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Introduction Many of the low-to-moderate 
temperature ( <  15OOC) hydrothermal resources 
being developed in the United States occur in 
near-surface aquifers. These shallow thermal 
anomalies, typical of the Basin and Range and 
Cascades are attributed to hydrothermal cir- 
culation. The aquifers are often associated 
with faults, fractures, and highly complex 
geological settings; they are often very 
limited in size and display anomalous temper- 
ature reversals with depth. Because of the 
shallow depth and often very warm temperatures 
of these resources, they are attractive for 
development of direct-use hydrothermal energy 
projects. However, development of the re- 
sources is hindered by their complexity, the 
often limited manifestation of the resource, 
and lack of established reservoir engineering 
and assessment methodology. 

In this paper a conceptual model of these 
systems is postulated, a computational model 
is developed, and reservoir engineering 
methods (including reservoir longevity, 
pressure transient analysis, and well siting) 
are reevaluated to include the reservoir 
dynamics necessary to explain such systems. 
Finally, the techniques are applied to the 
Sumnville, California hydrothermal anomally. 

Thermal Model Figure 1 shows a schematic of 
the conceptual model developed to explain the 
occurrence of near-surface hot water aquifers. 
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Heated fluids rise along a fault until a 
highly permeable aquifer is intersected. 
Fluid then enters the aquifer and with time, 
replaces the existing fluid with hot water. 
As the water moves away from the fault it is 
cooled by equilibration with surrounding rock 
and conductive heat transfer to the overlying 
and underlying rock units. The model dis- 
cussed in this paper is most applicable to 
thin aquifers as vertical temperature 
variations in the aquifer are not considered. 

A semi-analytic model has been developed to 
calculate the temperature distribution 
of the system as a function of the flowrate 
into the aquifer, the temperature of the 
water entering the aquifer, initial linear 
temperature profile, system geometry, rock 
properties, and time (Bodvarsson et al., 
1981). The primary assumptions are listed 
below: 

(1) The mass flow is steady in the aquifer, 
horizontal conduction is neglected, and tern 
perature is uniform in the vertical direction 
(thin aquifer). Thermal equilibrium between 
the fluid and the solids is instantaneous. 

( 2 )  The rock matrix above and below the 
aquifer is impermeable. Horizontal conduction 
in the rock matrix is neglected. 

( 3 )  The energy resistance at the contact 
between the aquifer and the rock matrix is 
negligible (infinite heat transfer coefficient). 

(4) The thermal properties of the formations 
above and below the aquifer may be different, 
but all thermal parameters of the liquid and 
the rocks are constant. 
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Figure 1 Schematic of a conceptual model for 
a fault-charged hydrothermal system. 

The differential equation governing the 
temperature in the aquifer at any time (t) can 
be readily derived by performing an energy 
balance on a control volume in the aquifer: 

2 
z = o :  -- 
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The symbols are def ined  i n  t h e  nomenclature. 
I n  t h e  caprock and t h e  bedrock t h e  one- 
dimensional heat- conduction equa t ion  c o n t r o l s  
t h e  temperature: 

z > 0: A a2T1 aT1 

2 a Z  = PIC1 at 

z < o :  A a2T2 - aT2 

2 = p2c2 a t  . a z  
( 3 )  

The i n i t i a l  c o n d i t i o n s  are: 

The fo l lowing  dimensionless  parameters  are 
introduced:  

l X  
A 

2 

D 
- b 'ac, 

e = -  - ( 6 c  ,dl ; n =  
p l c l  

A 2  p2c2 

p l c l  A 1  

- - 
Y =  ; w =  ( 6 e , f )  

- Tbl a D  
i T =  (69 th)  

Tf - Tbl 
TD = Tf - Tbl 

a = H/D ( 6 i )  

The s o l u t i o n  of equa t ions  ( 1 ) - ( 3 )  can be 
e a s i l y  ob ta ined  i n  t h e  Laplace domain 
(Bodvarsson, 1981). 

1 
n = 0:  P = 11 - Tgl exp - 

( 7 )  
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n < 0: w = - Td.] TI c o s h p  

r 7 

T 9  
r\ s i n h  - - ( n  - 1) . P + + 

tanh ,/? 
I n  equa t ions  ( 7 ) - ( 9 ) ,  u ,  v ,  and w r e p r e s e n t  
t h e  temperature,  i n  t h e  Laplace domain of t h e  
a q u i f e r ,  t h e  rock above t h e  a q u i f e r ,  and t h e  
rock below t h e  a q u i f e r ,  r e s p e c t i v e l y .  As 
equa t ions  ( 7 ) - ( 9 )  cannot e a s i l y  be i n v e r t e d  
from t h e  Laplace domain, a numerical i n v e r t e r  
was used t o  eva lua te  t h e  equa t ions .  

Using t h i s  model, t h e  e v o l u t i o n  of t h e s e  sys- 
t e m s  can be s tudied.  I n  F igure  3, t h e  evolu- 
t i o n  of a h y p o t h e t i c a l  system is shown. The 
dimensionless  coord ina tes  used are def ined  i n  
equa t ions  ( 6 a - 6 i ) .  I n  simple t e r m s ,  t h e  graph 
can be envis ioned a s  t h e  evo lu t ion  of a s i n g l e  
temperature  p r o f i l e ,  a t  a given l o c a t i o n  ( e )  
away from t h e  f a u l t .  Before t h e  inc idence  of 
hydrothermal c i r c u l a t i o n ,  t h e  temperature  pro- 
f i l e  is  l i n e a r  (normal geothermal g r a d i e n t ) .  
When water begins t o  flow up t h e  f a u l t  and 
i n t o  t h e  a q u i f e r ,  t h e  a q u i f e r  beg ins  t o  h e a t  
up. The f l u i d  f lows l a t e r a l l y  i n  t h e  a q u i f e r ,  
l o s i n g  h e a t  by conduction t o  t h e  caprock and 
basement. A d i s t i n c t i v e  temperature r e v e r s a l  
forms below t h e  a q u i f e r .  With i n c r e a s i n g  
t i m e ,  conduct ive h e a t  l o s s e s  t o  t h e  caprock 
s t a b i l i z e  and a t y p i c a l  l i n e a r  conduct ive 
g r a d i e n t  i s  e s t a b l i s h e d .  A t  ve ry  l a r g e  times, 
t h e  temperature  below t h e  a q u i f e r  s t a b i l i z e s  
and f o r  t h e  case  considered,  becomes n e a r l y  
c o n s t a n t  with depth. 
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Figure  2 Evolut ion of a faul t- charged hydro- 
thermal  system. T h i s  schematic r e p r e s e n t s  t h e  
e v o l u t i o n  of a s i n g l e  temperature  p r o f i l e  over  
time. 



Another a p p l i c a t i o n  of t h i s  model is t o  Table  1 Parameters  used f o r  t h e  S u s a n v i l l e  
c a l c u l a t e  t h e  r a t e  of ho t  w a t e r  recharge i n t o  
an a q u i f e r ,  given s u f f i c i e n t  information about  
t h e  a r e a l  and v e r t i c a l  temperature  d i s t r i -  

model. 

Parameter 

bu t ion  i n  t h e  a q u i f e r .  The model has  been Aquifer t h i c k n e s s ,  b 

Depth t o  a q u i f e r ,  D a p p l i e d  t o  t h e  S u s a n v i l l e ,  C a l i f o r n i a  hydro- 
thermal  resource,  a low- temperature system 
l o c a t e d  i n  t h e  f o o t h i l l s  of t h e  S i e r r a  Nevada. Aquifer  p o r o s i t y ,  0 

Thermal conduc t iv i ty  
of rock,  A 1  

Data from more than  twenty shal low e x p l o r a t i o n  
and product ion w e l l s  have o u t l i n e d  a thermal  
anomaly which is  e longa ted  around a north-west 

35 m 

125 m 

0.2 

1.5 J / m - s * O C  

t r e n d i n g  a x i s  (Benson e t  a l . ,  1980). Temper- Rock h e a t  c a p a c i t y ,  c1 1000 J/kgaDC 
a ture  con tours  a t  a depth of approximately 
125 m b e l o w  t h e  s u r f a c e  ( e l e v a t i o n  1150 m) are 2700 kg/m3 Rock d e n s i t y ,  p1 

shown i n  F igure  3. 
s e v e r a l  of t h e  w e l l s  are shown i n  Figure 4.  
I n  each w e l l  temperatures  i n c r e a s e  l i n e a r l y  
with depth u n t i l  approximately 125 m below t h e  
sur face .  T h e r e a f t e r  t h e  t empera tures  remain 
i so thermal  o r  have a r e v e r s a l .  The shape of 
t h e  thermal  anomaly can be exp la ined  by a 
recharg ing  f a u l t ,  which i s  s l i g h t l y  t o  t h e  
east of Suzy 9 and a l i g n e d  with t h e  northwest  
t r e n d  of t h e  anomaly. The match of calcu- 
. l a t e d  and observed tempera tures  shown i n  
F igure  4 w a s  ob ta ined  by assuming a h o t  water 
recharge r a t e  (8OOC) of 9 x 10-6 m3/sec/m 
( o b t a i n e d  by t r i a l  and e r r o r )  a long  t h e  l eng th  
of t h e  f a u l t .  
t o  o b t a i n  t h i s  match a r e  shown i n  Table 1. 
Temperature con tours  were a l s o  considered f o r  
t h e  match of t h e  c a l c u l a t e d  and observed 
temperature d i s t r i b u t i o n .  A match us ing  
t h e  same recharge rate (9  x 10-6 m3/sec/m) 
and recharge temperature (80°C) i s  shown 
i n  Figure 5. The match of observed and 
c a l c u l a t e d  v a l u e s  is  very  good c l o s e  t o  t h e  
recharg ing  f a u l t .  However, f u r t h e r  from 
t h e  f a u l t  t h e  match is  n o t  very  good. The 
discrepancy could be due t o  any number of 
f a c t o r s :  t h e  r e g i o n a l  f low of c o l d  water  from 
t h e  north-west,  complexity of t h e  geologic  

Temperature p r o f i l e s  from 

The remaining parameters  used 
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s e t t i n g ,  downflow of h o t  f l u i d s  a t  a d i s t a n c e  
from t h e  f a u l t ,  or t h e  inaccuracy i n h e r e n t  i n  
modeling a three- dimensional phenomenon i n  t w o  
dimensions. 

The match shown i n  F igures  4 and 5 was 
ob ta ined  us ing  t w o  d i f f e r e n t  sets of boundary 
condi t ions :  1) i f  t h e  lower c o n s t a n t  temper- 
a t u r e  boundary is p laced  very  deep ( H  >> D), 
t h e  parameters  ob ta ined  i n d i c a t e  t h a t  t h e  
hydrothermal system h a s  been evo lv ing  f o r  
approximately 2,000 y e a r s  and t h a t  t h e  f a u l t  
charges t h e  system a t  a rate of 9 x 
m3/sec/m; 2 )  p l a c i n g  a c o n s t a n t  temperature  
ljoundary (22OC) a t  a depth of about  400 m 
r e s u l t s  i n  a very  s i m i l a r  match. I n  t h e  
second case, s t e a d y- s t a t e  temperature  con- 
d i t i o n s  are reached (consequent ly  t h e  
evo lu t ion  t i m e  can be determined on ly  as 
exceeding 10,000 years )  b u t  t h e  c a l c u l a t e d  
recharge r a t e  is t h e  same a s  i n  t h e  f i r s t  case 
( 9  x m 3 / s e c / m ) .  I f  one c o n s i d e r s  t h e  
age  of t h e  subsur face  formations a t  Susan- 
v i l l e ,  t h e  second case seems more l i k e l y .  

Hydrothermal Simulat ion I n  o r d e r  t o  p r e d i c t  
t h e  u s e f u l  l i f e t i m e  of a fau l t- charged  system 
it is necessary t o  determine t h e  e f f e c t s  of 
t h e  ho t  water recharge on longevi ty ,  p r e s s u r e  
t r a n s i e n t  behavior ,  and w e l l  s i t i n g  s t r a t e g y .  
A simple c r i t e r i o n  f o r  r e s e r v o i r  longevi ty  was 
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Figure  3 
125 m below t h e  s u r f a c e  a t  S u s a n v i l l e ,  C a l i f o r n i a  

Temperature con tours  a t  a depth of 
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)\ . 
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Figure  4 Temperature p r o f i l e s  f o r  s e v e r a l  of 
t h e  S u s a n v i l l e  w e l l s  demonstrat ing temperature 
r e v e r s a l s  with depth. A 1 5 0  p l o t t e d  are t h e  
temperature  p r o f i l e s  c a l c u l a t e d  us ing  t h e  
semi- analyt ic  model. 
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Figure 5 Match of calculated and observed 
temperature contours at Susanville. 

used: maintenance of sufficiently high produc- 
tion temperature. Because the system is 
highly non-isothermal, and transient thermal 
phenomena are important, a numerical simulator 
was used to model the response of a fault- 
charged reservoir to pressure transient 
testing and sustained production from a well. 

The recently developed numerical simulator PT 
(Pressure-Temperature) was used. The simu- 
lator solves the mass and energy transport 
equations for a liquid saturated heterogeneous 
porous and/or fractured media. The model 
includes the temperature dependence of fluid 
density, viscosity, and expansivity. It 
employs the integrated finite difference 
method for discretizing the medium and formu- 
lating the governing equations. The set of 
linear equations arising at each timestep are 
solved by direct means, using an efficient 
sparse solver. A detailed description of the 
simulator is given by Bodvarsson (1981). 

To demonstrate the application of a numerical 
simulator to a fault-charged reservoir, the 
Susanville hydrothermal system was modeled. 
The geometry of the system was determined by 
correlation of well logs, drill cuttings and 
temperature profiles. Whereas the system is 
highly complex, we used a simplified model of 
the system which accounts for the major hydro- 
thermal features. A cross section of the 
reservoir model and confining strata is shown 
in Figure 6 .  A 35 m-thick aquifer with a 
permeability of 2 Darcies is overlain by 
an impermeable caprock and underlain by a 
240 mthick impermeable bedrock. The ground 
surface temperature is a constant 10%. The 
temperature at the bottom of the section (400 
m depth) is a constant 22OC. To determine the 
temperature everywhere else in the system, the 
analytic solution discussed in the previous 
section was used, incorporating a recharge 
rate of 9 x m3/sec/m (at 8OOC). 
This temperature distribution is close to the 
measured temperature distribution. 

CAPROCK 2 
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T, * 80.C 

CROSS SECTION OF THE RESERVOIR 
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Figure 6 Cross section of the reservoir model 
used for numerical simulation of the Susan- 
ville hydrothermal system showing the four 
layers used in the mesh, the boundary con- 
ditions, and aquifer location. 

The initial temperature and pressure distri- 
bution in the aquifer as a function of dis- 
tance from the fault are shown in Figure 7. 
The pressure distribution in the aquifer was 
calculated so that the fault would sustain a 
rate of 9 x 10-6 m3/sec per linear meter. 
As shown in Figure 7, the pressure gradient 
close to the fault is small compared to far 
from the fault, where it is approximately 17 
psi/km. This is as expected because the fluid 
viscosity close to the fault is less than half 
the viscosity of the 2OoC fluid far from the 
fault. Gravity was neglected in all of the 
simulations. A constant potential boundary 
condition was imposed at the downstream end of 
the system. At the fault, two different 
boundary conditions were imposed: constant 
potential and constant flow. The mesh used in 
the simulations is shown in Figure 8 .  Only 
one-half of the flow field is modeled, due to 
the symmetry in the problem. 

Reservoir Longevity The first objective 
of this simulation was to determine the 
production temperature VS. time for a well 
located 600 m from the fault. The initial 
temperature at the production well was 6OoC. 

Inilml Conditions 90 Ymri Epuilibmlm 
30 , , , , , , , , ,  I 

Figure 7 
distribution in the aquifer. 

Initial pressure and temperature 
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Figure 8 Plane view of the mesh used for the 
numerical simulations. 

The well was then produced at a rate of 31 
kg/sec (500 gpn). Figure 9 shows a plot of 
the production temperature over a 30-year 
lifetime for two cases: one with a constant 
'potential fault and one in which the fault 
maintains a constant flow. As shown, the 
temperature in the constant flow rate case 
remained nearly constant during the 30-year 
lifetime. Only near the end of the period 
did the temperature begin to decline. Where 
the fault was at a constant potential, the 
temperature gradually increased with time and 
after the 30-year period the production 
temperature increased from 6OoC to 67OC.  
This is readily explained by the increased 
rate of flow from the fault resulting from the 
production-induced drawdown near the fault. 
Figure 10 shows a plot of recharge rate vs. 
distance from the line of symmetry. Near the 
production well the recharge rate was nearly 
three times as great as the steady value which 
created the initial thermal anomaly. Temper- 
ature contours after 30 years of production 
are compared to the initial contours in 
Figure 11. As illustrated, the more mobile 
hot water moved quickly toward the production 
well causing the production temperature to 
increase. The cold water also moved toward 
the production well but at a slower rate. 

€ n , . . . , . . . , , , , . . .  

%% Time (yeorsl 
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Figure 9 Production temperature vs. time for 
a well producing from a fault-charged reser- 
voir for two cases: (1) a constant potential 
fault and ( 2 )  a constant flow fault. 
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Figure 10 Flowrate from a constant potential 
fault near a well being produced at 31 kg/s 
(after 30 years of production). 

This simulation demonstrates that for fault- 
charged hydrothermal systems, it is critical 
to include the recharge for an accurate 
reservoir assessment. If no recharge is 
considered then all of the hot water initially 
within the 6OoC contour will be removed within 
ten years [at a rate of 31 kg/s (500 gpn)]. 
p t h  of the other cases (constant potential 
and constant: flow) demonstrate that the re- 
source will be adequate'for a minimum of 30 
years. The constant potential case suggests 
that the resource may be enhanced by exploi- 
tation. The nature of the recharging fault is 
clearly a key parameter to understanding an& 
exploiting these systems. 

Pressure Transient Analysis The same mesh and 
reservoir parameters were used to simulate a 
30-day production/interference test in a fault 
charged reservoir. 
produced at a constant rate of 3 1  kg/s and 
pressure changes were observed in the pro- 
duction well and two interference wells. 
Analysis of the production well data gave a 
transmissivity of 4.8 x 105 md*ft/cp, the 
value used in the simulation (corresponding to 

The production well wa$ 

,;j 
I 

I 

Figure 1 1  
between their initial value and after 30 years 
of production from a well bounded by a constant 
potential fault. 

Comparison of temperature contours 

-165- 



t h e  f l u i d  v i s c o s i t y  a t  6 O O C ) .  Figure 12 shows 
a semi- log p l o t  of t h e  p r e s s u r e  t r a n s i e n t  d a t a  
from t h e  product ion w e l l .  As expected,  t h e  
e a r l y  t i m e  d a t a  f a l l s  on a s t r a i g h t  l i n e  and 
l a t e r  s t a b i l i z e s ,  i n d i c a t i n g  a cons tan t  PO- 
t e n t i a l  boundary. Figure 13 shows a schematic 
of t h e  w e l l  l o c a t i o n s ,  and t h e  drawdowns a t  
t h e  observa t ion  w e l l s  f o r  t h e  cons tan t  poten- 
t i a l  f a u l t  case. A t  e a r l y  t i m e s  t h e  drawdown 
a t  each w e l l  appears  t o  fol low t h e  Theis  
curve,  bu t  l a t e r  t h e  drawdown f a l l s  below t h e  
The is  curve,  i n d i c a t i n g  t h a t  t h e  cons tan t  
p o t e n t i a l  boundary is  a f f e c t i n g  t h e  da ta .  
Type curve ana lyses  w e r e  performed on both 
w e l l s  and t r a n a n i s s i v i t i e s  (kh/p) of 1 . 1  x 
lo6 md*ft/cp and 1.76 x lo6 md*ft /cp were 
obtained.  Because f l u i d  v i s c o s i t y  changes by 
a f a c t o r  of 2 1/2 i n  t h e  temperature  range 
considered,  t h e  h igh ly  non- isothermal temper- 
a t u r e  d i s t r i b u t i o n  and proximity t o  t h e  "hot" 
f a u l t  obscure t h e  normal p r e s s u r e  t r a n s i e n t  
response. This  e f f e c t  of v i s c o s i t y  c o n t r a s t s  
on non- isothermal w e l l  t es t  a n a l y s i s  have been 
d i scussed  prev ious ly  (Mangold e t  a l . ,  1981). 
This  e x e r c i s e  seems t o  i n d i c a t e  t h a t  i n t e r -  
. ference d a t a  may no t  provide d a t a  t h a t  can be 
a c c u r a t e l y  analyzed wi th  s tandard  methods. 
However, i f  s u f f i c i e n t l y  a c c u r a t e  ear ly- t ime 
product ion d a t a  are a v a i l a b l e ,  a va lue  f o r  t h e  
r e s e r v o i r  t r a n s m i s s i v i t y  may be ob ta ined  and 
t h e  n a t u r e  of t h e  f a u l t  may be determined. 
This  type of p r e s s u r e  t r a n s i e n t  phenomena has  
been observed a t  t h e  S u s a n v i l l e  anomaly where 
a n a l y s i s  of product ion d a t a  gave a t r a n m i s -  
s i v i t y  va lue  of 7 . 3  x lo5  md*ft/cp and 
s e v e r a l  observa t ion  w e l l s  y i e l d e d  transmis-  
s i v i t i e s  ranging from 2 . 3  x 106 md.ft/cp 
t o  3.6 x 106 md*ft/cp. 

Product ion and Rein jec t ion  W e l l  S i t i n q  
Locat ion of t h e  product ion w e l l  as c l o s e  as 
p o s s i b l e  t o  t h e  f a u l t  w i l l  a l low product ion of 
t h e  h o t t e s t  f l u i d ;  t h i s  w i l l  a l s o  opt imize t h e  
s t i m u l a t i o n  of recharge from a f a u l t .  Proper  
r e i n j e c t i o n  w e l l  s i t i n g  i s  c r i t i c a l  i n  f a u l t -  
charged systems because an i n a p p r o p r i a t e l y  
p laced  r e i n j e c t i o n  w e l l  can create premature 
coo l ing  of t h e  product ion w e l l .  Re in jec t ion  
w e l l  s i t i n g  c r i t e r i a  are a s  fol lows:  

Time (seconds) 
x.L.lll-.m 

Figure 12 Drawdown and semi- log a n a l y s i s  of 
d a t a  from a product ion w e l l  i n  a r e s e r v o i r  
bounded by a cons tan t  p o t e n t i a l  f a u l t .  

1 I 

Time IsKandsi 
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Figure 13 Drawdown and type  curve a n a l y s i s  
f o r  t h e  i n t e r f e r e n c e  w e l l s  i n  an a q u i f e r  
bounded by a cons tan t  p o t e n t i a l  f a u l t .  

( 1 )  One should r e i n j e c t  downstream from t h e  
product ion w e l l .  

( 2 )  I f  a cons tan t  p o t e n t i a l  f a u l t  is p r e s e n t ,  
care should be taken t o  l o c a t e  t h e  r e i n j e c t i o n  
w e l l  so t h a t  t h e  p r e s s u r e  bu i ldup  due t o  
r e i n j e c t i o n  
enhanced flow from t h e  f a u l t .  I f  t h e  a q u i f e r  
i s  s u f f i c i e n t l y  permeabye ( p r e s s u r e  support  
no t  needed), and t h e  produced f l u i d s  can be 
disposed of by some means o t h e r  than  rein-  
j e c t i o n ,  it may be d e s i r a b l e  no t  t o  r e i n j e c t  
o r  t o  r e i n j e c t  f a r  from both t h e  product ion 
w e l l  and t h e  f a u l t .  

does no t  nega te  t h e  production- 

( 3 )  The s t e a d y- s t a t e  i n t e r f l o w  between t h e  
product ion and i n j e c t i o n  w e l l  should be 
minimized. With proper  s i t i n g ,  i n t e r f l o w  
between t h e  w e l l s  may be n e g l i g i b l e  i n  an 
a q u i f e r  with r e g i o n a l  f low (Dacosta  and 
Bennet t ,  1960). 

Conclusion 
p u t a t i o n a l  model f o r  fau l t- charged  r e s e r v o i r s  
and a n m e r i c a l  s imula tor  (PT) , t h e  e f f e c t s  of 
hot-water recharge i n t o  a near- sur face  hydro- 
thermal  a q u i f e r  have been inc luded  i n  reser- 
v o i r  eng ineer ing  c a l c u l a t i o n s .  Key s y s t e m  
parameters  have been i d e n t i f i e d ,  t h e  most 
important  being t h e  hydrologic  charac te r-  
istics of t h e  f a u l t  i t s e l f .  More simply, t h e  
a b i l i t y  of t h e  f a u l t  t o  con t inue  t o  provide 
h o t  water under production- induced r e s e r v o i r  
c o n d i t i o n s  is  c r i t i c a l  t o  t h e  longevi ty  of t h e  
system. Two d i f f e r e n t  boundary c o n d i t i o n s  f o r  
t h e  f a u l t  have been i n v e s t i g a t e d :  a cons tan t  
p o t e n t i a l  and a cons tan t  flow boundary. The 
c o n s t a n t  flow case can be considered a s  a 
conserva t ive  case  and t h e  cons tan t  p o t e n t i a l  
case a s  o p t i m i s t i c .  

By us ing  a newly developed com- 

The methodology d i scussed  i n  t h i s  paper has  
been app l ied  t o  t h e  S u s a n v i l l e ,  C a l i f o r n i a  
hydrothermal resource.  P r e d i c t i o n s  have been 
made of how t h e  temperature  w i l l  change with 
t i m e ,  g iven a simple e x p l o i t a t i o n  s t r a t e g y .  
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Life t ime  e s t i m a t e s  and r e s e r v o i r  assessment 
us ing  t h e  methodology d i scussed  h e r e i n  are 
cons iderab ly  more o p t i m i s t i c  than  those  made 
i f  t h e  h o t  water recharge i n t o  t h e  system is  
ignored.  

Nomenclature 

a =  
b =  
c =  
D =  

H =  

k =  

P =  
+ =  
4 =  
Q =  
t =  
T =  

Tbl = 
Tf = 

u =  

v =  

w =  

x =  
z =  
A =  

p c  = 

u =  

Geothermal g r a d i e n t  ("C/m) 

Aquifer t h i c k n e s s  (m) 
Heat c a p a c i t y  (J/kg*"C) 
Thickness of caprock (m)  
Thickness of bedrock ( m )  
Permeabi l i ty  (md,1O-l5 m2) 
Laplace parameter 

F a u l t  recharge rate (m3/s*m)  
W e l l  flow rate (kg /s )  
Time ( sed  
Temperature ( "C) 

Temperature a t  ground s u r f a c e  ("C) 

Temperatue of recharge w a t e r  ("C) 
Temperature i n  a q u i f e r  i n  Laplace 
domain 
Temperature i n  rock mat r ix  above 
a q u i f e r  i n  Laplace domain 
Temperature i n  rock mat r ix  below 
a q u i f e r  i n  Laplace domain 
Lateral coord ina te  (m)  
V e r t i c a l  coord ina te  (m) 
Thermal c o n d u c t i v i t y  ( J / m * s o 0 C )  

Volumetric h e a t  c a p a c i t y  (J/m3.°C) 
V i s c o s i t y  ( c p ,  10-3 Pa-s )  

P o r o s i t y  

S u b s c r i p t s  

a = Aquifer  
1 = Rock mat r ix  above a q u i f e r  
2 = Rock mat r ix  below a q u i f e r  
w = Liquid water 
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