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Statement by Morton C. Smith, Pro jec t  Manager, Geothermal Energy, 
Los Alamos S c i e n t i f i c  Laboratory, The University of Cal i fornia ,  
Representing the United S ta t e s  A t o m i c  Energy Commission, before 

The Subcommittee on Water and Power Resources ,  
C o m m i t t e e  on I n t e r i o r  and Insu lar  Affairs,  
United S ta t e s  Senate, Hearing on 

The Po ten t i a l  f o r  t h e  Production of Power from Geo t h e m a  1 Resources. 

INTRODUCTION 

M r .  Chairman, Members of the  Subcommittee on Water and 
Power Resources: I am honored t o  have been asked by the  Atomic 
Energy Commission t o  d iscuss  w i t h  you t h a t  par t  of our Nat ion 's  
geothermal resource which e x i s t s  simply as  hea t  i n  the  e a r t h ' s  
c r u s t .  It i s  the largest  reservoi r  of d i r e c t l y  u s a b l e  energy 
t h a t  is  accessible t o  man; it i s  inherent ly  c lean energy: and 
I am deeply involved i n  the  challenging job of learn ing  how 
t o  m a k e  it u s e f u l .  

For brev i ty ,  many of us i d e n t i f y  t h i s  as t h e  "hot dry rock" 
type of geothermal energy. Actually, most of the ho t  rock t h a t  
i s  within our reach i s  not completely dry. 
geologic reasons, however, it does not  usual ly  have within it 
the  combination of a large water content,  connected c i r c u l a t i o n  
channels, and impermeable barriers, t h a t  together  produce a 
useful  na tu ra l  r e se rvo i r  of steam or  h o t  water. As a r e s u l t ,  

For any of severa l  

w e  cannot i n  general  simply d r i l l  a ho le  i n t o  h o t  rock and 

expect na ture  t o  br ing t h e  hea t  up t o  u s  i n  t he  convenient 
form of steam o r  ho t  water. I f  we are ever t o  u s e  a s i g n i f i -  
can t  f r a c t i o n  of t h i s  very large energy resource we  m u s t  develop 
it more aggressively, and ac tua l ly  c r e a t e  t h e  c i r c u l a t i o n  " 

r systems within it t h a t  i n  most places  nature  has  f a i l e d  t o  

N O T I C E  
This report was prepared as an account Of work 
sponsored by the United States Government. Neither 
the United States nor the United States Atomic Energy 
Commission, nor any of their employees, nor any of 
their contractors, subcontractors, or their employees, 
makes any warranty, express or implied, or assumes any 
legal liability or responsibility for the accuracy, Corn- 
pleteness or usefulness of any information, apparatus, 
product or process disclosed, or represents that its use 
would not infringe privately owned rights. 



W e  are now q u i t e  op t imis t i c  t h a t  man-made geothermal sys- 
tems are possible:  t h a t  w e  have both the  ideas  and the t o o l s  t o  
develop them; and t h a t  they are very much worth making. However, 
t o  prove a l l  t h i s  w i l l  of course r e q u i r e  a s i g n i f i c a n t  invest-  
ment of t i m e ,  e f f o r t ,  and money. 

THE MAGNITUDE OF THE DRY ROCK RESOURCE 

I n  i t s  broadest sense, geothermal energy is  a l l  of t h e  
v a s t  amount of hea t  i n  the  e a r t h ' s  i n t e r i o r .  Most of t h i s  hea t  
i s  so f a r  beneath the  e a r t h ' s  surface t h a t  it i s  beyond our 
present  reach, and much of the rest i s  a t  too l o w  a temperature 
t o  be immediately i n t e r e s t i n g  as a poss ib le  energy source. How- 

ever,  even t h a t  r e l a t i v e l y  small f r a c t i o n  of the  e a r t h ' s  c r u s t  
w h i c h  we can penet ra te  now, w i t h  e x i s t i n g  d r i l l i n g  equipment, 
c e r t a i n l y  contains  enough u s e f u l  hea t  t o  s a t i s f y  a l l  of man- 
k i n d ' s  energy needs for  many thousands of years. 

Suppose f o r  example t h a t  we  could i s o l a t e  t h e  40 c u b i c  
m i l e s  of ho t  rock shown i n  t h i s  sketch (Sketch "A")* and some- 
how cool i t  by 2 O O O C  (360OF). The amount of energy t h a t  we  
would have ex t rac ted  i n  cooling it is  shown on the  sketch. 

Neglecting t h e  numbers themselves, the s i g n i f i c a n t  f a c t  i s  t h a t  
they represent  j u s t  the amount of energy t h a t  was used i n  the 

United States i n  1970 f o r  a l l  purposes -- not j u s t  f o r  generating 
e l e c t r i c i t y ,  b u t  a l s o  f o r  hea t ing  houses and dr iv ing  automo- 
bi les  and smelting i r o n  ores ,  and everything else. This i s  a l so  

approximately t h e  energy content of a l l  of the  o i l  on the  north 
s lope of Alaska. It is  a su rp r i s ing ly  l a rge  and very useful  
amount of energy. 

be an impressive amount of rock. As a f r ac t ion  of t he  e a r t h ' s  
c r u s t ,  i t  i s  much less than a drop i n  a bucket. A t  depths 

As a boulder i n  someone's driveway, 40 cubic m i l e s  would 

*Attached i l l u s t r a t i o n s  t o  be screened as indicated i n  test. 
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t h a t  we can now reach rout ine ly  with ro t a ry  d r i l l i n g  equipment, 
0 

t 

t' 

t he re  a re  within the United S ta tes  many thousands of cubic miles 
of rock a t  temperatures a t  l e a s t  as high as t h a t  imp l i c i t  i n  
the  sketch -- 570OF. Where lower temperatures a re  useful,  say 
200°F t o  heat  a house, we can reach useful ly  hot  rock almost 
anywhere by d r i l l i n g  downward not more than a few thousand f ee t .  

f a r  our l a r g e s t  accessible  reservoi r  of immediately usable 
energy. I t  i s  a l so  by f a r  our most broadly d i s t r ibu ted  energy 
source: a t  s u f f i c i e n t  depth it  e x i s t s  everywhere, and t h a t ,  
unfortunately, i s  not equally t r u e  even of sunl ight .  Hot rock 
is  a completely r e l i a b l e  energy supply, which w i l l  not be 
dis turbed by a storm o r  a p ipe l ine  f a i l u r e  o r  a shipping problem. 
And it is  a r e l a t i v e l y  clean source, s ince the  energy already 
e x i s t s  i n  i t  as heat  so t h a t  we do not have t o  burn a f u e l  o r  
operate a reac tor  t o  produce it. It is, i n  f ac t ,  a most a t t r ac -  
t i v e  energy source, although with two obvious disadvantages: 
(1) I n  most places  it is  a r e l a t i v e l y  low-temperature source of 
heat ,  and it i s  therefore  not the  i d e a l  energy supply fo r  a l l  
purposes. I t  is  evident, f o r  example, t h a t  we cannot use geo- 
thermal energy d i r e c t l y  t o  melt i ron  o r  propel j e t  a i r c r a f t .  
( 2 )  The engineering methods required t o  e x t r a c t  energy from 
hot  dry rock, economically and a t  a useful ly  high rate, appear 
t o  e x i s t ,  b u t  they have not yet  ac tua l ly  been demonstrated to- 
gether i n  t h i s  s p e c i f i c  application. 

The heat  i n  "dry" rock of the  e a r t h ' s  c r u s t  is ,  then, by 

AN ENERGY EXTRACTION SYSTEM 

Under sponsorship of the Atomic Energy Commission, Los 

Alamos S c i e n t i f i c  Laboratory has undertaken t o  inves t iga te  the  
p o s s i b i l i t i e s ,  problems, and probable usefulness of man-made . 
geothermal-energy systems i n  ho t  dry rock. Our general concept 
i s  a simple and straightforward one. As is  indicated i n  t h i s  

sketch (Sketch "B"), w e  propose t o  d r i l l  a hole downward i n t o  
the hot  rock -- and there  a re  many places  where the hole  needed 
t o  reach useful ly  hot rock w i l l  not be as deep as the  15,000 

i 
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feet  shown here. Through t h i s  hole  w e  w i l l  i n j e c t  the w a t e r  
t h a t  i n  most places  does not occur natural ly .  The water, i n  
i t s  passage through voids and cracks i n  the rock, w i l l  be heated 
t o  very near ly  the temperature of the  rock i t s e l f ,  and w i l l  then 
be returned t o  the  surface e i t h e r  as steam o r  as very hot  water. 
A t  the  surface w e  w i l l  e x t r a c t  and u s e  t h i s  heat ,  and we  w i l l  
then r e i n j e c t  the w a t e r  into the  underground system. Undoubt- 
edly w e  w i l l  br ing some dissolved mater ia l  t o  the  surface i n  
the  hot  f l u id ,  but i n  a closed c i r cu la t ion  loop such as t h a t  
shown we  should be able t o  contain and control  it. I t  w i l l  be 
necessary t o  add some water t o  the system t o  m a k e  up for  leak- 

age and f o r  shrinkage of the rock as it cools,  b u t  i n  a w e l l -  
engineered system the amount of makeup water required should 
be r e l a t i v e l y  s m a l l .  W e  foresee no reason fo r  re leasing water 
from the system i n t o  the surface drainage, and operation of 
such a c i r cu la t ion  loop should involve no danger of chemical 

o r  thermal pol lu t ion  of streams o r  lakes. 

t h i s  general  system, according t o  the  c h a r a c t e r i s t i c s  of the 
subsur face  geology, and eventual ly  we  would l i k e  t o  t r y  several  
of them. For example, i n  a permeable formation, w e  might u s e  
a water-flooding technique similar t o  t h a t  being used so success- 
f u l l y  i n  secondary recovery of petroleum. This would involve 
d r i l l i n g  an array of holes,  i n j ec t ing  ,cool w a t e r  through some 
of them, l e t t i n g  the w a t e r  sweep through the formation t o  
e x t r a c t  most of i t s  heat ,  and then recovering it  as hot  water 
o r  steam from the rest  of the holes.  Such a system could be 
developed on a very la rge  sca le ,  and it  should be a very econom- 
i ca l  one. 

W e  have of course considered a number of var ia t ions  of 

However, i n  our first invest igat ions,  w e  would p re fe r  t o  
t r y  a simpler and more modest system, a t  the smallest  s i z e  t h a t  
w i l l  be representat ive of the concept and convincing t o  industry.  
This minimum system appears t o  be of the type shown i n  the 
sketch, which should be p r a c t i c a l  wherever the  hot  rock i s  
reasonably impermeable t o  w a t e r .  W e  would c rea t e  it by d r i l l -  
ing two holes  of unequal depth i n t o  the  hot  rock, connecting 
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them underground through a very l a rge  crack system produced by 
hydraul ic  f ractur ing,  and then connecting them a t  the  surface 
through a hea t  exchanger -- which eventual ly  might provide 
energy t o  a s m a l l  power plant .  

Hydraulic f rac tur ing  i s  a common method of completing o i l  
and na tura l  gas w e l l s .  I t  is  done hundreds of times a week 
simply by pumping water down a pipe t o  c rea t e  a f l u i d  pressure 
within the  hole  s u f f i c i e n t  t o  crack the rock around it, and 
then continuing t o  pump w a t e r  i n to  th i s  crack u n t i l  it has 
extended t o  the  desired s ize .  In  a deep hole  the usual r e s u l t  
i s  a v e r t i c a l l y  or iented,  pancake-shaped f rac ture ,  which is  
general ly  less than ha l f  an inch across a t  i t s  widest opening, 
b u t  may have a radius  of hundreds or  even thousands of feet. 
A crack of these dimensions would provide not  only an underground 
connection between the  two d r i l l  holes  b u t  a lso a heat- t ransfer  
area grea t  enough so t h a t  a la rge  flow of water passing through 
it could be heated continuously, and a high rate of energy 
ex t rac t ion  thereby maintained. In  experiments j u s t  completed 
a t  a depth of about 2500 f e e t  under the  Jemez P l a t e a u  of north- 
c e n t r a l  New Mexico, w e  have produced a series of hydraul ic  f rac-  
t u r e s  i n  hot  gran i te .  The surface pressures  required w e r e  i n  
the  range of about 1100 t o  1700 pounds per  square inch, and w e  
had no p a r t i c u l a r  d i f f i c u l t y  except with the  cold weather and 
some of our rented equipment. The fractures produced w e r e  

t h i n  and v e r t i c a l l y  or iented,  and had a cons is ten t  northwest- 
southeast  t rend -- t h e i r  d i r ec t ion  being control led by the 

e a r t h ' s  na tura l  stress f i e l d  i n  the region. 
There are, of course, possible  methods other  than hydrau- 

d !  

l i c  f rac tur ing  t h a t  might be used t o  create the  underground 
connection and the  heat- t ransfer  surface required -- i n  
pa r t i cu la r ,  the  u s e  of chemical or possibly nuclear explosives. 
Eventually, some of these should probably be t r i e d  experimen- 
t a l l y .  Hydraulic f ractur ing,  however, appears t o  be cheaper, 
simpler, and s a f e r  than the  u s e  of explosives,  and so we  pro- 

pose t o  t r y  it f i r s t .  

-5- 



I n  t h e  system shown i n  the Sketch, cold water descending 
i n  the deeper hole  w i l l  weigh more per  un i t  of volume than w i l l  
ho t  w a t e r  r i s i n g  i n  the other  hole.  
should be enough t o  maintain c i r cu la t ion  of w a t e r  through the 
system without pumping. Further,  thermal contract ion of rock 
near the point  where the  cool w a t e r  en t e r s  it w i l l  continuously 
create new void volume, probably i n  the form of t h i n  cracks 
extending outward and downward from the  o r ig ina l  f racture .  I f  
the new cracks open widely enough so t h a t  the w a t e r  can c i r c u -  
l a t e  through them, then new, hot  rock may be exposed rapidly 
enough t o  make up fo r  cooling of the  rock adjacent t o  the  
o r ig ina l  crack surfaces .  Anything useful  t h a t  both operates 
and perpetuates  i t se l f  sounds much too good t o  be t r u e ,  b u t  
our computer  says tha t  all of t h i s  i s  possible -- and I believe 
t h a t  it w i l l  occur. 

This densi ty  difference 

I n  operat ing such a system, it would c e r t a i n l y  be possible  
t o  br ing the  heat t o  the surface as steam. However, per un i t  
volume, w a t e r  is  a g rea t  deal  heavier  than steam, and a t  the 
same temperature i t s  energy content i s  correspondingly higher.  
To increase the  rate of energy ex t rac t ion  from the System, we  
would therefore  p re fe r  t o  operate  i t  with superheated water 
r a the r  than steam. This should a l so  assist i n  ex t rac t ing  heat  
from the t h i n  ends of newly formed cracks. I t  w i l l ,  however, 
requi re  t h a t  we maintain a pressure of a few hundred pounds 
per  square inch a t  the  surface t o  keep the  water from boi l ing.  
W e  have worried about the leak-off of w a t e r  t h a t  might r e s u l t  
from pressurizing the system, but we have been reassured by 
our recent  experiments on the Jemez Plateau. After extensive 
hydraulic f ractur ing,  our tes t  hole  there  loses  water a t  a 
ra te  of only a few gal lons per  day, even when w e  maintain surface 
pressures  of as much as 1000 pounds per  square inch. W e  do 
not know t h a t  t h i s  degree of impermeability i s  typ ica l  of 
g r a n i t i c  rock every where, but  of course w e  hope t h a t  i t  i s  -- 
and, a t  the depths usual ly  required t o  reach useful ly  hot  rock, 
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0 w e  think t h a t  it may be typ ica l .  I f  i.t is, then t h i s  very 

simple man-made system may be immediately useful i n  many p a r t s  
of the world. 

POWER POTENTIAL AND COSTS 

Suppose t h a t  w e  can i n  f a c t  c r e a t e  and operate a pressurized- 
water c i r cu la t ion  loop such as t h a t  which I have j u s t  described, 
with standard oi l -wel l  s i z e  holes -- say 9 inches i n  diameter -- 
and a hydraulic f r ac tu re  with a radius  of 4000 f ee t .  Using 
pressurized water c i r cu la t ing  through rock a t  3OOOC (572OF) 8 

the  system should be capable of de l iver ing  250 megawatts of heat  
t o  the  surface continuously for  a t  l e a s t  10 years. I f  thermal- 
s t r e s s  cracking occurs, as w e  think it; w i l l ,  then the l i f e  of 
t he  system may i n  f a c t  be many times 110 years. 

w i l l  have the  same problems t o  face as does any other  low- 
temperature power p lan t :  i n  p a r t i c u l a r ,  t he re  w i l l  be a g rea t  
dea l  of waste heat  t o  d i s s ipa t e .  However, such a power p lan t  
would produce a t  l e a s t  30 megawatts e l e c t r i c a l ,  which would 
s a t i s f y  the  needs of a community of about 30,000 people. Much 
l a rge r  p l an t s  could of course be develtoped simply by d r i l l i n g  
more holes  and piping the hot  water t o  a c e n t r a l  location. 
However, t he re  i s  much t o  be sa id  f o r  a small power p lan t  a t  
t he  edge of every town o r  m i l i t a r y  base. h o n g  other th ings ,  

t h i s  decent ra l iza t ion  would g rea t ly  reduce the  need for new 
cross-country transmission l i nes .  

I f  we choose t o  generate e l e c t r i c i t y  with t h i s  energy, we 

Even a t  a small p lan t  s i ze ,  the  economics of systems of 
We can estimate the  cos t  of the t h i s  kind appear promising. 

holes f a i r l y  accurately and it is  of the order of a mil l ion 
d o l l a r s  per hole, depending of course on t h e i r  depth. However, 
the  " fue l  cost ' '  of the  f i n a l  p l an t  is simply the  c a p i t a l  charge 
against  the cos t  of producing these holes ,  the cos t  of the 

plumbing, and t h i s  char$e i s  q u i t e  low. The surface p l an t  
i t s e l f  i s  simple because it requires  110 f u e l  handling f a c i l i t i e s ,  

L hydraulic f r ac tu re ,  and the  cos t  of t he  associated surface 
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combustion equipment, o r  smokestack, and i t s  cos t  therefore  i s  
a l so  r e l a t i v e l y  low. A t  t h i s  point  we do not know how much t o  
allow f o r  such p o t e n t i a l  construct ion and operating problems 
as l o s t  holes ,  corrosion, and plugging of our heat  exchangers 
by prec ip i ta ted  minera ls ,  and so our cos t  es t imates  are  s t i l l  
very preliminary and uncertain.  They suggest, however, t h a t  
an energy system of t h i s  type would be a t  l e a s t  competitive 
with ex i s t ing  fuel-f i red o r  nuclear p l an t s  i n  the  western 
United States ,  and would be marginal i n  the  E a s t  -- where our 
cos t s  would be higher because we  would need more and deeper 
holes8 and where w e  may also have t o  u s e  lower-temperature 
t u r b i n e s .  Poten t ia l ly  a t  least ,  t h i s  is  a low-cost energy 
system, as of course it should be: the heat  t h a t  we  s tart  with 
i s  ce r t a in ly  inexpensive. 

THE LOS &AMOS PROGRAM 

W e  have been s u f f i c i e n t l y  encouraged by these analyses 
and by our own experimental r e s u l t s  so t h a t  we  have proposed 
t o  the Division of Applied Technology of AEC a f irst  f i e l d  
demonstration of a dry-rock energy-extraction system. As is  
indicated by t h i s  diagram (Sketch "C"), the  proposed system 
would be e s s e n t i a l l y  the same as a commercial one except t h a t  
the  hydraul ic  f racture  would be somewhat smaller and, a t  
least  i n i t i a l l y ,  we would not bu i ld  a power plant .  Instead 
we  would u s e  a forced-draf t8  air-cooled, heat  exchanger, and 
d i s s i p a t e  hea t  as a r i s i n g  plume of warm air .  On t h i s  scale ,  
such a plume should have no detectable  environmental effect. 

Once s i te  occupancy has been arranged and d r i l l i n g  con- 
tracts l e t ,  it w i l l  take about one year t o  construct  such a 
system. Simply c rea t ing  it  and es tab l i sh ing  water c i r cu la t ion  
through the underground loop w i l l  represent  a major milestone, 
and a very important demonstration t o  industry of the power 
p o s s i b i l i t i e s  of dry-rock systems. W e  would then propose t o  
operate  the  system f o r  something l i k e  three  years.  After 
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about 10 months of c i rcu la t ion ,  our temperature records should 
t e l l  u s  whether w e  are  simply cooling off  the  i n i t i a l  crack 
surfaces  -- which s t i l l  would represent  a very useful  energy 
system -- o r  whether instead new criscks are  forming and spon- 
taneously extending the system -- which would fu r the r  improve 
both i t s  convenience and i t s  economics. This w i l l  be a second 
major milestone. Final ly ,  w e  propose t o  continue t o  operate  
the  system fo r  about two more years,, t o  inves t iga te  i n  d e t a i l  
i t s  thermal and mechanical behavior and, pa r t i cu la r ly ,  i t s  
chemistry. 
a g rea t  deal  of minera l  -- ch ie f ly  s i l i c a  -- from the rock, and 
t h a t  t h i s  may tend t o  p r e c i p i t a t e  i n  and plug our piping, 
valves,  and heat  exchanger. I n  g r a n i t i c  rocks a t  the expected 
temperatures and pressures ,  we  think t h a t  t h i s  problem w i l l  be 
minor. However, it w i l l  not be t r i v a l ,  and w e  m u s t  learn t o  
cont ro l  it. The same is  t r u e  of corrosion of the metal compo- 
nents  of the  system. There i s  a l so  the p o s s i b i l i t y  of recover- 
ing a t  least  one useful  by-product from t h i s  p a r t i c u l a r  demon- 
s t r a t i o n :  copper, which is  present  i n  s ign i f i can t  concentrations 
i n  the g ran i t e  of the Jemez P l a t e a u .  There are  evident and 
very p r a c t i c a l  reasons t o  explore the possible  u s e  of a c i rcu-  
l a t i o n  system of t h i s  general  type simply fo r  the se l ec t ive  
ex t rac t ion  of a wide var ie ty  of minerals. It  may be a very 
good mining system. 

To t h i s  point ,  supported by research and development funds  

of our Laboratory, w e  have examined the ex i s t ing  s c i e n t i f i c  and 
technical  knowledge r e l a t ed  t o  c rea t ion  and operation of an 
underground c i r cu la t ion  system of the proposed type, and w e  
have found no reason t o  suppose t h a t  the engineering problems 
presented by such a system do not have s t ra ightforward engineer- 
ing solut ions.  
with ex i s t ing  equipment and technology. However, with support 

i from the Division of Physical Research of M C ,  we have a l so  
i n i t i a t e d  research i n  several  d i sc ip l ines  i n  which it appears 
t h a t  the  s c i e n t i f i c  background should be strengthened -- i n  

W e  know t h a t  pressurized hot  water w i l l  d issolve 

W e  th ink t h a t  we can c rea t e  and operate  i t  now, 
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p a r t i c u l a r  i n  the areas of rock mechanics, t e r r e s t r i a l  heat  
flow, seismology, and geochemistry. In  addi t ion,  we  have 
invest igated the  geology, geophysics, and hea t  flow of a 
region of r e l a t i v e l y  recent  vulcanism j u s t  w e s t  of Los Alamos, 
and have iden t i f i ed  i n  it an area which appears s u i t a b l e  both 
technica l ly  and environmentally f o r  development of our proposed 
geothermal energy demonstration. This area i s  within the Santa 
Fe National Forest ,  and an understanding for  temporary occu- 
pancy of a 7-acre s i te  within it i s  now being discussed by the 

AEC and the  U. S. Forest  Service, Department of A g r i c u l t u r e .  
I n  the meantime, w e  have d r i l l e d  a deep exploratory hole  i n  a 
canyon within the Forest  Service area and, under a spec ia l  
u se  permit issued by the  Forest  Service, are  continuing experi- 
ments i n  t h i s  hole. I t  i s  2575 f e e t  deep, and extends about 
500 feet  i n t o  the hot,  g ran i t ic  b a s e m e n t  rock. A t  the b o t t o m  

of the hole ,  t he  rock temperature i s  213OF, which -- a t  our 
a l t i t u d e  -- i s  s i g n i f i c a n t l y  above the  boi l ing  point  of water. 
Our experiments t o  date have demonstrated convincingly tha t  
we can d r i l l  and hydraul ical ly  f r ac tu re  rock of t h i s  type with 
no unusual d i f f i c u l t y ,  and t h a t  -- even af ter  f rac tur ing  -- 
t he  rock is  competent t o  contain pressurized water. W e  have, 
then, i d e n t i f i e d  an area which appears s u i t a b l e  fo r  develop- 
ment of a dry-rock geothermal-energy system, and are  continuing 
t o  inves t iga te  it. 

arrangements with the  Forest  Service, we  propose t o  move t o  
the s i t e  t h a t  I have described, d r i l l  another exploratory hole  
there ,  v e r i f y  our horizontal  and v e r t i c a l  extrapolat ions of 
temperature, geology, and rock propert ies ,  and improve our 
developmental and experimental techniques. This w i l l  take 

When we  are funded t o  do so and have made the necessary 

about s i x  months. Then, i f  the r e s u l t s  from t h i s  second deep 
hole  are as encouraging as those from our f i r s t  one, w e  w i l l  
be ready t o  undertake development of the  two-hole demonstration 
system t h a t  I have described t o  you. Unless we encounter some 
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unexpected major d i f f i c u l t i e s ,  we  should then, i n  less than 

f i v e  years,  produce the  evidence on which i n d u s t r i a l  develop- 
ment of a completely new and presumably environmentally accept- 
able energy system can be based. The first commercial power 
could come from such a system i n  10 years o r  less, and within 
our lifetimes these systems could improve l i f e  fo r  people a l l  
over the world. 

The program t h a t  I have out l ined t o  you i s  a s ing le  demon- 
s t r a t i o n  i n  a spec i f i c  temperature regime and geologic environ- 
ment. W e  th ink t h a t  it represents  conditions typ ica l  of per- 
haps the western t h i r d  of North &er ica  and t h a t  it i s  the 
r i g h t  thing t o  t r y  f i r s t .  There are, however, many other  
s i t u a t i o n s  t h a t  should a l so  be invest igated as soon as possible ,  
t o  determine what var ia t ions  i n  t h i s  general  type of energy 
system are  required t o  m a k e  it even more broadly useful ,  These 
o ther  s i t ua t ions  include rock a t  both higher and lower tempera- 
t u r e s ;  deeper &id shallower holes;  more permeable formations; 
l a v a  flows and sedimentary beds as w e l l  as c r y s t a l l i n e  rocks; 
and more complex geology. The par t i .cular  demonstration t h a t  I 
have out l ined t o  you is ,  of course, my own immediate and over- 
whelming i n t e r e s t .  I suggest, however, i n  view of t he  urgency 
of both our Country's energy needs and i t s  pol lu t ion  prObhLlS, 
t h a t  w e  should not w a i t  upon the r e s u l t s  of one demonstration 
t o  begin invest igat ing these other  areas.  The i n i t i a l  Los  

Alanos demonstration should be j m t  the first component of a 
much broader invest igat ion,  and so far  as possible  i t s  other  
components should be attacked promptly, vigorously, and i n  
p a r a l l e l  r a the r  than i n  sequence. 

PROBLEMS 

To r e t u r n  s p e c i f i c a l l y  t o  the  Los Alamos program, I can 
foresee several  questions t h a t  you might ask concerning o u r  
s i t u a t i o n  and the  f i e l d  demonstration t h a t  we propose t o  under- 
take, 
obvious questions before we  go on t o  other things.  

I 

Perhaps I can save time by answering some of the more 
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1. W e  are not now funded either t o  d r i l l  the  next exploratory 
hole  o r  t o  begin development of a demonstration system. 
The funding requirement for  t h i s  p ro jec t  w i l l  be of t he  
order of $4 mil l ion  per year, and w e  are  ready t o  start 
as soon as money t o  do so becomes available.  

2 .  The proposed s i te  fo r  our next deep exploratory hole and 
fo r  the demonstration system occupies about 7 acres on the  
Jemez Plateau, about 20 a i r  m i l e s  w e s t  of L o s  Alamos. It 

is  i n  a burned-over sec t ion  of the Santa Fe National Forest ,  
immediately adjacent t o  an all-weather road and t o  power 
and telephone l ines .  
mental e f f e c t  of occupying it w i l l  be simply t o  delay i t s  
r e fo res t a t ion  by about 5 years. 

We be l ieve  t h a t  the pr inc ipa l  environ- 

3 .  We foresee no major d i f f i c u l t y  i n  completing the  under- 
ground system. We have invest igated the  loca l  geology and 
hydrology ca re fu l ly ,  and have d r i l l e d  i n t o  the  l o c a l  gran- 
i t e  a t  a locat ion about a m i l e  away. O f  course we learned 
a g rea t  dea l  from d r i l l i n g  t h a t  hole. 
deeper holes  w i l l  be slow and expensive, b u t  w e  a re  sure  
t h a t  it can be done, and so a re  the  d r i l l i n g  consul tants  
and operators with whom we have discussed it. 

f r a c t u r e  from it, and then i n t e r s e c t  the f r a c t u r e  w i t h  a 
second hole  d r i l l e d  perhaps 200 f e e t  away. 
t he  second hole,  w e  w i l l  already know the depth a t  which 
the  f r a c t u r e  was i n i t i a t e d  and, from the  volume of f l u i d  
in jec ted ,  we  can estimate i t s  probable dimensions. W e  

w i l l  have invest igated t h e  loca l  s t r e s s  f i e l d  i n  the  hot  
rock during experiments i n  a nearby exploratory hole, 
and from t h i s  we w i l l  have a bas i s  fo r  pred ic t ing  the  
probable o r i en ta t ion  of the f rac ture .  
t o  map the  f r ac tu re  as it forms, using microseismic methods, 
and we w i l l  examine the  hole  wall  a f t e r  f r ac tu r ing  fo r  

Dr i l l i ng  s t i l l  

W e  expect t o  d r i l l  the  f i r s t  hole, hydraul ica l ly  

When w e  begin 

W e  w i l l  a l so  t r y  
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indicat ions of the i n i t i a l  crack d i rec t ion .  Without any 
of t h i s  background, I think tha t  -- using d i r ec t iona l  
d r i l l i n g  methods -- w e  would probably f ind the crack with 
our second hole  ra ther  eas i ly ,  and a t  worst with no more 
than a f e w  hundred feet of w a s t e d  hole.  However, with the 

other  evidence that  we  w i l l  have col lected,  our own confi-  
dence i n  our a b i l i t y  t o  produce t h i s  i n t e r sec t ion  w i l l  be 

considerably increased. 

4. There appears t o  be no r e a l  danger t h a t  these experiments 
w i l l  cause l o c a l  earthquakes. The Denver earthquakes, 
about which we  are of ten asked, appear t o  have resu l ted  
from the in j ec t ion  of la rge  volumes of f l u i d  under high 
pressure i n t o  an ac t ive  f a u l t  system. A series of experi- 
ments a t  Rangely, Colorado, conducted by the U. S. Geological 
Survey and s t i l l  i n  progress, has produced s m a l l  earthquakes 
under  control led conditions.  Signif icant ly ,  there  appear 
t o  have been no earthquakes a t  Rangely even when f l u i d  
pressures  w e r e  high and f l u i d  volumes large,  so long as 
the  in j ec t ion  holes  w e r e  some dis tance from the ac t ive  
f a u l t  system. I n  our experiments, we  of course intend t o  
avoid ac t ive  f a u l t  systems. 

Two c r i t e r i a  for  the se lec t ion  of our proposed demon- 
s t r a t i o n  s i t e  w e r e  t h e  absence of f a u l t s  l o c a l l y  and a low 
background of na tura l  seismic ac t iv i ty .  W e  w i l l  be in j ec -  
t i n g  r e l a t i v e l y  s m a l l  volumes of f l u i d  under ca re fu l ly  
control led pressures  i n t o  rock t h a t  appears t o  be e n t i r e l y  
f r e e  of f a u l t s ,  and we bel ieve t h a t  the  seismic r i s k  of 
our experiments i s  very near ly  zero. W e  w i l l ,  however, 
monitor the  area ca re fu l ly  with an array of s ens i t i ve  
seismometers before,  during, and a f t e r  our experiments and, 
i f  there  i s  ever an ind ica t ion  of unusual a c t i v i t y  i n  the 
v i c i n i t y  of our system, w e  w i l l  be prepared t o  depressurize 
i t  very promptly. 

a 
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5. There i s  a l so  no reason t o  bel ieve t h a t  our demonstration 
w i l l  produce subsidence of the  earth 's  surface. Our sys- 
t e m  w i l l  be very l imited i n  i t s  l a t e r a l  extent:  deeply 
buried i n  strong, competent rock: and always f u l l  of 
water. Its s t r u c t u r a l  and s t r e s s  s i t u a t i o n  w i l l  be such 
t h a t  the overlying rocks w i l l  be completely supported, and 

there  i s  nothing t o  suggest t h a t  t h i s  support w i l l  diminish 
s i g n i f i c a n t l y  within even many thousands of years. 

CONCLUSION 

The n a t u r e  and magnitude of the hot ,  d ry  rock geothermal 
energy resource a re  such tha t  w i t h i n  the next 10 t o  15  years 
it could begin t o  cont r ibu te  s i g n i f i c a n t l y  t o  the  so lu t ion  of 
some of our Nation's most urgent  energy, po l lu t ion ,  and balance- 
of-payments problems. A program t o  inves t iga te  and develop this  
resource has therefore  been undertaken by the Atomic Energy 
Commission a t  Los Alamos S c i e n t i f i c  Laboratory, and i n i t i a l  
r e s u l t s  from t h a t  program are  very encouraging. I t  appears 
that  t h e  equipment and techniques required t o  m a k e  t h i s  vas t  
energy reservoi r  u s e f u l  already e x i s t ,  and t h a t  a convincing 
demonstration of i t s  usefulness i s  possible  w i t h i n  less than f ive  
years . 
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The energy content of hot,  dry rock i n  the  e a r t h ' s  c rus t .  
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A pressurized-water circulation system for extracting energy 
from a dry geothermal reservoir. 
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The proposed Los Alamos demonstration system. 
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