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The fo l lowing t a b l e  i s  appended f o r  the convenience o f  readers who 

wish t o  convert u n i t s  between English and met r ic  systems. 

Temper a t  u re 

degrees Fahrenheit ( O F )  = [(9/5 x "C)  + 321' 

degrees Celsius ("C) = [(5/9)x ( O F  x 5/91] 

Length 

3.28 feet  = 1 metre 

0.62 m i l e  = 1 k i lometre 

1 foot  = 0.3048 metre 

- 

1 m i l e  = 1.609 ki lometres 
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SUSANVI LLE-HONEY LAKE GEOTHERMAL RECONNAISSANCE, 

SOUTHERN LASSEN COUNTY, CALIFORNIA 

BY 

Wi l l i am F. Hardt, F rank l in  H. Olmsted, 

and Frank W. T ra iner  

I NTRODU CT I ON 

As p a r t  o f  an appra isa l  of  the nature and economic p o t e n t i a l  o f  t he  

geothermal resource i n  t h e  v i c i n i t y  o f  Susanvi l le and Honey Lake, t h e  U.S. 

Bureau o f  Reclamation has been c o l l e c t i n g  geologic and hydro log ic  data, 

making r e s i s t i v i t y  surveys, ob ta in ing  thermal - in f ra red  imagery, consu l t i ng  

w i t h  the U.S. Geological Survey, and d r i l l i n g  shallow temperature-gradient 

1 = I i :, 

hol  es. 

This repor t ,  prepared by t h e  Geological Survey i n  cooperation w i t h  the 

Bureau o f  Reclamation, presents  the  r e s u l t s  o f  a b r i e f  reconnaissance study 

of the geothermal resource i n  the Susanville-Honey Lake area using the  

I ava i l ab le  geologic and hydro log ic  data. 

1 
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Area Studied 

The study area centers on an east-west a l l u v i a l  embayment on the  

east f lank of the  S ie r ra  Nevada i n  southern lassen County, C a l i f .  (f 

The town o f  Susanvi l le  i s  a t ' t h e  northwest corner o f  t h i s  embayment, 

9. 1 ) .  

near 

the  contact  o f  basa l t  and al luvium. 

a l l u v i a l  deposits a t  Wendel and Amedee, near Honey lake, about 25 m i  es 

east of Susanvi.lle, and t h a t  p a r t  o f  the area has thus been o f  primary 

The major hot  spr ings f low from 

i n t e r e s t  fo r  development of thermal water. There are  several thermal water 

we1 1s.at Susanvi 114. Development as near Susanvi 1 l e  as possible i s  a t t r a c t  

for economic reasons. However, the area surrounding the hot  springs a t  Wen 

and Amedee has been designated a KGRA (Known Geothermal Resource Area), and 

ve 

e l  

t w o  deep t e s t  holes have been d r i l l e d  there by industry.  

In  developing the conceptual model f o r  cold-and thermal-water 

c i r c u l a t i o n  and discharge i n  the Susanville-Honey Lake area, i t  was 

- _  _ _  - - - -  - --= -. neces,sary ta,encompass a larger-  study area than the  a1 1 u v i a l  embayment . 
Accordingly, the area n o r t h  o f  Susanvi l le  and Honey Lake was a l so  inves t iga ted  

b r i e f l y .  

I 

i j  t 
. .  

I 
! 
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Object ives of the Study 

The purpose of t h i s  short- term reconnaissance was t o  (1) de f ine  

and appraise the  geothermal resource on 

(2) a s s i s t  i n  planning a program of  sha 

informat ion,  scheduled f o r  October 1975 

i n  p lanning more de ta i l ed  fu tu re  invest  

t h e  basis of the ava i l ab le  data; 

low t e s t  d r i  11 ing  f o r  temperature 

and (3) develop concepts for  use 

gat ions. 

Acknowledgments 
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Richardson, L y l e  T. Tom1 in, and Gary A. Ho l l  inger of the U.S. Bureau o f  

Reclamation, Sacramento, and Robert Clawson o f  the C a l i f o r n i a  Department o f  

Water Resources, Red B l u f f .  
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Methods of Investigation 

The methods of study used were controlled by the stringent time 

.limit, which permitted neither additonal field work nor the collection 

of  new data. 

The first step in the investigation was to collect and study all 

pertinent geologic, geophysical, hydrologic, and chemical data. 

and unpublished reports on the area were studied, as well as papers dealing 

with theory, methods of exploration and drilling, collection of data, and 

Published 

various methods of data analysis. Particular attention was given to water 

temperature, water chemistry, and the development of a conceptual model of 

thermal and non-thermal water mixing. 

After cataloging all data an outline was developed to cover the 

objectives of the study. In  writing the report the primary consideration 

was in fitting the-information together and developing conceptual models 

of the Susanville-Honey Lake hydrothermal system. Because of the paucity 

of data, judgment based on hydrologic experience was utilized 

the conceptual models. A designed field program, based on th 

sance, will be able to evaluate the validity of these models. 

.. . . .  

to complete 

s reconnais- 

. 
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Sources and Adequacy of Data 

A detailed study was made of previous publications (see Selected 

References) and of geologic and hydrologic data. The most useful data 
l 

and compilations were (1) drillers' logs of wells,(2) a gravity map, 

(3) a resistivity map, (4) selected electric logs of drill holes, (5) a 

geologic map showing faults, (6) geologic sections and stratigraphic 

columns, (7) water-quality analyses, (8) a water-level contour map, 

(9) temperature-gradient profiles in three we1 1s in Susanvi 1 le, and 

(10) water-temperature measyrements in we1 Is and springs. 

' 

These data had been collected and the compilations made by many 

workers over a considerable period. They are not of  comparable accuracy, 

and much of the information needed to develop and test geologic and 

hydrologic hypothesis is not available. No conceptual model of the 

hydrothermal system had been developed. 

i 
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GEOTHERMAL ENV I RONMENT 

The basic elements o f  a hydrothermal system are (1) a heat source, 

(2) a recharge mechanism, (3) a c i r c u l a t i o n  mechanism, and (4) a discharge 

mechanism. Geothermal energy i s  na tu ra l  heat derived from the e a r t h ' s  

I n t e r i o r .  I n  areas unaffected by l o c a l  c r u s t a l  heat sources o r  by-convec- 

t l on ,  a t y p i c a l  geothermal gradient i n  the  ou ter  p a r t  o f  the c rus t  i s  on 

the order  o f  1" C (Celsius) 100 f e e t  o f  depth. . 

temperature a t  a depth o f  10,000 f e e t  (3 ki lometers) below the land 

surface would be about 110" - 120" C. The heat o f  t h i s  depth cannot be 

ex t rac ted  economically w i t h  present technology unless the temperature i 

considerably greater. 

.L - A t  - ._ t h i s  . 
gradient,  t he  

. -  - -  - -  

However, geothermal gradients much grea ter  than 

1" C per 100 f e e t  e x i s t  near areas of upward convection o f  hot  water or 

near l o c a l  c r u s t a l  sources of heat. The hot water we l l s  a t  Susanv i l le  and 

t h e  hot  spr ings a t  Wendel and Amedee are i n  such areas. - 
There are  two phases o f  the  problem o f  the o r i g i n  o f  thermal water: 

The water may be of t he  source o f  the water and the source o f  the heat. 

meteoric, connate, or ,  u s u a l l y  t o  a minor degree, magmatic o r  j u v e n i l e  o r i g i n .  

I n  most systems studied t o  date, the thermal waters are predominantly meteoric 

i n  o r i g i n .  The source o f  heat may be (a) a body o f  i n t r u s i v e  magma o r  recen t l y  

s o l i d i f i e d  igneous rock a t  depth i n  the c rus t ;  (b) ex t rus i ve  igneous (vo lcanic)  

rocks young enough t o  r e t a i n  t h e i r  o r i g i n a l  heat; (c) the "normaltt heat f low of 

the earth, which r e s u l t s  i n  l a rge  p a r t  from the d i s i n t e g r a t i o n  o f  rad ioac t i ve  

elements; or (d) a c t i v e  f a u l t s  on which movement generates heat. 
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Thermal waters i n  t h e  Susanville-Honey Lake region are assumed t o  

be predominantly meteor ic  iin o r i g i n .  

p r e c i p i t a t i o n  and r u n o f f  wh ich  move downward t o  considerable depths i n  the 

rocks and unconsolidated depos i t s .  

as Wendel o r  Amedee, o r  frarn broad areas o f  evaporation such as Honey Lake. 

Thus, the  water i n  the thermal  r e s e r v o i r  moves slowly i n  response t o  

Recharge t o  the aqu i fe rs  i s  from 

Discharge i s  e i t h e r  from springs such 

recharge and discharge. 
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REGIONAL SETTtNG 

Regional Geohydrology 

The Susanville-Honey Lake area occupies a western embayment o f  the  

Great Basin physiographic province. 

under la in  by T e r t i a r y  and Quaternary vo lcanic  rocks. 

t h e  northern S ie r ra  Nevada, i n  which the exposed rocks adjacent t o  the 

To the n o r t h  l i e s  the  Modoc Plateau, 

To the southwest i s  

area of  study are  c h i e f l y  Mesozoic g r a n i t i c  rocks and ove r l y ing  T e r t i a r y  

vo lcanic  rocks. Thermal spr ings are  numerous i n  the  region; they are  

associated w i t h  both vo lcanic  rocks and f a u l t s .  
--_ -_ _- _. _ _  - - 

The geology of th.is region i s  described i n  var ious reports;  those 

p e r t i n e n t  t o  t h i s  geothermal reconnaissance include Cal i f o r n i a  Department 

of Water Resources, B u l l e t i n  98, 1953; C a l i f o r n i a  D iv i s ion  of  Mines and 

Geology, B u l l e t i n  190, 1966 (Macdonald, 1966); geologic map of C a l i f o r n i a ,  

Westwood sheet (Lycdon and others, 1960) and A l tu ras  sheet (Gay and Aune, 

1958); and an unpublished repor t  by D u f f i e l d  and Fournier (1973). A b r i e f  

geologic summary, l a r g e l y  ex t rac ted  f r o m  t h e  above reports,  i s  included i n  

t h i s  report .  

the  Susanville-Honey Lake area and the  loca t ions  o f  representat ive s t r a t i -  

Figure 2 shows the  geology o f  the  region immediately n o r t h  of 

graphic and geologic sect ions i n  W i l l o w  Creek Val ley and Secret Val ley 

( f i g .  3, 5) and Honey Lake Val ley ( f i g .  4). 

a 
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The Tertiary Period was marked by widespread volcanism and the 

pouring out of enormous lava floods and ash flows. Minor volcanism 

continued into the Pleistocene. Volcanic rocks older than 10 million 

years, according to calculations by A. H. Lachenbruch (19681, have long 

since cooled to the temperatures of other rocks, but the younger volcanic 

rocks of latest Tertiary and Quaternary age might be associated with 

shallow crustal sources of heat (Olmsted and others, 1975). According 

to Woods (1974), some geothermal activity is associated with geologically 

recent volcanic or fault activity as tectonic forces generate the heat. 

These relations will be of concern in development of- a conceptual model 

of the geothermal system. 

The Susanville-Honey Lake area is flanked by volcanic rocks (basalt) 

on the north and granitic rocks on the southwest (fig. 2, 6, 7). The 

Skedaddle and Amedee Mountains, to the northeast, are the remains of a 

large eroded volcano that has been truncated by the Amedee fault (between 

Amedee and Wendel in fig. 2). Shaffer Mountain, another volcano farther 

west, has not been greatly modified by faulting. 

valley i s  flanked by a low basaltic plateau modified by block faulting. 

The upland west of Susanville, also underlain by volcanic rocks, is a 

transition zone bewteen the Basin and Range province to the east and 

- 

North of Susanville the 

the Cascade Range to the west. 
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w . Ear l  i e r  water-resources inves t iga t ions  (Cal i f o r n i a  Dept. Water 

Resources, 1963; Glancy and Rush, 1968; Rush and Glancy, 1967), have shown 

gross areal  re la t ionsh ips  i n  the shal low ground-water f l o w  system i n  the 

Susanville-Honey Lake area and v i c i n i t y .  As summarized i n  f i g u r e  8, the 

shal low ground water f lows i n t o  the  Honey Lake Val ley from the  highlands 

t o  the  north,  west, and south, and then eastward toward Pyramid Lake. The 

shal low ground water i n  springs and w e l l s  i n  the basal t  and i n  the 

unconsolidated deposi ts i s  t y p i c a l l y  cold.  

The rocks exposed no r th  o f  the  Susanville-Honey Lake area are P 

-and Pleistocene basal t .  Study o f  the  s t r a t i g r a p h i c  sect ion i n  Honey 

i ocene 

Lake 

Val l ey  ( f i g .  4) suggests t h a t  these rocks may represent the deepest aqu i fe r  

f o r  extensive movement o f  ground water in the  Honey Lake area. The basal t  

i s  est imated t c -be  4,000 fee t  t h i ck ;  i t  i n t e r f i n g e r s  w l t h  the  genera l ly  

poor ly  permeable lake deposits. The lake  deposits, poss ib ly  5,000 feet 

t h i c k  (Ca l i f o rn ia  Dept. Water Resources, 1963, p. 210), may a c t  as a 

hydro log ic  b a r r i e r  t o  the movement o f  ground water, causing upward movement 

o f  ground water i n  the  area of  f a u l t s  i n f e r r e d  by e a r l i e r  workers t o  c u t  

t he  v a l l e y  floow near Amedee and near L i t c h f i e l d  (see f i g .  2, 7). 

or g r a n i t i c  rocks o f  unknown hydro log ic  c h a r a c t e r i s t i c s  1 i e  beneath the 

Volcanic 

lake beds. 



The pa t te rn  of  ground-water movement'in the  Susanville-Honey Lake 

area i s  not  known i n  s u f f i c i e n t  d e t a i l  t o  permi t  an accurate appraisal  

o f  the geothermal resource. Movement o f  c o l d  ground water through i r r e g u l a r  

f l o w  paths i n  the basal t  near recharge areas could mask deeper thermal 

anomal ies. Temperatures and temperature gradients  i n  shal low holes might 

there fore  f a i l  t o  reveal the presence o f  thermal reservo i rs  beneath the 

zone o f  shal low ground-water f l o w .  

The regional  heat f l o w  i n  the  Susanville-Honey Lake area i s  not 

known. Measurements i n  the region t o  t h e  south (Sass and others, 1971) 

suggest t ha t  the heat f low i n  the  Susanvil le-Honey Lake area i s  about 2 I FU 

(heat-f low un i t s ,  microcalor ies per square cent imetre per second). Nor i s  

t he  source o f  the  heat i n  the  thermal waters o f  the  v a l l e y  known. Of 

p o t e n t i a l  i n te res t  t o  t h i s  study a re  the  Pl iocene and Pleistocene basal ts  

a t  the Wendel-Amedee area, the vo l can ic -g ran i t i c  assoc ia t ion  a t  Susanvi l le,  

and the ser ies  o f  North-and w e s t - t r e n d i n g - f a u l t s - i n  the  va l ley.  

t o  previous invest igators ,  t he  thermal areas - appear t o  be s t r u c t u r a l l y  

c o n t r o l l e d - b y  the  fau l t s ,  as i s  suggested by the  occurrence of thermal 

waters a t  Susanvi l le  and a t  Amedee and Wendel Hot Springs. I t  i s  poss ib le  

t h a t  t he  heat c a r r i e d  by the thermal waters i s  brought from considerable 

According 

depth by deeply c i r c u l a t i n g  water, or  t h a t  i t  i s  der ived f r o m  shal low heat 

sources such as vo lcanic  vents t h a t  may be present beneath the basin fill 

o f  sediment. 

11 



CONCEPTUAL MODELS OF'THE GEOTHERMAL SYSTEM 

From the evidence described i n  the sec t i on  "Regional Geohydrology," 

i t  Is i n f e r r e d  t h a t  the Susanville-Honey Lake geothermal systems are  

r e l a t e d  t o  the c i r c u l a t i o n  o f  meteoric water i n  the volcanic and 

g r a n i t i c  rocks associated w i t h  f a u l t s .  

the thermal waters ind icate t h a t  the systems are  low temperature (probably 

most ly  150°C o r  less).  

pos tu la ted  i n  two conceptual models. 

Chemical c h a r a c t e r i s t i c s  o f  

Sources o f  heat f o r  t he  c i r c u l a t i n g  waters a re  

One model cons is ts  o f  a hydrothermal system i n  an area of normal 

regional  heat .flow w i t h  no loca l  heat source i n  the upper c r u s t  ( f i g .  9, A). 

The o the r  model cons is ts  o f  a l o c a l  heat source i n  the upper c r u s t  superim- 

posed on the regional  heat f low ( f i g .  9, 8) .  

heat source requires the deeper c i r c u l a t i o n  f o r  the water t o  a t t a i n  a 

g i ven temperature. 

The model lack ing  a l o c a l  

Olmsted and others (1975, p. 51) g i v e  an example o f  the depths o f  

c i r c u l a t i o n  required, f o r  the  water t o  a t t a i n  given temperatures, i n  the 

absence o f  a l o c a l  heat source i n  the  upper p a r t  o f  the c rus t .  I f  the 

regional  heat f l ow  i s  2 HFU, average thermal conduc t i v i t y  o f  the rock i s  

6.0 X ca l  cm-' s -' OC' l  ( representa t ive  o f  g ran i te ) ,  and the  mean 

annual temperature a t  the land surface i s  10°C, water would have t o  c i r c u l a t e  

t o  a depth o f  4.5 km (about 15,000 ft) to  a t t a i n  a temperature o f  160°C, 

and t o  a depth o f  5.7 km (about 19,000 ft) to a t t a i n  a temperature of 

20oOc. 

12 



In the  model having a loca l  source o f  heat the water need not 

c i r c u l a t e  t o  such great depths t o  a t t a i n  a comparable temperature. 

Moreover, small l a t e r a l  extent  of  ground-water c i r c u l a t i o n  and a nearby 

source of recharge are somewhat more p laus ib le  w i t h  a loca l  heat source 

than where such a source i s  absent. However, deep-seated f a u l t s  can 

s h o r t - c i r c u i t  the movement of  ground water and permit  deep c i r c u l a t i o n  

of meteor ic water w i t h i n  small l a t e r a l  d is tance where l oca l  heat sources 

a r e  absent. The conceptual model adopted on the basis o f  meager data 

for  the  Susanvi 1 le-Honey Lake area assumes (1) l a t e r a l  ground-water 

-mvemerrt of no t  more than 30 miles, and (2) l oca l  heat sources. The nature 

of such heat sources can only  be suggested specu la t i ve ly  wi thout  add i t iona l  

Informat ion.  R e s i s t i v i t y  data (U.S. Bureau o f  Reclamation, o r a l  commun., 

1975) suggest the poss ib le  presence of vent - f  i 11 ing  vo lcanic  rocks beneath 

the  a l luv ium of  the hot -spr ing areas. 

ind ica tes  a poss ib le  thermal anomaly; hydrothermal discharge there appears 

t o  be corit-riolleX by a fau1t"along the western edge o f  the  c i t y .  

A r e s i s t i v i t y  low a t  Susanvi l le  

Olmsted and others (1975) pos tu la te  t w o  conceptual models of discharge 

for geothermal systems in  nearby Nevada ( f i g .  10). One system has a 

nonleaky discharge conduit,  and the  o ther  system has a leaky discharge' 

condui t .  According to  Olmsted and o thers  (1975, p. 53-54, 57). . . [ In ]  the 

nonleaky system ... the v e r t i c a l  or near ly  v e r t i c a l  condui t  system i s  

i s o l a t e d  h y d r a u l i c a l l y  from the  adjacent deposi ts  or rocks by impermeable 

w a l l s  formed by minerals p r e c i p i t a t e d  f r o m  the  thermal f l u i d ,  or the 

condui t  system may cons is t  o f  f rac tu res  in  impermeable rocks which are 

i s o l a t e d  from other  f r a c t u r e  systerns-.--All or near ly  a l l  the  r i s i n g  water 

there fore  discharges a t  the  land surface as springflow---Heat i s  discharged 

l a t e r a l l y  f r o m  the conduit system by conduction through the  condui t  wal ls .  

1 
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R e l a t i v e l y  large thermal gradients a re  maintained through the conductive 

zone. The surrounding nonthermal ground water i s  heated, and the heat may 

be t ranspor ted l a t e r a l l y  by convection i n  the d i r e c t i o n  o f  the l oca l  

hyd rau l i c  gradients.  

by unsaturated rocks, heat f low away from the system is  almost e n t i r e l y  by 

I f  the upper p a r t  of  the  condui t  system i s  surrounded 

conduction. The thermal area surrounding the  condui t  system, where 

conduct ive heat f low through near-surface mater ia ls  i s  above 'normal,' i s  

o f  the  order  of 0.5-5 km on the basis o f  model s tud ies by M. L. Sorey 

(o ra l  commun., ' 1974). . . 
'I.. . [ I n  the]  leaky discharge condui t  [,system]. ..some of the r i s i n g  

2 

thermal water leaks l a t e r a l l y  i n t o  aqu i fe rs .  The amount o f  leakage may 

vary from a small  propor t ion of the upward f l ow  f r o m  the thermal reservo i r  

to a l l  the  f l o w ,  so t h a t  no water discharges as l i q u i d  a t  the  land surface. 

Where the  leakage i s  small, l i t t l e  heat i s  t ransported l a t e r a l l y  from the 

condui t  system by convection, and the  near-surface d i s t r i b u t i o n  of 

temperature i s  s i m i l a i  to t h a t  in' the nonleaky-conduit system. . Where the 

leakage i s  large, ... the near-surface d i s t r i b u t i o n  of  temperature i s  modif ied 

g r e a t l y  because o f  l a t e r a l  convect ive heat t ranspor t  by the  movement of 

thermal water through the aqu i fe rs  in te rsec ted  by the condui t  system. 

a resu l t ,  t h e  ex ten t  of  the thermal area def ined by above-'normal' tempera- 

tu res  and thermal gradients i n  the near-surface mater ia ls  i s  much greater 

As 

than t h a t  in  the nonleaky system.'' 

. ;  
. .  
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I; . 
Study o f  the Susanvil le-Honey Lake data in  1 i g h t  of  these two 

conceptual models suggests tha t  discharge o f  thermal water a t  Wendel 

'*and Amedee Springs i s  s i m i l a r  to tha t  postu la ted for  a nonleaky system, 

bu t  t h a t  discharge o f  Susanvi l le and in  much o f  the remainder of the area 

i n  which thermal wa.ter has been found i n  w e l l s  i s  o f  the leaky type. 
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GEOTHERMAL RESOURCE I N SUSANV I LLE-HONEY LAKE AREA 

Descr ip t ion o f  the  Thermal Areas 

Ci ty o f  Susanv i l le  

Although there are no hot  spr ings i n  Susanvi l le,  a t  l eas t  5 

A l l  the we 
--- 

the  .southwestern p a r t  o f  the c i t y  produce ho t  water. 

w i th in  a small area i n  secs. 5 and 6, T. 29 N., R. 12 E., and are 

we l ls  i n  

1s a re  

adjacent 

to a poss ib le  extension o f  the Honey Lake f a u l t  ( f i g .  2). No warm water 

has been reported no r th  o f  the  Susan River.  
- - - -  --- _ " _  - 

Temperature surveys o f  * three of  the w e l l s  are shown i n  f i g u r e  11. 

' th ree  temperature p r o f i l e s  show the  ef fects  of both upward and l a t e r a l  

A i l  

convect ion o f  thermal water. A l l  th ree  p r o f i l e s  a l so  ind ica te  an upper 

zone, ranging i n  thickness f r o m  about 50 f e e t  i n  p r o f i l e  1 t o  near ly  300 

f e e t  i n  p r o f i l e  3 ,  i n  which the grad ien ts  a re  r e l a t i v e l y  la rge  and are 

probably conduct ivg. 

- -Other thetmaf we-11s i n  use inc lude  those of the Church o f  La t te r  Day 

Saints,  which uses 49°C water to heat bu i l d ings ;  of M i l l e r ' s  Custom Works, 

which uses 40°C water f o r  c leaning equipment; and o f  S ie r ra  Pac i f i c  

I ndus t r i es  (26°C water). The coo le r  water i n  the l a s t  w e l l ,  which is 

c lose r  t o  the c i t y  center than the  o ther  we l ls ,  ind icates e i t h e r  a g rea ter  

admixture of  cool water (from the  Susan River)  or more coo l ing  o f  the 

ther f ia l  water as i t  moves l a t e r l a l l y  away f r o m  the f a u l t  source. 



Table 1 shows the water q u a l i t y  o f  the Roosevelt swimming pool and 

the  church w e l l .  

waters a t  Wendel and Amedee, suggesting d i f f e r e n t  sources, d i f f e r e n t  

c i r c u l a t i o n  patterns and q ix ing ,  o r  both. '  

This  water q u a l i t y  i s  d i f f e r e n t  from tha t  o f  the thermal 



-1. 
WlpSCr 

1 

2 

3 

4 

- 5  

t o u t i o n  

aS/m slc.6 
T.293.. R. I=.. R.D. 

SI!/= Foe. 6 

-/.= sse.23 
T. SI.. R. 1s.. M.D. 

KT/m F.C.30 
2. 29I., R.161.. R.0. 

m/Ne mc.0 
t. 283.. R.16E.. N.D. 

2. SN., R. lz.. R.D. 

Table l . -Qu\ l i ty  of water fran s e l e c t e d  wlls and spr inpr  in Susanvflle- 
k n e y  Lake Area (da ta  frcn f i l e s  of C a l i f o r n i a  Department of 
Water Resources). 

w u e  

moaevel t  
fvisminq Pool 

u t t e r  my 
faint. Church 

wendel W t  
f p r  i ngs 

%mchrn Pacific 
Railroad 

- 

h d C 0  

rprrngs 

Date Producing Water 
Smplcd Depth A l t i t u d e  Tempera t u r e  

t mo/dy/yr) (n) (I) COO 

1/18/73 90 (?I  ll95 35.8 

1/18/73 169-181 1263 W.8 

l/ll/l 3 spring . 1231 ' 95.6 

7/11/13 91 1221 26.2 

1/11/13 SPCinp 1219 95.1 

PH 
6.01 

6.36 

6.33 

6.43 

Chemical Constitrunts tln -/l) 

C b C h l W  Mima 
Y e s t i  * - - a -  K Rb Ca m 3  COS 804 Cl 
-1. - t - Zn - 

1 *O.Cl 10 3.8 0.01 3.4 19 0.043 C 0.1 2.0 120 1 11 

1 0.05 140 4.6 0.01 1.6 24 0.009 1.2 64 68 1 190 

3 0.12 280 7.5 0.04 e 0.1 . 16 0.011 4.1 190 50 1 360 

4 '0.01 Y 8.0 0.01 2.2 6 . 0 .  ep.OaS 0.2 ' 17 1 1 2  1 31 

5 0.08 150 5.5 0.02 0.1 14 e 0.005 4.4 160 44 2 300 

ConduCtfvity Discharge 
("nhoS/cS) 11 r i n )  

0.254 Rrapad 

1.07 

3.34 1200 

Caleulahb 
Ot?N??S Dissolved 

aio2 I) Sol ids  

5 1  g 0.02 233 

62 1.4 556 

120 , 5.5 1040 

' 42 . 0.22 ' 279 

95 4.0 619 

! 

, 
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Wendel and Amedee Springs 

Wendel, ( formerly Shaf fer )  and Amedee Hot Springs a r e  described 

by Waring (1915, p.  124-127). Waring's discussion i s  as fol lows: 

i 

1 
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pn/’mL (8HAPPER)RQT BPRINQB (LAEISEN la). 

In  ZIoncy Imko vnlloy tlinro nro two l n r p  poiips of hot Rprinp- 
ono, tho mnro interesting, ncnr IIot Spring? rnilrond stntion nntl tho 
othor ncnr Amctlco. At tho formor Iocnlity, ncnr tho northnrwtcrn 
siclo of IIoncy I,nko, n bclt of’calcarmns ttifn oxtcncls from tho l)pm 
of etccp dopea ttint borclcr tho vnllcy ncpr tho rnilrond Rtntion south- 
wmtwnrd for n~nrlyhnlf n milo. Tho continuity of tlic surfnccaxposure 
of tho mnhrinl in than brokcn, but tlio Cc)imc of  tho clrpowit is mnrkccl 
for two-thirds of n milo fnrtliar by proininnat. c r n p  niitl knolls of the 
mntarinl that riao in mcndow nnd ealtgmsa lnnd thnt c x k i i d ~  to the 
lnko. Ono of .tlicso crnp  is ehown in Plnto VIII, A. Sccpngo springe 
Sso at  eevornl pointa along tho middlo pnrt of tliie tufa bolt, but the 
apringa of chicf intorest issuo beyond ita most lnkeward outcrop. 
Thoy are not known locnlly by a definite namo, but  tu they were 
rofcrred to in 1882 by Ruesell ea Shaffer Hot  Springs, this name ie 
hero used. . 
The principal spring rieee with dgoroue ebullition in a pool about 

10 yards in diameter md 1 or a feat doep. ‘The water wm formarly 
tlirowi iip to n Iit4glit (if0 or 4 fwt, but this n c h n  hns hccn partially 
stcrppccl by ~bncs tlint linva tccir cnst into tho pool. A tci~ipcrnt~irc 
Rcvcrnl dcgrccs nbova boiling lmq bccn clninictl for this spring, Ini t 
2QJ0, nonr tho ccnhr of t.lio pool, wns tho Iiigliwt tciiipcretwo r e  
cor&d. lliis is tho snnio tcniprnt.uro n t  which mntcr hoilctl in o 
bucket ovcr n fuo ncnr tho spring nnd is prncticnlly tho cnlculntccl 
boiling point €or this clcvntioii (3,975 fcct). A bntliliouso tlint 
cxknclrd ovbr n pnrt o€ tho pool was in 1900 uscd ns n vnpor bntli. 
In 1852 Russell mtimntd tho flow of this spring to bo I00 cubic fcct 
n minuto (745 gnllons n minutc), but in Scptcmbcr, 1900, thc nvwqgo 
of tlirco flont tiicnsiircnicnts intlicntcd n dischnrgc of only nhout 175 
gnlloirs IC minute.- It tlocs not sconi pmbnblc thnt this grcnt tliffcrcnco 
is clrio to crror in incnsiircmcnt, nnd if is bcliovccl to diaw thnt tho 
fl& lins nctunllg clccren.qccl, pmihly bocnuso of tho pnrt.ird cliokiiig 
of tho vent-with stoncs. ‘ h o  other hot epringa timt clisclinrgo nbout 
65 nnd 10 gnllons o minuto, rcspoctivcly, and 6 or more hot pools 
thnt iinvo no eurfaco outflow, am formed in tho nondylovcl a n l t g r s s  
mea in  a clistnnco of nhout 125 ynrds southwcst of the mnin spring. 
In his monograph on Lako Lahontan Russcll says of theso springs 

and tho associntccl tufa: 
Thi? q d n g  miurn at thc muthem end of a long rod of tufa cnp,  fully 50 fcct high 

and Fomcrlia( gmtcr in hrcadth, a fen of which still havo small nprinp issuing from 
their brm. Thv f r i h  at the 1,- of the c q a ,  and forming tho nucleus of the d c p i t ,  
is amorphous, brit is coated with a heavy dcpoait of the dcndritic variety. 
Thc k n c r  wns a direct precipitate Irom spring water, but thc latter plainly 
dcporitcd from tha former Irke. The cvideara is such an to l a d  to the conclurion 
thnt this spring mai~ fully 8s copious during tho cxistcnra of Lake I~hontan as now, 
and that ib point of discliargo wan crordcd wuthn-ard along a benure M ita former 
outlcb bacrmo fil ld with calroreaus tul. d c p i t d  from iC own wntcm. 

. 

. 

t 

. 

Russell nlso gircs nn ni in lp is  of tlio wntcr, which is ltcro rcpmduccd. .’ 
togcthcr wit11 nnnlpcs that  wcm rnndo of tho spriiig nticl like wntek3 

‘in 1909. Tho nnnlyeca Show that tho spring wnter is a primary snlhe 
= eolution contnining n l a w  proportiou of nilica. Tho cornparativcly 

emnll amoiints of cnlcium and cnrbonato pmont am of intercst 
with rcspcct to tho Inrgo tufa crags, but calcium carbonah b easily 
formod and prccipitatcd, eo that Inma amounts aro not ncccssarilv 

_ _ _ _ _  . 
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l h  n1 Wwllm: 

rlinnry saiinlly 

0 
Rxnndnry 4 l n l l y  
Tcrllnry s*lllnll~ 2 
I'rlmnrv nlkslls~l s . .................... .................. ................... 

.w 
m i c ~ i r y  Tcrllnry alkdhlly nlhdln'ky JI 

-I- I-l- 
Gorlliim ( N o k  ............................ 
I'nlndion ( ) ............................ 
(hlrliim (e) .............................. 
blaciu.diim MI). ......................... 
Riilplinln Rh.1 ............................ 
alnrtt1r ............................. 
Cnrbnnnlr! ( o( J ............................ 
Mclnh~c.10 (D ........................... . 

Dnnn' lins mntlo ncloso oxnminntion of tho cnlcnrcolrs tufa dopoaitccl 
. in the basin of 1,nko Lfihontnn. Thrce varictics nro rccognizcd, 
which diflcr chicfly in physical chnrnctoristics. The varicty st 
Shaficr Hot Springs, which assumm mushroom ahnpcs, ie much the 
commoncst a115 ie known aa dendritic tdb. An nnnlflb of thoma- 
torial is horn reproduced, bccauso, though not etrictly a hot spring 
dopoeit, tho crnp' nom Shaffcr Hot Sprinp are evidently cloaolg 
rel~ted to the prwcnce of the hot water. * 

._  - 2 :  -1% 

' .  Andy& of dendrilu tqfafrom barin o j w  Lah0nf.m 
(Analp(. D. 0. Allen (lm 1). A U W W ,  U. 8; O d  8- sa. 11,P m.1 

lnsolublo residue ....................... .....:..=...-.-===.=.* 6-06 
Iron and alumina (FQO,+AO,). 1.39 
Calcium oxldo (a()). :. ...: 49.14 
Magncrium orido (?A#) :.. 1.99 ....... Trace. 

.......................................... Phoephab (r&). Trace. ....................................... a h o n  dioxide (ma). 40.91 ............................................... 
89.80 

0 .  

............................ . .................... .. ........... 0 . ........................... ....... . 
Chlorino (Q) .......................................... 

. Wabr (€r#O). 2.01 

Gulphpb (80,). ................................ l.. T W .  .......... 

- 
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AMEDEE HOT BPRMOS (LA8SEN 17). 

96. c. (M. r.1 
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Tho second grottp of hot eprings in IIoncy Lnko Vnllcy is nbout 5 
in i l r~  saiithcmt of Slinffor Ilot Spring,s,ncnr Aiiirtlco dapot. Tholnnd 

* -  lwra is nlluvinl nntl slopc~ w r y  grntly 'wcstwnrtl toward lloncy Lnkc. 
'* Scnlding wntor forins mvcrnl gronps of ~ltnllow pool~, mninly n t  

eix plnccw in a bclt nbout 600 ynrds long tlint trcnde ncnrly south- 
\vnrd, but ono-third of n miloS. 30' W. (mngnrtic) from thc southcni- 
most of tlicsc niniti groups nnotlicr hot Rpring forms (L pool in s n l t  
grtw Inncl, nnd hot wntcr probnblg rises at other plnccs Rtill fnrthcr 
tmvnnl tlrc Inkn. Tcmpcrntirrm o f  172O to 204' (prnctirnlly tho boil- 
ing point. n t  this chrnfian, 4,000 fcct) wcrc noted in tho scvcral 

' nptings, nncl tlic totnl cliscliargo of hot wntcr na tiicnsurctl by tho fl OW 

of e k  r u n 4  etrcnms is nbout 700 gallons a minuto. 
In  1909 tho spring8 l i d  not bccn improvccl to grcat cxtcnt, but 

t l w o  H-M n smnll bnthhoiiso lwsiclo tho rnilroncl, ncar ono of tlio 
Inrgrst potips of epringe. At tho ~outlictnmmt of the main groups 
tlicro wn.. nlsa nn old bntldiousc, nnd wntar from ono of tho northorn- 
most springs WIN iisccl in prcpniing dlcap dip. 
n dinllow w v d  80 gnrds onst of tho nonrpst sp6npe.Ritpphd watar at 

, .. 

. _.  - 

.. - 

. 
. 

. 
. .  

A t  tho hrncdco f1ot.d . 

* R tompcrnturo of 134O for kiklicn 1180. 
Thoro nro no proininont clcposits of tufn a t  Atncclcc, ~ n c h  na thoro 

aro nom Slinflcr IIot Spritp, but ncar tho fiouthcrnmost of tho main 
groups tufa appcnre ovor D smaJl arca. Tho h o t h t  spring riscs from 
thiamotcrinl. Tho following analpeia of tho wnhr from this sprihg 
showe tliat it is a primary enliio water almost identical in character 
with that of the Sheffer spring but of elighdy lees concentration. 

. 

Analgab of ur0la)tOrc Au~eak Hot Gpringi, Lorren County, C0l.a 
(Aarlprt .nd BULbdr,?. M. %Con (loa). CamYhrmrt, W,h PrtS Pa mm.1 

.* . 

.............................................. . .  I**dum( ) ................................................ : ...................... Fnllum ( N n k  ...................... 
Cnlrlum (Cn ........................................................................ 

. ............................ .. ............................................. Unrtuslum lrrr ,... .................................................................... 
660 
4.02 ............................... ........................................................................ 

810.1 ........... 
............................................................... 

- .  ,. Qrbacuaa(br(o4) 
b-+-- R r a L  PrCQL 

7 OPhylaIpd~ rso(hrr( d Amrdrnd.P.(. 
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Table 1 and Waring (1915) present water analyses for these spr ings 

. t h a t  cover a span of 60 years. The water q u a l i t y  has no t  changed g rea t l y  

dur ing  t h i s  t ime.  

The f l o w  o f  Amedee Hot Spring was 700 gal/min (gal lons per minute) i n  

1909 (Waring, 1915) and i s  about the same today. The f low o f  Wendel Hot 

Spr ing was reported by Stearns and o thers  (1937) and Waring (1965) t o  be 

about 250 gal/min. 

1909. The f l o w  of  748 gal/min in  1882 (reported by Russell and c i t e d  i n  

the foregoing quotat ion from Waring), if cor rec t ,  may r e f l e c t  changes i n  

the  po in ts  o f  discharge owing t o  sea l  ing  by calcareous tu fa .  

condui ts have become p a r t l y  plugged, the  t o t a l  thermal discharge may now be 

mix ing w i t h  shal lower co ld  water over a l a rge r  area than formerly.  

Waring (1915) reported t h a t  it measured 175 g a l h i n  i n  

I f  the  discharge 

The convective heat discharge by spr ing f low is estimated t o  be 

6 6 
ca l  s - l  f o r  Wendel and 3.8 X 10 1.3 X 10 ca l  s - l  f o r  Amedee, on t h e  basis 

of ca l cu la t i ons  t h a t  assume an average discharge temperature of 100°C., a 

mean annual a i r  temperature of lO"C., and f l o w  o f  250 gal/min f o r  Wendel 
1 

Hot Spring and 700 gal/min f o r  Amedee H o t  Spring. 

I 

, 
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In 1962 Magma Power and Associates d r i l l e d  one we l l  i n  sec. 23, 

T. 29 N., R. 15 E., near Wendel Hot Spring, t o  a depth of  630 fee t ,  and 

measured a maximum temperature o f  64°C. 

secs. 5 and 8, T. 28 N., R 16 E., near Amedee Hot Spring; the deepest hole, 

Three we l ls  were d r i l l e d  i n  

t o  1,116 fee t ,  had a maximum temperature o f  107°C. 

Gulf  O i l  Co. d r i l l e d  two geothermal we l ls  i n  1973: one i n  sec. 5, 

T. 28 N., R. 16 E., to  a depth of  5,034 fee t ,  and one i n  sec. 25, T. 29 N. ,  

R. 15 E., t o  a depth o f  5,056 feet .  

released. 

f r o m  a broken valve. 

Data f r o m  these holes have no t  been 

On August 18, 1975, the we l l  i n  sec. 25 was f l ow ing  5-10 gal/min 

The water temperature was estimated to-be 27"-32'C., 

w i t h  f a i r  water qual i t y  except for  a t tsu l fu r ' t  taste.  

24 



Geophysical Data 

Bouguer Grav i ty  Map 

A Bouguer g r a v i t y  survey of the Susanville-Honey Lake area was made 

for the C a l i f o r n i a  Department of  Water Resources by J. 1 .  Gimlet t  (1960) 

( f i g .  12) t o  determine the conf igura t ion  o f  the pre-Ter t ia ry  rocks t h a t  

f o r m  the boundaries o f  the  basin, and t o  estimate the thickness Of fill. 

Figure l2 suggests a northwest-trending basin having the deepest p a r t  

beneath Honey Lake and much shal lower f i l l  i n  the northwestern pa r t ,  east 

of Susanvi l le. 

Water Resources (1963), the maximum thickness o f  vo lcanic  rock and 

sedimentary rocks beneath Honey Lake i s  about 5,000 fee t .  

According t o  an estimate by the C a l i f o r n i a  Department of 

The g r a v i t y  data a re  no t  s u f f i c i e n t l y  de ta i l ed  t o  i nd i ca te  bur ied 

traces o f  f a u l t s  or the  l oca t i on  of  less dense thermal f l u i d s  i n  the 

b a s i n - f i l l i n g  rocks and deposits. 
~ 
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R e s i s t i v i t y  Map 

A surface r e s i s t i v i t y  survey of  the Susanville-Honey Lake area was 

completed by the  Bureau o f  Reclamation i n  1975; the resu l t s  a re  shown i n  

f i g u r e  13. The l o w  r e s i s t i v i t i e s  a t  Susanvi l le and near Wendel and Amedee 

Hot Springs c o r r e l a t e  we l l  w i t h  thermal anomalies a t  those l o c a l i t i e s ;  the 

e f f e c t  o f  l oca l  geothermal anomalies ev ident ly  i s  to introduce a l oca l  

decrease i n  r e s i s t i v i t y .  O f  p a r t i c u l a r  i n te res t  f o r  f u t u r e  exp lo ra t i on  are  

the  areas between L e a v i t t  and L i t c h f i e l d ,  along the no r th  s ide  o f  t he  basin, 

and east of Bun t ingv i l l e ,  where the map shows areas o f  low r e s i s t i v i t y .  

The l i n e s  o f  r e s i s t i v i t y  survey are not shown on the map, so i t  i s  
- -  _. - -. 

d i f f i c u l t  to  assess the  s ign i f i cance  o f  the low r e s i s t i v i t y  anomalies i n  

r e l a t i o n  t o  blank areas on t h e  map. The r e s i s t i v i t y  survey looks encouraging 

for  l oca t i ng  thermal anomalies and should be expanded t o  cover the  v a l l e y  

i f  coverage i s  now incomplete. 

The fo l l ow ing  discussion, f r o m  Meidav and Furgerson (1971), p o i n t s  

ou t  some o f  the  i n t e r r e l a t i o n s  among temperature, s a l i n i t y ,  and r e s i s t i v i t y  

i n  hydrothermal reservo i rs  and i l l u s t r a t e  the use o f  these data i n  the 

l n te rp re ta t  ion  o f  geothermal condi t ions.  

1 

"Where an outstanding geothermal reservo i r  does e x i s t ,  t he  e l e c t r i c a l  

* r e s i s t i v i t y  across i t  usua l l y  va r ies  by a fac to r  o f  a t  l eas t  3-10 (Studt, 

i 1958; Hayakawa, 1966, Breusse, 1964). I t  also turns out,  t h a t  because of 

, convective c i r c u l a t i o n ,  t h e  concentrat ing e f f e c t  due to  b o i l i n g  o f f  f r o m  , 

the  geothermal reservo i r ,  and the h igher  d i sso l v ing  power o f  the heated 

reservo i r  water, the s a l i n i t y  of the  f l u i d s  w i t h i n  the body o f  the  geothermal 

reservo i r  i s  greater  than ou ts ide  the reservoir .  

I 
1 
I 

Thus, the s a l i n i t y  and 
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temperature e f f e c t s  are o f t e n  working together t o  enhance the e l e c t r i c a l  

conduc t i v i t y  o f  the  geothermal rese rvo i r  and thus sharpen the  e l e c t r i c a l  

r e s i s t i v i t y  anomaly over a geothermal reservo i r .  The h igh cont ras t  i n  

r e s i s t i v i t y  between the  reservo i r  rock and the surrounding rock i s  

p a r t i c u l a r l y  notable i n  vo lcanic  t e r r a i n .  I n  such areas, the r e s i s t i v i t y  

wi th in the geothermal rese rvo i r  usua l l y  f a l l s  t o  10 ohm-meters or less,  

regardless o f  how h igh  the r e s i s t i v i t y  outs ide the reservo i r  area. In some 

except ional  cases, such as i n  the present study, where the reg ional  res i s -  

t i v i t y  values are q u i t e  low t o  begin w i th ,  because of  the preponderance of  

c l a y  and shale w i t h i n  the geologica l  sect ion,  the  r e s i s t i v i t y  change across 

a geothermal area tu rns  out  to  be less  outstanding. Because c l a y  and shale 

possess a f i n i t e  e l e c t r i c a l  conduc t i v i t y  of t h e i r  own, they tend to  at tenuate 

the  amplitude o f  the  conduc t i v i t y  change due t o  temperature". 
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Ind ica tors  o f  Tempe'rature 

Measurements i n  some we l l s  and spr ings i n  the  Susanville-Honey Lake 

area ind icate temperatures as h igh  as the b o i l i n g  p o i n t  o r  s l i g h t l y  higher.  

Temperatures a t  depth i n  fhe subsurface are not  known, and no heat- f low 

stud ies are known t o  have been made i n  the area. 

representing the per iod 1957-74, tabulated by the C a l i f o r n i a  Department of 

Water-qual i ty data 

Water Resources, were used to  est imate subsurface temperatures. 

the chemical analyses suggests poss ib le  reservo i r  temperatures o f  150°C 

Study of  

or more, but problems introduced by rock type and by methods o f  sampling 

and analysis lend considerable uncer ta in ty  t o  these estimates. 

Measured Water Temperatures i n  Wells and Springs 

Figure 14 shows the d i s t r i b u t i o n  o f  temperatures o f  water discharged 

f r o m  we l ls  se lec ted ' fo r  measurement. The temperatures are rounded t o  

'the neares t i0C,  represent water from d i f f e r e n t  depths from we l l  t o  w e l l ,  

and therefore provide on ly  a crude i n d i c a t i o n  o f  the presence and ex ten t  

of deeper thermal anomalies. A t  many places, the  temperatures probably 

a re  lowered by admixture o f  shal low co ld  water w i t h  the  deeper thermal 

water as we l l  as by upward conduct ive heat loss.  

Temperatures appear to  be a few degrees above normal i n  an elongated 

east-west area between Susanv i l le  and Wendel-Amedee, along the n o r t h  s ide  

of the va l ley.  The area includes a less  extensive r e s i s t i v i t y  l o w  and appears 

to be favorable for geothermal exp lo ra t ion .  
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The near-surface thermal anomaly a t  Susanvi l le  i s  o f  r e l a t i v e l y  

small ex ten t  and coincides w i t h  the r e s i s t i v i t y  low. The Wendel-Amedee 

thermal anomaly i s  o f  greater  extent  and a l so  conforms we l l  w i t h  the 

r e s i s t i v i t y  low,  (compare f i g s .  13 and 14.) 

The c o r r e l a t i o n  o f  h igher  temperature w i t h  lower r e s i s t i v i t y  i s  

less, apparent east o f  B u n t i n g v i l l e  than i t  i s  i n  the other  areas j u s t  

described ( f i gs .  13, 14). More work i s  needed t o  resolve t h i s  apparent 

discrepancy. 

I 

. .  

. .  

. .  
. .  
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Infer-red Reservoi r Temperatures 

Q) 

Reservoir temperatures were est imated us ing three geochemical 

methods: the s i l i c a  geothermometer, the Na-K-Ca geothermometer, and a 

mixing model. 

The s i 1  i ca  geothermometer (Fournier and Rowe, 1966), based on the 

s i l i c a  content o f  the water, i s  i n f e r r e d  to  show the temperature a t  which 

the water was l a s t  i n  equ i l i b r i um w i t h  quartz.  I f  the s i l i c a  content of 

the water i s  assumed t o  have been der ived e n t i r e l y  from quartz and i f  the 

water i s  assumed t o  have flowed f r o m  the reservo i r  t o  the we l l  o r  spr ing  

wi thout  s i g n i f i c a n t  loss o r  ga in i n  s i l i c a  content, t h i s  e q u i l i b r a t i o n  

temperature provides an est imate of  the  minimum reservo i r  temperature. 

App l ica t ion  o f  t h i s  method t o  the  Susanville-Honey Lake area, using chemical 

analyses fo r  samples from water w e l l s  and spr ings i n  the f i l e s  of  the  

Cal i f o r n i a  Department o f  Water Resources, suggests temperatures near 100°C, 

w i t h  a rough geographic zonatton. I n f e r r e d  temperatures i n  the  southern 

p a r t  o f  the area commonly f a l l  i n  the  range 80"-100°C. I n  a cen t ra l  zone 

t h a t  i s  elongated from west t o  east  and extends from Susanvi l le  t o  Wendel 

and Amedee (see f i g .  2 for loca t ions  o f  l o c a l i t i e s  named) most i n fe r red  

temperatures are i n  the range 100" - l lO°C.~  In a no r the r l y  zone extending 

from near L i t c h f i e l d  to  the v i c i n i t y  o f  L e a v i t t  the in fe r red  temperatures 

are mostly between 110" and 120°C. 



I 

I 
i 

I 

I 

I s i  1 i c a  tends to  p r e c i p i t a t e  from so lu t i on  unless the samples are t reated 

a t  the  t ime of c o l l e c t i o n  to  prevent p r e c i p i t a t i o n .  There i s  no i nd i ca t i on  

no t  warrant a more prec ise estimate o f  the temperatures. (1)  I n  

concentrat ions near or higher than those re to r ted  i n  many o f  these analyses, 

i n  t h e  data t h a t  these samples were t reated; and because they were co l lec ted  

many years ago, and by various workers, i t  i s  a f a i r  assumption t h a t  they 
- .  

I were not.  (2) Many o f  the thermal waters i n  t h i s  area are reasonably 

I 

explained as mixtures of ho t  and co ld  waters. 

t o  r e s u l t  i n  lower s i l i c a  contents and in fe r red  temperatures than those 

representat ive o f  the o r i g i n a l  hot waters. The s i l i c a  temperatures der ived 

Such d i l u t i o n  can be expected 

f r o m  the a v a i l a b l e  analyses are therefore minimum estimates. 
, 

The Na-K-Ca geothermometer (Fournier and Truesdel l  , 1973) provides 

an est imate o f  reservo i r  temperature based on the concentrat ions of  sodium, 

potassium, and calc ium i n  the water. Computations us ing  the water analyses 

from the  Susanville-Honey Lake area y i e l d  temperature estimates tha t  range 

from about 100°C to  more than 200OC. However, the a rea l  pa t te rn  o f  values 

d i f f e r s  markedly from t h a t  for the s i l i c a  temperatures. The lowest values, 

commonly l ess  than 150°C, are a t  the eastern and western ends of  the area, 

and the  h ighest  values i n  the cen t ra l  par t ;  many o f  the  higher values are i n  

t h e  south-central. p a r t  o f  the area, and many intermediate values are i n  the 

nor th-centra l  p a r t  where o ther  evidence has suggested t h a t  rese rvo i r  

temperatures may be r e l a t i v e l y  high. Temperature values i n f e r r e d  by use of 

31 
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t h i s  geothermometer diverge markedly from those f r o m  the s i l i c a  geother- 

mometer. Th is  tendency i s  most conspicuous a t  numerous places where 

several  s I 1  i c a  temperatures are s i m i  l a r  t o  one another whereas the 

corresponding ca t i on  temperatures are  very d i f f e r e n t  from one another. The 

s i l i c a  est imates are bel ieved t o  be more near ly  representat ive of the 

rese rvo i r  temperatures than the  ca t i on  estimates. The v a l i d i t y  o f  the 

c a t i o n  est imates may be a f fec ted  by the widespread occurrence i n  t h i s  area 

o f  basa l t ,  whose mineral composition does no t  favor  equ i l i b r i um d i sso lu t i on  

o f  a l l  three cat ions on which t h i s  method depends. 

A mixing-model described by Fournier and Truesdel l  (1974) can be used, 

under favorable condi t ions,  t o  est imate the  o r i g  

ho t  water and the f r a c t i o n  o f  admixed co ld  water 

and s i l i c a  contents o f  the thermal spr ing  or we1 

nonthermal ground water i n  the region. 

n a l  temperature o f  the 

by us ing  the temperatures 

water and o f  t yp i ca l  

Table 2 shows mixing-model data and ca lcu la ted  values for 10 selected 

w e l l s  and spr ings.  (Approximate loca t ions  o f  these w e l l s  and springs are 

shown on f i g u r e  15.) Calcu lat ions for Amedee Spr ing and f o r  we l l  29N/16E- 

30LI were made f o r  each o f  t w o  d i f f e r e n t  samples. The ca lcu la t ions  f o r  the 

Wendel-Amedee thermal area y i e l d  estimated rese rvo i r  temperatures i n  the 

range 153"-183"C, and suggest t h a t  the observed thermal water contains 41 

t o  50 percent admixed co ld  water. I n  the Susanv i l le  area, temperature 

est imates a re  

water. The ca lcu la t ions  were based on the assumptions of 10°C as the 

average temperature o f  the co ld  water on us ing  10" C. (average a i r  

temperature a t  Susanvi 1 l e )  

( f r o m  Bagwell Spring a t  Susanvi l le)  as representa t ive  o f  Si02 i n  the 

155" t o  208OC, w i t h  a h igher  proportion of  admixed co ld  

I 

and o f  an Si02 content o f  36 mg/l 

non-t he rma 1 water . 
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TABLE 2.--Selected spr ings  and w e l l s  used i n  mixing model of 

cold and thermal waters- 1/ 

Date Estimated Cold 
W e l l  number or of Temperature S i @  r e s e r v o i r  water 

s p r i n g  name water ("C.1 (mg/l) temperature f r a c t i o n  
sample ("C.) (percent ) 

7 Amedee Spr in  
(Z8N/16E-8Bl 

2 8 N /  17E-2 O J  1 

Roosevel t  swimming 
pool  (29N/12E-SDl) 

L a t t e r  Day S a i n t s  

(29N/12E-5) 

29N/15E-l6G1 

Wendel Spring 

church w e l l  

(2 9N/ 1 5E-2 3K1) 

29N/ 15E-24F1 

Southern P a c i f i c  RR 
(29N/16E-30L1) ~ 

30N/12E-33Nl 

3 0 N /  13E-3 1 R 1  

1909 
1971 

1956 

1974 

1973 

1958 

1971 

1958 

1958 
1973 

1958 

1958 

96 
97 

27 

39 

49 

27 

97 

31 

24 
28  

17 

26 

94 
96 

39 

59 

62 

54 

117 

40 

41  
42 

45 

76 

153 
156 

112 

165 

155 

193 

183 

255 

120 
120 

208 

122 

42 
4 1  

83 

81 

74 

91 

50 

92 

87 
83 

96 

86 

1. Background temperature of co ld  water before  mixing is considered t o  

be  mean annual temperature a t  S u s a n v i l l e  of 10OC.; s i l ica content of co ld  

w a t e r  i s  36 m g / l ,  derived from Bagwell Spring, 14 miles northwest of 

Susanvi l le .  Data from f i l e s  o f  Ca l i fo rn ia  Department of Water Resources. 
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The temperature estimates based on the mixing model, represent parts 

o f  the area near Wendel, Amedee, and Susanville. 

estimates cannot be determined until test holes have been drilled into the 

geothermal reservoir, but the estimates suggest that reservoir temperatures 

may be appreciably higher than the minimum values suggested by the silica 

The validity of the 

geothermometer. 

temperatures suggested by the mixing model lie in (1) the fact that the 

Two sources of uncertainty about the significance of the 

thermal water that mixes with the near-surface cold water in this area may 

itself be a blend o f  waters, of many different temperatures, which have come 

from different depths along different flow paths; and (2) the degree to which 

the silica content of water from the Bagwell Spring represents that of the 

cold ground water in the area is not known. 

From the foregoing discussion it is concluded that the silica geother- 

mometer probably provides reliable minimum estimates of reservoir temperatures; 

that the cation-geothermometer estimates are not reliable; and that the 

mixing-model estimates suggest reservoir temperatures considerably ~ higher 

than do the silica estimates. None of these estimates is based on adequate 

data, and the careful collection and analysis of water samples should be an 

integral part of  any exploration and test-drilling program. 

- 
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CONCLUSIONS 

i 

! '  

The fo l low ing  conclusions have been drawn f r o m  t h i s  b r i e f  review 

of geothermal data from the Susanville-Honey Lake area. 

The area i s  under la in  by unconsolidated deposits. Thermal waters 

occur i n  these deposits but are be l ieved t o  have come from under ly ing 

basal t  and perhaps from deeper g ran i  t i c  rock. 

The occurrence o f  the thermal waters discharged by springs near Wendel 

and Amedee, and probably t h a t  o f  the  thermal we l l  water a t  Susanvi l le ,  i s  

f au l t  con t ro l led .  I n  t h i s  respect these hydrothermal systems resemble o ther  

hydrothermal systems i n  the northwestern p a r t  o f  the Basin and Range province. 

The general f low pat te rn  for shal low ground water i n  the area suggests 

t h a t  the  recharge area f o r  the hydrothermal systems i s  t o  the n o r t h  o r  

northwest and tha t  i t  i s  w i t h i n  25 m i l e s  o f  Honey Lake Valley. The nature 

o f  the  f l o w  paths, p r i n c i p a l l y  through basa l t ,  i s  no t  known, bu t ' these paths 

probably are complex. 

Conceptual models for  the hydrothermal c i r c u l a t i o n  systems a re  (1) deep 

c i r c u l a t i o n  o f  waters along f a u l t s  and o t h e r  condui ts i n  areas o f  normal 

temperature gradients; and (2) shal lower c i r c u l a t i o n  near shal low c r u s t a l  

sources o f  heat. The l a t t e r  model i s  be l ieved more l i k e l y ,  but present 

evidence i s  f a r  from conclusive. 

The nature o f  the  postu la ted heat sources i s  no t  known. The occurrence 

of l a t e  T e r t i a r y  and Pleistocene volcanism i n  the area suggests the p o s s i b i l i t y  

t ha t  volcanic necks are  sources o f  heat. R e s i s t i v i t y  data suggest l o c a l i z a t i o n  

o f  hydrothermal flow near the surface, which i s  consistent w i t h  the presence 

o f  f a u l t  conduits. 
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Thermal we l ls  a t  Susanvi l e  are concentrated w i t h i n  an area of a 

few square miles, and none' i s  known t o  be n o r t h  of  the Susan River. 

d i s t r i b u t i o n  o f  cold-water w e l l s  around the thermal area suggests t h a t  the  

thermal anpmaly i s  o f  l i m i t e d  area, but the q u a n t i t a t i v e  s ign i f i cance  of 

mixing o f  the  thermal and cold water i s  not known. 

The 

The surface f low o f  Wendel Springs a t  the main o r i f i c e  appears t o  

have decreased from 748 gal/min i n  1882 t o  250 gal/min i n  1970. This 

decrease may r e f l e c t  p a r t i a l  p lugging o f  the  spr ing  o r i f i c e s ,  accompanied 

by more d i f f u s e  discharge a t  t he  surface and increased subsurface discharge. 

The discharge o f  Amedee Spring, about 700 gal/min, has not changed s i g n i f i -  

can t l y  from 1909 to  1971. 

1.3 X 10 

Spring, assuming a discharge temperature o f  100°C and an a i r  temperature of 

1 OOC. 

Estimated convective discharge of heat i s  

6 6 -1 
c a l  s - l  for Wendel Hot Spring and 3 .8  X 10 ca l  s f o r  Amedee Hot 

R e s i s t i v i t y  and o ther  data suggest an elongated area o f  thermal-water 

discharge between the p r i n c i p a l  known hydrothermal features a t  Susanv i l le  

and near Wendel and Amedee. However, t he  movement o f  co ld  ground water 

through shal low permeable a l l uv ium appears p a r t l y  t o  mask the temperature 

e f f e c t s  o f  thermal water moving upward from depth. 
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Estimated temperatures f o r  the thermal water i n  the elongated area 

between Susanvi l le t o  the  west and Wendel and Amedee t o  the  east ,  based 

on the s i l i c a  content of the  water, are i n  the range 10Oo-12O0C. 

appears t o  be a reasonable minimum estimate f o r  the reservo i r  temperature. 

Estimates based on a mix ing  model suggest t h a t  the  observed thermal waters 

conta in  large propor t ions o f  admixed shallow ground water and t h a t  the  

o r i g i n a l  temperature o f  the  hot water may have been appreciably h igher- -  

poss ib ly  as h igh  as 150" t o  200°C. 

estimates are such, however, t ha t  resampling and new chemical analyses are 

needed. 

Th is  

The unce r ta in t i es  involved i n  a l l  these 

The estimates now ava i lab le  should be used on ly  i n  p lanning f u r t h e r  

invest igat ions.  
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PROPOSED PRO G WMS 

The ob jec t i ves  o f  planning a geothermal exp lo ra t i on  program should 

inc lude (1) l o c a t i n g  the extent and con f igu ra t i on  o f  the thermal areas; 

( 2 )  es t ima t ing  the volume, temperature, and permeab i l i t y  o f  the reservo i r ;  

( 3 )  determining the nature o f  the heat and water sources and o f  the 

c i r c u l a t i o n  system; (4) analyzing the chemical composition o f  the produced 

f l u i d ;  and (5) p r e d i c t i n g  the long-term heat o r  energy po ten t i a l .  Invest iga- 

t i o n s  planned t o  a t t a i n  these ob jec t ives  could l o g i c a l l y  include both loca l  

and regional  studies. Because t e s t  d r i l l i n g  by the  Bureau o f  Reclamation 

i s  planned f o r  the autumn o f  1975, loca l  s tud ies  are  emphasized i n  the 

program discussed i n  the fo l l ow ing  pages. 

i 



Drilling Program 

The information now available indicates that the Susanville thermal 

anomaly is small, underlying an area of a few square miles. Deep-seated 

thermal water is believed to be rising along localized conduits--probably I 
faults--and mixing with shallow cold water. 

desirable in order to determine the form and areal extent of the thermal 

anomaly with shallow holes before drilling deep holes. 

A phased drilling program is 

Temperature and gradient measurements at depths on the order of 3 . 
feet are quick and inexpensive, and in some areas have been useful in 

detecting anomalously warm spots. The ground temperature i s  strongly 

influenced, however, by near-surface effects, including insolation, topography, 

precipitation, and movement of ground water. 

temperature measurements is selected carefully and the measurements are made 

within a short time span (no more than a few days), the extraneous effects 

just mentioned can be m7nimited. 

clue to the location of temperature anomalies caused by hydrothermal 

If the area for shallow 

The shallow temperatures then provide a 

discharge into shallow aquifers. 

test holes i s  thus facilitated. 

improved siting of deeper (100-200 feet) 

Several shal low test holes (100-200 feet deep) have been tentatively 

planned for the Susanville area by the Bureau of  Reclamation (L. T. Tomlin, 

oral commun., 1975). Approximate locations for these holes are shown on 
1 

1 figure 15. Additional shallow holes are also suggested (see fig. 15) to I 

I define better the lateral extent of the anomaly and to provide additional 

water samples and temperature measurements. 
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I f  the resu l t s  obtained from these shal low holes are favorable, one 

or more deeper holes ( to  perhaps 1,000 fee t  o r  deeper) would be des i rab le  

In an e f f o r t  t o  def ine the geothermal reservo i r  cha rac te r i s t i cs  needed to  

evaluate the p o t e n t i a l  of  the reservo i r  f o r  development. Two deep holes 

are t e n t a t i v e l y  suggested on f i g u r e  15: one near the apparent center o f  

the thermal anomaly and one near the  f a u l t  a t  the no r th  s ide o f  the 

anomaly. The actual  s i t e s  o f  such holes should be selected on the basis of 

data provided by the shal low holes. 

Figure 15 a l so  shows the loca t ions  of shal low holes t e n t a t i v e l y  planned 

by the Bureau o f  Reclamation f o r  the area near Wendel and Amedee, and of 

shal low holes suggested here as a r e s u l t  of t h i s  study. 

resu l t s  f r o m  t h i s  shal low d r i l l i n g ,  deep t e s t  holes would a l so  be des i rab le.  

I f  data from two t e s t  holes d r i l l e d  by Gulf  O i l  Company can be obtained, 

however, i t  may not  be necessary to  d r i l l  i n  the Wendell-Amedee area. The 

Gulf holes, i n  sec. 5, T. 28 N. ,  R. 16 E. and i n  sec. 25, T. 29 N., R. 15 E., 

a re  reported to  be more than 5,000 f e e t  deep and t o  be located on opposi te  

sides o f  the L i t c h f i e l d  f a u l t .  

Assuming favorable 

Also shown on f i g u r e  15 are  the  t e n t a t i v e  locat ions o f  t e s t  holes on 

both sides o f  the i n f e r r e d  t race  o f  the  L i t c h f i e l d  f a u l t  between Susanv i l le  

and the Wendel-Amedee area, and south o f  the f a u l t  t o  the west o f  Honey Lake. 

Holes d r i l l e d  west o f  Honey Lake would p re fe rab ly  be located over the  

r e s i s t i v i t y  anomaly i n  sec. 1, T. 29 N., R. 13 E. 

! 

I 
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Assuming the a v a i l a b i l i t y  o f  data from the Gulf  wel ls ,  the pre fer red  

p r i o r i t y  for the shallow d r i l l i n g ,  by areas, appears t o  be as fo l lows:  

1. Susanvi l le area, because o f  the favorable loca t ion  for development 

of any resource found; 

2. area along L i t c h f i e l d  f a u l t ,  because the data ava i l ab le  suggest 

higher reservo i r  temperatures than those found elsewhere i n  Honey Lake Val ley;  

and 

3 .  west o f  Honey Lake. 

Planning of  any deep d r i l l i n g  would preferably  be deferred u n t i l  a f t e r  

the e n t i r e  s h a l l o w - d r i l l i n g  program had been completed. 

t h a t  resu l t s  of the sha l o w  d r i l l i n g  would favor s i t e s  and p r i o r i t i e s  fo r  

deep holes tha t  were qu t e  d i f f e r e n t  from those tha t  can be suggested now. 

I t i s  q u i t e  poss ib le  

8 
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Studies Relttated t o  the D r i ' l l  i ng  Program 

Temperature p r o f i l e s  s.hould be measured i n  a l l  t e s t  holes. Where 

p rac t i cab le  (and c e r t a i n l y  i i n  a l l  deep holes), core samples should a l s o  

be co l l ec ted  to  permi t  measwrement of thermal conduc t i v i t y  (which, w i t h  

thermal gradient,  makes p o s s i b l e  the  c a l c u l a t i o n  o f  heat f low)  and the 

hydro log ic  p roper t ies  o f  t h e  mater ia ls .  Geophysical logs should be made 

i n  the boreholes, f l o w  and b e a d  data should be obtained, and representat ive 

water samples co l l ec ted  f o r  chemical analys is .  

provide r e l i a b l e  data f o r  titre geothermometers and data f o r  l a t e r  evaluat ion 

of p o t e n t i a l  problems i n  dewelopment of the geothermal resource. Careful  

sampling and f i e l d  treatmend of the water samples (Presser and Barnes, 1974) 

i s  needed t o  insure the useffulness of the  data fo r  geothermal i n te rp re ta t i on .  

Const i tuents determined i n  i the ana lys is  of geothermal waters p re fe rab ly  

include s i l i c a ;  t h e  p r i n c i p a l  ions; selected minor cons t i tuents  such as 

aresnic  and boron; and the s t a b l e  isotopes of hydrogen and oxygen, used i n  

study o f  source of  t h e  water.  

Along w i t h  these s tud ies  r e l a t e d  t o  the t e s t  holes i t  would be des i rab le  

The analyses are needed t o  

to  expand the s u r f a c e - r e s i s t i v i t y  surveys already made by the Bureau of  

Reclamation to cover areas southeast of Susanvi l le,  a long the Honey Lake 

f a u l t ,  and east of Standish. In add i t ion ,  geologic mapping i s  needed t o  

- i d e n t i f y  s t r u c t u r a l  r e l a t i o n s h i p s  and espec ia l l y  to  map f a u l t s ;  and t o  

search for young rhyol  I t i c  rocks. 
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Regional Studies 

I f  the f i r s t  exp lo ra to ry  f i e l d  studies i n  the Susanville-Honey Lake 

area ind ica te  promising p o t e n t i a l  for development of the geothermal resource, 

regional inves t iga t ions  should be made an in tegra l  pa r t  o f  f u r t h e r  s tud ies 

i n  the area. 

the loca l  problem; and t o  use loca l  re la t ionsh ips  i n  regional  explorat ion.  

For example, the regional  heat f l o w  i s  a fundamental parameter needed i n  

the i n te rp re ta t i on  o f  l o c a l  sources o f  heat; and studies beyond a given 

topographic basin may y i e l d  important informat ion about recharge t o  a 

hydrothermal system and about the ground-water f low pat te rn .  I n  the region 

surrounding the Susanville-Honey Lake area i t  i s  important t o  learn  more 

about flow through the basal ts.  On the o ther  hand, geologic, hydro log ic ,  

geophysical, and thermal re la t i onsh ips  i n  the Susanville-Honey Lake area 

I t  i s '  important to  b r ing  regional re la t ionsh ips  t o  bear on 

d prove invaluable i f  geothermal exp lo ra t ion  were extended i n t o  adjacent 

ons such as the Modoc P la teau - to  the north.  

- _  . .. ~ - 
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Figure 9.--Conceptual models for the source of  heat in hydrothermal ' 

- A (top), Diagrammatic cross section of hydrothermal system 

- B (bottom), Diagrammatic cross section o f  hydrothermal system 

systems (Olmsted and others, 1975, p. SO) .  

lacking a heat source in the shallow crust. 

having a heat source in the shallow crust. 
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Figure IO.--Conceptual models for discharge of two hydrothermal 
systems (Olmsted and others, 1975, p. 55). 

- A (top), Oiagramatic cross section of a hydrothermal 
. discharge system having a nonleaky discharge 
condu i t . 

- B (bottom), Diagrammatic cross section o f  a hydrothermal 
discharge system having a leaky discharge 
condui t . 
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1 EXPLANATION 

e 
Area o f  hot springs o r  w e l l s  

Faul t ;  dashed where approximately I located, dotted where concealed. 

Volcanic rocks o f  Pleistocene age. 

Volcanic rocks o f  Pleistocene and 

m I 
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Pliocene age. 
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i A  A1 
1 Location of geologic sect ion.  
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' I  

Location o f  area 0 of s t r a t i g r a p h i c  

sect ion. 
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c 

Figure 2.--Geologic map of the region north of the Susanville-Honey 
Lake area, showing locations of  geologic and stratigraphic 

I 

i sections (southeastern part of Westwood Sheet (Lydon and 
others, 1960) of California Division of Mines and Geology, 
Geologic Map of  California). Stratigraphic sections are 
shown i n  figures 3 and 4 ,  and geologic sections i n  figures 
5-7. ! 

I -- . 



X 
A 

EXPLANATION 

. dotted where conceded. 
-___... Fault, dashed where approximately located. 

Loution of sample used for mixing-modd . alculatiqn. 

Loution of h U o w  test hole proposed by 
B U M U  of Reclrmrtion. 

0 Location of W o w  test holo proposed by thk 
=port 

A LocrtIon of propoud &Q test hol,. 

Area favorable for W o w  geothemul tee 

hola. . \ .  

0 1 2 3 4 .MIh 

0 1 2  3 4 K w  
I , ' I  ,' . '  1 

X 

X 
A 

X 



I 

, 

I -_ --  - -  -__ -. -. __ - -  LAPPED, EDITED, AND PUBLISHED ey THE GEOLOGICAL SURVEY I -. 
_I 

- I - - - l c r  
5 p WILES 
t 1 

10 15 20 S 0 
* I 

I-+- 
25 KILOMETERS - S 0 5 10 1s 20 

1 I I I 

CONTOUR INTERVAL 200 FEET 
DATUM IS MEAN SEA LEVEL 

I%? UAGNEllC DtCLINATlON fOR THIS SHEET VAIIES fROU ia.30' LASIERLV P O I  I H E  CENTER OF IHL YES1 
L U X  TO I P I Y  CISTERLV fOR THE CENTCR Of W E  C I S 1  €DOE MEAN LHNWL CHAMGOT IJ 0.01' WCSlEMV 

- .-- - .- - 

1 SUSANVI LLE. CALIFORNIA 
N4000--W12000/60~120 I 1962 

I--- . 

LOVELOCK. NEVADA; CALIFORNIA 
REVISED 1955 1970 

- - -  . ..> 


	Valley and Secret Valley - - - - - - - - - - - - - -
	Creek Valley and Secret Valley - - - - - - - - - - -
	Valley - - - - - - - - - - - - - - - - - - - - - - -
	Valley - - - - - - - - - - - - - - - - - - - - - - -
	ground-water system - - - - - - - - - - - - - - - -
	model--heat source - - - - -
	Diagram showing conceptual model--discharge - - - - - -
	Susanville - - - - - - - - - - - - - - - - - - - - -

	Bouguer gravity map of Susanville-Honey Lake area - - -
	springs - - - - - - - - - - - - - - - - - - - - - - -

	15 Map illustrating proposed drilling program - - - - - - -



