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The bas ic  goal o f  the  U n i v e r s i t y  o f  Colorado Geothermal Research 
Program has been t o  assess, cha rac te r i ze  and model the myriad o f  phys ica l  
processes occu r r i ng  i n  the  geothermal environment. While developing an 
understanding o f  t he  fundamental na tu re  of these phenomena we can cons t ruc t  
a comprehensive model o f  the  s t r u c t u r e  o f  a g i ven  geothermal system. Such 
a r e s u l t  should prove use fu l  i n  the  i n t e r p r e t a t i o n  o f  sur face geophysical 
measurements and fo r  t h e  general development o f  a geothermal f i e l d .  Our 
s tud ies  spanning the range from heat and mass t r a n s f e r  process i n  hydro-  
thermal convect ion anomalies t o  the  poss ib le  appearance of d i l a t a n c y  due 
t o  l a r g e  ra tes  o f  l i q u i d  wi thdrawal ,  a r e  c a r r i e d  out  by a d i ve rse  group o f  
engineers, geophys ic is ts  geo log is t s  , seismologists and exper ts  i n  computa- 
t i o n .  Much o f  the  e f f o r t  has been c a r r i e d  ou t  w i t h  the cooperat ion of the  
geothermal group a t  Systems, Science and Software, La J o l l a ,  C a l i f o r n i a .  

The f o l l o w i n g  summary o f  a c t i v i t i e s  provides an extremely b r i e f  
d e s c r i p t i o n  o f  the  ongoing research programs, t h e i r  purpose and when 
appropr ia te ,  t he  r e s u l t s  obtained.  

Physical  Charac te r i za t i on  

B lack" )  has c a r r i e d  o u t  a subsurface study o f  the Mesa anomaly i n  the  
Imper ia l  Va l l ey .  H is  s tud ies  have shown t h a t :  

There i s  a cap o f  low v e r t i c a l  pe rmeab i l i t y  composed o f  a l a r g e  
f r a c t i o n  o f  c l a y - l i k e  m a t e r i a l .  

Below t h e  cap a r e  r e l a t i v e l y  compacted, sandy s t r a t a  w i t h  
s i g n i f i c a n t  pe rmeab i l i t y .  

F r a c t u r i n g  i n  deeper rock  layers ,  presumably associated w i t h  
seismic a c t i v i t y  increases v e r t i c a l  pe rmeab i l i t y .  

I n t e r s e c t i n g  f a u l t  zones near two w e l l s  have produced a chimney 
o f  p a r t i c u l a r l y  h i g h  v e r t i c a l  pe rmeab i l i t y .  Substant ia l  upwe l l i ng  
of ho t  water f rom depth occurs here as w e l l  as long the  l i n e a r  
f a u l t  zone to  t h e  southeast. 

The r i s i n g  ho t  water  spreads l a t e r a l l y ,  most ly  t o  the  southeast 
as the  f a u l t  zone i n t e r s e c t s  r e l a t i v e l y  permeable h o r i z o n t a l  
aqu i fe rs .  

Reduced s a l i n i t y  o f  water  a t  depth compared t o  t h a t  i n  upper l e v e l s  
(0-800m) imp1 i e s  g rea te r  c i r c u l a t i o n  and less  evapor i tes  i n  the  
deeper zone. 
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R i neha r t  (2) has considered the  presence o f  f a u l t i n g  i n  geothermal 
areas. He has concluded t h a t :  

(A)  Almost a l l  p roduc t i ve  geothermal areas a re  associated w i t h  
f a u l t i n g .  Many o f  these a re  pa t te rns  o f  r i n g  f r a c t u r e s  
associated w i t h  ca lderas  w h i l e  o the rs  a r e  l i n e a r  fea tures  
associated w i t h  r i f t  zones. 

(B) F a u l t  zones a c t  as condu i ts  f o r  t h e  f l o w  o f  heated f l u i d  f rom 
depth. They can a f f e c t  the  supply o f  sur face water t o  the  
system a t  depth. 

Mechanical Models 

R i r ~ e h a r t ' ~ )  has suggested a p o s s i b l e  phys ica l  mechanism for t h e  
observed c y c l i c  v a r i a t i o n  i n  f l o w  r a t e s  and water  t a b l e  l e v e l  assoc ia ted 
w i t h  sa tura ted porous media sub jec ted t o  temporal a l t e r a t i o n s  i n  i n - s i t u  
s t r e s s  due t o  t e c t o n i c  and t i d a l  fo rces .  Making reasonable assumptions, 
he argues t h a t  a s o l i d  b lock  supported by a sa tura ted porous m a t e r i a l  cou ld  
move as much as several  cent imeters  due t o  p e r i o d i c  mechanical load ing.  
Th is  impl ies  t h a t  the e f f e c t i v e  p e r m e a b i l i t y  o f  
a l t e r e d  s u b s t a n t i a l l y .  

Archambeau(a) i s  c u r r e n t l y  developing nonl 
due t o  i r r e v e r s i b l e  pore co l l apse .  inc luded i s  
t u r a l  rock f a i l u r e  ( induced s e i s m i c i t y )  due t o  d 
h i g h  l e v e l s  o f  e f f e c t i v e  s t r e s s  as pore pressure 

Heat and Mass Transfer  

r a c t u r e  r e s e r v o i r s  can be 

near models o f  suibs i dence 
he p o s s i b i l i t y  of s t r u c -  
la tancy r e s u l t i n g  f r o m  
i s  reduced. 

Kassoy and Zebib(4)  examined t h e  e f f e c t  o f  a r e a l  i s t i c  v i s c o i j i t y  
v a r i a t i o n  on t h e  onset o f  convect ion  i n  a h o r i z o n t a l  porous s lab .  
' le igh 
t i o n .  The r o l l  pa t te rns  d i s p l a y  r e l a t i v e l y  h igh  v e l o c i t i e s  and lairge 
temperature g rad ien ts  a t  depth u n l i k e  t h e  symmetric c l a s s i c a l  p r o f i l e s .  

C r i t i c a l  Ray- 
numbers a re  d r a s t i c a l l y  reduced w / r  t o  the constant  p roper t y  c a l c u l a-  

K a s ~ o y ( ~ )  has considered convect ive  f l o w  i n  a narrow v e r t i c a l  sa tu ra ted  
porous s l o t  as a model o f  mass t r a n s f e r  i n  a f a u l t  zone. The mass f l o w  ra tes ,  
r e s u l t i n g  p a r t l y  from convect ion  due t o  pre  sure head and p a r t l y  from 
n a t u r a l  convection, a re  o f  t e agn i tude 10 kg/day over an area 0.5 km i2 
when the pe rmeab i l i t y  i s  10 -!I cm 5! . 

Garg e t  a l .  (6) have computed the  f l o w  p a t t e r n  and temperature v a r i a -  -- 
t i o n  i n  a h o r i z o n t a l  a q u i f e r  when f l u i d  i s  in t roduced from an i n t e r s e c t i n g  
v e r t i c a l  f a u l t  zone i n  which t h e r e  i s  h o t  f l u i d  r i s i n g  from depth. 
s o l u t i o n  shows the development o f  a conf ined n a t u r a l  convect ion c e l l  i n  t h e  
aqu i fe r .  Hence, i n  the  model considered l a t e r a l  s p i l l a g e  f rom the  f a u l t  
zone does no t  r e s u l t  i n  s imple  through f l o w  i n  the  aqu i fe r .  

The 
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Kassoy and Zebib(b) have extended their work to three-dimensional 
containers more representative of geothermal areas in highly fractured rock 
of volcanic origin. The results also portray linear convection patterns in 
narrow vertical fault zones, and may be used to explain the prese c of 
periodically spaced hot springs along 1 inear fault zones. 
shown that natural convection instabilities can enhance the vertical fault 
zone flow described above. 

Kas~oy~~' has 

Kassoy (d) has extended his analysis to include lateral spillage into 
intersecting horizontal aquifers. The pressure and temperature distribu- 
tions are reminiscent of those found in the Mesa geothermal anomaly. Linear 
instability at critical a Rayleigh number leads to superimposed closed rolls. 
These might be used to explain the pair of hot spots at the Mesa anomaly. 

Nayfeh(7) et al. have examined two-temperature models of flow in 
porous media. They conclude that for most geothermal applications the 
fluid and solid are in local thermal equilibrium. 

-- 

There has been a major effort to develop useful describing equations 
for thermally active deformable porous media containing two phase fluids 
with concentration gradients. This work is summarized in Refs. 6 and 8. 
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