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INTRODUCTION 

Mining is t h e  second  l a r g e s t  i n d u s t r y  i n  Nevada. The S i l v e r  S ta te  is t h e  

l a r g e s t  p roduce r  of g o l d  and t h e  t h i r d  l a r g e s t  p roduce r  of s i l v e r  i n  t h e  

Un i t ed  S t a t e s .  The major  o p e r a t i o n s  are open p i t  mines t h a t  u s e  a p r o c e s s  

known as heap- l each ing  t o  e x t r a c t  g o l d  and s i l v e r  from low-grade o r e .  The 

p r o c e s s  e n t a i l s  mining,  c r u s h i n g ,  g r a d i n g ,  and s t a c k i n g  t h e  ore, which is 

t h e n  soaked w i t h  a d i l u t e  s o l u t i o n  o f  sodium cyan ide .  The c y a n i d e  

d i s s o l v e s  b o t h  g o l d  and s i l v e r ,  which i s  e v e n t u a l l y  r e c o v e r e d  from 

s o l u t i o n  by a d d i t i o n a l  p r o c e s s i n g .  Heap-leaching t a k e s  many months t o  

complete ,  b u t  t h e  o p e r a t i o n  depends h e a v i l y  on t h e  wea the r .  

L i k e  most c h e m i c a l  r e a c t i o n s ,  t h e  r e a c t i o n  rate is  i n c r e a s e d  by t h e  

a d d i t i o n  of h e a t .  p r o c e s s  i n  1887, 

many a u t h o r s  have  demons t r a t ed  t h a t  t h e  j u d i c i o u s  a p p l i c a t i o n  o f  h e a t  t o  

c y a n i d e  s o l u t i o n s  w i l l  accelerate t h e  r e a c t i o n  k i n e t i c s  i n  p r o p o r t i o n  t o  

t h e  q u a n t i t y  o f  h e a t  a p p l i e d .  T h i s  immediately s u g g e s t s  two i m p o r t a n t  

b e n e f i t s  t o  t h e  mining i n d u s t r y  i n  g e n e r a l  and t o  Nevada g o l d  mines i n  

p a r t i c u l a r :  

S i n c e  t h e  i n v e n t i o n  of t h e  commercial 

1. I n c r e a s i n g  c y a n i d e  s o l u t i o n  r e a c t i o n  rates d e c r e a s e s  t h e  time 

r e q u i r e d  for  b a t c h  heap-leaching and i n c r e a s e s  p r o d u c t i v i t y .  

2. M a i n t a i n i n g  a c o n s t a n t  t e m p e r a t u r e  i n  t h e  p i l e s  by h e a t i n g  t h e  

c y a n i d e  s o l u t i o n  w i l l  p e r m i t  t h e  o p e r a t i o n  t o  c o n t i n u e  a t  a 

p r o f i t a b l e  l e v e l  on a year-round b a s i s ,  even  t h r o u g h  t h e  c o l d  

w i n t e r  months. 

I n  a d d i t i o n  t o  its g o l d  and silver reserves, Nevada h a s  a n  abundance o f  

geo the rma l  ene rgy  r e s o u r c e s .  T r e x l e r  and o t h e r s  (1983) i d e n t i f i e d  more 

t h a n  900 h o t  s p r i n g s  and wells th roughou t  Nevada, more t h a n  a n y  o t h e r  



state. A p p l i c a t i o n s  i n c l u d e  p roduc t ion  of e lectr ic  power, i n d u s t r i a l  

p r o c e s s  h e a t i n g ,  s p a c e  h e a t i n g ,  and a q u a c u l t u r e .  One a p p l i c a t i o n  t h a t  h a s  

n o t  been a t t e m p t e d  is t h e  u s e  of geothermal  energy  i n  t h e  mining i n d u s t r y .  

T h i s  p r o j e c t  was des igned  t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of u s i n g  

geothermal  h e a t  ene rgy  t o  enhance g o l d  and s i l v e r  heap-leaching o p e r a t i o n s  

i n  Nevada. 

ORGANIZATION 

The program was d i v i d e d  i n t o  two phases .  A c t i v i t i e s  i n  t h e  f i rs t  phase  

i n c l u d e d  a r ev iew of e x i s t i n g  l i t e r a t u r e ,  a s u r v e y  of a c t i v e  mines  and 

nearby  geo the rma l  r e s o u r c e s  t h a t  c o u l d  be u t i l i z e d  i n  a heap- leaching  

o p e r a t i o n ,  and a n  a p p r a i s a l  of t h e  effects of i o n  i n t e r f e r e n c e  from 

ore/geothermal-fluid/cyanide-solution i n c o m p a t i b i l i t y .  The second phase 

c o n s i s t e d  of c o l l e c t i n g  r e p r e s e n t a t i v e  o r e s  and geothermal  f l u i d s ,  

f a b r i c a t i n g  t h e  test  f a c i l i t i e s ,  performing t h e  l a b o r a t o r y  tes ts ,  o b t a i n i n g  

t h e  a n a l y t i c a l  r e s u l t s ,  and a s s e s s i n g  t h e  p o t e n t i a l  f o r  l a r g e - s c a l e  

a p p l i c a t i o n .  

FINDINGS 

1. A c t i v e  mines t h a t  u s e  cyan ide  heap-leaching are widespread  i n  

Nevada and e i t h e r  s h u t  down d u r i n g  t h e  w i n t e r  o r  u s e  expens ive  o i l  

emers ion  h e a t e r s  t o  p r e v e n t  f r e e z i n g  i n  t h e  heap and t h e  p i p e l i n e s .  

2. A t  least s i x  o p e r a t i n g  mines are l o c a t e d  n e a r  o r  a d j a c e n t  t o  known 

geothermal  r e s o u r c e s  w i t h  t e m p e r a t u r e s  t h a t  are compa t ib l e  w i t h  t h e  

cyan ide  heap- leaching  process .  A d d i t i o n a l  e x p l o r a t i o n  o f  g o l d ,  

s i l v e r  and geothermal  r e s o u r c e s  i s  c o n t i n u i n g  and w i l l  l i k e l y  

i n c r e a s e  t h e  number of  co- located mines and geothermal  r e s o u r c e s .  

7 



3. Some g o l d  ores i n  Nevada c o n t a i n  base  metal s u l f i d e s  t h a t  are known 

t o  i n t e r f e r e  w i t h  and r e t a r d  t h e  c y a n i d e  s o l u t i o n  p rocess .  During 

t h e  l i t e r a t u r e  rev iew,  a p r o c e s s  known as  b a c t e r i a l  d i g e s t i o n  was 

i d e n t i f i e d  as  having  p o t e n t i a l  f o r  enhancement by t h e  a p p l i c a t i o n  

of geothermal  energy .  The p r o c e s s  e n t a i l s  u s i n g  T h i o b a c i l l u s  a 
t o  s e l e c t i v e l y  remove a r s e n i c ,  coppe r ,  n i c k e l ,  and o t h e r  metals 

t h a t  i n t e r f e r e  w i t h  t h e  c y a n i d a t i o n  p rocess .  

4. Nevada's geothermal  r e s o u r c e s  are d i l u t e ,  maximum t o t a l  d i s s o l v e d  

s o l i d s  are less t h a n  5000 ppm. No l a r g e  c o n c e n t r a t i o n s  of  

i n t e r f e r i n g  i o n s  were i d e n t i f i e d .  

5. I n  expe r imen t s  r u n  a t  5 O C  and 20'C (41' and 68"F), t h e  amount of 

g o l d  r ecove red  a t  t h e  20°C showed a twenty  p e r c e n t  i n c r e a s e  o v e r  

t h e  tes t  r u n  a t  t h e  lower tempera ture .  S i l v e r  o r e  l eached  a t  35' 

( 9 5 O ~ )  r e g i s t e r e d  i n c r e a s e d  e x t r a c t i o n  ra tes  of 17% t o  40% o v e r  o r e s  

l e a c h e d  a t  5OC (41'F). 

6. S u c c e s s f u l  s u l f i d e  l e a c h i n g  expe r imen t s  u s i n g  b a c t e r i a  were l i m i t e d  

t o  o n l y  f o u r  metals and o n l y  a t  s l u r r y  c o n c e n t r a t i o n s  of  10%. No 

s i g n i f i c a n t  t empera tu re  effects  were reco rded .  

3 



REVIEW OF CURRENT MINERAL RECOVERY TECHNIQUES 

E leva ted  t e m p e r a t u r e s  are i m p o r t a n t  i n  many chemica l  p rocesses .  I n  t h e  

mining i n d u s t r y ,  h y d r o m e t a l l u r g i c a l  p r o c e s s e s ,  t h o s e  i n v o l v i n g  t h e  

e x t r a c t i o n  of metals u s i n g  aqueous s o l u t i o n s ,  are particularly amenable t o  

enhancement by a d d i t i o n  o f  h e a t  energy.  

T h i s  r ev iew c o n c e n t r a t e s  on t h o s e  h y d r o m e t a l l u r g i c a l  p r o c e s s e s  most 

a p p l i c a b l e  t o  enhancement by u s i n g  geothermal  h e a t .  The p r i n c i p a l  

p r o c e s s e s  i n c l u d e :  

1. Cyan ida t ion  ( p r e c i o u s  metal m e t a l l u r g y )  

2. S u l f a t e  l e a c h i n g  

3. C h l o r i d e  l e a c h i n g  

4. Bacterial l e a c h i n g  

CYANIDATION 

Habashi  (1967) h a s  shown t h a t  t h e  rate of d i s s o l u t i o n  of gold  and s i l v e r  

i n c r e a s e s  w i t h  t empera tu re .  Many p r e c i o u s  metal o p e r a t i o n s  p r e s e n t l y  u s e  

c y a n i d e  heap l e a c h i n g .  I n  c o l d  w i n t e r  months, a prehea t  of t h e  s o l u t i o n  is 

r e q u i r e d .  A t  Round Mountain,  Nevada, t h e  Smoky Valley Mining Company uses 

o i l  emers ion  h e a t e r s  t o  h e a t  t h e  c y a n i d e  s o l u t i o n s  and p reven t  f r e e z i n g  of  

t h e  s p r i n k l e r  system. 

Another p o t e n t i a l  a p p l i c a t i o n  of geothermal  energy  i n  t h e  p r e c i o u s  metals 

i n d u s t r y  is t h e  e v a p o r a t i o n  o f  l e a c h  l i q u o r s  t o  c o n c e n t r a t e  t h e  metal 

c o n t e n t .  C u r r e n t  p r a c t i c e s  u s e  ca rbon  columns t o  r e c o v e r  t h e  s o l u b l e  

metals f o r  c o n c e n t r a t i o n .  E lec t rowinn ing  or z i n c  p r e c i p i t a t i o n  i s  then  

employed t o  r e c o v e r  t h e  metal v a l u e s  from t h e  c o n c e n t r a t e d  s o l u t i o n s .  
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I m p o r t a n t  f a c t o r s  t o  b e  c o n s i d e r e d  are t h e  d e s t i n a t i o n  of a l l  t h e  s p e c i e s  - 
p r i m a r i l y  gold-cyanide complex and e x c e s s  cyan ide .  Gaze (1898) and  Raub 

and M u l l e r  (1967), i n d i c a t e  t h e  e v a p o r a t i o n  of p regnan t  c y a n i d e  s o l u t i o n s  

s h o u l d  r e s u l t  i n  a vapor  phase c o n s i s t i n g  o f  H 2 0  w i t h  l i t t l e  or no c y a n i d e .  

T y p i c a l l y ,  a c o n c e n t r a t i o n  between 6 and 80 grams p e r  l i t e r  of g o l d  is  

n e c e s s a r y  f o r  e l e c t r o w i n n i n g  (U.S. P a t e n t s  3,104,212; 3 ,445,352;  and 

2,884,322).  Leach l i q u o r s  g e n e r a l l y  assay between 0.1 and 0.5 grams o f  

g o l d  p e r  l i ter .  T h i s  would r e q u i r e  a volume d e c r e a s e  on t h e  o r d e r  of 160 

times. Geothermal energy cou ld  supp ly  a s u b s t a n t i a l  p o r t i o n  o f  t h e  h e a t  

r e q u i r e d  f o r  c o n c e n t r a t i o n s  amenable t o  e l e c t r o w i n n i n g .  

SULFATE LEACHING 

S u l f a t e  l e a c h i n g  was used p r i m a r i l y  i n  t h e  r ecove ry  o f  coppe r  from o x i d i z e d  

o r e s .  T h e r e  h a s  been a s u b s t a n t i a l  d e c l i n e  i n  t h e  number o f  l e a c h i n g  

o p e r a t i o n s  t h a t  u s e  t h e  s u l f a t e  method. During t h e  1960's and 1 9 7 0 ' s ,  

Anaconda Copper Company used a seven-stage s u l f u r i c  a c i d  v a t - l e a c h i n g  

p r o c e s s  a t  t h e i r  o p e r a t i o n  a t  Weed He igh t s ,  Nevada. The p r o c e s s  was 

performed a t  ambient  t empera tu re .  Heat ing t h e  s u l f u r i c  a c i d  may have 

i n c r e a s e d  t h e  k i n e t i c s  of t h e  l e a c h i n g  p r o c e s s ,  but t h e  economics w e r e  

p robab ly  u n f a v o r a b l e .  The mine is  no l o n g e r  o p e r a t i n g .  

CHLORIDE LEACHING 

S e v e r a l  w e l l  known c h l o r i d e  p r o c e s s e s  u s e  "hot" s o l u t i o n s .  Fo r  example,  

t h e  ferr ic  c h l o r i d e  l e a c h  p r o c e s s  used by Anaconda a t  t h e  Nevada Moly 

O p e r a t i o n  i n  s o u t h - c e n t r a l  Nevada was o p e r a t e d  a t  9OoC (190°F). T h i s  

process upgraded t h e  m i l l  molybdeni te  c o n c e n t r a t e  by removing t h e  unwanted 

c h a l c o c i t e ,  c h a l c o p y r i t e ,  and ga lena .  The t e m p e r a t u r e  o f  t h e  water o b t a i n e d  

5 
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from a w e l l  on t h e  p r o p e r t y  was measured a t  28OC (82'F). The water was 

t y p i c a l l y  used as  makeup, wash, and b o i l e r  f e e d  water, i n a d v e r t e n t l y  

p r o v i d i n g  t h e  o p e r a t o r  w i t h  a n  a p p a r e n t ,  b u t  undetermined,  s a v i n g s .  The 

Anaconda p r o c e s s  i s  c l o s e l y  r e l a t e d  t o  t h e  Clear P r o c e s s  of Duva l l  (U.S. 

P a t e n t  3,785,944). 

Another p r o c e s s ,  deve loped  by t h e  U.S. Bureau of Mines,  i n v o l v e s  t h e  

r e c o v e r y  of  e l e m e n t a l  s u l f u r  from c h a l c o p y r i t e  and c h a l c o c i t e  c o n c e n t r a t e s  

(Haver and Wong, 1971). T h i s  p r o c e s s  u s e s  ferric c h l o r i d e  a t  a t e m p e r a t u r e  

of 106OC (223OF). 

The Fa lconbr idge  Matte Leach P r o c e s s  ( T h o r n h i l l  e t '  a l . ,  1971) i s  a 

c h l o r i d e  a t empera tu re  t h a t  c a n  be  

ach ieved  u s i n g  geothermal  energy .  T h i s  p r o c e s s  s e l e c t i v e l y  l e a c h e s  n i c k e l  

from a copper -n icke l  matte u s i n g  h y d r o c h l o r i c  a c i d .  

p r o c e s s  t h a t  o p e r a t e s  a t  70'C (158'F), 

C u r r e n t l y ,  

t h e  molybdenum marke t  r e c o v e r s ,  

a t  t h e  Nevada Moly Opera t ion ,  i n  Nye County. 

t h e r e  are no c h l o r i d e  l e a c h i n g  o p e r a t i o n s  a t  Nevada mines.  I f  

t h e r e  may be a need f o r  geothermal  ene rgy  

BACTERIAL LEACHING 

One s p e c i e s  of b a c t e r i a ,  T h i o b a c i l l u s ,  h a s  been t h e  f o c u s  of s e v e r a l  r e c e n t  

s t u d i e s  (Schwartz ,  1977; Murr, Torma, and  B r i e r l e y  ( eds . ) ,  1978). 

T h i o b a c i l l u s  h a s  t h e  a b i l i t y  t o  l e a c h  reduced i r o n  and metal s u l f i d e s  

ores. 

metals as copper ,  i r o n ,  ant imony,  l e a d ,  and uranium. 

from 

b a c t e r i a  h a s  been t e s t e d  t o  de te rmine  r ecove ry  rates f o r  such  T h i s  

Of p a r t i c u l a r  i n t e r e s t  is  t h e  t h e r m o p h i l i c  s t r a i n  of a t h i o b a c i l l u s - l i k e  

b a c t e r i a  d i s c u s s e d  by B r i e r l e y  and LeRoux (1977). While  most of t h e  

t h i o b a c i l l i  do n o t  t y p i c a l l y  grow a t  e l e v a t e d  t empera tu res ,  t h i s  r e p o r t  

'6 



d e s c r i b e s  t h e r m o p h i l i c  s t r a i n s  t h a t  grow above 5OoC (122OF). High-sulfur  

geo the rma l  micro- 

organisms.  

waters would be  a n  e x c e l l e n t  medium f o r  c u l t u r i n g  t h e s e  

SUMMARY 

Based on t h e  r e v i e w  of c u r r e n t  m i n e r a l  r ecove ry  t e c h n i q u e s ,  two p r o c e s s e s ,  

c y a n i d e  heap- l each ing  and b a c t e r i a l  l e a c h i n g ,  have t h e  g r e a t e s t  p o t e n t i a l  

f o r  a p p l i c a t i o n  of geo the rma l  energy. These two p r o c e s s e s  were s e l e c t e d  

f o r  i n v e s t i g a t i o n  o f  enhanced m i n e r a l  r ecove ry  by t h e  a p p l i c a t i o n  of h e a t  

i n  l a b o r a t o r y  tests. 

7 



CO-LOCATION OF ACTIVE PRECIOUS METAL MINES AND GEOTHERMAL RESOURCES 

A l i s t i n g  of a c t i v e  p r e c i o u s  metal mines and m i l l s  was p r e p a r e d .  

I n f o r m a t i o n  on t h e  o p e r a t o r ,  l o c a t i o n ,  commodity, r e c o v e r y  p r o c e s s ,  and 

a v a i l a b l e  p r o d u c t i o n  is shown i n  T a b l e  1. T h e r e  are 32 produc ing  g o l d ,  

s i l v e r  o r  g o l d / s i l v e r  mines i n  o p e r a t i o n  i n  Nevada today. 

The l o c a t i o n  of e a c h  mine was p l o t t e d  on t h e  1:500,000-scale map of t h e  

"Geothermal Resources  o f  Nevada," ( T r e x l e r  and o t h e r s ,  1983). O f  t h e  32 

o p e r a t i n g  mines,  10 have geothermal  r e s o u r c e s  on t h e  mine p r o p e r t y  o r  i n  

c l o s e  p r o x i m i t y  t o  t h e  l e a c h i n g  o p e r a t i o n .  A b r i e f  d e s c r i p t i o n  o f  t h e  

geo the rma l  r e s o u r c e s  and l o c a t i o n s  f o r  t h e  10 mines is  p r e s e n t e d  below: 

1. Pegasus Gold C o r p o r a t i o n  d r i l l e d  a 500 f o o t  w e l l  f o r  mine 

c o n s t r u c t i o n  and p r o c e s s  water a t  t h e i r  new mine i n  P e r s h i n g  

County,  35 miles n o r t h  of  Lovelock. The w e l l  h a s  a maximum 

t e m p e r a t u r e  of 1 1 4 O C  (238°F) and c a n  produce 200 gpm a t  a 

t e m p e r a t u r e  o f  100°C (212°F). The chemica l  compos i t ion  i s  r e p o r t e d  

as sodium-chlor ide t y p e  f l u i d ,  t yp ica l  f o r  t h a t  area, w i t h  a t o t a l  

d i s s o l v e d  s o l i d  (TDS) conten t  of 4 , 5 0 0  ppm. 

2. Smoky V a l l e y  Mining Company, l o c a t e d  in t h e  Big Smoky V a l l e y  i n  Nye 

County,  r e p o r t e d  w a r m  water i n  s e v e r a l  m i n e r a l  e x p l o r a t i o n  h o l e s .  

The mine i s  l o c a t e d  on t h e  east s i d e  of t h e  v a l l e y ,  a p p r o x i m a t e l y  9 

miles from t h e  Dar rough ' s  Hot S p r i n g  KGRA, which h a s  t e m p e r a t u r e s  

o f  115OC (240°F). 

3. West Northumberland Mine is  l o c a t e d  n e a r  t h e  crest of t h e  Toquima 

Range on t h e  east s i d e  of  t h e  Big Smoky Valley i n  Nye County. Ore 

i s  hau led  d a i l y  t o  l e a c h  pads l o c a t e d  i n  t h e  Big Smoky V a l l e y ,  

8 



LOCAT1 ON RECOVERY PROCESS I OPERATOR COMMODITY 

T.29N., R.34E. S i l v e r  Cyanide Heap Leaching Couer d 'Alene Mining 

T. 13N. , R.32E. Go ld /S i lve r  Cyanide Heap Leaching K i e w i t  Mining 6 Eng. 

~~~ 

T.23N.. R.49E. Gold Cyanide Heap Leaching Atlas Corp. 

Batt le Mountain 

Lobinson Mining D i s t . ,  E ly  

Wonder District  

Bat t le  Mountain Gold Corp. Gold Heap Leach/ M i l l  

S i l v e r  Cyanide Heap Leaching S i l v e r  King Mines c 

G o l d I S i l v e r  Cyanide Heap Leaching Belmont Resources  
- ~~ 

45 Miles Nor th  of Elko Gold Cyanidat i o n  F r e e p o r t  Gold Co. 

MINE PRODUCTION 
~ 

s u e r ' s  Rochester  
- ~~~ ~~ 

700 t o n s l d a y  ( o r e )  a l d f  i e l d  T a i l i n g s  P r o j e c t  B lack  Hawk Mining I I I P l a c e r  Management 
G o l d f i e l d ,  T.2S., R.43E. G o l d / S i l v e r  Cyanide Heap Leaching 

So. o f  Ba t t l e  Mountain I Gold I Cyanide Heap Leaching 1 Tenneco 75,000 o z . / y r  (go ld )  Y c b y  Mine 

I FMc 
Gabbs, T.ION., R.37E. Go ld /S i lve r  Cyanide Heap Leaching I I 100,000 o z . / y r .  (Au) 

1,500,000 o z . / y r .  ( A g )  

5,000 t o n s l d a y  (ore) 

8,000 t o n s l d a y  (ore) 

P a r i d i s e  Peak 

Pegasus  Gold Corp. I Cyanide Heap Leaching I I Humboldt House 
T.31N., R.33E. F l o r i d a  Canyon P r o j e c t  

ronkin S p r i n g s  Mine 

Gold Bar P r o p e r t y  

Hog Ranch Gold Mine 

T.23N. , R.49E. I Cold I Cyanide Heap Leaching I S i l v e r  S t a t e  Mining Corp. 30,000 oz . /y r .  (AU) 

Cyanide Heap Leaching I Western G o l d f i e l d  Co.  I I North of Gerlach 
T.38N.. R.23E. 3,000 t o n s l d a y  (ore) 

I -  North Of Winnemucca 
T.39N., R.36E. Cyanide Heap Leaching 55,000 oz . /y r .  (Au) 

60,000 o z . / y r .  (Ag) 

70,000 oz. /yr .  (Au) 
1.2 m i l l i o n  o z l y r .  ( A g )  

1,000 t o n s l d a y  ( o r e )  

S l e e p e r  Mine 

Cooper Canyon 
~- ~~~ 

S t a r  P o i n t e r  

Wonder Mine 

Jerritt Canyon 2 , 600 t o n s l d a y  (ore) 

Ebco E n t e r p r i s e s  I G o l d I S i l v e r  Cyanide Heap Leaching I I ' Divide D i s t r i c t  
Near Tonopah Tonopah Div ide  

Carl i n  1 Gold I Cyanide Heap Leaching I ~ ~ ~ ~ n ~ ~ r ~ ~  Boot S t r a p  

B u l l i o n  Monarch Car l  i n  I (Newmont Cow.  Cyanide Heap Leaching I I 
Table  1. A c t i v e  prec ious  m e t a l  mines i n  Nevada, 1386. 



MINE 

Gold S t r i k e  

B lue  S t a r  

Maggie Creek 

Mil l IHeap Leaching I I C a r l i n  I Gold Quarry 

~~ - ~ 

LOCATION COMMODITY RECOVERY PROCESS 

C a r l i n  Gold Cyanide Heap Leaching 

C a r l i n  Gold M i l l  

C a r l i n  Gold Mill /Heap Leaching 

A t l a n t a  

Candal eria 

T.?N., R.68E. GoldIS i l v e r  Cyanidat  ion 

T. 3N. , R. 35E. G o l d I S i l v e r  Cyanide Heap Leaching 

Cyanide Heap Leaching I I T.22N., R.57E. I A l l i g a t o r  Ridge 

West Northumberland 

Round Mountain 

T. 13N.. R.46E. G o l d I S i l v e r  Cyanide Heap Leaching 

T. I O N . ,  R.44E. G o l d f S i l v e r  Cyanide Heap Leaching 

Bald Mountain P r o j e c t  

P in son  

Horse Canyon 

OPERATOR 

T.24N., R.57E. Gold Cyanide Heap Leaching 

T.38N., R.42E. Go I d  Cyanidat  i on  

T.27N.. R.48E. G o l d I S i l v e r  Cyanide Heap Leaching 

C a r l i n  Gold Co. 
(Newmont Corp.) 

C a r l i n  Gold Co. 
(Newmont Corp.) 

C a r l i n  Gold Co. 
(Newmont Corp.) 

Buckhorn 

Borealis 

16 t o  1 

C a r l i n  Gold Co. 
(Newmont Corp.) 

T.27N., R.49E. G o l d I S i l v e r  Cyanide Heap Leaching 

T.6N., R.29E. G o l d l S i l v e r  Cyanide Heap Leaching 

T.2S.,  R . 3 8 E .  Gold /S i lve r  Tank Leach 

S tanda rd  S l a g  Co. 

Nerco Metals 

Cyprus Mines Corp. 

Smoky Va l l ey  Mining Co. 

Amselco M i n e r a l s  Inc .  

P l a c e r  Amex Inc .  

Pinson Mining Co. 

Cortez Gold Mines 

Cominco American 

Tenneco M i n e r a l s  

Sunshine Mining 

PRODUCTION 

9,000 o z . / y r .  (Auj 

3,500 t o n s f d a y  ( o r e )  

170.000 oz . /y r .  (Au) 

9,000 oz . /y r .  (Au) 

3,000 t o n s l d a y  (o re )  

18,000 t o n s l d a y  ( o r e )  

2 ,200 t o n s l d a y  (o re )  

3,500 o z . / y r .  (Au) 

1.500 t o n s l d a y  ( o r e )  
56.000 oz . /v r .  ( A d  

40,000 o z . / y r .  (Au) 

270,000 oz . /y r .  ( A g )  

42,500 oz . /y r .  (Au) 

( T a b l e  1, continued) 



e i g h t  miles from t h e  mine. The l e a c h i n g  o p e r a t i o n  i s  l o c a t e d  n o r t h  

of t h e  Smoky V a l l e y  Mining Company (2,  above) and l ies  a l o n g  t h e  

same s t r u c t u r a l  t r e n d  where w a r m  water h a s  been r e p o r t e d  i n  s h a l l o w  

m i n e r a l  e x p l o r a t i o n  wells. 

4. Jerri t t  Canyon Mine, l o c a t e d  on t h e  east s i d e  of Independence 

V a l l e y  i n  n o r t h e r n  E lko  County, i s  less t h a n  f o u r  miles from a 

w a r m  s p r i n g .  

5. Boot S t r a p  Mine, l o c a t e d  i n  t h e  n o r t h e r n  p a r t  of t h e  C a r l i n  Gold 

h a s  water w i t h  t e m p e r a t u r e s  i n  e x c e s s  of  5OoC Company mining area, 

(122OF) i n  water s u p p l y  wells. 

6. Maggie Creek Mine i s  l o c a t e d  i n  t h e  c e n t r a l  p a r t  o f  t h e  C a r l i n  

District and h a s  warm water i n  a n  i n d u s t r i a l  p r o c e s s  s u p p l y  Mining 

w e l l .  

7. Gold Quarry Mine i s  l o c a t e d  i n  t h e  s o u t h e r n  part  o f  t h e  C a r l i n  

Mining District and a l s o  h a s  w a r m  water supp ly  wells. 

8. Tonopah D i v i d e  Mine, l o c a t e d  between Tonopah and G o l d f i e l d  i n  

Esmeralda County,  h a s  r e p o r t e d  h o t  water i n  underground workings a t  

a d e p t h  o f  1,000 f e e t .  

9. Rawhide Mine l o c a t e d  w e s t  of  Gabbs i n  Mine ra l  County,  is  within 

six m i l e s  of a warm s p r i n g .  

10. 16 t o  1 Mine l o c a t e d  w e s t  of S i l v e r p e a k ,  i n  Esmeralda County,  i s  

n e a r  

t e m p e r a t u r e  of 48OC (118'F). 

h o t  wel ls  t o  t h e  n o r t h  and a w a r m  s p r i n g  a t  S i l v e r p e a k  w i t h  a 
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Discussions were conducted with Smoky Valley Mining, Carlin Gold Company 

(Boot Strap, Maggie Creek, and Gold Quarry Mines) and Pegasus Gold 

Corporation (Florida Canyon Project) regarding a site for a full-scale 

demonstration of 

precious metal recovery. Pegasus Gold Corporation has submitted a letter 

of interest in cooperating with the Division of Earth Sciences and the 

Chemical and Metallurgical Department at the Mackay School of Mines in 

conducting a full-scale test of geothermal heat augmentation of cyanide 

of the application of geothermal heat to the enhancement 

heap-leaching. 

1 2  



COLLECTION OF GEOTHERMAL FLUIDS AND ORE SAMPLES FOR LABORATORY TESTS 

-1 

GEOTHERMAL FLUIDS 

Based on d e t a i l e d  i n v e s t i g a t i o n s  of geo the rma l  r e s o u r c e s  and a c t i v e  mines ,  

or  mines under  c o n s t r u c t i o n ,  two areas were s e l e c t e d  t o  s t u d y  enhancement 

of c y a n i d e  r e a c t i o n  c h e m i s t r y  by t h e  a p p l i c a t i o n  of geothermal  energy .  The 

geo the rma l  s i tes s e l e c t e d  are Darrough ' s  Hot S p r i n g s  i n  Big  Smoky V a l l e y  

and  t h e  geothermal  water wells i n  t h e  C i t y  of Gabbs. 

Sample C o l l e c t i o n  P rocedure  

Approximately 28  l i t e rs  of geo the rma l  f l u i d  were c o l l e c t e d  a t  each  s i te .  A 

The 9- l i ter  sample  was a c i d i f i e d  wi th  1.5 l i t e r s  of c o n c e n t r a t e d  HNO 

r ema in ing  19 l i t e r s  c o l l e c t e d  were u n t r e a t e d .  Tempera ture  was measured a t  

t h e  time of c o l l e c t i o n  w i t h  a D i g i t e c  Model d i g i t a l  thermometer .  

3 '  

Darrough ' s  Hot S p r i n g s  

Darrough ' s  Hot S p r i n g s  i s  l o c a t e d  i n  n o r t h e r n  Nye County, approx ima te ly  9 

miles w e s t  of t h e  Smoky V a l l e y  Mine a t  Round Mountain,  Nevada. The s p r i n g s  

d i s c h a r g e  a p p r o x i m a t e l y  200 gpm of 96OC (205'F) w a t e r  i n t o  a c o n c r e t e - l i n e d  

poo l  t h rough  a fou r - inch  d i a m e t e r  p ipe .  I n  1962, Magma Power Company 

d r i l l e d  a w e l l  on t h e  p r o p e r t y  t o  a d e p t h  o f  830 feet ;  t h i s  w e l l  h a s  a 

r e p o r t e d  t e m p e r a t u r e  of 114°C (238°F) a t  750 feet .  

The chemica l  compos i t ion  of t h e  water from t h e s e  s p r i n g s  i s  t y p i c a l  o f  t h e  

sodium-bicarbonate  t y p e  t h a t  is found th roughou t  c e n t r a l  and  e a s t e r n  Nevada 

( f i g .  1). A comple te  chemica l  a n a l y s i s  is p r e s e n t e d  i n  T a b l e  2.  

T y p i c a l l y ,  sodium/calcium-carbonate t y p e  geothermal  f l u i d s  have  low t o  

modera t e  TDS. A u n i q u e  c h a r a c t e r i s t i c  of t h e  Darrough Hot S p r i n g  a n a l y s i s  
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TABLE 2 

C h e m i c a l  Analyses 

CONSTITUENT 

TDS 

H a r d n e s s  

C a l c i u m *  

M a g n e s i u m  

S o d i u m  

P o t  ass i u m  

S u l f a t e  

C h l o r i d e  

N i t r a t  e 

B i c a r b o n a t  e 

CONCENTRATION I N  PPM 

DARROUGH'S 

S P R I N G  

GABBS , WELLS 

3 4 5 7 8 10 

746 7 02 835 770 - 84 9 42 5 

58 53 7 0  58 65 8 0  - 

23 21 28 23 1 9  32 1 .24  

0 0 0 0 4 0 <O.  05 

212 1 9 9  233 213 417 225 98.2 

6 5 6 6 - 6 3 . 0 0  

4 00 375 442 405 382 442 50.7 

34 29 40 29 27 35 13 .5  

0.2 0.0 0.7 0 .0  0.03 0 .0  0.04 

12 22 17 24 - 27 108 

15 

p H ,  U n i t s  

T e m p e r a t u r e  C 

Well D e p t h  ( f t . )  

0 

8.43  8 .39  8 .42  8.42 8.45 8.33 8 . 8 5  

48 57 62 6 0  21 68 96 

169 341 2 50 575 285 198 A r t  e s i a n  
I 



is the high concentration of silica, 105 ppm Si02, in a fluid that has a 

TDS of only 425 ppm. 

Gabbs Geothermal Wells 

The City of Gabbs is located in northwestern Nye County. Six geothermal 

wells supply water to the city. The water is pumped to cooling towers 

prior to use. Fluids from this site represent the sodium-sulfate variety, 

which is the dominant type of geothermal water in the west-central and 

extreme southern portion of Nevada (fig. 1). 

Temperatures 

depths range from 169 to 575 feet. 

in the Gabbs wells range from 21" to 68°C (70" to 154'F) and 

Geothermal fluids were collected from 

well no. 10, which is completed to a depth of 198 feet. The water 

temperature at the time of collection was 6OoC (140°F). Chemical analyses 

for the Gabbs wells are shown in Table 2. Well 10 has a TDS of 849 ppm. 

ORE SAMPLES 

Ores representing some of t h e  mineralogies of Nevada's precious metal mines 

were selected to determine the feasibility of using geothermal heat to 

enhance the hydrometallurgical practices associated with the mining 

operations. Gold ore from the Freeport Jerritt Canyon Mine in northern Elko 

County used 

in the thermally-enhanced cyanide heap-leaching operation. The gold ore 

represents the Carlin-type disseminated gold deposit that is found in 

carbonaceous rocks in the northeastern part of the state. The silver ore 

is is 

largely responsible for the nickname "Silver State ." 

and silver ore from the Gooseberry Mine in Washoe County were 

a vein-type deposit which is common throughout the entire state a n d  

16 



A t h i r d  ore was c o l l e c t e d  from t h e  Battle Mountain Gold Company mine i n  

Lander  County. T h i s  is  a h i g h - s u l f i d e  t y p e  o r e  t h a t  had been mined f o r  

s i l v e r  and coppe r ,  and is  now mined f o r  gold.  T h i s  o r e  was used i n  t h e  

b a c t e r i a l  l e a c h i n g  exper iment .  

17 



LABORATORY TESTS 

On the basis of the literature survey, the extent of geothermal fluids, and 

the two applications were 

determined to have potential for enhancement by geothermal heating. The 

first process described is the cyanide heap-leaching process which is used 

throughout Nevada to extract gold and silver from oxide-rich ore. The 

second process is an experimental pre-treatment of sulfide-rich gold and 

silver ores. In this process, Thiobacillussp. bacteria are used to remove 

ions that retard the cyanidation process. Ions of As, Cu, Hg, and Mn are 

metabolized by these bacteria and the rate of metabolic activity increases 

nature of the gold mining operations in Nevada, 

with temperature. Once extracted, the interfering ions are removed and the 

remaining gold and silver oxide ore can be treated with cyanide solutions. 

CYANIDE HEAP-LEACHING STUDIES 

Effect of Temperature 

Julian and Smart (1921) were the first to demonstrate the relationship 

between temperature and rate of dissolution of gold by cyanide solutions 

(fig. and established a temperature of 85OC (185'F) as the maximum for 

cyanide dissolution of gold. Several years later Meyer (1931) determined a 

maximum temperature of 8OoC (176'F). 

2 )  

One of the most critical aspects of commercial-scale cyanide heap-leaching 

is the temperature of the leaching solutions. It is critical not only 

because it is difficult to control, but any external adjustments can 

immediately result in drastic changes in the chemistry of the cyanide 

solutions. Temperature is difficult to control because in Nevada, for 

example, heap-leaching operations are performed outdoors where diurnal 
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F i g u r e  2 .  E f f e c t  of t e m p e r a t u r e  on rate of d i s s o l u t i o n  of 
gold i n  0.25 p e r c e n t  KCN ( a f t e r  J u l i a n  and S m a r t ,  
1921).  
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temperature variations of 10°C to 21°C (50°F to 70'F) are not uncommon. 

Winter temperatures may fall well below freezing for weeks. This will not 

only slow or stop the reaction kinetics of dissolution, but will likely 

freeze the pipes, pumps, and sprinkler-heads. 

One way to deal with this problem is to abandon heap-leaching in late fall 

and start-up operations in early spring. This solution has the advantage 

of maintaining the equipment, but poses the problem of seasonal 

unemployment in rural Nevada. Another solution is to use oil emersion 

heaters to maintain the temperature in the cyanide solution. Although this 

system has been used in some mines, it is an expensive investment. 
u 

Historically in Nevada, most mines close down during the winter. 

Effect of Oxygen 

Although it 

is not the only factor that controls the rate of dissolution of gold in 

cyanide solutions. recognize 

the essential need for atmospheric oxygen in the dissolution of gold in 

cyanide solutions. Lund (1951) pointed out that in cyanide dissolution 

e x p e r i m e n t s  w i t h  s i l v e r ,  oxygen is c o n t i n u o u s l y  consumed d u r i n g  t h e  

temperature is an important element in the chemical reaction, 

Elsner (1846) is credited as the first to 

reaction. Habashi (1967) notes that atmospheric oxygen (20% of a volume of 

air) is the oxidizing agent universally used in cyanide gold mills and that 

the 6. 

Concentrations resulting from equilibrium with the atmosphere alone account 

maximum dissolution rate occurs when the molar ratio [CN-]/[02] = 

for approximately 8.2 mg/liter oxygen in dilute cyanide solutions. This 

value is applicable only for ideal conditions of aeration and agitation, 

assuming none of the gangue minerals consume oxygen. 

20 



The s o l u b i l i t y  of oxygen, l i k e  most g a s e s ,  is a l s o  a f u n c t i o n  of 

t empera tu re .  Un l ike  s o l i d s ,  however, t h e  s o l u b i l i t y  of oxygen i n  aqueous 

s o l u t i o n s  is  i n v e r s e l y  p r o p o r t i o n a l  t o  t empera tu re .  F i g u r e  3 i l l u s t r a t e s  

t h i s  r e l a t i o n s h i p .  It i s  e s s e n t i a l  t h a t  d i s s o l v e d  oxygen l e v e l s  n o t  

d e c l i n e  as  a r e s u l t  of a d d i n g  h e a t  t o  t h e  aqueous  s o l u t i o n .  Habashi  (1967) 

a r g u e s  t h a t  t h e  i m p o r t a n t  c o n s i d e r a t i o n  is n o t  t h e  a b s o l u t e  amount o f  

c y a n i d e  i o n  and oxygen, b u t  t h e  r a t i o  of t h e  molar c o n c e n t r a t i o n s .  

E f f e c t  o f  pH 

Another c r i t i ca l  f a c t o r  is  t h e  pH of  t h e  aqueous s o l u t i o n .  Most o p e r a t i o n s  

m a i n t a i n  pH between 10 and 13. The c y a n i d e  i o n  [CN-] ac t s  i n  c o n c e r t  w i t h  

oxygen t o  d i s s o l v e  gold.  I n  n e a r - n e u t r a l  pH or  a c i d i c  s o l u t i o n s ,  t h e  [CN-] 

i o n  i s  s u b j e c t  t o  h y d r o l y s i s  by water Qr decompos i t ion  by a t m o s p h e r i c  CO,. 

I n  c y a n i d e  p r a c t i c e ,  t h e  pH o f  m i l l  s o l u t i o n s  u s u a l l y  r a n g e s  from 11 t o  12. 

E f f e c t  o f  F o r e i g n  I o n s  

Habashi  (1967) summarized t h e  impac t  of  f o r e i g n  i o n s  on t h e  c y a n i d e  

d i s s o l u t i o n  of  go ld  and s i l v e r .  He found t h a t  i o n s  can accelerate, r e t a r d ,  

o r  have no e f f e c t  on t h e  d i s s o l u t i o n  rate.  T a b l e  3 lists t h e  i o n s  most 

l i k e l y  t o  be  encoun te red  i n  g o l d  o r e s  and t h e i r  a s s o c i a t e d  e f f e c t s .  

Table 3 

I o n s  Tha t  Affect C y a n i d a t i o n  

A c c e l e r a t i n g  N e u t r a l  R e t a r d i n g  

Pb, Hg, B i ,  T1 Na, K ,  C 1 ,  NO3 Fe,  Cu, Zn, N i  
SO4 Ca, Ba, C,  (Pb) 

Mn, S2- 
1 I 
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EXPERIMENTAL 

A l l  tests r e p o r t e d  were conducted  u s i n g  a f l a s k  and s h a k e r  ba th  a p p a r a t u s .  

The ore  was f irst  c rushed  i n  a s ix - inch  jaw-crusher and passed th rough  a 

n e s t e d  s i e v e .  Weight p e r c e n t s  of t h e  c rushed  ore  were recorded  as  follows: 

s c r e e n  s ize  - 100 t o  140, 14.3%; 140 t o  200, 23.7%; 200 t o  325, 4.5%; and 

less t h a n  325, 57.5%. One hundred grams of ore were p laced  i n  t h e  500 m l  

Er lenmeyer  was 

added t o  t h e  f l a s k .  The f l a s k  was t h e n  a t t a c h e d  t o  a s h a k e r  arm and 

immersed i n  a t h e r m o s t a t i c a l l y  c o n t r o l l e d  t empera tu re  ba th .  The f l a s k  was 

o s c i l l a t e d  i n  t h e  b a t h  f o r  a p r e s c r i b e d  p e r i o d  of t i m e  a t  a c o n s t a n t  

f l a s k  and  200 m l  of 0.5g/l NaCN s o l u t i o n  w i t h  a pH o f  10.5 

t empera tu re .  The independen t  v a r i a b l e  i n  t h e s e  expe r imen t s  was t empera tu re .  

The g o l d  ore  was o b t a i n e d  from t h e  F r e e p o r t  Jerri t t  Canyon Mine, i n  Elk0  

County,  The s i l v e r  ore w a s  o b t a i n e d  

from t h e  Gooseberry Mine i n  Washoe County,  Nevada; i t  con ta ined  6.30 oz/T. 

Nevada, and c o n t a i n e d  0.25 oz/T gold .  

These d a t a ,  r e p o r t e d  as  Troy ounces ,  were o b t a i n e d  by f i r e  a s s a y  t echn ique .  
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RESULTS 

Temperature  

("C> 

20 

10 

5 

Gold Ore 

P e r c e n t  Gold E x t r a c t e d  a t  S p e c i f i c  Times 

HOURS 

1 2 4 8 12 24 

64.05 71.09 68.51 64.37 69.48 66.77 

69.31 64.19 65.63 64.82 55.26 56.85 

56.98 59.52 62.28 59.62 57.58 57.16 

The r e s u l t s  of t h e  expe r imen t  on t h e  e x t r a c t i o n  o f  go ld  from t h e  F r e e p o r t  

ore are shown i n  T a b l e  4 and F i g u r e  4. 

From t h e s e  d a t a ,  i t  is  obv ious  t h a t  t h e  e x t r a c t i o n  of g o l d  from t h e  

F r e e p o r t  o r e  i s  s i g n i f i c a n t l y  i n c r e a s e d  a t  h i g h e r  t e m p e r a t u r e s .  T a b l e  5 

shows t h e  p e r c e n t a g e  i n c r e a s e  of go ld  r ecove red  a t  2OoC (68OF) as  compared 

to 5OC (41OF). 
T a b l e  5 

P e r c e n t  I n c r e a s e  i n  Gold Recovery a t  2OoC VS. 5 O C  

1 2 4 a 12 24 
P e r c e n t  
I n c r e a s e  12.41 19.44 10.00 7.97 20.67 16.81 

M a i n t a i n i n g  t h e  c y a n i d e  s o l u t i o n  a t  2OoC (68OF) p r o v i d e s  a n  i n c r e a s e  in t h e  

e x t r a c t i o n  rate of eight t o  twenty p e r c e n t .  

24  
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I n  a d d i t i o n  t o  demons t r a t ing  t h e  enhanced e x t r a c t i o n  ra tes  a t  h i g h e r  

t e m p e r a t u r e s ,  t h e s e  d a t a  show t h e  i n f l u e n c e  of ca rbonaceous  material i n  t h e  

o r e  on  t h e  p regnan t  c y a n i d e  f l u i d s .  I n  a l l  t h r e e  cases, b u t  e s p e c i a l l y  a t  

10°C (50°F), a f te r  

two hours .  T h i s  phenomena is  c a u s e d  by p r e g n a n t  s o l u t i o n s  i n  d i r e c t  

c o n t a c t  w i t h  t h e  o r e ,  which c o n t a i n s  ca rbonaceous  material. I n  a c t u a l  

c y a n i d e  p r a c t i c e ,  a 

series o f  columns t h a t  c o n t a i n  ca rbon .  The g o l d  i s  s t r i p p e d  from s o l u t i o n  

by t h e  ca rbon  and t h e  c y a n i d e  s o l u t i o n  r e t u r n s  t o  t h e  heaps .  The g o l d  is 

removed from t h e  ca rbon  columns i n  a n o t h e r  p r o c e s s i n g  s t e p .  

t h e  d a t a  s u g g e s t  t h a t  g o l d  r e c o v e r y  a c t u a l l y  d e c r e a s e s  

t h e  p regnan t  s o l u t i o n s  are p iped  from t h e  ore  body t o  

S i l v e r  Ore 

The s i l v e r  ore  expe r imen t s  were e s s e n t i a l l y  i d e n t i c a l  t o  t h e  g o l d  ore 

tests.  The r e s u l t s  of t h e  s i l v e r  e x t r a c t i o n  from t h e  Gooseber ry  ore f o r  

f o u r  d i f f e r e n t  t e m p e r a t u r e s  are shown i n  T a b l e  6 and F i g u r e  5. 

Tab le  6 

S i l v e r  E x t r a c t i o n  from Gooseber ry  Ore Leached a t  Var ious  Tempera tu res  

'em pe ra t u r e  
("C) 

35 

25 

15 

5 

P e r c e n t  S i l v e r  E x t r a c t e d  a t  S p e c i f i c  Times 

1 2 4 8 1 2  24 

53.78 62.23 70.64 nd 75.99 90.51 

44.63 55.15 62.66 72.89 nd nd 

45.93 51.09 56.24 66.34 68.05 82.13 

38.66 45.10 50.98 60.23 64.72 71.18 
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The is  

a l so  e v i d e n t .  I n  24 h o u r s ,  a t  35OC (95OF), more t h a n  90% of t h e  a v a i l a b l e  

s i l v e r  h a s  been e x t r a c t e d .  A t  5 O C  (41°F),  o n l y  72% h a s  been e x t r a c t e d .  

The p e r c e n t a g e  i n c r e a s e  i n  s i l v e r  r e c o v e r y  a t  3 5 O C  (95OF) compared w i t h  5 O C  

( 4 1 O F )  is shown i n  T a b l e  7. 

e f f e c t  of i n c r e a s i n g  t e m p e r a t u r e  on t h e  e x t r a c t i o n  rate f o r  s i l v e r  

T a b l e  7 

P e r c e n t  I n c r e a s e d  Recovery of S i l v e r  a t  3 5 O C  vs .  5 O C  

HOURS 
1 2 4 8 12  24 

P e r c e n t  
I n c r e a s e  39.11 37.98 38.56 nd 17.41 20.25 

I n c r e a s e s  i n  r e c o v e r y  of s i l v e r  w i t h  c y a n i d e  s o l u t i o n s  a t  35OC (95OF) r ange  

from 17 t o  39 p e r c e n t  f o r  t h e s e  s h o r t  d u r a t i o n  l a b o r a t o r y  tes ts .  These 

e x p e r i m e n t s  d e m o n s t r a t e  t h a t  h i g h e r  t e m p e r a t u r e s  c a n  e f f e c t i v e l y  i n c r e a s e  

t h e  rate of g o l d  and s i l v e r  o r e  e x t r a c t i o n  from t y p i c a l  Nevada o r e s .  

S i g n i f i c a n t  p e r c e n t a g e  i n c r e a s e s  are s e e n  a t  35OC (95OF), which is  w e l l  

within the range of most of the geothermal resources in Nevada. 

BACTERIAL LEACHING 

Recent  s t u d i e s ,  d e s c r i b e d  i n  t h e  l i t e r a t u r e  review,  have r e v e a l e d  t h e  

a p p l i c a t i o n  of s e l e c t e d  b a c t e r i a l  s t r a i n s  on metal r ecove ry  p r o c e s s e s .  The 

s p e c i e s  d i s c u s s e d  i n  t h i s  r e p o r t ,  T h i o b a c i l l u s  f e r r o o x i d a n s ,  is  a member o f  

t h e  Family T h i o b a c t e r i a c e a e ,  a s i n g l e ,  i ndependen t ,  gram-negative,  c o c c i ,  

t h a t  forms s t r a i g h t  o r  curved r o d s ,  o r  s p i r a l s ,  and measures  0.5 microns  by 

10 microns.  They are s t r ic t  f a c u l t a t i v e  c h e m o l i t h o t r o p h s  t h a t  thrive i n  



mud, sea water, sewage, coal-mine drainage, and sulfur springs and other 

environments where sulfur and its reduced compounds occur naturally or as a 

result of microbial metabolism, 

Metabolism 

The metabolic activities of T. ferrooxidans result in the formation of - 
ferric iron when the bacterium is grown in a ferrous rich medium. The 

following reactions summarize the metabolic activity exhibited by these 

bacterium: 

4FeS04 + 2H2S04 + O2 = 2Fe2(S044 + 2H20 
Fe2 (SO 4 3  ) +6H20 = 2Fe(OH)3 + 3H2S04 

Similar oxidation and hydrolysis reactions involving metal sulfides also 

produce sulfuric acid (Corrans et al., 1972 Reenan and Wood, 1971). 

Effect of Temperature 

The optimal and limiting temperature for all living organisms is a function 

of the optimal and limiting temperature for their enzymes (Frobisher, 

1968). Figure 6 shows the relationship between temperature and a 

hydrolytic enzyme from different species of microorganisms. Thiobacilli 

are known to exist in a wide variety of environments, and a thermophilic 

species has already been described. there 

is an optimal temperature for growth in all living cells, and this activity 

decreases sharply both above and below the optimal temperature. 

It can be said in general that 
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Effect o f  Oxygen 

T h i o b a c i l l i  have been d e s c r i b e d  as f a c u l t a t i v e  organisms,  t h e y  have  t h e  

a b i l i t y  t o  grow e i t h e r  a e r o b i c a l l y  o r  a n a e r o b i c a l l y  ( w i t h  o r  w i t h o u t  f r e e  

oxygen). Anaerobic  growth may o c c u r  i n  t h e  p re sence  of some o t h e r  e a s i l y  

r e d u c i b l e  s u b s t a n c e ,  l i k e  s u l f u r  o r  ca rbon ,  b u t  is  g e n e r a l l y  less energy  

e f f i c i e n t  and may produce  a n  i n c o m p l e t e l y  o x i d i z e d  s u b s t r a t e .  

E f f e c t  o f  pH 

According t o  e q u a t i o n  2 (above) ,  t h e  o x i d a t i o n  of f e r r o u s  i r o n  u l t i m a t e l y  

r e s u l t s  i n  t h e  f o r m a t i o n  of s u l f u r i c  a c i d .  As t h e  b a c t e r i a  produce  more 

and more a c i d ,  t h e  immediate  effect i s  a d e c r e a s e  i n  t h e  pH of  t h e  aqueous 

s o l u t i o n .  T h i s  s p e c i e s  grows r e a d i l y  a t  pH 3, is known t o  grow a t  pH 1, 

and c a n  tolerate and produce  

organism ( F r o b i s h e r ,  1968 after S t a r k e y ) .  

h i g h e r  c o n c e n t r a t i o n s  of  a c i d  t h a n  any known 

Effect o f  F o r e i g n  I o n s  

P r e l i m i n a r y  s i l v e r  

i o n s ,  and m i l d l y  s e n s i t i v e  t o  g o l d  and mercury i o n s .  Aqueous s o l u t i o n s  

t h a t  c o n t a i n  t h e  f o l l o w i n g  e l e m e n t s  and compounds meet all n u t r i t i v e  

d a t a  s u g g e s t  t h a t  t h e s e  b a c t e r i a  are ve ry  s e n s i t i v e  t o  

r e q u i r e m e n t s  of t h i o b a c i l l i :  

Ingredients  

S 

Na2S2O3 

( m 4 )  2S04 

*2”4 
CaC12 

FeS04 

K C 1  

&SO4 

C a ( N 0 3 )  

L 

Per cent 

1.000 

0.500 

0.030 

0.025 

0.050 

0.001 

0.050 

0.020 

0.050 
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T h i o b a c i l l u s  f e r r o o x i d a n s  C u l t u r e s  

A pu re  c u l t u r e  of T h i o b a c i l l u s  f e r r o o x i d a n s  was o b t a i n e d  from t h e  American 

Type C u l t u r e  C o l l e c t i o n  (ATCC). The s t r a i n  was t h a t  d e p o s i t e d  w i t h  t h e  

ATCC by t h e  N a t i o n a l  C o l l e c t i o n  of I n d u s t r i a l  Bacteria i n  Aberdeen, 

S c o t l a n d ,  

T h i s  material was r e c e i v e d  as 6 m l  of a c t i v e l y  growing c u l t u r e .  

and  was d e r i v e d  from a c u l t u r e  i s o l a t e d  by Lea then  e t  a1 (1954). 

P rocedure  

One m l  of t h e  s o l u t i o n  c o n t a i n i n g  t h e  b a c t e r i a  was i n t r o d u c e d  i n t o  each  of 

s i x  tes t  t u b e s  c o n t a i n i n g  s i x  m l  of media composed of water and  t h e  

f o l l o w i n g  salts:  

(NH4>* so4 0.80 g / 1  

0.40 g / 1  

MgS04 . 7 H 2 0  0.16 g / 1  

KH2 p04 

FeS04 . 7 H 2 0  10.00 g / 1  

Enough H2S04 was added t o  a d j u s t  t h e  p H  t o  2.80 and d i s t i l l e d ,  d e i o n i z e d  

water was t h e n  added t o  b r i n g  t h e  volume t o  10 m l .  T h i s  is  t h e  medium 

recommended by t h e  ATCC. The test t u b e s  were incuba ted  on a N e w  Brunswick 

S c i e n t i f i c  "AquaTherm" water b a t h  s h a k e r  a t  35°C (95°F) f o r  f i v e  days .  

T h i s  d e v i c e  h a s  v a r i a b l e  water l e v e l s ,  a c o n s t a n t - c o n t r o l l e d  motor f o r  

d r i v i n g  t h e  s h a k e r  i n  a 1 / 2  i n c h  c i r c u l a r  o r b i t ,  and a h e a t i n g  and c o o l i n g  

c o i l  t o  m a i n t a i n  a c o n s t a n t  t empera tu re .  Each 10 m l  c u l t u r e  was t h e n  

p l aced  i n t o  90 m l  o f  c u l t u r e  medium i n  a 250 m l  Er lenmeyer  f l a s k  and a g a i n  

i n c u b a t e d  o n  t h e  water b a t h  s h a k e r  f o r  f i v e  days .  

Enough c u l t u r e  material f o r  a l l  tests was provided  and ma in ta ined  by weekly 

i n o c u l a t i o n s  of 90 m l  of medium w i t h  10 m l  of growing c u l t u r e .  C u l t u r e  n o t  

i n  u s e  were r e f r i g e r a t e d  f o r  as l o n g  as  25  days.  
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As a result of the chemical reactions (equations 1 and 2 above), it is 

possible to monitor the growth of the cultures in the following ways: 

1. The ferric ions in solution produce a distinctive reddish-brown 

color and the ferric hydroxide appears as an easily recognizable 

orange solid, allowing the culture to be visually monitored. 

2. The concentration of ferric ions may be monitored more precisely 

by chemical methods. 

3.  The concentration of the metal ions in solution, due to the 

oxidation of the sulfides, may be measured. 

4. The pH of the solution may be monitored. In this experiment, the 

pH of the medium and the cultures was monitored with a Corning 

Model a 

fibre-junction calomel reference electrode. 

7 pH meter using an Ag/AgCl triple purpose electrode and 

Ore Sample 

A l l  tests w e r e  conducted u s i n g  an ore s e l e c t e d  on t h e  b a s i s  of its  h igh  

sulfide and gold content. The ore used was from property owned by the 

Battle Mountain Gold Company in Lander County, Nevada. This area has been 
L 

a target for mineral production since it was first mined for silver in 

1863. Prior to the start-up of the gold mining operation, the property was 

mined for copper. Stager (1977) notes that although the principal 

production in the Battle Mountain Mining District has been copper, 

significant quantities of gold, antimony, lead, silver, and zinc have also 

been mined. A partial chemical analysis of the ore used in this experiment 

is given in Table 8. 
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T a b l e  8 

P a r t i a l  A n a l y s i s  of High-Sulf ide Ore Sample. 

Metal Weight P e r c e n t  
o r  PPm 

As 
c u  
Hg 
Mn 
N i  
Pb 
Sb 
Zn 

0.17% 
0.23% 
23 PPm 
0.17% 
56 PPm 
217 ppm 
60 PPm 
483 ppm 

I ! 

EXPERIMENTAL 

A l l  tests were c a r r i e d  o u t  i n  t h e  c o n s t a n t  t e m p e r a t u r e  s h a k e r  u s i n g  

t h e  and e a c h  test  w a s  r u n  i n  

t r i p l i ca t e .  Three d i f f e r e n t  s l u r r y  d e n s i t i e s  were used: lo%, 25%, and 40% 

by weight .  The t es t s  were conducted a t  t h r e e  d i f f e r e n t  t e m p e r a t u r e s :  25"C, 

3 5 O C ,  and 45'C (77'F, 95'F and 113'F). 

b a t h ,  

p r e v i o u s l y  d e s c r i b e d  c r u s h e d  and s i e v e d  o r e ,  

The f i r s t  p rocedure  i n  t e s t i n g  c o n s i s t e d  of p l a c i n g  t h e  o r e  and s te r i le  

medium i n t o  a 250 m l  Erlenmeyer f l a s k  and a d j u s t i n g  t h e  pH o f  t h e  aqueous 

s o l u t i o n  t o  a v a l u e  between 2.5 and 3.0 u s i n g  c o n c e n t r a t e d  s u l f u r i c  a c i d  

( H  SO ). 

t o  t h e  f l a s k s  which were p laced  i n  t h e  t e m p e r a t u r e  b a t h  fo r  two weeks. 

Fol lowing t h i s ,  10 m l  o f  a c t i v e  - T. f e r r o o x i d a n s  c u l t u r e  was added 

The 

pH was monitored d a i l y  and used as a n  i n d i c a t i o n  of b a c t e r i a l  growth. 

I n  a d d i t i o n  t o  t h e  i n o c u l a t e d  samples ,  

media and s t e r i l i z e d  o r e  samples ,  were run  s i m u l t a n e o u s l y .  

c o n t r o l  s amples ,  u s i n g  o n l y  s te r i le  

After two weeks, t h e  samples were removed from t h e  temperature b a t h ,  

f i l t e r e d ,  d r i e d ,  and chemica l ly  ana lyzed .  A l l  a n a l y s e s  were completed on 
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an Induction-Coupled Plasma (ICP) instrument by the Reno Metallurgy 

Research Laboratory of the U.S. Bureau of Mines. 

RESULTS AND DISCUSSION 

The through 

11. In general, the results are mixed. On one hand, the data show 

results of the bacterial leaching tests are shown in Tables 9 

enhanced extraction rates with increased temperature for some metals in the 

10% slurry. On the other hand, there was essentially no extraction at 

slurry concentrations of 25% and 40%. 

Ten percent slurry 

Figure 7 illustrates the results achieved in the 10% slurry for all 

temperatures. Copper, manganese, nickel, and zinc were consistently 

extracted in this experiment. Although the percent extraction of both 

copper and nickel was low, 15-30%, the data show a positive correlation of 

enhanced extraction with temperature increase. Manganese was extracted at 

much higher rates, 40-50%, but appeared to be effected less by the 

temperature increase. At 35OC (95OF), nearly 70% of the available zinc was 

removed by the bacteria, but the numbers drop off at both 25°C and 45°C 

(77°F and 113°F). No extraction was achieved for arsenic, mercury, and 

lead at any temperature or slurry concentration. 

There are several factors that reflect on the results of these 

including pH, toxic metals, and slurry concentrations. 

experiments 

Thiobacillus ferrooxidans is an acidophilic organism that derives all of 

its nutritional requirements from the oxidation of inorganic sulfur and 
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Tab le  9. E x t r a c t i o n s  Achieved w i t h  - T. f e r r o o x i d a n s  
w i t h  a 10 P e r c e n t  S l u r r y .  

Metal 

A s  

cu 

Hg 

Mn 

N i  

Pb 

Sb 

E x t r a c t i o n  ( p e r c e n t )  

Con t ro l  25OC 35OC 4 5 O C  

0 0 0 0 

0 13 26 43 

0 0 0 0 

12 42 4 6  51 

0 13 2 0  28 

0 0 0 0 

5 

* * * * 

Zn 

Tab le  10. E x t r a c t i o n s  Achieved w i t h  - T. f e r r o o x i d a n s  
w i t h  a 25 P e r c e n t  S l u r r y .  

0 4 6  68 55 
I 

Metal 

A s  

cu 

Hg 

Mn 

N i  

Pb 

Sb 

Zn 

* N o t  d e t e c t  i 

E x t r a c t  i o n  ( p e r c e n t )  

C o n t r o l  2 5 O C  35OC 45OC 

0 0 0 0 

0 0 13 0 

0 0 0 0 

1 8  0 41 0 

0 0 7 0 

0 0 0 0 

* * * * 

0 0 2 1  0 

d e  
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Table 11. Extractions Achieved with - T. ferrooxidans 
with a 40 Percent Slurry. 

I 
Metal E- 

Extraction (percent) 

Control 25OC 35OC 4 5 O C  

0 0 0 0 

0 0 0 0 

0 0 0 0 

0 0 6 0 

0 0 0 0 

0 0 0 0 

* * * * 

0 0 8 0 

reduced iron compounds. Ape1 and Dugan (1978) point out there are no 

protons (H+ ions) associated with the energy source and the "obligatory 

acidophilic nature" of these organisms may be explained by the immediate 

availability of H+ ions in low pH (1 to 3.5) environments. In the absence 

of H+ i o n s ,  t h e  m e t a b o l i c  a c t i v i t y  of t h e s e  b a c t e r i a  i s  severely c u r t a i l e d .  

During the course of the experiments, it was noted that there was some 

difficulty It was suggested that the 

ore itself was contributing t o  this problem by providing a buffer that 

in maintaining the pH level at 2.5. 

maintained well above the ideal growing range. 

It appears that a carbonate mineral, calcite, siderite, or malachite, may 

the pH at approximately 6 ,  

have been present in sufficient quantities to produce this effect. 

Bosecker and others (1978) report a nearly identical problem with a 

carbonate-rich copper shale. 
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Toxic  Metals 

N o r r i s  and K e l l y  (1978) conf i rmed t h e  r e p o r t e d  h i g h  t o x i c i t y  of s i l v e r  

(Ag+) t o  T h i o b a c i l l u s  f e r r o o x i d a n s  a t  c o n c e n t r a t i o n s  from 0.1 ppb t o  0.01 

ppm i n  a c i d  s o l u t i o n s .  Ag+ i o n s  are b e l i e v e d  t o  accumula te  i n  t h e  cel ls  of 

- T. f e r r o o x i d a n s ,  p o s s i b l y  competing w i t h  H+ s i tes,  and d i s r u p t i n g  t h e  

m e t a b o l i c  a c t i v i t i e s  of t h e  organism. S i n c e  t h i s  area was first mined for  

s i l v e r ,  it is l i k e l y  t h a t  t h e  ore c o n t a i n s  enough s i l v e r  t o  produce 

t o x i c i t y  i n  t h e  aqueous  s o l u t i o n s ,  c o n t r i b u t i n g  t o  t h e  small e x t r a c t i o n  

ra tes .  

Mercury and go ld  are a lso b e l i e v e d  t o  be  t o x i c  t o  t h e s e  o rgan i sms  and it is  

no ted  t h a t  Hg w a s  n o t  l eached  by t h e  b a c t e r i a .  Data on t h e  a c t i o n  of l e a d  

l e a c h i n g  by - T. f e r r o o x i d a n s  s u g g e s t  t h a t  l e a d  s u l f i d e s  are o x i d i z e d  t o  l e a d  

s u l f a t e s ,  which,  u n l i k e  o t h e r  metal s u l f a t e s ,  are i n s o l u b l e .  Hence, t h e  

a c t i o n  of  t h e  b a c t e r i a  w i l l  n o t  be  r e g i s t e r e d .  

found f o r  a r s e n i c .  

No c o r r e s p o n d i n g  d a t a  were 
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SUMMARY AND CONCLUSIONS 

Mining is the second largest industry in Nevada. Gold mining, in 

particular, has increased substantially in the last five years making 

Nevada the leading producer of gold in the United States. Most of this 

increase in gold production can be attributed to the widespread use of the 

cyanide-heap leaching process. This has been shown to be a cost-effective 

way to process many low-grade ores throughout-Nevada. 

Because this is a hydrometallurgical technique that is practiced outdoors 

on a large scale, the process is subject to "modification" by the weather. 

Specifically, when winter temperatures produce freezing conditions, many of 

the mines shut down until early spring. Some mines employ oil-fired water 

heaters to maintain working temperatures in the leach-solutions and allow 

production to continue throughout the winter. 

These mining operations are widespread in Nevada. More widespread are the 

900 hot springs and wells that constitute Nevada's greatest natural energy 

resource - geothermal energy. It seems logical that the combination of a 

readily available, low-cost source of renewable energy and cyanide heap- 

leaching would produce a multitude of benefits: it would increase gold 

production; it would maintain a year-round labor force and stabilize rural 

working conditions; it would conserve fuel oil; and, properly monitored, it 

would provide long-term data on the geothermal reservoir and on the 

engineering feasibility of another direct heat application. 

This report was prepared to review mineral recovery techniques practiced 

at active mines throughout Nevada and to determine those that may be 

enhanced by the application of geothermal heat energy from a nearby 
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r e s o u r c e .  O f  t h e  t h i r t y - t w o  a c t i v e  p r e c i o u s  metal mines i d e n t i f i e d ,  t e n  

have h o t  water on or n e a r  t h e  p r o p e r t y  and c o u l d  p o t e n t i a l l y  b e n e f i t .  

A second purpose  w a s  t o  collect  o r e  samples  and geo the rma l  f l u i d s ,  

d e t e r m i n e  i f  t h e y  are c o m p a t i b l e  i n  t h e  h y d r o m e t a l l u r g i c a l  p r o c e s s ,  and 

c a r r y  o u t  l a b o r a t o r y  tests t o  d e t e r m i n e  t h e  e f f e c t s  o f  h e a t i n g  on r e c o v e r y  

rates. I n  a d d i t i o n ,  i n t e r f e r i n g  o r  c o u n t e r p r o d u c t i v e  f a c t o r s  were a l s o  t o  

be  i d e n t i f i e d .  The l a b o r a t o r y  work c o n s i s t e d  of measuring t h e  e f fec ts  of  

t h e r m a l l y  enhancing two h y d r o m e t a l l u r g i c a l  p r o c e s s e s ;  c y a n i d e  heap- l each ing  

o f  g o l d  and s i l v e r  o r e s  and b a c t e r i a l  l e a c h i n g  o f  s u l f i d e  r i c h  go ld  o r e s ,  

Thermally enhanced c y a n i d e  heap-leaching o f  go ld  and s i l v e r  o r e s  produced 

i n c r e a s e s  i n  e x t r a c t i o n  r a n g i n g  from 8 t o  20% f o r  go ld  and 17 t o  40% f o r  

s i l v e r .  The t e m p e r a t u r e  r e q u i r e d  f o r  t h e s e  i n c r e a s e s  i s  35'C t o  4OoC (95'F 

t o  104'F), w e l l  w i t h i n  t h e  r ange  o f  a v a i l a b l e  geo the rma l  r e s o u r c e s .  

Nevada 's  geo the rma l  waters do n o t  c o n t a i n  s i g n i f i c a n t  amounts o f  i o n s  t h a t  

would i n t e r f e r e  w i t h  t h e  r e a c t i o n s ,  b u t  t h e  aqueous s o l u t i o n s  w i l l  have t o  

b e  s l i g h t l y  mod i f i ed  t o  match t h e  h i g h  pH r e q u i r e d  f o r  c y a n i d e  heap- 

l e a c h i n g  ( f i g .  8). Geothermal f l u i d s  t y p i c a l l y  c o n t a i n  l i t t l e  d i s s o l v e d  

oxygen and some aeration would be r e q u i r e d .  

P e r h a p s  t h e  most i m p o r t a n t  a s p e c t  o f  t h i s  r e s e a r c h  i s  t h e  fact  t h a t  

g e o t h e r m a l l y  enhanced heap-leaching o p e r a t i o n s  c a n  p r o v i d e  year-round 

p r o d u c t i o n ,  i ndependen t  o f  t h e  p r e v a i l i n g  wea the r  c o n d i t i o n s .  F i g u r e  9 

i l l u s t r a t e s  a c y a n i d e  heap-leach "p roduc t ion  window" t h a t  may be  expec ted  

i n  c e n t r a l  Nevada. o n l y  

and h a s  n o t  been s u b s t a n t i a t e d  by a c t u a l  p r o d u c t i o n  d a t a .  I f  t h e  

p r o d u c t i o n  window opens a t  a minimum temperature o f  4'C (40"F),  t h e n  

l e a c h i n g  o p e r a t i o n s  may be expec ted  t o  begin i n  mid-March and c o n t i n u e  

T h i s  c u r v e  is  provided f o r  i l l u s t r a t i o n  pu rposes  
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t h r o u g h  la te  October .  T h i s  h a s  been t h e  h i s t o r i c a l  p r a c t i c e  a t  Nevada 

mines. S i n c e  enhanced r e c o v e r y  o f  go ld  from h e a t e d  c y a n i d e  s o l u t i o n s  h a s  

a l r e a d y  been e s t a b l i s h e d ,  maximum p r o d u c t i o n  would be  r e s t r i c t e d  t o  J u n e ,  

J u l y ,  and August. Using geo the rma l  f l u i d s  would s u b s t a n t i a l l y  i n c r e a s e  t h e  

s i z e  of t h e  p r o d u c t i o n  window (shaded area, f i g .  9) and would a l l o w  super-  

maximum e x t r a c t i o n  rates on a year-round b a s i s .  The b e n e f i t s  i n c l u d e  

i n c r e a s e d  r evenue  t o  t h e  mine o p e r a t o r ,  year-round employment f o r  t h e  l a b o r  

f o r c e ,  i n c r e a s e d  r o y a l t y  payments f o r  m i n e r a l  leases t o  b o t h  t h e  f e d e r a l  

and s ta te  governments,  and i n c r e a s e d  i n f o r m a t i o n  on t h e  geo the rma l  

r e s o u r c e s  and t h e i r  a p p l i c a t i o n s .  

The e x p e r i m e n t a l  d a t a  o b t a i n e d  i n  t h e  b a c t e r i a l  s t u d i e s  s u g g e s t  t h a t  

enhancement of  metal l e a c h i n g  by T h i o b a c i l l u s  f e r r o o x i d a n s  u s i n g  h i g h e r  

t h a n  ambient  t e m p e r a t u r e  i s  r e s t r i c t e d  t o  s e l e c t e d  metal i o n s  a t  a s l u r r y  

c o n c e n t r a t i o n  o f  10%. Copper and n i c k e l  showed enhanced e x t r a c t i o n  w i t h  

i n c r e a s i n g  t e m p e r a t u r e s .  Z i n c  e x t r a c t i o n  was h i g h e s t  a t  3 5 O C  (95OF), and 

manganese appea red  t o  be  u n a f f e c t e d  by t e m p e r a t u r e .  A r s e n i c ,  mercury,  and 

l e a d  were n o t  e x t r a c t e d  a t  any t e m p e r a t u r e s  o r  s l u r r y  c o n c e n t r a t i o n s .  

M a i n t a i n i n g  t h e  pH a t  l e v e l s  compa t ib l e  w i t h  t h e  optimum growth environment  

was compl i ca t ed  by t h e  a p p a r e n t  s e l f - b u f f e r i n g  o f  t h e  o r e  i t s e l f .  T h i s  

phenomena i s  a t t r i b u t e d  t o  t h e  p r e s e n c e  of a c a r b o n a t e  m i n e r a l  i n  t h e  o r e .  

I n  a d d i t i o n ,  most o f  Nevada's geo the rma l  f l u i d s  have pH v a l u e s  c o n s i d e r a b l y  

above t h e  2.5-3.0 r a n g e  r e q u i r e d  by t h e  bac te r ium ( f i g .  8) and may n o t  be 

a p p l i e d  d i r e c t l y  w i t h o u t  s u b s t a n t i a l l y  i m p a i r i n g  t h e  growth and v i a b i l i t y  

o f  t h e  micro-organisms. These r e s t r i c t i o n s  may l i m i t  t h e  a p p l i c a t i o n  of 

l a r g e - s c a l e  b a c t e r i a l  l e a c h i n g  on t h e  h i g h - s u l f i d e  gold-bear ing o r e s  o f  

Nevada. 
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