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HOT DRY ROCK I S  WHERE YOU FIND I T  

Morton C. Smith 
Earth and Space Sciences D iv i s ion  

Los Alamos National Laboratory 
Los Alamos, NM 87545 

Because the  ear th 's  i n t e r i o r  i s  very hot and the  upper c rus t  i s  a poor 
thermal Conductor, the  heat stored i n  c rus ta l  rock a t  p rac t i ca l  d r i l l i n g  

depths represents by f a r  the  la rges t  supply o f  usable energy t h a t  i s  access- 
i b l e  t o  man. A t  l eas t  t o  me, i t  seems inev i tab le  t h a t  -- as our l i m i t e d  
supplies o f  f o s s i l  and nuclear fue l s  dwindle and become more expensive -- t h i s  
vast reservo i r  of thermal energy w i l l  eventual ly be explo i ted t o  mankind's 
bene f i t  a l l  over the  world. Much o f  i t s  use w i l l  be d i r e c t  -- f o r  space 
heating, processing foods and chemicals, and a wide va r ie t y  o f  other low- 

temperature appl icat ions.  However, where r e l a t i v e l y  high temperatures are 
encountered a t  reasonable depths, it w i l l  o f  course a lso be used t o  generate 
e l e c t r i c i t y .  

Some small f r a c t i o n  o f  t h i s  geothermal energy -- probably much less  than 

1% -- i s  stored i n  hydrothermal reservoirs,  representing a useful  and econ- 
omical, but  l im i ted ,  energy resource. The r e s t  i s  i n  the  rock i t s e l f ,  and it 
i s  with t h i s  "essent ia l l y  inexhaust ib le" energy supply t h a t  t he  Hot Dry Rock 
(HDR) Program i s concerned. 

I n  p r inc ip le ,  na tu ra l l y  heated c rus ta l  rock can be o f  any type and i n  any 
physical condi t ion -- and a means can be proposed f o r  ex t rac t i ng  heat from i t  

i n  almost every conceivable geologic s i tuat ion.  For example, the  Soviets pro- 
pose t o  recover large quant i t ies  o f  low-grade heat by a water-f looding opera- 
t i o n  i n  a h igh ly  permeable sandstone. Gunnar Bodvarsson proposes forced 

I c i r c u l a t i o n  through natura l  f ractures i n  f a u l t  systems, w i t h i n  o r  adjacent t o  
1 dikes, o r  along the  in ter faces o f  successive basal t  flows. The B r i t i s h  and 

I t he  French propose t o  c i r c u l a t e  through reopened natura l  f rac tu res  i n  old, 
i weakly sealed, c r y s t a l l i n e  rock. Some years ago, Robert M. Po t te r  proposed 

fo rced h o r i z o n t a l  c i  r c u l  a t i o n  between v e r t 1  c a l  hyd rau l  i c f r a c t u r e s  i n  

formations w i th  low but s i g n i f i c a n t  mat r ix  permeabil i ty. These and a va r ie t y  
of o ther  HDR concepts appear worthy o f  serious invest igat ion.  

A t  Los Alamos, however, we have so f a r  concentrated on only  one type of 

HDR environment and one method o f  heat ext ract ion.  We have assumed that,  a t  
depths and temperatures o f  geothermal i n t e r e s t  i n  regions undisturbed by 
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recent large-scale ear th  movements, the normal s i t u a t i o n  a t  depth i s  hot rock 
w i t h  very low i n i t i a l  permeabi l i ty  and free-water content. This i s  ideal  f o r  

containing a pressurized-water heat-extraction loop, but construct ion o f  such 
a loop requires creat ion o f  f low passages i n  the rock w i t h  large surface areas 
f o r  heat t ransfer .  For loop construction, we have concentrated on the  use of 
hydraul ic f rac tu r i ng  t o  connect two v e r t i c a l l y  separated wellbores. 

Conceivably, i n  a deep sedimentary basin, the low-permeabil ity HDR therm- 
a l  reservo i r  might be a massive body o f  shale o r  dolomite o r  limestone, o r  
even an i n i t i a l l y  permeable formation t i g h t l y  sealed by a l t e r a t i o n  products o r  
mineral deposition. However, the b e t t e r  choice i n  general has seemed t o  us t o  
be the c r y s t a l l i n e  basement. Once t h i s  has been penetrated t o  a s u f f i c i e n t  
depth t o  reach a u s e f u l l y  high temperature and desirably low permeabil i ty, one 

i s  reasonably assured t h a t  the thermal reservo i r  i s  large both h o r i z o n t a l l y  
and v e r t i c a l l y  -- w i t h  the advantage t h a t  i f  a higher temperature i s  required, 

one need only d r i l l  a l i t t l e  deeper. 
For some reason t h a t  I do not understand, a mystique has developed that  

i t  i s  somehow more d i f f i c u l t  t o  locate and characterize an HDR thermal reser- 
v o i r  than a hydrothermal reservoir .  As a nonexpert i n  geothermal explorat ion, 
i t  seems t o  me t h a t  the opposite must be true. It appears t h a t  i t  should 
c e r t a i n l y  be easier t o  demonstrate the  absence o f  a hydrothermal reservo i r  

than t o  demonstrate i t s  presence. As I understand it, aZide from obvious 
surface manifestat ion, t he  p r inc ipa l  evidence f o r  existence o f  hot  water a t  I 

depth i s  low e l e c t r i c a l  r e s i s t i v i t y .  Since t h i s  may r e s u l t  from other causes 
than the presence o f  hot water (e.g., permeation by a highly s a l i n e  brine, 

mineral a l t e r a t i o n  t o  c lays o r  zeol i tes,  a 'layer o f  shale, o r  a mineral 
deposi t )  i t  i s  not d e f i n i t i v e ,  and a .shocking proport ion o f  dry holes has . 
resul ted from d r i l l i n g  where the experts predicted the presence of hydro- 
thermal reservoi rs. 

I n  explor ing for  hot  dry rock, the obvious f i r s t  approach i s  simply t o  
locate those hot dry  holes (which o f  course we have already done, so f a r  as we 
could). I n  t h e i r  absence, o r  i f  they are found only i n  areas already leased, 
one should probably reso r t  t o  f a i r l y  conventional explorat ion techniques bu t  

avoid areas where there are h i  gh-conducti v i  t y  anomalies a t  depth. Conceivably 
th is  could u l t i m a t e l y  r e s u l t  i n  d r i l l i n g  i n t o  a steam f i e l d  (which would b e - a  
s c i e n t i f i c  but  not a f i nanc ia l  d isaster) ,  and t h i s  const ra in t  may be over ly  
conservative since i t  would el iminate from consideration areas where the  
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anomaly represented something other than hot water. However, there appear t o  
be enough r e a l l y  good HDR areas so t h a t  we can a f f o r d  t o  pass up the doubtful 
ones . 

If the energy system i s  t o  be developed by hydraul ic f r a c t u r i n g  and 
operated as a r e c i r c u l a t i n g  pressurized-water loop, it i s  desirable t h a t  i t  be 
constructed i n  a large, shallow body o f  hot rock w i t h  very low matr ix  and 

f rac tu re  permeabil i ty. The l a t e r a l  extent o f  the area should be not l ess  than 
several square kilometers, t o  provide f o r  construct ion o f  a group o f  p a r a l l e l  

systems. (This can o f  course be put i n  terms o f  an i nves t i ga t i on  of t he  
nature of t he  heat source.) To avoid extending the f r a c t u r e  system t o  the 
surface o r  t o  over ly ing permeable formations, i t  i s  important t h a t  the top  of 
the f ractures be not l ess  than a few hundred meters below the top o f  t he  
reservo i r  formation. Otherwise, the shallower the bet ter ,  p r i m a r i l y  t o  
minimize d r i l l i n g  costs but a lso t o  reduce overburden stress and pumping 
pressures required t o  create and extend hydraul ic fractures. 

I n  our present s ta te  o f  knowledge, we bel ieve t h a t  the most des i rab le 

type o f  reservo i r  formation i s  the c r y s t a l l i n e  basement, whether volcanic, 
p lu ton ic ,  or-metamorphic. Since we would l i k e  t o  reach a high temperature a t  

shallow t o  moderate depth, a high conductive geothermal gradient, pe rs i s ten t  
w i t h  depth, i s  obviously desirable. Because c r y s t a l l i n e  rocks are r e l a t i v e l y  

good thermal conductors, t h i s  i s  favored by the presence o f  a few hundred 
meters of poor ly conductive sediments o r  volcanics above the basement -- so 
long as there i s  no s i g n i f i c a n t  cool ing by ac t i ve  ground-water c i r cu la t i on .  
(If you prefer,  t h i s  can be put i n  terms o f  conductive and convective heat 
t ransport ,  and i n t e r n a l  heat generation may also be important.) For pre- 
d i c t a b i l i t y  o f  f r a c t u r i n g  behavior, i t  would be useful  i f  the reservo i r  

formation were reasonably uniform and i so t rop i c ,  and very he lp fu l  i f  the  
stress condi t ion a t  depth were known. Natural f r a c t u r e  systems are t o  be 

avoided, because o f  the dangers o f  excessive leakage from the  pressurized- 
water loop and o f  t r i g g e r i n g  earthquakes by i n j e c t i n g  a pressurized f l u i d .  

A l l  o f  t h i s  requires (1) a carefu l  temperature-gradient (or  heat flow) study; 
(2) de ta i l ed  geological, hydrological,  and geophysical i nves t i ga t i on  o f  the 

area; (3)  i d e n t i f i c a t i o n  o f  any cu r ren t l y  o r  recent ly  a c t i v e  f a u l t s ;  and (4) 
review o f  the seismic h i s t o r y  o f  the area. 

I n  the absence o f  an e x i s t i n g  deep hole, informat ion a t  t h i s  po in t  w i l l  
necessar i ly  be l i m i t e d  t o  t h a t  co l lected a t  the surface and from shallow 
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holes, and l i t t l e  w i l l  be known about hydrology a t  depth and basement rock 
structure.  The next step, therefore, should be t o  d r i l l  a s l i m  hole t h a t  
penetrates the basement rock by a t  l e a s t  a hundred meters and preferably more 
than that ,  and i s  l e f t  uncased i n  the basement section. That sect ion should 
if possible be cored continuously and the cores examined f o r  chemical, 
mineralogical,  physical,  and mechanical propert ies, a l t e red  zones, and sealed 

and unsealed fractures. The e n t i r e  hole should be logged f o r  temperature, and 
geophysical logs run i n  the uncased basement sect ion t o  learn as much as 
possible about the rock around the hole and i n  any uncored in terva ls .  The 
borehole wal l  should be examined with a te leviewer f o r  i n i t i a l  s t ruc tu re  and 
reexamined a f t e r  a ser ies o f  hydraul ic - f ractur ing and pressure-flow tests. BY 
d r i  1 1 -stem o r  other tests,  permeabi 1 i t y  should be determined 1 oca1 l y  wherever 
there are i nd i ca t i ons  o f  f l u i d  loss, unusually high d r i l l i n g  rates, or a l te red  
o r  f ractured zones. 

d r i l l i n g  a deep, f u l l - s i z e  hole i n  the wrong place. 
A l l  o f  t h i s  i s  expensive and t ime consuming, but much ess so than 
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