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A FAULT-ZONE CONTROLLED MODEL 

t OF THE MESA ANOMALY 
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Univers i ty  of Colorado 

Boulder, Colorado 80309 

* 

1. In t roduc t ion  

Recent s t u d i e s  of liquid-dominated systems l i k e  Wairakei 
(Grindley, 1965) ,  Broadlands (Grindley,  1970),  Cerro P r i e t o  (Mercado, 
1969),  Long Val ley (Rinehart  and ROSS, 1964, Bai ley ,  e t  a l .  1976),  
Ahuachapan (Ward and Jacob,  1971) suggest  t h a t  geothermal anomalies are 
i n t i m a t e l y  a s soc ia t ed  wi th  s p e c i f i c  p a t t e r n s  of f a u l t i n g .  

I n  t h e  Imper ia l  Val ley,  C a l i f o r n i a ,  t h e r e  are several geothermal 
anomalies which are c l o s e  t o  o r  i n t e r s e c t e d  by a c t i v e  f a u l t s  (Elders ,  
e t  a l .  (1972)).  The b a s i c  f i e l d  d a t a  f o r  t h e s e  systems are descr ibed  
by Babcock, Combs and B ieh le r  i n  Rex (1971), Helgeson (1968), Meidav 
and Furgerson (1972),  Goforth,  e t  a l .  (1972), Douze and S o r r e l l s  (1972), 
Combs and Swanberg (1977), Combs and Hadley (1975, 1977),  Loe l t z ,  
e t  a l .  (1975), Dutcher, e t  a l .  (1972), E lde r s ,  e t  a l .  (1972), Swanberg 
(1974, 1976),  E lde r s  and Bird (1974), Coplen, e t  a l .  (1975) and Coplen 
(1976). Some of t h e  information is  surveyed i n  Kruger and O t t e  (1973) 
and i n  a series of Bureau of Reclamation Reports (1974). Black (1975) 
and Bai ley  (1977) have summarized a l a r g e  spectrum of t h e  a v a i l a b l e  
geo log ica l ,  geophysical ,  geochemical, hydro logica l  and hea t  f l u x  d a t a  
f o r  t h e  purpose of syn thes i z ing  a composite conceptual  model of t h e  
Mesa system. I n  a d d i t i o n  they used primary bore  ho le  logging d a t a  t o  
provide a d d i t i o n a l  i npu t .  

One may i n f e r  from t h e s e  s t u d i e s  t h a t  t h e  East Mesa anomaly is  
i n t e r s e c t e d  by a s e i s m i c a l l y  active f a u l t  which acts  as a condui t  of 
heated w a t e r  from depth.  The f a u l t  appears t o  extend through t h e  
sediments and i n t o  t h e  basement rock beneath. It i s  almost c e r t a i n l y  
c losed  o f f  i n  t h e  f i r s t  0.6-0.7 km by sha ley  d e p o s i t s ,  and no s u r f a c e  
express ion  e x i s t s .  

The f a u l t  i t s e l f  i s  hypothesized t o  be  a v e r t i c a l l y  o r i en ted  
reg ion  of heav i ly  f r a c t u r e d  material of  f i n i t e  width. 
e x t e n t  of t h e  f a u l t ,  and t h e  second h o r i z o n t a l  dimension are l a r g e  
compared t o  t h e  width. 
ex tens ive  per iod  because t h e  reg ion  e x h i b i t s  t e c t o n i c  a c t i v i t y  
(Elders ,  e t  a l .  (1972)).  The con t inua l  microearthquake a c t i v i t y  (Combs 

The ver t ica l  

The f a u l t  has  probably been active f o r  an 
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and Hadley (1977)) sugges ts  t h a t  t h e r e  are mechanical processes  
a v a i l a b l e  f o r  f r a c t u r i n g  of t h e  rock. This  i s  necessary  t o  counterac t  
t h e  minera l  depos i t i on  a s soc ia t ed  wi th  a r i s i n g ,  cool ing  column of sal ine 
geothermal f l u i d  which tends  t o  c l o s e  up t h e  system by reducing t h e  
permeabi l i ty  ( E l l i s  (1975)).  

It is  surmised t h a t  water, der ived b a s i c a l l y  from t h e  Colorado 
River (Coplen, 1976),  p e r c o l a t e s  g radua l ly  i n t o  sediments and/or  
f r a c t u r e d  basement rock over  an area cons iderably  l a r g e r  than  t h e  
anomaly i t s e l f .  Heated a t  depth by an unknown source  t h e  l i q u i d  can 
rise i n  t h e  h igh  permeabi l i ty  f r a c t u r e d  f a u l t  zone convecting energy 
toward t h e  su r face .  The a r t e s i a n  over-pressure,  between 50 p s i  and 120 
p s i ,  a s soc ia t ed  wi th  t h e  convection process  l e a d s  t o  a q u i f e r  charging 
whenever t h e  f a u l t  i n t e r s e c t s  a h o r i z o n t a l  l a y e r  of r e l a t i v e l y  l a r g e  
permeabi l i ty .  Extensive f r a c t u r e  systems are presumed t o  provide t h e  
b a s i c  permeabi l i ty  i n  t h e  a q u i f e r s .  The depos i t i on  of c a l c i t e  and 
s i l i c a  over extended pe r iods  has  probably c losed  up t h e  i n t e r g r a n u l a r  
spaces  i n  t h e  sandy sediments.  

Heat f l u x  measured near  t h e  s u r f a c e  of t h e  c l a y  cap,  enhanced by 
t h e  upflow of hot  l i q u i d  water beneath,  i s  as much as 7.9 HFU compared 
t o  a background l e v e l  of 1 .5  HFU. 
have been measured i n  Mesa 6-1 and Combs (1977) has  suggested a sedirnent- 
basement i n t e r f a c e  temperature  between 325OC and 365OC a t  4.15km. 

Temperatures t o  2OO0C a t  2 . 4  km 

Semi-quant i ta t ive estimates of h e a t  and mass t r a n s f e r  can be 
obtained by cons ider ing  key parameters. The Rayleigh number (R) i s  a 
measure of convect ive e f f e c t s  i n  t h e  system. Here R i s  def ined  by 

gkaRRAT 

V 
2 Prm R =  

where g i s  t h e  g r a v i t y  cons t an t ,  k i s  a c h a r a c t e r i s t i c  permeabi l i ty ,  a 
i s  a c h a r a c t e r i s t i c  thermal expansion c o e f f i c i e n t  f o r  water, R i s  t h e  
r e s e r v o i r  depth ,  AT i s  t h e  c h a r a c t e r i s t i c  temperature  d i f f e r e n c e  
through t h e  r e s e r v o i r ,  v i s  t h e  c h a r a c t e r i s t i c  kinematic  v i s c o s i t y  of 
water and Prm i s  t h e  P r a n d t l  number f o r  w a t e r  based on t h e  thermal 
conduct iv i ty  of t h e  s a t u r a t e d  porous medium. 
a t u r e  thermodynamic va lues ,  a permeabi l i ty  k = 
r e s e r v o i r  va lues  R = 1.5 km and AT = 5OoC, then R 940. O f  course  
s e n s i t i v i t y  t o  t h e  va lue  of k ,  which i s  a b i t  specu la t ive ,  i s  noted. 
I f  Combs' (1977) p r e d i c t i o n  of depthoto t h e  basement i n t e r f a c e  is  
c o r r e c t ,  then  R = 3 km and AT = 200 C. This  g ives  R = 6000. Even i f  
t h e  va lue  of k is  reduced cons iderably  i t  i s  clear t h a t  Rayleigh 
numbers of 500 should be v i a b l e  (Kassoy and Zebib (1975)).  

R 

For t y p i c a l  h igh  temper- 
cm2 and minimal 

R 

B 

Na tu ra l  convect ion theory  (Kassoy and Zebib (1975)) can be  used t o  
show t h a t  t h e  ver t ica l  convect ion v e l o c i t y  i n  t h e  f a u l t  zone is  
cha rac t e r i zed  by 
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v = g kaATlv v 
For t h e  f i r s t  set of va lues  used above v -- 1 cm/day. Assuming an 
average temperature  of about 175OC i n  t h e  convect ion-act ive s e c t i o n  of 
t h e  f a u l t ,  one f i n d s  t h a t  1.75 x l o 7  cal /s  km2 i s  convected upward. 
This  is  about 3 orde r s  of magnitude l a r g e r  than  the*purely conductive 
f lux .  If 10% of t h i s  energy i s  l o s t  t o  t h e  claycap and conducted t o  
t h e  su r face  where Combs ( i n  Rex (1971)) measured 4.88 x lo6 ca l l s  
c ros s ing  about 110 km2, then  t h e  h o r i z o n t a l  area of t h e  f a u l t  zone i s  
about 2.9 km2. 
primary f a u l t  f o r  about 16 kms., a f a u l t  ( f racture-zone)  width h ~ 1 8 0 m  
i s  suggested.  One should recognize t h a t  t h i s  is  an o rde r  of magnitude 
estimate. Given t h e  v a r i a b l e  n a t u r e  of t h e  input  a range lOOm < h < 30Om 
might be appropr i a t e .  
zone area estimate would be f a r  l a r g e r ,  and thus  not  r e p r e s e n t a t i v e  of 
t h e  r e l a t i v e l y  l o c a l i z e d  anomalous p r o p e r t i e s  a t  t h e  Mesa f i e l d .  

v 

Since thermal  a c t i v i t y  of t h e  Mesa extends along t h e  

I f  k w e r e  f a r  smaller than 10-9 cm2 t h e  Tad';: 

Convection theory  (Kassoy and Zebib (1975)) can a l s o  be used t o  
show t h a t  t h e  a r t e s i a n  over-pressure magnitude i s  given by 

where p i s  t h e  c h a r a c t e r i s t i c  l i q u i d  dens i ty .  
10 b a r s  f o r  t h e  parameters  given above. Coplen (1976) has noted t h a t  
shut- in-pressures  f o r  Mesa 6-2 have ranged from 3.5 t o  8 .2  b a r s ,  which 
i n d i c a t e s  t h a t  t h e r e  i s  reasonable  agreement between f i e l d  d a t a  and 
t h e o r e t i c a l  assessment f o r  t h e  s e l e c t e d  parameter va lues .  

APA i s  of t h e  magnitude of 

2. Modelling 

The conceptual  model of t h e  system i s  based on a f r a c t u r e  zone 
( t h e  f a u l t )  of f i n i t e  width h '  which extends downward n e a r l y  v e r t i c a l l y  
through a c l ay - r i ch  reg ion  ( t h e  cap) of th ickness  Ret, through t h e  
interbedded sediments of t he  r e s e r v o i r  f o r  a d i s t a n c e  R ' and f i n a l l y  
i n t o  t h e  basement rock fo, a l eng th  R I .  

f a u l t  i s  charged a t  depth by l i q u i d  w k c h  has been heated i n  an 
ex tens ive  basement f r a c t u r e  system. The ra te  of charge cannot be 
specula ted  a p r i o r i  without  a g loba l  a n a l y s i s  of t h e  convection process .  
Liquid rises i n  t h e  r e s e r v o i r  s e c t i o n  of t h e  f a u l t .  
c l ays  i n  t h e  cap suppresses  v e r t i c a l  t r a n s p o r t  t he re .  
of t h e  f a u l t  by ar tes ian overpressure  i s  assumed t o  flow h o r i z o n t a l l y  
i n  t h e  r e s e r v o i r  aqu i f e r .  Vertical t r a n s p o r t  should be  less 
important in- the- large because of t h e  presence of sha ley- layers  
a s soc ia t ed  wi th  interbedding.  

It i s  pos tu la fed  t h a t  t h e  

The presence of 
Water pushed out  

For mathematical  purposes t h e  f r a c t u r e  zone is  i d e a l i z e d  as a 
ver t ica l  s l a b  of porous media. The ad jacen t  r e s e r v o i r  a q u i f e r  i s  

*The va lue  i s  based on t h e  temperature  d i f f e r e n c e  between well-bores 5-1 
and 6-2 i n  t h e  convect ive zone. 
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r ep resen ted  as a porous medium of la teral  ha l fwid th  y wi th  h o r i z o n t a l  
pe rmeab i l i t y  only.  
impermeable. 

R F i n a l l y  t h e  ove r ly ing  c l a y  cap i s  assumed t o  b e  

S p a t i a l l y  uniform temperature  boundary cond i t ions  are imposed on 
t h e  co ld  cap s u r f a c e  and a t  t h e  h o t  bottom boundary of t h e  r e s e r v o i r .  
On t h e  la teral  boundary f a r  from t h e  f a u l t  (y 
temperature  d i s t r i b u t i o n  i s  c o n t r o l l e d  by ve rP ica1  conduct ion,  t h e  pres-  
s u r e  d i s t r i b u t i o n  is  h y d r o s t a t i c  and m a s s  f l u x  is  permi t ted  t o  conserve 
matter. 

>> RR' >> h ' )  t h e  

A quas i - ana ly t i c  theory  is  developed f o r  h igh  Rayleigh number 
convect ion of a l i q u i d  i n  a r i g i d  porous medium. I n  t h i s  approximation 
l i q u i d  rises up t h e  f a u l t  and spreads  i n t o  t h e  near-region of t h e  
r e s e r v o i r  a d i a b a t i c a l l y .  The cool ing  e f f e c t  of t h e  cap i n  t h e  r e s e r v o i r  
i s  confined t o  a t h i n  l a y e r  ad jacen t  t o  t h e  i n t e r f a c e .  The l a y e r  grows 
w i t h  d i s t a n c e  from t h e  f a u l t .  I n  t h e  f a r  f i e l d  of t h e  a q u i f e r  t h e  f u l l  
depth  of t h e  r e s e r v o i r  i s  cooled by t h e  su r face .  P red ic t ed  temperature  
d i s t r i b u t i o n s  wi th  depth  i n  t h e  near  f i e l d  are q u i t e  l i k e  t h a t  f o r  Mesa 
borehole  8-1, and q u a l i t a t i v e l y  similar t o  those  i n  6-1 and 6-2. Far  
f i e l d  p r o f i l e s  can be  r e l a t e d  t o  those  i n  5-1 and 31-1. Although t h e  
f low f i e l d  i s  pure ly  h o r i z o n t a l  i n  t h e  a q u i f e r  one f i n d s  s t e e p  tempera- 
t u r e  g r a d i e n t s  i n  t h e  cap and reduced v a r i a t i o n s  a t  depth.  The heat 
f l u x  c a l c u l a t e d  a t  t h e  cap top  compares f avorab ly  wi th  Mesa f i e l d  d a t a .  
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