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VARIATION OF FRACTURING PRESSURES WITH DEPTH NEAR THE VALLES CALDERA 

Zora Dash and Hugh Murphy 

Los Alamos Na t iona l  Laboratory ,  MS ,1981 
Los Alamos, New Mexico 87545 

ABSTRACT 

H y d r a u l i c  F r a c t u r i n g  a t  t h e  Fenton H i l l  Hot  
Dry Rock Geo the rma l  s i t e  n e a r  t h e  V a l l e s  
Caldera has y i e l d e d  f r a c t u r i n g  pressures f rom 
14 t o  81 MPa (2030 t o  11750 p s i )  a t  depths 
rang ing  f rom 0.7 t o  4.4 km (2250 t o  14400 f t ) .  
Th i s  da ta  can be f i t  t o  a f r a c t u r e  g r a d i e n t  o f  
19 MPa/km (0.84 p s i / f t ) ,  e x c e p t  f o r  an  
anomalous r e g i o n  between 2.6 t o  3.2 km where 
f r a c t u r i n g  pressures a r e  about  20 MPa lower  
than  es t ima ted  u s i n g , t h e  above g rad ien t .  Th i s  
anomaly c o i n c i d e s  w i t h  a b i o t i t e  g r a n o d i o r i t e  
i n t r u s i v e  emp laced  i n t o  a h e t e r o g e n e o u s  
j o i n t e d  m e t a m o r p h i c  comp lex  c o m p r i s e d  o f  
g n e i s s e s ,  s c h i s t s  and m e t a v o l c a n i c  r o c k s .  
M ic rose ism ic  events  de tec ted  w i t h  s e n s i t i v e  
downhole geophones suggest t h a t  shear f a i l u r e  
i s  an i m p o r t a n t  p r o c e s s  d u r i n g  h y d r a u l i c  
f r a c t u r i n g  o f  such j o i n t e d  rock.  Consequent ly 
t h e  u s u a l  r e l a t i o n  be tween  minimum e a r t h  
s t r e s s  and f r a c t u r e  opening pressure,  based 
upon c l a s s i c  t e n s i l e  f a i l u r e ,  cannot be used 
a p r i o r i  ; f r a c t u r e  opening p ressu re  i s  i n s t e a d  
a complex f u n c t i o n  o f  j o i n t  o r i e n t a t i o n  and 
a l l  t h r e e  components o f  p r i n c i p a l  e a r t h  
s t r e s s .  

FRACTURING EXPERIMENTS 

The Los  Alamos N a t i o n a l  L a b o r a t o r y ,  w i t h  
financial support  from t h e  U.S. D.O.E.,  West 
Germany's M i n i s t r y  f o r  Science and Technology, 
and Japan's  New Energy Development Organiza- 
t i o n ,  has d r i l l e d  f i v e  w e l l s  i n t o  Precambrian 
c r y s t a l l i n e  basement rock  as p a r t  o f  t h e  Hot 
D r y  Rock g e o t h e r m a l  e n e r g y  program. The 
exper imenta l  s i t e ,  Fenton H i l l ,  i s  l o c a t e d  i n  
t h e  western f l a n k  o f  t h e  Va l l es  Caldera,  a 
dormant vo lcano i n  t h e  Jemez Mountains o f  
n o r t h e r n  New Mexico. The f i r s t  w e l l ,  GT-1, 
was d r i l l e d  t o  0.75 km f o r  e x p l o r a t o r y  
purposes. The second and t h i r d  w e l l s ,  GT-2 
and EE-1, were d r i l l e d  t o  app rox ima te l y  3 km, 
and were used f o r  numerous HDR heat  e x t r a c t i o n  
exper iments.  These we1 1 s were connected by  
h y d r a u l i c  f r a c t u r e s ,  one o f  which extended 
v e r t i c a l l y  300 m from i n i t i a t i o n  p o i n t  i n  
EE-1  t o  i n t e r s e c t i o n  w i t h  GT-2. The f o u r t h  
and f i f t h  w e l l s ,  EE-2 and EE-3, were d r i l l e d  
t o  4.4 and 4.0 km r e s p e c t i v e l y .  The tempera- 
t u r e  a t  4.4 km was 325°C. The bot tom s e c t i o n s  
o f  t hese  w e l l s  were d i r e c t i o n a l l y  d r i l l e d ,  a t  
an angle o f  35" f rom v e r t i c a l ,  w i th  h o r i z o n t a l  

d e v i a t i o n  i n  t h e  ENE d i r e c t i o n ,  p a r a l l e l  t o  
t h e  es t ima ted  d i r e c t i o n  o f  t h e  minimum p r i n -  
c i p a l  e a r t h  s t r e s s .  These w e l l s  a r e  t o  be 
connected by f r a c t u r e s  which must be about 370 
m h i g h ,  becduse  t h e  w e l l s  a r e  s e p a r a t e d  
v e r t i c a l l y  by  t h i s  d i s tance .  

I n  a l l  f r a c t u r i n g  exper iments conducted t o  
date,  t h e  f r a c t u r i n g  f l u i d  has been water,  t o  
which f r i c t i o n  reducer  and f i n e  s i l i c a  have 
been added o c c a s i o n a l l y  t o  reduce w e l l b o r e  
f r i c t i o n  and t o  i nc rease  f r a c t u r i n g  e f f i c i e n c y  
by  b l o c k i n g  p e r m e a b i l i t y  o f  t h e  rock  faces 
con t iguous  t o  t h e  f r a c t u r e .  Other than  t h e  
a d d i t i o n  o f  f r i c t i o n  reducer  t h e  water  was n o t  
v i s c o s i f i e d ,  and no proppants were i n j e c t e d .  
I n j e c t i o n  r a t e s  have ranged f rom 1 t o  76 l/s, 
and i n j e c t i o n  volumes f rom 1 t o  5000 m'. The 
g r e a t  depths and temperatures have so f a r  
prec luded t h e  successfu l  use o f  impress ion 
packers o r  t e l e v i e w e r s  t o  determine f r a c t u r e  
o r i e n t a t i o n ,  b u t  m o n i t o r i n g  o f  m ic rose ism ic  
a c o u s t i c  emiss ions d u r i n g  f r a c t u r i n g  w i t h  3 
a x i s  geophone!; i n s t a l l e d  t o  depths o f  2.9 km 
i n  n e i g h b o r i n g  w e l l s  i n d i c a t e  t h a t  t h e  
f r a c t u r e  p lanes g e n e r a l l y  s t r i k e  NS, n e a r l y  as 
expected. A11 f r a c t u r e s  a r e  v e r t i c a l  , o r  
n e a r l y  so, except  i n  t h e  l ower  zone o f  EE-2, 
( b e l o w  4.3 kin) where  a c o u s t i c  e m i s s i o n  
p a t t e r n s  suggest a f r a c t u r e  zone w i t h  a d i p  o f  
45". 

Table 1 summarizes t o t a l  downhole f r a c t u r e  
pressures,  P , determined i n  a l l  f r a c t u r e  
e x p e r i m e n t s  c o n d u c t e d  i n  t h e  F e n t o n  H i l l  
geothermal w e l l s  t o  date.  L a t e r  we d i scuss  
t h e  r e l a t i o n s t i ' ?  o f  P f  and minimum h o r i z o n t a l  
e a r t h  s t r e s s .  The d e s i g n a t i o n  I S I P  i n d i c a t e s  
t h a t  a r e a s o n a b l y  c o n s t a n t  p r e s s u r e  was 
observed a f t e r  shu t - i n ,  b u t  e x t r a p o l a t e d  I S I P  
i n d i c a t e s  t h a t  t h e  "Muska t  a n a l y s i s "  was 
requ i red ,  i n  which a s t r a i g h t  l i n e  f i t  o f  
l o g a r i t h m  o f  p ressu re  versus t i m e  i s  ex t rapo -  
l a t e d  b a c k  t o  a c t u a l  t i m e  of  s h u t - i n . '  
'I F r a  c t u r e  ex t e n  s i on " t h a t  
r e - i n j e c t i o n  p rov ided  such a c l e a r  a r r e s t  i n  
t h e  p ressu re - t ime  curve, and a t  reasonably  l ow  
f l o w  ra tes ,  t h a t  t h i s  a r r e s t  c o u l d  be taken as 
Pf. The d e s i g n a t i o n  "P f rom PTA" i n d i c a t e s  
t h e  f r a c t u r e  ex tens ion  p ressu re  d e r i v e d  from 
n o t i n g  t h e  p r e s s u r e  r e q u i r e d  t o  change 
h y d r o l o g i c a l  c h a r a c t e r i s t i c s  o f  t h e  e x i s t i n g  
f r a c t u r e ,  e.g. enlargement. The l a s t  two 
methods o f  Pf  de te rm ina t ion ,  termed P vs Q 0 . 2 5  

i n d  i c a t  e s 
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Table I. Fenton 

Me11 / Expt 

GT-l 

GT-2 

EE-1 

EE-2 
2018( 82/07/19) 

2020(82/10/06) 

2011(82/05/30) 

2012(82/06/04) 

2016(82/06/19) 

EE-3 
2006(82/01/19) 

2007(82/02/17) 

2023(82/11/08) 

2025(82/12/14) 

Hill Fracture Pressures 

Depth (km) 

0.745 

2.0 

2.93 

1.96 

2.93 

3.46-3.59 

3.46-3.59 

4.25-4.36 

4.25-4.36 

4.25-4.36 

3.09-3.15 

3.09-3. ? 5  

3.09-3.15 

3.35-3.44 

Fracture Opening 
Pressure ( t lPa)  

13.7-14.8 

33.5-34.9 

36.6-37.3 

30.6-31.5 

37.5 

6: . 0 ( 6 ) *  
67 .5 (6 )  

62.7 
7 5 . 0  

63 .0(5)  
68 .5 (5 )  

67.7-73.9 
70.0-74.2 

59 .2(2)  
69 .9 (2 )  

80.2 
80 .3  

74.5(7)  
78 .7(7)  
80.2 
80.3 

71 .7(9)  
77.0(9)  

e 1 . 2  
81.3 

38.1 

33 .6(3)  
35.9! 3 )  

38.4 

33 .9(6)  
37 .3(6)  

38.6 
42.5 

45.4( 14 1 
56.6(14) 

Method O f  Determination 

ISIP 

Extrapolated ISIP 

Fracture Ex tens i on 

Fracture Extension 

Fracture extension 
pressure f r o m  PTH 

P vs  0” .25  Extrapolatioi 
P ws Q ’ . 5  Extrapolation 
ISIP 
Extrapoiated ISIP 
P v s  Q .25 Extrapolatioi 
P v s  Q ‘ . 5  Extrapoiatian 
ISIP ( 4  measurements) 
Extrapoiarea ISIP ( 2 )  

P vs Q .25 E x t r w o i a t i o i  
P v s  Q ‘ . 5  Extrapoiation 
ISIP 
Extrspolated ISIP 

P vs  Q .25 Extrapoiatlo1 
P v s  Q ‘ . 5  Extrapolation 
ISIP 
Extrapolated I S I F  

P us Q .25 Extrapoiatioi 
P v s  3‘.5 Extr-oiation 
ISIP 
Extrapoiated ISIP 

Extrapoiated IsiP 

P vs Q’.25 Extrapolatior 
P vs Q ‘ . 5  Extrapolation 
Extrapoiated I S I P  

P vs  Q .L5 Extrapoiaiior 
P v s  W.5 Extrapolation 
ISIP 
Extrapolated ISIP 

P vs  Q ” . 2 5  Extrapolatlor 
P vs Q ‘ . 5  ExtrapoLation 

* N ~ m ~ b e r  in ?armtheses is N& of P - Q Data Points in Curve Fit ,  
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( lam ina r  f l o w )  and P vs Q 0 s 5  ( t u r b u l e n t  f l o w )  
a r e  s c a l i n g  laws f o r  r e f r a c t u r i n g  p ressu re  
v a r i a t i o n  w i t h  f l o w  r a t e ,  u s i n g  a s i m p l e  
f r a c t u r e  a p e r t u r e  ( o p e n i n g )  and p r e s s u r e  
r e l a t i o n 3 .  F i g u r e  1 p resen ts  t h e  v a r i a t i o n  
o f  t h e  f r a c t u r e  ex tens ion  p ressu re  w i t h  Q f o r  
Exper iment 2012. As can be seen, reasonable 
fir;.S2;o t h $  gata can be ob ta ined  w i t h  e i t h e r  
Q o r  Q * s c a l i n g ,  a t y p i c a l  va lue o f  t h e  
d iscrepancy between da ta  and cu rve  f i t  be ing  
o n l y  about 1%. The va lues o f  P f  BQined by 
e x t r a p o l a t i o n  a r e  74.5 MPa f o r  Q ' s c a l i n g  
and 78.7 MPa f o r  Q o ' s  s c a l i n g ,  b u t  below we 
show t h a t  t h i s  d i f f e r e n c e ,  though smal l ,  i s  
s i g n i f i c a n t  and we w i l l  a r g u e  t h a t  Q"' 
s c a l i n g  i s  more approp r ia te .  

The s i n g l e  va lue  o f  Pf de r i v fd  f rom PTA was 
based upon 15 i n j e c t i o n  t e s t s .  The range o f  
I S I P S  p rov ided  f o r  Exper iment q 2 0  rep resen ts  
f o u r  s e p a r a t e  d e t e r m i n a t j o n s  d u r i n g  t h e  
course o f  i n j e c t i n g  3300 m (860,000 g a l l o n s )  
over  15 hours. 

T a b l e  I d e m o n s t r a t e s  t h e  e x c e l l e n t  
r e p e a t a b i l i t y  of a l l  t h e  methods o f  e s t i m a t i n g  
Pf  . For example, t h r e e  separate f r a c t u r i n g  
exper iments were conducted i n  EE-2 i n  t h e  
depth i n t e r v a l  4.25 t o  4.36 kin. The s i x  
s e p a r a t e  Pf measurements b y  I S I P  and 
e x t r a p o l a t e d  I S I P  va ry  by a maximum o f  1.4% 
f rom minimum t o  maximum. 

For Exper iment 2011, o n l y  two da ta  p o i n t s  were 
a v a i l a b l e  f o r  P - Q cu rve  f i t t i n g  and, as can 
be seen, t h e  va lue  o f  P f  so d e r i v e d  i s  
s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h e  o t h e r  
est imates.  For t h e  o t h e r  two exper iments a t  
4.25 t o  4.36 km, t h e  number o f  da ta  p o i n t s  was 
g r e a t e r  and t h e  agreement i s  much b e t t e r .  I n  
f a c t ,  i f  t h e  Pf  es t ima tes  based upon two p o i n t  
P v s  Q e x t r a p o l a t i o n  a r e  e x c l u d e d ,  t h e  
agreement o f  t h e  remain ing Pf es t ima tes  i s  
e x c e l l e n t ,  rang ing  o n l y  f rom 71.7 t o  81.3 MPa, 
o r  a v a r i a t i o n  o f  6% about t h e  mean. S i m i l a r  
obse rva t i ons  p e r t a i n  f o r  t h e  8 measurements o f  
P f  a t  3.46 t o  3.59 kin i n  EE-2 and t h e  8 
measurements a t  about 3.1 km i n  EE-3. 

FLOW RATE l * p m >  

a 250 5m 7 5 0  1000 12s0 

P Y.  0 

.-- .- -.-v*-7--,-. "r Expcrlmcnt 2012 

F i g u r e  1. V a r i a t i o n  o f  f r a c t u r e  ex tens ion  
p ressu re  w i t h  i n j e c t i o n  ra te .  

W i t h t h e  po s j i b 1 e e x c e p t  i on 04. &xpe r i men t 
2018, t h e  I+ determined f rom ex t rapo -  
l a t i o n  i s  always s i g n i f i c a n t l y  l ower  than  t h e  
o t h e r  de te rm ina t ions .  Th is  argues t h a t  a 
l a m i n a r  f l o k l  r u l e  i s  i n a p p r o p r i a t e ,  an 
e n t  i r e l y  reasonable f i n d i n g  c o n s i d e r i n g  t h e  
h i g h  i n j e c t i o r b  r g t e s  used i n  these  e x p e r i -  
ments. I f  Q ' e x t r a p o l a t i o n  i s  exc luded 
f r o m  c o n s i d e r a t i o n ,  t h e  ag reemen t  o f  P 
de te rm ina t ions  would be +3% a t  4.3 km, + 8 %  a t f  
3.5 km, and*  8% a t  3.1 km. 

F i g u r e  2 p resen ts  t h e  v a r i a t i o n  o f  f r a c t u r e  
p ressu re  w i t h  depth. A l l  measurements, w i t h  
t h e  e x c e p t i o n  o f  t h o s e  f r o m  P - Q o b a f $  
e x t r a p o l a t i o n  and t h e  t w o - p o i n t  Q 
e x t r a p o l a t i o n  a r e  p l o t t e d .  A lso shown i s  t h e  
v e r t i c a l  overburden s t r e s s  computed f rom t h e  
d e n s i t y  o f  the o v e r l y i n g  format ions.  Except 
f o r  t h e  b i o t i t e  g r a n o d i o r i t e  i n t r u s i v e  l o c a t e d  
a t  2.6 t o  3.2 km, P f  can be represented as a 
l i n e a r  f u n c t i o n  o f  depth,  w i t h  a f r a c t u r e  
p r e s s u r e  g r a d i e n t  o f  1 9  MPa/km (0.84 
p s i  / f o o t ) .  

RELATIONSHIP OF FRACTURE PRESSURE AND EARTH 
STRESSES 

Accord ing t o  c.onventiona1 theo ry ,  t h e  f r a c t u r e  
p ressu re  d e r i v e d  f rom s h u t - i n  o r  f rom f r a c t u r e  
e x t e n s i o n  p r e s s u r e  i s  e q u i v a l e n t  t o  t h e  
minimum p r i n c i p a l  e a r t h  s t r e s s ,  & i n  . How- 
ever,  b e f o r e  t h i s  equiva lence can be drawn f o r  
t h e  present  measurements i t  must be shown t h a t  
t h e  mode o f  f r a c t u r i n g  i s  t e n s i l e  i n  na tu re ,  
n o t  due t o  s h e a r .  I n  a d d i t i o n ,  because  

E 
i! 
5 n 

m 
s 
p 
- 

> 
a 
2 
t 

t6 

I o-- 

F i g u r e  2. 
depth. 

V a r i a t i o n  o f  f r a c t u r e  p ressu re  w i t h  

-399- 



f r a c t u r i n g  i n  these c r y s t a l l i n e  rock forma- 
t i o n s  u n d o u b t e d l y  opens up p r e - e x i s t i n g  
f r a c t u r e s ,  o r  j o i n t s ,  r a t h e r  t h a n  c r e a t i n g  
v i r g i n  rock f a i l u r e s ,  i t  must a l s o  be shown 

' t h a t  t h e  j o i n t s  p r e f e r e n t i a l l y  s t i m u l a t e d  a r e  
pe rpend icu la r ,  o r  n e a r l y  so, t o  Smin, o r  e l s e  
t h a t  t h e  p r i n c i p a l  e a r t h  s t resses  a r e  s u f -  
f i c i e n t l y  c l o s e  i n  m a g n i t u d e  t h a t  j o i n t  
o r i e n t a t i o n  makes l i t t l e  d i f f e r e n c e .  L e t  u s  
f i r s t  c o n s i d e r  t h e  p o s s i b i l i t y  o f  s h e a r  
f r a c t u r i n g .  For j o i n t s  w i t h o u t  s t r e n g t h  o r  
cohesion, i t  can be shown t h a t  as t h e  f l u i d  
p r e s s u r e  i s  i n c r e a s e d ,  e v e n t u a l l y  t h e  
e f f e c t i v e  normal s t r e s s  on t h e  j o i n t  w i l l  be 
reduced t o  t h e  p o i n t  where t h e  j o i n t  can s l i p ;  
t h e o r e t i c a l l y  shear s l i p p a g e  occurs b e f o r e  t h e  
e f f e c t i v e  s t r e s s  i s  reduced t o  zero, and t h e  
j o i n t  c o m p l e t e l y  opens ( " j a c k i n g "  i s  t h e  
d e s c r i p t i v e  t e r m  used i n  r e q e r e n c e  6 ) .  
Adopt ing Amonton's f r i c t i o n  law, i t  can be 
shown t h a t  i f  B i s  t h e  ang le  between a j o i n t  
p l a n e  and t h e  d i r e c t i o n  o f  t h e  maximum 
p r i n c i p a l  s t r e s s ,  Smax, a n d @  i s  t h e  f r i c t i o n  
angle,  ( t h e  c o e f f i c i e n t  o f  f r i c t i o n  i s  t a n 4  ) 
then 

where = cos 2 8  + ( s i n  Z g ) / t a n ~ .  

Thus Smin can be es t ima ted  f rom t h e  measured 
P f  i f  independent es t ima tes  o f  Smax, B ando 
a r e  a v a i l a b l e .  U s u a l l y  Smax i s  t h e  r e a d i l y  
es t ima ted  overburden s t r e s s ,  b u t  i n  t e c t o n i -  
c a l l y  a c t i v e  r e g i o n s  such  as t h e  V a l l e s  
Caldera t h i s  must be e s t a b l i s h e d ,  and t h e  
means o f  do ing  so was d e r i v e d  from d i f f e r -  
e n t i a l  s t r a i n  a n a l y s i s  (DSA)  o f  c o r e  
specimens8 as w e l l  as f a u l t  p lane  s o l u t i o n s '  
o f  m ic rose ism ic  a c o u s t i c  emissions. DSA e a r t h  
s t r e s s  measurements a r e  based upon t h e  s t r e s s  
r e q u i r e d  t o  c l o s e  m ic roc racks  i n  t h e  core,  t h e  
assumption be ing  t h a t  a l l  such cracks a r e  
c losed  2 s i t u .  Th i s  method i s  consequent ly  
qual i t a t i v e i n n a t u r e ,  s u b j e c t  t o  cons ide rab le  
u n c e r t a i n t i e s ,  and w i t h  a tendency t o  over-  
e s t i m a t e  a c t u a l  e a r t h  s t r e s s .  F i g u r e  3 
p r e s e n t s  t h e  r e s u l t s :  t h e  s o l  i d  1 i n e s  
i n d i c a t e  t h e  e s t i m a t e d  minimum h o r i z o n t a l  
s t resses ,  and t h e  dashed l i n e s  rep resen t  t h e  
maximum h o r i z o n t a l  s t resses.  The f o u r  co re  
specimens were unor ien ted ,  so t h e  d i r e c t i o n  o f  
t h e  DSA p r i n c i p a l  h o r i z o n t a l  s t r e s s e s  a r e  
unknown. Whi le  cons ide rab le  u n c e r t a i n t y  i s  
noted i t  appears t h a t  t h e  maximum h o r i z o n t a l  
s t r e s s  i s  l e s s  than, o r  app rox ima te l y  equal  
t o ,  t h e  v e r t i c a l  s t ress .  

M i c r o s e i s m i c  a c c o u s t i c  e m i s s i o n s  d u r i n g  
h y d r a u l i c  f r a c t u r i n g  exper iments were de tec ted  
w i t h  a downhole, t h r e e - a x i s  geophone ( o r  
o c c a s s i o n a l l y  an accelerometer)  as w e l l  as a 
s u r f a c e  network o f  13 s t a t i o n s  l o c a t e d  w i t h i n  
5 km o f  t h e  geothermal we l l s .  F u l l  d e t a i l s  
a r e  p r o v i d e d  i n  r e f e r e n c e  9, b u t  can be 
summar ized as f o l l o w s :  t h e  f a u l t  p l a n e  
s o l u t i o n  f o r  f r a c t u r i n g  a t  t h e  4.3 km i n t e r v a l  

i n  EE-2 i n d i c a t e s  s t r i k e  s l i p  f a u l t i n g  on a 
N-S v e r t i c a l  p lane. The s o l u t i o n  a t  3.5 km 
i n d i c a t e s  d i p  s l i p  on a N-S v e r t i c a l  p lane. 
These two s o l u t i o n s  i n d i c a t e  t h a t  over  a s h o r t  
dep th  i n t e r v a l ,  o n l y  800 m, t h e  maximum e a r t h  
s t r e s s  changes f rom n e a r l y  v e r t i c a l  t o  n e a r l y  
h o r i z o n t a l ,  which s t r o n g l y  imp1 i e s  t h a t  t h e  
maximum h o r i z o n t a l  s t r e s s  i s  n e a r l y  equal  t o  
t h e  o v e r b u r d e n  s t r e s s  o v e r  t h i s  d e p t h  
i n t e r v a l  , be ing  s l i g h t l y  g r e a t e r  a t  3.5 km, 
and s l i g h t l y  l e s s  a t  4.3 km. T h i s  r e s u l t  i s  
e n t i r e l y  c o n s i s t e n t  w i t h  t h e  DSA s t r e s s  ranges 
shown i n  F i g u r e  3. Consequent ly t h e  magnitude 
o f  t h e  maximum s t r e s s  can be taken  as t h a t  o f  
t h e  overburden s t ress .  A t  3.5 km t h e  r a t i o  S 
/Pf i s  t hen  1.30 w h i l e  a t  4.3 km t h e  r a t i o  i s  
1.37; b o t h  i n t e r v a l s  can be c h a r a c t e r i z e d ,  on 
average, as .$,ax / P f  =. 1.34. S u b s t i t u t i o n  i n  
equa t ion  ( 1 )  y i e l d s ,  i n  Table 11, t h e  r a t i o s  
of  Smin/Pf p rov ided  by t h e  shear ing  c r i t e r i o n  
f o r  v a r i o u s  va lues o f  f r a c t u r e  o r i e n t a t i o n  and 
f r i c t i o n  angle.  F r i c t i o n  angles o f  30" t o  60" 
encompass t h e  range o f  reasonable va lues f o r  
c r y s t a l l i n e  g r a n i t i c  rock.  

For t h e  3.5 km i n t e r v a l  t h e  f a u l t  p lane  was 
n o t  w e l l  cons t ra ined ,  and t h e  p lane  c o u l d  d i p  
f rom 50" t o  90" ( B  = 0" t o  40"). The f r a c t u r e  
o r i e n t a t i o n  p rov ided  by mapping t h e  m ic ro -  
s e i s m i c  h y p o c e n t e r s  i s  a l s o  p o o r l y  c o n -  
s t r a i n e d ,  b u t  t h e  genera l  p a t t e r n  appears t o  
be a v e r t i c a l  f r a c t u r e  s t r i k i n g  r o u g h l y  N-S. 
The f a u l t  p l a n e  s o l u t i o n  f o r  t h e  4.3 km 
i n t e r v a l  i s  more t i g h t l y  cons t ra ined ,  w i t h  d i p  
o f  85" and s t r i k e  NlO'E. Usual f a u l t  p lane  
conven t ion  p laces  t h e  P a x i s  d i r e c t i o n  a t  45" 
t o  t h e  f a u l t ,  so 6 = 45". However, hypocenter  
maps s u g g e s t  a f r a c t u r e  d i p p i n g  45"  and 
s t r i k i n g  r o u g h l y  N-S. Th is  c o u l d  be const rued 
as a s i n g l e  f r a c t u r e ,  w i t h  a d i p  a t  va r iance  
w i t h  t h a t  g i v e n  by t h e  f a u l t  p lane  s o l u t i o n  
( b u t  s t i l l  w i t h  B (  45"), o r  as a s e r i e s  o f  en 
echelon f r a c t u r e s ,  each w i t h  v e r t i c a l  f a u l t  
p lane,  b u t  j o i n e d  t o  ad jacen t  f r a c t u r e s  by 
o f f - v e r t i c a l  n a t u r a l  j o i n t s .  

I n  eve ry  case discussed, 6 $ 45", so t h a t  t h e  
minimum e a r t h  s t r e s s e s  Tn T a b l e  I 1  a r e  
remarkably  w e l l  cons t ra ined :  Smin/Pf = 1.08 
a%, f o r  30" < @ < 60". Thus t h e  use o f  
e i t h e r  t h e  convent ioTa1 i n t e r p r e t a t i o n  o r  one 

Table I 1  
R a t i o s  o f  Minimum E a r t h  S t ress  To F r a c t u r e  
P r e s s u r e  A c c o r d i n g  t o  Shear  F r a c t u r i n g  
C r i t e r i o n  Wi th Smax/P = 1.34. 

f 
B 0 = 30" m = 45" = 60" 
- 

0" 1.00 1.00 1.00 
15' 1.09 1.05 1.02 
30" 1.17 1.05 1.00 
45" 1.07 1.00 0.91 
60" 1.00 0.84 0.64 
75" 0.66 0.27 -0.26 
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F i g u r e  3. Comparison o f  DSA E a r t h  St resses and F r a c t u r e  Pressures 

based upon s h e a r  f r a c t u r i n g  r e s u l t s  i n  However ,$ynamic f a c t o r s  must a l s o  be con- 
e s s e n t i a l l y  t h e  same r e s u l t ,  Smin = P f ,  o r  Smin s i d e r e d .  The i n j e c t e d  f l u i d  must  be 
= 1.08 (! 0.08) Pf. 

The f i n a l  check i s  t o  cons ide r  t h e  p o s s i b i l i t y  
o f  j o i n t  " j a c k i n g "  on p lanes non-perpendicu lar  
t o  S P , ~ .  I n  t h i s  case t h e  normal s t r e s s  must be 
equal t o  Pf , and r o t a t i o n a l  s t r e s s  t rans fo rma-  
t i o n  y i e l d s :  

= 2 - ( 1 - cos 26)  Smax/Pf 'mi n 

pf 

- ( 2 )  
1 + cos 2 e' 

T a b l e  111 i n d i c a t e s  t h a t  u n l i k e  s h e a r  
f r a c t u r i n g ,  i t  r e q u i r e s  a f r a c t u r e  p ressu re  
g r e a t e r  t han  Smin t o  j a c k  open j o i n t s  i n c l i n e d  
s i g n i f i c a n t l y  t o  t h e  Smax d i r e c t i o n .  It may 
be concluded t h a t  s t a t i c  c o n s i d e r a t i o n s  a lone  
p rec lude  t h e  openinq o f  such o f f  angle j o i n t s  
by j a c k i n g ,  because-these would shear f i r s t .  

Table 111 
R a t i o  o f  Minimum E a r t h  S t ress  To F r a c t u r e  
Pressure For  " Jack ing " ;  Smax/Pf = 1 . 3 4  

- 6 ' m i J P f  

O0 1 
1 5 '  0.97 
3 0 "  0.89 
4 5 "  0.66 

accommodated b y  f r a c t u r e  and f o r m a t i o n  
p o r o s i t y .  Depending upon i n j e c t i o n  r a t e ,  
f l u i d  v i s c o s i t y ,  f r a c t u r e  s i z e ,  and f o r m a t i o n  
p e r m e a b i l i t y  and c o m p r e s s i b i l i t y  some f l u i d  
permeates t h e  rock ad jacen t  t o  t h e  f r a c t u r e  
and i s  t hus  s t o r e d  i n  e x i s t i n g  p o r o s i t y .  The 
r e m a i n i n g  f l u i d  i s  s t o r e d  i n  t h e  d i l a t e d  
f r a c t u r e .  I n  p r i n c i p l e ,  j a c k i n g  r e q u i r e s  
h i g h e r  p r e s s u r e s ,  w h i c h  l e a d s  t o  g r e a t p r  
d i l a t i o n  than shear ing,  b u t  rough est imates '  
suggest t h a t  f o rma t ion  permeat ion accommodated 
90% o f  t h e  water  i n j e c t e d  i n  these f r a c t u r i n g  
exper iments.  Consequent ly l i t t l e  f r a c t u r e  
d i l a t i o n  was requ i red ,  and d e s p i t e  t h e  vas t  
d i f f e r e n c e s  i n  p h y s i c a l  s c a l e  t h i s  f r a c t u r i n g  
was p robab ly  s i m i l a r  t o  t h e  sheaf, f r a c t u r i n g  
observed by Lockner and Byer lee  when co re  
spec imens  were f r a c t u r e d  a t  l o w  i n j e c t i o n  
r a t e s .  Thus, i t  i s  l i k e l y  t h a t  j a c k i n g  i n  t h e  
p resen t  exper iments,  i f  i t  occurred a t  a l l ,  
was c o n f i n e d  t o  l o w 6  j o i n t s ,  f o r  which Smin/Pj% 
31. 

To b r i e f l y  summarize es t ima ted  e a r t h  s t resses  
a t  o t h e r  depths,  i t  i s  noted t h a t  t h e  maximum 
r a t i o  o f  %ax / P f  occurs f o r  t h e  b i o t i t e  
g r a n o d i o r i t e  i n t r u s i v e ,  where t h e  r a t i o  i s  2, 
r e s u l t i n g  i n  Smin/Pf = 1.25 f 0.25 based upon 
t h e  shear c r i t e r i o n  f o r  j o i n t s  w i t h  8 < 4 5 " .  
However i n  t h i s  i n t e r v a l  a completed r e s e r v o i r  
was developed and s imple geometr ica l  r e l a t i o n s  
between f r a c t u r e  i n i t i a t i o n  zones and i n t e r -  
s e c t i o n  zones i n  t h e  oppos i te  w e l l  i n d i c a t e  
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n e a r l y  v e r t i c a l  f r a c t u r e s ,  8 clOo, so S m i n / P f  4. 
i s  c o n s t r a i n e d  t o  l e s s  than  1.10. The j a c k i n g  
c r i t e r i o n  f o r  5 < loo  l i k e w i s e  r e s u l t s  i n  Smin  
/ P f  = 0.95. I n  s f i m a r y  S in. 1 P f  c l o s e l y  f o r  
t h i s  i n t e r v a l .  For  d e p t t  i n t e r v a l s  n o t  y e t  
d iscussed no s i m i l a r  geometr ica l  c o n s t r a i n t s  
a r e  a v a i l a b l e ,  b u t  i n  these  i n t e r v a l s  Sma, /Pf= 
1.5; and t h e  shear c r i t e r i o n  r e s u l t s  i n  S m j d P f  
= 1.12 kO.12. 

CONCLUSIONS 

F r a c t u r e  p r e s s u r e s  were  e s t i m a t e d  f r o m  
d i r e c t  ISIPs, e x t r a p o l a t e d  IS IPs ,  observed 
changes i n  h y d r o l o g i c a l  c h a r a c t e r i s t i c s ,  and 
e x t r a p o l a t i o n s  o f  f r a c t u r e  e x t e n s i o n  p ressu re  
versus i n j e c t i o n  r a t e .  Exc lud ing  " l am ina r "  
f l o w  s c a l i n g ,  and " t u r b u l e n t "  f l o w  s c a l i n g  
where o n l y  a ve ry  few da ta  s e t s  ( P  vs Q)  a r e  
a v a i l a b l e ,  e x c e l l e n t  agreement i s  found f o r  
a l l  f i v e  methods. Because o f  t h e  n e a r l y  
l i t h o s t a t i c  s t a t e  of s t r e s s  a t  t h i s  s i t e ,  i n  
which t h e  r a t i o  O f  Smax /Smin  was t y p i c a l l y  
1.5 (2.0 i n  t h e  wors t  case),  i t  was p o s s i b l e  
t o  show t h a t  Smin Pf even i f  t h e  mode o f  
f r a c t u r i n g  i s  shear,  or  i f  o f f - v e r t i c a l  j o i n t s  
were " j acked"  open. Except f o r  t h e  B i o t i t e  
G r a n o d i o r i t e  i n t r u s i v e ,  where Smin appears t o  
be 20 MPa lower  than  expected, t h e  minimum 
p r i n c i p a l  e a r t h  s t r e s s  i s  l i n e a r  w i t h  depth,  
w i t h  a q r a d i e n t  o f  19 MPa/km (0.84 p s i / f t )  and 
i s  
EW 
i s  

1. 

2. 

3. 

h o r i i o n t a l  l y  o r i e n t e d  i n  app rox ima te l y  t h e  
d i r e c t i o n .  The maximum h o r i z o n t a l  s t r e s s  
n e a r l y  equal  t o  t h e  overburden s t ress .  
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