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A MODEL OF THE HYDROTHERMAL SYSTEM 
OF LONG VALLEY CALDERA, CALIFORNIA 

Michael Sorey 
U. S .  Geological Survey 

Water Resources Division 
345 Middlefield Road 
Menlo Park, CA 94025 

Long Valley caldera, an elliptical depression covering 450 km 2 
on the eastern front of the Sierra Nevada in east-central California 
(Fig. l ) ,  contains a hot-water convection system with numerous hot 
springs and measured and estimated aquifer temperatures at depth 
of 18OoC-28O0C. In this study, the results of previous geologic, 
geophysical, geochemical, and hydrologic investigations of the Long 
Valley area have been synthesized to develop a generalized concep- 
tual and mathematical model which describes the natural conditions of 
heat and fluid flow in the hydrothermal system. Because only one 
deep drill-hole (2  km) has thus far been completed within the caldera, 
this model must be considered speculative in detail, although its 
gross features are consistent with known constraints. Details of 
the work discussed i n  this summary will be published a s  a U . S . G . S .  
open-file report in February, 1977. 

Conceptual Model 

As illustrated in Figure 2, the conceptual model is three-dimen- 
sional, including the area within the topographic boundary of the 
caldera floor, and extending to a depth of 6 km. For numerical simu- 
lation the caldera rocks are divided into five horizontal layers, 
corresponding in composition and depth to the major rock units identified 
by the seismic refraction and geologic studies (Hill, 1976; Bailey and 
others, 1976), and calculations of average depths of fill (F. H.  
Olmsted, written communication, 1976). Of these, the upper layer, 
which is 1-km thick, corresponds to the post-caldera sedimentary 
(glacial, alluvial, and lacustrine) and volcanic (flows and tuffs) 
rocks and contains the shallow, cold ground-water system. Layer 2, 
1-km thick, corresponds t o  the densely welded Bishop Tuff, a rhyo- 
litic ash flow that erupted 0.7 m.y. ago during caldera formation. 
Layer 3 includes welded Bishop Tuff, the pre-caldera Glass Mountain 
Rhyolite, and some granitic and metamorphic basement rocks. Geo- 
physical and geologic studies show that the densely welded tuff forms 
a continuous layer over the area of the caldera with an average thick- 
ness of 1.4 km. It is likely that the welded tuff has retained signi- 
ficant permeability after fracturing. In the conceptual model, a deep, 
hot ground-water system, i.e. the hydrothermal reservoir, is assumed 
to occur in layers 2 and 3. Layers 4 and 5 correspond to pre-caldera 
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basement rocks,  which a r e  assumed impermeable b u t  t h e r m a l l y  conduct ive .  
Two l a y e r s  were used i n  t h i s  depth i n t e r v a l  (3-6 km) t o  a l l o w  more 
accura te  numerical  heat  f l o w  s i m u l a t i o n .  The presence o f  magma below 
6 km i n  t h e  western p a r t  o f  t h e  ca ldera ,  which i s  suggested by se ismic,  
t e l e s e i s m i c ,  and h e a t - f l o w  s t u d i e s ,  i s  s imu la ted  by a cons tan t  ( w i t h  
t ime)  b u t  a r e a l l y  v a r i e d  temperature d i s t r i b u t i o n  a t  t h e  base of t h e  
model. 

5 

6 

6 

H y d r a u l i c  and thermal p r o p e r t i e s  used i n  t h e  model a r e  l i s t e d  i n  
Table 1 .  

0.54 - 0.-58 

0.54 - 0.58 

0.54 - 0.58 

Tab le  I . - -Hydraul ic  and thermal p r o p e r t i e s  for Long V a l l e y  model. 

Layer  

I 

2 

3 

4 

5 

I n t r i n s  i c  V e r t  i ca I 

permeabi I i-i-y compressi b i  I i t y  

m2 x 

0 

0.03 - 0.35 

0.03 - 0.35 

0 

0 

2 
m /N 

I o - ~  

lo-io 

lo-io 
l o - 1 o  

-10 I O  

Poros i t y  

0.35 

0.10 

0.05 

0.05 

0.05 

Layer 1 i s  cons idered as an impermeable cap except  a long p a r t s  o f  
t h e  c a l d e r a  r i m ,  where recharg ing  ground water  moves downward a long 
t h e  r i n g  f a u l t ,  and i n  t h e  Hot Creek gorge area, where hot water  
f l o w s  upward a long f a u l t s  t o  d ischarge i n  t h e  gorge s p r i n g s .  Ground- 
water  f l o w  i s  from t h e  h i g h e r  a l t i t u d e s  a long t h e  west and n o r t h e a s t  
r i m s  t o  d ischarge areas a t  lower a l t i t u d e s  i n  Hot Creek gorge and a t  
depth  through t h e  southeast  r i m  of t h e  c a l d e r a .  A d d i t i o n a l  d r i v i n g  
f o r c e  causing f l o w  i s  p rov ided by d e n s i t y  d i f f e r e n c e s  between h o t  
and c o l d  p a r t s  o f  t h e  f l o w  system. The e f f e c t i v e  r e s e r v o i r  t r a n s -  
m i s s i v i t y  was eva lua ted  by s p e c i f y i n g  pressures based on water  
t a b l e  a l t i t u d e s  i n  recharge and d ischarge areas and a d j u s t i n g  t h e  
r e s e r v o i r  p e r m e a b i l i t y  d i s t r i b u t i o n  t o  y i e l d  t h e  d e s i r e d  mass f l u x  
of water  , 

Numerical S i m u l a t i o n  

To p e r m i t  numerical  s i m u l a t i o n  o f  heat and f l u i d  f l o w ,  each 
l a y e r  o f  t h e  model i s  subd iv ided i n t o  82 g r i d  b l o c k s  o r  nodes a long 
land-net  l i n e s  ( F i g .  3 ) .  F i n e r  nodal spac ing i s  used near t h e  d i s -  
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charge areas. Hot water i s  assumed t o  discharge on ly  over the  sur-  
face o f  the  node t h a t  includes the spr ings i n  Hot Creek gorge, i n  
T3S/R28E-S25, and through the southeast r i m  as ind ica ted  i n  F igure  3. 
Only minor d i f f e rences  i n  computed d i s t r i b u t i o n s  o f  pressure and 
temperature would be expected i f  a more d e t a i l e d  d i s t r i b u t i o n  o f  
hot-water discharge were modeled, because approximately 80 percent 
o f  the  sur face discharge from the  thermal rese rvo i r  i s  through the  
spr ings i n  the  gorge (Sorey and Lewis, 1976). 

The equations and s o l u t i o n  procedure used i n  t h i s  study a re  
described i n  d e t a i l  by Sorey (1975). The f l o w  equation i s  

ap v *  [ P  -. (VP-pg) 1 = c - a t  
- k 

IJ 

where 
p = f l u i d  dens i t y  
k = i n t r i n s i c  permeab i l i t y  
IJ = dynamic v i s c o s i t y  
P = f l u i d  pressure 
g = g r a v i t a t i o n a l  acce le ra t i on  vector  
C = f l u i d - r o c k  c o m p r e s s i b i l i t y  
t = t ime 

I 

Equation 1 i s  based on conservat ion of  mass and Darcy's law f o r  non- 
isothermal f l u i d  f l o w  i n  porous media. An assumption inherent  i n  t h i s  
fo rmula t ion  i s  t h a t  f l u i d  f l ow  i n  the  hydrothermal system, a l though 
probably c o n t r o l l e d  l o c a l l y  by permeable zones along f a u l t s ,  can 
best  be described i n  l a rge  sca le  as f l o w  i n  a porous medium i n  which 
pe rmeab i l i t y  i s  d i s t r i b u t e d  e f f e c t i v e l y  throughout. 

The energy equat ion i s  

I aT - V * [ KmVT] -p CV* VT= ( p c ) 
a t  

where 
K = r o c k - f l u i d  thermal c o n d u c t i v i t y  
Tm = r o c k - f l u i d  temperature 
5 = Darcy v e l o c i t y  vec tor  
c = f l u i d  s p e c i f i c  heat a t  constant volume 

( p c ) '  = r o c k - f l u i d  heat capac i ty  

Equation (2) accounts f o r  conduct ive and convect ive t rans fe r  o f  heat 
under s teady-state and t r a n s i e n t  cond i t ions .  We assume t h a t  thermal 
e q u i l i b r i u m  e x i s t s  between f l u i d  and s o l i d  phases a t  po in ts  o f  con- 
t a c t  and t h a t  heat t r a n s f e r  by hydrodynamic d ispers ion  can be neg- 
l ec ted  i n  the type o f  problem considered here (Mercer and o thers ,  
1975, p. 2618). Temperature-dependent parameters, IJ and c, i n  
Eq. ( 3 )  were evaluated from tabu la ted  data (Dorsey, 1968). 



The equat ion o f  s t a t e  r e l a t i n g  f l u i d  dens i t y  t o  temperature i s  

P = P, [l -B (T-To) -y (T-To) 2] ( 3 )  

where 

= f l u i d  dens i t y  a t  reference temperature T 
0 

6 = thermal expans iv i t y  

y = c o e f f i c i e n t  f o r  second order  f i t  

Densi ty  v a r i a t i o n s  w i t h  pressure a r e  neglected. 

Simultaneous so lu t i ons  t o  the  f low and energy equat ions were 
obta ined by an in tegra ted  f i n i t e - d i f f e r e n c e  method i n v o l v i n g  i t e r a -  
t i v e  s o l u t i o n s  a t  se lected t ime steps f o r  pressure, temperature, 
and v e l o c i t y  f i e l d s .  Th is  numerical procedure o f f e r s  considerable 
advantages over standard f i n i t e - d i f f e r e n c e  methods i n  terms o f  
reduced comput ing  t imes and nodal requirements (Narasimhan and 
Witherspoon, 1976). 
i s  con t inuous ly  increased by a f a c t o r  between 1 and 2, w i t h  the  
l i m i t a t i o n  t h a t  t he  maximum change i n  nodal temperatures per  t ime 
s tep  be less  than about 10 percent of the  maximum t o t a l  change ex- 
pected i n  the  system. Because the  response times f o r  pressure changes 
a r e  much smal ler  than for  temperature changes, the  f low system 
e s s e n t i a l l y  e q u i l i b r a t e s  t o  a quasi-steady s t a t e  w i t h i n  each thermal 
t ime step. For a s imu la t i on  pe r iod  of  35,000 years, approx imate ly  
50 thermal t ime steps were used; f o r  a 350,000 year s imu la t ion ,  
approx imate ly  70 t ime steps were requi red.  

The t ime step used t o  so lve the  energy equat ion 

Hydraul i c  Charac te r i s t i cs  

Locat ions o f  t he  p r i n c i p a l  f a u l t s  w i t h i n  the ca ldera,  most o f  
which a r e  h i g h  angle, normal f a u l t s ,  a re  a l s o  shown i n  F igure  3. 
Fractures in the welded tuff associated with these and other faults 
no t  de l ineated  a t  t he  land sur face  a r e  considered t o  p rov ide  the  
major channels f o r  f l o w  i n  the  hydrothermal system. The apparent 
l a c k  o f  f a u l t i n g  i n  the  eastern p a r t  o f  the  ca ldera ( w i t h  the  ex- 
cep t ion  o f  t he  r i n g  f r a c t u r e )  need no t  prec lude permeable zones i n  
t h a t  area which cou ld  a l s o  occur i n  b recc ia ted  zones between the  
two major coo l i ng  u n i t s  i n  the  Bishop T u f f  (Sheridan, 1968).  

Values o f  i n t r i n s i c  pe rmeab i l i t y  obta ined from the  model f o r  a 
1-km t h i c k  r e s e r v o i r  w i t h  a mass f l u x  o f  250 kg/s (based on geo- 
chemical mix ing  models and boron discharge i n t o  Lake Crowley; 
Sorey and Lewis, 1976) a r e  l i s t e d  i n  Table 2. I n t e r e s t i n g l y ,  the  
Long Va l ley  r e s u l t s  o f  30-50 m i l l i d a r c y s  a r e  w i t h i n  a f a c t o r  o f  3 
o f  the  va lue used by Mercer, Pinder,  and Dona1dso.n (1975) f o r  the  
f rac tu red  vo lcan ics  o f  the Wairora a q u i f e r  a t  Wairakei, New Zealand. 
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Tab le  2. I n t r i n s i c - p e r m e a b i l i t y  da ta  from Long V a l l e y  model 
and o t h e r  s t u d i e s .  

Data source 
Reservo i r 

t h  i ckness ( km)  

Permeabi I i t y  
(xIo-'15 2) rn 

SO Long V a l l e y  model I 

0.4 - 0.85 2 
Wairakei  model 

0.0005 Long Val  l e y  cores  

--- 0.04 NTS ash flow t u f f s  

NTS welded t u f f  ( f r a c t u r e d )  0.05 - 0.2 5,000 

--- 3 

4 

I - 50 

00 

- 180. 

- I O .  

- 30,000 

Range f o r  two p o s s i b l e  cases of r e s e r v o i r  p e r m e a b i l i t y  d i s t r i b u t i o n .  I 

Wairora a q u i f e r  c o n s i s t i n g  o f  pumice brecc  

modeled by Mercer and o t h e r s  (1975) .  

Data f o r  c o r e s  of a l t e r e d  rock,  f l o w  r o c k s  

Oak  S p r i n g s  Format ion (Ke l  l e r ,  1960). 

Winograd and o t h e r s  ( 1971 1. 

' 
a and v i t r i c  t u f f s  as 

and non-welded t u f f s .  

Comparisons w i t h  measurements on Long V a l l e y  cores,  and w e l l  t e s t s  
and cores a t  t h e  Nevada Tes t  S i t e  i n d i c a t e  t h a t  t h e  p e r m e a b i l i t y  
va lues  o b t a i n e d  from t h e  model represent  an i n t e g r a t i o n  o f  t h e  e f f e c t s  
o f  f r a c t u r e  p e r m e a b i l i t y  o v e r  t h e  volume o f  r e s e r v o i r  rock .  

E q u i v a l e n t  o f  " c o l d  water"  h y d r a u l i c  heads from t h e  model simu- 
l a t i o n s  a t  each node were computed u s i n g  t h e  r e l a t i o n s h i p  

H 0 = P/(pog) + 2 (5) 

0 where p = f l u i d  d e n s i t y  a t  r e f e r e n c e  temperature (10 C )  and Z = 
a l t i t u d e  o f  node above sea l e v e l .  An example o f  t h e  r e s u l t a n t  head 
d i s t r i b u t i o n ,  i n  l a y e r  2 a t  1.5 k m  depth  as seen i n  F i g u r e  4 ,  shows 
t h e  predominant eastward f l o w  toward t h e  Hot Creek gorge area and 
t h e  e f f e c t s  o f  recharge f rom t h e  Glass Mountain area.  The e x i s t e n c e  
of deep recharge a l o n g  t h e  n o r t h e a s t e r n  r i m  i s  suggested i n  p a r t  by 
t h e  r e s u l t s  o f  a 2-km deep t e s t  h o l e  r e c e n t l y  d r i l l e d  by p r i v a t e  
i n d u s t r y  3 km eas t  o f  Hot Creek gorge, which encountered r e l a t i v e l y  
cool ground-water temperatures w i t h i n  t h e  Bishop T u f f .  

0 
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Thermal C h a r a c t e r i s t i c s  

The Long Va l ley  model i s  const ra ined by est imates o f  t he  n a t u r a l  
heat discharge from the  ca ldera.  
e r a t u r e  p r o f i l e s  i n  w e l l s ,  the t o t a l  heat discharge i s  est imated t o  
be 6.9 x 107 ca l / s .  App l i ca t i ons  o f  geochemical mix ing  models i n -  
d i c a t e  t h a t  190-300 kg/s o f  water a t  21OoC-28Z0C discharges upward 
from the  r e s e r v o i r  toward the  ho t  spr ings,  w i t h  the  h ighes t  est imated 
r e s e r v o i r  temperature corresponding t o  the  lowest mass f l u x .  The 
model was used t o  evaluate the  depths o f  f l u i d  c i r c u l a t i o n  f o r  which 
an under ly ing  magma chamber cou ld  supply the  requ i red  heat f low,  
equ iva len t  t o  an average o f  15 HFU over the  area o f  the  ca ldera,  
f o r  var ious  per iods o f  t ime. The i n i t i a l  thermal c o n d i t i o n  was the  
temperature d i s t r i b u t i o n  a t  steady s t a t e  i n  the  absence o f  f l u i d  
f l ow .  

From sp r ing  measurements and temp- 

Studies o f  s a l i n e  depos i ts  i n  Sear les Lake, downdrainage from 
Long Val l e y  (Smith, 1976),  i n d i c a t e  t h a t  present-day ho t  sp r ing  
d ischarge i n  the  ca ldera has pe rs i s ted  f o r  o n l y  30,000-40,000 years.  
Model s imu la t ions  o f  heat and f l u i d  f l o w  f o r  a pe r iod  o f  35,000 
years show t h a t  present-day heat discharge cou ld  have been susta ined 
f o r  t h i s  pe r iod  by a magma chamber a t  6 km w i t h  f l u i d  c i r c u l a t i o n  t o  
1.5-2.5 km. As shown i n  Figures 5 and 6, s imulated r e s e r v o i r  temp- 
e ra tu res  a t  a depth o f  1 .5  km under the  Hot Creek gorge area a r e  
near 2OOOC a f t e r  35,000 years w i t h  a ho t  sp r ing  d ischarge o f  250 
kg/s. Cooler temperatures east  o f  Hot Creek, r e s u l t i n g  f rom re-  
charge a long the  nor theas t  r i m ,  a re  cons is ten t  w i t h  the  r e s u l t s  
repor ted  f o r  the deep t e s t  ho le.  

I n  con t ras t ,  Ba i ley ,  Dalrymple, and Lanphere (1976) f i n d  e v i -  
dence o f  ex tens ive  hydrothermal a l t e r a t i o n  0.3 m.y. ago which appears 
t o  be r e l a t e d  t o  the main magma chamber ra the r  than t o  the  post -  
ca ldera e r u p t i v e  vo l can ic  rocks.  S imu la t ion  o f  ho t - sp r ing  d ischarge 
f o r  per iods  much g rea te r  than 35,000 years produces maximum r e s e r v o i r  
temperatures s i g n i f i c a n t l y  coo le r  than the  prev ious r e s u l t s .  
Correspondingly,  deeper l e v e l s  o f  c i r c u l a t i o n  a r e  requ i red  t o  sus- 
t a i n  heat f l o w  and r e s e r v o i r  temperatures above 200°C. 

I n  F igure  7, r e s e r v o i r  temperatures under the  gorge a r e  p l o t t e d  
as func t i ons  o f  t ime f o r  two cases o f  r e s e r v o i r  depth. The i n i t i a l  
increase i n  r e s e r v o i r  temperatures p r i o r  t o  about 10,000 years i s  
due t o  the  a r r i v a l  o f  h o t t e r  water f r o m  the  west. Ca lcu la t i on  o f  
average ground-water t r a v e l  t imes from recharge t o  d ischarge areas, 
based on the t ime a t  which r e s e r v o i r  temperature under the  gorge 
begins t o  d e c l i n e  r a p i d l y  (10,000 years) ,  y i e l d  values near 2,000 
years f o r  a 1-km t h i c k  r e s e r v o i r .  S imu la t ion  of  present-day ho t  
sp r ing  discharge f o r  per iods grea ter  than about 300,000 years, a f t e r  
which t ime the  system has e s s e n t i a l l y  reached steady s ta te ,  shows 
t h a t  even f o r  the  2-3-km deep r e s e r v o i r  d ischarge temperatures 
f a l l  w e l l  below 20OoC. 
w i t h  the  model i n d i c a t e  t h a t  c i r c u l a t i o n  t o  depths of 4-5 km 
would be requ i red  t o  sus ta in  present-day thermal cond i t i ons  over 
per iods  of  300,000 years. 

The r e s u l t s  o f  these and o the r  s imu la t ions  
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Because permeable channels i n  the basement rocks a re  u n l i k e l y  
t o  e x i s t  a t  these depths and i n  view o f  the  d i ve rse  i n d i c a t i o n s  o f  
the  age o f  ho t  sp r ing  a c t i v i t y  noted above, an a l t e r n a t i v e  hypothesis 
t h a t  d ischarge from the  hydrothermal system has been i n t e r m i t t e n t  i n  
charac ter  i s  prefer red.  S i g n i f i c a n t  per iods o f  i n a c t i v i t y  cou ld  have 
resu l ted  from c l i m a t i c  v a r i a t i o n s  and s e l f - s e a l i n g  processes which a r e  
i n  evidence today. These p o s s i b i l i t i e s  and the  adequacy o f  the  
s i m p l i f i e d  hydrothermal model analyzed i n  t h i s  study car1 o n l y  be 
evaluated by deep d r i l l i n g  i n  the  western p a r t  o f  t he  ca ldera.  

Under the  eastern t w o - f i f t h s  o f  the  ca ldera,  r e s e r v o i r  tempera- 
tu res  measured i n  the  deep t e s t  ho le  and s imulated temperatures from 
the  model would seem to  prec lude the  p o s s i b i l i t y  o f  energy develop- 
ment east o f  Hot Creek. However, the  s i g n i f i c a n c e  o f  t h i s  area may 
be i t s  p o t e n t i a l  c o n t r i b u t i o n  o f  r e l a t i v e l y  c o l d  ground water t o  
h igh-enthalpy f l u i d  p roduc t ion  from beneath the  resurgent dome i n  
the  west-centra l  p a r t  o f  the  ca ldera,  and (o r )  i t s  p o t e n t i a l  f o r  
r e i n j e c t i o n  o f  hydrothermal f l u i d s .  The model analyzed i n  t h i s  
study has helped t o  q u a n t i f y  t he  r e l a t i o n s h i p s  between heat and 
f l u i d  f l o w  and the  h y d r a u l i c  c h a r a c t e r i s t i c s  o f  the hydrothermal 
system. Inco rpo ra t i on  o f  a d d i t i o n a l  d e t a i l  from deep and shal low 
d r i l l i n g  would enable the  model t o  be used t o  analyze the  p o t e n t i a l  
f o r ,  and the  e f f e c t s  o f ,  energy development i n  the Long V a l l e y  
ca 1 dera. 
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Figure 1 .  Map showing location of  Long Valley and 
other points o f  reference. 
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F i g u r e  2 .  Block  diagram showing conceptual  model o f  Long V a l l e y  
hydrothermal system. 

System c o n s i s t s  o f  f i v e  h o r i z o n t a l  l a y e r s  hav ing 
p r o p e r t i e s  l i s t e d  i n  t e x t .  P a t t e r n l e s s  l a y e r s  between 
depths o f  1 and 3 km represent  hydrothermal r e s e r v o i r  
i n  f r a c t u r e d ,  densely  welded Bishop T u f f .  Recharge t o  
t h e  r e s e r v o i r  i s  by way o f  t h e  c a l d e r a  r i n g  f a u l t  i n  
t h e  west and nor theas t .  Discharge i s  by way o f  f a u l t s  
and f r a c t u r e s  t o  s p r i n g s  i n  Hot Creek gorge. S t r a i g h t  
arrows i n d i c a t e  ground-water f l o w ;  wavy arrows i n d i c a t e  
heat  f l o w .  

-333- 



I 
W 
W 
& 
I 

Figure  3 .  Sketch map of Long Va l ley  caldera showing nodal c o n f i g u r a t i o n  f o r  
numerical s imu la t i on  o f  hydrothermal model w i t h  un i fo rm rese rvo i r  
pe rmeab i l i t y  d i s t r i b u t i o n .  
d.ischarge node cover ing Hot Creek gorge. 
shown as s o l i d  heavy l i n e s  w i t h  b a l l  on downthrown s ide.  
denotes discharge a t  depth through southeastern ca ldera r i m .  

R denotes recharge node; D denotes 
P r i n c i p a l  f a u l t s  a re  
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Figure 5. Diagrammatic east-west cross-section of Long Valley caldera showing 
isotherms in model after 35,000 years with hot-spring discharge 
of 250 k g / s ,  southeast-rim outflow of 110 kg/s,  and reservoir 
depth of 1-2 km. 
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Figure 7. Transient  response since i n i t i a t i o n  of  springflow o f  average 
reservo i r  temperature below Hot Creek gorge f o r  two simulated 
reservo i r  depths. 
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