  low matr ix permeabili- 
s t r e s s e s  i n f e r r e d  from geolog ica l  considerat ions.  t i e s  ( < I  md). The upper p a r t  of  t h e  t u f f  is  
The second s t i m u l a t i o n  which o c c u r r e d  i n  a highly s i l i c i f i e d  forming a near ly  impermeable 
neighboring well was s i m i l a r  t o  t h e  f i r s t  except oaprock f o r  t h e  r e s e r v o i r .  Figure 1 shows a 
f o r  a l a r g e r  i n j e c t e d  volume. The l a t e r a l  ex ten t  general ized s t ra t ig raphy .  Because o f  t h e  low 
o f  t h e  detected f r a c t u r e  system was 600 m i n  both permeabil i ty  production is from f r a o t u r e s  prin- 
s t imula t ions .  c i p a l l y  i n  t h e  lower 300 m of  t h e  t u f f .  Formation 

temperatures  i n  t h i s  zone can be a s  high a s  260 '~  
(Dondanville , 1978). 

INTRODUCTION 

Determin ing  t h e  o r i e n t a t i o n  and s i z e  o f  
hydraul ic  f r a c t u r e s  produced by hydraul ic  stimu- 
l a t i o n  of  geothermal wel l s  remains an important 
unsolved problem i n  geothermal engineering. This  
paper descr ibes  a technique for  using t h e  l o c a t i o n  
of  very small  (magnitude -5 t o  -2) microearth- 
quakes t h a t  o f t e n  accompany hydraul ic  s t imula t ion  
experiments i n  geothermal wel l s ,  Since t h e s e  
even ts ,  which a r e  induced by a loca l ized  zone o f  
high pore pressure,  occur i n  a narrow band about 
t h e  hydraul ic  f r a c t u r e ,  t h e i r  l o c a t i o n s  can be 
used t o  i n f e r  t h e  f r a c t u r e  s i z e  and o r i e n t a t i o n .  

Microearthquake observat ion techniques were 
o r i g i n a l l y  developed t o  l o c a t e  hydraul ie  f r a c t u r e s  
i n  low p e r m e a b i l i t y ,  l o u  p o r o s i t y  c r y s t a l l i n e  
rocks f o r  Los Alamos National Laboratory Hot Dry 
Rock Geothermal  P r o j e c t  ( A l b r i g h t  and Hanold , 
1976). However, i n  t h i s  p a p e r ,  we d e s c r i b e  I L m  

experiments t h a t  success fu l ly  used microearthquake t 
QU I, 
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I I 

s i g n a l s  t o  l o c a t e  hydraul ic  f r a c t u r e s  produced 
during s t imula t ions  of hydrothermal wel l s  on t h e  Figure 1. Li thology near  Union's Baca Well No, 
Union Geothermal Baca l e a s e  i n  NE New Mexico. 23. Well No. 6, our observat ion wel l  and Well No. 

10 i n  which v e r t i c a l  seismic p r o f i l e  measurements 
were made. 
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en l o c a t i n g  these  events  ese  events  have magnitudes ranging between 
ave v e l o c i t y  was 5.3 W s .  -3, approximately four  o rde r s  of magnitude 
preliminary a n a l y s i s  of a i n  energy than earthquakes which would be 
, measured i n  cooperation with Union Geo- or f e l t  on t h e  surface.  The magnitudes 
Co. i n  well  No, 10, which is within a few timated using t h e  s i g n a l  durat ion or coda 

of we l l  No. 23. During t h i s  survey 10 method described by Real and Teng (1973). 
ve charges were f i r e d  i n  10 m boreholes u l a t i n g  t h e  magnitude we used an empir ical  

n between magnitude and durat ion developed 
ing tube waves. 

i n  well  Bo. 10. As shown in Fig. 1 t h i s  depth 

s t a t i o n e d  s u b s t a n t i a l l y  above t h e  s t i m u l a t e d  
INSTRUMENTATION r e s e r v o i r  vOluUIe. Thus, one can assume t h a t  t h e  

st experiment and 1000 m during the 
downhole system allows us t o  record 
a few hundred meters of t h e  source 
excessive a t t enua t ion  i n  t h e  over- 

rst c l u s t e r  

elow the  sur face  



. The second s t imula t ion ,  uhi occurred i n  However, three events  occurred as much as 400 m 
Baca Well No. 20, a well 2 Irm up Redondo Creek higher, suggest ing hydraul ic  communication over 
from Baca Well No. 23, vas similar t o  the first tha t  great a d i s t a n c e  i n  the reservoi r .  Figure 4 
except for a larger i n j e c t e d  volume of  both water shows the  event  l o c a t i o n s  both i n  plan view and 
and proppant as well as a higher  i n j e c t i o n  rate. projected t o  a plane c l o s e  t o  the probable frac- 
During t h i s  e x p e r i m e n t  most of t h e  a c t i v i t y  tured zone. The i n j e c t i o n  zone i n  t h e  stimulated 
o c c u r r e d  w i t h i n  one hour  a f t e r  t h e  s ta r t  o f  well f a l l s  s l i g h t l y  off the f r a c t u r e  plane i n  the  
pumping. There was no b u r s t  of a c t i v i t y  similar plan view pro jec t ion  but  t h i s  is probably caused 
t o  C i n  Figure 3 at t h e  start  of the proppant by small errors i n  determining t h e  o r i e n t a t i o n  of 
schedule. t he  geophone package i n  the  wellbore. - 

During t h e  first e x p e r i m e n t  
appeared r e s t r i o t e d  to a n e a r l y  v e r t i c a l  NE s t r i k -  
i n g  zone approximately 600 m in  length.  T h i s  
o r i e n t a t i o n  is roughly perpendicular  to  t h e  least  
p r i n c i p a l  hor izonta l  earth stress as i n f e r r e d  from 
geologica l  f ind ings  and reg iona l  earthquake f a u l t -  
plane s o l u t i o n s  (Aldrich and Laughlin, 1982). 

Most events  c l u s t e r e d  in a narrow band 100 m 
high near t h e  i n j e c t i o n  point  which may represent  
t h e  main f r a c t u r e  opened during t h i s  experiment. 

t h e  second s t imula t ion  (see Figure 5) 
t h e  r e s u l t i n g  f r a c t u r e  was somewhat larger, n e a r l y  
400 m high and almost 600 m long. An equipment 
failure prevented us  from determining the  or ien ta-  
t i o n  of our geophone package i n  the wellbore so we 
were not  able t o  measure t h e  s t r i k e  of t h i s  frac- 
ture 

periments t he  seismic zones 
were approximately 150 m thick.  Some but  not  a l l  
o f  t h i s  th ickness  is due t o  e r r o r s  i n  our l o c a t i o n  
technique (Pearson, 1981). Albright  and Pearson 
(1982) show t h a t  t h e  events  are caused by shear 



+ . Pearson et al. 
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i- , failure on secondary j o i n t s  and f r a c t u r e s  t ha t  A l b r i g h t ,  J. N. and P e a r s o n ,  C. F., 1982, 
i n t e r s e c t  t he  main hydraul ic  f r a c t u r e .  F a i l u r e  Acoustio emissions as a t o o l  f o r  hydraul ic  
t h u s  occurs i n  a p o t e n t i a l l y  wide zone where leak- f r a c t u r e  loca t ion :  t h e  experience a t  the  
off has l o c a l l y  increased the  pore water pressure. Fenton H i l l  Hot Dry Rock S i t e .  Soc. Petrol. 

CONCLUSION 

- .. _ _ _  
Eng. J. ( i n  press ) .  

Aldrich, M. J. and Laughlin, A. W., 1982, Orienta- 
Both s t imula t ion  experiments turned unproduc- t i o n  of  l e a s t - p r i n c i p a l  hor izonta l  stress: 

t i v e  wells i n t o  producers (Ver i ty  and Morris, Arizona, New Mexico, and the  Trans-Pecos Area 
1981). Large f r a c t u r e s  o r  f r a c t u r e  zones wi th  of West Texas, Los Alamos National Laboratory 

opened up d u r i n g  t h e  h y d r a u l i c  s t i m u l a t i o n .  
Since p a r t  of t h e  fractured rock may have low Dondanville, R. F., 1978, Geologic c h a r a c t e r i s t i c s  
h y d r a u l i c  c o n d u c t i v i t y ,  t h e  e f f e c t i v e  area of t h e  Valles Caldera geothermal system, New 
accessible during production may be smaller .  Mexico Geotherm. Res. Council Transact ions 2. 

dimensions on t h e  order  of severa l  hundred meters Nap LA9 158-MAP. 

The r e s u l t s  of these measurements suggest 
t h a t  microearthquake observat ion methods are a 
p o t  e n  t i a l l y  u s e f u l  t e c h n i q u e  for  e v a l  ua t i n g  
hydraul ic  s t imula t ions  of wells i n  other geo- 
thermal f ields.  However f o r  t h i s  technique t o  
work, r e s e r v o i r  rock must transmit both the  P- and 
S-waves without excessive a t tenuat ion .  I n  many 
geothermal r e s e r v o i r s ,  p a r t i c u l a r l y  i f  unconsoli- 
dated sand or p a r t i a l l y  s a t u r a t e d  rock is present ,  
t h i s  may not be possible ( N u r  et al., 1980). 
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