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ABSTRACT 

The Bal tazor  Hot Springs KGRA i s  centered on 
a low-y ie ld ,  (4-28 lpm), sodium-sulfate, 76- 
98"C/167-208"F hot  spring, surrounded by small 
opal ine s i n t e r  mounds and bel ieved t o  be present ly  
p r e c i p i t a t i n g  s i l i c a ,  thus suggesting a deep r e -  
servo i  r temperature o f  a t  l e a s t  18OoC/356"F. The 
p o s i t i o n  o f  the  springs, associated c a l c i t e - s i l i c a  
stockworks, and presumably a deep thermal reser -  
v o i r  a t  Baltazor, i s  c l e a r l y  c o n t r o l l e d  by t h e  i n -  
t e r s e c t i o n  o f  a nor theas ter ly - t rend i  ng Basin and 
Range f a u l t  trough w i t h  an older, northwest-trend- 
i n g  normal f a u l t  system. O f  numerous e x p l o r a t i o n  
techniques appl l e d  a t  Baltazor, thermal gradient  
d r i l l i n g ,  mapping of geology and a l t e r a t i o n ,  geo- 
thermometry, d e t a i l e d  g r a v i t y  and d ipo le -d ipo le  
r e s i s t i v i t y  have been most use fu l  i n  appra is ing 
t h e  geothermal resource p o t e n t i a l .  Ba l tazor  i s  
i n d i c a t e d  by these techniques, -- and by probable 
a c t i v e  s i l i c a  p r e c i p i t a t i o n  -- t o  remain an en- 
couragi ng prospect: A t  l e a s t  one add i t iona l  deep 
d r i l l  ho le  i s  warranted. The t a r g e t  f o r  t h i s  ho le  
i s  a f racture-contro l  l e d  r e s e r v o i r  i n  Miocene v o l -  
canics and pre-Ter t iary  metamorphic rocks a t  
depths greater  than 2000 f t  (610 m) beneath 
Ba l tazor  Hot Springs. 

INTRODUCTION 

The Bal tazor  Hot Springs KGRA, near Denio, 
Humboldt County, Neiada (Fig. l ) ,  has been i n t e n -  
s i v e l y  explored since 1977 by Earth Power Produc- 
t i o n  Company (EPPC)., under the  terms of t h e  
Department o f  Energy's Indust ry  Coupled Program. 
These exp lo ra t ion  e f f o r t s  have c l e a r l y  demonstra- 
t e d  Ba l tazor  t o  be a s t r u c t u r a l l y - c o n t r o l l e d  sys- 
tem heated by deep c i r c u l a t i o n  along permeable 
f a u l t  zones. This paper w i l l  discuss t h e  na ture  
o f  these s t r u c t u r a l  cont ro ls ,  as revealed by v a r -  
ious  exp lo ra t ion  techniques and deep d r i l l i n g ,  and 
w i l l  assess the  prospect 's  remaining resource 
p o t e n t i  a1 . 

PREVIOUS WORK 

Diverse exp lo ra t ion  methods have been app l ied  
w i t h  vary ing success i n  appraisal of t h e  geother- 
m a l  p o t e n t i a l  o f  the  B a l t a t o r  Hot Springs KGRA and 
v i c i n i  ty. Photogeol og i  c mappi ng by Gardner and 
Koenig (1978) de l ineated prev ious ly  mapped f a u l t s  

and major new photo-1 i nears. Groundwater sampl ng 
and ( i n  p a r t i c u l a r )  geothermometry ( K l e i n  and 
Koenig, 1977) targeted t h e  immediate Bal t a z o r  Hot 
spr ings area as t h e  reg ion 's  most promising geo- 
thermal prospect. Shal low- and intermedi ate-depth 
thermal gradient  d r i l l i n g  (Langenkamp, 1978; EPPC 
wel l  l o g  data)  de l ineated strong heat f low anoma- 
l i e s  a t  Bal tazor  and t h e  Painted H i l l s  prospect 
(Hulen, 1979), about 11 miles/17.7 km t o  t h e  
southwest . A reg ional  aeromagnetic survey 
(Sc int rex,  1972) had shown only broad reg ional  
basement conf igurat ions,  o f  l i t t l e  use i n  char- 
a c t e r i z i  ng geothermal features. Senturion Sci - 
ences (1977) demonstrated contemporary microear th-  
quake a c t i v i t y  along, among other  s t ructures,  t h e  
range f r o n t  f a u l t  system passing west o f  Ba l tazor  
Hot Springs, thus enhancing chances f o r  discovery 
there  o f  adequate subsurface permeabi li ty. 
Edqui sJ, (1981) compl eted de ta i  1 ed g r a v i t y  p r o f  i 1 - 
ing, extremely usefu l  i n  s t r u c t u r a l  i n t e r p r e t a t i o n  
o f  the  s u r p r i s i n g l y  deep graben beneath Bal tazor  
Hot Spri ngs . D i  pole-di po l  e r e s i s t i v i t y  and s e l f  - 
p o t e n t i a l  data gathered by Mining Geophysical 
Surveys, Inc. (1981) fo r  EPPC were a l s o  i n t e r p r e t -  
ed by Edquist (1981). He cor re la ted  shallow, 
near-surface r e s i s t i v i t y  lows and r a p i d l y  changing 
s e l f - p o t e n t i a l  values a t  Bal tazor  w i t h  mapped and 
g r a v i t y - i n f e r r e d  f a u l t  zones bel ieved t o  be t h e  
prime condui ts  f o r  deep thermal f l u i d  convection. 
A mercury-arsenic ' s o i l  survey (Truex, 1980) o f  t h e  
Bal tazor  area revealed no d iagnost ic  anomalies 
exc lus ive ly  r e l a t e d  t o  t h e  a c t i v e  thermal system. 
Hul en (1979) produced p r e l  i m i  nary geol ogy and 
hydrothermal a l t e r a t i o n  maps o f  Bal tazor  and t h e  
Painted H i l l s .  The Bal tazor  map, together  w i t h  
r e s u l t s  from EPPC's r e c e n t l y  completed deep we l l  
near Bal tazor ,  form t h e  bas is  f o r  t h e  d e t a i l e d  
surface and subsurface geologic i n t e r p r e t a t i o n s  
presented i n  t h i s  repor t .  

GEOLOGIC SETTING 

A t  t h e  northwestern margin o f  t h e  Basin and 
Range province, t h e  Bal tazor  Hot Springs KGRA and 
v i c i n i t y  exempli fy t h e  reg ional  geology o f  n o r t h -  
western Nevada. The Pueblo Mountains, west o f  
Bal tazor  (Fig. l ) ,  a re  a t y p i c a l ,  n o r t h e r l y -  
trending, t i l t e d  f a u l t  block range. East of t h e  
Pueblos, Continental Val ley, which hosts Ba l tazor  
Hot Springs, i s  an equal ly  t y p i c a l ,  deeply a l l u v i -  
a ted graben va l ley,  i n  t h i s  case s u r f i c i a l l y  b lan-  
keted w i t h  l a c u s t r i n e  sediments. The Pueblo 
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depth  dri l l  hole well 

Figure 1. Geologic map of the  Ba l ta tor  Hot Springs KGRA and v i c i n i t y ,  Humboldt County, Nevada. 
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Mountains are formed of a deeply dissected, h i g h l y  
var iab le  Pliocene-Pliocene vo lcanic  and vo lcani  - 
c l a s t i c  sequence r e s t i n g  w i t h  profound unconform- 
i t y  on Permian-Triassic ( ? )  metavolcanic and meta- 
sedimentary rocks i n t r u d e d  by i ntennedi a te  compo- 
s i t i o n  p lu tons o f  Jurassic-Cretaceous age (Fig. 1; 
Willden, 1964; Rowe, 1970; Burnham, 1971). Imme- 
d i a t e l y  above t h i s  eroded basenlent near Bal tazor  
i s  a t h i c k  sequence o f  Miocene p o r p h y r i t i c  basa l t  

' flows, f low-breccia, and tephra beds Tocally i n -  
te r rup ted  by v o l c a n i c l a s t i c  sediments, a i  r - f a l l  
t u f f s  and ash-flow t u f f s .  I n  t h e  upper p o r t i o n  o f  
t h i s  sequence, a t h i n  d a c i t e  (?) ash-flow t u f f  and 
a dense hornblende andesi te  flow, along w i t h  an 
in te rven ing  b a s a l t i c  andesi te  f low, form an e a s i l y  
mappable marker i n t e r v a l  (Figs. 1-3). The basal t 
sequence i s  disconformably o v e r l a i n  by a c l i f f -  
forming r h y o l i t e ,  a l s o  Miocene, which i n  t u r n  i s  
o v e r l a i n  by Miocene f e l s i c  ash-flow t u f f s  and vo l -  
c a n i c l a s t i  c sediment s. 

The Pueblo Mountains are t i l t e d  gent ly  west- 
ward and bounded on t h e  east by a major normal 
range-front f a u l t  system. Maximum displacement i n  
t h i s  system i s  i n t e r p r e t e d  by Edquist (1981) t o  
have'occurred along a f a u l t  (F3) concealed by a l -  
luvium and t rend ing  nor theast  j u s t  west o f  
Bal tazor  Hot Springs (Figs. 1, 3). A l l u v i a l  depth 
east o f  f a u l t  F3 i s  modeled on t h e  bas is  o f  g rav i -  
t y  data by Edquist t o  be as much as 2000 f t  (610 
m). Low- t o  moderate-angle f a u l t s  F1 and F6 i n  
t h e  range west o f  f a u l t  F3 probably were caused by 
range- f ront  oversteepeni ng r e s u l t i n g  from F1 
f a u l t i n g .  The complexity o f  F 1  and F6 immediately 
n o r t h  o f  we l l  45-14 (Fig. 1) i s  almost c e r t a i n l y  
due t o  i n t e r a c t i o n  o f  these f a u l t s  w i t h  f a u l t  F2, 
a northwest-southeast-trending s t r u c t u r e  o f  minor 
normal d i  spl aceinent which, p ro jec ted  southeast- 
ward, passes d i r e c t l y  beneath Bal tazor  Hot 
Springs. 

THERMAL PHENOMENA AND HYDROTHERMAL ALTERATION 

Bal t a z o r  Hot Springs, w i t h  measured tempera- 
t ures va ryi ng between 76OC/167OF and 98OC/208"F, 
produces, e s s e n t i a l l y  from a s i n g l e  o r i f i c e ,  sodi -  
um s u l f a t e  waters a t  r a t e s  f l u c t u a t i n g  between 4 
and 128 lpm ( K l e i n  a?d Koenig, 1977). S i l i c a  and 
Na-K-Ca geothermometers i n d i c a t e  present subsur- 
face temperatures o f  a t  l e a s t  16OoC/32O0F ( K l e i n  
and Koenig, ib id . ) .  Ooze c o l l e c t e d  from t h e  edge 
of the  Ba l tazor  Hot Springs pool i s  revealed by X- 
ray  d i f f r a c t i o n  (XRD) ana lys is  t o  cons is t  l a r g e l y  
o f  opal w i t h  minor c r i s t o b a l i t e  and quartz, sug- 
gest i  ng reservo i  r temperatures o f  a t  l e a s t  18OOC 
(White e t  a1 ., 1971). Frothy-appearing opal ine 
s i  n t e r  mounds scat tered i n  t h e  immediate v i  c i  n i  t y  
o f  the spr ings (Fig. 1)  a t t e s t  t o  past reservo i r  
temperatures a t  l e a s t  t h i s  high. 

Range-front normal f a u l t s  and t h e  so le of a 
recent l a n d s l i d e  west o f  Bal tazor  (Fig. 1)  a re  
pervas ive ly  a1 te red  by s i 1  ica-bear ing (chalcedony, 
c r i s t o b a l i t e  and minor t r i d y m i t e  as shown by XRD) 
c a l c i t e  veins and ve in le ts ,  l o c a l l y  accompanied by 
bleaching .of t h e i r  host  rocks. The veins, from 
l e s s  than 4 i n / l O  cm t o  a t  l e a s t  10 f t / 3  m i n  
th ickness (mapped ve in i n  Fig. l), range i n  t e x -  

t u r e  from massive t o  vuggy and d e l i c a t e l y  band- 
ed. Cross-cut t ing re la t ionsh ips  and b r e c c i a t i o n  
i n  t h e  ve ins suggest several a l t e r n a t i n g  episodes 
o f  carbonate depos i t ion  and s i l i c i f i c a t i o n .  A few 
small (<6 f t / 1 . 8  m) surface mats and mounds of 
mixed s i  1 iceous and calcareous s i n t e r  a re  s c a t t e r -  
ed across t h e  sur face  o f  t h e  landsl ide,  probably 
i n d i c a t i n g  t h e  associated c a l c i t e  - s i l i c a  veins 
t o  have been former feeder channels f o r  thermal 
s p r i  ngs. 

Other a l t e r a t i o n  i n  t h e  Bal tazor  area cannot 
be a t t r i b u t e d  t o  t h e  a c t i v e  geothermal system. 
Base metal s u l f i d e  m i n e r a l i z a t i o n  and associated 
a l t e r a t i o n  i n  Permian - Cretaceous basement rocks 
i s  c l e a r l y  Pre-Ter t iary .  Faul ts  F 1  and F6, p a r t i -  
c u l a r l y  near t h e  ho t  springs, commonly contain, as 
i d e n t i f i e d  by XRD, c a l c i t i c  and hemat i t i c  jasper -  
o i d  (chalcedony) , l o c a l  l y  bearing small (<2 i n/5 
cm) pods o f  b r i g h t  yellow-green pure smecti te, 
almost c e r t a i n l y  nontron i te .  

DEEP DRILLING RESULTS 

Well 45-14, c o l l a r e d  about one m i l e l l . 7  km 
southwest o f  Ba l tazor  Hot Springs (Figs. 1-3) pen- 
e t r a t e d  a.lluvium t o  a depth o f  160 f t / 4 9  m, a 
t h i c k  T e r t i a r y  vo lcan ic  sequence t o  2180 f t / 6 6 4  m, 
then pre-Ter t ia ry  i n t e r s t r a t i f i e d  c h l o r i t e - s e r i -  
c i t e  s c h i s t  and in termediate metavolcanic rock t o  
t h e  base o f  t h e  sampled i n t e r v a l  a t  3590 ft /1094 
m; t o t a l  depth i s  3640 f t /1109 m. The rocks pene- 
t r a t e d  i n  t h e  we l l ,  most w i t h  d i s t i n c t i v e  gamma- 
ray  s ignatures (Fig. 2) can be r e a d i l y  c o r r e l a t e d  
w i t h  sur face rocks. A prominent f a u l t  between 
1780 and 1790 ft. (543 and 546 m) separates mas- 
s i v e  b a s a l t  from under ly ing interbedded t u f f s ,  
sediments and t h i n  basa l t  flows. This f a u l t  i s  . 

i n t e r p r e t e d  t o  be F1. A major f a u l t  (F7; Fig. 3) 
pre-dat ing F 1  (and F6) i s  i n f e r r e d  from t h e  f o r e -  
shortening o f  t h e  basa l t  sequence i n  45-14 (1700 
f t / 5 1 8  m) r e l a t i v e  t o  i t s  thickness j u s t  a m i l e  
(1.6 km) t o  t h e  n o r t h  and two mi les  (3.2 km) east  
(2700 f t / 8 2 3  m). 

A l te ra tdon o f  t h e  rocks i n  we l l  45-14 i s  min- 
imal. Trace t o  minor amounts o f  t h e  yel low-green 
smecti t e  described e a r l  i e r  a re  e r r a t i c a l  l y  scat - 
t e r e d  i n  t h e  i n t e r v a l  between 400 f t / 1 2 2  m and 
1000 f t / 3 2 8  m, along w i t h  t races  of c a l c i t e ,  goe- 
t h i t e  and chalcedony. The basa l t  sequence i s  
essent i  a1 l y  una1 tered, except f o r  1 oca1 t races  of 
ce ladoni te ,  smectite, c a l c i t e ,  and various teo-  
1 i t e s .  Local quar tz -pyr i  t e  cha lcopyr i te  v e i n l e t s  
i n  t h e  Permian-Triassic (? )  metamorphic sequence 
are undoubtedly p re-Ter t ia ry  i n  age. 

An equi 1 i b r i  um temperature prof i l e  f o r  45-14 
(Fig. 3) shows t h r e e  d i s t i n c t i v e  segments -- an 
isothermal i n t e r v a l  a t  about 43OC/109OF between 
100 ft/30.5 m and 640 f t /195 m; an i n t e r v a l  w i t h  a 
temperature gradient  of about 130°C/km t o  a depth 
of 2100 f t / 6 4 0  m; and a conductive, low-gradient 
(38OC/km) i n t e r v a l  from 2100 f t / 6 4 0  m t o  t h e  b o t -  
tom o f  t h e  wel l ,  a t  which t h e  maximum temperature 
o f  119.67°C/247.400F was recorded. The deep, con- 
duct ive,  low grad ien t  i n t e r v a l  i s  conf ined almost 
e n t i r e l y  t o  p re-Ter t ia ry  metamorphic rocks, and 

159 



Hul en 

API UNITS 
2 

It, 

z g  
G A M M A  RAY. TEMPERATURE. OC 

C Y  
nL E x P L AN ATION A- LITHOLOGY , 

Rhyolite and rhyolite 

A 
flow - breccia 

W a H o r n b l e n d e  andesite 

5 O D a c i t e  (?> ash-flow tuff 
5 

Olivine-augite basalt (flows, 200 
flow-breccias, tephra beds) 

lnterbedded basalt and 
tuffaceous sediments 

Intermediate metavolcanic 
rocks 

':@Chlorite -serici te schist 
- ++ 

*VA..VA Fault zone . 

NS No sample TEMPERATURE OF 

F 
! ! 
! I 

! ! 
! 

I I 
! I 

I 
100 20 

I 

I 
I 

3 120 
'0 

I 

-250 
In a 
W 
I- 
W 

_- 

2 
-500 

I 
I- - 

Figure 2. L i tho logy,  gamma ray and temperature logs f o r  deep t e s t  w e l l  8245-14, Bal tazor  Hot Springs 
KGRA, Humboldt County, Nevada. 
comDari son. 

Temperature logs f o r  821500-1 and 821500-2 are  shown fo r  
Gamma-ra.y l o q  b.y Gearhart (1983) . Temperature data from Southwest D r i  11 i ng and - -  

Explorat ion Co. (198f). 

probably ind ica tes  these rocks t o  be imperme- 
able. The in termediate l e v e l  h igher  gradient  
i n t e r v a l  could r e f l e c t  genera l ly  lower thermal 
c o n d u c t i v i t i e s  o f  associated basal ts .  The i s o -  
thermal p o r t i o n  of t h e  p r o f i l e  i n d i c a t e s  cool 
water i n f l u x  i n  f rac tu red  h igh- leve l  vo lcanic  
un i ts .  

DISCUSSION AND CONCLUSIONS 

The l o c a t i o n  o f  the  Bal tazor  Hot Springs 
thermal area i s  almost c e r t a i n l y  c o n t r o l l e d  by t h e  
i n t e r s e c t i o n  o f  nor theas ter ly - t rend i  ng normal 
f a u l t s  w i t h  an o l  der, n o r t  hwest-trendi ng h igh-  
angle f a u l t  system. The main f a u l t  o f  t h i s  system 
(F2; Fig. l ) ,  i n  fac t ,  p r o j e c t s  southeastward, be- 
neath younger f a u l t  blocks and al luvium, t o  a po- 
s i t i o n  almost d i r e c t l y  beneath t h e  present ho t  
spr ing  locat ion.  The i n t e r a c t i o n  o f  these two 
f a u l t  systems would create a zone o f  h i g h  f r a c t u r e  
pemieabi 1 i ty , a1 lowi  ng deep c i  r c u l  a t i  on and r e s u l -  
t a n t  heat ing  o f  f l u i d s  ( f a c i l i t a t e d  by t h e  abnor- 
ma l ly  high reg ional  thermal gradients  o f  t h e  
B a t t l e  Mountain heat- f low h igh;  Sass e t  al. ,  
1971), fo l lowed by rap id  convection o f  these 
heated f l u i d s  t o  shal low depths. Add i t iona l  r e -  
s e r v o i r  Permeabi l i ty  could be developed i n  rock 
rubble accumulated i n  t h e  deep f a u l t  t rough 
beneath Ba l tazor  Hot Springs, from t h e  breakage, 
i n t o  t h e  trough, o f  h igh- leve l  low-angle f a u l t  
b locks exposed n o r t h  o f  wel l  45-14 (Figs. 1,3). 

As demonstrated by deep-dr i l l i ng ,  these low 
angle f a u l t  blocks, t h e  lower of which was pene- 

t r a t e d  by 45-14 (Fig. 3) apparently do no t  p re-  
sent ly  form p a r t  of t h e  Bal tazor  geothermal reser -  
vo i r .  This may be due t o  h igh- level  sea l ing  along 
f a u l t s  west o f  F3 along t h e  western margin o f  t h e  
deep f a u l t  t rough discussed above. Evidence o f  
such sea l ing  i s  t h e  pervasive, recently-devel oped 
c a l c i  t e - s i 1  i c a  stockwork a t  the range f r o n t  j u s t  
northwest and west o f  t h e  ho t  spr ings (Fig; 1). 

The Ba l tazor  Hot Springs area remains an 
encouraging moderate- t o  high-temperature geother- 
mal exp lo ra t ion  ta rge t .  If, as ind ica ted  by XRD, 
Bal tazor  Hot Springs i s  p resent ly  p r e c i p i t a t i n g  
s i l i c a ,  r e s e r v o i r  temperatures o f  a t  l e a s t  
180°C/3560F can be reasonably an t ic ipa ted .  Ade- 
quate permeab i l i t y  can be expected i n  f rac tu red  
volcanics and metavolcanics, and perhaps i n  over- 
l y i n g  rock rubble, beneath about 2000 f t /610 m. 
Fau l t  F3 (Figs. 1, 3), concealed by al luvium, i s  
probably t h e  p r i n c i p a l  condui t  along which thermal 
f l u i d s  now ascend. The high-temperature "sp ike"  
i n  d r i l l  h o l e  BZ1500-1 (Fig. 2) may represent 
eastward channeling of these f l u i d s  i n t o  a subsur- 
face a l l u v i a l  aquifer, o r  may i n d i c a t e  a concealed 
f a u l t  subs id ia ry  t o  F3. The temperature decrease 
beneath t h e  '%pike'', and associated low thermal 
gradient, probably i n d i c a t e s  t h e  t rough- f  il l i n g  
sediments below the  "sp ike"  t o  be r e l a t i v e l y  
impermeable. 

The depths a t  which commercially a t t r a c t i v e  
h igher  temperatures might be encountered i s  con- 
j e c t u r a l .  Simple downward p r o j e c t i o n  of t h e  
apparently conductive gradients  (35-38OC/km) 
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F igure 3. I n t e r p r e t i v e  3-D geologic sec t ion  AA'-BB'  through Bal tazor  Hot Springs and deep w e l l  8245-14. 

encountered i n  t h e  lower por t ions  o f  8245-14 and 
821500-1, however, y i e l d s  temperatures o f  
15O0C/3O2"F a t  about 5800 f t /1768 m and 
18OoC/356"F a t  about 8500 f t / 2 9 9 1  m. Presumably, 
convection would r e s u l t  i n  these temperatures 
p r e v a i l i n g  a t  shal lower depths. 
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