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ABSTRACT 

Hydrothermal m ine ra l  depos i t s  can be dated 
d i r e c t l y  by t h e  K - A r  method because a v a r i e t y  o f  
po tass i  um-beari ng gangue and w a l l  rock a1 t e r a t i  on 
m ine ra l s  a re  formed b y  t h e  hydrothermal f l u i d s  
t h a t  depos i t  t h e  ore  metals,  
muscovi te ( s e r i  c i t e )  , adul a r i a ,  a1 un i te ,  
nat  r o a l  u n i t e ,  b i o t i t e ,  amphi bo1 e, and c h l o r i t e  
seem t o  q u a n t i t a t i v e l y  r e t a i n  argon produced by 
t h e  r a d i o a c t i v e  decay o f  potassium. K - A r  ages o f  
t h e  hydrothermal a l t e r a t i o n  m ine ra l s  have been 
used s u c c e s s f u l l y  t o  de termine t h e  ages o f  
f o rma t ion  o f  p rec ious  meta l  v e i n  and disseminated 
deposi ts,  poly-metal1 i c  base metal  v e i n  depos i ts ,  
porphyry copper, molybdenum and t i n  depos i ts ,  
tungs ten  and base meta l  scarn  depos i ts ,  mercury 
depos i ts ,  and thermal s p r i n g  systems, The hydro- 
thermal m i n e r a l i z a t i o n  ages have prov ided u s e f u l  
i n fo rma t ion  about t h e  temporal r e l a t i o n s h i p s  
between o re  d e p o s i t i o n  and s p a t i a l l y  assoc ia ted  
igneous rocks,  and on t h e  p a t t e r n s  o f  
m i n e r a l i z a t i o n  w i t h i n  t e c t o n i c  e v o l u t i o n  and 
magmatic and metamorphic t i m i n g  on a reg iona l  
scale, 

The m ine ra l s  

Only a few geochronologic s tud ies  on ore  
depos i t s  have been done i n  enough d e t a i l  t o  y i e l d  
conc lus ive  evidence on  t h e  d u r a t i o n  o f  an e n t i r e  
hydrothermal event o r  on t h e  t i m i n g  o f  i n d i v i d u a l  
o re  d e p o s i t i o n  and a l t e r a t i o n  episodes w i t h i n  t h a t  
event. The most conc lus i ve  da ta  from vo lcan ic -  
hosted prec ious  meta l  v e i n  and d i  ssemi nated 
depos i ts ,  thermal s p r i n g  systems, and porphyry 
copper depos i t s  suggest t h a t  on average, t h e  t o t a l  
t ime span o f  hydrothermal a c t i v i t y  i s  about 1 
m.y., a l though t h e  range o f  a c t i v i t y  i s  between 
0.6 and 2.5 m.y. From t e x t u r a l  and t h e o r e t i c a l  
s tud ies  o f  v o l c a n i c  hos ted  prec ious  metal  depos i t s  
a consensus i s  deve lop ing  t h a t  o r e  d e p o s i t i o n  
episodes w i t h i n  t h e  o v e r a l l  framework o f  
hydrothermal a c t i v i t y  a re  s h o r t  1 i ved ,  t r a n s i t o r y ,  
and r e p e t i t i v e .  

INTRODUCTION 

The t i m i n g  o f  hydrothermal a l t e r a t i o n  and 
m i n e r a l i z a t i o n  i s  i m p o r t a n t  t o  i n v e s t i g a t e  f o r  a 
number o f  academic and p r a c t i c a l  reasons i n  t h e  
contex t  o f  comments t o  t h e  f o l l o w i n g  quest ions:  

(1) How i s  t h e  t i m e  o f  hydrothermal a c t i v i t y  
re1 a ted  t o  vo l  can i  sm and p lu ton ism? 
Geochronological  s tud ies  o f  e p i  thermal p rec ious  
metal depos i t s  and porphyry copper depos i ts  have 
shown t h a t  a l t e r a t i o n  and ~ i n e r a l i ~ a t i o n  can be 
r e l a t e d  t o  s p e c i f i c  stages o f  igneous a c t i v i t y  o f  
a very l o c a l  n a t u r e  (e.g. Si lberman and o thers ,  
1972; Ashley and Silberman, 1976; Chivas and 
McDougal, 1978; Whalen and o thers ,  1982) , I n  
ep i thermal  p rec ious  metal  depos i t s  a cons is ten t  
r e l a t i o n s h i p  between hydrothermal a l t e r a t i o n  and 
l a t e r  stages o f  vo l can ic  a c t i v i t y  i n  a c y c l e  can 
be demonstrated ( S i  lberman and o thers ,  1972; 
Ash1 ey and S i  1 berman, 1976). 

What i s  t h e  d u r a t i o n  o f  hydrothermal 
a c t i v i t y ,  , i n c l u d i n g  bo th  a l t e r a t i o n  and 
m i n e r a l i z a t i o n ?  Es t imates  o f  t h e  d u r a t i o n  o f  
hydrothermal a c t i v i t y  i n  o r e  depos i t s  o r  thermal 
s p r i n g  systems va ry  from n e a r l y  3 m i l l i o n  years  
( S i  lberman and o thers ,  1979) t o  cons iderab ly  less 
than one m i l l i o n  years  (Whalen and others,  1982; 
Noble and Silberman, 1983, i n  p ress) .  It i s  s t i l l  , 

u n c e r t a i n  as t o  how l o n g  i t  takes  f o r  o r e  
d e p o s i t i o n  t o  occur  w i t h i n  o v e r a l l  hydrothermal 
phases o f  a c t i v i t y .  S tud ies  o f  t h e  phys ica l  
c h a r a c t e r i s t i c s  o f  h o t  s p r i n g  t y p e  and v e i n  t y p e  
o f  Au, Ag depos i t s  (Buchanan, 1981; Berger and 
Eimon, 1983, i n  press; Si lberman, 1982b) and 
a t tempts  a t  d e t a i l e d  geochronology i n  complex 
a1 te ra t i on -m ine ra l  i z a t i o n  systems (Noble and 
Silberman, 1983, i n  p ress)  suggest t h a t  t h e  o r e  
d e p o s i t i n g  episode o r  episodes a re  sho r t  l i v e d .  
On t h e  o the r  hand, t h e r e  a r e  i n d i c a t i o n s  f rom 
geochronology t h a t  ma jor  p rec ious  metal depos i t s  
form i n  con junc t i on  w i t h  hydrothermal systems 
where t h e  o v e r a l l  p e r i o d  o f  a c t i v i t y  i s  r e l a t i v e l y  
lengthy ,  on t h e  o rde r  o f  a t  l e a s t  1 and perhaps 
g r e a t e r  than 3 m y .  (Si lberman and others,  1972; 
Si lberman, unpubl. data; Ashley and Silberman, 
1976), and a re  cha rac te r i zed  by r e p e t i t i v e  and 
ep isod ic ,  s h o r t  1 i v e d  hydrothermal processes 
(Si lberman, 1982a; Berger and Eiman, 1983, i n  
press) , 

(2)  

( 3 )  What a r e  t h e  reg iona l  age r e l a t i o n s h i p s  

Age de terminat ions  o f  

o f  o r e  depos i t s  w i t h i n  t h e  con tex t  o f  t h e  t e c t o n i c  
framework, i n c l u d i n g  s t r u c t u r a l  evo lu t i on ,  igneous 
a c t i v i t y  and metamorphism? 
hydrothermal a1 t e r a t i o n  and m ine ra l  i z a t i o n  have 
been success fu l  i n  r e l a t i n g  minera l  depos i ts  t o  
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t h e  t e c t o n i c  framework; as examples, Si lberman and 
o t h e r s  (1976), and Rowen and o t h e r s  (1983, i n  
p ress ) ,  i n  t h e  Great Basin,  M i t c h e l l  and o t h e r s  
(1981), Si lberman and o t h e r s  (1980), and Wi lson 
(1980),  i n  southern Alaska, and C1 ark  and o t h e r s  
(1982), and Damon and o the rs  ( i n  p ress )  i n  Mexico, 
r e l a t e d  t h e  t i m i n g  o f  m i n e r a l i z a t i o n  t o  t e c t o n i c  
processes impac t ing  t h e  areas i n  quest ior l .  

Perhaps t h e  most s i g n i f i c a n t  hydrothermal 
depos i t  t y p e  t h a t  has n o t  been s t u d i e d  
c o n c l u s i v e l y  as t o  i t s  age o f  m i n e r a l i z a t i o n  and 
t i m i n g  o f  hydrothermal a c t i v i t y  a r e  t h e  carbonate 
sedimentary rock-hosted ( C a r l  i n  t ype )  disseminated 
go1 d deposi ts .  S i  1 berman and o t h e r s  (1973) 
determined t h e  age o f  m i n e r a l i z a t i o n  a t  t h e  
Ge tche l l  depos i t ,  Nevada, and repo r ted  ages from a 
s i m i l a r  d e p o s i t  a t  Gold Acres, Nevada. Data e x i s t  
f o r  s i m i l a r  depos i t s  a t  Northumberland and Pinson, 
Nevada (Si lberman and o the rs ,  unpub. data,  1973 t o  
1982), b u t  i n  general  a t tempts t o  i n t e r p r e t  t h e  
age r e l a t i o n s  i n  these depos i t s  unequ ivoca l l y  have 
been unsuccessful .  Geochronological  technology, 
p a r t i c u l a r l y  t h e  widespread a p p l i c a t i o n  o f  
spectrum A r - A r  da t i ng ,  i s  adequate t o  determine 
t h e  hydrothermal a l t e r a t i o n  and m i n e r a l i z a t i o n  
t i m i n g  i n  these  impor tan t  depos i t s  and an at tempt  
t o  c a r r y  o u t  t h e  s t u d i e s  should be made. 
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METHODS AND MATERIALS--EPITHERMAL 
PRECIOUS METAL DEPOSITS 

Several  methods o f  i s o t o p i c  age de te rm ina t ion  
can be a p p l i e d  t o  d a t i n g  hydrothermal a l t e r a t i o n ,  
b u t  t h e  most w ide ly  a p p l i e d  one has been 
convent ional  K - A r  analyses. Hydrothermal f l u i d s  
t h a t  depos i t  o r e  me ta l s  a l s o  depos i t  K-bear ing 
gangue and w a l l  rock a l t e r a t i o n  m i n e r a l s  t h a t  can 
be dated by t h e  method. The a l t e r a t i o n  minera logy 
i n  any hydrothermal system depends on a v a r i e t y  o f  
f a c t o r s  i n c l u d i n g  o r i g i n a l  hos t  rock minera logy,  
hydrothermal f l u i d  temperature,  composi t ion,  pH, 
and eH (Meyer and Hemley, 1967; Rose and B u r t ,  
1979). 

The K-bear ing m ine ra l s  used t o  determine t h e  
age o f  hydrothermal a l t e r a t i o n  i n c l u d e  
hydrothermal K- fe ldspars ( a d u l a r i a )  ( S i  1 berman and 
others,  1972; Koski  and others,  1978), s e r i c i t e  
(S i lberman and others,  1973), (muscovi te) ,  a l u n i t e  

and n a t r o a l u n i t e  (Ashley and Si lberman, 1976; 
Mehnert and others,  1973), and j a r o s i  t e  ( E r i  ckson 
and o the rs ,  1978). A1 1 o f  these a r e  common gangue 
and w a l l  rock  a l t e r a t i o n  m ine ra l s  i n  ep i the rma l  
v e i n  and disseminated Au, Ag deposi ts .  Adu la r ia ,  
s e r i c i t e ,  and a l u n i t e  a r e  t h e  most commonly dated 
a l t e r a t i o n  phases i n  ep i thermal  depos i t s .  Other 
m ine ra l s  t h a t  have been used t o  d a t e  a l t e r a t i o n  
d i r e c t l y  a r e  hydrothermal b i o t i t e  and p h l o g o p i t e  
(Moore and Lanphere, 1971), hydrothermal amphibole 
( S i  1 berman and others,  1977), c h l o r i t e  ( S i  1 berman 
and others,  1977), m a r i p o s i t e  (S i lberman and 
Dodge, unpubl ished data,  1979), and whole rock 
samples c o n t a i n i n g  combinat ions o f  t h e  K-bear ing 
phases (Si lberman and others,  1972; Morton and 
others,  1977; Si1 berman and others,  1979a; 1979b). 

The second most w ide ly  a p p l i e d  method o f  
geochronology o f  a l t e r a t i o n  has been f i s s i o n  t r a c k  
da t i ng .  
used s u c c e s s f u l l y  t o  s tudy age r e l a t i o n s  i n  
a l t e r a t i o n  systems (Ashley and S i  lberman, 1976; 
Lipman and others,  1976). The combinat ion o f  K - A r  
and f i s s i o n  t r a c k  techniques has been p a r t i c u l a r l y  
u s e f u l  as t h e  temperature o f  anneal ing o f  f i s s i o n  
t r a c k s  i n  m ine ra l s  i s  b e t t e r  known than  t h a t  f o r  
d i f f u s i o n a l  l o s s  o f  argon (Nasser and Faul ,  
1969). Combined f i s s i o n  t r a c k  and K - A r  da ta  
a l l ows  a more complete thermal h i s t o r y  o f  an 
a l t e r a t i o n  system t o  be const ructed.  

A p a t i t e ,  z i r con ,  and sphene have been 

EXAMPLES OF ORE DEPOSIT GEOCHRONOLOGY 

There a r e  numerous examples o f  d e t a i l e d  
geochronologica l  s t u d i e s  o f  hydrothermal 
a l t e r a t i o n  and m i n e r a l i z a t i o n  i n  t h e  l i t e r a t u r e .  
I have chosen t o  summarize two he re  because o f  t h e  
l a r g e  numbers o f  i s o t o p i c  ages r e p o r t e d  i n  them 
and because they  were s p e c i f i c a l l y  designed t o  
answer p a r t s  o f  t h e  quest ions posed i n  ( 1 )  and ( 2 )  
o f  t h e  i n t r o d u c t i o n .  Si lberman and o t h e r s  (1972) 
repo r ted  on t h e  age o f  m i n e r a l i z a t i o n  a t  Bodie, 
C a l i f o r n i a  i n  a paper t h a t  summarized r e s u l t s  of  
40 K - A r  analyses from rocks and ve ins  w i t h i n  and 
nearby t h e  d i s t r i c t .  
and Ashley and S i  1 berman (1976) summarized t h e  
r e s u l t s  o f  55 K - A r  and f i s s i o n  t r a c k  ages from t h e  
Go 1 d f i e l  d d i s t r i c t  , Nevada. 

Si lberman and Ashley (1970) 

Rodie m in ing  d i s t r i c t  

Geology o f  t h e  m in ing  d i s t r i c t  

The Bodie m in ing  d i s t r i c t ,  which produced 
more than  34 m i l l i o n  d o l l a r s  wor th o f  Au and Ag 
from f i s s u r e  ve ins  i n  v o l c a n i c  rocks o f  
i n te rmed ia te  composi t ion,  i s  near t h e  eas te rn  
marg in o r  t h e  Bodie H i l l s ,  a v o l c a n i c  massi f  o f  
approx imate ly  35 km3 volume and t h i c k n e s s  o f  up t o  
1300 f e e t  (400 m). The area surrounding t h e  Bodie 
H i l l s  c o n t i t u t e s  a major  vo l can ic  p r o v i n c e  ( f i g .  
1 )  which has been subdiv ided on t h e  b a s i s  o f  
dominant o v e r a l l  l i t h o l o g y  and age o f  a c t i v i t y  
(K1 einhampl and others,  1975; Chesterman, 1968; 
G i l b e r t  and others,  1968). 

Chesterman (1968) and Chesterman and Gray 
(1975) de f i ned  f i v e  v o l c a n i c  fo rma t ions  of 
T e r t i a r y  age rocks i n  t h e  Bodie H i l l s ,  based on 
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t h e i r  p r o x i m i t y  t o  e r u p t i v e  cen te rs  which a r e  
cha rac te r i zed  by complex s t r u c t u r e  and i n t r u s i v e  
plugs. 
i n  age as a d j o i n i n g  e r u p t i v e  cen te rs  were 
f r e q u e n t l y  a c t i v e  a t  t h e  same t ime. 
a l t e r a t i o n  and minera l  prospects  a r e  common, b u t  
t h e  o n l y  ma jo r  depos i t  l o c a t e d  t o  da te  has been a t  
Bodie. Al though v o l c a n i c  a c t i v i t y  i n  t h e  H i l l s  
spanned t h e  t i m e  i n t e r v a l  f rom 13.3 t o  5.7 m.y. 
most o f  t h e  e r u p t i v e  m a t e r i a l  was emplaced between 
about 9.5 and 7.8 m.y. 

Many o f  t h e  format ions ove r lap  each o t h e r  

Hydrothermal 

The Bodie min ing d i s t r i c t  i s  l o c a l i z e d  i n  
d a c i t e  f l ows ,  t u f f  b recc ias  and smal l  i n t r u s i v e  
p lugs  o f  t h e  S i l v e r  H i l l  Vo l can ic  s e r i e s  o f  
Chesterman and Gray (1975),  one o f  t h e  v o l c a n i c  
fo rma t ions  o f  t h e  Bodie H i l l s .  The d i s t r i c t  i s  an 
e r u p t i v e  c e n t e r  whose major  s t r u c t u r e  c o n s i s t s  o f  
an i r r e g u l a r ,  f au l ted ,  n o r t h  t r e n d i n g  a n t i c l i n e  
( f i g .  2 )  formed by i n t r u s i o n  and doming o f  t h e  
f l o w s  and t u f f  b recc ias  by smal l  p lugs.  The p lugs  
occupy ven ts  from which t h e  e x t r u s i v e  vo l can ic  
rocks were erupted. Several  s e t s  o f  s t e e p l y  
d i p p i n g  f a u l t s  c u t  a l l  u n i t s  i n c l u d i n g  t h e  
p lugs.  One prominent s e t  s t r i k e s  n o r t h  t o  
no r theas t ,  and another i s  normal t o  t h i s  ( f i g .  
2) .  
s t r i k e  n o r t h  t o  no r theas t  p a r a l l e l  t o  one o f  t h e  
f a u l t  sets .  
d i s t r i c t  comes from t h e  v i c i n i t y  o f  Bodie B l u f f  
and Standard H i l l  i n  t h e  no r th ,  i n  t h e  v i c i n i t y  o f  
t h e  graben o f  t u f f  b r e c c i a  t h a t  was f a u l t e d  down 
i n t o  t h e  i n t r u s i v e  d a c i t e  d u r i n g  o r  s h o r t l y  a f t e r  
empl acement ( f i g. 2 ) .  

The ma jo r  v e i n  and f r a c t u r e s  a t  Bodie a l s o  

Most o f  t h e  p roduc t i on  o f  t h e  

The p roduc t i ve  q u a r t z  ve ins  c u t  bo th  t u f f  
b r e c c i a  and i n t r u s i v e  rock. Several se ts  o f  
qua r t z  ve ins,  which vary i n  th i ckness  from about 1 
t o  90 f t  a r e  present,  a l though most ve ins a r e  n o t  
more than  a few f e e t  t h i c k  (Chesterman and o the rs ,  
1983, i n  press) .  Adu la r ia  i s  a common c o n s t i t u e n t  
o f  t h e  ve ins,  sometimes forming c r y s t a l s  o f  up t o  
3 cm long  c o a t i n g  open f r a c t u r e s .  
a r e  p r i n c i p a l l y  n a t i v e  g o l d  and s i l v e r ,  b u t  
a r g e n t i t e ,  p y r i t e ,  and s p h a l e r i t e  a l s o  occur.  
l a t t e r  increases w i t h  depth as t h e  teno r  o f  g o l d  
decreases. I n  t h e  main p roduc t i ve  zone near  t h e  
graben, o l d  records quoted by Chesterman and 
o t h e r s  (1983, i n  press)  i n d i c a t e  t h a t  t h e  o r e  
averaged 1.7 op t  (ounces p e r  t o n )  Au and 3.1 op t  
Ag 

Ore m ine ra l s  

The 

W a l l  rock a l t e r a t i o n  zoning a t  Bodie has n o t  
been s t u d i e d  i n  d e t a i l ,  a l though O'Nei l  and o the rs  
(1973) repo r ted  on t h e  i s o t o p i c  and chemical 
e f f e c t s  o f  hydrothermal K-s i1  i c a t e  a l t e r a t i o n  a t  
Bodie B l u f f .  Chesterman and o t h e r s  (1983, i n  
p ress )  i n d i c a t e  t h a t  a1 t e r a t i o n  zoning occurs bo th  
l a t e r a l l y  and v e r t i c a l l y .  I n  t h e  no r th ,  a t  Bodie 
B l u f f ,  b o t h  t h e  i n t r u s i v e  d a c i t e  and t u f f  b r e c c i a  
and f l o w s  a r e  s t r o n g l y  s i l i c i f i e d  a t  t h e  
sur face.  Si1 berman (1982b) suggested t h a t  t h i s  
s i l i c i f i e d  zone, a p a r t  o f  which has chalcedonic  
q u a r t z  v e i n  s tockwork ing represents  a ve ry  shal low 
l e v e l  i n  t h e  system, probably  j u s t  sub-surface. 
Below t h i s  near su r face  a l t e r a t i o n ,  t h e  rocks o f  
t h e  Bodie B l u f f  area a r e  s t r o n g l y  K - s i l i c a t e  
a l t e r e d ,  l a r g e l y  r e c r y s t a l l i z e d  t o  t h e  assemblage 
K- fe ldspar  ( a d u l a r i a ) ,  K-mica ( s e r i c i t e )  and 

quar t z .  Th is  a l t e r a t i o n  a l s o  c h a r a c t e r i z e s  t h e  
w a l l  rocks o f  t h e  p roduc t i ve  v e i n  zone. To t h e  
south,  a r g i l l i c  a l t e r a t i o n  occurs,  and a t  l e a s t  
some zones of  s e r i c i t e  a l t e r a t i o n .  Outs ide o f  t h e  
c e n t r a l  p a r t  o f  t h e  d i s t r i c t ,  most o f  t h e  vo l can ic  
rocks a r e  s t r o n g l y  p r o p y l i t i z e d .  A t  t h e  lowest  
l e v e l  o f  workings a t  Rodie B l u f f  access ib le  i n  
recen t  years,  about 700 f t  beneath t h e  top ,  ' the 
a l t e r e d  rocks s t i l l  con ta in  K- fe ldspar ,  b u t  
s e r i c i t e  and k a o l i n i t e  a re  more abundant. 

Age re1 a t  i onshi  ps 

Sample d e s c r i p t i o n s  and da ta  f o r  t h e  age 
de te rm ina t ions  a t  Bodie and surrounding reg ion  
were pub1 i shed  by S i  1 berman and o t h e r s  (1972), 
S i  1 berman and Chesterman (1972) and K1 einhampl and 
o t h e r s  (1975) and a r e  summarized i n  t a b l e  1 and 
f i g u r e  3. The e x t r u s i v e  rocks o f  t h e  S i l v e r  H i l l  
v o l c a n i c  s e r i e s  were emplaced between 9.4 and 8.8 
m.y. The co-magmatic p lugs were i n t r u d e d  between 
8.6 and 9.4 m.y. Hydrothermal a c t i v i t y ,  as dated 
by K - A r  ages o f  s e r i c i t e  f rom a l t e r e d  t u f f  b r e c c i a  
i n  t h e  southern p a r t  o f  t h e  d i s t r i c t ,  and K- 
s i l l i c a t e  a l t e r e d  Bodie B l u f f  i n t r u s i v e  dac i te ,  
s t a r t e d  a t  8.6 m.y., which was j u s t  about a t  t h e  
end s tage o f  v o l c a n i c  a c t i v i t y  i n  t h e  d i s t r i c t .  
Three K - A r  ages f rom a d u l a r i a  separated from 
m i n e r a l i z e d  q u a r t z  ve ins a re  i n  t h e  range 8.0 t o  
7.1 m.y., w i t h  t h e  youngest age f rom a v e i n  
occupying a s t r u c t u r e  t h a t  c u t s  o the rs  t h a t  hosted 
ve ins  i n  t h e  n o r t h e r n  p a r t  o f  t h e  d i s t r i c t .  

Volcanic  rocks were emplaced w i t h i n  t h e  
v o l c a n i c  c e n t e r  between 9.4 and 8.6 m.y., about a 
1 m.y. d u r a t i o n  f o r  t h e  vo l can ic  a c t i v i t y .  
Hydrothermal a l t e r a t i o n  commenced a t  t h e  end o f  o r  
immediate ly  a f t e r  volcanism and con t inued  f o r  11/2 
m.y., d u r i n g  which severa l  se ts  o f c r o s s  c u t t i n g  
ve ins  (Chesterman and others,  1983, i n  press)  were 
ernplaced and a major  prec ious meta l  d e p o s i t  was 
formed. The a l t e r a t i o n - m i n e r a l i z a t i o n  a t  Bodie 
was n e a r l y  t h e  l a s t  stage o f  igneous-hydrothermal 
a c t i v i t y  assoc iated w i t h  t h e  development o f  t h e  
Bodie H i l l s  v o l c a n i c  f i e l d .  It was n o t  u n t i l  
n e a r l y  21/2m.y. l a t e r  t h a t  minor  vo lcanism again 
occurred, west o f  t h e  d i s t r i c t .  To t h e  east ,  
major  v o l c a n i c  a c t i v i t y  commenced again a t  3.6 
m.y. ( t a b l e  1; f i g .  1 ) .  

G o l d f i e l d  m in ing  d i s t r i c t  

Geology o f  t h e  m in ing  d i s t r i c t  

The G o l d f i e l d  m in ing  d i s t r i c t  ( f i g .  4)  i n  t h e  
G o l d f i e l d  H i l l s  o f  western Nevada i s  u n d e r l a i n  by 
a compl ex sequence o f  01 i gocene and M i  ocene 
v o l c a n i c  rocks,  which cover a p r e - T e r t i a r y  
basement composed o f  Ordovic ian sedimentary rocks 
and J u r a s s i c  g r a n i t i c  rocks. The o l d e r  01 igocene 
v o l c a n i c  rocks (Tov o f  f i g .  4) a r e  s i l i c i c  f lows 
and t u f f s  o f  l o c a l  o r i g i n  from a ca lde ra  whose 
r i n g  f r a c t u r e  zone i s  o u t l i n e d  by t h e  f a u l t i n g  and 
a l t e r a t i o n  pa t te rns .  The p r e - T e r t i a r y  rocks a re  
exposed i n  t h e  co re  o f  t h i s  ca ldera.  
Approx imate ly  4 t o  8 m.y. years a f t e r  cessa t ion  o f  
t h e  s i l i c i c  v o l c a n i c  a c t i v i t y ,  a new p u l s e  o f  
dominant ly  i n te rmed ia te  f lows, t u f f s ,  brecc ias,  
and domes were emplaced i n  t h e  e a r l y  Miocene from 
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Brecc ia  p lug ,  Si tver H i l l  Volcanic 
Series o f  Chesterman and Gray 
(1966) 

"Andesite", Si lver H i l l  Vo lcan ic  
Series of  Chesterman and Gray 
(1966) 

Dacite, Murphy  Spr ing T u f f  Brecc ia  
of Ches te rman  (1968) 
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of  Ches te rman  (1968) 
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A = A d u l a r i a  S =Sericite 
8 = B i o t i t e  
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W R =  Whole rock 
Plagioclase ages f rom Gi lber t  and o the rs  (1968) 

ii'ipre 3. K-Ar ages of volcanic rocks, altered volcz?ic rocks and quartz- 
adularia veins at the Iiodie mining d i s t r i c t  and v i c i n i t y ,  Xono 
County, California (modified from Silbemam and others, 1972). 
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Table 1. Range i n  Age o f  Veins and Vo lcan ic  Rocks i n  and near t h e  Bodie M in ing  D i s t r i c t ,  Rodie H i l l s ,  
Mono County, Cal i f o r n i  a 

~ ~~ ~ _ _ _ _ _ _  ~~~~ ~ 

Younger pos to re  sequence (eas t  o f  Bodie 

Younger r h y o l i t i c  rocks,  western Bodie H i l l s  
Veins,  Rodie m in ing  d i s t r i c t  
Hydrothermal a c t i v i t y  
D a c i t e  i n t r u s i v e  rocks,  Bodie m in ing  d i s t r i c t  
S i  1 v e r  H i  11 Volcanic  Ser ies o f  Chesterman 

and Gray (1976),  Rodie m in ing  d i s t r i c t  
Murphy Spr ing T u f f  B recc ia  o f  Chesterman 

m in ing  d i s t r i c t )  

(1968) 

(1968) 
L / P o t a t o  Peak Format ion o f  Chesterman 

Other basalts-andesites-dacites-rhyolites, 
western Bodie H i l l s  

~ ~~~~~ 

3.6 m.y.-250,000 m.y. 
5.7 m.y.-5.3 m.y. 
8.0 m.y.-7.1 m.y. 
8.6 m.y.-7.1 m.y. 
9.2 m.y.-8.6 m.y. 

9.4 m.y.-8.8 m.y. 

8.9 m.y.-8.7 m. y. 

9.1 m.y.-8.4 my.  

13.3 m.y.-7.8 m.y. 

M o d i f i e d  f rom Silberinan and o the rs  (1972).  L / V o l c a n i c  rocks o f  t h e  Rodie H i l l s  o u t s i d e  o f  
t h e  Bodie m in ing  d i s t r i c t .  

EXPLANATION 

Alluvium, colluvium, and pediment 
grovels 

I T t s  I 
Speorheod Member of Thirsty 

Canyon Tuff 
Same as figure I 

Rhyolite of Coctus Peak 
lncludes underlying cognate 

rhyolite tuffs 

I T b  I 
Bosolt 

Basalf flows interbedded with 
and capping Sieberf Tuff. lncludes 

Miro Basalt in southwest corner of area. Is 
part of unit Tsb of Figure I 

E l  
Siebert Tuff 

Rhyofife tuffs and tuffoceous sedimenfary 
racks. fncfudes Meda Rhyolite. Port 

of unit Tsb figure f 

Tuffs and Iovos of intermediate to 
silicic composit ion 

lncludes Tmo, Twc of figure I, 
and other units 

Older volconic rocks 
Sil ic ic flaws and luffs. 

Same as Figure f 

Prevolconic rocks 
Some os f igure I 

Base from Goldfield and Mud Lake 
quodrongles, 1952. 

Geology generalized from unpublished 
mopping by R . P  Ashley, 1972. 

S Y  M e o L s  

Contact - 
Fault  

0 
Somple locality, 

including locality number 
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Figure 4 .  
t h e  Goldfi 'eld mining d i s t r i c t ,  Esmeralda 
and Nye Counties,  Nevada (modified from 
Ash1 ey and Si  1 berman, 1976) 

Simplif ied geologic  map o f  

v Figure 5. Schematic summary o f  
volcanic  h i s t o r y  and t i m i n g  o f  

a l t e r a t i o n  and m i n ~ r a ~ i z a t i o n  a t  
Goldfield (modified from Ashley 
and Si1 berman, 1976) .  
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vents  w i t h i n  and near t h e  m in ing  d i s t r i c t  ( u n i t s  
Tma and Twc, f i g .  4)  (Ashley,  1974; Ashley and 
Silberman, 1976). M idd le  and upper Miocene 
sedimentary and v o l c a n i c  rocks unconformably 
o v e r l i e  t h e  l ower  Miocene vo l can ics ,  and a r e  
l a r g e l y  f rom sources some d i s t a n c e  away from t h e  
m in ing  d i s t r i c t  ( u n i t s  Tsb and T t s ,  f i g .  4) ,  
a l though some o f  t h e  b a s a l t s  i n  t h i s  younger 
sequence a r e  erupted from l o c a l  vents.  

Hydrothermal a l t e r a t i o n  and m i n e r a l i z a t i o n  a t  
G o l d f i e l d  a r e  s p a t i a l l y  and tempora l l y  assoc iated 
w i t h  t h e  dominant ly  i n t e r m e d i a t e  Tma u n i t .  
Twc was emplaced a f t e r  onset  o f  and d u r i n g  t h e  
hydrothermal a l t e r a t i o n ,  b u t  o u t s i d e  o f  t h e  
c e n t r a l  p a r t  o f  t h e  d i s t r i c t  ( f i g .  4) .  
M i n e r a l i z a t i o n  a t  G o l d f i e l d  occurs i n  s i 1  i c i f i e d  
ledges c o n s i s t i n g  o f  prominent outcrops o f  f i  e 
gra ined quar t z  t h a t  occur throughout  a 40 km 
area o f  p o o r l y  exposed a r g i l l i c  and p r o p y l i t i c  
rocks. The ledges formed as replacement bodies 
along f a u l t s  and f r a c t u r e s  and may c o n t a i n  
a l u n i t e ,  k a o l i n i t e ,  p y r o p h y l l i t e  and d iaspore 
along w i t h  quar tz .  
unox id i zed  rocks )  occur i n  a l l  s i l i c i f i e d  zones. 
P roduc t i ve  m i n e r a l i z a t i o n  i n  t h e  l e d  es i s  
r e s t r i c t e d  t o  a smal l  area o f  1.3 kmi, j u s t  n o r t h  
o f  G o l d f i e l d  ( f i g .  4) .  Unoxid ized o r e  formed open 
c a v i t y  f i l l i n g s  i n  b r e c c i a t e d  s i l i c i f i e d  ledge 
m a t e r i a l  and cons is ted  o f  v a r y i n g  p r o p o r t i o n s  o f  
n a t i v e  gold,  and s u l f i d e  and s u l f o s a l t  m ine ra l s  
(Ashley,  1974). The o v e r a l l  average grade o f  o r e  
a t  G o l d f i e l d  was 0.54 o p t  (A lbe rs  and Stewart ,  
1972) b u t  bonanza grades as h i g h  as 600 op t  Au 
were repo r ted  ( Ransome, 1909). 

U n i t  

9 

L i m o n i t e  and p y r i t e  ( l a t t e r  i n  

A l u n i t e  was an impor tan t  hypogene c o n s t i t u e n t  
o f  t h e  s i l i c i f i e d  ledges, i n c l u d i n g  those h o s t i n g  
m i n e r a l i z a t i o n .  It occurred as replacements o f  
f e l d s p a r  phenocrysts and pumice and as coarse 
hypogene ve ins c u t t i n g  t h e  s i l i c i f i e d  zones. 
A l u n i t e  d e p o s i t i o n  i n  t h e  ledges p e r s i s t e d  i n t o  
e a r l y  stages o f  m ine ra l  i z a t i o n  (Ash1 ey and 
S i  1 berman, 1976). 
f i n e  g ra ined  ve ins  c u t t i n g  bo th  o x i d i z e d  
s i l i c i f i e d  and a r g i l l i z e d  rocks. The zones 
p e r i p h e r a l  t o  t h e  quar tz-a1 u n i  t e  1 edges were 
u s u a l l y  a r g i l l i z e d ,  b u t  a t  l e a s t  i n  some areas, 
i n c l u d i n g  t h e  p r o d u c t i v e  zone, q u a r t z - s e r i c i t e  
a l t e r a t i o n  mant les t h e  ledges (Ashley and 
S i  lberman, 1976). The occurrence o f  t h e  advanced 
a r g i l l i c ,  a l u n i t e - c o n t a i n i n g  and q u a r t z - s e r i c i t e  
a l t e r a t i o n  assemblages a l l owed  t h e  K - A r  ages o f  
two a1 t e r a t i o n  m ine ra l s  t o  be determined. 

Supergene a1 u n i  t e  occurs as 

Age re1  a t  i ons 

K - A r  ages o f  m i n e r a l s  f rom una l te red  v o l c a n i c  
rocks,  and from a l u n i t e  and K-mica ( s e r i c i t e ,  2M1 
polymorph) were determined. I n  a d d i t i o n  f i s s i o n  
t r a c k  ages from severa l  u n i t s  i n c l u d i n g  t h e  pre- 
T e r t i a r y  and o l d e r  v o l c a n i c  rocks (Tov) were 
obtained. The i s o t o p i c  ages a r e  summarized i n  
f i g u r e  5 f rom Ashley and Si lberman (1976). The 
o l d e r  s i l i c i c  u n i t s  were p r o p y l i t i c a l l y  a l t e r e d  
and cou ld  not  be dated by t h e  K - A r  method. 
and a p a t i t e s  i n  these rocks  were n o t  a f f e c t e d  by 
t h a t  a l t e r a t i o n ,  and i n d i c a t e  emplacement ages o f  
between 28 t o  34 m i l l i o n  years.  

Z i r c o n  

The e a r l y  Miocene 

host  rocks were emplaced s t a r t i n g  a t  about 22 
my. ,  and volcanism cont inued f o r  about 1 t o  2 
m.y. Concordant K - A r  m ine ra l  ages and f i s s i o n  
t r a c k  ages were obta ined f o r  u n i t s  o f  t h e  e a r l y  
Miocene sequence ( f i g .  5 ) .  Post m i n e r a l i z a t i o n  
v o l c a n i c  and sedimentary u n i t s  formed between 
about 18 t o  7 m.y. ago. M i n e r a l i z a t i o n  thus 
occurred between 22 and 18 m.y. ago. 

K - A r  ages o f  replacement and hypogene ve in  
a l u n i t e s  a r e  between 21 and 20 m.y. Concordant 
r e s u l t s  were obta ined from t h e  s e r i c i t e  samples 
from q u a r t z - s e r i c i t e  zones near t h e  ledges. 
A p a t i t e  f i s s i o n  t r a c k  ages f rom p r e - e a r l y  Miocene 
u n i t s  near a l t e r e d  zones gave ages o f  21.0 and 
19.6 my., concordant w i t h  t h e  K - A r  r e s u l t s .  The 
i s o t o p i c  ages o f  a l u n i t e  and a p a t i t e  f rom 
G o l d f i e l d  i n d i c a t e d  t h a t  a l u n i t e  p rov ides  accurate 
ages o f  m i n e r a l i z a t i o n  i n  hydrothermal systems, 
and t h a t  a p a t i t e  ages o f  rocks near ( s c a l e  o f  
meters)  s t r o n g l y  a1 t e r e d  zones a1 so determined t h e  
ages o f  a l t e r a t i o n .  These r e s u l t s  have been 
c o n f i  rmed i n  o t h e r  m ine ra l  i zed areas i n e p i  thermal 
systems (Morton and o the rs ,  1977; Lipman and 
others,  1976). 
f i s s i o n  t r a c k  ages (some o f  which were c o l l e c t e d  
from t h e  same u n i t s  as t h e  a p a t i t e  ages t h a t  were 
r e s e t )  a r e  una f fec ted  by p r o x i m i t y  t o  t h i s  t y p e  o f  
a l t e r a t i o n  (Ashley and Silberman, 1976). 

I n  c o n t r a s t ,  z i r c o n  and sphene 

The t h r e e  supergene a l u n i t e  K - A r  ages o f  
about 10 m.y., represent  o x i d a t i o n  o f  t h e  s u l f i d e  
bear ing  a l t e r e d  rocks some 10 m.y. a f t e r  t h e  
hypogene m i n e r a l i z a t i o n .  F i s s i o n  t r a c k  a p a t i t e  
ages demonstrate t h a t  no major  thermal events 
a f f e c t e d  t h e  m i n e r a l i z e d  area a f t e r  t h e  e a r l y  
Miocene hydrothermal event.  The middl  e and lower  
Miocene v o l c a n i c  a c t i v i t y ,  apparen t l y  had no 
s t r o n g  thermal e f f e c t  here. S t r u c t u r a l  and 
s t r a t i g r a p h i c  da ta  a re  i n  accord w i t h  e ros ion  and 
o x i d a t i o n  s t a r t i n g  t o  a f f e c t  t h e  m i n e r a l i z e d  area 
a t  about t h e  t i m e  i n d i c a t e d  by t h e  supergene 
a l u n i t e  ages. Thus a t  G o l d f i e l d ,  bo th  hypogene 
hydrothermal a l t e r a t i o n  and supergene o x i d a t i o n  
were dated by a p p l i c a t i o n  o f  K - A r  analyses t o  
a l u n i t e s .  
and a l t e r a t i o n - m i n e r a l i z a t i o n  a t  G o l d f i e l d  a re  
s i m i l a r  t o  those a t  Bodie. Several  genera l i zed  
conc lus ions  can be drawn about t h e  t i m i n g  of 
igneous-hydrothermal a c t i v i t y  f rom these  s tud ies .  

The age r e l a t i o n s  o f  v o l c a n i c  a c t i v i t y  

( 1 )  Hydrothermal a l t e r a t i o n  and m ine ra l  iza-  
t i o n  s t a r t s  l a t e  i n  and u s u a l l y  cont inues f o r  some 
t i m e  a f t e r  some s i g n i f i c a n t  l o c a l  s tage o f  
v o l c a n i c  a c t i v i t y .  Pre- and s y n - a l t e r a t i o n  
vo lcanism l a s t s  on t h e  o r d e r  o f  1 m.y. o r  longer.  

( 2 )  The o v e r a l l  d u r a t i o n  o f  hydrothermal 
a c t i v i t y  i n d i c a t e d  by t h e  da ta  a t  Bodie and 
G o l d f i e l d  i s  1 t o  1.5 m.y. Th is  i s  c l o s e  t o  t h e  
average age o f  hydrothermal systems r e l a t e d  t o  
m i n e r a l i z a t i o n ,  as w i l l  be shown l a t e r .  

( 3 )  Volcanic  a c t i v i t y  can and does take  
p lace  d u r i n g  and a f t e r  hydrothermal 
m i n e r a l i z a t i o n ,  b u t  g e n e r a l l y  o u t s i d e  o f  t h e  zone 
o f  m i n e r a l i z a t i o n .  
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These general  i za t  i ons have been c o n f  i rmed by 
d e t a i l e d  s tudy  o f  o t h e r  ep i thermal  systems 
(S i  1 berman and o the rs ,  1979; Nobl e and S i  1 berman, 
1983, i n  press).  

DATA ON LIFETIMES OF HYDROTHERMAL SYSTEMS 

A l a r g e  amount o f  r a d i o m e t r i c  age da ta  have 
become a v a i l a b l e  on m ine ra l  depos i t s  s i n c e  t h e  
p ioneer ing  s tud ies  on porphyry copper depos i t s  by 
Paul Damon and h i s  assoc ia tes  (Damon and Mauger, 
19661, and i t  i s  p o s s i b l e  t o  compare t h e  spans o f  
hydrothermal a c t i v i t y  a t  Bodie and G o l d f i e l d  and 
t h e i r  temporal r e l a t i o n s  t o  s p a t i a l l y  assoc ia ted  
igneous rocks  w i t h  da ta  from o t h e r  hydrothermal 
minera l  depos i t s  and thermal s p r i n g  systems. 
There are, u n f o r t u n a t e l y ,  few d e t a i l e d  s t u d i e s  on 
t h e  chrono l  ogy o f  hydrothermal systems, and even 
fewer t h a t  p rov ide  unequivocal  es t imates  o f  t h e  
d u r a t i o n  o f  hydrothermal a c t i v i t y .  

F i g u r e  6 summarizes da ta  f rom a t a b u l a t i o n  o f  
geochronological  s t u d i e s  o f  hydrothermal systems, 
i n c l u d i n g  porphyry copper depos i ts ,  e p i  thermal 
p rec ious  metal  depos i t s  and p o l y - m e t a l l i c  v e i n  
depos i ts  ( P M ) ,  and thermal ho t  s p r i n g  systems (M. 
L. Si1 berman, unpubl. data,  1983). 

Hydrothermal a c t i v i t y  i n  porphyry copper 
depos i ts  i s  g e n e r a l l y  found t o  have l a s t e d  about 1 
m.y. o r  l ess ,  w i t h  t h e  excep t ion  o f  t h e  Ringham, 
Utah ( ~ a r n a a r s  e t  a1 , 1978) and E l  Salvador, C h i l e  
(Gustauson and Hunt, 1975) systems, where I 
i n t e r p r e t e d  t h e  da ta  as i n d i c a t e d  l i f e t i m e s  on t h e  
order  o f  2 m.y. 
precious- and base-metal v e i n  systems ava i  1 ab1 e 
suggest t h a t  hydrothermal a c t i v i t y  commonly 
extends over pe r iods  o f  about 0.5 t o  1.5 my. 
longest-1 i ved  documented system i s  a t  Bodie, 
Cal i f o r n i  a ( S i  1 berman and o thers ,  1972) . The 
es t imate  o f  about 1 ,5  my. d u r a t i o n  i s  r e l a t i v e l y  
accurate, s ince  t h e  youngest age was ob ta ined on 
v e i n  m a t e r i a l  from a s t r u c t u r e  t h a t  c u t s  o t h e r  
m ine ra l i zed  s t r u c t u r e s  and ve ins  (Si lberman and 
others,  1972). A s i m i l a r  l i f e t i m e  i s  suggested 
f o r  t h e  Tui  mine, New Zealand (Adams e t  a t ,  
1974). L i f e t i m e s  o f  about 1, 0.7, and 0.5 a r e  
i n d i c a t e d  f o r  G o l d f i e l d  and D iv ide ,  Nevada 
(S i  lberman and o thers ,  1979b), and Summi tv i l le ,  
Colorado (Mehnert and o thers ,  1973),  
respec t i ve l y ,  Data on o t h e r  ep i thermal  d i s t r i c t s  
genera l l y  i n d i c a t e  a c l o s e  assoc ia t i on  o f  igneous 
and hydrothermal a c t i v i t y ,  bu t  a r e  inadequate t o  
i n f e r  t h e  i n t e r v a l  over which h y d r o t h e ~ a l  
a c t i v i t y  was t a k i n g  place. 

The few d e t a i l e d  s t u d i e s  o f  

The 

F i g u r e  6 a l s o  d e p i c t s  da ta  on t h e  l i f e t i m e  o f  
several  a c t i v e  thermal s p r i n g  systems. White 
(1955; 1974) has s t ressed  t h e  c l o s e  s i m i l a r i t y  o f  
many thermal s p r i n g s  and e p i  thermal Au-Ag systems, 
and i t  now appears t h a t  several  low-grade, l a rge -  
tonnaged disseminated g o l d - s i l v e r  depos i t s  and 
prospects such as Round Mountain (Berger and 
T ing ley ,  1980),  B o r e a l i s  (Strachan and o thers ,  
1982), S u l f u r  (Mal 1 ace, 1980) and Hasbrouch Peak 
(Bonham and Garside, 1979) are  f o s s i l  thermal 
s p r i n g  systems. 
thermal s p r i n g  systems a r e  t h e  same as those f o r  
t h e  porphyry and v e i n  depos i ts ,  w i t h  t h e  except ion  

The age ranges f o r  most o f  t h e  

o f  Steamboat Spr ings, f o r  which ep isod ic  a c t i v i t y  
appears t o  have been unusua l ly  l o n g  l i v e d .  

There do n o t  seem t o  be s i g n i f i c a n t  
d i f f e rences  i n  t h e  l i f e t i m e s  o f  these t h r e e  types  
o f  systems, a l though t h e  a v a i l a b l e  da ta  base i s  
sparse. 
a c t i v i t y  based on t h i s  summary i s  1.2 m.y., 
approx imate ly  t h e  age o f  a c t i v i t y  determined f o r  
Bodie and Go ld f i e ld ,  

The average 1 i f e t i m e  o f  hydrothermal 

PATTERNS OF GREAT BASIN MINERALIZATION 

The r e l a t i o n s h i p  between t h e  t e c t o n i c  
e v o l u t i o n  o f  t h i s  reg ion  and t h e  d i s t r i b u t i o n  o f  
ep i thermal  m ine ra l  depos i t s  i s  w e l l  documented 
( S i  lberman and o thers ,  1976). 

Precious meta l  depos i t s  a re  assoc ia ted  i n  
space and t i m e  w i t h  severa l  s u i t e s  o f  vo l can ic  
rocks  t h a t  were erup ted  i n  t h e  Great Bas in  from 
mid  t o  l a t e  T e r t i a r y  i n  response t o  i n t e r a c t i o n s  
o f  t h e  Nor th  American p l a t e  and va r ious  P a c i f i c  
p la tes .  
thought  t o  be r e l a t e d  t o  v a r i a t i o n s  i n  t h e  d i p  o f  
and t h e  r a t e  o f  convergence o f  t h e  p l a t e s ,  and t o  
t rans fo rm f a u l t i n g  and m i g r a t i o n  o f  t r i p l e  
j u n c t i o n s  (A twater ,  1970; Lipman and o thers ,  1972; 
Chr i s t i ansen  and Lipman, 1972; Snyder and others,  
1976).  The d i s t r i b u t i o n  o f  vo l can ic  rocks  i n  t h e  
Great Basin i n  space and t imed was summarized by 
Stewar t  and Car lson  (1976). Figures  7 through 10 
show s i m p l i f i e d  vers ions  o f  t h e  Stewart  and 
Car lson  maps a long w i t h  l o c a t i o n s  o f  da ted  
e p i  thermal p rec ious  metal  depos i ts  ( S i  1 berman and 
o the rs ,  1976). 

The p a t t e r n s  o f  vo l can ic  a c t i v i t y  a re  

The e n t i r e  p a t t e r n  represented i n  f i g u r e s  7 
th rough 10 shows a genera l l y  outward, accurate 
p rogress ion  o f  vo l can ic  a c t i v i t y  i n  t i m e  from t h e  
c e n t r a l  Great Bas in  toward i t s  margin. The 
f i g u r e s  a l s o  i l l u s t r a t e  a s i m i l a r  p a t t e r n  o f  
outward m i g r a t i o n  f o r  t h e  hydrothermal minera l  
depos i ts .  The o v e r a l l  d i s t r i b u t i o n  o f  dated 
hydrothermal Au-Ag depos i t s  i n  t h e  Great Basin i s  
shown i n  f i g u r e  11. 
ages are considered i n  d e t a i l ,  severa l  pa t te rns  
and assoc ia t i ons  o f  i n t e r e s t  a r e  ev ident ;  t he  
p a t t e r n s  d i f f e r  i n  t h e  no r the rn  and c e n t r a l  Great 
Basin, and i n  t h e  Walker Lane (western Great 
Bas1 n). 

When t h e  d i s t r i b u t i o n  and 

Nor thern  and c e n t r a l  Great Bas in  

F igu res  12 and 13 show dated o r e  depos i ts  and 
t h e i r  hos t  rocks as w e l l  as t h e  na tu re  o f  v o l c a n i c  
a c t i v i t y  t h a t  was t a k i n g  p lace  i n  t h e  two reg ions  
o f  t h e  Great Basin. The p a t t e r n  f o r  t h e  c e n t r a l  
and no r the rn  Great Bas in  shows ep i thermal  depos i t s  
assoc ia ted  w i t h  a l l  stages o f  vo l can ic  a c t i v i t y ,  
w i t h  p a r t i c u l a r l y  v igorous  hydrothermal a c t i v i t y  
immediately a f t e r  t h e  onset o f  c r u s t a l  extension, 
i n  assoc ia t i on  w i t h  no s t r o n g l y  predominant h o s t  
rock  l i t h o l o g y .  The area i s  cha rac te r i zed  by a 
grouping o f  depos i t s  i n  t ime, r a t h e r  than .w i th  a 
hos t  rock assoc ia t ion .  O f  t h e  16 dated depos i ts  
i n  t h e  n o r t h e r n  and c e n t r a l  area ( f i g s .  11, 12)  
f o u r  formed d u r i n g  an e a r l y  stage o f  i n te rmed ia te  
v o l c a n i c  a c t i v i t y  and t h r e e  du r ing  t h e  pe r iod  o f  
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Figure 6, Histograms sunmarizing radiometric lifetimes of hydrothemal 
alterat ion-mineralizat ion systems. 

Figure 7, Distribution of volcanic rocks 43-34 m.y. old in the Great 
6asin and surrounding regions modified from Stewart and CFrlson 
(1976). 
are ihdicated. 

hcation and age of ore deposits, 2nd host rock lithologies 

296 



Si 1 berman 

40 

3t 

3r 

40' 

38 

36 

--- _-_.--- 

Ore deposits associat 
volcanic rocks 34 - 17 

1200 115' 

Figure 8. E s t r i b u t i o n  of vo lcznic  rocks 34-17 may. old in t h e  Great 
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Figure 9. D i s t r i b u t i o n  of volcanic rocks 17-6 m,y, old i n  the Great Easin 
and sur rounding  regions,  modified from Stewzrt and Car l son  (1976). 
Locat ion and age  of o r e  depos i t s ,  and hos t  rock l i t h o l o g i e s  
are indicated, 
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Figure 10. Distribution of volcanic rocks 6-0 n.y. old in the Great Basin 
a d  surrounding regions, modified from Stewart and Carlson (1976). 
Location and age of ore deposits, and host rock litholigies 
are indicated. 
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dominant ash f l o w - t u f f  e rup t ion ,  A l l  o f  these 
depos i t s  a r e  r e l a t e d  t o  l o c a l  i n t r u s i v e  o r  
vo l can ic  a c t i v i t y ,  and many a r e  s i g n i f i c a n t  w i t h  
p roduc t i on  and o r  reserves  o f  g rea te r  t han  100,000 
oz Au, and some w i t h  g r e a t e r  t han  1,000,000 oz 
(e.g. Round Mountain and Cortez).  A s i g n i f i c a n t  
g roup ing  o f  f i s s u r e  v e i n  depos i t s  occurs between 
12  and 16 my. ago, assoc ia ted  w i t h  t h e  17 and 6 
m.y. mixed v o l c a n i c  episode. 
smal l  depos i ts ,  l e s s  t h a n  l O ~ , O O O  02, and occur i n  
f a u l t s  o r  shear zones r e l a t e d  t o  Basin and Range 
f a u l t i n g ,  which f o l l o w e d  t h e  onset o f  c r u s t a l  
ex tens ion  a t  17 t o  20 m.y. ago. The depos i t s  a r e  
r e l a t i v e l y  independent o f  hos t  rock  type ,  and a re  
no t  demonstrably r e l a t e d  t o  l o c a l  vo l can ic  
a c t i v i t y .  
and McDermitt, Nevada, where t h e  depos i t s  occur i n  
voluminous v o l c a n i c  sequences near t h e  margins o f  
t h e  Great Basin. 
f i g u r e  11 and 12 i s  f rom t h e  S u l f u r  prospect i n  
northwest Nevada (M. L. Si lberman and A, B, 
Wallace, unpub. data, 1980) ,  and represents t h e  
youngest known Au c o n t a i n i n g  system i n  t h e  c e n t r a l  
Great Basin. 

Many o f  these a r e  

Except ions t o  t h i s  occur a t  Jarb idge 

The two m i l l i o n  year  age on 

Walker Lane (western  Great Basin) 

The p a t t e r n  o f  d i s t r i b u t i o n  o f  depos i t s  a long 
t h e  Walker Lane i s  cons ide rab ly  d i f f e r e n t  ( f i g .  
13) .  There i s  no c l e a r  g roup ing  i n  t ime,  ra the r ,  
m inera l  depos i t s  occur  th roughout  most o f  t h e  t ime  
shown. 
hos t  rocks, and 4 more a r e  i n  t h e  vo l can ic  
sequences t h a t  c o n t a i n  andes i tes  as p a r t  o f  t h e  
hos t  rock assoc ia t i on .  The major  producers 
( g r e a t e r  than 1,000,000 oz Au) a r e  a l l  i n  
andesi tes and i n c l u d e  t h e  Comstock Lode, Bodie, 
Aurora, G o l d f i e l d ,  and Tonopah. Produc t ion  
f i g u r e s  summarized i n  Si lberman and o the rs  (1976) 
bear ou t  t h e  impor tance o f  andes i tes  as a hos t  
rock  f o r  p rec ious  me ta l  depos i t s  i n  t h e  Walker 
Lane. Most o f  t h e  d e p o s i t s  a re  assoc ia ted  w i t h  
l o c a l  stages o f  v o l c a n i c  o r  i n t r u s i v e  a c t i v i t y .  
Thus, t h e  p a t t e r n  f o r  t h e  Walker Lane shows no 
e s s e n t i a l  grouping i n  t ime, b u t  a very s t rong  
assoc ia t i on  w i t h  a p a r t i c u l a r  h o s t  rock  1 i t ho logy .  

Of 20 dated depos i t s ,  9 a r e  i n  a n d e s i t i c  

It i s  i n t e r e s t i n g  t o  no te  t h a t  f i v e  depos i t s  
o f  5 my. age o r  younger occur i n  t h e  Walker 
Lane. The 2 m.y. o l d  S u l f u r  depos i t ,  a l though i n  
t h e  nor thern-cent ra l  reg ion ,  i s  c lose  t o  t h e  
Wal k e r  Lane. Minera l  i z a t i o n  i n  t h e  Great Basin 
has cont inued u n t i l  n e a r l y  recen t  t ime, i n  s p i t e  
o f  t h e  f a c t  t h a t  subduct ion  a f f e c t i n g  t h e  area 
ended between 5 and 10 m.y. ago (A twater  and 
Mol nar, 1973; Si1  berman and o thers ,  1975). 

TIMING OF STAGES OF ALTERATION-MINERALIZATION 

None o f  t h e  geochrono log ica l  s tud ies  quoted 
above attempted t o  d e f i n e  t h e  d u r a t i o n  o f  a s i n g l e  
s tage o f  hydrothermal a c t i v i t y ,  o r  o f  a 
m i n e r a l i z i n g  event  w i t h i n  an o v e r a l l  p e r i o d  o f  
hydrothermal a c t i v i t y .  There does appear t o  be a 
concensus deve lop ing  among workers i n  e p i  thermal 
systems t h a t  m i n e r a l i z i n g  events a re  s h o r t  1 ived, 
t r a n s i t o r y ,  and r e p e t i t i v e  events  w i t h i n  a l onger  
con tex t  o f  hydrothermal a c t i v i t y  (Si lberman, 
1982).  Some evidence o f  t h i s  i n t e r p r e t a t i o n :  

(1) M u l t i p l e  stages o f  hydrothermal 
b r e c c i a t i o n  and stockwork ve in ing ,  on l y  some o f  
which a r e  assoc ia ted  w i t h  s u l f i d e  d e p o s i t i o n  and 
m i n e r a l i z a t i o n  i n  b u l k  tonnage prec ious  meta l  
systems (Si lberman, 1982; Rerger and Eimon, i n  
p ress)  . 

( 2 )  Banding o f  ep i thermal  quar tz  ve ins  i n  
bonanza systems, w i t h  o n l y  a few o f  t h e  bands 
c o n t a i n i n g  s u l f i d e s .  
b r e c c i a t i o n  r e f e r r e d  t o  i n  (1) a r e  be l i eved  t o  be 
r e l a t e d  t o  b o i l i n g  which occurs e p i s o d i c a l l y  i n ,  
most systems (Buchanan, 1981). 

The banding and t h e  

( 3 )  The occurrence o f  severa l  a l t e r a t i o n  
assemblages which succeed each o t h e r  i n  a 
r e s t r i c t e d  area. I n  some systems, such as Bodie 
(Si lberman and o thers ,  1972; O'Nei l  and o thers ,  
1973) and J u l c a n i  (Noble and Silberman, 1983, i n  
press; Peterson and others,  1977) m i n e r a l i z a t i o n  
occurs assoc ia ted  w i t h  one p a r t i c u l a r  assemblage, 
and n o t  o thers .  

Ep i thermal  m ine ra l  depos i t s  a r e  commonly 
found i n  c lose  assoc ia t i on  w i t h  i n t r u s i v e  phases, 
where t h e  heat o f  t h e  c r y s t a l l i z i n g  magma 
generates a convec t i ve  hydrothermal system (White, 
1974, 1981; Norton and Cathles,  1979). Cool ing  o f  
t h e  magma by conduct ion  and convect ion,  unless new 
sources o f  heat (magma) a re  prov ided w i l l  1 i m i t  
t h e  p e r i o d  o f  t i m e  t h a t  t h e  c i r c u l a t i o n  o f  a 
h y d r o t ~ e r m a l  system can occur. Fac tors  such as 
pe rmeab i l i t y ,  s a l i n i t y  o f  t h e  f l u i d ,  and recharge 
c o n d i t i o n s  (amount o f  f l u i d )  w i l l  a l so  a f f e c t  t h i s  
l e n g t h  o f  time. 
suggest t h a t  p e r m e a b i l i t y  i n  hydrothermal systems 
i s  due t o  f r a c t u r i n g ,  and t h a t  c o o l i n g  can be 
cons idered by a convec t i ve  c i r c u l a t i o n  model . 
Models o f  c o o l i n g  p lu tons  on t h e  order  o f  2 km f 
w i d t h  suggests decay o f  a hydrothermal c i r c u l a t i o n  
c e l l  w e l l  w i t h i n  about 100,000 years. Th is  t ime 
p e r i o d  i s  sho r t  r e l a t i v e  t o  t h e  es t imates  
d iscussed p r e v i o u s l y  f o r  o v e r a l l  hydrothermal 
1 i f e t i m e s  i n  ep i thermal  systems. These 
observa t ions  suggest t h a t  magmatic bodies r e l a t e d  
t o  t h e  genera t ion  o f  ep i thermal  o r e  depos i t s  a re  
e i t h e r  much l a r g e r  than t h e  1-3 km bodies 
f r e q u e n t l y  found a t  t h e  present  sur face  near  such 
depos i t s  (e.g. Bodie B l u f f  a t  Bodie; Mount 
Davidson a t  t h e  Comstock Lode; r h y o l i t e  domes a t  
Steamboat Springs, Nevada, etc.)  o r  t h e r e  must be 
successive,  c l o s e l y  spaced pulses o f  magmatic 
i n f l u x  t h a t  renew t h e  sources o f  heat f o r  t h e  
convec t i ve  systems. 
Steamboat Spr ings , Nevada ( S i  1 berman and o thers ,  
1979a), and Tonopah, Nevada (S i  1 berman and others,  
1979b),  t h e  presence o f  a reg iona l  b a t h o l i t h  w i t h  
severa l  pulses o f  magma i n f l u x  have been c a l l e d  
upon t o  exp l  a i  n 1 ong 1 i ved, complex hydrothermal 
systems. 

Norton and Cathles,  (1979) 

I n  a t  l e a s t  two areas, 

K - A r  da ta  f rom t h e  Ju l can i ,  p o l y m e t a l l i c  v e i n  
d i s t r i c t  o f  Peru, t o  be pub l ished s h o r t l y  (Noble 
and Silberman, 1983, i n  press) support  t h e  
i n t e r p r e t a t i o n  t h a t  i n d i v i d u a l  pulses o f  
a l t e r a t i o n  and m i n e r a l i z a t i o n  a r e  sho r t  1 ived. K- 
A r  ages and geo log ic  r e l a t i o n s h i p s  a t  J u l c a n i  
suggest t h a t  e i g h t  stages o f  i n te rspe rsed  vo l can ic  
and hydrothermal a c t i v i t y ,  i n c l u d i n g  a p u l s e  o f  
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s u l f i d e  m i n e r a l i z a t i o n ,  occu r red  over a span o f  
700,000 years.  Not a l l  o f  t h e  stages c o u l d  be 
d e f i n i t e v e l y  dated, b u t  es t ima tes  o f  d u r a t i o n  o f  
t h e  hydrothermal episodes range f rom 100,000 t o  
200,000 years.  
i n t e r e s t i n g l y  s i m i l a r  t o  t h e  convec t i ve  c o o l i n g  
pe r iods  f o r  smal l  p l u t o n s  suggested by t h e  Nor ton 
and Cath l  es (1979) model s , 

These t i m e  i n t e r v a l s  a r e  

SUMMARY 

Th is  d i s c u s s i o n  o f  t h e  geochronology of  
hyd ro t t~e rma l  a1 t e r a t i o n  and m i n e r a l i z a t i o n ,  
p a r t i c u l a r l y  o f  t h e  ep i the rma l  prec ious meta l  
systems, has demonst r a t e d  t h e  temporal  
r e l a t i o n s h i p s  o f  hydrothermal  processes t o  
v o l c a n i c  a c t i v i t y ,  and has suggested a range o f  
t i m i n g  o f  o v e r a l l  hydrothermal  a c t i v i t y  o f  1 /2 t o  
3 my. f o r  many systems, It has a l s o  shown t h a t  
r e g i o n a l  p a t t e r n s  o f  hyd ro t  hermal minera l  i z a t  i on 
occur, and t h a t  t hese  p a t t e r n s  can be r e l a t e d  t o  
t h e  t i m i n g  o f  t e c t o n i c  and v o l c a n i c  e v o l u t i o n ,  
a l t hough  n o t  always i n  a s imp le  fashion. 
a s t a r t  has been made i n  i n t e r p r e t i n g  t h e  t i m i n g  
o f  pu lses o f  a l t e r a t i o n  and m i n e r a l i z a t i o n  w i t h i n  
a broader frame o f  o v e r a l l  hydrothermal 
a c t i v i t y .  
i n v e s t i g a t i o n .  Refinement of  methods o f  
i s o t o p i c a l l y  de te rm in ing  t h e  p e r i o d  o f  a c t i v i t y  o f  
a l t e r a t i o n  pu lses  and m i n e r a l  depos i t i on ,  and 
whether t h i s  f i n e  s c a l e  t u n i n g  o f  t h e  t i m i n g  
r e l a t i o n s h i p s  has any c o r r e l a t i o n  w i t h  t h e  degree 
o f  m i n e r a l i z a t i o n  ( r e a d  economic s i g n i f i c a n c e )  i s  
y e t  t o  be accomplished, 

F i n a l l y ,  

It i s  t h i s  t o p i c  t h a t  needs f u r t h e r  
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