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LOS ALAMOS HOT DRY ROCK GEOTHERMAL ENERGY EXPERIMENT 

by 

Roland A.  P e t t i t t  
n 

1,2 I. INTRODUCTION 

I n  i t s  b r o a d e s t  s e n s e ,  geothermal  energy i s  a l l  of t h e  h e a t  
i n  t h e  E a r t h ' s  i n t e r i o r .  M o s t  of t h i s  ene rgy ,  u n f o r t u n a t e l y ,  i s  
now u s e l e s s  t o  man because of  d i f f i c u l t i e s  i n  l o c a t i n g  it and 
u t i l i z i n g  it. However, as t h e s e  o b s t a c l e s  are overcome, power 
produced froin geothermal  sou rces  should i n c r e a s e  t o  t h e  p o i n t  a t  
which it can s a t i s f y  a s i g n i f i c a n t  f r a c t i o n  of man's t o t a l  energy  
needs.  

E a r t h ' s  p h y s i c a l  n a t u r e  i s  now widely enough unders tood  so 
t h a t  it i s  p robab ly  s a f e  t o  s t a t e  c a t e g o r i c a l l y  t h a t ,  s imply by 
d r i l l i n g  a deep enough h o l e ,  rock  c a n  be reached t h a t  i s  h o t  
enough t o  be p o t e n t i a l l y  u s e f u l  a s  an energy source .  There are 
many methods by which energy can be e x t r a c t e d  from t h e  h o t  rock  a t  
t h e  bottom of such a ho le  and t r a n s p o r t e d  t o  t h e  s u r f a c e ,  and by 
which it can t h e n  be used b e n e f i c i a l l y .  The problems of geothermal  
energy ,  t h e r e f o r e ,  d e r i v e  n o t  so  much f r o 9  q u e s t i o n s  about  t h e  
p o s s i b i l i t y  of r e c o v e r i n g  and u s i n g  h e a t  from geothermal  r e s e r v o i r s  
as  f r o m  t h o s e  abou t  economics. How can t h i s  h e a t  be recovered  and 
used a t  a c o m p e t i t i v e  p r i c e ?  

U n t i l  now, geothermal energy  has been used commercially o n l y  
where n a t u r e  has  c r e a t e d  a g e o l o g i c  s i t u a t i o n  i n  which h e a t  f r o m  
Sarth's i n t e r i o r  is t r a n s p o r t e d  t o  r h e  nea r - su r face  by c o n v e c t i v e  
c i r c u l a t i o n  of steam o r  v e r y  h o t  w a t e r .  A hydrothermal  r e s e r v o i r  
of t h i s  t y p e  u s u a l l y  l e a k s ,  t h e r e b y  c r e a t i n g  obvious s u r f a c e  ex- 
p r s s s i o n s  of i t s  p resence - - funa ro le s ,  g e y s s r s ,  or h o t  s p r i n g s .  
Where t h e s e  i n d i c a t i o n s  a r e  found,  h o l e s  a r e  d r i l l e d  and steam o r  
h o t  water  i s  recovered  through t h e n  f o r  u s e  a t  t h e  s u r f a c e .  
A .  P r e s e n t  U s e s  of Geothermal Power ----__ 

1. Dry S team.  When t h e  h o t  f l u i d  in a geothermal  r e s e r v o i r  
i s  superhea ted  ( d r y )  s team, it n e e d  only b=. permi t t ed  t o  i s s u e  from 
a d r i l l e d  h o l e ,  be passed throilgh a cen t r iEuga1  s e p a r a t o r  t o  remove 
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any e n t r a i n e d  p a r t i c l e s ,  and be f e d  i n t o  a t u r b o g e n e r a t o r  t o  pro- 
'-duce e lectr ical  power. The w o r l d ' s  two l a r g e s t  p roduce r s  of geo- 

thermal  power, a t  L a r d e r e l l o ,  I t a l y ,  and The Geysers  i n  n o r t h e r n  
C a l i f o r n i a ,  u s e  n a t u r a l  d r y  steam i n  t h i s  way and p rov ide  r e l a t i v e l y  
c l e a n ,  v e r y  economical power. 

t h e  reservoir  f l u i d  i s  h o t  w a t e r  are much more numerous t h a n  are 
t h o s e  i n  which it is steam, a s  is sugges ted  by t h e  r e l a t i v e l y  common 
occur rence  of h o t  s p r i n g s  i n  many p a r t s  of t h e  world.  The amount of 
thermal  energy con ta ined  i n  s u b t e r r a n e a n  h o t  w a t e r  i s  enormous. 
Large-sca le  development of l iquid-dominated geothermal  systems h a s ,  
however, been under taken  o n l y  a t  Wairakei ,  N e w  Zealand, and Cerro 

.. 

2 .  Superheated Water. Na tu ra l  hydrothermal  systems i n  which 

P r i e to ,  Mexico, f o r  g e n e r a t i n g  e l e c t r i c i t y  and i n  I c e l a n d ,  Hungary, 
and t h e  S o v i e t  Union f o r  space  h e a t i n g ,  a l though  t h e r e  are  smaller 
developments a t  s e v e r a l  o t h e r  p l a c e s  around t h e  world. 

3 .  H o t  Dry Xock. Even i n  dry-steam or  superheated-water  
r e s e r v o i r s ,  much m o r e  t han  h a l f  of t h e  thermal  energy i s  con ta ined  
i n  t h e  reservoir rock .  The h e a t  i s  t h e r e  even when steam or  w a t e r  
i s  e n t i r e l y  a b s e n t .  A t  s u f f i c i e n t  d e p t h ,  rock  h o t  enough t o  be 
p o t e n t i a l l y  u s e f u l  as an energy s o u r c e  e x i s t s  everywhere,  and i n i t i a l  
s t u d i e s  s u g g e s t  t h a t  i n  many p l a c e s  it i s  a t  d e p t h s  sha l low enough 
t o  be reached  a t  moderate cos t  w i t h  e x i s t i n g  d r i l l i n g  equipment. 

A r e c e n t  survey3 of a l l  a v a i l a b l e  r e g i o n a l  heat-f low d a t a  
i n d i c a t e s  t h a t  about  7 %  of t h e  wes tern  h e a t  f low p rov ince  of t h e  
United S ta tes - -about  95 0 0 0  s q u a r e  m i l e s  i n  t h e  1 3  w e s t e r n  states-- 
is u n d e r l a i n ,  a t  a d e p t h  of 5 km ( 1 6  4 0 0  f t ) ,  by h o t ,  b u t  e s s e n t i a l l y  
d r y ,  rock  a t  t empera tu res  above 2 9 0 ° C  ( 4 4 0 ° F ) .  

11. THE LOS ALAMOS CONCEPT 
I The H o t  Dry Rock (HDR)  GeotherrJal Energy Development Project  
1 

i s  conducted by t h e  Los Alamos S c i e n t i f i c  Labora tory  (LASL) under 
t h e  sponsor sh ip  of t h e  Energy Research and Development Admin i s t r a t ion  
( E R D A ) ,  D iv i s ion  of Geothermal Energy. The primary g o a l s  of t h e  
P r o j e c t  are ( a )  t o  i n v e s t i g a t e  and develop  methods of thermal  energy  
e x t r a c t i o n  from n a t u r a l l y  h o t  rock  i n  t h e  Y a r t h ' s  c r u s t  by manmade 
underground c i r c u l a t i o n  systems, ( b )  t o  d e z o n s t r a t e  the commercial 
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f e a s i b i l i t y  of such systems,  and (c )  t o  encourage and a s s i s t  
f u r t h e r  i n d u s t r i a l  development and widespread a p p l i c a t i o n  of t h i s  
new technology.  A t  t h i s  t i m e ,  t h e  on ly  l a r g e - s c a l e  HDR f i e l d  
experiment  i n  t h e  n a t i o n  i s  conducted under t h i s  p r o j e c t .  

+ 

For t h e  l a s t  f i v e  y e a r s ,  t h e  L o s  klamos S c i e n t i f i c  Labora tory  
has  been a c t i v e l y  i n v e s t i g a t i n g  t h e  p o t e n t i a l  f o r ,  and problems 
a s s o c i a t e d  w i t h ,  e x t r a c t i n g  geothermal  energy i n  t h o s e  p a r t s  of 
t h e  United S t a t e s  t h a t  c o n t a i n  h o t ,  d r y  rock  a t  moderate d e p t h s .  

I n  t h e  L o s  A l a m o s  concep t ,  a man-made geothermal  r e s e r v o i r  
would be formed by d r i l l i n g  i n t o  an  i d e n t i f i e d  r e g i o n  of s u i t a b l y  
h o t  r o c k ,  and t h e n  c r e a t i n g  w i t h i n  t h e  rock  a v e r y  l a r g e  s u r f a c e  
area f o r  h e a t  t r a n s f e r  by u s e  of l a r g e - s c a l e  h y d r a u l i c - f r a c t u r i n g  
t e c h n i q u e s  developed by t h e  o i l  i n d u s t r y .  A f t e r  a c i r c u l a t i o n  
loop i s  formed by d r i l l i n g  a second h o l e  i n t o  t h e  f r a c t u r e d  r e g i o n ,  
t h e  h e a t  con ta ined  i n  t h i s  r e s e r v o i r  would be brought  t o  t h e  s a r f a c e  
by t h e  buoyant c i r c u l a t i o n  of wa te r ,  w i t h  no need f o r  pumping. The 
w a t e r  i n  t h e  loop would be k e p t  l i q u i d  by p r e s s u r i z a t i o n  a t  t h e  
s u r f a c e ,  t h e r e b y  i n c r e a s i n g  t h e  r a t e  of h e a t  t r a n s p o r t  up t h e  wi th-  
drawal  h o l e  compared t o  t h a t  p o s s i b l e  w i t h  s t e a m .  F i g u r e  1 i s  a 
conceptua l  diagram of a man-made geothermal  system. 

P re l imina ry  exper iments  and a n a l y s e s  i n d i c a t e  t h a t  t he rma l  
stresses c r e a t e d  by c o o l i n g  of t h e  h o t  rock  i n  such a man-made 
r e s e r v o i r  may g r a d u a l l y  e n l a r g e  t h e  f r a c t a r e  system so  t h a t  i t s  
u s e f u l  l i f e t i m e  w i l l  be extended f a r  beyond t h e  planned 1 0  t o  15  
y e a r s  provided  by t h e  o r i g i n a l  reservoir.  If t h e s e  t h e r m a l - s t r e s s  
c r a c k s  grow p r e f e r e n t i a l l y  downward and outward i n t o  h o t t e r  r o c k ,  
a s  seems p robab le ,  t h e  q u a l i t y  of t h e  geothzrx~nal sc)urce  may a c t u a l l y  
improve a s  energy i s  withdrawn from it. 

111. S I T E  SELECTION 

The i n i t i a l  geothermal  sou rce  demons t r a t ion  a r e a  i s  l o c a t e d  
on t h e  Jemez P l a t e a u ,  a p a r t  of t h e  w e s t e r n  arm of t h e  Rocky 

Mountains t h a t  ex tends  i n t o  n o r t h e r n  N e w  Mexico ( F i g .  2 ) .  A b o u t  

a m i l l i o n  y e a r s  ago, t h e  Valles Caldera  was foriaed when a huge 
volcano  e r u p t e d  v i o l e n t l y  and t h e n  s u b s i d e d  i n t o  i t s  own empty 
magma chamber. The Jemez P l a t e a u  i s  p a t  of an apron  of v o l c a n i c  
a s h  e j e c t e d  d u r i n g  t h e  e r u p t i o n s .  A subsequent  series of s ina l le r  
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+ 

v o l c a n i c  e v e n t s  
= a l o n g  t h e  i n n e r  

i s  now r e p r e s e n t e d  by a number of r h y o l i t e  domes 
p e r i p h e r y  of t h e  c a l d e r a .  A s  a r e s u l t  of t h i s '  

r e l a t i v e l y  r e c e n t  volcanism,  a l a r g e  amount of h e a t  i s  s t i l l  re- 
t a i n e d  i n  r o c k s  unde r ly ing  t h e  e n t i r e  area w i t h i n  a few k i l o m e t e r s  
of t h e  s u r f a c e .  r 

S c i e n t i s t s  a t  t h e  Los Alamos S c i e n t i f i c  Labora tory ,  l o c a t e d  
on t h e  e a s t e r n  s i d e  of t h e  V a l l e s  Ca lde ra ,  have been i n t e r e s t e d  fo r  
some y e a r s  i n  t app ing  t h e  r e s i d u a l  h e a t  of t h i s  o l d  volcano.  

I n  1 9 7 1 ,  a f i e l d  i n v e s t i g a t i o n  was under taken  t o  de te rmine  
whether a l o c a t i o n  a c c e s s i b l e  t o  t h e  Laboratory cou ld  be found a t  
which t h e  geothermal  g r a d i e n t ,  geology,  and hydrology i n d i c a t e d  
t h e  p robab le  e x i s t e n c e  of a u s e f u l l y  h o t ,  d r y  geothermal  reservoir 
a t  an economical d r i l l i n g  dep th .  Temperature-gradient  measurements 
made i n  a series of h o l e s  d r i l l e d  t o  d e p t h s  of a b o u t  30 m and t h e  
ava i lab le  g e o l o g i c a l ,  geophys ica l ,  and h y d r o l o g i c a l  i n fo rma t ion  sug- 
g e s t e d  t h a t  such  a r e s e r v o i r  might  e x i s t  benea th  t h e  Jemez P l a t e a u .  
A d d i t i o n a l  f i e l d  s t u d i e s  produced f u r t h e r  encouraging ev idence ,  
i n c l u d i n g  hea t - f low measurements i n  h o l e s  d r i l l e d  200-300 m ,  which 
confirmed h e a t  f l ow v a l u e s  of abou t  5 h e a t  fl0W u n i t s  ( H F U )  on t h e  
w e s t  s i d e  of t h e  c a l d e r a .  

4 

* 

T o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of t h e  LASL energy  e x t r a c t i o n  
concep t  and t o  v e r i f y  t h e  e x i s t e n c e  of a d r y  geothermal  r e s e r v o i r  
under t h e  Jemez P l a t e a u ,  a s l i m  e x p l o r a t o r y  geothermal  t e s t  h o l e  
( G T - 1 )  w a s  d r i l l e d  i n  Bar ley  Canyon on t h e  west s i d e  of t h e  c a l d e r a  
i n  1 9 7 2  t o  a f i lna l  depth of 785 m (2576 ft). It penetrated about 

150 m (500 f t )  i n t o  t h e  basement g r a n i t i c  rock and r eached  a temper- 
a t u r e  of 1 0 0 ° C .  The i n i t i a l  p e r n e a b i l i t y  of t h e  h o t  basement rock 
w a s  v e r y  l o w ,  so t h a t  it appeared  capab le  of c o n t a i n i n g  a p r e s s u r i z e d -  
water c i r c u l a t i o n  system, and of be ing  f r a c t u r e d  h y d r a u l i c a l l y  a t  
moderate pumping p r e s s u r e s  t o  create such a system. 

On t h e  basis  of t h e s e  s t u d i e s  and f i e l d  expe r imen t s ,  a s i t e  on 
t h e  J e m e z  P l a t e a u  about  3 2  km ( 2 0  a i r  m i l e s )  w e s t  or' Los Alamos w a s  
s e l e c t e d  a s  being a p p r o p r i a t e  f o r  development of t h e  f i r s t  h o t  d r y  
rock  energy experiment .  T h i s  has  been officially i d e n t i f i e d  a s  t h e  

* 
HFU = 1 0 - G c a l / c m 2 / s .  The worldwide average? h e a t  flow i s  1 . 5  E-IFU. 
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"Fenton H i l l  S i t e , "  o r  TA-57 (Technica l  A r e a  5 7 ) .  I t  i s  a g e n t l y  
s l o p i n g  area on t o p  o f  a mesa t h a t  was burned o v e r  i n  a f o r e s t  f i r e  
i n  1 9 7 1 ,  so s i t e  p r e p a r a t i o n  involved  minimal l e v e l i n g  and no 
d e s t r u c t i o n  of s t a n d i n g  t imber.  I t  i s  immediately a d j a c e n t  t o  a n  
a l l - w e a t h e r  s t a t e  highway and t o  power and  te lephone  l i n e s ,  and i s  
crossed by a f o r e s t  road .  A c c e s s  i s  conven ien t ,  power i s  immediately 
a v a i l a b l e ,  and conmunicat ions t o  and from t h e  s i t e  are  good. 

I 

Fenton H i l l  i s  s i t u a t e d  on t h e  Jemez  P l a t e a u  abou t  1.5 km w e s t  
of t h e  outermost  r i n g  f a u l t  of t h e  V a l l e s C a l d e r a a n d  a b o u t  1 3  km 
w e s t  of  t h e  c e n t e r  of t h e  c a l d e r a .  The c a l d e r a ,  i n  t u r n ,  sits 
a s t r i d e  t h e  wes tern  edge of t h e  R i o  Grande R i f t  (F ig .  2 ) .  

The s i t e  i s  w i t h i n  a l a r g e  c o h e r e n t  b lock  bounded by f a u l t s  
and capped by t h e  Bande l i e r  Tuf f ,  a welded a s h  flow. The closest  
f a u l t  w i t h  s u r f a c e  e x p r e s s i o n  i s  t h e  r i n g  f a u l t  e a s t  of t h e  s i te .  
About 0 .73  km of  Cenozoic and Pa leozo ic  rocks  o v e r l i e  t h e  Precambrian 
g r a n i t i c  r o c k s  which form t h e  basement of t h e  R i o  Grande Va l l ey  
and t h e  Jemez Mountains. The predominant ly  v o l c a n i c  Cenozoic rocks 
c o n s i s t  of t h e  Bande l i e r  T u f f ,  t h e  P a l i z a  Canyon Formation and t h e  
Abiquiu Tuf f .  The Pa leozo ic  rocks  are  mainly s h a l e s  (Ab0 Formation)  
and l i m e s t o n e s  (Magdalena Group) of Permian and Pennsylvanian age .  

I V .  D R I L L I N G  AND TESTING PROGRESS 
A Geothermal Energy Group a t  LASL w a s  e s t a b l i s h e d  March 1, 1 9 7 3 ,  

and was g i v e n  pr imary r e s p o n s i b i l i t y  f o r  t h e  e n g i n e e r i n g  a s p e c t s  of 
t h e  p r o j e c t ,  w i t h  s c i e n t i f i c  and e n g i n e e r i n g  s u p p o r t  t o  be provided  
by o t h e r  Labora tory  groups.  I t  is t h e  first p r o j e c t  t o  i n v e s t i g a t e  
t h e  f e a s i b i l i t y  of e x t r a c t i n g  geothermal  energy fron nonmolten hot 
rock  i n  r e g i o n s  where t h e  geothermal  g r a d i e n t  i s  above normal b u t  
where n e i t h e r  n a t u r a l  steam nor h o t  w a t e r  can be produced a t  econom- 
i c a l l y  u s e f u l  ra tes  from w e l l s  d r i l l e d  i n t o  t h e  geothermal  r e s e r v o i r .  

T o  i n i t i a t e  l a r g e - s c a l e  f i e l d  i n v e s t i g a t i o n s  of h o t  d r y  rock  
energy  sys tems,  t h e  d r i l l i n g  of a second e s p l o r a t o r y  ho le  (GT-2) 

was begun i n  February  1 9 7 4  a t  t h e  Fenton 5111 s i t e .  Many d i f f i c u l t i e s  
were encountered  i n  d r i l l i n g ,  cementing,  and logging  t h e  hole :  
fu r the rmore ,  it was necessa ry  t o  d r i l l  t h e  ho le  c o n s i d e r a b l y  deepe r  
t h a n  o r i g i n a l l y  a n t i c i p a t e d  t o  r e a c h  the tar2;nt t empera tu re  of 2 0 0 ° C .  



Two heat flow values were obtained in GT-2 and GT-1.  A heat flow 

..of about 5 HFU was observed in the volcanic and sedimentary rocks; 

in the Precambrian rocks a value of 3.7 HFU was obtained. The 

difference apparently resulted from the flow of hot water along the 
Precambrian unconformity. 

A. Hole GT-2 

The problems encountered in drilling the Permian-age red beds 

and the Pennsylvanian-age shales and limestones required that a 

string of 35-cm-diam (13-3/8-in.) casing be set to a depth of 488 m 
(1600 ft). The Precambrian granitic surface was reached at 733 m 

(2404 ft), and a second string of 27.3-cm-diam (19-3/4-in.) casing 

was set from the surface to 773 m (2535 ft). Drilling continued 

to 2042 m (6700 ft) using 24.4-cm-diam (9-5/8-in.) bits. 

At this depth, a series of hydrology experiments w a s  performed 
to determine the permeability of the lower granitic rocks. Hydraulic 

fracturing experiments were also conducted using methods and equip- 

ment developed by the oil-well services industry. Although the rock 

at this depth seemed to be broken by extensive natural fractures, 

water leak-off was slight. 

A s  a result of these experiments, the Fenton Hill site was 
judged suitable for further development of the geothermal project, 

T h e  hole was deepened to 2932 m (9619 ft), and a 185-n-long (608-ft) 

liner was cemented into the bottom section of the hole to facilitate 

seating of packers for future fracturing experiments. An 11.6-m 
(38-ft) section of hole  w a s  l e f t  uncased a t  t h e  b o t t o m .  The e q u i l -  

ibrium bottom-hole rock temperature was 197OC (386.6OF). 

Later,additional fracture experiments were performed through 

perforations in the liner and in the open hole below the liner. 

A near-vertical, 122-m-radius (400-ft) fracture was thought to have 

been created near the bottom of the hole .  

.. 
B. Hole EE-1 

The second hole was located 77 m (252 ft) northeast of GT-2 

(Fig. 3 ) .  Drilling began in Ma-y 1975 and was completed in October 

at a depth of 3064 m (10 053 ft) and a bottomhole temperature of 
205.5OC (402OF). EE-1 was cased to 1957 n? (6420 ft) with three strings 

of casing, the deepest being 27.3 cm (19-3,/4 in.) in diameter. 
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D i r e c t i o n a l  d r i l l i n g  t echn iques  were used below t h i s  c a s i n g  
t o  a n g l e  EE-1 toward t h e  pressumed f r a c t u r e  a t  t h e  bottom of GT-2. 

The h o l e  w a s  d r i l l e d  through a 205O s p i r a l ,  t u r n i n g  coun te rc lockwise  
f r o m  an  i n i t i a l  nor thwes t  heading t o  a n o r t h e a s t  heading (F ig .  4). 
On October 1 4 ,  1975, t h e  i n t e r s e c t i o n  w a s  accomplished, c r e a t i n g  
f o r  t h e  f i r s t  t i m e  a man-made connec t ion  between t w o  d r i l l  h o l e s  
i n  h o t ,  n e a r l y  impermeable basement rock .  A f t e r  t h e  i n t e r s e c t i o n  
w a s  completed and c i r c u l a t i o n  w a s  e s t a b l i s h e d ,  EE-1 w a s  cased t o  
2 9 2 6  m ( 9 6 0 0  f t )  w i t h  a 19.4-cm-diam (7-5/8-in.)  c a s i n g  f o r  sub- 
sequent  p r e s s u r i z e d  f low and h e a t  e x t r a c t i o n  exper iments .  Circu-  
l a t i o n  tes ts  between t h e  t w o h o l e s w e r e  then  conducted t o  de te rmine  
t h e  dimensions and c h a r a c t e r i s t i c s  of t h e  downhole r e s e r v o i r  system. 

- 

The predominant Precambrian rock i n  bo th  h o l e s  i s  banded 
g r a n i t i c  g n e i s s .  I n  one s e c t i o n ,  b i o t i t e  s c h i s t s  are  i n t e r l a y e r e d  
w i t h  t h e  g n e i s s  which i s  i n t r u d e d  by u n f o l i a t e d  monzogranite d i k e s .  
A r e l a t i v e l y  e x t e n s i v e  and homogeneous b i o t i t e - g r a n o d i o r i t e  body 
w a s  encountered  a t  dep th .  D r i l l  cores show numerous f r a c t u r e s ,  
u s u a l l y  w e l l  s e a l e d  o r  hea led .  

Except for  c o r i n g ,  all d r i l l i n g  i n  t h e  c r y s t a l l i n e  basement 
w a s  done w i t h  f u l l - f a c e  t r i c o n e  rock  b i t s .  For s t a n d a r d  d r i l l i n g ,  
t h e  b i t  r o t a t i o n a l  speed w a s  4 0  rpm: f o r  d i r e c t i o n a l  d r i l l i n g ,  it 
w a s  250  rpm. P e n e t r a t i o n  r a t e s  ranged f r o m  0 . 9  m/h (2.8 f t / h )  t o  
a maximum of 1 1 . 6  m/h ( 3 8  f t / h )  . The maximum s t a n d a r d  d r i l l i n g  
i n t e r v a l  f o r  a s i n g l e  b i t  w a s  205 m ( 6 7 2  f t )  i n  75 h ;  t h e  maximum 
d i r e c t i o n a l  d r i l l i n g  i n t e r v a l  w a s  34.4 m ( 1 1 5  f t )  i n  5 h .  These 

t w o  h o l e s  c o n s t i t u t e  t h e  bulk  of e x i s t i n g  d r i l l i n g  e x p e r i e n c e  in 
hot g r a n i t i c  r o c k s  us ing  conven t iona l  oil-field equ ipnen t .  
C .  Work-Over Opera t ions ;  GT-2 

During t h e  d r i l l i n g  o p e r a t i o n s  i n  EE-1, a work-over d r i l l i n g  
r i g  (F ig .  3 )  w a s  moved o v e r  GT-2 t o  c o n t i n u e  t h e  exps r imen t s  t o  
i n c r e a s e  unde r s t and ing  of t h e  h y d r a u l i c - f r a c t u r i n g  and f r a c t u r e -  
e x t e n s i o n  behav io r ,  _.- i n  s i t u  stress c o n d i t i o n  a t  d e p t h ,  and t h e  
i n t e r a c t i o n s  of p r e s s u r i z e d  pore  f l u i d s  w i t h  t h i s  stress f i e l d .  

A major e f f o r t  con t inued  toward develoFing fracture-mapping 
and borehole-ranging t echn iques .  Problems z s s o c i a t e d  w i t h  poor 
a c o u s t i c  coup l ing  of geo9hones t o  t h e  borehole  w a l l ,  f a i l u r e  of 

geophones under high-temperature  c o n d i t i o n s ,  and t h e  n e c e s s i t y  of 

- 7 -  



downhole a m p l i f i c a t i o n  of geophone s i g n a l s  were a t t a c k e d .  A suc-  
“ c e s s f u l  clamping d e v i c e  w a s  developed t o  coup le  t h e  geophone i n -  

s t rumen t  package t o  t h e  bo reho le ,  high-temperature  downhole elec- 
t r o n i c  a m p l i f i e r s  w e r e  t e s t e d  and i n s t a l l e d  and geophone components 
were modi f ied  t o  wi ths t and  h i g h e r  t empera tu res .  
c a l i b r a t i o n s  of downhole s e i s m o m e t e r  (geophone) s e n s i t i v i t y  w e r e  
made u s i n g  s u r f a c e  dynamite s h o t s  and an  e x p l o s i v e  thumping d e v i c e  
w i t h  s i g n a l  averaging  c a p a b i l i t y  (Dinose i s )  t o  g e n e r a t e  a c o u s t i c  
s i g n a l s .  
ampl i tude  i n  v a r i o u s  d i r e c t i o n s ,  which s u g g e s t s  t h e  p re sence  of 

acous t i c -abso rb ing  r e g i o n s ,  i n c l u d i n g  t h e  upper sed imentary  and 
v o l c a n i c  l a y e r s  a t  t h e  s i t e .  

- . P a r t i a l l y  s u c c e s s f u l  

R e s u l t s  of t h e s e  t es t s  showed an  a t t e n u a t i o n  i n  t h e  s i g n a l  
I 

Other  t echn iques  f o r  de te rmining  f r a c t u r e  o r i e n t a t i o n  and 
geometry w e r e  a l s o  examined. 
s e i s m i c  r e f l e c t i o n ,  seismic r e f r a c t i o n ,  seismic t r a n s m i s s i o n ,  charac-  
t e r i s t ic  v i b r a t i o n ,  and t i l t m e t e r  methods, and--in c o o p e r a t i o n  w i t h  
o t h e r  organizat ions--development  of  improved high-temperature  i m -  
p r e s s i o n  p a c k e r s  and bo reho le  t e l e v i e w e r s .  
D .  GT-2 F r a c t u r i n g  Experiments 

Among t h e s e  w e r e  e lec t r ica l ,  magnet ic ,  

I n  p r e p a r a t i o n  f o r  f r a c t u r i n g  exper iments  i n  G T - 2 ,  t h e  cemented-in 
l i n e r  w a s  p e r f o r a t e d  a t  d e p t h s  of 2 7 5 0 ,  2820, 2850, 2880, and 2 9 1 0  m 
(9150, 9250, 9350, 9450, and 9550 f t ) .  Attern2ts t o  h y d r a u l i c a l l y  
f r a c t u r e  through p e r f o r a t i o n s  w e r e  h indered  by packer  l eakage  prob- 
l e m s ;  e v e n t u a l l y ,  however, f r a c t u r e s  were produced and u s e f u l  d a t a  
c o l l e c t e d  i n  a l l  b u t  t h e  2790-m zone. F r a c t u r e  i n i t i a t i o n  p r e s s u r e s  
i n  t h e s e  exper iments  v a r i e d  from 1 2 1  t o  3 0 5  b a r s  (1750 t o  4 4 2 0  p s i )  

as compared wi th  1 2 1  b a r s  r e q u i r e d  i n  t h e  open-hole s e c t i o n  a t  

2 9 3 0  m (9600 f t ) .  F r a c t u r e  e x t e n s i o n  and reopening p r e s s u r e s  w e r e  
also e r ra t i c  b u t  g e n e r a l l y  h i g h e r  t han  expec ted .  For example, a t  
2850 and 2 9 1 0  m (9450 and 9550 f t ) ,  f r a c t u r e  reopening  p r e s s u r e s  w e r e  
2 1 0  and 350 b a r s  (3000 and 5 0 0 0  p s i ) ,  r e s p e c t i v e l y ,  which s u g g e s t  a 
geochemical h e a l i n g  p r o c e s s  or a p a r t i c l e  plugging p r o c e s s  a t  t h e  

* 

* 
Hydraul ic  p r e s s u r e s  are measured a t  t h e  wel lhead l e v e l .  The t r u e  

h y d r a u l i c  p r e s s u r e  a t  t h e  l o c a t i o n  of a h y d r a u l i c  f r a c t u r e  i s  
approximate ly  t h i s  g iven  p r e s s u r e  p l u s  normal h y d r o s t a t i c  p r e s s u r e  
of  a column of water ex tending  from t h e  wel lhead t o  t h a t  dep th .  
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f l u i d - i n j e c t i o n  p a t h  i n t o  t h e  f r ac tu re .  Po re -p res su re  effects,  
wellbore stress c o n c e n t r a t i o n s ,  and p o s s i b l e  t e c t o n i c  stress v a r i -  
a t i o n s  may a l so  c o n t r i b u t e  t o  these observed  r e s u l t s ,  b u t  f u r t h e r  
i n v e s t i g a t i o n  i s  necessa ry .  

I n  t h i s  expe r imen ta l  series,  a t t e m p t s  w e r e  made t o  create a 
c i r c u l a t i o n  p a t h  between t w o  p o i n t s  of t h e  s a m e  borehole by t r y i n g  
t o  u n i t e  t w o  h y d r a u l i c  f r a c t u r e s  i n  GT-2. Theoretical  c a l c u l a t i o n s  
i n d i c a t e d  t h a t  t h e  local  stress f i e l d  around a n  i n f l a t e d  or growing 
f r a c t u r e  might induce  ano the r  f r a c t u r e  t o  i n t e r s e c t  it. The pro-  
cedure  followed w a s  t o  use  a s t r a d d l e  packer  across both sets of 
p e r f o r a t i o n s  a t  2880 and 2910  m. About 1900 l i t e rs  (500 g a l )  of 
water w e r e  i n j e c t e d ,  a volume e q u i v a l e n t  t o  a s i n g l e ,  30-m ( 1 0 0 - f t )  
r a d i u s  f r s c t u r e ,  and t h e r e f o r e ,  presumably l a r g e  enough t o  create 
communication between 2880 and 2910  m.  H o w e v e r ,  no communication 
w a s  observed.  Subsequent s i m i l a r  exper iments  i n v o l v i n g  o t h e r  
f r a c t u r e s  i n  t h i s  r e g i o n  a l so  d i d  no t  i n d i c a t e  p o s i t i v e l y  t h a t  any 
i n t e r f r a c t u r e  connec t ion  e x i s t e d .  

Following complet ion of t h e  f r a c t u r e  expe r imen t s  th rough 
p e r f o r a t i o n s i n  t h e  l i n e r ,  t h e  open-hole s e c t i o n  a t  abou t  2930 m 
( 9 6 0 0  f t )  w a s  p r e s s u r i z e d  and t h e  f r a c t u r e  a t  t h e  bottom w a s  
presumably extended t o  a 1 2 0 - m  ( 4 0 0 - f t )  r a d i u s .  Whether t h e  frac- 
t u r e  a c t u a l l y  extended f r o m  t h e  bottomhole s e c t i o n  of  GT-2 d u r i n g  
t h i s  pump-up i s  now u n c e r t a i n .  Although, undoubtedly ,  a f r a c t u r e  
w a s  i n i t i a t e d  a t  about  1 1 7  b a r s  (1700 p s i )  from t h e  open-hole 
bottom section d u r i n g  previous p r e s s u r e  t e s t i n g  of t h e  l i n e r  
assembly, f r a c t u r e  e x t e n s i o n  may have o c c u r r e d  from o t h e r  s e c t i o n s  
of p e r f o r a t e d  c a s i n g  l i n e r ,  p a r t i c u l a r l y  i n  t h e  2830-m (9250-f t )  
zone where f r a c t u r e  breakdown and e x t e n s i o n  p r e s s u r e s  w e r e  l o w e s t .  
Furthermore,  t h e  c a s i n g  might  have been r u p t u r e d  a t  2805 m (9200 f t )  
dur ing  p rev ious  c l e a n o u t  o p e r a t i o n s ,  p o s s i b l y  c r e a t i n g  ano the r  p o i n t  
f o r  f r a c t u r e  fo rma t ion  and e x t e n t i o n .  

V. ENVIRONMENTAL MONITORING 

An environmental  moni tor ing  s t u d y  of t h e  p r o j e c t  has  been 
i n i t i a t e d  and a r e p o r t  issued.’  
c r i p t i o n s  of t h e  work t h a t  has  been done i n  t h r e e  major moni tor ing  

Inc luded  i n  t h e  r e p o r t  are  des-  
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areas: (1) water q u a l i t y ,  bo th  s u r f a c e  and subsu r face ;  (2) 

' s e i s m i c i t y ,  w i t h  a d i s c u s s i o n  of t h e  mon i t c r ing  s t r a t e g y  of  re- 
g i o n a l ,  l oca l ,  and c l o s e - i n  d e t e c t i o n  networks; and ( 3 )  c l ima to logy .  
The purpose of  t h e s e  programs i s  t o  r e c o r d  b a s e l i n e  data ,  d e f i n e  
p o t e n t i a l  e f f e c t s  from t h e  p r o j e c t  a c t i v i t i e s ,  and de termine  and 
r e c o r d  any impacts  t h a t  may occur .  

The development of t h e  h o t  d r y  rock  geothermal  energy  r e s o u r c e  
and a s s o c i a t e d  energy  e x t r a c t i o n  technology i s  a new f i e l d  of  en- 
deavor ,  w i t h  no e s t a b l i s h e d  environmental  g u i d e l i n e s .  It  i s  doubt-  
f u l  i f  t h e  problems encountered  and s o l u t i o n s  dev i sed  i n  t r a d i t i o n a l  
geothermal  systems w i l l  a p p l y  d i r e c t l y  t o  h o t  d r y  rock  development. 
The re fo re ,  t h e  impacts  t h a t  are encountered i n  t h i s  project  w i l l  
be of p a r t i c u l a r  v a l u e  i n  making f u t u r e  envi ronmenta l  a s ses smen t s  
f o r  t h i s  t y p e  of energy  r e s o u r c e  development i n  o t h e r  l o c a t i o n s  
i n  d i f f e r e n t  g e o l o g i c  s e t t i n g s .  

To da te ,  t h e r e h a v e b e e n  no unaccep tab le  impacts  on t h e  envi ron-  
ment i n  any of t h e  three moni tor ing  areas. 

VI. SUMMARY AND H I G H L I G H T S  

The planned procedure  w a s  t o  d r i l l  EE-1 i n  such a d i r e c t i o n  
as t o  i n t e r s e c t  t h e  hydraul ica l ly-produced  t a r g e t  f r a c t u r e  formed 
n e a r  t h e  bottom of  GT-2. The connected system was t h e n  t o  be used  
i n  a f l u i d  c i r c u l a t i o n  loop t h a t  would e x t r a c t  10-20 MW of the rma l  
energy  u s i n g  an a i r - c o o l e d  h e a t  exchanger a t  t h e  s u r f a c e  (F ig .  5 ) .  
The h e a t  exchanger i s  des igned  f o r  a f low ra te  of  556 gpm a t  2500 
p s i ;  i n l e t  t empera tu re  i s  204OC (400°F) ,  o u t l e t  t empera tu re  is 66OC 

( 1 5 0 O F ) .  

The d e s i r e d  i n t e r s e c t i o n  w a s  n o t  made, b u t  a connec t ion  between 
EE-1 and GT-2 by a hydraul ica l ly-produced  f r a c t u r e  zone system w a s  
e s t a b l i s h e d -  A t  t h e  p r e s e n t  t i m e ,  t h e  impedance t o  f l u i d  f low i n  
t h i s  downhole f r a c t u r e  zone r e s u l t s  i n  a 2 r e s s u r e  drop  t h a t  i s  too 
h igh  t o  pe rmi t  f l u i d  f low rates  t h a t  would s q p o r t  a 10- t o  20-MbJ(t)  

h e a t  e x t r a c t i o n  exper iment .  Although t h e  e x a c t  r e a s o n s  f o r  t h e  
f a i l u r e  t o  ach ieve  t h e  d e s i r e d  s imple  i n t e r s e c t i o n  have n o t  been 
e s t a b l i s h e d ,  two pr imary c o n t r i b u t i n g  f a c t o r s  are  c l ea r .  F i r s t ,  
t h e r e  w a s  c o n s i d e r a b l e  u n c e r t a i n t y  c o n c e r n i n g  t h e  r e l a t i v e  l o c a t i o n s  
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of t h e  t w o  bo reho les  nea r  f u l l  dep th ,  because conven t iona l  bo reho le  
su rveys  provided  ambiguous r e s u l t s  and borehole  r ang ing  t e c h n i q u e s  
had n o t  y e t  been s u f f i c i e n t l y  developed. Second, t h e  o r i e n t a t i o n ,  
l i n e a r  e x t e n t ,  and g e n e r a l  shape of t h e  t a r g e t  f r a c t u r e  w e r e  p o o r l y  
known when EE-1 w a s  being d r i l l e d .  P r e s e n t  p l a n s  c a l l  f o r  a t t e m p t s  
t o  reduce  t h e  flow impedance of t h i s  f r a c t u r e  system t o  pe rmi t  t h e  
1 0 -  t o  2 0 - M W  ( the rma l )  h e a t  e x t r a c t i o n  experiment  t o  be  c a r r i e d  o u t .  

I n  t h e  c o u r s e  of t h e  work o u t l i n e d  above, many d i a g n o s t i c  and 
a n a l y t i c  t e c h n i q u e s  have been developed. I n s t r u m e n t a t i o n  and equip-  
ment c a p a b l e  of performing necessa ry  measurements a t  downhole temp- 
e r a t u r e s  up t o  200°C (390OF) and p r e s s u r e s  up t o  4 0 0  b a r s  ( 6 0 0 0  p s i )  
have been developed.  A l i s t  of major t e c h n i c a l  achievements  f o l l o w s .  
For a d e t a i l e d  d e s c r i p t i o n  of t h e  work invo lved ,  see Ref. 6 .  

1. S u c c e s s f u l  d r i l l i n g  i n t o  hard c r y s t a l l i n e  rock  w a s  accom- 
p l i s h e d  t o  d e p t h s  o f  about  3 km ( 1 0  0 0 0  f t )  and bot tomhole tempera- 
t u r e s  of abou t  2 O O O C  (390OF). 

2 .  Hydraul ic  f r a c t u r e s  i n  t h e  c r y s t a l l i n e  rock  w i t h  r a d i i  a s  

l a r g e  a s  1 5 0  m (500  f t )  were s u c c e s s f u l l y  produced i n  open-hole 
s e c t i o n s  and through c a s i n g  p e r f o r a t i o n s ,  a t  t empera tu res  up t o  2OO0C. 

3. Values of  -- i n  s i t u  p e r m e a b i l i t y  of t h e  Fenton H i l l  g r a n i t e  
w e r e  measured, and are  i n  t h e  low microdarcy range .  The p e r m e a b i l i t y  
shows a s t r o n g  dependence on pore  f l u i d  p r e s s u r e ,  i n  agreement w i t h  
l a b o r a t o r y  p e r m e a b i l i t y  measurertents on core specimens.  

4 .  D i r e c t i o n a l  d r i l l i n g  a t  dep ths  of up t o  3 km w a s  success -  
f u l l y  acconp l i shed .  

5. A t  l eas t  90-95% of w a t e r  i n j e c t e d  i n t o  f r a c t u r e d  r e g i o n s  
w a s  r ecove red .  

6 .  A connec t ion  was e s t a b l i s h e d  between t w o  deep  bo reho les  
through a f r a c t u r e d  r e g i o n  of  h o t  g r a n i t e  for t h e  f i r s t  t i m e .  The 
f low impedance of t h i s  connec t ion  had an i n i t i a l  v a l u e  of about  1 3 2 0  
bars / l i ter /s  ( 1 2 0 0  psi/gprn),  and has  now dec reased  t o  abou t  30 b a r s /  
l i t e r / s  ( 2 7  psi /gpm).  

7 .  I n s t rumen t s  were developed t o  o p e r a t e  for s e v e r a l  hours  
under t h e  high-temperature  ( 2 0 0 ° C )  and h igh -p res su re  ( 4 0 0  b a r s )  
downhole c o n d i t i o n s .  I n c l u d e d  were a c o u s t i c  detectors ,  a mechanical  
a c o a s t i c  s o u r c e ,  t empera tu re  p robes ,  s e l f - p o t e n t i a l  (SP) and induced- 
p o t e n t i a l  ( I P )  p robes ,  and water  samplers .  
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8 .  The compressional  and s h e a r  (P and S )  components of 
=seismic s i g n a l s  produced by f r a c t u r e  e x t e n s i o n  and i n f l a t i o n  w e r e  

d e t e c t e d  downhole. Analyses  of p a r t i c l e  motion a t  t h e  P-wave 
a r r i v a l  provide  a map of what i s  b e l i e v e d  t o  be t h e  main f r a c t u r e  
o r i g i n a t i n g  n e a r  t h e  bottom of GT-2, a s  w e l l  as  a p r e l i m i n a r y  m a p  
of t h e  bottomhole EE-1 f r a c t u r e .  

9 .  Acous t ic  ranging  has  q u a n t i t a t i v e l y  i d e n t i f i e d  t h e  re la t ive 
p o s i t i o n s  of GT-2 and EE-1 a t  several d e p t h s .  

1 0 .  SP and I P  t echn iques  have determined v e r t i c a l  f r a c t u r e  
l e n g t h s  a t  t h e  bo reho le ,  a s  w e l l  as  f l u i d - i n j e c t i o n  p o i n t s  and 
prec ise  c a s i n g  l o c a t i o n  

11. Pressure-f low and f l u i d  r e s i d e n c e  t i m e  d i s t r i b u t i o n  s t u d i e s  
have measured c e r t a i n  p r o p e r t i e s  of t h e  downhole system, such as  t h e  
p roduc t  of  t h e  e f f e c t i v e  f r a c t u r e  s u r f a c e  area and t h e  squa re  r o o t  
of t h e  p e r m e a b i l i t y ,  and t h e  e f f e c t i v e  f r a c t u r e  volume f o r  c i r c u l a t i n g  
f l u i d .  

1 2 .  C o r e  sample s t u d i e s  have provided p h y s i c a l  and chemical  
d a t a  t h a t  w i l l  a i d  i n  p r e d i c t i n g  and ana lyz ing  f r a c t u r e  i n i t i a t i o n  
and growth, i n  p r e d i c t i n g  downhole h e a t  t r a n s f e r  rates,  i n  a l t e r i n g  
r e s e r v o i r  rock  p e r m e a b i l i t y ,  and i n  p r e d i c t i n g  and c o n t r o l l i n g  s c a l i n g  
and c o r r o s i o n  problems. 

13 .  Techniques w e r e  developed t o  examine r e s e r v o i r  performance 
by modeling f l u i d  f low and h e a t  t r a n s f e r  i n  h y d r a u l i c  f r a c t u r e s  and 
w e l l b o r e s  of s p e c i f i e d  geometr ies .  

1 4 .  A geothermal  power-production system model w a s  formulated 
t h a t  b a s e s  t h e  t o t a l  c a p i t a l  inves tment  f o r  a power p l a n t  on t h e  
c o s t s  of p roduc t ion  and r e i n j e c t i o n  wells and major equipment. 

T o  accomplish t h e s e  r e s u l t s ,  i n d u s t r i a l  p a r t i c i p a t i o n  w a s  ob- 
t a i n e d  i n  many areas. P r i v a t e  f i r m s  w e r e  engaged under c o n t r a c t  
f o r  t h e  d r i l l i n g  of  GT-2 and EE-1, f o r  workover o p e r a t i o n s  i n  GT-2 ,  

and f o r  a c t i v i t i e s  c l o s e l y  a s s o c i a t e d  w i t h  t h e  d r i l l i n g .  I n  a d d i t i o n ,  
s u b c o n t r a c t s  w e r e  a r r anged  f o r  downhole i n s t r u m e n t a t i o n  development, 
i n c l u d i n g  a c o u s t i c  sou rces  and detectors ,  bo reho le  logging  equipment, 
and a c o u s t i c  d a t a  a n a l y s i s .  

Many of t h e  t e c h n i q u e s ,  equipment,  and i n s t r u m e n t s  r e q u i r e d  
f o r  c r e a t i n g  and c h a r a c t e r i z i n g  a hot d r y  rock r e s e r v o i r  a t  a dep th  
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of  3 km and a tempera ture  of 2OOOC were n o t  a v a i l a b l e  a t  t h e  s t a r t  
of  t h i s  p r o j e c t .  
i n  deve loping  t h e s e  too ls ,  t h e  t a s k  c o n t i n u e s  t o  b e  formidable .  
T h e o r e t i c a l  and l a b o r a t o r y  s t u d i e s ,  while  v a l u a b l e  a i d s ,  canno t  by 
themselves  produce methods and equipment t h a t  are c e r t a i n  t o  work 
s a t i s f a c t o r i l y  i n  t h e  f i e l d .  Only a f t e r  deep  bo reho les  became 
a v a i l a b l e  could  c a p a b i l i t i e s  be developed through f i e l d  exper iments .  
F o r  example, i n  t h e  development of fracture-mapping methods,  s e v e r a l  
f i e l d  t e c h n i q u e s ,  such as moni tor ing  of s u r f a c e  s e i s m i c  s i g n a l s  
d u r i n g  downhole f r a c t u r i n g ,  t h e  u s e  of s u r f a c e  and n e a r - s u r f a c e  
a c t i v e  s o u r c e s  combined w i t h  downhole a c o u s t i c  d e t e c t o r s ,  and u s e  
of  a bo reho le  t e l e v i e w e r ,  w e r e  t r i e d  b e f o r e  it w a s  de te rmined  t h a t  
downhole a c o u s t i c  d e t e c t i o n  w a s  r e q u i r e d .  A t  t h a t  t i m e ,  s u i t a b l e  
equipment had t o  be des igned  and b u i l t  and a p p r o p r i a t e  d a t a  a n a l y s i s  
methods had t o  be developed.  
t o  be upgraded and new t o o l s  developed,  a s  r e s e r v o i r s  are  c r e a t e d  
a t  g r e a t e r  d e p t h s  and h ighe r  tempera tures .  

Although c o n s i d e r a b l e  p r o g r e s s  has  s i n c e  been m a d e  

These methods and equipment w i l l  have 

During t h e  n e x t  few months, a d d i t i o n a l  f i e l d  exper iments  and 
modeling s t u d i e s  w i l l  be conducted t o  b e t t e r  c h a r a c t e r i z e  t h 2  
downhole r e s e r v o i r  system. 
be made t o  r e d a c e  t h e  f low impedance by chemical  l e a c h i n g ,  f r a c t u r e  
propping w i t h  p a r t i c l e s ,  o r  f r a c t u r e  e x t e n s i o n .  I f  t h e  impedance 
can  be s u f f i c i e n t l y  reduced,  t h e  1 0 -  t o  2O-MS.7(t) c i r c u l a t i o n  l o o p  
exper iment  w i l l  t h e n  be  conducted. I f  it canno t ,  ? r e s e n t  p l a n s  c a l l  
f o r  r e d r i l l i n g  t h e  bottom p o r t i o n  of e i t h e r  EE-1 o r  GT-2 t o  i n t e r s e c t  
a known f r a c t u r e  i n  GT-2 or EE-1,  t o  c r e a t e  a connec t ion  of t h e  k ind  
i n i t i a l l y  a t t empted .  Provided t h i s  new coxnec t ion  h a s  s u f f i c i e n t l y  
low impedance, t h e  1 0 -  t o  2 0 - M W ( t )  c i r c u l a t i o n  loop experiment  w i l l  
t h e n  be conducted.  

I t  i s  a n t i c i p a t e d  t h a t  a n  a t t e m p t  will 
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F i g .  1. Conceptual diagram of t h e  Hot Dry Rock Geothermal Experi-  
menta l  System. 

F i g .  2 .  Major s t r u c t u r a l  f e a t u r e s  and a r e a  of i n v e s t i g a t i o n  i n  
n o r t h  c e n t r a l  New Mexico. 

F i g .  3 .  A e r i a l  v i e w  of t h e  Fenton H i l l  s i t e  (TA-571 ,  looking  w e s t .  
Borehole GT-2 w i t h  t h e  work-over d r i l l i n g  r i g  is  on t h e  
l e f t ,  EE-1 i n  t h e  p r o c e s s  of beiilg d r i l l e d  i s  on t h e  r i g h t .  

F ig .  4 .  Plan  view of t h e  p a t h s  of t h e  d r i l l  holes .  EE-1 w a s  
d i r e c t i o n a l l y  d r i l l e d  below 2 0 9 9  m ( 5 8 8 6  f t )  t o  i n t e r s e c t  
t h e  f r a c t u r e  zone a t  t h e  bottom of GT-2.  

F ig .  5. Schematic drawing of a f l u i d  c i r c u l a t i o n  loop .  
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