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THE W S E N  C E 0 T H E . W  S Y S T M  

L. J. P a t r i c k  M u f f l e r ,  Nancy L. Nehr ing ,  A l f r e d  H. T r u e r d e l l ,  
Cathy J. J a n i k .  Michae l  A. C1:nne. and J. H i c h a e l  Thornpson 

U.S. G e o l o g i c a l  Su rvey ,  Menlo P a r k ,  C a l i f o r n i a ,  U.S.A 

Abs t rac t  The tasren g e o t h e r a a l  sys t em c o n s i s t s  
3f a c e n t r a l  vapor-dominated r e s e r v o i r  u n d e r l a i n  
by h o t  water c h a t  d i s c h a r g e s  p e r i p h e r a l l y  a t  
lower e l e v a t i o n r .  The major  t h e r m a l  u p f l o v  a t  
Bumpass Hell ( e l e v a t i o n  2.500 m )  d i s p l a y s  
~ u m e r o u s  s u p e r h e a t e d  f u m a r o l e s ,  one  o f  which  i n  
1976 was 159'C. C.8  geo thennomete r s  from t h e  
fumarole areas and water geothermometera  from 
3 o i l i n g  C1-bear ing  waters a t  Morgan Hot S p r i n g s  
[ e l e v a t i o n  1 , 5 3 0  o; 8 km s o u t h  o f  Bumpass H e l l )  
and from 176'C w a t e r s  i n  a w e l l  12 km s o u t h e a s t  
, f  Bumpass Hell b o t h  i n d i c a t e  23O-2(.O0C f o r  t h e  
i eep  t h e r m a l  water. With i n c r e a s i n g  d i s t a n c e  
from Bumpass Hell, g a s e s  a r e  p r o g r e s s i v e l y  
i e p l e t e d  i b - H z S -  r e l a t i v e .  t o  CO2 and N 2 ,  
w i n g  t o  o x i d a t i o n  of  H2.S to p y r i t e ,  s u l f u r ,  
and s u l f a t e s  and t o  d i l u t i o n  w i t h  a t n o s p h e r i c  
N2.  HZO/gas r a t i o s  and d e g r e e  of s u p e r h e a t  
o f  f umaro le s  c a n  be e x p l a i n e d  by mixing  of s t eam 
of maximum e n t h a l p y  (2 ,804  J g - l )  w i t h  n e a r -  
t u r f a c e  water and w i t h  t h e  c o n d e n s a t e  l a y e r  
ove r  l y i n g  t h e  vapor-domina t e d  r e s e  rvo  i r . 
I n t r o d u c t i o n  The Lassen  geo the rma l  s y s t e m  i s  
loca ted  i n  t h e  sou the rnmos t  p a r t  of t h e  Cascade  
Lange, a l i n e a r  b e l t  o f  Qua te rna ry  v o l c a n o e r  t h a t  
extends from s o u t h e r n  B r i t i s h  Columbia to 
nor thern  C a l i f o r n i a  ( k l u f f l e r ,  Bacon, and 
Duff ie ld ,  1982,  f i g u r e  I ) .  The Lassen  geo the rma l  
s y s t e m  h a s  by f a r  t h e  most  c o n s p i c u o u s  s u r f a c e  
hydrothermal u a n i f e s t a t i o n s  of any g e o t h e r m a l  
l y e t e m  i n  t h e  Caacades.  However, mort o f  t h e  
lystem i s  l o c a t e d  i n  Las ren  V o l c a n i c  N a t i o n a l  
Park (LVNP) and i r  t h e r e f o r e  not a v a i l a b l e  f o r  
commercial development e x c e p t  pe rhaps  i n  
per iphe ra l ,  h o t - w t e r  zones  o u t s i d e  LVNP. 

h o l o g i c  s e t t i n g  The Cascade Range in t h e  Lassen  
region ir a b road  ridge of l a t e  P l i o c e n e  And 
h t e r n a r y  v o l c a n i c  r o c k r  c o n r i s t i n g . p r h r i l y  of 
iPlroxene a n d e s i t e  f lows  and p y r o c l a s t i c  r o c k s  
W h  s u b o r d i n a t e  b a s a l t - - €  lows. s i l i c i c  f l o u r ,  and  1 . '  Cllicic p y r o c l a r t i c  rocks .  The r e g i o n a l  basement 

;Probably c o n r i r t s  o f  Mesozoic g r a n i t i c  and 
,metamorphic r o c k r  o v e r l a i n  by a t h i n  sequence  of 
' k e  C r e t a c e o u r  mar ine  sed imen ta ry  r o c k r  which 
*re i n  t u r n  o v e r l a i n  by t h e  P l i o c e n e  Tuscaa  
Formation (Anderron ,  1933; Lydon, 1968) .  r broad  

of  a n d e s i t i c  d e b r i s  flcws w i t h  o i n c r  

m a t e r i a l  d e p o r i t e d  3.5-2 m.y. ag3 

i 
l a v a  f l o u r ,  ash- f low t u f f s ,  and 

i(LYdon, 1961;  G i l b e r t ,  1969) .  

Late P l i o c e n e  nnd Holocene v o l c a n i c  rocks  
o v e r l y i n g  t h e  Turcan  F o n u ~ t i o n  were e x t r u d e d  
p r i a a r i l y  from long- l ived  major  v o l c a n i c  c e n t e r s ,  
a t  l e a s t  t h r e e  of  which have  been  r ecogn ized  i n  
t h e  Lasren r e g i o n  ( f i g u r e  1): 
- D i t t m a r  v o l c a n i c  c e n t e r ,  a c t i v e  from pe rhaps  

- Maidu v o l c a n i c  c e n t e r .  a c t i v e  between 1.8 and 

- Lassen  v o l c a n i c  c e n t e r ,  a c t i v e  from 0.6  m.y. 

1.2 t o  2 .5  m.y.; 

1.0 m.y. (Wi lson ,  1961) ;  

t o  t h e  p r e s e n t .  

Each v o l c a n i c  c e n t e r  evo lved  i n  t h r e e  s t a g e s :  
( 1 )  an  i n i t i a l  cone -bu i ld ing  period of a n d e s i t e  
l a v a  f lows  and p y r o c l a s t i c  r o c k s ,  ( 2 )  a l a t e r  
c o n e - b u i l d i n g  p e r i o d  of t h i c k  s i l i c e o u s  a n d e s i t e  
l ava  f lows .  and (3) e r u p t i o n  o f  d a c i r e  t o  
r h y o l i t e  domes and f lows  f l a n k i n g  t h e  main 
compos i t e  cone. S i l i c i c  magna chambers r e l a t e d  
t o  t h e  l a t e  domes and f lows  p rov ided  p o t e n t  h e a t  
s o u r c e s  f o r  hydro the rma l  c o n v e c t i o n  sys t ems  
w i t h i n  t h e  c o r e s  of each  o f  t h e  main cones .  
However, t h e  s i l i c i c  magma chambers of t h e  
Dittmar and U i d u  v o l c a n i c  c e n t e r s  have c o o l e d ,  
and t h e i r  hydro the rma l  s y s t c s s  a r e  e x t i n c t .  The 
p r e s e n t  hydro the rma l  s y s t e m  a t  Lassen  i s  
a s s o c i a t e d  w i t h  t h e  a c t i v e  s i l i c i c  vo lcan i sm of 
t h e  Lassen  v o l c a n i c  c e n t e r .  

Flows and p y r o c l a s t i c  rocks  o f  S t a g e s  1 and 2 of  
t h e  Lassen  v o l c a n i c  cen:er were e x t r u d e d  
p r i m a r i l y  from a c o n p o s i t e  cone  c e n t e r e d  nea: 
Su lphur  Works (Wi l l i ams ,  1932)  d u r i n g  t h e  p e r i o d  
0 .6  t o  0.35 m.y. (G. B. Dalrymple ,  p e r s o n a l  
couanun.. 1977-82). A f t e r  a h i a t u s  of 
a p p r o x i m a t e l y  0.1 m.y..  a t  l e a s t  15 v e n t s  i n  a 
broad  zone on t h e  n o r t h e a s t e r n  f l a n k  of t h i s  
compos i t e  cone  e x t r u d e d  f l o w s  and domes o f  d a c i c e  
and r h y o d a c i t e ,  forming a dome f i e l d  of  
a p p r o x i m a t e l y  130 b2. The moat r e c e n t  e v e n t s  
were t h e  emplacement o f  t h e  d a c i c e  dome of Lassen  
Peak a p p r o x i m a t e l y  11 ,000  y e a r r  ago ( C r a n d e l l ,  
1972) ,  t h e  e r u p t i o n  o f  r h y o d a c i t e  p y r o c l a s t i c  
f lows  And domes A L  Chaos Crags  approx i - r e ly  
1,050 y e a r s  ago ( C r a n d e l l  and o t h e r s ,  1974; D. A.  
T r i m b l e ,  USGS, p e r r o n a l  c m u n . ,  1982). and t h e  
r e l a t i v e l y  small e r u p t i o n  a t  t h e  sumit of Lassen  
Peak i n  1914-1917 (Day and A l l e n ,  1925; Loomis, 
1926) .  Concur ren t  w i t h  t h i r  s i l i c i c  vo lcan i sm.  
b a s a l t  and lnnfic a n d e s i t e  s h i e l d  vo lcanoes  grew 
t o  t h e  n c r t h  and east o f  t h e  b a s e n  v o l c a n i c  
c e n t e r ,  and mixing  of  r i l i c i c  and b a s a l t i c  O a p S  
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Figure  1.--Generalired g e o l o g i c  map of  t h e  Lassen  r e g i o n  ( a d a p t e d  from M u f f l e r ,  C lynne ,  and Cook, 
1982). LHSV L i t t l e  Hot S p r i n g s  V a l l e y  

broduced i n t e r m e d i a t e  lava f l o v s  on t h e  east 
: lank of t h e  Lassen  dome f i e l d  ( E i c h e l b e r g e r ,  
, 9 7 5 ) .  The most r e c e n t  e r u p t i o n  i n  t h i s  a r e a  v a s  
IC Cinder  Cone i n  1850-51 ( F i n c h  and Anderson ,  
,930). 

:he l ong  h i s t o r y  of  p y r o c l a s t i c  and dome- 
building e r u p t i o n s  i n  t h e  Lassen  dome f i e l d ,  t h e  
i i i t o r i c a l  p r o d u c t i o n  of magma at t w o  s e p a r a t e  
rentr, and the e x i s t e n c e  o f  a major g r a v i t y  l o v  
iuggest that  a p a r t i a l l y  m o l t e n  s i l i c i c  magma 
)ody s t i l l  u n d e r l i e s  t h e  dome f i e l d  (Heiken  and 
k h e l b e r g e r  , 1980). 

h e  Lasaen Geothermal  Syr tem 
ieochemical o b s e r v a t i o n s  i n  t h e  Lassen  r e g i o n  a l l  

G e o l o g i c a l  and  

f i t  a model o r i g i n a l l y  s u g g e s t e d  by D. E. Uhrce 
( u r r t t e n  c m u n . ,  1971) of a s i n g l e  l a r g e  
geo the rma l  sys t em v i t h  a c e n t r a l  vapor-dominated 
r e s e r v o i r  Cor r e s e r v o i r s )  u n d e r l a r n  by a 
r e s e r v o i r  o f  ho t  w a t e r  d i s c h a r g i n g  a t  lower 
e l e v a t i o n s  ( f i g u r e  2 ) .  The f o c u s  and m J 0 r  
che r rml  u p f l o v  of t h e  Lassen  g e o t h e r m a l  sys t em is  
a t  Bumpars Hell a l o n g  t h e  c o n t a c t  b e t v e e n  t h e  
a n d e s i t i c  compos i t e  cone  and t h e  d a c i t e  dome 
f i e l d  of t h e  Laasen  v o l c a n r c  c e n t e r .  Some of  t h e  
o u t f l o v  o f  h o t  v a t e r  r e a c h e s  t h e  s u r f a c e  a t  
Morgan and C r o v l e r  Hot S p r i n g s  t o  t h e  s o u t h  of 
LVNF' and h a s  been produced  from t h e  geo the rma l  
v e l 1  wa lke r  "0" No. 1 a t  Te rmlad l  Ceyse r  rn  t h e  
s o u t h e a s t  c o r n e r  of LVNP. 

I 

f i g u r e  Z.--Schematic c r o s s - s e c t i o n  of t h e  Lasacn g e o t h e r m a l  s y i r c o  ( a d a p t e d  f r a a  H u f f l e r ,  C lynne ,  
and Cook, 1982)  



. 
Bumpars Hell ( e l e v a t i o n  2 , 5 0 0  m) con ta in .  
numerous s u p e r h e a t e d  f u a r o l e s .  one o f  which i n  
1976 had a t e m p e r a t u r e  of  159'C. Approximate ly  
75 major  f u m a r o l e s ,  a c i d - s u l f a t e  h o t  r p r i n g r ,  and  
cudpots o c c u r  i n  B m p a s s  Hell ( M u f f l e r .  Jo rdan .  
and Cook. 1982) .  p l u s  a myriad o f  r imilar 
f e r t u r e s  t o o  8-11 t o  y p .  ~n area o f  
approximate ly  0.13 k d  i r  i n t e n r e l y  a l t e r e d  t o  
a v h i t e  a g g r e g a t e  of  o p a l  and k a o l i n i t e  
? a l u n i t e ;  t h e  s u r f a c e  o f  t h e  a c t i v e  p a r t  o f  
bmpara  Hell i s  conanonly cove red  v i c h  orange and 
yellow i u l f a t e e .  P y r i t e  i r  coaenon i n  many o f  t h e  
h o t  s p r i n g 6  as l i n i n g s  of t h e  v e n t s  and d i s c h a r g e  
channels .  as scum f l o n t i n g  on t h e  s u r f n c e  of 
pool r ,  and a. d i s p e r s i o n a  i n  brown or b l a c k  
mudpots. S i g n i f i c a n t  s i n t e r  doe r  not o c c u r ,  
a l though a f e w  s p r i n g s  show a weak d e p o r i t  o f  
s i l i c a  a round t h e i r  r im  and i n  t h e  f i r r t  few 
c e n t i m e t e r s  of t h e i r  d i s c h a r g e  chnnne l s .  S i l i c a  
11 a l s o  found a s  b r i g h t - r e d  mixtures- -wi th- -  i r o n  
oxides  i n  some d r a i n a g e s  i n  t h e  f o r e r c  below 
a c i d - a l t e r e d  b a r e  ground. N e i t h e r  o f  t h e r e  
occur rences  i s  i n d i c a t i v e  of  a h o t r n t e r  
geothermal sys tem.  The a c i d - s u l f a t e  w a t e r  from 
Bumpass Hell ( t a b l e  1 )  i s  t y p i c a l  of h o t  s p r i n g r  
r e l a t e d  t o  a vapor-domina:ed r e s e r v o i r  i n  hav ing  
low pH, h i g h  s u l f a t e ,  and no s i g n i f i c a n t  C1.  

Tab le  1.--Chemical a n a l y s e s  of w a t e r s  from 
the rma l  s p r i n g s  in and n e a r  LVhT. C o n s t i t u e n t s  
i n  mg L - l ;  f l ow i n  L min-l; n.d. - n o t  
de t e rmined .  B H ,  Bumpass H e l l ;  D K ,  D e v i l ' s  
K i t c h e n ;  SU, S u l f u r  U o r k s ;  LHSV, L i t t l e  Hot 
S p r i n g s  V a l l e y ;  TG, T e r n i n a l  Geyse r ;  CHS, 
Growler Hot S p r i n g ;  WlS, florgan Hot S p r i n g s .  

EH DK SU LHSV rC CKS HKS 

Care 8 / 7 9  9 /16  7 / 1 5  8 / 7 9  8 /76  8 /19  8/79 
f l o u  20 8 seep 4 4 20 8 
t ( * C )  55 60 86 93 92 95 95 
pH 2 . 2  2 .5  1.9 5.55 u.5 1 . h 5  7-25 
5102 215 171 213 123 
11 16 .2  nd nd .1: 
Fe 10 6.1 nd . 2 >  

kl 0 . 1 2  0.03 r.< . 1 5  
As nd r.d r.C -3 

ne 0.05 6.U 9 . 3  (1.1 
S r  r.3 nd na r.d 
8a nd nd nd R d  
Ha 22.1 2.0 11 81 
K b.6 7.2 8 .3  1 2  
l.1 0 . 5  0.515 C.O1 .05 
Rb nd nd 0 5  nd 
CS nd nd nd nd 
NHu nd nd 33 3 .5  
l X C 3  0 0 0 :7 
SOU ?6U 226 933 j 3 1  
Cl 5.7  0 . 5  0 . 5  5 . 2  
F 0.3) 0.17 0 .35  .84 
ar n , ~  na cg na 
n 1 . 1  0.3 u . 0  u . 2  

-t!$ nd n3 0 . 2  . e 3  

ca 15.5 10.5 3.a 2 5  

Ub 212 225 
nd .1( . z  
nd .04 .01 
..< .... .01 .03 
nd :1 10.6 

6 . 2  a i  911 
1 .9  .07 . a 1  

nd . 9  1.1 
nd 2.5 3.0 

3 1340 1260 
3 173 162 
.01 6.3 6.1 

nd 1 . 4  1.2 
na .6 - 4  
cl 9.5  1 3  
3 3  55 68 
S B  110 123 
3 2370 2210 
G . l  2.3 3.0 

r. 3 10 1b.5 
1.6 80 nd 

r.3 . 3 2  .03 

Ca;cu:atei Ccotnernorv:er Teaper~tures 
h a r t 2  Aliaaacica 158 107 116 
Quart L t i n d u c t  i v e a  166 202 1.98 
tir-K-Cab 95 223 219 

a Q u a t i o n  from Truesoel?.. l9:G 
o Equi t ron from <cdrc;er and ? r u e z ? e l l .  1973 

FIIuroler, a c i d - r u l f a t e  r p r i n g s ,  rr.d mudpotr also 
are abundant  i n  L i t t l e  tiot S p r i n g s  Val ley  jumt t o  
the wit  and 230400  to lover than Bumpars Hell. 
S e v e r a l  fumarole.  i n  L i t t l e  Hot S p r i n g s  V a l l e y  
are s u p e r h e a t e d .  w i t h  h i g h e a t  t empera tu re  of  
12S'C measured  i n  1976. 

D e v i l ' r  K i t chen  (1,835 01 is en a r e a  of i n t e n s e  
f u r o l e s ,  a c i d - r u l f a t e  r p r i n g r ,  and mudpots 
( M u f f l e r ,  J o r d a n ,  and Cook. 1982). Although a 
t e m p e r a t u r e  of 106.6.C war mearured i n  1947 by 
D. E. White ( w r i t t e n  coamun., 1 9 8 2 ) .  a t  p r e s e n t  
t h e  h o t t e r t  fumarole. are r u p e r h e a t e d  on ly  by a 
d e g r e e  or two. S e v e r a l  c e n t i m c t e r r  of s i n t e r  a t  
tvO spot .  along the s t r e a m  f lowing  through 
D e v i l ' s  K i t chen  i n d i c a t e  d i s c h a r g e  of hot  therms1 
w a t e r  i n  t h e  r e c e n t  p a s t .  

S e v e r a l  o t h e r  g e o t h e n u a l  a r e a s  i n  LVNP a!so ace  
C h a r a c t e r i z e d  by f u m a r o l e s ,  mudpots,  and 
a c i d - r u l f a t e  ho t  s p r i n g r  ( a e e  chemica l  a n a l y s e s  
i n  t a b l e  1). Conspicuous  among t h e s e  are Su lphur  
Uorka ( e l e v a t i o n  2 ,124-70  m), P i l o t  2 i n n a c l e  
(2 ,516 e). B o i l i n g  S p r i n g s  Lake (1 ,798  m ) ,  and 
Te rmina l  Geyser  (1 ,792  m).  Steam d i s c t a r g i n &  
c u r r e n t l y  from t h e r e  a r e a s  i s  e i t h e r  s a t u r a t e d  or 
o n l y  s l i g h t l y  s u p e r h e a t e d .  

S e v e r a l  s p r i n g s  n e a r  S u l p h u r  Uorks and i n  L i t t l e  
Hot S p r i n g s  V a l l e y  are r e l a t i v e l y  r i c h  in HCO3 
and d e p o s i t  t r a v e r t i n e  (CaC03). These s p r i n g s  
a r e  i n t e r p r e t e d  t o  be s u r f a c e  d i s c h a r g e  from :he 
zone of  s t eam condensa te  t h a t  o v e r l i e s  t h e  
vapor-dominated r e s e r v o i r .  

N a t u r a l  d i s c h a r g e  from t h e  hot -water  p a r t  of :he 
Lassen  geothermnl  sys t em o c c u r s  on ly  a t  Morgan 
Hot S p r i n g 8  and Growler  Hot S p r i n g ,  bo th  l c c a t e d  
i n  t h e  canyon o f  M i l l  Creek  a t  e l e v a t i o n s  of 
1 ,530  and 1 ,570  m, r e s p e c t i v e l y .  These s p r i n g s  
d i s c h a r g e  modera te  amounts of nea r -neu t r a :  v a t e r  
w i t h  s i g n i f i c a n t  C 1  ( c a b l e  1 )  and d e p o s i t  
consp icuous  s i n t e r .  Na-K-Ca, s u l f a t e - c a t e r  
i s o t o p e ,  and mixing  model g e o t h e m o m c t e r s  
i n d i c a t e  t h a t  t h e  deep  t h e r m a l  water  :reaing  
t h e s e  s p r i n g s  has  a t e m p e r a t u r e  of 2 2 O - ? ( r O ' C .  
Both C 1  and S i 0 2  c o n c e n t r a t i o n s  c e c r e a s e  
s y s t e m a t i c a l l y  sou th - sou thwes t  from Grov le r  Egt 
S p r i n g  th rough  florgan Hot S p r i n g s  (Thompson, 
1982) .  

High-C1 ho t  w a t e r  from t h e  Lassen geo the rma l  
system ha8 a l r o  been  found i n  t h e  Walker "0" tio. 
1 well (Beall. 1981)  a t  Terminal  Geyser .  Samples 
t 8 k e n  d u r i n g  f low o f  t h e  w e l l  on 10-11 Oc tobe r  
1978 show N., K, and C 1  i n c r e a s i n g  w i t h  time t o  
maximum v a l u e s  of 1.300, 180 ,  and 2,200 mg L - l ,  
r e s p e c t i v e l y ;  f l ow t e s t s  were t e r m i n a t e d  b e f o r e  
t h e  chemic81 c o n r t i t u e n t s  reached  c o n s t a n t  
v a l u e s .  Hearured  ptl ranged  from 8.1 t o  8.6. 
Tempera tu res  t a k e n  i n  t h e  plugged l i n e r  10 ccor.:hs 
a f t e r  t h e  w e l l  was flowed r each  a a d x ~ a u p ~  of 
176.C b e t v e e o  603 and 640 m and t h e n  c e c r e a s e  
g r a d u a l l y  t o  124'C a t  t h e  v e l 1  bottom ( 1 , 2 2 2  m). 

The C1-bearing v a t e r  found in Walker "U" No. 1 
d o e r  cot d i s c h a r g e  i n  Terminal Geyser.  T h i s  ven t  
i s  not r true g e y s e r  but is r fumarole  



i t charg ing  i n t o  a -11 r u r f a c e  s t r eam.  water 
ischarged by Te rmina l  Geyser  ( t ab l e  1) a p p e a r s  

be l o c a l  p r e c i p i t a t i o n  h e a t e d  by s team.  

bcIrpodynwic evidence for steam r o u r c e r  Hiph- 
z o e r a t u r e  suDerhesced  geo the rma l  fumaro le s  are v-r - ~ 

- 
Dc@nr bu t  d u r i n g  t h e  C a l i f o r n i a  d r o u g h t  oC 
976-?7 h i g h  d e g r e e s  of r u p e r h e a t  were obse rved  

t h r e e  a r e a r  o f  L W .  I n  late 1976 Big Boiler 
@ r o l e  i n  Bumpara Hell r eached  159.C. t o  our 
lr~uledge t h e  h i g h c a t  t e m p e r a t u r e  e v e r  r eco rded  
131p a geothe-1 (non-vo lcan ic )  fumerole .  T h i s  
mpera tu re  i o  c l o s e  t o  t h e  t e m p e r a t u r e  (163’C) 
f s t e m  decompreeaed a d i a b a t i c s l l y  t o  L a r r e n  
“ r f cce  p r e s s u r e  (0.79 bar  a b a )  from s a t u r a t e d  
ceam of maximum e n t h a l p y  ( 2 , 8 0 4  J g‘l a t  23S’C 
54 31 bar a b s ;  f i g u r e  3 ) .  S t e m  of h i g h e r  
cnperature and e n t h a l p y  ( u p  t o  260’C and 2,980 
g-l at bars ab.; T r u e s d e l l  and White, 1973) 

16 been produced  f rm wells at  L a r d e r e l l o ,  
raly, by t h e  i s o t h e r m a l  decompress ion  of  
sturrced s t eam i n  t h e  r e s e r v o i r  (flow i n  t h e  
ells is a d i a b a t i c ) .  T h i s  i r o t h e n n a l  
tcompression, hovever .  is a r e s u l t  o f  
r a s f i c a l l y  reduced  p r e s s u r e s  Csused by r a p i d  
irhdrawal of  s t eam t h r o u g h  vel ls .  I s o t h e r m n l  
rconpress ion  i s  u n l i k e l y  t o  o c c u r  i n  a n a t u r a l  
yrtem because  c o o l e r  r o c k s  between t h e  r e s e r v o i r  
nd t he  s u r f a c e  c a n  be h e a t e d  o n l y  t o  t h e  
enperature of  t h e  s t eam.  Thus t h e  l i m i t i n g  

7 

Flgure 3.--Diagram showing t h e  r e l a t i o n s  
between a s c u r a c e d  ateam, che  i r o t h e m a l  
d e c m p r e s r i o n  p a t h s  o f  r u p e r h e a t e d  steam, and 
the s u r f a c e  e n t h a l p y ,  t e m p e r a t u r e ,  and  
presrure  of  r u p a r h e a t c d  f u m r o l i c  s t e m  fram 
LvW. Numbers g i v e  t e m p e r a t u r e s  i n  ‘C. 

p r o c e s s  i n  M t U r e  i a  a d i a b a t i c  ( i r o r n t h a l p i c )  
d c c m p r c a s i o n .  

The range of r u p e r h e a t  i n  the Lpsren steam 
ramplea c o u l d  have  r e s u l t e d  from t w o  p r o c e s r c r :  
(1) a d i a b a t i c  d r c a p r r r r i o n  of ma tu ra t ed  a t e m  
w i t h  d i f f e r e n t  t e r p e r c l t u r c r .  or (2) mix ing  of 
h i g h l y  a u p e r h e a t e d  r t e m  w i t h  l i q u i d  w a t e r  or 
w i t h  s a t u r a t e d  rteam o f  lower tenperatore. A f t e r  
m i x i q ,  t h e  r e r u l t i n p  oteam uould  undorgo f u r t h e r  
d c c a a p r c r r i o n  t o  r e a c h  a u r f a c e  c o n d i t i o n s .  T h i s  
r ccond  p r o c e r r  i r  t h e  s i m p l e r  e x p l a n a t i o n  and is 
i n  acco rd  w i t h  t h e  o b r e r v e d  H2OIg.s r a t i o s .  

On a p l o t  o f  HqO/gar r a t i o  VI. e n t h a l p y  ( f i g u r e  
41, t h e  Lasaen d a t a  f a l l  o n  two t r e n d  l i n e s  t h a t  
i n t e r s e c t  a t  t h e  p o i n t  of maxinun steam e n t h a l p y  
(2,8C4 J g-l). Line  A c o n s i s t .  o f  Big B o i l e r  
(Bumpasr Hell) samples  and t r e n d s  toward a 
r e l a t i v e l y  h i g h  HzO/gas end member; l i n e  B 
( f rom B m p a s s  Hell and o c h e r  a r e a s )  t r e n d s  toWard 
a r e l a t i v e l y  low H~O/gar end member. These two 
t r e n d s  a r e  a l r o  d i s t i n g u i s h e d  on a p l o t  of  
p e r c e n t  H 2  VI. H~O/gas r a t i o  ( f i g u r e  5 ) .  In 
t h i s  p l o t ,  one t r e n d  ha6 a s l o p e  of  1, s u g g e s t i n g  
t h a t  H2 was i n  e q u i l i b r i u m  with H20 ( a t  
c o n s t a n t  t e m p e r a t u r e  and Pco~), and t h e  o t h e r  has  
a s l o p e  of i n f i n i t y ,  s u g g e s t i n g  l a c k  of 
e q u i l i b r i u m  due t o  s h o r t  r e a c t i o n  times o r  low 
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F i g u r e  4.--Diagram showing t h e  r e l a t i o n s  
b e t u e e n  HzO/gar and e n t h a l p y  of steam 
ramplea  from LVNP. Numbers g i v e  t e m p e r a t u r e s  
i n  ‘C. See  f i g u r e  6 f o r  e x p l a n a t i o n  o f  
symbols. Line  A t r e n d s  towards 235’C l i q u i d  
water w i t h  0 .7  ba r  Pco 
Lane B t r e n d s  towards 90’C l i q u i d  w a t e r  w i t h  
1.1 b a r  P and 3,900 H20/gas.  

and 7,900 H ~ O / g a s .  
2 

co2 



119. 

J 
I 2 

H 2 % 

Figure 5.--Diagram showing relations between 
n20/gas and H2 content of gas samples from 
fuorrole areas in L V W .  Numbers give temperazure 
IO 'C.  See figure 6 for explanation of symbols. 
Hydrogen in geothermal sys:ems appears to be 
(encrated by the dissociation of water ( H 2 0  = 
HI t 1 /2  02) with the pressure (fugacity) J f  

oiygen controlled by mineral reactions. 

iroperature. Although the correspondence i s  not 
plete, 5 of the 7 pointa on the line uith a 

of 1 lie o n  line A of figure 4 ,  and 4 of 
points with a slope of infinity lie on 

c u r  t h e  surface, where reaidence times were t o o  
lhort for Hz-H20 equilibration. A possible 
LJu-tecperature end-member would be 90°C water in 
epdilibrium with CO2 at 1.1 arm pressure and 
" l t h  a H20/gar ratio of 3,600. This heated. 
iaI-charged water might reasonably saturate the 
a*rr-rurface zones o f  che f w r o l r c  areas and be 
cQtrained into superheated ateam as it flowed 
W t d .  The total preaeure (water vapor + COz) 
O f  Chi8 liquid water would be 1.8 bars, which 

allow t h e  mixing t o  occur within 8 m o f  the 
'"rface by boiling-point-to-depth relations. 

amplea Along l i n e  A (figure 4 )  m u a t  mix s t  
Ifrater deptha, where K2 and H20 c a n  
'qdlllbrate after mixing. If this mixing occurs 
" the upper part of the deep reservoir near 
'').E, the HZO/gar ratio o f  the liquid water 
'''Ln8 with ateam would have been 7,900 and the 
'a2 about 0.1  bar. The H ~ O / g a r  TAtlO Of 
'el*rVO1r steam with pco2 - 0.7 bar would be 50. 
c lora  t o  the r a t i o  of the hypothecLca1 deep *team 

""IJ end membera, we find that the StCAP 
along trend A are nixcurer of superheated 

ateam ( 2 , 8 0 4  J g - l  and 8S H g O / g r a )  with 
0.54.0 percent liquid uater at 235'C. 1,014 
J g'l and 7.900 HZO/gaa. Thoae a m p l e r  along 
trend B are mixturee of nuperheated rteoln with 
2-6 percent liquid water at 90*C, 377 J g-l, 
and 3,600 H20/ga*.  There fractions of liquid 
are LO c m ~ l l  they might wt be detected by 
irotopic methods, but ouing t o  the high gas 
content of the deep rteam are readily 
dirtinguirhed by HZO/gaa ratios. 

Stable ieotoper of hydrogen and oxygen Isotopic 
analyses of samples collected from 1977 to 1981 
provide extensive data supporting lnterpretationr 
made by Truesdell and Hulston (1980) on lxnited 
data. The iooto?ic compositions of D and l80 
of meteoric vacera in the Laseen re Lon fall 
along a line defined by A D - 8 6 + 12 
(figure 6). This pattern largely reflects the 
prevailing sou:h-southeast to north-northwest 
regional atorm direction and is only locally 
affected by depletion of D and l80 with 
increasing elevation. Cold waters southwest of 
the LVNP near Mineral are significantly heavier 
than spring waters north of the thermal features. 

-501 7 

*/ / e  -: 

5 o c  

Figure 6.--Diagram shoving relacions between 
deuterium and l80 for water and steam 
samples from LVNP and vicinity. , Bunpass 
Hell; 0 , lower Little Hot Springsvalley; * , Pilot Pinnacle and upper Little H o t  
Springs Valley; 0 , Sulphur Works; h , Cold 
Boiling Lake; A , Devil's Kitchen; * , 
Boiling Sprinks Lake; 0 , Terminal Geyser; 

+ , Crovler and Morgan Hot Springs; V , 
meteroic water. 

The thermal uaters i ~ s u i n g  from Horgan and 
Growler H o t  Springs have 6 D values similar t o  
meteoric waters . o n  the andesitic composite cone, 
auggerting that recharge to the Lessen geothermal 
ryrtem occurs o n  the ccmpoaite cone. These 
thermal waters exhibit a n  oxygen isotope shift of 
up t o  + & * / e *  due to water-rock isotopic 
exchange at high tem3erature. 



I f ,  as shown above ,  che  m o s t  s u p e r h e a t e d  ateam 
f rm Bumpass Hell is d e r i v e d  d i r e c t l y  from a 
2]s'C VapOrdOIninated r e s e r v o i r  by a d i a b a t i c  

6team in the r e s e r v o i r  would have Che 
,me i s o t o p i c  c o m p o s i t i c n  a i  t h e  h i g h e i t -  
tern e r a c u r e  samples  ( a v e r a g e  6 D -93.4 an6 
6 f80 = -10.93). The c a l c u l a t e d  c o u p o r i c i o n  
of uace r  i n  e q u i l i b r i u m  w i t h  c h i s  steam a t  235.C 
18 6 D - -95.0 and 6 l80 * -9.09 ( d a t a  i n  
;:uesdell e t  a l . ,  1 9 7 7 ) .  These c a l c u l a t e d  v a l u e s  
are  very s i m r l a r  to those measured f a r  C r o v l e r  
H O C  Spr ing  waters  ( a v e r a g e  6 D - -9G.6 end 
6 l80 - 9 . 2 7 ) ,  i n d i c a t i n g  t h a t  che w a t e r  of  
Growler Hoc S p r i n g  is d e e p  r e s e r v o i r  v a t e r  mixed 
u i c h  only a minor amount of l o c a l  m e t e o r i c  
ulcer .  A b a l a n c e  c a l c u l a t i o n  based on  t h e  l80 
data i n d i c a t e s  t h a t  t h e  t h e r m a l  cocponen t  is 
~ D O ~ K  952. Morgan Hot S p r i n g s  have 5 180 = 
-9 .7,  uh i ch  c o r r e s p o n d s  :o  8GX t h e m 1  water.  

Waters f r o n  t h e  a c i d - s u l f a t p  hot  s p r i n g s  and  
drowned fumaro le s  d e f i n e  a l i n e  of ncnequ i1 ib r :us  
curface e v a p o r a t - o n  of  s c e a a  a -  cea2era:ures  of 
70-9G'C ( f i g u r e  b ;  C r a i g .  1963 ;  T r u e s d e l l  and 
P J l s c O n ,  1980). 

Gas Geochemistry a a l y s e s  of  a j c r  g 3 s e s  from 
t w r a l e  a r e a s  of LVtiP a r e  d e p i c t e d  on t i g u r e  7 .  
The gas compositions c a n  a l l  ce d e r i v e d  by :vo 
ajar n e a r - s u r f a c e  p r o c e s s e s  tha: r ezove  H2S 
from a r e s e r v o i r  g a s  c o m p o s i t i o n  ve ry  near t o  t h e  
composition of gas from B i g  Boiler i n  5u3pass  
Llcll. The f i r s c  p r o c e + s  is o x i d a c i c n  of  t t 2 S  
t i t h e r  t o  p y r i t e  (FeS2)  or to e l e z e n t a l  s u l f u r  

._ without i n v o l v i n g  GXyaen from a i r  ( e i t h e r  
d i r ec t ly  o r  d i s soLved  i n  w a t e r ) .  The Eecond - 

C O 2 / I O  

f i g u r e  7 . - -Traangu la r  p l o t  of CO:-HZS-N~ 
ln g a l  samples f r c z  LVNP and v i c i n i t y .  0 
r e s e r v o i r  gas c o m p o s i t i o n ;  ._....... , oxidation 
O f  H2S t o  p y r i t e  or e l e n e n t i l  r u l f u r ;  ----,  
0x:dation w i t h  a i r  o r  axr d i s e o l v e d  i n  u t t e r  
t o  produce  i u l f  a t e s  ; . . . . . ' .  . , n e a r - s u r f a c e  
a d d i t i o n  o f  a i r  w i t h o u t  r e a c t i o n  v i c h  H2S- 
See f i g u r e  6 for e x p l a n a t i o n  of o c h e r  r y m h l s .  

p r o c c i r  i n v o l v e s  o x i d a t i o n  w i t h  a i r  o r  a i r  
d i r a o l v e d  i n  w a t e r  to produce  s u l f e t e s ;  t h i s  
r e a c t i o n  i i  accompanied by a d m i x t u r e  of H I .  
The i n t e r r e c t i o n  of t h e  l i n e s  r e p r e s e n t i n g  t h e s e  
p r o c e s s e r  g i v e s  an e e t i n u t e  of  the r a t i o  of 
C02-HzS-Nz i n  t h e  r e s e r v o i r .  The t h r e e  
sample r  p l o t r i n g  n e a r e s t  t h e  r e a e r v o i r  
compoo i t ion  a r e  from t h e  h o t t e s t  f W r O l e 8  i n  
Bumpass Re11 and L i t t l e  Hot S p r i n g s  V s l l e y ;  211 
ere  o v e r  125'C. The reconstruc:ed c o n p o s i t i o n  of 
t h e  gaa in t h e  vapor-dominated r e s e l v o i r  !frm 
f i g u r e s  5 and  7 )  i s  ( i n  a01 p e r c e n t )  C02. 9 2 . 7 ;  

A r ,  0.013; 02, 0.C; and CYq, 0.05. wi:n h 

H20/gas r a t i o  o f  85 ( f i g u r e  4 ) .  

H z S ,  6 . 6 ;  H 2 ,  O . i ) l ;  Hti3. 0 . 0 7 5 ,  H 2 ,  0.6; 

Cases  from B o i l i n g  S p r i n g s  Leke ,  Te rmina l  Geyse r ,  
Growler  Hot Sprang.  ond Horgan H O E  S p r i n g s  a p p e a r  
to o r i g i n a t e  from t t e  h o t r a t e r  r e s r r v o i r  r a t h e r  
t h a n  t h e  vapor-dominated r e s e r v o i r .  Hign 
H2O/gas ratios ::,OOC-4,000) dnd n i g h  
HzS/COz r u t i o s  i n d i c a t e  c h a t  t h e  u a t e r  has  
p r e v i o u s l y  beer. c e g a s s e d  by forna:ion of il vapcr 
phase  at h i g h  t e m p e r a t u r e  (23S 'C) .  When t h i s  
degassed  u a c e r  a?p roaches  che  s u r f a c e  and 501:s 3 

second t i m e .  t h e  steam t h a t  is formed i s  Ge;ie:e- 
i n  to:a! g a s  ar.a i n  CS2 r e l a t i v e  t o  H;S ( t b e  

l a t t e r  because  H2S is more s o l u b l e  :n v;:r: 
chan I S  CO:). 

Tempera tu res  c a i c u l a t e d  u s i n g  t b e  gas  
g e o t h e m o m e t e r  c f  D'kDore and P a n i c h i  ( 1 5 8 C j  l i r i  
g i v e n  i n  t a b l e  2 .  U i c h i n  t h e  ~ - ~ ~ e r t a i n t i e 5  i?. 

t h e  c a l z u l a t i o n  ( f LS'C), t h e  :em?er?.ci:e 
de t e rmined  from t h e  c a l c ~ l a t e d  r e s e r v o i r  gas 
c o m p o s i t i o n  is coo?at:t!e v i c h  t h e  220-:LO°C 
c a l c u l a t e d  f ron  Na-K, Na-h-Ca, azd  su!fa:e 
i s o t o p e  r e l a t i o n s  t o r  Growler  Hot S p r i n g  w a t e r s .  
The t e m p e r a t u r e s  frcm Li t : ie  Hct S?rings Valley 
and Suppass  H e l l  a p p e a r  s m e v h a t  n i g h ,  probabl: ,  
d u e  to near-sur :ace loss or CK. TemperAcures 
frm SulphL: Vorks  a?d 2ilot P i n n a c t e  c r c  
s o a e v h a t  low, a p p a r e r . t l y  due  t o  :he & r e a r  loss 0: 
hzS ( s e e  f i g L r e  ; I .  

T a b l e  l . - -Tem?eratures  15 " C  c a l c u i a t e d  i3j Cne 
g e o t h e m o m e t e r  of D'Anore and P a n l c h i  (1930: 
for g a s e s  f r w  f w r o l e s  end ho t  s p r i n g s  lr! 

LVN? and v i c i n i c y .  T e n p e r a t u r e  for Che 
r e s e r v o i r  is c a l c u l a t e d  f r o 3  t h e  r e s e r v o i r  gas 
c o m p o s i t i o n  g i v e n  in t h e  t e x t .  

B C Z X ~ A S ~  Li : t le  Hot Sulphur  
R e s e r v o i r  Hell Qrlngs  Valley k'orks 

2h4  248 265 iO1 

P i n n a c l e  K i t c h e n  Geyrrer t!oc S p s  
2 1 2  23? 2 3 3  2 G 2  

A p h y r i c a l  m o d e l f o r  t h e  Laanen g e o t h e r n a l  - s v r t e m  N e w  g e o l o g i c ,  c h e n i c e l ,  end i c o t o ~ i c  
d a t a  ccmbined w i t h  chermodynaric  cnd p h y s i c a l  
c o a s C ? a i n t s  on t h e  p r o d u c t i o n  of supe rkcaced  
atcam a l l o w  u s  c c  add c o n s i d e r a b l e  d e t a i l  Co t h e  
p r e v i o u i l y  a u e g e a t e d  model o t  t h e  La r sen  
g e o t h e r m a l  e y s t e ~  d i  P cen:ral  v a p o r - d o m ~ n a t e d  
r e s e r v o i r  underlain by hor w a ~ e r  c h a t  d r s s h d r g a s  



p e r i p h e r a l l y  a t  lover e l e v a t i o n s .  The c r i t i c a l  
o b s e r v a t i o n s  a r e :  

1. Oxygen i r o t o p i c  d a t a  s u g g e s t  t h a t  r e c h a r g e  
t o  t h e  Lassen g e o t h e m l  ryrteo is l o c a l  
and p r o b a b l y  on t h e  c m p o r i t e  cone  o f  
h n s e n  v o l c a n i c  c e n t e r .  

2 .  These d a t a  f u r t h e r  s u g g e s t  tha: t h c  
Morgarr-<;rowlcr w a t e r  and t h e  Eumpas.? Hell 
r u p e r h a a t e d  steam s e p a r a t e d  a t  cbcu: 235'C 
and have undergone l i t t l e  a l t e r a t i o n  i n  
i s o t o p i c  c o m p o s i t i o n  d u r i c g  p a r s a g e  co t h e  
S u r f a c e  * 

3.  C o n r i d e r a c i o n s  of t h e  H2,3/gaci and H2ClH;  
r a t i o r  and t h e  t e m p e r e t u r e s  of t h e  
s u p e r h e a t e d  s t eam s u g g e s t  c h a t  t n e  h i g h e s t  
t e m p e r a t u r e  samples  (mostly f rcm 6ig 
aoiler a t  Bumpass H e l l )  c o n c i ~ c  o! 
a d i a b a r i c a l l y  decompressed SanplCS O f  

s a t u r a t e d  235'C r e s e r v o i r  s:em w i t h  seal1 
( =  0.5%) a d d i t i o n s  cjf c o n d e n s a t e  fr3m 
t h e  cop o f  t h e  r e s e r v o i r .  

t e m p e r a t u r e  s t e a m  is t h e  l e a s t  a l t e r e c  
s a n p l e  o f  d e e p  s t eam;  g a s  e q u i l i b r a t i o n  
t e m p e r a t u r e s  a r e  n e a r  235'C. 

5. Hoc w a t e r  c o o p o s i t i o n s  ( 1 ~  Morgan and 
Growler  Not S p r i n g s  g i v e  g e o t h e n o m e t e r  
t e m p e r a t u r e s  of  220-24O'C and show 
p r o g r e s s i v e  d i i u t i o n  away from LVt:F. 

These o b s e r v a t i o n s  suppor:  a model in which sc!d 
meteoric v a t e r  frcm t h e  c o n p o s i t e  c c n e  Gf Chr 
L s s e n  v o l c a n i c  c e n t e r  i n  LVNP flows underground 
and i o  h e a t e d  by a c o o l i n g  i n t r u s i o n  r e l a t e d  to 
the s i l i c i c  v o l c a n i c  a c t i v i t y  of t h e  7 a e t  
0.25  m.y. Geo:hermal l i q u i d  a t  a p p r o x i m t e l y  
235.C a t  d e p t h  b o i l s  t o  form an  o v e r l y i n g  
vapor-dominated r e s e r v o : r ,  s t e m  f r o m  v h i c h  l e a k s  
upward to f e e d  t h e  f w r o l e s  in LVNP. Part o f  
the geothermal  w a t e r  f lows  l a t e r a l l y  to t h e  south 
t o  feed t h e  florgan and Growler  Hot S p r i n g s  and t o  
the s o u t h e a s t  v h e r e  i t  i s  e n c o u n t e r e d  i n  t h e  
Uslker "0" No. 1 v e l 1  a t  Te rmina l  Geyse r .  Most  
o f  t he  s t e m  tha:  f l o v s  t o  t h e  the rma l  a r e a s  of 
L O P  mixes u i t h  i o c a l  grolmd w a t e r  t o  form a c i d  
not s p r i n g s ,  bu: 6 m e  Steam i n  r e L e r i v e l y  l a r g e  
ConduiCs unde rgoes  a d i a b a t i c  d e c o n p r e s s i s n  w i t h  
8-11 a d d i t i o n  of d e e p  o r  s u r f a c e  w a t e r s  t o  f o m  
superheated f u m a r o l e s .  A s s m i n g  b o i l i n g  p o i n t -  
depth r e l a t i o n s  i n  t h e  c o n d e n s a t e  i a y e r ,  t h e  t o p  
of t h e  235 'C v a p o r - d m i n a t e d  r e s e r v o i r  is 
Probably n e a r  2 ,100  m e l e v a t i o n .  The bot tom of 
[he VapOr-dOIDinAted r e s e r v o i r  i s  rough ly  

by t h e  e l e v a t i o n  of t h e  8p:ingS a t  
C:ovler Not S p r i n g  ( 1 , 5 7 0  m). This g i v e s  a 

of  t h e  two-phase vapor-dominated zone 
st La88C3 of only 500-600 m, c a p r r a b l e  t c  p a r t s  
G f  Larderello, I t a l y .  bu: much t h i n n e r  t.han che 
t'o-PhaJe r e s e r v o i r  a t  The G e y s e r s ,  C a l i f o r n i a .  
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