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ABSTRACT 

The Wendel-Amedee KGRA is  l o c a t e d  a l o n g  t h e  
n o r t h e a s t e r n  e d g e  of t h e  Honey L a k e  V a l l e y  
i n  e a s t e r n  L a s s e n  Coun ty ,  CA. The V a l l e y  
a complex ly  f a u l t e d  g r a b e n  which l i e s  a t  t h e  
j u n c t i o n  o f  t h e  Modoc P l a t e a u ,  S i e r r a  Nevada 
and B a s i n  and Range g e o l o g i c  p r o v e n c e s .  
I n t e r f e r e n c e  t e s t i n g  o f  3 d e e p  g e o t h e r m a l  
wells i n d i c a t e s  p r o d u c t i o n  f rom a f r a c t u r e d  
d o u b l e  p o r o s i t y  s y s t e m .  D r i l l i n g  and  test- 
i n g  r e s u l t s ,  a l o n g  w i t h  ear l ie r  g e o p h y s i c a l  
s u r v e y s ,  imagery  a n a l y s i s  and  i s o t o p e ' g e o -  
c h e m i s t r y  s u g g e s t  t h a t  t h e  Wendel-Amedee ' 

s y s t e m  is p a r t  o f  a l a r g e  f l o w  s y s t e m  w i t h  
r e c h a r g e  i n  t h e  S i e r r a  Nevada t o  t h e  s o u t h -  
west. Flow is l a r g e l y  c o n f i n e d  w i t h i n  f r a c -  
t u r e d  basemen t  rock by l o w  p e r m e a b i l i t y  v o l -  
c a n i c  and l a c u s t r i n e  s e d i m e n t s ,  a l l o w i n g  
l i t t l e  communica t ion  w i t h  b h a l l o w  g round- .  
water. Waters p e n e t r a t e  t o  d e p t h s  o f  7000 
f t  or more b e n e a t h  t h e  V a l l e y  f l o o r  and a re  
h e a t e d  by above  a v e r a g e  r e g i o n a l  h e a t  f l o w  
b e f o r e  r i s i n g  a l o n g  N-NE t r e n d i n g  f a u l t s .  

INTRODUCTION 

Three  wells have  been  completed o n  t h e  Geo- 
P r o d u c t s  Corp .  l e a s e h o l d .  n e a r  Wendel ( F i g .  
1). The f i r s t  two wells were t e s t e d  i n d i -  
v i d u a l l y  unde r  a r t e s i a n  flow c o n d i t i o n s  and  
t h e  t h i r d  was pumped a s  p a r t  o f  an  i n t e r f e r -  
e n c e  t e s t  program completed i n  November o f  
1986. Ear1,ier w o r k  h a s  been  d i s c u s s e d  i n  
3 p r e v f o u s  GRC. p r o c e e d i n g s  a r t i c l e s  and de -  
t a i l ed  i n  3 reports  t o  t h e  U.  s. Depar tmen t  
o f  Ene rgy  ( J u n c a l  e t  a l ,  1982 ,  1984,  Benson,  
1982 I G e o P r o d u c t s ,  1982  1984 , 1987)  . 
GEOLOGIC SETTING 

The Wendel-Amedee KGRA is l o c a t e d  a l o n g  t h e  
n o r t h e a s t e r n  s i d e  of t h e  Honey L a k e  V a l l e y  
( f i g . 2 ) .  The V a l l e y  l i e s  a t  t h e  j u n c t i o n  
o f  t h r e e  d i s t i n c t  g e o l o g i c  p r o v i n c e s :  t h e  
S i e r r a  Nevada, c o m p r i s e d  l a r g e l y  o f  g r a n i t -  
i c  i n t r u s i v e  rocks and  bounded by a s t e e p  
e a s t e r n  f a u l t  e s c a r p m e n t ;  t h e  B a s i n  and  
Range, c h a r a c t e r i z e d  ( i n  t h i s  area) by n o r t h  
- n o r t h e a s t  t r e n d i n g  moun ta in  b l o c k s  separat- 
ed by a l l u v i a l  v a l l e y s ;  and  t h e  Modoc Plat- 
e a u ,  c o n s i s t i n g  o f  l a r g e l y  P l i o c e n e  and 
younger  v o l c a n i c  rocks w i t h  l ess  w e l l - d e f i n -  
ed s t r u c t u r a l  t r e n d s .  
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w 
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F i g u r e  1. Wendel- Amedee Area. 

A f o r t h  r e g i o n a l  f e a t u r e  cOUld..ialso. :in- 
tersect t h e  Honey L a k e  V a l l e y  and  'is a n  
i m p o r t a n t  e l e m e n t  o f  t h e  p r o p o s e d  s y s t e m  
model. T h i s  is t h e  n o r t h w e s t  t r e n d i n g  
Walker Lane  f a u l t  zone  which c a n  be  traced 
c o n t i n u o u s l y  f rom Las  Vegas t o  a t  l e a s t  
Pyramid Lake  and appears to  cross t h e  east-  
t e r n  side of Honey Lake p o s s i b l y  c o n t i n u i n g  
a s  t h e  A n t e l o p e  Mounta in  F a u l t .  

D r i l l i n g  a l o n g  t h e  n o r t h e a s t  s i d e  o f  t h e  
V a l l e y  h a s  shown t h e  b a s i n  to  be f i l l e d  
l a r g e l y  w i t h  v o l c a n i c  f l o w s ,  mudf lows ,  t u f f  
and v o l c a n i c l a s t i c  s e d i m e n t  to  a d e p t h  o f  
a p p r o x i m a t e l y  4500 f t .  These  rocks are  
p r o b a b l y  of T e r t i a r y  a g e ,  a l t h o u g h  l a v a s  i n  
t h e  uppe r  2000 f t  may be  younger .  A l though  
n o  s t r o n g l y  c o h e r e n t  s t r a t i g r a p h y  is  trace- 
a b l e  be tween  w e l l s ,  from t h e  s t a n d p o i n t  o f  
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t h e  g e o t h e r m a l  s y s t e m ,  t h i s  v o l c a n i c  I tun i t "  
c a n  be c o n s i d e r e d  a caprock i n  t h a t  t h e  sec- 
t i o n  is domina ted  by v e r y  l o w  p e r m e a b i l i t y  
c l a y - r i c h  l i t h o l o g i e s .  The v o l c a n i c  s e c +  
t i o n  o v e r l i e s  a s e d i m e n t a r y  c o n g l o m e r a t e  
which is also a n  i n p o r t a n t  e l e m e n t  of t h e  
s y s t e m  model. T h i s  u n i t  is compr i sed  l a r g e -  
l y  of . rounded  s i l i c e o u s  clasts and a l t h o u g h  
n o  c i r c u l a t i o n  losses were r e p o r t e d  i n  t h i s  
s e c t i o n  d u r i n g  ' d r i l l i n g ,  v e r y  h i g h  mercury  
and  a r s e n i c  c o n c e n t r a t i o n s  were found i n  t h e  
c u t t i n g s  s u g g e s t i n g  g e o t h e r m a l  wa te r  h a s  
moved t h r o u g h  t h e s e  rocks. 

A t  a p p r o x i m a t e l y  5000 f t ,  t h e  c o n g l o m e r a t e  
c o n t a c t s  t h e  g r a n i t i c  basement ,  wh ich  in-  
c l u d e s  bo th  t r u e  g r a n i t e ( p o s s i b 1 y  as  d i k e s )  
and g r a n o d i o r i t e ,  w i t h  some q u a r t z  v e i n n i n g .  
Ev idence  o f  f r a c t u r i n g  from two o f  t h e  .deep 
g o e t h e r m a l  wells i n  t h e  area .is unequivo-  . 
c a l ,  as  . i n d i c a t e d  by l i t h o l o g i c  e x a m i n a t i o n ,  
g e o p h y s i c a l  l o g g i n g  and and d r i l l i n g  behav- 
ior.  I n  t h e  t h i r d  w e l l  s imi l a r  e v i d e n c e  
e x i s t s  f o r  f r a c t u r i n g / f a u l t i n g  w i t h i n  t h e  

' c o n g l o m e r a t e .  I n  , a l l  t h r . ee  wells s p i n n e r  
f lowmeter  s u r v e y s  show. p r o d u c t i o n  from d i s -  
crete,  na r row i n t e r v a l s  which c a n  b e  pro- 
j e c t e d  from t h e  Wendel F a u l t  ( f k g .  1) , a l -  
though  t e h  c h a n g i n g  s t r i k e  o f  t h e  f a u l t  
allows for other i n t e r p r e t a t i o n s  ( S i b b i t t ,  
1984)  . 

F i g u r e  .2. S i m p l i f i e d  map of Honey L a k e  
V a l l e y  .showing a p p r o x i m a t e  l o c a t i o n s  o f  
major moun ta in  b l o c k s ,  wells and  s p r i n g s .  

The Wendel and Amedee f a u l t s  ma9 be man i fe s -  
t a t i o n s  o f  t h e  B a s i n  and Range t e c t o n i c  
s t y l e  or a l t e r n a t i v e l y ,  c o u l d  be second  or- 
der s t r u c t u r e s  between t w o  s t r i k e  s l i p  
f a u l t s  r e l a t e d  to  t h e  Walker Lane zone.  I f  
o n e  c f  t h e s e  s t r u c t u r e s  c u t s  across t h e  Val- 
l e y  a l o n g  t h e  n o r t h e a s t e r n  marg in  o f  t h e  

L a k e  (as s u g g e s t e d  by imagery  a n a l y s i s ) ,  
t h e  s e c o n d  c o u l d  correlate  w i t h  a N60W t r e n d  
of v o l c a n i c  p l u g s  w i t h i n  t h e  S k e d a d d l e  M t s .  
p r e v i o u s l y  mapped by S i b b e t t  (1984,  f i g .  1). 
I n t e r e s t i n g l y ,  b o t h  t h e  Wendel and Amedee 
f a u l t s  appear. t o  b e  t e r m i n a t e d  by t h i s  
t r e n d .  

,INTERFERENCE TESTING 

I n  O c t o b e r  of 1986 GeoProduc t s  w e l l  WEN-1 
was pumped a t  a p p r o x i m a t e l y  1100 gpm w h i l e  
m o n i t o r i n g  w e l l  WEN-2 w i t h  downhole press- 
u r e  and  t e m p e r a t u r e  tools. B o t h . . t h e . d r a w -  
dowil and  r e c o v e r y  p h a s e s  of t h e  t es t  are  
shown o n  t h e  semi- log  p l o t  i n  f i g u r e  3%. 
The  drawdown d a t a  do n o t  appear t o  r e a c h  
a s t r a i g h t  l i n e  u n t i l  a p p r o x i m a t e l y  3000 
m i n u t e s ,  l i k e w i s e ,  t h e  r e c o v e r y  d a t a  o n l y  
a p p r o a c h  a s t r a i g h t  l i n e  ( p o o r l y  d e f i n e d )  
l a t e  i n  t h e  r e c o v e r y  p e r i o d .  These  p lo ts  
s u g g e s t  a c o n v e n t i o n a l  r a d i a l  f l o w  ( T h e i s )  
model is n o t  appropriate f o r  t h e  Wendel  syq- 
tern. 

I n  order to  d e t e r m i n e  a more appropriate 
model  for t h e  t e s t  i n t e r p r e t a t i o n ,  t h e  obs-  
e m a t i o n  well d a t a  were plot ted o n  l o g - l o g  
papsr.  Based o n  t h e  c h a r a C t e r  o f  t h e  l o g -  
l o g  p lo ts  and t h e  r e s u l t s , o f  ea r l ie r  a r t -  
e s i a n  f low t e s t i n g  (Benson,  1982)  a d o u b l e  
p o r o s i t y  model was selected for a n a l y s i s  
u s i n g  t h e  t y p e  c u r v e s  o f  Deruyk e t  a l . ,  
(1982)  . 
The c o n c e p t u a l  b a s i s  o f  t h e  d o u b l e  p o r o s i t y  
model is  t h e  assumed e x i s t e n c e  of t w o  re- 
g i o n s  o f  d i 6 f e r e n t  porosi t ies  and permea- 
b i l i t i e s  w i t h i n  t h e  p r o d u c i n g  f o r m a t i o n ( s )  . 
T h e s e  t w o  r e g i o n s  may be  r e p r e s e n t e d  by ei- 
ther :  (1) b l o c k s  w i t h  p r i m a r y  p e r m e a b i l i t y  
s e p a r a t e d  by f r a c t u r e s ,  or ( 2 )  i n t e r l a y e r e d  
f o r m a t i o n s  w i t h  d r a s t i c a l l y  d i f f e r i n g  per- 
meabil i t.$ es . 
I t  is n o t  p o s s i b l e  t o  d i s t i n q u i s h  be tween  
t h e  n a t u r a l l y  f r a c t u r e d  or m u l t i - l a y e r e d  
r e s e r v o i r  model based on f low t e s t  d a t a  a l -  
o n e  ( G r  i n g a r  t e n ,  1982)  . The g e o l o g i c  .and 
g e o p h y s i c a l  l o g s  from t h e  three w e l l  a t  
Wendel c l e a r l y  e s t a b l i s h  a f r a c t u r e  s i t u a -  
t i o n :  however ,  t h e r e  is  a n  e l e m e n t  of t h e  
m u l t i - l a y e r e d  model  also.  T h i s  l a tber  fea- 
t u r e  is d u e  to  t h e  p r e s e n c e  of t h e  500 f t  
t h i c k  c o n g l o m e r a t e  f o r m a t i o n  l y i n g  a top t h e  
g r a n i t i c  basement  i n  t h e  Wendel area. I n  
b o t h  WEN-1 and WEN-3, t h e  p r o d u c t i o n  i n t e r -  
v a l  is i n f : f r a c t u r e d  g r a n i t e  ( t h e  conglomer-  
a t e  i s  c a s e d  o f f 1  , whereas i n  well  WEN-2 
t h e  p r o d u c t i o n  is from f r a c t u r e s  w i t h i n  t h e  
t h e  c o n g l o m e r a t e .  C o n s i d e r i n g  t h e  s t r u c t u r -  
a l  s e t t i n g  o f  t h e  area ( e x t e n s i v e  no rma l  
f a u l t i n g )  i t  appears l i k e l y  t h a t  e v e n  i n  
t h e  wells p r o d u c i n g  from f r a c t u r e d  g r a n i t e  
t h e r e  i s  communicat ion ge tween t h e  g r a n i t e  
and  t h e  o v e r l y i n g  cong lomera te .  

I n  t h e  d o u b l e  p o r o s i t y  model t h e  f l o w  d u r -  
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i n g  early sta$es of the t e s t  or iginates  
from the factures only and the pressure 
behavior is characterized by the transmis- 
s i v i t y  and storage coef f ic ien t  of the 
fractures .  During intermediate stages the 
blocks w i t h  primary porosity (a l so  called 
the matrix) begin t o  provide f lu id  to  the 
fractures  u n t i l  there is  pressure equil- 
ibrium between the two. During the l a t e  
stages of the t e s t ,  both fractures  and ma- 
t r i x  are produced simultaneously and the 
pressure behavior re f lec ts  a permeability 
equal to  that  of the fractures  feeding the 
wellbore and s to ra t iv i ty  equal t o  the to- 
t a l  of the fractures  and the matrix. 

The pressure data from WEN-2, taken dur- 
ing the 1 0  day constant ra te  t e s t  of WEN- 
1 were plotted v s  log t / r  and matched to  
t ransient  injberporosity flow type curves 
u s i n g  the method of Bourdet and Gringar- 
ken (1980).. From these type curves, values 
for f racture  transmLssivity, f raeture  . 

storage coeff ic ient  and matrix storage co- 
e f f i c i en t  were computed, giving 2-47 E+6 
md-ft/cp, 6.05 E-5, and 2 . 0 1  E-4 ,  respec- 
t ively.  The type curve match a l so  allows 
'.determination of the time a f t e r  which a 
semi-log ( r ad ia l  flow) approximation is 
applicable ( f i g .  3 ) .  Using  the semi-log 
s t a igh t  l i n e  method yields a transmissiv- 
i t y  of 1.73 E+6 md-ft/cp. These very 

large,permeabi l i t ies  along w i t h  the very 
rapid response time ir. the observation 
well ( l e s s  than 2 minutes) r e f l ec t  the 
fractured nature of the Wendel system. 

During the 1 0  day WEN-1 t e s t ,  no boundar- 
ies were observed. T h i s  is consistent 
w i t h  the resu l t s  of the 1982 t e s t  (Benson, 
1 9 8 2 )  and does not allow for the calcula- 
t ion of reservoir s ize ;  however, the rad- 
i u s  of drainage was estimated to  be 7.95 
miles for  the 1 0  day ' t e s t  u s i n g  the co:np- 
uted T and S values. Although the drain- 
age area and volume of l iquid affected by 
tes t ing  is extemely large,  there is no 
assurance tha t  the reservoir temperatur.e 
is constant. I t  could be higher or lower 
i n  areas beyond the presently developed 
acreage. I t  was pointed out by Yeamans 
(1982)  tha t  geothermal flow t e s t s  are com- 
monly interpreted t o  suggest very large 
volume geothermal reservoirs;  ye t  the re- 
u l t s  of s tep out d r i l l i ng  are  often disap- 
pointing. For the Wendel- Amedee geother- 
mal system there is some evidence to  sug-  
gest  tha t  the 250'F temperatures may per- 
s-is+. over a very large area. A well ( G u l f  
ST-1) 3.5 miles eas t  of Wendel had a bot- 
tom hole temperature of a t  l e a s t  250'F a t  
5000 f t .  The Amedee Hot Springs, 5 miles 
eas t  of Wendel a re  large volume boiling 
springs w i t h  a geochemical signature a l -  
most ident ical  t o  the Wendel springs and 

Figure 3 .  Semi-log p lo t  of downhole pressure versus time for 
observation well WEN-2 during pumping and recovery of WEN-1. 
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A P P R O X I M A T E  S1 

S T R A I G H T  L I N E  
OF S E M I - L O G  

O B S E R V A T I O N  U E L L  WEN-2 

W E N - 1  P U M P I N G  1 0 7 2  gpm 
P R O O U C T I O N  FROM //\ I START: S T O P :  1 1 / 2 2 / 8 6 ,  i i / i 2 / e 6 .  1 i :oo 11:OO 
F R A C T U R E S  \. T Y P E  

CURVES 

// 
JO-8 

D I S T A N C E  r TO P U M P I N G  
WELL I S  4 . 8 5 6  F E E T  

t / r 2  ( H O U R S / F T ~ )  

10-6 

F i g w e  4. Type c u r v e  a n a l y s i s  u s i n g  t h e  double  porosi ty  model w i t h  
t r a n s i e n t  i n t e r p o r o s i t y  f low. 

wells. The  G u l f . w e l l  ST-2 located a b o u t  1 
mile s o u t h e a s t  of Wendel H o t  S p r i n g s  h a s  a 
t empera tu r . e  of 245.F a t  4800 f t  which  to- 
g e t h e r  w i t h  t h e  e x i s t e n c e  o f  numerous s h a l -  
l o w  w a r m  wells t h r o u g h o u t  t h e  .area be tween  
Wendel and  Amedee s u g g e s t  a h y d r o l o g i c  and  
t h e r m a l  c o n t i n u i t y .  L i t t l e  is  known a b o u t  
t h e  t e m p e r a t u r e  r eg ime  a t  depth to  t h e  west 
however ,  a : w e l l  a t  L i t c h f i e l d  1 0  miles to  
t h e  west which  l i e s  a l o n g  t h e  p o s t u l a t e d  
t r e n d  of t h e  Walker Lane zone  t h r o u g h  t h e  
V a l l e y ,  p r o d u c e s  water of similar c h e m i s t r y  

a t  1 8 0 ' F  from a d e p t h  of less t h a n  1500 f t .  

CONCEPTUAL GEOTHERMAL SYSTEM MODEL 

T h e  geothermal s y s t e m  a t  W e n d e l ' c a n  b e  de -  
m o n s t r a t e d  to  b e  a dynamic  flow s y s t e m  ra- 
t h e r  t h a n  a bounded r e s e r v o i r .  As s u c h ,  i t  
is  c o m p r i s e d  of t h e  b a s i c  e l e m e n t s  of a n y  
h y d r o l o g i c  f low sys tem:  a r e c h a r g e  s o u r c e ,  
a p a t h  of flow or c i r c u l a t i o n ,  and  a d i s -  
c h a r g e  zone .  

A t  Wendel ,  as  i n  most g e o t h e r m a l  s y s t e m s  
t h e  d i s c h a r g e  zone  h a s  b e e n  t h e  f o c u s  of in -  
v e s t i g a t i o n .  Thermal waters d i s c h a r g e  t o  
t h e  s u r f a c e  a l o n g  N-NE t r e n d i n g  f a u l t s  a t  
bo th  Amedee and  Wendel. The chemical s i m -  
i l a r i t y  be tween  t h e  deep w e l l  water and  t h e  
h i g h  volume H o t  S p r i n g s  i n d i c a t e s  .a r a p i d  
r i s e  of f l u i d s  from d e p t h  w i t h  l i t t l e  con-  
d u c t i v e  heat  loss or m i x i n g  w i t h  shallow 
g r o u n d w a t e r .  I n  a d d i t i o n  to  t h e  S p r i n g  d i s -  
c h a r g e ,  t h e  abundance  of warm g r o u n d w a t e r  
and s h a l l o w  h o t  wells i n  t h e  area s u g g e s t s  

s i g n i f i c a n t  s u b s u r f a c e  d i s c h a r g e  o f  s y s t e m  
f l u i d ,  a l t h o u g h  some of t h i s  is  p r o b a b l y  
d u e  to  c o n d u c t i v e  heat ing:  The  e v i d e n c e  
o f  a l a r g e  n a t u r a l  d i s c h a r g e  is c o n s i s t e n t  
w i t h  t h e  r e s u l t s  of pumping tests which 
showed small p r e s s u r e  drawdowns i n  o b s e r v -  
a t i o n  wel ls  and t h e  lack of s y s t e m  bound- 
a r ies  w i t h i n  a t  l e a s t  8 miles. 

W h i l e  t h e  d i s c h a r g e  z o n e ( s )  of t h e  s y s t e m  
i s  r e a d i l y  i d e n t i f i a b l e ,  t h e  r e c h a r g e  area 
and  t h e  c i r c u l a t i o n  p a t h  be tween  t h e  t w o  
are c o n s i d e r a b l y  less o b v i o u s .  For t h e  ' 
Wendel-Amedee system, as  f o r  t h e  Honey 
L a k e  b a s i n  as  a who le ,  recharge would be 
e x p e c t e d  from t h e  area of most precipi ta-  
t i on / snowpack ,  which  i s  t h e  S ie r ra  Nevada 
(Diamond M t s . )  t o  t h e  west. The  r e l a t f v e -  
l y  h i g h  e l e v a t i o n  of t h e  r a n g e  is also i m -  
p o r t a n t  to p r o v i d e  t h e  h y d r a u l i c  head  nec-  
e s s a r y  for p e n e t r a t i o n  to dep ths  of h i g h  
t e m p e r a t u r e .  

A n a l y s i s  of t h e  s t ab le  isotope d a t a  shown 
o n  f i g u r e  5 also s u p p o r t s  t h e  S i e r r a n  re- 
c h a r g e  h y p o t h e s i s .  The deu te r ' i um l e v e l s  
i n  t h e  g e o t h e r m a l  waters d i f f e r  s i g n i f i -  
c a n t l y  from t h o s e  i n  t h e  cold wells and  
s p r i n g s .  G e n e r a l l y  d e p l e t e d  (more nega- 
t i v e )  v a l u e s  o f  d e u t e r i u m  cor re la te  w i t h  a 
h i g h e r  e l e v a t i o n  o f  p r e c i p i t a t i o n  (lower 
t e m p e r a t u r e  o f  c o n d e n s a t i o n )  for a g i v e n  
area,  a l t h o u g h  c o n s i d e r a b l e  v a r i a t i o n  c a n  
o c c u r  i n  t h e  e a s t e r n  S ie r ra  d e p e n d i n g  o n  
a i r  f l o w  p a t t e r n s  (Fciedman and  S m i t h ,  
1 9 7 0 ) .  Fr iedman and  Smi th  (1972  a l so  n o t -  
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Figure 5. Plot  of s table  isotope 
data from Honey Lake Valley region. 

ed tha t  above normal snow pack correlates  
w i t h  colder storms i n  general. The combina- 
t ion of these two ef fec ts  is  tha t  the best 
recharge years a re  characterized by precip- 
i t a t i on  which is more depleted i n  deuter- 
ium. These s tudies ,  along c;lith recent work 
by Ingraham. and Taylor (1986)  which shows a 
correlat.ion between deuterium depletion and 
distance from the coast along the prevail- 
i n g  storm paths,  indicate recharge from 
the higner elevations i n  the northern Sierra  
Nevada, ea s t  of the c re s t ,  should average 
-115 to -120 per m i l .  Shallow groundwaters 
i n  the Valley, on the other hand,. may re- 
cieve a s ign i f i can t  amount of recharge from 
i n f i l t r a t i o n  of .stream or lake water which, 
has been effected by evaporation and is 
therefore enriched ( l e s s  negative) i n  deuter- 
i u m .  . 

An a l te rna t ive  explanation for  the low deu- 
terium leve ls  i n  the geothemal water is 

and was r:echarged during a period of colder 
worldwide climate. While not unreasonable, 
t h e  s imi la r i ty  i n  deuterium content between 
the Wendel-Amedee area.and the two hot 
springs i n  Long Valley*.which emerge along . 

.. tha t  it is greater than 1 0 , 0 0 0  years old 
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F'igure 6 .  Plot  of chlor ide/bicarbonate 
r a t i o  versus oxygen 18  content for geo- 
thermal waters i n  the Honey Lake region. 

the Sierran f ronta l  f au l t  suggest a common 
source and yet  the Long Valley waters are 
fa r  l e s s  evolved geochemically. T h i s  is  
l e s s  consis tent  w i t h  very old waters than 
it is w i t h  a north to  northeastern migra- 
t ion of 'recharge across the region. Fig-  
ure 6 shows a p lo t  of the oxygen isotope 
data versus chloride-bicarbonate r a t i o  for 
the Honey Lake geothermal waters. ecause' 
increasing Cl/HCO and increasing "0 con- 
t en t  both cor re la te  w i t h  increasedresidence 
time, flow from southwest t o  .northeast is  
suggested by the plot .  

I f  the  Diamond Mountains are  the source of 
the geothermal system recharge, the Honey 
Lake f a u l t  which bounds. the southwestern 
side.  of ' the .Valley-- is a logical  conduit for 
downward flow. T h i s .  f au l t  and other struc- 
tures  further eas t  i n  the mountain block 
can be reasonably expected t o  extend to  
depths of 1 0 , 0 0 0  f t  or more and would have 
f rac ture  permeability maintained by recent 
and ongoing siesmicity i n  the region (Vet- 
te r  and others ,  1 9 8 2 ) .  Much of the seismic 
ac t iv i ty  i n  the area is recorded 'along the 
Walker Lane and near the Antelope M t n .  
f a u l t  zones suggesting the potent ia l  impor- 
tance of s t ruc tures  along the eastern side 
of Honey Lake Valley. 

Recharge from the eastern flank of the Dia- 
mond Range would move downward beneath the 
Valley, gradually heating by conduction 
from the rock along the flowpath. The most 
reasonable source .of heat is the above ave- 
rage regional flow (BlAckwell, 1 9 8 2 )  , which 
accumulates i n  the chrystal l ine basement 
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rock d u e  to  t h e  i n s u l a t i n g  effects of t h e  
t h i c k ,  c l a y - r i c h ,  l o w  t h e r m a l  c o n d u c t i v i t y  
v a l l e y  f i l l  ma te r  i a l  . 
For t h e  Wendel waters a minimum d e p t h  of 
c i r c u l a t i o n  o f  a p p r o x i m a t e l y  7000 f t  be- 
n e a t h  t h e  V a l l e y  floor is r e q u i r e d  to h e a t  . 
a 45 'F r e c h a r g e  water to s y s t e m  maximum 
t e m p e r a t u r e  {based  o n  geo the rmomet ry )  of 
268.F u s i n g  g r a d i e n t s  measured  i n  4 TG 
holes d r i l l e d  i n  t h e  area. 

Water c i r c u l a t i n g  to  t h e s e  d e p t h s  would 
f low i n  r e s p o n s e  to b o t h  a p o t e n t i a l  d i f -  
f e r e n c e  and a d e n s i t y  d i f f e r e n c e .  For  t h e  
Wendel-Amedee s y s t e m ,  f l o w  w i t h i n  t h e  
f r a c t u r e d  g r a n i t i c  basement  may also b e  
c o n t r o l l e d  by t h e  d e e p  s e a t e d ,  p r o b a b l y  
n e a r  v e r t i c a l  Walker Lane f a u l t  zone., The 
Wendel and Amedee h o t  s p r i n g s  may b e  loc- 
a l i z e d  i n  p a r t  by t h e  i n t e r s e c t i o n  of t h e  
NW t r e n d i n g  Walker Lane s t r u c t u r e  w i t h  t h e  
mxmaJ-:XE s t r i k i n g  Wendel and  Amedee f a u l t s  
n e a r  t h e  e a s t e r n  m a r g i n  of Honey Lake.  O r  

. as  p r e v i o u s l y  men t ioned  t h e  Wendel and  Am- 
e d e e  f a u l t s  may b e  second  o r d e r  f e a t u r e s  
r e l a t e d  to s t r i k e  s l i p  movement o n  Walke r  
Lane  t r e n d s .  

SUMMARY 

The Wendel-Amedee KGRA appears to  b e  par t  
of a l a r g e  flow s y s t e m ,  w i t h  r e c h a r g e  pro- 
v i d e d  from meteoric s o u r c e s  i n  t h e  Diamond 
Mts. The g e o t h e r m a l  f l u i d s  f l o w  unde r  
. s t r u c t u r a l  c o n t r o l  b e n e a t h  t h e  Honey Lake 
. V a l l e y .  Due to  t h k  low p e r m e a b i l i t y  of t h e  
v a l l e y  f i l l  t h e  flow is l a r g e l y  c o n f i n e d  to 
f r a c t u r e s  w i t h i n  t h e  basement  rock. Heat 
h a s  accumula ted  i n  t h e s e  rocks d u e  to  a * 

h i g h e r  t h a n  a v e r a g e  r e g i o n a l  h e a t  flow and 
t h e  i n s u l a t i n g  effects of t h e  o v e r l y i n g  
c l a y - r i c h  material. The f l u i d  c i r c u l a t e s  
to a d e p t h  o f  7000 f t  or more and is h e a t -  
ed c o n d u c t i v e l y  before r i s i n g  . a long  N-NE 
t r e n d i n g  f a u l t s ,  p o s s i b l y  n e a r  t h e  i n t e r -  
s e c t i o n  of t h e s e  f a u l t s  w i t h . a  major re- 
g i o n a l  . s t ructure  which c u t s  t h e  V a l l e y  
l o n g i t u d i n a l l y  a l o n g  its ea'st s i d e .  The 
c l a y - r i c h  material o v e r l y i n g  t h e  g r a n i t e  
basement  a c t s  a s  a cap, e f f e c t i v e l y  p rev -  
e n t i n g  communicat ion w i t h  t h e  s h a l l o w .  
g roundwate r  s y s t e m  i n  t h e  v a l l e y  f i l l .  
The r a p i d  r i se  from t h e  basemen t  f r a c t u r e s  
to t h e  s u r f a c e  is  accompl i shed  w i t h o u t  s i g -  
n i f  i c a n t  near  s u r  f a c e  mix ing .  
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