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ABSTRACT 

The f l u i d  chemist ry  of t h e  geothermal system 
t h a t  feeds Amedee and Wendel Hot Springs i n  eas t -  
e r n  C a l i f o r n i a  i s  complex. Two thermal f l u i d s  
have been i dent i f i ed based on t h e  concent r a t  i ons 
o f  t h e  conservat ive elements C1 and B, f l u i d  en- 
t h a l p i e s ,  and t h e  a p p l i c a t i o n  o f  chemical geother- 
mometers . One i s  cha rac te r i zed  by temperatures 
above 120°C and a TDS content  o f  1300 ppm, and 
w i  11 be used by GeoProducts Corporat ion t o  produce 
e l e c t r i c i t y .  The second i s  1 ower i n  temperature, 
75"C, and has a TDS con ten t  o f  650 ppm. This  
f l u i d  may be used f o r  d i r e c t  heat a p p l i c a t i o n  a t  
t h e  Susanv i l l e  Cor rec t i ona l  I n s t i t u t e .  Both Amedee 
and Wendel Hot Springs discharge waters which a r e  
m ix tu res  o f  these two types. Warm waters d i s -  
charged from some o f  t h e  shal low w e l l s  i n  t h i s  
area have temperatures o f  20"-30°C and appear t o  
be conduc t i ve l y  heated groundwater. Cold ground- 
waters range i n  TDS contents  from 200 t o  2000 
ppm: This  v a r i a t i o n  i n  s a l i n i t y  may be due t o  
f l u i d  contact  w i t h  s a l i n e  l a k e  deposits. 

INTRODUCTION 

Amedee Hot Springs i s  perhaps t h e  bes t  known 
o f  t h e  h o t  spr ings t h a t  a c t i v e l y  deposi t  mercury 
s u l f i d e s  (White, 1981). A geothermal t e s t  we l l  
d r i l l e d  a t  Amedee Hot Springs i n  t h e  e a r l y  1960's 
(White, 1967, p. 598) showed t h a t  t h e  hot  s p r i n g  
waters a r e  composed o f  107OC f l u i d  which mixed 
w i t h  a c o o l e r  f l u i d  a t  122 m y  r e s u l t i n g  i n  a 104°C 
f l u i d .  

Amedee and t h e  nearby Wendel Hot Springs d i s -  
charge b o i l i n g  f l u i d s  o f  96°C from Lake Lahontan 
sediments. The t o t a l  f low from a l l  Amedee Hot 
Springs vents has been est imated as 67.6 l / s  
(White, 1981). During t h e  l a s t  several years t h e  
geothermal system which feeds Amedee and Wendel 
Hot Springs has been t h e  sub jec t  of renewed explo-  
r a t i o n  because o f  i t s  p o t e n t i a l  f o r  producing geo- 
t h e r m a l l y  generated e l e c t r i c i t y .  To date t h i s  
program has r e s u l t e d  i n  t h e  d r i l l i n g  of one deep 
p roduc t i on  we1 1 and numerous suppor t ing geologic  
and geophysical s t u d i e s  (Zei  s l  o f t  e t  a1 . , 1984). 
Chemi ca l  ana lys i s  o f  f l u i d s  d i  scharged from we1 1 s 
and sp r ings  i n  t h e  area i n d i c a t e  t h a t  t h e  geother- 
mal system i s  p a r t  of a complex hyd ro log i c  regime 
which i nc ludes  waters o f  va ry ing  chemist r ies.  The 

purpose o f  t h i s  paper i s  t o  present geochemical 
data on these f l u i d s  and a model o f  t h e  geothermal 
system. This  model has been developed through a 
comparison o f  t h e  conservat ive elements w i t h i n  t h e  
f l u i d s ,  f l u i d  enthalp ies,  and t h e  a p p l i c a t i o n  of 
chemical geothermometers. 

GEOLOGIC SETTING 

The Wendel -Amedee geothe rma 1 system i s 1 oca - 
t e d  i n  Honey Lake bas in  near t h e  j u n c t i o n  o f  t h r e e  
major phys iographic  prov inces:  t h e  Basin and 
Range, t h e  S i e r r a  Nevada and t h e  Modoc Plateau 
(Fig. 1). Honey Lake bas in  i s  a c losed bas in  t h a t  
con ta ins  approximately 600 m o f  vo l can ic  f l ows  and 
tu f faceous  sediment, i n t e r c a l a t e d  w i t h  sediment 
from Lake Lahontan ( Z e i s l o f t  e t  al., 1984). The 
bas in  i s  under la in  by f r a c t u r e d  Mesozoic i n t r u s i v e  
rock s . 

Several h o t  s p r i n g  vents are a c t i v e  w i t h i n  
Honey Lake basin. These vents e x i s t  as two c lose -  
l y  c l u s t e r e d  groups and have been designated as 
Wendel and Amedee Hot Springs. Although bo th  ho t  
s p r i n g  groups a r e  associated w i t h  t r a v e r t i n e  
mounds deposited d u r i  ng Lake La hontan t i m e  
( Z e i s l o f t  e t  a1 ., 1984), n e i t h e r  appear t o  be 
p r e s e n t l y  d e p o s i t i n g  c a l c i t e .  Amedee Hot Springs, 
however, a r e  a c t i v e l y  depos i t i ng  mercury s u l f i d e s  
on Lake Lahontan sediments (White, 1981). 

B\ 

F igu re  1. Loca t ion  Map. 

-. 
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F i g u r e  2. Sample Locat ion Map 

METHODS OF INVESTIGATION 

Water samples, c o l l e c t e d  d u r i n g  t h e  w i n t e r  o f  
1982, were taken from t h e  hot  and c o l d  spr ings,  
i r r i g a t i o n  and domestic wel ls ,  and geothermal 
w e l l s  shown i n  F igu re  2. The samples were f i l -  
t e r e d  through a .45~ membrane f i l t e r  w i th  a p e r i -  
s t a l t i c  pump and s to red  i n  po l ye thy lene  b o t t l e s .  
The conta iners were precleaned w i t h  20% n i t r i c  
a c i d  and deionized water and r i n s e d  w i t h  f i l t e r e d  
sample water. An un t rea ted  sample and two 
a c i d i f i e d  s p l i t s  (one w i t h  1% HCL and one w i t h  20% 
"(I3) were c o l l e c t e d  a t  each sample s i t e .  

The pH and b icarbonate concen t ra t i on  were 
determined a t  t h e  t ime  o f  c o l l e c t i o n  on pressure 
f i l t e r e d  samples us ing  a s e l e c t i v e  i o n  meter w i t h  
a Ag/AgCl combination pH e lec t rode  and by s u l f u r i c  
a c i d  t i t r a t i o n  (Presser and Barnes, 1974), respec- 
t i v e l y .  Potassium, f l u o r i d e ,  c h l o r i d e ,  s u l f a t e  
and t o t a l  d isso lved s o l i d s  were determined on 
f i l t e r e d  sampl es by atomic abso rp t i on  spect r o -  
photometry, s p e c i f i c  i o n  e lect rode,  s i 1  ver  n i t r a t e  
t i t r a t i o n  and gravimetry, respec t i ve l y .  The 
remaining major and minor elements l i s t e d  i n  Table 
2 were determined by i n d u c t i v e l y  coupled plasma 
spectrometry u s i  ng met hods descr ibed by 
Chr is tensen e t  a l .  (1980). A l l  samples were 
analyzed w i t h i n  one month of c o l l e c t i o n .  

RESULTS 

Chemical composit ions and c a l c u l a t e d  
geothermometer temperatures of t h e  samples 
c o l l e c t e d  a re  l i s t e d  i n  Table 1. F i v e  of t h e  
samples were taken from ho t  springs, two f rom c o l d  
spr ings,  two from i r r i g a t i o n  wel ls ,  two from deep 
( >  300 m)  thermal wel ls ,  and twelve from c o l d  and 
warm domestic wel ls .  A water sample o f  t h e  geo- 
thermal product ion we l l ,  WEN-1, was c o l l e c t e d  by 
GeoProducts, Inc., du r ing  t h e  s p r i n g  o f  1982 and 
analyzed by t h e  Ear th Science Laboratory. 

A t r i l i n e a r  p l o t  (Fig. 3) o f  major i o n  r a t i o s  
was used t o  cha rac te r i ze  t h e  water samples by t h e  
method o f  P iper  as discussed i n  Hem (1970). I n  
a d d i t i o n  C l / B  r a t i o s  have been p l o t t e d  aga ins t  
Na/S04 (Fig. 4) and Na/C1 (Fig. 5). 

co / 
/ 

Figu re  3. P i  e r  P l o t  o f  thermal and nonthermal 
waters sampled i n  t h i s  study. 

DISCUSSION 

Charac te r i za t i on  o f  water types 

A l l  waters c o l l e c t e d  w i t h  measured tempera- 
t u r e s  above 30°C group c l o s e l y  on t h e  t r i l i n e a r  
p l o t  and a re  sodium s u l f a t e  i n  character ,  w h i l e  
those below 30°C a r e  sca t te red  and a re  sodium b i -  
carbonate i n  cha rac te r  (F ig .  3). The t o t a l  d i s s -  
o l ved  s o l i d s  contents  (TDS) o f  t h e  waters w i t h  
measured temperatures between 20" and 3OoC are 
almost i d e n t i c a l  (200-260 ppm) (Table 1). The TDS 
values f o r  waters w i t h  measured temperatures be l  ow 
20°C range from 180 t o  1940 ppm TDS, suggest ing 
heterogeneous source rocks f o r  t h e  c o l d  ground- 
waters. 

Stefansson and Arnorsson (1975) used B/C1 
r a t i o s  i n  f l u i d s  t o  d e f i n e  t h e  a rea l  ex ten t  o f  
geothermal rese rvo i r s .  Rat ios o f  B and C1 f o r  t h e  
Honey Lake bas in  f l u i d s  do n o t  separate thermal 
from nonthermal f l u i d s .  However, when Na/S04 and 
Na/C1 r a t i o s  a r e  used as an i n d i c a t o r  o f  water 
character ,  and a r e  p l o t t e d  .aga ins t  B/C1 r a t i o s ,  
thermal , warm and nonthermal f l u i d s  separate we l l  
(Figs. 4 and 5). 

Re la t i onsh ips  between t h e  C1, so Na, and B 
concentrat ions i n  t h e  waters sampled i;e shown i n  
F igu re  4 and Table 1. Inspec t i on  of t h e  S04/Cl 
r a t i o s  (Table 1) show t h a t  these waters do no t  
d i s p l a y  t rends found i n  most geothermal systems. 
Ra t ios  of S04/C1 i n  geothermal f l u i d s  decrease as 
temperature increases because o f  t h e  re t rog rade  
s o l u b i l i t y  o f  ca lc ium s u l f a t e  minera ls  and t h e  i n -  
creased scavenging o f  C1 by t h e  f l u i d s  a t  e leva ted  
temperatures. Steam heated hot  o r  warm waters d i s -  
p lay  an increased S04/Cl r a t i o  as a r e s u l t  o f  i n -  
c reas ing  SO4 from H2S o x i d a t i o n  (Mahon e t  al., 
1980). However, steam heated waters w i l l  a l s o  show 
an increase i n  HCO3 t h a t  i s  n o t  present  i n  t h e  
thermal waters sampled i n  t h e  Honey Lake basin. 
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TABLE 1. CHEMlCAL ANALYSES AN0 GEOTHERROMETEH TEMPERATURES 

THERMAL WATERS (>30"C) 

Smpl  e 

Well Depth (m) S S s6OO 1532 1758 

Measured lemp(OC) 96 96 75 35 96 

T O S ~  838 1021 660 1010 1320 
Na 224 280 159 271 349 
K 6 8 3 5 2 0  
ca 20 20 16 16 38 
Mg 0.02 <.l 0.11 0.13 <.5 

Si02 108 125 83 93 130 

B 4.5 5.6 3.5 6.6 7.7 

Amedee Uenpel Prison G u l f  WEN-1' 
HS HS Well 2-51 

ur Sprlng(s) 

P" 8.8 8.3 8.7 8.7 8.3 

L i  0.09 0.11 0.05 c.05 0.26 

282 3-10 247 346 410 so4 
c1 153 le5  96 205 284 
F 4.7 4.2 3.9 3.8 6.5 
S04/C1 1.R4 1.64 2.57 1.69 1.44 
A l k a l i n i t y  (tlC03) 54 53 66 78 73 

ria-K-Ca (-M9)4 123 128 69 112 158 
Chalcedony5 115 125 99 106 127 
Quart 2 136 143 124 129 152 

'Analysis U-2, taken from Mariner e t  at. (1976). 

WARM WATERS (20°C t o  30°C1 
WA-9 WA-12 WA-16 UA-21 

30 

22 
7.8 
206 
48 
10 
6 

2 
43 

<.os 
0.3 
26 

20 
0.2 
1.3 
122 
R3 
64 
95 

91 

27 
7.3 
216 
44 
9 
8 
3 

44 
<.05 
0.3 
28 

19 
0.2 
1.47. 
120 
63 
66 
96 

S 

27 
7.9 
204 
37 
6 
14 
5 

33 
<.os 
0.2 
20 

14 
0.2 
1.43 
120 
63 
52 
e3 

Shall Ob 

22 
7.3 
2 58 
58 
3 
3 
1 

49 
<.os 

.2 
19 

16 
0.3 
1.19 
1 50 
69 
71 
i n 1  

COLD WATERS (<20°C) 

'A-5 WA-7 WA-8 WA-10 WA-11 WA-13 WA-18 Wk-19 UA-20 

25 155 155 30 91 30 shallow shallow shal low 

17 14 13 14 15 14 14 
7.9 8.8 8.8 7.6 7.6 7.3 7.3 
180 818 636 492' 400 264 378 
39 288 241 101 9U 55 68 
8 4 2.3 13 5 7 8 
8 2 6 28 14 5 28 
5 2  2 1 4  7 3 1 0  

36 45 36 58 66 59 55 
<.OS <.OS <.05 <.OS <.OS <.OS <.05 
0.1 1.2 0.7 0.5 0.7 <.125 0.1 
23 58 2 121 29 41 13 

15 49 13 23 15 8 15 
0.2 1.0 1.0 0.3 0.3 n.2 0.4 
1.53 1.18 . I S  5.26 1.93 5.13 .87 
122 668 701 266 302 149 297 
32 30 62 32 45 39 60 
56 67 56 79 86 00 7 7  
87 97 87 109 115 110 106 

2Sarnple taken a f t e r  water flashed a t  atiiiospheric pressure. bo t tu i i  hole taiiperature was 124°C. 

3 10s and e lmer i t  coricentratioris a r e  i n  ppii. 
Method of Fournier and Truesdell (1973) and Fournier and Pot te r  (1979); 
Taperd tures  are  i n  OC. 

Method of  Fournier (1973); Tmperatures are i n  "C. 

14 
7.4 
378 
80 
10 
10 
4 

48 
<.os 
0.3 
20 

11 
n. 3 
1 .x2 
197 
54 
70 
100 

14 

7.9 
1940 
588 
18 

39 
22 

55 
<.os 
2.1 
260 

367 
0.R 

.71 
1015 

29 
7 7  

106 

The s i l i c a  and c a t i o n  geothermometers were 
c a l c u l a t e d  fo r  t h e  waters sampled and a r e  l i s t e d  
i n  Table.  1. According t o  Fourn ie r  (1973) the  
quar t z  geothermometer works bes t  f o r  we1 1 waters 
where subsurface temperatures a r e  above about 
15OOC and t h e  wa l l rock  has an excess o f  normative 
quar tz .  Fourn ier  f u r t h e r  s t a t e s  t h a t  i n  some 
a q u i f e r s  below 100°C, and perhaps up t o  150"C, 
chalcedony r a t h e r  than quar t z  apparen t l y  c o n t r o l s  
t h e  d i  sso l  ved s i  l i c a  content .  Subsurface tempera- 
t u r e s  h ighe r  than 125°C have not  been recorded i n  
t h e  v i c i n i t y  o f  Wendel and Amedee Hot Springs. 
Furthermore, ma f i c  vo lcanics a r e  predominant i n  
t h i s  area down t o  about 1200 m. Th is  would 
suggest t h a t  t h e  s i 1  i c a  geothermometer polymorph 
most app l i cab le  t o  thermal waters f l o w i n g  through 
m a f i c  rocks i n  the  Wendel-Amedee area i s  cha l -  
cedony. The thermal water from WEN-1, however, 
f l ows  from s i l i c i c  i n t r u s i v e  rock a t  a depth of 
about 1660 m and may be i n  e q u i l i b r i u m  w i t h  
quar tz .  

The chalcedony and quar tz  geothermometer 
temperatures f o r  t h e  thermal waters a r e  p l o t t e d  
vs. B i n  F igure 6. The general t r e n d  o f  i nc rea -  
s i  ng temperature from t h e  Susanvi l  1 e Pr ison we1 1 
t o  Amedee H.S., Wendel H.S., and WEN-1 i s  s i m i l a r  
t o  t h e  t r e n d  shown on t h e  C1 vs. B p l o t  f o r  these 
thermal waters (Fig. 7). The bes t  f i t  f o r  t he  
reg ress ion  l i n e  shown i n  F igu re  6 was obtained 
us ing  chalcedony geothermometer temperatures f o r  
t h e  Pr ison we l l  and the  hot  spr ings,  and t h e  
quar t z  geothermometer temperature f o r  WEN-1. Gulf 
2-ST f a l l s  o f f  t h e  t rend,  and i t s  p red ic ted  temp- 
e r a t u r e s  are s u b s t a n t i a l l y  h ighe r  than the  mea- 
sured temperature o f  35°C. These d i s p a r i t i e s  may 
be due t o  r e e q u i l i b r a t i o n  o f  f l u i d  i n  a low perme- 
a b i  1 i ty  f o  r m a t  i on. 

Cat ion geothermometer temperatures show a 
g rea te r  s c a t t e r  (Fig. 6) than s i l i c a  f o r  t h e  
thermal waters. Both t h e  quar tz  and c a t i o n  
geothermometers i n d i c a t e  an o r i g i n a l  temperature 
o f  150" t o  160°C f o r  WEN-1 f l u i d .  

Geothermometer temperatures f o r  c o l d  and warm 
water from Honey Lake bas in  should be viewed w i t h  
caut ion.  Fourn ie r  (1979) s t a t e s  t h a t  c a t i o n  geo- 
thermometer r e s u l t s  a r e  dubious when a p p l i e d  t o  
magnesium-rich waters. I n  a d d i t i o n  t h e  magnesium 
c o r r e c t i o n  f a c t o r  (Fourn ie r  and Po t te r ,  1979) i s  
n o t  c a l i b r a t e d  f o r  waters w i t h  an RMg (= magnesium 
t o  t o t a l  major c a t i o n  r a t i o ,  exc lus i ve  of Na) over  
35. The RMg values f o r  t h e  warm and c o l d  waters 
i n  Honey Lake b a s i n  range from 23 t o  45. 

Cl/B AS AN EXPLORATION TOOL 

The atomic r a t i o  o f  C l / B  has been used i n  
severa l  areas t o  cha rac te r i ze  geothermal aqui - 
fe rs .  Stefansson and Arnorsson (1975) u t i l i z e d  
t h e  C l / B  atomic r a t i o  t o  d e f i n e  t h e  a rea l  ex ten t  
o f  geothermal systems i n  t h e  Southern Lowlands of 
Iceland. I n  New Zealand, Mahon (1970) combined 
C l / B  atomic r a t i o s  i n  r e s e r v o i r  rocks w i t h  C l / B  
data from experiments on rock/water i n t e r a c t i o n s  
t o  p r e d i c t  v e r t i c a l  and areal  changes i n  t h e  geo- 
thermal composit ion o f  t h e  r e s e r v o i r  rocks. These 
p r e d i c t i o n s  were subsequently v e r i f i e d  by d r i  11 - 
ing. Upwel l ing geothermal f l u i d  a t  t h e  Roosevelt 
Hot Springs KGRA was mapped by Ross e t  a1 . (1982) 
by p l o t t i n g  and con tou r ing  boron and c h l o r i d e  con- 
t e n t s  of groundwaters. 

A l l  o f  these s t u d i e s  have assumed n e g l i g i b l e  
c o n t r i b u t i o n s  o f  . boron from c o l d  groundwaters 
which mix w i t h  t h e  thermal f l u i d s .  For most areas 
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F i g u r e  4. Water character  (Na/SO ) vs. conserva- 
t i v e  elements (Cl /B)  o f  sampled waters. 

t h i s  i s  a v a l i d  assumption. For example, median 
boron concentrat ions f o r  streams i n  t h e  U.S.S.R 
(Turekian, 1969) and t h e  U.S.A. (L iv ingstone,  
1963) have been est imated as 0.01 and 0.0116 ppm, 
respec t ive ly .  Th is  i s  much l e s s  than t h e  range 
found i n  hydrothermal waters (Gmelin, 1954), 0.5 
t o  1000 ppm. Sa l ine  lakes a l s o  range from 0.5 t o  
1000 ppm i n  boron concent ra t ion  (Gmelin, 1954). 
However, i n  an a r i d  c losed bas in  such as Honey 
Lake, t h e r e  i s  a s t rong l i k e l i h o o d  t h a t  t h e  
sediments w i  11 conta in  h i g h l y  s o l u b l e  bora te  
minera ls .  Borax deposi ts  a r e  found e x c l u s i v e l y  
w i t h i n  these environments ( K i s t l e r  and Smith, 
1975). Thus a very low concent ra t ion  o f  B i n  t h e  
c o l d  groundwaters i n  Honey Lake bas in cannot be 
assumed. Under these c o n d i t i o n s  r a t i o s  o f  B t o  C1 
should p l o t  as a s t r a i g h t  l i n e  i f  t h e  c o l d  and 
warm f l u i d s  a re  r e l a t e d  by mixing. 

B and C1 have been p l o t t e d  f o r  t h e  Honey Lake 
bas in  f l u i d s  i n  F igure  7. Regression l i n e s  based 
on B and C1 concentrat ions were c a l c u l a t e d  f o r  
co ld ,  warm and thermal waters. Inspec t ion  o f  t h i s  
p l o t  shows a d i s t i n c t  l i n e a r  t r e n d  among t h e  t h e r -  
ma l  waters, i n d i c a t i n g  t h a t  t h e  thermal f l u i d s  a r e  
r e l a t e d  by mix ing and/or b o i l i n g .  However, t h e r e  
i s  no evidence o f  subsurface b o i l i n g  a t  Honey Lake 

bas in  and t h e r e f o r e  i t  i s  not considered i n  t h e  
f o l l o w i n g  d iscuss ion.  

The regress ion  l i n e  c a l c u l a t e d  f o r  t h e  c o l d  
groundwaters does n o t  pass near any thermal water 
po in ts ,  suggesting t h a t  s i g n i f i c a n t  m i x i n g  between 
these c o l d  waters and t h e  thermal waters has n o t  
occurred. The regress ion l i n e  based on t h e  warm 
waters does no t  i n t e r s e c t  any thermal water 
po in ts ,  and t h e  warm and thermal regress ion  l i n e s  
a r e  almost p a r a l l e l  . The near p a r a l l e l i s m  o f  t h e  
two t rends  suggests t h a t :  1) no s imple mix ing  
r e l a t i o n s h i p  e x i s t s  between t h e  thermal and warm 
waters, 2)  s i m i l a r  processes c o n t r o l  t h e  B/C1 
r a t i o s  i n  warm and thermal waters, and 3) t h e  
concent ra t ions  of B and C1 are  roughly  temperature 
dependent. 
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Figure  5. Water charac ter  (Na/C1 ) vs. 

conserva t ive  elements (Cl /B)  o f  sampled 
waters. 

The C l / B  r a t i o s  can be used t o  c a l c u l a t e  t h e  
propor t ions  o f  t h e  var ious end member f l u i d s -  which 
may have combined t o  produce t h e  thermal spr ings  
and we1 1 s. M i  x i  ng propor t ions  were c a l  c u l  a t  ed f o r  
t h r e e  cases (Table 2). Case 1 i n v o l v e s  m i x i n g  t h e  
WEN-1 p roduc t ion  f l u i d  a t  i t s  measured temperature 
w i t h  a hypothe t ica l  14°C groundwater. The C1 and 
B concent ra t ions  f o r  t h e  hypothe t ica l  groundwater 
were determined by t h e  i n t e r s e c t i o n  o f  t h e  thermal 
water regress ion  l i n e  and t h e  average groundwater 
c h l o r i d e  concent ra t ion  (F ig .  7). Case 2 i n v o l v e s  
mix ing  WEN-1 product ion water w i t h  t h e  S u s a n v i l l e  
Pr ison  we1 1 water a t  t h e i r  measured temperatures. 
Case 3 uses WEN-1 f l u i d  a t  i t s  average chemical 
geothermometer temperature and Susanvi 1 l e  Pr ison  
we l l  f l u i d  a t  i t s  measured temperature as 
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F igu re  6. Geothermometer temperatures vs. boron 
concentrat ions f o r  thermal waters. Re- 
g ress i  on 1 i ne based on cha l  cedony geo- 
thermometer temperatures of samples A, 
B, and C, and on quar t z  geothermometer 
temperature f o r  D. 

end-members. These t h r e e  hypotheses can be 
f u r t h e r  t e s t e d  by us ing  measured en tha lp ies  t o  
c a l c u l a t e  t h e  temperatures o f  t h e  f l u i d s  t h a t  
would be produced by m ix ing  t h e  var ious end- 
members. Resul ts  of these c a l c u l a t i o n s  as w e l l  as 
measured temperatures a r e  l i s t e d  i n  Table 2. 

It can be seen from t h e  c a l c u l a t i o n s  t h a t  
Case 1 mix ing  p ropor t i ons  do n o t  g i v e  a good f i t  
f o r  temperatures i n d i c a t i n g  t h a t  t h e  l i n e a r  B vs. 
C1 t r e n d  e x h i b i t e d  by t h e  thermal waters i s  n o t  
due t o  simple mix ing o f  thermal .  f l u i d s  w i t h  
groundwaters. S i m i l a r  r e s u l t s  were obta ined when 
ac tua l  groundwater en tha lp ies  and composit ions 
were used. For Case 2 t h e  c a l c u l a t e d  temperatures 
a r e  more reasonable b u t  s t i l l  below measured temp- 
e ra tu res  i n  some areas. Case 3 prov ides t h e  
c l o s e s t  f i t .  However, t h e  107OC measured 
subsurface temperature of t h e  f l u i d  which 
discharges from Amedee Hot Springs can be matched 
by r a i s i n g  t h e  temperature o f  t h e  Susanv i l l e  
P r i son  water by 10°C (Case 3b). Case 3 p r e d i c t s  
t h a t  f l u i d s  which discharge from Wendel Hot 
Springs have a h igher  subsurface temperature than  
those d ischarg ing from Amedee Hot Springs. This  
r e l a t i o n s h i p  i s  cons i s ten t  w i t h '  t h e  temperatures 
p red ic ted  by chemical geothermometers for  t h e  ho t  
s p r i n g  f l u i d s  (Fig. 6). 

TABLE 2. FLU10 MIXING CASES 

CASE 1 CASE 2 CASE 3 

X D i l u t e  Predicted X Oil Ute Predicted Measured 3 Dilute Predicted 
component Mixing tcmponent Mixing Temp ('C) Component nlxlng 

TmP ('C) TmP ('C) TmP ('C) 

3a 3D 
!&I#-1 0 124 0 124 124 0 155 155 

GULF 2-37 24 98 30 109 35 30 131 134 

Uendel H.S. 35 86 50 100 96* 50 115 120 

Anedee H.S. 49 10 70 90 96* 10 99 107 

Prison 68 49 100 15 15 100 15 85 

Groundwater 100 14 

The 1 a rges t  d i  screpancy between measured and 
p red ic ted  temperatures i s  f o r  t h e  Gu l f  2-ST 
w e l l .  The pe rmeab i l i t y  i n  t h i s  w e l l  has been 
shown t o  be very low (McNi t t  and Wilde, 1980). 

Thus, conductive coo l i ng  would be a reasonable 
i n t e r p r e t a t i o n  f o r  t h i s  water. 

CONCLUSIONS 

I n t e r p r e t a t i o n  o f  a hydrogeochemical survey 
o f  t h e  nor theastern p o r t i o n  o f  Honey Lake bas in  
i n d i c a t e s  t h a t  f l u i d s  from thermal w e l l s  and ho t  
spr ings a re  composed o f  m ix tu res  o f  two o r  more 
chemical ly  and t h e r m a l l y  d i s t i n c t  f l u i d s .  M ix ing  
p ropor t i ons  were estimated from B and C1, 
conservat ive elements which d i s p l a y  an e x c e l l e n t  
l i n e a r  t r e n d  among t h e  thermal waters sampled. 
The h igh  temperature end-member appears t o  be 
s i m i l a r  t o  t h e  f l u i d  from GeoProducts p roduc t i on  
we l l  WEN-1. S i l i c a  and c a t i o n  geothermometers 
i n d i c a t e  a temperature o f  150'-160°C f o r  

1.0 2.0 3.0 10 S.0 6.0 7.0 10 

F igu re  7. 
i n  eastern Honey Lake basin. 

t h i s  f l u i d ,  a l though t h e  present down-hole 
temperature f o r  t h i s  we l l  i s  124OC. The low 
temperature end-member has a temperature c l o s e  t o  
85°C and i s  s i m i l a r  i n  temperature and f l u i d  
chemistry t o  t h e  Susanv i l l e  P r i  son we l l  . This may 
i n d i c a t e  t h e  presence i n  eastern Honey Lake b a s i n  
of a low s a l i n i t y  medium-temperature f l u i d  source 
d i s t i n c t  from t h e  r e s e r v o i r  be ing tapped by WEN- 
1. Shal l  ow medium-temperature s t ra tabound 
a q u i f e r s  a r e  known t o  e x i s t  (Benson e t  a1 ., 1980) 
below Susanv i l l e  on t h e  western edge o f  Honey Lake 
basin. 

C l / B  r e l a t i o n s h i p s  o f  waters sampled 

M ix ing  r e l a t i o n s h i p s  i n d i c a t e  t h a t  f l u i d  
produced from t h e  Gu l f  Z-ST w e l l  has cooled from 
approximately 13OOC t o  i t s  measured temperature of 
35OC by conduct ive c o o l i n g  i n  a low p e r m e a b i l i t y  
formation. 
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Warm (20° t o  3 O O C )  waters i n  eastern Honey 
Lake bas in appear t o  be conduc t i ve l y  heated 
groundwaters . Quant i  f i c a t  i on o f  c o l  d and thermal 
water m ix ing  i n  Honey Lake bas in  based on B and C1 
i s  complicated by t h e  probable presence o f  boron 
m ine ra l s  i n  Lake Lahontan sediments. 
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