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I f  a mass o f  r e l a t i v e l y  impermeable hot  rock can be h y d r a u l i c a l l y  
f r a c t u r e d  and i f  a heat e x t r a c t i o n  f l u i d  can be c i r c u l a t e d  through the 
f r a c t u r e  and recovered, apprec iab le amounts o f  energy can be ex t rac ted  from 
the  rock.  The Los Alamos Hot Dry Rock Geothermal Energy P r o j e c t  i s  designed 
t o  i nves t i ga te  and demonstrate t h i s  concept. A se r ies  o f  f i e l d  experiments 
have been c a r r i e d  ou t  a t  a s i t e  c a l l e d  Fenton H i l l ,  located on the  west 
f l a n k  o f  the  Va l les  Caldera i n  the Jemez mountains of nor the rn  New Mexico. 

I n  December, 1974, the  f i r s t  deep borehole, GT-2 was completed t o  a 
depth o f  2.929 km (9609) f t )  i n  g r a n i t e ,  where the temperature was 1 9 7 O C  
(386OF) .  
borehole, and a second borehole,  EE-1, was d r i l l e d  to complete the c i r c u -  
l a t i o n  loop, bu t  i t  f a i l e d  to  i n t e r s e c t  the f r a c t u r e  by about 8 m (26  f t ) .  
Communication between the  wel lbores was es tab l i shed by i n i t i a t i n g  a f r a c t u r e  
f rom EE-1. Th is  paper discusses some aspects o f  what has been learned about 
t h i s  dual f r a c t u r e  system by subsequent experiments. 

A hyd rau l i c  f r a c t u r e  was then created near the  bottom of  t h i s  

Permeation Studies and Minimum Ear th  St ress 

By assuming constant ,  one-dimensional, permeable f low i n t o  a homogeneous 
porous media w i t h  constant  p roper t i es ,  and by a l s o  assuming t h a t  the  h y d r a u l i c  
c o n d u c t i v i t y  o f  the  f r a c t u r e  i s  very l a r g e  compared t o  t h a t  o f  the  rock,  i t  
can be shown t h a t  i f  water i s  i n j e c t e d  i n  o a f r a c t u r e  a t  a constant  ra te ,  
q, the change i n  f r a c t u r e  pressure,  P, i s  : F 

( 1 )  P =  '.9p kA TT . . . . . . . . . . . . . . . . . .  
Because the  h y d r a u l i c  d i f f u s i v i t y ,  K, i s  

K = k/p . . . . . . . . . . . . . . . . . .  

the product o f  the  f r a c t u r e  area times the  square roo t  o f  pe rmeab i l i t y ,  
A&, i s  g iven by r e w r i t i n g  E q  1 .  

. . . . . . . . . . . . . . .  (3 )  
P A & =  2 

- 188- 



T y p i c a l  data f o r  the  EE-1  f r a c t u r e  a r e  presented i n  F i g .  1 .  The 
exper iment was conducted by pumping i n t o  t h e  EE-1 w e l l b o r e  a t  a cons tan t  
r a t e  o f  2.1 L / s  (34 g a l / m i n ) ,  c o r r e c t e d  t o  downhole c o n d i t i o n s .  A good 
1 i near  f i t  t o  t h e  da ta  i s  ob ta ined on P versus 6 coord ina tes .  D e v i a t i o n  
o f  t h e  l a t e r  t ime da ta  from t h e  l i n e a r  f i t  i s  thought  t o  be due t o  pressure 
dependent p e r m e a b i l i t y ,  o r  a " leak"  f rom t h e  EE-1 f r a c t u r e  t o  t h e  GT-2 
f r a c t u r e  v i a  a f l o w  connect ion ,  as w i l l  be discussed. 

S ince - t h e  p o r o s i t y  o f  t h e  g r a n i t e  i s  l e s s  than 1%, t h e  mean compress- 
i b i l i t y ,  8 ,  i s  e s s e n t i a l l y  t h a t  o f  t h e  rock  which, based upon t h e  r e s u l t s  
o f  s o n i c  v e l o c i t y  logs ,  i s  es t imated  t o  be 2.7 x bar' l  (1.9 x 10'7psi-1; 
1 bar  = l o 5  N/m2 = 14.5 p s i ) .  
2OO0C, 2 and t h e  above va lues o f  and q, i t  can be shown t h a t  t h e  A& 
v a l u e  f o r  t h e  E E - 1  f r a c t u r e  a t  t h e  t ime t h i s  exper iment was conducted was 
2.2 x 1 0 - 5 m 3  (7.8 x 10-4cu f t ) .  
i n i t i a l  pore  pressure  o f  zero  ( t a k i n g  h y d r o s t a t i c  p ressure  as t h e  base1 i n e )  , 
t h e  Av'k d e r i v e d  i s  more p r o p e r l y  des ignated as ( A & ) o ,  where t h e  s u b s c r i p t  
represents  t h e  change i n  t h e  i n i t i a l  pore pressure.  

Using a v a i l a b l e  p r o p e r t i e s  o f  water  a t  

Since t h i s  r e s u l t  was ob ta ined w i t h  an 

I t  i s  found t h a t  va lues o f  (A&)" a r e  most u s e f u l  when they  a r e  
i n t e r p r e t e d  as a parameter which c h a r a c t e r i z e s  a f r a c t u r e .  Changes i n  
( A & ) o  i n d i c a t e  i r r e v e r s i b l e  changes i n  a f r a c t u r e ,  examples b e i n g  f r a c t u r e  
e x t e n s i o n  due t o  p r e s s u r i z a t i o n  o r  changes i n  k due t o  p o t e n t i a l  geochemical 
e f f e c t s  such as t h e  f o r m a t i o n  and p r e c i p i t a t i o n  o f  rock-water  i n t e r a c t i o n  
produc ts  or t h e  d i s s o l u t i o n  o f  rock  minera l  components, p a r t i c u l a r l y  s i l i c a  
(S  i o 2 ) .  

F ig .  2. A t  t h e  t o p  o f  t h i s  f i g u r e  a r e  i d e n t i f i e d  t h e  v a r i o u s  f l o w  
exper iments,  w h i l e  near t h e  bottom, t h e  maximum EE-1 wel lhead pressure  
achieved d u r i n g  each exper iment i s  i n d i c a t e d .  S ince t h e  c r e a t i o n  o f  t h e  
EE-1 f r a c t u r e  i n  October,  1975, i t s  ( A & ) d  has increased d u r i n g  severa l  
o f  these f l o w  exper iments.  Furthermore, these increases have been observed 
o n l y  when t h e  EE-1 pressure  has exceeded 90 t o  94 bars  (1300 t o  1360 p s i ) .  
Thus, i t  i s  b e l i e v e d  t h a t  these increases i n  (A&). a r e  due t o  increases i n  
A ( f r a c t u r e  ex tens ions)  and t h a t  t h e  f r a c t u r e  ex tens ion  pressure,  P,, i s  
approx imate ly  92 bars  (1330 p s i )  above h y d r o s t a t i c .  S ince  i t s  c r e a t i o n ,  
(A&). o f  t h e  GT-2 f r a c t u r e  has n o t  changed s i g n i f i c a n t l y .  
sus ta ined pressure  ever reached a t  t h e  GT-2 we l lhead was 91 bars (1320 
p s i ) ,  i .e . ,  below Pe. 
f r a c t u r e  has a p p a r e n t l y  n o t  changed, i n  s p i t e  of t h e  p o t e n t i a l  geochemical 
e f f e c t s  c i t e d  above. 

A h i s t o r i c a l  summary o f  t h e  ( A & ) o  f o r  b o t h  f r a c t u r e s  i s  presented i n  

The maximum 

The p e r m e a b i l i t y  o f  t h e  r o c k  surrounding t h e  GT-2 

I f  i t  i s  assumed t h a t  the  f r a c t u r e  extens ion,  p ressure  for  l a r g e  
f r a c t u r e s  i s  approx imate ly  equal t o  t h e  minimum e a r t h  s t r e s s  l e s s  hydro- 
s t a t i c  pressure,  t h e  va lue  o f  t h e  minimum ear ' th  s t r e s s ,  S , i n  t h e  EE-1 
and GT-2 f r a c t u r e s  i s  approx imate ly  375 bars  (5440 p s i )  02 50% o f  t h e  
overburden pressure,  S 1 .  

Pore Pressure Dependent P e r m e a b i l i t y  

The e f f e c t s  o f  pore  pressure  upon A& a r e  i n d i c a t e d  i n  F i g .  3 .  
r e s u l t s  were ob ta ined f rom an exper iment i n  which t h e  sequence o f  o p e r a t i o n s  
was t o  f i r s t  i n j e c t  water  i n t o  the  EE-1 f r a c t u r e  a t  a cons tan t  r a t e  u n t i l  

The 



a pressure o f  28 bars (400 p s i )  above h y d r o s t a t i c  was reached, and then 
ad jus t  the  f l o w  r a t e  such t h a t  t h i s  pressure was maintained constant  f o r  two 
hours. In  such a manner a new pore pressure was es tab l i shed i n  the  rock 
adjacent t o  the  f r a c t u r e  face. 
was repeated a t  the a d d i t i o n a l  pressure l e v e l s  shown on the  f i g u r e .  The 
s t a r t  o f  each new change i n  pressure l eve l  was taken as a new zero t ime 
and the  r e s u l t s ,  when p l o t t e d  versus &, y ie lded  s t r a i g h t  l i n e s  as shown. 
Using a mod i f ied  p r i n c i p l e  o f  superpos i t ion ,  the  A t c f o r  each increment of 
pressure can be ca l cu la ted  and the r e s u l t s  a re  i nd i ca ted  on the  f i g u r e .  As 
can be seen, inc reas ing  the  pore pressure from 0 t o  69 bars (1000 p s i )  above 
h y d r o s t a t i c  resu l ted  i n  a f a c t o r  o f  3.8 increase i n  A&-. 
change (pressure l e v e l s  were below the  f r a c t u r e  extens ion pressure) the 
pe rmeab i l i t y  apparent ly  increased by a f a c t o r  o f  15. 

Fol lowing the  two-hour "soak" the  procedure 

Since A d i d  no t  

Add i t i ona l  r e s u l t s ,  obta ined from another f l o w  experiment, i n d i c a t e  
t h a t  the pe rmeab i l i t y  increases even more sharp ly  (up t o  a f a c t o r  o f  80!) 
as the  pore pressure increases t o  83 bars (1200 p s i )  above h y d r o s t a t i c .  
These r e s u l t s  a re  q u a l i t a t i v e l y  s i m i l a r  t o  those o f  Brace, e t  a l .  3 f o r  
wes te r l y  g r a n i t e  and t o  those o f  Po t te r ,  -- e t  a l .  
I f  one i n t e r p r e t s  the  "e f fec t i ve "  s t ress  ho ld ing  microcracks c losed as 
s imply  the  d i f f e r e n c e  between the  e a r t h  s t ress  and the  pore pressure,  
then Brace, e t  a l .  3 have shown t h a t  reducing the  e f f e c t i v e  s t r e s s  by 
inc reas ing  the  pore p r e s s u r e  tends t o  open the microcracks,  lead ing  t o  
l a r g e  changes i n  the  e f f e c t i v e  pe rmeab i l i t y  o f  the  rock. 

f o r  GT-2 core specimens. 

F ig .  4 presents  a summary o f  a l l  the  data we have measured p e r t a i n i n g  
to pore-pressure-dependent pe rmeab i l i t y .  Included are  data from the  E E - 1  
f r a c t u r e ,  t he  present  GT-2 f r a c t u r e  ( roughly  centered a t  2.81 km) and an 
e a r l y ,  now- inact ive f r a c t u r e  i n  GT-2. E m p i r i c a l l y  we have found t h a t  t he  
square r o o t  o f  t he  r a t i o  o f  t h e  pe rmeab i l i t  a t  zero wellhead pressure t o  
the  permeabil i t y  a t  e leva ted  pressured, d, i s  reasonably 1 i near  w i t h  
pressure as shown. A value of  zero f o r  the r a t i o  m a t  the  i n t e r c e p t  
w i t h  the  abscissa mathemat ica l ly  imp l ies  i n f i n i t e  pe rmeab i l i t y  a t  the  face 
o f  the  f r a c t u r e  plane. A reasonable i n t e r p r e t a t i o n  would be t h a t  when the  
pressure approaches the maximum h o r i z o n t a l  component o f  e a r t h  s t ress ,  S 2 ,  
( t h e  in termediate e a r t h  s t ress ,  a1 igned h o r i z o n t a l l y  and para1 l e 1  t o  the 
f r a c t u r e  plane) the  e f f e c t i v e  s t ress  i n  the  S2 d i r e c t i o n  approaches zero 
w i t h  concomitant opening o f  m ic ro f rac tu res .  The l e a s t  squares l i n e  us ing  
the  e n t i r e  data se t  has the  equat ion:  

- -  ko - 1.00 - 0.0098 P(Bars) . . .  . . . . . . . . . (4)  k 
and the  ex t rapo la ted  pressure, a t  q= 0, o f  102 bars (1480 p s i )  above 
h y d r o s t a t i c  i s  be l ieved t o  be an es t imate  of  S2. Thus the  abso lu te  va lue 
of  S2 i s  about 390 bars (5660 p s i ) ,  o r  o n l y  15  bars above S3. 
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Nomenclature 

o f  g r a n i  t e  

i t y  o f  
amos 

A = Area (both sides) of fracture 
k = permeability of rock 
P = pressure change in the fracture 
?e = fracture extension pressure 
q = volumetric flow rate entering the fracture 
S l ,  S2, S3 = maximum, intermediate and minirnum compressive earth stress 
t 
B 
4- 
B f  
K 

Fr 
0 

= time 
= mean compressibility ('QBf + (1 - @)ar) 
= compressibil i ty of rock 
= compressibility of water 
= hydraulic diffusivity (= k/pp) 
= viscosity of water 
= porosity 
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FI ow EXPERIMENTS 
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F i g .  1 - Transient increase i n  well- 
head pressure due t o  water in jec t ion .  

F i g .  2 - Variation o f  (A&)o product. 
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F i g .  4 - Summary of  a l l  pore pressure 
dependent permeability data and ex- 
t rapola t ion  to  intermediate principal 
s t r e s s .  

Fig. 3 - Transient pressure increases 
a t  elevated pore pressures. 
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